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Nanoparticles functionalized with specific biological recognition molecules play a major role for sensor response enhancement in surface plasmon resonance (SPR) based biosensors. The functionalization procedure of such nanoparticles is crucial, since it influences their interactions with the environment and determines their applicability to biomolecular detection in complex matrices. In this work we show how the ζ-potential (Zpot) of bio-functionalized gold spherical NPs (Bio-NPs) is related to the SPR sensor response enhancement of an immune-sandwich-assay for the detection of the carcinoembryonic antigen (CEA), a cancer marker for colorectal carcinomas. In particular, we prepare bio-functional nanoparticles by varying the amount of peptide (either streptavidin or antibody against CEA) bound on their surface. Specific and non-specific sensor responses, reproducibility, and colloidal stability of those bio-functional nanoparticles are measured via SPR and compared to ζ-potential values. Those parameters are first measured in buffer solution, then measured again when the surface of the biosensor is exposed to blood plasma, and finally when the nanoparticles are immersed in blood plasma and flowed overnight on the biosensor. We found that ζ-potential values can guide the design of bio-functional NPs with improved binding efficiency and reduced non-specific sensor response, suitable reproducibility and colloidal stability, even in complex matrixes like blood plasma.
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INTRODUCTION

Bio-functional gold nanoparticles (Bio-NPs) have gained significant popularity in recent years, primarily for their suitability in a multitude of biomedical and bioanalytical applications. They are widely applied in vitro for the detection of clinically relevant molecules (Farka et al., 2017; Mittal et al., 2017) and in vivo as both a diagnostic tool and a therapeutic agent (Barkat et al., 2001; Galanzha et al., 2009; Nie et al., 2014; Jo et al., 2015; Rejeeth and Kannan, 2016; Rizk et al., 2016; Falagan-Lotsch et al., 2017; Lather et al., 2018).

Functionalized ad hoc, nanoparticles (NPs) can be useful in vivo for targeting cancer (Rejeeth and Kannan, 2016) or likewise for cancer therapy (Nie et al., 2014). In clinical biosensing, NPs are usually functionalized prior to the measurements with a specific receptor for the target analyte. When utilized in biosensing, they selectively react with a target molecule, thus enhancing the detection sensor response (Graphical Abstract). This approach is widely used in SPR biosensors (Shen et al., 2014; Wang et al., 2015), as well as other biosensors based on different techniques (Farka et al., 2017; Zhang et al., 2018); for example, in colorimetric biosensors the aggregation of colloidal NPs is directly related to the presence of the analyte (Wang et al., 2015). In SPR biosensing, Bio-NPs usually act as a sensor response enhancing protagonists, functionalized with a ligand and frequently applied in sandwich assays (Shen et al., 2014). In this type of experiment, Bio-NPs carry a specific ligand for the target, for example an antibody (de la Escosura-Muniz et al., 2010; Viswambari Devi et al., 2015; Wang et al., 2015), that provides specific sensor response enhancement. In other more complex approaches, a biotinylated secondary antibody detects the target molecule in a sandwich assay, after which the Bio-NPs enhance the sensor response of the target-specific recognition, through a biotin-streptavidin interaction (Haes and Van Duyne, 2002; Mitchell et al., 2005; Kajiura et al., 2009; Martinez-Perdiguero et al., 2014; Špringer et al., 2014).
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GRAPHICAL ABSTRACT. Nanoparticles with higher number of ligands on their surface (here represented as black molecule) are faster and more specific in detecting the target molecule (green one). Blue molecules represent the antibodies on the SPR biosensor surface.



Different strategies are used to attach the ligand on the NPs. The most used strategy consists in creating a thiol self-assembled monolayer (SAM) for the amino-coupling reaction with the functional groups of the ligand (Liu et al., 2007; Rausch et al., 2010; Sanz et al., 2012; Zhang et al., 2014). Using materials such as polyethylene glycol (PEG) in the SAM, it is possible to reduce the corona effect on NPs in biological samples (Sacchetti et al., 2013; Dai et al., 2014; Liu et al., 2017). It associates with water molecules, creating a barrier on the NPs surface that blocks the adsorption of other proteins. In addition, zwitterionic material (Ou et al., 2018) have been recently used as well as polymers (Cheng et al., 2018; Chortarea et al., 2018).

Several approaches have been reported in the literature for efficiently producing Bio-NPs that are stable and specific, even in biological samples. For these applications Bio-NPs must be endowed with several characteristics for providing a successful, fast, and specific detection. The fundamental characteristics to be considered for optimized detection are affinity, non-specific interactions, and reproducibility. Hence, in addition to the selection of the functional specific biomolecule, the design of the NP functionalization also maintains crucial importance.

Here we report how the performance of Bio-NPs—measured in terms of specificity, non-specific sensor response, and reproducibility—depend on the Bio-NP surface design. We use the ζ-potential (Zpot) as a predictive parameter optimized sensor response enhancement in a SPR biosensor, both in buffer and in blood plasma. We first evaluate specificity, non-specific sensor response and reproducibility of the SPR sensor response enhancement (SPR sensor response), regarding the detection of a model cancer marker in buffer. To extend the range of possible applications, those Bio-NPs are used on the same SPR assay after treating the surface with blood plasma, exposing them to the same situation as that for detection of the same analyte from a blood plasma sample. We furthermore report SPR sensor responses obtained when the Bio-NPs are immersed in blood plasma; in these tests the SPR sensor acts as a tool for testing Bio-NPs properties under in vivo-like conditions (NPs immersed in plasma for several hours), mimicking the stress that they might encounter during in vivo application.



MATERIALS AND METHODS


Reagents And Solutions

HAuCl4. 3H2O (99%) and trisodium citrate (99%) are purchased by Sigma-Aldrich. Sodium acetate buffer solution 3M, pH 5.2 (25°C), KH2PO4, Na2HPO4, KCl, NaCl, ethanolamine, bovine serum albumin (BSA), streptavidin, and glutaraldehyde are purchased in molecular biology grade or higher from Sigma-Aldrich, USA. SA10 solution is obtained by diluting the commercial solution to 10 mM in sodium acetate, pH 5 at 25°C. The phosphate buffer (PBS) consisted of 1.4 mM KH2PO4, 8 mM Na2HPO4, 2.7 mM KCl, 137 mM NaCl, pH 7.4 at 25°C. PBSNaCl is obtained, raising the NaCl concentration of the phosphate buffer to 750 mM. PBSBSA buffer is prepared by adding BSA to PBS to reach a concentration of 250 μg/mL. N-Hydroxysuccinimide (NHS) and 1-ethyl-3-(3-dimethylaminopropyl) carbodiimide hydrochloride (EDC) are purchased from GE Healthcare, USA. Primary IgG1-type antibody (Ab1) against CEA, secondary IgG1-type antibody (Ab2) against CEA, biotinylated secondary IgG1-type antibody against CEA (Ab2B), and CEA are all purchased from Fitzgerald, USA. Carboxy-terminated (HS-(CH2)11-(O(CH2)2)6-OCH2-COOH) and hydroxyl-terminated (HS–(CH2)11-(O(CH2)2)4-OH) thiols are purchased from Prochimia, Poland. Ethanol for spectroscopy (purity 99.9% or greater) is purchased from Merck, USA. All buffers are prepared using deionized water (18 MΩ/cm resistivity, Direct-Q from Millipore). Normal human plasma (mixed/pooled gender) in sodium citrate was purchased from Biochemed Services and stored at−80°C until use.



NPs Synthesis

Thirty nano meter gold spherical NPs are synthetized using a seeded growth strategy via HAuCl4 reduction with trisodium citrate as reported by Bastús et al. (2011). Briefly, Au seeds are produced by adding 1 mL of HAuCl4 solution (25 mM) to a boiling aqueous solution of trisodium citrate (2.2 mM). The solution is allowed to cool to 90°C, after which 1 mL of a trisodium citrate solution (60 mM) and 1 mL of a HAuCl4 solution (25 mM) are added in sequence. These additions are repeated another three times after the first 30 min. The resulting solution contains about 7.6 × 1011 NPs/mL of 30 nm ± 6 nm in diameter (determined from at least 10 SEM pictures).



NPs Functionalization

Two kinds of NP-surface design have been studied in this paper: covalently bound streptavidin (S-NPs) and covalently bound secondary antibody (Ab2-NPs).

Thiol Modification of NPs

For functionalization of bare NPs with COOH-thiols, a mixture of 18 mL of 682 pM bare NPs (maximum peak of absorbance: 0.2, 4 × 1011 NPs/ml) and 180 μL of 10 mM COOH-thiols (dissolved in 100% spectroscopic ethanol) is sonicated in a water bath (50°C) for 45 min and subsequently shaken at room temperature for 3 h.

Washing Off Thiols

Unreacted COOH-thiols from the solution are removed in five washing cycles. In each cycle, twelve tubes with 1.5 mL thiolated NPs is centrifuged (9,500 g, 10 min), after which the supernatant is discarded and the pellet is dissolved in Q+NaOH solution (= 25 mL Q water + 30 mL 100 mM NaOH). After the last washing cycle only 0.25 mL Q + NaOH solution is added to concentrate thiolated NPs in a solution.

Activation of COOH Thiols and Incubation With S or Ab2

To activate carboxy-groups, 250 μL thiolated NPs at a concentration of 4 nM is mixed with 120 μl NHS/EDC solution (1 mM NHS and 5 mM EDC in Q water). This mixture is shaken (for 2 min), centrifuged (9,500 g for 3 min) and then the supernatant is removed (total activation time is 5 min). The pellet is dissolved in 500 μL protein solution (S or Ab2) and the mixture is shaken for 1 h. Three different streptavidin solutions are prepared. For a streptavidin:NP molar ratio of 20:1, we mixed 1.2 μg streptavidin in 1.2 μL SA10 with 98.8 μL PBS and 400 μL Q water; for a molar ratio of 50:1, we mixed 3 μg streptavidin in 3 μL SA10 with 97 μL PBS and 400 μL Q water; and for a molar ratio of 200:1, we mixed 12 μg streptavidin in 12 μL SA10 with 88 μL PBS and 400 μL Q water. Three different Ab2 solutions were then prepared. For a Ab2:NP molar ratio of 20:1, we mixed 3 μg Ab2 in 3 μL Q water with 75 μL PBS and 422 μL Q water; for molar ratio of 50:1, we mixed 7.5 μg streptavidin in 7.5 μL Q water with 75 μL PBS and 417.5 μL Q water; and for a molar ratio of 200:1, we mixed 30 μg Ab2 in 30 μL Q water with 75 μL PBS and 395 μL Q water. After incubation with streptavidin, we added 50 μL 1M ethanolamine, pH 8, for 5 min to deactivate all non-reacted esters.

Washing Off Unbound Molecules

Free proteins from the solution are removed in 6 washing cycles (9,500 g, 10 min), where supernatant is removed from each tube and the pellet is dissolved in 500 μL Q+NaOH solution. The cross-linked NPs are subsequently removed from the solution in 2 “soft” centrifugation cycles: solutions with NPs is centrifuged (210 g, 5 min), supernatant is kept, and the pellet is removed. The resulted solution is stored in a fridge.



NP Characterization

The shape and size of the NPs prior to functionalization (Figure 1) is confirmed by SEM images (e_LiNE plus system produced by Raith, Germany). The ζ-potential of ligand-conjugated NPs, immersed in a NaOH water solution (pH = 8), is measured using a ZetaPals instrument produced by Brookhaven Instruments Corporation, USA.
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FIGURE 1. SEM image of citrate covered NPs deposited on a silicon substrate (image taken with e_LiNE plus, Raith, Germany).





SPR Biosensor

For the measurements in buffer we use a four-channel SPR sensor with wavelength modulation (Plasmon IV) (Vaisocherová et al., 2006) using dispersionless microfluidics developed at the Institute of Photonics and Electronics, Prague (Špringer et al., 2010a,b). The chip is prepared as reported by Špringer et al. (2014). For each experiment a single glass chip covered with thin gold layer is used and applied for measurement of two different NPs (two channels for detection and two as a reference).

Prior to each experiment, the SPR chips are incubated with a 3:7 mixture of carboxylated thiols 0.2 M (HS-(CH2)11-(O(CH2)2)6-OCH2-COOH and HS–(CH2)11-(O(CH2)2)4-OH) for 10 min at 40°C. Chips are rinsed with ethanol and deionized water, dried with nitrogen, and mounted to the SPR sensor. Primary antibody is immobilized on the surface [10 μg/mL (67 nM) in SA10 for 15 min, 20 μL/min] after surface carboxyl group activation (0.5 M NHS/0.1 M EDC in SA10 for 10 min, 3 μL/min). Once maximum coverage is reached, the surface is washed with PBSNaCl for 5 min (20 μL/min) to remove the non-covalently bound Ab1, and with 1 mM aqueous ethanolamine (pH 8 at 25°C) for 5 min (20 μL/min) to deactivate all unreacted carboxyl groups.



SPR Experiments

The model assays used in this work are two variations of a sandwich-assay for the detection of carcinoembryonic antigen (CEA), a cancer marker related to colorectal carcinomas (Špringer et al., 2014). In all experiments, CEA (100 ng/mL (0.5 nM) in PBSBSA) is pumped for 2 min (20 μL/min) only through the detection channels, until a SPR sensor response of 0.1 nm is reached.

After the cancer marker detection, NP functionalized with the secondary antibody specific for CEA (Ab2-NPs) are used for the sensor response enhancement (Figure 2). Ab2-NPs are flowed on the surface overnight (20 μL/min, 0.33 nM), until the equilibrium phase, allowing recycling of the solution.
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FIGURE 2. Schematic of the sandwich-assays using two types of functionalized NPs for the detection of CEA in the three different conditions studied in this paper. (A) Assay: Primary antibody immobilized on the sensor surface, incubated with EA in PBSBSA and either NP functionalized with the secondary antibody specific for CEA (Ab2-NPs) or secondary antibody and NPs functionalized with streptavidin (S-NPs) binding to the biotinylated Ab2B. (B) Assay: Analogous to (A) except for that the sensor is exposed to plasma after CEA capture. (C) Assay: Analogous to (A) except for that the functionalized NPs are contained in blood plasma.



In the other approach, NPs functionalized with streptavidin (S-NPs) are bound to the secondary biotinylated antibody (Ab2B). Ab2B (10 μg/mL, 67 nM) is pumped through all channels for 15 min (20 μL/min) and then S-NPs are flowed overnight (20 μL/min, 0.33 nM), until the equilibrium stage, thereby recycling the sample (Figure 2). All SPR experiments reported in this work are performed at 25°C.

For both approaches, the reference channels are prepared with the same procedure described above, skipping the step of the CEA detection.

Three different ligand doses per NP (LDPN) are used for the surface functionalization of NPs in order to study the effect of NP-surface coverage on SPR sensor responses and Zpot values. The LDPN value corresponds to the ratio between the amount of ligand and the total number of NPs in solution. Zpot of the NPs and SPR performances in the bioassay are compared for different amounts of ligand useful for the functionalization of the NPs. The Bio-NP characteristics for biodetection are measured (i) first in buffer, and (ii) second in more complex matrix when the surface comes into contact with blood plasma. Finally, (iii) the same parameters are evaluated when the NPs are immersed in blood plasma and flowed overnight on the biosensor. For measurements mimicking sample analysis in blood plasma (ii), the procedure is the same as described above albeit with an additional injection of plasma for 5 min right after analyte injection. The sequential injection of target molecule and blood plasma is done as to maintain the density of target as similar as possible to experiments performed in buffer. In this way we obtain a surface similar to the one that we could have if the analyte would be detected directly from the blood plasma and we can directly see the binding of the target.

For measurements mimicking an in vivo analysis (iii), the procedure is the same as described above, albeit the Bio-NPs are diluted in 30% blood plasma in running buffer for the overnight detection.




RESULTS


ζ-Potential Measurements

The ζ-potential (Zpot) of a colloidal solution is the electric potential, due to the net charge contained within the region, bounded by the slipping plane of the particles relative to that of the bulk fluid. It is related to the charge difference between the medium and the NP surface. In addition, the Zpot is directly related to the pH of the solution and it is an indicator of the colloidal stability.

The Zpot values of functionalized NPs are measured after functionalization with streptavidin (S) or CEA antibody (Ab2). Figure 3 shows Zpot values for the LDPNs. The measurements are performed around pH 8, above the isoelectric point of both ligands, thus the NPs overall charge is negative (the isoelectric point for streptavidin is known to be around 5, and the Zpot of the secondary antibody is measured to be negative). For each set of NPs, Zpot increased in absolute value with increasing LDPN, indicating an approaching saturation of the NP surfaces and an increased colloidal stability. The lowest values reached for the two batches of functionalized NPs differ from each other. We believe that this could be due to the difference in the isoelectric point of streptavidin, Ab2 and/or the difference in the amount of ligand bound.
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FIGURE 3. ζ-potential of Ab2-NPs (left) and S-NPs (right) as a function of LDPN. Measurements performed at pH 8 using a ZetaPals instrument.





Characterization of NPs for in vitro Applications

SPR sensor responses of both NPs are measured in the enhancing step of the CEA assays (Figure 2). Figure 4 show the specific SPR sensor responses (Spec) pertaining to the NP enhancing step, where Spec corresponds to the sensor response in the detection channel (Det) subtracted by the sensor response in the reference channel (Ref). For these experiments we set the contact time between NPs and the SPR biosensor surface long enough for the sensor response to reach a plateau, corresponding to equilibrium state (Figure 4).
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FIGURE 4. Specific SPR sensor responses for S-NPs (A) and Ab2-NPs (B) measured for three different LDPNs. The solid lines, dashed lines and dotted lines correspond to a LDPN of 200, 50, and 20, respectively. All the measurements were performed in PBSBSA. All the sensor response data are reference-compensated.



For both types of Bio-NPs, the sensor response enhancement due to the NPs increases with LDPN. As a response of SPR biosensors is directly proportional to the amount of captured material, a higher sensor response indicates a higher amount of NPs attached to the sensing surface. Since the amount of target on the surface is kept constant in all the experiments, the difference in sensor response observed for different LDPN can be attributed to the different number of ligands on NPs that are available for the interaction with the ligands on the sensor surface.

Figure 5 shows the relative weight of non-specific interactions on Spec, evaluated here by the relative non-specific SPR sensor responses (RNS), calculated here as Ref/(Det-Ref).
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FIGURE 5. Specific SPR sensor responses to S-NPs (A) and Ab2-NPs (C) and relative non-specific SPR sensor response (RNS) to S-NPs (B) and Ab2-NPs (D) as a function of LDPN. The data were calculated as the mean values of SPR sensor responses at the equilibrium taken from at least 3 measurements. Measurements were performed in buffer (PBSBSA).



Subsequently, the SPR sensor responses are evaluated under similar conditions as the previous set of data, but the surface is treated with blood plasma prior to the enhancing step (Figure 6). Those experiments are aimed to mimic the detection of the analyte immersed in such matrix.
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FIGURE 6. Specific SPR sensor responses to S-NPs (A) and Ab2-NPs (C) and relative non-specific SPR sensor response (RNS) to S-NPs (B) and Ab2-NPs (D) as a function of LDPN. The data were calculated as the mean values of SPR sensor responses at the equilibrium taken from at least 3 measurements. Measurements were performed in buffer (PBSBSA) after the biosensor surface was exposed to blood plasma.



The data in Figure 6 follow the same trend seen in buffer measurements (Figure 5), despite the more complex conditions: an increase in LDPN leads to an increase in the specific sensor response and a drastic decrease in non-specific interactions. It should also be noted that increases in LDPN lead to a decrease in the standard deviation of the measurements.

In order to illustrate the effect of the performance of the Bio-NPs on the limit of detection, the calibration curve for the detection of CEA using S-NPs is shown in Figure 7. The limit of detection was calculated as a concentration corresponding to 3 standard deviations of the blank sample and was determined to be 88.8 fM (17.8 pg/ml).
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FIGURE 7. Detection of CEA in PBSBSA employing sandwich assay with S-NPs: calibration curve. The SPR sensor response to the S-NPs (contact time with S-NPs solution: 10min) as a function of concertation of CEA. The error bars denote the standard deviation of the sensor response for each concentration. All the sensor response data are reference-compensated.





Characterization of NPs Immersed in Blood Plasma

We monitor the specific sensor response, the non-specific sensor response, and the reproducibility of the NP enhancement step over a range of 10 h, during which the NPs are constantly immersed in blood plasma. We obtain information about NP affinities, non-specific interactions, and robustness in such complex environmental conditions. Those experiments are aimed to mimic the stress caused by in vivo measurements on the NPs, or similarly, colorimetric sensing in a complex matrix. The results are shown in Figure 8.
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FIGURE 8. Specific SPR sensor responses to S-NPs (A) and Ab2-NPs (C) and relative non-specific SPR sensor response (RNS) to S-NPs (B) and Ab2-NPs (D) as a function of LDPN. The data were calculated as the mean values of SPR sensor responses at the equilibrium taken from at least 3 measurements. Measurements were performed in blood plasma diluted to 30% with PBSBSA.



For lowest LDPN the Ref is higher than Det, leading to negative RNS values. For the intermediate LDPN values, Ref is still very close to Spec. We observe a significant specific sensor response only for values corresponding to 100 LDPN, where we observe higher RNS values with respect to the previous detection in plasma, yet low enough to assure a successful detection.




DISCUSSION

The interaction between Bio-NPs and bio-functionalized surfaces in solution comprises a lot of dynamic forces and molecular-driven factors that, due to their complex interplay, are not describable with certainty (Nel et al., 2009). The main bio-physicochemical effects can be attributed both to the NP properties (shape, material, porosity, etc) and to the characteristics of the suspending media (pH, presence of salts or surfactants, etc). In a given medium the main forces acting at both interfaces are long range forces (Van der Waals), hydrophobic/hydrophilic interactions, steric forces, and electrostatic interactions with charges and double layers (Cosgrove, 2010). Those factors contribute to determine a complex system of effects that results in the behavior of NPs and are challenging control.

The complexity of such forces must be faced each time that NPs are functionalized with a ligand (e.g., the proteins on the Bio-NPs) interact with a bio-modified surface of a biosensor. An optimized functionalization should allow a specific interaction toward the ligand receptor, which is robust enough to assure high reproducibility and provides a minimal non–specific sensor response. Such properties dramatically influence the sensor response enhancement by NPs in biosensor measurements, especially in biological samples. Here we discuss the dependence of non-specific interactions, specificity and reproducibility of Bio-NPs on LDPN values, using a constant amount of the target molecule, on the basis of Zpot values and SPR measurements.


ζ-Potential

The electrostatic field generated on the nanoparticle surface by the bio-modification with proteins (Zpot) depends on the amount of charges brought by the ligand. Accordingly, the results show that Zpot increases in absolute value when LDPN increases (Figure 3). This trend is consistent with the addition of an anionic ligand on negatively charged NPs previously reported in literature (Gamrad et al., 2014) when the number of negative ligands increases, the Zpot decreases and progressively the value becomes stable, signifying an approach to saturation of the NPs surface.

An efficient coverage of the gold creates a steric barrier that increases colloidal stability, keeping NPs far enough away from each other. Furthermore, the stronger the electrostatic surface potential, the higher the colloidal stability of the NPs, due to a balance of electrostatic forces. This stability is given by an energy barrier created by repulsive forces strong enough to counteract the Van der Waals and attraction forces, according to DLVO theory (Derjaguin et al., 1987). This energy is higher when the LDPN is increased due to the contribution of the peptides to the electrostatic field. We can suppose that this energy barrier not only maintains the NPs separated in solution, but also prevents the NPs from non-specifically sticking to the SPR sensor surface. Data show that when this energy barrier is sufficiently strong, i.e., high absolute values of Zpot, the energy of non-specific interactions is less able to destabilize NPs from the solution and the non-specific interactions are minimized.



Non-specific Sensor Response

The SPR sensor response for the reference channel (Ref) reflects the intensity of all non-specific interactions of the Bio-NPs during the assay and is not driven by the specific recognition between ligand and receptor. The sensitivity of the NP-enhanced sensor response, in terms of limit of detection, is dependent on the behavior of the NPs in both reference and detection channels. For this reason, we consider the relative non-specific sensor response (RNS), which describes the intensity of the non-specific sensor response relative to the specific one [reference/(detection-reference)]. In other words, it expresses the weight of the non-specific interactions in the detection with respect to the specific interactions.

When comparing Zpot and RNS in buffer we can see that an increase of absolute value of Zpot leads to both a decrease in non-specific interactions as well as a higher affinity (higher Spec), resulting finally in drastically lower RNS (Figure 5). This trend is shown to be the same for all the NPs studied in buffer and also when the biosensor surface is treated with plasma. The contact with plasma changes the characteristics of the biosensor surface, so that the NPs have to face a more complex environment during target recognition. The target-NP interactions happen regardless, demonstrating that NPs are able to overcome the layer of molecules deposited after plasma and finally reach the CEA (Figure 6). It should be noted that Ab2-NPs exhibit RNS values that are higher than those provided by S-NPs. The difference in the performance of the two types of Bio-NPs is more pronounced at low LDPN values. For the lowest LDPN, RNS provided by Ab2-NPs is about 5–6 times higher than that of S-NPs, both in buffer and for the sensor surface exposed to blood plasma. We believe that this is due to the nature of the antibody being more complex than streptavidin.

When NPs are immersed in blood plasma for several hours, their sensing characteristics are significantly affected. It is known that in complex matrixes the biomaterials tend to create a layer on NP surface [corona (Lundqvist et al., 2011)] that is responsible for the NP fate. Even if this does not compromise the colloidal stability in solution, this effect could create steric problems or energy barriers, stronger than the affinity interaction, which either impede bio-recognition or enhance the non-specific interactions. Although NPs are never aggregated in the stock solution during these experiments, results differed from the previous two experiment types. RNS values using Ab2-NPs are quite high compared with the detection channel and not highly influenced by the LDPN (Figure 8). This suggests that non-specific interactions are mainly driven from the protein corona, where the resulting NP binding is unaffected by the inner layers. Data from the S-NPs show negative RNS for the lowest LDPN, indicating that Ref is even higher than Spec, and for middle LDPN, RNS is extremely high (detection and reference are very similar). Finally, RNS for the S-NPs at the highest LDPN is 1.8, which is higher than the value obtained in the measurements in buffer, yet still indicating the existence of a significant specific detection.



Specific Sensor Response

The specific sensor response, Spec, is related to the NPs affinity for the target molecule, hence also to their binding rate in the assay as well as their equilibrium density on the biosensor surface. When comparing different ligands, one must take into account the characteristics of the ligand molecule themselves (i.e., binding characteristics when not NP-bound). In our case the streptavidin-biotin interaction is stronger than the antibody-ligand reaction, thus we observed differences in binding rates even when those molecules are attached to NPs. Spec also depends on their density on the NPs surface. It has been shown by Soukka et al. (2001) and Li et al. (2014) that efficiently binding NPs are obtained when the ligand number surpasses a certain threshold required for multivalent binding, suggesting that avidity (affinity to multiple receptors) could be an important factor for fast and efficient binding. For both batches and the assay in buffer, Spec at equilibrium increases with LDPN, following the trend of the Zpot (Figure 5).

A similar situation occurs when the surface is treated with plasma: the intensity of Spec is lower compared to buffer, probably because blood plasma covers some of the analyte on the biosensor surface (Figure 6). When NPs are immersed in plasma, the differences of Zpot inside every batch generate much larger differences in experimental performance. For low Zpot (and LDPN) Spec is remarkably low, because Ref is higher than Spec and noticeably higher than previous values. For high LDPN, Spec is significantly different from the blank, suggesting that those highly functionalized NPs can maintain their specific functionality even after an overnight immersion in blood plasma (Figure 8). When comparing the two types of Bio-NPs, one can conclude that their performance expressed in terms of Spec is comparable in all the investigated media for the highest LDPN values. When LDPN is reduced, the performance of Ab2-NPs in 30% plasma becomes less reproducible; however, in other tested media, it remains similar to the performance of S-NPs.



Reproducibility

Having an overall look to SPR sensor responses in buffer solution, we can notice that the dispersion of the data around the average value is very similar for different LDPN. On the other hand, when we move to sensor response enhancement on plasma-treated surfaces, we can see that measurements are not reproducible for low LDPN, especially for the RNS regarding antibody coated NPs. For highest LDPN, both Spec and RNS show high reproducibility based on low standard deviation. This trend is more evident again when it comes to NPs immersed in plasma overnight, where a very good reproducibility is maintained for high LDPN, despite the complex conditions. Again, the surface design of the NPs dictates the quality of the detection, which is in agreement with Zpot value trends.




CONCLUSIONS

The surface design of the Bio-NPs is crucial for clinical detections which involve functional nanoparticles, from in vitro measurements to in vivo applications. We show that, for the same amount of target molecule and when just tuning the properties of the Bio-NPs surface, the NP sensor response enhancement can range from 0 to 800 times the sensor response of the target analyte. With a quite simple Zpot measurement, it is possible to obtain useful information for improving the performance of Bio-NPs, aiming toward a highly specific interaction with the target molecule, a very low non-specific sensor response, and excellent reproducibility. These improvements can be successfully obtained for both conditions (in buffer and in blood plasma), confirming that our findings can be of great importance for clinical applications.

Furthermore, we also open the prospective to use the SPR biosensors as a tool for an optimized design of Bio-NPs for in vivo application. It is interesting to notice that often in vivo experiments lack possibility of control or reference, and it is challenging to distinguish between specific and non-specific interactions. With SPR, the non-specific interactions of Bio-NP immersed in blood plasma are constantly monitored in parallel with the specific interactions, thus giving a clear overview of the behavior of Bio-NP properties under complex conditions in real time.
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Nanoplasmonic Sensor Detects Preferential Binding of IRSp53 to Negative Membrane Curvature
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Biosensors based on plasmonic nanostructures are widely used in various applications and benefit from numerous operational advantages. One type of application where nanostructured sensors provide unique value in comparison with, for instance, conventional surface plasmon resonance, is investigations of the influence of nanoscale geometry on biomolecular binding events. In this study, we show that plasmonic “nanowells” conformally coated with a continuous lipid bilayer can be used to detect the preferential binding of the insulin receptor tyrosine kinase substrate protein (IRSp53) I-BAR domain to regions of negative surface curvature, i.e., the interior of the nanowells. Two different sensor architectures with and without an additional niobium oxide layer are compared for this purpose. In both cases, curvature preferential binding of IRSp53 (at around 0.025 nm−1 and higher) can be detected qualitatively. The high refractive index niobium oxide influences the near field distribution and makes the signature for bilayer formation less clear, but the contrast for accumulation at regions of negative curvature is slightly higher. This work shows the first example of analyzing preferential binding of an average-sized and biologically important protein to negative membrane curvature in a label-free manner and in real-time, illustrating a unique application for nanoplasmonic sensors.

Keywords: membranes, curvature, IRSp53, insulin receptor tyrosine kinase substrate p53, plasmons, sensors


INTRODUCTION

Biosensors based on plasmonic nanostructures have been a subject of intense research for 20 years (Jackman et al., 2017; Lopez et al., 2017; Zhang et al., 2017). Several transducer mechanisms exist (Xin et al., 2018), but the most straightforward detection principle is to immobilize a receptor on the sensor surface and detect analyte binding thanks to the local refractive index increase. This enables label-free and real-time biomolecular interaction analysis just like with the conventional surface plasmon resonance (SPR) technique. One key advantage of using nanostructured plasmonic sensors is that single molecule resolution is sometimes possible (Taylor and Zijlstra, 2017). Although technically impressive, actual detection of a single molecule from a complex sample is still not feasible due to complications such as mass transport limitations and non-specific adsorption. In fact, in most practical situations, the resolution in surface coverage (molecules per area) becomes more important as it determines the signal after equilibrium establishment with a given bulk concentration (Dahlin, 2012). Indeed, SPR remains the golden standard for biomolecular interaction analysis (Rich and Myszka, 2011) because of its high resolution in surface coverage (~0.01 ng/cm2). In addition, SPR is based on a single-material planar interface which simplifies functionalization and quantification.

In some recent studies, we have suggested that one unique type of application for plasmonic nanostructures is to study the effects of lipid membrane curvature on biomolecular interactions (Junesch et al., 2015; Ferhan et al., 2018). By depositing a conformal silica coating (Im et al., 2010), a lipid membrane which follows the surface curvature can be prepared by vesicle fusion (Jonsson et al., 2007). Using plasmonic nanowells (Junesch et al., 2012; Malekian et al., 2017), we have shown that proper spectral analysis can detect whether binding occurs preferentially to negative curvature, i.e., at the membrane invaginations formed inside the nanowells (Junesch et al., 2015; Ferhan et al., 2018). Negative membrane curvature is particularly difficult to study with vesicles and tubules since one has to access the interior volume (Prévost et al., 2015), in contrast to positive curvature for which binding to the outer vesicle surface can be analyzed. However, we have not yet shown that our nanoplasmonic sensor concept is applicable to proteins binding to membranes with negative curvature. Furthermore, the optimal design of the plasmonic nanostructure for improving the optical signals indicating bilayer formation and curvature-preferential binding has not been investigated.

In this work we evaluate the curvature-dependent interaction of the I-BAR domain of the IRSp53 protein with membranes containing negatively charged lipids (Mattila et al., 2007). IRSp53 is an eukaryotic inverse-BAR domain containing protein (Scheme 1) and thus believed to be involved in processes associated with cell membrane deformation (Frost et al., 2009; Saarikangas et al., 2009). Previous work has shown preferential binding and clustering at negative membrane curvature by fluorescent imaging of labeled proteins inside nanotubules formed from giant unilamellar vesicles clamped by micropipettes (Prévost et al., 2015). The advantages of our nanoplasmonic sensor are that it provides a much simpler methodology and operates with label-free readout. Experimental results are complemented with numerical simulations. We also discuss the ideal nanostructure design as well as the strengths and limitations of this concept for future investigations of proteins interacting with membranes exhibiting negative curvature.
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SCHEME 1. Lipids used for bilayer formation and the IRSp53 protein interacting with a membrane. Note that PS and PIP2 are net negatively charged (Na+ and [image: image] are counterions from salt formation). The electrostatic interaction with lipid bilayers is believed to occur with negatively charged lipids at the outer rim of the elongated protein, promoting a concave membrane shape.





EXPERIMENTAL

All lipids were purchased from Avanti Polar Lipids. For binding of NeutrAvidin, 5% 1,2-dioleoyl-sn-glycero-3-phosphoethanolamine-N-(cap biotinyl) was introduced. Vesicles were prepared by drying the lipids onto the interior of a flask for 30 min, followed by hydration in buffer and extrusion 11 times through 30 nm pores (1 bar). The I-BAR domain of IRSp53 was produced as described previously (Saarikangas et al., 2009). Standard chemicals for buffer preparation were from Sigma. NeutrAvidin was from ThermoFisher.

Nanowells were prepared as described previously (Junesch et al., 2012, 2015; Malekian et al., 2017; Ferhan et al., 2018) using 107 nm polystyrene colloids on Nb2O5 and 158 nm on SiO2 (Microparticles). Nanowells in SiO2 were prepared on fused silica to enable direct etching of the solid support (Malekian et al., 2017). Nanowells in Nb2O5 were prepared on borosilicate glass (which cannot be easily etched) onto which Nb2O5 was first deposited by reactive sputter coating with O2 and Ar (Junesch et al., 2012) (Nordiko). A 20 nm thick SiO2 layer was deposited by plasma enhanced chemical vapor deposition (Surface Technology Systems). Recipes aiming for stochiometric SiO2 or Si3N4 were used.

For bilayer formation with negative lipids, a 20 mM citric acid buffer was used with 150 mM KCl at a pH of 4.8. IRSp53 binding was performed in a buffer with 20 mM tris(hydroxymethyl) aminomethane and 150 mM NaCl with pH adjusted to 7.4 unless stated otherwise. The pH values were adjusted with concentrated HCl and NaOH.

The setup for extinction spectroscopy with high resolution and tracking of multiple resonance features has been described previously (Junesch et al., 2015; Ferhan et al., 2018). Extinction is presented using the natural logarithm of the ratio between reference and measured intensities.



RESULTS AND DISCUSSION

We first used the quartz crystal microbalance with dissipation monitoring (QCMD) technique to characterize the interaction between IRSp53 (the I-BAR domain) and solid supported lipid bilayer membranes. The IRSp53 protein is believed to interact with negatively charged lipids and induce domain formation (Scheme 1) (Saarikangas et al., 2009). We used 1,2-dioleoyl-sn-glycero-3-phosphocholine (DOPC) as the main (zwitterionic) lipid for bilayer formation and included a fraction of 1,2-dioleoyl-sn-glycero-3-phospho-L-serine (PS) and/or L-α-phosphatidylinositol-4,5-bisphosphate (PIP2) to introduce negative charges on the bilayers. PS has one net negative charge at physiological pH while PIP2 has three. As shown in Figure 1A, bilayer formation was confirmed by the turning point in the plot of frequency vs. time and the negligible dissipation change (Jonsson et al., 2008). The final frequency shift is a few Hz more than expected from a pure DOPC bilayer, in agreement with the extra mass from the PIP2 lipids.
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FIGURE 1. Using QCMD to verify the biomolecular interaction. (A) Example of bilayer formation on planar SiO2 with lipids containing 10% PS, 10% PIP2, and 80% DOPC. (B) Binding of IRSp53 at a relatively low concentration to different lipid compositions with negative charge (No binding was observed to pure DOPC bilayers). Note that for these curves the signal approaches ~12 Hz simply due to depletion of molecules in the liquid volume. Binding is irreversible as illustrated upon rinsing (dotted lines).



Binding of IRSp53 was verified qualitatively in many QCMD experiments (n > 20). An example is shown in Figure 1B to illustrate that the lipid composition had a negligible influence on protein binding as long as it contained a significant fraction (tens of percent) of negatively charged lipids. The lipid fractions represent those in the compositions used to prepare the vesicles and it is expected that the molar fractions are the same in the bilayer formed. In subsequent experiments, the main lipid composition used was 30% PS (mainly because it is cheaper than PIP2). The interaction was found to be irreversible, i.e., IRSp53 did not dissociate from the surface upon rinsing. In other words, the dissociation rate constant is zero and the affinity approaches infinity. Higher concentrations and longer binding times suggested a saturation signal of ~50 Hz, which in theory would be reached also for lower concentrations if waiting long enough (and wasting more protein by pumping new solution). At higher ionic strength (250 mM) the affinity became weaker and the interaction was reversible, i.e., the protein was released upon rinsing (not shown). This dependence on ionic strength confirms the electrostatic nature of the binding, which has been observed in many studies and even in simulations (Levtsova et al., 2011). In this study we want to elucidate the behavior of IRSp53 at physiological ionic strength (~150 mM), which was used in the following experiments.

To investigate the influence of membrane curvature, plasmonic nanowells were prepared as described in previous reports (Junesch et al., 2012; Malekian et al., 2017). We used two different types of nanowells consisting of niobia (Junesch et al., 2015) or silica (Ferhan et al., 2018) underneath the 30 nm gold film (Figure 2A). Although both these structures have been presented previously, we have not yet compared their sensing performance. Throughout the rest of this paper we refer to these as Nb2O5 and SiO2 nanowells. The aperture diameter in gold was tuned to ~100 nm by shrinking the colloids with oxygen plasma treatment (Xiong et al., 2016). Characteristic extinction spectra of the nanowells are shown in Figure 2A, in agreement with previous results (Junesch et al., 2015; Ferhan et al., 2018). The structures are identical in terms of the dimensions of the apertures and the only difference is that Nb2O5 has a higher refractive index (2.2) than SiO2 (1.5). This makes the asymmetric plasmon resonance (peak and dip) from the short-range ordered array of nanowells appear at longer wavelength for the case of Nb2O5 nanowells. Since the full spectrum is obtained in parallel from the spectroscopy setup, it is possible to track both the peak and the dip positions simultaneously with high temporal resolution (Junesch et al., 2015; Ferhan et al., 2018).
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FIGURE 2. The two types of nanowells. (A) Extinction spectra in water and nanostructure schematics. (B) Electron microscopy image of nanowells in SiO2 coated with SiNxOy. (C) Simulated near fields at the peak and dip wavelengths for square arrays with periodicity of 300 nm in water. The bar plots show the average field strength on the planar surface (outside) vs. the curved surface exposed inside the nanowells (inside), in both cases 5 nm away from the SiNxOy coating (which has refractive index 1.5).



In all experiments, a ~20 nm conformal coating of silica or silicon nitride was first deposited by plasma enhanced chemical vapor deposition onto the nanowells. This insulating coating could not be fully visualized by electron microscopy but a reduction in nanowell diameter was observed after deposition when imaging from above (Figure 2B). For more images of nanowells and conformal coatings for bilayer formation we refer to previous studies (Junesch et al., 2012; Malekian et al., 2017; Ferhan et al., 2018), also from other groups (Im et al., 2010). Prior to membrane formation by vesicle rupture, samples were cleaned with oxygen plasma and thus we expected the silicon nitride coating to also contain a significant fraction of oxygen. Throughout this study no differences were observed among the coatings with respect to success of bilayer formation (see further below) and we refer to both coatings as SiNxOy since their stoichiometry is unknown.

Our sensor concept for detection of binding to negative curvature, i.e., the tendency to bind preferentially inside the nanowells, is based on analyzing the relative shifts in the peak and dip wavelengths obtained from the extinction spectrum. Although these resonance features originate from the same optical phenomenon, they still behave differently in refractometric sensing experiments. In brief, the peak position corresponds to grating-type excitation of propagating modes by the short-range ordering of the nanowells, while the dip behaves as a localized resonance (Xiong et al., 2016). We have previously introduced a dimensionless parameter ζ to quantify the degree of affinity to negative membrane curvature (Junesch et al., 2015):
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Since the sensitivity (the spectral shift) to refractive index changes is always higher for the dip compared to the peak (Junesch et al., 2015; Xiong et al., 2016; Ferhan et al., 2018), ζ is always larger than zero (for instance, for bulk changes the dip shifts approximately twice as much as the peak). To bind to the planar surface, Δλpeak can be almost as high as Δλdip, which means that ζ is close to zero, while for binding inside nanowells, Δλpeak can be close to zero so that ζ approaches one (Junesch et al., 2015).

Figure 2C shows the simulated near field at the peak and dip wavelengths for nanowells containing Nb2O5 or SiO2 as support. The simulated peak and dip wavelengths (680 and 720 nm for SiO2, 820 and 860 nm for Nb2O5) were found by calculating the far field spectra. These values are in fair agreement with the experimental peak and dip positions in Figure 2A (The experimental Nb2O5 nanowells were prepared with colloids that gave a shorter center to center distance of ~230 nm compared to the simulated period of 300 nm, which explains the relatively large difference between simulation and experiment in that particular case). The near field plots provide information about which regions of the nanostructure are most sensitive to refractive index changes (at a given wavelength). First, it is clear that the Nb2O5 layer, due to its higher refractive index, makes the field stronger on the lower side of the gold film, although the average field strength is higher for SiO2 nanowells. Further, we averaged the field strength ~5 nm from the solid surface inside the nanowell and compared it with the top planar surface, for both structures and for both resonance wavelengths (Figure 2C). These results confirm that, although the field is stronger inside the nanowells at both the peak and the dip wavelengths, the ratio of the dip and peak field strengths is higher upon binding to the interior of the nanowell compared to the planar surface region. This illustrates the location-specific detection concept and the utilization of the ζ parameter in a qualitative sense. However, the near-field plots are highly sensitive to the exact geometry of the nanostructure, which is hard to determine experimentally. Because of this we believe that there is a risk for overinterpreting this kind of simulation results if going into a too detailed quantitative analysis.

Bilayer formation on the different nanowells with vesicles containing negative PS lipids was monitored in real-time (Figure 3A). For SiO2 nanowells, the kinetics showed the characteristic acceleration (second derivative becomes zero) which confirms vesicle rupture (Jonsson et al., 2007, 2008; Ferhan et al., 2018). For Nb2O5 nanowells, this effect is less clear in the data, which is most likely related to the differences in near field distribution (Figure 2C). Still, it is known that bilayer formation is possible (Junesch et al., 2015), as expected since the SiNxOy coating and the dimensions are the same for both types of nanowells. To ensure that bilayer formation did occur on Nb2O5 nanowells before introducing proteins, we confirmed that the kinetics and the dip/peak ratio were different when compared to vesicle adsorption without rupture (which is what occurs on nanowells without the SiNxOy coating). In brief, if there is no bilayer formation, the dip/peak signal ratio is lower (lower ζ) as intact and immobile vesicles are too large to enter the nanowell interior. Also, the kinetics are mass transport limited to a higher extent, so that the signal does not saturate as abruptly as in Figure 3A. Furthermore, fluorescence recovery after photobleaching has already been used to confirm fluid bilayers on both the Nb2O5 (Junesch et al., 2015) and the SiO2 (Ferhan et al., 2018) nanowells. Oxygen plasma and/or surfactants were used to clean and reuse sensor surfaces at least a few times, but eventually the coating was no longer able to support membrane formation from vesicles (in this case a new coating can be applied). In all experiments used in the analysis below, we first confirmed bilayer formation from the mentioned characteristic traits in the vesicle adsorption kinetics.
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FIGURE 3. Bilayer formation and model protein binding. (A) Signals from bilayer formation (with vesicles containing PS) on the nanoplasmonic sensor surfaces. An ~5 times higher concentration of vesicles (~300 μg/mL) were introduced to the Nb2O5 structures, which is why a step-like change is observed upon liquid exchange (This is due to light scattering by vesicles in the bulk). (B) Example data of binding of NeutrAvidin to bilayers with biotinylated lipids. Peak and dip signals are shown for both structures.



In order to establish the expected value of ζ for a protein binding to the lipid bilayer without any curvature preference, we introduced NeutrAvidin to bilayers containing a small fraction of biotinylated lipids (Junesch et al., 2015). Example data is shown in Figure 3B, yielding a value close to ζ = 0.4 for both SiO2 and Nb2O5 nanowells. Repeated measurements (n = 4) gave an uncertainty of 0.05 for the same structure and the variation barely increased when including data from both types of nanowells (it remained below 0.1). This is in agreement with previous results on similar Nb2O5 nanowells which showed ζ = 0.5 ± 0.1 for NeutrAvidin (Junesch et al., 2015). In fact, the ζ values for NeutrAvidin binding were the same (within the error) as for the completed bilayer formation (ζ = 0.45 ± 0.1, n = 10). This is expected since the protein, which is a couple of nm in size, accumulates just on top of the ~5 nm thick bilayer, i.e., the lipids and the protein are localized at roughly the same positions. Hence it is also possible to use the peak and dip signals from bilayer formation to calculate a reference ζ value, which is then used to evaluate if the subsequent protein binding exhibits a preference for negative curvature (it is important that the final values of peak and dip signals for the complete bilayer are used though, see further below).

After verifying bilayer formation and binding of a protein with no preference with respect to surface curvature, we measured the plasmonic response (peak and dip) upon binding of IRSp53, starting with Nb2O5 nanowells. Figure 4A shows two examples of IRSp53 binding at different concentration. To visualize the curvature dependence, we plotted the binding process as dip vs. peak shifts for several IRSp53 experiments (Figure 4B). The shape of these plots provides information about curvature preference during the binding process. It should be kept in mind that the bilayer is a 2D liquid environment and that bound molecules can diffuse on the surface to find the geometry that they prefer. It is also important to note that, especially for the irreversible IRSp53 binding, no curvature preference will be detected when the whole surface is saturated because the protein also still binds to planar membranes (Figure 1B). When all nanowells are filled up, binding will continue and eventually a value of ζ will be reached which does not differ from that measured upon NeutrAvidin binding. Therefore, the dip vs. peak shift plots should not be linear, i.e., the dip should shift faster initially, and it is for low absolute signals before surface saturation that the curvature preference can be identified. This is in fair agreement with the plots in Figure 4B. As controls, for NeutrAvidin the plots were linear as expected (Junesch et al., 2015) and for bilayer formation the shape was inversed since adsorption of intact vesicles occurs primarily to the planar surface (not shown). The vesicles were extruded through 30 nm pores and are thus comparable to the nanowells in diameter.
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FIGURE 4. IRSp53 binding with negative curvature preference. (A) Kinetics of IRSp53 binding (introduced at 0 min) to membranes with negative lipids on Nb2O5 nanowells. For the lower concentration no peak shift is detected. (B) Dip and peak signals for IRSp53 compared to NeutrAvidin binding to Nb2O5 nanowells. (C) Dip and peak signals for IRSp53 compared to bilayer formation on SiO2 nanowells. (D) Summary of ζ values with error margins. For Nb2O5 nanowells, NeutrAvidin is used as the reference and for SiO2 nanowells, the preceding bilayer is used.



To identify the curvature effect, we analyzed out-of-equilibrium data for IRSp53 where the surface has not yet become entirely covered, so that the protein has the possibility to accumulate inside nanowells. As an example, we analyzed data points when the peak shift had reached 0.2 nm, which is less than half of the saturated signal of ~0.5 nm peak shift for Nb2O5 nanowells. This gave a value of ζ = 0.61 ± 0.09 (based on n = 10 experiments), which is significantly higher than for NeutrAvidin. We also evaluated the ζ values obtained for IRSp53 binding to SiO2 nanowells (Figure 4C), resulting in ζ = 0.58±0.08 (n = 4) when the peak shift had reached 0.1 nm. Here the bilayer values were used as a reference, which gave ζ = 0.42 ± 0.03 (n = 8).

Overall, our results show that IRSp53 indeed has a preference to bind to negative membrane curvature, although the differences in ζ are less obvious in comparison with previous work of viral capsids that accumulate at negative curvature due to multivalent interactions (Junesch et al., 2015). A large number of experiments were summarized to obtain error bars and ensure statistical significance (Figure 4D). For SiO2 nanowells, the contrast in ζ is still not very high compared to the experimental uncertainty and it was necessary to look at data at low coverage of IRSp53, i.e., early in the binding process, to identify the difference in ζ. For Nb2O5 nanowells, very higher values of ζ could sometimes be obtained (e.g., ζ ≈ 1 for 452 nM in Figure 4A). Such high values were, however, not acquired in a reproducible manner. This is most likely related to small differences in dimensions and shape of the nanowells, which can have a major influence on the near field distribution. This kind of structural variation could originate from, for instance, poor reproducibility in the dry etching step.



CONCLUSIONS

We have for the first time used plasmonic nanowells to confirm preferential binding of a protein to lipid membranes with negative curvature compared to regions with planar geometry. The main strength of this sensor is that it is relatively simple and provides real-time analysis of binding in a label-free format. The main limitation is the inability to detect if proteins induce curvature since the membrane simply follows the surface topology. It is believed that curvature is induced by IRSp53 at a certain surface concentration (Callan-Jones and Bassereau, 2013). Thus, our sensor can only in part verify the proposed mechanisms and many functions of a protein such as IRSp53 (Kang et al., 2016). Nevertheless, we consider it an important step to verify the curvature binding preference with an independent method. It should also be noted that the sensor is only semi-quantitative with respect to the accumulation at negative membrane curvature. A higher value of ζ (in comparison with the bilayer or NeutrAvidin) would certainly suggest a stronger effect, but it is hard to quantify exactly how many proteins are inside the nanowells. Further, the nanowells have a range of curvatures along the vertical axis due to their shape. IRSp53 should prefer ~0.05 nm−1 (Prévost et al., 2015), which is within the expected curvature range inside the nanowells (top diameter ~80 nm). It seems likely that if one could prepare deep nanowells with perfectly vertical walls and the right diameter, the preferential binding inside nanowells would be even more pronounced (higher ζ).

We believe that our sensor will be a valuable complementary tool for investigating processes leading to the generation of highly curved membranes, such as virus budding, cell division or filopodia formation, to name a few examples. One can also imagine connections to naturally curved membranes found in organelles such as the Golgi apparatus and the mitochondrion. In the future, other types of nanostructures with more clearly defined geometry could be investigated for the same purpose, such as cylindrical channels in hollow nanowires (Sköld et al., 2010). However, the plasmonic nanowells are quite unique since they provide a built-in optical label-free sensor and a spectral signature for binding at negative curvature.
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Trace elements play a crucial role in many biochemical processes, mainly as components of vitamins and enzymes. Although small amounts of metal ions have protective properties, excess metal levels result in oxidative injury, which is why metal ion homeostasis is crucial for the proper functioning of the brain. The changes of their level in the brain have been proven to be a risk factor for Alzheimer's, Parkinson's, and Huntington's diseases, as well as amyotrophic lateral sclerosis. Therefore, it is currently an important application of various analytical methods. This review covers the most important of them: inductively coupled ground mass spectrometry (ICP-MS), flame-induced atomic absorption spectrometry (FAAS), electrothermal atomic absorption spectrometry (GFAAS), optical emission spectrometry with excitation in inductively coupled plasma (ICP-OES), X-ray fluorescence spectrometry (XRF), and neutron activation analysis (NAA). Additionally, we present a summary of concentration values found by different research groups.

Keywords: trace element distribution, metal concentrations, post mortem material, brain tissue, spectroscopy


INTRODUCTION

Trace elements play a crucial role in many biochemical and physiological processes in humans, being mainly components of various vitamins and enzymes (Zecca et al., 2004; Bartzokis et al., 2007). Their balance within the brain is regulated in a complex manner by brain barrier systems such as the blood-brain barrier (BBB), choroidal blood-cerebrospinal fluid barrier, blood-cerebrospinal fluid (CSF) barrier, and even CSF-brain barrier (Strazielle and Ghersi-Egea, 2013). The homeostasis of trace elements relies on the processes of absorption, distribution, biotransformation, and excretion (Zheng and Monnot, 2012). Trace ions such as Fe, Cu, Ca, Co, Mg, Mn, and Mo are essential for the proper functioning and growth of the brain as they provide protection against diseases and reactive oxygen species as second messengers, gene expression regulation, catalysis and enzyme activation (Lee et al., 2008).

On the other hand, excess amounts of elements may induce cellular damage resulting in a variety of syndromes caused by abnormal proteins, lipid peroxidation and oxidation of ROS-scavenging enzymes. Neurodegenerative diseases such as Alzheimer's disease—AD, Parkinson's disease—PD, and Wilson's disease are known to be correlated with metal content shifts within different areas of the brain (Hutchinson et al., 2005; Corbin et al., 2008; Squitti, 2012; Tiiman et al., 2013; Sharma et al., 2017) or with a disturbed distribution of these elements. For instance, a 339% increase in Zn, 466% increase in Cu and 177% increase in Fe, and a 4,653% increase in Ca was found in human plaque of AD patients in comparison to healthy subjects (Leskovjan et al., 2009). As another example, iron, which is highly concentrated in neuromelanin is suspected of being a cellular susceptibility factor in Parkinson's disease, as well (Depboylu et al., 2007).

Therefore, the analysis of metal content in the brain material is a very interesting application of trace metal analysis. Besides the disease diagnostics, it can also be used to trace the action of drugs, including metal chelators, which are believed to be one of current treatment ideas (Tõugu et al., 2009).

The number of papers presenting this approach has been growing significantly in the last years. The basic methods of trace analysis in the brain include inductively coupled ground mass spectrometry (ICP-MS), flame-induced atomic absorption spectrometry (FAAS), electrothermal atomic absorption spectrometry (GFAAS), optical emission spectrometry with excitation in inductively coupled plasma (ICP-OES), X-ray fluorescence spectrometry (XRF), and neutron activation analysis (NAA) (Brown and Milton, 2005).

The examples cited in the following part of the review show that the content of elements in human brain samples can be examined by many methods. The type of method used depends on the type of information we want to obtain (quantitative analysis, qualitative analysis, speciation analysis, distribution of the analyte in the sample). The choice of the appropriate analytical method is also dependent on the parameters of the method, such as the limit of detection and determination, accuracy and precision, sensitivity, and selectivity (Van Loon and Barefoot, 1992).

There is no easy way to recommend a method for the particular task. Every method summarized in this article can determine trace metals in a similar range of concentrations and does not differ substantially in detection limits and expenses (Brown and Milton, 2005). Therefore, the minor factors can be a crucial thing for a decision. ICP-MS and ICP-OES seems to be most universal and frequently used. Table 1 presents a list of analytical methods used for qualitative and quantitative analysis of elements in human brain samples.



Table 1. The representative examples of the application of various methods in metal analysis in brain samples.
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Sampling Issues

The brain tissue is a complex matrix. In the human brain, the total fat content is about 30% (on a dry matter basis; Suzuki and Suzuki, 1972), and the water content is around 70–80% (Császma et al., 2003). The dry part is built mainly from lipids: about 40% of cholesterol, about 15% of glycolipids, about 15% phospholipids, and about 5% of sphingomyelin. The rest of dry matter contains mainly proteins (Gonzalez-Riano et al., 2016).

The brain tissues analyzed for the metal contents are mainly collected post mortem (from autopsy), as brain biopsy procedures are performed only for analysis of tumors for cancer diagnostics. It is generally recommended to freeze the samples deeply (in liquid nitrogen) to avoid any metabolism. Although the total metal content does not change during the chemical processes, the redox reactions can significantly alter the results if speciation analysis is required.

It can be assumed that an analyst is not directly responsible for proper sampling of the tissues from the brain, as the sampling is done mainly by qualified forensic physicians during autopsy at diagnosis of the disease (Hynd et al., 2003). However, the circumstances of the death (coma, hypoxia, hyperpyrexia at the time of death etc.) and the time period between death and autopsy can significantly change brain composition (Stan et al., 2006). A minimal set of samples for histopathologic examination consists currently of 12 brain fragments: middle frontal gyrus, cingulate gyrus, superior and middle temporal gyri, hippocampus and parahippocampal gyrus, inferior parietal lobule, putamen and globus pallidus, midbrain, pons, caudate nucleus; cerebellar vermis hemisphere (including the dentate nucleus), and medulla (Love, 2004). The hippocampus and cerebellum are considered to be two most important parts of the brain in the diagnostic context (Gonzalez-Riano et al., 2016).

In general, the tissues are deeply frozen after autopsy collection. For most of the methods they have to be mineralized, mainly by acid digestion, or leave solid, so there is no risk of extraction losses (Bodzon-Kulakowska et al., 2007; Xue et al., 2012). However, the analyst must be aware of other loss possibilities. Each sampling step should be based on careful rinsing. Moreover, surfaces of improper containers can absorb trace elements. Trace elements can also be volatile so each sampling step should be performed in closed containers. This does not apply to laser ablation where sampling is done from an unprocessed tissue. Nevertheless, the more significant problem (than the losses) is the risk of contamination. It is particularly important to use a dedicated grade reagents and solvents and sample storage containers made with metal-free materials.



Quality Assurance Issues

Regardless of contamination and losses, the quality of the analysis can be affected by many other factors (Parr, 1985). It is generally assumed that only certified reference materials (CRM, or at least standard reference materials, SRM) can prove the quality of a method in a particular laboratory (Parr, 1985). These materials are reference samples that have to be analyzed with the same method to prove that the results do not differ significantly. During the choice of the materials, the maximum similarity to brain tissue (in the context of chemical composition) should be achieved as there is no reference brain tissue available on the market (Gallorini, 1995; Gallorini and Apostoli, 1996). The examples used in the research are: bovine liver SRM 1577b, bovine muscle powder SRM 8414, whole egg powder SRM 8415, and oyster tissue SRM 1566b (Leite Jacob-Filho et al., 2008; Batista et al., 2009).




SPECTROSCOPIC METHODS

The choice of an analytical method should be dependent on the purpose of the analysis and the limit of determination of a given method. Additionally, the type of research material is equally relevant. If the test is to determine the qualitative and quantitative content of the elements, it is necessary to opt for spectroscopic methods. However, if it is also important to know the spatial distribution of analytes on the surface of the tissue and to determine the state of elements occurrence, the method of surface imaging of the sample should be applied by mapping the elements quantitatively, e.g., laser ablation with detection in a mass spectrometer with ionization in inductively coupled plasma, LA ICP-MS (laser ablation inductively coupled plasma mass spectrometry). The results of the analyses should be based on a proper sample preparation procedure and on an analysis using validated methods ensuring traceability of the test sample results.


ICP-MS

One of the most popular methods of analysis of content of elements in brain tissue samples is the inductively coupled plasma mass spectrometry—ICP-MS. This method is based on the generation of single-positive ions of the determined elements in the strictly parameterized plasma (the amount of ions with a double charge is strictly limited and usually should not exceed 3% of all charged particles). These ions, after passing through properly constructed ion optics (aimed at separating the photonic background), are identified on the basis of the mass/charge ratio (m/z) using a mass separator and a detector. Different types of separators are used, depending on the assumed degree of ion separation. The most commonly used quadrupole separator is found in many configurations. Photomultipliers are used as detectors, which are adapted for the detection of ions by placing on their optical path scintillation crystals that convert the ion flux into photons. The generation of single charge ions requires precise setting of plasma parameters. The most important are temperature, electrostatic potentials (deflecting the ion beam), plasma flow and gas flow of the nebulizer. Sample depth and sampling time constitute significant parameters as well.

Due to low background signal and large number of ions produced, it is possible to obtain a very low detection limit for most elements (in the per-billion range; He et al., 2017). The most important advantages of the ICP-MS method include: high sensitivity and precision, low limits of quantitation (at μg/L, ng/L levels), exceptionally high linearity of the calibration curve including up to 9 orders of magnitude, multi-element analysis of most elements of the periodic table, relatively short time of analysis, and a small amount of sample needed to make the determination.

Physical or spectral interference is an important factor affecting the quality of results obtained by the ICP-MS method. Physical interference results mainly from the difference in viscosity and surface tension of the sample in relation to the standards used. One of the ways to eliminate this type of interference is the use of an internal standard suited to the analytes tested in terms of ionization and mass energy. In the work (Dahlberg et al., 2015) testing the content of K, Na, Mg, Ca, Zn, Fe, Cu, Mn, and Cr, the internal standard Sc, Rh, In, and Lu was used in each sample. In order to avoid interference due to mass differences, an internal standard that has a mass number as close to the analyzed element as possible should be used (however, it is not always possible to use an appropriate, stable isotope). Another method may be the use of surfactants to reduce the surface tension, e.g., ammonium salts, Tween80 or Triton X-100.

The human brain's biological matrix (containing a high concentration of organic and inorganic substances) can cause clogging of the nebulizer and deposition of the matrix on the plasma torch and cones. The solution here is the dilution of the sample and the use of specialized nebulizers (Parsons and Barbosa, 2007). It should be noted that extraction of analytes from the sample with appropriately selected extraction reagents, e.g., methyl isobutyl ketone (MIBK), may also be a good solution. However, this requires re-extraction into aqueous solutions or changing plasma parameters and preparing a series of standards in the reagent used.

Spectral interference is the effect of signal overlap from other ions (formed in certain amounts of charged double ions, or from the combination of atoms derived from plasma gas, air, water, sample matrix, or acids used to mineralize samples) on the analyte signal (Lum and Sze-Yin Leung, 2016). There are many methods to eliminate them within the method. One of solutions in sulfur and phosphorus speciation (Hinrichs et al., 2007) is the application of the combined HPLC-ICP-SFMS method (high performance liquid chromatography/high resolution mass spectrometry with inductively coupled plasma exclusion and sector mass separator). These elements are separated by means of a liquid chromatograph and then analyzed using a mass spectrometer. This solution allows to eliminate the interference of polyatoms (15N16O +, 14N16O1H +, 14N17O +, 12C18O1H + in the case of 31P and 16O16O +, 15N16O1H +, 14N18O + for the 32S1H216O2, and 16O18O + isotope) and thus increasing the selectivity. Another solution is to use the collision reaction (CRI) chamber. Ions such as 40Ar16O are broken down inside by a gas supplied with a constant, strictly defined stream, e.g., hydrogen. The reaction generates atomic argon, hydrogen ions, and water.

In recent years, the use of combined analytical methods using chromatographic methods with ICP- MS (gas chromatography (GC), high performance liquid chromatography (HPLC), size exclusion chromatography (SEC), ion chromatography (IEC), reversed phase chromatography (RPLC), ion pair chromatography IPC), and for the assays the aforementioned spectroscopic methods (FAAS, GFAAS, ICP-OES, ICP-MS) has become very popular. For instance (Wolf et al., 2003), we will find a combination of the ICP-MS method with CZE (capillary electrophoresis), which was used to study the content of metallothioneins (low-molecular proteins involved in the detoxification of organisms from harmful metal ions) in the human brain. This combined method makes it possible to obtain a high resolution, perform multi-element analysis of small sample volumes at very low limits of determination.

ICP-MS methods have been recently very popular when combined with one of the most modern sampling methods—laser ablation (LA). This technique consists in the interaction of electromagnetic radiation of the laser causing a series of physicochemical processes leading to the creation of a system consisting of a carrier gas (usually argon) and particles of test material dispersed in it (Pozebon et al., 2014, 2017). It is a laser evaporation and atomization of the sample, so that the analysis can be subjected to solid samples, without the mineralization stage.

Becker et al. (2004) studied the content of elements such as P, S, Si, Al, Cu, Zn in proteins originating from the human brain after they were separated by means of gel electrophoresis. The tests applied the ICP-SFMS method (mass spectrometry with excitation in inductively coupled plasma and sector mass separator) with micro-sampling using the LA method. In phosphorus determinations in this type of matrix, attention should be paid to high-intensity isobaric interference from individuals such as 15N16O +, 14N16O1H +, and 14N17O1. To prevent this, the measurements were carried out at a resolution of 4,000. In the case of sulfur analysis the occurrence of 16O2 ion is one of the most common disturbances.

The research carried out by Becker et al. (2003) proved a significantly lower limit of quantification for P determinations in the case of the ICP-SFMS method (20 pg/g) compared with the ICP-MS method using quadrupole and collision chamber (1.3 ng/g). The biggest advantages of using the LA method is the lack of sample destruction, easy sample preparation, and the ability to analyze transparent and opaque samples (Durrant, 1999).



ICP-OES

Emission spectrometry with excitation in inductively coupled plasma (ICP-OES, but ICP- AES abbreviation is also used) differs from ICP-MS spectrometry by the type of detection. In this case, the emission spectrum of analytes is analyzed. The entire process of obtaining a properly parameterized plasma is carried out on the same basis. A properly prepared sample contained in the solution is delivered by means of a peristaltic pump to a plasma torch powered by plasma gas. It is most often argon, due to its relatively low price and chemical passivity, but any gas can be used for this purpose. In the past there were experiments with nitrogen and even with oxygen carried out. Inside the plasma torch, the supplied argon produces a plasma with a temperature of up to 10,000 K under the influence of the radio frequency electromagnetic field generated by the surrounding torch, where the sample undergoes drying, decomposition, atomization, and finally ionization. The conditions are chosen so that they will produce predominantly one-positive ions. Unlike in the case of mass spectrometry, the emission spectrum produced by the excited ions is subjected to analysis. The individual elements that make up the analyte emit a linear spectrum with specific wavelengths corresponding to their energy levels. It should be emphasized that the formed spectral lines belong to ions, and not (as in atomic absorption spectrometry) to atoms. The spectrum emitted by the ions goes next to the monochromator, where one particular line of the analyzed element is separated and then measured using a radiation detector, usually a photomultiplier. The measure of the element's content in the sample is obtained from the intensity of the measured spectral line. As in the case of ICP-MS, the possibility of forming multielement ions characterized by their own molecular spectra may raise the analytical background in the case of some analyses.

The ICP-OES analysis is characterized by the limit of detection at the level of mg/L and μg/L, and in some cases even ng/L. This puts it more or less between the ICP-MS and FAAS methods. Nevertheless, there are areas of application where it is particularly useful. They are, among others, sulfur and phosphorus analyses, with which the ICP-MS method is not particularly successful, while FAAS also does not allow to reach the expected low levels. The sensitivity and precision of the ICP-OES method due to the use of plasma excitation is similar to other techniques of this type. The high linearity of the method is also very characteristic.

Korvela et al. (2016) conducted multielementic analysis of cerebrospinal fluid samples using the ICP-MS method (47 Ti, 51 V, 55 Mn, 61 Ni, 66 Zn, 75 As, 85 Rb, 88 Sr, 107 Ag, 118 Sn, 138 Ba, and 208 Pb isotopes tested) and ICP-AES (Ca, Cu, Fe, Mg, P, S, Si, Sr, Zn, K, and Na tested). In the case of Sr, As, Ba, Ti, Rb, Ca, Mg, P, K, and Na, sufficient high signals were found (concentration was above the limit of quantification) and RSD (relative standard deviation) with values below 10%.



FAAS

The FAAS method is one of the simplest and fastest analytical methods for trace elements determination. Its principle is based on one of Kirchoff's spectroscopic laws. According to it, the cooler gas, surrounding hot emission source, eliminates spectral lines from the spectrum of the source corresponding to its specific energy levels. On this basis, many analytical apparatuses have been constructed that differ in the way in which this absorbing gas is obtained, or the atomization method. One of the techniques is atomization in the FAAS flame. The light from a specially built lamp, called a hollow cathode lamp (HCL), is passed through a long, narrow flame playing the role of an atomizer, where the processes of light absorption at a specific wavelength occur, corresponding to the energy levels of the sample introduced into the flame. Then the weakened light of this wavelength is separated from the rest of the radiation spectrum by means of a monochromator (Czerny-Turner one is most often used) and directed to the measurement with a photomultiplier. Only the general principle of operation is described above. There are many modifications—starting with the emission source: EDL electrode less lamps, where the emission occurs in the resonator coil, UV, and VIS full-spectrum arc lamps, through various atomization methods and various types of monochromators of light, to various detection methods.

As the atomization takes place in a flame in relatively high temperature, a significant obstacle to the use of the FAAS method is the occurrence of so-called cyan bands. This name includes high- temperature connections CN, NH, and CH causing the formation of high masking background for the elements determined. This is particularly important when using an acetylene/nitrous oxide flame characterized by high self-emission. This may, in some cases, even make analysis impossible.



GFAAS (ETAAS)

Another way of sample atomization is to use a graphite furnace. In this case, the cloud of the atomized sample arises inside the tube of pizolithic graphite placed in the center of the specially constructed furnace and the analyzing light stream passes through it. The tube is heated to a high temperature with high current. As a result the sample is dried, decomposed, incinerated and atomized. The temperature in the furnace can reach a value of even more than 3,500 K. Such a high temperature, significantly exceeding even the flame temperature of acetylene/nitrous oxide mixture results in a significant reduction of the detection limit compared to the FAAS method.

In order to ensure durability of the tube and to reduce the degree of its consumption in the furnace, an anaerobic atmosphere is used, and the most commonly used gas in this case is argon.

The method is not free from an interference. An important problem is the scattering of light on the smoke particles created from the pyrolysis of organic parts, as well as the pyrolysis of the tube material itself, i.e., non-specific absorption. This results in incorrectly elevated results. Due to the high temperature of the furnace, there may also be further induction of atoms until the occurrence of an undesired ionization process. To avoid this, additives of deionizing substances are used.

It is very important to reduce the background effect on the intensity of the spectral lines of the element being measured. This is achieved by using the Zeeman effect of splitting a single spectral line into three or more components using a magnetic field. Measurements of light beams differently polarized to the magnetic field corresponding to the split lines are performed.

In addition to the limit of determination in the order of μg/L, all other validation parameters are at the level of methods including the atomic absorption spectrometry technique.

The GFAAS method has been used for the analysis of elements in the human brain for many years. The most popular elements determined in this matrix using the above mentioned method are definitely Se, Al, Fe (Xu et al., 1992; Gała̧ zka-Friedman et al., 2011). Recently, the TH-GFAAS (transversely-heated graphite furnace atomic absorption spectrometry) method used by researchers for example to analyze the content of Al (Mirza et al., 2017; Mold et al., 2018) has also become popular.



Sample Preparation

Solid samples such as human brain parts have to be mineralized before any test, which involves getting rid of the organic matrix, decomposition of the sparingly soluble compounds, and transferring the components without loss into the solution. The literature review shows that microwave mineralization using HNO or mixtures of HNO and H O is used in most cases (see examples in Table 2).



Table 2. Sample conditions of microwave mineralization of human brain samples.
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NUCLEAR METHODS


XRF

XRF fluorescence spectrometry can also be used to determine the content of elements. It works well for analysis of ingredients found in both large and small quantities, which distinguishes this method from the other ones usually used in instrumental analysis.

The XRF method is based on the induction of the characteristic X-ray radiation by means of the radiation coming from an X-ray tube (with a rhodium or copper) that emits a continuous radiation spectrum. This radiation is directed to the test sample (formed in the form of a compressed tablet or molten with oxoborate of lithium beads) through a beryllium window and a system of brass and aluminum filters. The characteristic x-ray radiation that arises after reflection from the sample passes through a collimator, which concentrates the beam on the analyzing crystal. Bent at a certain angle, specific for a given element, the characteristic radiation beam is analyzed by a flow or fluorescent detector. On this basis, the computer system determines the content of the analyzed element.

The analysis of elements with an atomic number <6 is not very effective due to the extremely high ionization energy of internal atomic shells.

The biggest advantages of this method are: the possibility of analyzing many elements at the same time, short duration of the analysis, easy sample preparation and the fact that the sample is not destroyed during the analysis. The limitations may be, in turn, expensive equipment, lack of information on oxidation levels of elements, and fairly high limits of quantification. This technique, connected with microscopy (James et al., 2011) allows to investigate the distribution of elements inside the tissue.

X-ray fluorescence spectroscopy is an excellent method for studying elements at the ppm level (to parts per million or more). This method appears to be a well-established technique for quantitative determination of numerous metals in small areas of tissue samples (11–13). If the sample is additionally exposed to an X-ray beam applying X-ray fluorescence microscopy (XFM), the method can be useful to map large brain slices. The important advantage of the XRF is the possibility to obtaining high-resolution maps visualizing spatial distribution (to sub- 100 nm) of a large number of elements in biological samples. There are different approaches to imaging subcellular details by XFM, such as e.g., electron-probe X-ray microanalysis or EPXMA, etc. Until several years ago, XFM was not widely available to bio-medical communities and rarely offered resolution better than several microns. This has changed drastically with the development of third-generation synchrotrons (USA [APS], France [ESRF], Japan [SPring8]) offering relevant spatial map resolution able to perform quantitative elemental imaging of hydrated biological specimens with submicron-resolution. Moreover, SXRF microscopy is able to provide information concerning the oxidation state of an element and even coordination environment (micro-XANES spectroscopy; Shahata et al., 2015). Synchrotron X-ray fluorescence technique is described precisely in the following research and review papers (James et al., 2011; Majumdaz et al., 2012; Pushie et al., 2014; Niemiec et al., 2015; Takano et al., 2017). To map small areas, traditional point-to-point x-ray fluorescence imaging may be applied, but to map large areas, rapid-scanning x-ray fluorescence mapping (RS-XRF) employing appropriate software is able to substantially decrease the scanning time (Fahrni, 2007).

The XRF has many successful applications in diagnostics. Wandzilak et al. (2015) proved a statistically significant relationship between the concentration of selected elements such as P, S, Ca, and Fe and the severity of cancer. The authors showed that changes in the concentration of these elements are related to the tumor's grade of malignancy. The obtained results suggested that the examined transition metals appear to be important during carcinogenesis. Another example of a very useful application of the above method is the determination of P, S, K, Ca, Fe, Cu, Zn, and Se changes occurring within hippocampal formation as a result of high-fat and carbohydrate-restricted ketogenic diet (KD) (Snigireva and Snigirev, 2006). In other paper (Miller et al., 2006), a method for the imaging of the spatial distribution of chosen metals (Ca, Fe, Cu, and Zn) in the brain of a mouse model of Alzheimer's disease by synchrotron radiation (SR) based X-ray fluorescence analysis (XRF) was described. Owing to synchrotron X-ray fluorescence (SXRF) microprobe, metal ion such as iron (Fe), copper (Cu), and zinc (Zn) accumulation has been confirmed in brain tissue of Alzheimer's disease (AD) patients (Tiiman et al., 2013). Some studies describe rapid-scanning x-ray fluorescence (RS-XRF) to measuring iron content in the brain slices from Parkinson's disease (PD) and a number of neurodegenerative diseases (Kikuchi et al., 2004; Yang et al., 2005).



Fluorescent Probes

Recently, an increase in the kind of fluorescent metal ion probes obtained by combining a fluorophore with a known metal ion chelator has been observed. Fluorescence probes are based on fluorescence quenching or switching mechanisms known as “turn-off probes” or “turn-on”, respectively. The “turn-on” probes appear to be more efficient for specific events, mainly because of increased sensitivity and reducing of the false positive signals. Fluorescent probes through absorbing light of a specific wavelength and emitting light of usually longer wavelength can be used as a marker for microscopical analysis. This method has been used for the real time imaging of small molecules in living cells (Chen et al., 2013; Takano et al., 2017). It turned out to be efficient for targeting sulfane sulfur, which was presented in the study performed by Gao et al. (2018). Thanks to the fact that their probes had deep tissue penetration and minimal interference from background autofluorescence as well as mitochondria-targeting properties, they were able to provide an in vivo imaging of sulfane sulfur in living cells. This also allowed detecting the level changes of sulfane sulfur.

Nandre et al. have shown an efficient “turn-on” fluorescent probe BTP-1 based on the benzo-thiazolo-pyrimidine to selectively measure and monitor Fe3+ alterations in living cells. It turned out to have excellent selectivity and a low detection limit as well as low cost and easy preparation(Takano et al., 2017; Gao et al., 2018).

Another “turn on” fluorescent probe BOD-NHOH based on hydroxylamine oxidation has been proposed by Wang et al. (Nandre et al., 2014) for assessing intracellular ferric ion levels.



NAA

The method uses the phenomenon of converting stable nuclear nuclei into radioactive ones and measuring the characteristic radiation emitted by these nuclei. The advantage of the method is that it is non-destructive, provides high sensitivity and the ability to determine 50–65 elements at the same time, has low detection limit, and requires no preliminary stage of sample preparation. One of the most important advantages is that most sample matrices appear to be “transparent” during activation. This is because the main elements constituting the sample matrix (hydrogen, carbon, oxygen, nitrogen, phosphorus, and silicon) do not form radioactive isotopes. This property makes NAA a method characterized by high sensitivity in the determination of trace elements—when the matrix elements seem to be absent, there is no basis for interference. The disadvantage of the method is that it is labor-intensive and time-consuming. All radioactive isotopes have different half-life times and can be divided into three categories: nuclides with a short time after the fissile breakdown (time may be less than a second and last up to several hours), nuclides with an average time after a half-life decay (the time may last from about 10 h to several days), nuclides with a long half-life (from several days to several weeks or even months). In addition, the NAA method provides information on the total concentration of elements, without distinguishing their chemical form and/or physical state; some elements are not possible to be determined, e.g., Pb; as access to the nuclear reactor is required in their case.

NAA was applied to assess chosen element concentrations in brain tissues of normal and demented individuals by Leite et al. (Wang et al., 2012). Concentrations of the following elements Br, Fe, K, Na, Rb, Se, and Zn were determined in the hippocampus and frontal cortex tissues. The above research confirmed that NAA is a useful method for human brain analysis. The study proved that high concentrations of Fe and Zn in the hippocampus could be responsible for neurodegenerative diseases. Another work used neutron activation analysis (NAA) for the determination of Na, K, Rb, and Cs in brain samples of AD patients (Bélavári et al., 2005). The authors compared NAA method with rapid spectrochemical ones such as ICP-AES and ICP-MS. They noticed a good agreement between the applied techniques for Na, K, and Rb, whereas cesium levels exhibited higher differences. The distribution of Na, K, Rb, and Cs in human brains was carried out by instrumental neutron activation analysis by Bélavári et al. (2004). The authors observed non-homogeneous distribution for sodium whereas for K, Rb, and Cs uniform distribution was proved. The authors measured the following concentrations: 7,440 μg Na g−1 dry weight, 12,800 μg K g−1, 14 μg Rb g−1, and 50 ng Cs g−1. Furthermore, they found a strong statistical significance between Rb and Cs content in brain tissue.



PIXE

This method is based on the use of the so-called braking radiation. The sample subjected to ion bombardment (for this purpose protons produced in the accelerator with the energy of several MeV are most often used) begins to emit radiation in the X-ray field characteristic of the constituent elements. The intensity of this radiation is a measure of the content of individual analytes in the sample. Radiation arises from the elimination of electrons from the internal electron shells of the atoms that make up the sample. The electrons from the higher shells, therefore, of higher energy, complement the gaps of the lost electrons taking their place and emitting excess energy in the form of characteristic X-ray radiation.



INAA

The neutron activation method is characterized by a particularly high precision as well as low limit of detection and determination. For these reasons, it is often used in the preparation of analytical standards. It involves bombardment of the tested sample with a neutron beam. They are produced most often in special generators and have an initial energy of ~14 MeV. As a result of braking processes on light elements, their energy can be adapted to current analytical needs. Neutrons, due to non-oblate collisions with the nuclei of the sample, cause the formation of artificial radionuclides. The intensity of the characteristic nuclear radiation of the resulting nuclides is measured and compared with the radioactivity of the applied standard. On this basis, the content of individual elements in the sample can be determined.

There are literature reports on research on the determination of elements in human brain samples carried out for comparison between nuclear and spectroscopic methods. Andrási et al. (1999) described in their work the content of Cu, Fe, Mn, Zn, Cd, Pb by ICP-AES, GFAAS, and INAA. The obtained results allowed to state that these methods are adequate for determining the above- mentioned elements. The only exception was the analysis of Cd and Pb content using the INAA method. In this case restrictions on the limit of determination have appeared.

In the study (Császma et al., 2003) the performance evaluation of several methods for the determination of Mo and Mn content was carried out. The content of molybdenum was investigated using the ETAAS and ICP-MS methods, while the manganese content was additionally tested using ICP-AES and NAA. The above methods were compared in terms of accuracy, precision, detection limit, time of analysis, and the required amount of sample. The obtained results showed that both the ETAAS and ICP-MS method is suitable for Mo content analysis at the level of ng/ml, however, in the case of the ETAAS method it is necessary to concentrate the sample, which extends the time of analysis. In the case of Mn content, all the methods assessed (ETAAS, ICP-AES, ICP-MS, and NAA) proved adequate. For both analyzed elements, regardless of the method used, the results were obtained.



Sample Preparation

On the contrary to the spectroscopis methods, samples used in nuclear analysis are not mineralized, as these methods require solid sample. The tissues are dried, sometimes oxidized before drying process by nitrous acid, and then simply grinded for peletting. To avoid decomposition of the tissue, lyophilization is sometimes preferred. The simplicity of sample preparation can be perceived as an advantage of these methods.




DISTRIBUTION OF TRACE ELEMENTS

The data presented in Table 3 show that for the quantitative and qualitative analysis of elements in human brain samples, the ICP-MS and ICP-AES methods are most often used. This is mainly due to the low limits of quantification of these methods, the ability to determine most elements of the periodic table and relatively short analysis time. Alkali metal contents are most often determined using the FAES, ICP-MS, NAA, and INAA methods. Activation analysis is also used for the determination of rare earth elements. In order to determine the distribution of individual elements, the SEM-EDS methods are used. Speciation analysis of elements found in the human brain can be performed using combined techniques such as HPLC-ICP-MS. To allow the readers have some reference values, the most important trace elements with analysis examples will be described below.



Table 3. Literature values (per dry weight) of various trace elements in different parts of human brain.
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Iron

Iron is absorbed in the intestine through ferrireductase activity in the luminal side and the divalent metal transporter 1 on the apical membrane of the enterocytes (Gunshin et al., 1997) and is regulated depending on the iron levels.

Being a cofactor in the synthesis of myelin as well as neurotransmitters, and, because of its role in oxidative metabolism (inducer of reactive oxygen species), iron plays an important role in proper brain functioning. It is involved in oxygen transport, glucose metabolism, electron transport, synthesis of myelin, neurotransmitters, and DNA replication. Unfortunately, excessive accumulation of iron may lead to a formation of highly reactive hydroxyl radicals.

Iron transportation to the brain tissue relies on the previously mentioned blood-brain barrier and blood-CSF barrier. Plasmatic iron access is limited by the BBB, so ions are transported to the brain by plasma transferrin through an interaction between circulatory transferrin and transferrin receptors (TfR) (Burk et al., 2014) in capillars because of a high density of TfR in capillary endothelial cells (Connor, 1994). After releasing iron in the endothelial cells, apo-transferrin is released into the circulation.

Within the brain tissue, iron can be divided into heme iron and non-heme iron and it was revealed for the first time by the use of histochemical analysis (Prussian blue or Perls' stain). Heme iron can be found in hemoglobin, non-heme iron is present in metalloproteins, low molecular weight complexes, storage proteins and ionic iron. However, there is no possibility to count heme and non-heme fraction of the iron after a mineralization when performing analysis by any aforementioned methods.

Iron can be found mostly within the brain regions responsible for motor functions, where two to three times more of Fe has been found (Zecca et al., 2004). Popescu et al. (2009a) report that gray matter structures contain more iron than white matter structures. The highest iron concentration was found within globus pallidus, substantia nigra, putamen, caudate nucleus, red nucleus, dentate nucleus, and locus coeruleus, which can indicate the vulnerability of these structures to effects of iron levels' disturbance in movement disorders (Dexter et al., 1989; Haacke et al., 2005; Popescu et al., 2009b).

Stüber et al. (2014) performed an iron mapping study using MRI. Within the motor/somatosensory cortex, iron distribution was found to have a laminar structure in gray matter, overlapping the myelinated bands of Baillarger. Moreover, a narrow iron-rich band in the white matter was present, close to the border with the cortex, and uneven distribution in other white matter regions. Visual cortex also appeared to have highly concentreted iron regions, mainly in striatum.



Copper

Copper is obtained orally from the daily diet and is excreted via the biliary system. It is placed in the brain from peripheral copper through blood-brain barrier and/or the blood-cerebrospinal fluid barrier. Copper is transported into the brain parenchyma through the BBB mostly as a free ion, where it is utilized and released into the CSF. Choroid epithelial cells absorb copper from the CSF, and thus copper homeostasis is determined (Zheng and Monnot, 2012). As well as iron, copper is a component/cofactor of various enzymes, which have a crucial role in biological reactions such as antioxidation, energy metabolism, iron metabolism, neuropeptide (peptidylglycine-α-amidating enzyme), and neurotransmitter (dopamine-β-monoxygenase) synthesis (Scheiber and Dringen, 2013).

High copper levels were discovered in the substantia nigra, lous coeruleus (both containing catecholaminergic cells) (Davies et al., 2013), dentate nucleus, basal ganglia, hippocampus, and cerebellum (Warren et al., 1960; Becker et al., 2007b, Popescu et al., 2009a,c).

Gray matter was found to have higher copper concentration than white matter (Dobrowolska et al., 2008), however copper levels in the thalamus were found to be lower than in any other gray matter regions (Smeyers-Verbeke et al., 1974). Becker and Salver claim that glial cells have higher copper levels than neurons (Becker and Salber, 2010), mostly within the ventricular region of the brain (Szerdahelyi and Kása, 1986).



Zinc

Zinc is an extremely important element, which is required by nearly 300 enzymes for their proper action. Zinc exits in the brain tissue mostly as a component of metaloproteins (90%) (Frederickson, 1989) and in the presynaptic vesicles (Howell and Frederickson, 1990) (it plays a role in synaptic neurotransmission and serves as an endogenous neuromodulator of various receptors).

Serum contains three different forms of zinc: the low molecular weight ligand-bound form, free Zn2+ ion, and the protein-bound form (mostly to albumin), which is the largest component of serum zinc.

Zinc transportation into the brain relies on BBB and the blood-CSF barrier. Because of incomplete development of BBB in the early postnatal period, protein-bound, and non-protein-bound zinc is able to freely pass through the BBB. There are four putative zinc transporters (ZnT-1–ZnT-4), which are suspected of zinc transportation, especially ZnT-1, associated with zinc efflux (Tsuda, 1997). 65Zn- histidine complex is suspected of being more stable in CSF than in serum and is linked with high Zn uptake in the brain parenchymal cells.

Zinc stabilizes the myelin structure, and therefore is highly concentrated within the white matter (Popescu et al., 2009a). High levels of this metal were also found in the hippocampus (in the hilus region and lucidum layer) and amygdalia (especially the amygdalopiriform transition and the amygdalohippocampal transition areas), which are rich in zincergic neurons (Mocchegiani et al., 2005) as well as in the dentate gyrus.



Selenium

It is a very important element taking part, in various brain functions such as motoric performance, coordination, memory, and cognition, acting also as a neurotransmitter. Unlike other trace metals, selenium exists as a component of the amino acid selenocysteine. It has protective properties against oxidative damage (Burk et al., 2014), therefore selenium deficiency may cause irreversible changes in neuronal cells.

Brain tissue was found to be poor in selenium. Gray matter has higher concentrations of Se than white matter, as studies report (Caito et al., 2011). Ramos et al. (2015) in their study reported high selenium levels in putamen and the parietal inferior lobule. In different studies caudate nucleus, putamen, globus pallidus (Ejima et al., 1996), posterior occipital lobe, cerebellar vermix (Höck et al., 1975) were mentioned. Lower Se levels were reported in the hippocampus, amygdalia, as well as medulla and the cerebellum (Ramos et al., 2015).



Manganese

This is an element that allows the functioning of many different enzyme families such as transferases, isomerases, ligases, hydrolases, transferases, and oxidoreductases. Among many different functions, Mn is involved in the regulation of blood sugar, the production of cell energy, reproduction, digestion, bone growth, blood clotting, immune function, amino acid, lipid, protein, and carbohydrate metabolism, protein glycosylation and the detoxification of superoxide free radicals (Markesbery et al., 1984; Aschner and Aschner, 2005; Roth, 2006). It is absorbed from the intestine and eliminated into the bile.

Excessive manganese intake was proven to cause Parkinson's disease and dementia. Mn is mostly concentrated in the globus pallidus, hypothalamus, nucleus caudatus, corpus pineale, and putamen (Martinez-Finley et al., 2013). Moreover, gray matter structures within the cerebellum were found to contain higher levels of Mn than gray matter structures in the cerebrum. On the other hand, low levels of Mn were found in the genu of corpus callosum, cerebral peduncule, corticospinal tract, pyramid, and corpus medullare of the cerebellum. Pallidal index was found to be an efficient biomarker to diagnose the early neurotoxic effects of Mn (Aschner et al., 2005).



Cadmium

There are two ways of adsorbing cadmium into the brain: through the olfactory pathway, nasal mucosa or by disturbing the permeability of BBB (Li et al., 2014). Moreover, it is capable of passing to the fetus via the placenta and was detected in breast milk during lactation (López et al., 2006). Cd affects the brain tissue by damaging the DNA, peroxidation of lipids (Li et al., 2014), altering calcium homeostasis, and disturbing the functioning of different neurotransmitters (Korpela et al., 1986; Liu et al., 2008).

According to the study performed by Rajan et al. (1997), the highest levels of Cd were found in the thalamus, the cerebellum and the hippocampus. It was found in the choroid plexus at high concentrations, almost 2–3 times higher than in the brain cortex (Manton and Cook, 1984).



Lead

Lead is a group IVa element, especially harmful to the brain tissue, with no known function in the human body. Pb affects cell signaling (through changes in the cell redox status, affecting second messengers interacting with protein components of the signaling cascade), cell redox status (through affecting reactive oxygen species' and reactive nitrogen species' production) and neurotransmission (disturbed function of acetylocholinoesterase, monoamino oxidase, tyrosine hydroxylase as well as decreased norepinephrine, epinephrine and dopamine levels in the hippocampus, cerebellum, and cerebral cortex). According to the study performed by Rajan et al. (1997), the highest levels of Pb were found in the hypothalamus.




CONCLUSIONS

It seems that a post mortem analysis of the human brain can significantly settle its place in analytical chemistry because of its wider and wider use for understanding of many diseases. As the brain is not an easy matrix for such a procedure and there are many analytical methods for trace elements determination, the current review can be a starting point for choosing an appropriate method, dealing with common difficulties, and knowing what amount of various trace elements can be found in the analyzed samples.

Control of trace elements, especially of their spatial distributions is crucial as to fully elucidate their biochemical relevance. Many analytical methods for quantitative mapping of trace elements in cellular biology can be applied as a useful tool to explore the intracellular metal ion distribution accompanying the development of different diseases. Nowadays, spectrophotometry, despite such factors as low costs of the instruments or easy handling, remains a common technique only in laboratories of the developed countries. The progress in the field of colorimetric determination of metal ions in samples of biological origin is, undoubtedly, a new proposition and utilizations of chemical sensors. They are self-contained devices that can provide a measurable physical signal correlated with the chemical composition of the surrounding environment. Recently, the Zr-based metalorganic framework (UiO-66) or mesoporous TiO2 as solid chemical carriers for dithizone (Dz) have been described for sensitive and selective discrimination of trace levels of some toxic metal ions such as Cu(II), Pb(II), Hg(II), and Cd(II) at 10−9mol/dm3 in post-mortem biological samples (Shahat et al., 2013; Shahata et al., 2015).

However, at present, some more sophisticated analytical techniques with appropriate sensitivity are available for the evaluation and speciation of elements at trace levels in biological. We can enumerate inductively coupled plasma mass spectrometry (ICP-MS), secondary ion mass spectrometry (SIMS), atomic emission spectroscopy (AE), which can be applied in order to obtain precise measurements of metals, even at low concentrations. These methods, however, require isolation and purification of the cellular structures of interest to estimate metal distribution and speciation. This step of analysis is often associated with a disadvantageous process involving contamination of the sample by artifacts. Moreover, these methods are not characterized by sufficient spatial sensitivity and they completely destroy the analyzed tissue.

Therefore, microscopy imaging techniques which are non-destructive, appear to be better suited to examine the subcellular distribution of metal ions. Although the use of XFM or synchrotron-based X-ray fluorescence microscopy (SXRF, SRIXE, or microXRF) in biomedical studies of tissues of even single cells has become common in recent years, sample preparation still remains unclear and could be a source of artifacts (James et al., 2011). It should be emphasized, however, that accurate determination of elements utilizing the recorded spectra requires appropriate calibration and relevant operating conditions. Moreover, by the use of membrane diffusible fluorescent probes, the thermodynamic and kinetic availability of metal ions (Kikuchi et al., 2004; Yang et al., 2005) is possible to evaluate. The applications of X-ray fluorescence microprobe imaging in biology and medicine is a theme of interesting review papers (Paunesku et al., 2006).
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Staphylococcus aureus (S. aureus) contamination in food safety has become a worldwide health problem. In this work, we utilized RNA one-step detection of denaturation bubble-mediated Strand Exchange Amplification (SEA) method to realize the detection of viable foodborne pathogen S. aureus. A pair of S. aureus specific primers were designed for the SEA reaction by targeting hypervariable V2 region of 16S rDNA and the amplification reaction was finished about 1 h. The results of amplification reaction could be observed by the naked eyes with a significant color change from light yellow to red to realize the colorimetric detection of S. aureus. Therefore, there only required an isothermal water bath, which was very popular for areas with limited resources. In real sample testing, although the SEA detection was so time-saving compared with the traditional plating method, the SEA method showed great consistency with the traditional plating method. In view of the above-described advantages, we provided a simple, rapid and equipment-free detection method, which had a great potential on ponit-of-care testing (POCT) application. Our method reported here will also provide a POCT detection platform for other food-borne pathogens in food, even pathogenic bacteria from other fields.

Keywords: strand exchange amplification, isothermal amplification, Staphylococcus aureus, rapid detection, point-of-care testing


INTRODUCTION

Staphylococcus aureus (S. aureus), a facultative anaerobic Gram-positive coccus, can greatly threaten our health due to a combination of toxin-mediated virulence, invasiveness, and antibiotic resistance (Oliveira et al., 2011). For example, S. aureus is the main cause of nosocomial infections and community-acquired diseases, including deep-seated, endocarditis, abscesses and bacteria, which lead to toxic and septic shock syndromes (Abdalhai et al., 2014). S. aureus widely exists in the air, water, dust, human and animal excretions, which makes the food much easier to become contaminated (Yu et al., 2016). It has been reported that S. aureus contamination is a worldwide health problem. In the United States, nearly half a million hospitalizations and 50,000 deaths occur resulting from S. aureus each year (Schlecht et al., 2015). Likewise, 11 outbreaks of Staphylococcal food poisoning were reported between 2006 and 2009 in Shenzhen, China, which ranked the second most frequent cause of bacterial food poisoning (Yan et al., 2012). Therefore, an efficient S. aureus detection method is necessary for food safety and human health.

To date, S. aureus has been listed as a legal testing item in food safety of most countries worldwide (Xiong et al., 2016). The conventional S. aureus detection method is performed by the culture-based technique, which is time-consuming (4–7 days) (Roda et al., 2012). Immunological procedures, including immunoprecipitation, enzyme-labeled immunosorbent assay, and immunoblotting are also used for detecting S. aureus based on specific binding of antigen and antibody (Min et al., 2011). However, the sensitivity of these methods are low and their operations are usually very difficult and tedious, which make them hard to popularize (Kimura et al., 2013). Recently, with the development of molecular biology technology, polymerase chain reaction (PCR) (Niraj et al., 2016) has been widely used for the S. aureus nucleic acid detection. These methods derived from PCR require sophisticated instruments and lifting temperature, and they are not suitable for the point-of-care (POCT) testing. Considering the wide distribution and the harmful effects of S. aureus, therefore, a rapid and simple method for the detection of S. aureus was seriously required. Recently, a strand exchange amplification (SEA), mediated by denaturation bubbles, was established by Shi et al. (2016). Similarly to the traditional PCR technique, SEA employed a Bst DNA polymerase and a pair of primers to carry out an exponential DNA amplification under an isothermal condition. In addition, Bst DNA polymerase has intrinsic reverse transcriptase activity (Shi et al., 2015), which makes the SEA method able to detect RNA directly without additional reverse transcription. Therefore, in this work, we firstly utilized RNA one-step detection of SEA method to realize the detection of viable foodborne pathogen S. aureus. In particular, the sensitivity of SEA method was greatly improved in this work due to the high abundance of RNA in live bacteria. The whole SEA detection procedure for real samples took only 1–2 h. In addition, the colorimetric detection of S. aureus was also developed to realize the detection result read out by the naked eyes. We firstly utilized RNA one-step detection of SEA method to realize the detection of viable foodborne pathogen S. aureus. The sensitivity of SEA method especially, was greatly improved in this work due to the high abundance of RNA in live bacteria. The whole SEA detection procedure for real samples took only 1–2 h. In addition, the colorimetric detection of S. aureus was also developed to realize the detection result read out by the naked eyes. Therefore, there was only the need for a metal bath, which was very popular for areas with limited resources. In brief, we firstly used the SEA method for rapid and simple detection of foodborne pathogen S. aureus, even viable S. aureus, to further ensure food safety.



MATERIALS AND METHODS


Reagents and Bacterial Strains

SEA detection kits were obtained from Qingdao Navid Biotechnology Co. Ltd. (China). Twenty bp DNA marker, 6 × DNA loading buffer and sodium dodecyl sulfate (SDS) were purchased from Sangon Biotech (Shanghai, China). Acrylamide and methylene diacrylamide were purchased from Sigma-Aldrich (St Louis, MO, USA). Recombinant DNase I was purchased from Takara Bio (Beijing, China). RNA-Be-Gone was purchased from Sangon Biotech (Shanghai, China). The bacterial strains including S. aureus, Listeria monocytogenes (L. monocytogenes), Salmonella typhimurium (S. typhimurium), Shigella castellani (S. castellani), Vibrio parahemolyticus (V. parahemolyticus), and Escherichia coli (E. coli) were stored in our laboratory.



Primers Design and Synthesis

A pair of specific primers (Table 1) were designed in the hypervariable region of S. aureus 16S rDNA with the NUPACK software (http://www.nupack.org/) and DINAMelt Web Server (http://unafold.rna.albany.edu/?q=DINAMelt). The primers were synthesized and purified by high performance liquid chromatography (HPLC) in Sangon Biotech (Shanghai, China).



Table 1. Sequences of nucleic acids used in this work.
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Extraction of Genomic DNA and RNA From S. aureus

The genomic DNA of S. aureus was extracted with TIANamp bacteria DNA kits (Tiangen Biotech, Beijing, China) according to the literature (Ulrich and Hughes, 2010). The target for colorimetric assay, specificity and anti-interference experiments. After enrichment culture for 24 h at 37°C, 1 mL bacterial liquid was heated at 95°C for 5 min, then centrifugated. One micro liter supernatant was used as target for colorimetric assay, specificity and anti-interference experiments.



Isothermal Amplification Reaction

The SEA reaction was performed according to the manufacturers' instructions under optimal conditions. The fluorescence signal of the SEA reaction was detected by the Gentier 48S Isothermal amplification fluorescence detection system at 1 min intervals. Gel images were recorded by the ChampGel 5,000 system (Saizhi Innovation Technology Co. Ltd, Beijing, China). The reaction temperature was optimized at 57°C, 58.2°C, 60.5°C, 62°C, 63.5°C, 65.3°C, 66.6°C, and 67°C, respectively.



Feasibility and Sensitivity of SEA Detection Method

The genomic DNA of S. aureus was used to demonstrate the feasibility of the SEA method. The sensitivity of the SEA detection method for S. aureus was evaluated with different dilutions of genomic DNA and DNA fragments. The culture fluids of S. aureus with L. monocytogenes, S. typhimurium, V. parahemolyticus, S. castellani, and E. coli were used to demonstrate the specificity and anti-jamming capacity of the SEA method.



Colorimetric Assay by SEA Method

Colorimetric kits were obtained from Qingdao Navid Biotechnology Co. Ltd. (China). Rapid nucleic acid extraction from bacterial fluids was used to demonstrate the feasibility of SEA colorimetric method.



Detection of S. aureus in Real Samples

The beef, pork, chicken, dried fish, and ham sausage real samples were collected from the small farmers markets (Qingdao, China). Samples were divided into 25 g each with a sterile knife. Then each sample was transferred to 225 mL 7.5% NaCl and then treated according to the literature with slight modifications (Abdalhai et al., 2014). After enrichment at 37°C for 24 h, 1 mL enrichment solution was taken from each sample for SEA and traditional plating detection, respectively.




RESULTS AND DISCUSSION


The Design of SEA for the Detection of S. aureus

SEA was based on the single-stranded denaturation bubbles of dsDNA at the reaction temperature, including a pair of primers, Bst DNA polymerase, and a constant temperature. The specific primers (P1 and P2) were designed with 50 bp amplification fragment in the hypervariable V2 region of 16S rDNA (Table 1), which has a high copy number in bacteria. Briefly, one pair of specific primers bound with the targeted DNA fragments by invading the denaturing bubbles and induced DNA polymerase to extend the chain. In addition, according to the Tm values of primers, the reaction temperature was optimized using the SEA kit with S. aureus genomic DNA as the template. Finally, 62°C was chosen as the optimal reaction temperature (Figure S1) in this work.



The Feasibility of SEA Method to Detect S. aureus

Genomic DNA of S. aureus was used as the template to demonstrate the feasibility of SEA method to detect S. aureus. As shown in Figure 1, compared with the no target control (NTC) group, the fluorescence signal with the addition of genomic DNA significantly increased, which indicated that the SEA method could effectively detect genomic DNA of S. aureus. This result was consistent with the targeted 50 bp amplification products in the gel electrophoresis (Figure 1 inserted), which further confirmed the feasibility of SEA method to detect S. aureus.


[image: image]

FIGURE 1. The feasibility of SEA to detect S. aureus. The red line represented that the targets were 1.0 × 10−11 M genomic DNA; The black line represented no targets control (NTC); Inset represented the amplified products in the gel electrophoresis was 50 bp.





Sensitivity of SEA to Detect DNA Fragments and Genomic DNA of S. aureus

To evaluate the sensitivity of SEA detection method for S. aureus (Zhang et al., 2018), different concentrations of DNA fragments and genomic DNA of S. aureus were detected. As shown in Figure 2A, the fluorescence signals gradually increased with the increasing concentrations of targeted DNA fragments ranging from 1.0 × 10−11 M to 1.0 × 10−14 M. In addition, as shown in Figure 2B, the threshold time (Tt) value increased linearly with the increasing negative logarithm (lg) value of concentrations of S. aureus DNA fragments, ranging from 1.0 × 10−11 M to 1.0 × 10−14 M. The regression equation was Tt = 13.299 (-lgCDNA)−134.35 (CDNA was the concentration of S. aureus DNA fragments, R2 = 0.9796). Moreover, SEA was also carried out using 10-fold serial dilutions of genomic DNA extracted from S. aureus. The results showed that SEA could be used to detect the concentration of S. aureus genomic DNA as low as 400 pg/μL (Figure 2C). As shown in Figure 2D, the Tt value increased linearly with the increasing lg of S. aureus genomic DNA concentrations in the range from 40 ng/μL to 400 pg/μL, which yielded a correlation equation of Tt = 13.32 (-lgCDNA)+49.68 (CDNA was the concentration of S. aureus genomic DNA, R2 = 0.9993). In conclusion, the SEA method showed good linearity and sensitivity both in detecting genome DNA and DNA fragments.
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FIGURE 2. The sensitivity of SEA method for S. aureus. (A) The real-time fluorescence curves for different concentrations of S. aureus DNA fragment. (B) Relationship between the Tt values and the negative logarithmic values of the concentration of S. aureus DNA targets (DNA fragments concentration). Error bars showed mean standard deviations of three determinations. (C) The real-time fluorescence curves for different concentrations of S. aureus genomic DNA. (D) Relationship between the Tt values and the negative logarithmic values of the concentration of S. aureus DNA targets (DNA concentration). Error bars showed mean standard deviations of three determinations.





SEA Detection for Viable S. aureus

RNA is readily degradable in the environment of pathogens in vitro, a biomarker of live bacteria, has been considered as a more suitable target for live bacteria detection. Therefore, using the SEA method to detect RNA and DNA in one step can not only take advantage of the abundance of RNA in live bacteria, but also make up for the low sensitivity of DNA detection. In this assay, total S. aureus nucleic acid (DNA and RNA), DNA and RNA were used as targets, respectively, to elucidate the nucleic acid detection efficiency of the SEA method. As shown in Figure 3, the SEA method could realize the detection of viable S. aureus by one-step detection of RNA by the fluorescence signal. We also found that the occurrence of the fluorescence signal was significantly delayed with DNA or RNA elimination, which indicated that detecting RNA and DNA simultaneously with the SEA method showed higher sensitivity than that of DNA or RNA independently. This result further verified that SEA method can not only detect DNA, but also RNA by one-step.
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FIGURE 3. SEA detection on nucleic acids. Total nucleic acid was conducted to SEA detection of S. aureus (red line). The total nucleic acid was treated with DNA scavenger of recombinant DNase I before SEA detection of S. aureus (blue line). The total nucleic acid was treated with RNA scavenger of RNA-Be-Gone before SEA detection of S. aureus (green line).



In addition, the targeted RNA fragments are relatively short in the SEA assay, so that both RNA and most of its incompletely-degraded RNA fragments could be used as amplification templates. This would undoubtedly improve the stability and sensitivity of SEA method for RNA detection.



Detection of S. aureus by the Colorimetric Assay

Considering the wide existence in nature and severe effects of S. aureus, we have to make surveillance on it in various foods to ensure our health. At present, most rapid detection methods of S. aureus depend on complex and large-scale precision instruments, so that they are not suitable for developing regions. Therefore, it is necessary to develop a simple and rapid detection method for S. aureus. We developed a colorimetric method combined with SEA to detect S. aureus. As shown in Figure 4, the reaction mixture color could change from light yellow to red for positive samples and stayed light yellow for negative samples. Most importantly, the whole colorimetric detection procedure took no more than 50 min and was read out by the naked eyes, which was extremely simple and convenient. As shown in Figure 4 inset, the positive group changed its color from light yellow to red, while the NTC group remained the original yellow, which was consistent with the fluorescence results (Figure 4). Consequently, colorimetric detection results of the SEA method could be readily observed by the naked eyes instead of using the large and costly fluorescence detection equipment (Wang et al., 2014). In a word, the colorimetric SEA results could be performed without any complicated detection instruments or well-trained staff, which was especially applicable for the field detection of S. aureus in resource-limited environments.
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FIGURE 4. Detection of S. aureus by colorimetry. Fluorescence curves of the SEA reaction for S. aureus culture fluids and NTC; Inset represented the corresponding colorimetric result of SEA method to detect culture fluids of S. aureus and NTC.





Detection of S. aureus in Real Samples

Five other bacterial fluids, including L. monocytogenes, S. typhimurium, S. castellani, V. parahemolyticus, and E. coli were used to verify the specificity and anti-interference of the SEA method (Yang et al., 2016). As shown in Figure S2, the fluorescence signal only occurred in detecting S. aureus and no obvious effects were observed with the existence of other bacterial mixture, showing the good specificity and anti-interference of the SEA method. Thereafter, we carried out further artificially S. aureus-contaminated pork tests. The results showed that the detection limit of the SEA method on S. aureus was 100 cfu/g (Figure S3), which met the requirements that S. aureus must not be detected out in foods. Furthermore, different meat real samples collected from the small farmers market were detected by the traditional plating method and SEA method for S. aureus simultaneously. As shown in Figure 5, the SEA method has a great advantage over the traditional plating method in detection time. The SEA method took only 1–2 h to detect real samples simply and rapidly, however, the traditional plating method need to spend as long as 72 h. In addition, positive rates of the SEA detection (Table 2) for S. aureus among those samples were consistent with that of the traditional plating method.
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FIGURE 5. Comparison between SEA and traditional plating method for the detection of S. aureus.





Table 2. Comparison of the detection of S. aureus by the SEA with the traditional plating method.

[image: image]







CONCLUSIONS

A rapid and simple SEA method for the detection of S. aureus was developed in this work. SEA method to detect RNA of S. aureus by one step took advantage of the high abundance of RNA in live bacteria, which made SEA method not only able to detect viable S. aureus, but also to greatly improve the low sensitivity of DNA detection. Furthermore, the colorimetric detection could be conducted at a constant temperature and then read out results by the naked eyes. The whole SEA detection procedure for real samples took only 1–2 h, which was so time-saving compared with the traditional plating method taking as long as 72 h. Thus, the SEA method provided a simple, rapid and equipment-free detection platform. It was also expected to be incorporated into microfluidic chips to realize the sample-to-answer diagnostic in a single device for further POCT purpose.
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Neuronal iron dyshomeostasis occurs in multiple neurodegenerative diseases. Changes in the Fe(II)/Fe(III) ratio toward Fe(II) is closely related to oxidative stress, lipid peroxidation, and represents a hallmark feature of ferroptosis. In particular for body fluids, like cerebrospinal fluid (CSF), reliable quantitative methods for Fe(II)/(III) redox-speciation analysis are needed to better assess the risk of Fe(II)-mediated damage in brain tissue. Currently in the field of metallomics, the most direct method to analyze both iron species is via LC-ICP-MS. However, this Fe(II)/(III) speciation analysis method suffers from several limitations. Here, we describe a unique method using capillary electrophoresis (CE)-ICP-MS for quantitative Fe(II)/(III) speciation analysis that can be applied for cell lysates and biofluid samples. Compared to LC, CE offers various advantages: (1) Capillaries have no stationary phase and do not depend on batch identity of stationary phases; (2) Replacement of aged or blocked capillaries is quick with no performance change; (3) Purge steps are effective and short; (4) Short sample analysis time. The final method employed 20 mM HCl as background electrolyte and a separation voltage of +25 kV. In contrary to the LC-method, no complexation of Fe-species with pyridine dicarboxylic acid (PDCA) was applied, since it hampered separation. Peak shapes and concentration detection limits were improved by combined conductivity-pH-stacking achieving 3 μg/L detection limit (3σ) at 13 nL injection volume. Calibrations from LOD—150 μg/L were linear [r2[Fe(II)] = 0.9999, r2[Fe(III)] = 0.9951]. At higher concentrations Fe(II) curve flattened significantly. Measurement precision was 3.5% [Fe(II) at 62 μg/L] or 2.2% [Fe(III) at 112 μg/L] and migration time precision was 2% for Fe(III) and 3% for Fe(II), each determined in 1:2 diluted lysates of human neuroblastoma cells. Concentration determination accuracy was checked by parallel measurements of SH-SY5Y cell lysates with validated LC-ICP-MS method and by recovery experiments after standard addition. Accuracy (n = 6) was 97.6 ± 3.7% Fe(III) and 105 ± 6.6%Fe(II). Recovery [(a) +33 μg/L or (b) +500 μg/L, addition per species] was (a): 97.2 ± 13% [Fe(II)], 108 ± 15% [Fe(III)], 102.5 ± 7% (sum of species), and (b) 99±4% [Fe(II)], 101 ± 6% [Fe(III)], 100 ± 5% (sum of species). Migration time shifts in CSF samples were due to high salinity, but both Fe-species were identified by standard addition.

Keywords: iron redox speciation analysis, capillary electrophoresis, inductively-coupled-plasma-mass-spectrometry, neurodegeneration, brain research, ferroptosis


INTRODUCTION

Nowadays within neurodegeneration research it is most evident that iron-mediated oxidative stress (OS) and lipid peroxidation (LPO) plays a crucial role in multiple neurodegenerative brain disorders, such as Alzheimer's and Parkinson's disease (Hare et al., 2015, 2018; Ashraf et al., 2018). In brain, OS and LPO are closely related to the state of the redox-couple Fe(II)/Fe(III). While Fe(III) is redox-inactive, Fe(II) potently generates reactive oxygen species (ROS) via catalyzing the decomposition of H2O2, that results in highly toxic hydroxyl radicals and membrane LPO via Haber-Weiss and Fenton reactions (Kehrer, 2000; Sies, 2015; Gaschler and Stockwell, 2017). Excess of Fe(II)-generated ROS and peroxidized phospholipids are hampering the integrity of proteins, lipids, and DNA on a cellular level (Michalke et al., 2009; Solovyev, 2015), decreasing neuronal functions (Sies, 2015), and even are capable to trigger iron-dependent programmed necrotic cell death, known as “ferroptosis” (FPT) (Dixon et al., 2012; Stockwell et al., 2017). Therefore, methods that quantitatively analyze Fe(II)/(III) redox speciation in cell and tissue lysates and in biofluids are of eminent importance in brain and neurodegeneration research.

Chemical speciation analysis is a well-established tool to study the biological role and metabolism of trace elements in general (Michalke et al., 2009; Vinceti et al., 2013) as well in neurodegeneration (Michalke et al., 2007b; Fernsebner et al., 2014; Neth, 2015; Neth et al., 2015; Venkataramani et al., 2018; Willkommen et al., 2018). In our previous study, we revealed that liquid chromatography-coupled-to-inductively-coupled plasma mass spectrometry (LC-ICP-MS) represents a suitable Fe(II)/Fe(III) speciation analysis method that provides good figures of merit using only 8–10 min analysis time per sample (Solovyev et al., 2017). However, in routine LC work we observed several issues. Depending of the type of samples, excessive purge times were needed between runs. Moreover, when replacement of LC-columns becomes necessary after analyzing a big sample size, new LC columns for iron speciation analysis turned out to vary from batch-to-batch with changed performance and consequently needed time-consuming re-optimizations of elution conditions. These problems hampered high-throughput analysis and took additional time to gain acceptable result reliability. This prompted us to seek for analytical alternatives being less dependent on stationary phase batch uniformity of chromatographic columns.

Capillary electrophoresis (CE) is a well-suited analytical technique that uses an electrical field to separate ions based on their electrophoretic mobility (Thiebault and Dovichi, 1998). We developed a CE-ICP-MS based method for the quantification of Fe(II)/Fe(III) redox species because of several advantages of CE over other techniques such as LC: (1) Capillaries have no stationary phase and thus depend (nearly) not on batch identity; (2) Aged or blocked CE columns can be replaced quickly without altering performance; (3) Purge steps between samples are effective and quick resulting in a shorter analysis time per sample. We finally discuss the figures of merit of this Fe(II)/Fe(III) speciation analysis method that are currently accepted to be useful for application to pre-clinical samples such as human dopaminergic neuroblastoma cell lysates as well as clinical samples e.g., cerebrospinal fluid (CSF) samples (Iliff et al., 2012).

To our best knowledge, we here report for the first time the stepwise development of a CE-ICP-MS based method for Fe(II)/(III) speciation analysis, application and method performance to representative pre- and clinical samples. Due to the short analysis time and simplicity to “regenerate” the capillary we propose the superiority to alternative LC-ICP-MS-based methods.



EXPERIMENTAL


Chemicals

Tetramethylammoniumhydroxide (TMAH), HCl suprapure, and ammonium citrate were purchased from Merck (Darmstadt, Germany). Argonliqud (Ar) was purchased from Air-Liquide (Düsseldorf, Germany) and gaseous Ar was gained at the vaporizer at the tank. FeCl3 · 6H2O standard, 2,6-pyridine dicarboxylic acid (dipicolinic acid, PDCA) and Manganese-acetate [Mn (II)] was from Sigma Aldrich Chemie (Steinheim, Germany). FeCl2 · 4H2O was purchased from AppliChem GmbH (Darmstadt, Germany). Sodium deoxycholate, NP-40, MnCl2 · 4H2O, phenylmethane sulfonyl fluoride or phenylmethylsulfonyl fluoride (PMSF), fetal calf serum, glutamine, phosphate buffered saline (PBS) and orthovanadate were purchased from Sigma-Aldrich (Taufkirchen, Germany). Dulbecco's modified Eagle's medium (DMEM) was delivered from Thermo Fisher Scientific (München, Germany). The cOmplete™ Protease Inhibitor Cocktail was from Roche, Mannheim, Germany. Chemicals were of highest available purity, i.e., all chemicals in the speciation laboratory were bought in ultrapure quality. All solutions were prepared by using MilliQ® water (18.2 mΩcm, Merck-Millipore, Darmstadt, Germany).



Samples and Sample Preparation for Capillary Electrophoresis

Ar overlay in sample containers and immediate deep freezing after aliquoting had been applied for our samples and standard.



Preparation of Standards

Stock solutions of FeCl2· 4H2O and FeCl3 · 6H2O were prepared by exact weighing respective amounts of standards (powder) into Falcon® tubes and dissolving in 10 mL MilliQ® water (concentration of stock solutions: 100 mg Fe/L). Stock solutions were aliquoted, overlaid with Ar and stored at −20°C. Working standards (e.g., 30 μg/L, or 100 μg/L) were prepared daily from an aliquot of freshly thawed stock standard by appropriate dilution with MilliQ® water and stored at +4°C.



Preparation of SH-SY5Y Cell Lysates

In this paper, cell lysates from the human neuroblastoma cell line SH-SY5Y served as Fe(II)/(III)-relevant bio-matrix to show the performance and reliability of the new developed method. They were taken from parallel running experiments detailed in Venkataramani et al. (2018). In brief, SH-SY5Y was initially purchased from ATCC and validated for the heterozygous ALK p.F1174L mutation by Sanger sequencing. Cells were cultured in DMEM (Dulbecco's modified Eagle's medium) supplemented with 10% (v/v) fetal calf serum, 1% L-glutamine and 1% penicillin/streptomycin. Complete media were changed every 2–3 days. After reaching 70–80% confluency, cells were incubated with 100 μM Mn(II) dissolved in OptiMEM or left untreated (OptiMEM alone) for 24 h, washed twice with PBS and scraped into modified radioimmunoprecipitation assay (RIPA) lysis buffer (PBS) pH 7.4, 0.5% sodium deoxycholate, 1% NP-40 containing 1 mM PMSF, 1 mM orthovanadate, and 1x cOmplete™ Protease Inhibitor on ice for 45 min with gentle agitation. Cell lysates were centrifuged at 10,000 × g for 10 min and supernatants were sent on dry ice to the speciation laboratory in Helmholtz Center Munich.



CSF Samples

CSF samples were taken from parallel running experiments detailed in Willkommen et al. (2018). In brief, CSF samples were taken by standardized lumbar puncture at Cologne University Hospital. After lumbar puncture and clinical chemistry analysis samples were stored at −80°C and finally sent on dry ice to the speciation laboratory in Helmholtz Center Munich. This study was approved by the Ethics Committee of the University Cologne (09.12.2014, no. 14-364) and all patients consented to the scientific use of their CSF samples.



Instruments and Instrumental Conditions

Capillary Zone Electrophoresis (CZE)

A “PrinCe 706” CE system from PrinCe Technologies B.V. (Emmen, The Netherlands) was employed. Temperature settings for sample/buffer tray and capillary were set at 20°C by air cooling, each. The capillary (CS-Chromatographie Service GmbH, Langerwehe, Germany) for hyphenation to the ICP-MS was uncoated with dimension 85 cm × 50 μm ID. Before each run, the capillary was purged with 1 M TMAH and subsequently with 0.2% HCl and background electrolyte (each step 1 min, 4 bar, see also Table 1). Our first speciation analysis approach was derived from LC eluents (Solovyev et al., 2017) serving as electrolytes, where 50 mM ammonium citrate, 7.0 mM PDCA, pH = 4.2 was the optimal condition to keep redox species stabilized and provided good separation for the ionic-Fe(II)/(III)-PDCA complexes by cation exchange chromatography. This electrolyte served as background electrolyte in capillary, in inlet vial and as outlet/sheath electrolyte at CE-ICP-MS interface and separation voltage was set to + 25 kV. Since clear separation of the Fe(II)-PDCA complex from Fe(III)-PDCA complex was not achieved in CZE using those conditions, but further preliminary experiments showed promising separation with simple acidic eluents, subsequent experiments used electrolytes with diluted HCl. Finally, the following separation method was employed, using pH- and conductivity stacking (with leading and terminating electrolyte) for improved focusing of Fe-redox-species (see Table 1):



Table 1. Final method for Fe(II)/Fe(III) speciation analysis.
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Coupling of CZE to the ICP-MS

A CE-ICP-MS interface was installed based on a micro-mist nebulizer (100 μL), which was fitting into a homemade spray chamber. For coupling of the CE to the ICP-MS, a T-piece made from polyethylene was installed. The right end of the timber of the “T” was mounted at the nebulizer while the CE capillary entered at its left end, moving through the timber and ending at the nebulizer capillary. In analogy to our previous work, the positioning of the CE capillary was not critical with respect to signal response and stability (Michalke, 2004). Due to the nebulizer's aspiration, an auxiliary flow was introduced via the bottom-arm of the T-piece, flowing coaxially around the CE capillary to the nebulizer. Another T-piece was installed in the auxiliary flow line for introducing the grounded outlet electrode into the sheath electrolyte flow. This set-up provided the electrical connection between CE capillary end and outlet electrode. The self-aspiration mode allowed for best flow rate adjustment and avoided suction flow. Diluted hydrochloric acid (5 mM) was used as the auxiliary liquid.

Inductively Coupled Plasma Mass Spectrometry (ICP-MS) as CE Detector

A NexIon 300 D (Perkin Elmer, Sciex, Toronto, Canada) was operated as ICP-MS system for the on-line detection of CE-efflux. The isotopes 56Fe and 57Fe were measured in dynamic reaction cell (DRC) mode. The RF power was set to 1,250 W, the plasma gas was 16 L Ar/min. The nebulizer gas was optimized and finally set to 0.98 L Ar/min. The dwell time was 50 ms. Ammonia was used as DRC gas (0.58 ml NH3/min) and DRC rejection parameter was set to 0.58.

Software

The capillary electrophoresis system worked with the CE-system DAx-3D operation software from PrinCe, the NexIon ICP-MS operated with Syngistix operation software from Perkin Elmer. Syngistix software provided Fe-electropherogram files which were directly processed with PeakFit™ software Version 4.12, a non-linear curve fitting software.




RESULTS AND DISCUSSION

Based on our previous experience with LC-ICP-MS, we first started with a 50 mM ammonium citrate electrolyte containing 7 mM PDCA, pH 4.2 (Solovyev et al., 2017). We here used the chelating agent PDCA, since it was previously reported to improve separation and species stability in LC-based speciation analysis approaches (Chen et al., 2012). We revealed that the PDCA addition to electrolyte markedly improved the peak shape when analyzing single standards of Fe(II) or Fe(III). However, migration times differed only slightly, indicating that no clear separation of both species could be achieved. The confirmation of this supposition is shown in Figure 1A where a mixture of both standards was analyzed (each 100 μg/L). While the electropherogram presented a broadened peak with maximum at 3.38 min (blue trace), the Fe(II) standard could not be discriminated from the Fe(III) standard. In this regard, we applied a peak deconvolution algorithm to separate out the contribution of each overlapping peak. PeakFitTM software calculated two compounds for this peak with 49.9% of peak area for Fe(III)—corresponding to 93 μg/L [deconvoluted peak area related to Fe(III) calibration]—and 50.1% for Fe(II)—corresponding to 112 μg/L [deconvoluted peak area related to Fe(II) calibration]. Moreover, subsequent experiments with ammonium citrate and addition 0, 3, or 10 mM PDCA provided no satisfactory resolution of peaks.
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FIGURE 1. (A) Electropherogram of a standard mixture [Fe(II) + Fe(III)], each 100 μg/L, with ammonium citrate—PDCA electrolyte. Separation is not achieved. Mathematical peak deconvolution shows that the peak consist of two compounds (green, black) with similar migration times and the calculated sum-peak of both (red) matches the measured signal (blue). For graphical reasons the blue and red lines are plotted with an offset. (B) Electropherogram of Fe(III) and Fe(II) with 20 mM HCl as background electrolyte. Separation is possible but peak focusing is still insufficient. Therefore, sample stacking was planned for the next method development step.



In order to improve the focusing in the positive voltage mode of CZE, we followed an approach with a lower pH. Indeed, a simple electrolyte with 20 mM HCl provided very good separation, short runs below 4 min and comparatively low current varying between 3 and 10 μA. The latter has some importance, since increased current up to 150 μA, as observed with e.g., 70 mM HCl concentration, resulted in capillary heating. Especially when analyzing bio-samples, elevated temperatures not only cause protein clogging inside the capillary, but also result in the reduction of heme-associated iron from the ferric to the ferrous state (Richards, 2009). The starting experiments with 20 mM HCl as electrolyte were promising and showed acceptable separation of the two iron species, however, peak focusing was not optimal. As presented in Figure 1B, Fe(III) peak (100 μg/L) appeared at about 2 min migration time, showed a peak width at baseline (PWb) of 24 s and reached a net-peak height (nPH) of only 17,000 cps. Fe(II) (200 μg/L) performed even worse with a PWb of 60 s achieving a nPH of just 11,000 cps. According to the limited peak focusing, the compounds are just baseline separated with wide instead of high peaks. This would worsen detection limits and separation capability in real-life bio-samples. When analyte's concentration is too small (i.e., <LOD) and/or peak height vs. peak width needs to be improved, it is possible to place electrolytes with very low vs. very high conductivity or low vs. high pH before vs. behind the increased sample plug volume inside the capillary. This method, known as stacking, increases the total amount of analyte ions (using increased sample volume) and parallel effects focusing of the ions at pH- or conductivity-borders: Because the sample plug has a lower concentration of buffer ions, the effective field strength across the sample plug is larger than that in the rest of the capillary. As a result, cations in the sample plug migrate toward the cathode with a greater velocity and the anions migrate more slowly. When the ions reach their respective borders between the sample plug and the electrolyte (terminating or leading electrolyte), the electrical field decreases and the electrophoretic velocity of cations decreases and that for anions increases (Mala et al., 2009). The stacking applied in subsequent experiments introduced an alkaline leading electrolyte with high conductivity in front of the sample (step A4, Table 1) and behind the injected sample a terminating electrolyte having low conductivity with slight acidity (step A6, Table 1). Using these optimized conditions the first standard mixtures were analyzed. In Figure 2, we demonstrate the separation of both iron redox-species at a concentration of 50 μg/L. Peak shapes were good and achieved for Fe(III) a PWb of 5 s and a nPH of 39,100 cps for Fe(II) a PWb of 8 s and a nPH of 41,200 cps. Calibration was tested up to 600 μg/L per Fe-species, providing an acceptable linearity for Fe(III), while, for Fe(II) the curve flattened significantly above 150 μg/L. Therefore, final calibration was performed only up to 150 μg/L for both species. This was considered to be sufficient since planned samples for analysis were known to have low iron concentrations. In case of higher iron concentrations were expected, samples were diluted accordingly. Five-point calibration curves were characterized by linear equations: Fe(II): y = 17.931 × + 586.86, r2 = 0.9999; Fe(III): y = 23.151 × + 37.107, r2 = 0.9951.
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FIGURE 2. Electropherogram of 50 μg/L standards using the optimized conditions.




