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Perfluorocarboxylic acids (PFCAs) are an emerging class of persistent organic pollutants. During the fabrication process, it is unavoidable to form PFCA homologs or isomers which exhibit distinct occurrence, bioaccumulation, and toxicity. The precision measurement of PFCAs is therefore of significant importance. However, the existing characterization techniques, such as LC-MS/MS, cannot fully meet the requirement of isomer-specific analysis, largely due to the lack of authentic standards. Single-molecule sensors (SMSs) based on nanopore electrochemistry may be a feasible solution for PFCAs determination, thanks to their ultra-high spatiotemporal resolutions. Hence, as a first step, this work was to elucidate the influence of electrolyte concentration on the four most critical indicators of nanopore measurements, and furthermore, performance of nanopore SMSs. More specifically, three of the most representative short-chain PFCAs, perfluoropentanoic acid (PFPeA), perfluorohexanoic acid (PFHxA) and perfluoroheptanoic acid (PFHpA), were adopted as the target analytes, aerolysin nanopore was employed as the sensing interface, and 2, 3 and 4 M KCl solutions were used as electrolytes. It was found that, when the concentration of KCl solution increased from 2 to 4 M, the conductance of aerolysin nanopore increased almost linearly at a rate of 0.5 nS per molar KCl within the whole voltage range, the current blockade of PFPeA at −50 mV increased from 61.74 to 66.57% owing to the enhanced steric exclusion effect, the maximum dwell time was more than doubled from 14.5 to 31.5 ms, and the barrier limited capture rate increased by 8.3 times from 0.46 to 3.85 Hz. As a result, when using 4 M KCl as the electrolyte, over 90% of the PFPeA, PFHxA and PFHpA were accurately identified from a mixed sample, and the calculated limit of detection of PFPeA reached 320 nM, more than 24 times lower than in 2 M KCl. It was thus clear that tuning the electrolyte concentration was a simple but very effective approach to improve the performance of nanopore SMSs for PFCAs determination.
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INTRODUCTION
Per- and polyfluoroalkyl substances (PFASs) are a typical class of persistent organic pollutants (POPs) that are of increasing global concern over the last 2 decades due to their environmental persistence, high bioaccumulation potentials, and associated toxicities (Giesy and Kannan, 2001; Washington et al., 2020). In particular, three of the most widely applied and well-studied PFASs, perfluorooctane sulfonic acid (PFOS), perfluorooctane carboxylic acid (PFOA), and perfluorohexane sulfonic acid (PFHxS), have been listed under the regulation of Stockholm Convention on POPs (UNEP, 2009; UNEP, 2019a; UNEP, 2019b). Recent shift to the short-chain PFAS alternatives (Li et al., 2020) and the structurally modified substitutes (Wang et al., 2017) further caused an enormous growth in the number of PFAS registered in the market, which according to the latest estimate in 2020 has reached 6,330 (USEPA, 2020). The precise detection of legacy and emerging PFASs is therefore of significant importance to understand their occurrence, environmental behavior, and potential health risks (Escher et al., 2020). Despite the lack of national or international standard methods, liquid chromatography-tandem mass spectrometry (LC-MS/MS) is indeed the most common approach to determine priority PFASs given that their authentic standards are readily available (Fiedler et al., 2020). Since 2010, the advances in full-scan high-resolution mass spectrometry (HRMS), including various types of time-of-flight (TOF), Orbitrap, and Fourier transform ion cyclotron resonance (FT-ICR) instruments, have enabled the nontarget identification of a tremendous number of unknown PFASs compounds (Krauss et al., 2010; Liu et al., 2019; Gao et al., 2020). Nevertheless, all the aforementioned methods suffer from high instrument cost and the requirement of highly trained personnel as well as a central laboratory. In this regard, an inexpensive nanopore sensor for the rapid detection of PFASs is highly complementary to the existing analytical techniques and should be focused (Karawdeniya et al., 2019; Menger et al., 2021).
Single-molecule sensors (SMSs) based on nanopore electrochemistry are a unique type of sensors that are able to measure individual analyte molecules one after another (Gooding and Gaus, 2016). By monitoring the through-pore ionic current under a constant potential, nanopore SMSs can link the structures and concentrations of specific targets with the occurrence and frequency of their respective transient current blockade caused by the trapping of single molecules into nanopore (Qiu et al., 2018). Thanks to the ultra-high spatiotemporal resolution, nanopore SMSs enable the accurate identification of rare but crucial species in complex samples (Qiu et al., 2019). The successful commercialization of nanopore based DNA sequencers have also demonstrated the feasibility of developing low-cost, portable nanopore SMSs (Hayden 2015; Quick 2016). During the last 25 years, a wide range of nanopore SMSs have been applied to the determination of metal ions (Braha et al., 2000; Wen et al., 2011), antibiotics (Nestorovich et al., 2002), saccharides (Galenkamp et al., 2018; Ramsay et al., 2018), microRNAs (Wang et al., 2011; Tian et al., 2013; Zhang et al., 2014), proteins (Li et al., 2015; Guo et al., 2018; Liu et al., 2018), but never with PFAS before as far as the authors are aware. Hence, it is worthwhile to explore the possibility of using nanopore SMSs for the effective identification and efficient quantification of PFASs.
