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This study introduces a convenient and ultra-sensitive method of detection and quantification of the antiviral drug, tenofovir (TFV), by surface-enhanced Raman spectroscopy (SERS). Novel spatially resolved instrumentation for spectral acquisition and subsequent statistical analysis for hot spot selection was developed for convenient quantification of TFV in an aqueous matrix. Methods of statistical analysis include the use of partial least squares (PLS) regression vector analysis and spectral ranking by quality indices computed using CHAOS theory. Hydroxylamine-reduced Ag colloidal nanoparticles evaporated to dryness on an aluminum well-plate were used as the SERS substrate. To our knowledge, quantification of TFV down to 25 ng/mL by SERS, comprising clinically relevant concentrations, has not been previously reported. Furthermore, in this work we propose a novel method of quantification of aqueous TFV standards by SERS using statistical treatment of data by PLS and CHAOS theory. Based on these data, we propose future studies to develop a method of TFV detection and quantification in biological samples, beneficial to clinicians for rapid assessment of drug adherence during the treatment and prevention of viral diseases.
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1 INTRODUCTION
Viral diseases are on the rise (Baker et al., 2022). Among them, human immunodeficiency virus (HIV) remains a prevalent infection, and according to UNAIDS, as of 2021, there were approximately 38.4 million individuals living with HIV worldwide, and about 1.3 million new infections per year. With HIV resources available totaling an estimated $21.4 billion USD, it is estimated that 21.4 million individuals are accessing antiretroviral therapy and another 1.6 million are using these drugs for prevention of HIV (UNAIDS, 2022). Strict adherence to daily pill regimens is critical not only for the success of treatment and prevention of infection but also to avoid the emergence of drug resistance. Today, there is no commercially available point-of-care assay that may provide clinicians with objective evidence of the patients’ drug adherence profile. Most of the assays used to quantify antiretroviral (ARV) drugs rely on liquid chromatography with tandem mass spectrometry (LC/MS/MS), an accurate but expensive and complex method that requires specialized labs to be performed. Two lateral flow assays have been reported for the qualitative detection of tenofovir in urine (Hermans et al., 2023; McCluskey et al., 2023).
Among ARV drugs, tenofovir (TFV) is one widely used as part of the first-line therapeutic and preventive regimens (Venter et al., 2017). TFV is a synthetic acyclic nucleotide analogue of adenosine (see Figure 1) belonging to the medication class nucleoside reverse transcriptase inhibitors (NRTIs). TFV has a molecular formula of C9H14N5O4P and a molecular weight of 287.21 g/mol. TFV itself has poor oral bioavailability and is commonly administered in a prodrug form, tenofovir disoproxil fumarate (TDF) or tenofovir alafenamide fumarate (TAF). Briefly, following oral administration, TFV is activated via bi-phosphorylation and inhibits chain elongation by competing with deoxyadenosine 5′- triphosphate for chain incorporation during the synthesis of new viral DNA. When TFV is inserted in the chain in place of deoxyadenosine 5′- triphosphate, chain termination is induced, ultimately inhibiting viral DNA replication (National Center for Biotechnology Information, 2023). Tenofovir is used in the therapy of HIV and hepatitis B virus (HBV) infection (National Center for Biotechnology Information, 2023).
[image: Chemical structures of nucleotides. Structure (1) shows adenine connected to a ribose sugar, phosphate group, and hydroxyl groups. Structure (2) shows guanine connected to a ribose sugar and hydroxyl groups.]FIGURE 1 | Chemical structures of 1) TFV and 2) adenosine.
Surface-enhanced Raman spectroscopy (SERS) is a highly sensitive analytical method that utilizes surface plasmon resonances (SPR) from metal nanostructures for detection of molecules (Schlücker, 2009). Briefly summarizing the theory of SERS, incident photons from a laser beam colliding with a molecule will result in a perturbation of its electron distribution, causing geometric distortion. In response, regions of the molecule will generate an electric dipole moment. This relationship can be mathematically modeled in Eq. 1 such that the induced dipole moment, [image: Please upload the image or provide a URL for me to generate the alternate text.], is directly proportional to the electric field strength, E (Aroca and Rodriguez-Llorente, 2006).
[image: Mathematical equation showing \( \rho = \alpha E \), labeled as equation one.]
Termed inelastic scattering, as the molecule undergoes an energy transition following a collision with incident photons, a small fraction of these photons will scatter at a different frequency than their initial frequency from the laser beam. Stokes and anti-Stokes shifts describe scattered photons whose vibrational energy is higher or lower than their initial energy, respectively. Relevant factors that contribute to signal enhancement of Raman scattering, termed surface-enhanced Raman scattering (SERS), include the optical properties, light absorption, and scattering by metal nanoparticles (Schlücker, 2009). Additionally, SERS is dependent on the optical phenomenon surface plasmon resonance (SPR). Briefly, SPR provides electric enhancement on the nanostructure surface. When a metal nanostructure experiences an electric field from incident polarized light, polarization of the electron cloud surrounding the nanostructure occurs, resulting in charge separation (Jana et al., 2016). At a particular angle of this interaction (the angle of incidence), photon energy will couple with electrons on the metal surface, resulting in changes in the atomic nuclear coordinates (Nguyen et al., 2015). Surface plasmons can be excited in small metal particles or a metal-containing non-uniform surface. The morphology of these metal nanostructures, including size, shape, and composition, has been reported extensively in literature as a factor of SERS enhancement and SPR (Fleger and Rosenbluh, 2009). The morphology and size of Ag nanoparticles can influence SERS enhancement. Silver nanostructures of different shapes have different plasmon modes (Puente et al., 2023), and thus will exhibit different levels of electromagnetic enhancement relative to each other. Different capping agents (i.e., chloride ions, citrate, polyvinylpyrrolidone, etc.) used for aggregation control of nanoparticle suspensions also influences the resulting size and shape of the nanoparticles (Javed et al., 2020; Yang et al., 2020).