Concentration Precision and Migration Time Precision

Precision of concentration measurements were determined in real-world samples, here exemplified in 1:2 diluted lysates of human neuroblastoma cells (SH-SY5Y cell line). Precision (day 1: n = 3, day 2: n = 2, overall n = 5) was 3.5% for Fe(II) (determined at 62 μg/L measured concentration in diluted cell lysates) or 2.2% for Fe(III) (determined at 112 μg/L measured concentration in diluted cell lysates). Migration time precision in SH-SY5Y cell lysates was 2% for Fe(III) and 3% for Fe(II) as well as for an unknown Fe-peak. It should be noted that the migration time in CZE depends aside from others, like molecule charge and size, on conductivity at sample plug, which causes migration time variation or shifts when samples themselves considerably influence conductivity. Standards and SH-SY5Y cell lysates had moderate and homogenous conductivity. Consequently, there migration times showed only small changes with good precision. However, when analyzing different samples, such as CSF samples having high salinity, conductivity was affected and migration was shifted compared to standards. Precision within that sample type again can reach good values when homogenous conductivity is present within that sample group. Nevertheless, species identification could not be performed just by migration time match, but either using internal standards or best applying standard addition. This is detailed below in section “Proof of principle: Analysis of CSF samples.”



Accuracy

Currently, there are no standard reference materials available for Fe(II) or Fe(III) determination. Therefore, we checked measurement accuracy (a) by parallel determinations of SH-SY5Y lysate samples using the established LC-ICP-MS method (Solovyev et al., 2017) and (b) by recovery experiments after standard addition.

(a) Measurement values by evaluated LC-ICP-MS method were set to 100%. Comparison (n = 6) of CE-ICP-MS measurements revealed 97.6 ± 3.7% accuracy for Fe(III) and 105 ± 6.6% for Fe(II).

(b) Recovery of standard addition (added concentration: (a) = +33 μg/L or (b) = +500 μg/L, each per species) into real samples was (a): 97.2 ± 13% [Fe(II)] or 108 ± 15% [Fe(III)], 102.5 ± 7% (sum of species), and (b) 99 ±4% [Fe(II)] or 101 ± 6% [Fe(III)], 100 ± 5% (sum of species).



Uncertainty

We calculated the expanded uncertainty based on a coverage factor k = 2 and the combined uncertainty, the latter being based on determined measurement variations of 24 SH-SY5Y cell lysate samples. These determinations included the uncertainty of the entire steps from sample preparation, automated capillary preparation for measurement, sample injection, stacking and analysis. The expanded uncertainty was 4.5% for Fe(III) and 7% for Fe(II), both determined in SH-SY5Y cell lysates.



Limits of Detection and Quantification

Limit of detection (LOD) or limit of quantification (LOQ) were calculated according to 3σ (LOD) or 10σ (LOQ) criterion at concentration 33 μg/L per species with 13 nL sample injection volume. For Fe(III) LOD = 3.2 μg/L and LOQ = 10.8 μg/L were found. For Fe(II) LOD = 3.1 μg/L and LOQ = 10.4 μg/L were calculated. These LODs and LOQs were superior compared to all Fe(II)/(III) CE speciation analysis methods which did not use on-line coupled ICP-MS detection: Owens et al. (2000) reported LODs of 2–50 μM Fe (corresponding to 112–2,800 μg/L Fe), Gotti et al. (2015) found LODs or LOQs of 24 or 72.6 μM Fe(III) (corresponding to 1,344 μg/L or 4,065.6 μg/L) and LOD = 1.6 μM or LOQ = 4.8 μM Fe(II) (corresponding to 89.6 μg/L or 268,8 μg/L). Wilson and Carbonaro (2011) did not report LOD or LOQ, but the presented electropherograms were in the 100–200 μM range (corresponding to 5,600–11,200 μg/L range) which is far above the LODs reported here and with little baseline noise already visible. Each of those papers used UV-Vis detection of different Fe-complexes. In our previous papers using LC separation, we achieved 6.33 μg/L for Fe(III) and 9.11 μg/L for Fe(II) when using ICP-optical emission spectrometry for detection (Fernsebner et al., 2014). However, recoveries were less: for Fe(III) it was 43–66% and for Fe(II) it was 83–105%. In a further, optimized follow-up study with LC-ICP-sf-MS the LODs were calculated at 0.5 μg/L [Fe(III)] and 0.6 μg/L [Fe(II)]. Recoveries (sum of Fe-species vs. total iron determination) with this optimized LC-based method were 92 ± 11%.



Species Stability

A critical issue in iron redox speciation analysis is species stability. Fe(II)/(III) equilibria are easily changed under inappropriate storage conditions, such as oxygen (air) contact with sample or a break in deep-frozen storage (Fernsebner et al., 2014; Solovyev et al., 2017). Therefore, we applied an Ar overlay in the sample containers and immediately deep froze all analyzed samples. In case the analytical system is in stand-by instead of ready-to-start-measurement mode after fresh preparation of standards, additional minutes could be wasted where samples are exposed to air oxygen at room temperature. In this context, we investigated how additional storage time under sub-optimal conditions affects Fe-redox species. Figure 3 shows the time course of peak area reduction of the original Fe(II) peak and appearance of the changed species supposedly by oxidation of Fe(II), expressed as changes in % of total peak area. Analysis within 1.5 min still provided good results with 98–100% recovery of original species, but already at 5 min storage time a drop to 66% was observed. These results underlined the essential care to be considered in pre-analytical steps to maintain native speciation, specifically when analyzing iron redox species (Isai Urasa, 1993; Quevauviller et al., 1993; Solovyev et al., 2017). The stability of Fe(II) and Fe(III) in HCl had been investigated previously. When HCl concentration was increased, Fe(III) tended to be reduced to Fe(II) and further converted to a Fe-chlorocomplex (Isai Urasa, 1993). However, below 100 mM HCl concentration such conversions were reported to be negligible and quantification sensitivity by element selective detection (optical emission spectrometry) was found to be equal under these conditions for both Fe species (Isai Urasa, 1993). From those findings as well as our here presented recovery results, it can be expected that the electrolyte concentration of 20 mM HCl did not negatively affect Fe-redox speciation.
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FIGURE 3. Stability of Fe(II) under inappropriate storage condition at room temperature and air (oxygen) access to sample.





Proof of Principle:

Analysis of SH-SY5Y Cell Lysates

We previously revealed that manganese (Mn) alters the Fe(II)/Fe(III) ratio toward Fe(II), and thus induces OS and LPO in neuronal cells and in vivo (Fernsebner et al., 2014; Venkataramani et al., 2018). Therefore, we applied our method to Mn-exposed SH-SY5Y cells cultured in OptiMEM media. Quantitative Fe(II) and Fe(III) measurements using our CE-ICP-MS method revealed an accumulation of Fe(II) resulting in a shift of the Fe(II)/Fe(III) ratio from 0.43 (±5.7%) to 0.64 (±5.2%). This ratio was similar to our previous published data with Mn-exposed SH-SY5Y cells cultured in DMEM media [Fe(II)/Fe(III) ratio from 0.4 to 0.7] (Venkataramani et al., 2018).

In conclusion, we here demonstrated that our CE-ICP-MS-based speciation analysis method can reliably detect changes in the Fe(II)/Fe(III) ratio in cell lysates and therefore also applicable to other Fe(II)-related biological contexts such as FPT.

Analysis of CSF Samples

CSF is mainly an excretion of the choroid plexus in the brain ventricles and plays an important role in the metabolic homeostasis of the central nervous system. Since CSF is directly connected without a barrier to the extracellular space of brain parenchyma, CSF best reflects molecular changes of brain tissue and therefore can be utilized to monitor pathophysiological relevant fluctuations in neuronal Fe-redox balance (Agamanolis, 2016). Therefore, we applied our CE-ICP-MS method to CSF samples to demonstrate its applicability to clinical relevant samples. Figure 4 shows the respective electropherogram (blue line). Compared to standards and cell lysates, the migration times of both iron species in CSF were shifted considerably and appeared later. This might be due to the high salinity of CSF samples (up to 150 mM NaCl + other alkali salt concentrations) resulting in shifted conductivity (Harrington et al., 2010; Agamanolis, 2016). Migration time shifts under changed conductivity condition are a CZE-immanent problem (Kuhn and Hofstetter-Kuhn, 1993; Michalke, 1995). For clear identification, standard additions were performed and respective peaks increased as demonstrated in Figure 4 (red and brown lines). Such addition can again change sample conductivity which again causes variation in migration times, as investigated in Michalke (1995). The identification thus goes along with peak pattern comparison: The same (or very similar) peak pattern should be observed as in the original samples, with one specific peak being increased after addition, while the exact migration times may have changed with standard addition. The increased peak then can be considered as likely to be identified. Our experiments revealed that the addition of Fe(III) did not change the typical migration times of the redox species in CSF. However, the addition of Fe(II) considerably influenced the migration time of Fe(III), which markedly migrated slower. This could be explained by a pronounced conductivity change at sample position caused by Fe(II) addition, influencing the faster species Fe(III) more than the later eluting species Fe(II) (Kuhn and Hofstetter-Kuhn, 1993).


[image: image]

FIGURE 4. Fe-redox speciation analysis in a CSF sample (blue line). Peak identification is performed by standard addition to CSF of either Fe(II) (red line) or Fe(III) standard (brown line).



In conclusion, we here demonstrated that our CE-ICP-MS based method can be applied to clinically relevant biofluids, such as CSF. Moreover, the quantitative detection of Fe(II)/Fe(III) species in CSF could be valuable to monitor iron homeostasis in several neurodegenerative disorders where an altered Fe(II)/Fe(III) ratio might reflect disease progression and neuronal tissue at risk to undergo through FPT.




CONCLUSION

Iron is the most abundant transition metal in the human body and plays a pivotal role in OS, LPO and FTP (Dixon et al., 2012; Stockwell et al., 2017). In order to better understand the role of Fe(II) in these contexts, several research groups successfully developed Fe(II)-specific probes to visualize the labile iron pool with spatial and temporal resolution in vitro and partially also in situ. However, all these semi-quantitative methods only can give information of either Fe(II) or Fe(III) and moreover are not applicable to biofluids, such as CSF (Ackerman et al., 2017). We here present a versatile CE-ICP-MS based quantitative method for simultaneous Fe(II)/Fe(III) speciation analysis in cell lysates and CSF. Compared to previous LC-based methods, our CE-based method not plagued with problems of batch-to-batch variability of stationary phases and generates fast reliable results with suitable figures of merit for pre- and clinical samples. Capillary preparation before each run is <4 min and analysis time per sample with moderate salinity <3 min, or for high-salt samples (CSF) <4–5 min. Carefully designed studies that take this method in account are needed to validate if Fe(II)/Fe(III) quantification can serve as potential biomarker for neurodegenerative disease progression and may also serve to pinpoint tissues at risk for Fe(II)-mediated lethal damage.
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As a country's law stipulates the effluent standard uranium concentration in drainage water, the uranium concentration must be determined when drainage water is released from a uranium handling facility, such as the Fukushima Daiichi nuclear power plant. The maximum allowable limit for uranium release at each facility is defined taking into consideration the situation of the facility, such as 1/10 to 1/100 of this effluent standard value. Currently, the uranium concentration of drainage water is commonly determined by α-particle spectrometry, in which several liters of drainage water must be evaporated, requiring about half of a day followed by 2–3 h of measurements, due to the low specific radioactivity of uranium. This work proposes a new methodology for the rapid and simple measurement of several levels of uranium in drainage water by a total reflection X-ray fluorescence (TXRF) analysis. Using a portable device for TXRF measurements was found to enable measurements with 1/10 the sensitivity of the effluent standard value by 10 times condensation of the uranium-containing sample solution; a benchtop device is useful to measure uranium concentrations <1/100 of the effluent standard value. Therefore, the selective usage of methods by a portable and benchtop devices allows for screening and precise evaluation of uranium concentrations in drainage water.

Keywords: uranium, TXRF, drainage water, easy evaporator, Fukushima Daiichi nuclear power plant accident


INTRODUCTION

On March 11, 2011, an earthquake of magnitude 9.0 and subsequent tsunami caused a severe accident at the Fukushima Daiichi nuclear power plant, which then triggered a nuclear meltdown. The damaged reactor core was continuously cooled by instilling water; the water was contaminated with radioactive materials (e.g., actinides, fission products). During decommissioning, the contaminated water at the Fukushima Daiichi nuclear power plant will be drained after the concentration of each radioactive material is measured. The concentrations of radioactive materials in solutions are generally determined by measuring the emitted radiation, i.e., the α particles, β particles, and γ rays. This process allows for rapid and convenient measuring of radioactive materials with short half-lives; however, most uranium isotopes (i.e., 238U, 235U, and 234U) have long half-lives and rarely emit these radiations. Thus, a large volume of drainage water is normally condensed and the emitted radiation is then measured, requiring about half of a day and several hours, respectively.

The relationship between the number of atoms (N) and the radioactivity (A) is

[image: image]

where T1/2 is the half-life of the radionuclide. According to Equation (1), the number of atoms per unit radioactivity for a radionuclide with a longer half-life is greater than that with a shorter half-life. Therefore, analytical methods whose signal intensity depends on N (e.g., X-ray fluorescence (XRF) analysis, inductively coupled plasma mass spectrometry, and inductively coupled plasma optical emission spectrometry) can more effectively measure uranium than those depending on the number of emitted radiation. To analyze trace elements, inductively coupled plasma mass spectrometry and inductively coupled plasma optical emission spectrometry are usually used; however, these require an onerous pretreatment to remove organic substances (El Himri et al., 2000; Unsworth et al., 2001; Daneshvar et al., 2009; Krachler and Carbol, 2011). A new uranium measurement method was thus developed using total reflection X-ray fluorescence (TXRF) analysis (Matsuyama et al., 2017, 2018; Yoshii et al., 2018). XRF measurements quantitatively and qualitatively analyze a trace element by measuring the secondary X-rays emitted after irradiating a sample with X-rays. TXRF analysis is an advanced technique of the XRF analysis using the total reflection phenomenon of X-ray on the surface of the materials.

Compton (1923) discovered X-ray total reflection. When an electromagnetic wave travels through an object, the refractive index can be explained as:

[image: image]

where N is the number of atoms per unit volume of the object, qe is the charge of an electron, ϵ0 is the permittivity, ω0 is the resonant frequency of an electron bound in an atom, and ω is the frequency of the electromagnetic wave (Feynman et al., 1963). In this case, the absorption of the X-ray into the object is not considered. As the frequency of an X-ray is much higher than that of the electron bound (i.e., ω [image: image] ω0), [image: image] can be ignored and (ω[image: image]-ω2) becomes negative. Replacing the absolute value of the second term with δ, the refractive index for the X-ray, nX, can then be given as Ais-Nielsen and McMorrow (2011):

[image: image]

As previously indicated (Klockenkämper et al., 1992), the order of δ is 10−6; nX is thus slightly <1. When the X-ray enters the object from air at a glancing angle (90°-incident angle) that is less than the critical angle, θc, the total reflection condition of the X-ray is satisfied. Using Snell's law, θc can be expressed as Equation (4) below and is on the order of 1 mrad (Wang et al., 2003).

[image: image]

For example, θc is 1.75 mrad (0.1°) for an X-ray of 17.5 keV on silicon (Wobrauschek, 2007). Using the total reflection phenomenon, Yoneda and Horiuchi developed a highly sensitive analytical TXRF measurement method for trace elements in liquid samples (Yoneda and Horiuchi, 1971); TXRF analysis had explained in detail in various reports and books [see (Klockenkämper and von Bohlen, 2015)]. When a small amount of sample solution was dropped on a smooth substrate and dried, primary X-rays with glancing angles smaller than the critical angle are completely reflected from the surface of the thin sample residue. For such a case, the background (BG) signal, which depends on the scattered X-ray, is much lower than that in conventional XRF analyses. Accordingly, this method has been applied to various liquid samples, including seawater (Misra et al., 2006), wine (Galani-Nikolakaki et al., 2002; Anjos et al., 2003), blood (Khuder et al., 2007), and leaching solutions from plastic toys (Kunimura and Kawai, 2010a) with a minimum detection limit (MDL) ranging from several parts per billion (ppb; ng/g) to several parts per million (ppm; μg/g).

Recently, an MDL of uranium of approximately 0.30 ppm was achieved with a portable TXRF spectrometer with a measurement time of 3 min (Matsuyama et al., 2017). When a sample solution is assumed to contain only 238U with a half-life of 4.468 × 109 y, the corresponding radioactivity concentration of uranium was calculated as approximately 3.7 mBq/cm3, which is significantly lower than the effluent standard value (i.e., 20 mBq/cm3) outlined in the Act on Prevention of Radiation Hazards due to Radioisotopes of Japan (Ministry of Education Culture Sports Science and Technology Japan, 2000). When the sample solution also contains 235U and 234U, which have half-lives of 7.04 × 108 y and 2.46 × 105 y, respectively, the radioactivity concentration corresponding to the MDL of uranium is higher than 3.7 mBq/cm3, as the radioactivity per unit mass of 235U and 234U are larger than that of 238U. In light-water reactors, such as the Fukushima Daiichi nuclear power plant, the abundance ratio of 235U is usually lower than 5%. When the abundance ratio of 235U is 5%, that of 234U is 0.037% (International Atomic Energy Agency, 2002). Using Equation (1), the radioactivity concentration of uranium corresponding to 0.30 ppm can then be calculated as 30 mBq/cm3, which is larger than the effluent standard value for uranium. As the MDL is inversely proportional to the square root of the measurement time, an increased measurement time provides a decreased MDL (Matsuyama et al., 2018). Extending the measurement time to 7 min provides an expected MDL of 0.196 ppm; the corresponding radioactivity concentration is 19.6 mBq/cm3, which is lower than the effluent standard value for uranium in drainage water.

However, drainage water inspection at a part of uranium handling facilities is performed using a method with an MDL of 1/10 of the effluent standard value defined by Japanese law; this would require a measurement time extension of more than 11 h. Therefore, in the present study, a method involving sample condensation followed by TXRF measurement is proposed. In this method, a sample solution is condensed by dissolving the dried residue obtained with a simple evaporator in a smaller volume of solution than the original liquid volume. The relationship between the condensation ratio and the MDL is first obtained to determine the condensation ratio required to achieve the target value. The proposed method is then compared with a method proposed by Kuniumura and Kunimura and Kawai (2007), which repeatedly drops and heats a sample to obtain a low MDL. Then, a calibration plot is obtained for the determination of uranium concentration in contaminated water.

Some facilities require a method with an MDL of 1/100 of the effluent standard value. In these facilities, very long condensation or measurement times may still be required to achieve the targeted MDL. The use of a high-performance benchtop TXRF device might be useful to achieve these target values, although it must be installed in an analysis room, thus losing the ability to perform the measurements anywhere. To obtain the MDL of uranium, the benchtop device was used for TXRF measurements of solutions with various uranium concentrations. The findings are then compared and the choice of method is discussed according to the required level of uranium contamination.



EXPERIMENTAL


Portable TXRF Instrument

A portable total reflection X-ray spectrometer (200TX; Ourstex Co., Ltd.; Neyagawa, Osaka, Japan), whose basic characteristics have been previously reported (Kunimura and Kawai, 2010b; Kunimura and Amagasu, 2015), was used to rapidly measure the uranium in uranium-contaminated water. The maximum tube voltage and current of the X-ray tube with a tungsten anode is 40 kV and 0.2 mA, respectively. A silicon drift detector with an active area of 7 mm2 was used to measure the TXRF spectra. An analyte on a sample holder was irradiated with incident X-rays collimated by a waveguide placed between the sample holder and the X-ray tube. The size of the collimated incident X-ray beam was approximately 10 μm long and 10 mm wide. The glancing angle of the incident X-rays was set to 0.05°, which is smaller than the critical angle of the sample holder. Because a portable TXRF instrument can be used wherever there is a power source to connect to, it can be used outdoors as well. In addition, for use of the instrument, no energy calibration is required after transport to other measurements areas. A tube current and voltage of 0.2 mA and 40 kV, respectively, and an XRF measurement time of 180 s were used for each measurement performed.



Benchtop TXRF Instrument

The benchtop TXRF device NANOHUNTER-II (Rigaku Co., Tokyo, Japan), which has a higher sensitivity than 200TX for uranium measurement, was used to measure the uranium concentration of the sample solutions. A high-power water-cooled X-ray tube with a molybdenum anode and silicon drift detector was used as the X-ray source and detector, respectively. The X-rays emitted from the X-ray tube were monochromatized using a multilayer mirror. Monochromatic X-rays have two components: the dominant Mo Kα line (17.48 keV) and higher-energy X-rays (near 30 keV). Since the energy of a Mo Kα line is slightly higher than the U L3 threshold (17.17 keV), this device is useful for observing the U Lα line. The glancing angle of the monochromatic X-rays was set to 0.05°. The X-ray tube with a molybdenum target was operated with a tube voltage and current of 50 kV and 12 mA, respectively. The counting time for obtaining the TXRF spectrum was 300 sec.



Sample Preparation for Evaluating the Stability of the Condensation Ratio

A multielement standard solution (XSTC-1407) containing 10 ppm of uranium, copper, cobalt, cesium, and thorium from SPEX CertiPrep, Inc. (NJ, USA) was diluted with ultrapure water to obtain solutions with uranium concentrations of 0.0125, 0.025, 0.05, 0.1, and 0.2 ppm. For each solution, a 1,600, 800, 400, 200, and 100 μL sample was completely dried by an evaporator (Smart Evaporator; Biochromato, Inc.; Fuzisawa, Japan). The dried residue was then dissolved in 20 μL of a 10 ppm yttrium solution prepared by diluting a 1,000 ppm yttrium standard solution purchased from FUJIFILM Wako Pure Chemical Corporation (Osaka, Japan). Yttrium was used as an internal standard. The final uranium concentration in each diluted solution of dried residue was 1 ppm at different condensation ratios. The sample preparation conditions are listed in Table 1 with the required drying times. Four solutions were prepared for each uranium concentration (n = 4). A solution containing 1 ppm uranium and 10 ppm yttrium was also prepared without solution condensation; the results of the TXRF measurements for this sample were then compared with those for the condensed samples. An aliquot of the sample solution (10 μL) was dropped onto fluorine-coated quartz glass (Sigma Koki Co., Ltd.; Tokyo, Japan) and dried for 5–10 min.



Table 1. Preparation of sample at different condensation ratios with the same uranium concentration.
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Sample Preparation for Comparison With Kunimura's Methods

To perform a highly sensitive analysis of a trace element, Kunimura and Kawai (2007) compared a method in which a sample solution was repeatedly dropped and dried (M1) with a method in which the total amount of sample solution was dropped and dried (M2) using bottled water as the sample solution. To compare these methods with the proposed method, a sample solution containing 0.1 ppm uranium and 1 ppm yttrium was prepared. An aliquot of the sample solution (10 μL) was dropped onto a fluorine-coated optical flat and dried. This process was repeated 10 times for method M1 (n = 4). For method M2, a 10 times larger amount of the sample solution (100 μL) was dropped onto a fluorine-coated optical flat and dried (n = 4). As described in section Sample Preparation for Evaluating the Stability of the Condensation Ratio, a uranium solution with a 10 times higher concentration was prepared by drying 200 μL of a 0.1 ppm uranium solution and diluting it with 20 μL of a 10 ppm yttrium solution. By dropping 10 μL of this solution onto the fluorine-coated optical flat and drying it, three types of samples for the TXRF measurements with the same amounts of uranium (10 ng) and yttrium (100 ng) were prepared.



Sample Preparation for Obtaining the Calibration Plots

Uranium solutions with concentrations of 0, 0.0625, 0.125, 0.25, 0.5, and 1 ppm were obtained by diluting XSTC-1407 with ultrapure water. The Smart Evaporator was used to dry 600 μL of the uranium-contaminated water; the dried residue was then dissolved in 60 μL of a diluted yttrium solution (10 ppm). Thus, the condensation ratio was 10. The samples for the TXRF measurements by the 200TX were prepared by dropping 10 μL of the uranium-contaminated water onto fluorine-coated quartz optical flats and drying them for 5–10 min (n = 4).

XSTC-1407 was diluted with ultrapure water to 0, 0.01, 0.05, 0.1, and 0.2 ppm of uranium concentration for high-sensitivity analysis using NANOHUNTER-II. Yttrium is not appropriate for usage as an internal standard here because the BG intensity around the energy region of the Y Kα peak is high in the spectrum obtained by NANOHUNTER-II. Therefore, a gallium standard solution purchased from FUJIFILM Wako Pure Chemical Corporation (Osaka, Japan) was used as the internal standard. Before the TXRF measurement, 190 μL of uranium solutions were mixed with 10 μL of 100 ppm gallium standard for a final gallium concentration of 5 ppm. A small portion (10 μL) of the mixture was dropped onto a fluorine-coated glass slide (Matsunami Glass Ind., Ltd., Osaka, Japan) and dried for about 5 min. The dried samples were measured by NANOHUNTER-II at a tube voltage, tube current, and XRF counting time of 50 kV, 12 mA, and 5 min, respectively.




RESULTS AND DISCUSSION


Evaluation of Condensation Ratio

A typical TXRF spectrum of the 10 times-condensed sample measured by portable TXRF device at an energy range between 12.5 and 14.0 keV is shown in Figure 1. Peak fitting using the Gaussian function was performed to obtain the net intensity of the U Lα peak, as XRF element peaks can generally be described using a first-order approximation by the Gaussian function. Since the XRF peak contains BG in the TXRF spectrum, the function of an XRF peak is determined as

[image: image]

where x indicates the X-ray energy, y0 is the BG intensity, A is the height parameter, w is the peak width, and xc is the reference value of the characteristic X-ray. The relationship of w and the full width at half maximum (FWHM) of the peak is given by w = [image: image] As shown in Figure 1, there are two peaks at the Th Lα and U Lα lines at 12.97 and 13.61 keV, respectively. An equivalent y0 was used for function determination of the Th Lα and U Lα peaks, as they had a similar BG intensity. As previously reported (Matsuyama et al., 2018), Gaussian fitting using only y0, ATh, and AU as fitting parameters with fixed wTh and wU values obtained by long-time measurements converges easily. The w values of the Th Lα and U Lα peaks were assumed as 0.179 and 0.184 keV, respectively (Matsuyama et al., 2018). Integrating the Gaussian curve (fitting also shown in Figure 1) gives the net intensity of the U Lα peak. The BG intensity at the energy region of the U Lα peak can be calculated from y0 value. Additionally, Gaussian fitting was performed for the Y Kα peak (14.96 keV) to obtain its net intensity as an area of Gaussian function. The peak width was not fixed during fitting because the Y Kα peak was isolated with a high enough intensity to perform Gaussian fitting with y0, AY, and wY. Figure 2 shows the average relative signal net intensity (the net intensity of the U Lα peak divided by the net intensity of the Y Kα peak) and standard deviation (SD) for each condensation ratio. The relative net intensities were all similar within the range of error regardless of the condensation ratio; therefore, the sample solution could be successfully condensed in the entire region used in this study.
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FIGURE 1. Magnified TXRF spectrum with a condensation ratio of 10 around and the U Lα and Th Lα peaks reproduced by Gaussian function.
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FIGURE 2. Condensation ratio vs. the average relative net intensity with standard deviation (SD).



The MDL of an element can be calculated as follows:

[image: image]

where C is the concentration of an element (ppm), Inet is the net XRF intensity (counts per second, cps), IBG is the BG intensity in the energy region of the corresponding XRF peak (cps), and t is the XRF counting time (s) (Kunimura and Ohmori, 2012; Kunimura et al., 2017).

As shown in Figure 3, the average MDL decreased with an increase in condensation ratio. As the final concentration of uranium in the condensed sample solutions were the same, the average value of Inet was similar for each sample solution. The average value of IBG was also similar, and t was constant for each measurement. In this case, the value of C can be given as the uranium concentration before condensation and is thus inversely proportional to the condensation ratio. Therefore, the MDL is inversely proportional to the condensation ratio as

[image: image]

where a is a proportionality constant, which is the MDL value for a 1 ppm uranium solution without condensation. From the fitting results obtained using Equation (7), also shown in Figure 3, a = 0.25 ± 0.02 ppm; the MDL of the 1 ppm uranium solution without condensation was thus 0.22 ± 0.05 ppm, and they are same within the range of error. An MDL of 0.3 ppm without condensation was previously reported (Matsuyama et al., 2017). As the optical flats used in this work were coated with a fluorine resin, the intensity of the U Lα peak was increased, as discussed by Nagai et al. (2014). From Equation (6), the net intensity is inversely proportional to the MDL; thus, the increase in net intensity caused a lower MDL without condensation.


[image: image]

FIGURE 3. Condensation ratio vs. the average minimum detection limit (MDL) with a fitted curve to highlight the inversely proportional relationship.



Although the MDL decreases as the condensation ratio increases, the increased condensation ratio resulted in an increased condensation time, as indicated in Table 1. Therefore, the condensation ratio should be smaller and within a range that meets the required MDL. From the considered maximum abundances of 235U and 234U, the radioactivity concentrations of uranium corresponding to the obtained MDL at condensation ratios of 5, 10, 20, 40, and 80 were calculated as 4.2, 2.2, 1.5, 0.81, and 0.31 mBq/cm3, respectively. When the sample was condensed 10 times in concentration, the MDL was slightly greater than one tenth of the effluent standard value defined by Japanese law with a required condensation time of only 15 min.



Comparison With Kunimura's Methods

In Kunimura and Kawai (2007) comparison of highly sensitive analysis methods (M1 and M2, as described in section Sample Preparation for Comparison with Kunimura's Methods) of the elements in bottled water, they concluded that repeatedly dropping and drying a sample of the solution (M1) was better in sensitivity than dropping and drying the total amount of the solution (M2). In the proposed method, the sample is condensed before dropping.

The average MDL and SD of M2 were greater than those of the other two methods, as shown in Figure 4. This was because the location of the dried residue varied greatly and the dried residue was approximately 12 mm in diameter, which was larger than the effective area of the detector. In contrast, the dried residues of the proposed method and M1 were 1–3 mm in diameter and the measurement loss of the XRF emitted from sample was lower than that of M2, resulting in similar resulting MDLs. However, the sample preparation times required for the proposed method and M1 were different. The repeated dropping and drying necessary for M1 required approximately 90 min, whereas the drying time using a simple evaporator and the time for dropping and drying the condensed sample on a substrate only needed approximately 15 min and 5–10 min, respectively. This shorter preparation time in the proposed method is advantageous for analyzing many samples.
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FIGURE 4. Average MDL and SD of the Kunimura's methods (M1 and M2) and the proposed method.





TXRF Spectra and Calibration Plot for the Condensed Uranium Solution

The obtained TXRF energy spectrum of the uranium solution containing 0.5 ppm uranium condensed 10 times and normalized by the net intensity of the Y Kα peak is shown in Figure 5A. Figure 5B presents magnified views of the U Lα peak of the solutions containing 0, 0.0625, 0.125, 0.25, and 0.5 ppm uranium, each condensed 10 times. The Si Kα and Ar Kα peaks were observed due to the quartz glass substrate used as a sample holder and the presence of 0.9 vol% argon in air, respectively. The W Lα peak originated from a characteristic X-ray of X-ray tube scattered by the sample or substrate. Peaks corresponding to the uranium, thorium, cobalt, copper, and yttrium in the sample solution were also detected. The height of the U Lα peak shown in Figure 5B is seen to be proportional to the uranium concentration.
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FIGURE 5. TXRF spectrum (A) of a sample solution containing 0.5 ppm uranium and (B) expanded around the U Lα peak.



The relationship between the uranium concentration in the sample solution before condensation and the average relative signal net intensity (U Lα net intensity/Y Kα net intensity) is shown in Figure 6; error bars represent the SD. The average relative signal net intensity was directly proportional to the uranium concentration over the entire concentration region. This calibration plot allows the uranium concentration of contaminated water to be determined from the relative net intensity.
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FIGURE 6. The relative signal net intensity (U Lα signal/Y Kα signal) vs. the solution uranium concentration.





TXRF Spectra Measured by Benchtop Device

The TXRF energy spectrum of the solution containing 0.2 ppm uranium and 5 ppm gallium observed by NANOHUNTER-II is shown in Figure 7A. Similarly, Si Kα and Ar Kα peaks were observed. The Mo Kα and Compton scattering peak were detected, due to the scattering of the monochromatic X-ray from the molybdenum target X-ray tube by the sample or glass slide. An expanded view around the energy region of the U Lα and Ga Kα peaks is shown in Figures 7B,C, respectively. Glass slides sometimes contain an extremely small amount of rubidium and a small amount of strontium, although the quartz optical flats used for measurements with 200TX contained almost no rubidium or strontium. Thus, the Sr Kα peak was seen when using the benchtop device. Although an extremely low-intensity Rb Kα peak may also exist here (Figure 7B), it was not clearly detected because of overlap with the U Lα peak.
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FIGURE 7. (A) The TXRF spectrum of a sample solution containing 0.2 ppm uranium and 5 ppm gallium and expanded views of the energy region around the (B) U Lα and (C) Ga Lα peak.



As shown in Figure 5, the Th Lα and U Lα peaks observed by the 200TX were symmetrical. Therefore, the Th Lα and U Lα peaks could be considered with a single Gaussian function and the peak widths were thus determined by simple Gaussian fitting. However, since the excitation efficiency of electrons in the U L3 and Th L3 shells were higher when observed with NANOHUNTER-II, the Th Lα and U Lα peaks each have two components: the Th Lα1 and Lα2 lines and the U Lα1 and Lα2 lines, respectively. Since the intensity of the Lα2 peaks were lower than those of the Lα1 peaks for Th and U, the Th Lα and U Lα peaks had shoulders originated by the Lα2 peaks. Additionally, the low-intensity Rb Kα peak was present in the energy region of the U Lα peak. To calculate the net intensities of the U Lα1 and Lα2 peaks, the components of these three peaks (i.e., the U Lα1, U Lα2, and Rb Kα) must be separated.

Peak widths of the Th Lα1, Th Lα2, U Lα1, and U Lα2 peaks in the TXRF spectrum observed by NANOHUNTER-II were determined by long-time measurement of 10 times diluted XSTC-1407 standard solution. The peak intensities for the Th Lα and U Lα lines in the diluted standard solution containing 1 ppm of thorium and uranium were much higher than that of the Rb Kα line in the rubidium-containing blank glass slide. Therefore, the Rb Kα peak was neglected in the double Gaussian fittings for these peaks using the Lα1 and Lα2 peaks for thorium and uranium, respectively. To determine the peak widths of the Rb Kα and Sr Kα lines, the TXRF measurements for the diluted solutions of rubidium standard solution and strontium standard solution (FUJIFILM Wako Pure Chemical Corporation, Osaka, Japan) were performed. Small portions (10 μL) of the diluted solutions were dropped onto glass slide, dried, and then measured by the NANOHUNTER-II. The tube voltage, tube current, and measurement time were 50 kV, 12 mA, and 3,600 s, respectively. From the Gaussian fittings, the widths of Th Lα1, Th Lα2, Rb Kα, U Lα1, U Lα2, and Sr Kα peaks were 0.164, 0.176, 0.174, 0.172, 0.212, and 0.180 keV, respectively. After fixing the peak width to these values, sextuple Gaussian fittings were performed for the TXRF spectra of the uranium solution as analyzed by NANOHUNTER-II. As shown in Figure 7B, overlapping peaks were separated by Gaussian fitting with fixed peak widths. The Gaussian fitting for the Ga Kα peak (9.25 keV) was also performed.

The areas of the Gaussian peaks of the U Lα1 and U Lα2 lines were then added together to obtain the net intensity of the U Lα peak. Although the net intensity of the Rb Kα peak was also calculated as an area of the Gaussian function, it was much lower than the net intensity of the U Lα peak even for the sample with the lowest uranium concentration, 0.01 ppm. The net intensity of the Ga Kα peak was also obtained as an area of the Gaussian function. Figure 8 shows the relationship between the uranium concentration and the average relative net intensity, calculated as the net intensity of the U Lα peak normalized by that of the Ga Kα peak. The error bars represent the standard deviation of the four data points for each uranium concentration. The relative signal net intensity was found to be proportional to the uranium concentration within the region used. The MDL for uranium was calculated as 1.4 ppb. The radioactivity concentration for uranium corresponding to this MDL at the maximum abundances of 235U and 234U in a light-water reactor was thus 0.14 mBq/cm3, which is lower than 1/100 of the effluent standard value defined by Japanese law. Therefore, the method using NANOHINTER-II allows for highly sensitive determination of uranium concentration in a sample solution. In addition, this method can take highly sensitive measurements for radionuclides with long half-lives.
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FIGURE 8. Developed calibration plot between the uranium concentration and relative signal net intensity (U Lα / Ga Lα).





Choice of Measurement Method According to the Required Uranium Detection Levels

Using Equation (6), MDL value for various measurement time can be estimated because MDL value is inversely proportional to the square root of the measurement time. The portable TXRF device used to measure uranium-contaminated water provided a detection limit estimated as lower than the effluent standard value when the measurement time is set to 7 min. With 10 times condensation, the obtained MDL of uranium in a 3 min measurement using the portable device was about 1/10 of the effluent standard value. To ensure a detection limit of uranium of lower than 1/10 of the effluent standard value, the measurement time for a 10 times condensed sample should be extended to 4 min. A detection limit of <1/10 of the effluent standard value was also given for a 3 min measurement of 20 times condensed sample. However, condensation time in the case of 10 times condensation is 15 min, whereas 20 times condensation requires 30 min. Thus, 4 min measurement of the 10 times condensed sample has advantage in analysis time. A major advantage of this method is its portability; these measurements can thus be performed anywhere. However, the maximum allowable limit for uranium release of some facilities handling various radionuclides is set at 1/100 or less of the effluent standard value. To achieve this level using portable device by increasing condensation ratio and extending the measurement time, a sample condensed 40 times measured for 50 min is fastest, although it would require over 100 min in total including prep time. Performing the same analysis in situ takes too long. Therefore, a benchtop device should be used, even if portability is lost. The MDL of uranium using the benchtop device with a 5 min measurement was about 1/140 of the effluent standard value.

An analytical method that can detect uranium in drainage water at a sensitivity of 1/100 of the effluent standard value is needed for the demolition of the Fukushima Daiichi nuclear power plant, thus requiring the usage of the benchtop device. However, sample solutions contaminated with high concentrations of uranium should not be brought into a clean analysis room. Therefore, the portable device offers the possibility to analyze a possibly uranium-contaminated liquid condensed 10 times in situ. If significant amounts of uranium are detected by this method, the solution can then be diluted there. This diluted solution can then be safely brought back to the analysis room along with collected samples not detected to have uranium with the portable device for precise analysis with the benchtop TXRF device.




CONCLUSION

A new methodology for the rapid and simple measurement of several levels of uranium in drainage water by total reflection X-ray fluorescence (TXRF) analysis was proposed that uses a portable device for initial screening and a benchtop device for more precise measurement of uranium contamination. An MDL of uranium using a benchtop TXRF spectrometer of 1.4 ppb, corresponding to <1/100 of the effluent standard value stipulated by Japanese law, was obtained in the analysis time including sample drying and measuring of 10 min. Furthermore, condensation of the sample with a simple evaporator also allowed for the detection of uranium in drainage water with a sensitivity of 1/10 of the effluent standard value even in portable equipment. Total analysis time using the portable equipment, including condensation time, drying time, and measurement time, was estimated to be 25 min and can be performed in situ. Therefore, a simple measurement methodology was proposed to use either the portable or the benchtop device according to the required measurement sensitivity. In the decommissioning of the Fukushima Daiichi nuclear power plant, the portable, in situ TXRF device with sample condensation can determine whether dilution is necessary to safely bring the sample into the clean analysis room. The benchtop device can then be used to perform the more precise TXRF analysis. These methods can be used for drainage water management in various uranium handling facilities, including the decommissioning field of the Fukushima Daiichi nuclear power plant.
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Boron-doped diamond (BDD) electrodes present several notable properties, such as the largest potential window of all electrode materials (especially in anodic potentials), low background and capacitive currents, reduced fouling compared to other electrodes, mechanical robustness, and good stability over time. On the other hand, flow-based systems are known as well-established approaches to minimize reagent consumption and waste generation and with good compromise between sample throughput and analytical performance (mechanization of chemical assays). This review focuses on the use of BDD electrodes for electrochemical detection in flow systems, such as flow injection analysis (FIA), batch injection analysis (BIA), high performance liquid chromatography (HPLC), and capillary electrophoresis (CE). The discussion deals with the historical evolution of BDD, types of electrochemical pre-treatments (cathodically/H-terminated or anodically/O-terminated), cell configurations, and analytical performance. Articles are discussed in chronological order and subdivided according to the type of flow system: FIA, BIA, HPLC, and CE.

Keywords: batch injection analysis, capillary electrophoresis, flow injection analysis, liquid chromatography, review


INTRODUCTION

The attractive chemical and physical properties (wide potential window, low background currents, chemical and mechanical stability, good resistance to fouling, lack of a surface oxide film, and controllable surface termination) (Einaga, 2010) of boron-doped diamond (BDD) electrodes has been successfully exploited for multiple applications, such as in electrochemistry, analytical chemistry, electrocatalysis, environmental science (wastewater treatment and water disinfection/purification), biomedical or biological science, and other related trends (Luong et al., 2009; Macpherson, 2015).

Despite these attractive features, BDD is a semi-conductor doped material and usually is not considered as a typical electrode material for electrochemical applications (e.g., Pt, Au, and GC) (Macpherson, 2015). Therefore, some points should be considered when this material is used as the working electrode for electroanalytical applications: (i) usually, thin BDD films deposited on conductive substrates are used, and therefore, the surface cleaning procedures cannot be physical (e.g., mechanical polishing); (ii) the surface cleaning or pre-treatment more used and simpler is the electrochemical, such as anodic (O-terminated surface) or cathodic (H-terminated surface). This pre-treatment contributes significantly to the physical and chemical properties of the BDD and hence is of great importance for electroanalysis (often recommended to do daily for better reproducibility); (iii) different BDD growth face morphologies are commercially available and setting the best for each case is complicated; (iv) a recognized format for BDD electrodes has not currently widely available and alternative house made formats are typically adopted; (v) in electrochemical pre-treatments (anodic and cathodic) of BDD electrodes, high currents (±200 mA cm−2) or high potentials (> ±2 V) (Brocenschi et al., 2016) are often used, however, the adhesive materials (PDMS mounts, Kapton tape or insulating epoxy) commonly used for to define the geometrical electrode area may not be resistant to this pre-treatment and noticeable decrease in performance (increase in background current) and in reproducibility (variation in the geometric area) can be observed.

The purpose of this review is to outline the state of knowledge and discuss the advantages and disadvantages related to the use of BDD electrodes in electrochemical detection coupled to flow systems: flow injection analysis (FIA), batch injection analysis (BIA), high performance liquid chromatography (HPLC), and capillary electrophoresis (CE).



FABRICATION AND SURFACE ACTIVATION PROCEDURES FOR BDD ELECTRODES

Natural or undoped diamond is an electrical insulator (resistivity ≈ 1020 Ω·cm) and cannot be used as an electrode material. However, after p-doped with boron (usual between 1018 and 1021 atom cm−3), a decrease in resistivity is achieved (<1 Ω·cm) and then diamond films can be used as electrode materials for diverse electrochemical applications (Luong et al., 2009). The effect of boron doping levels on the electrochemical properties of BDD electrodes has been extensively studied (Bogdanowicz et al., 2013). From the point of view of electroanalysis, BDD electrodes with boron doping levels of around 1020 boron atoms per cm−3 (2,000–8,000 ppm) can be used successfully. The absence of sp2 carbon impurities (graphite) is an important characteristic to be considered, since the presence of this impurity increases the background current and decreases the potential window (Watanabe et al., 2010). Most of the BDD films employed as electrodes are produced by chemical vapor deposition (CVD). This is due to efficiency of the process in controlling dopant incorporation and the capacity to grow over large areas on structured conductive bases (Macpherson, 2015). The presence of hydrogen radicals during the CVD process is essential because it selectively prevents the formation of non-diamond carbon (graphite) on the diamond surface. Two methods of activation are dominant in the field: hot filaments or microwave reactors (Butler et al., 2009). The gas mixture that supplies the reaction chamber usually is compounded by methane (as carbon source) dispersed in a large amount of hydrogen (radical source and carrier gas) (Pleskov et al., 1987; Tokuda, 2015). The use of a mixture of acetone and methanol as carbon source were also reported (Yano, 1998; Rao et al., 2000; Ivandini et al., 2002, 2007). As boron source, B2O3 or trimethyl-boron are frequently used. The structure and the deposition rate of the BDD film depends on the technique used, generally, processes that employed plasma techniques are faster than those employing hot filament. However, the latter is more convenient for the deposition of doped diamond on large surfaces (Luong et al., 2009). Different types of substrates can be used for deposition of BDD films, such as silicon (Haenni et al., 1998), tungsten (Pleskov et al., 1987), and niobium (Hayashi et al., 2012), among others (Luong et al., 2009). Silicon substrates are the most used bases in electroanalysis. The convenient experimental conditions, such as temperature, pressure, gas composition, as well as, the procedures to characterization of the films produced are presented in detail elsewhere (Yano, 1998; Martin et al., 1999; Luong et al., 2009).

The electrochemical properties of BDD thin-film electrodes can be altered through different procedures, such as boiled in strong acid (Hayashi et al., 1997), by anodic or cathodic polarization (Granger and Swain, 1999; Goeting et al., 2000; Zhang et al., 2004), hydrogen plasma treatment (Granger and Swain, 1999), and also by long-term exposure to air (Kulesza et al., 2004). Therefore, when BDD electrodes are used, special care should be adopted to achieve the best electrochemical performance with this material. The physical, chemical and electronic characteristics of BDD surfaces, and consequently its electrochemical response, are strongly influenced by the BDD surface termination. Hydrogen-terminated surfaces present a negative electron affinity and a high conductivity, whereas oxygen-terminated ones are hydrophilic with a positive electron affinity and have a low conductivity (Salazar-Banda et al., 2006). When BDD electrodes are coupled to flow cells, the surface termination is usually generated by electrochemical methods: (i) hydrogen evolution by cathodic pre-treatment to produce H-termination or (ii) oxygen evolution by anodic pre-treatment to produce O-termination. However, it is important to emphasize that the electrochemical pre-treatment must be constantly remade (usually once a day) because hydrogen terminations can be converted to oxygen terminations if higher anodic potentials are used (> +1.2 V) (Oliveira and Oliveira-Brett, 2010). It is also important to emphasize that the time of application of the electrochemical pre-treatment depends on the previous use of the BDD electrode. Conditions, such as time of exposure to air, applied potential, and type of analyte under study or analysis generate different modifications on the BDD surface. Finally, it is important to emphasize that the H-terminated BBD surface cannot be fully retrieved by cathodic pre-treatments, even if severe electrochemical pretreatments were used (high potentials and longer times). However, a partial recovery (15%) is usually enough to ensure reversible voltammetric behavior for the model molecule Fe(CN)6]3−/4− (Brocenschi et al., 2016). The use of a redox specie as a secondary indicator level (e.g., ascorbic acid, which is sensitive to the hydrogenation) can be an interesting strategy to have quick information about of the relative atomic bonding structure on the BDD surface after electrochemical pre-treatment without the use of X-ray photoelectron spectroscopy analysis (Brocenschi et al., 2016).



FLOW CELL CONFIGURATIONS

In the construction of a flow-cell for electrochemical detection, the type and characteristics of the material which will be used as the working electrode should be considered. In the case of BDD electrodes, reproducible results are usually obtained if an electrochemical cleaning or pre-treatment (anodic and/or cathodic) is carried out routinely. When the pre-treatment is carried out, the evolution of air bubbles (O2 or H2) is usually intense on the BBD surface and the electrical contact between the electrodes can be easily interrupted in a common flow cell, and so, the electrochemical pre-treatment of the BBD electrode is not possible with the electrode coupled to the flow cell. One alternative is to make the electrochemical pre-treatment of BDD electrodes before positioning in a flow cell arrangement (Andrade et al., 2009; Santos et al., in press). However, this procedure (pretreatment in one cell and then positioning in another) is a tedious and laborious task, even if adequate manpower and laboratory facilities are available. An efficient and useful way to define the area of BDD electrodes was shown by Granger et al. (2000). The BDD thin film grown on a conductive silicon substrate was pressed against the bottom of the glass cell with the fluid being contained by a Viton or rubber O-ring. A few years later, this strategy was used for positioning of BDD electrodes in wall-jet flow cells, both for use in FIA (Silva et al., 2011) or BIA (Tormin et al., 2011) systems. Both cells are very similar, only with differences in the volume of the solution into the cells, as can be seen in Figures 1A (BIA), 1B (FIA). If the internal volume of a BIA cell is large, the dilution factor is great, and many analyses (usually more than 200 injections) are possible without exchange the supporting electrolyte inside the cell (useful in field analysis). A great advantage of this configuration is that the electrochemical cleaning or pre-treatment (anodic and/or cathodic) of the BDD electrode can be easily performed with the electrode positioned in the flow cell. Despite the advantages of wall-jet cells if BDD electrodes are used, thin-layer flow cells (Maixnerová et al., 2012) can also be used, however, is this case, the electrochemical pretreatment has restrictions in this type of cell configuration.
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FIGURE 1. (A) Schematic diagram of batch injection analysis (BIA) and (B) flow injection analysis (FIA) cells for BDD electrodes.





BDD ELECTRODE COUPLED TO FIA SYSTEMS

First proposed by Ṙužič and Hansen (1975), flow injection analysis (FIA) is considered as an analytical technique where the analytical signal is based on quick introduction of a small volume of sample into a turbulently flowing carrier stream of reagent, on-line sample processing (carried out to provide/enhance selectivity of detector response), and detection during the flow of the analyte (in non-derivatized or chemically derivatized form) through the system detector (Trojanowicz, 2011). Various types of detection modes are applied to FIA, such as spectrophotometry (notably UV-Vis), luminescence, atomic spectroscopy and electrochemical detection (amperometry, potentiometry, conductometry). When electrochemical methods are used, features like the versatility of the detector design, high sensitivity and wide linear concentration range meet most of the requirements of flow analysis (Siangproh et al., 2009). The flow rate can be either parallel to the electrode surface (thin-layer cells) or perpendicular to the electrode surface (wall-jet cells).

BDD electrodes were firstly employed as detectors in flow systems in 1997, by Jolley et al. (1997). In this study, the amperometric detection of ferrocyanide, ferricyanide, ethylamine, and ethylenediamine using bare BDDE (without any superficial pre-treatment) was investigated for the first time. The BDD performance was compared against glassy carbon electrode (GCE) and evaluated as a function of characteristics, such as linear range, sensitivity, limit of detection, and stability. In this work, the authors concluded that diamond films leaded to improved response stability and S/B ratios as compared with those obtained with polished glassy carbon. Two years later, Granger et al. (1999) published another paper showing the amperometric oxidation of chlorpromazine, ascorbic acid, dopamine and 4-methycatecholamine using BDD coupled to the FIA system. In this study, the performance of BDD electrodes presented lower LODs and noteworthy fouling resistance compared with the GCE. The same paper also presents results for analytes, such as azide and nitrite, separated by ion chromatography. A few FIA-AMP methods also demonstrates the oxidation of the neurotransmitters, histamine, serotonin and its metabolite, 5-hydroxyindoleacetic acid (Sarada et al., 2000), polyamines (i.e., cadaverine, putrescine, spermine, spermidine) (Witek and Swain, 2001) and glutathione and cephalexin (Hailapakul et al., 2001) in high-quality, boron-doped diamond thin film electrodes. The performance of the diamond electrode is superior than that presented by GCE in these articles, since the background current and the adsorption of the organic compounds on the surface of the diamond electrode is lower than that presented by the CGE. However, these studies aimed at the application of BDD electrodes as detectors on FIA systems using various compounds as model analytes and no analysis of real samples was performed.

In the following years, Wangfuengkanagul and Chailapakul (Wangfuengkanagul and Chailapakul, 2002a) firtsly applied the BDD electrode coupled to a FIA system for the quantification of acetaminophen in pharmaceutical samples. The performance of the BDD electrode was evaluated through various validation parameters (linearity, accuracy, recovery, precision, electrode stability). The FIA results were obtained with a reproducible response (RSD < 2.3% without electrode pretreatment or electrode modification or using additional potential pulse for electrode cleaning). Linear dynamic range was obtained over two orders of magnitude (from 0.5 to 50 μM) and the LOD for acetaminophen detection was 10 nM. Similar results were reached by the same authors for the analysis of D-penicillamine (with BDD electrodes showing significant advantages over the GCE, RSD < 2.1%, and recovery values between 98 and 102%) (Wangfuengkanagul and Chailapakul, 2002b). However, for the analysis of four tetracyclines by FIA, Wangfuengkanagul et al. (2004) showed that the electrochemical pretreatment of the BDD surface is useful to enhance the voltammetric response obtained for the oxidation of the tetracyclines (tetracycline, chlortetracycline, oxytetracycline, and doxycycline. The electrochemical pretreatment proposed in this work was the scanning from 0.0 to 2.2 V (vs. Ag/AgCl) using cyclic voltammetry (40 cycles) in 0.1 M KOH solution. The limit of detection was 10 nM for all tetracyclines.

The excellent performance of BDD electrodes in FIA systems with amperometric detection was explored by several investigators for determination of numerous organic compounds in pharmaceutical samples, such as sodium thiosulphate (Suryanarayanan et al., 2004), malachite green and leucomalachite green (Ngamukot et al., 2006), bovine serum albumin and immunosuppressive acidic protein (Chiku et al., 2008), oxalate (Kondo et al., 2008), captopril (Siangproh et al., 2003a), tiopronin (Siangproh et al., 2003b), lincomycin (Boonsong et al., 2005), chloramphenicol (Chuanuwatanakul et al., 2008), nimesulide (Lima et al., 2013), yohimbine (Švorc and Kalcher, 2014), N-acetyl-l-cysteine (Nantaphol et al., 2014), hydrazine (Channon et al., 2015), and both epinephrine and acetaminophen (Lourenção et al., 2017). Besides organic compounds, BDD electrode coupled to FIA-AMP systems was successfully applied for quantification of iodide contents in nuclear emergency tablets (Chailapakul et al., 2004). Information's about type of electrochemical pre-treatment, limit of detection, linear range, and analytical frequency can be found in Table 1.



Table 1. FIA systems with electrochemical detection using BDD as the working electrode.
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In addition to pharmaceutical preparations, samples, such as eggs, tea, milk, and natural water were also analyzed using BBD electrodes coupled to FIA systems with chronoamperometric detection. In this sense, Preechaworapun et al. (2006) analyzed hen egg samples to detect four sulfonamides: sulfadiazine (SDZ), sulfamethazine (SMZ), sulfamonomethoxine (SMM), and sulfadimethoxine (SDM). The method presented linear range from 0.50 to 100 ppm for SDZ/SMZ/SMM and from 0.100 to 300 ppm for SDM; the obtained LODs were 0.011 ppm and 0.032 ppm for SDZ and SDM, respectively. The percentage of recoveries was found to be between 90 and 108%. Rutin, a phenolic derivate compound, was analyzed in tea samples by Pedrosa et al. (2006) using a cathodically pretreated BDD electrode (30 min at −3.0 V in 0.1 M BR buffer, pH = 5.0). The method presented linear dynamic range from 10 to 250 μM, LOD of 7.7 μM (three times lower than the value calculated for the CGE) and high analytical frequency (240 samples h−1). In other study, Chuanuwatanakul et al. (2008) used a bare BDD electrode for the determination of chloramphenicol in sterile eye drops and milk samples. The method presented a large linear dynamic range (0.05–1,000 μM), LOD of 0.03 μM and relative standard deviations of 3.5 and 3.0% for 5 and 10 μM (n = 10) of chloramphenicol, respectively. These results were obtained even without any surface pretreatment of the BDD electrode. Endocrine-disrupting compounds, most notably estriol, 17-β-estradiol and estrone were analyzed in tap and natural waters using a cathodically pretreated BDD (Brocenschi et al., 2014). For all three compounds, the method presented linear response for concentration range from 0.10 to 3.0 μM and LOD of 0.10 μM. The authors also mention that the cathodically pretreated BDD electrode presents less surface fouling when compared to GCE mainly because its hydrogen-terminated surface (non-polar character) and absence of an extended π-electron system.

Alternatively, other FIA methods with electrochemical detection were also implemented using BDD electrodes. In 2010, the simultaneous determination of antioxidants BHA and BHT was carried out in mayonnaise samples (Medeiros et al., 2010a). In this work, for the first time, a BDD electrode was used for simultaneous determination in a FIA system coupled with multiple pulse amperometric detection (FIA-MPA) (dos Santos et al., 2008; Santos et al., 2009). A dual-potential waveform [Edet1 = +0.85 V and Edet2 = +1.15 V (vs. Ag/AgCl)] was employed with acquisition of two separate amperograms. BHA was detected at +0.85 V without interference of BHT and at +1.15 V, both compounds (BHA and BHT) were detected. The selective determination of BHT was possible with the subtraction of the current detected at +0.85 V (i = i+1.15V – i+0.85V). Very low detection limits were obtained for the simultaneous determination of BHA (0.03 μM) and BHT (0.40 μM), as well as high analytical frequency (80 injections h−1).

In 2011, Silva et al. (2011) used a FIA-MPA system for simultaneous determination of paracetamol (PAR) and caffeine (CAF) in pharmaceutical formulations. In this work, PAR was selectively detected at a potential pulse of +1.20 V, while both PAR and CA were detected at potential pulse of +1.55 V (vs. Ag/AgCl). A third potential pulse (+0.40 V) was applied in order to prevent superficial fouling of the BDD electrode during the analysis. Good analytical frequency was obtained (140 injections h−1) and the limits of detection were 0.66 μM for PAR and 0.87 μM for CAF. In this work, the use of the correction factor was proposed for the first time. This strategy made simultaneous determinations feasible in numerous samples containing more than one compound using a single working electrode and flow systems with amperometric detection. A similar approach was employed by Medeiros et al. (2012) for simultaneous determination of two pairs of food colorants: tartrazine and sunset yellow (TT–SY) or brilliant blue and SY (BB–SY). The detection limits were 2.5, 0.80, and 3.5 μM for TT, SY, and BB, respectively.

The advantages of FIA systems coupled to BDD electrodes and multiple pulse amperometric (MPA) detection was explored for simultaneous determinations of different compounds in subsequent years, such as caffeine, ibuprofen and paracetamol (Chaves et al., 2015), hydrochlorothiazide and enalapril (Lourenção et al., 2015), acetaminophen and tramadol (Santos et al., 2015), acetaminophen and codeine (Santos et al., in press), epinephrine and acetaminophen (Lourenção et al., 2017), and food dyes (indigo carmine and allure red) (Deroco et al., 2018). It is worth mention that all works employed a cathodically pretreated BDD electrode. FIA systems with pulsed amperometric detection (similar to MPA) using BDD as working electrode were also used for the determination of a single species in pharmaceutical formulations, as demonstrated for salbutamol, terbutaline, and clenbuterol (Karuwan et al., 2006), diclofenac (Gimenes et al., 2011), sildenafil citrate (Lopes Júnior et al., 2012), cotinine (Alecrim et al., 2016), prazosin (Guedes et al., 2016), warfarin (de Jesus Guedes et al., 2017), colchicine (Moreira et al., 2018), verapamil (Barbosa Lima et al., 2018), and oxcarbazepine (Lima et al., 2018). Colchicine, verapamil, and oxcarbazepine were also determined in biological fluids. The MPA technique allows the use of a simple strategy to obtain selectivity for determination of some compounds in complex samples (e.g., urine) based on the detection of a product generated in a previous potential pulse. This analysis would not be possible if the conventional amperometry is used due to the interferences of electroactive species in the sample matrix, e.g., ascorbic or uric acids. Some analytical characteristics of the aforementioned works can be found in Table 1.

The BDD electrode coupled to FIA systems was also used for the simultaneous determination of Zn2+ and Pb2+. Two distinct flow electrochemical methods were proposed by Bezerra dos Santos et al. (2014) with the adaptation of the BDD electrode on an screen-printed electrode (SPE) design: (i) flow-batch analysis (FBA) with differential pulse anodic stripping voltammetric (DPASV) detection; and (ii) multicommutation flow analysis (MCFA) with multiple pulse amperometric (MPA) detection. The SPE–BDD device presented reduced dimension in order to be coupled to a miniaturized electrochemical flow cell. Figure 2 presents the flow manifold for on-line pretreatment of the SPE–BDD and its application to determine Zn2+ and Pb2+ ions.
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FIGURE 2. Flow manifold developed for FBA-DPASV and MCFA-MPA. The μP1 and μP5 were used to pump 50 μL per pulse of acetic acid/acetate solution at pH 4.0 (1) and 0.1 M H2SO4 (5), respectively. The μP2, μP3, μP4, and μP6 pump 20 μL per pulse of the stock solutions of Zn2+ (2), Pb2+ (3), interferents (4), and samples (6), respectively. SV1 and SV2 are the three-way valves and the waste (7), respectively. Reprinted from Bezerra dos Santos et al. (2014). Reproduced by permission of The Royal Society of Chemistry.



The MCFA-MPA method presented LODs of 41 and 220 ppb for Pb2+ and Zn2+, respectively, which were 200 and 300 times higher, when compared to those obtained by FBA-DPASV (0.19 and 0.62 ppb, respectively). On the other hand, the MCFA-MPA system presented an analytical frequency six times higher than the FBA-DPASV. Shortly after, the same research group presented a study for in situ simultaneous determination of Cd2+ and Pb2+ in natural waters, employing a flow-batch analysis with square-wave anodic stripping voltammetric detection (FBA-SWASV) (Bezerra dos Santos et al., 2015). The developed electrochemical analyzer was capable of on-line data transmission and used a solar board as renewable energy source. The limits of detection were 0.08 ppb and 0.18 ppb for Pb2+ and Cd2+, respectively.

BDD electrodes modified with different metals (such as Pt, Ni, Ir, and Cu) were also used in FIA systems for the detection of a wide range of analytes. Ivandini et al. (2004) fabricated metal-modified BDD electrodes using the ion implantation method (750 keV Ni2+ and Cu2+ with a dose 5 × 1014 cm−2 using metal rods as target). These modified BDD electrodes exhibited high catalytic activity, excellent electrochemical stability and low background current for glucose oxidation in alkaline media. The small background current resulting in lower detection limit (670 nM) for glucose determination in comparison to those obtained with related metal electrodes. Shortly after, similar procedure was used to obtain Ni and Pt-modified BDDs for the detection of tetracycline (Treetepvijit et al., 2005) and hydrogen peroxide (Ivandini et al., 2005). Superior results in relation to sensitivity and stability have also been observed in comparison to those obtained with bare BDD and metal electrodes (Ni and Pt). In other work, similar procedure was used to produce Ir-implanted BDD electrodes which were exploited for the detection of As(III) (Ivandini et al., 2006). The ion implantation method offered more chemically, electrochemically, and physically stability if compared with the electrodeposition method for the modification of BDD electrodes. Superficial modification of BDD was also evaluated for the determination of estrogenic phenolic derivates (estrogenic derivatives, bisphenol-A, and 17β-estradiol), as reported by Notsu et al. (2002). In this work, BDD electrodes were firstly anodically polarized for the introduction of hydroxyl groups onto its surface, then treated with (3-aminopropyl)-triethoxysilane and finally modified with a tyrosinase film cross-linked with glutaraldehyde. The modified electrode was stable for more than 12 h during repeated injections of samples containing various concentrations and kinds of phenol derivatives and retained its initial sensitivity for a few days if storage under dry conditions. The limit of detection for bisphenol-A was 1 μM. Recently, the detection of acetaminophen and epinephrine has been shown using a porous BDD electrode grown by hot filament chemical vapor deposition over oxygen plasma functionalized carbon nanotubes (Lourenção et al., 2017). The limits of detection were 0.50 μM (epinephrine) and 0.70 μM (acetaminophen) and the method was successfully used to analysis of spiked serum samples (recovery from 101 to 110%).



BDD ELECTRODE COUPLED TO BIA SYSTEMS

Batch injection analysis (BIA) is a system conceptually comparable to FIA, because it is also based on reproducible transport of a solution toward a detector. Firstly presented in 1991 by Wang and Taha, the technique consists of injection of small sample aliquots (usually using an electronic pipette) directly on the detector surface (wall-jet arrangement), which is immersed in a large-volume of supporting electrolyte (blank solution) (Wang and Taha, 1991). The passage of the analyte over detector's surface generates a peak-shaped response, similar to that obtained in FIA systems. The magnitude of the peak is proportional to the concentration of the analyte in the injected solution (Wang and Taha, 1991; Quintino and Angnes, 2004). After injection of a microliter sample solution (10–150 μL) on an electrode surface immersed in a large-volume of supporting electrolyte, a transient peak-shaped response is observed due to the reproducible transport and/or controlled dispersion (high dilution) in space and time. The injection procedure can be carried out with the solution in the BIA cell under stirring (faster analysis) (Wang and Taha, 1991; Pereira et al., 2013) or without stirring (more simple–without stirring) (do Socorro Maia Quintino et al., 2002; Quintino and Angnes, 2004; Pereira et al., 2012; Tormin et al., 2014; Gimenes et al., 2015).

The use of BDD electrodes associated with BIA systems is recent. The first application was reported by Tormin et al. (2011). The BDD electrode was adapted to a home-made BIA cell with an internal volume of 180 mL (Figure 1). In this study, the phenolic antioxidant butylated hydroxyanisole (BHA) was determined in biodiesel samples using amperometric detection. A sample plug was directly injected on a cathodically pretreated BDD electrode that was immersed in 50% (v/v) hydroethanolic solution with 0.1 M HClO4. The proposed method presented a linear behavior from 10 to 50 μM for BHA determination and showed several advantages for routine biodiesel analysis, such as low relative standard deviation between injections (0.29%, n = 20), high analytical frequency (120 h−1), and simple sample treatment procedure (only dilution in electrolyte).

In the same year (2011), da Silva et al. (2011) showed the possibility of simultaneous determination using a single working electrode (BDD) and dual pulse amperometric detection (also called multiple pulse amperometry). The strategy was demonstrated using the following model analytes: (i) BHA and TBHQ (ii) paracetamol and caffeine, and (iii) dipyrone and caffeine. Limits of detection of 1.72, 0.72, 0.84, 0.19, and 0.04 μM were obtained for paracetamol, caffeine, dipyrone, TBHQ, and BHA, respectively. The analytical frequency of 60 injections per hour was achieved for all analysis.

In the following years, there was an increase in the number of papers which showed the use of BDD electrodes coupled to BIA systems for electrochemical detection of analytes in pharmaceutical samples. Cunha et al. (2013) reported an analytical method for determination of hydroquinone in pharmaceutical formulations employing amperometric detection and 0.1 M H2SO4 as the supporting electrolyte. A linear range from 10 to 2,000 μM, LOD of 0.016 μM, recovery values between 91 and 96% and an analytical frequency of 70 injections h−1 were achieved. The potential of BIA systems coupled to BDD electrodes and using multiple pulse amperometric (MPA) detection for simultaneous determinations was shown in the subsequent years. The BIA-MPA system was used successfully in the simultaneous determination of nimesulide and paracetamol (Pereira et al., 2013), codeine and diclofenac (Gimenes et al., 2013), propranolol and hydrochlorothiazide (Gimenes et al., 2014), diphenhydramine and 8-chlorotheophylline (dimenhydrinate) (Freitas et al., 2014), sulfamethoxazole and trimethoprim (Pereira et al., 2015), captopril and hydrochlorothiazide (Gimenes et al., 2015), amlodipine and atenolol (Silva et al., 2016), pheniramine and naphazoline (Oliveira et al., 2018b), or chlorpheniramine and naphazoline (Oliveira et al., 2018b). The possibility of selective determination of sildenafil (Garcia Cardozo et al., 2017) using the MPA technique was also recently shown. It is important to mention that all works employed a cathodically pretreated BDD electrode.

Concerning simultaneous determinations using BIA systems with multiple pulse amperometric detection, an improvement was shown by Freitas et al. (2016) with the simultaneous determination of three analytes (8-chlorotheophylline, pyridoxine, and diphenhydramine) in the same run using a single working electrode. In this work, a sequence of three potential pulses [+1.25, +1.60, and +1.80 V (vs. Ag/AgCl)] was applied with the acquisition of three separate amperograms. 8-Chlorotheophylline was detected selectively at +1.25 V, both 8-chlorotheophylline and pyridoxine at +1.60 V and 8-chlorotheophylline, pyridoxine, and diphenhydramine at +1.80 V. Subtraction between the currents detected at the three amperograms (with the aid of correction factors) was used for the selective determination of pyridoxine and diphenhydramine. According to the authors, the method presented advantages when compared to chromatographic separation systems, especially regarding to simplicity, cost-effectiveness, speed of analysis (60 injections h−1), and waste generation. Next, this system (BIA-MPA) was also used for the simultaneous determination of three species in pharmaceutical samples, such as phenazopyridine, sulfamethoxazole, and trimethoprim (Pereira et al., 2016); propyphenazone, paracetamol and caffeine (Silva et al., 2017b) and 8-chlorotheophylline, caffeine and diphenhydramine (Freitas et al., 2017a). All reported methods using the BIA-MPA system presented similar and relevant characteristics, such as fast analysis (≥60 injections h−1), minimal sample size requirements (≤150 μL), minimal waste production (≈150 μL by sample) usually without or with a minimal volume of organic solvent, possible implementation in laboratories with minimal infrastructure, and application to a wide range of active ingredients. Therefore, we can conclude that the combination of BIA-MPA method with to BDD electrodes presents numerous features for quality control of pharmaceutical samples.

Besides the analysis of pharmaceutical formulations, studies with other samples, such as insecticides and water, were also presented. Silva et al. (2014) described the determination of mancozeb in insecticide samples using BIA with pulsed amperometric detection (PAD). In this work, two potential pulses were optimized for detection and constantly electrochemical cleaning of the cathodically pre-treated BDD surface. A potential of +0.3 V was selected for anodic detection of mancozeb and as the cleaning potential, 0.0 V was used. The method provided good analytical characteristics, such as linear range of 40–650 μM, detection limit 0.5 μM and analytical frequency of 90 injections h−1. In other work, picoxystrobin was determined in natural water using a BIA with amperometric detection (Dornellas et al., 2015). The limit of detection and analytical frequency were 1.6 μM and 108 injections h−1, respectively. Afterwards, the liquid-liquid extraction method was associated with a BIA system with amperometric detection (Alencar et al., 2017). Very low concentrations levels (LOD = 0.08 μM) of levofloxacin were determined in tap, aquarium and lake water with a high analytical frequency (160 h−1).

The possibility of use of a fast voltammetric technique (square wave voltammetry) as detection mode in BIA flow systems coupled to BDD electrodes was also shown. Zinc and naphazoline were simultaneous determined in pharmaceutical samples by BIA with square wave voltammetric detection (Oliveira et al., 2016). The analysis was carried out in a single run which allowed the achievement of an elevated analytical frequency (70 injections h−1) and LODs of 0.13 and 0.4 μM for zinc and naphazoline, respectively. A portable screening method for cocaine as well as its main adulterants in seized cocaine samples was proposed by Freitas et al. (2017b) using BIA with square wave voltammetric detection and BDD as working electrode. In this study cocaine, benzocaine, caffeine, lidocaine, phenacetin, paracetamol, and procaine were selectively detected using BIA-SWV and BIA-MPA. A linear response was found for cocaine concentrations ranging from 6 to 30 ppm, with a detection limit of 0.27 ppm. The excellent selectivity that was achieved for cocaine detection was attributed to the use of an acidic medium (0.1 M H2SO4) as the electrolyte and BDD as the working electrode [oxidation of cocaine at potentials higher than +1.9 V (vs. Ag/AgCl)]. Recently, Silva et al. (2017a) showed the possibility of simultaneous determination of propyphenazone, paracetamol, and caffeine in pharmaceutical samples using BIA-SWV. In this work, the performance of a BIA-SWV system was compared with a conventional SWV system (steady state condition). According to the authors, the exchange and manipulation of the samples are simpler and faster with the BIA-SWV system (80 analysis h−1) in comparison to the conventional SWV system (20 analysis h−1). The most recent works employing BIA-SWV systems and BDD electrodes were focused on forensic chemistry. A new method for detection of adulterations with sibutramine in natural products and multivitamins supplements (Freitas et al., 2018), and a screening protocol for scopolamine in beverage and urine samples (Oliveira et al., 2018a) were presented. These papers introduce the new trends and perspectives about the wide range of applications of portable BIA systems employing electrochemical detection with BDD working electrodes. Table 2 presents a summary of the applications of BDD electrodes in BIA systems.



Table 2. BIA systems with electrochemical detection using BDD as the working electrode.
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BDD ELECTRODE COUPLED TO HPLC SYSTEMS

The electrochemical detector is one of the most sensitive and selective HPLC detectors available for analytes that undergo oxidation or reduction reactions (Swartz, 2010). The use of BDD electrodes for electrochemical detection in HPLC systems started in 2000 (Rao et al., 2000). In this study sulfadiazine, sulfamerazine, and sulfamethazine were detected at an applied potential of +1.0 V vs. Ag/AgCl. Both GCE and BDD electrodes exhibited similar detection limits, however, faster background current stabilization was observed for the BDD (10 min) electrode at +1.0 V vs. Ag/AgCl, whereas GCE required more than 30 min. In addition, the performance of BDD was stable for several hours without requiring chemical or mechanical pretreatment.

Anodized BDD electrodes were majorly employed in the first applications of electrochemical detection in HPLC systems (Chailapakul et al., 2002; Terashima et al., 2002; Charoenraks et al., 2005; Bouvrette et al., 2006; Ivandini et al., 2007; Andrade et al., 2009). Terashima et al. (2002) presented the use of anodically pretreated BDD electrodes for the detection of chlorophenols in environmental water samples (condensed from the flue gas of waste incinerators). The performance of the BDD electrode was better than the obtained with GCE due to its resistance to fouling even in the presence of high concentrations of chlorophenols. This phenomenon was explained by the anodically generated oxygen functional groups on the BDD surface that repel phenoxy radicals, which are responsible for the formation of polymeric films that passivates the electrode surface. In another work from the same research group (Chailapakul et al., 2002), homocysteine was detected with high sensitivity in acidic media using amperometric detection on the BDD electrode. Excellent analytical characteristics were achieved, such as a detection limit of 1 nM, response variability lower than 1% (n = 9) and a linear dynamic range from 0.005 to 100 μM.

BDD electrodes were also used in different applications in HPLC systems without electrochemical pretreatment. Ivandini et al. (2002) only pretreated the electrode by ultrasonication in 2-propanol for about 10 min followed by rinsing with high purity water with the purpose to remove possible remaining organic impurities originated during the deposition of diamond in the manufacture of the electrode. The electrode was employed to the electrochemical detection of six antidepressant drugs in blood; LODs in nanomolar levels were achieved. Rao et al. (2002) presented a study for determination of carbamates pesticides using an as-deposited electrode. After a prolonged use, or in case of fouling of the electrode, an on-line reactivation by anodic treatment at ~3 V (vs. SCE) for 30 min was performed. Detection limits between 0.6 and 1 ppb were achieved, comparable with well-established detection methods as HPLC-fluorescence. Afterwards, the possibility of detecting of species of environmental (Treetepvijit et al., 2006; Pecková et al., 2009), pharmaceutical (Siangproh et al., 2010; Maixnerová et al., 2012; Mahé et al., 2015; Long et al., 2017) and biological (Bartošová et al., 2011; Kotani et al., 2011; Zhang et al., 2016) interests using a BDD electrode without electrochemical pretreatment coupled to HPLC systems have been also presented.

The use of cathodically pretreated BDD electrodes coupled to HPLC systems was presented for the first time by Martins et al. (2010, 2011). In this work, prior the first use, an anodic treatment (3.0 V (vs. Ag/AgCl) applied for 10 min) was done followed by a cathodic polarization for 10 min at −3.0 V. Pulsed amperometry was employed to the detection of benzodiazepines in pharmaceutical samples by reduction at −1.9 V in a thin layer mode cell. Detection limits from 0.5 to 2 ppm were reached. The same treatment was performed for the determination of three different parabens in shampoo samples. The anodic detection was performed at +1.2 V (vs. Ag/AgCl) with pulsed amperometric detection. In addition to the pretreatment, a cathodic on-line treatment (−3 V/30 s) was used to restore the electrode surface in case of fouling of the BDD electrode. The use of such high potentials is only possible with BDD electrodes. An alternative process for cathodic pretreatment of the electrode was employed by de Amorim and Andrade (de Amorim and Andrade, 2017) consisting of an anodic polarization (0.5 A cm−2 for 30 s) followed by a cathodic pretreatment (−0.5 A cm−2 for 150 s) in a 0.5 M H2SO4 solution for estrogens detection. Estrone and estradiol were determined after extraction from human urine. Limits of detection of 57 and 53 ppb for estrone and estradiol were obtained, respectively. Table 3 shows a summary of the use of BDD electrodes in the electrochemical detection of HPLC systems.



Table 3. HPLC systems with electrochemical detection using BDD as the working electrode.
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BDD ELECTRODE COUPLED TO CE SYSTEMS

The BDD electrode was coupled with conventional CE for the first time by Shin et al. (2003) for end-column amperometric detection of dopamine (DP), norepinephrine (NOR), and epinephrine (EPI). Low detection limits (19 nM for EPI) and highly reproducible current responses (RSD < 5%, n = 10) were obtained for successive injections of a solution containing 50 μM DP, NOR, and EPI. The potentiality of the BDD electrode for the determination of phenol and five chlorinated phenols was also shown.

In the year of 2003, the Swain's group (Cvačka et al., 2003) report the fabrication and characterization of diamond microelectrodes formed on sharpened platinum wires. According to the authors, the response of these microelectrodes was affected by the boron-doping level (ohmic resistance) and shape of the electrode, and they exhibited reproducible voltammetric responses, at least in terms of the peak and half-wave potentials for a variety of aqueous redox analytes. In addition, the basic electrochemical properties of these diamond microelectrodes (low background and noise currents, reproducible responsiveness, wide linear dynamic range and low limits of detection) demonstrated the usefulness of this new electrode material for electrochemical detection in CE. Afterwards, the performance of these diamond microelectrodes was shown in the detection of dopamine and catechol; (ii) chlorinated phenols in natural waters (Muna et al., 2005), endogenous norepinephrine in sympathetic nervous system of rats (Park et al., 2006), and endogenous norepinephrine from spleen, small intestine, and heart of normotensive rats (Quaiserová-Mocko et al., 2008). Some figures of merit for the aforementioned works can be found in Table 3 (BDD electrodes and HPLC systems).

BDD electrodes were also coupled with CE microchips. The performance of BDD electrodes as end-column amperometric detector of microchip CE systems was first demonstrated by Wang's group (Wang et al., 2003). Good sensitivity, lower noise levels, and sharper peaks were obtained for different groups of analytes (nitroaromatic explosives, organophosphate nerve agents, and phenols) when compared to screen-printed carbon electrode. One of the advantages related by the authors is the reduced surface fouling offered by the BDD electrode (RSD = 0.8%, n = 60) in contrast with the screen-printed carbon electrode (RSD = 10.8%). The limits of detection of 1,3-dinitrobenzene and 2,4-dinitrotoluene were 70 and 110 ppb, respectively. In a subsequent study, the same research group (Wang et al., 2004) performed the separation and detection of five purines and purine-containing compounds (guanine, hypoxanthine, guanosine, xanthine, and uric acid). In this work, fast analyses were possible (6 min) using a low separation voltage (+1,000 V), if compared to conventional CE. Linear coefficients (≥0.998) and acceptable limits of detection (≤2.1 μM) were obtained. The characteristics of the BBD electrode was also explored for the detection of several amino-substituted aromatic compounds (4-aminophenol, 1,2-phenylenediamine, 2-aminonaphthalene, 2-chloroaniline, and o-aminobenzoic acid) using a CE microchip (Shin et al., 2004). In this work, the BDD electrode (2.4%) showed smaller decrease in the detected current as function of time than screen-printed (21.8%) and glassy-carbon (28.3%) electrodes. Wide linear response ranges (2–50 μM) and low limits of detection (<2.0 μM) were obtained for all target compounds. A summary of the use of BDD electrodes coupled to CE systems can be seen in Table 4.



Table 4. Conventional and Microchip CE systems with electrochemical detection using BDD as the working electrode.
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CONCLUDING REMARKS

This review provided an overview on the use of BDD electrodes for electrochemical detection in flow systems (FIA, BIA, HPLC, and CE). The highly favorable properties of BDD electrodes enabled their successful application in electroanalysis for the development of analytical methods with long-term response stability, wide linear dynamic ranges and low limits of detection. The synergistic effect between BDD electrodes and flow systems is especially observed in the detection of analytes that require high positive potentials. If solid electrodes are used, the BDD material presents the best response stability and thus high-throughput methods can be developed. Particular attention should be given to the type of applied electrochemical pretreatment (cathodic and/or anodic) carried out before the analyses, because the electroanalytical performance of the BBD electrode can be highly influenced by this process. Therefore, the ideal protocol to work with BDD electrodes for flow analysis is to design a flow-cell that enables the electrochemical pretreatment step and detection sequentially to facilitate routine applications and on-site measurements.
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Microfluidic devices are widely used for cell analysis, including applications for single-cell analysis, healthcare, environmental monitoring, and organs-on-a-chip that mimic organs in microfluidics. Moreover, to enable high-throughput cell analysis, real-time monitoring, and non-invasive cell assays, electric and electrochemical systems have been incorporated into microfluidic devices. In this mini-review, we summarize recent advances in these systems, with applications from single cells to three-dimensional cultured cells and organs-on-a-chip. First, we summarize microfluidic devices combined with dielectrophoresis, electrophoresis, and electrowetting-on-a-dielectric for cell manipulation. Next, we review electric and electrochemical assays of cells to determine chemical section activity, and oxygen and glucose consumption activity, among other applications. In addition, we discuss recent devices designed for the electric and electrochemical collection of cell components from cells. Finally, we highlight the future directions of research in this field and their application prospects.

Keywords: electric devices, electrochemical devices, microfluidic devices, cell manipulation, cell analysis, organs-on-a-chip


INTRODUCTION

Cell analysis is essential for healthcare and environmental monitoring, and has recently benefited from the organs-on-a-chip technique that can effectively mimic organs and their microfluidics (Bhatia and Ingber, 2014; Rogal et al., 2017). Recently, a wide diversity of microfluidic devices have been adapted for cell analysis, which allows for many samples to be assessed simultaneously and for the construction of functional tissue models. Microfluidic techniques can compartmentalize, monitor, sort, collect, lyse, and culture individual cells and cell aggregates; in addition, cell-derived signals can be amplified. In cell culture, microfluidic platforms can enable cell stimulation and mimic cellular environments. Therefore, the techniques are considered superior to conventional methods such as microscopic imaging, flow cytometry, and cell culture. Although optical approaches are commonly used for evaluating cells, novel electric and electrochemical approaches are also increasingly reported. This mini-review summarizes recent advances in electric and electrochemical microfluidic devices developed for cell analysis with a range of applications, from single cells to three-dimensional (3D) cultured cells and organs-on-a-chip (Figure 1). In the first section, we summarize the microfluidic devices currently available for cell manipulation. In the second section, we discuss the common electric and electrochemical-based cell assays, followed by a description of approaches for collecting cell components. Finally, we provide a summary and discussion of future directions of research and prospects in this field.
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FIGURE 1. General outline of electric and electrochemical microfluidic devices for cell analysis. Reprinted with permission from Yoshimura et al. (2014); Nashimoto et al. (2016); Shin et al. (2016); Wang et al. (2017). Copyright (2014, 2016, and 2017) American Chemical Society. Reprinted with permission from Rival et al. (2014); Moya et al. (2018); Wong and Simmons (2019). Reproduced from Abdelmoez et al. (2018).





MANIPULATION OF CELLS AND DROPLETS CONTAINING CELLS

In some cases, the cells are introduced from an inlet to be trapped and assayed sequentially in a microfluidic chip. In addition, droplets containing cells can be manipulated for cell lysis and polymerase chain reaction (PCR)-based assays. Electric and electrochemical approaches are widely used for all of these applications, including electrophoresis, dielectrophoresis (DEP), and electrowetting-on-dielectric (EWOD).


Electrophoresis

Driven by the negative charges of cell membranes, cells can be moved from a microfluidic channel to an electrode applied at a positive potential. For example, yeast cells were trapped using electrophoresis, and a reporter protein was electrochemically evaluated using the electrode (Yasukawa et al., 2008; Ino et al., 2009). After the evaluation, the cells are pushed to the microfluidic channel. This allowed for sequential assays of the cells using only a single electrochemical sensor.

In particular, Capillary electrophoresis (CE) devices are widely used for cell manipulation (Mellors et al., 2010). In this case, the cells migrate via electro-osmotic flow toward the lysis intersection where the electric field is increased. Ultimately, these cells can be evaluated with several methods, including mass spectrometry (Mellors et al., 2010).

Thus, the manipulation of molecules and particles is based on their charges. The following section describes DEP, which is used for the manipulation of non-charged particles.



DEP

DEP is a specific form of electrophoresis that is used for manipulating biosamples that contain non-charged particles (Pohl, 1951). In general, DEP involves the application of AC voltage, and the cells are pushed toward high or low intensity of electric fields by inducing positive and negative DEP, respectively, depending on the AC frequency. DEP manipulation can be used for assays of single cells (Thomas et al., 2009) to 3D cultured cells (Kanno et al., 2015c). Recently, the DEP technique was combined with a bipolar electrode system, and the cells were manipulated in a microfluidic device via electrode arrays in the absence of ohmic contacts (Anand et al., 2015). In addition, a DEP device has been used for cell paring by trapping single cells sequentially (Sen et al., 2013b; Yoshimura et al., 2014; Wu et al., 2017), and a microfluidic DEP device was applied for separation of mesenchymal stem cells (MSCs) from a cell mixture according to their dielectric properties (Yoshioka et al., 2018) and controlled cell differentiation (Yoshioka et al., 2016). Moreover, enrichment and detection of target cancer cells were performed by combining DEP manipulation and impedance measurements (Ngoc-Viet and Jen, 2018).

DEP devices have also been proposed for high-throughput droplet sorting, and single cells compartmentalized in droplets are monitored using a fluorescence method (Baret et al., 2009) and Raman spectroscopy (Wang et al., 2017).

DEP is widely used for manipulation of cells and droplets in a solution. For manipulating droplets in air, other techniques, such as EWOD, are utilized.



EWOD

The EWOD technique can modulate the surface tension between a liquid droplet and solid substrate through application of voltage to an electrode. In this technique, individual droplets are moved along an array of electrodes. As an application of the technique for cell analysis, droplets containing cells and chemicals were manipulated in a microfluidic device for the isolation of a single cell for subsequent RNA purification and gene expression analysis (Rival et al., 2014). More recently, Sinha et al. developed a droplet-based digital microfluidic platform for gene editing (Sinha et al., 2018). The system enabled all of the necessary steps for gene editing, including cell culture, delivery, and analysis. Specifically, lung cells were cultured on the device for up to 6 days, and gene transfection and knockout procedures were performed.

In this section, we focuses on microfluidic electric and electrochemical devises for manipulating cells and droplets. These devices evaluate cells by collecting cellular components, stimulating cells, and so on. These methods are summarized in the following section.




EVALUATION OF CELLS

Cells in microfluidic devices are mainly measured or observed using optical techniques. For example, cells are immuno-stained in the devices, or the cells and resulting culture medium are collected from the devices, and their components are evaluated with immunostaining, enzyme-linked immunosorbent assay (ELISA), and PCR. However, these traditional techniques are time-consuming, require manual sample collection from the microfluidic system, and necessitate large working volumes. Therefore, there is strong demand for the integration of online sensor capabilities.

Recently, electric and electrochemical systems have been used for evaluating cells in microfluidic devices, and some of these key applications are highlighted below.


Oxygen and Glucose Consumption

Since oxygen is essential for the energy metabolism of cells, it is important to determine the respiratory activity of cells. In general, platinum (Pt) electrodes are used for measuring the amount of dissolved oxygen near the cells, because O2 is reduced to H2O to obtain oxygen reduction currents at the electrodes. Some electrochemical sensors have been developed with gas-permeable membranes, known as Clark-type sensors. Moya et al. reported a liver chip integrated with multiple sensors and a porous, delicate membrane (Moya et al., 2018). The sensor electrodes were inkjet-printed along the microfluidic channel allowing for local online monitoring of oxygen concentrations. In addition to liver cells, single bovine embryos were evaluated using a microfluidic device (Wu et al., 2007). In this study, single embryos were manipulated to the sensing area with a pressure driving force, and the same force was used to collect the embryos from the microfluidic device after measurements.

Along with oxygen, glucose is a major cell energy source; thus, glucose consumption is a key parameter of cell activity. In general, enzymes such as glucose oxidase and glucose dehydrogenase can be modified with electrodes, and the resulting products of the reaction with glucose, such as H2O2 or redox mediators, are measured. Misun et al. reported a droplet array device with enzyme-modified electrodes for body-on-a-chip applications (Misun et al., 2016). This microfluidic platform is based on hanging-drop networks for the cultivation and analysis of 3D cultured cells.

In this section, we summarize the detection of consumption of target analytes. In the next section, we discuss the detection of cell secretion products.



Cell Secretion

Many types of cell secretion products are monitored using electrochemical techniques. For example, a microfluidic chip-based perfusion system was designed to maintain viable and functioning heart tissue samples and to measure reactive oxygen species (ROS) using electrochemical methods (Cheah et al., 2010). Since ROS play a major role in cell interactions, and are related to the development and progression of many diseases, measurements of ROS levels have important clinical applications. H2O2 is a relatively stable metabolite among ROS. Therefore, it is widely utilized as a key marker of immune and inflammation processes in living cells and tissues. Inoue et al. developed an electrochemical-sensing device for the continuous monitoring of H2O2 secreted from human promyelocytic leukemia cells (Inoue et al., 2010). The electrode chip was coated with an osmium polyvinylpyridine gel polymer conjugated to horseradish peroxidase (Os-HRP), which allowed for the selective detection of extracellular H2O2 of the leukocytes. In a more recent study, Prasad et al. integrated a bare Pt electrode and an Os-HRP-modified silver electrode to monitor both the oxygen consumption and H2O2 generation of cells in a single chip, which enabled evaluation of the respiratory burst of immune cells (Prasad et al., 2016).

Lactate ions are the end product of the anaerobic pathway. Therefore, it is important to measure their accumulation in the culture medium to monitor cell metabolic activity. Bavli et al. reported a liver-on-chip device that could maintain human tissue properties for over 1 month in vitro under physiological conditions, and lactate was measured with enzyme-modified electrodes (Bavli et al., 2016).

Shin et al. reported a microfluidic aptamer-based electrochemical sensor for monitoring damage to cardiac organoids (Shin et al., 2016, 2017). They integrated a microfluidic bioreactor and an electrochemical biosensor in a single platform, which enabled the in situ detection of creatine kinase (CK)-MB as a biomarker secreted from a damaged cardiac spheroid. Electrochemical impedance spectroscopy (EIS) was adopted to the sensor system comprising a microelectrode functionalized with CK-MB-specific aptamers.

Exosomes are small (50–150 nm in diameter) vesicles secreted from various cells, and are recognized as important mediators of intracellular communication or transporters of pathogenic proteins. Moreover, exosomes have recently attracted attention as candidate biomarkers of various diseases such as cancers and metabolic disorders. Exosomes have been monitored using aptamer-based electrochemical sensors (Zhou et al., 2016). Since redox mediator-labeled probes are removed from the capture DNAs when capturing exosomes, the redox currents are decreased. In this study, exosomes were introduced from the inlets of the devices. In the future, exosomes from cells on chips will also be evaluated.

Microcapillary electrophoresis (microCE) is another approach used to analyze exosomes and extracellular vesicles. Akagi et al. developed a microCE chip and applied it to an on-chip immunoelectrophoresis assay for extracellular vesicles (EVs) of human breast cancer cells (Akagi et al., 2015). Since EVs from living bodies are heterogeneous in size, individual EVs could not be characterized by conventional methods. The microCE chip characterizes EVs according to variations in their zeta potential, which is expected to become a robust system for the sensitive profiling of EVs.

Thus, for detection of some of targets, it is important to modify electrodes. Enzymes, such as glucose oxidase, HRP, and lactate dehydrogenase are widely used to transfer electrons from target analyte to redox mediators or electrodes. In addition, several types of aptamers and antigens are modified at electrodes to capture target analytes, and the capture is electrochemically detected. These modifications are summarized in Table 1.



Table 1. Overview of electric and electrochemical microfluidic devices for cell analysis.
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In the first half of this section, we summarize the detection of consumption and secretion of analytes. In contrast, it is important to measure cell shape and morphology for cell evaluation. In the second half, we discuss their detection.



Cell Monolayer Integrity

Trans-epithelial electrical resistance (TEER) is a widely used parameter for evaluating in vitro barrier tissue integrity (Elbrecht et al., 2016). TEER measurements are performed by applying an AC voltage at electrodes set on both sides of a cell monolayer, and the voltage and current are measured to calculate the electrical resistance of the barrier. Takayama's group evaluated epithelial and endothelial barriers in a microfluidic chip using TEER measurements (Douville et al., 2010). In addition, a blood–brain barrier (BBB) model was evaluated with this approach (Wang et al., 2016). Ingber's group also described a microfluidic device containing electrodes for assessing lung chips (Henry et al., 2017). In addition to enabling the real-time, non-invasive monitoring of barrier functions, multi-electrode arrays (MEAs) were combined with TEER measurements for heart-on-a-chip (Maoz et al., 2017).

Similar to TEER measurements, an electrochemical permeability assay was reported for evaluating cell monolayer permeability (Wong and Simmons, 2019). In this case, the ubiquitous fluorescent tracer was replaced with an electroactive tracer, and the barrier function of endothelial cells was assessed by monitoring the diffusion of the electroactive tracer across a cell monolayer.



Cell Size, Shape, and Morphology

Impedance detection has also been applied for evaluating the allergic response in a microfluidic device. RBL-2H3 mast cells and ANA-1 macrophages were co-cultured and their allergic response to a stimulus was observed (Jiang et al., 2016). Moreover, Schmid et al. combined EIS with a microfluidic hanging-drop platform for monitoring spheroid sizes and contractions of human cardiac spheroids (Schmid et al., 2016).

Ion currents via nano- or micropores are measured for the electrical discrimination of various biomolecules, cells, bacteria, and viruses. Yasaki et al. reported a rational methodology that can detect samples within a particle volume of 0.01% of the pore volume by measuring the transient current generated in a microfluidic bridge circuit (Yasaki et al., 2017). The device was subsequently applied for the size detection of bacterial cells (Yasaki et al., 2018).

Thus, we discuss cell evaluation techniques in this section. In contrast, it is important to obtain intracellular information. In the following section, we summarize the techniques used for collection of subcellular cytoplasm.




COLLECTION OF SUBCELLULAR CYTOPLASM

We previously reviewed the progress in intracellular electrochemical sensing techniques (Ino et al., 2018b). Here, we focus on two main types of electric and electrochemical microfluidic devices for lysing cells and collecting components of cells by applying pulse voltage.


Probe-Type Microfluidic Devices

A probe-type microfluidic device with a Pt-ring electrode at its tip was used to collect the cytosol of a single adherent cell on an ITO electrode, and cellular mRNA was analyzed at the single-cell level (Nashimoto et al., 2007). The bias was applied between the Pt and ITO electrodes. To collect the mRNA of single cells in 3D cultured cells, a double-barrel carbon probe was developed (Ito et al., 2016). The device was used to measure local gene expression levels during sprouting angiogenesis in embryonic stem cell-derived embryoid bodies.

Laforge et al. reported an electrochemical syringe containing organic and liquid solutions for manipulating aL–fL-scale volumes (Laforge et al., 2007). The interface between the organic and liquid solution in a pipet was moved by applying a potential. Previously, we combined a syringe with scanning ion conductance microscopy (SICM) for measuring cellular morphology and collecting the cytosol from living cells (Nashimoto et al., 2016).



Chip-Based Devices

Shintaku's group reported a microfluidic device containing a hydrodynamic trap for electrical lysis (Subramanian Parimalam et al., 2018). All on-chip processes were completed in <5 min. In addition, a microfluidic system was designed to physically separate nuclear and cytoplasmic RNAs from a single cell, allowing for separate analyses of these RNAs (Abdelmoez et al., 2018).

Since electrical techniques can provide precise control of applied potentials, they enable the collection of subcellular cytoplasm at a single cell level. By combining these techniques with microfluidic devices, the throughput of the collection will be improved.




CONCLUSION AND PROSPECTS

In this mini-review, we have presented an overview of recent research progress in electric and electrochemical microfluidic devices for cell analysis. These applications and devices are summarized in Table 1.

In typical microfluidic devices, only a few electrodes or electrochemical sensors are incorporated. However, the future goal of microfluidic device design is to provide multiplex assays and electrochemical imaging of cell activity. Electrochemical imaging enables chemical mapping using electrode arrays. For these purposes, it is important to incorporate several individual and addressable electrodes. Although numerous reports have described such devices in which the electrodes are simply arranged, with useful applications in cell analysis, including neurons (Kasai et al., 2005), the areas of the leading electrodes and connector pads are large, which limits the density and number of electrodes that can be incorporated. Recently, several kinds of integrated electrode arrays have been developed to overcome this limitation (Ino et al., 2012, 2014; Kätelhön et al., 2014; Kanno et al., 2015c; Zhang et al., 2017). These systems can provide electrochemical images consisting of 2D current values. Compared to assays using a single electrode, spatial information can be obtained and/or multiplex sensing can be performed with an integrated system.

Moreover, in the future, electrode array devices will be combined with microfluidic systems. In particular, large-scale integration (LSI) technology will be used for incorporating many addressable electrodes into microfluidic devices. Indeed, LSI devices have already been used for electrochemical imaging (Inoue et al., 2012, 2015; Sen et al., 2013a, 2014; Abe et al., 2015, 2016; Kanno et al., 2015a,b, 2016, 2017; Ino et al., 2017, 2018b,c,d, 2019a,b). Since signal amplifiers and switching elements are incorporated into the sensing area, highly sensitive sensors can be incorporated with high density. In addition, measurement modes such as amperometry and potentiometry can be selected separately for each sensor, allowing for multiplex analytes to be simultaneously measured. Further, electrochemical imaging in microfluidic devices will be combined with optical imaging analysis using mathematical approaches (Kato et al., 2016; Nagasaka et al., 2017) to improve their analytical features.

Since electrodes are inevitably fouled during the measurement, long-term assays remain a challenge of this technology. For example, measurement of oxygen consumption using non-modified electrodes can only be continuously performed for 2 days. For long-term monitoring, the electrodes should be modified with certain materials, or the electrodes will need to be changed every 2 days. For this purpose, the attachment and connectors should be improved. In addition, enzymes might be unsuitable for long-term measurement because their activity gradually decreases. To solve these problems, non-enzyme electrochemical sensors using metal nanoparticles and porous surfaces have been reported (Niu et al., 2013). The sensors are expected to be widely used for cell analysis in microfluidic devices.

For multiplex assays, individual sensors should be modified with different materials such as glucose oxidase and HRP. For this purpose, electrodeposition is a useful technique for addressable and individual electrode arrays. Since electrodeposition is also applied for hydrogel formation (Ozawa et al., 2013a,b, 2016, 2017; Ino et al., 2018a,d; Taira et al., 2018, 2019; Li et al., 2019), biomaterials including cells are easily patterned only on the target electrodes.

In general device fabrication, photolithography, and metal-sputtering techniques are typically used. In contrast, it is expected that printing techniques will become more widely used in future applications, including inkjet printing (Bachmann et al., 2017) and printed organic transistor-based enzyme sensors (Mano et al., 2018). Lind et al. reported cardiac physiological devices designed via multilateral 3D printing (Lind et al., 2017). Curto et al. reported an organic transistor platform with integrated microfluidics for in-line multi-parametric in vitro cell monitoring (Curto et al., 2017). Moreover, printed carbon electrodes have been reported (Shitanda et al., 2018) for reducing the sensor cost. Although the majority of probe and chip devices are currently made from glass, silicon, and plastic materials, paper devices (Yang et al., 2017; Akyazi et al., 2018; Jin et al., 2018) are also widely used for low-cost assays. In the future, paper-based devices are expected to be more commonly used for on-chip cell analysis.

Nanodevices are also increasingly used for cell analysis in microfluidic chips. For example, nanopores were used for measuring oligonucleotides and microvesicles via detection of ion currents when passing through the pores (Anderson et al., 2015; Kawano, 2018). For highly sensitive and selective assays, a redox cycling system was used in nanofluidic and nanocavity devices including two sets of electrodes in close proximity to one another (Lemay et al., 2013; Kätelhön et al., 2014; Kanno et al., 2015c). A redox species generated at one electrode diffuses to the other electrode, which generates an electrochemical reaction to regenerates the original species, resulting in signal amplification. In addition to these nanosystems, a pyrolyzed carbon mesh was integrated into a microchannel for a good redox cycling efficiency (Lee et al., 2018). These systems are expected to be incorporated into microfluidic devices for improved cell analysis.

In this review, we described the electric and electrochemical devices for heart-on-a-chip, liver-on-a-chip, carcinoma microtissue models, and so on. Since lung-on-chip (Huh et al., 2010) and gut-on-a-chip (Kim et al., 2012) devices have attracted considerable attention, electric and electrochemical systems will be incorporated into these organ-on-a-chip devices.

In this review, we discuss the cell manipulation for cell analysis in microfluidic devices. In future, these techniques will also be used for fabrication of functional tissue models. Some studies have reported the fabrication of tissue models for manipulating cells and scaffold materials using DEP (Ramón-Azcón et al., 2012, 2013); these approaches will be combined with microfluidic techniques.

We believe, the presented electric and electrochemical techniques have high expectations to broaden the possibilities of microfluidic devices and cell analysis.
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Ydj1, a class B J-protein (Hsp40) in yeast, has two zinc finger domains in each monomer and belongs to an important co-chaperone family that plays crucial roles in cells, such as recognizing and binding partially folded proteins and assisting the Hsp70 chaperone family in protein folding. Yeast cells with ydj1 deletion were less efficient at coping with zinc stress than wild-type cells, and site-directed mutagenesis studies that impair or delete the zinc finger region have confirmed the importance of this region to the function of Ydj1; however, little is known about whether the presence of zinc is critical for the function of the protein. To gain insights into the effect of zinc on the structure and function of Ydj1 without having to modify its primary structure, a method was developed and optimized to quantify and remove the zinc from the protein. Recombinant Ydj1 was produced and purified, and its zinc content was determined by ICP-MS. The result showed that two zinc atoms were bound per monomer of protein, a good indicator that all sites were saturated. To optimize the removal of the bound zinc, variations on chelating agent (EDTA, EGTA, 1,10-phenanthroline), chelator concentration, reaction time, pH, and temperature were tested. These procedures had no effect on the overall secondary structure of the protein, since no significant changes in the circular dichroism spectrum were observed. The most significant removal (91 ± 2%, n = 3) of zinc was achieved using 1,10-phenanthroline (1 × 10−3 mol L−1) at 37°C with a pH 8.5 for 24 h. Zinc removal affected the stability of the protein, as observed by a thermal-induced unfolding assay showing that the temperature at the middle of the transition (Tm) decreased from 63 ± 1°C to 60 ± 1°C after Zn extraction. In addition, the effect on the ability of Ydj1 to protect a model protein (luciferase) against aggregation was completely abolished after the Zn removal procedure. The main conclusion is that zinc plays an important role in the stability and activity of Ydj1. Additionally, the results highlight the medical importance of chaperones, as altered zinc homeostasis is implicated in many diseases, such as neurodegenerative disorders.

Keywords: ICP-MS, zinc, Hsp40, protein folding and stability, protein structure/function relationship, homeostasis


INTRODUCTION

There is mounting evidence that the homeostasis of metals has an important medicinal role, since the disturbance of this equilibrium appears to be related to the occurrence of severe diseases and to aging (Larbi et al., 2006; Susuki et al., 2008; Montes et al., 2014). The dietary supplementation of zinc, and to a lesser extent copper, seem to alleviate the symptoms of neurodegenerative diseases and dementia (Kawahara et al., 2014; Tsunemi and Krainc, 2014; Tanaka and Kawahara, 2017). Curiously, there is also mounting evidence that molecular chaperones and heat shock proteins (Hsps) participate in metal homeostasis, since their expression increases when metals are added to the cellular environment (Larbi et al., 2006; Pirev et al., 2009; Tiffany-castiglioni and Qian, 2012;Singla and Dhawan, 2016).

Molecular chaperones and Hsps are expressed to cope with protein aggregation, a phenomenon that results from the crowded environment inside the cell (Wong and Houry, 2004; Tiroli-Cepeda and Ramos, 2011; Lindberg et al., 2015). Therefore, these proteins help to maintain homeostasis during regular and stressful situations and may be divided into foldases (Hsp70 and Hsp90, for instance) and holders, which bind partially unfolded proteins to protect against aggregation (e.g., Hsp40s and small Hsps). One important protein from the Hsp40/J-protein family (Cyr and Ramos, 2015; Kampinga et al., 2018) is Ydj1, which is a cytosolic protein from yeast. Ydj1 contains a conserved zinc finger-like region (named ZFLR, residues 143-209) that has two zinc-binding domains (named ZBDI and ZBDII) (Figure 1) formed by four repeats of the Cys-X-X-Cys-X-Gly-X-Gly motif (Li et al., 2003; Fan et al., 2005), which is characteristic of class A Hsp40/J-proteins (Bardwell et al., 1986; Martinez-Yamout et al., 2000). Cys-201 and Cys143 in ZBDI and Cys162 and Cys185 in ZBDII (Figure 1) participate in the tetrahedral coordination of zinc (Fan et al., 2003).
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FIGURE 1. Ydj1 structure. (A) Primary structure. Amino acid sequence of Ydj1 (UniProtKB - P25491) from Saccharomyces cerevisiae. (B) Tertiary structure. Crystal structure of the Ydj1 monomer (residues 110-337; PDB 1NLT). The Cys residues in each Zn binding domain (ZBD) are shown in a space-filling model: Cys143 (blue) and Cys-201 (cyan) in ZBDI and Cys162 (green) and Cys185 (red) in ZBDII [the same colors are also used in (A)]. Pink, alpha-helix; yellow, strand.



Studies aimed at understanding the influence of zinc in the function of class B J-proteins, such as Ydj1, have used site-directed mutagenesis to disrupt one or more zinc binding sites (e.g., Linke et al., 2003; Fan et al., 2005). Although a large amount of knowledge was obtained from these works, we wondered whether it was possible to develop a method that allowed for efficient zinc extraction without perturbing the wild-type sequence of Ydj1. This method is described here, and its effects on the structure and function of Ydj1 are discussed. The method proved to be very efficient, and we are confident that it can be put to good use by researchers investigating other proteins that bind zinc.



MATERIALS AND METHODS


Reagents, Standards, and Protein

Sub-boiled nitric acid (HNO3, 69% w/v, Merck) was prepared by sub-boiling distillation in quartz stills. Hydrogen peroxide (H2O2) and luciferase (client protein) were purchased from Sigma Aldrich. Certified reference material from the Institute for Reference Materials and Measurements (IRMM-3702) was used to evaluate method performance. Ultra-pure water with >18 MΩ, resistivity, obtained using a Milli-Q high purity water system (Millipore, USA), was used for dilution of standards, preparing samples and final rinsing of the acid-cleaned vessels. All containers were decontaminated in HNO3 10% (v/v) prior to use. A stock standard solution of Zn was prepared by dissolving metal in sub-boiled acids. The working standard was prepared at different concentrations by diluting the stock solution to 1 mg L−1. Polypropylene 50-mL centrifuge tubes were used for sonication experiments. Recombinant Ydj1 was produced as previously described (Silva et al., 2011).



Zinc Tolerance Assay Using S. cerevisiae

The following yeast strains were used in this study: BY4741 (MATa his3Δ1 leu2Δ0 met15Δ0 ura3Δ0) and an isogenic ydj1 knockout (Δydj1) that was kindly provided by Dr. Claudio Akio Masuda (Federal University of Rio de Janeiro—UFRJ). The yeast strains were grown using liquid or solid YPD (yeast peptone dextrose) for maintenance and were transformed by the LiAc/PEG method (Elble, 1992) with an empty vector (SM640, low copy, URA3 marker, and GAL promoter). The zinc tolerance assay was performed using the transformed yeasts, selected by growth in synthetic complete solid media lacking uracil (SC-U), in the absence and presence of increasing concentrations of ZnSO4 (0.5–5.0 mmol L−1). Overnight cultures were centrifuged, and the pellets were resuspended into 40 mL of SG-U liquid to make a starter culture (A600nm = 0.10). The cells were grown to 0.6–0.8 at 30°C under constant agitation. After the desired growth was reached, serial dilutions (10-fold each) were made in triplicate using a 96-well-plate, and 2.5 μL from each dilution was spotted onto SG-U plates in the absence and presence of increasing concentrations of ZnSO4 (0.5–5.0 mmol L−1). Plates were incubated at 30°C for a period of 72 h and colonies were manually counted to determine growth restriction.



Protein Purification

Ydj1 was expressed in Escherichia coli BL21(DE3)pLys by induction with 0.4 mmol L−1 isopropyl thio-b-D-galactoside (IPTG). The cells were lysed in 50 mmol L−1 Tris-HCl (pH 8.0), 500 mmol L−1 KCl and 1 mmol L−1 EDTA buffer (15 mL per L of LB) and centrifuged 60 min at 26,000 × g. The protein was purified using two chromatographic steps as previously described (Silva et al., 2011) with few modifications. Briefly, Ydj1 was subjected to anionic chromatography on a Macro-Prep(R) High Q Support Resin (BioRad) using an ÄKTA FPLC instrument (Pharmacia Biotech) equilibrated with 20 mmol L−1 phosphate (pH 7.5) and eluted by a NaCl gradient (final concentration was 500 mM). Further purification was performed by size exclusion chromatography using a Superdex 200 pg column on an ÄKTA FPLC (Pharmacia Biotech) previously equilibrated with 25 mmol L−1 Tris-HCl buffer (pH 7.5) and 500 mmol L−1 NaCl (unless otherwise stated, all experiments were conducted using this buffer). The efficacy of the purification was checked by 12% (v/v) SDS-PAGE.



Circular Dichroism Analysis

Circular dichroism (CD) experiments were measured in a Jasco J-810 spectropolarimeter coupled to a Peltier-type System PFD 425S for temperature control. Spectra were collected at 4°C from 200 to 260 nm at a scan rate of 20 nm min−1 with a spectral bandwidth of 1 nm. Starting protein concentration was 20 μmol L−1 using a cell with a 0.2-mm path length. Each spectrum was the average of at least eight scans, which corrected against a buffer blank. Thermal stability was monitored at 222 nm by heating in increments of 1°C min−1 in a cell with a 0.2-mm path length and a spectral bandwidth of 1 nm. Each curve was the average of at least three independent experiments.



Zinc Extraction Procedure

Experiments with zinc were conducted in batch, and extraction experiments were tested with different chelating agents (1,10-phenantroline, EDTA and EGTA) at various concentrations (1.10−3-1.10−2 mmol L−1), pH levels (7.5–9), incubation temperatures (4–37°C) and extraction times (1–48 h). A protein concentration of ~2 μmol L−1 was used for each extraction. All pH adjustments were performed using a NaOH solution. All experiments were conducted in triplicate, and the protein conditions were monitored by CD. At the end of the designated incubation period, the slurries were washed and concentrated using a Centricon tube, filtered through a 0.2-μm Whatman membrane filter. Filtrates were then decomposed and analyzed using inductively coupled plasma-mass spectrometry (ICP-MS). Figure 2 presents a general scheme of Ydj1 expression and purification, as well the Zn removal procedure using optimal conditions (see the Results and Discussion sections for details).
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FIGURE 2. Schematic flow of this work. General schematic of the expression and purification of Ydj1, as well as the zinc removal procedure. First, cell culturing was performed to express Ydj1. Then, Ydj1 was isolated free of contaminants using liquid chromatography. Then, an optimization methodology was performed to remove Zn from Ydj1. ICP-MS was used for Zn quantification analysis and to evaluate the efficiency of Zn removal.





Sample Preparation

Samples were decomposed using a sonicator ultrasonic processor Qsonica® (Newtown, USA), consisting of a cup-horn shaped sonotrode, which can accommodate up to eight Eppendorf vials, for ultrasound-assisted decomposition. First, ~250 μL of Ydj1 solution (final concentration 7 μM) was transferred to Lobind microtubes containing the extracting solution composed of 250 μL HNO3 (40% v/v) + H2O2 (30% v/v). Then, the mixture (sample + extracting solution) was sonicated at room temperature for 8 min with a power of 210 W. After sonication, the liquid supernatant was separated from the solid phase by centrifugation for ~10 min at 10,000 × g. The supernatant was then transferred to a clean and bulged Falcon tube, and 1.5 mL was analyzed by ICP-MS. Blank solutions were prepared in the same way as the test samples and were measured for each extraction series. The measurements were performed in triplicate for each extraction procedure, using an external calibration method. Therefore, the metal content in each sample was based on the calibration curve obtained from the standards. Finally, the extraction efficiency of Zn after ultrasonic extraction was calculated using the following equation:
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Determination of Zinc by ICP-MS

Zn quantification was performed using an inductively coupled plasma mass spectrometer (ICP-MS) from Shimadzu (model 2030) equipped with an octapole analyzer, mini-torch and a concentric nebulizer. The nebulization process was carried out at a constant temperature (5°C) and the separation of the ions in the analyzer was performed using a collision cell filled with helium gas (He). The voltage settings of the ion lens as well as other parameters of the instrument were checked daily with solution containing beryllium (Be, 10 μg L−1), indium, bismuth, cerium (In, Bi, Ce, 2 μg L−1), cobalt and manganese (Co and Mn, 5 μg L−1). The nebulizer gas, auxiliary gas, plasma gas (mini-torch), and cell gas flows were 0.7, 1.1, 8.0, and 6.0 L min−1, respectively. Lens voltage was −21 V and the energy filter was 7.0 V. Analytical curves covered Zn concentrations from 5 to 100 μg L−1.



Isothermal Titration Calorimetry

Isothermal titration calorimetric (ITC) experiments were carried out on a MicroCal VP-ITC unit (MicroCal, Inc., Northampton, MA) at 25°C. Solutions of titrants and titrates were made from the same buffer [25 mmol L−1 Tris-HCl buffer (pH 7.5) and 500 mmol L−1 NaCl] and thoroughly degassed prior to use. Each ITC experiment consisted of 3 μl injections of either 2, 3, or 4 mM ZnCl2 to 30 μM Ydj1 (monomer concentration) with an interval of 300 s between injections. The data were analyzed by Microcal Origin software using the one-set-of-sites model to calculate the apparent enthalpy change (ΔHapp), which is measured directly, stoichiometry (n), apparent association constant (KAapp), and apparent entropy change (ΔSapp). The heat of the ligand dilution was determined from its titration into the buffer solution and from the end of titration curve into the protein receptor and subtracted of the data.



Chaperone Activity

Chaperone activity was studied by measuring the ability of Ydj1 to prevent the aggregation of luciferase (a client protein) as previously described (Borges et al., 2005; Tiroli and Ramos, 2007) with little modification. Briefly, a 5-μL aliquot of luciferase (10 mg mL−1, Sigma Aldrich) was diluted 100-fold into buffer (25 mM Tris-HCl, pH 7.5, 500 mM NaCl) to a final concentration of 3 μM. Then, luciferase (3 μM) was incubated at 37°C for 60 min in the absence and presence of Ydj1 before and after the Zn removal procedure. Aggregation was assayed by measuring light scattering (turbidity) at 320 nm using a fluorescence spectrophotometer (Varian Cary Eclipse), and the total aggregation of luciferase was set as standard (100%). The percent protection was obtained using the following equation:
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where Δe is the light scattering measurement for luciferase alone after 60 min, and Δech is each of the other measurements at the same point.



Statistical Analysis

All the values were represented as the means and relative standard deviation after analyses in triplicate. ANOVA software (Xia and Wishart, 2016) was used to analyze the significant differences between the groups. The p < 0.05 were considered statistically significant.




RESULTS AND DISCUSSION


Ydj1 Helps Yeast Cells Tolerate Increasing Concentrations of Zinc

Exposure to increasing concentrations of metals is related to an increase in stress and toxicity in cells (Valko et al., 2005). One of the several strategies that cells use to deal with stress is the expression of a family of proteins known as chaperones and Hsps (Tiroli-Cepeda and Ramos, 2011). One of these proteins, which belongs to the class A J-domain proteins in yeast, is named Ydj1 (Fan et al., 2005). Figure S1 shows that the growth of wild-type yeast cells was not perturbed by the presence of up to 2 mmol L−1 Zn; however, 5 mmol L−1 Zn decreased cell survival by approximately one-fourth. This effect was even worse in yeast cells with a deleted ydj1 gene, as even 0.5 mmol L−1 of Zn caused inhibition, which seemed to be enhanced when 5 mmol L−1 of Zn was added (Figure S1).

To gain further insight into the effect that Zn has on Ydj1, a recombinant protein was produced and a new and efficient methodology to extract the bound Zn was developed. Figure 3 shows the resultant chromatogram (Figure 3A) and SDS-PAGE gel (Figure 3B) obtained after the purification step. From Figure 3B, it was determined that the protein had a significant purity from ~95% as calculated by ImageJ software (https://imagej.nih.gov/ij/?).
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FIGURE 3. Production and purification of folded Ydj1. (A) Chromatogram of the last purification step. Peaks were labeled 1 to 3 and verified by SDS-PAGE (B). Sample from peak 2 contained purified Ydj1. Molecular mass standard is on the left. (C) Folded Ydj1 was produced, as verified by its far-UV CD spectrum (red). Ydj1 remained folded after the Zn removal procedure (see text for details), as verified by its far-UV CD spectrum (black).





Ydj1 Was Purified Folded and With 2 mol of Zn Per Monomer

Ydj1 was produced folded as shown by its far-UV CD spectrum profile (red in Figure 3C). The CD spectrum showed a clear minimum at ~208 nm, characteristic of proteins with alpha-helical domains, as is the case of the J-domain in Hsp40 proteins (Fan et al., 2003). The spectrum also had a significant signal between 210 and 220 nm, characteristic of proteins with beta-sheet rich domains, as is the case of the C-terminal domain in Hsp40 proteins (Figure 1; Li et al., 2003). The analysis of the CD spectrum profile indicated a well-folded protein that was very similar to those of other homologs from the Hsp40 family (Ramos et al., 2008; Couturier et al., 2010; Silva et al., 2011).

To evaluate the possible influence of Zn on the structure and functional activity of the Ydj1, it was necessary to determine the concentration of Zn in this co-chaperone. Therefore, ~7 μmol L−1 of protein was decomposed and analyzed by ICP-MS, showing a total concentration of ~937 ± 10 μg kg−1 (n = 3) and resulting in a molar ratio of 1 mol of protein per 2 mols of Zn. These results are in good agreement with the fact that each Ydj1 polypeptide has two zinc-binding domains (ZBDI and ZBDII) (Figure 1) formed by four repeats of the Cys-X-X-Cys-X-Gly-X-Gly motif, which is characteristic of class A J-proteins (Bardwell et al., 1986; Martinez-Yamout et al., 2000). Therefore, one can conclude that the Ydj1 produced in this work binds Zn and that the purification procedure results in a protein in which both ZBDI and ZBDII coordinate one Zn ion each.



Optimization of the Zinc-Extraction Procedure
 
Influence of Chelating Agent and pH

The extraction of Zn from zinc binding proteins is a powerful strategy for investigation of the effect of Zn on the structure and function of these proteins. Such a strategy is preferred over site-directed mutagenesis, which may cause other unexpected effects such as conformational and stability changes. Therefore, this work aims to develop an optimized method to extract the Zn and to test this method by investigating the effect of Zn removal on the structure and function of a zinc binding protein, Ydj1.

Initially, three different chelating agents were evaluated, (i) 1,10-phenantroline; (ii) EDTA, and (iii) EGTA, at three different pH levels (7.5, 8.5, and 9.0). The chelating agents were chosen considering their formation constants and the number of binding sites present in each, which strongly depends on pH. Additionally, the range of pH tested considered the maintenance of protein stability. Thus, a final concentration of 1 mmol L−1 of each chelating agent was incubated with 2 μmol L−1 of Ydj1 solubilized in 500 μL of elution solution (containing 25 mmol L−1 Tris-HCl + 500 mmol L−1) at three different pH levels (7.5, 8.5, and 9.0) over 48 h. The results, after ICP-MS analysis, are shown in Figure 4. For all chelating agents, the use of pH 8.5 and pH 9.0 were more effective than pH 7.5 in the removal of Zn ions (Figure 4A). The best results for Zn removal were at pH 9.0: the use of EGTA removed 49 ± 1% (n = 3), the use of EDTA removed 51 ± 1% (n = 3) and the use of 1,10 phenantroline removed 60 ± 2% (n = 3) (Figure 4A). These results indicate that pH contributes significantly to the Zn removal procedure, especially when the reaction involves EDTA and EGTA. This is a reasonable observation because, in a basic environment, there is deprotonation of the chelating agents, thus resulting in a more efficient removal of Zn (Lim et al., 2005). The strongest removal was observed when 1,10-phenantroline was used, as expected when its higher ability to form chelate with the metal ions was considered (Pessôa et al., 2011, 2013). Therefore, as the best results were obtained using 1,10-phenanthroline and as there was no significant difference between the results obtained using pH 8.5 and 9.0, 1,10-phenanthroline and pH 8.5 were chosen to optimize the following Zn removal strategies (see below).
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FIGURE 4. Determination of the optimum conditions for Zn removal. To determine the best experimental parameters for the removal of bound Zn, several conditions were tested. Statistical analyses were performed using ANOVA and considered significant for *p > 0.05 and **p < 0.05. (A) Chelating agent and pH. (B) Reaction time. (C) Chelating agent concentration. (D) Temperature. (E) ICP-MS spectra of purified Ydj1 before (blue) and after (red) the use of the best conditions for Zn removal (see text for details). Blank control (black).



Influence of Reaction Time

From the results discussed above, further development of the methodology for Zn removal used 1.0 mmol L−1 1,10-phenantroline and pH 8.5. In the next step, the experiments were performed at 4°C to investigate the effect of reaction time on Zn removal (Figure 4B). The results indicated an increase on the extraction efficiency of Zn as reaction time increased from 1 to 48 h. This fact is clearly visible when comparing the result obtained at 1 h with that obtained at 3 h, in which the removal percentage increased from 25 ± 2% to 43 ± 1% (n = 3) (Figure 4B). However, between 24 and 48 h, the extraction did not change significantly, as Zn removal increased from 53 ± 2% to 55 ± 1% (n = 3). Thus, the reaction time of 24 h was chosen as the best for the aims established for this work. Although no change was observed in the CD spectrum profile of Ydj1, it is wiser, due to their perishable nature, to use a protein incubation period of 24 h rather than 48 h as the longer time added no significant benefit to the results.

Influence of Chelating Agent Concentration

For the next step of investigation, the optimized results obtained (pH 8.5, incubation time of 24 h and temperature at 4°C) were kept constant to investigate the effect of the concentration of chelating agent on Zn removal. Concentrations of 1, 5, and 10 mmol L−1 were tested but the smallest one was already satisfactory as there was no improvement in removal between the conditions tested (Figure 4C). This result supports the high affinity that Zn has for at least one of the ZBDs of the protein (see further discussion below). Thus, the chelating agent concentration of 1 mmol L−1 was used for the next experiments.

Influence of Temperature

Finally, the effect of temperature on the extraction of Zn was also investigated. Once again, the optimized results (1.0 mmol L−1 1,10-phenantroline, pH 8.5, and incubation time of 24 h) were kept constant. Temperatures tested were 4, 20, and 37°C (Figure 4D). This parameter was shown to be critical for optimization of the extraction process as Zn removal efficiencies increased as temperature increased from 4 to 37°C: the extraction at 4°C had a removal efficiency of 57 ± 2% (n = 3), and at 37°C the removal efficiency was 91 ± 2% (n = 3) (Figure 4D). That temperature is an important factor in the removal of metal can be explained in terms of a decrease in the force of binding between the metal and protein caused by the energy generated by heating, thus increasing the competition of chelating agents for the metal. Based on this observation, the temperature of 37°C was fixed as the optimum temperature for Zn extraction. Therefore, the optimized conditions were as follows: 1.0 mmol L−1 1,10-phenantroline, pH 8.5, incubation time of 24 h and temperature at 37°C. The structure and function of Ydj1 were further investigated treated using these conditions (see below).

Evaluation of Performance of the Method

The experimental conditions tested and the optimum outcomes obtained by the studies described in this work are shown in Table 1. As described above, the incubation of Ydj1 with 1,10-phenanthroline (1.0 mmol L−1) for 24 h at a pH of 8.5 and a temperature of 37°C resulted in the most significant Zn removal (91 ± 2%, n = 3), representing a final concentration of 23 ± 2 μg L−1 (n = 3) (initial = 260 ± 1 μg L−1 (n = 3). As a final confirmation, the ICP-MS spectrum of purified Ydj1 (blue) was compared with that of Ydj1 after (red) the use of the optimized methodology developed in this study (Figure 2E), confirming a significant removal of Zn. Quantification of the Zn remaining in Ydj1 after the procedure, performed using an external calibration curve, indicated a stoichiometry of <0.2 mol of Zn per mol of a monomer of Ydj1. Detection (LOD) and quantification (LOQ) limits were 0.03 and 0.10 μg L−1, respectively. The method proposed was linear over the range tested (5–100 μg L−1 with r2 = 0.9998), and the relative standard deviation was <4% (n = 3). The accuracy of the method proposed was checked by the analyses of a certified reference material (IRMM-3702). The results were in good agreement with the certified values.