Herein, in this particular work, the authors not only presented the concept of PFASs single-molecule sensing, but more importantly, investigated the influence of electrolyte concentration to enhance the performance of nanopore SMS as well. Electrolyte was one of the key components of nanopore systems, and was the simplest variable to be fine-tuned. The effect of electrolyte composition on the four most critical parameters of nanopore detection systems, namely the open-pore current (I0) (Smeets et al., 2006), current blockade (∆I/I0) (Wang et al., 2019), dwell time (τon) (Fologea et al., 2005), and interval time (τoff) (Franceschini et al., 2016), was reported in separate studies previously. However, only a few of them correlated the values of such indicators to the performance of nanopore SMSs (Fragasso et al., 2020). The following work was thus to elucidate the relationship among electrolyte concentration, four critical indicators of raw current trace, and the performance of nanopore SMSs. Three of the most representative short-chain perfluorocarboxylic acids (PFCAs) were adopted as the target analytes, i.e., perfluoropentanoic acid (PFPeA), perfluorohexanoic acid (PFHxA), and perfluoroheptanoic acid (PFHpA). Aerolysin nanopore was applied as the sensing interface, which featured exceptional resolution to discriminate tiny structural variation, e.g., single amino acid difference (Ouldali et al., 2020). Based on that, the impact of electrolyte concentration was examined in great detail, especially on the qualitative and quantitative analysis capability of nanopore SMSs for PFCAs with different carbon chain lengths.
EXPERIMENTAL
Reagents and Chemicals
Potassium chloride (KCl, ≥99.9%), ethylenediaminetetraacetic acid (EDTA, ≥99.0%), tris(hydroxymethyl)aminomethane (Tris, 99%), and octane (≥99%) were purchased from Titan Scientific (Shanghai, China). Aqueous solutions containing 1 mM EDTA, 10 mM Tris, and 2, 3 or 4 M KCl were prepared and used as the different concentrations of electrolytes. 1,2-diphytanoyl-sn-glycero-3-phosphocholine (DPhPC, powder, ≥99%) was purchased from Avanti Polar Lipids (Shanghai, China). Proaerolysin was expressed and purified from Genscript Biotechnology (Nanjing, China). Trypsin agarose (25UN) was purchased from Sigma-Aldrich (Shanghai, China). Perfluorocarboxylic acids and peptide conjugates were produced by ChinaPeptides (Suzhou, China).
Single-Molecule Sensing of Perfluorocarboxylic Acids
Proaerolysin was activated with the addition of immobilized trypsin at 4°C for 10 h to enable the formation of aerolysin monomers and the subsequent oligomerization for aerolysin nanopore. After activation, the mixture was centrifugated at 10,000 RPM to remove the remaining trypsin and stored at −20°C for the following use. In a typical single-molecule experiment, the temperature of the detection system was kept at 20°C, constantly. A total amount of 150 μl KCl solution of a certain concentration, e.g., 2, 3, or 4 M, was added to the detection chamber. The DPhPC lipid bilayer membrane was formed with the aid of micropipette, spanning the 100 μm microcavitie of MECA 4 Recording Chips (Nanion Technologies, Germany). Aerolysin was then added into the cis chamber. While the cis compartment was defined as the virtual ground, a voltage of +200 mV was applied on the trans compartment to accelerate the insertion of aerolysin nanopore into lipid bilayer. Once a non-zero current change was observed, the external voltage was adjusted to −50 mV to verify the successful formation of a single nanopore. A typical open pore current for a wild type aerolysin nanopore in a 4 M KCl electrolyte was ca. −100 pA at −50 mV. Finally, various types of perfluorocarboxylic acids and peptide conjugates were added into the cis chamber for single-molecule sensing, with a final concentration of 10 μM. As for the recording of electrical signals, the sampling rate and bandwidth were set as 20 and 2 kHz, respectively.
Data Acquisition and Analysis
The current traces were amplified and recorded using a patch clamp (Orbit mini, together with temperature control unit). The electrical signals were read and classified with Clampfit 10.4. The follow-up data processing and analysis were carried out using laboratory-made scripts based on Python and MATLAB. Graphs were drawn using Origin Pro 2021.
