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Ratiometric strategy are an invaluable method that helps to detect and quantify analytes. This approach relies on measuring changes in the ratio of two or more signals to improve the accuracy and sensitivity of the results. Ratiometric strategies are widely used in a variety of fields including biomedical, environmental monitoring and food safety. It is particularly popular when traditional single-signal based detection methods are not feasible, especially when interfering substances severely affect the detection. In addition, ratiometric methods have the potential to improve the accuracy and reliability of analyte detection, leading to better results in a variety of complex environments. The article provides a comprehensive review of ratiometric strategy, focusing on ratiometric fluorescent nanoprobes for the visual detection of analytes. This paper also discusses the design of ratiometric two-photon fluorescent probes for biomedical imaging, the synthesis of ratiometric surface-enhanced Raman scattering nanoprobes for the imaging of intracellular analytes, the development of ratiometric molecularly imprinted electrochemical sensors for detection of electroactive species, and the use of isotopically-labeled internal standards in matrix-assisted laser desorption/ionization for ratiometric analysis. The article not only discusses each technique in detail, including its principles, advantages, potential applications, and limitations, but also highlights recent advances in each method and possible future directions.
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1 INTRODUCTION
A ratiometric strategy is a “self-calibration” method by measuring the analyte-induced change in the ratio of two or more signals in a sensing element (Huang et al., 2018; Jin et al., 2021; Wei et al., 2022). In contrast to single-signal detection, this method has built-in corrections for fluctuations in instrument operation, interference from the sample matrix, variations in the microenvironment around the probe, and changes in the concentration of the probe. Due to these advantages, a ratiometric strategy is extensively implemented in a wide range of analytical techniques, including fluorescence, Raman, absorbance, electrochemistry, and mass spectrometry (Ali et al., 2014; Ke et al., 2015; Li et al., 2015; Peng et al., 2016; Chen et al., 2017; Parrilla et al., 2017; Vargas et al., 2019; Vyas et al., 2019; Njoko et al., 2020; Madhu and Tseng, 2021; Spring et al., 2021; Zhu et al., 2021). Two or more fluorescent dyes and nanomaterials are typically integrated into a ratiometric fluorescence sensing analytical platform. Each probe emits a light signal at a unique wavelength to the analyte. The platform measures the intensity ratio of the emitted light to determine the analyte concentration. Similarly, a ratiometric strategy using two independent wavenumbers in Raman spectroscopy can be applied to determine the concentration of an analyte. Absorbance spectroscopy also employs a ratiometric strategy, where the concentration of an analyte is calculated from the ratio of two absorbance readings. Also, amperometry and potentiometry are electrochemical methods that employ a ratiometric strategy to quantify an analyte. As a target analyte is added, more than two currents and potentials are typically monitored. Another analytical method that benefits from a ratiometric strategy is mass spectrometry. In this method, isotopically labeled standards are used as internal references to provide reliable and accurate quantitative measurements of analytes. The researchers can obtain reliable and accurate quantitative results in various analytical fields by employing these ratiometric analytical techniques. A ratiometric strategy has gained a foothold in various analytical fields, especially for quantifying analytes in a complex sample. In environmental monitoring, ratiometric fluorescence sensors are ideally suited for detecting metal ions and organic contaminants in water samples, making them a powerful tool for monitoring and managing water quality. These sensors are quick and easy to use, with results typically available within minutes. In addition, they are cost-effective and can detect a wide range of contaminants with high accuracy and sensitivity (HeeáLee and SeungáKim, 2015). Moreover, in vivo and in vitro studies, ratiometric phosphorescent sensors are well-developed for monitoring microenvironmental changes and imaging target analytes in living cells and animals. These sensors are also exploited to monitor dynamic events, such as the kinetics of enzyme reactions in living organisms (Jin et al., 2021). In biomedical research, a ratiometric Raman technique integrated with a microscopy-related system is attractive for investigating biomolecular structures at the cellular and sub-cellular levels (Kumar et al., 2016). By adopting the ratiometric Raman technique, researchers can improve the accuracy and precision of measurements compared to quantitative methods based on absolute band Raman intensities. This technique enables the label-free biomolecular fingerprinting of biological samples in their native state. Consequently, a ratiometric strategy has become an indispensable component in a wide range of analytical methods, including fluorescence, Raman, absorbance, electrochemistry, and mass spectrometry, ensuring trustworthy and precise quantitative analysis across different scientific domains.
This review explores a variety of ratiometric measurements in conjunction with various analytical techniques, including precise analytical detection using ratiometric fluorescent nanoprobes and biomedical imaging using two-photon fluorescent probes. Moreover, ratiometric surface-enhanced Raman scattering (SERS) nanoprobes provide Raman-sensitive molecules as a reference signal in the silent cell region, enabling Raman imaging of target analytes in living cells. In the silent region, most intracellular biomolecules are devoid of Raman scattering signals. However, functional groups such as alkyne, azide, and nitrile, as well as substituting C-H for C-D, show characteristic Raman bands in this silent region, which is a fortunate exception. It also highlights how to design ratiometric molecularly imprinted electrochemical sensors and utilize isotope-labeled internal standards to achieve ratiometric analysis in matrix-assisted laser desorption/ionization time-of-flight mass spectrometry (MALDI-TOF-MS). Each technique’s advantages and applications are summarized, providing valuable insights for advancing ratiometric sensing across different fields.
2 MERITS OF RATIOMETRIC STRATEGY IN ANALYTICAL CHEMISTRY
A ratiometric strategy offers several advantages over other analytical methods: 1) Improved accuracy and precision: A ratiometric strategy eliminates many noise sources, such as variations in instrument response or the influence of the sample matrix, which can affect the absolute value of a single signal. By measuring the ratio of two or more signals, ratio sensing can improve the accuracy and precision of measurements (Bigdeli et al., 2019). 2) Increased sensitivity: A ratiometric strategy can improve the reproducibility of measurements by measuring the ratio of two or more signals, thereby increasing sensitivity and lowering the detection limit (Huang et al., 2018; Wei et al., 2022). 3) Excellent selectivitatiometric strategy achieves selectivity by employing multiple signals with distinct responses to the target analyte. By measuring the ratio of these signals, ratiometric sensing ensures selective detection, even in complex sample matrices (Abbasi-Moayed et al., 2018; Gan et al., 2022; Shan et al., 2022; Zhu et al., 2022). 4) Real-time monitoring: By utilizing multiple signals with distinct responses to the target analyte, a ratiometric sensing enables continuous monitoring without sample processing or time-consuming analysis. This real-time capability allows for swift and dynamic measurements in various research applications (Liu et al., 2019; Qu et al., 2020; Kumaravel et al., 2021; Han et al., 2022). 5) Versatility: Ratiometric methods, incorporating various detection techniques such as fluorescence, absorbance, electrochemistry, Raman scattering, and mass spectrometry, emerge as a powerful tool for achieving accurate and sensitive measurements in diverse research areas. With its broad applicability, a ratiometric sensing proves valuable in a variety of analytical chemistry applications, including environmental monitoring, biomedical analysis, and materials science (Bigdeli et al., 2019; Jin et al., 2021; Wei et al., 2022; Šebela, 2023).