Table 1. Experimental conditions for the extraction of zinc from Ydj1.
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On the Structure and Function of Ydj1 After the Zn-Extraction Procedure

Once the procedure to remove Zn from Ydj1 was optimized, we initiated an investigation of the effects of the extraction on the structure and function of the protein. First, we investigated the effect on the structure of the protein by measuring the far-UV CD spectrum and compared it to that of the protein before the removal procedure (Figure 3C). As discussed above, Ydj1 was produced in a folded conformation (Figure 3C, red spectrum) and remained folded after the Zn removal procedure (Figure 3C, black spectrum). Since the spectra were indistinguishable, one can conclude that Zn removal has no effect on structure. However, modifications that do not affect the structure but do affect stability cannot be discarded. Therefore, we investigated the thermal stability of the protein by heating it up to 90°C and followed the results with measurement of the CD signal at 222 nm (Figure 5A). Purified Ydj1 was stable up to 55°C and unfolded via a transition in which Tm, the temperature at the midpoint, was 60 ± 1°C (n = 3). After the Zn removal procedure, Ydj1 showed a similar heat-induced profile but with a Tm equal to 63 ± 1°C (n = 3). However, the CD signal after the transition was higher in the sample before Zn removal than after, probably due to aggregation. The heat-induced unfolding results indicated that the removal of Zn had negligible effects on the stability of Ydj1.
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FIGURE 5. The effect of Zn removal on the stability and chaperone function of Ydj1. (A) Heat-induced unfolding was measured by heating Ydj1 before (red squares) and after (black circles) the Zn removal procedure; the samples were heated from 20 to 90°C, and the CD signal was measured at 222 nm. Data were fitted using Origin. (B) Chaperone activity. Luciferase aggregation at 37 °C was monitored by light scattering (turbidity) (black square). Ydj1 alone, either before (red inverted triangle) or after (green inverted triangle) the Zn removal process remains folded during the process. Ydj1 before (blue triangle) the Zn removal process protected luciferase against aggregation but did not after (pink inverted triangle) the Zn removal process. (C) Bar chart summarizing the protection efficiency of Ydj1 before and after Zn removal, using luciferase as the client protein, against aggregation during heat at 37°C for 60 min [as shown in (B)]. *p > 0.05 and ** p < 0.05. Bovine serum albumin (BSA) was used as a control, showing that the mere mixture with any polypeptide did not prevent protection against aggregation.



In the next step, the functional activity of Ydj1 was investigated. It is well-documented that purified class A J-proteins, such as Ydj1, can prevent protein aggregation even in the absence of Hsp70 (Langer et al., 1992; Schroder et al., 1993). Protein aggregation prevention is a fundamental characteristic of chaperones (Tiroli-Cepeda and Ramos, 2011). Luciferase aggregates at 37°C, and the process can be monitored by an increase in light scattering (turbidity); if a chaperone protects against the aggregation, the scattering decreases (Tiroli and Ramos, 2007). Figure 5B shows that luciferase initiated aggregation after ~17 min at 37°C, as seen by an increase in the light scattering; Ydj1 alone, either before or after the Zn removal process, remained folded. Bovine serum albumin (BSA) was used as a negative control, showing that mixture with any polypeptide is not enough to protect against aggregation. Incubating luciferase with purified Ydj1 resulted in no significant scattering under the conditions tested [Figures 5B,C; 16 ± 4% (n = 3)], indicating that the chaperone efficiently protected against aggregation. However, Ydj1 that was subjected to the Zn removal procedure was incapable of protecting luciferase against aggregation, as the scattering light profile was similar to that of luciferase alone [Figures 5B,C; 89 ± 4% (n = 3) aggregation]. These results are in good agreement with a site-directed mutagenesis study that was conducted to monitor the effects of the disruption of each ZBD in DnaJ; DnaJ is the E. coli class A J-protein that has a ZBD that is structurally conserved with the ZBD of Ydj1. The study found that disrupting ZBDI affects the ability of the protein to protect client proteins against aggregation (Linke et al., 2003). In this study, the action of a DnaJ disrupted ZBDII in protecting luciferase against aggregation was indistinguishable from WT, whereas a DnaJ disrupted ZBDI had no effect on aggregation.

Another study (Fan et al., 2005) also showed the importance of bound Zn for the function of Ydj1. The authors investigated the effect of each ZBD on the function of Ydj1 by disrupting them with site-directed mutagenesis and testing the mutants in complementation assays. They found that an intact ZBDII, but not ZBDI, is required for yeast growth during heat stress. The work also investigated the purified recombinant proteins, showing that both mutants are defective in aiding protein folding. These findings are in good agreement with the results reported in this manuscript as, together, they all point to the importance of Zn bound to Ydj1 for chaperone function, maintenance of homeostasis and, therefore, avoidance of debilitating diseases.

Finally, ITC was used to measure the binding of Zn2+ to Ydj1 that had been through the zinc removal procedure and the resulting binding isotherms fit well to a one-set-of-sites model (Figure 6 and Figure S2). It is important to point that a higher Ydj1 concentration was not achieved and thus no experiments with increasing protein concentration were performed and that the model only provides a broad understanding of the binding process occurring in solution. In these conditions, the binding reaction was exothermic with ΔHapp = −6.9 ± 0.2 kcal mol−1, which is measured directly from ITC, and the corresponding TΔSapp value is of about 3 kcal mol−1. Ydj1 was found to bind Zn2+ with a KDapp of 60 ± 15 mM and a stoichiometry of 0.7 ± 0.1 Zn2+ per monomer (changing the titrant concentration or repetition generated results with the same order of magnitude as those presented). Although the origin of the low stoichiometry and affinity had not been revealed and may be due to imprecisions in metal:protein binding experiments (Grossoehme et al., 2010), it is clear that the binding is driven by enthalpy. In this case, enthalpy reflects the strength of the interaction between zinc and the protein relative to that between zinc and the solvent (Chao and Fu, 2004). Therefore, the ITC measurements supports the fact that temperature was an important factor in the removal of zinc as discussed above. Additionally, the results also suggest that entropy also has only a small contribution to favor binding indicating that Ydj1 residues involved with zinc coordination undergo little, or none, conformational rigidity upon binding. This observation is supported by the thermal induced unfolding experiments showing only a minor Tm alteration between Ydj1 before and after Zn removal (see above). Of course, although these observations add positively to the area of Ydj1-zinc interaction, more extensive work is necessary to develop a detailed thermodynamic analysis of this binding.
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FIGURE 6. Interaction between Ydj1 and Zn verified by ITC. Thermodynamic parameters were derived from non-linear least-squares fitting implemented by the Origin software. The ITC experiment consisted of 3 μl injections of 3 mM ZnCl2 to 30 μM Ydj1 (monomer concentration) with an interval of 300 s between injections. Solutions of titrants and titrates were made from the same buffer [25 mmol L−1 Tris-HCl buffer (pH 7.5) and 500 mmol L−1 NaCl] and thoroughly degassed prior to use.






CONCLUSION

The proposed methodology in this study provides significant Zn extraction from the Ydj1 co-chaperone, presenting good measures of merit, such as significant precision and accuracy, as well as good limits of detection and quantification. The methodology indicated that recombinant Ydj1 purified from E. coli maintains a high affinity for Zn, and all zinc-binding domains kept their structural function. The best results for Zn extraction from Ydj1 were obtained by incubating the co-chaperone (Ydj1) with 1,10-phenanthroline (1 mM) at 37°C and a pH 8.5 for 24 h. This procedure was very effective as the final concentration of Zn was <0.2 mol per mol of Ydj1 monomer. The removal of zinc had no apparent effect on the overall secondary structure of the protein and negligible effect on its stability as measured by thermal-induced unfolding. However, the impact on function was drastic, as Ydj1 lost its chaperone activity and was not capable of protecting a protein from aggregation. This work has a clear potential to aid researchers studying the effects of zinc removal in proteins and to shed light on the importance of this metal to cell homeostasis.
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Figure S1. Growth tolerance to different Zn concentrations. (A) Representative growth of serial dilutions of BY4741 and Δydj1 transformed with empty vector and spotted at different ZnSO4 concentrations (as indicated) on SG-U plates. Strains were grown at 30°C for 72 h. See text for details. (B) Growth rates from (A). A bar represent the mean with SEM of each condition (performed 3 times in triplicates). BY4741 and Δydj1 are represented by black and gray bars, respectively. The growth of cells treated with each condition was compared to BY4741 behavior without zinc (determined as 100%). Statistical significance is indicated by asterisks (*p < 0.10; **p < 0.05; ***p < 0.01).

Figure S2. Interaction between Ydj1 and Zn verified by ITC. Thermodynamic parameters were derived from non-linear least-squares fitting implemented by the Origin software. ITC experiment consisted of 3 μl injections of either 2 (left) or 4 (right) mM ZnCl2 to 30 μM Ydj1 (monomer concentration) with an interval of 300 s between injections. Solutions of titrants and titrates were made from the same buffer [25 mmol L−1 Tris-HCl buffer (pH 7.5) and 500 mmol L−1 NaCl] and thoroughly degassed prior to use.
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Detection and quantification of biologically-relevant analytes using handheld platforms are important for point-of-care diagnostics, real-time health monitoring, and treatment monitoring. Among the various signal transduction methods used in portable biosensors, photoelectrochemcial (PEC) readout has emerged as a promising approach due to its low limit-of-detection and high sensitivity. For this readout method to be applicable to analyzing native samples, performance requirements beyond sensitivity such as specificity, stability, and ease of operation are critical. These performance requirements are governed by the properties of the photoactive materials and signal transduction mechanisms that are used in PEC biosensing. In this review, we categorize PEC biosensors into five areas based on their signal transduction strategy: (a) introduction of photoactive species, (b) generation of electron/hole donors, (c) use of steric hinderance, (d) in situ induction of light, and (e) resonance energy transfer. We discuss the combination of strengths and weaknesses that these signal transduction systems and their material building blocks offer by reviewing the recent progress in this area. Developing the appropriate PEC biosensor starts with defining the application case followed by choosing the materials and signal transduction strategies that meet the application-based specifications.
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INTRODUCTION

Biosensors are devices that are used for analyzing biologically-relevant species using specific biorecognition elements and transducers (Soleymani and Li, 2017). Based on the nature of the biorecognition event, biosensors are classified into biocatalytic and affinity-based devices (Zhao et al., 2015b). In biocatalytic biosensors, immobilized enzymes are used to recognize their specific substrate molecule, whereas affinity-based biosensors incorporate a synthetic or biological capture agent such as aptamers (Zhao et al., 2016), DNAzyme (Zhao et al., 2017a), single stranded DNA (Zhao et al., 2014), or antibodies (Zhao et al., 2018) to specifically capture the biologically-relevant target. The interaction between the analyte and the capture agent is translated into a readable signal by a transducer. To date, transduction methods relying on acoustic (Zhang et al., 2018d), optical (Špačková et al., 2016), gravimetric (DeMiguel-Ramos et al., 2017), electrochemical (Alizadeh and Salimi, 2018), electronic (Kirste et al., 2015), and photoelectrochemical mechanisms (Zhao et al., 2015b) have been reported for use in biosensing systems. Researchers often choose a transduction method that offers the right level of sensitivity, specificity, speed, and multiplexing for the desired application, and meets requirements with respect to instrumentation cost, size, and ease-of-use.

Due to the growing demand for rapid clinical diagnosis and health monitoring using handheld systems, there has been an increasing push for the development of new bioanalytical techniques that combine high sensitivity, specificity, and speed with portable and inexpensive readout instrumentation. Photoelectrochemistry is an emerging signal transduction method that has the potential to meet the stringent requirements of the field of biosensing. In photoelectrochemical (PEC) bioanalysis, biological interactions between the analyte and the biorecognition element result in a change in the generated PEC current or voltage. In these systems, the photo-electrode or PEC label used in the biosensor is activated upon optical excitation. This optical excitation or biasing reduces the reliance of PEC systems on electrical biasing, which allows them to be operated under low or no applied electric potential. It has been shown that a lower limit-of-detection can be achieved using PEC signal readout compared to a similar assay that is coupled to electrochemical readout (Yildiz et al., 2008; Golub et al., 2009). Although PEC biosensors rely on both optical and electrochemical mechanisms, they can be excited using low powered broad-spectrum light sources and read using inexpensive electrical circuits. As a result, it is possible to miniaturize PEC systems into inexpensive and integrated platforms that are similar in operation to handheld electrochemical readers (Golub et al., 2009). Additionally, PEC biosensors can be easily multiplexed by incorporating multiple individually accessible electrodes on the same platform.

Affinity-based PEC biosensors combine the high specificity of biorecognition agents such as ssDNA, antibodies, and aptamers, with the sensitivity of PEC biosensors, and are the focus of this review article. There are previously-published review articles that are focused on a specific type of biorecognition-target interaction such as DNA sensing (Zhao et al., 2014), immunoassays (Zhao et al., 2018), enzymatic sensing (Zhao et al., 2017a), and aptasensing (Deng et al., 2016; Zhao et al., 2016). However, our focus is on the elements that are important for building a PEC biosensor, regardless of the target analyte. Toward this goal we will discuss the construction of a photoelectrochemical cell, photoactive materials used in creating these devices, and the signal transduction mechanisms that are employed in PEC signal generation (Figure 1).
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FIGURE 1. Schematic representation of the building blocks of a PEC biosensing system: the PEC cell, photoactive materials, and various signal transduction architectures.





CONSTRUCTION OF A PHOTOELECTROCHEMICAL CELL

Generally, a PEC cell consists of an optical excitation source, an electrochemical cell, and an electrochemical reader. The electrochemical cell consists of four main components (Figure 1): (i) a working electrode (WE) that is often constructed by immobilizing photoactive materials on a conductive substrate, (ii) a counter electrode (CE), (iii) a reference electrode, and (iv) an electrolyte to generate PEC signals using redox reactions. Upon illumination, the redox reactions driven by the electrochemically active species in the electrolyte generate an electric signal between the WE and the CE that is recorded by the electrochemical reader. To create an application-specific PEC biosensor, much attention has to be paid to the design of: (i) the sensing electrodes using photoactive species having the appropriate electronic and optical properties and/or conductive collectors; (ii) the transduction mechanism based on the target analyte and device application; and (iii) the electrolyte that contains the redox species that participate in the generation of the photoelectrochemical signal. The majority of the affinity-based PEC biosensing strategies reported to date rely on measuring photocurrents for signal readout (Zhao et al., 2018). To design a PEC bioassay, suitable for a specific application, it is important to have a comprehensive knowledge of these components and the strategies that are used in incorporating them in a synergistic fashion.



PHOTOACTIVE SPECIES FOR PEC BIOSENSORS

Photoactive species are materials that respond to optical excitation by generating excited electronic states and converting optical energy to chemical and electrical energy (Bard et al., 1980). These species enable a PEC cell to generate or modify an electrochemical signal in response to light or electromagnetic radiation. In PEC biosensors, photoactive species are used as the building blocks of photoactive electrodes and/or as labels or reporters that associate with the biorecognition element (Fan et al., 2015), target analyte (Han et al., 2017a), or solution-borne surfaces such as magnetic beads and metallic nanoparticles (NPs) (Tu et al., 2018). Due to its instrumental role in signal transduction, choosing the right photoactive material is critical to the development of PEC biosensors.

The photoactive materials used in PEC biosensing are chosen based on their electronic and optical parameters (incident photon-to-current conversion efficiency (IPCE), carrier mobility, response time, energy levels, and absorption spectrum), size/structure, stability against photobleaching, and ability to functionalize and integrate into devices. One of the most important parameters for evaluating photoactive materials used in PEC devices is IPCE. IPCE measures the photocurrent collected per incident photon flux as a function of illumination wavelength, which allows researchers to compare the efficiency of the photoactive species at different regions of the electromagnetic spectrum (Chen et al., 2013). IPCE collectively evaluates the optical and electronic properties of materials such as their ability to absorb electromagnetic radiation and transport and collect charged carriers through the PEC cell. The electronic and optical properties of photoactive materials need to be selected such that the materials can supply charge carriers having sufficient energy (indicated by the band structure of the material) to drive the desired electrochemical reaction. It is also important for these electrochemical reactions to occur at high rates (measured using IPCE). The wavelength dependence of IPCE is important in understanding the type of optical excitation source that is required for designing a PEC biosensor (Kolesova et al., 2018). Fine-tuning the size and shape of photoactive species in the nanoscale is also important for enhancing the PEC performance of the biosensor as structural tunability on the nanoscale changes the band structure of the materials, and can be used to enhance the surface-to-volume ratio of electrodes created from photo-active materials (Fu and Zhang, 2018). Resilience to photobleaching is important because photoactive materials that degrade due to multiple cycles of photoinduction do not allow the target-induced changes in the photocurrent to be reliably measured in a PEC biosensor (Kolesova et al., 2018). Furthermore, for a photoactive material with the desired electronic, optical, and stability parameters to be used in a biosensing device, it is critical for it to have a chemical structure that can be easily functionalized with the typical termination chemistries of biorecognition elements (amine, thiol, carboxyl, aldehyde, to name a few). Finally, it is critical for these photoactive materials to have the sufficient level of mechanical robustness and adhesion to be integrated into miniaturized chips or strips used in biosensing platforms.

The three major classes of photoactive materials commonly used in PEC biosensors include (i) inorganic semiconductors, (ii) organic semiconductors, and (iii) hybrid semiconductors (Devadoss et al., 2015; Zhu et al., 2016), which will be discussed in detail in this section.


Inorganic Semiconductors

Semiconductors from non-carbonous materials are known as inorganic semiconductors. Generally, in inorganic semiconductor transducers, electrons are excited from the valence band (VB) to the conduction band (CB) upon absorption of photons with energies higher than that of their band gaps. This results in the generation of electron-hole pairs that can engage in redox reactions at the surface of the working electrode. The direction of the photocurrent (anodic or cathodic) depends on the applied electric field and the position of the semiconductor Fermi level with respect to the electrochemical potential of the electrolyte (Figure 2). In general, the mobile charge carriers (electrons for n-type and holes for p-type semiconductors) in the semiconductor traverse the bulk of the electrode while minority carriers take part in the redox reactions at its surface (Gratzel, 2001). Therefore, usually n-type semiconductors are used to produce anodic photocurrents, whereas p-type semiconductors are chosen for cathodic photocurrent generation (Zhao et al., 2014).
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FIGURE 2. Operation of n-type semiconductor (left) and p-type semiconductor (right) in a PEC cell. Electron donors (D) in the redox couple are oxidized by the photoactive species, thereby resulting in the loss of an electron which is then relayed to the collector (underlying conductive substrate), thus yielding an anodic current. Alternatively, electron acceptors (A) in the redox couple gain an electron from the photoactive species following their reduction upon light illumination, subsequently giving rise to a cathodic current. Eg, Ef, WE, RE, CE represent band gap energy, fermi energy, working electrode, reference electrode and counter electrode respectively.



Inorganic semiconductors such as titanium dioxide (TiO2) (Tian et al., 2018), cadmium telluride (CdTe) (Lin et al., 2016; Hao et al., 2017b; Li et al., 2018a), cadmium sulfide (CdS) (Gong et al., 2015; Ge et al., 2016a; Lv et al., 2017), Molybdenum disulphide (MoS2) (Zang et al., 2016; Wang et al., 2019), cadmium selenide (CdSe) (Matylitsky et al., 2009; Wang et al., 2014c), and zinc oxide (ZnO) (Han et al., 2017b) are used extensively in affinity based PEC biosensors (Hong et al., 2015; Lin et al., 2016; Hao et al., 2017b; Li et al., 2018a). Inorganic semiconductors offer a few advantages over their organic counterparts as discussed in the following section. These materials typically exhibit longer stability under mechanical, electrical, and environmental stress (Yu et al., 2017b). High-performance inorganic semiconductors can be precisely fabricated into various structures at the nanoscale, matching the size of subcellular and molecular components and allowing better probing of biological targets (Jiang and Tian, 2018). Inorganic semiconductors usually require lower bias voltages (due to their higher charge mobility and charge-carrier separation efficiency) (Nelson, 2002), exhibit faster response time in the generation of charge carriers upon excitation, and allow for easier device passivation for use in physiological fluids as compared to organic SCs (Jiang and Tian, 2018).

Photochemical stability and high catalytic efficiency make TiO2 a promising material for affinity-based PEC biosensing (Tomkiewicz and Woodall, 1977; Wang et al., 2014b). While promising, pristine TiO2 suffers from a variety of problems such as poor response in the visible range owing to its wide band gap (Liu et al., 2010) and relatively fast recombination of photogenerated charge carriers (Chen and Mao, 2007). In order to overcome these limitations, scientists are turning to hybrid TiO2 architectures that incorporate other materials such as metal cations and anions (Daghrir et al., 2013), semiconductors of MxSy (Du et al., 2017) and MxOy (Liu et al., 2017a) configuration, and carbon based materials (Komathi et al., 2016). CdTe is also widely used in PEC biosensing owing to its large bulk absorption coefficient (>104 cm−1 in the red, ~105 cm−1 in the blue) (Mitchell et al., 1977) and near-infrared band gap (Eg ≈ 1.5 eV) (Sarkar et al., 2012) making it suitable for operation in the visible region of the solar spectrum. One of the issues with CdTe is the low abundance of tellurium, which makes it economically inviable for biosensing (Wang et al., 2010). Due to the availability of precursors and ease of crystallization (Zhou et al., 2015), there is a move toward other chalcogenides of CdE (E = S, Se). These alternatives are mostly used as sensitizers due to their narrow band gaps (CdS = 2.4 eV, CdSe = 1.7 eV) (Zhou et al., 2015). In addition, they offer higher conduction bands edges compared to most metal oxides (ZnO, TiO2), making them useful for reactions where electrons need to be transferred from the conduction band of these materials (Zhou et al., 2015). However, their inability to integrate into device fabrication due to their poor adhesion onto the substrate and the inherent toxicity of Cd limit the possibility of using Cd-based materials in commercial biosensing platforms (Yue et al., 2013). ZnO is another wide band gap (direct band gap of 3.37 eV in the near UV spectral region) semiconductor used in PEC biosensors, which offers biocompatibility, excellent photoactivity (large exciton binding energy at room temperature (Özgür et al., 2005), high charge carrier mobility, and thermal and chemical stability (Tu et al., 2011). ZnO can be structurally tuned and has been used in flower (Han et al., 2017a), rod (Kang et al., 2015), wire (Zhao et al., 2016), and pencil (Qiao et al., 2016) architectures for biosensing applications. Nevertheless, the photocatalytic performance of ZnO diminishes in aqueous solutions due to the fast recombination of photogenerated charge carriers (Liu et al., 2014). Apart from these materials, emerging inorganic semiconductors are being investigated for use in PEC biosensing. Specifically, MoS2 is under investigation for use in PEC cells due to its ability to generate an internal electric field at the contact surface for photoinduced charge separation, which increases the carrier lifetime (Jiang et al., 2019). Additionally, Bi-X (X = S,V,O) materials are being investigated due to their tunable bandgap and photostability in acidic solutions (Jiang et al., 2019).

Inorganic semiconductors are widely used in developing PEC biosensors; however, a remaining challenge, as with other types of materials used in biosensors is related to non-specific adsorption causing interference to the signal by producing high noise levels or low reactivity (Rim et al., 2017). Hydrophilic coating strategies have been employed for metal oxides and sulfides but most of these strategies have downsides under severe biological conditions or where long-term stability is needed. Furthermore, conditions such as high temperature, high salinity, and non-neutral pH, intensify these effects (Cheng et al., 2008; Kadian et al., 2018). To overcome these challenges, researchers are focusing on integrating inorganic semiconductors into hybrid antifouling networks, which has been previously reviewed (Zhao et al., 2016).



Organic Semiconductors

Organic materials such as graphitic carbon nitride (g-C3N4), porphyrin, azo dyes, chlorophyll, bacteriorhodopsin, and polymers such as semiconducting polymer dots (Pdot), phthalocyanine, poly(thiophene), phenylenevinylene (PPV), and their derivatives have been used for constructing photoactive electrodes that can be applied to PEC biosensors (Ikeda et al., 2009; Da et al., 2018; Shi et al., 2018b). Some of the main advantages offered by organic semiconductors lies in their improved mechanical compliance (Xu et al., 2017), intrinsic stretchability (Xu et al., 2017), and their amenability to low-temperature all-solution-based processing (Zhao et al., 2017b; Jiang and Tian, 2018). This allows inexpensive fabrication of large-area films on flat, irregular, and flexible substrates, which provides opportunities for the development of flexible and printed electronic based biosensors used in wearable technology (Malliaras, 2001; Zhao et al., 2017b).

Graphitic carbon nitride (g-C3N4) is a metal-free two dimensional polymeric semiconductor, which is attractive for PEC biosensing due to its high physicochemical stability and inexpensive and earth abundant nature (Wang et al., 2017). It has a smaller band gap (~2.7 eV) (Su et al., 2010) compared to commercial TiO2 NPs (~3.0-3.2 eV) and is able to absorb light in the visible portion of the solar spectrum up to 460 nm (Ong et al., 2016). G-C3N4 has a desirable electronic band structure due to the presence of π-conjugated sp2 hybridized carbon and nitrogen. It is also electron-rich and has basic surface functionalities due to the presence of Lewis and Brönstead basic functions (Zhu et al., 2014). This has enabled g-C3N4 to be applied to the degradation of organic pollutants, hydrogen evolution reaction, biosensing, and energy conversion (Wu et al., 2015; Liu and Dai, 2016; Li et al., 2017a; Panneri et al., 2017; Tong et al., 2017; Shi et al., 2018a). Da et al. (2018) constructed a novel “signal-off” PEC aptasensor using an aptamer bridged DNA network in conjunction with g-C3N4 to detect vascular endothelial growth factor (VEGF165). This photo-electrode exhibited a stable photocurrent response with no severe decay under periodic off-on-off light excitation for nine cycles over a timeframe of 350 s. While g-C3N4 is a promising material, its low quantum yield in its pristine form (0.1% at 420–460 nm) (Maeda et al., 2009) remains an obstacle to its incorporation as a high-performance photoactive material for biosensing (Zheng et al., 2012; Zhang et al., 2013). In order to enhance the efficiency of this material, the use of g-C3N4 in conjunction with materials like TiO2 and CdS has been reported for biosensing applications (Liu et al., 2015; Wang et al., 2016a; Fan et al., 2018). The formation of heterojunction with these materials helps to accelerate the charge transport and reduce the recombination rate by separating the charge carriers generated in g-C3N4 (Ong et al., 2016).

Porphyrins, a group of macrocyclic organic compounds composed of four pyrrole rings joined via methine (= CH-) bonds are being investigated for use as photoactive materials or sensitizers in PEC systems (Kesters et al., 2015) due to their wide availability in nature, high molar absorptivity and thermal stability (Lash, 2015). One such example is the use of porphyrin derivative, iron(III) meso-tetrakis (N-methylpyridinum-4-yl) porphyrin (FeTMPyP), in a PEC DNA biosensor (Zang et al., 2015). In this case, CdS quantum dots (QDs) modified with ssDNA formed the photo-active electrode. The porphyrin derivative specifically binds to dsDNA via groove interactions and reports the presence of dsDNA by catalyzing the oxidation of luminol to generate chemiluminescence. The photocurrent intensity of the biosensor did not show a detectable change after storage for 10 days, highlighting the stability of this biosensor. Porphyrin-based materials have been used in conjunction with inorganic semiconductors such as TiO2 (Shu et al., 2015), ZnO (Tu et al., 2011), and CdTe (Shi et al., 2016) to enhance the IPCE of these systems. A major difficulty in the wide spread use of porphyrin is that its chemical synthesis usually requires several steps with low overall yield, amounting to a high material cost (Kwon et al., 2003; MedKoo Biosciences, 2009).

Pdots are a class of emerging photoactive nanomaterials that offer incredible photostability (photobleaching quantum yield of 10−7-10−10), tailorable electrical and optical properties, minimal toxicity, good biocompatibility and ease of processing (Wang et al., 2016b; Li et al., 2017b; Shi et al., 2018b; Zhang et al., 2018c). Pdots and PPV derivatives have recently been used in PEC biosensors (Shi et al., 2018b; Zhou et al., 2018) due to their extraordinary light harvesting ability resulting from their large two-photon absorption cross sections (Feng et al., 2010). However, their use in biosensing architectures are required to be thoroughly explored because of their pH dependence and tunability of photoelectrochemical properties according to their molecular weights (Wu and Chiu, 2013; Yu et al., 2017a). Moreover, the photoelectrochemical properties of these materials are highly dependent on the electron transfer processes within the π-conjugated bonds (Wang et al., 2018a), requiring a fundamental understanding of these processes to be able to design highly efficient photoelectrochemical biosensing devices.

Organic semiconductors are attractive due to their tunability, low cost, metal free nature, and relative abundance; however, their low quantum efficiency often requires them to be coupled with other photoactive materials for creating photoelectrodes. Unlike the ionic or covalent bond in inorganic semiconductors, organic semiconductors are made of molecular units held together by weak van der Waals interactions (Dyer-Smith and Nelson, 2012). As a consequence, the mobility of the charge carriers in organic materials is generally smaller with longer response times upon excitation as compared to their inorganic counterparts (Dyer-Smith and Nelson, 2012) leading to smaller conductivity (Kus et al., 2018). Consequently, more research is needed toward creating all organic photoelectrodes that can be used in biosensing.



Hybrid Semiconductors

Hybrid semiconductors are formed by: (i) coupling two inorganic semiconductors with different band gaps, (ii) complexation of organic and inorganic semiconductors (Zhao et al., 2014), and (iii) combining metal NPs (usually Au or Ag) with organic/inorganic semiconductors.

Coupling two or more inorganic semiconductors extends the absorption spectrum and increases the charge separation efficiency of the PEC system (Wen and Ju, 2016). As a result, hybrid material systems offer a higher photon-to-current conversion efficiency, which is important for enhancing the performance of biosensors (Zhao et al., 2014). For example, when TiO2 NPs are used with CdS QDs in insulin detection (Wen and Ju, 2016), CdTe is excited using visible light, and the photo-induced electrons are transferred from CdTe to the conduction band of TiO-2 NPs. Liu et al. (2017b) demonstrated improved sensitivity of microcystin detection by forming Z-scheme heterojunction of CdTe with Bi2S3 nanorods due to enhanced charge separation. Another strategy used to enhance the solar light harvesting efficiency of photoanodes composed of wide bandgap semiconductors (i.e. TiO2, ZnO, etc.) is upconversion (Chen et al., 2018). This is a type of anti-stoke process in which emission of higher energy photons is achieved by the absorption of two or more low-energy photons (Naik et al., 2017). Qiu et al. (2018) developed a hybrid upconverting structure where the narrow absorption band of TiO2 was improved by the use of core–shell NaYF4:Yb,Tm@TiO2 upconversion microrods. In this system, doped Yb3+ ions absorbed near-IR light, whereas the doped Tm3+ emitters produced the UV light through energy transfer upconversion (ETU). The upconverted photons were then absorbed by the TiO2 NPs, thereby, yielding effective IR-UV upconversion (Qiu et al., 2018). This core-shell NaYF4:Yb,Tm@TiO2 structure was used to detect carcinoembryonic antigen (CEA), which is a biomarker for colorectal cancer.

Complexation of organic and inorganic semiconductors are used to overcome the low charge conductivity, narrow absorption spectrum, and strongly bound excitons that are encountered in organic semiconductors (Malliaras, 2001; Coropceanu et al., 2007). This class of transducers typically demonstrates improved PEC response and physical and chemical properties compared to their purely organic or inorganic counterparts (Zhao et al., 2016; Hao et al., 2017a). This type of complexation was demonstrated using TiO2 mesocrystals (inorganic semiconductor) sensitized with polyethylenimine (organic polymer) (Dai et al., 2017). Polyethylenimine reduces the electron transport energy barrier of TiO2 mesocrystals by reducing the work function and thereby increasing the generated photocurrent. This type of performance enhancement was also seen in reduced graphene oxide (RGO)/CdS/ZnS photoelectrode, where a widened light absorption range, spatial separation of photogenerated electron-hole pairs, accelerated electron transfer, and reduction of surface defects resulting from the coupling of ZnS (wide bandgap, ~3.8 eV) and CdS (narrow bandgap, ~2.4 eV) was observed (Zhao et al., 2016). By using RGO further enhancement of the photocurrent was achieved as it facilitates the excited electron transfer from the conduction band (CB) of CdS to the CB of ZnO. Ultrafast electron transport was also realized by Matylitsky et al. (2009) and Wang et al. (2014c) by adsorbing an electron acceptor, methyl viologen (MV) on the surface of CdSe QDs. Here, MV acted as an electron relay and facilitated ultrafast electron transport in a timeframe of ~70 fs. The ability of MV in enhancing IPCE by working as an electron relay was exploited by Long et al. (2011) to demonstrate ultrafast electron transport in cysteine bioanalysis by using a MV coated CdS QD based system. Surface sensitization of a wide band gap semiconductor with an organic material such as a dye is an alternative method of creating efficient hybrid materials. Here, an increase in efficiency of the excitation due to the injection of electrons directly into the CB of the semiconductor from the excited dye and expansion of excitation wavelength range results in higher photocurrent generation (Lim et al., 2017; Ma et al., 2018; Yan et al., 2018). Yotsumoto Neto et al. (2016) demonstrated the usefulness of such hybrid materials in sensing L-Dopamine by using iron phthalocyanine (FePc) dye sensitized TiO2 system to enhance the PEC performance due to the charge transfer property of FePc. Additionally, the antioxidant character of FePc is also hypothesized to enhance stability of the biorecognition units used in this study by inhibiting PEC-induced damage to the attached biomolecules typically seen in the case of wide band gap semiconductors such as TiO2.

The coupling of inorganic/organic semiconductors with metal nanoparticles is increasingly used in PEC devices due to the ability of metal NPs such as gold, platinum and silver to enhance the photoresponse of the system through surface-plasmon resonance (SPR). Han et al. (2017a) detected α-fetoprotein (AFP), a key clinical indicator used for diagnosing primary liver cancer, using Au-ZnO flower-rods. Here, Au NPs enhanced the anodic photocurrent of ZnO flower-rods by extending the absorption to the visible region and by enhancing charge separation. Besides the SPR effect, Au NPs have been shown to improve the charge transfer properties of the substrate. For example, Lv et al. (2017) deposited Au NPs on p-CuBi2O4 electrodes to reduce the charge transfer resistance and hence enhance the cathodic photocurrent of p-CuBi2O4. Another hybrid photoelectrode used in biosensing is created by Au NP-decorated hematite (α-Fe2O3) nanorods (Li et al., 2018b). Despite being widely used in other PEC applications (such as PEC water splitting, photovoltaic cells etc.), α-Fe2O3 has been rarely used in PEC biosensing due to poor electron mobility and lack of binding with capture biomolecules. Enhancement of electron mobility was achieved by decorating α-Fe2O3 with Au NPs. Moreover, Au NPs were also used to covalently attach capture biomolecules to the photoactive electrodes. Au NPs have also been used as anchors to deposit probe DNA and for improving the photocurrent of g-C3N4-based photoelectrodes (Wang et al., 2018b). In this work, Au NPs are used with g-C3N4 for detecting zeatin, one of the main cytokines found in plant tissues responsible for promoting plant growth.

Hybrid semiconductors are gaining popularity as transduction elements for PEC biosensors owing to their performance enhancement resulting from the coupling of desirable qualities of its constituent materials and the unique properties generated as a consequence of their complexation. To be able to achieve higher IPCE from these hybrid structures, it is important to carefully choose the materials and control their composition and morphology. Controlling interfacial defects is an important consideration for designing hybrid PEC systems. A summary of the photoactive materials used in PEC biosensing is presented in Table 1.



Table 1. Properties of various photoactive species used in PEC biosensing.
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TRANSDUCTION MECHANISM

Several signal transduction strategies have been proposed to translate a biorecognition event to a PEC signal. The signal of a PEC biosensor depends on the properties of the photoactive material, applied potential, light intensity, wavelength, and the type and concentration of the electron donor or acceptor (Zang et al., 2017). Depending on the mechanism chosen, the PEC biosensor operates in either signal-on or signal-off mode. In the former case, the PEC signal increases upon target recognition, and in the latter case it decreases (Zhao et al., 2018). In this review, we have categorized the signal generation strategies used in affinity-based biosensors as: (i) introduction of photoactive species, (ii) generation of electron/hole donors, (iii) use of steric-hindrance, (iv) in situ induction of light, and (v) resonance energy transfer (Figure 3). In this section, we discuss the recent biosensing reports categorized under these mechanisms.
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FIGURE 3. Principles of signal transduction in PEC biosensors (a) introduction of photoactive species, (b) generation of electron/hole donors, (c) use of steric hinderance, (d) in situ induction of light, and (e) resonance energy transfer.




Introduction of Photoactive Species

In this signal transduction strategy, the photoactive material is incorporated into the target/probe complex in the form of a label, which enhances or quenches the PEC response. Signal modulation is initiated by bringing the label into the close proximity of a conductive/ photoactive substrate following a biorecognition event. Once in proximity to the appropriate substrate, electron hole pairs are generated at the surface of the photoactive material upon light excitation. These electron-hole pairs then take part in chemical reaction with the redox species in the electrolyte or interact with the underlying substrate to either generate a measurable signal or enhance an existing one (Figure 3a). Different types of photoactive species, such as semiconductor nanocrystals (Yue et al., 2013), metallic nanoparticles (Wang et al., 2019) and organic semiconductors such as g-C3N4, PFP (poly(9,9-bis(6′-(N,N,N,-trimethylammonium)hexyl) fluorene-co-alt-1,4-phenylene) bromide, etc. (Dai et al., 2016; Liu et al., 2018) have been commonly used as a signal label. In this strategy, it is crucial to (i) minimize the size of bioconjugated labels to reduce steric hindrance, (ii) decrease the effect of the label on the mass transport and complexation of the biomolecule, and (iii) diminish non-specific protein adsorption to develop labels that do not interfere with assay functionality. Semiconductor nanocrystals possess dimensions in the order of 1–100 nm, making them an excellent choice as PEC labels. The PEC signal of QDs in a complex environment stems from a myriad of factors such as the intensity of excitation source, the magnitude of applied bias potential, the absence/presence of electron donors and acceptors, as well as the inherent photophysical properties of QDs (Zhao et al., 2015a). These materials are particularly appealing owing to their tunable excitation spectrum resulting from quantum confinement, narrow and symmetrical emission spectrum, high quantum yield and good optical stability (Smith and Nie, 2010). Noble metal NPs are also commonly exploited for this approach (Golub et al., 2009; Hao et al., 2019). Plasmonic features of these particles such as intensive localized electric field generation in the near field, strong far-field light scattering, large absorption cross section in plasmonic resonance band, and light induced charge separation exhibited by these labels offer photocurrent modulation (Malekzad et al., 2017; Hao et al., 2019).

In this sensing scheme, in addition to the type of labels used, the electrode material greatly influences the assay design. Here, the electrode is typically constructed from wide bandgap semiconducting materials such as TiO2, g-C3N4, ZnO, p-CuBi2O4, and hematite (Fe2O3), where the photoactive label extends the absorption to the visible wavelength and improves the charge separation efficiency of the electrode. However, given that signal transduction is induced using a photoactive label, non-photoactive electrodes can also be used in these assays (Willner et al., 2001; Golub et al., 2009).

QDs are widely used as signal transduction reporters in PEC biosensors following the pioneering work of Willner et al. (2001) and Golub et al. (2009) in the early 2000s. In one of these works, ssDNA immobilized on a gold substrate was hybridized with CdS NP-tagged target DNA to a create a crosslinked CdS/DNA network (Yildiz et al., 2008; Golub et al., 2009). It was observed that the photocurrent emanating from these networks could be switched ‘on’ and ‘off’ using the light source through the photoejection of conduction-band electrons of CdS particles that were in contact with or at tunneling distances from the electrode using Ru(NH3)6 as an electron mediator. Using a similar strategy, Li et al. (2018a) reported an approach where they used DNA tetrahedron (TET) to deposit CdTe QDs and a methylene blue intercalator in the presence of the target analyte. Since the electrode was not photoactive, this system was operated at near-zero noise level and with a limit-of-detection of 17 aM and a linear range of 50 aM−50 pM in the presence of target miRNA-141 under light excitation (590 nm). When the DNA TET-CdTe QDs-MB complex was used as a signal probe, the PEC response (0.82 μA) was ~2.5-fold higher as compared to the PEC response based on the DNA TET-CdTe QDs complex alone (Figure 4A). In contrast to the previously discussed assays, the introduction of photoactive materials can also occur in the absence of the target analyte (Chu et al., 2018). In an assay of this type, the dsDNA capture probe contains a carboxyl-terminated ssDNA building block that is removed, through strand displacement, from the electrode upon target introduction. In the absence of the target strand, CuInS2/ZnS (ZCIS) QDs, and n-doped carbon dots are captured and increase the PEC signal under xenon lamp excitation (spectral range 200–1,200 nm) (Figure 4B). This biosensor exhibited a limit-of-detection of 0.31 pM with a linear range of 1 pM−100 nM in the presence of target miRNA-21. Furthermore, single base mismatch studies conducted using miRNA-21 (target), SM miRNA-21 and miRNA-141 showed ~4 × higher response in the case of target as compared to the interfering miRNAs, showcasing the excellent selectivity of this sensor. In addition to nucleic acid sensing, QDs are widely used in PEC biosensors created for protein analysis. In an assay of this type, the presence of insulin instigated the formation of an immunocomplex containing DNA-labeled antibody, insulin, secondary DNA labeled antibody and CdTe-labeled reporter DNA (Wen and Ju, 2016). CdTe induces a sensitization effect on the CdS/TiO2/ITO electrode, thereby enhancing the photocurrent under white light excitation (spectral range 200–1,200 nm) (Figure 4C). A limit-of-detection of 3 fM was exhibited by this sensor with a linear range of 10 fM−10 nM using insulin as the target. The fabricated sensor exhibited desirable long-term stability with no significant change in photocurrent following storage for 10 days and excellent selectivity when incubated with a solution containing interfering agents (IGF-1 and C-peptide). Micro-RNA (miRNA-155) detection has been shown by introducing Au NP functionalized N-doped porous carbon ZnO polyhedra (NPC-ZnO) on CdSe QD based photoelectrode (Meng et al., 2019). Following, miRNA hybridization with a hairpin structure probe, Au NP functionalized NPC-ZnO was brought close to the hybridized double-stranded RNA by using second hairpin DNA structure (Figure 4D). The NPC-ZnO is also photoactive and thereby generated a signal-on response under visible light excitation. This creative design strategy enabled ultrasensitive miRNA detection with a limit-of-detection of 49 aM (linear range of 0.1 fM−10 nM), which is much lower than the previously reported photoelectrochemical miRNA detection bioassays (Wen and Ju, 2016; Chu et al., 2018).
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FIGURE 4. Introduction of QDs as Photoactive species: (A) Schematic Diagrams of PEC Biosensor for miRNA-141 detection using DSN enzyme-assisted target cycling amplification strategy and DNA TET-CdTe QDs-MB complex [Reprinted from Li et al. (2018a) with permission from American Chemical Society]. (B) Schematic illustration of the PEC detection of miRNA-21 by bringing photoactive N-doped carbon dots following hybridization of the target RNA [Reprinted from Chu et al. (2018) with permission from American Chemical Society]. (C) Schematic representation of ultrasensitive insulin detection based on CdTe QD labels brought into proximity of CdS/TiO2/ITO electrode upon affinity-based binding of CdTe QD labeled insulin target [Reprinted from Wen and Ju (2016) with permission from American Chemical Society]. (D) Schematic representation of the detection of miRNA-155 based on NPC-ZnO labeled target. Here, NPC-ZnO performs the role of electron scavenger, thus generating a signal-on response [Reprinted from Meng et al. (2019) with permission from American Chemical Society].



Dai et al. (2016) demonstrated a multiplexed PEC immunoassay by using two different photoactive materials—graphitic carbon nitride (g-C3N4) which exhibited an anodic photocurrent and CS-AgI which exhibited a cathodic photocurrent—on a polyamidoamine dendrimer modified cube anatase TiO2 mesocrystal (PAAD@CAM) substrate (Figure 5A). A competitive immunoassay was designed to analyze PSA and IL-6 biomarkers using anti-PSA and anti-IL-6 antibodies labeled with g-C3N4 and CS-AgI, respectively. Application of different bias voltages allowed each of the complexes to be individually analyzed with IL-6 having a dynamic range of 10−5-90 pg mL−1 (3.3 × 10−5 pg mL−1 limit-of-detection) and PSA having a dynamic range of 10−6-90 ng mL−1 (3.3 × 10−3 pg mL−1 limit-of-detection).
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FIGURE 5. Introduction of photoactive species: (A) Schematic representation of two potentiometrically resolvable protein detection assays for PSA and human interleukin-6 involving the affinity-based binding of CS-AgI tagged IL-6 and CS-AgI tagged PSA [Reprinted from Dai et al. (2016) with permission from American Chemical Society]. (B) Liposomal PEC bioanalysis using photocathode and AgI/Ag; Reproduced with permission from [Reprinted from Yu et al. (2019) with permission from American Chemical Society].



Metal nanoparticles are used in combination with photoactive materials as signal reporters in PEC biosensors. In an assay of this kind, liposomes loaded with AgNP were labeled with IgG antibodies to detect IgG on a BiOI/Ni electrode (Yu et al., 2019). In a sandwich protein binding assay, the liposome-antibody conjugates were used to label the captured antigen. Upon binding, the Ag NPs were released using Triton X-100 and reacted with the p-type BiOI substrate to form an AgI/Ag/BiOI z-scheme heterojunction, enhancing the cathodic photocurrent of the electrode due to the reduction of dissolved O2 by AgI and transferring electrons from the conduction band of BiOI to the valence band of AgI through metallic Ag upon illumination (410 nm excitation light source) (Figure 5B). This assay demonstrated a limit-of-detection of 100 fg mL−1 and was linear in the 100 fg mL−1-100 ng mL−1 range.

As seen in the previous reports, target labeling provides the sensitivity and specificity that is needed for bioanalysis in complex biological samples. However, the introduction of photoactive species via labeling often impairs the rate and efficiency of bio-recognition, makes it difficult to perform quantitative analysis of biomolecular species in real time, and adds to the assay complexity due to the washing steps. An alternative method that can overcome some of the drawbacks of labeling is signal transduction via in situ generation of electron/hole donors, which is discussed in the following section.



Generation of Electron/Hole Donors

In this approach, target introduction releases free electron/hole donors (scavenging species) that interact with the photoactive electrode surface, induce charge separation, and modulate the photocurrent. A common method to produce electron/hole donors is by using an enzyme (Zang et al., 2017) to generate hydrogen peroxide (H2O2) or ascorbic acid (AA). Alkaline phosphatase (ALP) is used in DNA and protein sandwich assays (Zhang et al., 2016b; Ju et al., 2019) to catalyze the conversion of ascorbic acid 2-phosphate (AAP) to ascorbic acid (AA) upon target binding. AA acts as a hole scavenger and increases the lifetime of photo-induced carriers, which enhances the PEC current (Ju et al., 2019). Using a similar approach, an assay incorporating dual enzyme tags for multiplexed PEC detection was developed to differentiate between two cardiac markers—cardiac troponin I (cTnI) and C-reactive protein (CRP) (Zhang et al., 2016b). ALP-tagged antibody was used for troponin T detection, and acetylcholine esterase (AChE)-tagged antibody was used for detecting C-reactive protein (Zhang et al., 2016b). These tags generate electron donating ascorbic acid (AA) and thiocholine (TC) by specifically catalyzing the hydrolysis of AAP or acetylthiocholine (ATC) (Figure 6A). Under visible light irradiation, the generated electron donors scavenge photoinduced holes at the surface of the CdS QDs/TiO2 electrode, inhibiting the recombination of the holes and electrons, thus enhancing the photocurrent. A linear range of 100 ng mL−1-0.1 mg mL−1 (a limit-of-detection of 50 ng mL−1) was exhibited for CRP, and a linear range of 1 ng mL−1-0.01 mg mL−1 (a limit-of-detection of 0.1 ng mL−1) was exhibited for cTnI.
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FIGURE 6. In situ generation of electron/hole donors: (A) Incorporation of dual enzyme tags for multiplexed cardiac troponin I (cTnI) and C-reactive protein (CRP) detection [Reprinted from Zhang et al. (2016a) with permission from American Chemical Society]. (B) Schematic Illustration of near infrared to ultraviolet light-mediated photoelectrochemical aptasensing for cancer biomarker detection and mechanism of signal generation in NaYF4:Yb,Tm@TiO2 photoactive electrode [Reprinted from Qiu et al. (2018) with permission from American Chemical Society].



In the previous assays, the biorecognition event, the generation of electron/hole donors, and signal measurement were performed on the electrode surface. However, it is possible to perform biorecognition and generate electron/hole donating species in solution and use the resultant species to modulate the PEC signal at an electrode surface. An assay of this type detects carcinoembryonic antigen (CEA) using a sandwich assay on the surface of magnetic beads (Qiu et al., 2018). Upon aptamer–CEA–aptamer reaction, the primer DNA on the terminus of the secondary aptamer initiates rolling circle amplification (RCA) reaction, resulting in the generation of long guanine (G) rich oligonucleotide strands (Figure 6B). Subsequent introduction of exonuclease I and III releases guanine (G) bases following digestion of the RCA product. The free guanine bases function as electron donors and enhance the photocurrent of the NaYF4:Yb,Tm@TiO2 microrod electrodes under near-infrared light excitation. The limit-of-detection of the assay for CEA target was 3 pg mL−1 with a linear range of 10 pg mL−1-40 ng mL−1. Furthermore, high specificity is demonstrated by this assay when tested against a complex mixture containing interferents such as PSA, TB, and human IgG.

In addition to using photoactive species and electron/hole donors separately, it is possible to combine these signal transduction mechanisms. For example, the synergistic effect of electron donor generation and photoactive species introduction was used to detect alpha-fetoprotein (AFP), which is a biomarker for liver cancer (Xu et al., 2015). In this assay, AFP-CdS-GOD complex was formed by conjugating AFP with CdS QD and glucose oxidase (GOD). In this work, chitosan which helps to covalently bind anti-AFP antibody was first deposited on the photoelectrode composed of ZnO inverse opal structure. Upon biorecognition with AFP-CdS-GOD, the photocurrent was enhanced. The enhancement of the photocurrent is attributed both to the increased absorption spectrum due to CdS QD and generation of H2O2 by GOD as electron donor. This bioassay showed a limit-of-detection of 0.01 ng mL−1 (linear range is 0.1–500 ng mL−1). Moreover, this assay showed good specificity against CEA, PSA and H2O2.

Although assays using electron/hole generation overcome the limitations encountered in labeled assays, they have some drawbacks that must be considered for using them in analyzing real-life samples. Enzymes that are typically used to induce the formation of local electron/hole donors are known for their instability, relatively low shelf life, and expensive reagent cost. Additionally, to ensure effective detection using this scheme, utmost importance must be paid to minimize interfering scavenging species found in native samples that may consume the locally generated electron/hole donors required to transduce the biorecognition events.



Steric-Hindrance Based Assay

Introduction of a biomolecule at the biosensor surface can sterically hinder the access of electrolyte to the photoactive transducer to modulate the measured PEC current. This transduction approach is one of the simplest mechanisms for developing a biosensor because it usually does not require labeling steps following the target capture. However, most of these sensors operate in a signal-off fashion (Pang et al., 2017; Zang et al., 2017; Fu et al., 2018).

In signal-off PEC biosensing, it is crucial to have a high photocurrent before target introduction because high concentrations of the target can completely diminish the PEC signal (Saha et al., 2018). Different approaches have been used to obtain high baseline PEC currents. Depositing photoactive materials into three-dimensional scaffolds such as wrinkled electrodes has been used to increase the photocurrent of PEC biosensors (Saha et al., 2018). The wrinkle electrodes showed 10 times higher photocurrent than a planar electrode composed of CdTe QDs. This wrinkled photoelectrode was used to detect single stranded DNA by simply hybridizing with the complementary sequence as a proof-of-concept. Moreover, it showed stable photocurrent following storage at 4°C in dark conditions for seven days and exhibited high specificity against single or multiple pair mismatch. Metal NPs are also deposited in combination with photoactive materials to enhance the photocurrent due to their plasmonic properties (Tu et al., 2016; Hao et al., 2018a). Fu et al. (2018) used Au NPs as a photoelectronic transfer promoter in photoactive molybdenum disulfide (MoS2) nanosheets to detect micro-RNA. To obtain further reduction of photocurrent, bulky biotin-streptavidin coupling was used in conjunction with probe hairpin DNA and target microRNA to increase the signal changes caused by steric hindrance. This PEC sensor presented a broad linear range of 10 fM−1 nM (limit-of-detection of 4.21 fM) (Figure 7B). Signal transduction using steric hindrance is ideally suited for cellular detection because the large size of cells compared to biomolecules enhances their steric hindrance effect. A signal-off sensor was constructed to rapidly detect early apoptotic cells using phosphatidylserine binding peptide (PSBP) bound to the surface of TiO2/Graphene/ZnIn2S4 photoelectrode as the biorecognition element (Wu et al., 2018). Here, the access of AA to the electrode surface was sterically hindered by the binding of the apoptotic cell decreasing the photocurrent. This biosensor exhibited an LOD of 3 cells mL−1 with a linear range of 1 × 103-5 × 107 cells mL−1 (Figure 7A). A paper-based cytosensor was reported for detecting breast cancer cells (MCF-7) constructed from ZnO spheres immobilized on Au nanorod-modified paper and sensitized with CdTe QDs and nanogold-assembled mesoporous silica nanoparticles (GMSNs) at their surface to create the photoactive portion of the biosensor (Ge et al., 2017). Multiple horseradish peroxidase (HRP) molecules and branched capture sites were then immobilized onto the GMSNs using double stranded DNA (Figure 7C). HRP was used in this assay to generate optical excitation through chemiluminescence. A signal decrease is observed upon capture of graphene quantum dot (GQD) labeled cancer cells as H2O2, the oxidant of luminol based chemiluminescence, is sterically hindered. These biosensors demonstrated a linear range of 63–1.0 × 107 cells mL−1 and limit-of-detection of 21 cells mL−1. Lymphoblast (CCRF-CEM) cells were also detected based on steric hindrance in a PEC biosensor (Li et al., 2019). These cells were captured using hairpin DNA targeting overexpressed protein tyrosine kinase-7 on their surface. A decrease in PEC signal was exhibited on AgInS2 NPs photoelectrodes due to steric hindrance of AA. A limit-of-detection of 16 cells mL−1 and linear range of 1.5 × 102-3.0 × 105 cells mL−1 were demonstrated.
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FIGURE 7. Steric-hindrance based biosensing: (A) Detection of apoptotic cells by TiO2/EG/ZnIn2S4 electrodes [Reprinted from Wu et al. (2018) with permission from American Chemical Society]. (B) Use of Au NPs in conjunction with a semiconductor (MoS2) to achieve higher photoresponse [Reprinted from Fu et al. (2018) with permission from The Royal Society of Chemistry]. (C) Detection of N glycan on ZnO2/CdTe/GMSNs electrode modified with GQD@conA [Reprinted from Ge et al. (2017) with permission from American Chemical Society]. (D) Two-channel approach for detecting AFB1 [Reprinted from Hao et al. (2017b) with permission from American Chemical Society].



Another interesting signal transduction method involves the generation of a passivating compound as a result of target capture, which is used to decrease the PEC current generated on the photo-electrode (Zhuang et al., 2015; Qiu et al., 2018). An assay of this type combines biorecognition and isothermal target amplification in solution with signal modulation on the photoelectrode to detect T4 polynucleotide kinase (PNK), an important cellular regulator (Zhuang et al., 2015). In this detection scheme, a hairpin DNA (HP2) strand is phosphorylated upon the introduction of target PNK and is partially digested by λ-exo to yield an endogenous primer which initiates solution-based amplification generating DNA fragments. These DNA fragments activate the peroxidase-mimicking DNAzymes on the hairpin DNA probes immobilized on the photoelectrode (HP1) to catalyze the formation of insoluble precipitates at the electrode surface and attenuate the photocurrent response of the photoactive electrode. This target induced attenuation of current, and enabled PNK to be analyzed in the linear range of 2–100 mU mL−1. Zhang et al. (2018a) used this strategy to detect prostate specific antigen (PSA) on a CdS nanorod electrode. The presence of PSA led to the formation of a sandwich complex on Au NPs that contained DNAzyme concatamers that catalyzed the precipitation of 4-chloro-1-naphthol onto the photoactive electrodes in the presence of H2O2. The insoluble precipitate resulted in an attenuation of signal by inhibiting electron transfer from the electron donor AA to the photoelectrode. PSA detection was achieved in the 0.005 ng mL−1-50 ng mL−1 range with a limit-of-detection of 1.8 pg mL−1.

Multi-channel PEC biosensors operated based on steric hindrance have been developed for improved reliability (Zhang et al., 2017; Hao et al., 2018b; Hua et al., 2018). In an assay that uses sunlight instead of an external light source, a two-channel design enables the device to calibrate its photoresponse by considering the incoming sun light intensity (Hao et al., 2018b). In this assay, biorecognition event of aflatoxin B1 by the covalently bound aptamer with the underlying Ag/TiO2/3D nitrogen-doped graphene hydrogel (3DNGH) resulted in a decrease of photocurrent. The decrement of the photocurrent is attributed to the enhanced steric hindrance of the electrolyte (0.1 M PBS) to the electrode surface. Using this ratiometric approach an LOD of 2.5 × 10−4 ng mL−1 and linear range of 1.0 × 10−3-1.0 × 103 ng mL−1 were achieved for the detection of aflatoxin B1 (AFB1), a highly toxic carcinogen mainly found in agricultural and sideline products such as cereals and dairy products. Building on this strategy, Hao et al. (2017b) developed another two channel device using CdTe-graphene oxide (GO) and CdTe photoelectrodes for detecting AFB1. A signal increase was observed on the CdTe-GO electrode because the aptamer was released from the electrode surface upon target capture, which improved the access of electrolyte (0.1 M PBS) to the photoelectrode (Figure 7D). A signal decrease was observed on the CdTe electrode upon target capture by the immobilized aptamer. Using this detection strategy, a limit-of-detection of 0.01 ng mL−1 and a linear range of 10 pg mL−1-100 ng mL−1 were observed. Compared to single channel PEC biosensors, this self-referencing design can provide better accuracy and reliability, thus providing a promising route for the future development of PEC biosensors.

Steric-hindrance based assays can also combined with other strategies, for example p53 (cell cycle regulator and tumor suppressor) detection has been shown by combining two detection strategies—(i) in situ generation of electron donors and (ii) the subsequent hindering of AA (Zhu et al., 2016). A protein G molecular membrane was used to immobilize ALP conjugate anti-p53 antibody on ordered TiO2 nanotubes containing Au NPs. ALP enzymatic reaction in the presence of AAP generates AA for scavenging the holes localized on Au NPs. In this system, immunocomplexation with the target (p53) decreases the photocurrent signal due to (i) increased steric hindrance caused by the immunocomplex and (ii) a change in dielectric permittivity of the Au NPs-TiO2 NTs interface following target capture, which in turn influences the energy coupling between Au NPs and TiO2 NTs. This sensor demonstrated a limit-of-detection of 0.05 ng mL−1 and a linear range of 20–100 ng mL−1 under 410 nm light illumination. Additionally, excellent selectivity was demonstrated by the immunoassay when faced with interfering agents such as glucose oxidase (GOD), prostate specific antigen (PSA), lysozyme (LZM), and thrombin. Furthermore, given that the average level of p53 in lung cancer patient serum samples is 0.55 ng mL−1, the limit-of-detection of this assay, along with its excellent selectivity point to its applicability for clinical use.

The simplicity of steric hinderance based signal transduction makes it appealing for use in PEC biosensing. However, due to its signal-off nature, this transduction method is associated with a higher incidence of false positives as compared to the other transduction methods discussed in this section. To overcome this, strategies such as multi-channel sensing with built-in calibration (Hao et al., 2017b) have been developed for more accurate and robust biosensing.



In situ Induction of Light

In conventional PEC biosensing, an external light-source is used for optical excitation, which imposes additional complexities for miniaturizing the biosensing platform (Tu et al., 2018). Elimination of the external light source is often achieved by employing chemiluminescence (CL) in the PEC biosensor for generating in situ light of various emission wavelengths (Ge et al., 2016b; Zang et al., 2017). In an assay of this type, prostate specific antigen (PSA) was captured and labeled in a sandwich assay with Au NPs modified with glucose oxidase (pAb2-AuNP-GOx) (Shu et al., 2016). GOx generates H2O2 enhancing the CL of the system, which in turn increases the photovoltage generated on the graphene oxide-doped BiVO4 photoelectrode (Figure 8A). This system showed a detection limit of 3 pg/mL and good specificity against CEA and AFP. A similar approach was used in a paper based PEC biosensor with porous Au/SnO2/rGO photoelectrodes for detecting ATP (Wang et al., 2014b). In this assay, the aptamer for ATP detection was split into two oligonucleotides. One of them (SSDNA1) were immobilized initially at the electrode surface and the other (SSDNA2) was conjugated with luminol and GOx into Fe3O4@Au NP. This nucleotide conjugate NP was brought to the electrode surface following the ATP introduction and thereby formed the complex shown in Figure 8B. Once GOx is bound to the electrode, it catalyzes the CL reaction by generating H2O2, which further reacts with the luminol. The sensing platform demonstrated a limit-of-detection of 0.025 pM with specificity against guanosine triphosphate (GTP), cytidine triphosphate (CTP), and uridine triphosphate (UTP). A proof-of-concept PEC DNA assay was also shown using this approach on CdS/MoS2 photoelectrodes (Zang et al., 2016). In this assay, target DNA is captured using an immobilized hairpin probe. Following the target-induced unfolding of the probe, the target DNA is displaced by a hemin-labeled DNA recycling probe. Hemin catalyzes luminol oxidation and generates CL, exciting the photoelectrode. This assay demonstrated a limit-of-detection of 0.39 fM and specificity against other forms of DNA (smDNA, tmDNA). The elimination of external light source makes this form of signal transduction appealing for the development of point-of-care devices. Yet another advantage of this method lies in the tunability of chemiluminescence by changing environmental factors such as the concentration of oxidizing species, environmental pH value, hydrophobicity of the solvent, and solution composition (Augusto et al., 2013; Fereja et al., 2013; He et al., 2014).
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FIGURE 8. In situ generation of light. (A) PSA detection by coupling H2O2–triggered peroxyoxalate self-illuminated system with an external capacitor on the photoanode and digital multimeter as readout device [Reprinted from Shu et al. (2016) with permission from American Chemical Society]. (B) Schematic of the photocurrent generation mechanism in the modified paper sample zone of the Au-PWE under a CL light source [Reprinted from Wang et al. (2014a) with permission from Royal Society of Chemistry].



The signal transduction strategies elaborated thus far involved the reaction of photoactivated excitons with solution-based electron donors and acceptors to generate a measurable photocurrent, i.e., the signaling strategy established was based on the direct interfacial electron transfer between the photoactive material and ambient environment. The following section discusses signal transduction based on resonance energy transfer that involves the transfer of acquired electronic energy following photo-excitation.



Resonance Energy Transfer

A powerful mechanism for modulating the PEC activity of the photoactive material in response to biorecognition is resonance energy transfer (RET) (Shu and Tang, 2017). In this approach, the biorecognition event serves as a mediator to bring a noble-metal NPs (Generally Au or Ag) to the proximity of the photoelectrode (Zang et al., 2017). Noble-metal NPs have very high extinction coefficients (Hartland, 2011) and can function as either signal quenchers (Zhao et al., 2011) or amplifiers (Han et al., 2015) depending on the distance between the metal and the other photoactive materials. If the absorption spectrum of the metal NP overlaps with the emission spectrum of the photoactive material, a significant portion of the exciton energy is transferred to the metal NPs, subsequently decreasing the photocurrent (Yun et al., 2005). However, when excited at plasmonic absorption wavelengths, a high electric field can surround the metal NPs and enhance the photocurrent generated by the photoactive material (Li et al., 2014a). In these assays, metal NPs are excited by the emission of the semiconductor already present in the electrode which is different from the approach where to enhance the PEC current, metal NPs are introduced during biomolecule recognition followed by external light as described in section Introduction of Photoactive Species.

Semiconductor QDs are commonly used as photoactive materials for electrodes in this approach because it is possible to tune their emission wavelength by varying their size. Mi-RNA detection has been shown by using RET between CdS QDs and Ag NPs under the illumination at a wavelength of 410 nm (Ma et al., 2016b). As shown in Figure 9A, target microRNA induces conformational change in the Au NP labeled hairpin probe deposited on CdS QD. ALP causes Ag deposition on the Au NPs, which significantly amplifies the signal decrease that is measured on the photoelectrode. This assay has demonstrated a detection limit of 0.2 fM with a linear range of 1 fM−100 pM. The same group has also shown DNA detection without the Ag deposition-induced amplification strategy (Zhang et al., 2016a) using CdS QDs and Ag NPs and achieved a limit-of-detection of 0.3 pM and a linear range of 1 pM−10 nM. Ma et al. (2016a) also used energy transfer between CdS QDs and Ag NPs to detect TATA-binding protein and achieved a limit-of-detection of 1.28 fM (linear range of 2.6 fM−512.8 pM). The CdS QDs used in this work have an emission peak around 530 nm which overlaps with the absorption peak of Au NPs. DNA hybridization was used to bring Au NP into the proximity of the semiconductor QDs (Figure 9B). Tata binding protein can further bend this dsDNA structure and bring Au NPs even closer to the CdS QDs. The TATA binding protein increases the signal attenuation due to the combined effect of RET and steric hindrance. This assay showed excellent selectivity against AFP, CEA, lysozyme, PSA, and thrombin.
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FIGURE 9. Resonance energy transfer based photoelectrochemical biosensors: (A) Energy transfer between CdS QDs and Ag NPs upon the ALP induced Ag deposition on Au NPs [Reprinted from Ma et al. (2016b) with permission from American Chemical Society]. (B) Tata binding protein bends the double-stranded DNA structure and brings CdS QD and Au NPs closer [Reprinted from Ma et al. (2016a) with permission from American Chemical Society]. (C) Schematic illustration of the signal-off sandwich type immunoassay was developed by using CuS nanocrystals as photocurrent quencher for early detection of CEA [Reprinted from Fan et al. (2016b) with permission from American Chemical Society]. (D) Thrombin detection using a PEC aptasensing platform based on exciton energy transfer between CdSeTe alloyed quantum dots and SiO2@Au nanocomposites. In this approach, RET significantly reduces the photocurrent, which is then quickly restored following the target's competitive binding and subsequent release of the metal NP tagged capture probe [Reprinted from Fan et al. (2015) with permission from The Royal Society of Chemistry].



Although Au and Ag NPs are the most popular materials used for RET-based PEC biosensing, other materials can also be used in these assays. For example, a signal-off sandwich-type immunoassay was developed by using CuS nanocrystals as the photocurrent quencher for early detection of CEA on CdSeTe@CdS:Mn-sensitized TiO2 NPs (Fan et al., 2016b). In this assay, CEA target antigens were captured using anti-CEA antibodies immobilized on the electrode surface, and a signaling antibody labeled with CuS was introduced to reduce the PEC current (Figure 9C). A limit-of-detection of 0.16 pg/mL with a linear range from 0.5 pg mL−1 to 100 ng mL−1 were achieved using this assay. The specificity of this assay was validated against PSA, AFP, carbohydrate antigen 19-9 and 15-3.

PEC biosensors that operate based on RET are highly sensitive. However, many of the RET biosensing assays reported to date are signal-off (Zang et al., 2017). It is possible to design a signal transduction method based on RET where the photocurrent is initially reduced and is turned on following target capture and the resultant removal of the metal NP (Shen et al., 2015; Liu et al., 2016). Thrombin detection was demonstrated using this approach where AuNP-decorated SiO2 nanoparticles were initially immobilized on CdSeTe QD-photoelectrodes through a dsDNA construct containing a thrombin-selective aptamer. Upon target capture, the signal diminishing Au NPs were removed from the electrode vicinity and a limit-of-detection of 2.8 fM with a linear range of 10 fM−50 pM was achieved (Fan et al., 2015) (Figure 9D). Consequently, it is possible to combine the high sensitivity of RET with reliability of signal-on sensing to create a high-performance biosensor. A summary of these recently published affinity-based PEC biosensor including their sensing mechanism, transduction approach and LOD are depicted in Table 2.



Table 2. Summary of the recent affinity-based PEC biosensor.
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CHALLENGES AND FUTURE PERSPECTIVES

Affinity based biosensors using photoelectrochemistry as their transduction mechanism have garnered a lot of interest over the past decade due to their exceptional limit-of-detection. Biosensor development starts with considering the target analyte of interest, required limit-of-detection and specificity, interference caused by the native sample, and constraints of the operating environment (point-of-care, lab-based, resource poor compatible). This review aims at helping the reader choose the building blocks—materials and signal transduction mechanisms—of a PEC biosensor based on the constraints imposed by the application.

Inorganic and organic semiconductors are used as the photoactive building blocks for PEC biosensors. In PEC devices, photoactive materials are primarily chosen based on their efficiency in converting optical energy to electrochemical current or voltage. Using these materials in PEC biosensing adds additional requirements in terms of stability, size/structure, integration, cost, and functionalization. Given that photoactive materials used in PEC biosensing directly interact with nanoscale biomolecules, solution-processed photoactive nanomaterials that can be readily used as labels, reporters, or building blocks for the photoelectrode are primarily used in these systems. An important challenge with using these materials is their varying performance and stability in biosensing conditions that often require operation in complex biological environments and under stringent washing protocols. Affinity-based PEC biosensors operate by measuring signal changes that occur upon target binding; consequently, the lack of stability can cause non-target related signal changes, leading to false-positive or false-negative results. A key development toward the practical use of PEC biosensors involves incorporating in situ calibration measures in the PEC system to account for signal variations that are caused by the instability of photoactive materials. It is also critical to integrate functionalized photoactive materials into biosensing chips, strips, or cartridges using fabrication methods that are amenable to large volume processing.

We have reviewed the five most widely used signal transduction mechanisms used in PEC biosensing: introduction of photoactive species, generation of electron/hole donating species, use of steric hindrance, in situ induction of light, and resonance energy transfer. It is evident that it is possible to use any of these mechanisms to detect various classes of targets including nucleic acids, proteins, and cells. Additionally, a low limit-of-detection is possible using all of these assays. However, these assays vary greatly in terms of their fabrication and operation complexity. Ultimately, biosensing devices that are fabricated using scalable materials and methods have a higher chance for commercialization. Additionally, assays that can be operated using robust reagents in a simple and rapid one-pot manner have a higher chance for wide-scale adoption and success compared to those that require a sequence of washing and labeling steps. Consequently, choosing the right transduction method can be achieved by considering the collective requirements of a biosensing platform for use in real-life settings.



AUTHOR CONTRIBUTIONS

All authors listed have made a substantial, direct and intellectual contribution to the work, and approved it for publication.



REFERENCES

 Alizadeh, N., and Salimi, A. (2018). Ultrasensitive bioaffinity electrochemical sensors: advances and new perspectives. Electroanalysis 30, 2803–2840. doi: 10.1002/elan.201800598

 Augusto, F. A., de Souza, G. A., de Souza Júnior, S. P., Khalid, M., and Baader, W. J. (2013). Efficiency of electron transfer initiated chemiluminescence. Photochem. Photobiol. 89, 1299–1317. doi: 10.1111/php.12102

 Bard, A. J., Faulkner, L. R., Leddy, J., and Zoski, C. G. (1980). Electrochemical Methods: Fundamentals and Applications, Vol. 2. New York, NY: Wiley.

 Bettazzi, F., Laschi, S., Voccia, D., Gellini, C., Pietraperzia, G., Falciola, L., et al. (2018). Ascorbic acid-sensitized Au nanorods-functionalized nanostructured TiO2 transparent electrodes for photoelectrochemical genosensing. Electrochim. Acta 276, 389–398. doi: 10.1016/J.ELECTACTA.2018.04.146

 Chen, E. Y., Milleville, C., Zide, J. M. O., Doty, M. F., and Zhang, J. (2018). Upconversion of low-energy photons in semiconductor nanostructures for solar energy harvesting. MRS Energy Sustain. 5:E16. doi: 10.1557/mre.2018.15

 Chen, X., and Mao, S. S. (2007). Titanium dioxide nanomaterials: synthesis, properties, modifications, and applications. Chem. Rev. 107, 2891-2959. doi: 10.1021/cr0500535

 Chen, Z., Deutsch, T. G., Dinh, H. N., Domen, K., Emery, K., and Forman, A. J. (2013). “Efficiency definitions in the field of PEC,” in Photoelectrochemical Water Splitting. SpringerBriefs in Energy (New York, NY: Springer), 7–16.

 Cheng, Y., Xiong, P., Yun, C. S., Strouse, G. F., Zheng, J. P., Yang, R. S., et al. (2008). Mechanism and optimization of ph sensing using SnO2 nanobelt field effect transistors. Nano Lett. 8, 4179–4184. doi: 10.1021/nl801696b

 Chu, Y., Wu, R., Fan, G.-C., Deng, A.-P., and Zhu, J.-J. (2018). Enzyme-free photoelectrochemical biosensor based on the co-sensitization effect coupled with dual cascade toehold-mediated strand displacement amplification for the sensitive detection of microRNA-21. ACS Sustain. Chem. Eng. 6, 11633–11641. doi: 10.1021/acssuschemeng.8b01857

 Coropceanu, V., Cornil, J., da Silva Filho, D. A., Olivier, Y., Silbey, R., and Brédas, J. L. (2007). Charge transport in organic semiconductors. Chem. Rev. 107, 926–952. doi: 10.1021/cr050140x

 Da, H., Liu, H., Zheng, Y., Yuan, R., and Chai, Y. (2018). A highly sensitive VEGF165 photoelectrochemical biosensor fabricated by assembly of aptamer bridged DNA networks. Biosensors Bioelectronics 101, 213–218. doi: 10.1016/j.bios.2017.10.032

 Daghrir, R., Drogui, P., and Robert, D. (2013). Modified TiO2 for environmental photocatalytic applications: a review. Ind. Eng. Chem. Res. 52, 3581–3599. doi: 10.1021/ie303468t

 Dai, H., Chen, S., Li, Y., Zeng, B., Zhang, S., Hong, Z., et al. (2017). Photoelectrochemical biosensor constructed using TiO2 mesocrystals based multipurpose matrix for trypsin detection. Biosensors Bioelectronics 92, 687–694. doi: 10.1016/J.BIOS.2016.10.028

 Dai, H., Zhang, S., Hong, Z., and Lin, Y. (2016). A potentiometric addressable photoelectrochemical biosensor for sensitive detection of two biomarkers. Anal. Chem. 88, 9532–9538. doi: 10.1021/acs.analchem.6b02101

 DeMiguel-Ramos, M., Díaz-Durán, B., Escolano, J.-M., Barba, M., Mirea, T., Olivares, J., et al. (2017). Gravimetric biosensor based on a 1.3GHz AlN shear-mode solidly mounted resonator. Sensors Actuators B Chem. 239, 1282–1288. doi: 10.1016/j.snb.2016.09.079

 Deng, W., Shen, L., Wang, X., Yang, C., Yu, J., Yan, M., et al. (2016). Photoelectrochemical aptasensing. Trends Anal. Chem. 82, 307–315. doi: 10.1016/j.trac.2016.06.020

 Devadoss, A., Sudhagar, P., Terashima, C., Nakata, K., and Fujishima, K. (2015). Photochemistry reviews photoelectrochemical biosensors: new insights into promising photoelectrodes and signal amplification strategies. J. Photochem. Photobiol. C Photochem. Rev. 24, 43–63. doi: 10.1016/j.jphotochemrev.2015.06.002

 Du, J., Yang, M., Zhang, F., Cheng, X., Wu, H., Qin, H., et al. (2017). Enhanced charge separation of CuS and CdS quantum-dot-cosensitized porous TiO2-based photoanodes for photoelectrochemical water splitting. Ceramics Int. 44, 3099–3106. doi: 10.1016/j.ceramint.2017.11.075

 Dyer-Smith, C., and Nelson, J. (2012). “Chapter IE-2: organic solar cells,” in Practical Handbook of Photovoltaics, 2nd Edn, eds A. McEvoy, T. Markvart, and L. Castañer (Boston, MA: Academic Press), 543–569. doi: 10.1016/B978-0-12-385934-1.00016-7

 Fan, D., Bao, C., Khan, M. S., Wang, C., Zhang, Y., Liu, Q., et al. (2018). A novel label-free photoelectrochemical sensor based on N,S-GQDs and CdS co-sensitized hierarchical Zn2SnO4 cube for detection of cardiac troponin I. Biosensors Bioelectronics 106, 14–20. doi: 10.1016/j.bios.2018.01.050

 Fan, G. C., Shi, X. M., Zhang, J. R., and Zhu, J. J. (2016a). Cathode photoelectrochemical immunosensing platform integrating photocathode with photoanode. Anal. Chem. 88, 10352–10356. doi: 10.1021/acs.analchem.6b03473

 Fan, G. C., Zhu, H., Du, D., Zhang, J. R., Zhu, J. J., and Lin, Y. (2016b). Enhanced photoelectrochemical immunosensing platform based on CdSeTe@CdS:Mn core–shell quantum dots-sensitized TiO2 amplified by cus nanocrystals conjugated signal antibodies. Anal. Chem. 88, 3392–3399. doi: 10.1021/acs.analchem.6b00144

 Fan, G. C., Zhu, H., Shen, Q., Han, L., Zhao, M., Zhang, J. R., et al. (2015). Enhanced photoelectrochemical aptasensing platform based on exciton energy transfer between CdSeTe alloyed quantum dots and SiO2@Au nanocomposites. Chem. Commun. 51, 7023–7026. doi: 10.1039/C5CC01935D

 Feng, X., Liu, L., Wang, S., and Zhu, D. (2010). Water-soluble fluorescent conjugated polymers and their interactions with biomacromolecules for sensitive biosensors. Chem. Soc. Rev. 39, 2411–2419. doi: 10.1039/b909065g

 Fereja, T. H., Hymete, A., and Gunasekaran, T. (2013). A recent review on chemiluminescence reaction, principle and application on pharmaceutical analysis. ISRN Spectroscopy 2013, 1–12. doi: 10.1155/2013/230858

 Fu, B., and Zhang, Z. (2018). Periodical 2D photonic-plasmonic Au/TiOx nanocavity resonators for photoelectrochemical applications. Small 14:1703610. doi: 10.1002/smll.201703610

 Fu, N., Hu, Y., Shi, S., Ren, S., Liu, W., Su, S., et al. (2018). Au nanoparticles on two-dimensional MoS2 nanosheets as a photoanode for efficient photoelectrochemical miRNA detection. Analyst 143, 1705–1712. doi: 10.1039/c8an00105g

 Ge, L., Wang, W., Hou, T., and Li, F. (2016a). A versatile immobilization-free photoelectrochemical biosensor for ultrasensitive detection of cancer biomarker based on enzyme-free cascaded quadratic amplification strategy. Biosensors Bioelectronics 77, 220–226. doi: 10.1016/J.BIOS.2015.09.041

 Ge, S., Lan, F., Liang, L., Ren, N., Li, L., Liu, H., et al. (2017). Ultrasensitive photoelectrochemical biosensing of cell surface N-glycan expression based on the enhancement of nanogold-assembled mesoporous silica amplified by graphene quantum dots and hybridization chain reaction. ACS Appl. Mater. Interfaces 9, 6670–6678. doi: 10.1021/acsami.6b11966

 Ge, S., Liang, L., Lan, F., Zhang, Y., Wang, Y., Yan, M., et al. (2016b). Photoelectrochemical immunoassay based on chemiluminescence as internal excited light source. Sensors Actuators B Chem. 234, 324–331. doi: 10.1016/j.snb.2016.04.166

 Golub, E., Pelossof, G., Freeman, R., Zhang, H., and Willner, I. (2009). Electrochemical, photoelectrochemical, and surface plasmon resonance detection of cocaine using supramolecular aptamer complexes and metallic or semiconductor nanoparticles. Anal. Chem. 81, 9291–9298. doi: 10.1021/ac901551q

 Gong, L., Zhao, Z., Lv, Y. F., Huan, S. Y., Fu, T., Zhang, X. B., et al. (2015). DNAzyme-based biosensors and nanodevices. Chem. Commun. 51, 979–995. doi: 10.1039/C4CC06855F

 Gratzel, M. (2001). Photoelectrochemical cells. Nature 414 338-344. doi: 10.1038/35104607

 Han, D.-M., Jiang, L.-Y., Tang, W.-Y., Xu, J.-J., and Chen, H.-Y. (2015). Photoelectrochemical determination of inorganic mercury ions based on energy transfer between CdS quantum dots and Au nanoparticles. Electrochem. Commun. 51, 72–75. doi: 10.1016/j.elecom.2014.12.002

 Han, Z., Luo, M., Chen, L., Chen, J., and Li, C. (2017a). A photoelectrochemical immunosensor for detection of α-fetoprotein based on Au-ZnO flower-rod heterostructures. Appl. Surface Sci. 402, 429–435. doi: 10.1016/j.apsusc.2017.01.137

 Han, Z., Luo, M., Chen, L., Pan, H., Chen, J., and Li, C. (2017b). A photoelectrochemical biosensor for determination of DNA based on flower rod-like zinc oxide heterostructures. Microchim. Acta 184, 2541–2549. doi: 10.1007/s00604-017-2257-5

 Hao, N., Hua, R., Chen, S., Zhang, Y., Zhou, Z., Qian, J., et al. (2018a). Multiple signal-amplification via Ag and TiO2 decorated 3D nitrogen doped graphene hydrogel for fabricating sensitive label-free photoelectrochemical thrombin aptasensor. Biosensors Bioelectronics 101, 14–20. doi: 10.1016/j.bios.2017.10.014

 Hao, N., Hua, R., Zhang, K., Lu, J., and Wang, K. (2018b). A sunlight powered portable photoelectrochemical biosensor based on a potentiometric resolve ratiometric principle. Anal. Chem. 90, 13207–13211. doi: 10.1021/acs.analchem.8b03218

 Hao, N., Lu, J., Chi, M., Xiong, M., Zhang, Y., Hua, R., et al. (2019). A universal photoelectrochemical biosensor for dual microRNA detection based on two CdTe nanocomposites. J. Mater. Chem. B 7, 1133–1141. doi: 10.1039/C8TB03195A

 Hao, N., Zhang, X., Zhou, Z., Qian, J., Liu, Q., Chen, S., et al. (2017a). Three-dimensional nitrogen-doped graphene porous hydrogel fabricated biosensing platform with enhanced photoelectrochemical performance. Sensors Actuators B Chem. 250, 476–483. doi: 10.1016/j.snb.2017.05.003

 Hao, N., Zhang, Y., Zhong, H., Zhou, Z., Hua, R., Qian, J., et al. (2017b). Design of a dual channel self-reference photoelectrochemical biosensor. Anal. Chem. 89, 10133–10136. doi: 10.1021/acs.analchem.7b03132

 Hartland, G. V. (2011). Optical studies of dynamics in noble metal nanostructures. Chem. Rev. 111, 3858–3887. doi: 10.1021/cr1002547

 He, Y., He, X., Liu, X., Gao, L., and Cui, H. (2014). Dynamically tunable chemiluminescence of luminol-functionalized silver nanoparticles and its application to protein sensing arrays. Anal. Chem. 86, 12166–12171. doi: 10.1021/ac503123q

 Hong, Z., Jing, L., and Shusheng, Z. (2015). Quantum dot-based photoelectric conversion for biosensing applications. Trends Anal. Chem. 67, 56–73. doi: 10.1016/j.trac.2014.12.007

 Hou, T., Xu, N., Wang, W., Ge, L., and Li, F. (2018). Truly immobilization-free diffusivity-mediated photoelectrochemical biosensing strategy for facile and highly sensitive microRNA assay. Anal. Chem. 90, 9591–9597. doi: 10.1021/acs.analchem.8b02523

 Hu, T., Zheng, Y. N., Li, M. J., Liang, W. B., Chai, Y. Q., and Yuan, R. (2018). A highly sensitive photoelectrochemical assay with donor-acceptor-type material as photoactive material and polyaniline as signal enhancer. Anal. Chem. 90, 6096–6101. doi: 10.1021/acs.analchem.8b00093

 Hua, R., Hao, N., Lu, J., Qian, J., Liu, Q., Li, H., et al. (2018). A sensitive Potentiometric resolved ratiometric Photoelectrochemical aptasensor for Escherichia coli detection fabricated with non-metallic nanomaterials. Biosensors Bioelectronics 106, 57–63. doi: 10.1016/j.bios.2018.01.053

 Ikeda, A., Nakasu, M., Ogasawara, S., Nakanishi, H., Nakamura, M., and Kikuchi, J. (2009). Photoelectrochemical sensor with porphyrin-deposited electrodes for determination of nucleotides in water. Organic Lett. 11, 1163–1166. doi: 10.1021/ol900037q

 Jiang, D., Du, X., Liu, Q., Hao, N., and Wang, K. (2019). MoS2/nitrogen doped graphene hydrogels p-n heterojunction: efficient charge transfer property for highly sensitive and selective photoelectrochemical analysis of chloramphenicol. Biosensors Bioelectronics 126, 463–469. doi: 10.1016/j.bios.2018.11.018

 Jiang, Y., and Tian, B. (2018). Inorganic semiconductor biointerfaces. Nat. Rev. Mater. 3, 473–490. doi: 10.1038/s41578-018-0062-3

 Ju, Y., Hu, X., Zang, Y., Cao, R., and Xue, H. (2019). Amplified photoelectrochemical DNA biosensor based on a CdS quantum dot/WS2 nanosheet heterojunction and hybridization chain reaction-mediated enzymatic hydrolysis. Anal. Methods 11, 2163–2169. doi: 10.1039/C9AY00166B

 Kadian, S., Arya, B. D., Kumar, S., Sharma, S. N., Chauhan, R. P., Srivastava, A., et al. (2018). Synthesis and application of PHT-TiO2 nanohybrid for amperometric glucose detection in human saliva sample. Electroanalysis 30, 2793–2802. doi: 10.1002/elan.201800207

 Kang, Z., Yan, X., Wang, Y., Bai, Z., Liu, Y., Zhang, Z., et al. (2015). Electronic structure engineering of Cu2O film/ZnO nanorods array all-oxide p-n heterostructure for enhanced photoelectrochemical property and self-powered biosensing application. Sci. Rep. 5:7882. doi: 10.1038/srep07882

 Kesters, J., Verstappen, P., Kelchtermans, M., Lutsen, L., Vanderzande, D., and Maes, W. (2015). Porphyrin-based bulk heterojunction organic photovoltaics: the rise of the colors of life. Adv. Energy Mater. 5, 1–20. doi: 10.1002/aenm.201500218

 Kirste, R., Rohrbaugh, N., Bryan, I., Bryan, Z., Collazo, R., and Ivanisevic, A. (2015). Electronic biosensors based on III-nitride semiconductors. Ann. Rev. Anal. Chem. 8, 149–169. doi: 10.1146/annurev-anchem-071114-040247

 Kolesova, E. P., Orlova, A. O., Maslov, V. G., Gun'ko, Y. K., Cleary, O., Baranov, A. V., et al. (2018). Photocatalytic properties of hybrid nanostructures based on nanoparticles of TiO2 and semiconductor quantum dots. Optics Spectroscopy 125, 99–103. doi: 10.1134/S0030400X18070160

 Komathi, S., Muthuchamy, N., Lee, K. P., and Gopalan, A. I. (2016). Fabrication of a novel dual mode cholesterol biosensor using titanium dioxide nanowire bridged 3D graphene nanostacks. Biosensors Bioelectronics 84, 64–71. doi: 10.1016/J.BIOS.2015.11.042

 Kus, M., Yilmaz Alic, T., Kirbiyik, C., Baslak, C., Kara, K., Akin Kara, D., et al. (2018). “Chapter 24: synthesis of nanoparticles,” in Handbook of Nanomaterials for Industrial Applications, ed C. Mustansar Hussain (Amsterdam: Elsevier), 392–429. doi: 10.1016/B978-0-12-813351-4.00025-0

 Kwon, S. J., de Boer, A. L., Petri, R., and Schmidt-Dannert, C. (2003). High-level production of porphyrins in metabolically engineered Escherichia coli: systematic extension of a pathway assembled from overexpressed genes involved in heme biosynthesis. Appl. Environ. Microbiol. 69, 4875–83. doi: 10.1128/aem.69.8.4875-4883.2003

 Lash, T. D. (2015). Benziporphyrins, a unique platform for exploring the aromatic characteristics of porphyrinoid systems. Organic Biomol. Chem. 13, 7846–7878. doi: 10.1039/C5OB00892A

 Li, C., Du, Y., Wang, D., Yin, S., Tu, W., Chen, Z., et al. (2017a). Unique P-Co-N surface bonding states constructed on g-C3N4 nanosheets for drastically enhanced photocatalytic activity of H2 evolution. Adv. Funct. Mater. 27, 1–8. doi: 10.1002/adfm.201604328

 Li, J., Lin, X., Zhang, Z., Tu, W., and Dai, Z. (2019). Red light-driven photoelectrochemical biosensing for ultrasensitive and scatheless assay of tumor cells based on hypotoxic AgInS2 nanoparticles. Biosensors Bioelectronics 126, 332–338. doi: 10.1016/j.bios.2018.09.096

 Li, J., Tu, W., Li, H., Han, M., Lan, Y., Dai, Z., et al. (2014a). In situ-generated nano-gold plasmon-enhanced photoelectrochemical aptasensing based on carboxylated perylene-functionalized graphene. Anal. Chem. 86, 1306–1312. doi: 10.1021/ac404121c

 Li, M., Xiong, C., Zheng, Y., Liang, W., Yuan, R., and Chai, Y. (2018a). Ultrasensitive photoelectrochemical biosensor based on DNA tetrahedron as nanocarrier for efficient immobilization of CdTe QDs-methylene blue as signal probe with near-zero background noise. Anal. Chem. 90, 8211–8216. doi: 10.1021/acs.analchem.8b01641

 Li, R., Liu, Y., Cheng, L., Yang, C., and Zhang, J. (2014b). Photoelectrochemical aptasensing of kanamycin using visible light-activated carbon nitride and graphene oxide nanocomposites. Anal. Chem. 86, 9372–9375. doi: 10.1021/ac502616n

 Li, R., Liu, Y., Yan, T., Li, Y., Cao, W., Wei, Q., et al. (2015). A competitive photoelectrochemical assay for estradiol based on in situ generated CdS-enhanced TiO2. Biosensors Bioelectronics 66, 596–602. doi: 10.1016/j.bios.2014.12.002

 Li, R., Yan, R., Bao, J., Tu, W., and Dai, Z. (2016). A localized surface plasmon resonance-enhanced photoelectrochemical biosensing strategy for highly sensitive and scatheless cell assay under red light excitation. Chem. Commun. 52, 11799–11802. doi: 10.1039/C6CC05964C

 Li, Y., Zhang, N., Zhao, W. W., Jiang, D. C., Xu, J. J., and Chen, H. Y. (2017b). Polymer dots for photoelectrochemical bioanalysis. Anal. Chem. 89, 4945–4950. doi: 10.1021/acs.analchem.7b00162

 Li, Z., Su, C., Wu, D., and Zhang, Z. (2018b). Gold nanoparticles decorated hematite photoelectrode for sensitive and selective photoelectrochemical aptasensing of lysozyme. Anal. Chem. 90, 961–967. doi: 10.1021/acs.analchem.7b04015

 Lim, J., Bokare, A. D., and Choi, W. (2017). Visible light sensitization of TiO2 nanoparticles by a dietary pigment, curcumin, for environmental photochemical transformations. RSC Adv. 7, 32488–32495. doi: 10.1039/c7ra05276f

 Lin, Y., Zhou, Q., Tang, D., Niessner, R., Yang, H., and Knopp, D. (2016). Silver nanolabels-assisted ion-exchange reaction with CdTe quantum dots mediated exciton trapping for signal-on photoelectrochemical immunoassay of mycotoxins. Anal. Chem. 88, 7858–7866. doi: 10.1021/acs.analchem.6b02124

 Liu, F., Zhang, Y., Yu, J., Wang, S., Ge, S., and Song, X. (2014). Application of ZnO/graphene and S6 aptamers for sensitive photoelectrochemical detection of SK-BR-3 breast cancer cells based on a disposable indium tin oxide device. Biosensors Bioelectronics 51, 413–420. doi: 10.1016/J.BIOS.2013.07.066

 Liu, L., Hensel, J., Fitzmorris, R. C., Li, Y., and Zhang, J. Z. (2010). Preparation and photoelectrochemical properties of CdSe/TiO2 hybrid mesoporous structures. J. Phys. Chem. Lett. 1, 155–160. doi: 10.1021/jz900122u

 Liu, P. P., Liu, X., Huo, X. H., Tang, Y., Xu, J., and Ju, H. (2017a). TiO2-BiVO4 heterostructure to enhance photoelectrochemical efficiency for sensitive aptasensing. ACS Appl. Mater. Interfaces 9, 27185–27192. doi: 10.1021/acsami.7b07047

 Liu, Q., Huan, J., Dong, X., Qian, J., Hao, N., You, T., et al. (2016). Resonance energy transfer from CdTe quantum dots to gold nanorods using MWCNTs/rGO nanoribbons as efficient signal amplifier for fabricating visible-light-driven “on-off-on” photoelectrochemical acetamiprid aptasensor. Sensors Actuators B Chem. 235, 647–654. doi: 10.1016/j.snb.2016.05.154

 Liu, Q., Huan, J., Hao, N., Qian, J., Mao, H., and Wang, K. (2017b). Engineering of heterojunction-mediated biointerface for photoelectrochemical aptasensing: case of direct Z-scheme CdTe-Bi2S3 heterojunction with improved visible-light-driven photoelectrical conversion efficiency. ACS Appl. Mater. Interfaces 9, 18369–18376. doi: 10.1021/acsami.7b04310

 Liu, S., He, P., Hussain, S., Lu, H., Zhou, X., Lv, F., et al. (2018). Conjugated polymer-based photoelectrochemical cytosensor with turn-on enable signal for sensitive cell detection. ACS Appl. Mater. Interfaces 10, 6618–6623. doi: 10.1021/acsami.7b18275

 Liu, X., and Dai, L. (2016). Carbon-based metal-free catalysts. Nat. Rev. Mater. 1:64. doi: 10.1038/natrevmats.2016.64

 Liu, Y., Yan, K., and Zhang, J. (2015). Graphitic carbon nitride sensitized with CdS quantum dots for visible-light-driven photoelectrochemical aptasensing of tetracycline. ACS Appl. Mater. Interfaces 8, 28255–28264. doi: 10.1021/acsami.5b08275

 Long, Y. T., Kong, C., Li, D. W., Li, Y., Chowdhury, S., and Tian, H. (2011). Ultrasensitive determination of cysteine based on the photocurrent of nafion-functionalized CdS-MV quantum dots on an ITO electrode. Small 7, 1624–1628. doi: 10.1002/smll.201100427

 Lv, S., Zhang, K., Lin, Z., and Tang, D. (2017). Novel photoelectrochemical immunosensor for disease-related protein assisted by hemin/G-quadruplex-based DNAzyme on gold nanoparticles to enhance cathodic photocurrent on p-CuBi2O4 semiconductor. Biosensors Bioelectronics 96, 317–323. doi: 10.1016/j.bios.2017.05.027

 Ma, H., Fan, Q., Fan, B., Zhang, Y., Fan, D., Wu, D., et al. (2018). Formation of homogeneous epinephrine-melanin solutions to fabricate electrodes for enhanced photoelectrochemical biosensing. Langmuir 34, 7744–7750. doi: 10.1021/acs.langmuir.8b00264

 Ma, Z. Y., Ruan, Y. F., Xu, F., Zhao, W. W., Xu, J. J., and Chen, H. Y. (2016a). Protein binding bends the gold nanoparticle capped DNA sequence: toward novel energy-transfer-based photoelectrochemical protein detection. Anal. Chem. 88, 3864–3871. doi: 10.1021/acs.analchem.6b00012

 Ma, Z. Y., Xu, F., Qin, Y., Zhao, W. W., Xu, J. J., and Chen, H. Y. (2016b). Invoking direct exciton–plasmon interactions by catalytic Ag deposition on Au nanoparticles: photoelectrochemical bioanalysis with high efficiency. Anal. Chem. 88, 4183–4187. doi: 10.1021/acs.analchem.6b00503

 Maeda, K., Wang, X., Nishihara, Y., Lu, D., Antonietti, M., and Domen, K. (2009). Photocatalytic activities of graphitic carbon nitride powder for water reduction and oxidation under visible light. J. Phys. Chem. C 113, 4940–4947. doi: 10.1021/jp809119m

 Malekzad, H., Zangabad, P. S., Mirshekari, H., Karimi, M., and Hamblin, M. R. (2017). Noble metal nanoparticles in biosensors: recent studies and applications. Nanotechnol. Rev. 6, 301–329. doi: 10.1515/ntrev-2016-0014

 Malliaras, G. G. (2001). “Photovoltaic devices from organic semiconductors,” in Encyclopedia of Materials: Science and Technology, eds K. H. J. Buschow, R. W. Cahn, M. C. Flemings, B. Ilschner, E. J. Kramer, S. Mahajan, and P. Veyssière (Oxford: Elsevier), 6981–6986. doi: 10.1016/B0-08-043152-6/01237-7

 Matylitsky, V. V., Dworak, L., Breus, V. V., Basché, T., and Wachtveitl, J. (2009). Ultrafast charge separation in multiexcited CdSe quantum dots mediated by adsorbed electron acceptors. J. Am. Chem. Soc. 131, 2424–2425. doi: 10.1021/ja808084y

 MedKoo Biosciences (2009) Fe-TMPyP. Available online at: https://www.medkoo.com/products/15484

 Meng, L., Li, Y., Yang, R., Zhang, X., Du, C., and Chen, J. (2019). A sensitive photoelectrochemical assay of miRNA-155 based on a CdSe QDs//NPC-ZnO polyhedra photocurrent-direction switching system and target-triggered strand displacement amplification strategy. Chem. Commun. 55, 2182–2185. doi: 10.1039/C8CC09411J

 Mitchell, K., Fahrenbruch, A. L., and Bube, R. H. (1977). Photovoltaic determination of optical-absorption coefficient in CdTe. J. Appl. Phys. 48, 829–830. doi: 10.1063/1.323636

 Naik, G. V., Welch, A. J., Briggs, J. A., Solomon, M. L., and Dionne, J. A. (2017). Hot-carrier-mediated photon upconversion in metal-decorated quantum wells. Nano Lett. 17, 4583–4587. doi: 10.1021/acs.nanolett.7b00900

 Nelson, J. (2002). Organic photovoltaic films. Curr. Opin. Solid State Mater. Sci. 6, 87–95. doi: 10.1016/S1359-0286(02)00006-2

 Ong, W.-J., Tan, L. L., Ng, Y. H., Yong, S. T., and Chai, S. P. (2016). Graphitic carbon nitride (g-C3N4)-based photocatalysts for artificial photosynthesis and environmental remediation: are we a step closer to achieving sustainability? Chem. Rev. 116, 7159–7329. doi: 10.1021/acs.chemrev.6b00075

 Özgür, Ü., Alivov, Y. I., Liu, C., Teke, A., Reshchikov, M. A., Dogan, S., et al. (2005). A comprehensive review of ZnO materials and devices. J. Appl. Phys. 98:041301. doi: 10.1063/1.1992666

 Pang, X., Bian, H., Su, M., Ren, Y., Qi, J., Ma, H., et al. (2017). Photoelectrochemical cytosensing of RAW264.7 macrophage cells based on a TiO2 nanoneedls@MoO3 array. Anal. Chem. 89, 7950–7957. doi: 10.1021/acs.analchem.7b01038

 Panneri, S., Thomas, M., Ganguly, P., Nair, B. N., Mohamed, A. P., Warrier, K. G. K., et al. (2017). C3N4 anchored ZIF 8 composites: photo-regenerable, high capacity sorbents as adsorptive photocatalysts for the effective removal of tetracycline from water. Catal. Sci. Technol. 7, 2118–2128. doi: 10.1039/c7cy00348j

 Qiao, Y., Li, J., Li, H., Fang, H., Fan, D., and Wang, W. (2016). A label-free photoelectrochemical aptasensor for bisphenol A based on surface plasmon resonance of gold nanoparticle-sensitized ZnO nanopencils. Biosensors Bioelectronics 86, 315–320. doi: 10.1016/J.BIOS.2016.06.062

 Qiu, Z., Shu, J., and Tang, D. (2018). Near-infrared-to-ultraviolet light-mediated photoelectrochemical aptasensing platform for cancer biomarker based on core-shell NaYF4:Yb,Tm@TiO2 upconversion microrods. Anal. Chem. 90, 1021–1028. doi: 10.1021/acs.analchem.7b04479

 Rim, Y. S., Chen, H., Zhu, B., Bee, S.-H., Zhu, S., Li, P. W., et al. (2017). Interface engineering of metal oxide semiconductors for biosensing applications. Adv. Mater. Interfaces 4:1700020. doi: 10.1002/admi.201700020

 Saha, S., Chan, Y., and Soleymani, L. (2018). Enhancing the photoelectrochemical response of DNA biosensors using wrinkled interfaces. ACS Appl. Mater. Interfaces 10, 31178–31185. doi: 10.1021/acsami.8b12286

 Sarkar, S., Pal, S., and Sarkar, P. (2012). Electronic structure and band gap engineering of CdTe semiconductor nanowires. J. Mater. Chem. 22:10716. doi: 10.1039/c2jm16810c

 Shen, Q., Han, L., Fan, G., Abdel-Halim, E. S., Jiang, L., and Zhu, J. J. (2015). Highly sensitive photoelectrochemical assay for DNA methyltransferase activity and inhibitor screening by exciton energy transfer coupled with enzyme cleavage biosensing strategy. Biosensors Bioelectronics 64, 449–455. doi: 10.1016/j.bios.2014.09.044

 Shi, X. M., Fan, G. C., Shen, Q., and Zhu, J. J. (2016). Photoelectrochemical DNA biosensor based on dual-signal amplification strategy integrating inorganic-organic nanocomposites sensitization with λ-exonuclease-assisted target recycling. ACS Appl. Mater. Interfaces 8, 35091–35098. doi: 10.1021/acsami.6b14466

 Shi, X. M., Fan, G. C., Tang, X., Shen, Q., and Zhu, J. J. (2018a). Ultrasensitive photoelectrochemical biosensor for the detection of HTLV-I DNA: a cascade signal amplification strategy integrating λ-exonuclease aided target recycling with hybridization chain reaction and enzyme catalysis. Biosensors Bioelectronics 109, 190–196. doi: 10.1016/j.bios.2018.03.023

 Shi, X. M., Mei, L. P., Wang, Q., Zhao, W. W., Xu, J. J., and Chen, H. Y. (2018b). Energy transfer between semiconducting polymer dots and gold nanoparticles in a photoelectrochemical system: a case application for cathodic bioanalysis. Anal. Chem. 90, 4277–4281. doi: 10.1021/acs.analchem.8b00839

 Shu, J., Qiu, Z., Lv, S., Zhang, K., and Tang, D. (2018). Plasmonic enhancement coupling with defect-engineered TiO2−−x: a mode for sensitive photoelectrochemical biosensing. Anal. Chem. 90, 2425–2429. doi: 10.1021/acs.analchem.7b05296

 Shu, J., Qiu, Z., Zhou, Q., Lin, Y., Lu, M., and Tang, D. (2016). Enzymatic oxydate-triggered self-illuminated photoelectrochemical sensing platform for portable immunoassay using digital multimeter. Anal. Chem. 88, 2958–2966. doi: 10.1021/acs.analchem.6b00262

 Shu, J., Qiu, Z., Zhuang, J., Xu, M., and Tang, D. (2015). In situ generation of electron donor to assist signal amplification on porphyrin-sensitized titanium dioxide nanostructures for ultrasensitive photoelectrochemical immunoassay. ACS Appl. Mater. Interfaces 7, 23812–23818. doi: 10.1021/acsami.5b08742

 Shu, J., and Tang, D. (2017). Current advances in quantum-dots-based photoelectrochemical immunoassays. Chemistry 12, 2780–2789. doi: 10.1002/asia.201701229

 Smith, A. M., and Nie, S. (2010). Semiconductor nanocrystals: structure, properties, and band gap engineering. Accounts Chem. Res. 43, 190–200. doi: 10.1021/ar9001069

 Soleymani, L., and Li, F. (2017). Mechanistic challenges and advantages of biosensor miniaturization into the nanoscale. ACS Sensors 2, 458–467. doi: 10.1021/acssensors.7b00069

 Špačková, B., Wrobel, P., Bockova, M., and Homola, J. (2016). Optical biosensors based on plasmonic nanostructures: a review. Proc. IEEE 104, 2380–2408. doi: 10.1109/JPROC.2016.2624340

 Su, F., Mathew, S. C., Lipner, G., Fu, X., Antonietti, M., Blechert, S., et al. (2010). mpg-C3N4-Catalyzed selective oxidation of alcohols using O2 and visible light. J. Am. Chem. Soc. 132, 16299–16301. doi: 10.1021/ja102866p

 Tian, J., Li, Y., Dong, J., Huang, M., and Lu, J. (2018). Photoelectrochemical TiO2 nanotube arrays biosensor for asulam determination based on in-situ generation of quantum dots. Biosensors Bioelectronics 110, 1–7. doi: 10.1016/j.bios.2018.03.038

 Tomkiewicz, M., and Woodall, J. M. (1977). Photoelectrolysis of water with semiconductor materials. J. Electrochem. Soc. 124, 1436–1440. doi: 10.1149/1.2133669

 Tong, Z., Yang, D., Li, Z., Nan, Y., Ding, F., Shen, Y., et al. (2017). Thylakoid-inspired multishell g-C3N4 nanocapsules with enhanced visible-light harvesting and electron transfer properties for high-efficiency photocatalysis. ACS Nano 11, 1103–1112. doi: 10.1021/acsnano.6b08251

 Tu, W., Cao, H., Zhang, L., Bao, J., Liu, X., and Dai, Z. (2016). Dual signal amplification using gold nanoparticles-enhanced zinc selenide nanoflakes and P19 protein for ultrasensitive photoelectrochemical biosensing of microRNA in cell. Anal. Chem. 88, 10459–10465. doi: 10.1021/acs.analchem.6b02381

 Tu, W., Lei, J., Wang, P., and Ju, H. (2011). Photoelectrochemistry of free-base-porphyrin-functionalized zinc oxide nanoparticles and their applications in biosensing. Chemistry 17, 9440–9447. doi: 10.1002/chem.201100577

 Tu, W., Wang, Z., and Dai, Z. (2018). Selective photoelectrochemical architectures for biosensing: design, mechanism and responsibility. Trends Anal. Chem. 105, 470–483. doi: 10.1016/j.trac.2018.06.007

 Wang, A., Wang, C., Fu, L., Wong-Ng, W., and Lan, Y. (2017). Recent advances of graphitic carbon nitride-based structures and applications in catalyst, sensing, imaging, and LEDs. Nano-Micro Lett. 9:2. doi: 10.1007/s40820-017-0148-2

 Wang, G., Yang, X., Qian, F., Zhang, J. Z., and Li, Y. (2010). Double-sided CdS and CdSe quantum dot co-sensitized ZnO nanowire arrays for photoelectrochemical hydrogen generation. Nano Lett. 10, 1088–1092. doi: 10.1021/nl100250z

 Wang, H., Wang, Y., Zhang, Y., Wang, Q., Ren, X., Wu, D., et al. (2016a). Photoelectrochemical immunosensor for detection of carcinoembryonic antigen based on 2D TiO2 nanosheets and carboxylated graphitic carbon nitride. Sci. Rep. 6:27385. doi: 10.1038/srep27385

 Wang, L., Fernández-Terán, R., Zhang, L., Fernandes, D. L., Tian, L., Chen, H., et al. (2016b). Organic polymer dots as photocatalysts for visible light-driven hydrogen generation. Angew. Chem. Int. Ed. 55, 12306–12310. doi: 10.1002/anie.201607018

 Wang, M., Yin, H., Zhou, Y., Sui, C., Wang, Y., Meng, X., et al. (2019). Photoelectrochemical biosensor for microRNA detection based on a MoS2/g-C3N4/black TiO2 heterojunction with Histostar@AuNPs for signal amplification. Biosensors Bioelectronics 128, 137–143. doi: 10.1016/j.bios.2018.12.048

 Wang, Q., Ruan, Y. F., Zhao, W. W., Lin, P., Xu, J. J., and Chen, H. Y. (2018a). Semiconducting organic–inorganic nanodots heterojunctions: platforms for general photoelectrochemical bioanalysis application. Anal. Chem. 90, 3759–3765. doi: 10.1021/acs.analchem.7b03852

 Wang, Y., Tang, J., Zhou, T., Da, P., Li, J., Kong, B., et al. (2014a). Reversible chemical tuning of charge carriers for enhanced photoelectrochemical conversion and probing of living cells. Small 10, 4967–4974. doi: 10.1002/smll.201401059

 Wang, Y., Xu, J., Ma, C., Li, S., Yu, J., Ge, S., et al. (2014b). A chemiluminescence excited photoelectrochemistry aptamer-device equipped with a tin dioxide quantum dot/reduced graphene oxide nanocomposite modified porous Au-paper electrode. J. Mater. Chem. B 2, 3462–3468. doi: 10.1039/C4TB00233D

 Wang, Y., Zhao, Y., Xu, L., Han, Z., Yin, H., and Ai, S. (2018b). Photoelectrochemical apta-biosensor for zeatin detection based on graphene quantum dots improved photoactivity of graphite-like carbon nitride and streptavidin induced signal inhibition. Sensors Actuators B Chem. 257, 237–244. doi: 10.1016/j.snb.2017.10.157

 Wang, Y.-F., Wang, H.-Y., Li, Z.-S., Zhao, J., Wang, L., Chen, Q.-D., et al. (2014c). Electron extraction dynamics in CdSe and CdSe/CdS/ZnS quantum dots adsorbed with methyl viologen. J. Phys. Chem. C 118, 17240–17246. doi: 10.1021/jp5024789

 Wen, G., and Ju, H. (2016). Enhanced photoelectrochemical proximity assay for highly selective protein detection in biological matrixes. Analytical Chemistry, 88, 8339–8345. doi: 10.1021/acs.analchem.6b02740

 Willner, I., Patolsky, F., and Wasserman, J. (2001). Photoelectrochemistry with controlled DNA-cross-linked CdS nanoparticle arrays. Angew. Chem. 113, 1913–1916. doi: 10.1002/1521-3757(20010518)113:10<1913::AID-ANGE1913>3.0.CO;2-P

 Wu, C., and Chiu, D. T. (2013). Highly fluorescent semiconducting polymer dots for biology and medicine. Angew. Chem. Int. Ed. 52, 3086–3109. doi: 10.1002/anie.201205133

 Wu, G., Hu, Y., Liu, Y., Zhao, J., Chen, X., Whoehling, V., et al. (2015). Graphitic carbon nitride nanosheet electrode-based high-performance ionic actuator. Nat. Commun. 6:8258. doi: 10.1038/ncomms8258

 Wu, R., Fan, G. C., Jiang, L. P., and Zhu, J. J. (2018). Peptide-based photoelectrochemical cytosensor using a hollow-TiO2/EG/ZnIn2S4 cosensitized structure for ultrasensitive detection of early apoptotic cells and drug evaluation. ACS Appl. Mater. Interfaces 10, 4429–4438. doi: 10.1021/acsami.7b16054

 Xu, F., Zhu, Y. C., Ma, Z. Y., Zhao, W. W., Xu, J. J., and Chen, H. Y. (2016). An ultrasensitive energy-transfer based photoelectrochemical protein biosensor. Chem. Commun. 52, 3034–3037. doi: 10.1039/C5CC09963C

 Xu, J., Wang, S., Wang, G. N., Zhu, C., Luo, S., Jin, L., et al. (2017). Highly stretchable polymer semiconductor films through the nanoconfinement effect. Science 355, 59–64. doi: 10.1126/science.aah4496

 Xu, R., Jiang, Y., Xia, L., Zhang, T., Xu, L., Zhang, S., et al. (2015). A sensitive photoelectrochemical biosensor for AFP detection based on ZnO inverse opal electrodes with signal amplification of CdS-QDs. Biosensors Bioelectronics 74, 411–417. doi: 10.1016/j.bios.2015.06.037

 Yan, X., Li, J., Yang, R., Li, Y., Zhang, X., and Chen, Y. (2018). A new photoelectrochemical aptasensor for prion assay based on cyclodextrin and Rhodamine B. Sensors Actuators B Chem. 255, 2187–2193. doi: 10.1016/j.snb.2017.09.030

 Yan, Z., Wang, Z., Miao, Z., and Liu, Y. (2016). Dye-sensitized and localized surface plasmon resonance enhanced visible-light photoelectrochemical biosensors for highly sensitive analysis of protein kinase activity. Anal. Chem. 88, 922–929. doi: 10.1021/acs.analchem.5b03661

 Yildiz, H. B., Freeman, R., Gill, R., and Willner, I. (2008). Electrochemical, photoelectrochemical, and piezoelectric analysis of tyrosinase activity by functionalized nanoparticles. Anal. Chem. 80, 2811–2816. doi: 10.1021/ac702401v

 Yotsumoto Neto, S., de Cássia Silva Luz, R., and Damos, F. S. (2016). Visible LED light photoelectrochemical sensor for detection of L-Dopa based on oxygen reduction on TiO2 sensitized with iron phthalocyanine. Electrochem. Commun. 62, 1–4. doi: 10.1016/j.elecom.2015.10.018

 Yu, J., Rong, Y., Kuo, C. T., Zhou, X. H., and Chiu, D. T. (2017a). Recent advances in the development of highly luminescent semiconducting polymer dots and nanoparticles for biological imaging and medicine. Anal. Chem. 89, 42–56. doi: 10.1021/acs.analchem.6b04672

 Yu, K. J., Yan, Z., Han, M., and Rogers, J. A. (2017b). Inorganic semiconducting materials for flexible and stretchable electronics. npj Flexible Electronics 1:4. doi: 10.1038/s41528-017-0003-z

 Yu, S. Y., Mei, L. P., Xu, Y. T., Xue, T. Y., Fan, G. C., Han, D. M., et al. (2019). Liposome-mediated in situ formation of AgI/Ag/BiOI Z-scheme heterojunction on foamed nickel electrode: a proof-of-concept study for cathodic liposomal photoelectrochemical bioanalysis. Anal. Chemi. 91, 3800–3804. doi: 10.1021/acs.analchem.9b00352

 Yue, Z., Lisdat, F., Parak, W. J., Hickey, S. G., Tu, L., Sabir, N., et al. (2013). Quantum-dot-based photoelectrochemical sensors for chemical and biological detection. ACS Appl. Mater. Interfaces 5, 2800–2814. doi: 10.1021/am3028662

 Yun, C. S., Javier, A., Jennings, T., Fisher, M., Hira, S., Peterson, S., et al. (2005). Nanometal surface energy transfer in optical rulers, breaking the FRET barrier. J. Am. Chem. Soc. 127, 3115–3119. doi: 10.1021/ja043940i

 Zang, Y., Lei, J., Hao, Q., and Ju, H. (2016). CdS/MoS2 heterojunction-based photoelectrochemical DNA biosensor via enhanced chemiluminescence excitation. Biosensors Bioelectronics 77, 557–564. doi: 10.1016/j.bios.2015.10.010

 Zang, Y., Lei, J., and Ju, H. (2017). Principles and applications of photoelectrochemical sensing strategies based on biofunctionalized nanostructures. Biosensors Bioelectronics 96, 8–16. doi: 10.1016/j.bios.2017.04.030

 Zang, Y., Lei, J., Ling, P., and Ju, H. (2015). Catalytic hairpin assembly-programmed porphyrin-DNA complex as photoelectrochemical initiator for DNA biosensing. Anal. Chem. 87, 5430–5436. doi: 10.1021/acs.analchem.5b00888

 Zhang, K., Lv, S., Lin, Z., Li, M., and Tang, D. (2018a). Bio-bar-code-based photoelectrochemical immunoassay for sensitive detection of prostate-specific antigen using rolling circle amplification and enzymatic biocatalytic precipitation. Biosensors Bioelectronics 101, 159–166. doi: 10.1016/j.bios.2017.10.031

 Zhang, L., Sun, Y., Liang, Y. Y., He, J. P., Zhao, W. W., Xu, J. J., et al. (2016a). Ag nanoclusters could efficiently quench the photoresponse of CdS quantum dots for novel energy transfer-based photoelectrochemical bioanalysis. Biosensors Bioelectronics 85, 930–934. doi: 10.1016/j.bios.2016.06.018

 Zhang, N., Ma, Z. Y., Ruan, Y. F., Zhao, W. W., Xu, J. J., and Chen, H. Y. (2016b). Simultaneous photoelectrochemical immunoassay of dual cardiac markers using specific enzyme tags: a proof of principle for multiplexed bioanalysis. Anal. Chem. 88, 1990–1994. doi: 10.1021/acs.analchem.5b04579

 Zhang, N., Ruan, Y. F., Zhang, L. B., Zhao, W. W., Xu, J. J., and Chen, H. Y. (2018b). Nanochannels photoelectrochemical biosensor. Anal. Chem. 90, 2341–2347. doi: 10.1021/acs.analchem.7b04862

 Zhang, N., Shi, X. M., Guo, H. Q., Zhao, X. Z., Zhao, W. W., Xu, J. J., et al. (2018c). Gold nanoparticle couples with entropy-driven toehold-mediated DNA strand displacement reaction on magnetic beads: toward ultrasensitive energy-transfer-based photoelectrochemical detection of miRNA-141 in real blood sample. Anal. Chem. 90, 11892–11898. doi: 10.1021/acs.analchem.8b01966

 Zhang, Y., Hao, N., Zhou, Z., Hua, R., Qian, J., Liu, Q., et al. (2017). A potentiometric resolved ratiometric photoelectrochemical aptasensor. Chem. Commun. 53, 5810–5813. doi: 10.1039/C7CC01582H

 Zhang, Y., Luo, J., Flewitt, A. J., Cai, Z., and Zhao, X. (2018d). Film bulk acoustic resonators (FBARs) as biosensors: a review. Biosensors Bioelectronics 116, 1–15. doi: 10.1016/j.bios.2018.05.028

 Zhang, Y., Schnepp, Z., Cao, J., Ouyang, S., Li, Y., Ye, J., et al. (2013). Biopolymer-activated graphitic carbon nitride towards a sustainable photocathode material. Sci. Rep. 3:2163. doi: 10.1038/srep02163

 Zhao, K., Yan, X., Gu, Y., Kang, Z., Bai, Z., Cao, S., et al. (2016). Self-powered photoelectrochemical biosensor based on CdS/RGO/ZnO nanowire array heterostructure. Small 12, 245–251. doi: 10.1002/smll.201502042

 Zhao, W. W., Wang, J., Xu, J. J., and Chen, H. Y. (2011). Energy transfer between CdS quantum dots and Au nanoparticles in photoelectrochemical detection. Chem. Commun. 47:10990. doi: 10.1039/c1cc13952e

 Zhao, W. W., Wang, J., Zhu, Y. C., Xu, J. J., and Chen, H. Y. (2015a). Quantum dots: electrochemiluminescent and photoelectrochemical bioanalysis. Anal. Chem. 87, 9520–9531. doi: 10.1021/acs.analchem.5b00497

 Zhao, W. W., Xu, J. J., and Chen, H. Y. (2014). Photoelectrochemical DNA biosensors. Chem. Rev. 114, 7421–7441. doi: 10.1021/cr500100j

 Zhao, W. W., Xu, J. J., and Chen, H. Y. (2015b). Photoelectrochemical bioanalysis: the state of the art. Chem. Soc. Rev. 44, 729–741. doi: 10.1039/C4CS00228H

 Zhao, W. W., Xu, J. J., and Chen, H. Y. (2017a). Photoelectrochemical enzymatic biosensors. Biosensors Bioelectronics 92, 294–304. doi: 10.1016/j.bios.2016.11.009

 Zhao, W. W., Xu, J. J., and Chen, H. Y. (2018). Photoelectrochemical immunoassays. Anal. Chem. 90, 615–627. doi: 10.1021/acs.analchem.7b04672

 Zhao, X., Chaudhry, S. T., and Mei, J. (2017b). Heterocyclic building blocks for organic semiconductors. Adv. Heterocyclic. Chem. 121, 133–171. doi: 10.1016/bs.aihch.2016.04.009

 Zheng, Y., Liu, J., Liang, J., Jaroniec, M., and Qiao, S. Z. (2012). Graphitic carbon nitride materials: controllable synthesis and applications in fuel cells and photocatalysis. Energy Environ. Sci. 5:6717. doi: 10.1039/c2ee03479d

 Zhou, H., Liu, J., and Zhang, S. (2015). Quantum dot-based photoelectric conversion for biosensing applications. Trends Anal. Chem. 67, 56–73. doi: 10.1016/J.TRAC.2014.12.007

 Zhou, X., Zhang, P., Lv, F., Liu, L., and Wang, S. (2018). Photoelectrochemical strategy for discrimination of microbial pathogens using conjugated polymers. Chemistry 13, 3469–3473. doi: 10.1002/asia.201800783

 Zhu, J., Xiao, P., Li, H., and Carabineiro, S. A. C. (2014). Graphitic carbon nitride: synthesis, properties, and applications in catalysis. ACS Appl. Mater. Interfaces 6, 16449–16465. doi: 10.1021/am502925j

 Zhu, Y. C., Zhang, N., Ruan, Y. F., Zhao, W. W., Xu, J. J., and Chen, H. Y. (2016). Alkaline phosphatase tagged antibodies on gold nanoparticles/TiO2 nanotubes electrode: a plasmonic strategy for label-free and amplified photoelectrochemical immunoassay. Anal. Chem. 88, 5626–5630. doi: 10.1021/acs.analchem.6b01261

 Zhuang, J., Lai, W., Xu, M., Zhou, Q., and Tang, D. (2015). Plasmonic AuNP/g-C3N4 nanohybrid-based photoelectrochemical sensing platform for ultrasensitive monitoring of polynucleotide kinase activity accompanying DNAzyme-catalyzed precipitation amplification. ACS Appl. Mater. Interfaces 7, 8330–8338. doi: 10.1021/acsami.5b01923

Conflict of Interest Statement: The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.

Copyright © 2019 Victorious, Saha, Pandey, Didar and Soleymani. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.












	
	ORIGINAL RESEARCH
published: 08 November 2019
doi: 10.3389/fchem.2019.00754






[image: image2]

Enhanced Fluorescence of N-Acetyl-β-D-Glucosaminidase Activity by ZnO Quantum Dots for Early Stage Mastitis Evaluation

Narsingh R. Nirala and Giorgi Shtenberg*

Institute of Agricultural Engineering, ARO, The Volcani Center, Bet Dagan, Israel

Edited by:
Shusheng Zhang, Linyi University, China

Reviewed by:
Juliano Leonel Gonçalves, University of São Paulo, Brazil
 Hua Wang, Qufu Normal University, China

*Correspondence: Giorgi Shtenberg, giorgi@agri.gov.il

Specialty section: This article was submitted to Analytical Chemistry, a section of the journal Frontiers in Chemistry

Received: 08 August 2019
 Accepted: 22 October 2019
 Published: 08 November 2019

Citation: Nirala NR and Shtenberg G (2019) Enhanced Fluorescence of N-Acetyl-β-D-Glucosaminidase Activity by ZnO Quantum Dots for Early Stage Mastitis Evaluation. Front. Chem. 7:754. doi: 10.3389/fchem.2019.00754



Recurrent mastitis events are the major cause of annual revenue losses in the dairy sector resulting in decreased milk yield, escalading treatment costs and increased health risk of the entire herd. Upon udder inflammation, several biomarkers are proportionally secreted to its severity onto the blood circulation and consequently into milk (upon breached blood-milk barrier). N-acetyl-β-D-glucosaminidase activity is widely used mastitis indicator in milk, offering simple means of differentiation between healthy quarters from those with subclinical or clinical severity. Herein, we demonstrate fluorescence signal amplification concept for sensitive clinical status discrimination. Tetraethyl orthosilicate coated zinc oxide quantum dots were employed within the conventional N-acetyl-β-D-glucosaminidase activity assay. Under the experimental conditions, a profound non-radiative energy transfer occurred between quantum nanomaterials onto enzymatic fluorescent products resulting in intensified emission of the latter, over 11-folds, in comparison to nanoparticle-free assay. Overall, the fluorescence intensities were proportionally related to zinc oxide quantum dots surface coverage and concentration, SCC values and influenced by the causing bacteria (i.e., Streptococcus dysgalactiae and Coagulase-negative Staphylococci). Finally, the presented proof-of-concept offers an efficient, simple, cost-effective fluorescence signal amplification for early stage mastitis identification, offering means to diagnose the severity of the associated diseases and hence deducing on animals' clinical status.

Keywords: biomarker, enhanced fluorescence, mastitis, N-acetyl-β-D-glucosaminidase, quantum dots


INTRODUCTION

Recurrent mastitis events are the major cause of annual revenue losses in the dairy sector resulting in decreased milk yield, escalading treatment costs and increased risk of culling or even death (Ferrero et al., 2014; Hovinen et al., 2016). Traditionally, mastitis detection depends on the efficacy and reliability of conventional techniques, which are designed to measure somatic cell counts (SCC), detect causative pathogenic bacteria and reveal inflamed status associated with secreted biomarkers (Riffon et al., 2001; Sears and Mccarthy, 2003; Viguier et al., 2009; Mujawar et al., 2013). These biomarkers include: haptoglobin, serum/milk amyloid A and N-acetyl-β-D-glucosaminidase (NAGase) and others, which are secreted onto plasma or milk upon inflammation, infection or trauma (Viguier et al., 2009; Kalmus et al., 2013). NAGase is a prominent inflammatory indicator widely used in correlation to SCC values in milk (Pyörälä et al., 2011). This intracellular lysosomal glycosidase is released from damaged epithelial cells of the mammary tissue and is associated with cell lysis, hence indicating tissue destruction (Hovinen et al., 2016). NAGase activity levels reflect the degree of induced mastitis, thus can separate healthy quarters from those with subclinical or clinical severity (Pyörälä et al., 2011). Numerous case studies have utilized this biomarker for discriminating the degree of inflammation in cows, ewes, goats and camels (Guliye et al., 2002; Kalmus et al., 2013). The biochemical activity is affected by the causing bacteria type, days in milk, parity and animal's milking phase (Hovinen et al., 2016). NAGase activity determination in whole milk samples was first described by Kitchen et al. that has inspired an extensive research within this field (Kitchen et al., 1984). The methodology includes the digestion of non-fluorogenic substrate 4-methylumbelliferyl N-acetyl-β-D-glucosaminide (4-MUAG) in acidic conditions to the release of 4-methylumbelliferone (4-MU) fluorophore. Despite the prominent advantages of the assay, i.e., efficient, cost-effective and simple, fluorescence (FL) based detection mechanism suffers from fundamental drawback associated with low quantum efficiency and photobleaching, which may affect the sensitivity threshold while differentiating various milk classes (Jeong et al., 2018). Additionally, the technique is mostly based on off-line monitoring (relying on expensive laboratory equipment) with low frequency data sampling and delay upon results availability.