RESULTS AND DISCUSSION
In order to carry out single-molecule sensing of perfluorocarboxylic acids (PFCAs) with nanopore electrochemistry, a unique detection system was rationally designed (Figure 1A): the target PFCA molecule was chemically ligated to a seven-amino-acid-long cationic peptide probe, R6K, through a condensation reaction between the amino group at the side chain of lysine and the terminal carboxyl group of PFCAs; while wild-type aerolysin nanopore was embedded into the lipid bilayer, of which the internal diameter was approximately 1 nm, and the total pore length was 10 nm, forming a thin and long β-barrel sensing region (Cao et al., 2016). The role of a positively charged leader was to enhance the capture rate of PFCAs as well as to extend their dwell time inside the nanopore (Willems et al., 2019); or otherwise, no electrical signals could be observed for pristine PFCAs. The prolonged trapping of R6K-PFCA conjugates in aerolysin nanopore was due to the combined effect of a strong electrostatic barrier at the trans exit as well as the counterbalanced electrophoretic forces (EPF) and electroosmotic forces (EOF) (Ouldali et al., 2020). In a typical experiment, R6K-PFCA analytes were added at the cis side of test chips and were driven to the aerolysin nanopore under a negative voltage.
[image: Figure 1]FIGURE 1 | (A) Schematic illustration of PFCAs determination by aerolysin nanopore SMSs. (B) A typical current trace highlighting the open-pore current (I0), blockade (∆I/I0), dwell time (τon), and interval time (τoff). Typical current trace of PFPeA detection in (C) 2 M KCl, (D) 3 M KCl, and (E) 4 M KCl electrolytes.
A typical raw current trace was displayed in Figure 1B, highlighting those four critical indicators. Briefly speaking, here, the open pore current (I0) represented the lumen structure and inner charge distribution of aerolysin nanopore, the current change (∆I) was caused by the trapping of R6K-PFCA, the dwell time (τon) referred to the tendency of a certain molecule staying in the nanopore, and the interval time (τoff) indicated the capture rate of target analytes. In this sense, the structural characteristics of each individual type of PFCA could be resolved from their respective current blockade (∆I/I0), and the value of τon, as proposed by the authors, could determine the precision of such identification. With regard to quantification, the magnitude of τoff at a given external voltage should be directly related to the limit of detection (LOD). When various concentrations of electrolyte were used, clear differences were found in all four indicators under the same applied bias (Figures 1C–E)—as the concentration of KCl increased from 2 to 4 M, I0, ∆I and τon all became greater, while τoff was reduced, and the change of ∆I/I0 was not obvious. In the meantime, it was also noted that some additional blockade close to 0 pA appeared in 3 and 4 M KCl, and the frequency of their occurrence seemed to increase at a higher concentration of electrolyte. To establish a more quantitative understanding, the influence of electrolyte concentration on those four indicators was systematically analyzed in the next few paragraphs, followed with the illustration of their correlation with the identification and quantification performance of nanopore SMSs for PFCAs.
To start with, the baseline current (I0) of aerolysin nanopore in 2, 3 and 4 M KCl was first presented in Figure 2A. The voltage dependent change of I0, from −20 to −80 mV, followed a positive linear relationship for all three concentrations of electrolyte, indicating that aerolysin nanopore possessed a constant conductance, and thus stable structure within this voltage range. The more concentrated electrolyte exhibited higher I0 at any given potential, and the corresponding conductance at −50 mV was given in Figure 2B. Results showed that the conductance of aerolysin nanopore was almost in proportion to the concentration of electrolyte, ca. 0.5 nS per molar KCl, in accordance with the previous findings for aerolysin nanopore (Cao et al., 2016; Ouldali et al., 2020).
[image: Figure 2]FIGURE 2 | Influence of electrolyte concentration on (A) voltage-dependent open-pore current, (B) pore conductance at −50 mV, (C) voltage-dependent current blockade of PFPeA, and (D) the current blockade ay −50 mV.
The current blockade (∆I/I0), on the other hand, exhibited a distinct voltage-dependent behavior compared to I0. Taking perfluoropentanoic acid (PFPeA) as an example, when the external bias increased, the ∆I/I0 of PFPeA decreased in all three concentrations (Figure 2C). It was also seen that, at any given voltage, the ∆I/I0 in a more concentrated KCl solution was constantly greater than the value in diluted ones. A comparison of the ∆I/I0 in three different concentrations of electrolyte at −50 mV was plotted in Figure 2D. It was worth noting that the increase of blockade from 3 to 4 M KCl (1.99%) was actually smaller than the value from 2 to 3 M KCl (2.84%), which was partially in agreement with the greater slope of the voltage induced decrease of ∆I/I0 in 2 M KCl. One possible explanation for such phenomena was the reduced Debye length at an elevated concentration of electrolyte (Nomidis et al., 2018). As the salt concentration increased, the contribution of counterion screening was inhibited, and the current blockade became more determined by the steric exclusion effect (Wilson et al., 2019), or in other words, reflecting mainly the structural properties of PFCAs.