3 UTILIZING RATIOMETRIC FLUORESCENT NANOPROBES FOR NAKED-EYE DETECTION OF ANALYTES
Ratiometric fluorescent nanoprobes contain two or more fluorescent components that emit light at different wavelengths, allowing ratiometric sensing and imaging. They has become an ideal tool for visualizing, detecting, and quantifying a wide range of analytes, including ions, molecules, and biomolecules (Kumar et al., 2020; Chuang et al., 2022; Tseng et al., 2022; Luo et al., 2023). The design of ratiometric fluorescent nanoprobes involves carefully selecting fluorescent components, including dyes, quantum dots, upconversion nanoparticles, and metal clusters. These components should have different emission spectra and similar excitation spectra to ensure accurate ratiometric sensing. Nanoprobes should also be designed to target specific analytes by chemical modification or using biomolecules, such as antibodies, inducers, or peptides as recognition elements. For naked-eye detection, nanoprobes should have a high contrast between the two emission channels for easy visualization with the naked eye (Kumar et al., 2020; Tseng et al., 2022; Luo et al., 2023). A key aspect of designing ratiometric fluorescent sensors for visual detection is the thoughtful selection of fluorophores with distinct emission spectra. This choice ensures that the emission wavelengths of the two fluorophores are easily distinguishable to the naked eye. The greater the contrast in emission wavelengths, the more pronounced the color change will be, allowing direct differentiation between different states or analyte concentrations. This approach also applies to ratiometric absorption sensors. Firstly, the interaction between the chromophore and the target analyte results in a distinctive spectral wavelength or absorbance change, producing a noticeable color change. This uniqueness is essential for clear visual discrimination between an analyte and possibly interfering compounds. The human naked eye can perceive alterations in a given ratio through noticeable changes in color, intensity, or brightness. These ratios are commonly assessed using various sensing elements, which can be affixed to a solid support, such as lateral flow immunochromatographic assays, loop-mediated isothermal amplification (LAMP) assays, aptamer sensors, smartphone-based assays, and paper sensors. Alternatively, the sensing element can be incorporated into a solution, enabling visual inspection. Naked-eye detection utilizing ratio sensors offers numerous advantages, including simplicity in operation, the convenience of visual endpoint detection, rapidity in obtaining results, specificity in target identification, and cost-effectiveness. Moreover, these sensor-based approaches do not necessitate specialized equipment or highly trained personnel. However, naked-eye testing using ratio sensors lacks precise quantitative information. Although naked eye readings are instinctive, accurate results are not always possible because the interpretation of color changes can be subjective. In addition, the detection limit of this method may not match the detection limit achieved by instrumental techniques, which may limit sensitivity. Among fluorescence-based assays, naked-eye detection can be achieved by solution-based assays, paper-based assays, and lateral flow immunochromatographic assays (LFAs) (Figure 1A). Solution-based assays involve probes with chromophores and fluorophores that cause changes in absorption spectra and fluorescence emission, respectively, upon binding to analytes. On the other hand, paper-based assays use chromatography paper as an analytical detection platform, where probes attached to chromophores and fluorophores are immobilized on the chromatography paper. After the sample is dispensed, the porous media chromatography paper is able to guide the sample flow through capillary action, and visual detection can be achieved by observing changes in the color of the probes on the paper strip or changes in the fluorescence intensity of the probes. LFAs are designed to detect analytes on paper through immunoassay principles. In the first step, the analyte-specific antibody is attached to the chromophore or fluorophore and then coated onto the conjugate pads. The conjugate pad is then placed on a nitrocellulose membrane containing the test and control lines. The sample flows through the membrane by capillary action. If an analyte is present, it binds to the conjugated antibody or antigen, producing a visible color change on the test line. The secondary antibody on the control line is then connected to the unreacted antibody to ensure correct results.
[image: Figure 1]FIGURE 1 | (A) Diverse forms of naked-eye detection in fluorescence-based assays. (B) Fundamental guidelines for building ratiometric two-photon fluorescent probes based on different ratiometric signal patterns and sensing mechanisms. (C) Creation of a ratiometric SERS nanoprobe for detecting target analytes using an internal standard in a region without biomolecule interference. (D) Fabrication of the MIP electrochemical sensor with an internal standard for ratiometric detection of target analytes.
Here are some examples of how to detect environmental pollutants and biomarkers using the naked eye: in solution, on paper, and through lateral flow immunochromatography. Tseng et al. synthesized gold nanoclusters-loaded lysozyme nanoparticles through the reaction of aggregated lysozyme-stabilized gold nanoclusters with glutaraldehyde. The gold nanoclusters and lysozyme nanoparticles in the nanocomposites emitted blue and red fluorescence, respectively, under a single excited wavelength (Tseng et al., 2022). The presence of cyanide etched gold nanoclusters in the dual-emission nanocomposites, inhibiting their Förster resonance energy transfer (FRET) from lysozyme nanoparticles to gold nanoclusters. As a result, the dual-emission nanocomposites were capable of ratiomatrically detect cyanide within a linear range of 3–100 μM. They demonstrated that the proposed nanocomposites provided exceptional selectivity for cyanide and successfully quantified cyanide levels in tap water and soil samples. Furthermore, the nanocomposites were exploited to monitor the release of hydrogen cyanide from cyanogenic glycoside-containing foods. These findings highlight the probe’s potential for diverse environmental analysis and food safety applications.
In addition, a ratiometric fluorescence sensor was developed for the sensitive and selective detection of carbaryl in Iranian apples through 1) the NaOH-mediated hydrolysis of carbaryl to blue-emitting 1-naphthol and 2) the mixing of 1-nanphthol and yellow-emitting cadmium telluride quantum dots (CdTe QDs) (Shahdost-Fard et al., 2021). Using CdTe QDs with yellow fluorescence at 580 nm as a reference, the fluorescence colour changed from yellow to blue as the concentration of carbaryl increased. This ratiometric fluorescent sensor enabled enzyme-free naked-eye detection of carbaryl with a limit of detection (LOD) of 0.12 ng/mL, which is lower than the maximum residue limits (MRLs) specified in the EU Pesticides Database and the USDA Foreign Agricultural Service MRL Database. For example, the MRL for chlorpyrifos in apples is 0.01 mg/kg in the US and 0.05 mg/kg in the EU. The effectiveness of the sensor was confirmed by comparison with high-performance liquid chromatography analysis, demonstrating its potential for rapid and reliable detection of other targets in food safety applications.