Various quantum nanomaterials (quantum dots, QDs) have been applied for biosensing application utilizing their unique optoelectronic properties, e.g., high quantum yield, quantum size effects, broad absorption, and tunable emission spectrum, providing superior sensitivity for real world sample analysis (Bauermann et al., 2006; Wu et al., 2007; Patra et al., 2009; Gu et al., 2011; Sharma et al., 2013). Zinc-oxide (ZnO) is versatile semiconducting material presenting a wide band-gap (3.37 eV) and rather large exciton binding energy (60 meV), resulting in profound room temperature exciton state stability (Wang et al., 2018). ZnO is a biocompatible, eco-friendly, non-toxic and low-cost material produced by diverse wet chemical processes, specifically sol-gel reaction (Patra et al., 2009). The stability of colloidal ZnO nanomaterials in aqueous media limits their long-term practical utilization as they tend to physically expand and agglomerate during storage, revealing excessive FL quenching (Wu et al., 2007). Thus, surface modification is applied to control nanoparticle functionality, size, morphology, thermodynamic stability, unwavering luminescence, or emission levels by employing different capping agents (such as: polyvinylpyrrolidone, amines, aliphatic thiols, and silanes) (Patra et al., 2009). Several research groups have been engaged in linking ZnO nanostructures morphologies to the FL enhancement across the visible-light spectrum for practical usage. Wang et al. presented a detailed insight of ZnO nanorods and nanoflowers structure property dependence to influence FL enhancement factor by varying size and shape (Wang et al., 2018). Zhao et al. developed ZnO-QDs (ca. ~ 5 nm) modified with (3-aminopropyl)triethoxysilane using a rapid two-step procedure, for direct detection of dopamine in human serum for clinical analysis (Zhao et al., 2013). The dopamine molecules adsorbed on ZnO-QDs outer surface hindered the electron transfer reaction resulting in significant FL quenching. Under optimized conditions the bioassay presented a wide linear range from 0.05 to 10 μM, with limit of detection (LOD) of 12 nM and high quantitative recovery values of 99-101%. Another assay have utilized an imine linked receptor for sensitive detection of cobalt ions by quenching the FL intensity of 13.8 nm hexagonal wurtzite nanostructures (Sharma et al., 2013). The ratiometric FL sensor recognizes the target molecules in a semi-aqueous solvent system (dimethyl sulfoxide/H2O), while presenting LOD of 0.4 nM. Gu et al. developed ZnO-QDs dual detection (electrochemical and FL) of carbohydrate antigen 19-9 as a label for pancreatic cancer by standard sandwich-immunoassay (Gu et al., 2011). The biorecognition event of the target antigen by labeled QDs was transformed into amplified signal measured by square wave stripping voltammetry and intrinsic photoluminescence. Both assays demonstrated a wide dynamic range of 0.1–180 U mL−1 and 1–180 U mL−1, LOD of 0.04 U mL−1 and 0.25 U mL−1 for electrical and optical detection, respectively. The high ZnO-QDs performance level offered sufficient stability, reliability and reproducibility that can be easily adapted for other cancer biomarkers circulated in serum/plasma.

In the current study, we applied a similar optical amplification sensing concept for sensitive discrimination of subclinical and clinical mastitis using silica coated ZnO-QDs (ZnO-QDs-SiO2) within the conventional NAGase activity assay. The optical properties of the synthesized nanomaterials were fully characterized, considering the optimal catalyst concentration added onto the assay. The enzymatic reaction products were studied in the presence of the quantum nanomaterial with respect to a conventional NAGase assay (omitting ZnO-QDs). The SCC levels and the mastitis inducing pathogenic bacteria influence on NAGase activity were also evaluated with respect to the sensing performance of a conventional assay. Overall, the efficiency of the presented proof-of-concept was evaluated to offer means of severity diagnosis of the associated diseases and implying on udder health status (mastitis recovery prognosis).



MATERIALS AND METHODS


Materials

Zinc nitrate hexahydrate (98%), potassium hydroxide, sodium citrate dihydrate, hydrochloric acid (HCl), methanol and tetraethyl orthosilicate (TEOS, 98%) were obtained from Merck. 4-MUAG, 4-MU and analytical grade buffers were supplied by Sigma-Aldrich. All reagents unless otherwise mentioned were analytical reagent grade. Milli-Q water (18 MΩ cm) was used for all the denoted experiments.



Synthesis of ZnO-QDs-SiO2

ZnO-QDs were synthesized according to a previous study (Patra et al., 2009). Briefly, 0.1 M potassium hydroxide was dropwise added onto 0.1 M of zinc nitrate hexahydrate solution (both dissolved in methanol) under continuous stirring. The solution was left stirring for 1 h to homogenize its content, while maintaining the pH at ~10, resulting in ZnO-QDs. Next, 250 μL of TEOS was added onto the product solution (optimized volumetric condition within the range of 0–250 μL) followed by 500 μL distilled water addition to control the particle surface coverage by the silica molecules, thus producing ZnO-QDs-SiO2. The colloidal solution was thoroughly cleaned by centrifuging (10,000 rpm for 10 min), washed with methanol three times. Finally, the precipitated product were redisposed in milli-Q water (producing concentration of 12.8 mg mL−1) for further study.



Apparatus and Measurements

The quantum nanomaterials were characterized by UV-VIS absorption and FL emission spectra recorded with multimode microplate reader (Varioskan™ LUX by Thermo Scientific). Elemental mapping was performed by energy-dispersive X-ray spectroscopy (EDX) using MIRA3 field-emission SEM microscope (TESCAN) coupled with EDX detector at an acceleration voltage of 10 kV. Transmission electron microscopy (TEM), JEOL JEM-1400, was applied for studying structural morphology and size, operated at 120 kV. Attenuated total reflectance Fourier transform infrared (ATR-FTIR) spectroscopy was used to further confirm surface modification using Thermo Scientific Nicolet iS50, as previously noted (Massad-Ivanir et al., 2011).



Milk Samples

Samples were collected by trained personnel from specific quarters of Holstein cows (Volcani Center) representing normal (healthy), spontaneous subclinical or clinical mastitis, as previously described (Nirala et al., 2019). Animal experiments were approved by the Institutional Animal Care Committee of ARO, The Volcani Center, Bet Dagan, Israel and followed its ethical guidelines (approval number 838/119IL).



NAGase Activity Determination

NAGase activity was performed according to a modified protocol (Hovinen et al., 2016). Briefly, each microplate well plate was treated with 30 μL of milk, 40 μL of 2.25 mM 4-MUAG substrate or a range of 4-MU product concentrations (0–20 μM) in citrate buffer (0.25 M, pH ~ 4.6) and 100 μL of optimized quantum material concentration. Various ZnO-QDs-SiO2 concentrations (0, 1.28, 2.56, 3.88, 5.12, and 12.80 mg mL−1) were used to examine the optimal nanomaterial content. All reactions were placed on an automatic shaker for 60 s followed by end-point kinetics FL examination (Ex/Em of 365/450 nm) fixed for 8 min by the dedicated multimode microplate reader.



Statistical Analysis

Statistical analysis was performed using a Student's t-test with a minimum confidence level of 0.05 for statistical significance and assuming unequal sample sizes and unequal variance. All values are reported as the mean ± standard deviation (n ≥ 3), unless otherwise stated.




RESULTS AND DISCUSSION


Optical and Surface Characterization of Quantum Nanomaterials

TEOS capped ZnO-QDs were synthesized by a modified soft chemical reaction using zinc nitrate hexahydrate as a precursor (Patra et al., 2009; Znaidi, 2010). TEOS is a widely used alkoxyl silane applied on various nanomaterials and films (Hagura et al., 2011; El-Naggar et al., 2017; Fang et al., 2017; Watermann and Brieger, 2017). The terminal end groups were hydrolyzed in aqueous surrounding and reacted with hydroxyl groups on the exterior of ZnO-QDs surface (Wu et al., 2007). The modification was performed at a controlled manner, as the residual three alkoxyl groups may polymerize with neighboring alkoxyl molecules, resulting in a thick non-uniform layer. Thus, the optical properties of bare and silica coated ZnO-QDs were characterized by UV-VIS spectroscopy, Figure 1A. The absorbance spectra show a characteristic shoulder band edge at 338 nm which is blue shifted toward 308 nm upon TEOS addition for ZnO-QDs and ZnO-QDs-SiO2, respectively. The blue shift is mainly ascribed to the change in the produced nanomaterial particle diameter and an increase in the bandgap energy values upon silane modification (Wu et al., 2007; Patra et al., 2009). The presence of silica coverage was further examined by ATR-FTIR studies shown in Figure 1B. The unmodified ZnO-QDs IR spectrum shows characteristic Zn–O stretching vibration peak at 431 cm−1, absorption peaks at 881 and 1,378 cm−1 due to N-O vibration of the initial nitrate precursor, 1,649 cm−1 peak of H2O bending vibration (structural water of the precursor) and a broad peak around 3,274 cm−1 accredited to the stretching vibration of O-H residues (Newman and Jones, 1999; Bauermann et al., 2006; Biswick et al., 2007). The TEOS ZnO-QDs modification is characterized by the addition of a new peak to the acquired spectrum, presenting Si-O vibration peak at 978 cm−1 (Patra et al., 2009). The additional absorption peak of ZnO-QDs-SiO2 spectrum suggest outer silica shell formation. EDX detector coupled to SEM was also employed to further characterize the resulting silica coverage. Supplementary Figures S1A,B depict elemental analysis data (spectra and relative atomic percentage) of ZnO-QDs and ZnO-QDs-SiO2, respectively. Indeed, significant increase in oxygen and silicon elements are shown for the TEOS modified nanomaterials, while the initial zinc values are decreased. These results are in agreement with UV-VIS and ATR-FTIR experiments results, indicating silica coverage. Finally, representative TEM images of ZnO-QDs and ZnO-QDs-SiO2 are shown in Figures 1C,D, respectively. Both images depict spherical shape particles, which are mildly increased in size following TEOS modification from 5.0 ± 0.6 nm to 7.5 ± 1.0 nm. It should be noted that upon TEOS treatment, the time depended nucleation and precipitation of neighboring ZnO-QDs are inhibited (restricting their growth and aggregation), and thus stabilizes the colloidal aqueous solution formation by the capping mode (Patra et al., 2009; Zhao et al., 2013).
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Figure 1. (A) UV-VIS and (B) ATR-FTIR spectra obtained before and after TEOS modification of ZnO-QDs; TEM images of (C) ZnO-QDs; and (D) ZnO-QDs-SiO2.




FL Amplification Studies

The FL enhancement of 4-MU product was characterized in diverse conditions to elucidate the emitted assay radiation amplification in real-life sensing conditions. A profound non-radiative energy transfer reaction is expected under the experimental conditions from the quantum nanomaterial onto the fluorophore molecules, thus leading to enhanced emission of the latter upon short-range intrinsic molecular interaction, as schematically illustrated in Figure 2A (Aslan et al., 2008; Wang et al., 2018). However, it should be noted that FL quenching effect may also occur, related to the reduction of the evanescent electric field around the surface of ZnO structure at non-optimal molecular distance, resulting in insignificant quantum yield (Gontero et al., 2017). Therefore, optimized TEOS coverage of bare ZnO-QDs was examined for maximal fluorescence enhancement effect (Ren et al., 2015). The latter could be achieved through sufficient overlap between the excitation spectra of the quantum material and the NAGase assay fluorophore (Ex of 365 nm). Supplementary Figure S2A shows the excitation spectra of the different TEOS volumes (0, 50, 100, 150, and 250 μL) used for ZnO-QDs modification. The excitation peak is red shifted upon higher silica coverage from 323 nm of bare ZnO-QDs up to maximal TEOS volumetric content (250 μL), which overlaps with the NAGase assay conditions (Ex of 365 nm). Supplementary Figure S2B depicts the corresponding emission spectra of the different TEOS modification, while presenting maximal FL response at 540 nm for 250 μL of TEOS. It should be highlighted that insignificant FL values are shown for all TEOS experimental conditions at 450 nm (characteristic Em of the NAGase assay). Thus, considering the optimal molecular distance for maximal FL signal, the synthesis conditions were set to 250 μL of TEOS. Figure 2B depicts the corresponding emission spectra of NAGase catalytic reaction product (i.e., 4-MU) in buffered and milk media with and without quantum nanomaterials (bare and silica coated, respectively). Insignificant emission values are obtained for solutions omitting the fluorogenic product (i.e., milk, stock solutions of ZnO-QDs and ZnO-QDs-SiO2), in comparison to the intensity of 20 μM 4-MU product. Moreover, in both cases, bare and silica coated ZnO-QDs analyzed in the presence of 4-MU within milk showed enhanced FL signals. Silica layered nanomaterials present a significant enhancement (>11-folds) in comparison to bare ZnO-QDs, in which the enhancement surpasses the quenching effect (Figure 2B). These results are in agreement to previous studies showing that silica coating of diverse nanomaterials enhance the emitted optical signal (Aslan et al., 2008; Abadeer et al., 2014; Planas et al., 2016). Therefore, based on these results, silica coated ZnO-QDs were used for the consecutive analysis (catalytic reaction of NAGase) within milk samples.


[image: Figure 2]
Figure 2. (A) A schematic illustration of FL signal amplification by modifying ZnO-QDs with TEOS molecules; (B) emission spectra of NAGase catalytic reaction products (20 μM 4-MU) in buffered and milk media with and without stock ZnO-QDs and ZnO-QDs-SiO2.


Next, the optimized quantum material content within a given mass of reaction was studied trough NAGase catalytic activity by assessing the FL output within mastitic milk samples. It is expected that higher ZnO-QDs-SiO2 content will enhance the emitted signal due to higher accumulative electric field effect as increased surface area of nanostructured catalyst is used for each reaction (Aslan et al., 2008). Thus, different aqueous concentrations of ZnO-QDs-SiO2 were prepared (0, 1.28, 2.56, 3.88, 5.12, and 12.80 mg mL−1) from the resuspend stock nanomaterial. The FL intensities were evaluated by mixing 100 μL of each content set with 30 μL of mastitic milk sample and 40 μL of 2.25 mM 4-MUAG (NAGase substrate). The reaction was allowed to react for 8 min, while the emission values were recorded at 450 nm as an end-point kinetics. Figure 3 depicts the obtained FL values for the NAGase assay reaction products with respect to the catalyst content augmentation. Indeed, higher fluorogenic product (4-MU) is received with increasing quantum nanomaterial concentration from 10-fold and up to 5-fold stock solution dilution (1.28 and 2.56 mg mL−1, respectively). Above the latter concentration, a gradual decrease in the obtained FL signal is shown for 3.88, 5.12, and 12.8 mg mL−1 of ZnO-QDs-SiO2 (FL enhancement factors of 10.3, 8.1, and 5.4, respectively, in comparison to an assay omitting the addition of quantum nanomaterial). As previously noted, the resulting is accredited to the minute physical distance interactions of the resulting fluorophore product with the escalation in quantum nanomaterial concentration above a certain level, in which the quenching effect surpasses the FL enhancement (Ren et al., 2015). Taking into account the maximal FL enhancement (>11-fold) and the overall reagents depletion, the optimal ZnO-QDs-SiO2 concentration was set to 2.56 mg mL−1 for the residual milk analysis experiments.


[image: Figure 3]
FIGURE 3. NAGase activity output in mastitic milk with respect to different concentrations of ZnO-QDs-SiO2. Data are reported as mean ± standard deviation (n ≥ 3).




NAGase Evaluation Within Different Milk Samples

The analytical resolution of the enzymatic assay signal amplification was further investigated for a comprehensive milk quality spectrum evaluation. The analyzed milk samples were acquired from different animal udders and are summarized in Table 1. Coagulase-negative Staphylococci and Streptococcus dysgalactiae (Strep. dysgalactiae), two predominant minor and major pathogenic bacteria at three levels of SCC [~300, 800, and 1,000 (×103) cells mL−1 for subclinical and clinical mastitis, respectively] were examined in our study. Moreover, normal milk (sample N) was set as a control expecting minute NAGase activity in which negative microbiological output was attained (no traces of any bacterial contaminants) presenting insignificant SCC value of 60,000 cells mL−1. All milk sampled were evaluated using optimized condition, both for TEOS modification and quantum material content. Figure 4A depicts NAGase enzymatic activity product FL values in different milk samples (normal, subclinical, and clinical mastitis) with the addition of ZnO-QDs-SiO2 onto the reaction assay solution. Substantial increase in FL values (t-test, p < 0.05) are shown in correlation to SCC level escalation, presenting intensities of 15.1 ± 0.1, 21.2 ± 0.5, 26.7 ± 0.6 a.u. for S1, S2, S3 (all positive with Coagulase-negative Staphylococci bacteria) with respect to sample N (negative control with FL value of 4.5±0.3 a.u.). Similar FL intensities tendency is shown for Strep. dysgalactiae pathogen (samples S4, S5, S6, t-test, p < 0.05), further strengthening the correlation between the obtained FL values (NAGase activity) within the different milk samples to the escalation of SCC levels. Milk samples S3 and S6 recognized as clinical mastitis (SCC score >1,000,000 cells mL−1) presented the highest emitted intensities assuming higher NAGase activity. This can be ascribed to the severity of mastitis at higher SCC scores for both analyzed pathogens resulting in higher enzymatic product concentrations within the examined milk samples (Viguier et al., 2009; Hovinen et al., 2016). These results overlap with an earlier report by Pyörälä et al. that have shown the correlation of NAGase activity to the severity of mastitis and udder health (Pyörälä et al., 2011). Figure 4B shows the conventional modified assay results which omit the use of quantum nanomaterials within the protocol assay. Non-significant differentiation is shown for mastitic milk samples at the entire SCC range for both analyzed pathogens (t-test, p > 0.05), except sample S6. The resulting limits the classification of mastitis severity or the specific clinical stage of the animal based on conventional biomarker activity assay.


Table 1. Infection status and SCC values of the analyzed milk samples.

[image: Table 1]
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FIGURE 4. NAGase enzymatic activity output in different milk samples (normal, subclinical, and clinical mastitis) (A) with and (B) without ZnO-QDs-SiO2 addition onto the reaction assay solution. Top: the corresponding schematic illustration of FL signal amplification by TEOS modification of the ZnO-QDs. Data are reported as mean ± standard deviation (n ≥ 3). *Statistically different (t-test, p < 0.05).


Next, the practical aspect of the presented assay with ZnO-QDs-SiO2 was applied for NAGase activity quantification, acquired under optimized conditions, in comparison to the results obtained from the conventional technique. Both assays were calibrated upon wide range of 4-MU concentrations within control milk samples, expecting increased emission values for higher target product, see Supplementary Figure S3. The fitted regression equations of the calibration curves are FL = 4.006 × (C4−MU) + 0.439 (R2 = 0.98) and FL = 0.629 × (C4−MU) + 0.007 (R2 = 0.99) for with and without the addition of ZnO-QDs-SiO2, respectively. The linear regression equations are used for calculating the unknown NAGase activity in milk samples within the dynamic range of the plot. Table 2 summarizes the calculated NAGase activity values for with and without ZnO-QDs-SiO2. Both assays support previous examinations in which the NAGase activity is increased in correlation to the severity of the occurring mastitis and SCC levels for both predominant pathogens. FL emission amplification in the presence of ZnO-QDs-SiO2 offers significant differentiation between healthy, subclinical and clinical mastitis (e.g., 0.13 ± 0.01, 0.89 ± 0.03, 1.24 ± 0.02, 1.69 ± 0.03 μM min−1 for milk samples N, S4, S5, S6, respectively) with respect to conventional methodology omitting the addition of the quantum nanomaterials (e.g., 0.26 ± 0.02, 0.74 ± 0.13, 0.87 ± 0.09, 1.30 ± 0.02 μM min−1 for similar milk samples, respectively). Furthermore, the causative bacteria (major or minor pathogen) has been previously reported to influence the inflammatory response and by that inducing the secretion of the target acute phase protein onto plasma or milk (Kalmus et al., 2013; Hovinen et al., 2016). It is expected that Strep. dysgalactiae contaminations will result in a higher response with respect to Coagulase-negative Staphylococci (major and minor pathogens, respectively). Indeed, increased NAGase activity are found for Strep. dysgalactiae than Coagulase-negative Staphylococci while comparing the equivalent SCC values (S4, S5, S6 in comparison to, S1, S2, S3, respectively). It should be highlighted that that both conventional and signal amplified NAGase assay cannot differentiate between the specific bacterial species (Kalmus et al., 2013; Hovinen et al., 2016). Overall, our experimental evidence for intensified fluorophore emission in the presence of optically active ZnO-QDs-SiO2 played a crucial role for extrapolating the conventional NAGase assay onto the subclinical state identification of the early stage inflammation onset. The early stage detection of subclinical mastitis by conventional manners is impossible for future technology adaptation for on-site or on-line sensing application without the addition of quantum nanomaterials onto the assay solution. Therefore, these results further confirm the applicability of the enhanced FL emission in the presence of optically active ZnO-QDs-SiO2, which offer feasible means of signal amplification and discrimination between the obtained milk qualities, and thus depicting the severity of the occurring mastitis within the herd for early diagnosis. Moreover, the addition of ZnO-QDs-SiO2 to the protocol assay can potentially help veterinarians assessing the mastitis recovery prognosis with higher resolution than current manners.


Table 2. NAGase activity in milk samples with and without the addition of ZnO-QDs-SiO2 onto the reaction assay.

[image: Table 2]

In summary, we successfully developed a sensitive discrimination assay of subclinical and clinical mastitis based on enhanced FL emission using ZnO-QDs-SiO2 within the conventional NAGase activity assay, known as a golden standard methodology for biochemical mastitis evaluation. Increased NAGase activity levels indicate epithelial cell destruction within the udder generally used as a prognostic tool of mastitis. The enhanced FL emission values, over 11-folds, were obtained in the presence of optically active quantum nanomaterials, which offer milk quality differentiation in correlation to the severity of the occurring mastitis, SCC levels and the causative pathogens. The presented proof-of-concept offers an efficient, simple, cost-effective FL signal amplification for early stage mastitis onset identification and thus revealing the actual animals' clinical status. Moreover, the optoelectronic properties of the selected nanomaterial can be easily fine-tuned offering the flexibility and efficiency for enhancing the signal capabilities, dynamic range and system's resolution. Additionally, it should be highlighted that the presented assay can be personalized and applied for the study of other protein classes (i.e., predictive inflammation biomarkers) with similar optical properties upon minor assay modifications and improvements.
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Tryptophan is a key component in many biological processes and an essential amino acid in food and feed materials. Analysis of the tryptophan content in proteins or protein-containing matrices has always been a challenge. We show here that the preparation of samples prior to tryptophan analysis can be significantly simplified, and the time consumption reduced, by using ascorbic acid as antioxidant to eliminate the problem of tryptophan degradation during alkaline hydrolysis. Combined with separation by HPLC and detection by Single Quadrupole Mass Spectrometry, this allows the analytical run time to be reduced to 10 min. The alkaline hydrolysate obtained in the method presented here may be combined with the oxidized hydrolysate obtained when sulfur-containing amino acids are to be measured, thus essentially providing two analyses for the time of one.
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INTRODUCTION

Many biological processes involve the essential amino acid tryptophan (Trp) or one of its metabolites. The Trp content of food and feed is therefore a very important factor for the growth (Liu et al., 2017) and general health and function of animals as well as humans (Friedman, 2018). Despite this fact, measurement of Trp has often been omitted in many studies of food and feed materials, because the Trp analysis has generally been tedious and only contributed with one additional amino acid to the full amino acid profile (Rozan et al., 2001; Bals et al., 2007; Dahl-Lassen et al., 2018; Gorissen et al., 2018). Decreasing the time consumption associated with the Trp analysis, as well as simplifying the protocol for the preparation of samples, may therefore encourage a wider use of Trp analysis, which in turn will lead to a better understanding of the nutritional quality of protein-containing products.

Recent advances in high-throughput analysis of the amino acid composition of proteins have led to a substantial reduction of the chromatographic run time compared to classical techniques (Dahl-Lassen et al., 2018). In combination with relatively cheap single quadrupole mass spectrometers, a significant simplification of amino acid analysis has been provided (Dahl-Lassen et al., 2018) compared to using more advanced mass spectrometers (Sakamoto et al., 2017; Han et al., 2018; Peris-Díaz et al., 2018; Tasakis and Touraki, 2018; Wang et al., 2018).

A major challenge of Trp analysis is that the acidic condition used to hydrolyze protein for normal amino acid analysis causes substantial or even complete oxidative degradation of Trp, which means that Trp cannot be quantified (Mason et al., 1979; Bech-Andersen, 1991). An alkaline hydrolysis has typically been implemented to partially solve this problem. While most methods use sodium hydroxide for hydrolysis (Bech-Andersen, 1991; Van Wickern et al., 1997; Yust et al., 2004; Zhang et al., 2009), other alkaline compounds, such as lithium hydroxide and barium hydroxide, have also been applied (Hugli and Moore, 1972; Lucas and Sotelo, 1980). Barium hydroxide is currently being used in commercial laboratories according to the ISO-standard for protein hydrolysis (ISO 13904:2005, 2005). Common for all these methods is that they need a laborious step to purge the sample in order to remove oxygen. This can be very time consuming and, depending on the nature of the sample, very difficult.

Oxidative degradation of Trp may also be prevented by addition of an antioxidant. Lactose and partially hydrolyzed starch have been tested and found to improve Trp yields (Hugli and Moore, 1972; Bech-Andersen, 1991), but are not considered antioxidants in a classical sense. Ascorbic acid is a naturally abundant and inexpensive antioxidant, making it suitable for routine analysis. It has been shown that ascorbic acid has a pro-oxidative effect on Trp in small amounts, but an antioxidative effect in larger amounts (Steinhart et al., 1993). Previously published methods, which have applied ascorbic acid as an antioxidant, have still included laborious steps such as flame sealing of reaction vessels in order to prevent oxygen from entering the hydrolysis mixture (Wu and Tanoue, 2001; Allenspach et al., 2018).

The purpose of the present study was to develop a method for high-throughput analysis of Trp in food, feed, and other protein-containing materials. In order to simplify the workflow, we especially tested the hypothesis that Trp analysis can be performed without removal of oxygen. We show that addition of ascorbic acid eliminates the need for tedious steps to prevent oxidation of Trp and that further sample preparation work-up after hydrolysis can be avoided by using lithium hydroxide. Pre-column derivatization of Trp is optional depending on sensitivity needs, but has the advantage that oxidized cysteine and methionine may be measured together with Trp, eliminating the need for one extra analysis on the HPLC system when determining a complete amino acid profile.



MATERIALS AND METHODS


Materials

Analytical grade AccQ-Tag kit (containing acetonitrile, borate buffer, and 6-aminoquinolyl-N-hydrosysuccinimidyl carbamate reagent) was obtained from Waters (Millford, MA, USA). LC-MS grade acetonitrile, formic acid, lithium hydroxide, ascorbic acid, L-tryptophan, and cell free 13C-15N-labeled amino acid mixture were obtained from Sigma-Aldrich (St. Louis, MO, USA). Hydrochloric acid was obtained from Merck (Darmstadt, Germany). Milli-Q water (Millipore, Billerica, MA) was used for preparation of all buffers and reagents.

The matrices used in this study were whole shoots, juice, and pulp after extraction of red clover (Trifolium pratense), rye grass (Lolium perenne), and alfalfa (Medicago sativa), plant species representing potential biomasses for biorefineries. These materials were supplemented by shoots of stiff brome (Brachypodium distachyon), which is a model species in plant biology (Głazowska et al., 2018). In addition, seeds of triticale (×Triticosecale), leaves of spinach (Spinacia oleracea), a cheese from the local supermarket and dried dog food pellets were analyzed, representing food and feed materials. A certified reference material, NIST-1849a infant formula reference material, commercially available from National Institute of Standards and Technology (NIST) was also included.



Preparation of Standard and Internal Standard Solutions

Tryptophan was weighed out and water added to a final stock concentration of 0.5 mM and frozen for storage (−20°C) in aliquots of 35 μL. From this stock, a calibration curve was prepared as described in the derivatization section.

The internal standard solution used was a complete mixture of 13C-15N labeled amino acids with a Trp concentration of 20 mM. The mixture was diluted to 0.5 mM and split into smaller aliquots for storage in the freezer (−20°C). This diluted mixture was ready to use.



Sample Preparation

All plant materials and the dog food sample were freeze dried and ground by adding 3–5 steel spheres to the samples and shake them on a paint shaker until powdery (10–15 min) prior to analysis. The reference material was analyzed in the received condition.



Hydrolysis During Optimization

Approximately 20 mg of sample was weighed into a 10 mL head space vial with crimp cap. The antioxidant was added to the sample prior to addition of the base. Lithium hydroxide (4 M), sodium hydroxide (2.5 or 4.2 M) or solid barium hydroxide octahydrate together with water (2.5 M) were added in a volume of 3 mL to the sample and the vials were sealed. A conventional oven preheated to 110°C was used for hydrolysis. Samples were left for the specified time. After hydrolysis was completed, the vials were taken out of the oven and cooled to handling temperature. Once cooled, the samples were neutralized using hydrochloric acid (6 M) and mixed thoroughly. In the case of hydrolysis with barium hydroxide, the neutralization was done using 0.5 mL of phosphoric acid (85%) and 1 mL hydrochloric acid (6 M). An aliquot of the samples was filtered through a syringe filter (0.45 μm) and derivatized as described below.



Final Hydrolysis Protocol

Approximately 20 mg of sample was weighed into a 10 mL head space vial with crimp cap. Then 3.0 mL of a freshly prepared solution of 95 mM ascorbic acid in 4 M lithium hydroxide was added to the sample and the vial was sealed. The sealed vials were placed in a preheated oven (110°C) and left there for 16 h. After hydrolysis was completed, the vials were taken out of the oven and cooled to handling temperature. Once cooled, 2 mL hydrochloric acid (6 M) was added, and the samples were mixed thoroughly. An aliquot of the sample was filtered through a syringe filter (0.45 μm) and derivatized as described below.



Derivatization With AccQ-Tag and Chromatography

Derivatization with the AccQ-Tag kit and chromatography were performed according to Dahl-Lassen et al. (2018) with modifications to the detection method. The samples were derivatized with aminoquinoline reagent (AQC) by mixing 5 μL of the sample with 33.5 μL of borate buffer, 1.5 μL of internal standard mixture (0.5 mM), and 10 μL of dissolved AQC reagent. The standard curve was prepared by mixing 8, 6, 5, 4, 3, 2, 1, 0.4, 0.2, and 0.1 μL, respectively with 3 μL of internal standard mixture and adding borate buffer to a volume of 80 μL. Then 20 μL of dissolved AQC reagent was added. Both standards and samples were mixed thoroughly immediately after addition of the AQC reagent. The tubes were then heated at 55°C for 10 min.

Sample analysis was performed on a Waters UPLC system with a Binary solvent manager and a sample manager. The detection of the amino acids was performed on a Waters QDa single quadrupole mass spectrometer in positive mode. The settings of the mass spectrometer was optimized to a cone voltage of 14 V and a mass of 375.2 m/z for unlabeled Trp and 388.2 m/z for the labeled internal standard. The mass spectrometer allowed only for unit resolution meaning that compounds within ±1 m/z of the target mass was detected.

Separation was carried out on a Cortecs UPLC C18 (1.6 μm particle size, 2.1 × 150 mm) column with a VanGuard Cortecs UPLC C18 (1.6 μm particle size, 2.1 × 5 mm) guard column. The column temperature was steady at 55°C and the injection volume was 1 μL. Gradient elution was used with 0.5% formic acid in water as eluent A and in acetonitrile as eluent B. The flow rate was constant at 0.500 mL min−1. The following gradient was used (expressed as solvent B): Initial conditions: 0.0% B, 0.0–0.54 min: 0.1% B, 0.54–4.00 min: 6.0% B, 4.00–4.50 min: 13.0% B, 4.50–7.50 min: 16.0% B, 7.50–8.04 min: 59.6% B, 8.04–8.05 min: 90.0% B, 8.05–8.64 min: 90.0% B, 8.64–8.73 min: 0.0% B, 8.73–10.00 min: 0.0% B.



Calculation of Recovery

For calculation of recovery, nine replicates were measured over 3 days. All recoveries, except for the NIST reference material, were based on a comparison with results obtained by analyzing the same material in a commercial laboratory. The commercial laboratory is accredited by the Danish accreditation authorities and are performing the analysis in accordance with the generally accepted ISO 13904:2005 standard for analysis of Trp. The recoveries shown for the NIST reference material were compared to the certified values.



Data Analysis

Data analysis was performed in Excel. Comparisons of sets of samples were analyzed using a student's t-test.




RESULTS AND DISCUSSION


Specificity

The specificity of the separation and detection method was tested by injection of a solution of Trp. A full amino acid standard was used to show that none of the other amino acids interfered with the measurements (Figure 1). This is important, as all amino acids will normally be present in the sample when analyzing Trp in a protein hydrolysate. Because Trp in this case was detected with a mass spectrometer (QDa detector) and not by fluorescence, molecules of other masses with the same retention time at ~9 min could not interfere. It is therefore very unlikely that any interferences would be present, as was also confirmed (Figure 1). Sample blanks treated as a normal sample and going through all the analytical preparations verified that no compounds were contaminating or co-eluting with Trp (blank sample trace, Figure 1). With the given analytical setup, the total analysis time was 11.5 min from injection to injection, but due to the specificity provided by the use of the QDa detector, an even shorter run time is possible.


[image: Figure 1]
FIGURE 1. Chromatogram showing a full amino acid standard divided into mass traces. Each trace shows detection at a specific mass with Trp at the top and a blank sample at the bottom.




Calibration and Sensitivity

The influence of the cone voltage on the performance of the QDa detector was evaluated and the optimal value was found to be 14 V. The effect of formic acid concentration (0.1–1%) in the mobile phases was also tested. The best detector response (signal-to-noise ratio) was obtained using 0.5% formic acid (data not shown).

With the chosen setup, the working range was between 0.5 and 40 μM for Trp. This range was suitable for analyzing most materials without the need for diluting or concentrating the sample, thus decreasing the analytical sample preparation time. Within this working range, calibration curves for Trp showed a linear response (r2> 0.99) when a stable isotope labeled internal standard was included (Figure 2). Limit of Quantitation (LOQ) was calculated as 10 times signal-to-noise ratio and determined to be 0.06 μM. Limit of Detection (LOD) was calculated as three times signal-to-noise ratio and determined to be 0.02 μM. This was comparable to other methods described in literature with mass spectrometry detection (Liming et al., 2009; Gaudin et al., 2014; Tang et al., 2014).


[image: Figure 2]
FIGURE 2. Calibration curve for tryptophan showing peak area relative to the internal standard peak area plotted against amount in μg/L. Two replicates analyzed at each standard level.


On the QDa detector, Trp can be analyzed in the underivatized form. This will shorten the time of analytical preparation considerably, but the sensitivity will be lowered by approximately a factor of 10, giving a comparable sensitivity to other methods based on fluorescent or UV detection (Meussen et al., 2014; Tasakis and Touraki, 2018). Therefore, it was decided to continue with the derivatization step. Furthermore, the derivatization step was necessary for detection of the other amino acids in a combined analysis as described below.



Evaluation of Optimal Hydrolysis Conditions

The efficiency of protein hydrolysis and recovery of Trp is a critical aspect. Several different setups of the hydrolysis were tested based on previously published methods. Different bases were tested for the alkaline hydrolysis (Figure 3), and the time of hydrolysis was varied (data not shown). Using a hydrolysis time between 8 and 22 h revealed no significant difference in the performance of the analysis. The result for the 4 h hydrolysis time was significantly lower than those for the longer times. This demonstrated a good robustness of the hydrolysis with regard to hydrolysis time and a standard time of 16 h was chosen.


[image: Figure 3]
FIGURE 3. Recoveries of tryptophan following sample hydrolysis with different bases. Values are expressed relative to values obtained from commercial laboratories. Values are means ± S.D. (n = 9).


From the results in Figure 3 it was clear that neither of the tested bases were able by themselves to yield the desired recovery of Trp after the hydrolysis. This was attributed to Trp being susceptible to degradation by oxidation. Therefore, antioxidants were added to the hydrolysis mixture. Samples hydrolyzed with sodium hydroxide were prone to turning into a gel when neutralized with hydrochloric acid. This made the subsequent filtering process exceedingly difficult. Sodium hydroxide was therefore discarded in the following optimization. Barium hydroxide showed the best results in the initial tests and is also the base used in the ISO certified method for Trp analysis (ISO 13904:2005, 2005). However, due to precipitation, barium was incompatible with the borate buffer used in the derivatization step. A further disadvantage of barium hydroxide is that it has to be added as a solid compound which, in a high-throughput setup, is much less desirable than dispensing a liquid. Barium hydroxide was therefore also discarded and lithium hydroxide was chosen for further optimization of the hydrolysis.

Lactose and phenol proved ineffective as antioxidants or stabilizers of Trp (Figure 4), whereas tryptamine and ascorbic acid had a strong positive influence. Dose-response of both tryptamine and ascorbic acid was investigated, but due to the low solubility of tryptamine in lithium hydroxide, increasing the concentration to 40 mg/sample, corresponding to 13.3 mg/ml in the hydrolysis solution, resulted in insoluble tryptamine even after completed hydrolysis. Therefore, it was only possible to study the effect of ascorbic acid, where an increase in concentration from 20 to 50 mg per sample significantly improved the Trp recovery. However, a further increase from 50 to 100 mg ascorbic acid per sample did not result in significantly improved Trp recovery (Figure 4). The recoveries obtained using 50 mg ascorbic acid per sample as antioxidant were generally good, ranging from 92 to 101%. The level of added ascorbic acid was higher than previously reported (Wu and Tanoue, 2001), potentially accounting for the increase in recovery even without having to remove oxygen from the sample/head space. The improvement in recovery due to addition of tryptamine or ascorbic acid as antioxidants was much higher for ryegrass juice and alfalfa whole shoot samples than for the red clover pulp (compare Figures 3, 4). The reason for this may be that the juice and whole plant samples contained more highly soluble compounds that acted as catalysts of the oxidative degeneration, and which had been removed from the pulp during the extraction process.


[image: Figure 4]
FIGURE 4. Efficiency of different antioxidants on tryptophan recovery. Recoveries are shown for four different antioxidants added in increasing concentrations. Values are expressed relative to values obtained from a certified commercial laboratory. Values are means ± S.D. (n = 9).




Accuracy

Using the optimized hydrolysis described above, a set of nine different plant samples were tested for Trp recovery by comparing the obtained values with the values received from a certified commercial laboratory. Each sample was analyzed a total of 9 times over 3 days. The recoveries ranged from 90 to 98% of the values obtained by the commercial laboratory (Table 1), which is considered acceptable because it is within the uncertainty of the method. Furthermore, a certified reference material (NIST-1849a), used by commercial laboratories as the primary source for validation of accuracy, was analyzed with a recovery of 100%, strongly supporting the validity of the method. The average recovery for all the matrices was 95.5% (Table 1).


Table 1. Recoveries and relative standard deviation of Trp in different sample matrices.
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Reproducibility

The reproducibility was tested on 15 different sample types. Each sample type was analyzed in triplicates on three different days. The average relative standard deviation of the 15 sample types was 8.3%, ranging from 7.1 to 10.3% (Table 1). This standard deviation was slightly larger than other examples seen in the literature (Wu and Tanoue, 2001; Armstrong et al., 2007; Zhang et al., 2009), but still comparable. By analyzing 10 injections from the same vial, the contribution to the uncertainty coming from the HPLC system and MS-detection was determined to be 3.3%. By derivatizing and analyzing the same sample five times, the contribution to the uncertainty from the derivatization step was found to be 2.8%. The remaining uncertainty was therefore related to the hydrolysis step and the day-to-day variation. Only a few methods presented in the literature consider the hydrolysis step (Allenspach et al., 2018), thereby neglecting a major source of variation.



Combined Analysis of Cysteine, Methionine, and Trp

Analysis of the sulfur-containing amino acids methionine and cysteine requires that they are protected from degradation during standard acid hydrolysis. This is achieved by a pre-hydrolysis step in which performic acid is added to the sample, resulting in oxidation of the two amino acids to methionine sulfone and cysteic acid, respectively. During the oxidative hydrolysis, Trp is degraded, implying that no Trp is present in the hydrolysate. In the alkaline hydrolysis carried out in connection with Trp analysis, ascorbic acid as an antioxidant is preventing the formation of methionine sulfone and cysteic acid. The two hydrolysates from the oxidative and the alkaline hydrolysis might therefore be combined before derivatization, which would allow Trp, cysteine (cysteic acid), and methionine (methionine sulfone) to be quantified simultaneously in one analytical run. We tested this on a sample set of protein concentrates from plant material along with different whole plant materials and the certified reference material (NIST-1849a).

For Trp and methionine, there was no significant difference in quantified amount between the normal single and the combined analyses (p = 0.27 and p = 0.26, respectively). The combined analysis showed a slight tendency (p = 0.024) toward overestimating the content of cysteine. The average overestimation was 6.4%, which was within the range of the uncertainty of cysteine analysis in the method developed by Dahl-Lassen et al. (2018). The difference was mainly attributed to certain sample types as shown by the fact that the cysteine content of the Brachypodium samples and alfalfa samples were overestimated by 17 and 16% respectively, while the difference observed for the other samples, including the reference material, was not significant. The overestimation of cysteine may be caused by cysteine acting as an antioxidant, as has been demonstrated previously (Allenspach et al., 2018). Partial oxidation of cysteine to cysteic acid may be overcome by addition of extra ascorbic acid, however this has been demonstrated to have an adverse effect on the recovery of Trp in some sample types (Allenspach et al., 2018).

The combined method is accordingly considered suitable for most sample types, but it is strongly recommended that each sample type is tested before the combined method is applied.




CONCLUSION

The analytical protocol presented here makes the analysis of Trp more applicable for high throughput setups. This was achieved by using ascorbic acid as an antioxidant during the hydrolysis of proteins, thereby eliminating the need for the labor-intensive steps of removing oxygen from the sample and the atmosphere in the hydrolysis vial. The option of pre-column derivatization allows the user a choice of improved sensitivity or minimal active analytical preparation time. Combining the alkaline hydrolysate for Trp determination with the oxidized hydrolysate for methionine and cysteine determination prior to analysis by Single Quadrupole Mass Spectrometry, will further decrease the analytical preparation time, as well as the analytical run time, essentially resulting in a “free” analysis in terms of both time and material costs.
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A novel monohydroxycucurbit[7]uril-based stationary phase for capillary gas chromatography (GC) has been produced. For this, a capillary column coating was made using a sol–gel technique, incorporating synthesized monohydroxycucurbit[7]uril [(OH)Q[7]] and hydroxy-terminated poly(dimethylsiloxane) (OH-PDMS) into the sol–gel network through hydrolysis and polycondensation and chemical sol–gel grafting to the inner wall of a fused-silica tube. The preparation method may produce a coating with greater integrity, which gives the prepared column a higher separation efficiency and better selectivity toward analytes than a reported stationary phase based on neat cucurbit[n]urils (Q[n]s). The prepared (OH)Q[7]/PDMS column had 3,225 theoretical plates per meter determined using naphthalene at 120°C and exhibited a weakly polar nature. The (OH)Q[7]/PDMS column has high resolution over a broad spectrum of analytes with symmetrical peak shapes and exhibited better separation performance than commercial capillary columns and reported columns based on neat Q[n]s that failed to resolve some critical analytes. Moreover, the column also showed good thermal stability up to 300°C and separation repeatability with relative standard deviation values in the range of 0.01–0.11% for intraday, 0.11–0.32% for interday and 0.29–0.58% for column-to-column. In addition, the energy effect on the retention of analytes on the (OH)Q[7]/PDMS stationary phase was investigated. The results indicated that retention on the column was determined mainly by the enthalpy change. As demonstrated, the proposed coating method can address some disadvantages that exist with the reported Q[n]s columns and combine the full advantages of (OH)Q[7] with the sol–gel coating method while achieving outstanding GC separation performance.

Keywords: monohydroxycucurbit[7]uril, stationary phase, sol–gel coating, capillary gas chromatography, separation performance


INTRODUCTION

Capillary gas chromatography (GC) is a high-resolution analytical method. A selective stationary phase and an efficient column preparation method are the two main factors for GC column separation with high resolution (Luong, 2002). Cucurbit[n]urils (Q[n], n = 5–8, 10) possess excellent molecular-recognition properties toward analytes of different kinds, which is attributed to their hydrophobic cavity and two identical carbonyl-laced portals (Freeman et al., 1981; Lee et al., 2003). At the same time, the structure of Q[n]s is chemically inert and shows excellent chemical and thermal stability (Liu et al., 2005). The unique structures and molecular-recognition properties of Q[n]s have attracted attention for use as a chromatography stationary phase. Hydrophilic-interaction chromatography (Liu et al., 2004), capillary electrophoresis (Xu et al., 2004; Wei and Feng, 2008), liquid chromatography (Cheong et al., 2008) and packed GC (Li et al., 2007, 2012) were reported to use parent Q[n]s or their derivative forms as the stationary phase. Qi and co-workers have undertaken relatively comprehensive research on Q[n]s as stationary phases for capillary GC. They prepared capillary columns based on Q[7], Q[8], binary Q[7]–Q[8] and a Q[8]–Cd coordination complex using a statically coated method using suspensions in dichloromethane (Sun et al., 2014; Zhang et al., 2014). To improve the solubility of Q[n]s, guanidinium-based ionic liquids were introduced to prepare Q[6]-GBIL and Q[7]-SG capillary GC columns using the sol–gel method (Wang et al., 2014a,b) (GBIL and SG are the same ionic liquid, namely N′′,N′′-(6′,6′-dihydrox)dihexyl-N,N,N′,N′-tetramethylguanidiniumbis(trifluoromethylsulfonyl)imide). Briefly, these studies demonstrate the potential for using Q[n]s in chromatographic separation, while a capillary GC column based on Q[n]s exhibited higher separation resolution among the abovementioned different chromatographic methods. However, there are some disadvantages in the preparation method for capillary GC column only using parent Q[n]s. Owing to the low solubility of Q[n]s in organic solvents, only a small amount of Q[n] adhered on the inner wall of the capillary tube, which leads to instability of the stationary phase, easy loss, and poor repeatability. Even though ionic liquids and the sol–gel coating method were simultaneously employed to prepare capillary GC columns, parent Q[n]s are encapsulated rather than incorporated into the sol–gel network structure (Liang et al., 2004), which may lead to a decrease in the selectivity of Q[n]s toward analytes, thereby influencing GC separation performance. Therefore, Q[n]s derivatization may be an effective way to overcome the problems associated with the preparation of capillary GC column-based parent Q[n]s. Qi et al. reported perhydroxycucurbit[6]uril ([OH]12Q[6]) as a stationary phase for capillary GC (Sun et al., 2015). Though the column efficiency based on [OH]12Q[6] increased up to 2380 theoretical plates per meter compared with other capillary columns based on parent Q[n]s, only a small amount of [OH]12Q[6] stuck to the inner wall of the capillary tube due to the low solubility of [OH]12Q[6] and the statically coated method, which also showed the aforementioned shortcomings. Furthermore, it is quite challenging to modify Q[n]s, especially the active group bond on the structure of Q[n]s due to their chemical inertness.

Among the family members, Q[7] has a larger dimension in terms of diameter and cavity, and easily interacts with a wide range of analytes. To date, there are only a few literature reports on the derivatization of Q[7] (Jon et al., 2003; Kim et al., 2007; Lim et al., 2008; Vinciguerra et al., 2012; Ahn et al., 2013; Lau et al., 2014; Ayhan et al., 2015). Our research group successfully synthesized monohydroxycucurbit[7]uril [(OH)Q[7]] in 2018 and found that Q[7] and (OH)Q[7] have very similar structures and properties (Dong et al., 2008). Here, we report the first example of using (OH)Q[7] as a stationary phase for capillary GC separations. Meanwhile, the sol–gel coating method was adopted for the capillary column fabrication, in which (OH)Q[7] was incorporated into the sol–gel network together with poly(dimethylsiloxane) (OH-PDMS) and became a part of the coating. In this work, chromatographic parameters including column efficiency and McReynolds' constants, separation performance of compounds with different polarity and structure, and solvent and thermal stability for the prepared (OH)Q[7]/PDMS capillary column were investigated separately. Notably, to highlight the advantages of the prepared (OH)Q[7]/PDMS column, the separation performance of the (OH)Q[7]/PDMS capillary column was compared with that of the reported columns based on Q[n]s. Finally, energy effects on the retention of analytes were also investigated to obtain a better understanding of their retention behaviors and separation mechanism.



EXPERIMENTAL


Chemicals and Equipment

Methyltrimethoxysilane (MTMOS, 98%), poly (methylhydrosiloxane) (PMHS, 99%), trifluoroacetic acid (TFA, 95%), hydroxy-terminated poly(dimethylsiloxane) (OH-PDMS, 99%) and 3-(2-cyclooxypropoxyl)propyltrimethoxysilane (KH-560, 97%) were purchased from Alatin Reagents Co. (Shanghai, China). (OH)Q[7] was synthesized and purified according to our previously published method (Dong et al., 2008). Dichloromethane and the rest of the chemicals used in this work were purchased from Alatin Reagents Co. (Shanghai, China). All the chemicals were at least of analytical grade and dissolved in dichloromethane. Untreated fused-silica capillary tubing (0.25 mm, i.d.) was purchased from Yongnian Ruifeng Chromatogram Apparatus Co., Ltd. (Hebei, China). A commercial SE-54 capillary column (30 m × 0.25 mm, i.d., 0.25 μm film thickness), OV-1701 capillary column (30 m × 0.25 mm, i.d., 0.25 μm film thickness) and FFAP capillary column (30 m × 0.25 mm, i.d., 0.25 μm film thickness) were from Dalian Huawushuo Institute (Dalian, China) for comparison.

An Agilent 6890 gas chromatograph equipped with split/splitless injectors and flame ionization detectors and operated at 300°C was used. Nitrogen of high purity (99.999%) was used as the carrier gas, and 1 mL/min velocity was used. The split flow was adjusted to 30 mL/min. A Hitachi X-650 (Tokyo, Japan) scanning electron microscope (SEM) was used for the morphological observation of the coated capillary columns. Infrared (IR) spectra were recorded on a VERTEX70 Fourier-transform IR spectrometer (Bruker Optics, Karlsruhe, Germany) in the 400–4,000 cm−1 region.



Capillary Column Preparation

The capillary column based on (OH)Q[7] was prepared using the sol–gel coating method. Prior to coating, a capillary column (10 m × 0.25 mm, i.d.) was successively pretreated with 1 mol/L NaOH and 0.1 mol/L HCl, rinsed with water and dried overnight at 120°C under nitrogen. After this, 30 μL MTMOS, 50 μL PMHS, 300 μL OH-PDMS and 400 μL CH2Cl2 were added to a vial and mixed well. Then, 20 mg (OH)Q[7], 300 μL TFA, 100 μL KH-560, and 300 μL CH2Cl2 were added and sonicated for 5 min and centrifuged for 9 min (12,000 r/min). The clear top portion of the resulting sol solution was pumped into the pretreated capillary column and stayed for 30 min at room temperature. After the excess sol solution was expelled from the column, the column was stood for 1 h under an atmosphere of nitrogen. The column was conditioned from 40 to 150°C at a rate of 1°C/min and held at 150°C for 6 h, then the temperature was increased to 250°C at a rate of 1°C/min and held at the final temperature for 4 h. Using the same coating method, the blank sol–gel column without (OH)Q[7] was also prepared for comparison.



McReynolds' Constants

McReynolds' constants are often used to characterize the polarity of a GC stationary phase and its molecular interaction with analytes. Benzene, n-butanol, 2-pentanone, nitropropane and pyridine represented as π-electron interaction (X′), H-bond donor and acceptor interaction (Y′), H-bond acceptor interaction (Z′), dipole interaction (U′), and strong H-bond acceptor interaction (S′), respectively. They were used as probe compounds to determine the differences in the retention indices on the given stationary phase and squalane. The average of the differences is used for the polarity estimation. The higher the value of the average polarity, the higher the polarity of the stationary phase. In this work, McReynolds' constants of the (OH)Q[7]/PDMS column were determined at 120°C.




RESULTS AND DISCUSSION


Possible Structure of the Coating

The chemical ingredients used to create the sol–gel (OH)Q[7]/PDMS coating are presented in Table S1 in the supporting information. Being characterized by the interactions of hydroxyl groups during all steps, (OH)Q[7] and OH-PDMS are used as the components of the coating stationary phase to form chemical bonds between the coating and the capillary inner surface (Zeng et al., 2001). The sol–gel process starts with the catalytic hydrolysis of the sol–gel precursors and other sol–gel active ingredients in the coating solution, followed by polycondensation of the hydrolyzed products into a sol–gel network. In the process of sol–gel reaction, ring-opening polymerization takes place between KH-560 and (OH)Q[7] catalyzed by TFA, which is used to further connect (OH)Q[7] with other polymers (Zeng et al., 2001). Based on this, (OH)Q[7] incorporates into the sol–gel network and becomes one part of the coating. A simplified scheme of the sol–gel (OH)Q[7]/PDMS coating on the fused-silica capillary inner wall is presented in Scheme S1. The structure of the coating was further identified using FT-IR and shown in Figure 1. An intense band observed at about 3,395 cm−1 can indicate the axial stretching vibrations of O–H of PDMS, and the vibration bands at 2,965, 1,748, 1,471, and 1,274 cm−1 are the stretching vibration of C–H, C=O, C–N, and C–O of (OH)Q[7], respectively. The stretching vibration of C–O–C appeared at 1,000 cm−1, suggesting the formation of a new chemical bond and showing (OH)Q[7] was anchored to the sol–gel network. All characteristic IR absorption bands in the sol–gel-derived (OH)Q[7]/PDMS coating confirmed that the bonding of (OH)Q[7] formed an organic–inorganic copolymer coating (Shu et al., 2014).


[image: Figure 1]
FIGURE 1. FT-IR spectrum of the (OH)Q[7]/PDMS coating.




Characterization of the Capillary Column

Column efficiency of the as-prepared (OH)Q[7]/PDMS column was measured using n-dodecane and naphthalene as test solutes at 120°C, and the determined column efficiency was 2,702 and 3,225 theoretical plates/m for n-dodecane and naphthalene, respectively. The prepared column has higher column efficiency than those of the published columns based on Q[n]s (n = 6–8; Sun et al., 2014, 2015; Wang et al., 2014a,b; Zhang et al., 2014), whose column efficiency ranged from 1,060 plates/m to 2,380 plates/m, in which n-dodecane or naphthalene was used as test analyte and determined at 120°C. The higher column efficiency may be attributed to the uniformity and integrity of the coating on the inner wall of the capillary column prepared using the sol–gel method (Shende et al., 2003). The morphology of the (OH)Q[7]/PDMS coating on the capillary inner wall has been characterized using a scanning electron microscope (SEM) (Figure 2). As can be seen from Figure 2a, the coating is uneven, having a rough thickness of ≈0.8 μm (magnification of 1,200). The SEM image in Figure 2b shows that the coating surface is rough and wrinkled, which can increase the surface area of the coating and enhance the solute/stationary phase interactions during GC separations. A thicker layer and a roughened and wrinkled surface make the prepared (OH)Q[7]/PDMS column possess enhanced sample load and better retention toward analytes (Shende et al., 2003).


[image: Figure 2]
FIGURE 2. Scanning electron microscopic images of a sol-gel (OH)Q[7]/PDMS coated fused- silica capillary. (a) Cross-sectional view, magnification 1,200×; (b) surface view of the fine structures on the sol-gel (OH)Q[7]/PDMS coating, magnification, 10,000×.


Table S2 lists the McReynolds constants of the (OH)Q[7]/PDMS column and commercial columns for comparison. In general, the stationary phase in gas chromatography can be divided into non-polar, weakly-to-moderately polar or highly polar when average polarity is 1–100, 100–400, or over 400, respectively (Sun et al., 2014). The (OH)Q[7]/PDMS column had an average polarity of 143 and can be classified as weakly-to-moderately polar nature in GC separation. As shown in Table S2, the (OH)Q[7]/PDMS stationary phase exhibits a higher value of Y′, suggesting its stronger H-bonding interaction with analytes. This can be due to the selective interactions between the carbonyl groups at portals or methine/methene protons of (OH)Q[7] and analytes via H-bonding.



Solvent Stability and Thermal Stability of the Sol–Gel (OH)Q[7]/PDMS Column

The solvent stability was measured by the change of the solute retention times in five replicates before and after the column was rinsed with methylene chloride (Table S3). The relative standard deviation (RSD) values in retention time for 10 solutes were <0.81%, indicating that this column has excellent solvent stability. Strong immobilization and structural integrity are important properties of the prepared sol–gel (OH)Q[7]/PDMS stationary phase, which helps to maintain good reproducibility of retention time (Delahousse et al., 2013).

Strong chemical immobilization is also helpful for the prepared sol–gel (OH)Q[7]/PDMS column to enhance its thermal stability. The thermal stability of the (OH)Q[7]/PDMS column was evaluated by GC separation of mixtures containing esters, alkanes, and aldehydes after the column aged for 4 h at 210, 240, 280, and 300°C, respectively. As can be seen in Table 1, the RSD values of the analytes for the retention factor (k) range from 3.35 to 5.13%, indicating that the (OH)Q[7]/PDMS column has good thermal stability and separation repeatability at the specified temperature. Importantly, the separation factor (α) remained almost unchanged with the RSD <1.77%, suggesting that the column still possessed excellent separation performance for the analytes, in which no significant drift or reduction in resolution was observed in the process of separation. The highest operating temperature of the sol–gel (OH)Q[7]/PDMS column (300°C) is higher than that of the reported columns based on Q[n]s (Sun et al., 2014, 2015; Wang et al., 2014a,b; Zhang et al., 2014) (200–280°C) and commercial medium polar OV-1701 column that is recommended to be used below 270°C.


Table 1. Repeatability of retention factor and separation factor of the analytes in the mixture after the column was conditioned up to the indicated temperatures for 4 h.
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Reproducibility Characteristics of the Sol–Gel (OH)Q[7]/PDMS Column

Reproducibility is an important feature for any newly developed technique. Separation repeatability of the (OH)Q[7]/PDMS column concerning intraday, interday, and column-to-column repeatability was examined by separations of mixtures. The RSD in retention times of the analytes in the mixtures was used for the evaluation (Table 2). RSD values of the analytes are in the range of 0.01–0.11% for intraday, 0.11–0.32% for interday, and 0.29–0.58% for column-to-column. These low RSD values show that the developed sol–gel method for the preparation of the (OH)Q[7]/PDMS column is indeed reliable and highly reproducible.


Table 2. Separation repeatability of (OH)Q[7]/PDMS capillary column in retention times (tR, min) for separation of the indicated analytes.
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Separation Performance

The separation performance of the (OH)Q[7]/PDMS column was evaluated by GC separation of different analytes of great variety, including non-polar analytes, polar analytes, Grob mixture consisting of 12 test analytes, mixtures with similar boiling point and geometric isomers.


Separation of Non-Polar Analytes, Medium Polar Analytes, Polar Analytes, and Grob Mixture

n-Alkanes are typical non-polar analytes, esters, aldehydes, and ketones are low to medium polarity compounds containing oxygen atom without active hydrogen. As mentioned above, the (OH)Q[7]/PDMS stationary phase was weakly-to-moderately polar, and thus non-polar and medium polar analytes were easily separated according to “like dissolves like.” As shown in Figure 3, all the above analytes containing n-alkanes, esters, ketones, and aldehydes were baseline resolved and the peaks were sharp and symmetrical. For typical polar alcohol compounds, the GC chromatographs on the (OH)Q[7]/PDMS stationary phase (Figure 4A) show slight peak tailing, suggesting alcohols may have stronger interactions with the stationary phase via H-bonding. However, sharp and symmetrical peaks for the same alcohols were obtained on the blank sol–gel PDMS column (Figure 4B), indicating a high inertness for the blank sol–gel PDMS column due to the inherent sol–gel column technology (Shende et al., 2003). Thus, slight peak tailing on the (OH)Q[7]/PDMS stationary phase may result from H-bonding interactions between the hydroxyl groups of alcohols and the carbonyl groups of (OH)Q[7], not from alcohols interacting with residual silanol on the stationary phase, which agrees well with its higher Y′ value in McReynolds' constants. Apart from H-bonding, a shape-fitting interaction between analytes and the cavity of (OH)Q[7] may also play a role in GC separation. To be more specific, the elution order for the pair of cyclohexanone and 2-heptanone was contrary to their boiling point order, that is, cyclohexanone (b.p. 156°C eluted before 2-heptanone (b.p. 152°C). The reason for this may be due to the molecular geometry of 2-heptanone probably fitting better with the cavity of (OH)Q[7] than that of cyclohexanone. These results verified that (OH)Q[7] on the stationary phase makes a great contribution to the separation performance of the (OH)Q[7]/PDMS column and makes the (OH)Q[7]/PDMS stationary phase exhibit good selectivity and excellent separation efficiency.


[image: Figure 3]
FIGURE 3. GC separations of (A) n-alkanes, (B) esters, (C) ketons, and (D) aldehydes on the (OH)Q[7]/PDMS column. Peaks for (a): (1) n-heptane, (2) n-octane, (3) n-nonane, (4) n-decane, (5) n-undecane, (6) n-dodecane, (7) n-tridecane, (8) n-tetradecane, (9) n-octodecane. Peaks for (b): (1) butyl acetate, (2) methyl heptanoate, (3) ethyl hexanoate, (4) methyl benzoate, (5) methyl caprylate, (6) methyl salicylate, (7) methyl decanoate, (8) methyl undecanoate, (9) methyl dodecanoate. Peaks for (c): (1) 2- pentanone, (2) cyclohexanone, (3) 2- heptanone, (4) 2-octanone, (5) 2-benzophenone, (6) 2- acetophenone. Peaks for (d): (1) butyraldehyde, (2) valeraldehyde, (3) hexaldehyde, (4) heptaldehyde, (5) benzaldehyde, (6) caprylaldehyde, (7) nonanal, (8) decanal. Temperature program: 40°C (1 min) to 250°C at 5°C/min.



[image: Figure 4]
FIGURE 4. GC separations of alcohols on (A) the (OH)Q[7]/PDMS and (B) the sol-gel blank PDMS column. Peaks: (1) 1- hexanol, (2) cyclohexanol, (3) 1-heptanol, (4) 1-octanol, (5) phenethyl alcohol, (6) 1- decanol, (7) 1- undecanol, (8) 1- dodecanol. Temperature program: 40°C (1 min) to 220°C at 8°C/min.


Grob reagent is composed of 12 compounds with different polarities and structures, and is recognized as a test mixture for the comprehensive assessment of separation performance of a GC column as well as a chromatographic system. Resolution, elution order and peak shape of the analytes in the mixture reflect their retention behaviors on the given column as well as system conditions (Wang et al., 2014a). Figure 5 shows the chromatograms for separation of the Grob mixture on the (OH)Q[7]/PDMS, blank sol–gel PDMS and commercial columns. As shown in Figures 5A,B, the (OH)Q[7]/PDMS stationary phase generally achieved baseline resolution for almost all the compounds whereas the blank sol–gel PDMS column failed to separate nonanal from 1-octanol (Peaks 4, 5), which demonstrates that the addition of (OH)Q[7] to the stationary phase may increase the separation efficiency of the prepared column. In addition, two pairs of analytes (Peaks 6–8, Peaks 10, 11) were coeluted from the commercial OV-1701 column (Figure 5C). Compared with the reported neat Q[7], Q[8], or [OH]12Q[6] stationary phases, the pair of nonanal and 1-octanol or the pair of methyl undecanoate and dicyclohexylamine were coeluted from Q[7], Q[8], or [OH]12Q[6] columns (Sun et al., 2014, 2015; Zhang et al., 2014), demonstrating their lower separation performance than the (OH)Q[7]/PDMS column. Furthermore, compared with the reported ionic liquid sol–gel Q[6]-GBIL column or Q[7]-SG column, the (OH)Q[7]/PDMS column achieved much higher resolution for nonanal and 1-octanol (Peaks 4, 5) (R = 2.0) in the Grob mixture than the Q[6]-GBIL column (R = 1.0) (Wang et al., 2014a), and also obtained better separation efficiency between 2-ethylhexanoic acid, 2,6-dimethylphenol, methyl dodecanoate and 2,6-dimethylaniline than that of the reported Q[7]-SG column (Wang et al., 2014b). From an elution perspective, the (OH)Q[7]/PDMS stationary phase exhibited different retention behaviors from either the Q[6]-GBIL or the Q[7]-SG stationary phase due to their different sol–gel structures (Wang et al., 2014a,b). However, the elution order for all Grob mixtures on the (OH)Q[7]/PDMS stationary phase is the same as that of reported neat Q[7] column (Zhang et al., 2014), indicating the retention mechanism on the two stationary phases could be mainly based on molecular recognition of Q[7] toward analytes. This also verified that the preparation of the sol–gel (OH)Q[7]/PDMS stationary phase is successful, in which (OH)Q[7] is incorporated into the coating structure and gives the coating more integrity, and achieves better separation efficiency than that of the reported neat Q[7] column. In brief, the (OH)Q[7]/PDMS column showed advantages over the reported columns based on Q[n]s.
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FIGURE 5. GC separation of the Grob mixture on (A) (OH)Q[7]/PDMS, (B) sol-gel blank PDMS and (C) commercial OV-1701 columns. Peaks: (1) 2,3-butanediol, (2) n- decane, (3) n- undecane, (4) nonanal, (5)1-octanol, (6) 2,6-dimethylphenol, (7) 2,6- dimethylaniline, (8) 2-ethylhexanoic acid, (9) methyl decanoate, (10) methyl undecanoate, (11) dicyclohexylamine, (12) methyl dodecanoate. Temperature program: 40°C (1 min) to 250°C at 5 °C/min.




Separation of Mixtures With Similar Boiling Points

In GC analysis, the elution order of analytes is commonly in agreement with their boiling point. The closer the boiling points of a pair of substances is, the more difficult they are to separate using GC. Figure 6 is the separation of seven kinds of analytes with very similar boiling points on the (OH)Q[7]/PDMS and commercial columns. The boiling points of these substances differ by no more than 6°C, and some of them even have the same boiling points. As can be seen from Figure 6, the seven analytes were basically baseline resolved on a 10-m-long sol–gel (OH)Q[7]/PDMS column with good peak shape, however, not only non-polar commercial 30-m-long SE-54 column, medium polar 30-m-long commercial OV-1701 column but also polar 30-m-long commercial FFAP column all failed to separate completely every analyte. This finding further suggests that the (OH)Q[7]/PDMS column has its distinctive separation characteristics. (OH)Q[7] on the stationary phase makes a great contribution to the separation of different analytes via H-bonding, fitness of cavity of (OH)Q[7], dipole–dipole interaction and even outer-surface interaction of (OH)Q[7] (Chen et al., 2014; Ni et al., 2014). The distinctive separation characteristics of (OH)Q[7]/PDMS also led to the elution order of seven analytes different from commercial columns, in which the elution order of analytes mainly depends on the polarity of the column and the polarity of the analyte itself.


[image: Figure 6]
FIGURE 6. GC separation of the mixture with similar boiling point on (A) (OH)Q[7]/PDMS, (B) commercial OV-1701, (C) commercial FFAP, and (D) commercial SE-54 columns. Peaks: (1) n- dodecane (boiling point: 216°C), (2) o-nitrophenol (boiling point: 216°C), (3) ethyl benzoate (boiling point: 212°C), (4) phenethyl alcohol (boiling point: 218°C), (5) 2,6- dimethylaniline (boiling point: 216°C), (6) 2,6-dimethylphenol (boiling point: 216°C), (7) p- ethyl phenol (boiling point: 218°C). Temperature program: 80°C (1 min) to 250°C at 8°C/min.




Separation of Aromatic Geometric Isomers

Aromatic polar isomers and aromatic non-polar isomers were used to evaluate the selectivity and separation performance for the sol–gel-coated (OH)Q[7]/PDMS column. The results are shown in Figures 7, 8, Figures S1, S2, and Table 3. Figure 7, Figure S1, and Table 3 give the highly efficient separation of dimethylaniline, nitroaniline, benzenediol, and nitrophenol isomers (the resolution values R ranged from 2.01 to 8.92), demonstrating high selectivity of the newly developed sol–gel (OH)Q[7]/PDMS stationary phase toward these isomeric polar compounds. However, the (OH)Q[7]/PDMS stationary phase exhibited lower separation performance toward aromatic non-polar isomers, in which three kinds of non-polar isomeric compounds including dichlorobenzene isomers, the pair of phenanthrene and anthracene and xylene isomers were not separated completely from each other (Figure 8, Figure S2, and Table 3), even p-xylene and m-xylene were coeluted from the column. As mentioned above, the (OH)Q[7]/PDMS stationary phase could provide a greater interaction mode toward aromatic polar isomers, such as H-bonding, fitness of the cavity of (OH)Q[7], dipole–dipole interaction and dispersion forces, however, fitness of the cavity of (OH)Q[7] and dispersion force may be the main interactions between the stationary phase and aromatic non-polar isomers. Thus, the selectivity and separation performance of (OH)Q[7]/PDMS stationary phase for polar isomers may be better than that of non-polar isomers.


[image: Figure 7]
FIGURE 7. GC separation of dimethyl aniline on the (OH)Q[7]/PDMS column (A). Peaks: (1) 2,6- dimethyl aniline, (2) 2,4- dimethyl aniline, (3) 2,5- dimethyl aniline, (4) 3,4- dimethyl aniline. Temperature program: 100°C (1 min) to 220°C at 8°C/min; GC separation of nitroaniline on the (OH)Q[7]/PDMS column at 100°C (B). Peaks: (1) o- nitroaniline, (2) m- nitroaniline, (3) p- nitroaniline.



[image: Figure 8]
FIGURE 8. GC separation of dichlorobenzene on the (OH)Q[7]/PDMS column at 100°C (A). Peaks: (1) o- dichlorobenzene, (2) m- dichlorobenzene, (3) p- dichlorobenzene; GC separation of xylene on the (OH)Q[7]/PDMS column at 70°C (B). Peaks: (1) p-xylene, (2) m- xylene, (3) o-xylene.



Table 3. Separation of geometric isomers of aromatic compounds on the sol-gel coated (OH)Q[7]/PDMS column.
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Thermodynamic Parameters for the (OH)Q[7]/PDMS Stationary Phase

The enthalpy change (ΔH) and entropy change (ΔS) were investigated to probe the energy effect on the retention behaviors of the (OH)Q[7]/PDMS stationary phase, which were calculated according to the van't Hoff equation:

[image: image]

where k is the temperature-dependent retention factor, T is the absolute temperature, R is the gas constant, and β is the phase ratio.

At each of the isothermal temperatures, the retention factor k of a given analyte can be determined. As such, the ΔH and ΔS for each analyte can be calculated on the basis of the linear relationship of ln k vs. 1/T. Two classes of analytes, namely polyaromatic hydrocarbons (PAHs) and alcohols, were used to perform isothermal separations at different temperatures over the range of 215–235 and 110–130°C in 5°C increments, respectively. The values of ΔH and ΔS for all the analytes are listed in Table 4, and corresponding van't Hoff plots are presented in Figure S3. As shown in Figure S1, all the coefficients of determination (R2) are larger than 0.99, demonstrating that there is a good linear relationship between ln k and 1/T for a given analyte. The ratio ΔS/ΔH is decreased for the separation of both alcohols and PAHs on the (OH)Q[7]/PDMS column, indicating that ΔH is the main driving force for the separation (Sun et al., 2013). Compared with a commercial OV-1701 column, the (OH)Q[7]/PDMS column showed lower ΔS/ΔH ratios for the same analytes, suggesting the higher selectivity of the latter. In general, more positive (or less negative) ΔS and more negative ΔH values are thermodynamically favorable for the transfer of the analyte from the mobile phase to the stationary phase, thus stronger retention for the analyte on the stationary phase (Ni et al., 2014).


Table 4. Values of ΔH, ΔS, ΔS/ΔH for separation of the indicated analytes on (OH)Q[7]/PDMS and commercial OV-1701 columns.
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CONCLUSION

Q[7] was derivatized to (OH)Q[7] and coupled with KH-560 to be immobilized onto the inner wall of a capillary column by sol–gel technology. The presented method successfully addresses and eliminates some of the drawbacks associated with reported stationary phases based on Q[n]s. Such shortcomings include low column efficiency and low selectivity resulting from Q[n] not dissolving in organic solvents or Q[n] only encapsulated in the stationary phase. The proposed (OH)Q[7]/PDMS stationary phase gives full play to the unique nature of (OH)Q[7] and demonstrates high selectivity and good resolution toward a wide range of analytes, which shows great potential for application in the science of separation. However, some critical pairs in GC such as xylene isomers still do not provide a good separation performance on the proposed (OH)Q[7]/PDMS stationary phase, which will prompt us to do further research work.
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Exposure to natural food contaminants during infancy may influence health consequences later in life. Hence, breast milk may serve as a vehicle to transport these contaminants, including mycotoxins, from mothers to their infants. Analytical methods mostly focused on single exposures in the past, thus neglecting co-occurrences and mixture effects. Here, we present a highly sensitive multi-biomarker approach by a sophisticated combination of steps during sample preparation including a Quick, Easy, Cheap, Effective, Rugged and Safe (QuEChERS) extraction followed by a solid phase extraction (SPE) cleanup and utilizing stable isotopes for compensating challenging matrix effects. The assay was validated in-house, reaching limits of detection (LOD) for all 34 analytes in the range of 0.1 to 300 ng/L with satisfying extraction efficiencies (75–109%) and stable intermediate precisions (1–18%) for most analytes. Compared to a similar multi-mycotoxin assay for breast milk, LOD values were decreased by a factor of 2–60x enabling the assessment of chronic low-dose exposures. The new method was applied to a small set of Nigerian breast milk samples (n = 3) to compare results with already published data. Concentration levels of samples that were found to be contaminated before could be confirmed. In addition, other mycotoxins were determined in all three samples, for example the newly investigated alternariol monomethyl ether (AME) was found for the first time in this biological fluid at concentrations up to 25 ng/L. Moreover, in a pooled Austrian sample obtained from a milk bank, trace amounts of multiple mycotoxins including AME (1.9 ng/L), beauvericin (5.4 ng/L), enniatin B (4.7 ng/L), enniatin B1 (<LOQ), ochratoxin A (<LOQ) and the estrogenic zearalenone (<LOQ) confirmed co-occurrence and exposure even in a country with high food safety standards. In conclusion, the method facilitates the determination of mycotoxins at ultra-trace levels in breast milk, enabling the generation of occurrence data necessary for comprehensive co-exposure assessment.

Keywords: exposure assessment, food safety, exposome, infant and public health, environmental contaminants


INTRODUCTION

The benefits of breast milk for infants concerning gastrointestinal function, lower risk of infectious diseases or the development of the immune system have been well-documented (Horta et al., 2007). Positive effects of breastfeeding for the mother are associated with emotional bonding, reduced risk for the development of type 2 diabetes or breast cancer (Palmer et al., 2014). However, mothers are likely exposed to food contaminants such as mycotoxins due to exposure via naturally contaminated foodstuffs. These toxins may be transferred to infants via breast milk. The exposure of infants is critical because they are generally more susceptible, particularly premature newborns, and have a less developed immune system during the first months of life (EFSA Scientific Committee et al., 2017).

Mycotoxins are toxic secondary metabolites produced by a variety of fungi, including Aspergillus, Penicillium, and Fusarium species. Harmful effects were previously reported in many animal studies involving immune suppression, target organ toxicity or the development of cancer (Bondy and Pestka, 2000; IARC, 2002; CAST, 2003). Aflatoxins are associated with suppressed immune functions and impaired growth of children (Turner et al., 2003; Gong et al., 2004, 2012). Ochratoxin A (OTA) is known as a nephrotoxic agent in several animal species, due to its accumulation in the kidney (Malir et al., 2013). Trichothecenes are most prevalently produced by Fusarium toxins and are known for their emetic effects and their suppression of immune functions [EFSA Panel on Contaminants in the Food Chain (CONTAM) et al., 2017]. Zearalenone (ZEN) is commonly found in cereals in different world regions and interferes with the endocrine system, due to its high affinity to the estrogen receptor (Kowalska et al., 2018). The toxicity of emerging mycotoxins such as the Alternaria toxins alternariol (AOH), its monomethyl ether (AME) or tentoxin (TEN) has not been fully assessed or data are clearly lacking to classify these toxins. However, AOH and AME are known for their genotoxic effects in vitro by acting as topoisomerase I or II poison (Jarolim et al., 2017). Furthermore, recent studies indicate endocrine disruptive and immune modulatory properties (Dellafiora et al., 2018; Kollarova et al., 2018; Schmutz et al., 2019).

Several reports are available on the occurrence of mycotoxins in breast milk and were reviewed before by Warth et al. (2016) and Sengling Cebin Coppa et al. (2019). Briefly, aflatoxin M1 (AFM1) and OTA are the main mycotoxins which were assessed utilizing mostly enzyme-linked immunosorbent assay or liquid chromatography coupled to fluorescence detection in different world regions and with a high variance in occurrence. While these published methods lack the specificity of a targeted LC-MS/MS approach, we developed and validated such a method recently to assess multiple classes of mycotoxins in breast milk (Braun et al., 2018). However, a pilot survey revealed that contamination levels were near or below the LOQ for all detected analytes. To enable the accurate quantification of low dose chronic early-life exposures and thoroughly evaluate their real-life impact, a highly sensitive approach has to be developed.

The aim of the present work was therefore to significantly improve the sensitivity of our previously developed LC-MS/MS methodology to assess mycotoxin exposures even in countries with high food safety standards. Consequently, the main focus was to optimize the sample preparation protocol and to compare sensitivity and other critical performance parameters using two triple quadrupole mass spectrometers of different vendors. Moreover, new mycotoxins of high toxic potential were included to collect data for a more detailed picture of co-exposure. The applicability of the significantly improved LC-MS/MS tool was subsequently demonstrated by analyzing a small set of randomly selected samples obtained from a Nigerian cohort and by examining a pooled Austrian breast milk sample.



MATERIALS AND METHODS


Chemicals and Reagents

LC-MS grade solvents [water, acetonitrile (ACN) and methanol (MeOH)] were purchased from Honeywell (Seelze, Germany). Acetic acid, ammonium acetate, anhydrous magnesium sulfate, formic acid and sodium chloride were bought from Sigma-Aldrich (Vienna, Austria). The following mycotoxins reference standards were purchased: Aflatoxin B1 (AFB1), AFB2, AFG1, AFG2, deoxynivalenol (DON), OTA, nivalenol (NIV), sterigmatocystin (STC), fumonisin B1 (FB1), FB2, T-2 toxin, alpha zearalenol (α-ZEL), β-ZEL, alpha zearalanol (α-ZAL), β-ZAL, zearalanone (ZAN) and ZEN from RomerLabs (Tulln, Austria). Enniatin A (Enn A), Enn A1, Enn B, Enn B1, tenuazonic acid (TeA), and TEN from Sigma-Aldrich (Vienna, Austria). Aflatoxin metabolites AFM1, AFM2, AFP1, AFQ1, AFB1-N7-guanine adduct, as well as AME, AOH, beauvericin (BEA), citrinin (CIT), HT-2 toxin, ochratoxin alpha (OTα), ochratoxin B (OTB) from Toronto Research Chemicals (Ontario, Canada). Dihydrocitrinone (DH-CIT) was kindly provided by Prof. Michael Sulyok (IFA-Tulln, Austria). Solid reference materials were dissolved in ACN, except the fumonisins (ACN/H2O, 1/1, v/v) and AFB1-N7-guanine (ACN/H2O/acetic acid, 75/24/1, v/v/v) to reach individual stock solutions with final concentrations of 5-500 μg/mL which were stored at −20°C. Internal standards (IS) [13C]-AFM1, [13C]-CIT, [13C]-DON, [13C]-FB1, [13C]-NIV, [13C]-OTA, [13C]-ZEN were purchased from RomerLabs (Tulln, Austria). [2H]-AOH was kindly provided by Prof. Michael Rychlik (TU Munich, Germany). To prepare a multi-standard working solution containing all analytes, the stock solutions were diluted in MeOH reaching concentrations of 36–17,000 ng/mL. A fresh IS mixture was prepared containing the following concentrations: [2H]-AOH (4.5 ng/mL), [13C]-AFM1 (0.4 ng/mL), [13C]-CIT (0.1 ng/mL), [13C]-DON (4.0 ng/mL), [13C]-FB1 (4.0 ng/mL), [13C]-NIV (4.0 ng/mL), [13C]-OTA (4.5 ng/mL) and [13C]-ZEN (4.5 ng/mL).



Breast Milk Samples

Breast milk samples from Austria were kindly provided by the Semmelweis Women's Clinic in Vienna, Austria. Samples of more than 150 women were collected in 2015, pooled and stored at −20°C. This pooled sample was used for method development and optimization in the current as well as in the previous published work (Braun et al., 2018). This study was permitted by the Ethic Committee of the University of Vienna (IRB#00157). For the Nigerian breast milk samples, randomly selected breast milk aliquots (n = 3) originating from mothers in Ogun state, Nigeria which were part of an earlier study (Braun et al., 2018), were re-extracted. Ethical approval was granted by the responsible Ethical Committee of Babcock University under the number: #BUHREC294/16.



Sample Preparation Protocol

Several different clean-up and enrichment steps were evaluated, while the main extraction procedure was based on our established QuEChERS approach (Braun et al., 2018) to which an SPE clean-up and enrichment step was added. Briefly, the final protocol was as follows: 1 mL of human breast milk was vortexed, 1 mL of acidified ACN (1% formic acid) added and vigorously shaken for 3 min. Then, 0.4 g anhydrous magnesium sulfate and 0.1 g sodium chloride were separately added and mixed again (3 min). After centrifugation for 10 min (4,750 × g at 10°C) the upper layer (ACN, 950 μL) was transferred to a new micro-reaction tube and chilled at −20°C for 2 h. After a second centrifugation step (2 min at 14,000 × g, 4°C), 900 μL of the supernatant was directly transferred to a reservoir, which was preloaded with 17.1 mL water, onto an Oasis PRiME HLB® SPE column (Waters, Milford, MA). The SPE cartridge was equilibrated with 1 mL ACN, and 1 mL H2O/ACN (95/5, v/v) before the water containing reservoir was attached. After washing twice with 500 μL H2O/ACN (95/5, v/v), mycotoxins were eluted with three times 500 μL pure ACN. The extract was dried using a vacuum concentrator (Labconco, Missouri, USA), reconstituted in 81 μL MeOH/ACN (50:50, v:v) and fortified with 9 μL of the IS mixture, resulting in an overall concentration factor of 10 for the analytes of interest. Then, samples were vortexed, ultra-sonicated for 5 min and transferred to amber LC-vials containing a micro-insert. Subsequently, 3 μL were injected onto the LC-MS/MS system.



LC-MS/MS Analysis

LC-MS chromatographic analysis of purified breast milk extracts was performed based on Braun et al. (2018). In short, chromatographic separation was achieved utilizing an Acquity HSS T3 column (1.8 μm, 2.1 × 100 mm) guarded with a VanGuard pre-column (1.8 μm, Waters, Vienna, Austria). The column oven was set to 40°C and the autosampler maintained at 10°C. Gradient elution was carried out using an acidified ammonium acetate solution in water (5 mM, acidified with 0.1% acetic acid; A) and MeOH (B). Two LC-MS/MS instruments were used for method performance comparison. First, a Dionex Ultimate 3000 UHPLC coupled to a TSQ Vantage triple quadrupole mass spectrometer (Thermo Scientific, Vienna, Austria) equipped with an electrospray ionization interface (ESI) was used. Second, the method was transferred to an Agilent 1290 Infinity II LC coupled to a Sciex QTrap6500+ (Darmstadt, Germany) mass spectrometer. The MS was equipped with a Turbo-V™ ESI source.

LC-MS/MS operation parameters are reported in Table S1 (TSQ Vantage) in the Supplementary Material (SM) and Table 1 (QTrap6500+) for both instruments, respectively. Ion source parameters were optimized for each instrument and are either described in the SM or elsewhere (Braun et al., 2018). The final instrument setup used consisted of the Agilent 1290 Infinity II coupled to the Sciex QTrap6500+ instrument. The Chromeleon™ Chromatography Data System (version 3) and Analyst (version 1.7) software were used for data acquisition and instrument control. Data evaluation was executed using either the Tracefinder™ (version 3.3) or MultiQuant (3.0.3) software package.


Table 1. Optimized analyte specific MS and MS/MS parameters utilized on the QTrap6500+ instrument.
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Validation Experiments

Since certified reference materials for the analysis of mycotoxins in human breast milk are not commercially available, the optimization and validation of the presented method were performed as previously described by Braun et al. (2018). An Austrian pooled breast milk sample intended for method development and optimization was spiked with mycotoxin analytical reference standards and extracted following our new protocol. According to the European Commission Decision 2002/657/EC (EC 2002) and the EuraChem Laboratory Guide (Magnusson and Örnemark, 2014), concerning the performance of analytical methods and their validation, the following parameters were evaluated: sensitivity, selectivity, repeatability (intraday precision, RSDr), intermediate precision (interday precision, RSDR), linearity, extraction recovery (RE) and signal suppression or enhancement. Calibration standards were prepared in neat solvent and unspiked pooled breast milk extracts (matrix matched standards). Matrix-matched calibration curve (1/x weighted) for each mycotoxin was established using at least five concentration levels. In case of a natural contamination of the unspiked pooled breast milk extract, results reported were evaluated by standard addition method. For mycotoxins for which IS were available, peak area ratios were used for quantification, while for mycotoxins without IS all calculations were performed using the peak area. Limits of detection (LOD) and limits of quantification (LOQ) were calculated by dividing the standard deviation of the lowest spiking level with the square root of replicated experiments. This value was multiplied by a factor of three and six to obtain LOD and LOQ values, respectively (Magnusson and Örnemark, 2014; Braun et al., 2018).




RESULTS AND DISCUSSION


Optimization of the Multi-analyte QuEChERS/SPE Extraction Procedure

Although detection of environmental contaminants utilizing LC-MS/MS is very sensitive and selective, complex biological matrices such as human breast milk may diminish this advantage by matrix effects during ESI. To resolve these drawbacks, an effective clean-up step is necessary to disrupt the matrix and efficiently extract all analytes of interest. The QuEChERS approach demonstrated excellent recovery of targeted analytes as shown before (Braun et al., 2018). This earlier developed sample clean-up approach was modified to detect ultra-trace levels of mycotoxins and chronic low-dose exposures to enable proper exposure assessments. A variety of different approaches were integrated to the earlier established QuEChERS approach, including dispersive to traditional SPE and thereafter tested.

Dispersive SPE materials are known to bind free fatty acids and other co-extracted matrix components. These are frequently used in combination with the QuEChERS approach in pesticide analysis for extracting analytes from complex matrices (Lehmann et al., 2018). However, dispersive SPE, utilizing materials like C18, poly-secondary amine (PSA), zirconium salts (Z-Sep), or combinations thereof, had no significant improvement on any analyte. On the contrary, the Z-Sep material bound specifically CIT, DH-CIT and ochratoxins and decreased their extraction recovery (RE <10%). Thus, the dispersive SPE approach was discarded. Hybrid-SPE technologies like phospholipid SPE materials bind proteins and phospholipids, however, analytes like OTA and CIT were selectively bound resulting in 1% extraction efficiency. Subsequently, a traditional SPE clean-up was investigated. Here, the integration of this step was a crucial factor to efficiently extract the targeted analytes. Hence, in the newly established protocol an evaporation step of ACN was avoided and the QuEChERS extract was directly diluted to 5% in a H2O preloaded SPE-reservoir (Figure S1). The operating conditions were thoroughly optimized to guarantee good extraction recoveries for the extremely diverse analytes (Figure 1). Moreover, the resulting eluate was concentrated by a factor of 10. The extraction efficiency and sensitivity of pre-experiments were highly satisfying for most toxins on the TSQ Vantage (Figure 2) and on the QTrap6500+ instrument. Consequently, this approach was selected for method validation.


[image: Figure 1]
FIGURE 1. Chemical structures of the 34 investigated mycotoxins and some of their metabolites as included in the optimized LC-MS/MS method. Validation criteria were met for 29 analytes (excluding alternariol, aflatoxin B1-N7-guanine, deoxynivalenol, dihydrocitrinone and nivalenol).



[image: Figure 2]
FIGURE 2. Comparison of MRM-chromatograms of matrix-matched “blank” samples (A) and matrix-matched calibrants (B) after the extraction with the old sample preparation protocol [according to Braun et al. (2018)] and the newly presented approach acquired on the TSQ Vantage instrument.




Method Transfer

The QTrap6500+ instrument was recently used to assess trace levels of mycotoxins in urine (Šarkanj et al., 2018). Thus, this instrument was selected to examine sensitivity and other critical performance parameters useful for assessing and quantifying mycotoxins in human breast milk. Here, a major advantage is the scheduled multiple reaction monitoring (MRM) data acquisition which allowed the reduction of the methods cycle time to 0.3 s by maintaining or even increasing the dwell time of nearly all MRM transitions ranging from 8 ms up to 80 ms. The basis to perform scheduled MRM analysis is stable chromatographic analyte retention as the transition is only measured in a time window near the expected retention time (Figures S2, S3). Instrument performance and method validation was examined using both triple quadrupole instruments. In the following sections, however, data obtained from the QTrap6500+ instrument setup are reported and discussed. MS and MS/MS parameters are reported in Table 1. This set-up clearly demonstrated significant improvement in performance and sensitivity compared to the TSQ Vantage instrument with lower LOD values by a factor of 3-5x on average (Tables 2, 3 and Table S2). Importantly, it needs to be highlighted that one of the instruments is state-of-the-art, while the other instrument is available on the market for more than 10 years. However, the MS and MS/MS specific parameters as well as validation experiments carried out on the TSQ Vantage instrument are summarized in Tables S1, S2 for the interested reader, as high-end state-of-the-art instruments are frequently not affordable for research labs.


Table 2. Performance characteristics of the method as obtained during in-house validation on the QTrap6500+ instrument including concentration range of matrix matched standard calibration, regression coefficient (R2), spiking levels, recoveries of the extraction step (RE), intermediate precision (RSDR), repeatability (RSDr), signal suppression/enhancement (SSE), limits of detection (LOD) and limits of quantification (LOQ).
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Table 3. Comparison of limit of detection (LOD) values for all analytes using the published (Braun et al., 2018) and newly presented approach.
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Validation of the Enhanced Clean-Up Protocol

The methods' performance was validated in-house according to established guidelines from EuraChem (Magnusson and Örnemark, 2014) and the European Commission Decision 2002/657/EC (European Commission Decision, 2002) by evaluating sensitivity, selectivity, linearity, repeatability, intermediate precision, extraction recovery and matrix effects. Overall, the validation was successful and the detailed results are reported in Table 2.

The enhanced method enabled the quantification of mycotoxins in the pg/L—ng/L range. Compared to our previously published method (Braun et al., 2018), LOD and LOQ values were decreased between a factor of two (α-ZEL) to 60x (BEA, OTA) depending on the analyte and ranged from 0.1 to 300 ng/L and 0.2 to 600 ng/L, respectively. Significant improvement in sensitivity was observed for most aflatoxins and ochratoxins with an improvement factor of ~20x (Table 3). In agreement with our previous publication, highest sample LOD values were observed for the polar trichothecenes DON, NIV and HT-2 (106, 70, and 300 ng/L) on both instruments. Selectivity of the method was assessed by evaluating a non-spiked pooled matrix extract in comparison to extracted spike samples. Selectivity was in concordance with the established guideline, if no co-eluting peak with a S/N ratio greater than three was found (European Commission Decision, 2002). For identification and quantification of spiked samples, parameters including retention time, parent and product ion as well as their ion ratio were evaluated. Here, the ion ratio proved to be reproducible over the concentration range tested (Table 2). Linearity of the instrument was assessed by weighted regression analysis (1/x) of concentrations tested within the matrix-matched calibration curve. Regression coefficients ranging from 0.9978 to 0.9998 demonstrated excellent linearity. Extraction recoveries were in good agreement with guideline requirements, except impaired extraction rates for AOH, AFB1-N7-guanine and DH-CIT (<6, <39, and <55%) and nearly no recovery for DON and NIV. Most of these exceptions can be reasonably explained by their polar character. While these analytes were not extractable from breast milk using acidified ACN, this is not the case for DH-CIT. Good extraction rates (mean RE: 100%) using the QuEChERS extraction only (Braun et al., 2018) suggest that this toxin is likely not fully retained by the SPE material. All other 29 analytes met the validation acceptance criteria with extraction recoveries ranging from 75 to 109% for all spiking levels, including the newly implemented analytes AME, TEN, ZAN, α-ZAL, and β-ZAL. Repeatability (RSDr) and intermediate precision (RSDR) for successfully validated analytes were mostly in the range of 2% to 9% with a maximum in RSDr and RSDR of 24 and 18% for e.g., CIT, HT-2 or OTα. These values are in good agreement for the spiked concentrations (mostly lower than 1000 ng/L). The EC guideline recommends to keep the RSD as low as possible for the extraction of analytes which were spiked at a concentration of 1000 ng/L or lower (European Commission Decision, 2002). No significant differences between RSDR and RSDr were observed. Matrix effects were assessed by comparing matrix-matched calibration slopes to solvent calibration slopes and this value was expressed in percent. Thus, a value above 100% indicates signal enhancement due to matrix effects and a value lower 100% indicates signal suppression. In addition, 13C-labeled reference standards were included to compensate for any diminished ionization of analytes and enhances the accuracy of these analytes. As expected, the enrichment of the matrix during sample clean-up resulted in a suppression of nearly all analytes. Highest matrix suppression was observed for STC with 34%. Typical characteristics could be observed depending on the chemical property of the analyte. For example, matrix effects for the group of ZEN, ZAN and their metabolites ranged from 39 to 60% and were thus more affected by the matrix than aflatoxins (59 to 89%). In contrast, CIT and DH-CIT with 114 and 115% exhibited slight signal enhancement, which is in concordance with our experience (Braun et al., 2018). Interestingly, matrix effects observed were comparable between instruments and, with the exception of CIT and DH-CIT, did not differ significantly.



Limitations

The development of a broad multi-analyte method targeting highly diverse chemical classes is a difficult task. The selection of an appropriate clean-up strategy is complex, as the extraction may be either not possible without the loss of targeted analytes or the co-extraction of interfering matrix compounds. The toxins DON, NIV, AFB1-N7-guanine and AOH were not sufficiently recovered using our clean-up approach. Therefore, these analytes did not fulfill all required validation parameters. The extraction efficiency of DH-CIT was on average slightly lower than the requested validation criteria of 50% (European Commission Decision, 2002). However, this method can be used as a screening tool for DH-CIT, as the RSD for all evaluated spike samples was low (<15%). Fumonisins and tenuazonic acid were included in the method development, however, poor performance characteristics and decreased signal intensities or broad peaks and peak tailing impaired appropriate quantification.



Proof-of-Principle Application of the Integrated QuEChERS-SPE Protocol

The newly established protocol was applied to the pooled Austrian sample. This sample was initially considered as “blank matrix,” since it was not expected to detect mycotoxins in the pooled Austrian breast milk (Braun et al., 2018). However, the application of the enhanced assay resulted in the detection and quantification of several mycotoxins which demonstrates the significant increase in sensitivity of the newly established method. Generally, contamination of the pooled Austrian sample was low with the highest concentration of 6.2 ng/L found for BEA. Interestingly, the newly implemented Alternaria toxin AME was found in the pooled Austrian sample with a concentration of 2.1 ng/L (Figure 3). To the best of our knowledge, no data on AME in naturally contaminated breast milk samples has been published to date. Moreover, Enn B was quantified at a concentration of 4.7 ng/L. Other mycotoxins detected below their respective sample LOQ value included Enn B1, OTA and ZEN (Figure 4, Table S3). ZEN was recently shown to cross the placental barrier and exhibit synergistic toxic effects with other xenoestrogens (Vejdovszky et al., 2017a,b; Preindl et al., 2019; Warth et al., 2019). Hence, this finding needs to be confirmed in further surveys. Since only one pooled Austrian sample was available, no individual contamination patterns from Austrian volunteers could be assessed. This lack will be addressed in future large-scale biomonitoring studies.


[image: Figure 3]
FIGURE 3. MRM-chromatograms of a solvent blank (A), non-spiked pooled matrix from Austria, demonstrating the extremely high sensitivity of the established method, as this sample was considered a “blank” sample before (B) and spiked pooled matrix from Austria (C) of beauvericin (BEA), enniatin B (Enn B), enniatin B1 (Enn B1), alternariol monomethyl ether (AME), ochratoxin A (OTA) and zearalenone (ZEN), respectively. For OTA and ZEN 13C-labeled internal reference standards were included for analyte confirmation, while for the other analytes detected no labeled standards were available (To discriminate between quantifier and qualifier ion traces kindly refer to the online version of this figure).
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FIGURE 4. Comparison of previous methods' LOD values (Braun et al., 2018) with the LODs as obtained during in-house validation of the new methodology (blue arrows indicate sensitivity increase; AME was newly implemented within the present study). Mycotoxin concentration of the non-spiked pooled Austrian sample are indicated by the blue dot and highlight the feasibility to now detect and quantify chronic low-dose exposures.


Moreover, the optimized methodology was applied to a small set of randomly selected Nigerian samples and the results were compared with published data (Braun et al., 2018) (Figure 5, Table S3). The identification of AFM1, BEA, Enn B, and OTA was confirmed. However, the enhanced sample preparation protocol enabled the quantification of these analytes in the selected samples, which were mostly not detected or below the respective LOQ value when applying our previous approach. In addition, other mycotoxins, namely Enn A, Enn A1, Enn B1, OTB, and AME were identified. Interestingly, AME and OTA were the most abundant toxins in these samples with concentration up to 25 and 65 ng/L, respectively. The occurrence of mycotoxins in these breast milk samples can be reasonably explained, as most mycotoxins were found in household foods and plate-ready meals in Nigeria. Detected analytes included BEA with a frequency of 42 to 100% and concentration levels up to 435 μg/kg (Ezekiel et al., 2019; Ojuri et al., 2019). Moreover, AFM1 and OTA are recurring contaminants in food with levels up to 24 and 26 μg/kg and were also frequently found in Nigerian adult and infant urine with maximum levels of 620 and 310 ng/L (Šarkanj et al., 2018; Ezekiel et al., 2019; Ojuri et al., 2019). In breast milk samples, which were obtained from German and Chilean mothers (Munoz et al., 2010, 2013) particularly OTA was described as a frequent contaminant. While no multi-analyte method was suitable to quantify mycotoxin contamination in low exposure countries, the optimized assay with a LOD value of 0.8 ng/L for OTA demonstrated that our multi-analyte approach can compete even with tailored single-analyte methods (Munoz et al., 2013). Overall, the increased detection frequencies clearly demonstrate that the method is fit for purpose and can be applied to quantify trace levels of mycotoxins in breast milk. However, it has to be highlighted that the contamination levels detected are below any regulatory value in Europe (e.g., AFM1 below 25 ng/L) and therefore likely have no negative effect on infant health. Importantly, potential presence of mycotoxins in breast milk should not be a factor to avoid breastfeeding as the benefits clearly outweighs the risks and appropriate alternatives are mostly contaminated at higher levels. In addition, a recent study suggests that consumption of complementary infant food is unlikely to result in lower exposures (unpublished).
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FIGURE 5. Comparison of three Nigerian samples using an old (Braun et al., 2018) and newly developed protocol. Results obtained after the integrated QuEChERS/SPE clean-up (colored dots) excellently fit with our previous reported concentration (colored triangles) for beauvericin (BEA), enniatin B (Enn B), and ochratoxin A (OTA) indicating the high precision of the developed method. In addition to the confirmed mycotoxins, six were newly identified and quantification was feasible for most mycotoxins. Importantly, aflatoxin M1 (AFM1) and OTA were confirmed by 13C-labeled reference standards.





CONCLUSION AND OUTLOOK

We report an optimized, highly sensitive and robust LC-MS/MS assay for the simultaneous quantification of mycotoxins and key metabolites in human breast milk. The rather polar mycotoxins AOH, DON, FBs, NIV, and AFB1-N7-Gua did not fulfill all required validation parameters and a more tailored approach has to be developed to assess these toxins. However, this is in line with our previous report in which the QuEChERS based extraction procedure was first optimized. For all other 29 analytes, the method proved to be reproducible down to the lower ng/L and even pg/L range. The improvement in sensitivity was achieved by elegantly linking QuEChERS and SPE extraction to enrich a broad range of chemically diverse toxicants. Importantly, the established unique sample preparation protocol might be employed in future large-scale investigations of environmental exposures within the exposome paradigm (Warth et al., 2017; Niedzwiecki et al., 2019). The developed protocol might be a solution for some of the analytical issues this emerging field is facing currently. Here, the methodological changes had a major impact on detection and quantification frequency as demonstrated in proof-of-principle measurements. In addition, several mycotoxins were found in a pooled Austrian sample demonstrating the ultimate sensitivity of this optimized approach. The detection of AME, which was not reported in this bio-fluid before, and the co-occurrence of mycotoxins highlight the need for large-scale epidemiological studies. Follow-on studies can be used to gain detailed insight into occurrence patterns, to estimate exposure of infants and to investigate potential correlations between exposure to mycotoxins and infant health effects. Overall, all these efforts are intended to minimize mycotoxin exposures in mothers and their infants throughout all critical life stages.
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ABBREVIATIONS

General: ACN, acetonitrile; CE, collision energy; CXP, cell exit potential; DP, declustering potential; ESI, electrospray ionization; SM, supplementary material; IS, internal standard; MeOH, methanol; MRM, multiple reaction monitoring; PSA, poly-secondary amine; R2, regression coefficient; RE, extraction recovery; SPE, solid phase extraction; SSE, signal suppression or enhancement.

Mycotoxins: AFL, aflatoxicol; AFB1, aflatoxin B1; AFB1-N7-guanine, aflatoxin B1-N7-guanine; AFB2, aflatoxin B2; AFG1, aflatoxin G1; AFG2, aflatoxin G2; AFM1, aflatoxin M1; AFM2, aflatoxin M2; AFP1, aflatoxin P1; AFQ1, aflatoxin Q1; AOH, alternariol; AME, alternariol monomethyl ether; BEA, beauvericin; CIT, citrinin; DH-CIT, dihydrocitrinone; DON, deoxynivalenol; Enn A, enniatin A; Enn A1, enniatin A1; Enn B, enniatin B; Enn B1, enniatin B1; FB1, fumonisin B1; FB2, fumonisin B2; HT-2, HT-2-toxin; NIV, nivalenol; OTA, ochratoxin A; OTB, ochratoxin B; OTα, ochratoxin alpha; STC, sterigmatocystin; T-2, T-2-toxin; TEN, tentoxin; ZAN, zearalanone; α-ZAL, alpha zearalanol; β-ZAL, beta zearalanol; ZEN, zearalenone; α-ZEL, alpha zearalenol; β-ZEL, beta zearalenol.
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Coronavirus disease 2019 (COVID-19) outbreak has become a global pandemic. The deleterious effects of coronavirus have prompted the development of diagnostic tools to manage the spread of disease. While conventional technologies such as quantitative real time polymerase chain reaction (qRT-PCR) have been broadly used to detect COVID-19, they are time-consuming, labor-intensive and are unavailable in remote settings. Point-of-care (POC) biosensors, including chip-based and paper-based biosensors are typically low-cost and user-friendly, which offer tremendous potential for rapid medical diagnosis. This mini review article discusses the recent advances in POC biosensors for COVID-19. First, the development of POC biosensors which are made of polydimethylsiloxane (PDMS), papers, and other flexible materials such as textile, film, and carbon nanosheets are reviewed. The advantages of each biosensors along with the commercially available COVID-19 biosensors are highlighted. Lastly, the existing challenges and future perspectives of developing robust POC biosensors to rapidly identify and manage the spread of COVID-19 are briefly discussed.
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INTRODUCTION

Coronavirus disease 2019 (COVID-19) is an infectious illness caused by severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) (Chen L. et al., 2020; Hu et al., 2020). On 20 January 2020, World Health Organization (WHO) declared the outbreak of COVID-19 a global public health emergency of international concern (Zheng et al., 2020). The incidence of COVID-19 has increased drastically, with more than three million cases reported worldwide, causing more than 200,000 deaths (Baud et al., 2020). The clinical manifestation of COVID-19 ranges from mild illnesses such as fever, cough and dyspnea to life-threatening syndromes, including pneumonia, acute respiratory distress syndrome, or even death (Bedford et al., 2020; Bernheim et al., 2020). COVID-19 has high transmission capability, making the prevention and control difficult (Chen S. et al., 2020). As there is no specific antiviral treatment or vaccine for COVID-19, early and prompt diagnosis is important to reduce the risk of life-threatening complications and mortality through appropriate health care (Lee et al., 2020; Xiao and Torok, 2020).

With the advances in POC testing, chip-based [e.g., polydimethylsiloxane (PDMS) biosensors] and paper-based biosensors [e.g., lateral flow test strips or three-dimensional (3D) paper-based microfluidic biosensors] have been developed for rapid diagnosis of infectious diseases (Choi et al., 2017; Yew et al., 2018; Zhang et al., 2019). They are widely used to detect antibodies, antigens or nucleic acids in crude samples such as saliva, sputum, and blood based upon colorimetric, fluorescent, or electrochemical detection approaches (Choi et al., 2015; Tang et al., 2017a; Yee et al., 2018). They offer many advantages such as being Affordable, Sensitive, Specific, User-friendly, Rapid and Robust, Equipment-free, and Deliverable to end users (ASSURED) (Gong et al., 2017; Tomás et al., 2019). The result can be obtained in a fast and simple manner, which allows rapid decision-making, hence minimizes the risk of human-to-human transmission.

In view of the escalating demand for rapid diagnosis of COVID-19, a mini review that summarizes the recent progress in developing POC biosensors for COVID-19 is highly desirable. In this review article, the most recent advances in POC biosensors, including both chip-based or paper-based biosensors for the detection of COVID-19 infection are reviewed. The advantages of each biosensors along with the commercially available COVID-19 biosensors are summarized. Finally, the existing challenges and future perspectives of developing robust and fully integrated POC biosensors for COVID-19 are briefly discussed.



DEVELOPMENT OF POINT-OF-CARE BIOSENSORS FOR COVID-19

In general, there are two types of rapid POC tests that can detect COVID-19 infections, which are nucleic acid and antibody (Ab) tests (Sheridan, 2020). The nucleic acid test is usually performed by detecting the presence of virus in patient's sputum (or saliva) or nasal secretions (snot) (Zhifeng et al., 2020). Such test is good at detecting the virus at early stage of infection or even before the symptoms appear. On the other hand, the antibody test strip (IgG/IgM test) is performed by collecting patient blood samples that contain antibodies against the virus (Li et al., 2020). In general, about 5 days after initial infection, the virus triggers the immune response which stimulates the production of both IgM and IgG in blood that fight against the virus (Thevarajan et al., 2020). These antibodies can be detected in patient plasma, serum or whole blood. The existing POC biosensors and commercial products for COVID-19 are summarized in Table 1. In fact, compared to the existing POC biosensors, quantitative real-time polymerase chain reaction (qRT-PCR), the gold standard for COVID-19, shows a higher clinical sensitivity and specificity, which are 79–96.7 and 100%, respectively (He et al., 2020). The clinical sensitivity and specificity of commercial POC biosensor (i.e., IgG/IgM lateral flow test strip) are 86.43–93.75 and 90.63–100%, respectively. The POC biosensors which are potentially used for COVID-19 are sample-to-answer chip-based biosensors, paper-based biosensors or other material-based biosensors (Figure 1) which are briefly discussed in the following sections.


Table 1. Point-of-care biosensors and commercial products for COVID-19.
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FIGURE 1. Point-of-care biosensors for COVID-19. Respiratory and blood samples are collected for the detection of viral nucleic acids and human antibodies against the virus. Point-of-care biosensors such as chip-based biosensors (Ma et al., 2019), paper-based biosensors (Li et al., 2020), film-based biosensors (Kukhtin et al., 2019), thread-based biosensors (Choi et al., 2018a), graphene-based biosensors (Kampeera et al., 2019), and black phosphorus-based biosensors (Kumar et al., 2016) offer tremendous potential for identifying and managing the spread of COVID-19. Rapid onsite analysis can be performed using a smartphone for appropriate health management.



Chip-Based Biosensors

Chip-based biosensors have been broadly used for point-of-care diagnosis of infectious diseases. They are mainly made of PDMS or poly(methyl methacrylate) (PMMA) (Zarei, 2017a; Zhang et al., 2017). These biosensors allow automated, precise manipulation of fluid flow with small volume of samples. They are able to minimize reagent consumption which enables high throughput analysis (Dincer et al., 2017; Nasseri et al., 2018). PDMS chip-based biosensors, in particular, have attracted scientific interest due to its biocompatibility, high transparency and cost-effectiveness (Nayak et al., 2017). They have been explored in both antibodies and nucleic acid detection for monitoring infectious diseases (Wang et al., 2016; Darwish et al., 2018). Recent studies have focused on the development of sample-to-answer platform for nucleic acid testing as they are more sensitive and specific than antibody assays. For example, a study has developed a sample-to-answer “lab-on-a-disc” biosensor (Loo et al., 2017). This PDMS-based biosensor consists of multiple channels that allows automated nucleic acid extraction, isothermal amplification [loop-mediated isothermal amplification (LAMP)] and real time signal detection. SYTO-9 dye is used for detection, which binds to the double-stranded DNA from LAMP reaction and emits green fluorescence. The intensity of fluorescence signal indicates the amount of target detected. The biosensor is self-contained for performing sample heating and chemical lysis for both extraction and amplification processes. The entire sample-to-answer processes take ~2 h. While the platform is portable, the size of biosensor is relatively large, which requires further improvement. The biosensor can be readily customized to detect COVID-19 viruses in the near future.

More recently, one group has integrated digital amplification process into a sample-to-answer chip-based biosensor to quantify nucleic acids which further simplifies the entire process of nucleic acid testing (Yin et al., 2020). The biosensor integrates nucleic acid extraction, multiplex digital recombinase polymerase amplification (RPA) and fluorescence detection into a single biosensor. It is mainly made of PDMS layers with a glass slide as a supporting substrate. The specific primer mixture and all of the reaction solution for RPA except magnesium acetate are added onto three different detection areas and lyophilized. Once the sample is added, the cell is lysed and the nucleic acids bind to the magnetic beads. Following the washing and elution steps, the reagents are passively driven into the digital RPA area using vacuum-based self-priming approaches for isothermal amplification, followed by fluorescent imaging. As the fluorescence probe is labeled with carboxyfluorescein (FAM) which is detectable by the UV light, the fluorescence signal intensity is proportional to the concentration of amplicons. The biosensor could achieve three main steps of nucleic acid testing within 45 min without requiring complex instrument and control systems. This integrated biosensor shows immense potential to rapidly and accurately detect COVID-19 in patient samples.

Besides fluorescence signal detection, colorimetric detection approach has also been used in chip-based biosensors. The output of isothermal amplification (e.g., LAMP) has been visualized by colorimetric indicators [e.g., calcein or hydroxynaphthol blue (HNB)] that interact with amplicons or byproducts (i.e., pyrophosphate; Seok et al., 2017; Quyen et al., 2019; Wang et al., 2019). Calcein binds manganese ions that quench fluorescence and the complex interacts with pyrophosphate to express fluorescent signal (Dou et al., 2019). HNB changes color from violet to sky blue upon reacting with pyrophosphate (Yang et al., 2018). To improve the portability and functionality of chip-based biosensors, one has developed an automated, portable sample-to-answer biosensor coupled with a smartphone for colorimetric detection of pathogens (Ma et al., 2019). It consists of a microfluidic structure layer, a hydrophilic layer, a PDMS hydrophobic layer and a glass substrate. The biosensor is able to (i) purify pathogens with specific affinity reagent pre-conjugated to magnetic beads, (ii) conduct lysis at low temperatures, (iii) perform LAMP, and (iv) quantify the results based on colorimetric signals. HNB is used as an indicator or visual dye for amplicons. As mentioned, the LAMP reaction changes the color of LAMP products from violet to sky blue. The entire process is about 40 min which is automatically performed and being monitored using a smartphone. Future work should include storing the reagents on chip to make it more applicable at remote settings.



Paper-Based Biosensors

Paper-based biosensors have attracted more significant attention for use in POC testing as compared to chip-based biosensors owing to their cost-effectiveness, biodegradability as well as ease-of-fabrication, functionalization and modification (Hu et al., 2017; Böhm et al., 2018; Choi et al., 2019). With these characteristics, they are able to achieve rapid, onsite POC testing in remote settings (Tang et al., 2017b). Lateral flow test strips, in particular, have been widely used for the detection of COVID-19. They are designed to detect IgG and IgM in patient whole blood, serum and plasma samples (Li et al., 2020; Sheridan, 2020). Each test strip generally consists of (i) a sample pad to add patient samples, (ii) a conjugate pad containing COVID-19 antigen conjugated with gold nanoparticles (gold-COVID-19) and gold-rabbit IgG, (iii) a nitrocellulose membrane that consists of a control line coated with goat anti-rabbit IgG, an IgG test line coated with anti-human IgG, an IgM test line coated with anti-human IgM as well as (iv) an absorbent pad that absorbs waste (Li et al., 2020; Sheridan, 2020). In the presence of IgM and/or IgG in patient samples, the antibodies react with gold-COVID-19 antigen to form a complex, which moves across the nitrocellulose membrane and interact with the anti-IgM and/or IgG at their respective test line. The gold-rabbit IgG in turn reacts with anti-rabbit IgG coated at the control line to produce a visible red color. A positive IgM and a negative IgG or positive at both lines indicate a primary or acute infection, while a positive IgG with a negative IgM shows a secondary or later stage of infection (Du et al., 2020; Li et al., 2020).

Apart from antibody testing, some lateral flow test strips with sample-to-answer capability have been used for nucleic acid testing which could potentially detect COVID-19 nucleic acids in respiratory samples. For instance, a group has introduced a fully integrated paper-based biosensor that involves three main steps of nucleic acid testing (i.e., nucleic acid extraction, LAMP, and detection), producing colorimetric signal detected by lateral flow test strip (Rodriguez et al., 2016). However, this integrated biosensor requires an external heat block for amplification. To simplify the platform for POC applications, a small and portable heater has been developed in combination with four-layered paper-based sample-to-answer biosensor (Choi et al., 2016a). This biosensor consists of Fast Technology Analysis (FTA) card and glass fiber for nucleic acid extraction and LAMP, along with an integrated lateral flow test strip for visual detection. Each functional layer is separated by hydrophobic polyvinyl chloride substrates that control the fluid flow from one layer to another. To further simplify the processes, a semi-automated, fully disposable and integrated paper-based biosensor has been developed (Tang et al., 2017c). This integrated biosensor consists of a paper-based valve and a sponge-based reservoir to extract nucleic acids from crude samples, a portable battery and a heater integrated into the platform for isothermal amplification (i.e., helicase dependent amplification, HDA) as well as a lateral flow test strip for colorimetric detection. The proposed biosensor allows on board reagent storage with the use of sponges and equipment-free isothermal amplification which significantly simplifies user steps. More recently, lateral flow test strip has been combined with paper folding technologies for sample preparation, LAMP and lateral flow detection (Reboud et al., 2019). The integrated test strip consists of buffer chambers that regulate fluid flow, acetate films which prevent sample evaporation, filter paper-based valves that prevent LAMP reagent from mixing with other reagents, and a lateral flow test strip. This integrated technology is suitable for use in resource-limited settings to test crude samples (e.g., sputum), offering great potential to rapidly detect nucleic acids of COVID-19 (<50 min).

Besides lateral flow test strips, several 3D paper-based microfluidic biosensors have been developed to detect proteins or nucleic acids at the POC (Xia et al., 2016; Lam et al., 2017). These biosensors usually detect targets based on fluorescence or colorimetric detection approaches. Metal ions (e.g., magnesium, calcium, or silver) have been used in 3D paper-based microfluidic biosensors to react with base (purine or pyrimidine) from double stranded DNA to form a stable complex that show fluorescent signal upon UV irradiation. For example, a fully integrated and foldable biosensor encapsulated with agarose have been developed for long-term reagent storage and multiplex fluorescence detection (Trinh et al., 2019). The biosensor consists of a reaction zone and a detection zone. Agarose that carries LAMP reagents and silver nitrate (reaction indicator) is deposited and stored in reaction and detection zones for at least 45 days. The sample is added into reaction zones which are then closed with an adhesive sealing film to avoid sample evaporation before being placed on a portable heater for amplification. Following the amplification process, the sealing film is removed and the detection zone is folded and soaked into the reaction zone. UV light is used to visualize the reaction between amplicons and silver ions. The brown color intensity of the test zone increased along with the increased concentration of amplicons. The biosensor is simple and user friendly, which is expected to detect COVID-19 nucleic acids in patient samples.

More recently, as a new alternative, fuchsin has been explored for the detection of DNA amplicons based upon colorimetric detection approach using a 3D paper-based microfluidic biosensor (Trinh and Lee, 2019). In the absence of DNA amplicons, addition of sodium sulfite molecule and fushsin produces fushsin leucosulfonic acid or leucofushsin which is colorless. In the presence of DNA amplicons, aldehyde groups of the DNA bind to sulfonate groups and the bond between hydrogen sulfite and the central C atom is broken, producing the fuchsin with chromophoric structure, which appears to be purple signals (Mello and de Campos Vidal, 2017). The proposed biosensor is composed of a sample zone, a reaction zone and a detection zone. The detection zone consists of paper strips with fuchsin stained lines. Briefly, sample is injected into the sample zone which is sealed with an adhesive sealing film to prevent sample evaporation. The reaction zone is folded to bind to the sample zone and the biosensor is turned upside down to enable the flow of sample from sample zone to reaction zone. The biosensor is heated on a hot plate at 65°C for 30 min for LAMP. After LAMP, the sealing film is peeled off and the hydrochloric acid is injected into the reaction zone. Sodium sulfite is subsequently added and the changes of fuchsin-stained line color is observed. Unlike the above-mentioned biosensors, this biosensor produces simple colorimetric signals detectable by the naked eyes without requiring any external readers, which shows promising for rapid diagnosis of COVID-19 infections at the POC.



Other Biosensors

Apart from developing chip-based and paper-based biosensors, other material-based biosensors such as textile-based, film-based or carbon-based biosensors have also been introduced for potential use for COVID-19 (Parrilla et al., 2016; Afsahi et al., 2018; Mogha et al., 2018). They are developed to improve the functionality and detection sensitivity of the existing biosensors, providing more promising choices for practical use. Textile-based biosensors such as thread-based, fabric-based or cloth-based biosensors have been developed with simple fabrication processes and improved assay performance. One study has incorporated polysiloxanes with tunable hydrophobicity into thread-based biosensors to delay fluid flow in lateral flow assay and improve detection sensitivity (Choi et al., 2018a). Similar to conventional lateral flow test strip, the fluidic delay in thread increases interactions between gold nanoparticles-antibodies (AuNP-Ab) and targets. With the optimum conditions, the increase in interactions produces more AuNP-Ab-target complexes, showing 10-fold more sensitive than the unmodified biosensors. This biosensor is simple-to-fabricate and highly sensitive, which shows immense potential in detecting IgG and IgM in COVID-19 patients for appropriate health monitoring.

In addition to textile-based biosensors, film-based biosensors have been developed to detect infectious microorganism from crude samples. For instance, a film-based biosensor has been introduced which consists of a transparent polyester film substrate, a sample chamber, a cover, a reaction chamber and a waste chamber (Kukhtin et al., 2019). Microarray 2-(hydroxyethyl)methacrylamide gel elements are synthesized with the incorporation of oligonucleotides into gels and polymerization under UV irradiation. The gel elements are covalently attached to the substrate. Briefly, both sample and master mix are first introduced into chambers. The capillary action promotes uniform filling of the chamber and amplification is subsequently performed. Wash buffer is then introduced and the pressure leads the waste to the waste chambers. Lastly, fluorescent imaging and analysis are performed. The flexible film substrate used in the study offers several advantages for POC testing: (i) allows covalent attachment of gel without pre-treatment processes, (ii) has low background fluorescence, (iii) has transparent properties that allows optical inspection, (iv) able to withstand thermal cycling and compatible to amplification processes. This flexible film allows easy fabrication and is user-friendly, which costs ~500 times less than other substrates (i.e., glass), demonstrating its potential for detecting COVID-19 virus in patient samples.

Apart from these, 2D materials such as graphene or black phosphorus have also been integrated into biosensors for POC diagnosis which could potentially be used for COVID-19 testing (Jin et al., 2017; Choi et al., 2018b; Liu et al., 2018). For example, a recent study has introduced a portable graphene-based electrochemical biosensor for highly sensitive POC testing (Kampeera et al., 2019). Graphene-based electrodes are constructed by screen-printing mainly due to low cost, ease of fabrication and high production rate. The screen-printed graphene electrodes (SPGE) are synthesized by either substituting carbon with graphene or incorporating graphene into carbon paste. SPGE have been reported to show superior electrochemical properties than commonly used screen-printed carbon electrodes (SPCE) by having a higher electron transfer rate and a larger electrochemical surface area. After nucleic acid extraction, LAMP is performed using a simple heating block. The interaction between SPGE and amplicons results in a shift in cathodic current which stems from the intercalation of redox probe to double-stranded DNA. This phenomenon enables quantification of LAMP product. A portable mini potentiostat is used in combination with SPGE for on-site detection. The next step should be the integration of extraction platform into the proposed biosensor to make it more portable and user-friendly.

Besides graphene, black phosphorus (BP) or phosphorene-based biosensors have also been extensively explored for medical diagnosis (Qian et al., 2017; Ge et al., 2019; Luo et al., 2019). BP displays excellent electrochemical properties which enhances assay sensitivity and selectivity owing to its inherent redox properties. For example, a recent study has reported the development of a label-free electrochemical biosensor with an aptamer-functionalized BP nanostructured electrode (Kumar et al., 2016). The BP nanosheets are coated with poly-L-lysine (PLL) that allows functionalization of BP with antiAb-aptamers. The aptamers are immobilized onto the nanosheets via the coulomb interaction between aptamers and PLL. The presence of target antigens causes the direct oxidization of iron (ii) to iron (iii) at the electrode surface through the mechanism of electron transfer. As compared to reduced graphene oxide (rGO), BP-based biosensors show a higher detection sensitivity and specificity, achieving the detection limit down to pg level compared to ng level achieved by rGO biosensors. The proposed biosensor would allow highly sensitive detection of IgG or IgM against coronavirus in patient blood samples.




CONCLUSION AND FUTURE PERSPECTIVES

In summary, this review article discusses the POC biosensors that made of PDMS, paper and other flexible materials such as textile, film, and carbon nanosheets for rapid diagnosis of COVID-19. The cost-effectiveness, simplicity, rapidity and portability of these biosensors play a crucial role in POC applications. Antibody tests are suitable to detect the late stage of infections while nucleic acid tests detect the presence of nucleic acids (viruses) at the early stage of infection, showing a higher sensitivity and specificity than antibody tests. However, current nucleic acid tests require three key steps (i.e., nucleic acid extraction, amplification, and detection), involving more complicated processes than that of antibody tests. In fact, most of the commercial POC biosensors for COVID-19 are paper-based biosensors or lateral flow test strips for antibody detection (IgG and IgM) that produce colorimetric signal. While these antibody tests display lower specificity compared to nucleic acid tests, they have helped shortening the turnaround time for rapid diagnosis, allowing fast decision making. Future work should include specificity improvement or combination with other tests such as rapid nucleic acid tests to further confirm the test result.

Recent studies have integrated sample-to-answer processes into a single biosensor to detect nucleic acids of pathogens and human antibodies against the pathogens, which could be further explored to detect COVID-19 infections. In addition, current works have also attempted to improve detection sensitivity, simplicity and performance of biosensors. Assay sensitivity can be enhanced through enzyme-based signal enhancement (He et al., 2011), sample concentration (Moghadam et al., 2015) or much simpler fluidic-control strategies (Choi et al., 2016b). Further, nucleic acid tests, in particular, that involves three key steps should be simplified and integrated into a single biosensor for POC use. The biosensors discussed in this review show immense potential to be developed into a self-contained platform for the detection of COVID-19 infections outside the laboratory, particularly in the remote settings or developing areas.

In the future, more studies should focus on simplifying user steps and incorporating all key steps into a single biosensor at minimal cost (Loo et al., 2019). The capability of storing all reagents on chip is vital to eliminate the requirement for large storage equipment (Deng and Jiang, 2019) whereas, the multiplexing capability of biosensors would increase throughput (Dincer et al., 2017). As compared to other detection approaches such as fluorescence and electrochemical detection approaches, colorimetric detection represents the most common approach mainly due to its simplicity and the ability to observe signal with the naked eyes. The biosensors that produce colorimetric signals enable visual detection without requiring extra tools such as UV lamp, which would be helpful for rapid on-site diagnosis (Chan et al., 2016; Yang et al., 2019). Quantification, which provides more accurate readout has been achieved using smartphone apps which could be performed by untrained users at POC settings. Future studies should further improve the function of smartphone and specific smartphone apps that enable on-site data analysis while allowing data storage to track patient health status (Roda et al., 2016; Wang et al., 2017; Liang et al., 2019; Xu et al., 2020). Additionally, incorporating portable power sources such as batteries into biosensors would significantly advance their functionality especially in rural areas where electricity supply is limited (Zarei, 2017b). In short, emerging POC biosensors with the aforementioned capabilities could rapidly identify the spread of COVID-19 and guide appropriate health care, playing a key role in managing the outbreak.
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Due to their relative synthetic and chemical simplicity compared to antibodies, aptamers afford enhanced stability and functionality for the detection of environmental contaminants and for use in environmental monitoring. Furthermore, nucleic acid aptamers can be selected for toxic targets which may prove difficult for antibody development. Of particular relevance, aptamers have been selected and used to develop biosensors for environmental contaminants such as heavy metals, small-molecule agricultural toxins, and water-borne bacterial pathogens. This review will focus on recent aptamer-based developments for the detection of diverse environmental contaminants. Within this domain, aptamers have been combined with other technologies to develop biosensors with various signal outputs. The goal of much of this work is to develop cost-effective, user-friendly detection methods that can complement or replace traditional environmental monitoring strategies. This review will highlight recent examples in this area. Additionally, with innovative developments such as wearable devices, sentinel materials, and lab-on-a-chip designs, there exists significant potential for the development of multifunctional aptamer-based biosensors for environmental monitoring. Examples of these technologies will also be highlighted. Finally, a critical perspective on the field, and thoughts on future research directions will be offered.
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INTRODUCTION

As the world population grows and the climate rapidly changes, the need for simple, cost-effective biosensors for environmental monitoring is becoming ever more apparent. Originally described by the World Health Organization as the ideal characteristics for point-of-care testing in low-resource settings, the ASSURED criteria stand as an excellent benchmark for the development of biosensors for environmental monitoring as well. These criteria state that in order to be practical for use, a biosensor should be affordable, sensitive, specific, user-friendly, rapid and robust, equipment-free, and deliverable (Weerathunge et al., 2019).