The trends of dwell time (τon) and interval time (τoff) for PFPeA in 2, 3 and 4 M KCl were summarized in Figure 3, which featured completely different patterns against the applied voltage. As the external bias increased, the logarithm of τon, log(τon), first rose and then fell when the voltage exceeded −50 mV (Figure 3A), while the logarithm of τoff, log(τoff), kept decreasing within the whole range (Figure 3C). Note that, broadly speaking, the total driving force on a single molecule (e.g., the sum of EPF, EOF, etc) to move from the cis entry to the trans exit was enhanced as the electrical potential became higher, it was reasonable to attribute the above observations on τon and τoff to the greater energy barrier at the exit than the entrance (Willems et al., 2019). Therefore, at the low potential range from −20 to −40 mV, the total driving force on PFPeA allowed it to enter the aerolysin nanopore from the cis side, but not leave from the trans side—it had to escape back through the cis side, and so a higher driving force from cis to trans led to a longer dwell time inside the nanopore. On the other hand, when the applied bias was over −50 mV, PFPeA was now able to leave through the trans end, and thus the higher driving force corresponded to a smaller dwell time. The linear correlations between the external voltage and the log(τon) or log(τoff) in both ranges further indicated that the above two processes were energy barrier limited (Nomidis et al., 2018).
[image: Figure 3]FIGURE 3 | Influence of electrolyte concentration on (A) voltage-dependent dwell time of PFPeA, (B) cross-over voltage and theoretical maximum dwell time, (C) voltage-dependent dwell time of PFPeA, and (D) its slope (descent rate) and intercept (interval time at 0 mV).
The threshold for the transition from cis escaping to trans escaping was defined in this work as the crossover voltage, which was estimated by extending the fitting curves of log(τon)-voltage trajectories at both low and high potential range (Figure 3A). A higher concentration of electrolyte tended to reduce the magnitude of the respective crossover voltage, as exemplified by the triangle in Figure 3B for PFPeA, since the trans-to-cis EOF was lower, and the overall driving force was enhanced. Besides, the theoretical maximum dwell time reached at the crossover voltage, τon_max, followed the trend of 2 M KCl < 3 M KCl < 4 M KCl, which was due to the combined effect of reduced driving force and the balance between energy barriers at both cis and trans side (Ouldali et al., 2020)—the latter was essentially modulated by the interaction between the aerolysin nanopore and R6K-PFPeA. The longer dwell time of PFPeA inside the aerolysin nanopore was supposed to improve the precision of SMSs, which would be elaborated in the following identification section.
With regard to τoff, it was shown in Figure 3C that higher concentrations of electrolyte possessed smaller τoff within the whole range of applied voltage. This phenomenon was in alignment with the trend of τon at the low potential range (e.g., −20 to −40 mV), since both of these two processes were determined by the energy barrier at the cis entry of aerolysin. The slopes of the voltage induced decrease of log(τoff) were comparable in all three concentrations (Figure 3D), while the intercepts of their fitting curves at zero voltage, log(τoff′), followed the order of 2 M KCl > 3 M KCl > 4 M KCl. Note that the limit of detection (LOD) of nanopore SMSs was defined by both the minimum number of signals for statistical significance and the required response time, a small interval time or a high capture rate of target analytes was essential to approach an excellent quantification capability. To briefly summarize the results so far for τon and τoff, it was found that as the concentration of KCl solution increased from 2 to 4 M, the theoretical maximum dwell time (τon_max) was more than doubled from 14.5 to 31.5 ms, while the entry barrier limited capture rate (1/τoff′) increased by 8.3 times from 0.46 to 3.85 Hz. In this regard, it was reasonable to argue that higher concentrations of electrolytes offered greater precision for identification and lower LOD for quantification, and in the current study, 4 M KCl was likely to be the most suitable electrolyte of aerolysin nanopore SMSs for PFCAs determination.