Li et al. utilized the mixing of blue- and red-emitting carbon dots for the naked-eye detection of amoxicillin (Li et al., 2023). Hydrogen bonding between amoxicillin and blue-emitting carbon dots led to an increase in the intensity of their blue fluorescence and a change in the color of the solution mixing the two carbon dots from red to blue. A portable hand-held needle sensing device was designed for the direct visual detection of color change of two carbon dot mixtures under UV irradiation in response to amoxicillin stimulation. A smartphone-based illumination device was also fabricated to allow fluorescence imaging of two carbon-dot mixtures after the addition of amoxicillin, which was then quantified based on blue channel/red channel values.
Recently, Miao et al. reported a triple-emission fluorescence sensor consisting of 3-aminophenylboronic acid-derived carbon dots and ovalbumin-stabilized gold nanoclusters for the detection of tetracycline (Miao et al., 2023). The two nanomaterials were hybridized by interacting the cis-diol bond of ovalbumin with the borate group of carbon dots. Tetracycline not only enhanced the red fluorescence of gold nanoclusters through the restriction of their rotational motion but also quenched the blue fluorescence of carbon dots through the inner filter effect process. When the concentration of tetracycline varies between 0.5 and 40 μM, the fluorescence of the sensor changes from blue-violet to yellow-green under UV light; this color change is easy to detect with the naked eye. The proposed hybrid sensor demonstrated the successful determination of tetracycline in real water samples.
Wang et al. described a highly sensitive ratiometric fluorescent lateral flow immunoassay strip for the rapid and accurate detection of cardiac-type fatty acid binding protein, a biomarker associated with acute myocardial infarction (Wang et al., 2021). Fluorescent silica nanoparticles containing gold nanoparticles and red-emitting CdSe/CdS/ZnS quantum dots, along with anti-FABP 10E1 antibodies, were incorporated into the conjugate pad of the testing paper. Simultaneously, green-emitting CdZnSe/CdS/ZnS quantum dots linked to anti-FABP 28 antibodies were affixed in a designated test line of the paper strip. In a positive assay, the above-mentioned quantum dots with fatty acid binding protein in the sample form sandwich-like immunological complex structure at the test line, resulting in the fluorescence color change from green to red. This color change resulted from the target-induced internal filter effect between the loaded gold nanoparticles and green-emitting quantum dots, leading to an enhanced red emission and a reduced green emission. Quantitative detection of heart-type fatty acid binding protein was achieved with a low LOD of 0.21 ng/mL using a custom smartphone-based analytical device and tonality analysis. The ratiometric fluorescent lateral flow immunoassay strip enabled visually distinguishable green-to-red color changes around the threshold concentration of heart-type fatty acid binding protein (6.2 ng/mL), facilitating semi-quantitative diagnosis by the naked eye.
4 RATIOMETRIC TWO-PHOTON FLUORESCENCE PROBES FOR CELLULAR AND SMALL ANIMAL IMAGING IN BIOMEDICINE
Fluorescent probes typically require short wavelengths of excitation light, which may interfere with the autofluorescence of cells and tissues, thus limiting their applications (Zhang et al., 2021). The advent of two-photon fluorescent probes coupled to two-photon microscopy overcomes these limitations by utilizing long-wavelength femtosecond laser sources to excite fluorescent probes. Since Maria Goeppert-Mayer introduced it in the 1930s (Grzybowski and Pietrzak, 2013), this method has been popular for in vivo imaging. A two-photon action cross-section is related to the quantitative degree of two-photon absorption capacity, mainly in units of the Goeppert-Mayer abbreviation (1 GM = 1 × 10−50 cm3 s/photon). Ratiometric two-photon fluorescent probes are capable of producing two or more emission peaks of different intensities or wavelengths. The intensity of one or more fluorescence peaks can be varied depending on how the RTPF interacts or reacts with a particular target. By establishing a calibration curve between the fluorescence signal ratio and the analyte standard concentration, the analyte level in the complex matrix can be determined. Four fundamental guidelines exist for building RTPF probes based on different ratiometric signal patterns (Figure 1B): 1) A two-emission probe exhibits the same (simultaneous increasing or decreasing) intensity trend upon analyte reappearance (Jun et al., 2018; Ren et al., 2020); 2) In the presence of analytes, a single-emission probe causes the emergence of a new emission peak and the reduction of the original emission peak (Kim et al., 2013; Park et al., 2018); 3) A two-emission probe consists of a reference signal showing minimal variation and a response signal showing significant variation (Sun et al., 2016; Wang et al., 2019; Reo et al., 2019); 4) The reaction (interaction) of a two-emission probe with a target gives rise to an increase in one emission peak and a reduction in the other emission peak (Divya et al., 2014; Ge et al., 2020). The sensing mechanisms of ratiometric two-photon fluorescence probes include one or more of FRET, through-bond energy transfer (TBET), photo-induced electron transfer (PET), excited state intramolecular proton transfer, intramolecular charge/electron transfer (ICT), and energy dissipation (Luo et al., 2017; Ding et al., 2020). Various reaction types are also involved between RTPF probes and targets in live cells and small animals, such as reduction reaction (Lim et al., 2011), nucleophilic addition (Zhao et al., 2018), and supramolecular assembly (Wang et al., 2018).
The following are examples of in vitro and in vivo studies using RTPF in recent years. Liang et al. developed a two-photon ratiometric fluorescent probe for real-time imaging and quantification of nitric oxide (NO) based on the coupling of FRET and PET mechanism (Liang et al., 2022). Coumarin and phthalimide-containing naphthalene dicarboximide in the probe acted as fluorescence donor and acceptor, respectively. The probe has two independent fluorescence emissions, high selectivity and good accuracy, with a detection range of 0.1–200 μM and a detection limit of 19.5 nM for NO. The probe successfully monitored and quantified NO in neural stem cells and different brain regions, revealing the role of NO in the activation and quiescent differentiation of neural stem cells, as well as its dose-dependent effect in promoting neuronal differentiation. Furthermore, it was found that NO concentrations were low in the hippocampal DG region of the brains of Alzheimer’s disease mice, and that treatment with NO-activated neural stem cells improved the symptoms of Alzheimer’s disease mice.
Chen et al. fabricated a two-photon ratiometric fluorescent probe consisting of rhodamine B (energy acceptor), methylhydrazine (recognising element), and quinoline derivatives (energy donor) for sensing Peroxynitrite, with a significant change in fluorescence signal (>200-fold) (S. Chen et al., 2021). Peroxynitrite is a reactive oxygen species (ROS) known to adversely affect physiological processes. The presence of peroxynitrite triggered the oxidation of methylhydrazine in rhodamine B, resulting in a FRET process from quinoline derivatives to rhodamine B. This reaction was completed within 2 min and showed good selectivity for peroxynitrite over other ROS, including hypochlorite. The probe was used to observe fluctuations in peroxynitrite production by arginase 1 in vivo and in vitro, suggesting that arginase 1 plays a key role in regulating peroxynitrite levels.