SERS has emerged as a highly sensitive technique for detecting drugs by generating unique vibrational spectra for specific molecules (Thobakgale et al., 2022). This approach offers a considerable advantage over conventional methods such as LC-MS/MS, which involve complex instrumentation and sample preparation (Lin et al., 2023). Other methods of detection of aqueous TFV include square-wave voltammetry where Festinger and coworkers reported limits of detection as low as 1.35 × 10−7 M (39 ng/mL) and 4.86 × 10−8 M (14 ng/mL) (Festinger et al., 2022). Chiral separation phase (CSP) LCMS of enantiomeric mixtures of a prodrug form of tenofovir, tenofovir disoproxil fumarate (TDF), reported limits of detection of 1.5 ng/mL and 1.2 ng/mL for the R- and S- TDF enantiomers, respectively (Lin et al., 2023). While these are very impressive limits of detection, these methods require complex instrumentation and skill. In this paper, detection of TFV down to 25 ng/mL was achieved using SERS. Analysis by SERS can also be applied to field studies whereas LC- MS/MS requires vacuum technology and expensive detectors for accurate mass measurements as well as considerable operator skills. The SERS platform itself is also considerably smaller than LC- MS/MS apparatuses. Nevertheless, it should be noted that the reaction mixture of a 1:1 solution of Ag colloidal nanoparticles and aqueous TFV used in this study inherently dilutes the TFV present in the reaction mixture, potentially limiting detection and quantification limits. However, evaporating the reaction mixture to dryness significantly enhances the quantifiable detection limit by effectively concentrating the reaction mixture through evaporation of the solvent. This deposition technique allows multiple depositions due to the lack of spatial constraints that exist in a liquid-phase reaction mixture. In this study, a double-deposition TFV experiment is presented, which demonstrates improved spectral signal-to-noise ratio (S/N) and linearity of quantitation compared to a single-deposition experiment. Statistical variability with respect to SERS enhancement and quantification was also considered in the interpretation of results. To overcome this, a variety of statistical treatments were applied to large data sets to generate reproducible quantitative data. We aim to apply these results and methods of analysis to clinical samples for quantification of TFV and other HIV drug levels.
2 MATERIALS AND METHODS
2.1 Synthesis of Ag colloidal nanoparticles
Ag colloidal nanoparticles (CNP) were prepared by reduction of AgNO3 (Sigma- Aldrich, [image: Please upload the image so I can help generate the alt text for you.] 99.0%) with NH2OHHCl (Sigma) as described by Leopold and Lendl (Leopold and Lendl, 2003). Briefly, a 90 mL NH2OHHCl solution with a concentration of 1.6 * 10–3 M was prepared. 300 μL of 1 M NaOH (Fisher Chemical) was then added to this solution. The solution was stirred continuously at 350 rpm as 10 mL of 1*10–2 M AgNO3 was added dropwise to the solution. The solution was stirred for an additional 45 min. See Supplementary Figure S1 for UV- Vis spectra of CNP syntheses used in this study. Dynamic light scattering (DLS) of a prepared silver colloidal suspension following our experimental conditions was performed using a NanoBrook particle analyzer (Brookhaven). The average effective particle diameter was measured to be 56.42 nm with an average polydispersity index of 0.312. See Supplementary Figure S2 and Supplementary Table S1 for the differential distribution of particle diameter, instrument parameters, and summary statistics.
2.2 Preparation of TFV and adenosine standards for spectra acquisition
Powder TFV and adenosine were provided by CONRAD at Eastern Virginia Medical School and manufactured by Gilead Alberta ULC. Serial dilutions from an aqueous stock of 100 μg/mL TFV and adenosine were performed for subsequent concentration gradients. An aluminum plate containing 40 machined wells in an 8 × 5 well-plate, each having a volume capacity of 20 μL, was used as our SERS surface. Certified 1,100 aluminum was used for the well plate construction. In between experiment replicates, the plate was cleaned by soaking in a 1 M NaOH bath and hand milling with a drill bit, followed by deposition of 4 M HClO4 into the wells and thorough DI H2O rinsing.
All samples presented in this study underwent the preparation and spectra acquisition parameters described in the preceding section. A 1:1 mixture of Ag CNP and analyte was prepared in a microcentrifuge tube and vortexed for 5 seconds. 20 μL aliquots of this mixture were added into each well where each TFV concentration was deposited into five aluminum wells and taken to dryness in a chemical hood prior to spectra acquisition. Since the evaporative process is stochastic, the total volume for all reaction mixtures remained constant (i.e., equivalent volumes of CNP suspension and aqueous TFV or adenosine standards, where each standard is a different concentration). For the TFV double-aliquot experiment, this mixture, deposition, and evaporation process was repeated for one additional aliquot of 20 μL in each well. A high-resolution “square” scan was acquired of each well in the well plate following parameters described in Table 1. The platform by which statistical analysis is performed was developed by our group at Old Dominion University. A computerized XY stage (ThorLabs) holding the Wasatch Photonics 785 nm Raman spectrometer (Kent Lawson Wise and Lee Schoen, 2002) was used for automated spectra acquisition of each well in the aluminum well plate. A raster scan pattern was used for acquisition. See Figure 2 for images of the sampling apparatus. Additional acquisition software setup parameters are listed in Supplementary Figure S3.
TABLE 1 | Instrument parameters used for acquisition of spatially-resolved SERS spectra.
[image: Table showing parameters related to scanning wells, including separation between wells (12,700 micrometers), time to scan a well (24.08 minutes), starting positions, well diameter, scan velocity, number of wells and rows, spatial resolution, spectral integration time, laser power, laser wavelength, number of spectra per well, and total spectra.][image: Scientific equipment comprising three parts: A displays a large imaging device with a red top and a movable stage. B shows a close-up of the imaging chamber's interior. C features a black plate with numerous small wells for samples.]FIGURE 2 | (A) Raman scanning apparatus constructed using materials purchased from ThorLabs (B) x-y computer-controlled moving stage that holds the Raman spectrometer (C) aluminum well plate holder with a well plate fitted inside.