After sorting out the influence of electrolyte concentration on all four indicators, the next step was to elucidate their impact on the performance of nanopore SMSs. The discrimination of structurally similar analytes from mixed sample was crucial for the accurate identification of PFCAs. To compare the effectiveness of aerolysin nanopore in 3 and 4 M KCl, histograms of the current blockades measured separately for PFPeA, PFHxA and PFHpA were overlaid on Figures 4A,B, together with the corresponding gaussian fitting. The area of each fitted curve was normalized, assuming that the total number of signals were the same for all PFCAs, or alternatively, the capture rates were identical. Hence, for those analytes that exhibited greater peak intensity, the respective full-width-half-maximum (FWHM) should be smaller, suggesting a higher precision of the current blockade. It was noted that the FWHM of blockades in 4 M KCl was generally smaller than in the 3 M ones, which was in agreement with the prolonged dwell time caused by the more concentrated electrolytes. Leveraging the concept of resolution in chromatography, the discriminability of nanopore SMSs was characterized by the division of peak separation between two blockades and the sum of their FWHM.
[image: Figure 4]FIGURE 4 | Overlay of the current blockade distribution of PFPeA, PFHxA and PFHpA in (A) 3 M KCl and (B) 4 M KCl. Discrimination of PFPeA, PFHxA and PFHpA from a 1:1:1 mixed sample in (C) 3 M KCl and (D) 4 M KCl.
As shown in Figures 4A,B, longer-length PFCAs exhibited higher current blockade in both 3 and 4 M KCl solutions owing to the volume exclusion effect. However, it was evident in Figure 4A that majority of the current blockade of PFHxA and PFHpA in 3 M KCl was overlapped, despite the fact that there was a huge peak separation between the blockade of PFPeA and PFHxA in the same electrolyte. On the contrary, the current blockades of PFPeA, PFHxA and PFHpA were uniformly and well separated in 4 M KCl (Figure 4B). This observation implied the possibility of establishing a structure-blockade correlation for nanopore SMSs (Huang et al., 2019; Ouldali et al., 2020) which would enable the identification of unknown PFASs in the future without using authentic standards. Taking into account the value of peak separation and FWHM, the resolution of PFPeA/PFHxA or PFHxA/PFHpA was calculated to be 1.19 or 0.86, respectively, which indicated that over 90–98% of the analytes could be correctly identified using 4 M KCl as the electrolytes (Zou et al., 2019). Such resolution and precision were at least comparable or even superior to the state-of-the-art performance for nanopore based protein sensors or sequencers (Huang et al., 2019; Ouldali et al., 2020).
The identification capability of aerolysin nanopore SMSs was further evaluated with the mixture of PFPeA/PFHxA/PFHpA in a molar ratio of 1:1:1 (Figures 4C,D). The results were presented in 2D kernel density plots using the magnitude of current blockade as the X-axis and the standard deviation of those blockade as the Y-axis. Three clusters were found in the plots, which according to the current blockade, could be assigned as PFPeA, PFHxA and PFHpA from left to right. The separation of current blockade in the mixed sample measurement seemed smaller than the values obtained from the individual analysis. The corresponding width of current blockade distribution, however, was almost unchanged—taking the 4 M KCl solution as an example, the range of 95% confidence interval indicated that standard deviation of current blockade should be close to or smaller than 0.2 pA for all three analytes. In this sense, it was seen that peak separation of current blockade between PFPeA and PFHxA was comparable in 3 and 4 M KCl, but the distribution of current blockade was much narrower in the latter, which increased the resolution from 80 to 85% to over 95%. Incorporation of standard deviation as an extra dimension for identification was supposed to further enhance the resolution. For instance, it was shown in Figure 4D that the standard deviation of PFHpA in 4 M KCl (1.13 pA) was much higher than that of PFHxA (1.55 pA), and as a result, over 70% of the signals between these two analytes could be resolved, much better than the value of less than 50% in the 3 M KCl counterpart. All the above findings supported that the 4 M KCl electrolyte was more suitable than the 3 M one for PFCAs identification.
Finally, the detection limits of PFPeA in 2, 3, and 4 M KCl were compared to illustrate the influence of electrolyte concentration on nanopore SMSs for PFCAs quantifications (Figure 5). As mentioned, the LOD of nanopore SMSs was actually determined by the minimum number of signals in a given response time. If, for example, at least 1,000 signals were required to be recorded within 10 min, the maximum time allowed for each signal would be 0.6 s on average, including both the dwell and the interval time. Assuming that the dwell time was almost independent to analyte concentration, while the interval time was inversely proportional to it because the concentration gradient decided the diffusion-limited capture processes, it was then possible to quickly estimate the LOD of a certain PFCA based on a single measurement with a known concentration. Meanwhile, the value of τoff at a given applied voltage was apparently the key indicator to evaluate the quantification capability of nanopore SMSs. According to the earlier discussion, the interval times of 10 μM PFPeA in 2, 3, and 4 M KCl were 481, 131 and 34 ms, respectively, which corresponded to the LOD values of 8.29, 2.26, 0.59 μM. Therefore, increasing the electrolyte concentration from 2 to 4 M KCl could effectively reduce the LOD by 14-fold (Figure 5B).