Though traditional methods boast high sensitivity and specificity, there are several challenges that remain in using these approaches for practical environmental monitoring. The necessity of expensive equipment and highly trained personnel notwithstanding, to assess samples using gold standard methods like mass spectrometry or HPLC, it is often required that samples are collected, transferred, and pretreated before analysis (Kudłak and Wieczerzak,2020). Many environmental contaminants of interest could be degraded during these steps, further compounding the challenges of detecting target analytes which may already be at low concentrations in complex matrices. In an effort to minimize these chain of analysis errors, many researchers have made efforts to develop inexpensive, portable platforms, including but not limited to paper-based sensors and smartphone-based analysis, which can be used for on-site detection. Other researchers have developed highly sensitive and specific assays which can be adapted for use with commercially available hand-held units, such as UV-Visible and fluorescence spectrometers, and lab-on-a-chip type designs which utilize miniaturized field-effect transistors and electrochemical analysis platforms, for example.

In conjunction with these strategies, researchers are more commonly employing aptamers and nanomaterials as part of the solution to develop biosensors for environmental monitoring which move toward satisfying the ASSURED criteria. Aptamers are small, synthetically derived, single-stranded oligonucleotides which bind to their cognate target with high affinity and selectivity. They are identified through an iterative in vitro selection process, Systematic Evolution of Ligands by EXponential enrichment (SELEX), which can be tailored to produce molecules which are highly specific to one target analyte over potential interferents (Ellington and Szostak, 1990; Tuerk and Gold, 1990; Kudłak and Wieczerzak, 2020). Aptamers have been selected for targets ranging from small molecules to whole cells and bacteria (McKeague et al., 2015b). Aptamers can form diverse, complex secondary structures ranging from multi-branched loops or junctions, to G-quadruplexes, a property which is often exploited in the development of biosensors (Roxo et al., 2019; Sullivan et al., 2019). Aptamers are particularly well-suited for applications in environmental monitoring because they are chemically stable, easily chemically modified, relatively easy to synthesize, and biocompatible (Ruigrok et al., 2011). As such, researchers have previously been successful in using aptamers to build categorically diverse biosensors for the detection of a wide range of environmentally relevant analytes (Rapini and Marrazza, 2017; Cunha et al., 2018; Geleta et al., 2018; Mishra et al., 2018; Sun and Lu, 2018; Yan X. et al., 2018; Zhang et al., 2018e; Alkhamis et al., 2019; Moro et al., 2019; Verdian et al., 2019; Zhao Q. et al., 2019; Kudłak and Wieczerzak, 2020).

Combined with aptamers, nanomaterials add complexity and diversity to sensing systems, which allow for the design of stand-alone platforms which afford high sensitivity and specificity yet do not require the use of complex instrumentation or highly trained personnel. By definition, nanomaterials have at least one dimension that measures on the nanometer scale (<100 nm), often leading to relatively enhanced physical and chemical properties when compared to traditional materials. Nanomaterials, combined with the use of aptamers as the molecular recognition element, have been widely applied to develop optical, electrochemical, and mechanical sensors for environmental monitoring (Kaur and Shorie, 2019).

There still remains many challenges of aptamer-nanomaterial based sensors for environmental monitoring, including the incorporation of designed sensors into cost-effective, user-friendly, portable systems, and therefore many opportunities for researchers exist. This review focuses on highlighting examples where the described biosensors have either been incorporated into a portable sensing system, or have been developed such that their translation from the bench to on-site detection could potentially be facilitated by commercially available technologies. Specifically, aptamer-based biosensors for monitoring water, soil, and air are discussed. Further, the incorporation of aptamers into wearable and sentinel technologies are discussed in the context of opportunities for environmental monitoring.



APTAMER-BASED BIOSENSORS FOR MONITORING WATER QUALITY

The vast majority of aptamer-based biosensors for environmental monitoring detect targets with relevancy to water quality. Most commonly bacteria, bacterial toxins, or heavy metals were detected. Additional targets include aquatic toxins, pesticides, industrial byproducts, antibiotics, and pharmaceuticals. The following sections will highlight recent examples of biosensors developed for monitoring water quality.


Aptamer-Based Biosensors for the Detection of Bacteria

The contamination of water sources by bacteria is an international problem resulting in both medical and economic burden. More than 2 million deaths per year are caused by water-borne diseases which are the direct result of contamination by pathogenic bacteria (Kumar et al., 2018). Contaminated drinking water, ground water, waste water, and other water sources can lead to wide-spread illness and death. Additionally, there is a complex interconnected relationship between contaminated water and contaminated soil which has profound impacts on the environment, human health, and the agricultural and aquacultural industries. Therefore, there is an immediate need to develop highly sensitive biosensors for the detection of water-borne bacteria. The following sections describe progress made toward the development of aptamer-based biosensors for the detection of Salmonella, Escherichia coli, Staphylococcus aureus, Microcystis aeruginosa, Listeria monocytogenes, Pseudomonas aeruginosa, and Vibrio. In many cases detection in real samples was demonstrated in beverages (or food) rather than water. Though these bacteria exist in water, and contaminated water may be a source of infection, there is oftentimes a greater practical interest in food monitoring. These examples were included though, as many other works have demonstrated that if detection in complex aqueous samples such as milk or juice is possible, detection in environmental water samples is likely possible.


Salmonella

The Salmonella species are gram-negative, flagellated anaerobic bacilli that are responsible for Salmonella infections, commonly referred to as salmonellosis. Depending on the specific strain of Salmonella an individual is infected with, an infection may clinically range from Salmonella gastroenteritis, which are characterized by diarrhea, and abdominal cramps, to enteric fevers (including typhoidal fever), which are an acute, life-threatening and febrile type of systemic disease that requires immediate antibiotic therapy. Salmonellosis is a major public health concern worldwide due to the numerous ways it can find its way into our digestive tracts, including contaminated water, in addition to the lack of adequate programs and devices to control Salmonellae.

Several different types of biosensors have been described for the detection of Salmonella. Zhang et al. recently developed an aptamer-based biosensor for the detection of Salmonella enteritidis (S. enteritidis) that incorporated AuNPs as a colorimetric reporter (Zhang Z. et al., 2019). Gold nanoparticles (AuNPs) exhibit a unique optical property, known as surface-enhanced plasmon resonance, which causes the absorbance peak of the AuNPs to shift from 520 to 620 nm (resulting in a change of color from red to blue/purple) in response to dispersion and aggregation. In addition to this, they are easy to modify with various ligands and are relatively stable under physiological conditions. Zhang et al. first performed a novel selection experiment and identified two high affinity aptamers with dissociation constants (Kd) of 43.8 and 56.8 nM. These aptamers were incorporated into a AuNP system where, in the absence of the target bacteria, the aptamers adsorbed to the AuNP surface, and protected them from salt induced aggregation. When the target bacterium was present, the aptamer preferentially interacted with the target bacteria leaving the AuNPs susceptible to salt-induced aggregation. Using either of the identified aptamers, the biosensor was able to detect cells in the linear range of 104-105CFU/mL. Though detection of Salmonella in environmental water samples was not shown in this example, many similar AuNP-based systems were effective in detecting target analytes in environmental water samples.

Another approach to detect Salmonella involved the design of an electrochemical biosensor, shown in Figure 1A (Pei et al., 2019). In this design, an arched probe, composed of a Salmonella typhimurium (S. typhimurium) aptamer (blue) and a complementary DNA segment (called the initial trigger DNA: red), was dissociated in the presence of S. typhimurium (purple). The aptamer used in this design was originally selected by Duan et al. (2013) and had an apparent Kd of 16.34 ± 0.45 nM. The released initial trigger DNA enters the first cycle of signal amplification (I) as it is bound to the 3′-protruding terminus of hairpin probe 1 (HAP1) to result in a blunt end to initiate Exo III-assisted multiple signal amplification. Exo III cleaves the trigger DNA-HAP1 structure to recycle the initial trigger DNA and form a secondary trigger DNA which enters the second round of signal amplification (II). In the second round of amplification, the secondary trigger DNA is recycled to reform HAP1 and generate more secondary trigger DNA. The reaction sample is then transferred to a gold electrode surface containing immobilized hairpin probe 2 (HAP2) via gold-thiol chemistry, which is comprised of a sequence complementary to the secondary trigger DNA that is labeled with the electroactive reporter methylene blue. The binding of the secondary trigger DNA and HAP2 results in a blunt end that initiates cleavage by Exo III to bring methylene blue within proximity of the gold electrode to allow an electrochemical signal to be detected. In the third amplification cycle, the secondary trigger DNA is recycled allowing for a greater electrical signal to be produced. This is the first time that Exo III-assisted autonomous multiple cycle amplification was used for signal-on electrochemical sensing of pathogenic bacteria, and Pei et al. observed a wide detection range of 1 × 101 to 107 CFU/mL with a very low detection limit of 8 CFU/mL. Additionally, they demonstrated the detection of their target bacteria in milk. By modifying the aptamer sequences, this platform has the potential to serve as a practical platform for the detection of numerous analytes to allow for simple and highly sensitive environmental and food safety monitoring.


[image: Figure 1]
FIGURE 1. Schematic representation of apatmer-based electrochemical detection of S. typhimurium based on Exo III-assisted multiple signal amplification (Pei et al., 2019) (A). Schematic representation of the FRET-based detection of S. paratyphi using a specific aptamer and Phi29-DNA polymerase-assisted cyclic signal amplification (Liang et al., 2019) (B).


Förster resonance energy transfer (FRET) is a mechanism by which energy is transferred from an electronically excited donor molecule to a ground-state acceptor molecule when the molecules are in close enough proximity. Common FRET pairs include complementary dyes, and fluorophore and quencher pairs (Ogawa et al., 2009). When the donor and acceptor are separated, the FRET quenching of the donor's fluorescence is abolished allowing for a fluorescent signal to be released. Based on this principle, Liang et al. developed a rapid and ultra-sensitive FRET-based aptasensor using Phi29-DNA polymerase-assisted signal amplification for the detection of Salmonella paratyphi A (Liang et al., 2019). The aptamer used in this work was originally selected by Yan et al. (2015), and had an evaluated affinity for S. paratyphi A of 27 ± 5 nM. In Liang et al.'s design (Figure 1B), an arched probe consisting of an aptamer specific for S. paratyphi A (blue) and a primer (red) is disassembled in the presence of S. paratyphi A (purple) as the aptamer is bound to the target resulting in the release of the primer sequence. The released primer binds to a free-floating hairpin probe resulting in the separation of the F-Q pair which consists of a 5′-carboxyfluorescein (6-FAM) fluorophore and a 3′-black hole quencher. The unbound portion of the linearized hairpin is then complementarily bound by a helper DNA sequence allowing Phi29-DNA polymerase to initiate the polymerase chain displacement reaction and generate a new primer sequence for further amplification of the fluorescent signal. The linear range under optimized conditions was 102 to 108 CFU/mL with a detection limit of 102 CFU/mL. Liang et al. were also able to detect S. paratyphi A in a complex medium (milk) demonstrating its potential for environmental monitoring and food safety analysis.



Escherichia coli

Escherichia coli (E. coli) is a gram-negative, rod-shaped anaerobic bacterium that normally reside in the gastrointestinal tract of humans and animals, and is crucial for maintaining good health. However, there are also several pathogenic strains that have emerged as a result of acquiring virulence factors through plasmids, bacteriophages, transposons, and/or pathogenicity islands (Lim et al., 2010). E. coli infections from these pathogenic strains can result in enteritis, urinary tract infections, diarrhea, septicaemia as well as several other clinical infections including neonatal meningitis (Allocati et al., 2013). Regarding the mode of transmission, highly pathogenic strains of E. coli are commonly transmitted to humans via the consumption of contaminated food, such as raw or undercooked beef and milk. Other common modes of transmission includes the consumption of fecal contaminated water, fruits and vegetables, and other meat products.

Recently, Stanciu and colleagues developed a surface-enhanced Raman spectroscopy (SERS) based aptasensor for the detection of E. coli O157:H7 capable of detecting and quantifying ~101 CFU/mL in pure culture and 102 CFU/mL in ground beef samples (Díaz-Amaya et al., 2019). In their design (Figure 2A), thiolated aptamers specific for E. coli O157:H7 were conjugated to the 4-aminothiophenol-AuNPs exploiting gold-thiol interaction and the resulting aptamer/Raman reporters were used to selectively bind and coat E. coli O157:H7. Following a 15-min incubation period, the aptamer/Raman reporter-bacteria complexes gradually precipitated, resulting in the formation of bacterial sedimentation. This sedimentation was visible by the naked eye at high concentrations of bacteria (105 and 106 CFU/mL). In order to quantify and detect low concentrations of E. coli O157:H7, the supernatant was removed, and the SERS signal was analyzed. Increasing concentrations of E. coli O157:H7 corresponded with a decreased SERS signal. In addition to this, Stanciu and colleagues compared their aptasensor to current immune-capture detection methods and found that although their method had a slightly higher limit of detection (LOD), it provided the advantage of being able to detect bacteria in a complex medium. For these reasons, this aptasensor has the potential to serve as a unique, highly sensitive and low-cost tool for the detection of a wide variety of pathogenic bacteria.
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FIGURE 2. Aptamer-based detection strategies for E. coli. (A) Schematic illustration of the aptamer-based SERS biosensor for whole cell detection of E. coli O157:H7 (Díaz-Amaya et al., 2019). (B) Schematic representation of electrochemical aptasensor fabrication based on amino-functionalized metal-organic frameworks and E. coli O157:H7 detection (Shahrokhian and Ranjbar, 2018). (C) Schematic diagram of the ratiometric photoelectrochemical aptasensor for the detection of E. coli (Hua et al., 2018).


The following subsection highlights two electrochemical biosensors for the detection of E. coli. The first highly sensitive electrochemical biosensor was recently developed by Zhang et al. for the detection of gram-negative bacteria using commercially available microelectrodes functionalized with a liposaccharide (LPS) specific thiolated aptamer (Kd = 12 nM, Kim et al., 2012), and E. coli as the model gram-negative bacteria to develop and optimize the biosensor (Zhang et al., 2018d). This assay could detect as few as 267 cells/mL in as little as 30 s, however detection in an environmental sample was not demonstrated. The second electrochemical biosensor was described by Shahrokhian and Ranjibar. In this study Differential Pulse Voltammetry (DPV) was utilized to develop a novel aptamer-based diagnostic platform for E. coli O157:H7 using amino-functionalized metal-organic frameworks (MOFs) (Shahrokhian and Ranjbar, 2018). In their design (Figure 2B), the amino-functionalized-metal-organic frameworks (MOFs), whose electrical and morphological properties were enhanced with polyaniline (PANI), served as a nanocomposite to enhance aptamer immobilization onto the glass electrode. This enhancement was due to the PANI/MOF nanocomposite that significantly increased the surface area available for aptamer immobilization as the amino-modified E. coli O157:H7 specific aptamer (Wu et al., 2012) was covalently attached using glutaraldehyde as a crosslinking agent. To achieve electrochemical detection of E. coli O157:H7, the resulting biosensor was incubated in a solution containing methylene blue which adsorbed onto the aptamer. The DPV signal of the methylene blue intercalated biosensor was measured to obtain the reference DPV signal indicative of the absence of E. coli O157:H7. In the presence of E. coli O157:H7, the aptamer was bound to the bacteria resulting in the release of methylene blue, and a subsequent detectable change in the DPV signal. This platform design had a detection range of 2.1 × 101 to 2.1 × 107 CFU/mL and demonstrated the ability to accurately detect E. coli O157:H7 in real samples as Shahrokhian and Ranjibar tested their device in tap, mineral, well, and paddy water spiked with 2.1 × 103 CFU/mL of E. coli O157:H7 demonstrating a recovery range of 73.2–113.6%.

Finally, a photoelectrochemical strategy for the detection of E. coli in milk was described. In this study, Hua et al. developed a reliable and highly sensitive potentiometric resolved ratiometric photoelectrochemical aptasensor for the detection of E. coli with a linear range of 2.9 CFU/mL to 2.9 × 106 CFU/mL and a LOD of 0.66 CFU/mL (Hua et al., 2018). In their design (Figure 2C), three-dimensional graphene hydrogel-loaded carbon quantum dots (C-dots/3DGH) and graphene-like carbon nitride (g-C3N4), two non-metallic photoelectrochemical nanomaterials with excellent photoelectrochemical activity and matched potential, were placed on adjacent sides of an indium tin oxide (ITO) glass electrode. When the voltage was set to 0.15 V, which is the critical voltage of g-C3N4 under light irradiation, the resulting cathodic current from the g-C3N4 was zero causing the photoelectric current of the ITO electrode to be entirely generated by the C-dots/3DGH anodic current. Similarly, when the bias voltage is switched to −0.4 V, the critical voltage of the C-dots/3DGH, the photoelectric current of the ITO glass electrode is entirely the result of the g-C3N4. To allow for E. coli detection, an E. coli specific amino-modified aptamer (Kd = 25.2 nM, Kim et al., 2013) was immobilized onto the surface of the C-dots/3DGH to result in the capture of the pathogen to the sensor when it is present in solution. When the bias current is set at 0.15 V, the immobilization of E. coli introduces steric hindrance to alter the C-dots/3DGH cathodic current resulting in a detectable decrease in the photoelectric current. Meanwhile, the anodic g-C3N4 current is used as a stable reference to account for other analytes in the solution that may alter the photoelectric current. In addition, the concentration of E. coli was also able to be quantified using the ratiometric difference between the anodic and cathodic currents. The performance of the sensor was further tested in milk samples spiked with E. coli and the recovery rate was determined to be within the range of 98.6–102.0%.



Staphylococcus aureus

The detection of Staphylococcus aureus (S. aureus) is of particular importance because of its ability to cause diverse infections ranging from food poisoning to pneumonia (Cai et al., 2019). Additionally, S. aureus can contaminate air, water, and soil and therefore is relevant as an analyte to food safety and environmental monitoring alike.

Toward the goal of achieving simple, portable detection of S. aureus, Shrivastava et al. developed a fluorescent aptasensor using S. aureus specific carboxylated aptamer (Kd = 35 nM, Chang et al., 2013) functionalized to amine-modified fluorescent magnetic nanoparticles (FMNPs), a bacterial capture chip and a smart phone to detect the fluorescent signal (Shrivastava and Lee, 2018). This method could detect as low as 10 CFU/mL in peanut milk samples within 10 min. The authors suggest that this method could allow for on-site detection of bacteria especially in remote and resource-limited settings. Oftentimes the detection of S. aureus is demonstrated in food or beverage matrices rather than water, as in the case with this example. However, this particular example was highlighted as it reported a simple, portable device with very high sensitivity and rapid assay time which could certainly be translated to the detection of bacteria in environmental water samples.

One example in which detection of S. aureus was demonstrated in environmental water samples was reported by Cai et al. In this design (Figure 3), the functional chimera sequence used for the ultrasensitive detection of S. aureus was made up of a S. aureus-specific aptamer sequence (Kd = 3.49 ± 1.43 nM, Moon et al., 2015), a Bpu10I endonuclease recognition sequence in the middle and a partially complementary sequence to the aptamer sequence to allow for the formation of a hairpin structure (Cai et al., 2019).
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FIGURE 3. Schematic diagram of the fluorescent detection of S. aureus using molecular beacon-controlled signal amplification (Cai et al., 2019).


The molecular beacon (MB) also takes on the form of a hairpin and is used as a signal transducer, as it contains a 5′-FAM fluorophore and 3′-4-(dimethylaminoazo)-benzene-4-carboxylic acid (DABCYL) quencher which are only within close proximity in the absence of S. aureus. In the presence of S. aureus, the S. aureus specific aptamer sequence of the chimera structure is bound to the bacteria resulting in the unfolding of the hairpin structure as the 3′-terminus is released. The free 3′-terminus of the chimera induces the unfolding of the MB to hybridize with the 3′-terminus of the chimera and emit a fluorescent signal. To further amplify this fluorescent signal, NbBpu10I endonuclease and Bsm DNA polymerase are added to the system to cleave the hybridized MB resulting in the release of the 3′-FAM and to displace S. aureus from the complex to allow it to initiate another cycle of reactions. This assay has a broad linear range from 80 CFU/mL to 8.0 × 106 CFU/mL, a LOD of 39 CFU/mL, and the ability to discriminate against bacteria. In addition to this, Cai et al. have also demonstrated that this detection method can also function in complex media as they successfully detected spiked S. aureus in local tap water, lake water from Taihu lake, and pond water from the local pond with recoveries that ranged from 97.1 to 104.2%.



Microcystis aeruginosa

Lee and Son designed a FRET-based aptasensor for the indirect detection of Microcystis aeruginosa by the direct detection of microcystin-LR (MC-LR), a toxin that has been demonstrated to cause liver damage and may even stimulate the growth of cancer cells in response to short and long-term exposure, respectively (Lee and Son, 2019). Additional MC-LR examples are described in the aquatic toxin section. To develop this aptasensor (Figure 4), carboxylic acid-modified quantum dots (QD525) were immobilized onto aminated magnetic beads (MagB) and the QD525-magnetic bead conjugates were then covalently bound to amine-modified aptamers specific for MC-LR (Kd = 50 ± 12 nM, Chang et al., 2013).
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FIGURE 4. Schematic illustration of the quantum dot mediated FRET based indirect detection of M. aeruginosa based on the direct detection of microcystin-LR (Lee and Son, 2019).


The resulting complex (MagB-QD525-aptamer) was incubated with the PoPoTM-3 iodide (PoPo3) dye to allow the dye to intercalate within the aptamer sequence of the MagB-QD525-aptamer structure. At 360 nm, the QD525 nanoparticles are excited and act as a donor fluorophore as it emits a 530 nm wavelength to excite the accepter PoPo3 dye to result in the emission of a 561 nm wavelength. In the presence of MC-LR, only the 360 and 530 nm wavelengths are detected as the binding of MC-LR to the aptamer displaces PoPo3 dye to result in the absence of the 561 nm signal due to long-range dipole-dipole coupling when analyzed with a spectrofluorometer. To assess the selectivity of the sensor, Lee and Son used other variants of microcystin (microcystin-YR, microcystin-LY, microcystin-LW, microcystin-RR, microcystin-LF, microcystin-LA, and Nodularin) and found that the sensor demonstrated significantly higher specificity for MC-LR. Lee and Son also demonstrated that this aptasensor could detect MC-LR in eutrophic water samples collected from the Han River in South Korea spiked with M. aeruginosa.



Listeria monocytogenes

Listeria monocytogenes is a food-borne bacterium that can also contaminate water. Suh et al. sought to develop an aptamer-based biosensor for the detection of L. monocytogenes in food and environmental samples (Suh et al., 2018). In their two-site binding sandwich assay, the first binding of L. monocytogenes was achieved by using biotinylated anti-L. monocytogenes antibodies that had been bound to streptavidin-coated magnetic beads for the capture of L. monocytogenes. The second binding of the pathogen was achieved by adding LM6-116 (a 5′-FAM-labeled aptamer specific for L. monocytogenes with a Kd of 74.4 ± 52.7 nM, Suh et al., 2014) to the solution to result in the two-site binding sandwich structure as L. monocytogenes was bound by both the antibody and aptamer. After a 45-min incubation period, the washed samples were placed in a 90°C hot water bath to release and denature LM6-116, which was then collected and used as a template for RT-qPCR. Using this method, as low as 2.5 CFU of L. monocytogenes in 500 μL of buffer was achieved. This assay was also applied to detect the bacteria in turkey deli meat at a level of 1–2 log10 CFU per 25 g of meat.



Pseudomonas aeruginosa

Pseudomonas aeruginosa is a bacteria that is ubiquitous in the environment. In the proposed P. aeruginosa detection method, Shi et al. developed an electrochemical biosensor with a detection limit of 9 CFU/mL in buffer and 52 CFU/mL in spiked blood samples (Shi et al., 2019). In their design, a 5′-biotin-labeled aptamer specific for P. aeruginosa (Kd = 17.27 ± 5.00 nM, Wang K.-Y. et al., 2011) was immobilized onto streptavidin-coated magnetic beads which were then hybridized to a poly(A)-detection probe to prepare the MagB-aptamer-poly(A)DNA. In the presence of P. aeruginosa, the MagB-aptamer-poly(A)DNA was bound to the pathogen, resulting in the release of the poly(A)-detection probe as the result of the strong interaction between the P. aeruginosa-specific aptamer. The released poly(A)-detection probe was then adsorbed onto the gold interdigital electrode surface due to the high affinity between the adenine bases of the probe and gold. This adsorption was detected as a signal shift in the frequency of the multi-channel series piezoelectric quartz crystal (MSPQS) sensor connected to the electrode. This biosensor also proved to be highly specific as the authors tested the method using 1 × 103 CFU/mL of E. coli, S. aureus, Enterococcus faecalis, Klebsiella pneumoniae, Streptococcus pyogenes, and Enterobacter cloacae and demonstrated that the biosensor selectively detected P. aeruginosa. The proposed biosensor serves as a novel, simple, rapid and highly sensitive detection of P. aeruginosa in the food, clinical, and environmental sectors.



Vibrio Species

The Vibrio species, gram-negative anaerobic bacilli that commonly reside in aquatic environments including fresh, estuarine, and surface water of varying salinity and temperatures, are of interest for the development of biosensors for environmental monitoring (Osunla and Okoh, 2017). Of the Vibrio species, some of the most researched and documented are Vibrio parahaemolyticus, Vibrio cholerae, and Vibrio vulnificus due to their pathogenicity against human health. For these pathogenic strains, the main mode of transmission usually involves the consumption of undercooked seafood harboring the pathogen or contaminated water. Aptamers were recently selected for Vibrio vulnificus and Vibrio alginolyticus, the latter of which was assembled into a biosensor that took advantage of asymmetric PCR to detect as few as 8 CFU/mL (Yan W. et al., 2018; Yu et al., 2019).



Portable and Multiplex Detection of Bacteria in Water

Wei et al. developed a portable multiplex bar-chart SpinChip (MBC-SpinChip) incorporating aptamer-specific recognition and magnetic nanoparticle-catalyzed pressure amplification for the simultaneous visual quantitative detection of multiple pathogens (Wei X. et al., 2018). In this paper, the MBC-SpinChip (Figure 5) demonstrated the ability to detect S. enterica, E. coli, and L. monocytogenes, three major foodborne pathogens, in apple juice with limits of detections of ~10 CFU/mL. The MBC-SpinChip is comprised of four components: the spin unit, sample recognition unit, catalytic amplification unit, and bar-chart unit. The MBC-SpinChip apparatus begins with the spin unit which is where samples are injected. By continuously rotating the spin unit following sample injection, the reaction sample is equally distributed into four parallel channels that lead to four different sample recognition units. In these units, there are DNA probes formed by DNA hybridization between a magnetic bead-capture DNA and a platinum nanoparticle (PtNP)-S. enterica/E. coli/L. monocytogenes specific aptamer. These DNA probes are pre-immobilized onto the sample recognition unit of the apparatus via a magnetic field. In the presence of the pathogen, the PtNP-aptamer is released from the DNA probe to form free-floating complexes. After the recognition reaction, the resulting samples are shaken down into the catalytic amplification unit which contains H2O2. Oxygen gas (O2) and water are rapidly generated as the PtNP of the free-floating PtNP-aptamer catalyzes the reaction resulting in a dramatic increase in pressure in the sealed chamber. As the pressure built up, food dye within the bar-chart unit was pushed along the bar-chart channels allowing for visual detection of the pathogen. In addition to this, because pathogen concentration is proportional to the moving distance of food dye, pathogen quantification was also possible using the MBC-SpinChip. This simple-to-use, instrument-free, and user-friendly device that has great potential for the detection of a wide range of pathogens for food safety, environmental surveillance, and diagnosis of infections.
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FIGURE 5. Schematic diagram of the multiplexed instrument-free bar-chart SpinChip integrated with nanoparticle mediated magnetic aptasensors for quantitative visual detection of multiple pathogens including S. enterica, E. coli, and L. monocytogenes. Reprinted (adapted) with permission from Wei X. et al. (2018). Copyright (2018) American Chemical Society. Permission has been obtained from American Chemical Society.





Aptamer-Based Biosensors for the Detection of Heavy Metals in Water

The contamination of water sources by heavy metals, such as arsenic, cadmium, lead, silver, and mercury, can lead to multiple adverse effects on human health and aquatic life (Yadav et al., 2019). These issues are further compounded by the tendency of heavy metals to bioaccumulate in living systems (Malik et al., 2019). Liquid effluent and industrial waste are major contamination sources to natural water systems like river and groundwater (Yadav et al., 2019). One of the most common strategies for heavy metal detection is to employ electrochemical methods (Rapini and Marrazza, 2017; Mishra et al., 2018; Malik et al., 2019). However, optical and mechanical methods have also been described (Khoshbin et al., 2018; Zhang et al., 2018e; Kudłak and Wieczerzak, 2020).


Arsenic

Several aptamer-based biosensors for the detection of arsenic have been described which utilize an aptamer first reported by Kim et al. (2009) and Mao et al. (2020). These biosensors utilized optical and electrochemical methods which demonstrated limits of detection in the nM range, with some notable exceptions reaching limits on the order of magnitudes of 10−3 and 10−6 nM. The following examples highlight the use of aptamer-based biosensors for the detection of arsenic in environmental sources.

Recently, Yadav et al. reported an electrochemical biosensor which employed glassy carbon electrode modified with aptamer-coated Ag-Au alloy nanoparticles (Yadav et al., 2019). The biosensor demonstrated detection of As3+ in the linear dynamic range of 0.01–10 μg/L and a detection limit of 0.003 × 10−3 μg/L. These specifications are suited well to the regulatory limit of 10 μg/L recommended by the World Health Organization (Ahmad and Bhattacharya, 2019). Additionally, the biosensor was used to detect As3+ obtained from six different ground water sources in India as well as one river sample. This versatile design was assessed using cyclic voltammetry and differential pulse voltammetry. Spiked recoveries ranged from 92 to 108% and measured concentrations of As3+ present in these water sources ranged from 190 to 393 μg/L.

Employing a simple fluorescent strategy, Ravikumar et al. developed an aptamer-based “turn-on” biosensor for the detection of arsenic in environmental water samples. In this design, an arsenic binding aptamer was terminally labeled with a fluorophore (FAM) (Ravikumar et al., 2018). In the absence of arsenic, the aptamer interacted with MoS2 sheets, which quenched the fluorescence. In the presence of arsenic, the metal interacted with the aptamer via coordination through the phosphate and amine groups of the DNA, ultimately leading to the desorption of the aptamer from the surface of the MoS2 sheet, and the consequent, concentration-dependent increase in fluorescence signal. Rapid and selective detection of arsenic was achieved in ~30 min from preparation to fluorescence measurement. A selective signal was generated in the presence of As (III) compared to common ions Cu (II), Ni (II), Mn (II), Zn (II), Cd (II), Pd (II), Hg (II), Co (II), Ba (II), Fe (II), and AS (V). This assay had a reported LOD of 18 nM. Finally, the biosensor demonstrated recoveries ranging from 95.6 to 101.8% when tap water and lake water were spiked with 5, 10, or 20 nM of As (III).

A distinct advantage of aptamers, and other functional nucleic acid-based approaches for biosensor design is the potential to incorporate known nucleic acid-based signal amplification strategies. Pan et al. reported the design of an ultrasensitive aptamer-based biosensor for the detection of arsenic in environmental water samples which utilized a triple-helix molecular switch, enzyme-based signal amplification, and fluorescence (Pan et al., 2018). Specifically, a hairpin structure (named THMS) was designed which included an aptamer region and a signal transduction probe (STP) binding region. An additional hairpin (HP1) was designed to contain a C-C mismatch for selective binding of the fluorescent reporter molecule (ATMND: 2-amino-5,6,7-trimethyl-1,8-naphthyridine) and regions of complementarity to STP and a third DNA probe (secondary STP). When no arsenic was present, ATMND interacted with the cytosine mismatch in HP1, and the fluorescence was quenched. When As (III) was present in solution, the aptamer region of THMS preferentially bound to the As (III), releasing the STP, which then interacted with HP1 by binding to the terminal complementary regions. Exo III assisted digestion of the terminal duplex region of HP1 formed by the STP binding released both STP and ATMND. Now free in solution, the released ATMND exhibited a strong fluorescence signal. This cyclic process allowed for signal amplification. Further amplification was achieved due to the presence of the secondary STP, which was generated as a digestion product of the first cyclic reaction, and can bind to the HP1/ATMND complex triggering Exo III digestion and ATMND release. A linear dynamic range of 10 ng/L to 10 mg/L, with a LOD of 5 ng/L, was observed. Further, the selectivity of the biosensor against common interfering ions (As5+, Ag+, Cd2+, Cu2+, Mg2+, Mn2+, Ni2+, Pb2+, and Zn2+) was demonstrated. The performance of the biosensor in the analysis of environmental water samples was evaluated by measuring the recovery of spiked ground water, and by measuring the actual As3+ concentration in tap, lake, and pond water as compared to LC-MS/MS controls. Recoveries of spiked ground water ranged from 97 to 110.5%, and the relative error between the proposed method and LC-MS/MS controls ranged from −5.25 to 3.90%.

To conclude this section, it is important to note that a handful of aptamers have garnered attention, and debate from researchers in the field due to their inconsistencies in binding, with the arsenic aptamer being one such example. Though several independent research groups have reported aptamer-based biosensors for the sensitive and selective detection of arsenic, Liu and colleagues recently reported that the commonly used arsenic aptamer Ars-3 reported by Kim et al. (2009) does not bind arsenic (Kim et al., 2009; Zong and Liu, 2019). In general, a challenge of aptamers is that they do not always consistently perform in one assay to another, highlighting the necessity of thorough characterization prior to biosensor development (McKeague et al., 2015a). In the particular case of the arsenic aptamer, many of the previously reported biosensors utilized AuNPs. Liu and colleagues recently presented evidence that in fact arsenic, in the form of arsenite [As (III)], adsorbs to the surface of the particle directly non-specifically displacing DNA, rather than through some specific interaction with the aptamer (Zong et al., 2019). Similar mechanisms may also explain why in many cases, though the original selection paper reported similar affinity to As (III) and As (V), many biosensors report specific affinity to As (III) (Zong and Liu, 2019). Further, these studies illustrate the need for extensive evaluation of controls in aptamer-based biosensors, for example, the biosensor platform's response to the target analyte should always be evaluated in the absence of the specific aptamer, and appropriate non-binding oligonucleotide controls should also be utilized. It is important for researchers to keep these examples in mind while designing and characterizing aptamer-based biosensors so as to optimize the performance and reliability of future assays.



Cadmium

Another heavy metal of interest is cadmium. Like other heavy metals, it is often released into the environment via industrial and domestic wastewater, and can bioaccumulate to the detriment of human and wildlife health. Therefore, there is an urgent need for rapid and cost-effective detection of cadmium in environmental samples. In an effort to develop a relatively inexpensive and high throughput method for heavy metal detection, Gan et al. described the use of an aptamer and AuNP based sensor by which Cd2+ could be detected within 10 min using a self-developed smart phone-based colorimetric system (SBCS; Figure 6) (Gan et al., 2020). The cadmium binding aptamer used in this work was originally selected by Wu et al. (2014) and had a demonstrated dissociation constant of 34.5 nM. This assay makes use of the typical aptamer-AuNP design, where the AuNPs are protected from NaCl induced aggregation by adsorbed aptamer in the absence of Cd2+ ions, however it incorporates a smartphone containment unit and microplate loading station. This allows for the rapid quantitative determination of Cd2+. The sensor showed selectivity toward Cd2+ when assessed against common interfering ions (Pb2+, K+, Cu2+, Ca2+, Mg2+, and Na+). The sensor demonstrated a linear dynamic range of 2–20 μg/L and a LOD of 1.12 μg/L. Compared to similar AuNP based methods, this assay had the second lowest LOD, but had the added advantages of portability and high throughput processing. Further, Cd2+ concentration recoveries of 108.2–117.8% from spiked tap water were observed using the SBCS. Given the common use of the fundamental sensing component of the SBCS it is likely this system could be easily adapted to detect not only other heavy metals, but also other environmentally relevant targets (Chang et al., 2019).
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FIGURE 6. Smartphone-based detection of cadmium in environmental water samples. Specific detection is achieved using a gold nanoparticle assay (left side of panel) and the generated signal is processed and analyzed by a smartphone application (right side of panel) (Gan et al., 2020).




Lead

One of the most common heavy metal pollutants is lead. Due to its physical properties and common use in things like batteries and gasoline, lead accumulates, and contaminates both ground water sources and soil (Yang et al., 2017). There is a particular need to develop highly sensitive and portable devices to detect lead due to its toxicity at relatively low levels. For reference, the United States Environmental Protection Agency (EPA) has defined the maximum contamination level as 72 nM (and 15 ppb or 15 μg/L) (Yang et al., 2017). Traditional methods, such as atomic adsorption spectrometry and mass spectrometry, for lead detection require costly equipment and highly trained personnel.

Yang et al. recently reviewed the progress made in the development of aptamer-based biosensors for the detection of lead (II) (Yang et al., 2017). Several optical and electrochemical strategies were reported, all having their own advantages. Fluorescence and colorimetric strategies offer simplicity, cost effectiveness and portability, whereas electrochemical methods are highly sensitive and can be miniaturized and incorporated into portable sensing platforms. One of the challenges that still faces aptamer-based lead detection is the lack of translation from bench to product, largely due to the challenges associated with lead detection in complex environmental samples (Yang et al., 2017).

Work done by Zhang and Wei explored the development of a turn-on fluorescent biosensor which exploited lead ion-dependent conformational change of a G-rich sequence to produce a fluorescent signal from silver nanoclusters (Zhang and Wei, 2018). In this design, the oligonucleotide sequence contained an aptamer region that was flanked by terminal Ag nanocluster nucleation sites. In the presence of lead (II), the aptamer underwent a conformational change which brought the Ag nanoclusters into close proximity of each other, thereby enhancing their fluorescence, and generating a concentration-dependent turn-on response. The sensor was able to selectively and reliably detect lead (II) between the concentrations of 5–50 nM, with a detection limit of 3 nM. The recovery of spiked lake and tap water was demonstrated between 96.90 and 105.5%.

The aptamer, PS2.M, used in this work has an interesting story. It was not initially selected for the target for which it is being used in this assay. In fact, PS2.M started as a DNAzyme rather than an aptamer, and remains one of the most commonly employed peroxidase mimic DNAzymes in biosensor design (Cheng et al., 2009). Originally Sen and colleagues selected the parent sequence to PS2.M as an aptamer to N-methylmesoporphyrin, then investigated it for its ability to act as a catalyst for porphyrin metalation, before in turn discovering that it could catalyze peroxidation reactions – seminal work in the field of catalytic functional nucleic acids (Li et al., 1996; Li and Sen, 1997; Travascio et al., 1998, 1999, 2001). Finally, Zhang and Wei were inspired by work done which demonstrated that other G-rich aptamers, such as the thrombin aptamer, could be conformationally controlled in the presence of lead (Lin et al., 2011), which led them to investigate the PS2.M sequence.



Silver

Silver is used extensively in a wide range of products from jewelry to medical technologies to gym socks, which has led to its environmental contamination and bioaccumulation. In small doses, silver can be a powerful antimicrobial agent, but this highly bioactive metal ion can cause serious health effects in humans. Like the detection of other metal ions, silver detection is usually achieved by atomic adsorption or emission spectroscopy and mass spectrometry, which face the same challenges (ease of use, portability, etc) for practical environmental monitoring. Taking advantage of non-canonical interactions of DNA with Ag ion, a molecular switch biosensor was designed to detect Ag+ in water samples (Zhang and Wang, 2019). Like the mercury aptamer, this silver ion binding probe was rationally designed to exploit G-Ag+-G interactions. The fundamental principle of the design relies on the differing rotational properties between the silver-bound and non-bound aptamer states. By measuring the fluorescence anisotropy, a value determined from the conformationally dependent interaction of sequence guanines and the fluorophore tetramethylrhodamine, concentration dependent fluorescent signal was generated within the dynamic concentration range of 2.0–100 nM with a detection limit of 0.5 nM. The selectivity of the probe was demonstrated in the presence of 14 common interfering metal ions. Recovery of Ag+ from spiked drinking (97.6 and 98.8%) and river (71.8 and 83.6%) water was also demonstrated.



Mercury

The history of the mercury binding aptamer and its use in biosensing has been well-documented (Zhou et al., 2017). The mercury binding aptamer is another example of a rationally designed sequence based on non-canonical DNA interactions. In this case, a T-Hg2+-T interaction is formed to stabilize a molecular beacon, or initiate some other sensing mechanism. Since mercury is a highly toxic metal which bioaccumulates, especially in aquatic systems, it is necessary to develop rapid, simple, and cost-effective sensing devices. To this end, several groups have described the development of aptamer-based biosensors for the detection of Hg2+ in water.

One approach utilized aptamer-modified SiO2@Au core/shell nanoparticles for the detection of Hg2+ in well and lake water at mid-micromolar concentrations (Lu et al., 2018). The aptamer was modified with an HS-(CH2)6- for conjugation to the surface of the nanoparticles. This label-free SERS approach allowed for the detection of Hg2+ over the concentration range of 10 nM−1 mM, while detecting as low as 10 nM. This method compared well with other strategies that utilized the T-rich DNA aptamer, but had the advantage that no additional Raman labeling was required to generate a SERS signal. Specifically, the authors took advantage of the intrinsic Raman signals of the purine bases to detect the interaction of Hg2+ with thymine. By this mechanism a Hg2+ induced structural change led to a measurable, concentration-dependent signal.

A common strategy for developing potentially portable biosensors is the use of fluorescence as a reporting signal, given that hand-held fluorescence spectrophotometers are commercially available. A relatively simple turn-off biosensor was reported in which detection of Hg2+ was dependent on the physical separation via magnetic beads of immobilized fluorescent reporter probe (when no Hg2+ was present) and fluorescent reporter probe that was free in solution (when Hg2+ present) (Sun et al., 2018). Magnetic nanoparticles were prepared through the immobilization of biotinylated aptamer to surface streptavidin. Using this biosensor, the authors reported a concentration-dependent signal increase from 2 to 160 nM, with a LOD of 0.2 nM. Additionally, the method was also used to quantify spiked Hg2+ in samples from river water and ribbon fish.

A distinct advantage of rationally designed oligonucleotide sequences with aptamer-like properties, such as the Hg2+ binding aptamer, is that their binding and interactions are understood well enough to combine them with computational approaches to biosensor design. In fact, sequences which exploit either the T-Hg2+-T or C-Ag+-C interactions have been used in DNA computing applications (Nie et al., 2018). Recently, Nie et al. applied game theory (a mathematical model) to understand and predict the behavior of the different component interactors in a fluorescent sensor for Hg2+ (Nie et al., 2018). In this paradigm, the aptamer was the “bait” molecule which was able to interact with two molecular players: mercury (Hg2+) and cobalt oxyhydroxide nanosheets (CoOOH). Depending on how the bait interacted with the players, either a turn-on (Hg2+) or a turn-off (Hg2+ and CoOOH) signal was produced. The multi-player turn-off sensor demonstrated reliable detection within the range of 20–600 nM, and exhibited a detection limit of 7.94 nM. Additionally, recovery of spiked Hg2+ in pond water was demonstrated with recoveries of 108.29 and 104.93% when 84.00 and 155.00 nM of Hg2+ was added to pond water, respectively.




Multiplex Detection of Metal Ions

Whereas, many of the sensors described for the detection of heavy metal focus on one particular analyte, many researchers also report multiplex detection of multiple heavy metal ions. The described sensors ranged in complexity from simple fluorescent systems which rely on the formation of a metal dependent non-canonical base pair (either T-Hg2+-T or C-Ag+-C) to nanoparticle and electrochemical based methods (Zhang et al., 2018c; Abu-Ali et al., 2019; Berlina et al., 2019). A sensor which made use of metal stabilized base-pairing boasted detection limits of 5 × 10−8 and 9.3 × 10−10 mol/L for Hg2+ and Ag+, respectively (Zhang et al., 2018c). Further, recoveries of both silver and mercury ions were demonstrated in spiked tap water samples. Likewise, another metal-DNA interaction was exploited to demonstrate dual ion detection. In this case, G-Pb2+-G and T-Hg2+-T were strategically utilized to specifically aggregate AuNPs, resulting in a distinct color change of the solution in the presence of the target metal ion (Berlina et al., 2019). This assay, which could be performed in 20 min, was used to detect as little as 120 ng/mL of lead and 500 ng/mL of mercury. Furthermore, the qualitative colorimetric detection of lead and mercury in spiked lake water was demonstrated. Finally, Abu-Ali et al. also demonstrated the dual detection of Hg2+ and Pb2+ in environmental water samples by employing an electrochemical biosensor (Abu-Ali et al., 2019). In this design, aptamers were terminally labeled with a thiol (for attachment to the gold surface of the electrode) and a redox label (either ferrocene or methylene blue). Evaluation by cyclic voltammetry and impedance spectroscopy revealed detection limits as low as 0.1 ng/mL, and detection of metal ions in environmental water samples was demonstrated.



Aquatic Toxins

Aquatic toxins, either exogenous or naturally occurring, can have devastating effects on wildlife, human health, and entire ecosystems. Table 1 highlights some recent examples of aptamer-based biosensors for the detection of aquatic toxins.


Table 1. Aptamer-based biosensors for the detection of aquatic toxins.
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These toxins remain a persistent problem, as ecological instability and climate change can promote their existence, therefore governing agencies have set regulations on the most common and most problematic aquatic toxins. Aptamer-based sensors have demonstrated potential in detecting these toxins in environmental samples well below the regulatory limits, however there remains the challenge of translating these biosensors to portable, easy-to-use detection devices. With additional characterization and industrial collaboration, these parameters could be easily realized. Many of these examples require minimal sample preparation and the use of signaling methods (optical and chip-based detection) that can be incorporated into commercially available hand-held devices.



Pesticides and Insecticides

Though the dangers of once liberally applied pesticides and insecticides have come to light, and governing agencies have set strict recommendations for use, the contamination of environmental sources by pesticides and their byproducts remains a significant challenge. Not only do pesticides have an effect on the local environment in which they are used, acute exposure and bioaccumulation of pesticides has also been shown to negatively impact humans as well. For these reasons, the development of rapid, and portable sensing devices for the detection of pesticides in environmental sources is required. Aptamer-based biosensors for the detection of pesticides and their byproducts have been reviewed (Yan X. et al., 2018; Zou et al., 2019). Recently, several colorimetric and fluorescent biosensors for the detection of pesticides have been described. The colorimetric methods are used to detect malathion, acetamiprid, chlorpyrifos, and isocarbophos residues and can be further subdivided into nanoparticle- and enzymatic-based methods.

Using indirect aptamer-controlled aggregation of silver nanoparticles, malathion was detected with a limit of 0.5 pM, and demonstrated recoveries ranging from 89 to 120% were observed from spiked lake water, tap water, and apple samples (Bala et al., 2018). In this work, the negatively charged unmodified aptamer interacted with a positively charged cationic peptide. When malathion was not present, the negatively charged nanoparticles repelled each other, and the solution was yellow. In the presence of malathion, the positively charged cationic peptide neutralized the nanoparticles, which then agglomerated resulting in a solution color of orange. Qi et al. took advantage of the ability of aptamers to directly control aggregation of gold nanoparticles for the detection of acetamiprid (Qi et al., 2020). In this case, the aptamer originally selected by He et al. (2011), adsorbed onto the surface of the AuNP in the absence of acetamiprid, leading to a distinct color change from red to blue. Rapid detection of acetamiprid in the range of 8.7–920 nM, with a visual detection limit of 75 nM (0.56 nM by UV Vis spectroscopy) was achieved. Furthermore, recoveries of spiked wastewater, soil, and cucumber samples ranged from 95.2 to 104.0%.

Employing the enzymatic approach, Xiang et al. incorporated an aptamer into a modified ELISA (enzyme-linked immunosorbent assay) to detect isocarbophos, yielding a detection limit of 0.05 μg/L and a linear concentration range of 0.05–23.142 μg/L (Xiang et al., 2019). Environmental water samples were spiked with isocarbophos, and demonstrated recoveries ranged from 84 to 97%. Finally, enzyme-based colorimetric detection of chlorpyrifos was achieved through the use of a NanoZyme (Weerathunge et al., 2019). Briefly, tyrosine-capped silver nanoparticles have intrinsic peroxidase-mimicking activity, which was controlled by the interaction of a chlorpyrifos specific aptamer and the surface of the nanoparticle. In the absence of the target pesticide, no signal was generated. However, in the presence of chlorpyrifos, detection was achieved in the linear range of 35–210 ppm and a detection limit of 11.3 ppm was demonstrated. Additionally, observed recoveries of chlorpyrifos spiked river water samples ranged from 98.8 to 103.6%. An alternative approach involved the development of a fluorescent biosensor. Arvand et al. described the use of an NH2-C6-modified aptamer (Jokar et al., 2017) conjugated quantum dots and graphene oxide to generate a sensing system for the detection of diazinon which had a linear dynamic range of 1.05–205.83 nM and a LOD of 0.13 nM (Arvand and Mirroshandel, 2019). Moreover, the recovery of diazinon from spiked river water, apple, and cucumber samples was demonstrated between 91.0 and 102%.



Industrial Byproducts

A common challenge for environmental monitoring is the detection of harmful industrial byproducts. Recently aptamer-based biosensors have been reported for the detection of industrial byproducts such as 2,3′,5,5′-tetrachlorobiphenyl (also known as PCB72) in river water (Liu S. et al., 2019), 2-hydroxyfluorene in lake water (Liang et al., 2018), and hydroxylated polychlorinated biphenyl (OH-PCB) in lake water (Yang et al., 2018). However, by far the most common topic of recent aptamer research in this field is the detection of bisphenol A (BPA), a chemical used in the manufacturing of plastics and resins (Lee et al., 2019). Though there has been some controversy over the health risks of exposure to BPA, its leaching into exposure sources such as food, water, and the environment remains a concern. A common theme amongst aptamer-based BPA biosensors is the use of AuNPs in the sensing design. Lee et al., reported sensitive and selective detection of BPA over similar compounds using a previously truncated aptamer (Lee et al., 2017) to control AuNPs aggregation (Lee et al., 2019). In the presence of BPA in solution ranging from 0.001 to 1,000 ng/mL, a distinct color change from red to blue was observed, with a LOD of 1 pg/mL. Detection of BPA in rice samples which had been spiked was also demonstrated. Song and colleagues used a different approach in which the negatively charged aptamer, which was the full length version of that used by Lee et al. (2019), was able to interact with positively charged AuNPs [(+)AuNPs] (Jo et al., 2011; Qi et al., 2019). In the presence of BPA, the (+)AuNPs remained suspended in solution due to their repulsion, whereas without BPA the negatively charged aptamer forced the aggregation of the particles. This lead to a colorimetric signal which was dependent on the proximity of the (+)AuNPs, but further addition of luminol and AgNO3 to the reaction allows for a strong chemiluminescence signal in the presence of BPA and a weak signal in its absence. By this method, BPA was detected between the linear range of 0.1–40 ng/mL and with a LOD of 6.2 × 10−2 ng/mL. Interestingly, the sensor was used to detect BPA in soil obtained from an electronic waste dismantling site. The detected values were in good agreement with the values obtained by HPLC. Wang et al. reported a SERS-based biosensor that employs Au@Ag nanoparticles to generate a signal in the presence of BPA (Wang et al., 2018) based on the aptamer selected by Jo et al. (2011). In this assay, the negatively charged aptamer preferentially interacted with the BPA, such that in the presence of BPA the nanoparticles are distributed in solution (signal off) and in the absence of BPA the particles are aggregated resulting in an increased signal. This method, which was demonstrated to detect BPA in bottled water in 15 min, demonstrated a linear dynamic range of 0.01–1 ng/mL and a LOD of 2.8 pg/mL. Finally, Xu et al. used silver-coated gold nanostars (AgNS), which interacted with glucose oxidase modified BPA aptamer (Jo et al., 2011) to generate a SERS signal in the presence of BPA (Xu et al., 2018). Briefly, the BPA aptamer modified with glucose oxidase was incubated with the AuNS. In the absence of BPA, the aptamer conjugate is immobilized on the AuNS, and in the presence of the necessary reagents a signal is generated. Conversely, in the absence of BPA, the aptamer conjugate binds preferentially with BPA rather than the AuNS, reducing the generated signal. By this method, a linear dynamic range of 10−16-10−12 g/mL and a limit of detection of 5 × 10−17 g/mL were observed. Recoveries of BPA which had been spiked into tap water were demonstrated between 93.8 and 103.1%. One recent alternative approach utilized a peroxidase-mimic DNAzyme to generate a BPA-dependent signal (Xu et al., 2019). In this design, two complementary DNA probes, one containing the BPA aptamer (Jo et al., 2011) and part of the peroxidase mimic DNAzyme (probe A), and the other containing the remainder of the peroxidase mimic DNAzyme (probe B), interact to generate a chemiluminescence signal in the presence of H2O2 and luminol. When no BPA was present, the two probes hybridized to form an active DNAzyme leading to a chemiluminescent signal. When BPA was present, probe A preferentially interacted with the BPA, prevented the formation of the peroxidase mimic DNAzyme, and no chemiluminescent signal was generated. This method allowed for the detection of BPA with a reported limit of 5 nM.



Pharmaceuticals

The availability and overuse of pharmaceutical and medicinal compounds has led to the contamination of environmental water sources. To understand the risks associated with second-hand exposure to these compounds, it is necessary to develop highly sensitive and specific biosensors for their detection in environmental sources. In particular, commonly prescribed medications like the chemotherapeutic agent doxorubicin (Bahner et al., 2018), common pain reliever ibuprofen (Ping et al., 2018), hormonal birth controls and hormone replacement therapies, and antibiotics have been the focus of recent biosensor efforts. In fact, a simple smartphone based portable colorimetric biosensor for the detection of ibuprofen was described which could detect the molecule in tap water and river water at spiked concentrations in the low ng/mL range (Ping et al., 2018). In this assay, the colorimetric signal generation depended on the interaction of the aptamers (both selected by Kim et al., 2010 and were reported to have micromolar Kds), AuNPs, and the target molecule (S- or R-ibuprofen) in a mechanism that was similar to the assay described in Figure 6. To perform a test, the user simply needed to set up the assay and calibrate the system, and then the smartphone-based program calculates the amount of red, green, and blue color in the sample tubes. The calibration data is then used to analyze each sample, and report a concentration to the user. Advantageously, this system could be easily adaptable to other aptamer-AuNP based sensing systems, it can be used for on-site detection, and the test results can be analyzed in less than 10 min.

Recent progress toward the detection of the hormone 17β-estradiol, a steroidal estrogen used in replacement therapy, is summarized in Table 2. Likewise, recent biosensors for the detection of antibiotics are summarized in Table 3.


Table 2. Aptamer-based biosensors for the detection of 17β-estradiol in environmental water sources.
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Table 3. Aptamer-based biosensors for the detection of antibiotics in environmental water sources.

[image: Table 3]



Multiplex Detection of Environmental Contaminants in Water

Up-conversion nanoparticles (UCNPs) are a unique class of optical nanoparticles that are often referred to as next generation fluorophores due to their ability to convert near-infrared excitation with lower energy into visible emissions using higher energy via a non-linear optical process (Wang M. et al., 2011). Recently, UCNPs have gained attention as signal reporters due to low background signals, unique luminescent properties, low signal-to-noise ratios, high resistance to photobleaching, and high sensitivity in both in vivo and in vitro applications. Using this principle, Jin et al. developed a lateral flow aptamer assay (LFAA: shown in Figure 7) for the simultaneous detection of multiple targets of interest using a smartphone-based portable device (Jin et al., 2018). In their design, three different amino-modified aptamer sequences exhibiting high specificity for mercury, ochratoxin A, and Salmonella were covalently bound to red, green, and blue UCNPs, respectively, to form aptamer-multicolored UCNP probes. As for the design of the LFAA, test lines were created by depositing streptavidin to act as an intermediate between the nitrocellulose paper and biotinylated complementary sequences to the aptamer to allow for the immobilization of the unbound probes and control sequences. All three probes were mixed with a sample solution containing mercury ions, ochratoxin A, and Salmonella for 30 min, then loaded onto the LFAA to allow for simultaneous detection of target analytes, as the probes were allowed to flow across the apparatus to reach the test zone. The test zones were washed and excited with a 980 nm laser allowing for the fluorescence of the UCNPs to be captured with a camera. Using this sensing platform, Jin et al. were able to achieve detection limits of 5 ppb, 3 ng/mL and 85 CFU/mL for mercury ions, ochratoxin A, and Salmonella, respectively. Multiplex detection in tap water was also demonstrated in less than 30 min. This sensitive, rapid, and low-cost device has immense potential to serve as a useful tool that has widespread applications in the field of food safety, environmental monitoring, and medical diagnostics.


[image: Figure 7]
FIGURE 7. Schematic representation of the lateral-flow aptamer assay developed for the detection of multiple analytes in environmental water samples (Jin et al., 2018).





APTAMERS FOR MONITORING SOIL QUALITY

The detection of targets by aptamer-based biosensors which related to soil quality mainly fall under the categories of either heavy metals, or bacteria and bacterial toxins. The following sections describe examples of biosensors for the detection of environmental contaminants in soil.


Monitoring Lead in Soil Using Aptamer-Based Biosensors

In an effort to address these challenges, Ding et al., described two aptamer-based sensors for the detection of lead (II) in soil samples (Ding et al., 2018, 2019). The most recent sensor takes advantage of the interaction between a G-rich lead binding aptamer, AuNPs, and polypyrrole screen printed onto an electrode to generate an electrochemical signal. This biosensor displayed a linear dynamic range of 0.5–25 ppb, a detection limit of 0.6 ppb, and its selectivity against common interfering ions was demonstrated. A year prior, Ding et al. reported a similar electrochemical biosensor which had a linear dynamic range of 0.5–10 nM, and a detection limit of 0.36 nM (Ding et al., 2018). Further, both methods demonstrated excellent selectivity against common interfering ions, and were used to detect lead (II) in soil obtained from a nearby farm with an accuracy that was not significantly different from the control measurements.



Detection of Agricultural Toxins Present in Soil

The majority of research which focuses on the use of aptamers for the detection of agricultural toxins focuses on the detection of mycotoxins (summarized in Table 4). Mycotoxins, including but not limited to aflatoxins and ochratoxin, can cause severe health problems upon exposure. In fact, the International Agency for Research on Cancer has classified mycotoxins as possible human carcinogens (Jo et al., 2018). The rapid, sensitive, and portable detection of mycotoxins is of interest in multiple points along the food production pathway, from the farmers to retailers to consumers. Currently, traditional instrumentation (chromatography and mass spectrometry) as well as immunoassay-based detection allow for rapid and sensitive detection of mycotoxins, but still present limitations on use by non-experts in field settings. The sensors highlighted in Table 4 are not an exhaustive list of recently published mycotoxin binding aptamer-based biosensors, however, they are examples of relatively simple assays which could be conducted in a reasonable period of time for potential on-site analysis and environmental monitoring of aqueous and soil samples. In particular, the detection of aflatoxin B1 in less than 1 min was demonstrated in soil, using a one-pot mix-to-read assay (Zhao Z. et al., 2019).


Table 4. Aptamer-based biosensors for the detection of agricultural toxins.
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APTAMERS FOR MONITORING AIR QUALITY

One area of aptamer-based environmental monitoring that could use more researchers' attention is air quality. With the exception of some work that focused on developing optical [fluorescent (Ammanath et al., 2018; Wei W. et al., 2018), colorimetric (Ammanath et al., 2018; Choodet et al., 2019; Toomjeen et al., 2019), and resonance light scattering (Tao et al., 2018)] and electrochemical (Zheng et al., 2019) biosensors for 8-hydroxy-2′-deoxyguanosine (8-OHdG), a biomarker for oxidative stress that can be detected in urine and has been associated with air pollution (Tao et al., 2018), only one recent study has focused on using aptamers to monitor air quality.

Radon is a colorless, odorless, toxic gas which has been designated by the World Health Organization and the International Cancer Organization as a first-class environmental carcinogen (Li S. et al., 2018). In fact, exposure to radon, which exists naturally in rocks and soil, water sources, and as a combustion product of coal and natural gas, is the second leading risk factor for developing lung cancer (Li S. et al., 2018). Currently challenges exist in both the detection of radon at low doses, and measuring accumulation as existing methods are expensive and potentially dangerous to human health. Therefore, it is necessary to develop new technologies which can detect radon. Li et al. developed a label-free fluorescent biosensor, represented schematically in Figure 8, which exploits the radioactive decay of 222Rn to Pb2+ in order to detect radon (Li S. et al., 2018).


[image: Figure 8]
FIGURE 8. Indirect detection of accumulated radon via aptamer-based lead ion detection (Li S. et al., 2018).


In the design of this fluorescent biosensor, a petri dish containing 10 mL of 0.2% acetic acid which absorbed the decayed lead ion was capped with a mixed cellulose microporous membrane to prevent airborne lead contamination. The collection dish was placed in a radon chamber at room temperature for time intervals ranging from 2 to 84 h, chosen to cover the half-life of radon. A small aliquot of the acetic acid solution was added to a reaction containing buffer and lead aptamer (HTG). Following a 1.5 h incubation at 37°C, malachite green (MG) was added, and following a subsequent 10 min incubation period, the fluorescence of the solution was measured. In principle, when no lead ion was present, the aptamer remained largely unstructured and minimally interacted with the MG producing only a weak fluorescent signal. In the presence of lead ion, the G-rich aptamer (T30695) underwent a structural transition to a G-quadruplex (Khoshbin et al., 2019). Interestingly, the G-rich sequence used in the study showed a higher affinity to lead than the peroxidase mimic DNAzyme (PS2.M) used in the water assays, a consideration for future work. Due to the physical orientation, the malachite green interacted with the G-tetrads formed after the aptamer bound to lead, via π-stacking and produced strong fluorescence. By this method, the concentration of lead ion detected was directly proportionate to the amount of gaseous radon measured by traditional methods. The biosensor displayed a linear dynamic range of 6.87 × 103 to 3.49 × 105 Bq·h/m3 and a LOD of 2.06 × 103 Bq·h/m3. Importantly, the sensitivity of the device to lead over other common metal ions was demonstrated. These parameters compare favorably to those reported for typical methods for the detection of both radon, and lead ion. Additionally, there was no statistical difference between the measurements obtained using a commercially available radon monitor (RAD7) and the described biosensor.

Despite the challenges of selecting aptamers for targets in the gas phase, precedence suggests it may still be possible to take advantage of the programmability of functional nucleic acid affinity probes to build biosensors for the indirect detection of toxic gases. As an example of this approach, one study described the detection of H2S using a copper ion-dependent DNAzyme to generate a fluorescent signal (Yue et al., 2019), and another study used a peroxidase mimic DNAzyme to generate a colorimetric signal (Kang et al., 2017). The limits of detection of H2S for these biosensors were 200 and 410 nM respectively. Further, recoveries from spiked aqueous solutions ranging from 91.0 to 108.0% were demonstrated.

Other common toxic gases which may be interesting targets for the development of aptamer-based biosensors include: nitrogen dioxide, sulfur dioxide, and hydrogen sulfide (Khan et al., 2019). The detection of these gases, which can occur naturally and as the byproduct of some industrial processes, is absolutely essential to air quality monitoring. Acute and long-term exposure to these gases can drastically affect the quality of human life, wildlife, vegetation, and infrastructure (Khan et al., 2019). Currently, electrochemical methods are commonly used to monitor ambient gas levels (Khan et al., 2019). Given the prevalent reporting of aptamer-based electrochemical sensors, the most logical incorporation of aptamers for gas sensing may fall in this realm.



INCORPORATION OF APTAMERS INTO WEARABLE AND SENTINEL DEVICES

The incorporation of functional nucleic acids, including aptamers into wearable and sentinel nanomaterial devices has seen the most progress in the medical realm. Several nanomaterial constructed wearable sensors have been recently reviewed (Yao et al., 2018; Kalambate et al., 2019). In particular, researchers have made progress in developing wearable sensors by using nanomaterials such as carbon nanotubes and nanotechnologies such as field-effect transistors to measure body temperature, monitor electrophysiology, measure mechanical strain, sense pressure and touch, detect biomarkers, and monitor environmental exposure. An opportunity exists for aptamers to be incorporated into many of these devices to improve sensitivity and biocompatibility, as well as decrease production costs. Illustrating the feasibility of this, Wang et al. recently described an ultra-flexible graphene-based field effect transistor (GFET) that employs an aptamer as the molecular recognition unit for the picomolar detection of an inflammatory cytokine biomarker (Wang et al., 2019). The device (Figure 9), which is made up of aptamer-modified graphene conducting channel on an ultra-flexible thin film of Mylar, was successfully incorporated into a skin patch as well as a contact lens. Adaptations of this work could be widely applied in environmental monitoring. For example, these devices may prove useful in monitoring human exposure to dangerous chemicals in particular environments.


[image: Figure 9]
FIGURE 9. Schematic representation of a wearable ultra-flexible graphene field effect transistor (GFET) for biomarker detection (Wang et al., 2019).


Another example where a developed wearable device could be easily adapted for environmental monitoring was described by Yao et al. who were interested in developing a freestanding graphene paper-based wireless device for the detection of the antibiotic kanamycin (Yao et al., 2019). The ultrasensitive and rapid detection of antibiotics by aptamer-based devices has been demonstrated multiple times (as described in previous sections). In this example, shown schematically in Figure 10, the flexible graphene-paper device which combined aptamer-based detection and nuclease assisted signal amplification was incorporated into a sensing platform that allowed for fg/mL detection of kanamycin using a wireless transmitting detector and a smart phone.


[image: Figure 10]
FIGURE 10. Schematic diagram of the sensing principle behind aptamer-based kanamycin detection using freestanding graphene paper (GNP) and nuclease-assisted amplification strategy (Yao et al., 2019).


As a final example, the development of functional nucleic acid-based sentinel wraps for the real-time monitoring of food contamination was described by Yousefi et al. (2018). In this work an RNA-cleaving DNAzyme, a functional nucleic acid that is similar to an aptamer but has the added functionality of catalytic self-cleavage, was incorporated as a microarray into cyclo-olefin polymer film. In the presence of E. coli in the meat sample, the film displayed a very distinct fluorescent signal (shown in Figure 11).


[image: Figure 11]
FIGURE 11. Detection of bacteria in food by RNA-cleaving DNAzyme (RFD-EC1) reactive sentinel wraps. (a) Meat and apple samples were wrapped in the RFD-EC1 incorporated polymer wraps. The RFD-EC1 were incubated in buffer, meat, apple juice sliced apple or NaOH either without (b) or with (c) bacteria present for 14 days. A clear fluorescence signal was generated by RFD-EC1 in the presence of E. coli (d). Likewise, the RFD-EC1 incorporated food wrap revealed distinct fluorescence when the food samples had been inoculated with a bacteria mixture with and without E. coli. Overlapping regions in the bright field (top) and fluorescence (bottom) are represented by ** (no E. coli) and two-circle symbol (E. coli). Reprinted (adapted) with permission from Yousefi et al. (2018). Copyright (2018) American Chemical Society. Permission has been obtained from American Chemical Society.


These examples demonstrate the feasibility of incorporating functional nucleic acids into wearable and sentinel devices. It stands to reason then, that if researchers are capable of designing sensors for human skin, sensors could surely be designed for the skin of fish, birds, or other mammals for the purposes of monitoring bioaccumulation and environmental contaminant exposure. Likewise, researchers could focus on using aptamers to develop wearable devices for monitoring plant life. Giraldo et al. have recently reviewed progress toward the development of “smart” plant sensors, which, when triggered by internal and environmental stimuli, could provide digital information to electronic devices and systems for autonomous environmental monitoring (Giraldo et al., 2019). For example, wearable plant sensors which monitor basic crop health were discussed, as well as preliminary examples which were presented where two-way communication between smart plant sensors and machines allow plants to control their own environment, with the eventual purpose of this plant-based feedback assisting with automated crop management.



PERSPECTIVES AND RECOMMENDATIONS

The field of environmental monitoring has surely benefited from the development of aptamer and aptamer-nanomaterial based biosensors for the detection of relevant contaminant analytes. In the past few years, there have been several advances in the development of portable aptamer-based devices which provide rapid, on-site single and multiplex detection of an array of target analytes. Despite this progress, challenges still remain in the field in translating bench science to on-site detection. To bridge the gap, researchers should focus on ensuring their designs adhere to the ASSURED criteria described by the WHO.

Oftentimes the presented research stops at the demonstration of biosensor detection in spiked environmental samples. To translate much of this work to practical use, it is necessary to evaluate the function of these biosensors with minimal sample preparation, to validate detection of naturally occurring contaminants in complex environmental samples, and to demonstrate reliable, user-friendly, on-site detection of target analytes. Though the detection matrix relevant to most environmental monitoring, water, is relatively non-complex (compared to, for example, biological samples like blood), there still exists unique challenges for the on-site detection of contaminant analytes. Where a hospital or medical lab may offer access to conveniences like electricity and refrigeration, environmental samples are collected and stored in vastly different internal and external climates which can change rapidly and affect the quality of downstream processing.

As evidenced by the discussed examples, researchers interested in aptamer-based environmental monitoring should draw inspiration from the intersectionality of nanomaterials and other nucleic acid-based approaches being used for flora and fauna monitoring, with translatable progress in other fields such as point-of-care devices and personalized medicine. Progress will surely come from combing these, and other innovative approaches, to provide end-users with inexpensive, reliable, biosensors for the detection of environmental contaminants.
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In this work, a simple but sensitive electrochemical DNA biosensor for nucleic acid detection was developed by taking advantage of exonuclease (Exo) I-assisted cleavage for background reduction and zirconia-reduced graphene oxide-thionine (ZrO2-rGO-Thi) nanocomposite for integral DNA recognition, signal amplification, and reporting. The ZrO2-rGO nanocomposite was obtained by a one-step hydrothermal synthesis method. Then, thionine was adsorbed onto the rGO surface, via π-π stacking, as an excellent electrochemical probe. The biosensor fabrication is very simple, with probe DNA immobilization and hybridization recognition with the target nucleic acid. Then, the ZrO2-rGO-Thi nanocomposite was captured onto an electrode via the multicoordinative interaction of ZrO2 with the phosphate group on the DNA skeleton. The adsorbed abundant thionine molecules onto the ZrO2-rGO nanocomposite facilitated an amplified electrochemical response related with the target DNA. Since upon the interaction of the ZrO2-rGO-Thi nanocomposite with the probe DNA an immobilized electrode may also occur, an Exo I-assisted cleavage was combined to remove the unhybridized probe DNA for background reduction. With the current proposed strategy, the target DNA related with P53 gene could be sensitively assayed, with a wide linear detection range from 100 fM to 10 nM and an attractive low detection limit of 24 fM. Also, the developed DNA biosensor could differentiate the mismatched targets from complementary target DNA. Therefore, it offers a simple but effective biosensor fabrication strategy and is anticipated to show potential for applications in bioanalysis and medical diagnosis.

Keywords: electrochemical DNA biosensor, reduced graphene oxide, zirconia, signal amplification, exonuclease I


INTRODUCTION

Highly sensitive detection of nucleic acid analytes is always pursued by researchers to accommodate the ever-increasing demands in disease diagnosis, environmental and food monitoring, and forensic identification (Debouck and Goodfellow, 1999; Liu et al., 2008; Zhang et al., 2013; Chen et al., 2019a). Polymerase chain reaction is the most commonly used method for the detection of low amounts of nucleic acids (Asiello and Baeumner, 2011; Xu et al., 2017), but the delicate temperature control by a relatively expensive thermal cycler and the complex primer design limit its wide applications, especially in some resource-constrained regions. Compared with it, biosensor technology is especially attractive for bioanalysis due to its potential advantages including economy, portability, and facile operation. Until now, various techniques such as electrochemistry, spectroscopy, surface plasmon resonance, electrochemiluminescence, and photoelectrochemistry have been well-explored for nucleic acid biosensor fabrication (Hu et al., 2014; Shi et al., 2016; Ding et al., 2017; Feng et al., 2017; Li et al., 2018). Among them, the electrochemical method possesses some inherent advantages such as simple instrumentation, signal stability, flexible operation, and easy integration and miniaturization (Tan et al., 2015; Wang et al., 2015; Liu et al., 2017). In order to upgrade the DNA detection sensitivity to satisfy the requirement of profiling trace amounts of nucleic acids, various signal amplification strategies have been explored for biosensor fabrication, for example, nuclease-based target recycling or enzyme-free DNA assembly strategies have been well-developed (Wang et al., 2014; Chen et al., 2019b). By virtue of various nucleases such as nucleic acid endonuclease, exonuclease, and polymerase, the target DNA amount could be indirectly amplified owing to target cycling or generation of target analogs. Enzyme-free nucleic acid assembly strategies such as catalytic hairpin assembly, hybridization chain reaction, and DNA-fueled target recycling are usually based on the cascade toehold-mediated strand displacement reactions for signal amplification toward target DNA recognition events (Lv et al., 2015; Ding et al., 2018; Karunanayake Mudiyanselage et al., 2018). Although these nucleases or enzyme-free DNA strategies could substantially improve the detection limit of the target DNA, the relatively complex or rigorous sequence design or the use of too much DNA fragments or various nucleases for signal amplification increases the assay cost and also the risk for error readouts. Nanomaterial or enzyme-based post-amplification means could be considered as another kind of widely used strategies for the amplified detection of nucleic acid. In these strategies, a “sandwich-type” detection mode is usually adopted with the first immobilization of capture probe DNA on the electrode surface. Upon hybridization with the target DNA, the bioprobe-labeled nanomaterial or enzyme was then recognized for signal amplification. Until now, various nanomaterials such as noble metal nanoparticles, carbon nanotube, graphene, and semiconductor nanoparticles have been fully explored for biosensor fabrication (Swain et al., 2008; Wu et al., 2009; Nie et al., 2012; Benvidi et al., 2015; Jahanbani and Benvidi, 2016; Baluta et al., 2018; Yan et al., 2018; Yu et al., 2019). However, the careful and tedious modification, control, or labeling of biomolecules or reporters onto nanomaterials increases the assay complexity. Thus, development of simple and effective signal amplification means for electrochemical nucleic acid detection is still in high demand.

Herein a simple and sensitive electrochemical nucleic acid biosensor was developed by coupling a zirconia-reduced graphene oxide-thionine (ZrO2-rGO-Thi) nanocomposite and exonuclease I (Exo I)-assisted cleavage. The ZrO2-rGO nanocomposite was obtained by a one-step hydrothermal synthesis method. Then, a large amount of thionine molecules were adsorbed onto the rGO surface, via π-π stacking, as an excellent electrochemical probe. Graphene or graphene oxide-based two-dimensional materials have been widely explored for application in biosensor and biomedicine, owing to their fascinating electronic, thermal, mechanical, and chemical properties (Dong et al., 2012; Chen et al., 2016; Cao et al., 2018; Campos et al., 2019). The obtained ZrO2-rGO-Thi nanocomposite was used as an integral multifunctional sensing element for DNA recognition, signal amplification, and reporting. The ZrO2 could recognize the phosphate group on the DNA skeleton via a multicoordinative interaction. The adsorbed abundant thionine molecules onto the ZrO2-rGO nanocomposite are responsible for signal amplification and reporting toward a DNA recognition event. The unique electronic properties of rGO would be also beneficial for improved electrochemical response. Furthermore, it avoids the relatively complex modification, control, or labeling procedures for most of the nanomaterial-based signal amplification strategies. Considered that the ZrO2-rGO-Thi nanocomposite may also interact with probe DNA immobilized electrode, a simple Exo I-assisted cleavage was further combined to achieve the discrimination of hybridized from unhybridized DNA and contribute to background reduction. The target DNA related with P53 gene was sensitively analyzed. The P53 gene has been well-known as the guardian of the genome that can code and express p53 protein to suppress the malignant transformation of cells. The p53 gene has been associated with the occurrence of many human tumors such as liver, breast, bladder, and stomach cancers and so on (Hasanzadeh and Shadjou, 2017; Shen et al., 2018). Therefore, the current electrochemical nucleic acid biosensing strategy not only would pave a new avenue for biosensor fabrication by nanomaterials but also is anticipated to show potential for applications in bioanalysis and medical diagnosis.



EXPERIMENTAL SECTION


Chemicals and Reagents

Graphene oxide (GO) was provided by Shanghai TanYuanHuigu New Material Technology Co., Ltd (Shanghai, China). Tris(2-carboxyethyl) phosphine hydrochloride (TCEP), 6-mercaptohexanol (MCH), ZrOCl2·8H2O, and thionine were purchased from Sigma-Aldrich (St. Louis, MO, USA). Exonuclease I (Exo I) and 10 × Exo I buffer (pH 9.5, 670 mM glycine-KOH, 67 mM MgCl2, and 100 mM 2-thioethanol) were obtained from New England Biolabs, Inc. (Ipswich, MA, USA). Fetal calf serum was obtained from Dingguo Biotech Co., Ltd. (Beijing, China). Human serum samples from healthy adults were kindly provided by the Qingdao Central Hospital (Qingdao, China), and informed consent was obtained from all human subjects. The other chemicals were purchased from Shanghai Chemical Reagents (Shanghai, China). The high-performance liquid chromatography-purified DNA sequences were synthesized by Sangon Biotech. Co., Ltd. (Shanghai, China) with the base sequences listed in Table 1. All the solutions were prepared using ultrapure water, with a resistivity of 18.2 MΩ cm.


Table 1. The DNA sequences used in the experiment.
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Synthesis of ZrO2-rGO and ZrO2-rGO-Thi NAnocomposites

The ZrO2-rGO and the ZrO2-rGO-Thi nanocomposites were prepared according to our reported method (Chen et al., 2018). Simply mixed into 20 ml deionized water were 0.004 g of ZrOCl2·8H2O and 0.004 g of GO, and the mixture was ultrasonically treated for 1 h. The hydrothermal synthesis process for the above mixture was operated at 160°C for 10 h. After the centrifugal collection of the precipitate and freeze-drying, the ZrO2-rGO nanocomposite was obtained. The ZrO2-rGO-Thi nanocomposites were prepared by mixing 2.5 mg of ZrO2-rGO into 10 ml of thionine solution (1 mM) and agitating for 1 h.



DNA Immobilization on the Electrode Surface

The gold electrodes (2 mm in diameter) were pretreated prior to probe DNA immobilization. The electrodes were polished with 0.3 and 0.05 μm alumina oxide slurries for 5 min, respectively, followed by ultrasonic cleaning in acetone and water to remove residual alumina powder on the electrode surface. Then, the electrodes were electrochemically scanned in 0.5 M H2SO4 solution, with a potential window ranging from−0.3 to +1.5 V at 100 mV/s for 25 cycles. Finally, the electrodes were rinsed with water and dried with nitrogen. The immobilization of probe DNA on the electrode was performed by immersing into 50 μl of 10 mM Tris-HCl (pH 7.4, 0.1 M NaCl, and 10 mM TCEP) buffer containing 1 μM probe DNA for 4 h at room temperature. The electrode was then rinsed with 20 mM Tris-HCl (pH 7.4, 0.1 M NaCl) buffer solution. After DNA immobilization, the electrode was immersed into 50 μl of MCH solution (1 mM) for 30 min to remove some non-specifically adsorbed DNA strands.



Target DNA Recognition, Exonuclease I (Exo I) Cleavage, and Binding With ZrO2-rGO-Thi Nanocomposite

Target DNA recognition was operated by immersing the probe DNA modified electrode into 50 μl of 10 mM Tris-HCl (pH 7.4, 0.1 M NaCl, and 1 mM MgCl2) buffer containing different concentrations of target DNA for 50 min at 37°C. Then, the electrodes were simply rinsed with 20 mM Tris-HCl (pH 7.4, 0.1 M NaCl) buffer solution. After the target DNA recognition, the unhybridized probe DNA was removed by Exo I, which was operated in 1 × exonuclease I reaction buffer (pH 9.5, 67 mM glycine-KOH, 6.7 mM MgCl2, and 10 mM 2-thioethanol) containing 5 U of Exo I at 37°C for 60 min. After that, the electrode was thoroughly rinsed with 20 mM Tris-HCl (pH 7.4, 0.1 M NaCl) buffer solution. Then, the electrode was recognized by 0.5 mg/ml ZrO2-rGO-Thi nanocomposites for 60 min at room temperature. After the recognition of ZrO2-rGO-Thi complex with the electrodes, the electrodes were thoroughly rinsed with 20 mM Tris-HCl (pH 7.4, 0.1 M NaCl) buffer solution to remove some possible non-specifically bounded ZrO2-rGO-Thi nanocomposites. Then, the obtained electrode was interrogated for electrochemical measurement.



Electrochemical Measurements

After binding with the ZrO2-rGO-Thi nanocomposite, differential pulse voltammetry (DPV) and cyclic voltammetry (CV) measurements were performed in 10 mM phosphate-buffered saline (PBS; pH 7.4, 0.2 M KNO3). The DPV was operated under the following experimental parameters: scanning potential from 0.1 to−0.4 V, amplitude of 50 mV, pulse period of 0.1 s, and sampling width of 16.7 ms. The CV was recorded between 0.2 and−0.6 V, with a scan rate of 100 mV s−1. Electrochemical impedance spectroscopy (EIS) was used for biosensor fabrication process characterizations, which was carried out in 10 mM PBS (pH 7.4, 5 mM [Fe(CN)6]3−/4− and 1 M KCl), with a scan frequency ranging from 0.1 to 10 kHz and an AC amplitude of 5 mV. Corresponding CV characterizations were also conducted by scanning the potential between−0.1 and 0.6 V at 100 mV s−1. Prior to the electrochemical measurement, the electrolyte solution should be purged with high-purity nitrogen for 20 min to avoid interference from oxygen.



Apparatus

All electrochemical experiments were performed with a CHI 660E electrochemical workstation (CH Instruments, Shanghai, China) at room temperature by using a three-electrode system consisting of a modified gold electrode, a platinum wire auxiliary electrode, and a Ag/AgCl reference electrode. The morphology of the nanocomposite was characterized by a field emission scanning electron microscope (SEM, JSM 7500F, JEOL, Japan) and a transmission electron microscope (TEM, JEM-F200, Japan). Gel images were captured on a FR-980A gel image analysis system (Shanghai, China).




RESULTS AND DISCUSSION


Detection Principle of the Developed Nucleic Acid Biosensor

The fabrication principle of the electrochemical nucleic acid biosensor by using ZrO2-rGO-Thi nanocomposites is illustrated in Scheme 1. The zirconia-reduced graphene oxide (ZrO2-rGO) nanocomposites were firstly prepared by a hydrothermal synthesis method, with the use of GO and ZrOCl2·8H2O as reactants. After ZrOCl2 hydrolysis and Zr4+ adsorption onto the GO surface, the ZrO2 nanoparticles were obtained under hydrothermal conditions. Simultaneously, GO was reduced into rGO to obtain ZrO2-rGO nanocomposites. Then, thionine, as a well-characterized electrochemical probe, was conjugated onto the rGO surface via π-π interaction to obtain ZrO2-rGO-Thi nanocomposite (Li et al., 2012; Zhou et al., 2016). The obtained ZrO2-rGO-Thi nanocomposite was used as an integral sensing element for DNA recognition, signal amplification, and reporting. The ZrO2 nanoparticles could recognize DNA via its multicoordinative interaction with the phosphate group of the DNA skeleton. The multicoordinative interaction of ZrO2 with the phosphate group has been widely employed for the enrichment and the analysis of phosphorylated substrates (Monot et al., 2008; Pang et al., 2011). A large amount of thionine molecules adsorbed onto the rGO surface could provide an amplified signal response toward the recognized DNA information. Since the ZrO2-rGO-Thi nanocomposite may interact with both the single-stranded DNA and the double-stranded DNA, thus a simple Exo I-assisted cleavage was adopted to achieve DNA discrimination and background reduction. The probe DNA was modified with a sulfhydryl group at the 5′-terminus. The sulfhydryl group could form an Au–S bond with the gold electrode to achieve probe DNA immobilization. In the presence of the target DNA, it can hybridize with the immobilized probe DNA on the electrode. The DNA hybrids formed could resist the cleavage from Exo I, owing to the formation of the blunt 3′-terminus. However, the unhybridized probe DNA would be digested from 3′ to 5′ by Exo I. Then, the remaining hybridized dsDNA onto the electrode could bind with the ZrO2-rGO-Thi nanocomposite via the multi-coordination between ZrO2 and the phosphate group on the DNA skeleton, generating an amplified electrochemical response related with the target DNA recognition event. In the absence of the target DNA, the immobilized probe DNA would be digested by Exo I, and then the ZrO2-rGO-Thi nanocomposite could not be effectively captured onto the electrode for an electrochemical response.
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SCHEME 1. Schematic illustration of electrochemical nucleic acid fabrication by ZrO2-rGO-Thi nanocomposite.




Characterization of ZrO2-rGO-Thi Nanocomposites

The morphology of the GO and ZrO2-rGO nanocomposites was characterized by SEM and TEM. GO exhibited a typical folded morphology at the edges, confirming the layered structure of GO (Figures 1A,D). After the hydrothermal process for the mixed GO and ZrOCl2·8H2O (1:1), it could be clearly seen that the ZrO2 nanoparticles were uniformly grown on the rGO surface (Figures 1B,E). The interplanar spacing of a single crystalline ZrO2 nanoparticle was measured as about 0.294 nm, suggesting a monoclinic phase of the ZrO2 nanoparticles (inset in Figure 1E). With the increase of mass ratio between GO and ZrOCl2·8H2O (1:5), the density of the ZrO2 nanoparticles onto the rGO surface was significantly increased (Figure 1C). It could be further seen from the elemental mapping images of ZrO2-rGO (Figure 1F) that C, O, and Zr elements were uniformly distributed throughout the nanocomposite. More detailed experimental characterizations toward the ZrO2-rGO and the ZrO2-rGO-Thi nanocomposites could be referred to our previous work (Chen et al., 2018).
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FIGURE 1. Scanning electron microscope images of GO (A) and ZrO2-rGO nanocomposite prepared by GO and ZrOCl2·8H2O with a mass ratio of 1:1 (B) and 1:5 (C), respectively. Transmission electron microscope (TEM) images of GO (D) and ZrO2-rGO nanocomposite prepared by a mass ratio of 1:1 between GO and ZrOCl2·8H2O (E). The inset in (E) shows the high-resolution TEM image of ZrO2-rGO nanocomposite. The corresponding elemental mapping images of C, O, and Zr for ZrO2-rGO nanocomposite (F).




Electrochemical Characterization of Fabricated DNA Biosensor

The EIS was firstly used to follow the nucleic acid biosensor fabrication process by using 5 mM [Fe(CN)6]3−/4− as an electrochemical indicator. The corresponding experimental results are shown in Figure 2A. In the EIS curves, a semi-circle diameter represents the corresponding charge transfer resistance (Rct) information of [Fe(CN)6]3−/4− toward the electrode surface, which would be easily influenced by the differently modified electrode. The bare gold electrode showed an almost straight line with a Rct value of only 15 Ω (curve a), indicating a rapid charge transfer process of [Fe(CN)6]3−/4− toward the electrode surface. When the probe DNA was immobilized onto the electrode, the introduced negative charge by the probe DNA increased the electrostatic repellence toward [Fe(CN)6]3−/4−, resulting into an increased Rct value of 1,698 Ω (curve b). After blocking with MCH, the Rct value was significantly increased to be about 4,381 Ω (curve c), indicating that the MCH monolayer occupied the vacancy of the electrode surface and evidently inhibited the electron transfer of [Fe(CN)6]3−/4− toward the electrode surface. After hybridization with the target DNA (100 nM), the Rct value was further increased to 5,200 Ω (curve d), owing to the introduction of more negative charges by the hybridized target DNA. For the hybridized electrode, the Exo I treatment hardly induced the change of Rct value (5,140 Ω, curve e), suggesting the resistance of the DNA hybrids with the blunt 3′-end against the digestion from Exo I. Then, after the ZrO2-rGO-Thi nanocomposites' binding onto the DNA modified electrode, the Rct value was decreased to 3,212 Ω (curve f). It was speculated that some of the bound ZrO2-rGO-Thi nanocomposites may be close enough to the electrode surface for the enhanced electron transfer activity. In the absence of the target DNA, after the treatment of the probe DNA modified electrode by Exo I, the Rct value was evidently decreased to 2,500 Ω (curve g) compared with that of the probe DNA and the MCH modified electrode, suggesting the effective digestion of unhybridized probe DNA by Exo I for background reduction.
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FIGURE 2. Electrochemical impedance spectroscopy (A) and cyclic voltammetry (B) recorded into 10 mM phosphate-buffered saline {PBS; pH 7.4, 5 mM [Fe(CN)6]3−/4−, 1 M KCl} for the different modified electrodes: (a) bare gold electrode, (b) 1.0 μM probe DNA modified electrode, (c) after 6-mercaptohexanol (MCH) blocking, (d) after hybridization with 100 nM target DNA, (e) Exo I cleavage toward (d), (f) after binding with 0.5 mg/ml ZrO2-rGO-Thi nanocomposite, and (g) Exo I cleavage toward the probe DNA and MCH modified electrode. Differential pulse voltammetry (C) and cyclic voltammetry (D) recorded into 10 mM PBS (pH 7.4, 0.2 M KNO3) after binding of ZrO2-rGO-Thi nanocomposite with different electrodes: (a) MCH-only modified electrode, (c) probe DNA and MCH modified electrode, (b) Exo I cleavage toward probe DNA and MCH modified electrode, and (d) Exo I cleavage toward the hybridized electrodes. The employed amounts for target DNA, Exo I, and ZrO2-rGO-Thi nanocomposite were 100 nM, 10 U, and 0.5 mg/ml, respectively. The reaction time for DNA hybridization and Exo I cleavage was 60 min for both. (E) Electrochemical response comparison toward blank and 100 nM target DNA in the absence and in the presence of 10 U Exo I. (F) Non-denaturing polyacrylamide gel electrophoresis for different DNA sequences: DNA marker (lane 1), 10 μM probe DNA (lane 2), 10 μM target (lane 3), and 1 μM probe DNA after cleavage by 10 U Exo I (lane 4); DNA hybrids by 1 μM probe DNA and 1 μM target DNA (lane 5); and DNA hybrids after cleavage by 10 U Exo I (lane 6).


The corresponding cyclic voltammetric characterizations for the differently modified electrodes are shown in Figure 2B. After probe DNA immobilization (curve b), MCH assembly (curve c), and hybridization with the target DNA (curve d), the redox peak current of [Fe(CN)6]3−/4− decreased and the peak-to-peak potential increased sequentially compared with that of the bare gold electrode (curve a), suggesting that the stepwise assembly inhibited the diffusion and the electron transfer of [Fe(CN)6]3−/4− toward the electrode surface. The binding of the ZrO2-rGO-Thi nanocomposites onto the hybridized electrode could evidently improve the electron transfer performance of [Fe(CN)6]3−/4− (curve f). Also, the hybridized DNA could resist the digestion from Exo I cleavage, with almost no change of electrochemical responses of [Fe(CN)6]3−/4− compared with that in the absence of Exo I (curve e), but the probe DNA modified electrode could be digested by Exo I cleavage and an improvement of electron transfer of [Fe(CN)6]3−/4− could be observed compared with that in the absence of Exo I (curve g). The cyclic voltammetric responses for the differently assembled electrodes were basically in accordance with the EIS results, indicating the successful fabrication of an electrochemical nucleic acid biosensor.

We then conducted the detection feasibility of the fabricated biosensor toward the target DNA by using DPV and CV measurements based on the electrochemical responses of the ZrO2-rGO-Thi nanocomposites. The results are shown in Figures 2C,D. It could be seen that, in the presence of 100 nM target DNA, a distinct DPV response of thionine was observed, at a reduction potential of−0.185 V, for the hybridized electrode after Exo I treatment (curve d in Figure 2C). Also, a pair of large redox peaks of thionine, with oxidation and reduction potentials of−0.14 and−0.18 mV, respectively, was obtained in the CV results (curve d in Figure 2D). Thus, the ZrO2-rGO-Thi nanocomposites have been effectively combined with the hybridized DNA for an electrochemical response. For the probe DNA modified electrode with no Exo I treatment, an obvious electrochemical response could also be observed (curve c in Figures 2C,D). Thus, the ZrO2-rGO-Thi nanocomposites could also be conjugated with the probe DNA modified electrode via the multicoordinative interaction for an electrochemical response. However, after Exo I treatment toward the probe DNA modified electrode, only a weak background response could be obtained (curve b in Figures 2C,D). Such a background response was only slightly higher than that of the MCH modified electrode (curve a in Figures 2C,D). Furthermore, an electrochemical response comparison by using Exo I cleavage or not is shown in Figure 2E. The signal-to-background ratio in the presence of Exo I was about 7, but it was only about 2.14 in the absence of Exo I for the detection of 100 nM target DNA. Thus, Exo I could digest the unhybridized probe DNA for background reduction, and the DNA hybrids could resist the cleavage against Exo I and be captured by the ZrO2-rGO-Thi nanocomposite for an amplified electrochemical response related with target DNA recognition information. Exo I cleavage toward the probe DNA, but not DNA hybrids, was also confirmed by gel electrophoresis experiments. It could be seen from Figure 2F that the probe DNA (lane 2) and the target DNA (lane 3) showed the corresponding migration bands. The hybridization of the probe DNA and the target DNA showed the band with a lower migration rate (lane 5). After the Exo I treatment, the band related with the probe DNA disappeared (lane 4), suggesting the cleavage of probe DNA by Exo I, but the DNA hybrids with the blunt 3′-end could not be digested by Exo I, and the band related with the DNA hybrids could be still clearly observed (lane 6).



Optimization of Experimental Conditions

In order to demonstrate the best detection capability of the developed biosensor, some critical experimental parameters were optimized, including the immobilization concentration of probe DNA, reaction time, reaction temperature, and amount of Exo I. A proper immobilization concentration of probe DNA would benefit for DNA hybridization recognition and then for electrochemical response. It could be seen from Figure 3A that the DPV current change ΔI (ΔI = I- I0, I, and I0 represent the current response in the presence and in the absence of the target DNA, respectively), increased with increasing probe DNA immobilization concentrations. It could be easily explained that a higher concentration of probe DNA would increase the assembly amount of probe DNA on the electrode to generate more amounts of DNA hybrids on the electrode for a larger electrochemical response. However, with further increasing probe DNA concentration over 1 μM, the ΔI decreased gradually. Since the background response in the absence of the target DNA changed slightly at different probe DNA concentrations, the decreased ΔI value obtained at a higher probe DNA concentration may be caused by the decreased recognition efficiency at a higher probe DNA concentration or coverage. Thus, 1 μM was selected as the optimized value for the immobilization concentration of the probe DNA. The surface density of the probe DNA on the electrode was further calculated by the chronocoulometry method with the use of [image: image] as a redox indicator (Steel et al., 1998). It was 3.27 ± 0.18 × 1012 molecules/cm2 at an immobilization probe concentration of 1 μM. The hybridization time was also optimized and is shown in Figure 3B. It could be seen that the current response toward 100 nM target DNA increased stepwise with hybridization time extension and almost reached the saturation value at 50 min. Also, in the absence of the target DNA, no evident current change was observed at the studied hybridization time range. Thus, the hybridization time of 50 min was recommended for performance determination of the DNA biosensor. The reaction temperatures for Exo I cleavage and Exo I dosage were also optimized and are shown in Figures 3C,D. It could be seen that the best electrochemical response could be obtained at the reaction temperature of 37°C for Exo I cleavage. It could be explained that 37°C was the suitable temperature to maintain Exo I activity. An elevated temperature would be not beneficial for the stability of the DNA hybrids between the target DNA and the probe DNA, inducing a decreased electrochemical response toward the target DNA. The electrochemical response toward the target DNA increased with the employed Exo I amount, and a maximum value could be reached at an amount of 5 U (Figure 3D). A further increase in Exo I amount would induce a slightly weakened electrochemical response, which might be due to the non-specific cleavage of Exo I toward some hybridized DNA for signal response decrease. Thus, the optimized reaction temperature and the Exo I amount chosen were 37°C and 5 U, respectively.


[image: Figure 3]
FIGURE 3. (A) Optimization of probe DNA immobilization concentration. The concentration of the probe DNA used was 0.05, 0.1, 0.5, 1.0, 2.0, and 5.0 μ?. (B) Effect of hybridization time on the electrochemical responses toward 0 and 100 nM target DNA. (C) Optimization of reaction temperature for Exo I cleavage. (D) Optimization of Exo I amount. ΔI indicates the DPV current difference in the presence and in the absence of target DNA. Error bars, SD, n = 3.




Detection Performance of the Developed Electrochemical DNA Biosensor

The analytical capability of the constructed electrochemical biosensor was investigated by using different concentrations of the target DNA under optimal experimental conditions. As shown in Figure 4A, the electrochemical response signal increased gradually with increasing concentrations of the target DNA, suggesting a concentration-dependent response behavior. A weak background response in the absence of the target DNA could be observed, which might be explained as follows: the immobilized probe DNA may be not completely digested by Exo I, inducing the adsorption of a small amount of ZrO2-rGO-Thi nanocomposites for electrochemical response; also, the ZrO2-rGO-Thi nanocomposites may be non-specifically adsorbed onto the electrode for electrochemical responses. A linear relationship between the DPV current and the logarithm value of the target DNA concentration, ranging from 100 fM to 10 nM, could be obtained. The corresponding regression equation is expressed as Y = −0.1909 + 0.2674 logX (Y and X represent the DPV peak current and the target DNA concentration, respectively), with a correlation coefficient of 0.9943. The detection limit toward the target DNA was calculated as about 24 fM, according to the classic method of LOD = 3β / k (β represents the blank response and k is the slope of the calibration curve). Such a detection limit was superior or comparable with some reported methods (Table 2), but it only needs a simple Exo I cleavage for background reduction and eliminates the complex DNA designs or too much DNA fragments used by some reported DNA-based signal amplification strategies. The detection reproducibility of the fabricated DNA biosensor toward the target DNA was checked. The relative standard deviations for the detection of 1 pM, 100 pM, and 100 nM were obtained as 6.9, 6.3, and 5.8%, respectively, based on five replicated experiments by different electrodes, suggesting an acceptable detection reproducibility of the fabricated biosensor for the target DNA.


[image: Figure 4]
FIGURE 4. (A) Differential pulse voltammetry (DPV) response curves at different concentrations of target DNA (from 0 to 500 nM). (B) The linear relationship between the DPV peak current and the logarithmic value of the target DNA concentrations from 100 fM to 10 nM. Error bars, SD, n = 3.



Table 2. Comparison of the detection performance of electrochemical DNA biosensors with some reported methods.
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Selectivity and Stability of Fabricated Electrochemical DNA Biosensor

The selectivity of the proposed electrochemical biosensor was evaluated by using different DNA sequences, including fully complementary target DNA, single-base mismatched target (1MT), two-base mismatched target (2MT), and non-complementary DNA (NC) with the same concentration. As can be seen in Figure 5A, the DPV current response of NC was almost the same with the blank solution. The mismatched DNA showed the decreased electrochemical responses compared with the complementary target DNA, owing to the decreased hybridization stability with the probe DNA. The DPV responses for 1MT and 2MT were about 40 and 13.5% of that for the fully complementary target DNA, respectively, demonstrating the potential for base mutation analysis. The stability of the probe DNA modified electrode was then investigated. After its storage at 4°C for 14 days, the electrochemical response toward 100 nM target DNA could still remain over 90% of its original response, suggesting the robust stability of the fabricated biosensor. To demonstrate the applicative potential of the fabricated DNA biosensor in the relatively complex biological samples, detections of target DNA spiked in 10 and 25% diluted fetal calf serum and 10% diluted human serum were conducted. It could be seen in Figure 5B that the diluted serum could exert some influences on the background and the signal responses, but the electrochemical responses were still dependent on the spiked target DNA concentration in the diluted serum. The background responses in the diluted serum are slightly larger than that in the buffer. It might be due to the non-specific adsorption of some biological molecules in the serum on the electrode, further inducing the possible adsorption of the ZrO2-rGO-Thi nanocomposite for increased background response. The signal response in the diluted serum was mostly lower than that in the buffer. It might be explained that the non-specific adsorbed biological molecules on the electrode influenced the DNA hybridization recognition to some extent for the observed signal decrease. These results suggested an applicative potential of our fabricated DNA biosensor in relatively complex biological matrices.


[image: Figure 5]
FIGURE 5. (A) Selectivity of the fabricated biosensor toward 100 nM of various DNA sequences including complementary target, single-base mismatched DNA (1 MT), two-base mismatched DNA (2 MT), and non-complementary DNA (NC). The inset shows the corresponding DPV responses toward the different DNA sequences. (B) Electrochemical responses of the fabricated biosensor toward three different concentrations of target DNA spiked in buffer, 10 and 25% diluted fetal bovine serum, and 10% diluted human serum. Error bars, SD, n = 3.





CONCLUSIONS

In conclusion, a simple electrochemical biosensor was developed for sensitive DNA detection by coupling the ZrO2-rGO-Thi nanocomposite and Exo I-assisted cleavage. The ZrO2-rGO-Thi nanocomposite was explored as an integral sensing nanomaterial, including DNA recognition (multi-coordinative interaction of ZrO2 with the phosphate group of the DNA skeleton), signal amplification and reporting (abundant thionines onto the rGO surface for direct electrochemical response), and excellent conductivity of rGO. With the aid of Exo I-based cleavage for background reduction, the sensitive and the selective detection of target DNA related with the P53 gene could be achieved with a wide linear detection range (100 fM to 10 nM) and a low detection limit of 24 fM. Although the detection limit by the current biosensor is still higher compared with those most sensitive methods reported, it does not involve complex DNA designs or operations or too much DNA fragments for signal amplification. It can also be applied for DNA detection in a relatively complex biological matrix such as serum. Therefore, it offers a simple but effective biosensor fabrication strategy and is anticipated to show potential for applications in bioanalysis and medical diagnosis.
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Cyproheptadine hydrochloride (CYP), used as human and veterinary drug, has been used illegally as feed additive for food-producing animals, which could remain in food and jeopardize human health. There is a need for on-site detection of CYP residue in animal-derived food. In this study, a hapten was designed, and a specific monoclonal antibody (mAb) was developed to detect CYP with an IC50 of 1.38 ng/mL and negligible cross-reactivity (CR) for other analogs. Forthermore, a high sensitive immunochromatographic assay (QBs-ICA) was developed using quantum dot nanobeads as reporters. The assay showed the linear detection range (IC20-IC80) of 0.03–0.52 ng/mL, the limit of detection (LOD) and visual detection limit (VDL) reached to 0.01 and 0.625 ng/mL, respectively. Spiked recovery study in pig urine and pork confirmed that the QBs-ICA was applicable for on-site testing. This assay showed better sensitivity and speedy than the reported instrumental analysis and immunoassays.
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INTRODUCTION

Cyproheptadine hydrochloride (CYP), a derivative of cyproheptadine (CPH), is usually used as medicine to treat allergic disorders. Meanwhile, CYP has been prescribed as the drug for pet animals to stimulate appetite and induce weight gain, mostly for cats, dogs and horses (Gunja et al., 2004; Yamamoto et al., 2006; Rerksuppaphol and Rerksuppaphol, 2010). However, it has been found that CYP was illegally used as feed additive in food-producing animals to promote quick growth. After clenbuterol was banned for use in China, CYP and other derivatives of CPH have been frequently found in meat and dairy products, which may trigger allergic reactions or other sicknesses for the consumers (Yang et al., 2015; Kaur et al., 2018). Considering their risks for human health, CPH and CYP are also in the “List of Prohibited Drugs Used in Food-producing Animals” as stated in Directive 2001/82/EC (2009).

There is a need for the sensitive methods of the determination of CYP in animal food products. However, limited studies have been reported for on-site detection of CYP, regardless of the classic instrumental analysis or new immunoassays. Instrumental methods included molecularly imprinted solid-phase extraction coupled with high-performance liquid chromatography (HPLC) (Yang et al., 2015) and liquid chromatography-tandem mass spectrometry (LC-MS/MS) (Feás et al., 2009; Fente et al., 2009), which showed high accuracy and quantitative analysis properties. But there are inescapable realities that most instrumental methods are time-consuming and labor-intensive, which limit their use in on-site analysis or high-throughput screening for large numbers of samples. As complementary, immunoassays such as ELISAs are regarded as effective alternatives in terms of simplicity, speed and efficiency. However, they still require extended time for processing (Zhang et al., 2019; Zeng et al., 2020). Thereafter, immunochromatographic assay (ICA) was developed and used as a powerful on-site detection method. This assay is recognized for its outstanding speed, high specificity, sensitivity, low cost and user-friendliness. ICA is gaining increasing popularity as a diagnostic tool in food safety, animal health and the environment monitoring (Gong et al., 2017; Wang Z. et al., 2019; Lu et al., 2020). Colloidal gold (CG) nanoparticles as signal reporter are the most wildly used in ICA (CG-ICA), which provide obvious advantages in terms of detection cost, speed, long-term stability and with an easy distinct color readout (Li et al., 2020; Zeng et al., 2020). However, it does not provide advanced sensitivity comparisons with conventional ELISA. A alternative reporter, quantum dot nanobeads (QBs) could have been utilized to improve the detection sensitivity of ICA, because of their high quantum yield, broad UV excitation with narrow fluorescent emission spectra, large molar extinction coefficient, stronger fluorescence intensity and high photostability (Duan et al., 2015, 2019; Xiao et al., 2018; Chen et al., 2020). Wang et al. used QBs as luminescent amplification probes for ultrasensitive detection of tebuconazole in agricultural product and achieved a LOD of 0.02 ng/mL, which was more sensitive than other reports (Wang Y. et al., 2019). Duan et al. also developed QBs-ICA for quantitative detection of zearalenone in corns, the sensitivity was 5.6 times lower than the CG-ICA (Duan et al., 2015). Hu et al. established a QB-based sandwich ICA for the detection of C-reaction proteins, this assay was much more sensitive (257-fold) than CG-ICA (Hu et al., 2016).

In the current study, a hapten was designed and synthesized, which resulted in a high affinity antibody against CYP. Based on the resulting mAb, highly luminescent QBs were introduced in ICA as signal-amplification probes for CYP detection. This study provided a portable, user friendly, on-site detection approach which showed better sensitivity and speedy than the reported instrumental analysis and immunoassays (Fente et al., 2009; Yang et al., 2015; Guo et al., 2018).



MATERIALS AND METHODS


Chemicals and Materials

CYP and loratadine, ketotifen, clenbuterol, clonidine and salbutamol (purity 99.0%) were obtained from Anpel Co., Ltd (Shanghai, China). Bovine serum albumin (BSA), dicyclohexylcarbodiimide (DCC), N,N-dimethylformamide (DMF), ovalbumin (OVA), trinbutylamine, isobutyl chlorocarbonate, N-hydroxysuccinimide (NHS), hypoxanthine-aminopterin-thymidine (HAT), complete and incomplete Freund's adjuvant, hypoxanthine-thymidine (HT) medium, peroxidase-labeled goat anti-mouse IgGs, 3,3′,5,5′-tetramethylbenzidine (TMB) and dimethyl sulfoxide (DMSO) were obtained from Sigma-Aldrich (St Louis, MO, USA). Nitrocellulose (NC) membranes, glass fiber sample pads and absorbent pad were purchased from Millipore Corporation (Bedford, MA, USA). Semi rigid polyvinyl chloride (PVC) sheets were obtained from Jiening Biotech (Shanghai, China). Quantum dots (QDs) were obtained in Prof. Yonghua Xiong's lab (Nanchang University, Nanchang, China). Dichloromethane (DCM), polyethylene glycol (PEG) 20000, poly (methyl methacrylate) (PMMA), poly (maleic anhydride-alt-1-octadecene) (PMAO), and other chemicals were obtained from Aladdin Chemistry Co., Ltd. (Shanghai, China).


Equipment

ELISA absorbance readout was obtained by a multifunctional microplate reader from Thermo Fisher Scientific (Waltham, MA, USA). The XYZ3050 Dispensing Platform was purchased from BioDot (Irvine, CA, USA). The ZQ2000 Guillotine Cutter was purchased from Jinbiao Biotechnology (Shanghai, China). The fluorescence immunoassay analyzer was obtained from Helmen Co., Ltd. (Suzhou, China).



Hapten and Antigen Synthesis and Characterization

The hapten was synthesized according to the synthetic route illustrated in Figure S1. Briefly, 5.8 g CYP and 2.73 g Et3N were dissolved in 100 mL DCM to obtain the crude product by drying, concentrating. Then the crude product and 11.4 g ClCO2Et were dissolved in 100 mL toluene to get a white solid by diluting and concentrating. 5.8 g white solid in EtOH was reacted with 13.7 g KOH in 22 mL water, and the mixture was extracted and washed to generate the white solid product. And then, 2.7 g product, 8.49 g methyl 2-bromoacetate and 1.4 g K2CO3 were dissolved in 27 mL DMF and stirred at 70°C for 16 h. After concentrating, 2.6 g product in 40 mL EtOH was reacted with 906 mg NaOH in 11 mL water at reflux for 1 h. After cooled, the solvent was removed, the mixture was adjusted pH to 2.0 with HCl. Finally, the mixture was purified, filtered to give hapten.

The immunogen (Hapten-BSA) was prepared as previously reported with some modifications (Feng et al., 2014). Briefly, 16.6 mg of hapten, 6.9 mg NHS and 12.36 mg DCC were dissolved in 1 mL DMF, and the mixture was stirred over night at room temperature (RT). Then, the precipitate was removed by centrifugation(12,000 g, 10 min), and 1 mL of the active ester was added dropwise into 5 mL of carbonate buffer (CBS, 100 mM, pH 9.6) containing 33 mg BSA, and the reaction mixture was stirred gently for 4 h. After dialyzed with phosphate buffer (PBS, 10 mM, pH 7.4), the immunogen was stored at −20°C.

Coating antigen (Hapten-OVA) was prepared using the mixed anhydride method (Liu et al., 2010). Briefly, 16.6 mg of hapten, 20 μL of trinbutylamine and 10 μL of isobutyl chlorocarbonate were mixed in 1 mL DMF with stirring for 3 h at 4°C. Then 1 mL mixture was added slowly into 5 mL of carbonate buffer containing 30 mg of OVA. After stirred, the product was dialyzed and stored at −20°C.



Monoclonal Antibody Production and Characterization

Six–eight weeks old Balb/c female mice were immunized intraperitoneally with immunogen (Hapten-BSA). After the immunization, antisera were collected and were screened for anti-CYP activity by indirect competitive ELISA (ic-ELISA) (Cao et al., 2013). When the antisera showed the high anti-CYP activity, the last injection was performed intraperitoneally. Three days later, the cell fusion, and then subcloning procedures were carried out (Songa and Okonkwo, 2016). After several rounds of screening, a monoclonal cell strain with the good sensitivity for CYP recognition was selected and was used to prepare the ascites fluids. Then, the mAb was purified from ascites using a protein G affinity column. The ic-ELISA was used to characterize the mAb for CYP binding and cross-reactivity to analogs of CYP (Liang et al., 2013).



Preparation of QBs

QBs were synthesized according to reported method (Duan et al., 2015). Briefly, 60 mg PMMA and 40 mg PMAO were dissolved with 1 mL of CHCl3. The 20 mg of CdSe/ZnS QDs and sodium dodecyl sulfonate aqueous solution (3 mg/mL; 5 mL) were added in mixture. Then, the mixture was emulsified using an ultrasonic homogenizer for 2 min. After the CHCl3 was evaporated from emulsion, the water-soluble QBs were purified by centrifugation (6,500 g, 10 min) and washed with pure water. The average size and morphology of QBs were characterized using a transmission electron microscope (TEM) with varying scales of magnifications.



Preparation of the QBs-mAb

QBs-mAb was prepared according to reported method with slight modifications (Shao et al., 2018). Briefly, 5 μL of EDC (1 mg/mL) and 10 μL of QBs (12 mg/mL) were added to 2.7 mL of 0.01 M PBS (pH 6.0), then the mixture was magnetic stirred for 30 min at RT. And then the 100 μL mAb (1.2 mg/mL) was added, and the mixture was magnetic stirred for 30 min. Subsequently, the mixture was centrifuged at 12,000 g for 10 min, and the precipitates were resuspended with 400 μL of PBS containing 1% PEG 20000, 2% fructose, 5% sucrose, 1% BSA, and 0.4% Tween-20. And then the QBs-mAb probes were stored at 4°C. The QBs-mAb and free QBs probe were analysis with Dynamic light scattering (DLS).



Fabrication of Immunochromatographic Test Strips

First off, the sample pads and absorbent pads were pretreated by soaking with 10 mM PBS (pH 7.4) containing 0.02% NaN3, 2% BSA, 2.5% sucrose and 0.25% Tween-20, and these pads were dried at 37°C overnight. Then, NC membrane was pasted onto a backing card. Goat anti-mouse antibody and Hapten-OVA were coated on NC membrane as control (C) lines and the test (T) lines, respectively. The distance between the C line and the T line is 7 mm. Subsequently, the dried sample pads and absorbent pads were pasted onto a backing card, and laminated with overlaps of 2–3 mm at bottom and top edge of NC membrane, respectively. Then, the plate was cut lengthwise into strips (3.5 × 60 mm) and stored in dry places (Liu et al., 2018).



Assay Procedure

1 μL of QB-mAbs probe and 70 μL of standard solution (diluted with PBS containing 5% methanol) were premixed for 5 min and added into the sample pad. After 10 min, the fluorescence intensities of T lines (FIT) and C lines (FIC) were recorded with a fluorescence analyzer. The standard curve was constructed by plotting the B/B0 × 100% against the logarithm of the CYP concentration, where B represented FIT/FIC with CYP standard solutions and B0 represented FIT/FIC without the presence of CYP standard solutions (Shao et al., 2018; Wang Y. et al., 2019).



Spiked Samples

The pig urine and pork samples were CYP free as determined by confirming with instrumental analysis. Test samples were spiked with known concentrations CYP.

For QBs-ICA analysis, 20 mL CYP spiked pig urine samples were centrifuged at 10,000 g for 15 min. Then the supernatant was diluted 5-fold with PBS containing 5% methanol. 5.0 g homogenized pork samples were added into 50 mL of acetonitrile containing 20% of ammonia. And then the mixture was stirred vigorously for 15 min, and further centrifuged at 10,000 g for 15 min. The 10 mL supernatant was added to 10 mL of n-hexane, shaken vigorously to let the phases separate, the lower acetonitrile phase was saved and evaporated to dryness. Finally, the dry residue was redissolved with 1 mL PBS containing 5% methanol, and further diluted 5-fold with PBS containing 5% methanol for QBs-ICA analysis (Liu et al., 2010).

For instrumental method analysis, the extracts of pig urine and pork samples were evaluated by liquid chromatography-tandem mass spectrometry (LC/MS-MS) according to the previous report with slight modification (Fente et al., 2009; Sun et al., 2017). In the liquid chromatography (LC) system, C18 column (2.1 × 150 mm, 2.7 μm) was employed for separation, using acetonitrile and 10% formic acid (80%: 20%, v/v) as carrying mobile phase. The mobile phase was running at 0.35 mL/min and maintaining the column temperature at 30°C, and the injected volume of extracts in the column was 5 μL. For the mass spectrometric analysis, the electrospray ionization source was operated at 150°C in the positive ion mode. Multiple reaction monitoring (MRM) mode was used, and the optimized parameters for mass detection are referred to Fente's report (Fente et al., 2009).





RESULTS AND DISCUSSION


Characterization of Hapten and Antigen

The molecular structure of the hapten was determined by LC/MS (Figure S2) and 1HNMR (Figure S3). LC/MS (ESI) calcd for C22H21NO2: 331.16. Found: m/z 332.1 [M+H]+.. The results of 1HNMR confirmed the hapten has successfully attached to a carboxyl group: δ: 7.40–7.36 (m, 4H), 7.30–7.26 (m, 2H), 7.21–7.19 (m, 2H), 6.97 (s, 2H), 3.12 (s, 2H), 2.78–2.76 (m, 2H), 2.54–2.43 (m, 2H), 2.35–2.30 (m, 2H), 2.06–2.03 (m, 2H).

As a small molecule, CYP cannot trigger immune response. Therefore, CYP was conjugated to a carrier protein of BSA or OVA to be used as immunogen and coating antigen, respectively. As illustrated in the UV-Vis spectra (Figure S4), the absorption of immunogen (Hapten-BSA) and coating antigen (Hapten-OVA) shifted in comparison with the hapten and the carrier protein, that supported the successful conjugation of the CYP and carrier proteins.



Characterization of mAb

The mAb were purified from ascites using a protein G affinity column. Thereafter, ic-ELISA method was conducted for characterization. The working concentration of the coating antigen and mAb were 0.375 μg/mL and 0.15 μg/mL, respectively. In the linear range (IC20-IC80) of 0.31–6.03 ng/mL, the half-maximal inhibitory concentration (IC50) was 1.38 ng/mL, the limit of detection (LOD) was 0.13 ng/mL. Loratadine, ketotifen, clenbuterol, clonidine and salbutamol as the analogs of CYP were used in specificity test, the cross-reactivity (CR) values were <0.01% (Table 1) of the CYP response.


Table 1. Cross-reactivity against CYP and other analog compounds by ELISA.

[image: Table 1]



Characterization of QBs and QBs-mAb Conjugates

The QBs and QBs-mAb were monitored using a TEM with varying scales of magnifications. As Figure 1a shows that the numerous dark QDs are tightly encapsulated in the polymer matrix. Figure 1b shows that the QBs have a relatively uniform size distribution. Figure 1c also supports a macroscopic metal lattice structure of CdSe/ZnS QDs. The QBs-mAb probes were characterized with TEM and DLS. Figures 1d,e show the morphology of probes are similar as the QBs's. Figure 1f shows the hydrodynamic diameters of free QBs is 142 nm, and after the anti-CYP mAbs were conjugated on the surface of the QBs, the hydrodynamic diameters increased to 190 nm. The results support that the anti-CYP mAbs were successfully coupled on the surface of the QBs.


[image: Figure 1]
FIGURE 1. Characterization of QBs and QBs-mAb. (a–c): TEM image of the QBs at different magnification; (d–e) TEM image of the QBs-mAb at different magnification (f): Hydrodynamic diameter of QBs and QBs-mAb.




ICA Testing

The principle and result of the QBs-ICA strip testing are illustrated in Figures 2, 3. In absence of CYP, the labeled mAbs were captured by the immobilized hapten conjugates on the T line, and the excess labeled mAb migrated further to interact with goat anti-mouse IgG on the C line. For negative samples, the fluorescence on the T line and C line was similar showing a negative result. In presence of CYP, the labeled mAbs combined with the CYP and migrated over the membrane without (or in less extend) interaction on the T lines. The FIT is lower than the negative control or even invisible, this indicates a positive result. So, the FIT was reversely correlated with the concentration of analytes (Foubert et al., 2017). The C line showed always be visible as an ICA quality indicator, otherwise the ICA should be considered in error. In addition, for on-site detection using QBs-ICA, a portable UV-based analyzer or UV lamp is needed.


[image: Figure 2]
FIGURE 2. Schematic diagram of QBs-ICA testing.



[image: Figure 3]
FIGURE 3. The result of QBs-ICA testing.




Optimization of QBs-ICA

To achieve the best performance and sensitivity of the immunoassay, the appropriate content of mAb, QBs-mAb probe and Hapten-OVA employed were crucial. Content of mAb labeling on the surface of the QBs were estimated by using a series of mAb (2–14 μL) to conjugate 1 μL of QBs, and measured by the change of fluorescence intensity. The QB-mAbs conjugates were assembled and tested on the strips, the FIT were recorded by an analyzer. Figure S5A demonstrates that FIT increased drastically along with the continuous addition of mAbs before reaching a plateau at 10 μL. These data suggested that 10 μL of mAbs (1.2 mg/mL) per μL of QBs (12 mg/mL) was considered as the saturated labeling concentration.

For the best sensitivity and appropriate FI signal, the contents of QBs-mAb probe upon Hapten-OVA were optimized with a “checkerboard titration-like” tactic (Guo et al., 2019). The inhibition rate (IR) of CYP at 0.3 ng mL−1 are obtained by the formula: IR = (1−B/B0) × 100%, where B represented FIT/FIC with CYP presence and B0 represented FIT/FIC with the absence of CYP. As shown in Table S1, the highest IR was 61%, while 1.0 mg/mL of the Hapten-OVA were immobilized on the test line, and the QBs-mAb probe was 1 μL, respectively.

In addition, for the stability and sensitivity optimization of QBs-ICA, an immunological dynamic analysis was conducted to optimize the interpretation time and pH value (Huang et al., 2013). The kinetic curves were established by recording FIT, FIC, every 1 min for 30 min to calculate FIT/FIC ratio. As shown in Figure S5B, FIT, FIC continue to increase from 1 to 30 min, but the FIT/FIC ratio tended to stabilize after 10 min. That means at least a 10 min reaction time was necessary for good QBs-ICA performance.

The effect of pH values on sensitivity of QBs-ICA was evaluated by adjusting the pH values of the sample solutions to 5.0, 5.5, 6.0, 6.5, 7.0. This allowed exploration of pH on FIT/FIC and IR for CYP determination at the concentration of 0.3 ng/mL. The results as shown in Figure S5C, the FIT/FIC of negative sample had no significant decrease from pH 5.0 to 6.0, and the maximum IR of 69% emerged in pH 6.0. When pH values ranged from 6.0 to 7.0, the FIT/FIC of negative sample and IR decreased sharply. Thereby, the optimal pH condition was chosen as 6.0 for QBs-ICA performance in this case.

The methanol would also effects the sensitivity of QBs-ICA, but a certain amount of methanol is required to assist the dissolution of the CYP. In this study, it was found that the methanol content less to 5% with negligible effect.



Sensitivity of the QBs-ICA

A series of CYP solutions were prepared with working buffer (10 mM PBS with 5% methanol, pH 6.0) to investigate the sensitivity of the QBs-ICA. As Figure 4A illustrates the fluorescence on the T line gradually decreased as the concentration of CYP increased, and finally it disappeared at 0.625 ng/mL. This suggested that the visual detection limit (VDL) is about 0.625 ng/mL for visual discrimination and semi-quantitative detection. Furthermore, the quantitative analysis of QBs-ICA can be calculated by plotting the B/B0 × 100% against the logarithm of the CYP concentration, where B represented FIT/FIC in the presence of CYP, and B0 represented FIT/FIC in the absence of CYP. Figure 4B illustrates the standard curve of QBs-ICA for CYP testing, the IC50 and LOD (IC10) values were 0.12 and 0.01 ng/mL, respectively. The linear range (IC20-IC80) was 0.03–0.52 ng/mL. Compared to previously reported, the QBs-ICA shows superior performance in terms of both sensitivity and speed of analysis than the only reported immunoassays (about 10-fold improvement) (Guo et al., 2018) and the instrumental analysis (about 2–3 orders of magnitude improvement) (Fente et al., 2009; Yang et al., 2015), the comparation was shown in Table 2.


[image: Figure 4]
FIGURE 4. Sensitivity of the QBs-ICA. (A) Photo of the test strips with different CYP concentrations (0.078–5.0 ng/mL) under 365 nm UV excitation. (B) Standard competitive inhibition curve for CYP under the optimized conditions.



Table 2. Comparison of different methods for the detection of CYP.
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Specificity of the QBs-ICA

The specificity of the QBs-ICA was tested with CYP and five other analogs. As Figure 5 shows, compared with the negative control, the fluorescence on the T line for CYP (1 ng/mL) had completely disappeared, while the fluorescence of T lines of five analogs (1 μg/mL) barely dropped of, and the values of FIT/FIC for five analogs almost as the same as negative control. This means that the antibody does not recognize these analogs, and the CRs were negligible. The results indicated that the high specificity of QBs-ICA for CYP detection, which also consistent with the results of cross-reactivity using ic-ELISA (Li et al., 2019).


[image: Figure 5]
FIGURE 5. Cross-reactivity study of QBs-ICA against CYP (1 ng/mL) and other analogs (1 μg/mL).




Method Validation by Spiked Samples

For LC/MS-MS, chromatographic separation was achieved (Figure S6), in that, the good efficiency and peak shape were obtained in a 1.4 min analysis time.

Matrix interferences is a common challenge for immunoassay, and it may lead to false positive or negative results and reduce the sensitivity and reliability of the methods (Hua et al., 2012). In this study, spiked pig urine, pork samples were used to evaluate the feasibility of the developed QBs-ICA method. It showed that the matrix interferences were reduced by a 5-fold dilution. As summarized in Table 3, the recoveries ranged from 85 to 105% and the coefficient of variation (CV) were <11%. The results of QBs-ICA were consistent with LC/MS-MS data, suggesting that the developed QBs-ICA was accurate and practicable for CYP detection in animal food. In conclusion, the developed QBs-ICA are reliable and sensitive to be further used for CYP analysis.


Table 3. Results of QBs-ICA and LC-MS/MS for spiked samples (pig urine and pork).