3 RESULTS AND DISCUSSION
3.1 Quality indexing of acquired spectra
For all experiments, 1806 spectra were acquired of each sample well. Statistical analysis was done on acquired spectra to generate calibration curves of TFV and adenosine. Adenosine was investigated in this study for the purpose of comparison with TFV analysis (see Figure 3; Figure 4) because the adenine ring-breathing peak was used for quantification of both analytes and TFV’s inherent derivation from adenosine. See Supplementary Figure S7 and Supplementary Table S2 for peak assignments from acquired TFV data compared to literature assignments. Calibration curves were also generated for the double aliquot TFV experiment (see Figure 5) to probe the benefit of evaporating our reaction mixture of TFV and CNP to dryness then depositing an additional aliquot. Spectra were statistically analyzed using quality indexes (Qi) calculated from the intensity of the adenine ring-breathing peak in the spectral region 739–745 cm-1.
[image: Six-panel image showing Raman spectra and corresponding calibration curves. Panels A, C, and E display Raman spectra for different adenosine concentrations with peaks at specific wavenumbers. Panels B, D, and F show calibration curves correlating Raman intensity with adenosine concentrations, each with a linear trend line. Insets in curves highlight details at lower concentrations. Panels A and B correspond to 626.46 and 741.06 centimeters to the minus one peaks. Panels C and D correspond to 741.05 centimeters to the minus one, and panels E and F correspond to 1206.04 centimeters to the minus one peaks.]FIGURE 3 | Averaged adenosine SERS spectra and corresponding calibration curves (A) 9,030 spectra (100% spectra) averaged per concentration (B) corresponding calibration curve (C) 4,515 spectra (50% spectra) averaged per concentration (D) corresponding calibration curve (E) 900 spectra (10% spectra) averaged per concentration (F) corresponding calibration curve. Calibration curves show the difference of SERS intensity between 626.46 cm-1 and 741.06 cm-1 plotted as a function of adenosine concentration. All spectra had a 5- point Savitzsky- Golay (S–G) smoothing function applied and were offset for clarity. Zoomed insets of calibration curves magnify adenosine concentrations 25 ng/mL—100 ng/mL.
[image: An array of three graphs, each paired with a plot, depicts Raman spectroscopy results involving TFV concentrations. Graphs (A, C, E) display Raman spectra with vibrational peaks at specific wavenumbers (626.48 and 741.05 cm^-1) across various TFV concentrations. Plots (B, D, F) illustrate linear relationships between the intensity of these peaks and TFV concentrations ([TFV] ng/mL), showing increasing peak intensity with higher concentrations. Insets in each plot highlight the linearity for lower concentration ranges, reinforcing the sensitivity of detection.]FIGURE 4 | Averaged single-aliquot TFV SERS spectra and corresponding calibration curves (A) 9,030 spectra (100% spectra) averaged per concentration (B) corresponding calibration curve (C) 4,515 spectra (50% spectra) averaged per concentration (D) corresponding calibration curve (E) 900 spectra (10% spectra) averaged per concentration (F) corresponding calibration curve. Calibration curves show the difference of SERS intensity between 626.46 cm-1 and 741.06 cm-1 plotted as a function of TFV concentration. All spectra had a 5- point Savitzsky- Golay (S–G) smoothing function applied and were offset for clarity. Zoomed insets of calibration curves magnify TFV concentrations 25 ng/mL—100 ng/mL.
[image: Three panels, each containing two graphs. Panel A shows spectra with labeled wavenumbers, comparing various transmittance curves overlaid. Panel B plots transmittance values against TFV concentration with a linear fit and inset zoom. Panel C and D repeat similar plots for different samples, featuring spectra peaks and linear fits with insets. Panel E and F display additional spectra and plots with consistent labeling, highlighting analysis across different conditions and sample concentrations.]FIGURE 5 | Averaged double-aliquot TFV SERS spectra and corresponding calibration curves (A) 9,030 spectra (100% spectra) averaged per concentration (B) corresponding calibration curve (C) 4,515 spectra (50% spectra) averaged per concentration (D) corresponding calibration curve (E) 900 spectra (10% spectra) averaged per concentration (F) corresponding calibration curve. Calibration curves show the difference of SERS intensity between 626.46 cm-1 and 741.06 cm-1 plotted as a function of TFV concentration. All spectra had a 5- point Savitzsky- Golay (S–G) smoothing function applied and were offset for clarity. Zoomed insets of calibration curves magnify TFV concentrations 25 ng/mL—100 ng/mL.
The calculation of spectra quality indexes in general terms is described in the preceding paragraph. The subscript indexes, positions of cursors in the data processing program, p: peak; b1: baseline 1; b2: baseline 2. Baselines are defined in Eqs 2, 3.
[image: The equation \( b_1 = p - 2(\text{FWHM}) \) is presented, with the equation labeled as number 2.]
[image: The equation displayed is \( b_v = p + 2(\text{FWHM}) \), labeled as equation \( (3) \).]
Where FWHM is defined as the full width and half max of the selected peak(s) of interest. To maximize S/N of the selected peak(s) of interest, a summation of intensities at respective points, generally defined as point j, Ij, can be calculated to determine the average intensity about each peak at a user-defined range of points to the right of the selected cursor. The difference between these intensity summations with respect to peak(s) and their respective baselines are defined as a quality index (Qi) used for spectral ranking in this study, defined in Eq. 4.
[image: Mathematical expression for Q, involving a product from k equals one to K of a nested sequence. Inside are two sums derived from p to n and b plus n to b minus n, respectively, involving subscripted I terms. The expression includes powers, products, and subscripts, ending with a reference to an equation labeled as four.]
[image: Mathematical expression showing a conditional statement: \( Q_1 < 0 \) if and only if \( Q_1 = 0 \).]
Where t is defined as the total number of peaks factored into the Qi. The Qi value is also conditional such that any calculated Qi less than 0 is equal to 0, defined in Eq. 5. Supplementary Figures S4–S6 show scatter diagrams of all spectra Qi values corresponding to each concentration for these experiment sets. All Qi data corresponding to acquired spectra was then written into a new file and uploaded to a second data processing program.