Valverde-Pozo et al. prepared a near-infrared fluorescent probe for the detection of dipeptidyl peptidase IV (DPP IV) activity, also known as CD26 (Valverde-Pozo et al., 2023). DPP IV is a transmembrane glycoprotein associated with glucose metabolism and T-cell stimulation. It is overexpressed in certain cancer tissues and can be used as a diagnostic marker for lysosomal storage diseases. This probe consisted of a DPP IV-sensitive dipeptide and a two-photon dicyanodiamine-4H-pyran derivative fluorophore. The dipeptide moiety blocked the internal charge transfer of the two-photon probe, thereby quenching its red emission and enhancing its green emission. Once DPP IV catalyzed the cleavage of the probe, the resultant products without dipeptide moiety produced intense red emission and weak green emission through the restoration of the internal charge transfer process. This two-photon ratiometric probe was suitable for super-resolution fluorescence imaging of DPP IV activity in living cells and tumour tissues when excited by two-photons. Zebrafish experiments show that DPP IV levels increased with developmental stage, suggesting the potential of this probe in cases of DPP IV overexpression such as cancer and diabetes.
Prepared a two-photon near-infrared ratiometric fluorescent nanocomposite via a click reaction between alkyne group-linked fluorescent molecules and azide-modified chitosan, followed by the application to the imaging of hydrogen peroxide (ONOO-) in liver injury (Xie et al., 2022). Liver injury is closely associated with ONOO−, making it an important biomarker for the diagnosis and assessment of liver disease. The small fluorescent molecule comprised a donor–π–acceptor structure of naphthalimide derivative, generating near-infrared emission through the FRET process from a donor to an acceptor. The formed nanocomposites possessed several favorable properties, including good water solubility, low background interference, deep tissue penetration and high imaging resolution. The oxonium functional group of the small fluorescent molecules in the nanocomposites reacted with ONOO−, resulting in the separation of naphthalimide derivative fluorophore and salicylic acid. Due to the cleavage of a donor–π–acceptor structure, the green emission of the nanocomposites intensified with increasing the concentration of ONOO−. The proposed nanoprobe exhibits a short reaction time (∼10 s) and a high selectivity and sensitivity for ONOO− detection with a LOD of 15.3 nM. I Significantly, the developed probe was effectively employed for the detection of ONOO- in viable HepG2 cells, as well as in mouse tissues exhibiting liver injury, and within mouse models.
Zhai et al. designed a viscosity-responsive, lysosome-targeted, two-photon fluorescent probe based on a TBET mechanism (Zhai et al., 2022). During autophagy, cells degrade themselves, keeping the body healthy. The study of autophagy and related diseases requires specific viscosity probes that can accumulate in lysosomes, as the viscosity of lysosomes increases during autophagy. This probe consisted of a viscosity-sensitive styrene derivative linked to a TBET energy acceptor and a two-photon excited coumarin derivative as an energy donor. An alkyne bond connects these two fluorescent molecules. Under two-photon excitation at 810 nm, the red emission of styrene derivatives in the probe was progressively enhanced with increasing the solution viscosity, while the green emission of coumarin derivatives remained almost unchanged. The integration of a two-photon confocal technique and the proposed probe offered a better signal-to-noise ratio fluorescence image with deeper penetration. The developed probe was applied to visualize autophagy processes under complex physiological conditions, including inflammation and stroke. As a result of the probe’s observations, ROS and inflammation may have a causal role in triggering autophagy activation during stroke. These findings demonstrate that the inflammatory-autophagy pathway holds promise for treating cerebrovascular diseases. The examples above confirm that the integration of two-photon excitation and near-infrared fluorescence enhances the imaging capabilities of probes in living cells, tissues, and animal models. It can be expected that as these ratiometric fluorescent probes continue to advance, they have great potential for advancing the understanding of a wide range of biological phenomena and, ultimately, for helping to develop targeted therapeutic interventions for a variety of diseases.
5 RATIOMETRIC SERS NANOPROBES IN A CELLULAR SILENT REGION
A powerful SERS technique can enhance the Raman scattering signal by several orders of magnitude through interactions between molecules and metal nanoparticles or plasmon resonance on rough metal surfaces (Langer et al., 2020; García-Hernández et al., 2023). Electromagnetic enhancement and chemical enhancement that are proposed to contribute to the SERS effect are now generally accepted in the field (Wang et al., 2021; Santhoshkumar et al., 2023; Zhao et al., 2023). Raman scattering signals are enhanced by electromagnetic enhancement when light interacts with metal surfaces, which generates a strong electromagnetic field near the metal nanoparticles. A metallic nanomaterial used in SERS depends on its size, shape, and composition to enhance electromagnetic fields (Santhoshkumar and Murugan, 2021a; Lin et al., 2021; Xianyu et al., 2021). Due to the localized surface plasmon resonance effect, metal nanoparticles with sharp edges or corners, such as gold nanostars, can generate a stronger electromagnetic field (Hao et al., 2007). Silver nanomaterials’ higher polarization rate and lower electron density can also lead to stronger electromagnetic enhancement than gold nanomaterials (Chen et al., 2010; Kang et al., 2018). When metal nanomaterials are functionalized with specific molecules or functional groups, their plasmonic properties are altered, and their interactions with analytes are enhanced (Gehan et al., 2010; Santhoshkumar and Murugan, 2021b; Ishida et al., 2021; Lin et al., 2021; Xianyu et al., 2021). Also, semiconductor nanomaterials enhance R The Raman signal can be significantly enhanced by enhancing the charge transfer between the semiconductor and its adsorbed molecules. During charge transfer, electrons are transferred from the molecule to the surface of the semiconductor nanoparticle or vice versa, forming a charge transfer complex, which in turn increases the polarizability of the molecule and changes its vibrational modes to significantly enhance the Raman signal. Semiconductor nanomaterials are more affordable and easier to synthesize than those based on precious metals. Various semiconductor nanomaterials, such as silicon (Si), titanium dioxide, zinc oxide, and indium tin oxide, have been used in SERS (Kanehara et al., 2009; Wang et al., 2017; Wang et al., 2019; Zhao et al., 2020; Han et al., 2021; Rajput et al., 2022). In addition, MoS2 and WS2 have been shown to have a significant charge transfer mechanism, which is a chemical enhancement in SERS (Masoumi et al., 2022; Santhoshkumar et al., 2023).