[image: Table 3]




CONCLUSIONS

Very few studies have been reported for the on-site detection of CYP residues in animal products. In this paper, we developed a QBs-ICA for the rapid and on-site detection of CYP in pig urine and pork samples. A specific monoclonal antibody (mAb) against cyproheptadine hydrochloride (CYP) was induced using designed hapten. Thereafter, QBs-ICA was developed using quantum dot nanobeads as indicators for visual and quantitative detection of CYP. Spiked sample study confirmed that the QBs-ICA was capable of being used as portable and rapid tools for on-site testing. Under optimal conditions, the developed QBs-ICA had visual detection limit of 0.625 ng/mL, the sensitivity and speedy were much improved compared with the reported instrumental analysis and immunoassays (Fente et al., 2009; Yang et al., 2015; Guo et al., 2018).
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Since its discovery in 2004 by Novoselov et al., graphene has attracted increasing attention in the scientific community due to its excellent physical and chemical properties, such as thermal/mechanical resistance, electronic stability, high Young's modulus, and fast mobility of charged atoms. In addition, other remarkable characteristics support its use in analytical chemistry, especially as sorbent. For these reasons, graphene-based materials (GBMs) have been used as a promising material in sample preparation. Graphene and graphene oxide, owing to their excellent physical and chemical properties as a large surface area, good mechanical strength, thermal stability, and delocalized π-electrons, are ideal sorbents, especially for molecules containing aromatic rings. They have been used in several sample preparation techniques such as solid-phase extraction (SPE), stir bar sorptive extraction (SBSE), magnetic solid-phase extraction (MSPE), as well as in miniaturized modes as solid-phase microextraction (SPME) in their different configurations. However, the reduced size and weight of graphene sheets can limit their use since they commonly aggregate to each other, causing clogging in high-pressure extractive devices. One way to overcome it and other drawbacks consists of covalently attaching the graphene sheets to support materials (e.g., silica, polymers, and magnetically modified supports). Also, graphene-based materials can be further chemically modified to favor some interactions with specific analytes, resulting in more efficient hybrid sorbents with higher selectivity for specific chemical classes. As a result of this wide variety of graphene-based sorbents, several studies have shown the current potential of applying GBMs in different fields such as food, biological, pharmaceutical, and environmental applications. Within such a context, this review will focus on the last five years of achievements in graphene-based materials for sample preparation techniques highlighting their synthesis, chemical structure, and potential application for the extraction of target analytes in different complex matrices.
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INTRODUCTION

Over the last decades, nanotechnology has become a promising tool in relevant scientific fields, allowing humanity to reach top levels of quality in several areas such as engineering, chemistry, medicine, and sports, among others (Lin et al., 2019). One of the most significant achievements in this context was the confirmation of the existence of a single-layered graphene sheet obtained through mechanical exfoliation by Novoselov et al. in 2004 at Manchester University (Novoselov, 2004; Novoselov et al., 2005). The history of graphene (G) starts ~70 years ago when Landau and Peierls stated that strictly 2D crystals were thermodynamically unstable with a slight likelihood even to exist (Peierls, 1935; Landau, 1937). At that time, the scientists thought that the melting point of a thin-film of atoms decreased proportionally to its thickness leading to structure decomposition or segregation (Peierls, 1935; Landau, 1937). Therefore, the atomic monolayers' existence would only be possible to exist as an epitaxially-grown part of 3D complex structures. Nonetheless, this theory was confronted by experimental observations reported in 2004, which preceded the discovery of more than one type of 2D atomic monolayers, highlighting graphene as the most important of them (Geim and Novoselov, 2007). For this reason, graphene theoretically represents a new class of materials possessing a one-atom thickness that, due to its intrinsic properties, are creating new possibilities of practical applications and becoming a hot topic in science.

Graphene can be defined as a carbon allotrope composed by a structure containing sp2 hybridized atoms obeying a honeycomb pattern, which is the core for other widely-known allotropic forms (Grajek et al., 2019). In other words, graphene can be stacked to form graphite, rolled to form a carbon nanotube, or even wrapped to become a fullerene, as shown in Figure 1. In general, it is considered a wonder material due to its nanosheet structure, which has strong σ-orbitals in the 2D plane, ensuring its stiffness. At the same time, the un-hybridized π-orbitals are hinged outwards, superimposing one by one to form the long-range delocalized π electron system, responsible for its outstanding optical, and electrical properties (Grajek et al., 2019). In short, unmodified graphene sheets have a large theoretical surface area (ca. 2630 m2 g−1) distributed along with the thinnest structure of the negligible mass, but high Young's modulus, as already discovered (Fumes et al., 2015). Likewise, its charge carriers have high mobility, possibly traveling micrometers without scattering, becoming an ideal material for producing electronic devices (Hou et al., 2019). Moreover, the excellent thermal and electrical conductivity (~3,000 W mK−1 and 104 Ω−1 cm−1, respectively), transparency, and impermeability to gases must be underscored (Geim, 2009).


[image: Figure 1]
FIGURE 1. Illustrative drawing of the primary carbon allotropes: (A) graphene; (B) graphite; (C) fullerene; (D) carbon nanotubes. Adapted from Maciel et al. (2019), copyright 2019, with permission from Elsevier.


Although these top qualities suggest that graphene would be an ideal material with several different potential applications, the manufacturing (especially in industrial-scale) still represents a hurdle to its broad implementation. This occurs because the most utilized manufacturing approach is based on the graphite top-down mechanical exfoliation process by adhesive tape (Allen et al., 2010). Generally, this production method is laborious, non-reproducible, and highly dependent on human handling. It has attracted the chemists' interest in developing scalable alternative routes to produce significant amounts of high-quality graphene nanosheets. Including on this are the chemical exfoliation through liquid solutions, the bottom-up method to produce from organic precursors, among others (Allen et al., 2010; Vadivel et al., 2017). It must be noted that each of these alternative production methods has its proper characteristics. The chemical exfoliation provides interesting results regarding the quality of graphene nanosheets or even due to the existence of intermediary graphene-based compounds similarly attractive for such purposes, such as the graphite oxide or graphene oxide, for instance.

Even with the graphene existence being confirmed since 2004, its first application in sample preparation was only published in 2011 (Luo et al., 2011a; Zhang and Lee, 2011). The interest of analytical chemists on it and its derivatives is mostly due to the increasing demand for high-performance and selective materials to extract contaminants present in complex matrices containing a large number of interferents. The present outlook of our environment urges researchers to seek technological advances on sample preparation and analytical techniques to tackle even better the increasing use of chemicals by humans in many areas of life: agriculture, health-treatments, and abusive-drugs, among others. Within such a context, the necessity in performing a sample preparation step before the analytical techniques is mandatory due to the complexity related to the mostly analyzed matrices (biological fluids, food, plants, wastewaters, soil, and others). This step is crucial in the analytical workflow responsible for eliminating matrix interferents, isolating, and pre-concentrating target analytes. For these reasons, several different sorption-based sample preparation techniques (e.g., microextraction by packed sorbent [MEPS], stir bar sorptive extraction [SBSE], magnetic solid-phase extraction [MSPE], among others) have been proposed. They are mostly derived from conventional SPE and its main miniaturized mode SPME (Fumes et al., 2015). Generally, they are performed by the employment of an extractive phase, usually named as sorbent. Ideally, this sorbent must present some essential characteristics such as good selectivity to the target compounds, high extraction capability, and even is desirable as a chemical inertia for those interferents present in the analyzed matrix (Toffoli et al., 2018).

Then, GBMs emerged as promising sorbents to be used in the extraction techniques, due to its chemical structure and properties, which favors the extraction performance by effectively removing the target analytes from complex matrices. Considering all the advantages herein presented, some of them are more interesting from the analytical chemistry standpoint. For example, the flat graphene structure allows potential target analytes to interact on both sides of it, which is advantageous for sorption-based sample preparation techniques. In the case of other carbon allotropes (e.g., carbon nanotubes, graphite, and fullerene), only the external surface is available for such interaction, which potentially diminishes extraction performance due to this steric hindrance associated. Additionally, the delocalized π-electron system favors electrostatic interaction between the graphene and molecules that possess aromatic rings in its structure.

For this reason, prevalent contaminants such as pesticides, preservatives, pharmaceuticals, and veterinary drugs can be remediated from the environment by using GBMs (Toffoli et al., 2018). Contrariwise, when the potential contaminant does not have aromatic rings, a functional intermediary produced from the chemical exfoliation, namely graphene oxide (GO), can be used instead of graphene. This is owing to its chemical structure that differs from G by the presence of oxygenated groups (e.g., hydroxyl, carbonyl, alkoxy) outside of its 2D-plane, possibly favoring interactions with polar active-sites in other molecules (Smith et al., 2019). Nonetheless, from an operational point of view, the fact that graphene is an ultra-light material makes difficult its deposition by, for example, centrifugation. In this way, some chemical modification or functionalization can be performed to overcome such drawbacks. Nowadays, other carbon-based compounds that possess one-atom planar structures are beginning to spur around, mainly due to the attention given to the scientific community's graphene in the last years. Including in this group are graphyne, graphdiyne, graphone, and graphane, all considered as graphene-derivative compounds (Peng et al., 2014). As an example, graphyne and graphdiyne are 2D-flat allotropic forms of graphene possessing the same honeycomb pattern, which suggests them as suitable for similar applications as its precursor (graphene).

Conversely, graphone and graphene emerged as hydrogenated graphene-derivative compounds susceptible to chemical modifications onto its surfaces. Despite these compounds already discussed in the literature, their synthesis remains a complicated process; for this reason, they have not yet been applied in sample preparation. However, considering the significant advances in graphene-based technologies since its discovery, these other allotropic forms might gain more attention from scientists throughout the years.

Following the background regarding the emerging of graphene, this review aims to present the state-of-art about this “wonder material” from a sample preparation viewpoint. In this way, several aspects such as synthesis and functionalization process, the main derivative classes, and its most suitable applications are divided among the next sections. In short, our primary goal was to present a review mostly covering the last 5 years' achievements of the still-evolving field of graphene-based materials in sample preparation and discuss the future trends and potential challenges that chemists should face in the years to come.



GRAPHENE AND GRAPHENE OXIDE

As mentioned, graphene (G) is a 2D monolayer of carbon atoms covalently bonded in a honeycomb pattern, displaying a flat sheet conformation (Solís-Fernández et al., 2017). Graphene and related materials are part of the graphene-based materials (GBMs), which comprises graphene (G) nanosheets (in mono, few, and multi-layers), graphene oxide (GO), and reduced graphene oxide (rGO) (De Marchi et al., 2018). A considerable variety of research articles about different synthesis methods, properties, and applications of GBMs are available (Papageorgiou et al., 2017; Lim et al., 2018; Liu and Zhou, 2019). Two different approaches can be used to obtain graphene: (i) the top-down, in which nanostructures are produced from larger dimensions, and (ii) the bottom-up, starting from atoms or small molecules to produce materials of larger dimensions.

In the top-down approach, graphene is prepared from graphite, by mechanical or chemical exfoliation, or chemical synthesis, separating the graphene thin layers parallelly stacked in the graphite and held together by weak van der Waals forces. Mechanical exfoliation is one of the simplest methods in which a simple direct contact with an adhesive tape (polymer) can take off the graphene layers from the surface of a graphite piece. One of the advantages of mechanical exfoliation is the possibility of different pile-up layers of other 2D materials with several graphene heterostructures (Solís-Fernández et al., 2017). However, it has only been implemented on a small scale and is highly susceptible to contamination. In the same way, organic solvents can be used to separate the graphite layers. Other exfoliation methods include the use of electric fields, sonication, and transfer printing technique (Lim et al., 2018). Several exfoliation methods, including different substrates, thermal released tape, and thermal approaches, have been proposed to improve the quality, size, and homogeneity of graphene (Solís-Fernández et al., 2017).

Chemical reduction of graphene oxide (GO) is the most popular method to obtain graphene. As shown in Figure 2, GO can be obtained by the oxidation of graphite powder and then exfoliated further to obtain single GO layers, which is subsequently chemically reduced to obtain rGO. Although the final product obtained from this pathway is rGO, its properties are very similar to graphene but are structurally different (Dreyer et al., 2010; Singh et al., 2016). Chemical reduction of GO firstly involves exfoliation in water assisted by ultrasonication, followed by reduction of the oxygenated groups, hence precipitating the rGO from the solution due to its hydrophobicity (Singh et al., 2016). Among the wide variety of chemical reduction agents that can be employed, hydrazine is the most often used because of its high reductive efficiency, even though it is highly environmental toxic. As an alternative, the use of greener reduction agents (De Silva et al., 2017) and thermally-mediated or electrochemical reduction are also employed. Although chemical reduction of GO is a popular upscaling method, it yields a final product containing several structural defects on the sheets, which lead to low-quality materials with variable sizes and edges (Dreyer et al., 2010).


[image: Figure 2]
FIGURE 2. Graphene chemical reduction pathway.


Conversely, the bottom-up approaches are another alternative to synthesize high-quality graphene layers. The leading methods used include pyrolysis, chemical vapor deposition (CVD), plasma synthesis, and epitaxial growth (Lim et al., 2018). Graphene sheets are prepared from small building blocks and assembled with dedicated precision, usually employing molecular modeling to build the layers. Among the bottom-up methods, CVD uses high temperatures for the decomposition of hydrocarbons, which are deposited on metal substrates, thus forming thin sheets of graphene (Papageorgiou et al., 2017). The main advantage of bottom-up methods is the production of high-quality graphene sheets. Nevertheless, these methods are not used for large-scale production.

Graphene oxide (GO) is like a graphene sheet functionalized on both sides with several oxygenated functions such as hydroxyl, carboxyl, and epoxy. These functions impose a hydrophilic character to GO; as a consequence, the interaction between layers is weaker compared to graphene, making GO an easily exfoliated material. GO structure depends principally on the purification methods (Singh et al., 2016). Compared to graphene, the GO structure is still ambiguous; thus, several structural models have been proposed to date (Dreyer et al., 2010; Sun, 2019). The graphene oxide can be obtained by the popular Hummer's method (Hummers and Offeman, 1958), which, until the date, has been subjected to multiple modifications and improvements (Shamaila et al., 2016). The original method proposes the oxidation of graphite powder by KMnO4 and NaNO3 in H2SO4 (Hummers and Offeman, 1958). Differences with other modified methods are principally on the type and toxicity of the oxidant reagents, and the quality of the obtained product (Lim et al., 2018).

A fascinating characteristic raised from the physical and chemical properties of graphene materials is the possibility to perform chemical functionalizations mainly to modify its reactivity yielding a large variety of graphene-based materials (GBMs). Thus, they can be currently used in several applications (Bottari et al., 2017; Mohan et al., 2018). Covalent or non-covalent pathways can functionalize GBMs. Non-covalent functionalization involves first the rupture of the van der Waals forces that stake together with the graphene layers with subsequent formation of non-covalent binding with the substrate by π-π, π-cation, and van der Waals interactions. For that, mechanical liquid exfoliation assisted by ultrasonication is used to overcome these forces; water, organic solvents, ionic liquids, surfactants, mixtures are employed to disperse, and stabilize the graphene sheets in the exfoliation process. For example, non-covalent functionalization can be obtained by forming a stable dispersion of graphene sheets in polymers (ionic, non-ionic, and polysaccharides), water solutions, and organic solvents as polyvinyl alcohol, chitosan, and alginate. They can be employed to obtain graphene aerogels and hydrogels (Dreyer et al., 2010; Bottari et al., 2017).

On the other hand, the covalent functionalization of graphene (G) yields a low substitution degree due to their stable carbon conjugation. However, covalent functionalization can be done by taking advantage of the oxygenated reactive groups of the graphene oxide (GO) sheets. Therefore, in the same way as the chemical reduction of graphene oxide, the hydroxyl, carboxyl, and epoxy groups can be covalently replaced by other functional groups. The GO surface modification with aliphatic amines to form an amide bond is one of the most common strategies (Dreyer et al., 2010). Undoubtedly, the derivatization of graphene materials improves their electrical, thermal, and mechanical properties as well as their dispersibility (Mohan et al., 2018). Some reasons for the use of functionalized graphene materials as sorbents in sample preparation include: (i) they present improved sorption capacity and recoveries; (ii) easy attachment of graphene onto surfaces to be reusable, and preventing sorbent losses; (iii) avoid the agglomeration of the graphene sheets; and (iv) favored sorbent isolation from the sample (Wang et al., 2014; Ye and Shi, 2015; Chen X. et al., 2016; González-Sálamo et al., 2016).

Considering the increasing use of GBMs in sample preparation techniques, the most representative and used materials in this arena are discussed in the following sections.



ANCHORED GRAPHENE-BASED MATERIALS


Alkyl and Aril Groups

Octadecylsilica particles (for short C18 or ODS) are by far the most commonly used sorbent in solid-phase extraction (SPE) and chromatographic separations. Apart from the conventional C8/C18 reversed phases, today mixed-mode polymeric sorbents are widely used in SPE because they present interactions with several compounds and better performance compared to the conventional ones, and they are also commercially available (Fontanals et al., 2020). Alkyl groups, in general, are commonly used to derivatize sorbents, including GO sheets, to modify their fundamental properties. As a consequence, C18 has also been employed to functionalize GO-based sorbents owing to the high surface area of the GO sheets. Their functionalization with octadecylsilane increases the surface load with C18 groups compared to silica particles (Liang et al., 2012; Xu et al., 2012). Subsequently, the extraction capacity is improved, and hydrophobic interactions increased. Therefore, being applied as a sorbet in reverse-phase, they show an improved extraction efficiency for the extraction of alkanes and PAHs, for instance (Xu et al., 2012). Recently, Qui et al. prepared a solid-phase microextraction (SPME) fiber with C18 particles (3.5 μm) coated with GO and poly(diallyl dimethylammonium chloride) (PDDA)–C18@GO@PDDA as shown in Figures 3A,B. Then, the surface of the fiber was modified by oxidative polymerization by polynorepinephrine (pNE) (Figure 3C), which plays the role of a bio-interface, compatible with in-vivo sampling (Figure 3D). The prepared SPME fibers showed higher efficiency than commercially available ones such as polydimethylsiloxane (PDMS) and polyacrylate (PA) for the monitoring of acidic drugs in fish samples. Additionally, the fiber exhibited excellent stability, sensitivity, and resistance for in-vivo matrices, showing potential for pharmacokinetics applications (Qiu et al., 2016). In another study, the same fiber type was successfully employed to analyze salicylic acid traces in plants in-vivo (Fang et al., 2018).


[image: Figure 3]
FIGURE 3. Preparation and application scheme of C18@GO@PDDA SPME fiber. (A) Preparation of the particles (a. C18, b. C18@GO, and c. C18@GO@PDDA). (B) A home-made coated PANI fiber by the dip-coating method. (C) Bioinspired modification by the NE oxidation polymerization. (D) In vivo sampling in fish dorsal-epaxial muscle with the fiber. Reprinted with permission from Qiu et al. (2016), copyright 2016, American Chemical Society.


Although functionalization of GO occupies or replaces part of their original active sites, the sorption capacity of modified-GO materials can be lower or higher compared to GO, which mainly depends on the composite type formed and their specific interaction with the analytes. Even so, GBMs show superior sorptive properties compared to conventional sorbents (e.g., C18), which allows the use of graphene sorbents in small quantities (<100 mg) (Sitko et al., 2013). In this way, Ma et al. functionalized graphene oxide (GO) sheets with different amine-alkyl chains to obtain amine-rGO sorbents via solvothermal synthesis. The sorption capacity of the different alkyl-amine-rGO materials was evaluated for the extraction of catechins and caffeine. Results showed that tributylamine-rGO has the highest sorption capacity (203.7 mg g−1) for catechins being 11 times higher compared to GO sheets (18.7 mg g−1) and other rGO-amino groups (ammonia, ethylenediamine, n-butylamine, tert-butylamine, dodecyl amine, and octadecyl amine). Hence, tributylamine-rGO was employed as a sorbent in a modified QuEChERS (quick, easy, cheap, effective, rugged, and safe) method achieving a higher clean-up performance compared to traditional sorbents as PSA, C18, and graphitized carbon black (GCB), regularly used in QuERChERS (Ma et al., 2018). A similar comparison was performed by Fumes et al., which employed aminopropyl silica and PSA particles coated by graphene sheets. The extraction performance of the GO-coated particles, used as a sorbent in microextraction by packed sorbent (MEPS) method, were compared with conventional sorbents (C18, strata-X, PSA, amino silica) for the extraction of parabens in wastewater. Aminopropyl silica coated with GO (SiGO) and G (SiG) showed an improved extraction performance compared to conventional sorbents (Fumes and Lanças, 2017). Likewise, a recent work performed by the same research group showed improvements in the extraction capability of aminopropyl silica-GO particles when they are functionalized with C18 and further end-capped. The authors achieved low LODs and LOQs in a complex matrix (coffee samples) by using these particles in a packed in-tube SPME device (Mejía-Carmona and Lanças, 2020). Other interesting graphene-based applications carried out by the Lança's research group also includes tetracyclines' analysis in milk samples (Vasconcelos Soares Maciel et al., 2018) and the determination of triazines in environmental water samples (De Toffoli et al., 2018).

Several additional complex alkyl and aryl compounds have been used to functionalize GO. For example, Nurerk et al. synthesized a hybrid sorbent based on calix[4]arene-functionalized graphene oxide/polydopamine-coated cellulose acetate fiber (calix[4]arene-GO/PDA-CFs) for the extraction of aflatoxins in corn samples. Calix[4]arene is a macrocyclic molecule of four phenol units bonded by methylene bridges, which can favor the extraction of aflatoxins by H-bonding, hydrophobic, and π-π interactions. The recoveries of aflatoxins (AFs) obtained employing cellulose acetate CFs (35–41%), polydopamine coated CFs (PDA-CFs) (45–55%), calix[4]arene-GO-CFs (60–72%), GO/PDA-CFs (63–82%), and calix[4]arene-GO/PDA-CFs (86–94%) as SPE sorbents showed that together calix[4]arene and GO increased the efficiency of the sorbent phase (Nurerk et al., 2018). Recently, Zhou et al. synthesized a graphene oxide framework (GOF), a 3D nanoporous material, as coating sorbent for stir bar sorptive extraction (SBSE). Graphene oxide was covalently interconnected with a 1,4-phenylene diisocyanate (PPDI) to obtain three-dimensional GOF, which was immobilized onto the surface of stainless-steel wire (SSW) using polydopamine. The stir bar was applied successfully for the extraction of Sudan dyes in lake water and fruit juice (Zhou J. et al., 2019). Other recently published papers on alkyl and aryl modified graphene materials are shown in Table 1.


Table 1. Recent applications (2015–2020) of alkyl and aryl functionalized graphene-based materials in sample preparation.
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Cyclodextrins

Other emergent graphene-based materials for sample preparation are those combined with cyclodextrins (CD), which are cyclic oligosaccharides formed by starch enzymatic degradation, and are linked by several α-1,4-anhydroglucopyranose. In nature, they are made up of 6, 7, or 8 glucose units and categorized as α, β, and γ-CD, respectively. CDs have cone shapes with a hydrophobic cavity and a hydrophilic external surface. This specific structure allows them to form inclusion complexes with specific molecules such as polyphenolics compounds through hydrogen bonding, hydrophobic, and Van der Waals interactions (Pinho et al., 2014; Zhu et al., 2016). Reactive OH groups can also be replaced to modify their solubility, improve inclusion ability, or induce desired properties as functionalization for immobilization on a solid support. Consequently, more than 100 CDs are commercially available, and more than 1,500 derivatives have been synthesized for different purposes (Szejtli, 2004; Gentili, 2020).

The reliable recognition capacity of phenolic compounds, due to the excellent size match, becomes common to find works reporting a combination between graphene and cyclodextrins used as electrochemical detectors (Wang C. et al., 2016), electrocatalytic detector (Pham et al., 2016), and electrocatalytic material, for instance (Ran et al., 2017). Thus, there are many different strategies available in the literature to synthesize GBMs functionalized by cyclodextrins. GO functionalization with CD can be very simple, as reported by Cao et al. (2019). They prepared a suspension containing a graphene-based material and β-cyclodextrin, with it subsequently stirred under a heated water bath at a temperature of 60°C for 4 h. In this case, the resulting material was GO; if it is necessary to reduce graphene oxide to graphene, it can be done using hydrazine (Pham et al., 2016; Tan and Hu, 2017). As an example, modifications in the synthesis route can be made with (3-aminopropyl)triethoxysilane (APTES) to support an amino group to both graphene oxide nanosheets or cyclodextrins walls (Deng et al., 2017). This procedure results in an amido bonding between epoxy and –COOH groups of GO and –NH2 from the APTES. Figure 4 shows a scheme to exemplify the most common bond between GO and cyclodextrin, and how it is expected to be the structure of the graphene-based material functionalized by cyclodextrin.


[image: Figure 4]
FIGURE 4. Scheme illustrating a graphene-based sorbent functionalized with cyclodextrins through peptide bonds.


The combination of graphene and cyclodextrins properties becomes the resulting material attractive to be employed in sample preparation techniques. An interesting application was carried out by Deng et al. The novel β-CD–GO-coated SPME fiber was prepared using a sol-gel technique and immobilizing onto a pre-functionalized stainless steel wire (Deng et al., 2017). They applied this material as a sorbent in a headspace technique (HS-SPME), aiming to extract organophosphate flame retardants in water samples to be analyzed by gas chromatography with nitrogen phosphorus detector (NPD). The method showed functional recovery (82.1–116.9%), linear range with correlation coefficients (R) ranging from 0.9955 to 0.9998. The LODs and LOQs for the nine analytes ranged from 1.1–60.4 to 2.7–170.5 ng L−1, respectively; RSD was 2.2–9.6%, and enrichment factors obtained from 22.5 to 1307.5. This high enrichment factor is attributed to the combined advantages of β-CD and GO. When compared with the commercial fibers and some published methods, the GO/β-CD sol-gel coating fiber showed a higher extraction efficiency, except for those organophosphate flame retardants containing a benzene ring. Similarly, Cao et al. combined the advantages of graphene and cyclodextrins with ionic liquids and ILs (Cao et al., 2019). They synthesized a VOIm+ [image: image] functionalized β-cyclodextrin/magnetic graphene oxide material (Fe3O4@SiO2/GO/β-CD/IL), which was used as a sorbent to extract plant growth regulators from vegetable samples using magnetic solid-phase extraction (MSPE) followed by UHPLC-MS/MS analysis. This approach showed fast separation, high surface area, high adsorption capability, and environmental friendliness. The comparison between Fe3O4@SiO2/GO, Fe3O4@SiO2/GO/β-CD, and Fe3O4@SiO2/GO/IL showed that Fe3O4@SiO2/GO/β-CD/IL had higher extraction efficiency and selective adsorption capacity.

For food analysis, β-CD combined with GO were used in the sample preparation during the analysis of organochlorine pesticide residues in honey (Mahpishanian and Sereshti, 2017). The prepared material was applied as a sorbent in vortex-assisted magnetic solid-phase extraction (MSPE) before gas chromatography-electron capture detection (GC-ECD) analysis. The method was optimized and evaluated, showing linearity ranging from 2 to 10,000 ng kg−1 and R2 > 0.9966, RSDs < 7.8%, LODs from 0.52–3.21 ng kg−1, and LOQ from 1.73–10.72 ng kg−1. For the real samples, the proposed sorbent showed good recoveries in the range of 78.8–116.2% with RSDs (n = 3) below 8.1%.

These works demonstrated that cyclodextrins' functionalized GBMs possess great supramolecular recognition, high extraction efficiency, good recoveries, and enrichment capability. It is noteworthy that in all reported works, the chosen graphene-based material is actually the graphene oxide (GO). This trend is justified by the presence of epoxy and -COOH groups on the GO surface, favoring the bonding with the CDs. Although some works reported the employment of graphene combined with cyclodextrins as sorbent, these materials were obtained by graphene oxide reduction (Ragavan and Rastogi, 2017; Tan and Hu, 2017). In this strategy, the reduction stage can be performed before or after the support between graphene-based and CDs. In this way, considering that the oxygenated groups present in the GO structure can improve interaction with molecules of β-CD (Tan and Hu, 2017), it is presumable that the reduction of graphene oxide after β-CD coupling is the best synthesis route to maximize the amount of cyclodextrin coupled.

To complement this topic, Table 2 presents recently published works using graphene-based materials combined with cyclodextrins for sample preparation. It must be highlighted that all applications employed β-cyclodextrin. Considering the existence of over 100 commercially available and more than 1,500 derivative materials already described, it is clear that sorbents based on graphene functionalized with cyclodextrins are a broad research field to be still explored. Finally, the GBMs/CD's excellent characteristics for supramolecular recognition, high extraction efficiencies, good recoveries, and enrichment capability should contribute to its widespread development in the coming years.


Table 2. Recent applications (2017–2020) of graphene-based materials functionalized by cyclodextrins to sample preparation.
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Magnetic Materials

Although graphene and its derivatives are considered to be cutting-edge materials in modern sorbent-based sample preparation (Toffoli et al., 2018; Grajek et al., 2019; Hou et al., 2019), their use can be related to some drawbacks in both bed-packed and dispersive microextraction. Their strong van der Waals interactions may cause irreversible aggregation of the material, causing graphene swelling, which often occurs due to the continuous water/solvent deposition between the graphene nanosheets (Zheng et al., 2017; Iakunkov et al., 2019). For these reasons, columns and microextraction devices packed with GBMs are usually susceptible to clogging and high backpressures. Likewise, for dispersive techniques, graphene nanosheets are well-suspended in solution, creating difficulty for the sorbent recovery, even after filtration and centrifugation (Hou et al., 2019; Li F. et al., 2020).

Within such a context, a modern, and advantageous strategy to overcome those drawbacks is the magnetic solid-phase extraction (MSPE) which is considered an efficient and environment-friendly sample preparation technique (Šafariková and Šafarik, 1999). MSPE extraction mechanism relies on the use of extraction sorbents supported over magnetic materials (Laura et al., 2019). In general, MSPE is a dispersive technique—thin-films or blocks format are also possible—in which the sorbent collection from the sample bulk is easily performed by application of an external magnetic field (Ibarra et al., 2015; Evrim et al., 2019). The use of graphene-based materials for MSPE not only efficiently eliminates the clogging problems from the packed-dispositive but can also enhance the extraction capacity due to GBMs' properties. Also, MSPE possibly eliminates additional centrifugation and filtration steps (Li et al., 2018). For these reasons, the use and development of magnetic sorbents incorporating GBMs have become a key-point in sample preparation in recent years. Nowadays, this combination has been applied in the MSPE of a wide diversity of organic and inorganic analytes from several complex samples, including the treatment of solid matrices (Feriduni, 2019).

These graphene-based magnetic sorbents are currently obtained by physical or chemical anchoring of the magnetic carries onto the graphene sheets. The most common carries include iron (Fe), cobalt, (Co), and nickel (Ni) oxides, highlighting the magnetite (Fe3O4) and maghemite (γ-Fe2O3) as the magnetic nanoparticles (MNPs) more frequently used (Laura et al., 2019). The Fe3O4 and γ-Fe2O3 have superparamagnetic properties, are easy to prepare, and disperse very well in aqueous solutions. Besides, those are MNPs feasible to be modified and functionalized (Yu M. et al., 2019). More popular methods for the preparation of Fe3O4 and γ-Fe2O3 based magnetic sorbents include chemical co-precipitation, hydrothermal synthesis, sol-gel reactions, solvothermal synthesis, thermal decomposition, microemulsion, and sonochemical approaches (Filik and Avan, 2019).

The most straightforward type of graphene magnetic sorbents is prepared by direct immobilization of the MNPs on the surface of the G. In this context, two synthetic routes can be employed for obtaining them: (i) the chemical co-precipitation and (ii) the hydrothermal synthesis. The chemical co-precipitation is based on the deposition of iron ions over the nanosheets by adding an alkaline solution to an aqueous dispersion of graphene Fe3+/Fe2+ salts, at elevated temperature and vigorous stirring. For example, this method was employed by Yang et al. to prepare superparamagnetic GO/Fe3O4 nanoparticles (Yang et al., 2009). After primary treatment of GO sheets, a dispersion of GO, FeCl3 was stirred under inert atmosphere by several hours. After that, Fe3+/Fe2+ ions were coordinated by the carboxylate anions on the GO sheets, and then GO/Fe3O4 nanoparticles were precipitated by the addition of an aqueous NaOH solution (Figure 5). As Fe3+ shows higher affinity than Fe2+ for carboxylic groups, the ratio of those ions should be controlled—generally, 2:1 is used—and the content of the carboxylic acid groups on the GO sheets needs to be previously determined by acid-base titration (Yang et al., 2009). The chemical co-precipitation method can also be employed to prepare magnetic reduced graphene oxide sorbents (rGO/Fe3O4). As an example, Chandra et al. prepared an rGO/Fe3O4 for arsenic removal from surface water samples (Chandra et al., 2010). In this case, after dispersion and precipitation with ammonia, GO/Fe3O4 particles were reduced to rGO/Fe3O4 by slowly adding hydrazine hydrate under stirring conditions 90°C.


[image: Figure 5]
FIGURE 5. Schematic representation of GO loaded with Fe3O4 nanoparticles. Reprinted with permission from Yang et al. (2009), copyright 2009, Royal Society of Chemistry.


An important issue is that the morphology of graphene magnetic sorbents prepared via chemical co-precipitation can be challenging to control. Thus, the resulting magnetic material sometimes presents low absorptivity due to the uneven distribution and agglomeration of the Fe3O4 particles on the nanosheets. Within such a context, hydrothermal synthesis has been proposed as an alternative to yield sorbents with better Fe3O4 particles distribution with more G exposed adsorption sites and then, improved adsorption capacity. This method is based on the reduction of Fe3+ and GO in sodium acetate and polyethyleneglycol in an autoclave at elevated temperature (Li et al., 2018). In this way, Wu and cookers prepared rGO/Fe3O4 particles (Wu et al., 2013), sonicating GO first in ethylene glycol, and then in the presence of FeCl3. After complete dispersion, the obtained clear solution was spiked with sodium acetate, and the mixture was sealed in a Teflon-lined stainless-steel autoclave and maintained at 200°C for 8 h. The authors reported regular morphology particles.

Also, more reproducible, stable, and versatile graphene magnetic sorbents can be prepared from silica-coated magnetite particles (Fe3O4@SiO2). In this case, before graphene anchoring, Fe3O4 particles are modified with a silane coupling agent, consisting of tetraethyl orthosilicate (TEOS) and (3-aminopropyl) triethoxysilane (APTES) (Li et al., 2018). Sequentially, the graphene can be coupled to the particles by physical adsorption or by covalent bonding. Luo et al. prepared Fe3O4@SiO2/G particles for extraction of sulfonamides from water samples, by physical immobilization of graphene nanosheets on silica-coated magnetite (Luo et al., 2011b). The procedure obtained by pure dispersion under sonication for several hours renders particles not stable enough to continue reusing. Therefore, the chemical bonding of the graphene to the silanol groups is the preferred synthetic method. Amino groups are introduced on the surface of the Fe3O4@SiO2 particles and GO, anchored via an amidation reaction with the aid of cross-linking agents such as 1-(3-dimethyl aminopropyl)-3-ethyl carbodiimide hydrochloride (EDC) and -hydroxysuccinimide (NHS). This process is schematically represented in Figure 6 (Li et al., 2018). For example, Zhang et al. prepared Fe3O4@SiO2/GO particles by mixing Fe3O4@SiO2 and 3-aminopropyltriethoxysilane in isopropanol, under N2 atmosphere at 70°C, followed by addition of a GO solution containing NHS and EDC, stirring overnight (Zhang et al., 2014). Like Fe3O4/rGO composites, Fe3O4@SiO2/rGO particles can be obtained by the posterior reduction of GO with hydrazine.


[image: Figure 6]
FIGURE 6. Schematic procedures for the preparation of Fe3O4@SiO2/G. Reprinted from Li et al. (2018) by permission from Elsevier, 2018.


The adsorption capacity of these magnetic particles is mostly based on the hydrophobic interactions of the honeycomb-like lattice into the carbon atoms. Consequently, bare graphene magnetic particles are not suitable MSPE sorbents for polar or ionic compounds. The main advantage of the Fe3O4@SiO2/G particles is the possibility to covalently bond additional functional moieties, which improve the adsorption capacity, selectivity, and applicability of them. In this manner, Fe3O4@SiO2/G have been covalently functionalized with ionic surfactants, ionic liquids (ILs), deep eutectic solvents, boronate affinity materials (BAM), supramolecules (crown ethers, cyclodextrins, calixarenes, cucurbiturils, and pillararenes), aptamers, polymers, and metal-organic frameworks (MOFs). For those magnetic GBMs, their preparation and applications were recently comprehensively reviewed by Li et al. They provided a summary of the state of the art of them, highlighting application as MSPE sorbents of organic compounds, biomolecules, and metal ions (Li et al., 2018). For this reason, herein, we provide an updated overview of the reported magnetic graphene sorbents between 2019 and 2020, and their applications in the determination of small organic molecules by chromatographic analysis.

In this context, magnetic graphene sorbents have found spread applications in the extraction of biomolecules organic compounds and metal ions. An assessment in the Scopus database, using the keywords “graphene” and “magnetic solid-phase extraction,” yield 248 results from 2010. Among them, 26 correspond to review papers and the rest to research papers mainly dedicated to describing the application of magnetic graphene sorbent in different areas of the analytical chemistry. As mentioned previously, Li et al. recently published a summary of the applications of graphene-based MSPE. In Table 3, we provide a summary of the magnetic graphene sorbent applications published from 2019 to date. It is noteworthy that a vast number of researchers using graphene-derived magnetic materials focus their efforts in areas as environmental surveillance and food security applications. This includes a wide diversity of analytes such as drug residues, pesticides, hormones, food additives, and active plant ingredients.


Table 3. Recent applications (2019–2020) of graphene-based MSPE to the determination of organic compound by chromatography and mass spectrometry.
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Molecularly-Imprinted Polymers

Another group of materials explored for sample preparation involves the molecularly-imprinted polymers (MIPs) combined with GBMs. In this context, MIPs are prepared from a template (mold) which behaves structurally similarly as the target analytes, to achieve a selective interaction through a template-complementary binding site (Pan et al., 2018). These materials are traditionally prepared by copolymerization of the complex formed between the template and a functional monomer. This can occur through either covalent (hydrogen bonds) or non-covalent bonds (ionic and hydrophobic interactions) with a cross-linking agent in the presence of a suitable porogenic solvent (Zhou T. et al., 2019). After that, the molecular template is eliminated, resulting in a rigid three-dimensional cavity selective to the target analytes. As an example, Figure 7 depicts the synthesis steps employed by Xie et al. (2019). The authors selected 4-vinylbenzoic acid as a functional monomer to prepare the template taking advantage of the presence of the carboxyl ring and benzene, which can bind to BPA, 4- tert-OP, and 4-NP through hydrogen bonds and π-π interactions in the polymerization process.


[image: Figure 7]
FIGURE 7. Schematic diagram representing the synthesis of VTTS-MGO@mSiO2@MIP. Reprinted with permission from Xie et al. (2019), copyright 2019, Elsevier.


Due to this high selectivity and relatively easy preparation, these materials have been widely used for molecular recognition and separation in different fields (sensors, drug delivery, protein recognition, and chromatography). In this section, their application in the field of sample preparation combined with GBMs is covered, highlighting preparation strategies of aqueous-recognition MIPs cleverly to achieve such functionalization (Zhou T. et al., 2019). For example, Luo et al. (2017) synthesized boronic acid-functionalized with graphene oxide, with a subsequent immobilization of ovalbumin as MIP-template, to obtain a high-selective sorbent, namely GO-APBA/MIPs. This strategy was chosen to overcome such difficulties related to specific recognition and separation of glycoproteins in complex biological samples. A comparison between the resulting material (GO-APBA/MIPs) and a bare GO-MIPs, without insertion of boronic acid, showed more extraction performance for the hybrid obtained sorbent. In this way, the outstanding recognition capacity by linking boronic acid and MIP cavities together with a high surface area of GO can represent a promising strategy to produce high performative sorbent material for biological glycoproteins.

Another interesting example was reported by Cheng et al. (2017), consisting of a more straightforward strategy using GO combined with MIP to extract and efficiently pre-concentrate bis(2-ethylhexyl) phthalate (DEHP) in environmental water samples. Contrary to the prior study (Luo et al., 2017), considering the smaller complexity of the target compound and water samples, the employment of only GO-MIP was already enough to achieve excellent extraction performance. In this case, dispersive solid-phase microextraction combined with HPLC-UV reported enrichment factors of more than 100-fold compared to the directly injected extract, highlighting this simple GO-MIP as a suitable sorbent in such cases.

An attractive approach to obtain high performative material involves the use of the graphene-based MIP functionalized with a magnetic particle to favor the extraction and sorbent isolation. Within such a context, Ning et al. (2014) proposed a novel nanosized substrate imprinted polymer (GO-MIP-Fe3O4) on magnetic graphene oxide (GO-Fe3O4) surface to remove 17β-estradiol (17β-E2) from food samples. The resulting sorbent has shown a functional extraction recovery of 84.20% at a low concentration level of 0.5 μmol L−1. Furthermore, due to the magnetic properties of the GO-MIP-Fe3O4, a simple, fast, and efficient separation of 17β-E2 were achieved, suggesting the combination between these materials as an excellent way to obtain hybrid sorbents. Following the same trend, Barati et al. (2017) synthesized a MIP based on magnetic-chitosan functionalize with GO to extract fluoxetine from environmental and biological samples. From our viewpoint, the outstanding characteristic of this work is the excellent pre-concentration factor of 500 related to such sorbent, which reinforces the combination of MIP, GBMs, and magnetic materials as an excellent way to improve sample preparation performance. Finally, another study based on a similar approach was presented by Fan et al., who prepared, through a chemical co-precipitation method, a novel hybrid sorbent based on MIP, GO, and superparamagnetic Fe3O4 particles (GO-MIP-Fe3O4). In this case, the author worked with natural samples, specifically alkaloids (evodiamine and rutaecarpine) extract from Evodiae Fructus, suggesting a great versatility of such magnetic GO-MIP sorbent. Also, its analytes' recovery achieves values over 82% considering as good values from our viewpoint.

Moreover, Table 4 presents other published studies to complement the discussion regarding hybrid sorbents combining MIP with GBMs.


Table 4. Applications of MIPs-GO composite in sample pretreatment.
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Ionic Liquids

In 1914, a work with ionic liquids (ILs) was reported for the first time, although at that time, the author had no idea of the importance that these would take in the scientific area almost a century later (Walden, 2003). From the 1980's to the present, the interest in studying ionic liquids grew exponentially (Evans et al., 1981; Shi et al., 2015; Welton, 2018). Although they have been applied in several scientific areas, in the analytical chemistry the studies have focused mainly on the use of them for extraction, and separation purposes (Rodríguez-Sánchez et al., 2014; Tang et al., 2014; García-Alvarez-Coque et al., 2015; Marcinkowski et al., 2015; Hu et al., 2016; Yu et al., 2016; Nawała et al., 2018; Rykowska et al., 2018).

The ILs are compounds with a dual nature acting as nonpolar for nonpolar analytes and, inversely, for those with a strong proton donor group, depending on the separation mechanism that it presents (Berthod et al., 2018). Therefore, their excellent properties (high thermal stability, good solubility, and easily functionalization) have been modified in several different ways. One approach consists of replacing the anionic or cationic part with another material, of automatically regulating the IL property or nature (hydrophobicity, hydrophilicity, viscosity, and among others) (Ho et al., 2014; An et al., 2017). In this way, improvements in their sensitivity and selectivity to the extraction of the different analytes can be achieved. One of these desired enhancements is obtained by combining the ILs with GBMs, owing to their different types of chemical interactions with the analytes (e.g., n-π, π-π, hydrogen bonding, dipolar, ionic charge/charge) (Chen Y. et al., 2016; Feng et al., 2020). For these reasons, IL-GBMs present excellent extraction efficiency for a wide variety of analytes in several complex matrices (e.g., environmental, food, drinks, biological, and among others), as presented. Additionally, Figure 8 illustrates a typical synthesis process performed to achieve such hybrid sorbents.


[image: Figure 8]
FIGURE 8. Preparation procedure of Fe3O4@SiO2@G@PIL. Reprinted with permission from Chen Y. et al. (2016), copyright 2016, Elsevier.


The employment of ILs combined with GMBs includes the work reported by Liu X. et al. (2019) to determine the environmentally-dangerous monocyclic heptapeptides (microcystins, MC) in natural water samples. They synthesized the IL-G by the co-precipitation route. For the analytes' extraction, the MSPE technique was used while for its separation, determination, and quantification, the authors employed UHPLC-MS/MS. For the optimization of the experimental parameters, univariate analysis, and orthogonal screening were used. The analysis time was 18 min, with excellent linearity. The LODs were 0.414 and 0.216 ng L−1 for MC-LR and MC-RR, respectively, reporting traces of these two compounds in natural water samples, and it can be concluded that the method used is promising for the study of other types of microcystins in water samples.

Other interesting applications based on IL-GBMs include work published by Chen Y. et al. (2016). They synthesized magnetite nanoparticles (Fe3O4) of controlled size by a co-precipitation method to obtain the Fe3O4-SiO2-G-PIL hybrid sorbent; the obtained material was used to determine preservatives in vegetables by QuEChERS following GC-MS analysis. In this study, it was possible to take advantage of the functional properties related to magnetic nanoparticles and also by its coupling to the GO with the polymeric ILs (e.g., high surface area, and solvent effects). Moreover, the method's detection limits varied between 0.82 and 6.64 μg kg−1 for the 20 preservatives studied. Similarly, Tashakkori et al. (2019) synthesized a series of ionic liquids grafted onto stainless steel wires, which were previously coated with GO, using a sol-gel technique. The authors used this hybrid material as a sorbent in an on-line DI-SPME-GC-MS approach to determine phthalate esters (PAE) in several samples such as tap water and seawater and coffee. They reported low detection limits (5–30 ng L−1) and the lab-made SPME fibers being used more than 120 times, which is a useful feature when compared with the commercially available ones such as PA and CAR/PDMS. These results reinforce the great interest in developing hybrid GBMs combined with ILS.

Additionally, biological samples were analyzed by Ding et al. (2015). They functionalized magnetic chitosan with a series of ionic liquids of guanidinium and graphene oxide, aiming to extract trypsin, lysozyme, ovalbumin, and albumins from bovine serum. In this case, the analytical results obtained by this hybrid guanidinium-IL functionalized with MCGO were compared with those achieved by employing just GO, magnetic chitosan, or MCGO. In this case, the hybrid guanidinium-IL-MCGO exhibits higher extraction performance compared to the other sorbents, which suggests the combination of GBMs and ILs as a suitable strategy to achieve more performative extractive phases. Also, Hou et al. (2016) proposed a poly(1-vinyl-3-hexylimidazolium bromide)-GO-grafted silica [poly(VHIm+Br−)-GO-Sil] as a hybrid IL sorbent to extract flavonoids in urine samples. They synthesized the material by an interesting process consisting of an in situ radical chain-transfer polymerization and then in situ anion exchange. In this case, the procedure started with the silica coating by GO, using a manufacturing layer by layer fabrication method. Then, the poly (VHIm+Br−)-GO-Sil anion was transformed into hexafluorophosphate (PF6−) by in situ anion exchange. The method based on SPE-HPLC-UV showed acceptable extraction recoveries for four flavonoids, with limits of detection in the range of 0.1–0.5 μg L−1. The proposed material showed ecological and cost-effective advantages. It can be applied successfully to the extraction and enrichment of flavonoids in human samples, even allowing the study of metabolic kinetics.

Finally, considering other types of samples, an interesting study published by Zhou et al. (2016) was carried out to analyze phthalates (PAE) in eraser samples. The Office of Quality and Technology Supervision of the province of Jiangsu in China required PAE analyses in several samples to maintain concentrations inside the accepted limits registered by law. For this reason, it is necessary to monitor residues of this compound not only in food but also in everyday objects used by people (Zhou et al., 2016). Within such a context, a new graphene oxide compound modified with ionic liquids (GO-[AEMIM][Br]) was synthesized through an amidation reaction between the amino groups of the ILs and the carboxyl groups of GO. The high extraction capacity reported by this hybrid sorbent suggests the combination of the properties of ILs and GBMs (tunability and high surface area) as a positive relationship that assisted the PAE extraction in such a non-common sample.

Apart from the interesting application herein discussed, other relevant studies based on hybrid sorbents combining IL and GBMs are shown in Table 5.


Table 5. Applications of Ils-GO composite in sample pretreatment.
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Miscellaneous

This section aims to present some alternative graphene-based materials that could be an alternative for the sample preparation in the future. For this reason, there are not many publications apart from the materials already discussed in the previous sections. An original example recently published by Tahmasebi (2018) consisted of intercalating aluminum polyoxocations (Al30) between the graphene oxide (GO) nanosheets and further support this onto polycaprolactone nanofibers, aiming to enhance temperature, and pH resistance to the sorbent phase. This novel material was applied in SPE extraction of four statin drugs showing acceptable analytical performance. The author emphasized the excellent ability of this sorbent to interact with acidic polar species, possibly due to the resistance to pH variations. Another interesting application was performed by Li et al. (2014) whose synthesized a magnetic ionic liquid/chitosan/GO (MCGO-IL) as a biodegradable/bio-sorbent for the mitigation of Cr (IV) in the treatment of residual in environmental water samples. A solid-liquid separation was performed in the presence of an external magnetic field, involving a pseudo-second-order kinetic sorption step. The maximum adsorption capacity was 145.35 mg g−1, obtained thanks to the intermolecular hydrogen bond between MCGO-IL and Cr(IV), due to the hydroxy and amine groups to which the ions bind metallic. This result demonstrates the potential of this hybrid sorbent material in the cleaning processes of contaminating metal ions in complex matrices such as water. Additionally, the authors emphasize its low producing cost as a useful characteristic since commercially available sorbents often are expensive and non-reusable.

Additionally, the more significant interlayer distance between GO sheets, due to Al30 insertions, can enhance the interaction with the π-electron system onto the GO surface, resulting in enhanced extraction performance. Similarly, Amiri et al. (2019) synthesized another hybrid sorbent but this time supporting GO nanosheets with polyoxotungstate (POT), instead of Al, to enhance chemical stability and pH resistance once POT act as charge-compensating and space-filling compound. This strategy is proposed to enhance the POT water dispersibility and surface area of the sorbent, possibly favoring the extraction performance while ensuring its high thermal and pH stability. Another strategy, underscored by Farajvand et al. (2018), was to covalently-bond an electrically conducting polymers onto the GO surface to diminish its self-aggregation in aqueous as well as enhance adsorption capacity. In this case, polyaniline was used considering its various oxidation states possessing distinct charge carriers which allow chemical interactions with several heavy metals. In this case, this sorbent was tested for Cd isolation from environmental water samples by SPE and subsequent dispersive liquid-liquid extraction.

In general, all these modifications performed in the G or GO chemical structures aim to improve its performance. However, a work published by Ashori et al. seems to follow the reverse trend focusing on using the graphene oxide as a reinforcement for glass fiber and epoxy composites. For this reason, the primary goals were to improve chemical reactivity, toughness, and adhesion to polymeric matrices, including the GO's widely-known properties. Although this material had not been applied for sample preparation yet, its high mechanical strength might be a promising tool particularly for miniaturized sample preparation techniques once they often demand high-pressure procedures causing clogging problems when GO or G are applied as sorbents. Recently, another interesting compound, namely graphene-aerogel, has gained attention mainly due to its superior and tunable volume as well as surface area as compared to graphene. The aerogel only itself exhibits poor extraction performance for water-soluble analytes, thus demanding some modification on it, as the functionalization of graphene-based compounds. In this way, graphene-based aerogels are suitable for sample preparation since they can relate the great qualities of graphene with the impressive compressibility of aerogels. Therefore, high-performance sorbents packed into sample preparation hardware can be reusable many times, considering the compressibility factor, which can help unpack and recover these extractive phases. As examples, Maggira et al. (2019) and Tang S. et al. (2019) reported two self-recoverable graphene-aerogels which were successfully applied to the analysis of sulfonamides and phenolic compounds in complex matrices, respectively.

Considering the impressive arising of graphene-based sorbents throughout the last years, herein, we aimed to pinpoint some of the unusual approached to perform such modifications and production of extractive phase. However, novel sorbent phases can be expected to be developed daily, considering the great qualities of nanomaterials for analytical chemistry purposes, highlighting the graphene.




CONCLUDING REMARKS

Bearing in mind the great importance of sample preparation to clean-up samples, extract, and pre-concentrate target analytes become easier to understand the increasing interest of the analytical chemistry in developing modern strategies to optimize such a critical stage. In this context, one of the most relevant and promising fields is the development of more performative and environmentally-friend sorption-based techniques and, by consequence, the sorbents commonly used on them. As it is known, a good sorbent material must have some essential characteristics, including (i) selectivity for specific analytes and thus present chemical inertia for matrix interferents; (ii) good recovery and enrichment factors; and (iii) simple and non-expensive production. Once fulfilling these requirements, graphene-based materials have increasingly seemed to be the right candidate since their first application in sample preparation around 2011. Its large surface area, together with the π-π delocalized electron system, aid in improving so much the extraction performance of target compounds possessing aromatic rings as several chemical classes (e.g., pesticides, pharmaceuticals, and others) as herein discussed on section Graphene and Graphene Oxide.

Although the successful application in its “bare” form (G and GO), sometimes the functionalization of them seems to enhance even more the performance of such sorbents. For this reason, in this work, we have shown several different applications based on the use of hybrid materials consisting of GBMs anchored to other extractive sorbents such as alkyl and aryl groups, cyclodextrins, magnetic particles, molecularly imprinted polymers, ionic liquids, and among others. The functionalization is often achieved by forming covalent or hydrogen bondings, using sol-gel or polymerization router, or even electrochemical deposition. This interesting approach is encouraged by the possibility to ally the advantages of each class in only one. Apart from this goal, the clogging and backpressure problems often related to G and GO when packed in sorbent-based sample preparation techniques are overcome by the addition of other compounds. For example, several works underscored in sections Alkyl and Aril Groups, Cyclodextrins, and Magnetic Materials based on magnetic particles, or anchoring in silica reported this result.

Similarly, increasing on extraction selectivity and by consequence, performance is observed when GBMs were functionalized with both MIPS or the tunable-ILs, as can be seen in sections Molecularly-Imprinted Polymers and Ionic Liquids. This background explains the significant tendency to work with hybrid graphene-based materials instead of its bare form. GBMs are an excellent sorbent, often surpassing the commercially available phases such as C8 and C18.

After all, by assessing the recent literature and considering the vast number of applications involving graphene in the sample preparation arena, as herein discussed, an increasing tendency to expand the footprint of GBMs functionalized with several classes must continue in the years to come. This conclusion is mainly supported by the unique favorable GBMs physical-chemical properties, which—together with the advancements on the materials synthesis routes, extraction techniques, and related subjects—evidenced this field as one of the most critical developments in the sample preparation area nowadays. Also, an increasing number of papers reporting the employment of hybrid GBMs and miniaturized sample preparation techniques must be expected. This trend can be projected considering the high potential obtained by combining the well-established benefits of automation/miniaturization with the use of more selective and performative materials, possibly leading to greener sample preparation techniques by following the Green Chemistry concept.
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Cystatin C is an important cysteine protease inhibitor in the human body and is proposed as a new indicator of glomerular filtration rate for the detection of kidney damage. In this article, we report an ultra-sensitive, simple, and rapid chemiluminescence immunoassay method for cystatin C detection using functionalized mesoporous silica nanoparticles. After a three step hydrolysis, the amino-functionalized MSN encapsulating dye resulted in a hydrophobic environment for fixing the dye and amino groups for biological modification. The NaIO4 immobilization method maintained the activity of the antibody notably well. The sandwich immunoassay using two monoclonal antibodies was chosen for its selectivity. The analysis demonstrated that the detection upper was 0.0029 ng/mL and linear relationship within the range of 0.0035–0.5 ng/mL (R2 = 0.9936). The relative standard deviation (RSD) for 11 parallel measurements of 0.25 ng/mL CysC was 4.7%. The automated chemiluminescence analyzer could detect 96 wells continuously. The results demonstrated that this method is ultra-sensitive, simple, and rapid for detecting cystatin C.

Keywords: cystatin C, mesoporous silica nanoparticle, NaIO4 immobilization method, enhanced chemiluminescence, Rhodamine 6G, fluorescein


INTRODUCTION

Cystatin C (CysC) is considered to be an accurate marker of impaired renal function, especially in the early stages of Chronic Kidney Disease (CKD) (Mussap and Plebani, 2004). It is a nuclear protein that is freely filtered and almost completely degraded by tubular cells. Meanwhile, in the diagnosis and classification of CKD in diabetic patients, the CysC score is more sensitive than the Glomerular Filtration Rate (GFR) creatinine and GFR scores determined by the clearance rate of 51CR-EDTA, and early monitoring of renal failure is important in assessing the risk of CKD. In the prospective epidemiological study of myocardial infarction (PRIME), it is also considered a risk factor for cardiovascular disease (CVD) and is associated with coronary heart disease, and some researchers have found that CysC is associated with asymptomatic coronary artery disease (Beringer et al., 2009). Studies on brain diseases indicate that CysC plays an important role in various cerebrovascular diseases (Lee and Jung, 2017; Zhang and Sun, 2017; Zeng et al., 2019). Simultaneously, lung disease studies have shown that CysC levels have potential diagnostic value for the evaluation of respiratory function (Yoshizawa et al., 2015; El-Gammacy et al., 2018; Telo et al., 2018).

Various immunoassay methods for CysC have been reported. For example, heterogeneous immunoassay with radionuclide, enzymes and fluorophores labeling (Ma et al., 2010; Ristiniemi et al., 2012), particle enhanced turbidimetric immunoassay (PETIA) (Kyhse-Andersen et al., 1994), and particle enhanced nephelometric immunoassay (PENIA) (Finney et al., 1997). These immunoassay methods are highly sensitive and selective, and many can be detected more efficiently and quickly. However, some types of tagged immunoassay are not only expensive, but also cause environmental pollution.

Chemiluminescence detection is a new immunoassay technique. At present, more and more researchers have made breakthroughs in chemiluminescence detections research, and the application of chemiluminescence reactions has become more and more extensive. For example, It has been found a luminometer for in-line magnetic nanoparticle solid phase extraction and chemiluminescence measurement (Andrade et al., 2020). In addition, one chemiluminescence detection method was used ultrasensitive electro chemiluminescence aptasensor for detect kanamycin (Cheng et al., 2020). Zhong Yihong et al. also demonstrated that the CL imaging array method (Zhong et al., 2019). Zuo et al. (2018) have discovered chemiluminescent supramolecular nanoparticles used in anti-counterfeiting inks. Pilar et al. (2018) considered that an aqueous solution of gold nanoparticles can improve the efficiency in electrogenerated chemiluminescent reactions. Li et al. (2019) applied the imaging of local glucose levels in tumor periphery via peroxyoxalate chemiluminescent nanoparticle–glucose oxidase–doped alginate hydrogel.

In particular, Hui Lin team developed a label-free fluorescence and immune-independent detection method for CysC (Lin et al., 2013). Automated PETIA and PENIA can detect the susceptibility to in vivo indicators, such as hemolysis, blood lipids and bilirubinemia, etc., mainly because the light scattering signal may be affected by these factors. In addition, time-of-flight mass spectrometry (TOF-MS) is also used for CysC determination (Cotter et al., 2007), but the price of expensive instruments limits its wide application.

It is found that mesoporous silica nanoparticles (MSN) has potential value in the field of high sensitivity detection as carrier because of its good properties, such as semi-open nano-space, easy functionalization and high stability (Slowing et al., 2006; Cai et al., 2008; Zou et al., 2008). These properties allow a large amount of payload immobilized in the nano-channels, such as mediators, enzymes, and antibodies, to be involved in the reaction system (Lin et al., 2001; Slowing et al., 2007; Trewyn et al., 2007; Tsai et al., 2009; Vivero-Escoto et al., 2009; Zhao et al., 2009; Melde and Johnson, 2010). By loading various substances which could catalyze or be involved in chemiluminescence reactions, some chemiluminescence assay combined with MSN have a lower detection limit (Vinu et al., 2006; Lei et al., 2008; Roda et al., 2012). Nevertheless, the related research has still been not very sufficient.

Summary, the current extensive attention of researchers to CysC emphasizes the urgent need for rapid and reliable quantitative methods. In this article, we report an ultra-sensitive, simple, and rapid chemiluminescence immunoassay method for cystatin C detection using functionalized mesoporous silica nanoparticles (MSN).

We developed a new type of sandwich chemiluminescence immunodetection method for CysC labeled with an amino-functionalized MSN encapsulating dye. In the preparation stage, Methyl Trimethoxy Silane (MTMS) provides a hydrophobic environment in the nano-channels, the purpose is to fix the dye. At the same time, APTES is used to provide an amino group that fixes the monoclonal antibody to the surface of the nanoparticle. In the sandwich immunoassay process, CysC was measured based on the specific interaction between captured antigens and the anti-CysC monoclonal antibody labeled with functionalized mesoporous silica nanoparticles. First, in order to improve the utilization efficiency of dyes, the dyes were dissolved out of the MSN matrix using acetone in the chemiluminescence stage. Second, the chemiluminescence reagents were added using an auto-sampler. This method avoids the effect of mass transfer resistance and maximizes the utilization efficiency of dyes. The results showed that the method is sensitive, simple and rapid for the determination of CysC and is valuable for the determination of CysC in urine samples.



MATERIALS AND METHODS


Reagents

Cystatin C, capture antibody and labeled antibody were provided by the FMMU (Fourth Military Medical University). Rhodamine 6G, Aminopropyl Triethoxysilane (APTES), Ethylene Glycol (EG), Tetraethoxysilane (TEOS), Fluorescein and Bis (2,4,6-trichlorophenyl), Cetyltrimethyl Ammonium Bromide (CTAB), Oxalate (TCPO), Methyl Trimethoxy Silane (MTMS) and other chemical reagents were purchased from Sangon Biotech (Shanghai, CHINA). The 96-well transparent microtiter plates were obtained from Corning Incorporated (Corning-Costar, Corning, NY).

The concentration of the coating solution is 0.05 mol/L carbonate buffer, pH 9.6. It contains 2.93 g NaHCO3 and 1.59 g Na2CO3 per liter. The PBS buffer (pH 7.4) was prepared by dissolving 8.0 g NaCl, 2.9 g Na2HPO4, 0.2 g KH2PO4, and 0.2 g KCl in 1 L of water. The 96-well plate was washed by PBST (PBS solution containing 0.05% Tween 20) solution. Cystatin C antigen and antibody were diluted with PBSB (PBS containing 0.1% BSA) solution as blocking solution. The PBS buffer (pH 7.1) was used to covalently immobilize monoclonal antibodies on nanoparticles.



Preparation of the Amino-Functionalized MSN

This MSN formula is: (1) 40 mg of CTAB was dissolved in 50 mL of double-distilled water and stirred thoroughly until it is completely dissolved. Next, 2.1 mL of liquid ammonia and 570 μL of EG were dissolved in the CTAB solution, mixed well, and heated to 60°C. At <5 min, 200 μL of TEOS was added to the surfactant solution with a pipette, mixed well and let stand for half an hour. (2) 30 μL of MTMS, 2 mg of fluorescein and 20 mg of rhodamine 6G were added to the mixed solution, and mixed well. (3) After stirring the mixed solution at 60°C for 2.5 h with a magnetic stirrer, 80 μL of APTES was added to the previous reaction mixture. The stirring was continued at 60°C for 1 h. After filtration, a solid crude product was initially obtained, which was then washed with double distilled water. Then, ammonia solution, dye, CTAB surfactant and residual SiO2 precursor were removed by PBS dialysis method. Hence, MSN with rigidity, open macropore structure, and controlled pore size, this material can promote the mass transfer of fluorescent dyes and enable it to spontaneously capture signals in nano-channels.



Covalent Immobilization of Monoclonal Antibodies Onto Nanoparticles

Oxidation of the antibody: (1) Anti-CysC monoclonal antibody (mAb) was dissolved in 70 μL acetate buffer (0.05 mol / L, pH 4.2). (2) 140 μL of NaIO4 solution (1.5 mg/mL, pH 4.2) was added to the above CysC antibody solution. (3) The sample was mixed well, and then let stand at 4°C in the dark for 2 h. (4) The reaction is terminated afterwards, the surface free NaIO4 is discarded by ultrafiltration tube centrifugation, and washed with acetate buffer multiple times.

Coupling of CysC mAb and nanoparticles: (1) 2 mg nanoparticles were washed 3 times with 5 mL PBS. (2) Then, the oxidized CysC mAb was added dropwise to the nanoparticle suspension, and mixed continually with the magnetic stirrer, and reacted at 4°C for 20 h. (3) The nanoparticles were centrifugally washed 3 times with PBS solution, and then resuspend with 600 μL PBS solution. (4) 20 μL of NaBH4 solution (2 mg/mL, pH 7.1) was added to the above solution, and then continuously stirred at 4°C for 2 h in the dark. (5) The obtained product was washed 3 times with PBS solution, and finally, resuspend in 500 μL of PBSB (PBS containing 0.1% BSA) and stored in 4°C.



Sandwich Immunoassay

The process of sandwich immunoassay was as follows. (1) Coating, CysC capture mAbs were diluted with 0.05 mol pH 9.0–9.6 carbonate buffer to a working concentration of 10 μg/mL, 100 μL working solution was added to each polystyrene plate reaction well, and incubate at 4°C for 18–24 h. The next day, the solution in the well was discarded and washed 3 times with PBST solution for 3 min each time (referred to as washing, the same below). (2) A certain concentration CysC standard was added to the above coated wells, which was incubated at 37°C for 2 h and then washed. (3) 100 μL the MSN detection antibody complex freshly diluted with PBSB were added to each reaction well, and incubated at 37°C for 90 min and washed. (4) The substrate solution was added to develop color, and 100 μL of temporarily prepared TMB substrate solution was added to each reaction well and incubate at 37°C for 10–30 min. (5) 50 μL of 2M sulfuric acid was added to each reaction well to terminate the reaction. (6) To judge the result, read the value and draw a graph.



Chemiluminescence Assay

The chemiluminescence assay was accomplished by introducing TCPO-H2O2-imidazole-fluorescent dye chemiluminescence reaction system. The imidazole, hydrogen peroxide and TCPO were diluted with acetonitrile solution (containing 30% acetone). The CL detection was carried out by SynergyTM2 SLD instrument of Bio Tec Corporation in the United States.

The chemiluminescence assay was conducted as follows: (1) After the sandwich immunoassay, 50 μL of acetone was added and continuously shook for 5 min. (2) The 96-well plates were kept at 37°C until the acetone volatilized completely. (3) Then, the 96-well plates was placed into the microarray scanner SynergyTM2 Multi-Mode Microplate Reader (Bio Tec instruments, Inc., www.biotek.com). 50 μL of hydrogen peroxide-imidazole solution and 50 μL of TCPO solution (3.0 × 10−4 mol / L) were added to the 96-well plates by automatic sampler attached to the instrument. At the same, the signals were acquired for the 96-well plate.



Urine Sample Treatment Methods

The urine sample was centrifuged at 16,000 rpm for 15 min at room temperature, then the supernatant was filtered through filter paper and collected into a centrifuge tube. Different concentrations of CysC was added to the urine, and diluted into equal volumes of samples containing different concentrations of CysC to be detected.

Above, the implementation of this experiment was approved by the FMMU Ethics Committee. All patients participating in the experiment understood all the details of the experiment and agreed to implement it.




RESULTS AND DISCUSSION


Characterization of Amino-Functionalized MSN

The Figure 1 clearly showed that the morphology of MSN was mesoporous materials. In the present study, the numbers of hydrophobic groups on MSN supplied by MTMS were used to separate dye from water phase (Cho et al., 2010). However, its application was limited due to lack of functional groups. The generation of amino groups through the hydrolysis of APTES has provided with biological convenience. The introduction of amino groups improved the dispersion of MSN in water and made it easy to mark. The previous study shows that increasing the APTES concentration, gradually changes the pH of the nanoparticle dispersion to alkaline. The optimized dosage of APTES was 0.08 mL in 50 mL of synthetic system (Tao et al., 2013).


[image: Figure 1]
FIGURE 1. TEM images of the MSN.


Rhodamine 6G and Fluorescein must be encapsulated in MSN at the same time. In the experiment, we found that the production of dispersed MSN singly encapsulated Rhodamine 6G were much less than which encapsulated two dyes. The reason of this phenomenon needs to be studied further. One of the possible explanations was that electropositivity of Rhodamine 6G cause electrostatic agglomeration in reaction system. When two dyes are added in the system at the same time, the positive of Rhodamine 6G has been neutralized by the negative of fluorescein. The dispersibility of nanoparticles affected the efficiency of the labeling reaction, which determined the quality of bio-functionalizated MSN. The encapsulating double dyes resolved this problem well and increased the loading amount of dye at the same time.



Characterization of Assay

The diagrammatic sketch of our method is shown in Figure 2. Compared with other immunoassay methods, the sandwich immunoassay selects two paired monoclonal antibodies as capture antibody and detection antibody respectively. It is considered to be the best method in specificity. Thus, sandwich immunoassay was recognized as the final immunoassay model.


[image: Figure 2]
FIGURE 2. Diagrammatic sketch of chemiluminescence sandwich immunoassay of CysC.


In Figure 2, the oxalic acid peroxide ester chemiluminescence reaction mechanism is also exhibited. First, oxalate nucleophilic attack of the carbonyl generated produces the high energy double oxy cyclic intermediate dioxin butanedione. Second, the intermediate decomposition energy is transferred to the acceptor fluorescent molecules in the excited state. Finally, the excited molecule returns to the ground state from the excited singlet state, releasing a photon that is emitted as fluorescence. Because it has up to 30% of the chemiluminescence quantum yield and is also a steady chemiluminescence, the peroxide oxalate chemiluminescence reaction system has a higher sensitivity than other chemiluminescence systems.

The optimized reaction conditions are shown in Figure 3. It can be observed that concentration of hydrogen peroxide and imidazole were 1 mol/L, 3 × 10−3 mol/L respectively.


[image: Figure 3]
FIGURE 3. (A) The optimization of H2O2 concentration. (B) The optimization of imidazole concentration.


An important development in this method is the addition of a step of dissolving the dyes in the nano-matrix with acetone prior to the chemiluminescence reaction. Because the mesoporous structure of MSN is semi-open structure, the mass transfer resistance of this structure has some influence on the chemiluminescence reaction. This point makes the chemiluminescence reaction take place on the surface of the material. The improvement released deep dyes and improved the utilization efficiency of dyes in nano-matrix, thereby ultimately achieving the purpose of reducing the detection limit.

In order to ensure that MSN within the dyes can be completely stripped, the effect of time for dye dissolution was tested. From Figure 4 we can see that the dyes were completely dissolved by acetone after 6 min. So we used 6 min as the optimized condition.


[image: Figure 4]
FIGURE 4. Influence of time on dye dissolution.




Optimization of the MSN-Labeled Sandwich CL Immunoassay

In the sandwich immunoassay the conditions of the two methods were identical. The results have been show in Figure 5. It can be observed that the CL intensity obviously increased, as the amount of antibody on the nanoparticle surface increased from 50 to 150 μg. When the antibody dosage exceeded 150 μg per mg MSN, the CL intensity increased slowly. Thus, the optimum antibody density is 150 μg per mg MSN considering CL intensity and reagent consumption.


[image: Figure 5]
FIGURE 5. Optimization of antibody dosage. The concentration of the antibody in modification were 50 (the rhombus), 100 (the box), 150 (the triangle), 200 (the fork) μg per mg MSN.


The concentration of the MSN-antibody solution also played an important role in the immunoassay (Figure 6). From Figure 6, we can see that the signal obviously increased when the concentration of the MSN-antibody was lower than 300 μg/mL. When the concentration is higher than 300 μg/mL, the CL intensity will increase slowly due to the near-saturated non-specific adsorption. It can be seen that the optimal concentration of the MSN antibody solution is 300 μg/mL.


[image: Figure 6]
FIGURE 6. Optimization of the concentration of MSN-antibody.




Detection of CysC

The comparisons of two methods' performances are exhibited in Figures 7A,B and Table 1. As shown in Figure 7A the ELISA method of the linear range was 0.1–2 ng/mL, and the detection limit was 0.033 ng/mL (3σ). And in Figure 7B, the linear range of the dye stripping method was 0.0035–0.5 ng/mL. The detection limit was 0.0029 ng/mL (3σ). Compared with the ELISA method, the proposed method demonstrates considerably more sensitive than the direct method (Table 1). Normally, an antibody molecule can be labeled with about ten dye molecules. When MSN is used as marker, a lot of dye molecules can be labeled on of antibody. This development greatly improves the sensitivity of the method. The reason is that mesoporous silica nanoparticle matrix is a semi open carrier, which can be loaded with a large number of dye molecules.


[image: Figure 7]
FIGURE 7. Compared with the performance of ELISA method and the sandwich chemiluminescence immunoassay using MSN as label. (A) The ELISA method. (B) The sandwich chemiluminescence immunoassay.



Table 1. Comparison between ELISA and CL method.

[image: Table 1]



Determination of CysC in Human Urine Samples

After heart surgery in adults, acute kidney injury may accompany it. The content of CysC in urine can be used as a marker for early diagnosis of renal function, which is better than conventional plasma markers. This study can effectively assess the applicability and accuracy of this experimental research method by detecting five different concentration gradients of CysC in the urine samples of patients. The results of the sample analysis are shown in Table 2. It can be observed that the two methods compared with ELISA show no significant difference in the detection range.


Table 2. Analytical results of CysC in samples.

[image: Table 2]

All results of this study are based on at least three independent experiments.




CONCLUSIONS

In our current research, a novel ultra-sensitive, simple, and rapid chemiluminescence immunoassay method for detecting CysC was developed using an amino-functionalized MSN encapsulating dye as a label. According to its semi-open advantage, the obtained MSN can release the dye for maximum efficiency in chemiluminescence immunoassays. Compared with many methods for detecting CysC, the proposed chemiluminescence immunoassay method shows better performance in detection limit.
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In this study, a magnetic porphyrin-based porous organic polymer (MP-POP) nanocomposite was successfully synthesized according previous studies and applied as an adsorbent for simultaneous extraction and preconcentration of four neonicotinoid insecticides from surface river water. The MP-POP was characterized using X-ray diffraction (XRD), transmission electron microscopy (TEM), scanning electron microscopy/energy dispersive x-ray spectroscopy (SEM/EDS), N2-adsorption/desorption analysis, Fourier Transform infrared spectroscopy (FTIR). The neonicotinoid insecticides were quantified using high performance chromatography coupled with diode array detector (HPLC-DAD). The MP-POP shown to have a high surface area, highly porous structure and strong affinity toward the investigated analytes. The adsorption capacities were 99.0, 85.5, 90.0, and 79.4 mg g−1 for acetamiprid, clothiandin, thiacloprid and imidacloprid, respectively. The influential parameters affecting the magmatic μ-solid phase extraction (M-μ-SPE) procedure were investigated using fractional factorial design and surface response methodology (RSM). Under optimum conditions, the method exhibited relatively low limit of detection in the range of 1.3–3.2 ng L−1, limit of quantification in the range of 4.3–11 ng L−1 and wide linearity (up to 600 μg L−1). The intraday and interday precision, expressed as the relative standard deviation (RSD) were <5%. The percentage recoveries for the four target analytes ranged from 91 to 99.3% for the spiked river water samples. The method was applied for determination of neonicotinoids in river water samples and concentrations ranged from 0 to 190 ng L−1.
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INTRODUCTION

Neonicotinoid insecticides are applied worldwide to combat unwanted insects from attacking crops which led to their entry into the environment (Goulson, 2013; Klarich et al., 2017; Hladik et al., 2018). However, over- application of neonicotinoid insecticides in the environment can cause negative effects on human health and living organisms (Klarich et al., 2017; Struger et al., 2017). Several severe human diseases such as cancer, chronic pulmonary disease, birth defects and infertility are associated with the exposure to neonicotinoid insecticides (Giroud et al., 2013; Sánchez-Bayo and Hyne, 2014; Vichapong et al., 2015). The permissible maximum residue limits for neonicotinoid insecticides have been controlled by the Codex Alimentarius Commision and European Union and World Health Organization to protect human health (Vichapong et al., 2016). However, these regulated limits are only applicable to crops and soil, not to portable water, river water, water reservoirs and surface or ground water (Vichapong et al., 2015, 2016). Therefore, to ensure safe water to humans and living organisms, an effective technique for the detection of the neonicotinoid insecticides in surface water, portable water, river water and water reservoirs is of remarkable significance.

Different types of analytical techniques including gas chromatography (Ai et al., 2010; Kiljanek et al., 2016; Balsebre et al., 2018), high performance liquid chromatography (HPLC) (Wu et al., 2011; Giroud et al., 2013; Vichapong et al., 2015; Cao et al., 2018; Kachangoon et al., 2020) and liquid chromatography tandem mass spectrometry (LC-MS/MS) (Bolzan et al., 2015; Kiljanek et al., 2016; Zhou et al., 2018; Hou et al., 2019) have been used for the detection and analysis of neonicotinoid insecticides in various samples. However, due to the intricacy of different sample matrices and the trace amounts of the neonicotinoid insecticides, sample clean-up techniques are required prior to instrumental analysis. The benefits of sample preparation do not only involve sample clean-up, but also preconcentration of the target analytes (Farajzadeh et al., 2016; Vichapong et al., 2016; Moyakao et al., 2018; Kachangoon et al., 2020). Currently, several sample extraction techniques, such as cloud point extraction (CPE) (Kachangoon et al., 2020), liquid-phase microextraction (LLME) (Zhang et al., 2012; Jovanov et al., 2013; Bolzan et al., 2015; Vichapong et al., 2015; Hou et al., 2019; Kachangoon et al., 2020) solid-phase extraction (SPE) (Xie et al., 2011; Shi et al., 2017; Zhang et al., 2017; Cao et al., 2018; Moyakao et al., 2018; Xiong et al., 2018; Hou et al., 2019) and solid-phase microextraction (SPME) (Ding et al., 2019; Queiroz et al., 2019; Xue et al., 2019), have been reported for the extraction of the neonicotinoid insecticides in various samples. Among the SPE based methods magnetic solid-phase extraction (MSPE) has gained a lot of attention due to its attractive properties such as simplicity, rapidity, robustness, high enrichment factors, and environmentally friendliness (Deng et al., 2009, 2019; Wang et al., 2018b; Queiroz et al., 2019). In MSPE, the magnetic sorbent play a major role on the analytical performance of the method (He et al., 2014; Fumes et al., 2015; Jiang et al., 2019; Li and Shi, 2019). Therefore, it is important to design, synthesize, and explore efficient magnetic adsorbents with high affinity toward target analytes.

Recently, literature has suggested that porous adsorbents such as porous organic polymers (POPs) have received significant attention in different scientific field. They have been applied as novel materials in luminescent sensing (Li et al., 2019; Pan et al., 2019) catalysis (Kaur et al., 2011; Zhang and Riduan, 2012; Das et al., 2019; Li et al., 2020), gas storage (Wood et al., 2008; Das et al., 2019), electrochemical sensing (Vilian et al., 2018), drug delivery, and adsorption and SPE (Huang et al., 2017; Wang et al., 2017, 2018a,b; Xiong et al., 2019; Li et al., 2020). These materials are prepared by combining various monomer units using different types of chemical reactions (Li et al., 2020). Depending on the type of chemical reaction, a wide range of structural frameworks are achieved (Wood et al., 2008; Wang et al., 2017, 2018a,b; Li et al., 2020). Structurally, POPs poses strong covalent bonds that leads to attractive features such as high mechanical, chemical and thermal stabilities (Wang et al., 2017, 2018a,b). Among different types of porous materials, the application of porphyrin based POPs (PPOPs) as adsorbents is increasing due to their large macrocyclic cavity, surface areas, remarkable stability and excellent affinity toward organic pollutants (Wang et al., 2017, 2018a,b). However, little has been reported about their application as adsorbent in sample preparation methodologies. Owing to the attractive features of P-POPs materials, they serves as suitable sorbents for extraction and preconcentration of low concentration neonicotinoid insecticides in various matrices.

Previous studied on sample preparation methods have applied once factors at time approach for the optimization of factors affecting preconcentration of target analytes (Asadollahzadeh et al., 2014). However, this approach is time-consuming, laborious, and sometimes unable to reach the accurate optimum because the interactions among the investigated variables are ignored (Asadollahzadeh et al., 2014). To overcome these challenges, optimization of factors affecting different variables has been achieved using design of experiments (DOE). This approach allows minimal number of with of experimental runs, thus leading to cost-effective method and acceptable results (Asfaram et al., 2017). In addition, DOE permits the investigation of interaction among the selected variables (Asfaram et al., 2017; Bagewadi et al., 2018). The use of DOE models such as Plackett–Burman design (PBD), full factorial design, fractional factorial design and response surface methodology (RSM) [such as Box–Behnken design, Doehlert design, central composite design (CCD)] has been reported in the literature (Zolgharnein et al., 2013; Asadollahzadeh et al., 2014; Benredouane et al., 2016; Asfaram et al., 2017; Bagewadi et al., 2018). Among the above-mentioned RSM models, CCD, is one of the most effective experimental designs. This is because CCD allows each independent variable to be investigated at five levels (that is, two-level factorial (±1), axis points (±α) and central points (0) (Mousavi et al., 2018). In addition, in cases where many variables need to be optimized, screening designs such as full or fractional factorial designs are mostly applied (Asadollahzadeh et al., 2014; Benredouane et al., 2016).

The aim of this study was to prepare magnetic porphyrin-based porous organic polymer (MP-POP) nanocomposite as a magnetic adsorbent in ultrasound assisted dispersive magnetic solid phase extraction (UA-DMSPE) and preconcentration of neonicotinoid insecticides from river water samples. The neonicotinoid insecticides in samples were quantified using HPLC-DAD. Previous studies reported the application MP-POP as an adsorbent for preconcentration of nitrogen bearing analytes such as benzoylurea insecticides and phenylurea herbicides and the result revealed that MP-POP has high affinity toward the target analytes (Wang et al., 2017, 2018a,b). Therefore, the adsorbent was chosen because of its high adsorption capacity, high surface area and strong affinity to aromatic compounds containing nitrogen atoms. The MP-POP nanocomposite good magnetic properties and could be easily separated from aqueous solution by an external magnet. The factors affecting the extraction and preconcentration procedure were optimized using fractional factorial design (FFD) and central composite design (CCD). These multivariate approach chosen because they can reduce the number of experiments required and gives more quantitative information about the significance of independent variable and their interactions (Bezerra et al., 2019; Tan and Lee, 2019). FFD was used screening was carried out to obtain the critical parameters for the extraction and preconcentration of neonicotinoid insecticides The UA-DMSPE/HPLC-DAD procedure was successfully used for simultaneous extraction, preconcentration, separation, and quantification of neonicotinoid insecticides in river water samples.



EXPERIMENTAL


Reagents and Standards

Terephthalaldehyde (98%), Pyrrole (99%), Ferrous chloride tetrahydrate (FeCl2·4H2O), Ferric chloride hexahydrate (FeCl3·6H2O), and aqueous ammonia (w, 30%), tetrahydrofuran (THF), dichloromethane, glacial acetic acid and HPLC grade methanol (99, 9%) and acetonitrile (99, 9 %) were all purchased from Sigma-Aldrich (St Louis, MO, USA). The analytes were reagent grade insecticides (clothiandin, imidacloprid, acetamiprid, and thiacloprid) were procured from Sigma-Aldrich (South Africa) Ltd. A 10 mg L−1 stock solution containing the analytes was prepared by weighing and dissolving the insecticides in acetonitrile. The stock solution was transferred in amber storage bottles and stored at 4°C before use. Working synthetic samples were prepared daily by diluting appropriate volumes of the stock solution with ultra-pure water (Direct-Q 3 UV-R purifier).



Sampling and Sample Collection

River water samples were collected in different points at Apies River (Pretoria, Gauteng, South Africa). Schott bottles with caps (500 mL) were cleaned and used to collect water samples. When not in use, the samples were stored at 4°C.



Instrumentations

The functional groups and structural changes of the nanocomposite were investigated using on a Perkin-Elmer Spectrum 100 spectrometer (Perkin-Elmer, USA). The samples were mixed with the potassium bromide (KBr) for form pellet and the spectra were recorded in the 400–4,000 cm−1 region. The morphological structure and elemental composition of the nanocomposite was were assessed using scanning electron microscopy equipped with energy dispersive X-ray spectroscopy (EDS) at a voltage of 20 kV (SEM, TESCAN VEGA 3 XMU, LMH instrument (Czech Republic). The internal structure of the composite was studied by dispersing the adsorbent in methanol, transferring a drop of the mixture onto a copper grid and analysis using transmission electron microscopy at a voltage of 120 kV (TEM JOEL JEM-2,100, Japan). The crystal structure and pore size distribution were studied using X-Ray diffraction (XRD) and BET N2 adsorption, respectively, Analyzer (ASAP2020 V3. 00H, Micromeritics Instrument Corporation, Norcross, USA). The Barrerr-Joyner-Halenda method was used to calculate the adsorbent pore volumes. An OHAUS starter 2,100 pH meter (Pine Brook, NJ, USA) for pH adjustments of reagents and pH of samples. Chromatographic analysis was carried out at wavelengths 250 nm and 260 nm using an Agilent HPLC 1,200 infinity series, with a diode array detector (Agilent technologies, Waldbronn Germany) and a Agilent Zorbax Eclipse Plus C18 column (3.5 μm × 150 mm × 4.6 mm) (Agilent Newport, CA, USA) baked at oven temperature of 25°C. All quantifications were done using an isocratic elution programme with mobile phase system containing water (mobile phase A, 70%) and acetonitrile (mobile phase B, 30 %) at a flow rate of 0.1.00 mL min−1.



The Preparation of MP-POP Nanocomposite

Magnetic porphyrin based porous organic polymer was synthesized following methods described by Wang et al. (2017, 2018a,b). The preparation of MP-POP was a two-step process where the porphyrin based porous organic polymer was synthesized in step 1, followed by co-precipitation in step two to make the MP-POP.


Preparation of the P-POP

The synthesis of P-POP was carried out as follows: ~0.10 g of fresh pyrrole and 0.20 g terephthaldehyde were placed into a dry round bottom flask containing glacial CH3COOH (50 mL) and iron(III) chloride (0.47 g). The mixture was then agitated using a magnetic stirrer bar under a gentle stream of nitrogen for 3 h. The resultant solution was gentle transferred into a Teflon lined autoclave. The mixture in the autoclave was hydrothermal treated by placing the autoclave in an oven at 180°C for 24 h. The reaction vessel (autoclave) was cooled at room temperature and the resultant dark brown precipitate was separated from aqueous solution by centrifugation. The solid product was with water, methanol and tetrahydrofuran (THF), respectively, and it was dried under vacuum at 70°C.



The Preparation of the MP-POP

1.17 g FeCl3·6H2O and 0.43 g FeCl2·4H2O were placed in a round bottom flask having 500 mg of P-POP and 250 mL of water and mechanically stirred at room temperature under N2 atmosphere. The solution was then heated to 50°C followed by the dropwise addition of 14% ammonia solution under a pH of 11-12 was achieved. The reaction was continued for an hour to allow for the complete growth of nanoparticles. Magnetic separation was then used to collect the final product which was washed with deionised water several times until pH 7 and then with ethanol before finally being dried at 60°C.




Ultrasound Assisted Dispersive Magnetic Solid Phase Extraction Procedure

A suitable amount of MP-POP nanocomposite was placed into 10 mL glass sample bottles having 5 mL of synthetic sample (containing a mixture of clothiandin, thiacloprid, acetamiprid and imidacloprid all at 100 μg L−1). The mixtures were then sonicated in an ultrasound water bath for 10–15 min. Magnetic separation done to separate the supernatant from the adsorbent. The supernatant was then decanted, and the analytes were eluted by sonicating the adsorbent with 500–100 μL of 100% acetonitrile for 3 min. The analysis of the analytes concentrations was done by the employment of the HPLC-DAD.



Optimisation of UA- DMSPE Procedure

The most significant independent variables affecting the UA- DMSPE method were optimized using design of experiments (DOE). The firstly, screening of the parameters was done using the multivariate optimisation approach, specifically fractional factorial design (24−1) and central composite design was carried out to determine the optimum conditions, and the parameters involved in the design are shown in Supplementary Table 1. Under optimum conditions, the method was applied investigate the effect of sample volume (5–50 mL) and initial concentration (50–2,000 μg L−1).



Validation of the Method and Quality Assurance/Quality Control

The established method performance was validated by evaluating the accuracy (recovery), precision (intraday (repeatability) and interday (reproducibility), the linear dynamic range, preconcentration factor, enrichment factor and limit of detection (LOD) and limit of quantification (LOQ). The accuracy was evaluated for the target neonicotinoids in river water samples spiked at three concentration levels, 5, 100, and 500 μg L−1. The linearity was investigated by construction a seven-points calibration curve (the standards were prepared by spiking ultrapure water with a mixture of target analytes at 0 to 1,200 μg L−1). The LOD and LOQ were calculated as: LOD = [image: image] and LOQ = [image: image], where Sd is the standard deviation of 10 replicate determinations of the lowest concentration of calibration curves (0.5 μg L−1) and b is the slope of each calibration curve. In addition, the LOD and LOQs were determined using spiked blank river water samples with decreasing concentrations (0.01, 0.05, and 0.10 μg L−1) of each target analyte. For this purpose river water sample free from the target analytes was used. Linearity was performed using matrix-matched calibration curves. The blank river water sample was spiked with 0–700 μg L−1 solutions containing all target analytes. The sample were then processed with the developed method and seven point calibration was constructed. The repeatability and reproducibility of the developed method were calculated from several measurements of 5.0, 100, and 500 μg L−1 in river water samples. This was carried out to assess the matrix effect on the extraction efficiency of the developed method. The preconcentration factors were explained as the ratios between sample volume (Vs) and eluent volume (Ve) (Equation 1):

[image: image]

The enrichment factors (EF) was estimated as the fraction between the slopes before and after preconcentration (Equation 2):

[image: image]

Where Sap = slope after preconcentration; bp = slope before preconcentration.

In order to comply with the quality assurance/quality control (QA/QC) guidelines, blanks were injected to the HPLC-DAD system before the injection of any sample containing analytes. The chromatograms of the blank samples revealed that the samples (blanks) were free of target analytes. This indicated that the blank correction of the results obtained from samples containing the analytes was not required. Standard solutions of neonicotinoid insecticides at concentration of 50 and 500 μg L−1 were used as used as QA/QC samples. In the course of sample analysis, procedure blank samples (treated the same way as samples) and QA/QC standard solutions were analyzed after every ten samples.



Adsorption Capacity and Regeneration Studies

The adsorption equilibrium experiments were conducted as follows: briefly 15 mg of MP-POP was weighed and transferred into 10 sealable glass containers. Then 30 mL of stock solution with varying concentrations (2–50 mg L−1) were then added into the glass bottle containing the adsorbent. Agitation of the solution by a sonicator was performed for 5 min. The absorbent and the supernatant were separated with the aid of an external magnet. Analysis of the supernatant was then carried out using HPLC-DAD. The adsorbent reusability was investigated by a series of extraction, elution, washing and drying. 15 mg of the adsorbent was added into a glass bottle container, then 30 mL of the sample was added into the glass container with adsorbent. The solution was sonicated for 15 min, then the supernatant and the absorbent were separated with the magnet. Elution was then carried out using acetonitrile, lastly the elute was then analyzed using HPLC-DAD. After each analysis the adsorbent was dried and reused.




RESULTS AND DISCUSSION


Characterization of the Nanocomposite

The functional groups of the synthesized MP-POP were confirmed using FTIR spectroscopy (Figure 1). The broad peak that appeared in both spectra at around 3,500 cm−1 indicates the N-H peak, and then followed by a smaller and sharp peak at around 2,986 cm−1 which is for phenyl (Wang et al., 2017, 2018a,b)A peak for alkene carbons (C=C) in the pyrrole ring was observed at 1,604 cm−1 and Fe-N peak at 1,047 [image: image] The Fe-N peak shows that the magnetic iron was successfully incorporated on the POP without any alterations (Wang et al., 2017, 2018a,b). Lastly, a strong signal seen at around 570 cm−1 for Fe-O indicates the adherence of Fe3O4 on the surface of the POP (Ai et al., 2010; Wang et al., 2017). These verdicts were in line with those shown in the literature (Wang et al., 2017, 2018a,b).


[image: Figure 1]
FIGURE 1. FTIR spectra of POP and MP-POP.


Scanning electron microscopy and TEM were employed to investigate the porosity and morphology of POP and MP-POP nanomaterials. The SEM images (Figures 2A,B) displays that highly porous materials were successfully synthesized. The TEM image (Figure 2C) revealed that P-POP composed of was spherical shapes. Furthermore, Figure 2D revealed that that the Fe3O4 nanoparticles were successfully incorporated on the surface of P-POP (Wang et al., 2017, 2018a,b).


[image: Figure 2]
FIGURE 2. SEM images of (A) P-POP, (B) MP-POP and TEM images of (C) P-POP (D) of the M-PPOP.


The energy dispersive x-ray spectroscopy (EDS) spectra for POP and MP-POP are displayed in Figure 3. As seen in Figure 3A, as expected the spectrum for POP revealed presence of the N and C in the structure of POP. The presence of Cl and Fe was from the ferric chloride which was used in the synthesis. Figure 3B revealed all major elements present in MP-POP nanocomposite. The intense peak of Fe indicates that the Fe3O4 was successfully incorporated.


[image: Figure 3]
FIGURE 3. EDS spectra of (A) P-POP and (B) MP-POP.


The XRD spectroscopy was used to study the crystalline structure of P-POP and MP-POP. Figure 4A demonstrated that P-POP had weak diffraction peak around 2θ = 24° suggesting that the material was naturally amorphous (Wang et al., 2017, 2018a,b). The XRD patterns for MP-POP (Figure 4B) showed crystalline structure confirming the incorporation of magnetic particles on the surface of P-POP. The prominent diffraction peaks around 30.5° (311), 36.3° (400, 43.4° (422), 56.9° (511), and 62.8° (440) corresponded to the crystalline structure of Fe3O4 (JCPDS file 19-0629) (Deng et al., 2009, 2019; Wang et al., 2017, 2018a,b; Munonde et al., 2018) These observations were in agreement with EDS and TEM results and other reports in the literature (Wang et al., 2017, 2018a,b).


[image: Figure 4]
FIGURE 4. XRD patterns for (A) P-POP and (B) MP-POP.


The surface properties of P-POP and MP-POP were investigated by N2 adsorption/desorption. The Brunauer-Emmett-Teller (BET) surface areas of the P-POP and MP-POP were found to be 478 and 295 m2 g−1, respectively. Moreover, the total pore volumes were 0.55 and 0.39 m3 g−1 for P-POP and MP-POP. It can be seen that the incorporation of Fe3O4 reduced the BET surface area of nanocomposite. According to Figure 5A, P-POP gives a typical type I isotherm signifying the classical characteristic of microporous materials (Cao et al., 2018; Wang et al., 2018b; Hao et al., 2019; Li et al., 2020). As shown in Figure 5B, the N2 adsorption-desorption isotherm for MP-POP present a distinctive type IV isotherm. These results reveal the presence of various pore sizes varying from micropores to mesopores (Wood et al., 2008; Nqombolo et al., 2019). In addition, large hysteresis loop at high relative pressure approaching 1.0, suggested the presence of microporous structures (Cao et al., 2018; Wang et al., 2018b; Hao et al., 2019; Nqombolo et al., 2019; Li et al., 2020).


[image: Figure 5]
FIGURE 5. The Nitrogen adsorption-desorption isotherms for (A) P-POP and (B) MP-POP.




Selection of Eluent Type

The choice of a suitable elution solvent was investigated in order to achieved quantitative desorption of the analytes that are adsorbed on the surface adsorbent as well as attaining relatively high enrichment factor. In this study, the desorption capabilities of various HPLC grade organic solvents (ethanol, acetonitrile, acetone and methanol) were investigated and the adsorption-desorption experiments were carried in triplicate. The results in Figure 6 showed that the aprotic solvents (acetonitrile and acetone) had better elution capabilities as compared to methanol and ethanol. Hence, acetonitrile was chosen as the desorption solvent because it was the component of the mobile phase.


[image: Figure 6]
FIGURE 6. Selection of eluent type. Experimental conditions: sample volume, 5 mL; mass of adsorbent, 15 mg; acetonitrile volume, 750 μL; desorption time, 5 min; extraction time, 15 min and sample pH, 7.0.




Optimization Strategy
 
Fractional Factorial Design

A fractional factorial design (FFD) with four independent variables including pH of the sample, eluent volume (EV), mass of the adsorbent (MA) and extraction time (ET) at three levels which includes central points was used for the screening process. The design matrix and respective analytical response (percentage recovery) for each analyte are displayed (Supplementary Table 2). The data was assessed using analysis of variance (ANOVA). Pareto charts reproduced from the ANOVA results is used to indicate parameters that are significant for the preconcentration and extraction method. The blue bar on the left-hand side they represent the individual parameters and if the bar crosses the 95% confidence interval line (red line), it means that the parameter is significant (Zhang et al., 2017; Bezerra et al., 2019; Tan and Lee, 2019). As seen in Supplementary Figures 1A–D, the Pareto charts indicate that none of the parameters were insignificant at 95% confidence interval. Though, the bar length of EV, MA, and ET suggested that these three parameters has a significant role in the extraction and preconcentration of neonicotinoid insecticides. Therefore, EV, MA, and ET were further optimized using response surface methodology based on central composite design. The sample pH of the sample was fixed at 7.0.



Response Surface Methodology Based on Central Composite Design

Response surface methodology (RSM) based on CCD with three independent experimental parameters investigated at five levels, was used to investigate the interactions and quadratic effects of the main effects (Supplementary Table 3). The 3D surface plots demonstrating the effect of independent factors and their interactions on the analytical response are shown in Supplementary Figure 2. The influence of eluent volume (Supplementary Figures 2A,C) reveals that the quantitative recoveries were obtained between 600 and 1,200 μL of acetonitrile. Mass of adsorbent in solid phase extraction method plays a major role in achieving quantitative recoveries. As seen in Supplementary Figures 2A,B, mass of MP-POP as low as 15 mg could lead to extraction efficiency. Supplementary Figures 2B,C revealed that the effect of extraction lead to high extraction efficiency after 15 min.



Profile for Predicted Values and Desirability

The desirability function shown in Supplementary Figure 3, allows the simultaneous estimation of optimal values for all the investigated factors. Desirability always take values within 0-1 range where 0 indicates the least desired results (0.0%), 0.5 being the central point (50.8%), and 1 being the most desirable value assigned a percentage of (101.5%) (Candioti et al., 2014; Bezerra et al., 2019; Mashile et al., 2020). According to the desirability profiles, the optimal conditions for preconcentration and extraction process were MA of 15 mg, EV of 1,130 μL and extraction time of 15 min. The overall optimum parameters for extraction and preconcentration were 15 mg, 1,130 μL, 15 min and 7.0 for mass of the adsorbent, acetonitrile volume, extraction time and sample pH, respectively. The predicated optimum experimental parameters were verified experimentally. The results obtained for simultaneous extraction and preconcentration of four neonicotinoid insecticides ranged from 97.8 to 99.0%. The experimental findings were in full agreement with predicted values, suggesting that the model was valid. The obtained optimum conditions were used for further investigation.




Effect of Initial Concentration and Sample Volume on the Recovery of Neonicotinoid Insecticides

Under optimized conditions, the influence of initial concentration on the percentage recovery of the selected neonicotinoid insecticides was assessed by processing various neonicotinoid insecticides solution at concentrations between 50 and 2000 μg L−1. The results in Supplementary Figure 4A, revealed that optimum recoveries (≥99%) at initial concentrations ranging from 50 to 1,200 μg L−1. Furthermore, the effect of sample volume was investigated in order to assess the possibility of achieving high preconcentration factors and examine its effect on percentage recoveries of the analytes. This was achieved by applying the optimized method to a series of sample solution ranging from 5 to 50 mL containing a fixed concentration of the analytes (100 μg L−1) of target analytes. The results obtained are presented in Supplementary Figure 4B and it can be seen that quantitative recoveries (>95%) of all four analytes was obtained for sample volumes of ≥ 30 mL. Therefore, the extracted analytes were could be eluted with 1,130 μL acetonitrile. The preconcentration factor of 27 was realized by the current method.



Adsorption Capacity

Adsorption isotherms models are vital in describing and explaining interactive behavior of adsorbate and the adsorbent (MP-POP) (Bordoloi et al., 2017; Rafati et al., 2018). Therefore, equilibrium studies were carried in order to establish the adsorption mechanism. Equilibrium is established when the sample containing adsorbate is in contact with the absorbent for a specific time (Pezoti et al., 2016). The equilibrium data for the adsorption of neonicotinoid insecticides was done using various isotherms such as Langmuir, Freundlich, Redlich-Peterson and Dubin-Radushkevich models.

From the Table 1 below, isotherm models and parameters, the adsorption data followed Langmuir isotherm model with correlation efficiency of 0.9499, which was higher than that of Freundlich model for all the insecticides, this describes monolayer adsorption (Pezoti et al., 2016). Redlich-Peterson is a mixture of both Freundlich and Langmuir isotherms models, the focus here is at beta value, which is the exponent from the linear plot and is between 0 and 1 (Esfandiyari et al., 2017). When beta is equivalent to 1, the model reduces to Langmuir equation and when beta is 0 it reduces to Freundlich equation (Khare et al., 2018), from this study, the θ values were found to be 0.88 for acetamiprid, 0.65 for clothiandin, 0.75 for thiacloprid and 0.52 for imidacloprid which was ~1 suggesting the model reduces to Langmuir. The favoring of Langmuir by the isotherm models indicates that the adsorption was a monolayer adsorption. Dubin-Radushkevish model is normally used to differentiate between chemical and physical adsorption by looking at the mean energy (E) (Bordoloi et al., 2017; Rafati et al., 2018). The focus is on the energy value (E), if the value of energy is <8 kJ mol−1, then the adsorption was a physical one. If the energy value is among 8 and 16 kJ mol−1 then the adsorption was a chemical one (Bordoloi et al., 2017). In this study the calculated E values were 0.34, 0.22, 0.44, and 0.31 kJ mol−1 and for acetamiprid, cloathiandin, thiacloprid, and imidacloprid, respectively. The obtained energy values indicated physisorption processes.


Table 1. Isotherms equations and model parameters.

[image: Table 1]



Analytical Figures of Merit

The analytical performances of the established method for preconcentration and simultaneous extraction of neonicotinoid insecticides were investigated (Table 2), under optimum experimental conditions. The findings exhibited relatively wide linear dynamic ranges with coefficient of coefficients (R2) ranging from 0.9981 to 0.9994. The instrumental LODs and LOQs ranged from 1.3 to 3.2 ng L−1 and 4.3 to 11 ng L−1, respectively. The repeatability (intraday) and reproducibility (interday) expressed in terms of %RSD were <5% (Table 2), suggesting that the established method had relatively good precision. The preconcentration factor was estimated to be 27.


Table 2. Analytical characteristics of UA-DMSPE/HPLC-DAD method.
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The development was also validated methods using spiked water samples. The linearity, LODs and LOQs and RSD for the studied analytes are presented in Table 3. The linearity ranging from LOQ-650 was obtained for the neonicotinoid insecticides. As seen the LODs and LOQs were ranged from 1.8 to 3.7 ng·L−1 and 6.0 to 12 ng·L−1, respectively. Whereas, the interday precision with spiked blank river water samples ranged from 2.1 to 6.1%. To evaluate and understand the effect of sample matrix on the extraction performance of the developed method, relative recoveries were tested by spiking ultra-pure water and river water samples. As seen, the relative recoveries of the target analytes were between 95 and 99%, suggesting that the current method did not suffer from matrix.


Table 3. Linearity, LODs and LOQs for target analytes in river water samples.
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The accuracy of the established method was investigated by analyzing spiked river water sample at two concentration points (Table 4) The river water samples were spiked with target analytes at three points (50, 100, and 500 ng L−1) and the samples were analyzed using the established method. The samples were also used to investigate the intraday and interday precision. As seen in Table 4, the percentage recoveries for the four target analytes ranged from 91 to 99.3% and the %RSD values ranged between 1.4 and 4.7%. The typical chromatogram of river spiked with 100 ng L−1 target is presented in Supplementary Figure 5. As seen the chromatogram shows good separation and there are no interfering peaks. This proves that the developed method was able to clean-up sample matrix, extract and preconcentrate the target analytes.


Table 4. Analysis of neonicotinoid insecticides in spiked river sample using UA-DMSPE/HPLC-DAD method.
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Comparison of the Developed Method With Others Reported in the Literature

The analytical figures of merit for the developed method were compared with those that were previously reported for preconcentration and extraction of clothianidin, imidacloprid, acetamiprid, and thiacloprid their determination using chromatographic techniques are displayed in Table 5. As seen, the established method had lower LODs and LOQs compared those reported by elsewhere (Sánchez-Hernández et al., 2014; Bolzan et al., 2015; Cao et al., 2018; Kachangoon et al., 2020). The relative standard deviation was found to be better than those reported in literature (Table 5). In addition, the LODs and LODs were comparable (in the same magnitude) with those reported in the literature (Zhang et al., 2017; Moyakao et al., 2018; Xiong et al., 2018). However, the LODs and LOQs were greater than those reported elsewhere (Li and Shi, 2019). Lastly, the method proved to have attractive advantages such as good sensitivity and simplicity because of the low LOD and LOQ, high precision and wide linearity. Even though, the performance of the MPOP was comparable to traditional SPE adsorbent such as HLB/GCB (Zhang et al., 2017) as well as HLB combined with C18 (Dujaković et al., 2010), these method combined two types of traditional adsorbent in order to achieve low LODs and LOQs. As in Table 5, studies have proven that when C18 is used alone, the high LODs were between 1.0 and 2.3 μg L−1 were obtained (Sánchez-Bayo and Hyne, 2014). Therefore, the advantages of the developed method over the traditional SPE procedures include short preconcentration time (15 min extraction and 5 min desorption time), use of a single easily recoverable adsorbent with high surface area, easy operation and low cost. Moreover, the proposed method is environmentally friendly compared to traditional SPE because it uses small amount of a reusable adsorbent (15 mg) and the use of excessive organic solvents in minimized (in this work only 1,130 μL was used).


Table 5. Comparison of analytical performance of the developed method with others that are reported in literature.
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Application to Real Water Samples

The applicability of MP-POP as a sorbent for extraction and preconcentration of neonicotinoid insecticides was carried out by the analysis of two river samples. As seen, trace amounts of target analytes were detected in river water samples (Table 6, Supplementary Figure 6) except thiacloprid in river sample 1. Clothiandin, acetamiprid and imidacloprid were frequently detected in all river samples at relatively higher concentrations (7.5–8.10 ng L−1 clothiandin, 4.6–109 ng L−1 imidacloprid and 4.85–20.7 ng L−1 acetamiprid) compared to thiacloprid. This is because these three neonicotinoid insecticides are the mostly used in tomato and maize plantation which are common in South Africa. The results showed that MP-POP can be applicable for extraction and preconcentration of neonicotinoid insecticides in real samples regardless of the complex matrix. This is shown by the smoothness of chromatograms that there was no interference from the complex matrix of the samples (Supplementary Figure 6).


Table 6. Concentration of neonicotinoid insecticides in river water samples obtained using UA-DMSPE/HPLC-DAD method.
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The maximum concentration of neonicotinoid insecticides obtained in this study were compared with those reported in the literature globally (Table 7). As see the concentration levels of neonicotinoid insecticides in this study were lower than those reported in United States (Starner and Goh, 2012; Ensminger et al., 2013), Canada (Main et al., 2014; Schaafsma et al., 2015), Benin (Berny's et al., 2019), and China (Zhang et al., 2017, 2019). They were higher than those reported in Japan (Yamamoto et al., 2012) and China (Xiong et al., 2018).


Table 7. Global concentrations of neonicotinoid insecticides in river water samples.
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Reusability and Regeneration

The adsorbent regeneration and reusability were investigated by a series of extraction, elution, washing and drying. After each extraction the percentage recovery was calculated, and the findings are illustrated in Supplementary Figure 7. The percentage recoveries showed a significant decrease after cycle number 6. The results found demonstrated that recovery and adsorption for neonicotinoid insecticides were not affected for up to five cycles. Therefore, this showed a great reusability of the synthesized adsorbent and also showed its excellent regeneration properties. The significant decrease could be due to the collapsing of the pores of MP-POP and as the adsorbent was continuously used, it lost its affinity toward the neonicotinoid insecticides. The loss of affinity was also caused by the multiple washing of the adsorbent. Multiple washing of the adsorbent leads to the deterioration of the functional groups which are responsible for analyte binding on the adsorbent.



Adsorption Mechanism of the M-PPOP

The conceivable mechanism for the adsorption of neonicotinoid insecticides on the surface of the adsorbent was investigated following the method reported in the literature (Wang et al., 2017, 2018a). According to the literature, EF of each analyte can be used to investigate the adsorption affinity of the MP-POP toward the analytes on interest (Wang et al., 2017, 2018a,b). As seen, in the Supplementary Table 6, relatively high EFs (94–110) were obtained for the four investigated neonicotinoid insecticides. In addition, hydrophobicity indicator (Log Kow), hydrogen bonding preference indicators (that is, H bond acceptors and donors) were used to evaluated the adsorption mechanism (Wang et al., 2017, 2018a). As seen in Supplementary Table 4, the Log Kow (Chevillot et al., 2017; Sultana et al., 2018) was as follows: imidacloprid > clothianidin> acetamiprid > thiacloprid. This order suggested that for analytes with relatively high Log Kow like thiacloprid and acetamiprid the hydrophobic and π-staking interactions between the adsorbate and the adsorbent played a vital part during the extraction and preconcentration process (Wang et al., 2017, 2018a). Hydrogen bonding interaction had a major influence in the adsorption of imidacloprid and clothianidin. This because these two analytes have higher number hydrogen-bonding donor and acceptor sites as compared to imidacloprid and clothianidin (Supplementary Table 6). In view of the above, it was concluded that the extraction and preconcentration of neonicotinoid insecticides using MP-POP nanocomposite was driven by hydrogen bonding, hydrophobic and π-stacking interactions. These findings are alike to those reported in the literature (Wang et al., 2017, 2018a,b).




CONCLUSIONS

A rapid, simple, reliable and efficient UA-DMSPE/HPL-DAD method was developed for the simultaneous extraction, preconcentration determination of acetamiprid, clothiandin, thiacloprid, and imidacloprid in river water samples. The MP-POP adsorbent displayed relatively high chemical and thermal stabilities, remarkable regeneration and reusability properties as well as hig affinity torward target analytes. Coupling of HPLC-DAD with the preconcentration method resulted in improved LODs, LOQs, linear dynamic range, sensitivity, precision, accuracy and acceptable recoveries. As the result, the analytical performance of UA-DMSPE/HPL-DAD method was comparable to those found using LC-MS/MS. The applicability of the UA-DMSPE/HPL-DAD method was evaluated by analyzing the target analytes in spiked river water samples and percentage recovery values ranged from 91 to 99%. Furthermore, the method was later applied for determination of acetamiprid, clothiandin, thiacloprid, and imidacloprid in river water samples and the concentrations were lower or comparable with those detected in other countries. These results proved that the established method could be used for determination of neonicotinoid insecticides in complex matrices.
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Cereals are staple foods for human consumption in both developed and developing countries. In order to improve agricultural outputs, resources like reclaimed water for irrigation and biosolids and manure as fertilizers are frequently used, although they may increase the input of contaminants that can potentially be absorbed by crops and enter the food chain. Emerging contaminants (human and veterinary pharmaceuticals, personal care products, surfactants, plasticizers, and industrial additives, among others) are continuously introduced in the environment from a variety sources and these contaminants may enter the food chain through plant uptake. In this study, an analytical method, based on ultrasound-assisted extraction and dispersive solid-phase cleanup, was developed for the determination of emerging contaminants from different classes in four highly consumed cereal grains (wheat, oat, barley, and rice). These analytes were selected considering the results of our previous studies carried out in soil and vegetables and those frequently detected in real samples were chosen. The target compounds selected were bisphenol A (BPA), bisphenol F (BPF), methyl paraben, propyl paraben, linear chain nonylphenol in position 4 (4-n-NP), mixture of ring and chain isomers of NP and six pharmaceutical compounds (allopurinol, mefenamic acid, carbamazepine, paracetamol, diclofenac and ibuprofen). Recoveries ranging from 68 to 119% with relative standard deviations (RSD) <18% were obtained for all the compounds except for allopurinol, with recoveries that ranged from 30 to 66% with RSD ≤ 12% and the limits of detection achieved ranged from 0.03 to 4.9 ng/g. The method was applied to the analysis of 16 cereal samples, ten were purchased in local supermarkets and the rest were collected directly from agricultural fields, five of which were fertilized with organic amendments. Bisphenol A (BPA) was detected in all samples at levels that ranged from 1.6 to 1,742 ng/g. Bisphenol F, a substitute for BPA, was also found in six samples (up to 22 ng/g). Linear 4-n-NP was found in a reduced number of samples but the mixture of NP isomers was found in all the samples, being the mean concentrations in wheat, barley, oat and rice 49, 90, 142, and 184 ng/g, respectively.

Keywords: grains, pharmaceuticals, phenols, parabens, ultrasound-assisted extraction, analysis


INTRODUCTION

Cereals and cereal products are staple foods for human consumption in both developed and developing countries. More than 50% of world daily caloric intake is derived directly from cereal grain consumption, mainly rice, wheat, and corn. Worldwide grain consumption is increasing because of increased population and demand of cereals for feeding livestock. The Food and Agriculture Organization (FAO) forecasts that the consumption of cereals worldwide in 2020/21 will be 2,780 Mt and the global production of cereals by 2025 is expected to reach 2,818 Mt (OECD/FAO, 2016; FAO, 2020). In order to improve agricultural outputs, resources like reclaimed water for irrigation and biosolids and manure as fertilizers, have become frequently used. Although these uses are beneficial, they may increase the input of contaminants into soil that can potentially be taken up by crops and enter the food chain (Wu et al., 2012). The concern on food safety has increased among consumers regarding the presence of contaminants in food that may pose a health risk, particularly for infants and toddlers as they are more vulnerable. In this regard, it has to be taken into account that cereals are among the first foods introduced in the infant diet. The contaminants most commonly determined in cereals or cereal-based food are mycotoxins, pesticides, heavy metals, acrylamide, polycyclic aromatic hydrocarbons, and residues from packaging material (Thielecke and Nugent, 2018; Skendi et al., 2019; Roszko et al., 2020; Yang et al., 2020).

Although the aforementioned contaminants are considered relevant on cereals, there are other pollutants, named as emerging contaminants (ECs), continuously introduced in the environment from a variety sources that may enter the food chain through plant uptake. This group of compounds comprise human and veterinary pharmaceuticals, personal care products, surfactants, plasticizers, and various industrial additives, among others, being the exposure to these substances linked to adverse effects on human health and animals. Their occurrence in different environmental compartments, such as biosolids, effluents from wastewater treatment plants (WWTPs), soil and vegetables is well-documented (Martín-Pozo et al., 2019; Snow et al., 2019). In contrast, studies on ECs levels in cereals are still scarce in the available literature and were mainly focused in the determination of a reduced number of bisphenols and parabens to evaluate the exposure to these compounds through the diet in Sweden, China, Canada, or the United States (Cao et al., 2011; Gyllenhammar et al., 2012; Liao and Kannan, 2013, 2014; Liao et al., 2013a,b). Very recently, a method was developed for the determination of phenols, parabens, and triclosan together with pesticides in cereal-based food (Azzouz et al., 2020). In addition, a multiresidue method was developed in our laboratory focused in the determination of different classes of antibiotics in cereals, being enrofloxacin detected in a rice sample (Albero et al., 2019). In the present work, several ECs were selected considering the results of our previous studies carried out to determine ECs, among other contaminants, in soil and vegetables and those analytes frequently detected in real samples were chosen (Pérez et al., 2012, 2017; Aznar et al., 2014, 2017; Albero et al., 2017). The target compounds selected were two bisphenols (bisphenol A—BPA and bisphenol F—BPF), two parabens (methyl paraben—MeP and propyl paraben—PrP), linear chain nonylphenol in position 4 (4-n-NP), mixture of ring and chain isomers of NP and six pharmaceutical compounds (allopurinol, mefenamic acid, carbamazepine, paracetamol, diclofenac, and ibuprofen).

The different physicochemical properties of ECs and the complexity of the matrix hinders the multiresidue analysis of these compounds in cereals (Albero et al., 2019). In previous studies, the extraction of ECs from cereal grains or cereal-based food was carried out by shaking (Cao et al., 2011; Liao and Kannan, 2013, 2014; Liao et al., 2013a,b), ultrasound assisted extraction (UAE) (Niu et al., 2012; Picó et al., 2019; Azzouz et al., 2020) or pressurized liquid extraction (PLE) with organic solvents (Carabias-Martínez et al., 2006) or hot water (Cortés et al., 2013). After extraction, the clean-up and preconcentration of extracts were performed by solid-phase extraction (SPE), except in the method employing hot water as extraction solvent that applied hollow fiber liquid-phase microextraction (HF-LPME) (Cortés et al., 2013). The determination of ECs in cereals have been usually done by gas or liquid chromatography coupled to tandem mass spectrometry (GC-MS/MS or LC-MS/MS, respectively), being gas chromatography, a lower cost technique offering a good sensitivity, although some compounds need derivatization before their determination. There is still a lack of simple analytical methods for the determination of ECs in crops due to the low concentrations expected, the complexity of the matrices and the characteristics of the compounds. Therefore, the main objective of this study was to develop a selective, sensitive, and efficient analytical method for quantitative determination of different types of ECs in four highly consumed cereals (wheat, barley, oat, and rice) by GC-MS/MS and to provide data regarding their presence in staple food.



MATERIALS AND METHODS


Chemicals and Reagents

Standards of 4-n-NP, BPA, BPF, MeP, PrP, ibuprofen, mefenamic acid, carbamazepine, diclofenac, allopurinol and paracetamol (all purity > 97%), NP technical grade (mixture of ring and chain isomers), N-(tert-butyldimethylsilyl)-N-methyl-trifluoroacetamide (MTBSTFA, purity ≥ 95%) with 1% tert-butyldimethylchlorosilane (TBDMCS) were acquired from Sigma-Aldrich (St. Louis, MO, USA). Ultrahigh purity water was obtained from a MilliQ water purification system (Millipore, Spain).

Acetonitrile (ACN), ethyl acetate (EtAc), and methanol (MeOH), for GC residue analysis, were supplied by Aldrich (Steinheim, Germany). Formic acid (purity ≥ 98%) was acquired from Acros Organics (Geel, Belgium). Ammonium hydroxide (NH4OH, ≥32%) and primary secondary amine (PSA) bulk adsorbent were purchased from Scharlab (Barcelona, Spain).

Individual stock solutions (1 mg/mL) of each compound were prepared in ACN, except for diclofenac and paracetamol that were prepared in ACN:MeOH (90:10 v/v), allopurinol in dimethyl sulfoxide and mefenamic acid in EtAc. A working mixture solution at 1 μg/mL was prepared in ACN (except for carbamazepine and diclofenac that were at 4 μg/mL due to their low MS response). All the standard solutions were stored in amber vials at −20°C prior to use.



Cereal Samples

Barley (B), rice (R), wheat (W), and oat (O) were the cereals chosen for this study. Six samples (two barley, two oat and two wheat samples) were taken directly from agricultural fields located in Madrid (Spain). Four of these samples were from fields amended annually for 3 consecutive years with dewatered (B1, O1) or thermally dried sewage sludge (W2), or with pruning waste composted with sewage sludge (O2), whereas one barley sample (B2) was from a field fertilized once with composted poultry manure and one wheat sample (W1) was from a field with mineral fertilization, which was used in the development of the analytical method. The other ten samples were purchased in grocery stores: two wheat (W3 and W4), two barley (B3 and B4), two oat (O3 and O4), and four rice samples (R1–R4). The grains were separated from chaff manually employing a metallic sieve that was thoroughly cleaned and rinsed with acetone to avoid cross contamination. Samples were maintained in glass jars at −20°C until ground using a laboratory mill.



Sample Preparation

A 2 g sample of ground cereal grains was placed into a 20 mL glass column with a cellulose paper filter of 2 cm diameter at the bottom and closed with a one-way stopcock. Then, 7 mL of AcEt:MeOH (90:10 v/v) containing 3% of NH4OH were added to the column that was sonicated during 15 min in an ultrasonic water bath at room temperature. The extract was subsequently collected in a conical tube with a multiport vacuum manifold and evaporated to dryness. A second extraction of the sample with 7 mL of AcEt:MeOH (90:10 v/v) containing 3% of formic acid was performed. This extract was collected and evaporated to dryness in the same tube of the previous extraction step. The residue was reconstituted to 1 mL with ACN, transferred to a 2 mL-Eppendorf tube and subjected to dispersive solid-phase extraction (dSPE) with PSA (50 mg) vortexing during 2 min and centrifuging 10 min (6,000 rpm, 20°C). An aliquot of the extract was transferred to a 2 mL amber vial for its GC-MS/MS analysis.

In the recovery assays, samples were spiked and stored at 4°C for 24 h before carrying out the extraction procedure.



Chromatographic Analysis

GC-MS/MS analysis of 11 ECs (NP isomers not included) was performed on an Agilent 7890A (Waldbronn, Germany) gas chromatograph coupled to an Agilent 7000 triple quadrupole mass spectrometer. Separations were carried out using an Agilent HP-5MS ultra inert capillary column (30 m × 0.25 mm i.d. and 0.25 μm film thickness), from Agilent (USA). Helium (purity 99.995%) was used as carrier gas at a flow-rate of 1 mL/min. Two-layer sandwich injections were carried out with the injector port at 300°C into an ultra-inert fritted liner, drawing 1 μl of sample and 0.5 μl of MTBSTFA:TBDMCS (99:1, v/v) in pulsed splitless mode (pulsed pressure 45 psi for 1.5 min and flow rate of 60 mL/min) with the purge valve activated 1.5 min after sample injection. The column temperature was initially set at 80°C (kept for 0.5 min) and increased at 10°C/min to 180°C, then it was programmed at 20°C/min to 280°C (held 8 min). The total analysis time was 23.5 min and the run was carried out with a solvent delay of 10 min.

Firstly, retention times and mass spectra of all analytes were acquired in the full scan mode (mass range from 50 to 500 m/z, scan time of 150 ms and ion source temperature of 230°C). The mass spectrometer was operated in electron impact ionization mode at 70 eV with the electron multiplier set to a gain factor of 4. Precursor ions were chosen taking into account a high ion m/z and abundance. The product ion spectra were obtained by the dissociation of the precursor ions at collision energies ranging from 5 to 50 eV. Multiple reaction monitoring (MRM) was employed for quantitative analysis, using one quantifier and one qualifier transitions to identify each target analyte. Table 1 lists the analytes studied along with their retention times and mass spectrometric parameters. For positive confirmation, quantifier-qualifier ratios must range within 20% uncertainty and retention time must be within ± 0.2 min of the expected time. The quantification of the studied compounds was accomplished by matrix-matched calibration.


Table 1. Mass spectrometry parameters and retention times (tR) of the 11 ECs for the GC-MS/MS method.
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The chromatographic analysis of the mixture of NP isomers (NPs) was based on a method for the analysis of NPs in river water that did not require derivatization (Shimadzu, 2014) that was modified by programming the GC oven to reach 300°C at a faster rate. The eight product ions from four precursors reported by Shimadzu (2014) were tested with collision energies that ranged from 5 to 50 eV. Finally, two transitions were selected, 135 > 107 as quantifier and 135 > 95 as qualifier, both with 15 eV of CE. These transitions are representative of the following NP isomers: 4-(2,4-dimethylheptane-2-yl)-phenol (NP1), 4-(3,6-dimethylheptane-3-yl)-phenol (NP2), 4-(3,5-dimethylheptane-2-yl)-phenol (NP3), 4-(3-ethyl-2-methylhexane-2-yl)-phenol (NP4) and 4-(2,3-dimethylheptane-2-yl)-phenol (NP5). The injection of 2 μL was carried out in pulsed splitless mode (in the same conditions mentioned above) with the injector port at 250°C. The column temperature was kept at 50°C for 1 min and increased at 15°C/min to 300°C. The total analysis time was 17.7 min and the run was carried out with a solvent delay of 8 min.



Quality Assurance/Quality Control

The quality assurance and quality control criteria used for this method included the analysis of reagent blanks. BPA, MeP, and PrP were detected in some reagent blanks, at levels lower than 4 ng/mL (equivalent to 2 ng/g). One reagent blank was run with each set of three cereal samples to control potential contamination from the preparative steps and to demonstrate laboratory background levels. The concentration of the studied compounds obtained in the analyzed reagent blank samples were subtracted from the concentration levels determined in the cereal samples. In order to avoid memory effects, the liner in the injection port was changed frequently and the injection of neat EtAc was done after three sample injections. In order to minimize BPA contamination, glassware was employed that was thoroughly rinsed with acetone before use. The developed method was validated in terms of linearity, intra-day precision, within-lab reproducibility, accuracy, and detection and quantification limits.



Statistical Analysis

Data analyses were performed using the statistical package Statgraphics Plus, release 5.0 (Manugistics, Maryland, USA).




RESULTS AND DISCUSSIONS


Gas Chromatographic Determination

The ECs studied possess functional groups with active hydrogen atoms so, in order to improve their thermal stability, volatility, and GC behavior, a chemical derivatization of these groups was required before their analysis. Silylation with MTBSTFA:TBDMCS (99:1, v/v) to form t-butyldimethylsilyl derivatives was an effective approach for their determination in aquatic plants (Aznar et al., 2017). The reaction was carried out mixing 100 μL of the extract with 50 μL of derivatizing reagent and keeping the vial at 70°C for 60 min. This off-line procedure was compared with an on-line derivatization carried out in the injection port employing the same reagent:sample ratio. For the on-line reaction, a two-layer injection drawing 1 μL of sample and 0.5 μL of the silylation reagent was performed. The MS responses observed were very similar with both derivatization procedures.

With the on-line approach, the amount of derivatization reagents is greatly reduced and the derivatization time is shortened while the decomposition of the derivatives is avoided or at least reduced. Moreover, injection port derivatization requires less manipulation of toxic reagents compared to manual derivatization. These advantages imply a lower cost of the analysis. In a previous study, the determination of BPA in cereals by GC-MS was carried out employing acetic anhydride in a K2CO3 solution to form the di-ester derivative of the target analyte that was then extracted with isooctane followed by methyl tert-butyl ether (Cao et al., 2011). This method involved several steps before the chromatographic analysis making the procedure tedious and time-consuming.

The MS response of target analytes may be affected by the presence of matrix components; therefore, the matrix effect was evaluated preparing a set of five standard solutions in the range from 2 to 500 ng/mL in ACN (for diclofenac and carbamazepine the concentrations ranged from 8 to 2,000 ng/mL) and another set spiking blank cereal extracts in the same concentration range. The slopes obtained by plotting concentration at five levels against peak area, following linear regression analysis, were compared. In general, the compounds were slightly affected by the presence of matrix components, with slope ratio ranging from 0.8 to 1.2. Although an increase of the response due to matrix effects is frequently observed in gas chromatographic analyses, in this case, a significant decrease of the MS responses was observed in three analytes (paracetamol, mefenamic acid, and carbamazepine) with slope ratios <0.3, probably due to the presence of coextractives that hindered the derivatization process. Matrix-matched standards were employed to counteract the matrix effects observed.