The second data processing program employed a selection criterion that involved choosing a percentage of high-quality spectra prior to computing an average spectrum for each well. Each averaged spectrum corresponding to the same concentration, a total of five each because each concentration had five replicates, were then averaged, generating a single averaged spectrum for each concentration. This selection process was carried out based on the Qi values computed in the first data processing program, allowing the second data processing program to sort the Qi values for each well. The selected percentages of spectra from each well factored into the total averaged spectrum for each concentration was comprised of spectra corresponding to the highest Qi values within that percent range. Using this program, three different percentages of spectra acquired for each replicate were averaged (Figures 3–5): 100% (1806 spectra), 50% (903 spectra), and 10% (180 spectra) and used for analysis in the preceding section. SERS Enhancement factors (EFs) were calculated for each dataset and are shown in Supplementary Table S3. Briefly, for each concentration, the spectrum corresponding to the maximum SERS intensity of the 741 cm-1 peak was divided by the average 741 cm-1 peak intensity for all spectra. These quotients were then multiplied by 106, an established EF of a prominent adenine peak (733–740 cm-1) (Sivaprakasam and Hart, 2021). From these calculations, our system of Ag CNP and analyte mixtures evaporated to dryness exhibited relative EFs between 107 and 106 across all concentrations.
3.2 Calibrations of experiment sets
For all three experiment sets, based on the analysis of the three percentage subsets of spectra above, using 50% of spectra (903 spectra) from each well for each concentration yielded linear correlations similar to that using 100% of the spectra for each well for each concentration (Table 2; Table 3; Table 4). However, the 50% spectral subsets showed increased S/N in the total averaged spectra compared to the 100% spectral subsets. The 10% spectral subsets generated averaged spectra with the highest S/N, however the smaller sampling size drastically increased the standard deviation and decreased the linearity across the three sample sets. Based on this result, 50% spectral subsets appeared to be the most representative of the entire data population corresponding to each concentration yet also sufficiently excluded spectra with low quality indexes and poor S/N with respect to the adenine ring-breathing peak in the 739–745 cm-1 region. Limits of detection for all experiment sets were calculated by averaging the S/N for each TFV concentration and are shown in Supplementary Table S4.
TABLE 2 | Correlation coefficient, linear slope, and y-intercept values for calibration curves of adenosine data shown in Figure 3.
[image: Table showing calibration curve data. Columns are: Calibration curve, R squared, Linear slope, y-intercept. Row 1: Figure 3B, 0.9926, 0.3814, 20.117. Row 2: Figure 3D, 0.9966, 0.6938, 10.532. Row 3: Figure 3F, 0.9956, 1.6859, -8.3682.]TABLE 3 | Correlation coefficient, linear slope, and y-intercept values for calibration curves of TFV single-aliquot data shown in Figure 4.
[image: Table displaying calibration curve data. Figure 4B: R-squared 0.9816, linear slope 0.3552, y-intercept 35.274. Figure 4D: R-squared 0.9829, linear slope 0.6765, y-intercept 25.035. Figure 4F: R-squared 0.9421, linear slope 2.0109, y-intercept 5.6613.]TABLE 4 | Correlation coefficient, linear slope, and y-intercept values for calibration curves of TFV double-aliquot data shown in Figure 5.
[image: Table displaying calibration curve data for figures 5B, 5D, and 5F. The R-squared values are 0.9939, 0.9930, and 0.9906, respectively. Linear slopes are 0.6628, 1.2619, and 2.6474. Y-intercepts are 35.139, 18.744, and -1.3667.]A notable aspect of our analysis was investigating the impact of a second aliquot of the TFV and Ag CNP mixture after the initial aliquot was taken to dryness versus a single aliquot of the TFV and Ag CNP mixture with respect to spectra signal enhancement, analytical sensitivity, and the ability to differentiate between TFV concentrations 25 ng/mL, 40 ng/mL, and 50 ng/mL. From data presented in Figure 4 and Figure 5, it was shown that the double-aliquot TFV experiment exhibited superior signal-to-noise ratios in the averaged concentration spectra to the single-aliquot TFV averaged concentration spectra. Additionally, the double-aliquot TFV experiment demonstrated improved linearity in the concentration calibration curve with respect to the correlation coefficient, coinciding with improved discrimination between concentrations 25 ng/mL, 40 ng/mL, and 50 ng/mL. Furthermore, double-aliquot calibrations demonstrated higher analytical sensitivity across all subsets than single-aliquot calibrations as shown by the higher slope values (Tables 3, 4). This result is consistent with the benefit of our sampling apparatus such that evaporating the analyte and Ag CNP reaction mixture to dryness has a concentrating effect on the analyte of interest, and a second aliquot of the mixture taken to dryness enhances the SERS signal of our analyte even more, possibly from the increased amount of TFV detected at the sensitivity of the system. In addition to the improved distinction between 25 ng/mL, 40 ng/mL, and 50 ng/mL, these results suggest that with a second reaction mixture aliquot, there is better analyte/CNP well coverage, resulting in a greater amount of high Qi spectra, highlighting another benefit of our sampling apparatus. In addition, the standard deviation for each concentration in the calibration curves also improved for the double aliquot experiments compared to the single aliquot experiments (see Supplementary Tables S5–S7). The standard deviation of the 40 ng/mL and 50 ng/mL data points were closer in value to each other in the double aliquot experiment, compared to the single aliquot experiment where the standard deviation of the 40 ng/mL data point was nearly double the standard deviation of 50 ng/mL. This is also observed between the 500 ng/mL and 400 ng/mL data points, where they are close in value in the double aliquot experiment, but the 500 ng/mL standard deviation is nearly double the 400 ng/mL standard deviation in the single-aliquot experiment. This improvement in both analytical sensitivity and precision suggests that the additional aliquot provides better well coverage and an increase in hot spots for sample wells.
3.3 Partial least squares regression analysis of experiment sets
Partial least squares (PLS) regression analysis was applied to the three experiments presented in this study (Figure 6; Figure 7; Figure 8). The collinear nature of each factor modeled by these regressions was used to predict responses of future factors with respect to these models whose TFV concentrations are unknown. Correlation coefficient, slope, and y-intercept values for these regressions are shown in Table 5, Table 6, and Table 7. Extending these findings into future work, our aim is to use these analytical methods of TFV and apply them to analysis of TFV in biological samples for detection and quantification. This is currently under investigation by our group.