[image: Figure 5]FIGURE 5 | (A) A typical current trace of PFPeA in 4 M KCl at -50 mV to highlight the influence of level 2 signal on quantification. (B) The initial and optimized limit LOD of PFPeA at −50 mv in 2, 3, and 4 M KCl electrolyte.
Looking more closely to this quantification approach, it was further noticed that the ratio of “signal” to baseline was indeed higher than 1:1, especially in 3 and 4 M KCl, when there were extra blockades close to 0 pA (Figure 5A). To clarify it, the medium range current blockades were defined as the level 1 signals, while those additional greater blockades were called level 2 – and only level 1 signals were used in the previous discussions and calculations. Note that the total number of level 1 signals was equal to the sum of baseline and level 2 signals, based on the event detection principle of Clampfit, an increasing frequency of level 2 thus indicated a higher ratio of level 1 to baseline, and furthermore, reduction of the effective interval time since the contribution of level 2 signals to the total dwell time was negligible, Figure 5A. Following this rationale, the effective LODs of PFPeA in 2, 3, and 4 M KCl electrolyte were re-calculated to be 7.69, 1.90, and 0.32 μM (Figure 5B), and the enhancement from 2 to 4 M was now 24.3 times, more than 70% higher than the initial estimation.
CONCLUSION
In summary, the influence of electrolyte concentration on the four indicators of nanopore SMSs and the subsequent performance for the identification and quantification of PFCAs was comprehensively analyzed. When the concentration of KCl solution increased from 2 to 4 M, it was found that the open pore conductance of aerolysin increased almost linearly at the rate of ca. 0.5 nS per molar KCl, the current blockade of PFPeA at -50 mV slightly increased from 61.74 to 66.57% owing to the enhanced steric exclusion effect, the theoretical maximum dwell time was more than doubled from 14.5 to 31.5 ms, and the barrier limited capture rate increased by 8.3 times from 0.46 to 3.85 Hz. As a result, the identification accuracy of PFPeA, PFHxA and PFHpA was significantly enhanced in 4 M KCl, in which over 90% of the analytes was correctly determined from the mixed sample at −50 mV, with the aid of using standard deviation of the current blockade as the extra dimension in 2D kernel density analysis. The effective LOD of PFPeA under the same voltage was estimated to be 320 nM in 4M KCl, which was ca. 24 times lower than the value obtained in 2 M KCl, taking advantage of the higher frequency of level 2 signals in more concentrated electrolytes. From all the above, it was clear that tuning the electrolyte concentration was a simple but very effective approach to improve the performance of nanopore SMSs, both qualitatively and quantitatively. In this regard, our next step was to further examine the influence of electrolyte compositions, e.g., various combination of cations and anions, on PFCAs determination.
DATA AVAILABILITY STATEMENT
The original contributions presented in the study are included in the article/Supplementary Material, further inquiries can be directed to the corresponding authors.
AUTHOR CONTRIBUTIONS
XY, N-NS, JW, XZ and M-YC performed the experiments. XY, N-NS, JW, JZ and KQ analyzed the data.
FUNDING
This work was supported by National Natural Science Foundation of China (Grant No. 21972041, 22006037), Shanghai Sailing Program (Grant No. 19YF1410400), and State Key Laboratory of Pollution Control and Resource Reuse Foundation (Grant No. PCRRF20001).
PUBLISHER’S NOTE
All claims expressed in this article are solely those of the authors and do not necessarily represent those of their affiliated organizations, or those of the publisher, the editors and the reviewers. Any product that may be evaluated in this article, or claim that may be made by its manufacturer, is not guaranteed or endorsed by the publisher.
SUPPLEMENTARY MATERIAL
The Supplementary Material for this article can be found online at: https://www.frontiersin.org/articles/10.3389/fchem.2021.732378/full#supplementary-material
REFERENCES
 Braha, O., Gu, L.-Q., Zhou, L., Lu, X., Cheley, S., and Bayley, H. (2000). Simultaneous Stochastic Sensing of Divalent Metal Ions. Nat. Biotechnol. 18, 1005–1007. doi:10.1038/79275
 Cao, C., Ying, Y.-L., Hu, Z.-L., Liao, D.-F., Tian, H., and Long, Y.-T. (2016). Discrimination of Oligonucleotides of Different Lengths with a Wild-type Aerolysin Nanopore. Nat. Nanotech 11, 713–718. doi:10.1038/nnano.2016.66