The advantages of SERS include high sensitivity and selectivity, the ability to detect molecules at very low concentrations, non-destructive, and can be used for the detection of a wide range of molecules including biomolecules, pharmaceuticals, and environmental contaminants (Cai et al., 2015; Tackman et al., 2018; Geng et al., 2021; Peng et al., 2021; Kamal and Yang, 2022). In addition, SERS can be used for in situ and real-time monitoring, making it a valuable tool for a variety of applications, including biosensing, medical diagnostics, and environmental monitoring (Liu et al., 2021; Quan et al., 2021; Xie et al., 2022; Yue et al., 2022). However, one of the main challenges of SERS is the reproducibility and reliability of the measurements, since the intensity of the SERS signal is highly dependent on the preparation of the metal substrate and the specific experimental conditions used. In addition, the high sensitivity of SERS can sometimes lead to false positives or false negatives due to the presence of interfering molecules or lack of specificity of the SERS probe.
To address these challenges, researchers have proposed the ratiometric SERS method to improve the reproducibility of measurements. In ratiometric SERS, two molecules must be selected: a target molecule to be quantified or detected and a reference molecule. The reference molecule is a stable and well-characterized standard for normalizing the Raman signal. By calculating the ratio of the Raman signal intensities of the two molecules, the effects of variables such as laser power fluctuations, sample heterogeneity, and metal substrate variations can be minimized. The reference molecule should have a SERS enhancement factor comparable to that of the analyte molecule but must not be present in the sample. Using a suitable reference molecule ensures normalization of the SERS signal, compensates for variations in experimental conditions, and reduces the effects of SERS substrate variations. This approach is particularly suitable for complex samples or low-concentration samples where the SERS signal may exhibit considerable variability. Choosing an appropriate reference molecule for ratiometric SERS necessitates considering several factors, including the molecule’s SERS enhancement factor, chemical stability, and lack of interference with the Raman bands of the analyte. Generally, a suitable reference molecule should have a Raman signal in the spectral range of 1800–2,800 cm−1, where most biological molecules have negligible Raman signals (Figure 1C). Alkynes are a class of organic compounds that contain at least one triple bond between two carbon atoms. Symmetric and asymmetric stretching of C-H bonds in alkynes are detected at approximately 3,400 cm−1, while their C≡C bond display. A single stretching band, typically occurring in the range of 2,100–2,200 cm−1. These vibrational modes occur at higher wavenumbers than those typical of biological molecules, such as proteins, nucleic acids, and lipids. When two carbon atoms in an alkyne molecule move in the same direction, either toward or away from one another, symmetric stretching takes place. This movement leads to a stretching vibration of the carbon-carbon triple bond, resulting in a Raman signal in a specific band. For example, 4-((4-mercaptophenyl)diazenyl)phenyl 3-((4-(phenyethynyl)benzyl)thio) propanoate exhibited a Raman peak at 2,207 cm−1 for the sensing of hypoxia (Qin et al., 2019). Also, N-(12-((4-(phenylethynyl)benzyl)amino)dodecyl) polyethylene glycol with a Raman peak at 2,219 cm−1 was exploited to sense alkaline phosphatase (Zhao et al., 2021). Furthermore, a notable illustration is the application of 3-[4-(Phenylethynyl)benzylthio]propanoic acid-modified DNA, which showcased a Raman peak at 2,215 cm−1 and served as an endonuclease-responsive probe (Si et al., 2018).
The following are examples of in vitro and in vivo studies using ratiometric SERS nanoprobes in recent years. Bi et al. synthesized citrate-terminated gold nanoparticles and modified them with the pH-sensitive Raman probe, 4-mercaptopyridine, by forming strong Au-S bonds (Bi et al., 2020). After addition of potassium hexacyanoferrate(II) and ferric chloride, the resulting products were encapsulated into Prussian blue shells. The Prussian blue shell not only exhibited a single C≡N stretch band, which served as a background-free internal standard in living cells, but also had a sub-nanometre porous structure that selectively detected H+ and OH− without interference from biomolecules such as biothiol proteins and DNA. The probe uses the ratiometric Raman signal of 4-mercaptopyridine to Prussian blue shell nitrile to measure pH from 4.0 to 9.0 in complex biological environments. They used the probe to monitor a significant decrease in pH when cells were treated with 6-hydroxydopamine, which triggers cellular degradation processes. They also monitored changes in intracellular pH during autophagy induced by nutrient deficiency. This study demonstrated that this ratiometric pH probe was well-suited to observe autophagy by quantifying intracellular pH fluctuations.
Similarly, Shen et al. reported the production of gold nanoparticle-loaded Prussian blue nanocomposites through the two-step process (Shen et al., 2021). Firstly, the seed growth method was used to prepare 60 nm-sized gold nanoparticles, which were then etched with K3[Fe(CN)6]. This procedure results in the formation of a CN− molecular layer on the gold nanoparticle surface, which is helpful to form a homogeneous coating of Prussian blue. The subsequent step involved the gradual formation of shell on CN−-coated gold nanoparticles after the addition of PbCl2 or CuCl2 instead of FeCl2 as precursors in the presence of K3[Fe(CN)6]. Two types of Prussian blue loaded with gold nanoparticles formed from PbCl2 and CuCl2 precursors showed different SERS signals at 2,122 cm−1 and 2,176 cm−1, respectively. Modification of ligands targeting epithelial cell adhesion molecules and epidermal growth factor receptor, respectively, on two Raman probes allows for simultaneous determination of the relative expression of these two membrane proteins on the cell surface, thus enabling interference-free ratio detection.
Besides, Zhong et al. used 4-azidobenzenthiol-modified gold nanoparticles as a ratiometric SERS nanoprobe for imaging endogenous H2S in individual living cells (Zhong et al., 2022). The thiol moiety of 4-azidobenezenthiol attached to the surface of the citrate-capped gold nanoparticles, while its azide moiety showed a strong Rama signal at 2,137 cm−1 in the cell silencing zone. In addition, the Raman peak at 1,002 cm−1 of 4-azidobenzethiol-modified gold nanoparticles corresponding to C-S stretching was used as an internal standard. The presence of H2S triggered the reduction of the above azide group to an amino group but did not affect the Raman intensity of the C-S stretching. Therefore, the response of this SERS nanoprobe to H2S can be generated with a relative standard deviation of 4.9%. Incubation of HeLa cells with the nanoprobe produced significant SERS signals, mainly concentrated in the cytoplasm. Changes in the ratiometric SERS signal were observed when the H2S scavenger ZnCl2 and S-adenosyl-l-methionine were used to stimulate the cells. This result confirms that this nanoprobe can distinguish between H2S-rich and H2S-deficient cells. They suggest that this nanoprobe has the potential to image endogenous H2S production, differentiate cells based on H2S levels, and observe H2S fluctuations in response to external stimuli at single-cell resolution.