[image: Three scatter plots labeled A, B, and C show the relationship between actual and predicted adenosine concentrations measured in nanograms per milliliter. Each plot includes an inset zooming in on the lower concentration range, with data points marked by squares and a line indicating perfect correlation. The graphs display a general trend of increasing predicted adenosine concentration with actual concentration, suggesting good model accuracy across the range tested.]FIGURE 6 | PLS models of the adenosine experiment using (A) 9,030 spectra for each concentration (B) 4,515 spectra for each concentration; and (C) 900 spectra for each concentration. A 5- point S-G first derivative and 5- point S-G smoothing function was applied to a truncated spectral region (368.14 cm-1—1,639.58 cm-1). Six principal components (PCs) were used. Zoomed insets show adenosine concentrations 25 ng/mL—100 ng/mL.
[image: Three scatter plots labeled A, B, and C show predicted versus actual TFV concentrations (ng/mL) with a linear regression line. Each plot includes an inset highlighting expanded data. Predicted values closely follow the actual values, indicating good model fit. Axes are labeled with predicted TFV on the y-axis and actual TFV on the x-axis, ranging up to 500 ng/mL.]FIGURE 7 | PLS models of the TFV single-aliquot experiment using (A) 9,030 spectra for each concentration (B) 4,515 spectra for each concentration; and (C) 900 spectra for each concentration. A 3- point S-G first derivative and 5- point S-G smoothing function was applied to a truncated spectral region (368.14 cm-1—1,072.6 cm-1). Six principal components (PCs) were used. Zoomed insets show TFV concentrations 25 ng/mL—100 ng/mL.
[image: Three scatter plots labeled A, B, and C compare predicted versus actual TFV concentrations in nanograms per milliliter. Each plot shows data points along a diagonal line indicating a correlation. Insets in each plot zoom in on data below one hundred nanograms per milliliter, displaying detailed clustering of points.]FIGURE 8 | PLS models of the TFV double-aliquot experiment using (A) 9,030 spectra for each concentration (B) 4,515 spectra for each concentration; and (C) 900 spectra for each concentration. A 5- point S-G first derivative and 7- point S-G smoothing function was applied to a truncated spectral region (368.14 cm-1—1,639.58 cm-1). Five principal components (PCs) were used. Zoomed insets show TFV concentrations 25 ng/mL—100 ng/mL.
TABLE 5 | Correlation coefficient, linear slope, and y-intercept values for calibration curves of adenosine data shown in Figure 6.
[image: Table showing calibration curve data with three figures: Figure 6A, R squared of 0.9960, linear slope of 0.9960, y-intercept 0.6574; Figure 6B, R squared of 0.9951, linear slope of 0.9951, y-intercept 0.7976; Figure 6C, R squared of 0.9903, linear slope of 0.9903, y-intercept 1.5948.]TABLE 6 | Correlation coefficient, linear slope, and y-intercept values for calibration curves of TFV single-aliquot data shown in Figure 7.
[image: Table displaying calibration curve data with columns for \( R^2 \), linear slope, and y-intercept. Figure 7A shows \( R^2 \) and slope of 0.9833, y-intercept 2.7529. Figure 7B has \( R^2 \) and slope of 0.9863, y-intercept 2.2528. Figure 7C shows \( R^2 \) and slope of 0.9891, y-intercept 1.7954.]TABLE 7 | Correlation coefficient, linear slope, and y-intercept values for calibration curves of TFV double-aliquot data shown in Figure 8.
[image: Table showing calibration curve data for Figures 8A, 8B, and 8C. It includes R-squared values, linear slopes, and y-intercepts. Figure 8A: R² 0.9886, slope 0.9886, intercept 1.8689. Figure 8B: R² 0.9903, slope 0.9903, intercept 1.5904. Figure 8C: R² 0.9758, slope 0.9758, intercept 3.9843.]4 CONCLUSION
In conclusion, this study demonstrated detection and quantification of the antiviral HIV drug tenofovir using surface-enhanced Raman spectroscopy down to 25 ng/mL. This was achieved using hydroxylamine-reduced Ag colloidal nanoparticles as the SERS substrate and novel acquisition and processing software for spectra acquisition and statistical analysis. An 8 × 5 aluminum well plate with machined wells was used as the SERS surface. The statistical methods used, including partial least squares (PLS) regression and spectra ranking by quality indices computed using CHAOS theory, proved to be effective in the quantification of TFV in an aqueous matrix. These data show promise for future studies aimed at detecting and quantifying TFV in biological samples by SERS, which could provide clinicians with a rapid and convenient means of objectively assessing drug adherence in the treatment and prevention of viral diseases such as HIV.
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Introduction: The development of an effective extender is important for semen preservation and the artificial insemination (AI) industry. This study demonstrates the beneficial effect of zinc oxide nanoparticles (ZnO-NPs) as an additive to semen extenders to improve semen quality, fertility, and antibacterial activity during liquid preservation in a boar model.
Methods: Initially, to find out the safe concentration of ZnO-NPs in sperm cells, a wide range of ZnO-NP concentrations (0, 5, 10, 50, 100, 500, and 1,000 μM) were co-incubated with sperm at 37°C for a cytotoxic study. These NP concentrations were compared to their salt control zinc acetate (ZA) at the same concentrations and to a control group. The effect of the different concentrations of ZnO-NPs on sperm motility, membrane integrity, mitochondrial membrane potential (MMP), and apoptosis was assessed. Accordingly, the non-toxic dose was selected and supplemented in MODENA extender to determine its beneficial effect on the boar semen parameters mentioned and the lipid peroxidation (LPO) levels during liquid preservation at 16°C for 6 days. The non-cytotoxic dosage was subsequently chosen for AI, fertility investigations, and the evaluation of the antibacterial efficacy of ZnO-NPs during preservation hours. An antibacterial study of ZnO-NPs and its salt control at doses of 10 μM and 50 μM was carried out by the colony forming unit (CFU) method.