 Check Hayden, E. (2015). Pint-sized DNA Sequencer Impresses First Users. Nature 521, 15–16. doi:10.1038/521015a
 Escher, B. I., Stapleton, H. M., and Schymanski, E. L. (2020). Tracking Complex Mixtures of Chemicals in Our Changing Environment. Science 367, 388–392. doi:10.1126/science.aay6636
 Fiedler, H., van der Veen, I., and de Boer, J. (2020). Global Interlaboratory Assessments of Perfluoroalkyl Substances under the Stockholm Convention on Persistent Organic Pollutants. Trac Trends Anal. Chem. 124, 115459. doi:10.1016/j.trac.2019.03.023
 Fologea, D., Uplinger, J., Thomas, B., McNabb, D. S., and Li, J. (2005). Slowing DNA Translocation in a Solid-State Nanopore. Nano Lett. 5, 1734–1737. doi:10.1021/nl051063o
 Fragasso, A., Schmid, S., and Dekker, C. (2020). Comparing Current Noise in Biological and Solid-State Nanopores. ACS Nano 14, 1338–1349. doi:10.1021/acsnano.9b09353
 Franceschini, L., Brouns, T., Willems, K., Carlon, E., and Maglia, G. (2016). DNA Translocation through Nanopores at Physiological Ionic Strengths Requires Precise Nanoscale Engineering. ACS Nano 10, 8394–8402. doi:10.1021/acsnano.6b03159
 Galenkamp, N. S., Soskine, M., Hermans, J., Wloka, C., and Maglia, G. (2018). Direct Electrical Quantification of Glucose and Asparagine from Bodily Fluids Using Nanopores. Nat. Commun. 9, 1–8. doi:10.1002/anie.20171274010.1038/s41467-018-06534-1
 Gao, K., Chen, Y., Xue, Q., Fu, J., Fu, K., Fu, J., et al. (2020). Trends and Perspectives in Per-And Polyfluorinated Alkyl Substances (PFASs) Determination: Faster and Broader. Trac Trends Anal. Chem. 133, 116114. doi:10.1016/j.trac.2020.116114
 Giesy, J. P., and Kannan, K. (2001). Global Distribution of Perfluorooctane Sulfonate in Wildlife. Environ. Sci. Technol. 35, 1339–1342. doi:10.1021/es001834k
 Gooding, J. J., and Gaus, K. (2016). Single‐Molecule Sensors: Challenges and Opportunities for Quantitative Analysis. Angew. Chem. Int. Ed. 55, 11354–11366. doi:10.1002/anie.201600495
 Guo, B., Sheng, Y., Zhou, K., Liu, Q., Liu, L., and Wu, H.-C. (2018). Analyte-triggered DNA-Probe Release from a Triplex Molecular beacon for Nanopore Sensing. Angew. Chem. Int. Ed. 57, 3602–3606. doi:10.1002/anie.201711690
 Huang, G., Voet, A., and Maglia, G. (2019). FraC Nanopores with Adjustable Diameter Identify the Mass of Opposite-Charge Peptides with 44 dalton Resolution. Nat. Commun. 10, 835. doi:10.1038/s41467-019-08761-6
 Karawdeniya, B. I., Bandara, Y. M. N. D. Y., Nichols, J. W., Chevalier, R. B., Hagan, J. T., and Dwyer, J. R. (2019). Challenging Nanopores with Analyte Scope and Environment. J. Anal. Test. 3, 61–79. doi:10.1007/s41664-019-00092-1
 Krauss, M., Singer, H., and Hollender, J. (2010). LC-high Resolution MS in Environmental Analysis: From Target Screening to the Identification of Unknowns. Anal. Bioanal. Chem. 397, 943–951. doi:10.1007/s00216-010-3608-9
 Li, F., Duan, J., Tian, S., Ji, H., Zhu, Y., Wei, Z., et al. (2020). Short-chain Per- and Polyfluoroalkyl Substances in Aquatic Systems: Occurrence, Impacts and Treatment. Chem. Eng. J. 380, 122506. doi:10.1016/j.cej.2019.122506
 Li, T., Liu, L., Li, Y., Xie, J., and Wu, H.-C. (2015). A Universal Strategy for Aptamer-Based Nanopore Sensing through Host-Guest Interactions inside α-Hemolysin. Angew. Chem. Int. Ed. 54, 7568–7571. doi:10.1002/anie.201502047
 Liu, L., Li, T., Zhang, S., Song, P., Guo, B., Zhao, Y., et al. (2018). Simultaneous Quantification of Multiple Cancer Biomarkers in Blood Samples through DNA-Assisted Nanopore Sensing. Angew. Chem. Int. Ed. 57, 11882–11887. doi:10.1002/anie.201803324
 Liu, Y., D'Agostino, L. A., Qu, G., Jiang, G., and Martin, J. W. (2019). High-resolution Mass Spectrometry (HRMS) Methods for Nontarget Discovery and Characterization of Poly- and Per-Fluoroalkyl Substances (PFASs) in Environmental and Human Samples. Trac Trends Anal. Chem. 121, 115420. doi:10.1016/j.trac.2019.03.02310.1016/j.trac.2019.02.021
 Menger, R. F., Funk, E., Henry, C. S., and Borch, T. (2021). Sensors for Detecting Per- and Polyfluoroalkyl Substances (PFAS): A Critical Review of Development Challenges, Current Sensors, and Commercialization Obstacles. Chem. Eng. J. 417, 129133. doi:10.1016/j.cej.2021.129133
 Nestorovich, E. M., Danelon, C., Winterhalter, M., and Bezrukov, S. M. (2002). Designed to Penetrate: Time-Resolved Interaction of Single Antibiotic Molecules with Bacterial Pores. Proc. Natl. Acad. Sci. 99, 9789–9794. doi:10.1073/pnas.152206799
 Nomidis, S. K., Hooyberghs, J., Maglia, G., and Carlon, E. (2018). DNA Capture into the ClyA Nanopore: Diffusion-Limited versus Reaction-Limited Processes. J. Phys. Condens. Matter 30, 304001. doi:10.1088/1361-648X/aacc01
 Ouldali, H., Sarthak, K., Ensslen, T., Piguet, F., Manivet, P., Pelta, J., et al. (2020). Electrical Recognition of the Twenty Proteinogenic Amino Acids Using an Aerolysin Nanopore. Nat. Biotechnol. 38, 176–181. doi:10.1038/s41587-019-0345-2
 Qiu, K., Fato, T. P., Yuan, B., and Long, Y. T. (2019). Toward Precision Measurement and Manipulation of Single‐Molecule Reactions by a Confined Space. Small 15, 1805426. doi:10.1002/smll.201805426