Qin et al. synthesized Ag/Au alloy nanoparticle-adsorbed single-wall carbon nanotubes and modified their surface with azo-alkyne derivatives, forming a ratiometric SERS nanoprobe for sensing hypoxia in hepatic ischemia (Qin et al., 2019). The developed nanoprobe exhibited the Raman signals of 2,207 and 2,578 cm−1 corresponding to azo-alkyne derivatives and single-wall carbon nanotubes, respectively. In a hypoxic environment, azo-alkyne derivatives underwent a sequential reduction process through different reductase-catalyzed reaction. The reductase-mediated cleavage of the azo bond triggered the removal of the alkyne-groups from the nanoprobe, resulting in the loss of characteristic alkyne Raman bands at 2,207 cm–1. Therefore, the determination of the hypoxia level in different cell lines and rat liver tissue samples (from hepatic ischemia surgery) was successfully achieved by monitoring the ratio of two Raman peak intensities (I2578/I2207). Of notable significance, the application of this innovative SERS nanoprobe revealed that hepatic ischemia induces the emergence of a hypoxic state within the liver. These findings demonstratesthat future developments in ratiometric SERS nanoprobes hold exciting potential. Enhanced sensitivity, multiplexing capabilities, and improved biocompatibility will likely play a pivotal role in advancing these probes for more complex and intricate applications. Integration with imaging techniques such as microscopy could enable real-time monitoring of cellular processes.
6 RATIOMETRIC MOLECULARLY IMPRINTED ELECTROCHEMICAL SENSORS
An electrochemical sensor consists of three basic components: a receptor that is adept at binding to the sample, an analyte that initiates a reaction in the sample, and a sensor that is capable of converting the reaction into an electrical signal. One of these, the amperometric sensor, measures the current flowing between the working and reference electrodes when a consistent voltage is applied, and the magnitude of the current reflects the concentration of the desired analyte (Mistry et al., 2014). Potentiometric sensors, on the other hand, measure concentration by analyzing the potential difference between the working and reference electrodes (Bobacka et al., 2008). This difference conforms to the logarithmic relationship specified by the Nernst equation and is the basis for ion-selective electrodes, which can be used to measure specific ions such as sodium, potassium, and chloride in solution. Impedance sensors, on the other hand, have demonstrated superior performance by using impedance spectroscopy to measure the electrical impedance of a system at different frequencies (He et al., 2020). Shifts in impedance resulting from interactions at the electrode interface or adjustments in the electrolyte’s conductivity provide insights into analyte presence and concentration. In addition, photoelectrochemical sensors harness light-induced alterations in electrochemical dynamics (Shu and Tang, 2019). Typically employing semiconductor electrodes, they orchestrate the generation or augmentation of an electrical signal upon exposure to light. These sensors find applications spanning diverse domains, from driving electron transfer processes like solar cells to initiating electrochemical reactions for analyte detection. In these electrochemical sensors, the recognition elements include a variety of different molecules such as antibodies, aptamers, and nucleic acids. Molecularly imprinted polymers (MIPs) are also a recently developed recognition element (Gui et al., 2018; Sajini and Mathew, 2021; Wei et al., 2022). The template molecule is integrated into the polymer matrix during MIP synthesis, and once the template is removed, a specific recognition site is created for that molecule. This feature makes a highly selective polymer sensitive to the target molecule in complex matrices. In addition, they offer a relatively low production cost and scalable production as an alternative to antibodies. Finally, MIPs are renewable and can be reused many times, which reduces overall cost and environmental impact. However, the synthesis of MIPs requires careful selection of monomers and functional groups and is very time-consuming. In addition, the selectivity of MIPs cannot be easily changed after synthesis, limiting their versatility. In addition, MIPs degrade over time and thus lose their recognition properties, and their stability is affected by environmental conditions such as pH and temperature.
MIPs can be fabricated on electrodes by different methods, such as molecular imprinting by surface polymerization (Moreira et al., 2013), molecular imprinting by electropolymerization (Gui et al., 2018; Menon et al., 2018), molecular imprinting using MIP particles embedded in a slurry or ink (Camargo et al., 2022), and molecular imprinting by sol-gel derivatization techniques (Güney and Cebeci, 2015). In-situ polymerization reactions produce MIPs using template molecules, functional monomers, and crosslinkers. After removing the embedded template molecules, the MIPs build complementary size and function microcavities. Combined with ratiometric signal output modes, ratiometric MIPs are novel electrochemical sensors. A ratiometric MIP electrochemical detection incorporates an electrochemical signal-producing molecule in addition to the analyte, providing intrinsic calibration of the internal signal. The design of ratiometric signal output with dual-signal output, including on/off and on-off modes, eliminates interferences and improve stability. Ratiometric MIP electrochemical detection can be categorized into three types depending on the source of the signal. In the first type, two signals are detected at the same electrode, one from the target molecule and the other from MIPs or nanomaterials such as Cu2+-linked metal-organic frameworks (Hu et al., 2020), poly (methylene blue) (Liu et al., 2022), and polythionine (Yang et al., 2019). The second type involves a signal from the target molecule and another signal from the electrolyte, such as 3,3′,5,5′-tetramethylbenzidine and K3[Fe(CN)6] (Hu et al., 2022a). Thirdly, two electroactive molecules compete for the same binding site at the same electrode, one from the target molecule and the other from its analog as a reference signal (Yi et al., 2019). Ratiometric MIP electrochemical detection shows great potential for a broad range of applications. One of the most important applications is the monitoring of environmental contaminant levels in water and soil samples, such as fluorine-9-bisphenol (Mi et al., 2019). For drug residue monitoring, the ratiometric MIP electrochemical assay can recognize drug residues even in the presence of other interfering compounds and selectively bind to MIP, for example, for the detection of food residues such as chlorpromazine (Liu et al., 2022). In toxin detection, ratiometric MIP electrochemical assays can selectively detect toxins in food, such as mycotoxins (Zhu et al., 2023). In disease screening, ratiometric MIP electrochemical assays can screen for disease markers, such as dopamine in biological fluids (Yang et al., 2019), contributing to the early diagnosis and treatment of the disease. Lastly, pesticide residues in food, including imidacloprid residues, can be effectively detected using the ratiometric MIP electrochemical assay ratio method (Pérez-Fernández et al., 2019).
Examples of recent applications of ratiometric MIP electrochemical detection on real samples are as follows. Wu et al. developed a ratiometric MIP electrochemical sensor for detecting Sunset Yellow based on the integration of Sunset Yellow-selective MIPs with gold nanoparticle-modified indium-tin-oxide electrodes (Wu et al., 2023). In this electrochemical sensor, gold nanoparticles served as a reference signal without interfering with the signal of electroactive sunset yellow. The interesting observation is that the current signal of gold nanoparticles was also enhanced with increasing the Sunset Yellow concentration, referred to as “on-on” mode. Therefore, the MIP-modified electrode not only selectively captured Sunset Yellow from an aqueous solution but also allowed for its precise quantification with a wide detection range (10 nM–100 μM). In addition, the sensor was also demonstrated to detect sunset yellow in food samples with recoveries ranging from 94.0% to 97.0% and relative errors ranging from 5.4% to 8.3%, suggesting that it is promising for practical applications in the detection of sunset yellow.