Extraction Procedure

The selective extraction of analytes from complex matrices, such as cereals, is a very complicated task, because these matrices contain a large variety of compounds that may hinder their analysis. The optimization of the extraction procedure was carried out with the wheat sample W1 because it was collected from an agricultural field that had not been treated with organic amendments, only with mineral fertilization. In first place, UAE of 2 g of ground wheat grains was performed with EtAc at two pH conditions, using EtAc containing 3% NH4OH (7 mL) in a first extraction step followed by two additional UAE steps with EtAc containing 3% formic acid (2 × 5 mL). These starting conditions were selected based on our previous experience in the analysis of ECs in environmental matrices, because the extraction with organic solvent in acidic conditions (ACN or EtAc) enhanced the recovery of acidic compounds, such as mefenamic acid, and a previous extraction with the organic solvent containing NH4OH improved the extraction of other pharmaceutical compounds (Aznar et al., 2014, 2017; Albero et al., 2017). The extracts showed turbidity and had to be filtered before their chromatographic analysis. In general, good recoveries (>76%) were obtained for all the target analytes (except for allopurinol), although some of these results showed a high variability. Thus, a cleanup step by dSPE with PSA was assayed to reduce the coextraction of interferences that could cause the variability of these results. With this procedure, cleaner extracts were achieved with similar recoveries of the target compounds, so dSPE was selected as cleanup step for the following assays (data not shown).

The effect of the solvent polarity and the use of sorbents to improve the extraction yields and the cleanup of the samples in the UAE process were evaluated. Thus, an increase of the polarity of the extraction solvent by using a 10% of MeOH in the extraction solutions employed in the previous assay was assessed and better results were obtained in presence of MeOH (Figure 1). In addition, the effect of adding C18 or Florisil (1 g) at the bottom of the column, before placing the sample, to eliminate interferences was evaluated with the basic and acidic extraction solutions containing 10% MeOH, and results were compared with the extraction performed without sorbents. Results showed that similar recoveries were obtained when no sorbent or C18 were used, but a higher variability in the results was observed for some analytes when C18 was used and a decrease in the recovery of some of the evaluated compounds was obtained with Florisil (Figure 2). According to these results, the use of sorbents for a simultaneous extraction and cleanup of samples did not provide a significant improvement of the results, so subsequent assays were done without the addition of sorbents to the column. Finally, in order to shorten the procedure and reduce the consumption of solvents the extraction with two sonication cycles, with AcEt:MeOH (90:10, v/v) containing 3% of NH4OH (7 mL) and AcEt:MeOH (90:10, v/v) containing 3% of formic acid (7 mL) was tested and compared to the extraction carried out with three sonication cycles (the first cycle with 7 mL of the basic extraction solution and then the other two cycles with 5 mL of the acidic extraction solution (Figure 3). The results showed that, in general, three sonication cycles did not improve the extraction yields. Therefore, two sonication cycles, followed by a cleanup with PSA by dSPE, were selected for this study.
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FIGURE 1. Effect of MeOH in the extraction mixture on the recovery of ECs from ground wheat grains spiked at 150 ng/g. Three UAE cycles, the first with EtAc:MeOH (90:10, v/v) containing 3% of NH4OH (7 mL) and the two others with EtAc:MeOH (90:10, v/v) containing 3% of formic acid (5 mL), and the comparison using the mixture without MeOH.
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FIGURE 2. Effect of adding 1 g of sorbent (C18 or Florisil) in the column on the recovery of ECs from ground wheat grains spiked at 150 ng/g. The extraction was carried out with three 15 min sonication cycles.
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FIGURE 3. Effect of the sonication cycles on the recovery of ECs from ground wheat grains spiked at 150 ng/g. First cycle with AcEt:MeOH (90:10, v/v) containing 3% of NH4OH (7 mL) and the other with AcEt:MeOH (90:10, v/v) containing 3% of formic acid (7 mL for one cycle and 5 mL for two cycles).




Method Validation

After the optimization of the method using wheat grains, the method performance was evaluated for all the cereals selected in this study in terms of linearity, accuracy, repeatability, and limits of detection and quantification for the analysis of the mixture of 11 ECs in a first step and subsequently for the NPs that are discussed afterwards.

The linearity of the method was evaluated injecting a set of five solutions prepared spiking blank grain extracts at a concentration range from 1 to 250 ng/g for the studied compounds (4–1,000 ng/g for carbamazepine and diclofenac). Correlation coefficients were ≥0.99 for all the compounds in the different cereal extracts.

The accuracy of the method was evaluated performing the recovery of target analytes from cereal grains. Samples were spiked with 100 μL of the corresponding standard mixture of the ECs and kept at 4°C until the next day. The recovery was carried out at two spiking levels, 50 and 5 ng/g (except for carbamazepine and diclofenac that were spiked at 200 and 20 ng/g). The recovery at 150 ng/g (600 ng/g for diclofenac and carbamazepine) carried out with wheat samples during the optimization of the extraction method is also included in Table 2. As shown in Table 2, recoveries ranging from 68 to 119% with relative standard deviations (RSD) <18% were obtained for all the compounds except for allopurinol, with recoveries ranging from 30 to 66% with RSD ≤ 12%. Our results were of the same order than those reported by other authors for NP, BPA, BPF, MeP, PrP, diclofenac, and carbamazepine in cereal products (see Table 3) or higher than those reported for ibuprofen and paracetamol in barley that were <59% (Picó et al., 2019). Regarding allopurinol, it has not been previously determined in cereals so we cannot compare our results with those of other authors. Most of the works found in the scientific literature have focused on the determination of allopurinol in biological fluids, such as plasma or urine. Liu et al. (2013) reported recoveries <56% for allopurinol in human urine. In the determination of allopurinol in environmental samples, Aznar et al. (2014) obtained very similar results for soil samples.


Table 2. Mean recoveries and relative standard deviations (%) obtained for the selected ECs in different cereal samples (n = 3).
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Table 3. Determination of ECs in cereal samples.
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The intra-day precision, or repeatability, was determined by analyzing on the same day seven replicates of each cereal studied that was spiked at 5 ng/g. The intra-day precision, expressed as RSD, was <15% for all compounds in the different cereals. The within-lab reproducibility was evaluated by determining on 3 different days four replicates of each matrix at the lowest spiking levels. The within-lab reproducibility, expressed as RSD, was <23%.

The limits of detection (LODs) and quantification (LOQs) of the developed method were calculated after the analysis of seven replicates of each of the four matrices assayed spiked at the lowest recovery level (5 ng/g) as the minimum amount of analyte detectable with a signal-to-noise ratio of 3 and 10, respectively. As shown in Table 4, the LOQ values for the mixture of 11 ECs ranged from 0.1 to 6.8 ng/g and the LODs from 0.03 to 2.0 ng/g. The limits obtained in the developed method were lower than those reported for pharmaceuticals in cereal products by Cortés et al. (2013) and Picó et al. (2019) (see Table 3). Concerning BPA, our limits are higher than those reported by Liao and Kannan (2013, 2014) and Azzouz et al. (2020) but lower than those included in the studies by Niu et al. (2012) and Carabias-Martínez et al. (2006).


Table 4. Limits of detection (LODs, ng/g), quantification (LOQ, ng/g) achieved for the cereals studied (n = 7).
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Regarding the analysis of the NPs, the extraction procedure developed for the 11 ECs studied was tested carrying out recovery studies with the four cereals spiked with a mixture of NPs at a concentration of 50 ng/g. The developed method showed good recoveries and reproducibility for the NPs in all the cereal matrices (≥92%, with RSD <9%). The LOD and LOQ for NPs were calculated after the analysis of eight replicates of extract from wheat, barley, oat and rice at the level of 50 ng/g. As shown in Table 4, the LOQ values ranged from 2.4 to 16.2 ng/g. These values are in the range of those reported by Carabias-Martínez et al. (2006).



Application to Real Samples

The developed method was applied to the analysis of ECs in 16 samples of cereals that were collected directly from agricultural fields or purchased in grocery stores. Table 5 depicts the concentrations of ECs residues found in the samples analyzed. BPA was detected in all the samples with a high variability in the levels found that ranged from 1.6 to 1,740 ng/g. The highest BPA levels were detected in samples that were collected from fields treated with different organic amendments, 173 to 1,740 ng/g. Due to the low number of samples evaluated and the ubiquitous presence of this compound in cereals, further studies should be done in order to assess the effect of the organic soil treatments in the BPA levels. However, the presence of this compound in all samples indicated that BPA should be one of the target compounds to be analyzed in cereals. BPA was the EC most commonly determined in cereals or cereal products and the levels and frequency of detection were variable (Table 3). In general, lower BPA levels than those found in the present work were reported in previous works. In a survey carried out in nine Chinese cities where 289 food samples were collected, BPA was found in 69% of the 39 cereal or cereal-based food samples analyzed with levels that ranged up to 130 ng/g found in baked bread (Liao and Kannan, 2014). However, when Liao and Kannan (2013) monitored BPA and analogs in food in the United States, the levels of BPA in cereal products did not exceed 2.5 ng/g. Cao et al. (2011) detected low levels of BPA (0.4–1.73 ng/g) in some composite samples of bread and cereals; although they also observed BPA in yeast (8.52 ng/g) and reported that the low levels of background BPA found in bread could be due to the yeast. Very low levels of BPA (from 0.02 to 0.62 ng/g) have been recently reported by Azzouz et al. (2020) in 13 different cereal-based food; thus, BPA was found in all the samples except “sesame regañas.”


Table 5. Mean concentration and standard deviation (ng/g) of the ECs detected in cereal samples (n = 3).
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The other bisphenol studied, BPF, was mainly found in rice samples at lower levels (12.5–22 ng/g) and less frequently than BPA (31%). BPF is one of the main substitutes of BPA in the manufacturing of polycarbonate plastics and epoxy resins. The analysis of soil samples from several Spanish areas showed BPF in all industrial soils and in one agricultural soil sample (Pérez et al., 2017). The levels found in our study are higher than those reported 7 years ago for cereal products, but these higher values could be expected as a consequence of replacing BPA by other analogs (Liao and Kannan, 2013, 2014).

Ibuprofen was the only pharmaceutical compound detected in three cereal samples at levels that ranged from 0.5 to 4.9 ng/g. The presence of this compound in cereal grains has not been previously reported. Nevertheless, the use of wastewater effluents for crop irrigation could result in the uptake of pharmaceuticals by plant roots and their translocation to edible parts, thus entering the food chain (Madikizela et al., 2018). Additionally, an increase of pharmaceutical residues in soil is expected due to the growing demand for alternative irrigation resources and the increasing application of sewage sludge to agricultural fields.

In our study, MeP was detected in 69% of the samples but quantified only in 50% of them with concentration levels that ranged from 1.5 to 10 ng/g. PrP was only found in two samples (oat and rice) at levels up to 8.0 ng/g. Liao et al. evaluated the occurrence of parabens in foodstuff from China and the United States (Liao et al., 2013a,b) and the frequency of detection of MeP and PrP was very similar in both countries, 97–98% for MeP and 72–81% for PrP. Furthermore, the mean concentration of both parabens was also analogous, being in China MeP: 16.6 ng/g and PrP: 1.9 ng/g and in the USA MeP: 14.4 ng/g and PrP: 1.2 ng/g, although the range of concentrations found were higher in products from the United States (see Table 3). Seven parabens were analyzed by Azzouz et al. (2020) and MeP, ethylparaben and isopropropylparaben were detected in 46–54% of the samples at very low levels (0.02–0.45 ng/g) but PrP was not detected in any sample. The lower levels and frequency of detection in our study may be explained by the banning of five parabens in the European Union and the new maximum concentration of PrP and butylparaben allowed in cosmetic products, 0.14% when used individually or together instead of the 0.4% when used individually or 0.8% when used combined that were previously permitted (European Commission, 2014).

Finally, 4-n-NP was detected in six samples although only in one sample the concentration was above 1 ng/g. Recently, Azzouz et al. (2020) reported very low levels of 4-n-NP (from 0.09 to 0.24 ng/g) in 46% of the samples analyzed. The fact that 4-n-NP had a low detecting frequency in our real samples showed that this isomer may not be a good indicator of the presence of NPs in samples and it was necessary the determination of other NP isomers. This hypothesis was mainly based on the fact that NPs have been described as ubiquitous in the environment, and high concentrations have been detected in fatty and non-fatty food (Guenther et al., 2002; Lu et al., 2007). Niu et al. (2012) reported that linear and branched isomers of 4-NP were found in all the cereal samples analyzed (a total of 42 samples of rice, maize and wheat).

The analysis of the 16 samples of cereals showed that NPs were detected in all the samples with levels that ranged from 13 to 484 ng/g. Our levels were in line with those reported by Niu et al. (2012), with mean values of 43.3, 139.4, and 396.8 ng/g for rice, maize, and wheat, respectively (with a concentration range from 9.4 to 1683.6 ng/g). As indicated above, five of the cereal samples came from fields treated with different organic amendments but the NPs content of these samples was in the same range that the levels found in samples purchased from local supermarkets (Table 5). The mean concentration of NPs collected from fields treated with organic amendments was 109 ng/g whereas it was 126 ng/g for the other samples. The mean concentrations in wheat, barley, oat and rice were 49, 90, 142, and 184 ng/g, respectively.




CONCLUSIONS

A selective and efficient analytical method, based on UAE and dSPE cleanup, was developed for the determination of different types of ECs in cereal grains by GC-MS/MS. The method was validated for four highly consumed cereals (wheat, rice, oat, and barley). The developed method showed satisfactory recovery values for most compounds, and LOQs were from 0.1 to 16.2 ng/g.

BPA was found in all the samples, being the highest levels detected in samples collected from fields treated with different organic amendments, therefore further studies should be conducted in order to assess the effect of organic soil amendments on BPA levels in cereals. The greater relative presence of BPF, compared to works carried out a few years ago, could be due to the fact that this bisphenol is a substitute for BPA in industrial processes. An increase of levels of BPF and other ECs, such as some pharmaceutical compounds, in environmental and foodstuffs matrices should be expected due to the growing use of recycled water, and the increasing application of organic amendment to agricultural fields. The results obtained in our study showed that 4-n-NP, which is usually used as an indicator of the presence of NPs in food samples, is not a good target compound and it is important to determine other NP isomers. These NPs were detected in the 100% of the samples analyzed. In summary, the detection of BPA and NPs in all cereal samples evaluated points out the importance of knowing the concentration of these compounds in cereals and to further assess the effect of agricultural practices in their levels.
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The cyclic depsipeptide FR900359 (FR) isolated from the plant Ardisia crenata and produced by endosymbiotic bacteria acts as a selective Gq protein inhibitor. It is a powerful tool to study G protein-coupled receptor signaling, and has potential as a novel drug for the treatment of pulmonary diseases and cancer. For pharmacokinetic studies, sensitive quantitative measurements of drug levels are required. In the present study we established an LC-MS/MS method to detect nanomolar concentrations of FR and the structurally related natural product YM-254890 (YM) in biological samples. HPLC separation coupled to ESI-QTOF-MS and UV-VIS detection was applied. For identification and quantification, the extract ion chromatogram (EIC) of M+1 was evaluated. Limits of detection (LOD) of 0.53–0.55 nM and limits of quantification (LOQ) of 1.6–1.7 nM were achieved for both FR and YM. This protocol was subsequently applied to determine FR concentrations in mouse organs and tissues after peroral application of the drug. A three-step liquid-liquid extraction protocol was established, which resulted in adequate recovery rates of typically around 50%. The results indicated low peroral absorption of FR. Besides the gut, highest concentrations were determined in eye and kidney. The developed analytical method will be useful for preclinical studies to evaluate these potent Gq protein inhibitors, which may have potential as future drugs for complex diseases.

Keywords: drug levels, FR900359, Gq inhibitor, LC-MS/MS, preclinical experiments, quantification, quantitative analysis, YM-254890


INTRODUCTION

The structurally related natural macrocyclic depsipeptides, YM-254890 (YM) and FR900359 (FR, see Figure 1 for structures) have been described as potent and selective inhibitors of Gq proteins (Takasaki et al., 2004; Schrage et al., 2015). YM is synthesized by Chromobacterium sp. (Taniguchi et al., 2003) while FR has been isolated from the leaves of the ornamental plant Ardisia crenata Sims (Fujioka et al., 1988) and is produced by the bacterial endophyte Candidatus Burkholderia crenata (Carlier et al., 2016). The genome analysis of Candidatus Burkholderia crenata reveals that secondary metabolism may be a key function for the Ardisia crenata leaf nodule symbiosis (Carlier et al., 2016). The structure of both depsipeptides differs only in two residues, resulting in a higher lipophilicity of FR as compared to YM: FR contains a propionyl instead of an acetyl residue and an isopropyl instead of a methyl group (Figure 1, highlighted in gray circles). The total synthesis of both compounds and several analogs was accomplished by a multi-step process (Xiong et al., 2016).


[image: Figure 1]
FIGURE 1. Chemical structures of the macrocyclic depsipeptides YM-254890 (left) and FR900359 (right).


As YM and FR represent the only available non-protein entities with a highly specific inhibitory activity toward heterotrimeric G proteins, interest in these compounds within the scientific community has been immense (Chua et al., 2017; Kamato et al., 2017; Kostenis et al., 2020; Zhang et al., 2020). Binding of YM and FR to the Gαq protein subunit is believed to prevent nucleotide exchange of GDP for GTP which keeps the heterotrimeric G protein arrested in its inactive state (Nishimura et al., 2010; Schrage et al., 2015). Inhibition of Gq signaling has been investigated in several disease models, and FR in particular, due to its long residence time (Kuschak et al., 2020), was found to be a promising drug candidate for the treatment of complex diseases such as asthma (Matthey et al., 2017), hypertension (Meleka et al., 2019), metabolic syndrome (Klepac et al., 2016), and cancers (Onken et al., 2018; Annala et al., 2019; Lapadula et al., 2019).

The aim of this study was the development of a sensitive and accurate method for the quantitative determination of FR and YM in different animal tissues, which is crucial for preclinical studies. We developed a three-step liquid-liquid extraction (LLE) method along with an LC-MS/MS protocol to detect and quantify nanomolar concentrations of FR and YM in mouse tissues and blood serum.



MATERIALS AND METHODS


Chemicals

FR was isolated as previously described (Schrage et al., 2015). YM was purchased from Wako Chemicals GmbH (Neuss, Germany) with a declared purity of >95%. Stock solutions (1 mM) were prepared in dimethylsulfoxide and stored at −20° C. Dilutions were generated by appropriate dilution of the corresponding stock solutions with methanol/water (1:1) containing 2 mM ammonium acetate and 0.1% formic acid. Chromatography solvents and samples were prepared with LCMS grade methanol, MS grade formic acid (VWR, Leuven, Belgium) and deionized water. Ammonium acetate was purchased from Sigma-Aldrich (Schnelldorf, Germany).



Preparation of Standard Solutions for Calibration

FR and YM were weighed and dissolved in methanol to create stock solutions of each compound. Subsequently, nine dilutions were prepared from each of the stock solutions to create standard calibration curves with concentrations ranging from 0.5 nM to 10 nM (YM) or from 0.5 nM to 20 nM (FR). Limits of detection (LOD) and limits of quantification (LOQ) were determined by measurement of calibration curves using the developed LC-MS/MS method (see section Quantitative analysis of FR and YM). For quantitative analysis in tissue samples, a calibration curve for FR was determined using 10 standard dilutions ranging from 10 to 2,000 nM.



Extraction and Quantification of FR From Mouse Tissue Samples

Animal experiments were approved by the local ethics committee and carried out in accordance to the guidelines of the German Animal Welfare Act with approval by the local government authorities (Landesamt für Natur, Umwelt und Verbraucherschutz Nordrhein-Westfalen, NRW, Germany).

A single dose of FR (0.2 mg in 200 μL 1:10 DMSO in 0.9% NaCl) was applied orally to CD-1 mice by a stomach tube. Animals were sacrificed after ~1.25 h and organs as well as plasma were harvested and snap-frozen. FR was extracted by a 3-step liquid-liquid extraction (LLE) method, and quantified by the developed LC-MS/MS protocol (see section Quantitative Analysis of FR and YM).

Blood plasma samples were diluted 1:10 in methanol containing 2 mM ammonium acetate and 0.1% formic acid, and centrifuged at 15,000 g for 20 min at room temperature (step 1). Organic solvent was removed from the supernatant at 200 mbar and 40° C by a SpeedVac (Thermo Fisher Scientific, MA, USA), The residual pellet was dissolved in 100 μl methanol and subjected to LC-MS/MS analysis.

Solid tissue samples (250 mg) were mixed with 1 ml methanol containing 2 mM ammonium acetate and 0.1% formic acid (step 1). Samples were subsequently homogenized in a TissueLyzer (Qiagen, Venlo, Netherlands) for 8 min at 50 strokes/min and centrifuged at 15,000 g and 4° C for 15 min. The supernatant was collected, and the extraction procedure was repeated twice by using pure methanol for the subsequent extractions (step 2–3). The collected extracts were centrifuged at 15,000 g for 30 min. The supernatant was transferred to a SpeedVac and the organic solvent was removed at 200 mbar and 40° C. The residual pellet was dissolved in 100 μl of methanol, vortexed, and centrifuged for 5 min at 15,000 g; the resulting supernatant was subjected to LC-MS/MS analysis.

To determine the recovery rate of FR, organs of non-treated mice were extracted using an extraction buffer spiked with 100 nM FR. The recovery rate was calculated by comparing the measured concentration with the expected concentration (for details see Supporting Information).




LC-MS/MS INSTRUMENTATION AND ANALYTICAL CONDITIONS


Quantitative Analysis of FR and YM

Chromatographic separation was performed by HPLC (Dionex Ultimate 3000, Thermo Fisher Scientific, MA, USA) equipped with an integrated variable wavelength detector coupled to a micrOTOF-Q mass spectrometer (Bruker, MA, USA) with an electrospray ion source. An EC50/2 Nucleodur C18 Gravity 3 μm column (Macherey & Nagel, Dueren, Germany) was used for chromatographic separation. Nitrogen was supplied by a high purity generator (Parker G4600E, Parker Hannifin Manufacturing ltd., Gateshead, UK) and used as carrier gas. The sample solution (5 μl) was injected at a flow rate of 0.3 mL/min. The two mobile phases were A (40% aq. methanol containing 2 mM ammonium acetate and 0.1% formic acid) and B (methanol, 2 mM ammonium acetate, 0.1% formic acid). The run started with 100% A. After 1 min, a gradient was started reaching 100% eluent B within 9 min. Then, the column was flushed for 5 min with solvent B. Positive full scan MS was recorded from 200 to 1,500 m/z. The extract ion chromatogram (EIC) of 1002.54 ± 0.01 m/z was used for the identification and quantification of FR by the QuantAnalysis program (Bruker, MA, USA). An EIC of 960.49 ± 0.01 m/z was employed for the identification and quantification of YM.



Data Analysis

If not otherwise indicated, three independent experiments were performed. Data points in graphs are shown as means ± standard error of the mean (SEM). Data analysis and plotting was performed using GraphPad PRISM, Version 7.0 (GraphPad, San Diego, CA, USA).




RESULTS


Development and Validation of a Sensitive Analytical Method

Due to the close structural similarity and the high lipophilicity of FR and YM, their chromatographic separation turned out to be a major challenge. Initial experiments utilizing a neutral, a basic or an acidic buffer all resulted in peak broadening. Also, employing various reversed phase columns (Phenomenex® Hydro-RP, Max-RP, Polar-RP, and Fusion-RP) did not solve the problem. Finally, an EC50/2 Nucleodur C18 Gravity 3 μm column and a water/methanol-based gradient elution (see section Quantitative analysis of FR and YM) resulted in separation of YM and FR providing baseline-separated peaks for both molecules (Figure 2A).


[image: Figure 2]
FIGURE 2. (A) Base peak chromatograms of FR900359 and YM-254890 simultaneously detected. (B) EIC of FR900359, m/z ratio: 1002.54 ± 0.01. (C) EIC of YM-254890, m/z ratio 960.49 ± 0.01.


The established method was validated by determination of linearity, precision, accuracy, limit of detection (LOD), and limit of quantification (LOQ) for both FR and YM (summarized in Table 1 and Supplementary Table 1). The results of intra-day and inter-day precisions and accuracies were calculated by evaluating compound concentrations ranging from 0.5 to 20 nM. The results were within the acceptable limits set by the FDA guideline “Bioanalytical Method Validation Guidance for Industry” (05/24/18). For FR, an LOD of 0.553 nM and an LOQ of 1.68 nM, and for YM an LOD of 0.525 nM and an LOQ of 1.59 nM were determined. The calibration curve for both FR and YM showed a linearity of ≥ 0.99, up to the highest tested concentrations of 2,000 nM (see Supplementary Figure 1).


Table 1. Validation of LC/MS-MS method for the quantitative analysis of FR and YM.

[image: Table 1]

Specificity was achieved by using an EIC of 1002.54 ± 0.01 mass-to-charge ratio (m/z) for FR (Figure 2B) and 960.49 ± 0.01 m/z for YM (Figure 2C). Detected peaks correspond to the calculated m/z ratios considering the isotopic distribution (see Figure 3).


[image: Figure 3]
FIGURE 3. (A) (1) Mass spectrum of FR900359 [x axis: m/z range 999.8–1008.6; y axis: signal intensity in counts per second (cps)]; (A) (2) Calculated mass isotope pattern of FR900359. (B) (1) Top: mass spectrum of YM-254890 [x axis: m/z range 958.4–967.2; y axis: signal intensity in counts per second (cps)]; (B) (2) Calculated mass isotope pattern of YM-254890.




Quantitative Determination of FR in Mouse Serum and Tissues

Next, we applied the developed sensitive analytical method to determine tissue concentrations of FR after peroral application in mice.

As a first step, we had to develop an accurate liquid-liquid extraction method to reliably extract subnanomolar concentrations of FR from mouse tissues while maintaining an acceptable recovery rate. In our first trials, we studied the addition of other macrocyclic drugs as internal standards, including erythromycin and cyclosporin. This failed, however, due to irreproducible results in the presence of FR. FR possibly interacts with these macrocyclic compounds thereby disturbing their extraction and quantification. The best results were achieved using a 3-step liquid-liquid extraction method (for details see section Extraction and Quantification of FR from Mouse Tissue Samples). Utilizing this method, a recovery rate for FR of ~50% on average was obtained (see Supplementary Figure 2). The same method was also used for the extraction of YM and found to be similarly efficient (not shown).

The optimized extraction method was subsequently applied to tissue samples from mice treated with a low dose of FR. Approximately 1.25 h after peroral application of 0.2 mg FR, the highest concentrations of FR were detected in the stomach, as expected, and in the eyes. Low levels were found in kidney, lung, heart, liver, and adipose tissue. In intestine, blood plasma, and brain almost no FR was detectable (Figure 4). These results indicate only moderate peroral absorption of FR. Thus, FR might be used for local application which would reduce a high risk of systemic effects.


[image: Figure 4]
FIGURE 4. Concentration of FR900359 ± SEM in various tissues after oral application of 0.2 mg FR900359 in mice. Animals were sacrificed after ~1.25 h and organs as well as plasma were harvested and snap-frozen. FR900359 levels in organs from three mice were determined.





CONCLUSIONS

The developed quantitative analytical LC-MS/MS method allows sensitive detection of the macrocyclic Gq protein inhibitors FR and YM in (sub)nanomolar concentrations. The established extraction method followed by LC-MS/MS analysis of FR led to highly reproducible results with adequate recovery rates from mouse plasma and tissues, and can likely be applied to other species as well including humans. Our results provide preclinical data for FR as a basis for further research and development of this promising Gq protein inhibitor.
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Drug residues, organic dyes, heavy metals, and other chemical pollutants not only cause environmental pollution, but also have a serious impact on food safety. Timely and systematic summary of the latest scientific advances is of great importance for the development of new detection technologies. In particular, molecularly imprinted polymers (MIPs) can mimic antibodies, enzymes and other biological molecules to recognize, enrich, and separate contaminants, with specific recognition, selective adsorption, high affinity, and strong resistance characteristics. Therefore, MIPs have been widely used in chemical analysis, sensing, and material adsorption. In this review, we first describe the basic principles and production processes of molecularly imprinted polymers. Secondly, an overview of recent applications of molecularly imprinted polymers in sample pre-treatment, sensors, chromatographic separation, and mimetic enzymes is highlighted. Finally, a brief assessment of current technical issues and future trends in molecularly imprinted polymers is also presented.
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INTRODUCTION

Food safety issues causing poisoning or death have become a major concern worldwide. Chemical pollutants, such as agricultural pesticides (Xiao et al., 2019), veterinary drug (Zhou et al., 2018), persistent organic pollutants (Ren et al., 2018), dyes (Im et al., 2017), and heavy metals (Rudd et al., 2016), usually have the characteristics of micro-toxicity, carcinogenesis, refractory degradation, and bioaccumulation (Liu X. et al., 2018; Rutkowska et al., 2018; Tarannum et al., 2020). Contaminants can enter the body through the food chain to cause skin, breathing, gastrointestinal tract, or systemic reactions that can lead to deadly anaphylactic shock that seriously threatens people's health (Ashley et al., 2017; Ghanbari and Moradi, 2017). At present, traditional detection techniques for ultra-low concentrations of chemical pollutants in complex samples include gas chromatography (GC), high performance liquid chromatography (HPLC) and other advanced technologies (Jafari et al., 2009). Although these methods have high sensitivity and good reproducibility, the chromatographic analysis technology still has the disadvantages of expensive laboratory sample pretreatment, complicated equipment, cumbersome sample purification and preparation steps, long processing time, and high requirements for personnel training, which limit its application (BelBruno, 2019). Therefore, the development of new sample pretreatment and rapid detection technologies, accurate quantification of chemical pollutants, effective identification of pollution levels, and food safety are of important research value and significance (Lu et al., 2015; Carvalho, 2017; Piletsky et al., 2020).

In recent years, researchers have proposed to combine molecularly imprinted polymers (MIPs) with conventional detection methods and improve them to obtain highly selective and sensitive detection strategies. Molecularly imprinted polymers are molecules that selectively bind to templated molecules in manufacturing processes through a “lock-and-key” mechanism, involving analytical chemistry, biology, and polymeric materials (Wulff, 2002; Han et al., 2016). In particular, it attracted much attention in the 1977 after Wulff et al. (1977) reported molecular imprinting technology, which uses a specific target molecule as a template to bind to the monomeric form of MIPs. After removal of the template molecule and cross-linking, MIPs have selective recognition sites that are completely complementary to the template molecule in terms of shape, size, and functional group (Huang et al., 2018). Briefly, the synthesis of MIPs mainly involves three steps: (1) Template molecules and functional monomers combine via covalent or non-covalent interactions to form complexes (Figueiredo et al., 2016). (2) The composite is immobilized by adding crosslinking and pore-forming agents (Kupai et al., 2017). (3) The template molecules are eluted, leaving behind polymer template structures matching the target molecules in shape and structure (Ansell and Mosbach, 1998). Therefore, MIPs are highly selective for those target molecules or structural analogs. The target molecules are recognized via hydrophobic interactions, hydrogen bonding, van der Waals forces, or electrostatic interactions. MIPs have the characteristics of structure-activity predictability, specific recognition, and wide applicability (Huang et al., 2011; Sharma et al., 2012; Song et al., 2014; Wei et al., 2015; Lulinski, 2017; Ren et al., 2018; Yuan et al., 2018b; Erturk Bergdahl et al., 2019).

Figure 1 shows that the number of articles on MIPs published in the field of food science and technology and agriculture has been steadily increasing over the past 5 years, and it is very important to summarize the latest progress in this field in a timely and systematic manner to promote scientific progress. This review first describe the basic principles and production processes of molecularly imprinted polymers. Secondly, an overview of recent applications of molecularly imprinted polymers in sample pre-treatment, sensors, chromatographic separation, and mimetic enzymes is highlighted. Finally, a brief assessment of current technical issues and future trends in molecularly imprinted polymers is also presented. This research provides the necessary foundation for promoting the integration of MIPs and multidisciplinary technologies in the future, as well as for further development of MIPs with multifunctional applications.


[image: Figure 1]
FIGURE 1. The growth trend of published articles on MIPs in food science technology and agriculture during 2015–2019 (data collected from Web of Science).




THE SYNTHESIS PROCESS OF MIPs

The synthesis of MIPs is the most common method of production. Briefly, functional monomers interact with target molecules in solution to form a network of complexes with covalent or non-covalent interactions. Based on the rearrangement process between the target molecule and the functional monomer in the polymer, it can be mainly classified into three types of interactions: covalent, non-covalent, and semi-covalent (Canfarotta et al., 2018; Huang et al., 2018; Sposito et al., 2018; Wang H. et al., 2018; Bagheri et al., 2019).

(1) In covalent imprinting, reversible covalent bonds between template molecules and functional monomers are usually used to form stable polymers. The main advantage of this technique is to obtain a very uniform distribution of binding sites in the polymer (Chen et al., 2017).

(2) Non-covalent imprinting is the most common type of interaction and relies mainly on the formation of weak binding interactions between the functional monomers and the template in the pre-polymerized mixture, such as hydrophobic or hydrogen bonding, dipole, and ionic interactions (Ashley et al., 2017).

(3) Semi-covalent imprinting techniques include both covalent and non-covalent imprinting processes, and although the molecular imprinting process is polymerized in the form of covalent bonds, interestingly the target molecule binds to the monomer with non-covalent interactions (Ansari, 2017).

Functional monomers, crosslinkers and initiators are the three basic elements in the synthesis of MIPs, and some commonly used functional monomers, initiators, and crosslinkers are shown in Figure 2. Functional monomers play an important role in the synthesis of all molecularly imprinted polymers by forming specific complexes with templates through covalent or non-covalent interactions. In fact, the functional hydrogen bonds or active substituents provided by the functional monomers not only affect the affinity of the template to the functional monomer molecules, but also determine the mechanical stability and porosity of the polymer (Figueiredo et al., 2016; Singh et al., 2020). The preparation of molecularly imprinted polymers involves the formation of a complex when the functional monomer reacts sufficiently with the template molecule, followed by the addition of a cross-linking agent to immobilize the functional group of the functional monomer onto the imprinted molecule. Finally, a highly cross-linked rigid polymer is formed even after removal of the template (Chen et al., 2016). Figure 3 shows a typical process for the synthesis and recognition of MIPs. Typically, too low an amount of crosslinker decreases the structural stability of the polymer, leading to the shedding of functional monomers. In addition, an excessive amount of cross-linking agent reduces the number of sites recognized by MIPs. Currently, the vast majority of commercial cross-linkers are compatible with molecular imprinting, and a few have the ability to complex with templates, such as ethylene glycol dimethacrylate (EGDMA). Currently, initiation methods can be categorized as thermal, photo,- and electrical initiation. The involvement of the initiator is required to ensure that the molecularly imprinted polymer proceeds as usual and to shorten the reaction cycle. This may even affect the material properties.


[image: Figure 2]
FIGURE 2. Some commonly used MIPs reaction reagents involving functional monomers, cross-linkers, and initiators. MAA, methacrylic acid; AA, acrylic acid; 2-VP, 2-vinyl pyridine; 4-VP, 4-vinyl pyridine; EGDMA, ethylene glycol dimethacrylate; DVB, divinylbenzene; TMPTM, trimethylolpropane-tri methacrylate; MBA, methylene acrylamide; AIBN, azobisisobutyronitrile; AIHN, azodiisopentanyl; BPO, benzoyl peroxide.
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FIGURE 3. The schematic diagram of MIPs synthesis (Azizi and Bottaro, 2020). Reprinted with permission from Elsevier. Copyright (2020) Elsevier.




METHOD OF SYNTHESIS OF MIPs

The increasing refinement of functionalized nanoparticles provides infinite possibilities for the preparation of MIPs. There are many approaches leading to the preparation of MIPs with different host-polymer properties, which can be broadly divided into three approaches: (1) synthesis with the aid of functional monomers with the involvement of templates in the reaction process (2) interconversion using polymer precipitates by introducing incompatible solvents or by evaporation of solvents from solution (3) obtaining polymers by means of soft lithography or surface stamping. The methods of preparation of MIPs based on different polymerization methods are shown in Figure 4. The methods evident in the figure are not exhaustive, but only present possible routes for MIP preparation. Other examples are also discussed in the text. Currently, how to continuously improve the methods and optimize the conditions by incorporating nanoparticles has become the focus of research for the preparation of new MIPs.


[image: Figure 4]
FIGURE 4. Preparation methods of MIPs based on different polymerizations.



Sol-Gel Method

The sol-gel method is one of the most common methods for the preparation of molecularly imprinted polymers due to its intrinsic conversion efficiency and material homogeneity at the molecular level, high solvent, and thermal stability, and one-step preparation process (Beqqali et al., 2017; Guoning et al., 2020). The most common sol-gel method uses methyl orthosilicate (TMOS) or ethyl orthosilicate (TEOS) as a precursor to introduce the imprinted template into the inorganic network structure, which is homogeneously mixed in the solution state and subjected to hydrolysis and condensation chemistry to form highly stable chemically-reacted crosslinked polymers (Dai et al., 2014; Figueiredo et al., 2016; Barsbay and Güven, 2018). The three most notable features of the sol-gel method include (1) Mild operating conditions and simple preparation methods (Liu and Wulff, 2008). (2) The porosity and surface area of the polymer powder/film can be controlled (Wei et al., 2015). (3) The selectivity of the material and the functional units in the proprietary network structure can be significantly improved by the introduction of specific chemical substances (Ma et al., 2015). In order to obtain functionally diverse molecularly imprinted polymer materials, in this section we focus on the modification of polymer materials by introducing different chemical substances to thereby achieve detection and adsorption effects.

Guoning et al. (2020) designed a surfactant-mediated sol-gel system to construct imprinted polymer layers for the preparation of protein MIPs (Figure 5), in which 3-(methacryloxy) propyltrimethoxysilane (MPS) was used as a cross-linker monomer and solvent-containing surfactant was used as a mild hydrolysis system. In this reaction system, a homogeneous solution was obtained, avoiding the disruption of protein structure in the organic solvent environment. The Fe3O4 nanospheres obtained by grafting the imprinted polymer layer onto the surface of the carrier nanoparticles using a surfactant-mediated sol-gel method can undergo rapid magnetic separation and immobilization under an applied magnetic field. Finally, because the large number of non-specific binding sites in MIPs and the abundance of functional groups on the protein surface lead to unavoidable cross-reactions, a blocking strategy was introduced to reduce non-specific cross-reactions and increase selectivity, which reduces the feasibility of MIPs as an alternative to immunoassay antibodies. Using the same approach without using a template, Li et al. (2013) synthesized novel titanium dioxide based MIPs by sol-gel method using sunset yellow as a template. MIPs were used as solid phase extraction materials for the separation and enrichment of sulfonic acid dyes in beverages. The results showed that the MIPs had better selectivity, higher recovery, and adsorption capacity for sulfonic acid dyes compared to non-imprinted polymers (NIPs). In addition, in the case of using functional monomers, Wang et al. (2013) prepared water-soluble MIPs suitable for solid-phase microextraction (SPME) using sol-gel technique with diazinon as template and polyethylene glycol as functional monomer. The limits of detection of organophosphorus pesticides (OPPs) measured ranged from 0.017 to 0.77 μg/kg. The method was applied to cucumber, green pepper, cabbage, eggplant, and The organophosphorus pesticides (OPPs) in lettuce samples were determined in the range of 81.2–113.5% recoveries for each vegetable using the standard addition method.


[image: Figure 5]
FIGURE 5. The principle and procedure for the preparation of MIPs (Guoning et al., 2020). Reprinted with permission from Elsevier. Copyright (2020) Elsevier.




Free Radical Polymerization

Free radical polymerization is initiated by monomeric free radicals containing unsaturated double bonds. Ontopolymerization is one of the most common and widespread methods of preparing MIPs by conventional free radical polymerization, which has the advantages of rapid and simple preparation without the need for complex and expensive instrumentation and purity. However, the whole polymer obtained by ontology polymerization must be crushed, ground, and sieved to the appropriate size, which significantly reduces production efficiency. In addition, grinding operations can result in irregular particle shapes and sizes, which can disrupt some of the high affinity binding sites. Ontopolymerization produces polymers with inhomogeneous binding site distributions, which greatly limits the use of MIPs as chromatography adsorbents. To overcome these drawbacks of ontology polymerization, various attractive polymerization strategies such as suspension polymerization (Zhou et al., 2018), emulsion polymerization (Abdollahi et al., 2018), seed polymerization (Kong et al., 2013; Ma et al., 2015), and precipitation polymerization (Rodriguez et al., 2019) have been proposed. A more uniform distribution of binding sites should be obtained since the post-treatment steps required in ontology polymerization are not required when alternative polymerization strategies are used. In the aforementioned polymerization methods, MIPs are typically prepared by conventional suspension polymerization in the presence of a stabilizer or surfactant and water is used as a continuous phase to suspend the droplets of the pre-polymerization mixture. At the same time, radical polymerization suffers from the disadvantage that the polymer binder is prone to dislodge from the template; therefore, atom transfer radical polymerization (ATRP) and reversible addition-breakage chain transfer (RAFT) polymerization are considered to be the most promising methods for the preparation of MIPs compared to conventional radical polymerization. In 2018, Söylemez's group (Söylemez et al., 2018) prepared atrazine by methacrylic acid (MAA) using RAFT polymerization and using dithiobenzoic acid (CDB) and ethylene glycol dimethacrylate (EGDMA) as the RAFT agent and crosslinking agent, respectively. It was demonstrated that The MIPs synthesized by the RAFT method presented an increase of over 100% in binding capacity at low atrazine feed concentrations compared to those prepared by conventional free-radical polymerization method where no RAFT agent was employed. Also besides, Barsbay and Güven (2018) reported the synthesis of atrazine MIPs polymers RAFT precipitation polymerization methods. The imprinting transfer efficiency of atrazine MIPs was significantly improved compared with the MIPs prepared by conventional precipitation polymerization RAFT-MIPs with spherical spatial structure and a large number of micropores on the surface.

Studies of selectivity and reusability are important for molecularly imprinted polymers, for example: Wang Z. et al. (2018) constructed a molecularly imprinted polymer@silver nanoparticle surface-enhanced Raman scattering (SERS) sensor by in situ preparation of silver nanoparticles in a bisphenol a molecularly imprinted polymer matrix. The in situ formed silver nanoparticles were uniformly distributed and tightly stacked in the matrix, which facilitated hotspot formation and analyte-silver nanoparticle affinity. The molecularly imprinted polymer@silver nanoparticle sensor shows good bisphenol a selectivity for structurally related molecules such as bisphenol AF (BPAF) and diethylstilbestrol (DES).This MIPs@AgNPs sensor has excellent sensitivity and a detection limit of at least 5 × 108 mol/L for BPA. This SERS sensor is easily regenerated by solvent washout and Sodium borohydride reduction was originally realized. This molecularly imprinted polymer@silver nanoparticle SERS sensor has the advantages of simple fabrication, selective identification, high sensitivity, and reusability, and has promising applications. Recently. Arias et al. (2020) synthesized a selective molecularly imprinted solid-phase extraction sorbent and applied it to the extraction of chlorpyrifos, diazinon, and their corresponding oxo forms from aqueous samples, followed by HPLC-UV analysis. Several parameters affecting the extraction of the imprinted polymer, such as the composition and volume of the washing solvent, the elution solvent, and the sample volume, were studied, and under optimal conditions, the method had a detection limit of 0.07–0.12 μg/L and the material had good reusability (more than 50 times). The average recoveries were 796–1,043%. This study shows that molecularly imprinted polymers prepared with diazinon as template molecule have the best recognition ability and significant affinity for these compounds. Therefore, it is a promising alternative method for monitoring chlorpyrifos, diazinphos, and their oxo forms in water samples.



Surface Imprinting

MIPs prepared by traditional polymerization methods often have the shortcomings of deeply embedded binding sites, incomplete template elution, facile template exudation, and slow mass transfer rates (Turiel and Martin-Esteban, 2010). Recently, MIPs have been modified on the surface or the outer layer of a specific carrier, so that most of the specific binding sites are externally distributed. This is conducive for the removal and recombination of template molecules, it reduces the “embedding” phenomenon and migration resistance of template molecules, and it improves both the amount of adsorption and the MIPS mass transfer rate (Carter and Rimmer, 2004; Li et al., 2006). Commonly used carriers are polystyrene microspheres (Sonawane and Asha, 2017), silica (Wang et al., 2017), carbon nanomaterials (Dai et al., 2014), magnetic nanoparticles (Ning et al., 2017), quantum dots (Yu et al., 2017), and metal-organic frameworks (Zhang et al., 2016). The surfaces of imprinted materials are easy to control, and the molecularly imprinted sites are readily exposed to targets. Template molecules can be eluted completely and have low migration resistance when they are adsorbed selectively, which overcomes the embedding phenomenon. The specific surface area is large, the density of imprinting is high, and the adsorption capacity and efficiency are high.

Recently, a highly selective surface molecularly imprinted polymer (SMIP) was prepared on glucose-derived microporous carbon nanospheres (GMCNs) for the removal of phenol from wastewater by surface molecular imprinting technique was reported. Qu et al. (2020) used GMCNs with abundant pore structure and surface oxygen-containing functional groups as the carrier material, and the active layer was constructed by grafting the silane coupling agent 3-(methacryloyloxy) propyltrimethoxysilane, and the schematic of the preparation procedures was presented in Figure 6. The results showed that the excellent adsorption capacity and selectivity of 4-VP/SMIP provided a feasible method for the effective separation of phenol from wastewater. Similarly, Liu et al. (2015) prepared magnetic MIPs (MMIPs) with good specificity and high adsorption capacity via surface molecular imprinting with magnetic C3N4 nanoparticles as carriers and atrazine as a template. The surface of the polymer was rough, the average particle size was 2 μm, the magnetic properties were remarkable, and it exhibited highly selective recognition of atrazine pesticides. Qian et al. (2016) prepared molecularly imprinted thin layers on MOFs via surface imprinting and then modified the surface with a layer-by-layer self-assembly technique for the electrochemical detection of methomyl pesticide residues in pears. The linear range was 0.1–0.9 mg/L, and the detection limit was as low as 0.0689 mg/L.


[image: Figure 6]
FIGURE 6. Schematic diagram of the synthesis of surface molecularly imprinted polymers based on glucose-derived microporous carbon nanoparticles (Qu et al., 2020). Reprinted with permission from Elsevier. Copyright (2020) Elsevier.




Nanoscale Imprinting

Nanoscale imprinting is based on surface imprinting. A nanoscale molecularly imprinted polymer (Jiang et al., 2017) can be prepared by introducing nanoscale materials during the synthesis process of imprinted materials, or by directly using the materials for imprinting. Because nanoscale materials can greatly increase the specific surface area and physicochemical properties, the detection sensitivity of MIPs sensors will be improved, the linear range will be wider, and the detection limit will be lower (Canfarotta et al., 2018). Fluorescence emission or electrochemical signals are possible by incorporating fluorescent or electrochemical nanomaterials in the MIPS synthesis. Commonly used nanomaterials include gold nanoparticles (Figueiredo et al., 2016), quantum dots (Ensafi et al., 2017), carbon nanotubes (Akhoundian et al., 2019), graphene (Duan et al., 2016), magnetic nanoparticles (Piletska et al., 2015), and rare-earth nanoparticles (Liu et al., 2017). Many improve the sensitivity via high specific surface areas, adjustable surface properties, and high electrical conductivity.

Zhao et al. (2017) synthesized novel MIPs from silica-modified multi-wall carbon nanotubes (MWNTs@SiO2) by combining surface MIPs with the sol-gel method. Using phenol as a template, 3-aminopropyltriethoxysilane as a functional monomer, and tetraethoxysilane as a crosslinking agent, the MIPs were grafted onto the surface of an MWNT. The maximum imprinting factor was 3.484. For the detection of 1, 4-dihydroxyanthraquinone, Nezhadali et al. (2016) prepared molecularly imprinted thin films on a carbon nanotube-modified carbon electrode via electropolymerization with pyrrole as functional monomer. Similarly, Zhu et al. (2020) established a sensitive, selective, and visual detection method for erucic acid (SA) based on Mn-ZnS-QDs and silica-coated graphene quantum dot molecularly imprinted polymers (MIPs) coated with double quantum dots (QDs) as a functional ratio fluorescence sensor (Figure 7). The polymers were synthesized by a simple one-pot sol-gel reaction with two fluorescence emission peaks at 580 nm, yellow fluorescence at the Mn-ZnS quantum dot, and blue fluorescence at 445 nm. SA selectively enhances the fluorescence of the quantum dots, but bursts the fluorescence of the Mn-ZnS quantum dots with MIPs@Mn-ZnS/GQDs@SiO2. The ratio of reduction was linearly related to SA concentration in the range of 9–81 nm, with a detection limit of 0.8388 nm (S/N = 3). The constructed fluorescent probe can also be visually detected based on color change.


[image: Figure 7]
FIGURE 7. Schematic illustration for the preparation of the ratiometric fluorescence sensors based on MIPs@Mn-ZnS/GQDs@SiO2 and for the SA detection and recognition (Zhu et al., 2020). Reprinted with permission from Elsevier. Copyright (2020) Elsevier.





POLYMERIZATION TECHNIQUES


Dummy MIPs

Molecularly imprinted polymers were used in sample pretreatment in early research, but with the development of research, many obstacles were created. For example: (1) The target analyte is consumed too much directly as a molecular template. (2) Functional templates and functional monomers do not have good stability during sample preparation. Nevertheless, in 1997, Andersson's group (Andersson et al., 1997) first used a tight structural analog to replace the real target molecule as a template. subsequently, In 2000, Haupt and Mosbach (2000) proposed the virtual molecule based on the concept of imprinted polymers, today, virtual molecularly imprinted polymers play an important role in the synthesis strategy of imprinted polymers.

Bagheri et al. (2019) prepared a novel dummy molecularly imprinted polymers (DMIP) with propanamide as a dummy template molecule based on a green synthesis strategy of less consumption of hazardous/organic reagents for magnetic solid-phase extraction (MSPE) of acrylamide in biscuit samples. The method recoveries at five spiked concentrations were found within 86.0–98.3% with relative standard deviations (RSD) of 1.2–4.1%. There are many more analytical tests for acrylamide, for instance: Arabi's group (Arabi et al., 2016a) applied a novel technique for the synthesis of dummy molecularly imprinted silica nanoparticles (DMISNPs), the material was used as a dispersant for the analysis of biscuit and bread samples using matrix solid-phase dispersion (MSPD). It was proven that the proposed dispersant leads to a high affinity toward acrylamide even in complicated matrices. Similarly, Arabi et al. (2016b) constructed a novel and facile preparation of magnetic virtual molecularly imprinted nanoparticles (MDMINP) for pre-enrichment of acrylamide in potato chips by Fe3O4 magnetic nanoparticles (MNPs) and APTMS. The particle has excellent magnetic properties and high selectivity to target molecules. Under optimal conditions, the recovery ranged from 94.0 to 98.0% with the detection limit of 0.35 μg/kg. Du et al. (2016) established a fluorescence competitive analysis method for melamine using pseudomolecularly imprinted polymers (DMIPs) as artificial antibodies, and the schematic of the preparation procedures was presented in Figure 8. The DMIPs used were synthesized under hot water bath conditions using 2,4-diamino-6-methyl-1,3,5-triazine (DAMT) as a pseudotemplate, methacrylic acid (MAA) as a functional monomer, ethylene glycol dimethacrylate (EGDMA) as a crosslinker, and azobisisobutyronitrile (AIBN) as an initiator, and the synthesized DMIPs had specific recognition sites for melamine. The best detection system showed a linear response in the range of 0.05–40 mg/L with a limit of detection (LOD) of 1.23 μg/L. The fluorescence competitive assay for MIPs as antibody mimics was validated to be less sensitive and specific than ELISA, but it achieved satisfactory accuracy, and MIPs also have the advantages of low cost, ease of synthesis, and high stability to harsh chemical and physical conditions.


[image: Figure 8]
FIGURE 8. Schematic diagram of DMIP-Trimel Fluorescence Competitive Analysis (Du et al., 2016). Reprinted with permission from Elsevier. Copyright (2016) Elsevier.




Magnetic Molecularly Imprinted Polymer

Although MIPs have been excellent, some drawbacks are evident, such as the lack of electrocatalytic and conductive properties of MIPs, in order to increase its conductivity and repeatability, and thus introduced magnetic molecularly imprinted polymer (MMIP) to immobilize nanomaterials as an effective way to update MIPs, the combination of magnetic nanoparticles and molecularly imprinted polymer prepared magnetic molecules. The imprinted polymer not only specifically identifies the target, but can also be rapidly separated from the substrate by the action of an applied magnetic field. MMIPs offer many superior properties compared to conventional MIPs, including simplicity of manipulation, rapid binding to the target analyte, magnetic susceptibility, and shorter pretreatment times. Recently, a number of methods have been improved for the detection of different compounds using magnetic electrodes.

Bagheri and Ghaedi (2020) prepared dual-template chitosan-based magnetic water-soluble molecularly imprinted biopolymers using a green synthesis method without the use of organic and toxic reagents for the simultaneous determination of urinary valsartan (VAL) and chlorosartan (LOS) adsorbents by high performance liquid chromatography-ultraviolet spectrophotometry (Figure 9). Chitosan is considered as a multifunctional monomer due to its unique properties such as non-toxic, inexpensive, readily available, biocompatible, biodegradable, and easy polymerization under mild conditions. The adsorbent has the advantages of green synthesis, high magnetic strength, biocompatibility, high selectivity, fast equilibrium adsorption, and high adsorption capacity. Similarly, Zeng et al. (2012) proposed a method for the preparation of magnetic molecularly imprinted polymers (MMIPs), which can be used for the separation and purification of rutin. The performance of the MMIPs for the adsorption of rutin in the analysis of Chinese medicinal plants was assessed. The mean recoveries were 84.33% for Saururus Chinensis (Lour.) Bail and 85.20% for Flos Sophorae, respectively, which showed that the prepared MMIPs with many advantages possess the value of the practical application. Kuhn et al. (2020) reported a new sample cleaning method based on the combination of micro matrix solid-phase dispersion (MSPD) and aqueous phase capacitive magnetic molecularly imprinted polymer (MMIP) for the determination of melamine in emulsion samples. Under optimized conditions, the proposed method exhibited a wide linear response in the concentration range of 250.0–5000.0 μg/L, satisfactory recoveries for all samples, and supreme repeatability (RSD <6.3%) were achieved as well. The low limit of detection close to 67.0 μg/L implied high ability of the proposed method for isolation of melamine from complicated milk samples. Gao et al. (2019) prepared core-shell magnetic molecularly imprinted polymer nanoparticles (MMIPs) for the adsorption and the isolation of tetracycline from milk samples. The results show that MMIPs have high adsorption capacity and good selectivity, and can be separated directly by magnetic separation.


[image: Figure 9]
FIGURE 9. The basic preparation procedure of MMIP (A) and the MMIP based MDSPE procedure for valsartan and losartan extraction (B) (Bagheri and Ghaedi, 2020). Reprinted with permission from Elsevier. Copyright (2020) Elsevier.





APPLICATION OF MIPs

As a novel polymeric material, MIPs exhibit a high binding capacity to target molecules and are characterized by unique recognition, good selectivity, and stable adsorption (Chen et al., 2016). Especially in the past decade, due to the complexity of detection samples, the diversity of chemical contaminants, and low residue limits, it is difficult to achieve high-throughput and rapid detection of trace chemical contaminant samples in food, and many efforts have been made in the field of MIPs research to improve the accuracy and sensitivity of food detection technology (Chiou et al., 2015; Chiesa et al., 2016; Jahanban-Esfahlan et al., 2020). The development of novel MIPs based on traditional MIPs has been greatly facilitated by designing suitable functional templates, synthesizing special functional monomers and cross-linkers, optimizing binding sites, and improving conditions. Today, MIPs are used not only for the separation or detection of many compounds in different applications, but also for catalysis and organic synthesis (Han et al., 2016; Lucci et al., 2017; Bagheri et al., 2018; Zhang et al., 2019). Figure 10 shows that MIPs have a wide range of applications in sample pre-treatment (SPE), chemomimetic sensing, chromatographic separation, and enzyme simulation. In this section, we provide a comprehensive summary and discussion of representative applications of MIPs in the analysis and detection of food samples.


[image: Figure 10]
FIGURE 10. Application of MIPs in various fields.



Sample Pretreatment

Sample pretreatment helps to eliminate matrix interference and to extract and enrich trace targets. However, conventional pretreatment can have time-consuming, tedious steps, and high reagent consumption (Płotka-Wasylka et al., 2016). Therefore, there is an urgent need to develop pretreatments with high selectivity and simple, time-saving, and labor-saving operations. Because MIPs have high specific recognition and selective adsorption for template molecules that can be subsequently eluted, they can be used as solid-phase extractants for specific enrichment and separations. The low cost, simple operation and high extraction efficiency stimulate wide use for sample pretreatment (Pataer et al., 2019). The comparison of different detection methods for chemical pollutants based on Sample pretreatment is given in Table 1.


Table 1. Comparison of different detection methods for chemical pollutants based on sample pretreatment.

[image: Table 1]


Solid-Phase Extraction (SPE)

SPE based on MIPs, or MISPE, has been widely used in various solid phase extraction modes due to the structural predictability of MIPs, which allows them to form composites with various properties with other materials. Researchers have also conducted extensive experiments to synthesize better MIPs and have innovated the SPE method toward fewer steps, simplicity, economy, automation, miniaturization, time saving, and environmental friendliness and improved advantages (Arabi et al., 2020b; Büyüktiryaki et al., 2020; Ghorbani et al., 2020; Háková et al., 2020).

To date, more and more researchers have prepared different kinds of MIPs as adsorbents in extraction technology to obtain higher extraction recovery. The method of combining MIPs with SPE is of great significance to identify and detect the residues of agricultural veterinary drugs in real samples (Zhang et al., 2016). For example. Arias et al. (2020) synthesized a selective MIP-SPE sorbent for the extraction of chlorpyrifos, diazinon, and their corresponding oxygen radical forms in water by ontology polymerization and performed HPLC-UV analysis. The results showed that the MIP prepared using diazinon as a template molecule had the best recognition ability and significant affinity for these compounds. The potential of MIP was demonstrated by its application in different types of environmental water samples. This method also provides satisfactory detection limits using common equipment that is available to most analytical laboratories. Therefore, it is a promising alternative for monitoring the detection of chlorpyrifos, diazinon, and their oxo forms. Recently, Moreno-Gonzalez et al. (2020) reported on an online MISPE-CZE-MS/MS assay for the determination of patulin in apple foods. A preconcentration factor of 1,200 was achieved using this strategy compared to conventional hydrodynamic injection. This method not only improves the sensitivity of capillary electrophoresis, but also increases laboratory throughput, especially in terms of automation and precision, which is a breakthrough. Finally, this method was applied to the determination of patulin in apple beverages without interference from 5-HMF, with very satisfactory results.



Solid-Phase Microextraction (SPME)

Since its introduction by Arthur and Pawliszyn (1990) in 1990, solid phase microextraction (SPME) has been widely used for the analysis and detection of trace compounds in complex matrices due to its simplicity of operation, high extraction speed, low solvent consumption, high net extraction efficiency, and good compatibility (Jian et al., 2020; Khan et al., 2020). The quantitative but incomplete transfer of analytes on an equilibrium basis, whose own efficiency efficiency depends largely on the nature of the adsorbent material, makes the use of MIPs as SPME coatings a good solution, unlike SPEs, where the volume of the SPME adsorbent is usually much smaller and the material is usually coated on the surface of fused silica fibers. With the continued exploration of molecularly imprinted polymers, it has been possible to serve well in the field of food detection technology (Mirzajani et al., 2020).

In one example, Alipanahpour Dil et al. (2020) successfully synthesized Magnetic dual-template molecularly imprinted polymer (Fe3O4@SiO2-MDMIP) with high selectivity for p-Coumaric acid (p-CA) and ferulic acid (FA), and the obtained Fe3O4@SiO2-MDMIP with uniform particle size and strong selective adsorption capacity were suitable for the SS-MSPME process, which avoided the defect of template leakage during sample pretreatment. Meanwhile, the established SS-MSPME coupled with HPLC-UV had good recovery, reproducibility, and high sensitivity for both p-CA and FA in pomegranate, grape, and orange samples. The chromatographic peaks of the interfering substances were significantly different from the p-CA and FA peaks and had good discrimination ability for p-CA and FA. Recently, Mirzajani et al. (2020) prepared hollow fibers and monolithic fibers using metal-organic backbone deep eutectic solvent/molecularly imprinted polymers (MOF-DES/MIPs) and performed microextraction detection of phthalates using hollow fiber liquid film protected solid phase microextraction (HFLMP-SPME) and gas chromatography-flame ionization, compared to conventional metal-organic backbone/molecularly imprinted polymers. MOF-DES/MIPs monomer fibers have the following characteristics: high capacity for adsorption and desorption of analytes on the polymer surface, fast adsorption and desorption kinetics, improved analyte localization targets, and increased incorporation rates of target compounds in polymer tissues. Subsequently, the method was successfully applied to the determination of phthalates in yogurt, water, and soybean oil samples with satisfactory results. The method has much lower detection limits than other established phthalate assays, mainly due to the two-stage pre-enrichment resulting from the combination of both liquid-phase microextraction and solid-phase microextraction.




MIP-Based Sensors

MIPs have been used as recognition units in sensors that specifically bind to target molecules and output detection signals. MIPs are simple, short preparation processes, physicochemically stable, and specific. Therefore, it is feasible to use MIPs instead of antibodies as sensitive recognition units (Abdollahi et al., 2018). Recent studies have shown that MIP-based sensors successfully combine the advantages of MIP receptors and various sensing platforms, and have great potential for application in food detection. MIPs devices based on their signal transduction principles include optical (Liu G. et al., 2018), electrochemical (Ai et al., 2018), and biosensing technologies (Zhang et al., 2018). The comparison of different detection methods for chemical pollutants based on MIPs-Sensor is given in Table 2. Some of the applications of different MIP-based sensors in food contaminant detection in the last 5 years are discussed below.


Table 2. Comparison of different detection methods for chemical pollutants based on MIPs-Sensor.
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MIP-Based Electrochemical Sensors

Today, MIPs can be used as the most critical recognition probes for the development of this sensor, but molecularly imprinted polymers as adapters for antibody substitutes also still belong to biometric components, which have high cost and poor stability, which also makes electrochemical sensors have shortcomings in terms of selectivity. Electrochemical materials immobilized on the electrode surface allow the preparation of solid-state electrodes, which will help reduce expensive reagent consumption, reduce costs, simplify the sensor assembly, and improve stability, reproducibility, and signal enhancement (Cui et al., 2020; Gonçalves, 2020; Zhao et al., 2020).

Zhang et al. (2020) developed a highly selective molecularly imprinted electrochemiluminescence (MIECL) sensor for the determination of bisphenol A (BPA) based on molecularly imprinted Fe3O4 nanocrystals (MIP-Fe3O4/NCs) and luminescence. The synthesized MIP-Fe3O4-NCs were immobilized on the surface of glassy carbon electrode (GCE) to prepare the electrochemiluminescence (ECL) system. The GCE modified with MIP-Fe3O4-NCs can significantly enhance the cathodic ECL of luminol. After incubation in BPA solution, the imprinted sites on the surface of MIP-Fe3O4-NCs can specifically re-bind BPA and achieve selective and sensitive ECL bursting by hindering the electron transfer ability. The designed MIECL sensor has good selective, high sensitivity, and good accuracy and precision. Finally, the MIECL sensor was used for the sensitive and selective detection of BPA in fish and seawater samples, and the developed MIECL sensor was validated to have good analytical performance and has a broad application in the sensitive detection of BPA residues in aquaculture samples. Similarly, A graphene/molecularly imprinted electrochemical sensor constructed by Xie et al. (2017) was used to identify thiamethoxam pesticide residues in cereals. To avoid imprinted films that were too thick, vinyl benzoic acid was used as a functional monomer to be placed as an ultra-thin imprinted film on the surface of graphene. The sensor exhibited thiamethoxam recognition with an imprinting factor of 2.36, a concentration range of 0.5–20 μmol/L, and a detection limit of 0.04 μmol/L. For imidacloprid detection, Kong's group (Kong et al., 2013) prepared an electrochemically imprinted membrane on a glassy carbon electrode modified with reduced graphene oxide by electropolymerization of poly (o-phenylenediamine). The linear imidacloprid detection range was 0.75–70.00 μmol/L, and the detection limit was 0.40 μmol/L.



MIP-Based Optical Sensors

MIP-based optical sensors have been one of the most preferred technologies by researchers, which has greatly broadened the field of sensors for MIPs due to the simplicity of preparation, low achievable detection limits, and good visualization of expected effects. Nowadays, with the rapid development of nanomaterial types, materials such as quantum dots (Bhogal et al., 2020), magnetic nanoparticles (Chepyala, 2020), nanosilver/gold (Mahmoudpour et al., 2020), metal-organic frameworks (Svitkova and Palchetti, 2020), and graphene oxide (Pandey et al., 2020) exhibit their unique optical properties of narrow emission and resistance to fluorescence bursting, which have great potential for fluorescent sensors, probes and labels. For instance: Cao et al. (2020) established a sensitive fluorescence sensor for the detection of octopamine (OA). The dispersion and emission intensity in the organic phase can be significantly improved by encapsulating upconversion nanoparticles (UCNPs) in a metal-organic skeleton (ZIF-8) in combination with a molecularly imprinted polymer (MIP). At the same time, the ZIF-8 membrane reduces the mass transfer resistance and adsorption time of the molecularly imprinted polymer. The sensor at UCNPs@ZIF-8@MIP has excellent optical properties similar to those of natural receptors and superior selective discrimination. Compared with traditional detection methods, this method has a detection limit of 0.081 mg/L, which can achieve both specific recognition and quantitative detection of OA without complex pre-processing, and is promising for practical applications in the detection of OA in complex food matrices.

Recently, Wang et al. (2020) proposed a proportional fluorescence imprinting sensors (GQDs/CdTe@MIPs) to successfully construct a method for the identification and detection of oxytetracycline (OTC) in milk samples using precipitation polymerization, and the synthesis is shown in Figure 11. GQDs/CdTe@MIPs were established on the basis of precipitation polymerization with GQDs as the response signal and CdTe quantum dots as the reference signal, so that the GQDs/ The CdTe@MIPs have strong fluorescence stability and good sensitivity for OTC recognition. At the same time, due to the existence of corresponding recognition sites, the fluorescence color of GQDs/CdTe@MIPs changed significantly from blue to pink as the OTC concentration increased, enabling the visual detection of OTC.


[image: Figure 11]
FIGURE 11. The synthesis process of GQDs/CdTe@MIPs (Wang et al., 2020). Reprinted with permission from Elsevier. Copyright (2020) Elsevier.





Chromatographic Separations

The stationary phase using MIPs as molecularly imprinted separations is one of the most important components in the field of chromatographic separation research. In fact, it can be established and applied to sample pre-processing not only by “pre-concentrating” the analyte and eliminating matrix interference to lower the detection limit of the method, but also by removing interferents and/or pre-concentrating and/or deriving the analyte into a chemical more suitable for detection (Lobato et al., 2020). Where the sample matrix is complex and heavily contaminated, molecularly imprinted polymers can be used to achieve the appropriate selectivity and sensitivity. Currently, MIP techniques are combined with many different instrumentation and/or detection techniques to obtain optimal analytical parameters, including capillary electrophoresis (CE), gas chromatography (GS), and high performance liquid chromatography (HPLC), and the separation in combination with MIPs provides more pronounced selectivity, high affinity, and rapid predictability compared to conventional chromatographic separation phases. This section focuses on the application of MIPs in the field of chromatographic separation in the last 3 years.

Rapid chromatographic separation technology, as an important means of organic concentration and sample purification, has the characteristics of large loading rate, good separation effect, and wide application range. For instance. Gao et al. (2015) synthesized Sudan I imprinted polymers by employing the interaction between Sudan I (template) and methacrylic acid (functional monomer), followed by washing to remove Sudan I leaving the Sudan I-binding sites exposed. MIPs were used as a stationary phase for TLC and could selectively retain Sudan I at the original spot with little interference. Yu et al. (2019) prepared a highly selective molecularly imprinted polymer (MIP) for extraction and preconcentration of salidroside using salidroside (SD) as a template, acrylamide (AM) as a functional monomer. Under the optimum conditions, a rapid, economical, and efficient method based upon MIP-SPE coupled with high-performance liquid chromatography (HPLC) was developed for the determination of SD in Rhodiola crenulata. The method showed satisfactory recoveries of 88.74–97.64% with relative standard deviations (RSDs) ranging from 2.05–3.54%. Recently, a simple, sensitive and reliable method for the determination of RhB in food by high performance liquid chromatography based on MINs has been reported. Arabi et al. (2020a) synthesized hydrophilic molecularly imprinted nanospheres (MINs) using surface imprinting technique and applied them as dispersant adsorbents in matrix solid phase dispersion (MSPD) system, which was successfully applied for the direct selective extraction of RhB from solid and semi-solid food samples (Figure 12). This method utilizes the synergistic interaction of Carbon sphere (CS) and sol-gel precursors in aqueous media to rationally prepare low-cost hydrophilic MINs on the basis of surface imprinting.The design of the MINs allows the synthesis conditions to be fully compatible with the principles of green chemistry and the resulting materials are environmentally friendly. Thus, a straightforward, economical and non-toxic preparation method allows the large-scale production of MINs with great potential for commercialization.


[image: Figure 12]
FIGURE 12. Schematic illustration for the basic preparation procedure of MINs (Arabi et al., 2020a). Reprinted with permission from Elsevier. Copyright (2020) Elsevier.




Mimics Enzymes

Enzymes catalyze biochemical reactions in vivo and in vitro with high efficiency and specificity. However, natural enzymes have poor stability and resistance, a low reuse rate; they are difficult to prepare and extract, difficult to preserve and transport and the catalytic reactions require appropriate pH and temperature. These issues have severely restricted natural enzymes in biochemical applications, agricultural production, food manufacturing, and analysis (Wang et al., 2016). MIPs have unique advantages in replacing natural enzymes. Molecular imprinting of recognition sites and reactive groups of enzyme active centers in the interior of polymers were used to obtain molecularly imprinted enzymes (Daoud Attieh et al., 2017) with catalytic activity.

In 1987, Mosbach's group (Leonhardt and Mosbach, 1987) first synthesized molecularly imprinted enzyme mimics and applied them to the hydrolysis of p-nitrophenyl acetate. Subsequently, Liu and Wulff (2008) prepared MIPs with the catalytic activity of carboxyphthalase A by using transition state analogs as templates. The imprinted polymers rapidly catalyzed the hydrolysis of carbonic acid. Through the imprinting synthesis of substrate or transition state analogs of enzymatic reactions, catalytic and biochemical reaction mechanisms can be studied, and the enzymatic reaction can be controlled. Molecularly imprinted biomimetic catalysis resembles chemical catalysis, which simulates the principle of antigen-antibody interactions. It combines the characteristics of chemical catalysts and biocatalysts and has the advantages of more specific catalysis, mild reaction conditions, and high efficiency (Yuan et al., 2018a). For instance, Bagheri et al. (2018) prepared a novel molecularly imprinted enzyme mimic with catalase-like activity by depositing a silicon molecularly imprinted layer on the surface of AgNPs@ZnMOF. The imprinted enzyme could mimic catalase oxidation of terephthalic acid to produce fluorescent molecules. When the active site on the surface of the molecularly imprinted enzyme was bound to the patulin molecule, it prevented hydrogen peroxide and terephthalic acid from contacting AgNPs@ZnMOF inside the enzyme. Catalytic oxidation reactions were blocked, and no fluorescence was emitted. A fluorescence detection method for patulin based on the molecularly imprinted enzyme mimic was thus established, with a detection limit of 0.06 μmol/L. Also besides, Guo et al. (2020) combined PtCu/PSS-Gr nanocomposites formed by deposition of PtCu bimetallic nanoparticles on polystyrene sulfonate (PSS) functionalized graphene (Gr) with molecularly imprinted polymer (MIP) to propose a new colorimetric assay for puerarin and apply it to the study of enzymatic activity (Figure 13). The combination of MIP with PtCu/PSS-Gr nanocomposite monomers under the synergistic effect of PtCu/PSS-Gr nanocomposites not only makes the determination of puerarin highly selective due to the large specific surface area of PSS-Gr, good dispersion, strong adsorption capacity to substrates and strong peroxidase activity, but also utilizes the catalytic activity of the nanoenzymes similar to peroxidase. The detection of small molecules that are neither substrates for nanoenzymes nor highly redox-active substances has been achieved, expanding the field of analytical applications.


[image: Figure 13]
FIGURE 13. Schematic diagram for the preparation of MIP@PtCu/PSS-Gr nanocomposite to detect puerarin (Guo et al., 2020). Reprinted with permission from Elsevier. Copyright (2020) Elsevier.





CONCLUSIONS AND PERSPECTIVES

The development of molecularly imprinted polymers (MIPs) has made considerable progress, and nanoscale MIPs, with remarkable binding properties and selectivity compared to conventional imprinted molecular polymers, can be used as solid-phase extraction materials for the separation and enrichment of chemical contaminants in sample pretreatment processes. In addition, MIPs are outstandingly resistant to high temperature and pressure, acid and alkali, recyclable, and easy to store, making them suitable as sensitive materials for sensors for the analytical detection of real samples. To date, MIPs have been developed from single templates to composite templates, and the preparation process has been continuously optimized to improve the application range, adsorption performance and specific selectivity. They have been widely used in various fields such as environmental pollutant analysis, food quality and safety, and biological sample separation and enrichment. However, there are still some problems to be explored and solved.

(1) MIPs usually show the best performance in hydrophobic organic solvents, which leads to the presence of polar solvents (especially water) in practical applications of MIPs that can seriously interfere with the formation of pre-polymerized complexes in the imprinting process and disrupt the interaction between the monomer and the template, which can be used in the future.

(2) The excellent performance of nanostructured MIP materials lies not only in their size, but also in their rapid equilibrium with the substance to be measured, but due to the difficulty of removing the template completely after the preparation stage of the highly cross-linked polymer (template molecule), MIP materials often suffer from problems such as template leakage, resulting in the preparation of molecularly imprinted nanomaterials with irregular particle shapes, different particle sizes, non-uniform recognition sites and low affinity.

(3) In the synthesis of molecularly imprinted polymers, there are limited varieties of functional monomers and cross-linking agents available, and the chemical reagents used are not only toxic, but also face problems such as high capital expenditure and low conversion efficiency, making it difficult to achieve mass production from laboratory to factory and unable to maximize commercial conversion.

Efforts to solve these problems never cease, and in the future, the combination of MIP with other porous or nanostructured materials may provide new approaches to develop chemical contaminants for use in food, and in particular, MIP/porous polymers and carbon nanomaterials will be a major breakthrough in the field of biotech sensors. In addition, the use of MIP in combination with different analytical instruments to artificialize detection systems is also an ideal goal that is constantly being pursued and may be realized in the near future.



AUTHOR CONTRIBUTIONS

GL and DX conceived and designed this review. MG wrote the paper. YG, GC, JL, XX, and XH revised the manuscript.



FUNDING

This work was supported by the National Natural Science Foundation of China (No. 31701695), Agricultural Science and Technology Innovation Program of CAAS (CAAS-ZDRW202011), and the Special Fund for the Industrial System Construction of Modern Agriculture of China (CARS-23-E03).



REFERENCES

 Abdollahi, E., Khalafi-Nezhad, A., Mohammadi, A., Abdouss, M., and Salami-Kalajahi, M. (2018). Smynthesis of new molecularly imprinted polymer via reversible addition fragmentation transfer polymerization as a drug delivery system. Polymer 143, 245–257. doi: 10.1016/j.polymer.2018.03.058

 Ai, J., Guo, H., Xue, R., Wang, X., Lei, X., and Yang, W. (2018). A self-probing, gate-controlled, molecularly imprinted electrochemical sensor for ultrasensitive determination of p-nonylphenol. Electrochem. Commun. 89, 1–5. doi: 10.1016/j.elecom.2018.02.008

 Akgonullu, S., Yavuz, H., and Denizli, A. (2020). SPR nanosensor based on molecularly imprinted polymer film with gold nanoparticles for sensitive detection of aflatoxin B1. Talanta 219:121219. doi: 10.1016/j.talanta.2020.121219

 Akhoundian, M., Alizadeh, T., Ganjali, M. R., and Norouzi, P. (2019). Ultra-trace detection of methamphetamine in biological samples using FFT-square wave voltammetry and nano-sized imprinted polymer/MWCNTs -modified electrode. Talanta 200, 115–123. doi: 10.1016/j.talanta.2019.02.027

 Alipanahpour Dil E., Ghaedi, M., Asfaram, A., Mehrabi, F., Shokrollahi, A., Matin, A. A., et al. (2020). Magnetic dual-template molecularly imprinted polymer based on syringe-to-syringe magnetic solid-phase microextraction for selective enrichment of p-Coumaric acid and ferulic acid from pomegranate, grape, and orange samples. Food Chem. 325:126902. doi: 10.1016/j.foodchem.2020.126902

 Andersson, L. I., Paprica, A., and Arvidsson, T. (1997). A highly selective solid phase extraction sorbent for pre-concentration of sameridine made by molecular imprinting. Chromatographia 46, 57–62. doi: 10.1007/BF02490930

 Ansari, S. (2017). Combination of molecularly imprinted polymers and carbon nanomaterials as a versatile biosensing tool in sample analysis: recent applications and challenges. Trends Anal. Chem. 93, 134–151. doi: 10.1016/j.trac.2017.05.015

 Ansell, R. J., and Mosbach, K. (1998). Magnetic molecularly imprinted polymer beads for drug radioligand binding assay. Analyst 123, 1611–1616. doi: 10.1039/a801903g

 Arabi, M., Ghaedi, M., and Ostovan, A. (2016a). Development of dummy molecularly imprinted based on functionalized silica nanoparticles for determination of acrylamide in processed food by matrix solid phase dispersion. Food Chem. 210, 78–84. doi: 10.1016/j.foodchem.2016.04.080

 Arabi, M., Ostovan, A., Bagheri, A. R., Guo, X., Li, J., Ma, J., et al. (2020a). Hydrophilic molecularly imprinted nanospheres for the extraction of rhodamine B followed by HPLC analysis: a green approach and hazardous waste elimination. Talanta 215:120933. doi: 10.1016/j.talanta.2020.120933

 Arabi, M., Ostovan, A., Bagheri, A. R., Guo, X., Wang, L., Li, J., et al. (2020b). Strategies of molecular imprinting-based solid-phase extraction prior to chromatographic analysis. Trends Anal. Chem. 128:115923. doi: 10.1016/j.trac.2020.115923

 Arabi, M., Ostovan, A., Ghaedi, M., and Purkait, M. K. (2016b). Novel strategy for synthesis of magnetic dummy molecularly imprinted nanoparticles based on functionalized silica as an efficient sorbent for the determination of acrylamide in potato chips: optimization by experimental design methodology. Talanta 154, 526–532. doi: 10.1016/j.talanta.2016.04.010

 Arias, P. G., Martinez-Perez-Cejuela, H., Combes, A., Pichon, V., Pereira, E., Herrero-Martinez, J. M., et al. (2020). Selective solid-phase extraction of organophosphorus pesticides and their oxon-derivatives from water samples using molecularly imprinted polymer followed by high-performance liquid chromatography with UV detection. J. Chromatogr. A 1626:461346. doi: 10.1016/j.chroma.2020.461346

 Arthur, C. L., and Pawliszyn, J. (1990). Solid phase microextraction with thermal desorption using fused silica optical fibers. Anal. Chem. 62, 2145–2148. doi: 10.1021/ac00218a019

 Ashley, J., Shahbazi, M.-A., Kant, K., Chidambara, V. A., Wolff, A., Bang, D. D., et al. (2017). Molecularly imprinted polymers for sample preparation and biosensing in food analysis: progress and perspectives. Biosens. Bioelectron. 91, 606–615. doi: 10.1016/j.bios.2017.01.018

 Azizi, A., and Bottaro, C. S. (2020). A critical review of molecularly imprinted polymers for the analysis of organic pollutants in environmental water samples. J. Chromatogr. A 1614:460603. doi: 10.1016/j.chroma.2019.460603

 Bagheri, A. R., Arabi, M., Ghaedi, M., Ostovan, A., Wang, X., Li, J., et al. (2019). Dummy molecularly imprinted polymers based on a green synthesis strategy for magnetic solid-phase extraction of acrylamide in food samples. Talanta 195, 390–400. doi: 10.1016/j.talanta.2018.11.065

 Bagheri, A. R., and Ghaedi, M. (2020). Green preparation of dual-template chitosan-based magnetic water-compatible molecularly imprinted biopolymer. Carbohydr. Polym. 236:116102. doi: 10.1016/j.carbpol.2020.116102

 Bagheri, N., Khataee, A., Habibi, B., and Hassanzadeh, J. (2018). Mimetic Ag nanoparticle/Zn-based MOF nanocomposite (AgNPs@ZnMOF) capped with molecularly imprinted polymer for the selective detection of patulin. Talanta 179, 710–718. doi: 10.1016/j.talanta.2017.12.009

 Barsbay, M., and Güven, O. (2018). Nanostructuring of polymers by controlling of ionizing radiation-induced free radical polymerization, copolymerization, grafting and crosslinking by RAFT mechanism. Radiat. Phys. Chem. 169:107816. doi: 10.1016/j.radphyschem.2018.04.009

 BelBruno, J. J. (2019). Molecularly imprinted polymers. Chem. Rev. 119, 94–119. doi: 10.1021/acs.chemrev.8b00171

 Beqqali, A. E., Andersson, L. I., Jeppsson, A. D., and Abdel-Rehim, M. (2017). Molecularly imprinted polymer-sol-gel tablet toward micro-solid phase extraction: II. determination of amphetamine in human urine samples by liquid chromatography-tandem mass spectrometry. J. Chromatogr. B 1063, 130–135. doi: 10.1016/j.jchromb.2017.08.027

 Bhogal, S., Kaur, K., Malik, A. K., Sonne, C., Lee, S. S., and Kim, K.-H. (2020). Core-shell structured molecularly imprinted materials for sensing applications. Trends Anal. Chem. 133:116043. doi: 10.1016/j.trac.2020.116043

 Büyüktiryaki, S., Keçili, R., and Hussain, C. M. (2020). Functionalized nanomaterials in dispersive solid phase extraction: advances & prospects. Trends Anal. Chem. 127:115893. doi: 10.1016/j.trac.2020.115893

 Canfarotta, F., Rapini, R., and Piletsky, S. (2018). Recent advances in electrochemical sensors based on chiral and nano-sized imprinted polymers. Curr. Opin. Electrochem. 7, 146–152. doi: 10.1016/j.coelec.2017.11.018

 Cao, Y., Hu, X., Zhao, T., Mao, Y., Fang, G., and Wang, S. (2020). A core-shell molecularly imprinted optical sensor based on the upconversion nanoparticles decorated with Zinc-based metal-organic framework for selective and rapid detection of octopamine. Sens. Actuat. B Chem. 326:128838. doi: 10.1016/j.snb.2020.128838

 Carter, S. R., and Rimmer, S. (2004). Surface molecularly imprinted polymer core–shell particles. Adv. Funct. Mater. 14, 553–561. doi: 10.1002/adfm.200305069

 Carvalho, F. P. (2017). Pesticides, environment, and food safety. Food Energy Sec. 6, 48–60. doi: 10.1002/fes3.108

 Chen, L., Wang, X., Lu, W., Wu, X., and Li, J. (2016). Molecular imprinting: perspectives and applications. Chem. Soc. Rev. 45, 2137–2211. doi: 10.1039/C6CS00061D

 Chen, Y., Zhou, S., Li, L., and Zhu, J.-J. (2017). Nanomaterials-based sensitive electrochemiluminescence biosensing. Nano Today 12, 98–115. doi: 10.1016/j.nantod.2016.12.013

 Cheng, W., Liu, Z., and Wang, Y. (2013). Preparation and application of surface molecularly imprinted silica gel for selective extraction of melamine from milk samples. Talanta 116, 396–402. doi: 10.1016/j.talanta.2013.05.067

 Chepyala, R. (2020). “Applications and success of MIPs in optical-based nanosensors,” in Nanofabrication for Smart Nanosensor Applications, eds K. Pal and F. Gomes (Elsevier), 89–121. doi: 10.1016/B978-0-12-820702-4.00004-0

 Chiesa, L. M., Labella, G. F., Giorgi, A., Panseri, S., Pavlovic, R., Bonacci, S., et al. (2016). The occurrence of pesticides and persistent organic pollutants in Italian organic honeys from different productive areas in relation to potential environmental pollution. Chemosphere 154, 482–490. doi: 10.1016/j.chemosphere.2016.04.004

 Chiou, J., Leung, A. H. H., Lee, H. W., and Wong, W.-T. (2015). Rapid testing methods for food contaminants and toxicants. J. Integr. Agric. 14, 2243–2264. doi: 10.1016/S2095-3119(15)61119-4

 Cui, B., Liu, P., Liu, X., Liu, S., and Zhang, Z. (2020). Molecularly imprinted polymers for electrochemical detection and analysis: progress and perspectives. J. Mater. Res. Technol. 9, 12568–12584. doi: 10.1016/j.jmrt.2020.08.052

 Dai, H., Xiao, D., He, H., Li, H., Yuan, D., and Zhang, C. (2014). Synthesis and analytical applications of molecularly imprinted polymers on the surface of carbon nanotubes: a review. Microchim. Acta 182, 893–908. doi: 10.1007/s00604-014-1376-5

 Daoud Attieh, M., Zhao, Y., Elkak, A., Falcimaigne-Cordin, A., and Haupt, K. (2017). Enzyme-initiated free-radical polymerization of molecularly imprinted polymer nanogels on a solid phase with an immobilized radical source. Angew. Chem. Int. Ed. Engl. 56, 3339–3343. doi: 10.1002/anie.201612667

 Dil, E. A., Doustimotlagh, A. H., Javadian, H., Asfaram, A., and Ghaedi, M. (2020). Nano-sized FeO@SiO-molecular imprinted polymer as a sorbent for dispersive solid-phase microextraction of melatonin in the methanolic extract of, biological, and water samples. Talanta 221:121620. doi: 10.1016/j.talanta.2020.121620

 Du, X.-W., Zhang, Y.-X., She, Y.-X., Liu, G.-Y., Zhao, F.-N., Wang, J., et al. (2016). Fluorescent competitive assay for melamine using dummy molecularly imprinted polymers as antibody mimics. J. Integr. Agric. 15, 1166–1177. doi: 10.1016/S2095-3119(16)61357-6

 Duan, H., Li, L., Wang, X., Wang, Y., Li, J., and Luo, C. (2016). CdTe quantum dots@luminol as signal amplification system for chrysoidine with chemiluminescence-chitosan/graphene oxide-magnetite-molecularly imprinting sensor. Spectrochim. Acta A Mol. Biomol. Spectrosc. 153, 535–541. doi: 10.1016/j.saa.2015.09.016

 Ensafi, A. A., Kazemifard, N., and Rezaei, B. (2017). Development of a nano plastic antibody for determination of propranolol using CdTe quantum dots. Sens. Actuat. B Chem. 252, 846–853. doi: 10.1016/j.snb.2017.06.078

 Ensafi, A. A., Nasr-Esfahani, P., and Rezaei, B. (2018). Synthesis of molecularly imprinted polymer on carbon quantum dots as an optical sensor for selective fluorescent determination of promethazine hydrochloride. Sens. Actuat. B Chem. 257, 889–896. doi: 10.1016/j.snb.2017.11.050

 Erturk Bergdahl, G., Andersson, T., Allhorn, M., Yngman, S., Timm, R., and Lood, R. (2019). In vivo detection and absolute quantification of a secreted bacterial factor from skin using molecularly imprinted polymers in a surface plasmon resonance biosensor for improved diagnostic abilities. ACS Sens. 4, 717–725. doi: 10.1021/acssensors.8b01642

 Figueiredo, L., Erny, G. L., Santos, L., and Alves, A. (2016). Applications of molecularly imprinted polymers to the analysis and removal of personal care products: a review. Talanta 146, 754–765. doi: 10.1016/j.talanta.2015.06.027

 Gao, F., Hu, Y., Chen, D., Li-Chan, E. C. Y., Grant, E., and Lu, X. (2015). Determination of Sudan I in paprika powder by molecularly imprinted polymers-thin layer chromatography-surface enhanced Raman spectroscopic biosensor. Talanta 143, 344–352. doi: 10.1016/j.talanta.2015.05.003

 Gao, W., Li, J., Li, P., Huang, Z., Cao, Y., and Liu, X. (2019). Preparation of Magnetic Molecularly Imprinted Polymer (MMIP) Nanoparticles (NPs) for the selective extraction of tetracycline from milk. Anal. Lett. 53, 1097–1112. doi: 10.1080/00032719.2019.1698049

 Ghanbari, F., and Moradi, M. (2017). Application of peroxymonosulfate and its activation methods for degradation of environmental organic pollutants: review. Chem. Eng. J. 310, 41–62. doi: 10.1016/j.cej.2016.10.064

 Gholivand, M. B., Khodadadian, M., and Bahrami, G. (2015). Molecularly imprinted polymer preconcentration and flow injection amperometric determination of 4-nitrophenol in water. Anal. Lett. 48, 2856–2869. doi: 10.1080/00032719.2015.1060598

 Ghorbani, M., Aghamohammadhassan, M., Ghorbani, H., and Zabihi, A. (2020). Trends in sorbent development for dispersive micro-solid phase extraction. Microchem. J. 158:105250. doi: 10.1016/j.microc.2020.105250

 Gonçalves, L. M. (2020). Electropolymerized molecularly imprinted polymers (e-MIPs), perceptions based in recent literature for soon-to-be world-class scientists. Curr. Opin. Electrochem. 25:100640 doi: 10.1016/j.coelec.2020.09.007

 Guo, L., Zheng, H., Zhang, C., Qu, L., and Yu, L. (2020). A novel molecularly imprinted sensor based on PtCu bimetallic nanoparticle deposited on PSS functionalized graphene with peroxidase-like activity for selective determination of puerarin. Talanta 210:120621. doi: 10.1016/j.talanta.2019.120621

 Guoning, C., Hua, S., Wang, L., Qianqian, H., Xia, C., Hongge, Z., et al. (2020). A surfactant-mediated sol-gel method for the preparation of molecularly imprinted polymers and its application in a biomimetic immunoassay for the detection of protein. J. Pharm. Biomed. Anal. 190:113511. doi: 10.1016/j.jpba.2020.113511

 Háková, M., Havlíková, L. C., Švec, F., Solich, P., and Šatínský, D. (2020). Nanofibers as advanced sorbents for on-line solid phase extraction in liquid chromatography: a tutorial. Anal. Chim. Acta 1121, 83–96. doi: 10.1016/j.aca.2020.04.045

 Han, Q., Shen, X., Zhu, W., Zhu, C., Zhou, X., and Jiang, H. (2016). Magnetic sensing film based on Fe(3)O(4)@Au-GSH molecularly imprinted polymers for the electrochemical detection of estradiol. Biosens. Bioelectron. 79, 180–186. doi: 10.1016/j.bios.2015.12.017

 Haupt, K., and Mosbach, K. (2000). Molecularly imprinted polymers and their use in biomimetic sensors. Chem. Rev. 100, 2495–2504. doi: 10.1021/cr990099w

 Hu, X., Hu, Y., and Li, G. (2007). Development of novel molecularly imprinted solid-phase microextraction fiber and its application for the determination of triazines in complicated samples coupled with high-performance liquid chromatography. J. Chromatogr. A 1147, 1–9. doi: 10.1016/j.chroma.2007.02.037

 Huang, S., Xu, J., Zheng, J., Zhu, F., Xie, L., and Ouyang, G. (2018). Synthesis and application of magnetic molecularly imprinted polymers in sample preparation. Anal. Bioanal. Chem. 410, 3991–4014. doi: 10.1007/s00216-018-1013-y

 Huang, X., Liu, X., Luo, Q., Liu, J., and Shen, J. (2011). Artificial selenoenzymes: designed and redesigned. Chem. Soc. Rev. 40, 1171–1184. doi: 10.1039/C0CS00046A

 Im, K., Nguyen, D. N., Kim, S., Kong, H. J., Kim, Y., Park, C. S., et al. (2017). Graphene-embedded hydrogel nanofibers for detection and removal of aqueous-phase dyes. ACS Appl. Mater. Interfaces 9, 10768–10776. doi: 10.1021/acsami.7b01163

 Jafari, M. T., Rezaei, B., and Zaker, B. (2009). Ion Mobility spectrometry as a detector for molecular imprinted polymer separation and metronidazole determination in pharmaceutical and human serum samples. Anal. Chem. 81, 3585–3591. doi: 10.1021/ac802557t

 Jahanban-Esfahlan, A., Roufegarinejad, L., Jahanban-Esfahlan, R., Tabibiazar, M., and Amarowicz, R. (2020). Latest developments in the detection and separation of bovine serum albumin using molecularly imprinted polymers. Talanta 207:120317. doi: 10.1016/j.talanta.2019.120317

 Jian, Y., Chen, L., Cheng, J., Huang, X., Yan, L., and Li, H. (2020). Molecularly imprinted polymers immobilized on graphene oxide film for monolithic fiber solid phase microextraction and ultrasensitive determination of triphenyl phosphate. Anal. Chim. Acta 1133, 1–10. doi: 10.1016/j.aca.2020.08.003

 Jiang, S., Saito, M., Murahashi, M., and Tamiya, E. (2017). Pressure free nanoimprinting lithography using ladder-type HSQ material for LSPR biosensor chip. Sens. Actuat. B Chem. 242, 47–55. doi: 10.1016/j.snb.2016.11.030

 Khan, W. A., Arain, M. B., and Soylak, M. (2020). Nanomaterials-based solid phase extraction and solid phase microextraction for heavy metals food toxicity. Food Chem. Toxicol. 145:111704. doi: 10.1016/j.fct.2020.111704

 Kong, L., Jiang, X., Zeng, Y., Zhou, T., and Shi, G. (2013). Molecularly imprinted sensor based on electropolmerized poly(o-phenylenediamine) membranes at reduced graphene oxide modified electrode for imidacloprid determination. Sens. Actuat. B Chem. 185, 424–431. doi: 10.1016/j.snb.2013.05.033

 Kong, L. J., Pan, M. F., Fang, G. Z., He, X. L., Yang, Y. K., Dai, J., et al. (2014). Molecularly imprinted quartz crystal microbalance sensor based on poly(o-aminothiophenol) membrane and Au nanoparticles for ractopamine determination. Biosens. Bioelectron. 51, 286–292. doi: 10.1016/j.bios.2013.07.043

 Kuhn, J., Aylaz, G., Sari, E., Marco, M., Yiu, H. H. P., and Duman, M. (2020). Selective binding of antibiotics using magnetic molecular imprint polymer (MMIP) networks prepared from vinyl-functionalized magnetic nanoparticles. J. Hazard. Mater. 387:121709. doi: 10.1016/j.jhazmat.2019.121709

 Kupai, J., Razali, M., Buyuktiryaki, S., Kecili, R., and Szekely, G. (2017). Long-term stability and reusability of molecularly imprinted polymers. Polym. Chem. 8, 666–673. doi: 10.1039/C6PY01853J

 Leonhardt, A., and Mosbach, K. (1987). Enzyme-mimicking polymers exhibiting specific substrate binding and catalytic functions. React. Polym. Ion Exchang. Sorb. 6, 285–290. doi: 10.1016/0167-6989(87)90099-7

 Li, M., Li, R., Tan, J., and Jiang, Z. T. (2013). Titania-based molecularly imprinted polymer for sulfonic acid dyes prepared by sol–gel method. Talanta 107, 203–210. doi: 10.1016/j.talanta.2013.01.014

 Li, Y., Yang, H.-H., You, Q.-H., Zhuang, Z.-X., and Wan, X.-R. (2006). Protein recognition via surface molecularly imprinted polymer nanowires. Anal. Chem. 78, 317–320. doi: 10.1021/ac050802i

 Liu, G., Li, T., Yang, X., She, Y., Wang, M., Wang, J., et al. (2016). Competitive fluorescence assay for specific recognition of atrazine by magnetic molecularly imprinted polymer based on Fe3O4-chitosan. Carbohydr. Polym. 137, 75–81. doi: 10.1016/j.carbpol.2015.10.062

 Liu, G., She, Y., Hong, S., Wang, J., and Xu, D. (2018). Development of ELISA-like fluorescence assay for melamine detection based on magnetic dummy molecularly imprinted polymers. Appl. Sci. 8:560. doi: 10.3390/app8040560

 Liu, G., Yang, X., Li, T., She, Y., Wang, S., Wang, J., et al. (2015). Preparation of a magnetic molecularly imprinted polymer using g-C3N4-Fe3O4 for atrazine adsorption. Mater. Lett. 160, 472–475. doi: 10.1016/j.matlet.2015.07.157

 Liu, J.-Q., and Wulff, G. (2008). Functional mimicry of carboxypeptidase a by a combination of transition state stabilization and a defined orientation of catalytic moieties in molecularly imprinted polymers. J. Am. Chem. Soc. 130, 8044–8054. doi: 10.1021/ja8012648

 Liu, X., Liu, Q., Kong, F., Qiao, X., and Xu, Z. (2018). Molecularly imprinted fluorescent probe based on hydrophobic CdSe/ZnS quantum dots for the detection of methamidophos in fruit and vegetables. Adv. Polym. Technol. 37, 1790–1796. doi: 10.1002/adv.21838

 Liu, Z., Lu, Y., Shi, Y., Wang, P., Jones, K., Sweetman, A. J., et al. (2017). Crop bioaccumulation and human exposure of perfluoroalkyl acids through multi-media transport from a mega fluorochemical industrial park, China. Environ. Int. 106, 37–47. doi: 10.1016/j.envint.2017.05.014

 Lobato, A., Pereira, E. A., and Gonçalves, L. M. (2020). Combining capillary electromigration with molecular imprinting techniques towards an optimal separation and determination. Talanta 221:121546. doi: 10.1016/j.talanta.2020.121546


 Lu, Y., Song, S., Wang, R., Liu, Z., Meng, J., Sweetman, A. J., et al. (2015). Impacts of soil and water pollution on food safety and health risks in China. Environ. Int. 77, 5–15. doi: 10.1016/j.envint.2014.12.010

 Lucci, P., Moret, S., Bettin, S., and Conte, L. (2017). Selective solid-phase extraction using a molecularly imprinted polymer for the analysis of patulin in apple-based foods. J. Sep. Sci. 40, 458–465. doi: 10.1002/jssc.201601009

 Lulinski, P. (2017). Molecularly imprinted polymers based drug delivery devices: a way to application in modern pharmacotherapy. a review. Mater. Sci. Eng. C Mater. Biol. Appl. 76, 1344–1353. doi: 10.1016/j.msec.2017.02.138

 Ma, Y., Xu, S., Wang, S., and Wang, L. (2015). Luminescent molecularly-imprinted polymer nanocomposites for sensitive detection. Trends Anal. Chem. 67, 209–216. doi: 10.1016/j.trac.2015.01.012

 Mahmoudpour, M., Torbati, M., Mousavi, M.-M., de la Guardia, M., and Ezzati Nazhad Dolatabadi, J. (2020). Nanomaterial-based molecularly imprinted polymers for pesticides detection: recent trends and future prospects. Trends Anal. Chem. 129:115943. doi: 10.1016/j.trac.2020.115943

 Mirzajani, R., Kardani, F., and Ramezani, Z. (2020). Fabrication of UMCM-1 based monolithic and hollow fiber - Metal-organic framework deep eutectic solvents/molecularly imprinted polymers and their use in solid phase microextraction of phthalate esters in yogurt, water and edible oil by GC-FID. Food Chem. 314:126179. doi: 10.1016/j.foodchem.2020.126179

 Moreno-Gonzalez, D., Jac, P., Riasova, P., and Novakova, L. (2020). In-line molecularly imprinted polymer solid phase extraction-capillary electrophoresis coupled with tandem mass spectrometry for the determination of patulin in apple-based food. Food Chem. 334:127607. doi: 10.1016/j.foodchem.2020.127607

 Nezhadali, A., Senobari, S., and Mojarrab, M. (2016). 1,4-dihydroxyanthraquinone electrochemical sensor based on molecularly imprinted polymer using multi-walled carbon nanotubes and multivariate optimization method. Talanta 146, 525–532. doi: 10.1016/j.talanta.2015.09.016

 Ning, F., Qiu, T., Wang, Q., Peng, H., Li, Y., Wu, X., et al. (2017). Dummy-surface molecularly imprinted polymers on magnetic graphene oxide for rapid and selective quantification of acrylamide in heat-processed (including fried) foods. Food Chem. 221, 1797–1804. doi: 10.1016/j.foodchem.2016.10.101

 Pandey, H., Khare, P., Singh, S., and Singh, S. P. (2020). Carbon nanomaterials integrated molecularly imprinted polymers for biological sample analysis: a critical review. Mater. Chem. Phys. 239:121966. doi: 10.1016/j.matchemphys.2019.121966

 Pataer, P., Muhammad, T., Turahun, Y., Yang, W., Aihebaier, S., Wubulikasimu, M., et al. (2019). Preparation of a stoichiometric molecularly imprinted polymer for auramine O and application in solid-phase extraction. J. Sep. Sci. 42, 1634–1643. doi: 10.1002/jssc.201801234

 Piletska, E. V., Abd, B. H., Krakowiak, A. S., Parmar, A., Pink, D. L., Wall, K. S., et al. (2015). Magnetic high throughput screening system for the development of nano-sized molecularly imprinted polymers for controlled delivery of curcumin. Analyst 140, 3113–3120. doi: 10.1039/C4AN02292K

 Piletsky, S., Canfarotta, F., Poma, A., Bossi, A. M., and Piletsky, S. (2020). Molecularly imprinted polymers for cell recognition. Trends Biotechnol. 38, 368–387. doi: 10.1016/j.tibtech.2019.10.002

 Płotka-Wasylka, J., Szczepańska, N., de la Guardia, M., and Namieśnik, J. (2016). Modern trends in solid phase extraction: New sorbent media. Trends Anal. Chem. 77, 23–43. doi: 10.1016/j.trac.2015.10.010

 Qian, K., Deng, Q., Fang, G., Wang, J., Pan, M., Wang, S., et al. (2016). Metal-organic frameworks supported surface-imprinted nanoparticles for the sensitive detection of metolcarb. Biosens. Bioelectron. 79, 359–363. doi: 10.1016/j.bios.2015.12.071

 Qu, Y., Qin, L., Liu, X., and Yang, Y. (2020). Reasonable design and sifting of microporous carbon nanosphere-based surface molecularly imprinted polymer for selective removal of phenol from wastewater. Chemosphere 251:126376. doi: 10.1016/j.chemosphere.2020.126376

 Ren, X., Zeng, G., Tang, L., Wang, J., Wan, J., Liu, Y., et al. (2018). Sorption, transport and biodegradation - An insight into bioavailability of persistent organic pollutants in soil. Sci. Total Environ. 610–611, 1154–1163. doi: 10.1016/j.scitotenv.2017.08.089

 Rodriguez, K. J., Pellizzoni, M. M., Chadwick, R. J., Guo, C., and Bruns, N. (2019). Enzyme-initiated free radical polymerizations of vinyl monomers using horseradish peroxidase. Methods Enzymol. 627, 249–262. doi: 10.1016/bs.mie.2019.08.013

 Rudd, N. D., Wang, H., Fuentes-Fernandez, E. M., Teat, S. J., Chen, F., Hall, G., et al. (2016). Highly efficient luminescent metal-organic framework for the simultaneous detection and removal of heavy metals from water. ACS Appl. Mater. Interfaces 8, 30294–30303. doi: 10.1021/acsami.6b10890

 Rutkowska, M., Płotka-Wasylka, J., Morrison, C., Wieczorek, P. P., Namieśnik, J., and Marć, M. (2018). Application of molecularly imprinted polymers in analytical chiral separations and analysis. Trends Anal. Chem. 102, 91–102. doi: 10.1016/j.trac.2018.01.011

 Sharma, P. S., D'Souza, F., and Kutner, W. (2012). Molecular imprinting for selective chemical sensing of hazardous compounds and drugs of abuse. Trends Anal. Chem. 34, 59–77. doi: 10.1016/j.trac.2011.11.005

 Singh, M., Singh, S., Singh, S. P., and Patel, S. S. (2020). Recent advancement of carbon nanomaterials engrained molecular imprinted polymer for environmental matrix. Trends Environ. Anal. Chem. 27:e00092. doi: 10.1016/j.teac.2020.e00092

 Sonawane, S. L., and Asha, S. K. (2017). Probing cavity versus surface preference of fluorescent template molecules in molecularly imprinted polystyrene microspheres. J. Polym. Sci. Part A Polym. Chem. 55, 1558–1565. doi: 10.1002/pola.28523

 Song, Y. P., Zhang, L., Wang, G. N., Liu, J. X., Liu, J., and Wang, J. P. (2017). Dual-dummy-template molecularly imprinted polymer combining ultra performance liquid chromatography for determination of fluoroquinolones and sulfonamides in pork and chicken muscle. Food Control 82, 233–242. doi: 10.1016/j.foodcont.2017.07.002

 Song, X., Xu, S., Chen, L., Wei, Y., and Xiong, H. (2014). Recent advances in molecularly imprinted polymers in food analysis. J. Appl. Polym. Sci. 131:40766. doi: 10.1002/app.40766

 Söylemez, M. A., Güven, O., and Barsbay, M. (2018). Method for preparing a well-defined molecularly imprinted polymeric system via radiation-induced RAFT polymerization. Eur. Polym. J. 103, 21–30. doi: 10.1016/j.eurpolymj.2018.03.037

 Sposito, A. J., Kurdekar, A., Zhao, J., and Hewlett, I. (2018). Application of nanotechnology in biosensors for enhancing pathogen detection. Wiley Interdiscip. Rev. Nanomed. Nanobiotechnol. 10:e1512. doi: 10.1002/wnan.1512

 Sun, X., Peng, J., Wang, M., Wang, J., Tang, C., Yang, L., et al. (2018). Determination of nine bisphenols in sewage and sludge using dummy molecularly imprinted solid-phase extraction coupled with liquid chromatography tandem mass spectrometry. J. Chromatogr. A 1552, 10–16. doi: 10.1016/j.chroma.2018.04.004

 Svitkova, V., and Palchetti, I. (2020). Functional polymers in photoelectrochemical biosensing. Bioelectrochemistry 136:107590. doi: 10.1016/j.bioelechem.2020.107590

 Tang, K., Gu, X., Luo, Q., Chen, S., Wu, L., and Xiong, J. (2014). Preparation of molecularly imprinted polymer for use as SPE adsorbent for the simultaneous determination of five sulphonylurea herbicides by HPLC. Food Chem. 150, 106–112. doi: 10.1016/j.foodchem.2013.10.152

 Tang, Y., Li, M., Gao, X., Liu, X., Ma, Y., Li, Y., et al. (2015). Preconcentration of the antibiotic enrofloxacin using a hollow molecularly imprinted polymer, and its quantitation by HPLC. Microchim. Acta 183, 589–596. doi: 10.1007/s00604-015-1681-7

 Tarannum, N., Khatoon, S., and Dzantiev, B. B. (2020). Perspective and application of molecular imprinting approach for antibiotic detection in food and environmental samples: a critical review. Food Control 118:107381. doi: 10.1016/j.foodcont.2020.107381

 Turiel, E., and Martin-Esteban, A. (2010). Molecularly imprinted polymers for sample preparation: a review. Anal. Chim. Acta 668, 87–99. doi: 10.1016/j.aca.2010.04.019

 Wang, H., Liu, Y., Yao, S., and Zhu, P. (2018). Selective recognization of dicyandiamide in bovine milk by mesoporous silica SBA-15 supported dicyandiamide imprinted polymer based on surface molecularly imprinting technique. Food Chem. 240, 1262–1267. doi: 10.1016/j.foodchem.2017.08.066

 Wang, J., Gao, L., Han, D., Pan, J., Qiu, H., Li, H., et al. (2015). Optical detection of lambda-cyhalothrin by core-shell fluorescent molecularly imprinted polymers in Chinese spirits. J. Agric. Food Chem 63, 2392–2399. doi: 10.1021/jf5043823

 Wang, S., Meng, X., Zhou, H., Liu, Y., Secundo, F., and Liu, Y. (2016). Enzyme stability and activity in non-aqueous reaction systems: a mini review. Catalysts 6:32. doi: 10.3390/catal6020032

 Wang, W., Xu, Y., Liu, X., Peng, L., Huang, T., Yan, Y., et al. (2020). Efficient fabrication of ratiometric fluorescence imprinting sensors based on organic-inorganic composite materials and highly sensitive detection of oxytetracycline in milk. Microchem. J. 157:105063. doi: 10.1016/j.microc.2020.105053

 Wang, Y., Zhou, J., Zhang, B., Tian, L., Ali, Z., and Zhang, Q. (2017). Fabrication and characterization of glutathione-imprinted polymers on fibrous SiO 2 microspheres with high specific surface. Chem. Eng. J. 327, 932–940. doi: 10.1016/j.cej.2017.06.184

 Wang, Y. L., Gao, Y. L., Wang, P. P., Shang, H., Pan, S. Y., and Li, X. J. (2013). Sol-gel molecularly imprinted polymer for selective solid phase microextraction of organophosphorous pesticides. Talanta 115, 920–927. doi: 10.1016/j.talanta.2013.06.056


 Wang, Z., Yan, R., Liao, S., Miao, Y., Zhang, B., Wang, F., et al. (2018). In situ reduced silver nanoparticles embedded molecularly imprinted reusable sensor for selective and sensitive SERS detection of Bisphenol A. Appl. Surf. Sci. 457, 323–331. doi: 10.1016/j.apsusc.2018.06.283

 Wei, S., Hu, X., Liu, H., Wang, Q., and He, C. (2015). Rapid degradation of Congo red by molecularly imprinted polypyrrole-coated magnetic TiO2 nanoparticles in dark at ambient conditions. J. Hazard. Mater. 294, 168–176. doi: 10.1016/j.jhazmat.2015.03.067

 Wu, X., Zhang, Z., Li, J., You, H., Li, Y., and Chen, L. (2015). Molecularly imprinted polymers-coated gold nanoclusters for fluorescent detection of bisphenol A. Sens. Actuat. B Chem. 211, 507–514. doi: 10.1016/j.snb.2015.01.115

 Wulff, G. (2002). Enzyme-like catalysis by molecularly imprinted polymers. Am. Chem. Soc. 102, 1–25. doi: 10.1021/cr980039a

 Wulff, G., Vesper, W., Grobe-Einsler, R., and Sarhan, A. (1977). On the synthesis of polymers containing chiral cavities and their use for the resolution of racemates. Makromol. Chem. 178, 2799–2816. doi: 10.1002/macp.1977.021781004

 Xiao, J., Xu, X., Wang, F., Ma, J., Liao, M., Shi, Y., et al. (2019). Analysis of exposure to pesticide residues from traditional Chinese medicine. J. Hazard. Mater. 365, 857–867. doi: 10.1016/j.jhazmat.2018.11.075

 Xie, T., Zhang, M., Chen, P., Zhao, H., Yang, X., Yao, L., et al. (2017). A facile molecularly imprinted electrochemical sensor based on graphene: application to the selective determination of thiamethoxam in grain. RSC Adv. 7, 38884–38894. doi: 10.1039/C7RA05167K

 Xu, L., Fang, G., Pan, M., Wang, X., and Wang, S. (2016). One-pot synthesis of carbon dots-embedded molecularly imprinted polymer for specific recognition of sterigmatocystin in grains. Biosens. Bioelectron. 77, 950–956. doi: 10.1016/j.bios.2015.10.072

 Xu, S., Chen, L., Li, J., Qin, W., and Ma, J. (2011). Preparation of hollow porous molecularly imprinted polymers and their applications to solid-phase extraction of triazines in soil samples. J. Mater. Chem. 21, 12047–12053. doi: 10.1039/c1jm10905g

 Yu, H., He, Y., She, Y., Wang, M., Yan, Z., Ren, J. H., et al. (2019). Preparation of molecularly imprinted polymers coupled with high-performance liquid chromatography for the selective extraction of salidroside from Rhodiola crenulata. J. Chromatogr. B Analyt. Technol. Biomed. Life Sci. 1118–1119, 180–186. doi: 10.1016/j.jchromb.2019.04.004

 Yu, J., Wang, X., Kang, Q., Li, J., Shen, D., and Chen, L. (2017). One-pot synthesis of a quantum dot-based molecular imprinting nanosensor for highly selective and sensitive fluorescence detection of 4-nitrophenol in environmental waters. Environ. Sci. Nano 4, 493–502. doi: 10.1039/C6EN00395H

 Yuan, Y., Yang, Y., Faheem, M., Zou, X., Ma, X., Wang, Z., et al. (2018a). molecularly imprinted porous aromatic frameworks serving as porous artificial enzymes. Adv. Mater. Weinheim 30:e1800069. doi: 10.1002/adma.201800069

 Yuan, Y., Yang, Y., Ma, X., Meng, Q., Wang, L., Zhao, S., et al. (2018b). molecularly imprinted porous aromatic frameworks and their composite components for selective extraction of uranium ions. Adv. Mater. 30:e1706507. doi: 10.1002/adma.201706507

 Zeng, H., Wang, Y., Nie, C., Kong, J., and Liu, X. (2012). Preparation of magnetic molecularly imprinted polymers for separating rutin from Chinese medicinal plants. Analyst 137, 2503–2512. doi: 10.1039/c2an35259a

 Zhang, L., Zhu, C., Chen, C., Zhu, S., Zhou, J., Wang, M., et al. (2018). Determination of kanamycin using a molecularly imprinted SPR sensor. Food Chem. 266, 170–174. doi: 10.1016/j.foodchem.2018.05.128

 Zhang, M., Zhao, H. T., Yang, X., Zhang, W. T., Wang, J., Liu, G. Y., et al. (2016). Preparation and characterization of surface molecularly imprinted film coated on a magnetic nanocore for the fast and selective recognition of the new neonicotinoid insecticide paichongding (IPP). RSC Adv. 6, 3714–3722. doi: 10.1039/C5RA22138B

 Zhang, R.-R., Zhan, J., Xu, J.-J., Chai, J.-Y., Zhang, Z.-M., Sun, A.-L., et al. (2020). Application of a novel electrochemiluminescence sensor based on magnetic glassy carbon electrode modified with molecularly imprinted polymers for sensitive monitoring of bisphenol A in seawater and fish samples. Sens. Actuat B Chem. 317:128237. doi: 10.1016/j.snb.2020.128237

 Zhang, Z., Li, Y., Zhang, X., and Liu, J. (2019). Molecularly imprinted nanozymes with faster catalytic activity and better specificity. Nanoscale 11, 4854–4863. doi: 10.1039/C8NR09816F

 Zhao, W.-R., Kang, T.-F., Xu, Y.-H., Zhang, X., Liu, H., Ming, A.-J., et al. (2020). Electrochemiluminescence solid-state imprinted sensor based on graphene/CdTe@ZnS quantum dots as luminescent probes for low-cost ultrasensing of diethylstilbestrol. Sens. Actuat. B Chem. 306:127563. doi: 10.1016/j.snb.2019.127563

 Zhao, Z., Fan, J., Wang, C., Cheng, B., Xue, Y., and Yin, S. (2017). Preparation and properties of phenol imprinted polymers based on silica modified multi-walled carbon nanotubes. J. Nanosci. Nanotechnol. 17, 1504–1509. doi: 10.1166/jnn.2017.12651

 Zhou, J. W., Zou, X. M., Song, S. H., and Chen, G. H. (2018). Quantum dots applied to methodology on detection of pesticide and veterinary drug residues. J. Agric. Food Chem. 66, 1307–1319. doi: 10.1021/acs.jafc.7b05119

 Zhu, R., Lai, M., Zhu, M., Liang, H., Zhou, Q., Li, R., et al. (2020). A functional ratio fluorescence sensor platform based on the graphene/Mn-ZnS quantum dots loaded with molecularly imprinted polymer for selective and visual detection sinapic acid. Spectrochim. Acta A Mol. Biomol. Spectrosc. 244:118845. doi: 10.1016/j.saa.2020.118845

Conflict of Interest: The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.

Copyright © 2020 Gao, Gao, Chen, Huang, Xu, Lv, Wang, Xu and Liu. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.












	
	ORIGINAL RESEARCH
published: 18 December 2020
doi: 10.3389/fchem.2020.612076






[image: image2]

Indirect Quantification of Glyphosate by SERS Using an Incubation Process With Hemin as the Reporter Molecule: A Contribution to Signal Amplification Mechanism

Karen A. López-Castaños1, Luis A. Ortiz-Frade2, Erika Méndez3, Enrique Quiroga-González4, Miguel A. González-Fuentes3* and Alia Méndez-Albores1*


1Centro de Química-ICUAP, Benemérita Universidad Autónoma de Puebla, Puebla, Mexico

2Centro de Investigación y Desarrollo Tecnológico en Electroquímica (CIDETEQ), Pedro Escobedo, Mexico

3Facultad de Ciencias Químicas, Benemérita Universidad Autónoma de Puebla, Puebla, Mexico

4Institute of Physics, Benemérita Universidad Autónoma de Puebla, Puebla, Mexico

Edited by:
Cosimino Malitesta, University of Salento, Italy

Reviewed by:
Nicola Cioffi, University of Bari Aldo Moro, Italy
 Lai-Kwan Chau, National Chung Cheng University, Taiwan

*Correspondence: Alia Méndez-Albores, alia.mendez@correo.buap.mx
 Miguel A. González-Fuentes, miguel.gonzalezfuentes@correo.buap.mx

Specialty section: This article was submitted to Analytical Chemistry, a section of the journal Frontiers in Chemistry

Received: 30 September 2020
 Accepted: 30 November 2020
 Published: 18 December 2020

Citation: López-Castaños KA, Ortiz-Frade LA, Méndez E, Quiroga-González E, González-Fuentes MA and Méndez-Albores A (2020) Indirect Quantification of Glyphosate by SERS Using an Incubation Process With Hemin as the Reporter Molecule: A Contribution to Signal Amplification Mechanism. Front. Chem. 8:612076. doi: 10.3389/fchem.2020.612076



The indirect determination of the most used herbicide worldwide, glyphosate, was achieved by the SERS technique using hemin chloride as the reporter molecule. An incubation process between hemin and glyphosate solutions was required to obtain a reproducible Raman signal on SERS substrates consisting of silicon decorated with Ag nanoparticles (Si-AgNPs). At 780 nm of excitation wavelength, SERS spectra from hemin solutions do not show extra bands in the presence of glyphosate. However, the hemin bands increase in intensity as a function of glyphosate concentration. This allows the quantification of the herbicide using as marker band the signal associated with the ring breathing mode of pyridine at 745 cm−1. The linear range was from 1 × 10−10 to 1 × 10−5 M and the limit of detection (LOD) was 9.59 × 10−12 M. This methodology was successfully applied to the quantification of the herbicide in honey. From Raman experiments with and without silver nanoparticles, it was possible to state that the hemin is the species responsible for the absorption in the absence or the presence of the herbicide via vinyl groups. Likewise, when the glyphosate concentration increases, a subtle increase occurs in the planar orientation of the vinyl group at position 2 in the porphyrin ring of hemin over the silver surface, favoring the reduction of the molecule. The total Raman signal of the hemin-glyphosate incubated solutions includes a maximized electromagnetic contribution by the use of the appropriate laser excitation, and chemical contributions related to charge transfer between silver and hemin, and from resonance properties of Raman scattering of hemin. Incubation of the reporter molecule with the analyte before the conjugation with the SERS substrate has not been explored before and could be extrapolated to other reporter-analyte systems that depend on a binding equilibrium process.

Keywords: surface enhanced Raman spectroscopy, quantification, glyphosate, reporter molecule, hemin


INTRODUCTION

N-phosphonomethyl glycine, known as glyphosate (GLY), is the main active ingredient of one of the most used herbicides worldwide (Avino et al., 2020). GLY presents a non-selective systemic mode of action; once it is absorbed by plants mainly through the foliage, the substance has the ability to translocate to metabolic sinks where it disables the Shikimate pathway of enzyme 5-enolpyruvylshikimate-3-phosphate synthase (EPSPS) and interrupts the synthesis of aromatic amino acids involved in the plant growth (Turner, 2020).

Since the 1970s, glyphosate has been used in an excessive and deregulate manner in agriculture. It is currently applied in field crops, including fruits, vegetables and cereals, for both conventional and genetically modified (GM). As a result, glyphosate residues are commonly found in environmental, biological, and food samples (Steinborn et al., 2016; Avino et al., 2020).

The glyphosate residue intake is a latent risk for human health since the herbicide has been cataloged as a potential carcinogen according to IARC, the International Agency for Research on Cancer from the World Health Organization (IARC, 2017). Despite the importance of glyphosate, its stability to hydrolysis and the lack of chromophore or fluorescent groups complicate its analytical determination, besides the difficulties of being separated in food matrices due to the similarity with natural amino acids.

At present, the most employed analytical technique to quantify glyphosate in food is liquid chromatography-tandem mass spectrometry (LC-MS/MS). However, this technique is expensive and requires sophisticated equipment and qualified personnel, in addition to the possibility of matrix effects (Avino et al., 2020). For this reason, research efforts are being focused on the development of alternative methods for analytical applications. In this context, Surface Enhanced Raman Spectroscopy (SERS) is among the most robust options to be employed as an alternative or pre-screen method before the use of a routine analytical technique in a wide variety of fields, including food safety (Zhao et al., 2018; Lin et al., 2020). However, this technique still presents serious drawbacks that have impeded its use as a routine analytical technique at the level of LC-MS/MS (Pérez-Jiménez et al., 2020). SERS is based on the amplification of the Raman response of an analyte when it is adsorbed on or in close proximity with the plasmon surface of metals such as Au, Ag, or Cu, and it is capable of single-molecule identification in some cases (Demirel et al., 2018). To maximize the SERS signals, it is mandatory to combine the optimal performance of the plasmonic substrates (electromagnetic contribution, EMM) with the chemical contribution (CHEMM) of the adsorbate and from the adsorbate-substrate interaction under the effect of the incident light (Pilot et al., 2019). Examples of chemical contributions are the charge transfer between the metal and the target molecule, or vice versa, and/or non-resonant effects (static charge transfer) by the adsorption process of the molecule in its electronic ground state (Cui et al., 2010; Pilot et al., 2019). Thus, the achieved sensitivity in SERS measurements will depend on the chemical properties of the analyte and on the optimization of the Raman signal by EMM and CHEMM. So far, optimizing the SERS signal is commonly addressed through the SERS-active metal substrates (EMM). Despite the great advances in this area, the relatively high cost, low homogeneity and reproducibility of the substrates result in some of the most important drawbacks for practical applications of SERS (Mosier-Boss, 2017).

Detection of analytes by SERS has been conducted in both direct and indirect forms. The indirect form (IF) is for analytes that are not able to be adsorbed or to be close to the metal surface, resulting ideal when the target molecule possess low or null Raman vibration modes, or when the selectivity needs to be enhanced, such as in the case of oligonucleotide sequences distinction (Pyrak et al., 2019) or biomarker detection (Li et al., 2017). The IF correlates the SERS spectrum changes of a metabolite, a reaction product, or a Raman reporter molecule (RM), attached on the surface of the SERS substrate, with the concentration of the target analyte (Xu et al., 2018; Pilot et al., 2019). The use of reporter molecules is the most common way to address the indirect detection, especially in biological samples where the combination of RMs with specific antibodies also adsorbed on SERS nanoparticles (SERS tag) forms part of the detection strategy. RMs usually are small in size, present high Raman cross-sections at the selected wavelength, are photochemically stable, and show a preference for the plasmonic metal employed. They also present phenomena that contribute to the enhancement of the Raman signal, such as Raman resonance scattering properties that may result in contributions of chemical nature to the SERS signal (Li et al., 2018). Despite the wide variety of RMs reported in the literature and even of their commercial availability, the scope of their application is still underdeveloped (Sánchez-Purrà et al., 2018).

Reported methodologies to detect and quantify GLY by SERS include the direct and the indirect measurement ways. As indirect detection, we can mention de following works: Torul et al. (2010) reported an indirect detection that includes the use of gold nanorods (AuNR) derivatized with 4-mercaptophenylboronic acid as the reporter molecule. These particles were mixed with GLY in methanol, left for interaction during a specific time, and then deposited onto a silicon wafer by evaporation of the solvent for SERS measurements. Attomolar detection levels (1 × 10−16 mM) were achieved under this strategy, and the sensor was tested in tomato juice. Tan et al. (2017) reported a SERS strategy for the quantification of organophosphate pesticides (OPPs), including glyphosate, by using osmium carbonyl clusters on the surface of gold nanoparticles as SERS probes in a liquid medium. The analytical strategy contemplates the inhibition of thiocholine (the acetylcholinesterase catalyzed hydrolysis product of acetylthiocholine) and the subsequent decrease of thiocholine-induced aggregation of the SERS probes when OPPs are present in the sample. Changes in their aggregation modify the CO stretching vibration signal of the SERS probes at the mid-IR region (1,800–2,200 cm−1), making the quantification of glyphosate possible. The limit of detection was 0.1 ppb (5.91 × 10−10 M), and the method was evaluated in spiked beer samples. Xu et al. (2018) proposed a method based on the SERS activity of silver nanoparticles (AgNPs) in a colloidal medium through the detection of purple color dye (PD), a product formed during the derivatization of GLY with ninhydrin. The reported limit of detection (LOD) was 1.43 × 10−8 M, and the methodology was evaluated in water samples. However, extrapolation of the methodology to foodstuff may be complicated by the well-known reaction of ninhydrin with amino acids. In the case of direct detection, De Góes et al. (2017) detected the herbicide by using Ag colloidal solutions. Detection was possible from the interaction of the negatively charged AgNPs with the respective species of GLY at different pH values (4–8). The LOD was 19 mM and showed applicability in the evaluation of tap water samples in the presence of interferents, such as glufosinate-ammonium salt, AMPA, sodium chloride, and with commercial glyphosate-based herbicides.