Results and discussion: The cytotoxic study revealed that 5, 10, and 50 μM of ZnO-NPs are safe. Consequently, semen preserved in the MODENA extender, incorporating the non-toxic dose, exhibited 10 and 50 μM ZnO-NPs as the optimal concentrations for beneficial outcomes during liquid preservation at 16°C. ZnO-NPs of 10 μM concentration resulted in a significantly (p < 0.05) improved conception rate of 86.95% compared to the control of 73.13%. ZnO-NPs of 10 and 50 μM concentrations exhibit potent antimicrobial action by reducing the number of colonies formed with days of preservation in comparison to the negative control. The investigation concluded that the incorporation of 10 μM ZnO-NPs led to enhancements in sperm motility, membrane integrity, and MMP, attributed to a reduction in the malondialdehyde (MDA) levels. This improvement was accompanied by a concurrent increase in fertility rates, including farrowing rate and litter size, during the liquid preservation process. Furthermore, ZnO-NPs exhibited an antimicrobial effect, resulting in decreased bacterial growth while preserving boar semen at 16°C for 6 days. These findings suggest that ZnO-NPs could serve as a viable alternative to antibiotics, potentially mitigating antibiotic resistance concerns within the food chain.
Keywords: antibacterial, anti-oxidant, artificial insemination, cytotoxicity, fertility, liquid preservation, zinc oxide nanoparticles (ZnO-NPs)

1 INTRODUCTION
Artificial insemination (AI) is a simple and cost-effective tool for the rapid dissemination of superior germplasm in the livestock industry. AI in pigs is practiced worldwide to propagate elite genes, reduce labor costs, prevent sexually transmitted diseases, and improve farm economics (Knox, 2016). AI is used in South Asian countries to upgrade nondescript pigs with superior germplasm to enhance productivity in backyard smallholder pig production systems (Govindasamy et al., 2016). Approximately 5% of the population is covered by AI in the world, with an increasing trend every year, in which 99% of pigs are covered using liquid semen preserved at 16°C and the remaining 1% of pigs are inseminated using cryopreserved semen (Johnson et al., 2000). However, the liquid-preserved semen could be stored for a short period of 3–5 days and utilized for AI. The sperm motility, fertility, and litter size were reduced when semen was stored for more than 5 days (Johnson et al., 2000; van den Berg et al., 2014). Therefore, there is a need to develop new and efficient extenders or add new additives to increase the storage period of liquid semen without compromising fertility. Many studies that have been carried out on the beneficial effect of the addition of enzymatic and non-enzymatic additives, membrane stabilizers, and antioxidants in the extender showed improved motility and fertility during fertilization (Murasing et al., 2020). Recently, nanoparticles (NPs) have been utilized in reproductive biology, specifically in sperm biology (Feugang, 2017), because NPs (1–100 nm) are well known for their interactions with biological systems (Lee et al., 2007; Wang, 2008) and their nano-size provides greater surface area and enhanced bioavailability compared to natural salts (Thorek and Tsourkas, 2008). Recent studies demonstrated the positive effect of NPs such as curcumin NPs, Vit E nanoemulsions, and Zn-NPs on sperm attributes during preservation in different species such as camels, rabbits, and bulls (Abdelnour et al., 2020; Sánchez-Rubio et al., 2020; Shahin et al., 2020; Jahanbin et al., 2021).
Bacterial contamination in semen is known to affect sperm quality during preservation, and it causes infection in the female reproductive tract, leading to reduced fertility. Various antibiotics such as gentamycin and streptomycin–penicillin have been used to inhibit bacterial growth during semen preservation. Nevertheless, there has been a growing frequency of observations regarding the escalating resistance of microorganisms to various antibiotics in the food chain (Santos et al., 2021). Examinations into metal oxide NPs, including silver (Ag), iron oxide (FeO), titanium oxide (TiO2), copper oxide (CuO), and zinc oxide (ZnO), have revealed their robust antibacterial effects, making them a potential substitute for antibiotics. Zinc oxide nanoparticles (ZnO-NPs) have been researched and utilized across various domains such as biomedical sciences, agriculture, food processing, drug delivery, and cancer therapy (Mishra et al., 2017). In recent times, several studies have showcased the encouraging potential of NPs as efficient antimicrobial agents, offering an alternative to antibiotics. This is particularly evident in examinations of toxicity and antimicrobial effects related to AgNPs in swine sperm (Pérez-Duran et al., 2020; Sánchez-López et al., 2020).
Previous studies of physically or chemically synthesized ZnO-NPs on ram semen (Heidari et al., 2018) and bull semen (Jahanbin et al., 2021) exhibited a positive role of the NP acting as an effective antioxidant in improving the post-thaw sperm quality after cryopreservation. However, physically and chemically synthesized NPs exhibit side effects on the biological system. Therefore, green NPs or NPs of biological origin are required (Donga et al., 2020). Therefore, the current study focused on investigating the effect of biologically synthesized and characterized green ZnO-NPs on boar sperm quality and fertility. Furthermore, the ongoing study delved into the antimicrobial properties of ZnO-NPs with the objective of diminishing the need for conventional antibiotics in the preservation and processing of sperm for AI.
2 MATERIALS AND METHODS
2.1 Procurement of chemicals and reagents
Reagents for preparing Sperm Tyrode’s albumin lactate pyruvate (Sp-TALP) media and MODENA extender, 2-thiobarbituric acid (TBA), trichloroacetic acid (TCA), hydrochloric acid (Finar Reagent), and Dulbecco’s phosphate-buffered saline (DPBS; 10X), were procured from HiMedia Laboratories Pvt. Ltd., Maharashtra, India, and Merck Ltd., Darmstadt, Germany. Fluorescent dyes such as 5(6)-carboxyfluorescein diacetate (CFDA) and propidium iodide (PI) (≥94%) were purchased from Sigma-Aldrich Chemicals Private Limited, Bangalore, India, and 5,5′,6,6′-tetrachloro-1,1′,3,3′-tetraethylbenzimidazolocarbocyanine iodide (JC-1) was purchased from Morek Life Solanos Pvt. Ltd., Maharashtra, India, for the semen quality assays. ZnO-NPs and zinc acetate (ZA) were obtained from ICAR-Indian Institute of Agricultural Biotechnology, Ranchi, India. Zinc acetate dihydrate and sodium hydroxide for NP synthesis and reagents of analytical purity grade were commercially purchased from Merck Ltd., Darmstadt, Germany. For antimicrobial studies, Plate Count Agar (PCA) and sterile disposable Petri plates (90 mm × 15 mm) were purchased from HiMedia Laboratories Pvt. Ltd., Maharashtra, India.