Hu et al. modified a glassy carbon electrode with electroactive nanocomposites and employed it as a substrate for the formation of ochratoxin A (OTA)-recognised MIPs via the electro-polymerisation of 2,3-toluenediamine in cyclic voltammetry mode (Hu et al., 2022b) (Figure 1D). The nanocomposites, consisting of gold nanoparticles, poly (ionic liquid), flavin mononucleotide-decorated carbon nanotubes, and MoS2 nanosheets, provided a reference signal for ratiometric sensing of OTA. Under the square wave voltammetry mode, a gradual increase in the OTA concentration resulted in an enhanced peak current of the OTA oxidation products together with a reduced peak current of the nanocomposites. The proposed sensor exhibited a linear response for 0.5–15 μM OTA with a LOD of 14 nM. The excellent sensitivity of the MIP-loaded electrochemical sensors allowed the determination of OTA in food and beverages.
Liu et al. developed a MIP-loaded electrochemical sensor for the sensing of cannabidiol in refined oil and human serum samples (Liu et al., 2023). They modified the glassy carbon electrode with nitrogen and sulfur elements-doped carbon materials. This modification proficed the active sites for the electrodeposition of Fe3+-coordinated aminophenanthroline and 3,4-ethylenedioxythiophene, forming a MIP film on the electrode. The formed MIP film, in addition to its ability to recognize target molecules and provide a reference signal, also exhibited enzyme-like catalytic activity for the oxidation of cannabidiol. Thus, as the concentration of cannabidiol increased, the resulting electrochemical current associated with cannabidiol also increased. However, notably, the current generated by the MIP film remained relatively constant despite the increasing concentration of cannabidiol. When 5-hydroxytryptophan was used as a template molecule instead of cannabidiol in the synthesis of MIP films, the resultant MIP-loaded electrochemical sensors provided excellent selectivity toward 5-hydroxytryptophan. More importantly, the ratiometric MIP electrochemical sensors improved measurement repeatability and mitigated the effects of variations between batches of electrodes compared to non-ratiometric ones.
Mahmoud et al. designed a Cu2+-linked MIP film on the modified electrode for the ratiometric detection of glutathione in dietary supplements and human serum samples (Mahmoud et al., 2023). The modified electrode consisted of porous carbon doped with nitrogen and sulphur elements as a MIP-loaded substrate and silver nanoparticles as an internal reference signal. Moreover, the formation of a glutathione-sensitive MIP film was conducted via the electropolymerization of pyrrole-3-carboxylic acid and Cu2+ in the presence of glutathione. The addition of glutathione led to a decreased signal at 0.18 V due to the glutathione-mediated etching of silver nanoparticles and an increased signal at 0.83 V owing to the oxidation of the Ag(I)-glutathione complex. The proposed MIP specific gravity sensor possessed remarkable features of high measurement reproducibility, wide quantitative range, low LOD and good selectivity. The latest use cases highlight the impressive potential of ratiometric MIP electrochemical sensors. Their ability to combine selective recognition with internal reference signals improves accuracy, repeatability, and adaptability for analyzing real samples. As the field of electrochemical sensing continues to evolve, these innovations pave the way for the development of practical and effective solutions for various analytical challenges.
7 QUANTITATIVE MALDI-TOF-MS WITH ISOTOPIC INTERNAL STANDARD FOR PRECISE BIOMOLECULE ANALYSIS
MALDI-TOF-MS is one of the most advanced and sensitive mass spectrometry techniques, first developed by Tanaka, Karas and Hillenkamp in the 1980s (Mandal et al., 2019). MALDI is a soft ionization technique used to ionize large biological macromolecules, such as proteins, peptides, nucleic acids, carbohydrates, and lipids (Eriksson et al., 2013). Due to its gentle ionization process and reduced fragmentation, MALDI-MS can detect intact molecular ions, making it ideally suited for studying complex biomolecular structures and interactions. The MALDI matrix behaves as an energy transfer agent, efficiently transferring the laser energy to the analyte molecules, triggering their desorption and ionization. The matrix’s roles include energy absorption, proton generation, and assisting in analyte ionization. The choice of the matrix depends on the analyte of interest, and commonly used matrices include sinapinic acid for intact proteins, α-cyano-4-hydroxycinnamic acid for peptides, and 2,5-dihydroxybenzoic acid for small molecules. Despite its sensitivity and analytical capabilities, MALDI-TOF MS has historically been considered a non-quantitative technique (Schlosser et al., 2005; Tholey et al., 2006). The main problem with MALDI-TOF MS is the poor reproducibility of the measurements, mainly due to the generation of strong signals in the “sweet spot” regions of the concentration of analyzed molecules (Szaéjli et al., 2008). Due to the unpredictable nature of these spots, achieving consistent detection and quantification in the absence of internal standards is challenging. These spots also hinder automated measurements, limiting the application of MALDI-TOF MS in spatially resolved imaging. The factors responsible for the formation of sweet spots are not fully understood, but the concentration and crystallinity of the matrix appear to play an important role.
To address these challenges and ensure accurate quantitative mass spectrometry results, the relative abundance of molecules in a sample is often assessed using ratiometric MALDI-TOF-MS. Internal standards, especially isotope-labeled analyte analogs, are recognized as effective methods to compensate for fluctuations in the MALDI signal due to variations in ionization efficiency and sample handling. Various stable isotope labeling methods have been developed for accurate and precise quantification of peptides in mass spectrometry-based proteomics (Figure 2). One such method is Isotope-coded affinity tags (ICAT), which employ a chemical labeling approach to attach a specific tag to the thiol group of cysteine residues in proteins (Wdowiak et al., 2021). By selectively labeling proteins or peptides containing cysteine residues with light or heavy isotopes, MALDI-TOF-MS can be used to generate peptide-related mass spectra for quantificative anaysis. Iodoacetamide is commonly used in ICATs for thiol reactivity (Gygi et al., 1999), but it has limitations and side effects, such as poor thiol selectivity and modest adduct formation rates. To address these issues, N-alkylmaleimides (NAMs) have been introduced as an alternative with faster and more selective reactivity (Hansen and Winther, 2009). Recent advances in ICATs led to the successful synthesis of isotope-coded maleimide affinity tags, which react quicker and more specifically to thiols than IAM (Wdowiak et al., 2021). The ICATs also possess a biotin residue at the other end, which facilitates the purification and enrichment of tagged peptides. Two ICAT pairs, which utilized butylene/D8-butylene linkers between maleimide and biotin residues, were found to be effective as MALDI-TOF-MS probes.