 Qiu, K., Wu, X.-Y., Yang, J., Ying, Y.-L., and Long, Y.-T. (2018). Pore-forming Confined Space for the Innovative Electrochemical Methods. Curr. Opin. Electrochemistry 10, 46–53. doi:10.1016/j.coelec.2018.03.037
 Quick, J., Loman, N. J., Duraffour, S., Simpson, J. T., Severi, E., Cowley, L., et al. (2016). Real-time, Portable Genome Sequencing for Ebola Surveillance. Nature 530, 228–232. doi:10.1038/nature16996
 Ramsay, W. J., and Bayley, H. (2018). Single-Molecule Determination of the Isomers of D -Glucose and D -Fructose that Bind to Boronic Acids. Angew. Chem. Int. Ed. 57, 2841–2845. doi:10.1002/anie.201712740
 Smeets, R. M. M., Keyser, U. F., Krapf, D., Wu, M.-Y., Dekker, N. H., and Dekker, C. (2006). Salt Dependence of Ion Transport and DNA Translocation through Solid-State Nanopores. Nano Lett. 6, 89–95. doi:10.1021/nl052107w
 Tian, K., He, Z., Wang, Y., Chen, S.-J., and Gu, L.-Q. (2013). Designing a Polycationic Probe for Simultaneous Enrichment and Detection of microRNAs in a Nanopore. ACS Nano 7, 3962–3969. doi:10.1021/nn305789z
 UNEP (2019a). POPRC-15/1: Perfluorohexane Sulfonic Acid (PFHxS), its Salts and PFHxS-Related Compounds. Available at: http://chm.pops.int/TheConvention/ThePOPs/ChemicalsProposedforListing/tabid/2510/Default.aspx (AccessedJune21, 2021). 
 UNEP (2009). SC-4/17: Listing of Perfluorooctane Sulfonic Acid, its Salts and Perfluorooctane Sulfonyl Fluoride. Available at: http://chm.pops.int/TheConvention/ThePOPs/TheNewPOPs/tabid/2511/Default.aspx (AccessedJune 21, 2021). 
 UNEP (2019b). SC-9/12: Listing of Perfluorooctanoic Acid (PFOA), its Salts and PFOA-Related Compounds. Available at: http://chm.pops.int/TheConvention/ThePOPs/TheNewPOPs/tabid/2511/Default.aspx (AccessedJune 21, 2021). 
 USEPA (2020). PFAS Master List of PFAS Substances. Available at: https://comptox.epa.gov/dashboard/chemical_lists/pfasmaster (AccessedJune 21, 2021). 
 Wang, V., Ermann, N., and Keyser, U. F. (2019). Current Enhancement in Solid-State Nanopores Depends on Three-Dimensional DNA Structure. Nano Lett. 19, 5661–5666. doi:10.1021/acs.nanolett.9b02219
 Wang, Y., Zheng, D., Tan, Q., Wang, M. X., and Gu, L.-Q. (2011). Nanopore-based Detection of Circulating microRNAs in Lung Cancer Patients. Nat. Nanotech 6, 668–674. doi:10.1038/nnano.2011.147
 Wang, Z., DeWitt, J. C., Higgins, C. P., and Cousins, I. T. (2017). A Never-Ending Story of Per- and Polyfluoroalkyl Substances (PFASs)?. Environ. Sci. Technol. 51, 2508–2518. doi:10.1021/acs.est.6b04806
 Washington, J. W., Rosal, C. G., McCord, J. P., Strynar, M. J., Lindstrom, A. B., Bergman, E. L., et al. (2020). Nontargeted Mass-Spectral Detection of Chloroperfluoropolyether Carboxylates in New Jersey Soils. Science 368, 1103–1107. doi:10.1126/science.aba7127
 Wen, S., Zeng, T., Liu, L., Zhao, K., Zhao, Y., Liu, X., et al. (2011). Highly Sensitive and Selective DNA-Based Detection of Mercury(II) with α-Hemolysin Nanopore. J. Am. Chem. Soc. 133, 18312–18317. doi:10.1021/ja206983z
 Willems, K., Ruić, D., Biesemans, A., Galenkamp, N. S., Van Dorpe, P., and Maglia, G. (2019). Engineering and Modeling the Electrophoretic Trapping of a Single Protein inside a Nanopore. ACS Nano 13, 9980–9992. doi:10.1021/acsnano.8b09137
 Wilson, J., Sarthak, K., Si, W., Gao, L., and Aksimentiev, A. (2019). Rapid and Accurate Determination of Nanopore Ionic Current Using a Steric Exclusion Model. ACS Sens. 4, 634–644. doi:10.1021/acssensors.8b01375
 Zhang, X., Wang, Y., Fricke, B. L., and Gu, L.-Q. (2014). Programming Nanopore Ion Flow for Encoded Multiplex microRNA Detection. ACS Nano 8, 3444–3450. doi:10.1021/nn406339n
 Zou, Z., Yang, H., Yan, Q., Qi, P., Qing, Z., Zheng, J., et al. (2019). Synchronous Screening of Multiplexed Biomarkers of Alzheimer's Disease by a Length-Encoded Aerolysin Nanopore-Integrated Triple-helix Molecular Switch. Chem. Commun. 55, 6433–6436. doi:10.1039/C9CC02065A
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 © 2021 Yao, Song, Wang, Zhao, Cheng, Zuo and Qiu. 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.
OPS/images/fchem-09-732378-g005.gif





OPS/images/fchem-09-732378-g003.gif





OPS/images/fchem-09-732378-g004.gif





OPS/xhtml/nav.xhtml
Contents

		Cover

		Influence of Electrolyte Concentration on Single-Molecule Sensing of Perfluorocarboxylic Acids		Introduction

		Experimental		Reagents and Chemicals

		Single-Molecule Sensing of Perfluorocarboxylic Acids

		Data Acquisition and Analysis





		Results and Discussion

		Conclusion

		Data Availability Statement

		Author Contributions

		Funding

		Publisher’s Note

		Supplementary Material

		References









OPS/images/cover.jpg
* frontiers
in Chemistry

Influence of Electrolyte
Concentration on Single-
Molecule Sensing of
Perfluorocarboxylic Acids





OPS/images/fchem-09-732378-g001.gif





OPS/images/fchem-09-732378-g002.gif









OPS/images/crossmark.jpg
©

|





OPS/images/logo.jpg
, frontiers
in Chemistry