2.2 Preparation of different media and extenders for sperm processing
Sperm Tyrode’s albumin lactate pyruvate (Sp-TALP) media were prepared by dissolving the following: 100 mM NaCl, 3.1 mM KCl, 25 mM NaHCO3, 0.29 mM NaH2PO4, 21.6 mM C3H5NaO3, 2.0 mM CaCl2, 1.5 mM MgCl2, and 10 mM HEPES (Parrish et al., 1988). MODENA extender for semen extension was prepared with the following: 152.6 mM C6H12O6, 23.46 mM Na3C6H5O7.2H2O, 6.31 mM C10H14N2Na2O8.2H2O, 11.9 mM NaHCO3, 13.8 mM C6H8O7.H2O, 46.56 mM C4H11NO3, and strepto-penicillin 1.8 mgf/mL (Estienne et al., 2007).
2.3 Preparation of the nanomaterial
The chemical precipitation method was followed for ZnO-NP synthesis. In brief, a 50 mL solution of ZA dihydrate (20 mM) was prepared and placed on a magnetic stirrer for 20 min for proper mixing. Sodium hydroxide (0.1 M) solution was added dropwise to this solution until the pH became 9 to 10. Then, the solution was stirred at 750–1,000 rpm for 2 h. During this time, a white-colored precipitate of zinc hydroxide was formed. The precipitate was centrifuged at 4,000 rpm for 20 min followed by repeated washing with distilled water and ethanol to remove trace impurities. The precipitate was dried at 105°C in a hot-air oven overnight to obtain ZnO-NPs. For encapsulation, the synthesized ZnO-NPs were added slowly into a 0.05% solution with a suitable encapsulation material in a 1:25 w/v ratio. The solution of carboxymethyl cellulose (CMC) with ZnO-NPs was placed on a magnetic stirrer for 2 h for the encapsulation of ZnO-NPs with CMC. The ZnO suspension was centrifuged at 5,000 rpm for 10 min, followed by repeated washing with distilled water and ethanol to remove extra CMC. The final precipitate was dried at 60–80°C in a hot-air oven overnight to obtain CMC-encapsulated ZnO-NPs.
2.4 Characterization of the nanomaterial
Synthesized ZnO-NPs were characterized by using a UV–visible spectrophotometer (CECIL CE 7200, UK) at a 200 nm–700 nm range. To evaluate the potential functional groups associated with synthetic methods, Fourier-transform infrared spectroscopy (FT-IR) analysis was conducted (Nicolet iS5 FT-IR spectrometer, Thermo Fisher Scientific, United States) in the range of 400–4,000 cm−1 at a resolution of 4 cm−1. A small amount of ZnO nano-powder was taken for KBr pellet preparation and, thereafter, was processed for FT-IR study and analyzed through inbuilt software applications. X-ray diffraction (XRD) was performed (SmartLab 9 kW Rigaku, Japan, X-ray diffractometer). The inbuilt software program was used for the assignment of reflections and analysis of the XRD patterns. The surface morphology of the synthesized ZnO-NPs was characterized by field emission scanning electron microscopy (FESEM, Carl Zeiss Sigma 300, Germany) combined with focused ion beams. The energy-dispersive X-ray spectroscopy (EDS) for the elemental analysis of the synthesized NPs was also carried out using the same instrument and in a particular area of the samples.
2.5 Boar management and semen collection
Six adult healthy crossbreed boars (75% Hampshire X 25% Niang Megha inheritance) were selected for the study. The boars were maintained in pig breeding farms of the institute and routinely used for semen collection and AI purposes. All boars were kept in accordance with the standard management practices in a pen system for housing. They were fed standard concentrated mash feed twice daily, and water was provided ad libitum. The experiment was approved by the Institutional Animal Ethics Committee (RC/IAEC/2020/2). Semen was collected by the gloved-hand method twice weekly from each boar inside pre-warmed (38°C) collection bags fitted with filters and placed inside semen collection cups (Minitube, Germany). The collected semen was evaluated for motility and concentration, and samples with more than 70% sperm progressive motility and more than 200 million sperm per mL concentration were processed further for all the experiments.
2.6 Assessment of the safe range of ZnO-NP concentration on sperm cells
The experiment aimed to determine the safe concentrations of ZnO-NPs that cause no adverse cytotoxic effect on boar sperm. Different concentrations of ZnO-NPs, viz., 5 μM, 10 μM, 50 μM, 100 μM, 500 μM, and 1,000 μM, and the same concentrations for ZA as a salt control were selected and dissolved in Sp-TALP media (Galatino-Homer et al., 1997). The Sp-TALP media containing no ZnO-NP/no ZA were taken as a control. A total of 42 semen ejaculates, seven ejaculates from each boar, were utilized for the study. Semen samples were diluted in 1:3 dilutions in media containing 40 million sperm cells/mL in 2 mL aliquots using a split sample technique for each treatment. Samples were incubated for 0 h and 1 h in a CO2 incubator (Thermo Fisher Scientific, United States) with 5% CO2 and 95% humidity at 37°C and assessed for cytotoxic effect on the different sperm functional attributes such as motility, plasma membrane integrity, mitochondrial membrane potential (MMP), and apoptosis.
2.7 Effect of ZnO-NPs on sperm quality parameters during liquid preservation
Based on the previous experiment, safe concentrations of ZnO-NPs with insignificant cytotoxic effects on boar sperm cells were selected for studying their beneficial effect on the liquid preservation of boar semen for a short duration. Accordingly, MODENA extender containing 5 μM, 10 μM, and 50 μM of ZnO-NPs and the same concentration of ZA as a salt control was utilized for the study. MODENA extender containing no ZnO-NPs or ZA was kept as a control. A total of 50 semen ejaculates were collected and diluted 1:3 with MODENA extender containing different concentrations of NPs and ZA to a final concentration of 40 million sperm cells/mL in 2 mL aliquots, using the split sample technique. The semen samples were then stored in a BOD incubator (Narang Scientific Works Pvt. Ltd, New Delhi, India) at 16°C for 6 days and evaluated for sperm motility, viability, plasma membrane integrity, MMP, and lipid peroxidation (LPO) by MDA assay at day 0, day 3, and day 5.