[image: Figure 2]FIGURE 2 | The mass spectrometry profiles resulting from the reaction of proteins with (A) ICAT, (B) iTRAQ, (C) SILAC, and (D) 18O labeling reagents.
Another labeling method, Isobaric tags for relative and absolute quantitation (iTRAQ), employs a similar chemical approach by attaching a N-hydroxysuccinimide (NHS)-derived tag to the N-terminus and lysine residues of peptides (Pierce et al., 2008). The isotopic reporter group, N-methylpiperazine, generates distinct isotopic variants of the iTRAQ tag, which serve as reporter ions during mass spectrometry analysis. This enables the relative and absolute quantitation of peptides or proteins in different samples. Unlike some other labeling methods, iTRAQ tags do not interfere with peptide fragmentation during MS/MS analysis, increasing the signal intensities of native peptides and enhancing fragmentation efficiency (Rauniyar and Yates, 2014). This leads to more accurate and reliable quantification of peptide signals. With iTRAQ, researchers can directly read the relative abundance of peptide signals without an internal standard by comparing the relative abundance between different experimental conditions.
Stable isotope-labeled amino acids in cell culture (SILAC) is an another powerful quantitative mass spectrometry that involves incorporating stable isotopes into proteins in living cells (Ong et al., 2002). This is achieved by substituting the normal amino acids with their isotopically marked counterparts. The cells are then cultured in media containing either light or heavy amino acid isotopes, resulting in distinct isotopic labeling of proteins. The differentially labeled proteins are then extracted, digested, and analyzed using mass spectrometry, allowing for the comparison of protein abundance between the light and heavy labeled samples. Besides, SILAC has proven to be a versatile method, particularly in pulse-chase experiments (Beller and Hummon, 2022). This technique entails metabolically incorporating stable isotopes, usually heavy versions of amino acids, into newly synthesized proteins. The heavy amino acids are introduced into cell cultures for a brief duration, facilitating selective labeling of specific proteins or protein populations. By employing pulsed SILAC labeling, researchers can track changes in protein expression over time, providing insights into the dynamics of protein regulation during various biological processes. This temporal analysis in proteomics has opened up new avenues for understanding the complexities of cellular responses. A recent study by Rocha et al. exemplifies the utility of SILAC-based proteomic analysis (Rocha et al., 2020). They investigated metabolic and proteomic changes in osteoarthritic mesenchymal stromal cells during chondrogenesis. Through SILAC, they identified altered protein abundances in metabolic pathways, providing valuable information about the molecular events underlying this cellular process. Additionally, the researchers used matrix-assisted laser desorption/ionization mass spectrometry imaging (MALDI-MSI) for metabolomic analysis, which revealed distinct profiles during the initial stages of differentiation.
Lastly, the 18O labeling entails the introduction of heavy oxygen water to label peptides, causing a 2Da mass shift per oxygen atom (Stewart et al., 2001). This approach involves enzymatic cleavage of the peptide in the presence of 18O-labeled water, with the addition of 18O at the C-terminus, although it has the advantage of eliminating the need for commercial isotope synthesis and high labeling efficiency. However, due to the small difference of only 2 Da between labeled and unlabeled peptide pairs, the mass spectrometry signals will inevitably overlap, thus affecting the accuracy of quantification. In addition, sample complexity and small mass differences complicate data analysis and interpretation. Despite its limitations, 18O labeling remains a valuable technique for specific applications. For example, it has been successfully applied to quantitative proteomics studies of post-translational modifications such as phosphorylation and glycosylation (Ye et al., 2009), providing valuable information on the dynamics of these modifications under different cellular conditions.
Despite their strengths, each quantitative mass spectrometry technique mentioned above has limitations. iTRAQ quantification, while widely used, is limited by the potential for ratio compression or distortion. This can lead to inaccuracies in quantifying changes in protein abundance, especially in complex samples with varying protein ratios. On the other hand, ICAT is restricted explicitly to cysteine-containing proteins and peptides. While it offers targeted quantification of proteins with cysteine residues, it may not be suitable for analyzing the broader proteome. SILAC, another popular method, incorporates expensive isotope-labeled amino acids into living cells. While it provides reliable and precise quantification in specific experimental setups, the cost of these labeled amino acids may be prohibitive for some researchers. Additionally, SILAC may not be compatible with all cell types or experimental conditions. Similarly, 18O labeling suffers from low labeling efficiency, potentially resulting in incomplete labeling of peptides and affecting quantification accuracy. Moreover, extensive sample purification might be necessary to remove unreacted 18O-labeled water and ensure reliable results. A common challenge across these labeling techniques is the availability and cost of isotope-labeled standards. These standards are often expensive or commercially unavailable, making their use in quantitative studies impractical. Furthermore, synthesizing some isotopically labeled compounds can be extremely difficult or even impossible, limiting the scope of certain analyses. In short, isotope labeling is a powerful technique for quantitative analysis, but due to its limitations, alternative methods must be considered to gain full coverage of a given analytical problem.
8 CONCLUSION
This article emphasizes the ongoing need for further advancements in ratiometric detection and sensing technologies. Researchers are encouraged to concentrate on designing more precise and sensitive ratiometric fluorescent nanoprobes, enhancing naked-eye detection with improved sensitivity and reproducibility. Exploring new applications for these sensors, such as point-of-care diagnostics and real-time environmental monitoring, holds promise. Integration of ratiometric fluorescent nanoprobe with microfluidic devices could enable high-throughput analysis. The development of novel two-photon probes with enhanced two-photon absorption cross-sections and quantum yields remains a crucial pursuit. Such improvements are pivotal for achieving high sensitivity in ratiometric systems and high-resolution imaging. Notably, ratiometric two-photon fluorescent probes offer potential applications in biomedical therapies, including in situ real-time controlled drug release, chemotherapy, immunotherapy, photothermal therapy, photodynamic therapy, and gene therapy. Ratiometric molecularly imprinted electrochemical detection shows potential for overcoming the limitations of conventional electrochemical methods. However, ongoing investigation is necessary to enhance the stability and synthesis process of MIPs. To facilitate real-time monitoring, ratiometric electrochemical sensors can be integrated with microelectromechanical systems. On the ratiometric SERS front, the development of novel Raman-sensitive probes featuring specific recognition elements offers the exciting prospect of simultaneous imaging of distinct organelles within living cells. Furthermore, various extraction methods could be harnessed to enhance SERS sensitivity for analyte detection. Future advancements in MALDI-TOF-MS might focus on refining the accuracy and precision of isotope labeling techniques and exploring more cost-effective strategies for quantitative analysis. Combining ratiometric MALDI-TOF-MS with imaging mass spectrometry could provide spatially resolved analysis of biological samples.
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