Hemin is the hemoglobin oxidation product; it is a protoporphyrin IX containing an iron (III) center (Heme B) with a chloride ligand. As a biosensor element, it has been used for electrochemical detection of 2,4,6 trichlorophenol (Zhang et al., 2018), ascorbic acid, dopamine, uric acid (Zou et al., 2015), and glucose (He et al., 2016). Likewise, the hemin/G-quadruplex Dnazyme, an artificial enzyme with peroxidase activity, has been employed to develop electrochemical and colorimetric detection of a variety of chemical and biological targets (Alizadeh et al., 2017). The use of hemin as a reporter molecule for the optical determination of analytes by Raman has not been explored; however, it presents multiple advantages such as a variety of electronic transitions in the visible and near-infrared regions and its well-characterized Raman spectra at different excitation wavelengths (Franzen et al., 2002). Therefore, in this work, hemin chloride was used as a Raman reporter molecule to determine glyphosate. Also, in order to potentiate the enhancement and stability of the Raman signal, the use of an incubation process between the Raman reporter and the analyte, previously to SERS measurements, was tested for the first time. The SERS experiments were conducted on Si-AgNPs substrates using the wet mode of spectrum acquisition developed in our research group (“the drop technique”), which allows the in situ evaluation of the adsorption process on a simple and easy way.



MATERIALS AND METHODS


Chemicals and Materials

AgNO3 99%, hydrofluoric acid (HF, 48%), sodium hydroxide (NaOH, 97%), sodium borate decahydrate (Na2B4O7·10H2O), hemin (C34H32ClFeN4O4, FW 651.96 g/mol), were purchased from Sigma-Aldrich. Glyphosate (99.5%) was procured from Chem Service. All reagents were used without further purification. Silicon wafers (Si) type P, doped with boron (B), orientation (100), and resistivity of 15–25 (Ω cm) were purchased from Siltronic AG. Deionized water with a resistivity of ~18 MΩ cm was obtained by using a Millipore MilliQ Plus water purification system. Acetone (C3H6O, 98%) was obtained from CTR Scientific, and nitrogen gas (99.9%) was purchased from Infra.



Preparation and Characterization of Si-AgNPs Substrates

The Si-AgNPs substrates were synthesized by chemical deposition. Pieces of 1 cm2 of polished p-type (100) Si wafers with a resistivity range of 15–25 Ωcm (electronic grade) were used as substrates. Si pieces were subjected to exhaustive washing with water for 10 min and acetone for 5 min. After that, the pieces were rinsed with water. Then, Si pieces were immersed for 7 min into the deposition solution prepared with 0.2 mL of 48% HF and 10 ml of AgNO3 5.88 × 10−4 M. HF reacts with Si producing soluble H2SiF6 and electrons. The electrons reduce the Ag+ ions of the plating solution, producing elemental Ag particles on the surface of Si. A thorough explanation of the reaction mechanism is given in Aca-López et al. (2020). After deposition, the Si pieces were immediately immersed in distilled water to stop the deposition process. To prevent oxidation of the deposits, every sample was dried with a flux of nitrogen.

For the optical characterization of the Si-AgNPs, UV-Vis diffuse reflectance measurements were performed using a Si substrate spectrum as a reference. The measurements were carried out using a Cary 50 UV-Vis spectrophotometer from Varian Instruments, equipped with an integrating sphere. A homemade sample holder made of Teflon was used to fix the samples during the measurements. UV-Vis diffuse reflectance spectra were corrected by subtracting the spectrum of the Teflon holder. All spectra were normalized to the maximum. 1-R spectra are reported for all samples.

The morphological characterization, AFM images were obtained using a SmartSPMTM 1000 atomic force microscope (Horiba Scientific) with the “Top mode” tool. Silicon cantilevers (AppNano) of 52 μm width, 0.8–8.9 N m−1 spring constant, and 36–98 kHz resonance frequency in the air were used. Scan speed of 1.0 Hz and 450 × 450 pixels per line resolution were employed. Images were processed using the Gwydion 2.30 software.



Sample Preparation

Solutions of hemin were prepared fresh by dissolving hemin chloride to a concentration of 25 μM in 0.25 M borax (pH 9.26). Glyphosate solutions (1 × 10−4, 1 × 10−3, 1 × 10−2, 0.1, 1 and 10 μM) were prepared by dilution of a 0.01 M glyphosate stock solution. The sample containing glyphosate (deionized water or spiked honey solutions) was incubated with a hemin–borate solution in a volume ratio of 1:1 and then left to rest for 48 h at −4°C without light exposition. UV-Vis studies of hemin and hemin-glyphosate solutions were carried out using a Cary 50 UV-Vis spectrophotometer from a Varian instrument. With the same technique, hemin concentration was corroborated by measuring the absorbance of the solution at λ = 385 nm (€ = 5.84 × 104 cm−1 M−1).



Preparation of Real Spiked Samples

A series of honey samples artificially contaminated with glyphosate at concentrations of 0.1 nM, 1 nM, 10 nM, 100 nM, 1 μM, and 10 μM were prepared as follows: 1 g of honey was weighed into a 5-mL volumetric flask and filled with a solution of 0.25 M borate. The sample was diluted with the necessary volume of borate solution to allow the honey dissolution; after that, 25 μM of a solution with the desired concentration of glyphosate was added to the mixture, and the volume completed to 5 mL with a borate solution. It was necessary that this solution was adjusted to pH 9.2 with 1 M NaOH due to the acidity of the honey.



Raman Spectroscopy Measurements

Raman spectra were collected using a Micro-Raman system (Xplora Plus microscope from Horiba) equipped with a confocal microscope (Olympus BX51). Lasers of 532 and 780 nm wavelength excitation were employed at 20 and 100 mW power, respectively. The instrument was calibrated using the 520.71 cm−1 band of a silicon wafer. All spectra were obtained in aqueous media using the “drop technique.” A 10x objective was used. The acquisition parameters of the spectra were set to 1,200 g·mm−1 grating, slit 200 (μm), hole 300 (μm), 12 s of acquisition time, and an accumulation of five spectra. The control of the equipment for data acquisition and preliminary analysis was carried out with LabSpec6 software.



The “Drop Technique”

SERS measurements were carried out using the “drop technique,” which consists of the following steps: (1) the Raman microscope is set to focalize the surface of the SERS substrate with the aid of a CCD camera; (2) a drop of the analyte is deposited on the surface of the SERS substrate by using a micropipette; (3) the measurement is performed on the droplet at 10 μm from its boundary. The acquisition parameters are selected in such a way to avoid the evaporation of the droplet during the measurement. The Raman experimental setup is depicted in Figure 1.


[image: Figure 1]
FIGURE 1. Simplified scheme of the drop technique: (a) objective, (b) laser beam, (c) drop of sample on Si-Ag NPs substrates.


Through the use of this new drop technique, it is possible to carry out Raman experiments on SERS substrates with liquid media in a simple form, in comparison with other strategies reported in the literature, such as microfluidic system (LoC-SERS) (März et al., 2011) or on a drop of the liquid sample placed on the SERS substrate, which is covered with a thin coverslip (Peters et al., 2015).




RESULTS AND DISCUSSION


Characterization of Si-AgNPs Substrates

The maximum electromagnetic contribution to the SERS intensity can be obtained from the Si-AgNPs substrates and corresponds to the surface plasmon resonance (LSPR) of the silver nanoparticles. AFM and diffuse reflectance UV-Vis spectroscopy were used in order to correlate the topographic characteristics of the silver deposit on silicon with the plasmonic response of the Si-AgNPs substrates. Figure 2A shows a typical AFM image of the Si-AgNPs substrate used for this study. It can be observed that Ag nanoparticles have a dispersion of sizes; however, most of the particles tend to be semi-spherical. The corresponding histogram of the size distribution of the Ag particles is presented in Figure 2B.


[image: Figure 2]
FIGURE 2. (A) Typical AFM micrograph of the Si-AgNPs substrates. (B) Histogram of the set of Ag nanoparticles from 2A micrograph.


One can identify two main groups of particle sizes. One group has an average size of 140 nm, and about 60% of the particles of this group have sizes between 121 and 160 nm. The other group has sizes below 60 nm, where 90% of the particles have sizes between 21 and 60 nm. A mixture of particles of different sizes can be observed through the sample. In most of the reports of SERS substrates, the authors try to obtain monodisperse particles (Lee et al., 2019; Chen et al., 2020), but the techniques are more complicated than ours. The great advantage of the substrates of the present work is their simplicity and low fabrication cost.

Dispersion of size in plasmonic particles produces a broad plasmonic spectrum that could be useful for performing SERS at different wavelengths (Mao et al., 2020). A similar effect could be also obtained with dendrites (Lu et al., 2020) or particles with a dispersion of forms (Yin et al., 2020).

The plasmonic response of the Si-AgNPs substrates was evaluated by diffuse reflectance UV-Vis spectroscopy. Figure 3 shows a graph of 1-R vs. λ. Four Localized Surface Plasmon Resonances (LSPRs) were identified: band I (371 nm), band II (543 nm), band III (657 nm), and band IV (752 nm). Similar multi-LSPRs were reported by Kosović et al. (2015) for silver nanoparticles exhibiting comparable morphological features to the Si-AgNPs substrates. The width of the most intense LSPR band (band I) is the result of the broad size distribution of particles, while the appearance of the rest of the bands (II, III, and IV) is most likely due to the different aspect ratios of the particles and their coalescence (Sharma et al., 2020).


[image: Figure 3]
FIGURE 3. Graph of 1-R vs. wavelength. Absorption bands indicated as I, II, III, and IV, respectively.


Spherical particles exhibit one resonance band due to the presence of a single dipole; in the case of particles of 40 nm size, the band is intense and centered at about 400 nm (Lee et al., 2008). However, for quasi-spherical particles with an aspect ratio larger than 1, a double resonance occurs: the intense SPR band blue shift and an extra band appears at wavelengths above 500 nm (Amirjani and Haghshenas, 2018). On the other hand, an increase of the aspect ratio or the overall size of the particle provokes a red-shift of this additional peak (Sharma et al., 2020).

Thus, the origin of the bands at 371 nm and 543 nm in Figure 3 could be arising from semi-spherical particles with sizes below 60 nm. Likewise, bands at 371 and 657 nm could be originated from larger particles, as those with an average size of 140 nm, as reported by Kosović et al. (2015). Therefore, the band at 371 nm may result from the contribution of both particle sizes, which explains its broadness.

The band at 752 nm is due to the coalescence of the larger particles. As it can be observed in the micrograph (Figure 2A), groups of particles are found. It is well-known that the coalescence of particles generates multipole oscillations and new plasmonic modes at higher wavelengths (Amirjani and Haghshenas, 2018). Additionally, low-intensity shoulders were also observed at about 600 and 680 nm. These additional modes may also be related to the aforementioned Ag aggregated particles, specifically to their interaction. It is reported that a red-shift as large as 70 nm in the Raman peak position may occur if particles are close together (when the ratio of the gap over the particle diameter is smaller than 0.1). A similar shift occurs when contiguous particles differ in size (Drozdowicz-Tomsia and Goldys, 2011).



UV-Vis Spectroscopy of Hemin-Glyphosate Incubated Solutions

It has been previously reported that the UV-Vis spectra of hemin dissolved in borate solution show multiple electronic transitions in the visible and near-infrared wavelength regions (Wood et al., 2004). However, the spectral behavior of aqueous solutions of hemin changes as a function of time (Maehly and Akeson, 1958). Considering the above information, in this work the incubation of a mixture of solutions of glyphosate (at different concentrations, from 1 × 10−4 to 10 μM) and hemin (25 μM) in a volume ratio of 1:1 was carried out for 48 h in order to allow the binding equilibrium to occur during the incubation exposition process and before SERS experiments.

The characterization by UV-Vis spectroscopy of the hemin-glyphosate (1 μM) mixture before and after incubation is shown in Figure 4. For comparison, the absorption spectra of 25 μM hemin solution in borate, freshly prepared and 48 h aged are added.


[image: Figure 4]
FIGURE 4. Absorbance spectra of: fresh solution of 25 μM hemin in 0.25 M borate solution ([image: image]); fresh mixture of hemin-borate and 1 μM glyphosate in borate ([image: image]); 25 μM of hemin dissolved in 0.25 M borate solution and after 48 h of incubation ([image: image]); mixture of hemin-borate and 1 μM glyphosate in borate after 48 h of incubation ([image: image]). The incubation was made at −4°C without light exposition. Inset: Amplification in the 550–630 nm range.


All spectra present the same pattern as the freshly prepared hemin-borate solution: the characteristic partitioned Soret band B of the formation of hemin dimmers is present with a maximum intensity at 383 nm (Aratani et al., 2002). In the range from 450 to 900 nm, several bands are observed [I (493 nm), II (531 nm), III (610 nm), IV (695 nm), V (817 nm)]. Bands I and II, known as Q bands, are assigned to vibronic components of porphyrin ring π → π* transition modulated by the Fe(III) ion (Toader et al., 2013). Bands III, IV, and V are associated with charge transfer (CT) from dπ orbitals in the iron atom to the porphyrin ring with a variable contribution of the π-π* transition (Arbelo-López et al., 2018). However, bands IV and V are absent when hemin concentration is <15 μM (see Supplementary Figure 1) as it has been already reported (Nath et al., 2017). Thus, the presence of these bands indicates the molecular aggregation of hemin (Wood et al., 2004), and therefore the presence of excitonic interactions (Webster et al., 2009).

After aging, the spectral change of the hemin-glyphosate mixture and the hemin-borate solution is practically the same: The Soret band undergoes hypochromicity of about 3.5%, with no change in its adsorption position and bandwidth, which indicates the dissociation of hemin dimers over time. The Q bands do not show any modification; therefore, there is no change in the local environment of the hemin aggregates, even in the presence of glyphosate (Liu et al., 2018). Bands III and IV of hemin in the hemin-glyphosate spectra are slightly affected by the incubation process. Both bands undergo a slight hypochromic shift (blue) of about 3 nm (broken curves), indicating that the binding step for reaching equilibrium involves a subtle increase in the overlap between π porphyrin and metal dπ (dxz or d dxz) orbitals without an influence in the π to π* energy gap in porphyrin electronic spectra (Aarabi et al., 2019).

The analysis of UV spectra in Figure 4 does not show evidence of a strong interaction between glyphosate and hemin. However, since experiments were performed at a pH of 9.2, hemin exists predominantly in the form of dimmers, with the axial OH– ligands pointing outwards (Scolaro et al., 2002). Meanwhile, the dominant species of glyphosate is HL2−, with its two molecular ends negatively charged by the deprotonation of one oxygen at the carboxylate and phosphonate groups (Ehrl et al., 2018; Lopes Catão and López-Castillo, 2018). Therefore, glyphosate would be expected to interact with OH ions by hydrogen bonds.



SERS Spectra of the Hemin-Glyphosate Mixture After the Incubation Process

When the laser used in SERS experiments corresponds to the excitation of LSPR of metal nanoparticles with a simultaneous electronic absorption of the molecule adsorbed on the substrate, an enhancement of the Raman signal additional to that corresponding to the electromagnetic contribution arises. This phenomenon is known as Resonance Raman Scattering (RRS) (Murgida and Hildebrandt, 2001). At 780 nm, the onset of the electronic transition assigned as band V is observed in hemin and the mixture of hemin-glyphosate solutions after incubation process (Figure 4): the signal is a charge transfer (CT) transition and involves promotions between π porphyrin and metal dπ (dxz or d dxz) orbitals (Wood et al., 2004). At this wavelength value, the Si-AgNPs substrates exhibit a LSRP signal (band IV) (Figure 3). Thus, the SERS response of both solutions (hemin and hemin-glyphosate) must be composed of contributions of the electromagnetic and electronic structure of chemical species due to the resonance enhancement effect.

Figure 5 shows the SERS spectra of the systems: 0.25 M borate solution (curve a), 1 μM GLY in 0.25 M borate solution (curve b), 25 μM of hemin in 0.25 M borate solution (curve c), and the hemin-glyphosate mixture containing 1 μM of glyphosate (curve d) after incubation. The most intense band at 515 cm–1 corresponds to the silicon wafer.
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FIGURE 5. SERS spectra of the systems: 0.25 M borate solution (curve a), 1 μM GLY in 0.25 M borate solution (curve b), 25 μM of hemin in 0.25 M borate solution (curve c), and a mixture of the solutions of 25 μM of hemin in borate with 1 μM of glyphosate in water (curve d) after 48 h incubation.


The SERS spectrum of borate solution (Figure 5, curve a) presents seven defined bands at 511, 613, 745, 930, 1,136, 1,333, and 1,524 cm−1. All signals except for the one at 745 cm−1 come from the silicon wafer (Supplementary Figure 2), while the band at 745 cm−1 appears in the presence of the borate medium and can be assigned to the vibrations of the tetrahydroxy borate ion [image: image]) near the Si-AgNPs substrate (Yongquan et al., 2013). However, bands at 613 cm−1 and 930 cm−1 can also possess the contributions from B3O3[image: image] ions and from the [image: image] trigonal unit of the Na2B4O7 molecule (Norrel et al., 2003; Yongquan et al., 2013).

Curve b of Figure 5 corresponds to the borate-glyphosate system, and the spectrum presents the same behavior as in pure borate solution, with a decrease in the total Raman intensity. The lack of glyphosate signals is consistent with the behavior obtained by the water-glyphosate system (Supplementary Figure 2) at the same herbicide concentration. The low affinity of glyphosate for the Ag surface at the herbicide concentrations used in this work was reported recently by Feis et al. (2020).

The SERS spectrum of hemin-borate solutions after 48 h of their preparation (Figure 5, curve c), adds bands at 967, 1,121, 1,244, 1,303, 1,366, and 1,558 cm−1, and provokes the enhancement of the 930 and 745 cm−1 bands, suggesting the co-adsorption of [image: image] with hemin.

When glyphosate solution is incubated with the hemin solution (curve d), the SERS spectra do not show any new bands associated with the herbicide; however, the hemin peaks show an increase in intensity. Table 1 summarizes the assignments of the hemin bands where modes are designed considering the D4h point group symmetry.


Table 1. Band assignments, symmetry term, and local coordinates from SERS spectra for hemin in borate after incubation during 48 h.
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Origin of the SERS Effect

The SERS spectra of hemin-glyphosate incubation mixtures containing different concentrations of GLY are reported in Figure 6A. All bands of hemin grow as a function of the glyphosate concentration in solution. It is important to highlight the importance of the incubation time to obtain reproducible Raman signal intensity in the assays since, without 48 h of incubation, the acquisition of a distinguishable trend in the Raman intensity is not possible (see Supplementary Figure 3 in supporting information). In order to understand the origin of the SERS effect that allows the continuous increase of practically all the bands of hemin as a function of glyphosate concentration in the incubated solutions, an in-depth analysis of the SERS experiments was conducted.
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FIGURE 6. (A) SERS spectra from 540 to 1,680 cm−1 of hemin-glyphosate incubation mixtures containing different concentrations of GLY: (a) 0, (b) 0.1 nM, (c) 1 nM, (d)10 nM, (e) 100 nM, (f) 1 μM, (g) 10 μM. (B) SERS spectra from 500 to 1,700 cm−1 of the incubated mixtures of hemin-glyphosate solutions containing different concentrations of GLY: (a) 0, (b) 0.1 nM, (c) 100 nM, (d) 1 μM. N: band used for normalization.


From Figure 6A and Table 1, the Eu infrared active mode is indicative of the asymmetry in the vinyl substituents of hemin on the silver nanoparticles (Choi et al., 1982). Moreover, the domain of modes attributable to the vinyl groups [δ(CβCaCb)4−vinyl, δ(CβCaCb)2−vinyl, ν(Cb-Cα (vinyl) + δ(Cb-R), δ(CaH=), δ(=CbH2), ν (Ca=Cb)], implies that hemin is adsorbed on silver through their vinyl substituents in the presence and absence of glyphosate. This can be confirmed with the Raman spectra of the same samples, on the silicon wafer without silver nanoparticles (resonance Raman (rR) experiments), where only a single band of vinyl at 1,615 cm–1 appears (Supplementary Figure 4 of supporting information).

The band at around 1,614 cm−1 contains contributions from the two vinyl side chains of hemin that converge at the same wavenumber value due to the coplanar orientation of both groups with the porphyrin plane (Milazzo et al., 2020). On SERS substrates (see Figure 6A), the wavenumber value of the 1,614 cm−1 band undergoes a gradual down-shift when glyphosate concentration is increased in the hemin solution, reaching a value of 1,609 cm−1 at the highest tested concentration (1 × 10−5 M). However, in the rR spectrum of hemin, the frequency value of this mode remains unchanged in the presence of glyphosate (Supplementary Figure 4). This result suggests a gradual change in the planar orientation of the vinyl groups of hemin due to its binding onto the silver substrate, presenting a major conjugation between the vinyl substituent and the porphyrin macrocycle at the higher concentration of glyphosate (higher degree of trans configuration) (Marzocchi and Smulevich, 2003). Although the resonance response to an increased conjugation should be accompanied by a decrease in the intensity and a down-shift of the wavelength value of the ν2 mode (Rwere et al., 2008), the presence of glyphosate makes this mode to show an increase in intensity without a change in position due to an increase in the proximity of the vinyl groups to the surface of silver (electromagnetic enhanced mechanism).

The evaluation of the high wavenumber range in Figure 6A includes a resurgence of the band v4, which becomes well-resolved at the highest glyphosate concentration (1 × 10−5 M). The v4 mode is associated with the C-N stretch vibrations of the pyrrole subunits and is considered the oxidation-state marker band. The occurrence of v4 mode at 1,366 cm–1 is consistent with the Fe atom in its Fe(II) oxidation state (Wood et al., 2001). The position of v15 at 744 cm–1 corroborates the presence of reduced hemin on the surface of the Si-AgNPs substrates (Zheng et al., 2003).

At low wavenumber values (Figure 6B), the presence of glyphosate provokes the attenuation of intensity in the band at 421 cm–1 assigned to the out-of-plane bending motion of the vinyl group attached to the pyrrole II group (Rwere et al., 2008). This phenomenon is associated with an increase in its degree of planarity over the surface. As shown in the inset of Supplementary Figure 4, this band does not change in intensity and position in the rR spectra in the presence of glyphosate, suggesting that the change observed on the SERS substrate comes from re-orientation of the 2 vinyl group of the hemin molecule over the surface of the silver substrate. Figure 6B shows an increase of the band at 372 cm–1 without a change in its position when glyphosate is present in the hemin solutions. The presence of propionate modes under such conditions that are not observed in the insert of Supplementary Figure 4 implies an increase in the nearness of the propionate group to the silver surface. This is only conceived when considering the cofacial π-π dimmer of hemin, where although there is no overlap between the porphyrin nuclei of the two FP-Fe(III) units, an overlap between the vinyl group of one unit and the porphyrin group of a second unit is present (Klonis et al., 2010). Thus, an approach of the vinyl groups of the hemin dimmers to the Ag surface also implies the proximity of the propionate group.

On the other hand, as shown in Figure 6A and Table 1, the enhanced modes of hemin in the presence of glyphosate at an excitation of 780 nm include the A1g and B1g type modes. At this wavelength in resonance Raman spectroscopy experiments on hemin solutions, the A1g and B1g type modes increase in intensity, compared with other excitation wavelengths (Franzen et al., 2002). Therefore, the observed increase in SERS, may come from a resonance Raman phenomenon: a modification in the electronic distribution of hemin as a result of a change in its heme-iron valence, corroborating that these modes arise from a charge transfer (CT) transition of heme by a vibronic coupling mechanism (Wood et al., 2004).

To contrast the results obtained at 780 nm, SERS measurements of the same solutions were recorded using excitation with a laser of 532 nm, where an electronic transition (Q band) and a LSPR absorption signal in the Si-AgNPs substrates also occur. Therefore, in the same way as in the case of excitation at 780 nm, electromagnetic and chemical contributions are expected for the obtained SERS response. Figure 7 shows the SERS spectra obtained at 532 nm of excitation wavelength for hemin borate solution before (curve a) and after (curve b) 48 h of incubation with 10 mM glyphosate solutions. For comparison, the respective SERS spectra obtained with excitation at 780 nm are added (curves c and d).
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FIGURE 7. SERS spectra acquired at 532 nm of excitation for: (a) 25 μM of hemin–borate solution, (b) mixture of hemin-borate and 1 μM glyphosate solutions. SERS spectra acquired at 780 nm of excitation for: (c) the same solution as in (a), (d) the same solution as in (b). Range: 540–1680 nm; incubation time: 48 h.


At 532 nm, the domain of modes attributable to hemin vinylic groups in the absence and presence of glyphosate are observed. However, the position of the C=C mode at 1,620 cm−1 and that of the low-frequency modes associated with the bending modes of the vinyl (from 320 to 456 cm−1) do not show changes in the presence of glyphosate. This behavior allows inferring that hemin is adsorbed through its vinyl groups, but does not undergo a planar orientation change on silver substrates. The v4 mode at 1,372 cm−1 indicates the ferric state, Fe(III) (DeVito and Asher, 1989). This information is confirmed by the presence of the ν15 mode at 754 cm−1, as considered by Zheng et al. (2003). Thus, from the observed at both 780 and 532 nm excitations, a change in the conformation of the vinyl groups on silver can provoke the affectation of the heme iron redox potential, as it has been inferred in the literature (Chen et al., 2004). On the other hand, it is corroborated that the ν15 mode is also sensitive to the redox state of the heme iron.



Glyphosate Quantification

Indirect quantification of glyphosate by SERS at 780 nm excitation wavelength was achieved by monitoring the pyridine ring breathing mode of hemin at 745 cm−1 with the contribution of the negatively charged borate ion [image: image]), which increases with the herbicide concentration. It is important to highlight that in the absence of hemin at the same experimental conditions, this band does not show a clear intensity tendency to allow quantification (Supplementary Figure 5). Figure 8A corresponds to the SERS spectra of hemin solutions with different glyphosate concentrations after 48 h of incubation. All the spectra were normalized against the band at 715 cm−1, and the intensity values were settled to zero at the foot of the band (720 cm−1). Figure 8B shows the calibration curve constructed by plotting the intensity of the bands at 745 cm−1 vs. Log[GLY]. The intensity values were corrected by subtracting the intensity of the curve obtained in the absence of glyphosate.
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FIGURE 8. (A) SERS spectra at 780 nm excitation wavelength for different glyphosate concentrations in 25 μM of hemin-borate solutions after 48 h of incubation. (B) Calibration curve.


A determination coefficient R2 of 0.9801 was obtained from the fitted curve, with excellent experimental repeatability as observed from the error bars that comprise the standard deviations from three independent measurements. The equation describing this relationship is:

Intensity = 0.9403 Log[GLY] + 10.6718

The linear range is from 1 × 10−10 to 1 × 10−5 M. The limit of detection (LOD) was 9.59 × 10−12 M (obtained from 3 standard deviations from the average of the blank sample). This value is lower than that found with the Abraxis method (8.87 × 10−8 M), which is considered one of the most flexible and versatile enzyme-linked immunosorbent assay (ELISA) to detect glyphosate, and the accuracy is compared to standard liquid chromatography and tandem mass spectrometry methods (Berg et al., 2018). Table 2 shows a comparison of the LOD obtained with different methodologies, including SERS. As it can be noted, the LOD in this work is three and two orders of magnitude higher than in our previously published electrochemical method and the one reported by Cao et al. (2019), respectively, but lower than the other shown methods. Also, the limit of quantification (LOQ) attained in this work was 5.69 × 10−11 M.


Table 2. LOD values for glyphosate detection from different methodologies.
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Glyphosate Quantification in Honey

As an example of the applicability of the quantification proposal, organic honey samples collected from a local market were spiked with different concentrations of glyphosate (1 × 10−9, 1 × 10−8, 1 × 10−7, 1 × 10−6, and 1 × 10−5 M). Before the hemin incubation step (48 h), which precedes SERS measurements, the pH of honey samples dissolved in borate solution was adjusted to 9.2 with NaOH in order to obtain a homogeneous mixture with hemin. The accuracy and precision of the method were tested via recovery experiments. Figure 9 shows the SERS response of the incubated solutions of honey/hemin in the absence and the presence of different concentrations of glyphosate.


[image: Figure 9]
FIGURE 9. SERS spectra taken at the excitation wavelength of 780 nm for the mixture of hemine 25 μM + borate solution 0.25 M, after 48 h of incubation with different concentrations of glyphosate (0–10 μM) spiked in honey samples.


From Figure 9, it is clear that no Raman signal comes from honey or sodium hydroxide in the range from 700 to 770 cm−1. Quantification of glyphosate was conducted using the band at 715 cm−1 for normalization, and the band at 745 cm−1 was employed as the marker band. Table 3 shows the recovery values that are related to accuracy. Recovery values were between 92 and 135% for concentrations from 1 × 10−9 to 1 × 10−6 M, which is indicative of the absence of matrix effects. A lower recovery (40%) was obtained for the higher concentration surveyed (1 × 10−5 M). This fact is not surprising since it is known that SERS measurements can have deviations at high concentrations (Sackmann and Materny, 2006).


Table 3. Accuracy and precision obtained with the SERS sensing system.
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The maximum residue limit (MRL) for glyphosate in honey is established at 50 μg kg−1 by the European Union (E. U., 2013). In this work, the linear range is 0.116–1,165 μg kg−1 for honey samples, and the EU MRL value is within this interval. The limit of quantification (LOQ) obtained from 10 times the standard deviation of the blank sample average was 11.6 ng kg−1, representing values far below the EU MRL. It is important to mention that the scope of this work is to present a concept of glyphosate sensing based on SERS measurements with the use of a reporter molecule (hemin) that can be promising as an alternative methodology. Further studies will include the influence of possible interferents such as glufosinate, aminomethylphosphonic acid (AMPA), and other herbicides.




CONCLUSIONS

In this work, we report a SERS approach for indirect quantification using a reporter molecule (RM) under a previous incubation process with the analyte, a method that has not been reported previously. The key concept is based on implementing an incubation step that allows a binding equilibrium process between the RM and the analyte, since we demonstrated that this step may influence the Raman signal reproducibility, which is an important aspect pursued in this research area. Additionally, because the incubation process is not conducted directly on the SERS substrate, oxidation or dissolution of metallic nanoparticles are prevented. Using this proposal, the quantification of glyphosate at 780 nm of laser excitation wavelength was possible by following the changes in a band that belongs to the hemin used as the RM, resulting in a LOD value as low as 1 × 10−13 M. It was also successfully tested in real honey samples without the interference of the sample matrix. On the other hand, it was found that in the presence or absence of glyphosate, hemin is the adsorbed species on SERS substrates through its vinyl groups and undergoes the reduction of its prosthetic group. On the other hand, comparing the results with those using 532 nm, it was corroborated that the position of the ν15 mode of hemin can be used together with the well-known oxidation-state marker band (v4 mode) to determine the redox state of heme iron. Finally, the method opens the possibility of exploring the other RM-analyte systems where the binding equilibrium occurs during the incubation process.
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L

R2 09981 09912 09922 0.9953
LOD (ng L) 25 37 29 18
LoQ (g L) 83 12 60
Intraday 2163 3459 33-6.1
(%RSD), n = 10

Relative 975487  983+47  953+£46 98347
recoveries®

%Relative recoveries = (Concentration extracted in river /Concentration of each analyte
extracted from ulrapure water) x 100.

Experimental conditions: river sample volume, 30mL; mass of adsorbent, 15mg;
acetonitile volume, 1,130 yu; time of desorption, & min; extraction time, 15 min and pH
of the sample, 7.0.
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Parameters Clothianidin Imidacloprid Acetamiprid Thiacloprid

Linearity (g L") LOQ650  LOQ-600  LOQ-450  LOQ-300
I 0.9990 09983 09981 09994
LOD (ng L) 20 32 2.4 13
LoQmgL-") 67 1 70 43
Intraday (%RSD), n = 10 13 15 12 18
Interday (%RSD), n = 5 27 35 26 44
Enrichment factor (EF) 104 % 98 110

Experimental conditions: sample volume, 30mL; mass of adsorbent, 15mg; acetonitile
volume, 1,130 pL; time of desorption, &min; extraction time, 15min and pH of the
sample, 7.0.
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Isotherms

Langmuir
1
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7= Gk CoF G
Freundich

Ingo = InKs +InCy

Redich-Peterson
\n(Kn - 1) =bpinCe +Inag

Dubinin- Radushkevish
Ings = Ingm — BE?

Parameters

Qmax (Mg g™)
K (Lmg™)
2

K

N

R

B

R?

-~ (Mgg~")
E (J o)
R

Acetamiprid

99.0
0.10
0.9499
69.9
3.0
09124
185
0.88
0.8498
67.7
0.34
0.8498

Clothiandin

855
0.11
0.9286
736
20
0.8926
10.1
0.65
0.7140
57.1
0.22
0.812

Thiacloprid

200
009
09799
808
20
0.8865
165
075
0.6540
51.6
044
07219

Imidamiprid

794
0.16
0.8767
865
25
0.6621
1.4
0.52
0.6281
60.7
0.31
0.7899
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Sample  SCC (x10%) cells mL™" Bacteria

N 60 N/A

st 337 Coagulase-negative Staphylococci
s2 821 Coagulase-negative Staphylococci
s3 >1,000 Coagulase-negative Staphylococci
s4 353 Strep. dysgalactiae

5 797 Strep. dysgalactiae

6 >1,000 Strep. dysgalactiae

N, normal milk sample; S, mastitic milk samples.
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sample

s12
S22
s30
sab
S50
s6°

NAGase activity
without ZnO-QDs-Si0,
(M min~")

0.26 £0.02
0.60 £+ 0.09
0.66 £+ 0.08
0.83£0.11
0.74 £0.13
0.87 £0.09
1.30 £0.02

N, normal milk sample; S, mastitic mik samples.

Data are reported as mean « stendard deviation (n = 3)
aPositive with Coagulase-negative Staphylococci.
bpositive with Strep. dysgalactiae.

NAGase activity
with ZnO-QDs-Si0,
(M min~")

0.13£0.01
0.46 £ 0.00
0.65 £ 0.02
0.82 £0.02
0.89£0.03
124 £0.02
1.69£0.03
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treatment

Analyte Sample

LOD (M)

LR (M)

AF REF

AVP NR

AVP Water rinsed

AMP NR

AVP Rinsing/isopropyl
aloohol

AP NR

Dopamine (D) NR
Norepinephire (NOR)

Epinephrine (EPI)

Catechol (CTC) Standard
Dopamine (DOP) solution

2-Chlorophenol (2-CP)
3-Chlorophenol (3-CP)
4-Chlorophenol (4-CP)
2,4-Dichlorophenol
(2,4-DCP)
2,4,6-Trichlorophenol
(2.4,6-TCP)
Pentachlorophenol (PCP)
Dopamine Standard
hydrochloride (DA) solution
Norepinephrine (NE)

DL-Normetanephrine

hydrochloride (NM)

DL-34-

Dihydroxyphenylethyleneglycol

(DOPEG)

DL-Vanily-mandelic

acid (VMA)

Natural water

Norepinephrine (NE) Biological
tissue

0,02 (OP)
0.02 (NOR)
002 EP)
0.1 (CTC)
0.08 (DOP)
1.6 x 1074 (2-CP)
1.6 x 1074 (3-CP)
1.6 x 104 (4-CP)
2.4 x 1074 (2,4-DCP)
10x 1072
(2.4.6-TCP)
1.9 x 104 (PCP)

0,04 (DA)
0.05 (NE)
004 (NM)

0.25 (DOPEG)
0.15 (VMA)

0.06

0.1-100

0.1-100 (CTC)
0.08-100 (DOP)
1.6x 1074 -0.78
(2-CP/3-CP/4-CP)
2.4 x 104 080
(2.4-DCP)
1.0x 1073 -0.76
(2,4,6-TCP)
19x 1074
~0.75 (PCP)

0.05-100 (DA/NE/NM)

0.25-50 (DOPEG)
0.100-50 (VMA)

0.08-1.00

AVP Sonication/2-
propanol/ 10 min.

AMP Sonication/2-
propanol/10min.

AP Sonication/2-
propanol/ 10 min.

NR
(1,3-DNB)

24-Dinitrotoluene (2,4~

DNT)

Guanosine (GNS) NR
Xanthine (XNT)

4-Aminophenol (4-AP) NR
2

Aminonaphthalene (2-

AN)

0.42 (1,3 DNB)
060 (2,4-DNT)

22(GNS)
2.1 (XNT)

2.0 (4-AP)
1.3 (2-AN)

1.2-8.3 (1,3 DNB)
1.4-7.7 (2.4-DNT)

50-250

2-50

3 Shin et al,, 2003

7 Ovatka etal., 2003

4 Muna et al., 2005

4 Park et al., 2006

9 Quaiserové-Mocko et al.,
2008

20 Wang et al., 2003

18 Wang et al,, 2004

36 Shin et al., 2004

DT, detection technique; AF, analytical frequency; LR, linear range; AMP, amperometry; PAD, pulsed amperometric detection; LOD, limit of detection; NR, not reported.
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Cell type Cell culture type Electric and electrochemical  Modification Target References

principle
Yeast Single cells Electrophoresis, amperometry = Reporter gene Yasukawa et al., 2008; Ino et al., 2009
Blood cell Single cells CE - Cellular component Mellors et al., 2010
Hela Single cells DEP - Celltrapping Thomas et al., 2009
EScell Spheroids DEP, amperometry = Alkaline phosphatase Kanno et al., 2015¢
B-cells Single cells DEP with bipolar electrodes - Cellattraction and Anand et al,, 2015
repulsion
373 cell, ES cell, MSC, myeloma, Hela Single cells DEP - Gell paifing Sen et al,, 2018b; Yoshimura et al., 2014; Wu
etal., 2017
MSC Single cells DEP . Isolation Yoshioka et al., 2018
MSC Single cells DEP - Cell differentiation Yoshioka et al., 2016
Lung cancer cell Single cells DEP, impedance - - Ngoc-Viet and Jen, 2018
HaCaT Single cells EWOD, gPCR o Gene analysis Rival et al., 2014
Hepatocyte Monolayer Amperometry = Dissolved oxygen Moya et al., 2018
Bovine embryo Single embryo Amperometry - Dissolved oxygen Wu et al,, 2007
Human colon carcinoma cel Spheroid Amperometry Enzyme Lactate, glucose Misun et al., 2016
Heart tissue Spheroid Cyclic voltammetry - ROS Cheah et al., 2010
Leucocyte Cells Amperometry Redox polymer, Hp0 Inoue et al., 2010
enzyme
Human monocytic leukemia Cells Amperometry Redox polymer, Oxygen, Ho0p Prasad et ., 2016
enzyme
HepG2/C3A cell Sphercid Amperometry Enzyme Glucose, lactate Bavii et al., 2016
ES cell-derived cardiomyocyte, primary Spheroid Impedance Antigen Creatine kinase MB, cell Shin et al., 2016, 2017
hepatocyte secretome
Breast cancer cell - Electrophoresis - Extracelular vesicles Akagi et al., 2015
MDCK-2, bEnd.3, C2C12 Monolayer TEER . Cell monolayer integrity ~ Douville et al., 2010
b.End, astrocyte, pericyte Multi-layer TEER - Blood-brain barier Wang etal., 2016
Primary human airway epithelial cell Mornolayer TEER - Epithelial barrier function  Henry et al., 2017
Endothelial cell, cardiomyocyte Monolayer TEER . Vascular permeability and  Maoz et al., 2017
cardiac function
Primary porcine aortic endothelial cell Monolayer Square wave voltammetry - Cell monolayer Wong and Simmons, 2019
permeability
Macrophage, mast cell Cells Impedance - Cell-cell interaction Jiang et al., 2016
Human cardiac spheroid Spheroid EIS - - Schmid et al., 2016
Bacterial cell Single cells lonic current - Size Yasaki et al., 2018
Breast epithelial cell Monolayer, spheroid Electric cell lysis - mRNA Nashimoto et al., 2007
Embryonic stem cell Spheroid Electric cel ysis - MRNA Ito etal., 2016
Lymphoma, Human myeloid leukemia Single cells Electric cell ysis - mARNA Subramanian Parimalam et al., 2018
ES cell, Hela, 3T3 Single cells Electrochemical syringe - mANA Nashimoto et al., 2016

ES cell, Embryonic stem cell; 3T3 cell, fibroblast cell line; HeLa, cervical cancer cell; HaCaT, human keratinocyte; HepG2/C3A cell, Human hepatocellular carcinoma; MDCK, Madin-Darby canine kidney cell; b.End3, brain-derived
endothelial cell: C2C12, mouse myoblast cell.
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oT Pre-treatment Analyte Sample LOD (M) LR (M) AF(h~1)  References

AVP As received Ethylamine (EA) ss 5 10-1,000 (EA) 40 Jolley et al., 1997
Ethylenediamine (EDA) (EA and EDA) 10-1,000 (EDA)
AVP Hydrogen plasma Chlorpromazine (CPM) ss 0.004 (CPM) 0.3-3,000 (CPM) NR Granger et al., 1999
(800°C/30min) Ascorbic Acid (A4) 0012 (A3 0.1-3,000 (AA,
Dopamine (DP) 0.002 (OP) DP and 4-MC)
4-Methylcathecol (4-MC) 0.002 (4-MC)
AVP NR Histamine (HIS) ss 0.5 (HIS) 0.5-100 (HIS) 40 Sarada et al., 2000
Serotonine (SER) 0.02 (SER) 0.01-50 (SER)
5-Hydroxyindoleacetic acid (HIAA) 0.1 (HIAA) 0.1-100 (HIAA)
AMP As received Cadaverine (CAD) ss 1.0(CAD/PUT/SPD)  1.0-1,000 (CAD, NR Witek and Swain, 2001
Putrescine (PUT) PUT and SPD)
Spermine (SPR) 0.3 (SPR) 0.3-1,000 (SPR)
Spermidine (SPD)
AMP As received Glutathione (GLU) NR 0.5 (GLU) 0.5-100 (GLU) NR Hailapakul et al., 2001
Gephalexin (CPH)
AMP As received Acetaminophen PF 001 05-50 76 Wangfuengkanagul and
Challapakul, 2002a
AVP +3.0V/30min 0.1M Bisphenol-A NR 1 1-100 30 Notsu et al., 2002
Hp804 17p-estradiol 10
AVP As received D-pericilamine PF 001 0.5-50 54 Wangfuengkanagul and
Chailapakul, 2002b
AMP As received Captopril PF 001 05-100 35 Siangproh et al., 2003a
AMP As received Tiopronin SSand PF 0.01 0.5-50 NR Siangproh et al., 2003b
AMP Cyclic voltammetry Tetracycline PF 0.01 0.5-50 NR Wangfuengkanagul et al., 2004
(0-22V/30 min/0.IMKOH  Chlortetracycline
Oxytetracycline
Doxycycline
AMP As received lodide ion PF 001 0.8-200 8 Chailapakul et al., 2004
AVP As received Sodium thiosulphate ss 0.2 0.5-100 180 Suryanarayanan et al., 2004
AVP NR Glucose ss 067 (Ni-BDD) 1-50 NR Ivandini et al., 2004
10 (Cu-BDD)
AVP As received Lincomycin PF 002 05-125 0 Boonsong et al., 2005
AMP NR Hydrogen peroxide ss 005 0.1-10 NR Wvandini et al., 2005
AVIP As received Tetracycline PF 0.01 1-100 NR Treetepvijit et al., 2005
AMP —3.0V/30 min/0.1 M BR Rutin Tea samples 7.7 10-250 100 Pedrosa et al., 2006
buffer, pH = 5.0
PAD As received Salbutamol (SBM) PF 0.1 (SMB) 0.5-100 (SBM) NR Karuwan et al., 2006
Terbutaline (TBL) 0.5(TBL) 1.0-100 (TBL)
Clenbuterol (CBR) 0.3 (CBR) 0.5-50 (CBR)
AMP As received Malachite green (MG) Leucomalachite ss 0.05 for both 1-100 (MC) 144 Ngamukot et al., 2006
green (LMG) 4.0-80 (LMC)
AVP As received Sulfonamides Eggs 004 (SD2) 0.2-400 (SDZ) NR Preechaworapun et al., 2006
0.04 (SM2) 0.18-359 (SM2)
0.04 (SMM) 0.18-357 SMM)
0.10 (SDM) 0.32-967 (SDM)
AMP As received Arsenite (As(lll)) Tap water 0.02 0.1-100 30 Ivandini et al., 2006
AVP As received Chloramphericol PF/Milk samples 003 0.1-50 60 Chuanuwatanakul et al., 2008
AVP —3V/10/0.1MPBS pH7.4.  Bovine serum albumin (BSA) ss 0.76 for BSA 0.76-455 BSA 48 Chiku et al., 2008
Immunosuppressive acicic protein (1AP) 20 for IAP 4.0-16.0 (AP)
AVP As received Oxalate ss 0.03 0.8-100.0 23 Kondo et al., 2008
MPA —~1.0A cm~2/120 $/0.56M BHA Food 0.03 (BHA) 0.05-3.0 (BHA) 63 Medeiros et al., 2010b
HpS04 BHT samples 0.4 BHT) 0.7-70 (BHT)
MPA —30V/900s/05MHpS0;  Paracetamol (PAR) PF 0.7 (PAR) 531,300 for 140 Sivaetal., 2011
Caffeine (CAF) 09 (CAR) PAR
5.1-132 for CAF
MPA 3.0 V/900 s/0.5M HpSO4 Diclofenac (DCF) PF 0.1 5-50.0 135 Gimenes et al., 2011
MPA -9Ccm2 Sildenafil citrate PF 0.4 2-100 86 Lopes Junior et al., 2012
0.5 MH,804 004 06-100
MPA 0.5Acm~2/60s and Tartrazine and sunset yellow (TT-SY) Food 25(TT) 5-60 (TT) 80 Medeiros et al., 2012
—~0.5A cm~2 for 180 samples 0.8(SY) 1-50 (SY)
$/0.5M HpS0,
Briliant blue and SY (BB-SY) 35(8B) 5-60 (BB)
09(sY) 1-50 (SY)
AVP +11.7 mA/30 S/0.5M Nimesulide PF 008 4-80 %0 Percira et al., 2013
HpS04
AP ~2.0V/60 5/0.5M HpSO4 Yohimbine Dietary 02 03-10 70 Svorc and Kalcher, 2014
supplements 10-100
FBA- —50mA M 2/120/0.1M  Zn?* Water 92x10°8 0.18-123 12 Bezerra dos Santos et al,, 2014
DPASV HS04. Pp2+ samples (@n2+) (Zn2+)
96 x 3.1 x 1078
104 (Po2+) —62x
1072 (Pb2+)
MCFA- 3.4 @) 12.7-76.2 o7
MPA 0.2 Pb2+) @Zn?+)
0.2-3.9 (Pb2+)
AVP As received Hydrogen Sulfide Aqueous solutions 04 1-51 24 Bitziou et al,, 2014
AMP As received N-acetyl-l-cysteine (NAC) PF 0.01 0.5-50 84 Nantaphol et al., 2014
AVP ~05Acm™2/360 /050M  Estrone Tap and natural 001 0.1-30 50 Brocenschi et al., 2014
HpS04 17-B-estradiol waters
Estriol
SWASV 50mA cm™2/120 5/0.1M [ Natural waters 16 x1073 0.06-0.45 NR Bezera dos Santos et al., 2015
HzS04 Po2+ (Cd+) (Cd+)
39 001~
x10~4 (Pb2+) 0.11 (Pb2+)
MPA ~0.01A/1208/05M Caffeine (CAF) PF 02(PC) 14-281 (PC) 150 Chaves etal., 2015
H2804 Ibuprofen (18) 02 (CAF) 3-60 (CAP)
Paracetamol (PC) 0.1 (8) 10-205 (1B)
MPA 0.5Acm™2/180 /0.5M Hydrochlorothiazide (HTZ) PF 02(HTZ) 0.4-80 (H12) 89 Lourengao et al,, 2015
HpSO4 Enalapril (ENP) 0.01 (ENP) 0.03-1.00 (ENP)
AMP Polished with alumina slurry Hydrazine (HZ) PF 64.5 1-100 NR Channon et al.,, 2015
(0.05um)
MPA —0.04A cm~2/180 s/0.5M Acetaminophen (ACP) PF and BF 0.03 (ACP) 1-100 (ACP) 85 Santos etal.,, 2015
HpS04 Tramadol (TRA) 0,04 (TRA) 0.08-10 (TRA)
MPA ~0.03 A/360 /0.5M Gotinine (CO) BF 006 05-100.0 36 Aecrim et al,, 2016
HpSO4
AMP —2.0V/180 s/1 M HpS04 Ziram (pesticide) Natural water 0.003 0.1-1 6 Stankovi¢ and Kalcher, 2016
MPA ~0.03 A/360 5/0.5M Prazosin PF 05 2-200 70 Guedes et al., 2016
H2S04
AMP +3.0 V/20 min phosphate Oxytocin and Vasopressin BF 0.05 0.1-10 60 Asai etal., 2016
buffer (pH 7.4)
AVP As received Oxalic acid Natural water NR 10-100 NR Watanabe et al., 2016
AVP 0.5Acm™2/60sand ~05A  Ivermectin (VM) and Levamisole (LVM) 003 (VM) 0.6-50.0 (VM) 48(VM)  Lourengao etal, 2016
om~2/180 /0.5 M HpSO4 0.001 (VM) 0.01-5.0 (LVM) 56 (LVM)
MPA ~0.04Acm™2/1805/0.5M  Acetaminophen (ACM) PF and BF 0.03 (ACM) 0,08-100 (ACM) 0 Santos etal., in press
HpSO04 Codeine (COD) 0.04 (COD) 0.05-10 (COD)
AVP As received Epinephrine (EP) and Acetaminophen (AG)  PF 0.5 EP) 0.6-30.0 (EP) 45 (EP) Lourengéo et al., 2017
0.7 (AC) 0.8-70.0 (AC) 50 (AC)
MPA +1mA/120s and, ~30 Warfarin PF 05 2-400 94 de Jesus Guedes et al., 2017
MA/360 /0.5 M Hp SOy
MPA ~0.10Acm™2/1208/0.5M  Indigo carmine Candy samples 004 007-1.0 153 Deroco et al., 2018
HaS04 Allura red 0.007 0.04-0.7
MPA ~0.03 A/360 /0.1M Colchicine PF and BF 0.02 0.1-20 30 Moreira et al., 2018
HpS04 20-500
MPA 0.03 A/360 /0.1 M HaSO4 Verapamil PFand BF 02 0.8-40 45 Barbosa Lima et al., 2018
AvP —2.9V/340 $/3M HpSO4 Hydrogen peroxide Tooth el 11 98-959 63 Azevedo et al,, 2018
MPA ~30 MA/360 /0.5M Oxcarbezepine PF and BF 0.4 2-80 65 Lima et al,, 2018
H2804;

DT, detection technique; SS, standard solution; PF, pharmaceutical formulations; BF, biological Fluids; PAD, pulsed amperometric detection; AMF, chronoamperometric detection; MPA, muitiple pulse amperometry detection; SWASV,
square-wave anodic stripping voltammetry detection; FBA-DPASV, flow-batch analysis with differential pulse anodic stripping voltammetry detection; MCFA-MPA, multicommutation flow analysis with multiple pulse amperometry
detection; LOD, limit of detection; AF, analytical frequency; LR, linear range; NR, not reported.
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oT Pre-treatment Analyte Sample LOD (uM) LR (M) AF (h~")  References

DPA —~3V/900s/ TBHQ, BHA Biodiesel and PF 1.7 (PAR) NR 60 daSivaetal, 2011
or 0.5MHS04 Paracetamol (PAR) 0.7 (CAR
MPA Caffeine (CAF) 08(DYP)
Dipyrone (DYP) 0.2(TBHQ)
0.04 (BHA)
AVP ~3V/900 /0.5M H804 BHA Biodiesel 0.05 10-50 120 Tormin et al., 2011
AVP —3V/900 8/0.2M HpSO04 Hydroguinone PF 0.02 10-2000 70 Cunha et al., 2013
MPA ~0.01 A/1,000 8/0.1M HpS04 Codeine (COD) PF 1.0 (COD) 7-36 (COD) 300 Gimenes et al,, 2013
Diclofenac (DCF) 1.1 (OCF) 10-50 (DCF)
MPA ~0.01 A/1,000 8/0.1M Hp804 Nimesulide (NIM) PF 03 (PAR) 10-50 (NIM) 46 Pereira etal., 2013
Paracetamol (PAR) 0.3 (NIM) 50-250 (PAR)l
MPA ~0.01 A/1,000 /0.1M HpSO4 Propranolol (PRO) PF 0.2 (PRO) 10-50 (PRO) 130 Gimenes et l., 2014
Hydrochlorothiazide (HZT) 1.9 (HZT) 5-26 (HZT)
MPA ~0.01 A/1,000 8/0.1M Hp80,4 Diphenhydramine (DIP) PF 0.1(8-CTP) 10-80 (8-CTP) 70 Freitas et al., 2014
8-chlorotheophyline (8-CTP) 0.2 (OIP) 10-60 (DIP)
PAD ~0.01 A/1,000 8/0.1M HpS04 Mancozeb Insecticide 05 40-650 90 Sitaetal,, 2014
MPA ~0.01 A/1,000 8/0.1M HpS04 Picoxystrobin Natural water 16 5-100 108 Dornellas et al., 2015
MPA ~0.01 A/1,000 /0.1 M HpSO, Suifamethoxazole (SMX) and trimethoprim (TMP) PF 0.9 (SMX) 40-198 (SMX) 7% Pereira et al., 2015
0.6 (TMP) 7-35 (TMP)
MPA —~0.01 A/1,000s/0.1MHpSO;  Captopril (CAP) PF 0.1 (CAP) 27-81 (CAP) 100 Gimenes et al., 2015
Hydrochlorothiazide (HZT) 0.3 (HZT) 10-30 (HZT)
MPA ~0.01 A/1,000/0.1MHp80,  8-chlorotheophyliine (8-CTP) PF 0.2(8-CTP) 10-100 (8-CTP 60 Freitas et al., 2016
Pyridoxine (PYR) 05 (PYR) and DIP)
Diphenhydramine (DIP) 0.2 (DIP) 10-60 (PYR)
SWV and ~0.01 A/1,000s/0.1MHp80,  Zinc PF 0.1 @Zn?*) 3-17 (NAP) 70 Oliveira et al., 2016
SWASV Naphazoline (NAP) 0.04 (NAP) 10-50 Zn2+)
MPA ~0.01 A/1,000 5/0.1M HpS04 Phenazopyridine (PHE) PF 0.5 (PHE) 18-1,500 (ST2) 70 Pereira et al., 2016
Sulfamethoxazole (STZ) 0.8(ST2) 8-158 (TR)
Trimethoprim (TRI) 0.7 (TR) 3-138 (PHE)
PAD —~0.01 A/1,000s/0.1MHpSO;  Amlodipine (AML) PF 0.07 (AML) 2-100 (AML) 70 Siva et al., 2016
Atenolol (ATL) 007 (ATL) 2-75 (ATL)
SWY and ~0.01 A/1,000 /0.1 M HpS0, Gocaine (COC) Seized cocaine 0.9 (CO0) 20-100 (COC) G Freitas et al., 2017b
MPA
MPA and ~0.01 A1,0005/0.1MHp80;  Sildenafi PF NR. 5-150 60 Garcia Cardozo et al.,
SWV/PCA 2017
MPA ~0.01 A/1,000 8/0.1M HpS04 Paracetamol (PAR) PF 1.3 (PAR) 7-562 (PAR) 75 Sivaetal., 2017a
Propyphenazone (PRO) 1.3 (PRO) 22-217 (PRO)
Caffeine (CAF) 05 (CAR) 10-82 (CAR)
MPA ~0.01 A/1,000s/0.1MHp80;  8-chlorotheophyline (8-CTP) PF 0.3(8-CTP) 10-100 (8-CTP 120 Freitas et al., 2017a
Gaffeine (CAF) 05 (CAR and DIP)
Diphenhydramine (DIP) 0.8 (DIP) 10-140 (CAR)
AVP ~0.01 A/1,000 8/0.1 M HpSO4 Levofloxacin Tap, aquarium 0.1 5-100 160 Alencar et al., 2017
and lake water
swy ~0.01 A/1,000 5/0.1M HpS0, Propyphenazone (PRO) PF 0.9 (PRO) 9-217 (PRO) 80 Sivaetal, 2017b
Paracetamol (PAR) 2.0 (PAR) 13-331 (PAR)
Caffeine (CAF) 1.5 (CAF) 10-257 (CAF)
MPA ~0.01 A/1,000 8/0.1M HpSO4 Pheniramine (PHE) PF 0.6 (PHE) 16-120 (CHL 80 Oliveira et al., 2018b
Ghlorpheniramine (CHL) 05 (CHL) and PHE)
Naphazoline (NAP) 0.1 (NAP) 2-15 (NAP)
BIA-SW —0.01 A/1,000 /0.1 M HpSO4 Sibutramine Natural products 03 18-180 NR Freitas et al., 2018
and
multivitamins
BIA-SWV +0.01 A/1,000 8/0.12M Scopolamine Beverage and 02 1-20 NR Oliveira et al., 2018a
Britton-Robinson buffer Urine Samples

DT, detection technique; DPA, dlual pulse amperometry; MPA, multple puise amperometry; AV amperometry; PAD, pulsed amperometric defection; SWV, square-wave voltammetry; SWASV, square-wave anodic stripping votammetry;
PF, phamaceutical formulation; LOD, limit of detection; LR, linear range; AF, analytical frequency; NR, not reported.
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AMP

AMP

AVP

AMP

PAD

AMP

AMP

AMP

AVP

AMP

AMP

PAD

AMP

AMP
AMP

AMP
AVP

AMP

Pre-treatment

As received
+2.64 V/4 min/Britton-Robinson

Bufer-pH 2
As received

+2.4 V/30 min/0.1 M KOH
As received

Cyclic votammetry (0-2V; 10
mV/s)/30 min/0.1 M KOH

+2.5 V/10 min/mobile phase

As received

+3.0 V/20 min/Britton Robinson
buffer-pH 2.1

+0.5A cm™2/60 5/0.5M HpS04
As received

—3.0 V/10 min/NR

As received

—3.0 V/10 min/NR

NR
As received

NR

NR
NR

+0.5A cm~2/30 s/0.5M HpSO4

NR

Analyte

Sulfadiazine, sulfamerazine, and
sulfamethazine

Chiorophenols

Imipramine (M)
Desipramine (OF)

Clomipramine (CL)

Amitiptyline (AM)

Nortriptyline (NO)

Doxepin (DO)

Homocysteine

Carbofuran (CAN)

Bendiocarb (BEN)

Carbaryl (CAL)

Dichloron (DIC)

Oxytetracyiine (OX)

Tetracycline (TE)

Chlortetracyciie (CT)

Doxycyciine (DO)

16 polycyclic aromatic hydrocarbons

Oxytetracyline (OX)
Tetracyciine (TE)
Chiortetracycine (CT)
Doxycyciine (DO)
Purine and pyrimidine

Sulfamethoxazole (SFX)
Trimethoprim (TRM)

Amino derivatives of biphenyl

Nitrazepan (NIT)
Clonazepan (CLO)
Diazepan (DIA)

alipoic acid

Methylparaben (MePa)
Ethylparaben (EtPa)
Propylparaben (PrPa)

Sildenafil (SL), vardenafil (VR), and
their main metabolites

Cholesterol
Aminobiphenyls

Hydroguinone
Eleven bioamines

Estrone (ETE)
Estradiol (ETL)

Cyclovirobuxin D

Sample

NR

Drainwater

Blood

Pesticides

Shrimp

NR.

Shrimp

DNA

Bovine milk

Drinking and
river water

Pharmaceutical

Dietary
supplement
Shampoo

Human plasma

Meat
Synthetic
colorant
tartrazine
Cortex and
hippocampus
rats

Human urine

Tablets and
human blood

LOD (M)

0.05

0.02

0.003 (M and DE)
0.0005 (CL)

0.163 (AM)
1.08 (NO)
0.09(00)

0.001

0.06 (CAR)
0.10 (BEN)
0.10 (CAL)
0,03 (DIC)
0.1 0%
0.1(TB)
02(Cn
0.2 (D0)
0.01-0.04

0.02 (0X)
002 (TE)
0.1 €N
0.1(00)
0.08-0.16

0.1 (SFX)
0.05 ppb (TRM)
01 forall

1.8 (NM)
1.9 (CLO)
7.0(01)

001

2.6 (MePa)
2.4 (EtPa)
2.2 (PrPa)

0006 (SL)
0.006 (VR)
0.008

0.07 (thin-layer)
0.02 (wall-jet)

NR
0.01-0.44

021 ETE)
0.19 (ETL)
0.0005

LR (uM)
0.05-50 for all
20-100 for all

0.06-100

0.06-100
0.10-100

0.2-217 (OX)
0.2-225(TE)
0.2-209 (CT)
0.2-225 (DO)
0.025-50
(depending on
each analyte)
0.1-217 (OX)
0.1-225 (TE)
0.2-209 (CT)
0.2-225 (DO)
0.1-10 for all

02-32 (SFX)
0.09-1.38 (TRM)

0.1-10 for all

NR

0.05-201

3.3-131 (MePa)
3.0-120 [EtPa)
2.8-111 (PrPa)

0.02-0.84 (SL)
0.02-0.82 (VR)

0.02-100M
0.2-10 (thin-layer)
0.06-100 (wall-jet)

NR
005-331
(depending on
each analyte)
NR

0.0007-4.7

10

75

References

Rao et al., 2000

Terashima et al., 2002

Ivandini et al., 2002

Chailapakul et al., 2002
Rao et al., 2002

Charoenraks et al., 2005

Bouvrette et al., 2006

Treetepvijit et al., 2006

Ivandini et al., 2007

Andrade et al., 2009

Peckova et al., 2009

Martins et al., 2010

Siangproh et al., 2010

Martins et al., 2011

Bartosova et al., 2011

Kotani et al., 2011
Maixnerova et al., 2012

Mahé et al.,, 2015
Zhang et al., 2016

de Amorim and Andrade,
2017
Long etal., 2017

DT, detection technique; LR, linear range; AF, analytical frequency; AMP, amperometry; PAD, pulsed amperometric detection; LOD, limit of detection; NR, not reported.
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Variable parameter Studied interval  Optimum

Chelating agent EDTA, EGTA, 1,10-phenantroline
1,10-phenantroline

Medium pH 7590 85

Incubation time (hours) 1-48 24

Chelating agent concentration (mmol L~1) 1-10 1

Incubation temperature (°C) 4-37 37
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Country

China

us

Canada
China

us

China
Canada
Japan
Benin
South Africa

Concentration range (ng L~')

4.47-52.4
0-3,290
0-173
0-193
50-160
6.24-164
40-5,950
0-26
200-7,700
0-108

References

Xiong et al., 2018
Starmer and Goh, 2012
Main et al., 2014
Zhang et al., 2017
Ensminger et al., 2013
Zhang et al., 2019
Schaafsma et al., 2015
Yamamoto et al., 2012
Berny's et al., 2019
This study
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Samples Clothiandin Imidacloprid Acetamiprid Thiacloprid

River 1 7.49£0.11 109+ 4 20.7+£09 ND
River 2 802027 4.64£022 14007 8.43+031
Experimental conditions: sample volume, 30mL; mass of adsorbent, 15mg; acetonitrile

volume, 1,130 L; time of desorption, 5min; extraction time, 15min and pH of the
sample, 7.0.
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Analytes

Clothiandin, imidacloprid,
acetamiprid, thiacloprid
Clothiandin, imidacloprid,
acetamiprid, thiacloprid

Clothiandin, imidacloprid,
acetamiprid, thiacloprid

Clothianidin, imidacloprid,
thiacloprid

Clothiandin, imidacloprid,
acetamiprid, thiacloprid

Acetamniprid, imidacloprid

Clothiandin, imidacloprid,
acetamiprid, thiacloprid

Thiamethoxar,
imidacloprid, acetamiprid

Imidacloprid

Clothiandin, imidacloprid,
acetamiprid, thiacloprid

Sample
matrix

Water

Beewax

Water
Water
Water
water
Water
Surface

water
Mineral
water
River
water

Method

DSPE-HPLC-MS

CE-ESI-MS

HPLC/MS/MS
CPE/HPLC-UV
SPE/HPLC-MS/MS
SPE-LC-MS/MS
SPE- HPLC-MS/MS
VA-d-p-SPE/HPLC-
PDA

DLLME

UA-DMSPE-HPLC-
DAD

Adsorbent

MOF(UIO-66)

c18

HLB/GCB

CNT

HLB&C18

Montmorillonite

MP-POP

LDR (pg L™")

10-500

LOQ-1,000

1-1000

0.00025-0.1

0.5-1,000
05-15

LOQ-600

LOD (rgL~")  LOQ (kg L")

0.02-0.4 0.05-1.0

10-23 33-7.7

0.0018-0.0045  0.006-0.015
03-1.0 10-33
0.0001 0.00025-0.00005
0.0004-0.0055  0.0013-0.0017
0.0018-0.013  0.006-0.043
0.005-0.065 0.008-0.263
0.15 05

0.0013-0.0032  0.0043-0.011

%RSD  References

8.5-13.1 Caoetal, 2018

1.37-835 Sénchez-
Hernandez et al.,
2014

53-12  Zhangetal, 2017

<10 Kachangoonetal.,
2020

24-122 Lietal, 2019

4-23  Dujakovic et al.,
2010

<20 Xiong et al., 2018
287.1 Moyakaoetal.,
2018
1-3%  Bolzan etal., 2015

1.4-4.7  This work.

DSPE, Dispersive solid phase extraction; HPLC, high performance liquid chromatography; CE, ES), CPE MS= mass spectroscopy, VA-d- w, vortex assisted-dispersive micro solid phase
extraction; DLLME, dispersive liquid-iquid microextraction; LC, liquid chromatography; PDA, photodiode array; UV, ultraviolet; DAD, diode array detector:
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Insecticides

Clothiandin

Imidacloprid

Acetamiprid

Thiaclopric

Added
(ngL~")

[
50
100
500
[
50
100
500
o
50
100
500
)
50
100
500

Measured
(ngL~")

8.10+0.23
56.9 +20
107 £5
5037
423 +0.7
917 £24
142 + 0.08
5389
485 +0.12
518+13
99.4+23
483+ 9
<LOD
453 +£1.3
946+3
477 £ 10

Recovered Intraday

(%R)

97.5
985
99.0
98.8
99.3
99.1
93.8
945
95.6
90.5
94.6
95.4

%RSD

28
35
19
1.4
1.8
26
21
1.7
25
25
23
19
29
32
241

Interday
%RSD

a7
4.1
32
37
32
35
25
27
45
3.4
341
22
4.1
37
35

Experimental conditions: sample volume, 30mL; mass of the adsorbent, 15mg;
acetonitrile volume, 1,130 uL; time of desorption, & min; extraction time, 15min and pH

of sample, 7.0.
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Sample Recovery (%) Relative standard deviation (%)

Red clover juice 97.4 85
Red clover pulp 975 74

Red clover shoot 939 97

Ryegrass juice 965 72

Ryegrass pulp 96.0 7.7

Ryegrass shoot 89.9 85

Alfafa juice 965 95

Aftafa pulp 972 75

Alfalfa shoot 915 103

Spinach leaves N.D. 77

Triticale seeds N.D. 83

Brachypodium shoot N.D. 80

Pet food N.D. 79

NIST-1849a 100 75

Cheese N.D. 85

Average 955 82

N.D., Not determined. These samples were not part of the sample set sent to the certified
commercial laboratory.

Relative standrd deviation based on nine repetitions over 3 days, including all parts of
the analysis.

Recoveries are relative to values from a certifed commercial laboratory, except for
NIST-standard recovery, which is relative to the certified value.
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Parameters.

Regression equation
Linearity (R%; n = 3)
LOD (M)

LoQ (M)

Accuracy (recovery + standard deviation (SD); n = 3), [%]

0.5nM
1M
2nM
4nM
6nM
8nM
10nM
20nM
Precision (relative standard deviation (RSD); n = 8), [%]
0.5nM
1nM
2nM
4nM
6nM
8nM
10nM
20nM

'YM-254890

¥ = 1.040 x 4 0.004211
09939
05245
1.590

87.8+0.2
103.6+0.1
103.6 + 0.4
1023+0.3
105.7 £ 05
1020+0.7
98.7+04
nd®

52.4
18.2
103
76
6.0
66
45
Nd

2According to the FDA guideline “Bioanalytical Method Validation Guidance for Industry”.

®Concentration below LOQ.
end, not determined.

FR900359

y = 1.003 x-0.008427
0.9988
0.55632
1.676

916 £0.1
84.7+£02
101.7 £0.2
101.5+£0.1
100.7 £0.2
100.9 £ 0.4
963+0.1
101.3+04

299
204
85
09
33
48
13
22

Acceptable range®

not applicable®

not applicable®
85-115
85-115
85115
85-115
85-115
85-115

not applicable®
not applicable®

<15

<15

<15

<15

<15

<15
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Sample MeP Ibuprofen PrP 4-n-NP BPA BPF NP isomers®

w1 337 583
we* 28+02 nd nd nd 244+33 nd 53433
wa' nqb nd nd 05£03 26+07 nd ng
w4 12647 2244 37 x7
_
B1* 10+2 554438 8520
82" 79+09 nd nd 9102 1740 + 370 nd 49+20
B3 ng nd nd 0501 25+09 nd 133
B4 05+0.1 07£02 1602 215+19
_
ot 81 23+08 45+05 374£78 142 457
02" 15+04 nd nd 0.60 £0.10 17326 nd 215490
03" nd nd nd nd 104 % 39 149£06 528
o4 17£02 0,60 £0.10 23+0.1 158 & 13
_
Ri™ 49+08 80+03 42+18 11 10544
R2™ 7.7£02 nd nd nd 1547 nd 484 £31
R3™ nd nd nd nd 65425 125+06 10849
R4 nd 49+ 14 nd nd 477 162 39.+20
“Samples collected from fields.
*Samples colected from supermarkets.

%nd, not detected (<LOD).
g, not quantiied (<LOQ).
STho nirt of NF lecrieris:
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Compound

MeP
Ibuprofen

PP

Allopurinol
Paracetamol
4n-NP
Mefenamic acid
Carbamazepine
Diclofenac

BPF

BPA

NP isomers

Lo

0.2
0.1
03
0.2
0.7
0.09
03
20
0.6
0.08
0.4
49

Wheat

Loa

08
04
09
06
24
03
09
6.8
24
03
12
16.2

LoD

0.1
0.1
0.2
0.2
04
0.09
0.1
03
07
0.05
0.03
07

Oat

Loa

05
04
07
06
1.2
03
03
09
24
0.2
0.1
2.4

LoD

007
0.1
0.4

0.05
02

0.06
02
13
05

0.06

0.04
24

Barley

Loa

02
0.4
14
0.1
05
0.2
06
44
16
0.2
0.1
78

LoD

o1
007
05
03
08
0.09
08
07
07
0.2
02
32

Rice

Loa

04
02
18
0.9
28
03
26
25
23
0.8
0.7
10.7
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Compounds Samples Extraction
(cereal) method

6Parabens 282 Foodstuffs (39 Shaking
cereals and cereal
products)

6 Parabens 267 Foodstuffs (54 Shaking
cereal and cereal
products)

8 Bisphenols 267 Foodstuffs (48 Shaking
cereals and cereal
products)

8 Bisphenols 289 Foodstuffs (39 Shaking
cereals and cereal
products)

24ECs 12 Cereal-based UAE
foodstufts

40ECs 7 Crops (barley) UAE

4NSADs  Soybeanandwheat  PHWE

BPA,NP,OP  Cereals (fice, maize,  UAE
wheat)

7EDCs Corn cereals PLE

BPA 154 Food composite  Shaking
(rice, wheat, bran, rye)

12 ECs Wheat, barley, oat, rice UAE

grains

Cleanup

SPE

SPE

SPE

SPE

SPE

SPE
HF-LPME
On-line SPE

SPE

SPE

dSPE

20nly for compounds in common with those studied in the present work.

5LOD in ng/g.
end, not detected (<LOD).

Analysis

LC-MS/MS

LC-MS/MS

LC-MS/MS

LC-MS/MS

GC-MS

LC-QqTOF-MS
LC-Ms
LC-MS/MS
LC-MS

GC-Ms

GC-MS/MS

LOQ in
cereal

(ng/g)?*

0.01

001

0.01-0.05

0.01-0.05

0.0005-
0.004

<25
14
05125

12-43°
0381

0.1-16.2

Recovery
(%)?

67-109

82-112

61-109

79-109

82-105

48-94

82-116

81-104

30-119

Levels found in
ng/g® (detectio
n frequency)

MeP: nd®-57.6 (97%)
PIP: nd-7.8 (72%)

MeP: nd-409 (98%)
PiP: nd-31.3 (81%)

BPA: nd-2.5 (56%)
BPF: nd-2.6 (2.1%)

BPA: nd-130 (69%)
BPF: nd-1.3 (12.8%)

NP: 0.07-0.24 (46%)
BPA: 0.023-0.62 (92%)
MeP: 0.02-0.45 (54%)
nd

Nd

NP: 9-1,684 (100%)
BPA: 1-4 (10-25%)

nd

04-17

MeP: 1-10 (69%)
Ibuprofen: 0.5-5 (25%)
PIP: 4-8 (12%)
4-n-NP: 0.5-9 (37%)
BPA: 2-1,740 (100%)
BPF: 12-22 (37%)
NPs: 13-484 (100%)

References

Liao et al., 2013a

Liso et al., 2013b

Liao and Kannan,
2013

Ligo and Kannan,
2014

Azzouz etal.,
2020

Pico et al., 2019
Cortés et al., 2013
Niu etal., 2012

Carabias-Martinez
etal,, 2006
Caoetal.,, 2011

Present work

ECs, Emerging contaminants; HF-LPME, hollow fiber liguid phase microextraction; NSAIDs, non-steroid anti-inflammatory drugs; PHWE, pressurized hot water extraction; PLE,
pressurized liquid extraction; SPE, solid-phase extraction; UAE, Ultrasound-assisted extraction.
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MeP
Ibuprofen

PP

Allopurinol
Paracetamol
4-n-NP
Mefenamic acid
Carbamazepine®
Diclofenac*

BPF

BPA

150 ng/g

99®)
86 (10)
933
55(4)
98(4)
91(4)
89(2)
91(4)
105(9)
100 (10)
101 (8)

Wheat
50 ng/g

95(2)
90 (13)
100 (12)

66 (6)
78(12)
106 (7)

9% (3)

99 (6)

%8
100 (@)
119(8)

5nglg

112 (16)
104 (18)
112(16)
435)
72(4)
95 (4)
69(8)
105 (14)
11 (1)
925)
110 (1)

50 ng/g

o2 (6)
83(9)
104 (9)
40(12)
86(11)
93(10)
86(5)
98(8)
95 (5)

104 (10)
93(®)

*Recoveries concentration for wheat: 600-200-20 ng/g, for the other cereals: 200-20 ng/g.

Oat

5ngly

91(12)
9 (1)
102 (14)
31(7)
81(12)
20(8)
83(4)
92 (6)
85(13)
100 (10)
117 (18)

50 ng/g

93 (4)
786)
110 (1)
38(3)
%@
86 (3)
87(6)
91(6)
104 (10)
%88
88(7)

Barley

5ng/g

105 (13)
96 (10)
82(9)
459
68(7)
88 (13)
78(5)
96 (10)
95 (16)
(G
86(7)

50 ng/g

100 (9)
98 (5)
89(8)
30(7)
87 (16)
108 (5)
89(12)
104 (3)
104 8)
94 (4)
96 (5)

Rice

5ng/g

95 (10)
104 (10)
105 (©)
37(10)
86(11)
9 (9

101 5)
88(10)
119 (13)
114 (4)
89(10)
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Compound ta  Quantifier transition (CE)* Qualifier transition (CE)

MeP 12.46 209 > 177 (10) 209 > 91 (20)
ouprofen 13.27 263 > 75 (16) 263 > 161 (20)
PrP 13.67 237 > 151 (10) 287 > 195 ()
Alopurinol 14.50 307 > 193 (26) 307 > 166 (35)
Paracetamol  14.73 322 > 248 (20) 322 > 150 (35)
4n-NP 15.06 277 > 165 (10) 277 > 91 (20)
Mefenamic acid 16.52 298 > 224 (20) 224 > 180 (35)
Carbamazepine 16.94 352 > 75 (30) 193 > 167 (25)
Diclofenac 17.22 214> 179 30) 214> 151 (30)
BPF 17.87 179> 73 20) 428 > 179 (10)
BPA 18.24 442 > 441 (5) 442 > 73 (20)

“CE, collision energy (eV).
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Chip-based biosensor
(Loo et al, 2017; Yin et al,
2020)

Paper-based biosensor
(Choi et al., 2016a; Tang
etal., 2017¢)

Thread-based biosensor
(Choi et al., 20183)

Fiim-based biosensor
(Kukhtin et al., 2019)

2D material-based
biosensor

(Kumar et al,, 2016;
Kampeera et al., 2019)

Commercial product
for COVID-19

2019-nCoV IgG/IgM
detection kit (Biolidics)

Glungene COVID-19
IgM/gG rapid test cassette
(Hangzhou Clongene
Biotech)

COVID-19 IgG/igM rapid
test (Aytu BioScience)
COVID-19 IgG/igM rapid
test device (RayBiotech)
COVID-18 IgM-IgG rapid
test (BioMedormics)
GSARS-CoV-2 IgG/igM
rapid test (Cellex)

One step COVID-19
IgM/gG antibody test kit
(Artron Laboratories Inc.)
Rapid response COVID-19
IgG/IgM rapid test (BTNX)
SGTi-flex COVID-19
IgM/gG (Sugentech)
Wondfo SARS-CoV-2
antibody test (Guangzhou
Wondfo Biotech)

Standard Q COVID-19
IgM/lgG Duo (SD Biosensor)
COVID-19 IgM/IgG rapid
test kit (Aurora)

COVISURE COVID-19
IgM/IgG rapid test (Cardinal
Health)

Sample volume

(L)

10

20

20

25

20

10

20

20

500

Limit of
detection (LOD)

Clinical
sensitivity (%)

30-1,000 CFU/mL -

- 91.54

- 87.01

- 90.44

- 93.75

— 90.21

5,000 CFU/mL. -

30 CFU/mL. -

~0.01 CFU/ML cel -
or 0.5 pg/mL protein

Clinical
specificity (%)

97.02

98.89

98.31

90.63

96.4

97.7

96.67

99.57

96.1

96.2

Advantages

Low sample volume
Allows on-chip sample-to-answer
nucleic acid testing

Simple fabrication and operation
processes

User-friendly

Cost-effective

Lateral flow test strip allows high-scale
production which remains the most
popular screening option

Much simpler fabrication than that of
lateral flow test strip

User-friendly

Cost-effective

Low cost altemative to glass

High polymerase chain reaction (PCR)
compatibilty of the film substrate
Low background fluorescence
Transparency of fim allows optical
inspection

Able to withstand thermal cycling
High sensitivity and selectivity due to
excellent electrocherical properties of
2D materials

Limitations

Complex fabrication process
Requires skilled personnel
Clean room is usually required
for fabrication

Lack of quantification

Lack of quantification

Complex fabrication process

Requires nanomaterial synthesis
prior to biosensor fabrication
Lengthy fabrication process
(1-2 days)
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LOD (ng/L)

sample QUEChERS®  QUECHERS + SPE QUECHERS + SPE
preparation

Lc-Ms TSQ Vantage®  TSQ Vantage QTrap6500+
instrument

Aflatoxicol 150 75 30
Aflatoxin B1 0 10 25
Aflatoxin B2 42 8 1
Aflatoxin G1 43 7 35
Aflatoxin G2 79 18 4
Aflatoxin M1 43 5 2
Aflatoxin M2 76 8 14
Aflatoxin P1 ) 22 9
Aflatoxin Q1 63 20 13
Aflatoxin 200 40 4
B1-N7-guanine

Alternariol - 10 4
Alternariol - 5 05
monomethyl ether

Beauvericin 6 05 0.1
Citrinin 25 3 3
Deoxynivalenol 770 225 106
Dihydrocitrinone % 20 14
Enniatin A 5 2 05
Enniatin A1 12 2 09
Enniatin B 4 1 07
Enniatin B1 6 2 05
HT-2 toxin 1,400 455 300
Nivalenol 254 400 70
Ochratoxin A 48 5 08
Ochratoxin B 63 6 25
Ochratoxin 210 34 24
Sterigmatocystin 13 2 05
T2 toxin 180 33 11
Tentoxin - 20 23
Zearalanone - 76 60
a-Zearalanol - 66 73
p-Zearalanol - 50 75
Zearalenone 9 28 16

aAccording to Braun et al. (2018),
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Analyte

Afiatoxicol
Aflatoxin By
Aflatoxin B,
Aflatoxin Gy
Aflatoxin Gy
Aflatoxin My
Aflatoxin Mz
Aflatoxin Py
Aflatoxin Qq
Aflatoxin By -N7-guanine
Alternariol®
Alternariol monomethyl ether®
Beauvericin®
Citrinin
Deoxynivalenol?
Dihydrocitrinone
Enniatin A
Enniatin Ay
Enniatin B
Enniatin B
HT-2 toxin
Nivalenol®
Ochratoxin A®
Ochratoxin B
Ochratoxin a
Sterigmatocystin
T-2 toxin
Tentoxin
Zearalanone
a-Zearalanol
p-Zearalanol
Zearalenone®
«-Zearalenol

p-Zearalenol

Regression
coefficients

R?

0.9997
0.9996
0.9997
0.9997
0.9996
0.9997
0.9994
0.9995
0.9997
0.9997
0.9996
0.9998
0.9993
0.9998
0.9997
0.9994
0.9997
0.9994
0.9997
0.9995
0.9966
0.9998
0.9997
0.9997
0.9984
0.9997
0.9998
0.9995
0.9995
0.9996
0.9993
0.9997
0.9995
0.9997

Spiking level®

Ing/L]

50/240/1200
10/48/240
20/48/240
30/48/240
30/48/240
10/48/240

48/100/240
48/80/240
10/48/240

20/240/1200
50/96/480
10/96/480

6/10/48
6/48/240
720/1000/3600
96/200/480
6/10/48
6/10/48
6/10/48
6/10/48
720/2830/3600
800/1280/6400
30/96/480
20/96/480

160/300/800

15/24/120
96/100/480
96/200/480
96/480/700
128/640/800

128/640/1200

96/100/480
100/128/640
100/128/640

Re & RSDg
low level

913
96+2
100+ 56
99+1
100+8
109+4
87+ 13
917
898
39+ 19
865
859
118+18

557
995
98+5
856
95+6
84+ 12
96 +3
97+3
83+ 18
902
1065
101 +4
R+4
103 +3
984
108+5
905
9245

4Spiking levels reported in the following order: low level/ intermediate level/ high level.
bRSD; values reported in the following order: low level/ intermediate level/ high level.

SSSE calculated s the slope of calloration in matrix divided by the slope of calibration in solution expressed in percent.

Re + RSDg
intermediate
level

%]

101 £4
89+4
87+6
NE7
918
84+5
938
965+ 6
911
22419
89+4
866
94

41+9
103+6
102+£8
99+ 11
100+7
819
109+56
108+5
7517
864
95 +2
93
89+4
98+5
95
965+3
103+ 4
97+6

Re % RSDp
high level

%]

964
84+4
84+5
88+3
90+4
92+3
886
89+4
RB+4
25425
6£27
86+4
873
883

46+ 15
99+6
97 £5
877
95 +5
986
104£5
106+£56
84+4
844
995
10146
96+2
97 +2
95+ 1
98+4
100£56
93+3

RSDP

%1

3/4/3
2/6/2
6/8/4
2/10/1
9/10/2
5/5/3
20/13/4
6/7/3
6/13/2
26/20/38
-/-/36
5/3/3
10/6/2
15/9/2
a
41417
517
4/3/3
9/14/9
artr4
9917
/el
4/3/3
3/4/2
24/23/8
2/3/2
6/2/4
5/8/4
331
3/5/2
5/4/1
4/3/2
5/5/4
5/5/3

SSE°

[%]

60
62
59
70
76
89
88
49
75
90
44
51
76
115
89
14
il
86
61
Il
74
91
80
88
93
34
55
76
50
39
60
53
48
46

LoD

Ing/L]

30
25
1.0
35
40
20
14
9.0
13
40
40
05
0.1
30
106
14
05
09
07
05
300
70
08
25
24
05
11
23
60
73
75
16
44
54

Loa

Ing/L]

60
5.0
20
70
8.0
4.0
28
18
26
8.0
8.0
10
02
60
212
28
10
18
14
10
600
140
15
5.0
48
10
22
46
120
146
150
32
87
108

9AOH, DON and NIV could not be recovered following our extraction procedure with the exception of AOH at the highest spiked level, Thersfore, none of these toxins were

successfully validated.

®Non-spiked pooled matrix sample was contaminated. Therefore, validation results reported were evaluated by standard addition.
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Analyte

Afiatoxicol
Aflatoxin B¢
Afiatoxin By
Aflatoxin Gy
Afiatoxin Gy
Aflatoxin My
13C-Aftatoxin M
Aflatoxin Mz
Afiatoxin Py
Afiatoxin Q;
Aflatoxin B;-N7-guanine
Alternariol
2H-Alternariol
Alternariol monomethyl ether
Beauvericin
Gitrinin
13C-Citrinin
Deoxynivalenol
13C-Deoxynivalenol
Dihydrocitrinone
Enniatin A
Enniatin Ay
Enniatin B
Enniatin By
Fumonisin By
"8C-Fumonisin By
Fumonisin B,
HT-2 toxin
Nivalenol
13G-Nivalenol
Ochratoxin A
13C-Ochratoxin A
Ochratoxin B
Ochratoxin a
Sterigmatocystin
T2 toxin

Tentoxin
Zearalanone
a-Zearalanol
p-Zearalanol
Zearalenone
13G-Zearalenone
a-Zearalenol
p-Zearalenol

“Retention time.
bQuantifier/qualifier/confirming ion.
“Declustering potential.

9IColision energy.

©Cell exit potential.

®
(min)

59
52
50
4.7
45
45
45
43
4.8
a4
4.0
6.3
63
82
1.0
52
52
3.1
A
45
1.5
1.3
10.9
1.1
6.2
6.2
79
6.2
27
ar
6.5
6.5
55
a4
8.1
70
6.5
75
72
6.4
77
7.7
74
6.7

Precursor ion
(miz)

297.0
313.0
315.0
320.1
331.1
320.1
346.0
331.0
299.1
328.7
480.0
257.0
261.0
2711
801.5
281.0
2943
366.1
370.1
265.0
699.4
686.4
657.5
671.4
7225
766.3
706.5
442.2
3711
386.0
404.0
4240
370.1
254.9
326.1
484.3
4133
319.1
3211
3211
3171
335.2
319.2
319.2

lon species

[M-HoO+HJ*
[M+H]*
IMH]*
[M+H]*
IMHH]*
[M+H]*
IMH]*
[M+H]*
[M+H)*
[M+H]*
[M+H)*
IM-HI
IMHI
IM-HI"
[M+NHg]*
[M+MeOH-H|~
[M+MeOH-H|~
[M+OAc]~
[M+OAc]~
IM-HI-
[M+NHgJ*
[M+NH,4J*
[M+NH,J*
IMNHG
IMH*
[M+H)*
[M+H]*
[M+NHgJ*
[M+OAc]~
[M+OAc]~
[M+H]*
IMH*
[M+H]*
IM-H-
[M+H]*
[M+NHgJ*
IM-HI-
IM-HI
IM-HI
IMHI"
IM-HI
IM-HI-
IM-HI
IM-HI

Calculated as (qualifier/quantifier x 100) in matrix-matched standard.

Product ion®
(m/z)

269.1/115.0
241.0/213.0/259.2
243.0/203.0
243.1/200.0/214.6
313.2/245.2
273.2/229.1
288.2
285.2/269.0/241.0
270.7/215.1/171.1
206.0/177.0
152.1/135.0
215.0/213.0
150.0
256.0/227.0
244.2/134.0/262.1
249.0/206.0
2174
266.2/59.2
2788
177.0/208.0/147.1
210.1/100.1/228.0
210.1/100.2/196.1
196.3/214.1
196.0/210.0
334.4/352.3
366.3
336.4/318.4
263.1/216.0
281.1/59.1
296.2
239.0/102.0
250.0
205.0/103.1
166.9/123.0/110.9
281.1/310.2/253.1
216.2/185.1
141.0271.1
161.0/107.0/137.0
277.1/235.1/161.0
277.1/303.1
175.0/131.1/160.0
185.1
160.1/130.1
160.1/180.1

DP®

7
106
125
86
11
91
91
96
126
121
46
-100
110

11
121
130
126
76
~75
=75
91
51
86
-90
96
56
-105
-125
-120
-120
-110
110
-116
115

CcE¢

]

29/83
49/61/43
53/49
39/59/46
35/43
35/59
35
33/33/57
35/38/56
38/47
23/85
—36/-34
—46
-32/-50
42/99/41
—24/-33
=32
—24/-40
—22
—34/-40/-46
43/91/47
41/89/39
45/47
43/41
57/55
46
59/51
21/21
—22/-42
-22
37/105
33
33777
—36/-40/—44
51/36/57
29/31
—30/-24
—38/-40/-38
—30/-32/-38
-30/-30
—34/-42/-40
-34
—44/-50
—44/-50

CXP®

(U]

12/14
14/16/18
16/12
14/12114
18/14
16/12
16
14/16/14
18/11/17
14/12
1014
—11/=11
-5
—13/-9
14/14/18
-7/-7
17
—13/-8
—15
—11/-17/-15
12/12/18
8/8/14
18/18
12/12
4/12
10
8/2
19/19
—15/-7
=15
16/14
12
12/16
—11/=17/-21
16/18/16
18/11
-11/-15
—16/=13/-17
—18/-17/-9
—18/-20
—13/-8/-11
-13
-13/-20
-13/-20

137

17
108
56

940

23
69
70
63
70
95

44
227
%2

34

30
21

84
88
64
64
6.0
29
73

61
63
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MIPs

MIPs/MOFs
MIPs/AuNPs
MIPs-GO/GCE
MIPs/Fe;0;@Si0;
MIPs/SiO,-FITC
AUNCs@SIO,@MIPs
CQD-MIPs
MIPs/Fe3O4-chitosan
MIPs/AuNCs@SiO,
AuNPs@MIPs
CDs@MIPs
CDs@MIPs

Analytes

Methomyl pesticide
Ractopamine
Thiamethoxam

Melamine

Cyhalothrin

Bovine serum albumin (BPA)
Promethazine hydrochloride
Atrazine

Bisphenol A

Aflatoxins

Sterigmatocystin
Cyhalothrin

Samples

Pear
Swine feed

Grain

Milk

Chinese spirts
Seawater

Human plasma
Environment water
Seawater
Peanut/Corn
Cereals

Water

Analytical technique

Electrochemical
QcMm
Electrochemical
Fluorescence
Fluorescence
Fluorescence
Fluorescence
Fluorescence
Fluorescence
SPR
Fluorescence
Fluorescence

Lob

0.0689 mg/L
1.17 pmolL
0.04 pmollL
0.05 mg/L
9.7 nmolL
05 umol/L
0.86 pmol/L
0.1 umol/L
1.04 pg/mL.

9.17 nmol/L

Qmax

3217 mg/g

0853 mg/g

References

Qian etal,, 2016
Kong et al., 2014

Xie et al,, 2017

LiuX. etal, 2018
Wang et al,, 2015
Wuetal., 2015

Ensafi et al., 2018

Liu etal. 2016
Wuetal., 2015
Akgonullu et al., 2020
Xuetal, 2016

Wang et al., 2015
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MIPs Analytes Samples Analytical  LOD Qmax References
technique
MIPs/FesO4-CoNe Atrazine Water HPLC - 0392mglg  Liuetal, 2015
MIPS/SIO, Melamine Mik HPLC 25mg/lL 7719mglg  Chengetal, 2013
MIPS/MWNTs-SiO, 1, 4-dihydroxyanthraquinone  Water UV-Vis - 19902 mglg  Zhao et al., 2017
MIPs/Borosiliate glass Sulphonylurea herbicides Rice field water HPLC 10.1-50.0 ng/L 1.15 mg/g Tang etal., 2014
MIPs/Fe30;@Si0,@C=C  Neonicotinoid insecticide Water UV-Vis 17.30 mg/g = Zhang et al., 2016
Paichongding
Fe;0,@Si0,-MIPs Melatonin Portulacaoleracea  HPLG/WV  0.046ng/mL - Dil etal, 2020
Double-template/MIPs Fluoroquinolones/sulfonamides  Pork/chicken meat  HPLG 1.0-8.4 ng/g. - Song et al., 2017
DMIPs Bisphenol A (BPA) Sewage HPLC 0.0007-163ng/lL. - Sun etal,, 2018
Tetrabromobisphenol A Sludge HPLC 0-828ng/g. -
H-MIPs Enrofloxacin Fish HPLC 0.24ng/mL - Tang etal., 2015
DMIPs Amitraz Urine HPLC 056ng/mL - Gholivand et al., 2015
MIPS-film Triazine Grain/vegetables HPLC 0.04-0.12 pg/L. o Hu et al., 2007
Atrazine-MIPs, Trazine Sol HPLC - - Xuetal, 2011
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Analyte

Naphthalene
Acenaphthene
Fluorene
Fluoranthene
Phenanthrene
1-Pentanol
1-Hexanol
1-Octanol
1-Nonanol

o —

-AH
(KJ/mol)

41.4 £ 0.2
472+01
48.0 + 0.07
539+ 0.1
61.6 + 0.09
315+02
399 0.1
53.7 0.1
57.7 0.1
643+ 02

(OH)Q[7)/PDMS

-AS
(/mol K)

842+ 05
869 +0.2
88.0 + 0.2
96.7 £ 0.2
1016 £0.2
785+ 05
953 +0.3
1205 £ 0.4
126.0 £0.2
1379+ 04

AS/AH
(10-9/K)

20
1.9
1.8
1.7
1.6
25
24
23
22
21

0.995
0.998
0.999
0.999
0.999
0.997
0.999
0.998
0.999
0.008

-AH
(KJ/mol)

441 +0.1
533 +0.1
576 +£ 006
66.0 £+ 0.1
707 £0.2
39.5 + 008
386 +0.1
529 +02
56.7 £ 03
616+ 0.1

ov-1701

-AS
(W/mol K)

108.4 £0.2
17903
1222 £0.1
1304 £0.2
1308 £05
1180+ 02
1106 £0.2
1388 £ 0.5
1409 +£05
15194+ 02

AS/AH
(10-9/K)

25
22
2.1
1.9
1.8
3.0
29
26
25
24

R2

0.998
0996
0.999
0.999
0.996
0999
0.999
0.998
0.998
0.999
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EC
EC
EC
FL
SERS

LDR and LOD

LDR: 0.4-14,370 ng/L LOD: 0.2 ng/L
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LDR: 1-1,000ng/mL LOD: 1 ng/mL
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Detection matrix
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Wastewater, and tap water
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References
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Fluorescent tur-ON sensor based on FRET LDR: 0.1 ng/mL~10pg/mL Water, urine, and milk Zhang et al., 2018b
LOD: 0.1 ng/mL.

SERS based detection using Au@Ag NP LDR: 0.1 pM~10nM LOD: Wastewater and river water Livetal, 2018

coated with 4-MBA 0.05 pM

Label-free electrochemical detection based on LDR: 0.07-10 pM Tap water Liu M. etal., 2019

graphene and Au electrode

FRET based detection based on F-APT and LDR: 0-20 ng/mL. groundwater Qietal., 2018
graphite NPs LOD: 1.02ng/mL

Detection achieved using a Field-effect LOD: 3.47 x 10-11 M Tap water Lietal, 2019
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composite

Fluorescent detection based on
DNA-templated copper nanoclusters

Nanomechanical sensing based on
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Optical detection based on biolayer
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Turn-ON fluorescence detection

Optical detection using SERS
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Lake and drinking water

Tap water

Tap water

Fish

Shellfish

References

Tang et al., 20182

Zhang Y. et al., 2019

Zhang et al., 2018a

Ouyang et al., 2018

Luo et al., 2019

Cheng et al., 2019

MC-LR, microcystin-LR; NOD-R, nodularir

‘MG, malachite green; SAX, saxitoxin; SERS, surface enhanced raman spectroscopy; LDR, Linear Dynamic Range; LOD, Limit of Detection.
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Added [GLY] (mol L") Calculated [GLY] (mol L~) % Recovery

1% 1070 0.866 x 10~° 136.20
1% 1078 0.958 x 1078 122.69
1% 1077 1.138 x 107 118.96
1% 108 1,061 x 109 92.29

1% 1075 0.526 x 10-% 40.13
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Technique

Electrochemnistry

Electrochernistry

UV-Vis spectroscopy
SERS
Sequential-injection

reversed-phase
chromatography

SERS

SERS

LOD (mol L~)

1.4 x 10-18
7.92 x 10718

5.32x 1078
1.89 x 10°°
3x 108

1.43 x 1078

959 x 102 M

System/condition

ITO electrode modified with copper and
benzene-1,3,5-tricarboxylic acid

Glassy carbon modified with multiwalled
carbon nanotubes and horse-radish peroxidase

Gitrate coated siver nanoparticles (colloidal)

Pre-column derivatization

GLY derivatization with ninhydrin/colloidal silver
nanoparticles

Si-AgNPs substrate/use of hemin as a reporter
molecule

References
Caoetal., 2019
Cahuantzi-Mufioz

etal,, 2019
De Gées et al., 2017

Oliveira Pereira
etal., 2019

Xuetal., 2018

This work
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Wavenumber Assignment
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341 8
ar2 35

407

426

741 vi5
982 va6

968 1824135
1,120

1,246 vi3
1,301

1,366 v
1,442

1,565 w2
1,612

Excitation wavelength: 780nm.
in-plane stretch.
deformation mode.

Based on the works of Wood et al. (2011), Hu et al. (1996), and Wood et al. (2004).

Symmetry

w(Fe-N)

S(OBCCCAs 7propionte
B(CBCACh)-viy
8(CBCaChl iy

v (pyr breathing)non-totally sym
s (pyr deformjasym

& (porph def)+ 5 (pyr trans))
v (Cb-Cat (vinyl)+ 8(Cb-R) *
3 (CinH) non-totally sym

5 (CaH =)

v(Ca=Njsym

3 (= CoH2)sym

v (CoColsym

v(Ca=GCy)

*Symmetry based from Desbois et al. (1984).

Term local
coordinate

Alg
Atg

Alg

Alg
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sample

Pig
urine

Pork

Fortified
(ng/mL)
or (ng/g)

05

Mean
(ng/mL)
or (ng/g)

0.425

24
4.85
0.445
1.96
4.75

QBs-ICA

Recovery
(%)

85

105
97
89
98
95

cv
(%)

31

1
25
12
5.0
1.0

Mean
(ng/mL)
or (ng/g)

045

1.96

475

047
241
49

LC-MS/MS

Recovery
(%)

920

95
94
106

cv
(%)

79
36
4.4
7.4
a7
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Analysis method Assay sample LoD Time vbLb References
(ng/mL) (min) (ng/mL)

HPLC feed 40 >60 ND? (Yang et al., 2015)

LC-MC/MC pig urine 0.48 >60 ND® (Fente et al., 2009)

GC-ICA pig urine ND? 15 5 (Guo etal, 2018)

QBs-ICA pig urine, pork 0.01 10 0625 This work

2Not detected.

bVisual detection limit.
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Uranium
concentration

(ppm)

Volume of dried solution
(nL)

100
200
400

1,600

Volume of dissolving
solution
(nL)

20
20
20
20
20

Condensation
ratio

10
20
40

Uranium concentration after
condensation

(ppm)

Required time for drying
solution
(min)

10
15
30
50
100
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Method

Colorimetry
Fluorescence
Fluorescence

Fluorescence

Electrochemistry

Electrochemistry
Electrochemistry

Electrochemistry

Electrochemistry

Electrochemistry

Detection
limit

10 M
200 pM
50 pM

100 fM
92 fM

36 fM
24M

101fM

0.38pM

24 fM

Strategy

AUNPs and CHA
CHAand HCR
Dichalcogenide
nanosheet

RCA

Exo lll-assisted target
recycling

SDA and DNA Walker
Urchinike CNT-AUNPs
Nanocluster

Triblock polyA DNA
probe and enzyme
catalysis

Cobalt oxide porous
nanocubes
1GO-ZrOp-Thi and Exo |

Reference

(Yun etal., 2016)
(Quan etal., 2016)

(@hang et al.,
2015)

(Uietal., 2016)
(Teo et al., 2015)

(Wang et al., 2018)
(Han et al., 2020)

(Wang et al., 2019)

(Kannan etal.,
2019)

This work

Exo i, exonuciease Ill; Exo I, exonuclease I; HCR, hybridization chain reaction; CHA,
catalytic hairpin assembly; AuNPs, gold nanoparticles; CNT, carbon nanotube.
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Name

Probe
P53 target
MT

amT

NC

Sequence (5' to )

SH-(CH2)e-TTT TTT GAG TCT TCC AGT GTG ATG
TCATCA CAC TGG AAG ACT C
TCA TCA CAC TGG AAG AAT C
TCA TCA CAC TGG AAG GAT C
GGT CTC TTG ATA GCACTC A
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ELISA (ng/mL) CL method (ng/mL) Difference (%)

Urine 1 21.34 22115 4.1
Urine 2 54.76 51.202 -65
Urine 3 18.58 20.196 8.7
Urine 4 236 2.485 53

Urine 5 7.64 7.096 -7
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R
Linear range
RSD (%)
Lop

ELISA

0.9944
0.1-2 (ng/ml)
46% (0 =11)

0.0333 (ng/ml)

CL method

0.9936
0,0035-0.5 (ng/mL)
47% (= 11)
0.0029 (ng/mL)
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Name Sequence (§/-3)

S. aureus GGTTCAAAGTGAAAGACGGTCTTGC
(2D83356.1 ©192-237) TGTCACTTATAGATGGATCCGCGC

P1 GGTTCAAAAGTGAAAGACGGTCTTG
P2 GCGCGGATCCATCTATAAGTGAC

“GenBank accession number
The position of specific sequence in genomic DNA.

The dotted line sequence of target was the seme with primer P1. The underlined portion
was complementary to the sequence of primer P2.
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Method Determined References
elements
FAAS Ca, Cu, Fe, Mn Goldberg and Allen, 1981
FAES K, Na, Ramos et al,, 2016
GFAAS (ETAAS) Al, Fe, S, Se, Xuetal., 1992; Ejima et al., 1996;
Peltz-Csaszma et al., 2005; Gala
zka-Friedman et al.,, 2011
TH GFAAS Al Mirza et al., 2017; Mold et al., 2018
ICP-MS Ag, As, Ba, Ca, Ce, Cr, Rembach et al,, 2013; Krebs et al.,
Cu, Fe, K, Li, Mg, Mn,  2014; Dahlberg et al., 2015; Ramos
Na, Ni, Se, Pb, Rb, Sn, et al., 2015, 2016; Korvela et al.,
STV Y, Zn 2016
LAICP-MS Al G,Cu,F,Fe,P,Pb,  Becker etal, 2004, 2005, 2007a;
S, Si, U, Th, Zn, Zoriy and Becker, 2007; Becker and
Salber, 2010
MCICP-MS S, Yuetal, 2017
ICP-OES Al, As, Ca, Cd, Cu, Cr,  Andrasi et al., 1995; Andrasi et al.,
Fe, K, Mg, Mn,Na, Ni,  1999; Rajan et al.,, 1997; Faa et al.,
P, Pb, S, Si, SrZn, 2001; Peltz-Csészma et al., 2005;
Korvela et al., 2016
XRE Ca, Cl, Cu, Fe, K, RS, Wandziak et al., 2015
Zn,
SRXRF Ca, Cl, Cu, Fe, K, Mn,  Sartore et al,, 2017
Ni, P8, Zn,
PIXE Ca, Cu, Fe, K, Mn, P, Duflou et al., 1989; Hebbrecht et al.,
Se, Rb, Zn, 1999; Stiiber et al., 2014
NAA Ce, Cs, Dy, Eu, Gd, K,  Koeberl and Bayer, 1992; Bélavari
La, Lu, Na, Nd, Rb, etal., 2004
Sm, Tb, Yb,
INAA Ag, Cs, Ba, Br, Fe, Eu,  Part, 2001; Leite Jacob-Fiho et al,

K, Na, Se, Rb, Zn,

2008
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Sample weight Substances The volume to made up References

0.3g wet weight ws dried to a Mixture of 1ml 15.8M HNOg and 1 ml sml Mold et al., 2018
constant weight at 37C 30% wiv HpOp ultrapure water

100-500mg dried samples Mixture of 2.5 ml of HNO3>66% and 50ml ultrapure water Becker et al., 2007b

25mg of dried samples

0.1mg of freeze-dried sample

1.0m of Hp0p=30%

20m 70%
HNOz and 0.5 mil 30% Hy0,

HNO3

Brak danych

Brak danych

Popescu et al., 2009¢

Warren et al., 1960
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Harrison et al., 1968 Region Cu uglg Znuglg Mg uglg Fe ug/g
Method: atomic Front gray 38+ 106 954309 7201041 2424456
absorption (23-60) (53-228)  (520-007)  (131-343)
spectroscopy Front white 2£118 45+118 543641 185425
(12-82) (24-79) (424-881) (107-263)
Hippocampus 204112 954377 65841045 2194369
(13-70) (36-288)  (308-942)  (115-204)
Caudate nucieus 42:+159 814208  746+£965 535+ 1323
(31-63) (653-172)  (528-966)  (243-763)
Thalamus 21£43 58£90  60£548 217£632
(13-28) @5-70)  (51-719)  (144-814)
Greiner etal., 1975 Region Caug/g Cu ug/g Mg ug/g Znug/g
Method: atomic White matter 108 9.0 137 7.01
absorption Gray matter 79 7.07 112 909
spectrophotometry  Thalamus 115 7.02 155 10
Nucleus caudatus l 7.01 132 15
Hock etal, 1975,  Region Coug/g Fe ug/g Rbug/y  Seuglg Znuglg
Burk et al., 2014
Gyrus posteentralis 36£175 8054022 1152011 7.1£102 592046
Hippocampus 10284163  288£019 211£083 857£096 063+047
Nucleus caudatus 607£099 834046 2274013 864083 863036
Anterior thalamus. 51082 329403 182024 902119 598+058
Insula 4444014 294201 1974018 5784165 960037
Duflou etal,, 1989 Region K ug/g Caug/y  Mnug/g  Feuglg  Cuug/lg  Znug/g Seuglg Rb ug/g
Method: PIXE Gurys cinguii 1790041900 5104300 134012 199439 249469 743479 09019 1726
Gyuspostoentralis 164002200 35760 1384021 277474 25551 631£45 087401 148429
Uncushippocampi ~ 17,000£2,400 307390 1544020 225454 220462  85%19 083014 169431
Nucleus caudatus 1680041000 32140 248£026 5204180 313£38 733440  108£016 18.4£29
Anterior thalamus. 1500042100 3804140 1.84:£026 30674 212476 565£58  087£0.19 164434
Rajan etal,, 1997 Region Cuug/g Alug/g siuglg As ug/g Niug/g Pbug/g Cdug/g Cruglg Znuglg  Feuglg Caug/y  Mgug/g
Method: ICPAES  Frontal cerebrum 4£17 118254 255%157 084035 0262002 042£028 002£0016 015%005 7505 508136 17864 15829
©-6.4) (26-181) (-517)  (047-169) (024-031)  (02-114)  (0.007-0.056)  (0.05-0.22) 7§  (@-716) (98-251)  (121-200)
Posteentral gyrus 43+21 69+ 34 174468 067+033 026+002 040+0.13 0.021+0.01 0.13£0.07 9+05 387+156 178100 124435
(1.7-49) (21-128) ©-254) (02136  (025-030) (0.20-066  (0007-0036)  (0.04-0.22) ©-10) (142643 (50-391)  (64-182)
Hippocampus 40£10 112466 284142  11£07 0274001 0907 002£0005 012008 6505 26676 125+51 116£17
@-5.1) (@7-221)  (19-87.4)  (02-174)  (026-030) (015-223) (00160032  (0.01-029) (64-186)  (84-131)
Caudate nucleus N/A NA N/A N/A N/A NA N/A NA N/A NA N/A NA
Thalamus 35%14 129:£76 28142 098£055 019%0.11 0712042 0052004  014£009 75£05 41.8%185 15872 11330
(1.0-4.7) @1-241)  (11-529)  (0.11-186) (008-031) (048-164)  (0.02-0034)  (0.06-0.14)
Krebs etal,, 2014  Region Cuum/g Znuglg Mn ug/g Fe ug/g Mg ug/g Cauglg
Method: coupled _ Frontal cortex 3044099  122£348 01490022 27.4%87 58163 15394475
plasma mass (2.28-6.28) 82-209)  (011-021) (166-55.1)  (36-60.4)  (759-270.4)
spectrometry Front white 4424122 1074214 032540085 467117 12874247 612487
(2.14-7.36) (63-207)  (0.18-0.46)  (28-839)  (94.1-1636)  (465-85)
Thalamus 4834158 1234323 0315£0076 49+109 9914205 66,6101
(238-7.61) ©295)  (02-044) (345-809) (57.4-134.1)  (50-87)
Caudate nucieus 564125 124429 03830075 106426 9494186 726132
@417-1008)  85-19.1)  (0.26-0.47) (61.4-171) (73.2-124.1) (56.5-106.5)
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Sorbent Analyte Matrix Sample Analysis Lob References
preparation
IL-GO@Silca Chlorophenols ~ Water SPE HPLC-UV - Wang et al,, 2017a
ILeMG Microcystins Water MSPE UHPLC-MS/MS ~ 0.414ng L~ LiuX. etal., 2019
and 0216 ng
Lt
[C4Crim@GO Hg Water SPE AnS 14ng L~ Sotolongo et al.,
2018
[BMim@MGO Heavy metalions ~ Water ICP-OES ICP-OES 01-10pgLl~"  Rofousietal,
2017
MGONPs-CrgmimBr Chlorophenols ~ Water MSPE HPLC-UV 0.10-0.13 pg Liu W. et al., 2017
)
PGO-MILN Chlorophenols ~ Water MSPE LC-MSMS 02-26ngL™"  Caictal, 2016
GO-1-butyl-3-aminopropyl imidazolium  Anabolic Water SPE HPLC-DAD 7-28ng L~ Serrano et al.,
chloride. steroids 2016
p-blockers
GO-PILs monolith Phenolic Water SPME HPLC-UV 02-05pgL-"  Sunetal, 2016
Fe30,@SI0,@G@PIL Preservatives Vegetables QUEChERS GC-MS 0.82-6.64 pg Chen Y. etal,
kg™! 2016
fGO/ILN-ETD Estrogens Mik ETD HPLC-DAD 0.09-0.30 pg Chuetal., 2019
)
1-(3-aminopropy)-3-vinyl imidazolium Phthalate Esters  Coffee SPME GC-MS 5-80ngL™" Tashakkori et al.,
bromide/tetrafluoroborate) grafted Tap Water 2019
Seawater
PANI-MWCNTs-GO-IL Alcohols Tea SPME GC-FID 22-283ngL™!  Lietal, 2016
IL-TGO Auxins Soybean sprouts  PT-SPE HPLC-DAD 0004-0.026 g Zhang H. etal,
g 2018
MGO-CisMIM-DMG Trace nickel Spinach MSPE FAAS 0.16 ug L~ Aliyari et al., 2016
Cacao powder
Tea
Cigarette
MCGO@guanidinium IL. Protein Bovine serum MSPE UV-vis - Ding etal., 2015
poly(VHIm* Br)@Go@sil Flavonoids Urine SPE HPLC-UV 0.1-05pgL~"  Houetal, 2016
IL-coated FesOa/GO Hemin Serum SPE FAAS 30pg L~ Farzin et al., 2016
1-(3-aminopropyljimidazole chloride Polysaccharides  Brown alga MSPE HPLC-UV - Wang etal.,, 2017b
modified MGO
Phenolic acids Black wolfberry ~ SPE HPLC-UV 0.20-0.50 ug Houetal, 2018a
yogurt and urine L
Magnetic GO/PPy Methotrexate Urine d-SPE HPLC-UV 7ngmL~! Harmidi et al., 2019
3D-IL-Fe304-GO PAHs Human blood PT-SPE GC-MS 0002-0.004 g Zhang Y. etal.,
o 2018
PIL(Br)-G/Si0, Humen serum Human whole SPE HPLC-UV - Liuetal, 2018
albumin blood
Feg04/GO NPs Cephalosporins ~ Urine MSPE HPLC-UV 06and19ng  Wuetal,2016
mL~!
GO-[AEMIM][Br] Phthalates Eraser SPE HPLC-UV 0.02-0.88 ng Zhou et al., 2016
mL=t

‘Not specified.
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Sorbent

GO-APBA/MIP

bis(2-ethylhexyl) phthalate (DEHP)

MIPs-GO-Fe304

GO-QDs-MIPs
(TFMAA)-GO (EGDMA)-GO

MGR@MIPs
MIP-GO/Chm

MIP@Feg0,@GO

Analytes

Ovalbumin

Trace DEHP
phthalate

17p-estradiol

p-t-octylphenol
Gefadroxi

4-nitrophenol

Fluoxetine

Evodiamine and
rutaccarpine

Matrix

Egg white
Water

Mik powder

Water
Water

Lake water

Tap, well and spring
water, and urine
Evodiae fructus

Sample
preparation

SDs
SPME

External magnet

SPE
d-SPE

MIP
MSPE

External magnet

Analysis

Gel-Electrophoresis
HPLC-UV

UHPLC-UV
UPLC-DAD

HPLC-UV

UV-Vis
spectrophotometry
HPLC-UV

LoD

092 ngmL~"

0.035 and 0.10
mol L=

0.15 pmol L~

001 pgmL!

003pgL-"

References

Luoetal., 2017
Cheng et al., 2017

Ning et al., 2014

Hanetal, 2015

Chen and Ye,
2017

Luoetal., 2016
Barati et al., 2017

Fanetal., 2017

‘Not specified.
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Sorbent

Magnetic N-doped 3D graphene-lie
framework carbon (Fe304@N-3DFC)
Fluorine and nitrogen functionalized
magnetic graphene (G-NH-FBC/Fe208)

Graphene-like MoS2-modified
magnetic carbon-dot nanofiowers
(MoS2@Fe304@C-dot NFs)

Oxide/lanthanum phosphate
nanocomposite (MGO@LaP)
Fe304/GO

Iron crosslinked alginate encapsulated
magnetic graphene oxide
(Fe/alginate/Fe304/rGO)

chitosan functionalized magnetic
graphene oxide nanocomposite
(Fe304@Si0,@CS/GO)

FeqO4/GO

Magnetic carbon nanodot/graphene
oxide hybrid material
(Fe304@C-nanodot@GO)
Feq04/GO

Fes04/GO

Three-dimensional graphene aerogel
combined with Fe3Os nanoparticles
(3DG-Fes04@Sp)

Fe304/GO

Aptamer-functionalized
FesOu/graphene oxide (Fe304/GO/Apt)
Flower-like hybrid material composed of
Fe3Os, graphene oxide and CdSe
nanodots (Fes04/GO/CdSe)
FeqO4/GO

Feq04/GO

GO@NH,@Fe304

GO@NH,@Fe;04
Magnetic nitrogen-doped reduced
graphene oxide (Fes0s@N-1GO)
Molecular imprinted polymer (MIP)
material combined with magnetic
graphene oxide (Fe304/GO-MIP)
Magnetic graphene-like molybdenum
disulfide nanocomposite

lonic liquid magnetic graphene (L@MG)

Covalent organic framework-derived
hydrophilic magnetic graphene
Composite (magG@PDA@TbEG)
Curcumin loaded magnetic graphene
oxide

Fe304/GO

Fea04/fGO

Fe304/(GO
Three-dimensional hierarchical
frameworks based on molybdenum
disulide-graphene oxide-supported
magnetic nanoparticles
(Fes04/GO/MoS;)

Magnetic nanoparticles/graphene oxide
(TPN/FesO4NPS/GO) nanocomposite
Silver-modified FegO4/graphene
nanocomposite (Ag@Fe;05@G)
Fe304/GO

Ternary nano-composite,
magnelite/reduced graphene
oxide/siler (Fe304/fGO/AG)
Magnetic amino-functionalized zinc
metal-organic framework based on a
magnetic graphene oxide composite
(M-IRMOF/Fe304/GO)

Fe304/GO

Reduced graphene oxide-carbon
nanotubes composite
(Fes04/rGO-CNTs)

Magnetic graphene oxide/multiwalled
carbon nanotube core-shell
(GO/MWCNT/Fe304/Si0z)
Magnetized graphene oxide
functionalized with hydrophiic phytic
acid and titanium(\V)
(magGO@PEI@PA@TI**)
MagG@S0,@ZIF-8 composites
Multi-templates molecularly imprinted
polymer (MIP) on the surface of
mesoporous silica-coated magnetic
graphene oxide (MGO@MSIO,),

GO

Fez04/rGO

1GO/ZnFe,04 nanocomposite

Polydopamine functionalized magnetic
graphene (PDA@MG)

zeolitic imidazolate
framework-7@graphene oxide
(mag-ZIF-7@GO)

Magnetic polyethyleneimine modified
reduced graphene oxide
(FesO4@PEI-1GO)

Guanidinium fonic liquid modified
magnetic chitosan/graphene oxide
nanocomposites (GIL-MCGO)

Analytes

Cephalosporin
antibiotics
Perfluoroalkyl and
polyfluoroalkyl

substances
Ibuprofen

Chlorpyrifos
pesticides
Oral anticoagulants

Endocrine-
disrupting
compounds
Alkaloids

Oral anticoagulants
Ibuprofen

Psychoactive drugs
Melamine

Cholecalciferol
(vitamin D3)

45 multi-class
pesticides

Chioramphenicol

Ibuprofen

Aflatoxin B1 and B2
N-nitrosamines

Quinolones

Triazines

Endocrine disruptors

Quercetin and
luteolin

Triazines and
suffonylurea
herbicides

Microcystins

Phthalate esters

Parabens

Non-steroidal
Anti-inflammatory
Drugs

Phenolic
compounds
Pesticides

Fluoroquinolone
antibiotics

Pesticides
Aromatic amines
Chlorophenols

Morphine and
codeine

Heterocyclic
fungicides

Chiral pesticides

Sulfonamides

Paracetamol and
caffeine

Nucleobases,
nucleosides, and
nucleotides

Phthalate Easers
Alkyiphenols

Phthalate esters

Non-steroidal
anti-inflammatory
drugs and
bisphenol-A

Estrogens
Triazole fungicides.

Fungicides

Polar non-steroidal
anti-inflammatory
drugs

DNA

Matrix

River water and
zebrafish samples

Water and functional
beverage

Pharmaceutical,
environmental water
and synthetic urine
samples

Water and fruit
samples

Human plasma

Superficial water

Chinese herb
(Pericarpium
papaveris)
Human plasma
Human blood

Urine
Water and dairy
products

Bovine milk
Vegetables
(cabbage, lesk, and
radicchio)

Honey and Mik

Pharmaceuticals,
water, and urine

Vegetable Oils
Mainstream
cigarette smoke
Water

Water
Carbonated
beverages
Green tea and

serum samples

Water

Water

Milk

Toothpaste and
mouthwash

Animal food
Oil seeds

Water
Water

Water
Water
Sewage water

Blood and urine

Lettuce

Cucumber, tomato,
cabbage, grape,
mulberry, apple, and
pear

Milk

Synthetic urine and
‘wastewater

Medicinal mushroom
C. Sinensis, and
natural foods

Human Plasma
Water

Bottled, injectable
and tap waters
Tap water

Water, soil, and fish
Water

Water and soil
samples.

Water

Human whole blood
and E. coli cell lysate

Analysis

HPLC-UV

HPLC-Orbitrap
HRMS

HPLC-DAD

GC-ECD

HPLC-DAD

HPLC-UV

UHPLC-MS/MS

UHPLC-DAD
HPLC-DAD

UHPLC-MS/MS
HPLC-UV

HPLC-UV

GC-MS

HPLC-DAD

HPLC-DAD

HPLC-PCD-FLD

HPLC-MS/MS

MALDI-TOF MS

DART-MS
HPLG-DAD

HPLC-UV

UHPLC-MS

UHPLC-MS/MS

CapilaryLC-MS

HPLC-DAD

HPLC-MS/MS

LC-MS/MS

HPLC-UV
HPLC-UV

HPLC-UV

HPLC-UV

GC-ECD

HPLC-UV-VIs

HPLC-MS/MS

Chiral
HPLC-MS/MS

HPLC-UV

HPLC-UV

HPLC-DAD

GC-Ms
HPLC-DAD

HPLC-UV

HPLC-DAD

UHPLC-QTOF-
MS
HPLC-UV

HPLC-Orbitrap
HRMS

HPLC-DAD

Lob
0.20-0.45 pg L'

3ngL-!

11 x 1076 pgmL="!

067 pgL-!
0.008 pg mL~"

8-14ngL-1

0016-0.092 ug
kg™t

0.008 pg mL~"

8.0ngmL~"

00202 pg L~
003pgL!

301 pglL-!

0.4-4.0 pgkg—1

024pgL!

036ngmL-!

0.01-0.02 pgkg™"
0.018-0.057 ng
cigarette=!
0.010mg L~1

1.6-152.1 ng L~
0.1-02pgL"

0.09-4.5 ng mL~"

20and 170ng L~!

0.414ngL~" and
0216ngL""

0.004-0.02 ng mL~"
0.4-1.0 ng mL~!

0.1-05 pg kg~

0.02-90.00 pg kg~

02-1.6ngmL~"
0.25-0.50 ng mL~"

0.47-17 pgL~"!
0.10-0.20 pg L~
3.0-284ngL""

1.8-24 ngL~"

0.21-1.0pgL~"

0.02-100pg !

0.35-1.32 pg L™

0.48-3.32 ngmL~"

1.8-28ngmL "

0.003-0.01 ng mL~"
0.010-0013 pg L~

0.004-0.013mg L~"

0.031mg L~ and
0.023mg ="
0.1785mg L™!

0.01-0.02 ng mL~"
48-84ngL~!

0.58-238ngL"

02pgL""!
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Sorbent

G-Fe304-B-CD

GNS/B-CD
Fe403-GO-B-CD

$-CO/MGO

GO/B-CD sol-gel coating fiver

Fe304@Si0,/GO/B-CD/IL.

Analytes

Bisphenol-A

Phenolphthalein
Neonicotinoid
pesticide
Organochlorine
pesticides
Organophosphate
flame retardants
Plant growth
regulators

Matrix

Water

Water
Water

Honey
Environmental water

Vegetables

Sample
preparation

MSPE

d-SPE
MSPE

MSPE

HS-SPME

MSPE

Analysis

UV-vis

UV-vis
HPLC-MS/MS

GC-ECD

GC-NPD

UHPLC-MS/MS

Lob

052-821 ng kg™"
1.1-80.4 ng L~!

001-0.18 pg kg™

References

Ragavan and
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Sorbent

Diallyl cimethyl ammornium
chloride-assembled GO-coated C18
(C18@GO@PDDA)

Aminopropyl silica coated GO-
functionalized
Octadecylsilane/end-capped
(SIGOC18ecap)

Graphene derivatized siica

Guanidyl-functionalized GO-grafted
siica (Guanidyl@GO@si)
Polypyrrole-coated GO and C18
incorporated in chitosan cryoge!
(PPY/GOX/C18/CS)

Alkyl-NH,/1GO

Calix{4Jarene-functionalized
GO/polydopamine-coated cellulose
acetate fiber
(calix[4Jarene-GO/PDA-CFs)
Graphene oxide supported on
aminopropy silica (Si-GO)

Graphene oxide supported on
aminopropy silica (Si-GO)
Graphene-C18 Reinforced Hollow Fiber
(G-C18-HF)
Poly(diallyldimethylammoniumchloricie)
assembled GO-coated C18 particles
(C18@GO@PDDA)

Graphene oxide/siica modified with
nitro-substituted tris(indoly)methane

Graphene supported on aminopropyl
siica (Si-G) and primary-secondary
amine (PSA) silica (PSA-G)

Acrylamide-functionalized graphene
Tannic acid functionalized graphene

GO framework interconnected by
1,4-phenylene disocyanate (PPDI)

Analytes

Salioylic acid
and derivates

Xanthines

Fluoroquinolones
Herbicides

Carbamate
pesticides.

Pesticides

Aflatoxins

Tetracyclins

Triazines

Chiorophenols

Acidic
pharmaceuticals

Organic acids

Parabens

Monoamine
acidic
metabolites

Berylium

Sudan dyes (G,
1,1l and )

Matrix

Aloe plants
(in-vivo
sampling)
Coffee

Water

Lycium
barbarum

Fruit juices

Bovine milk

Water

Honey

Fish (in-vivo
sampling)

Honey and
nongfu spring
drink

Water

Urine and
plasma

Wastewater and
street dust

Lake water and
it juice

Sample

preparation

SPME fiber

In-tube SPME

SPE

SPE

SPE

Modified
QUEChERS

SPE

MEPS

In-tube SPME

HF-LPME

SPME fiber

SPE

MEPS

WSPE

d-SPE

SBSE

Analysis

HPLC-DAD

HPLC- MS/MS

HPLC-FLD

HPLC-UV

HPLC-UV

GC-MSMS
UHPLC-MS/MS

HPLC-FLD

HPLC-MS/MS

HPLC-MS/MS

HPLC-UV

HPLC-MS/MS

HPLC-DAD

UHPLC-MS/MS

HPLC-UV

Atomic
absorption
HPLC-UV

LoD

1.8-28pgg”"

01-02pgL""!

2ngL-!
05-20pgL""

05-20pgL""

0.33-926 g
poat
001-0.05 g
)

008-021 pg
=

1.4-29ng L-!
05-15ugkg™

0.18-7.56 pg
kg~

05-1.0pgL""

0.06-0.09 g
L

0.08-025 pg
=

084ng L~

0.15-03 pg L'
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Step-No  Step

A Preparation of CE column

Al Capillary cleaning

A2 Capillary conditioning

A3 Capillary purging with
background electrolyte

Ad Stacking: leading electrolyte

A5 Injection

A6 Stacking: terminating electrolyte

B Analysis

Inlet electrolyte

Outlet/sheath electrolyte at
ICP-MS interface

Chemical

1 MTMAH
0.2% HCl
20mM HCI

1 MTMAH
Sample

0.05mM HCI

20mM HCI

SmM HCI

Condition

4 bar, 1 min.
4 bar, 1 min.
4 bar, 1 min.

160 mbar, 35
150 mbar, 3 s
150 mbar, 3 s

150 mbar,
5min, + 25
kv

Interface
self-aspiration
ca. 100
wUmin

Section A: capilary preparation steps before measurement; Section B: electrolytes and

conditions during analysis.
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Different detection methods

SEA

The tradifional plating methods.

Total number of samples

Positive
Positive rate
Positive
Positive rate

Beef
@7

3
(11.1%)
3
(11.1%)

Number of samples

Pork
(18)

2

(11.1%)

2

(11.1%)

Chicken
(21)

2
(9.5%)
2
(9.5%)

Dried fish
7

1
(6.8%)
1
(5.8%)

Ham sausage
(29)

1
(3.4%)
1
(3.4%)