2.8 Assessment of sperm functional attributes
2.8.1 Sperm motility
Sperm progressive motility (%) was measured subjectively by the wet film method taking a drop of 10–15 µL of semen on a pre-warmed glass slide, covering it with a cover slip, and then, examining it under a phase-contrast microscope (Olympus, BX51 FT, Japan) at ×400 magnification. At least ten widely spaced fields were examined to provide an estimate of the motile spermatozoa.
2.8.2 Sperm viability, membrane integrity, and MMP
Sperm viability and membrane integrity (%) were assessed using the dual fluorescent dyes CFDA and PI staining with slight modifications (Garner et al., 1986), while the MMP was assessed using JC-1 fluorescent dye (Garner et al., 1997). Approximately 10 million sperm cells were washed once using pre-warmed PBS (1X) by centrifugation at 500 g for 5 min and re-suspended in 200 μL PBS. For the sperm viability and membrane integrity test, 2 μL of CFDA (from stock solution 4 mg/mL in DMSO) was added to 200 μL sperm suspension and incubated in the dark at 37°C for 5 min; 4 μL of PI (stock solution 0.5 mg/mL in PBS) was then added to the same sperm suspension and incubated in the dark at 37°C for 5 min. For the determination of sperm MMP, 5 μL of the working solution of JC-1 (0.153 mM in PBS; Sigma-Aldrich, United States) was added into the same sperm suspension of 200 μL and incubated in the dark at 37°C for 5 min. Following incubation, the pre-stained sperm suspension was washed using pre-warmed PBS by centrifugation at 500 g for 5 min and re-suspended in 100 μL of PBS. A 10–15 μL drop of the cell suspension was placed on a clean glass slide, covered with a cover slip, and examined under a fluorescent microscope (Eclipse 80i, Nikon, Japan) at ×20 magnification. The cell emitting green fluorescence was viewed in FITC (EX 462–495, BA 515–555), and those with red fluorescence were viewed in TRITC (EX 540/25, BA 605/55). A total of 200 fluorescent-tagged sperm cells were examined, and CFDA- and PI-stained cells were classified into the following: a) live and intact cells, cells emitting green fluorescence at the head region; b) dead and damaged cells, red fluorescence at the head; and c) morbid cells, emitting both green and red fluorescence in the head region. Similarly, a total of 200 fluorescent-tagged cells were examined for JC-1 staining and classified accordingly as high MMP, red–orange fluorescence at the mid-piece, and low MMP, green fluorescence at the mid-piece.
2.9 Apoptotic assay
The Annexin-V-FLUOS Staining Kit (11858777001; Roche) was used for this assay. After washing with PBS, cells were re-suspended in 100 μL of Annexin-V-FLUOS labeling solution and then incubated for 15 min at room temperature in the dark. A 10–15 μL drop of the cell suspension was placed on a clean glass slide, covered with a cover slip, and examined under a fluorescent microscope at ×20 magnification. A total of 200 fluorescent-tagged sperm cells were counted according to the fluorescence emitted, and the cell population was classified as follows: apoptotic cells, green fluorescent; necrotic cells, green and red fluorescent; dead cells, red fluorescent; and live cells, non-fluorescent.
2.10 Lipid peroxidation assay
LPO assay was performed using TBA, as described by Buege and Aust (1978) and further modified by Suleiman et al. (1996). A total of 15 g of TCA and 0.375 g of TBA were dissolved in 100 mL of 0.25 N HCl. Approximately 10 million sperm cells were washed once using pre-warmed PBS by centrifugation at 500 g for 5 min and re-suspended in 1 mL PBS. An amount of 2 mL of the TBA–TCA reagent was added, and the mixture was boiled for 15 min and allowed to cool. The supernatant was then separated by centrifugation at 1,500 g for 15 min. The absorbance of the supernatant was measured at 535 nm, and the MDA concentration was determined by the specific absorbance coefficient (1.56 × 105/mol/cm3).
[image: Equation for MDA production in micromoles per milliliter is shown: MDA produced equals optical density multiplied by ten to the power of six times total volume in milliliters, divided by one point five six times ten to the power of five times test volume in milliliters. Simplified to optical density times thirty divided by one point five six.]
2.11 Artificial insemination and the assessment of fertility
An amount of 80 mL of semen diluted in MODENA extender containing 10 μM ZnO-NPs was packed in 95 mL QuickTip Flexitube® (Minitube, Germany) and sealed using a sealing machine (Minitüb Gmbh, Germany). A total of 300 estrus sows/gilts in standing heat were artificially inseminated using a Foamtip Safelock® porcine insemination catheter (Minitube, Germany). A total of 150 AIs were performed with MODENA containing 10 μM ZnO-NPs, out of which 50 AIs were carried out with day 0 semen, 50 AIs were carried out with day 3 semen, and 50 AIs were carried out with day 5 semen. A total of 150 AIs were performed using the control or MODENA containing no ZnO-NPs and no ZA, out of which 50 AIs were carried out with day 0 semen, 50 AIs were carried out with day 3 semen, and 50 AIs were carried out with day 5 semen. Following insemination, after 6 weeks, pregnancy diagnosis was carried out in non-cycling gilts/sows by the Doppler method utilizing a trans-abdominal probe (EXAGO, Asha Medical and Co., New Delhi, India). After farrowing, the rate of farrowing and size of litter at birth were calculated.
2.12 Assessment of the antibacterial activity of ZnO-NPs
The bacterial load in the semen sample was estimated using the standard plate count method (Tsakmakidis et al., 2020). The experiment was carried out for semen media containing ZnO-NPs with concentrations of 10 μM and 50 μM and the same concentrations for ZA as a salt control and compared to their positive control (media containing 1.8 mg/mL of the antibiotic strepto-penicillin and no NP or salt control) and negative control (semen media containing no antibiotic nor NP/salt control). Extended semen samples were diluted up to 106 dilutions with 1X PBS, and 100 µL of each extended diluted sample was spread into PCA and incubated in a CO2 incubator with 5% CO2 and 95% humidity at 37°C. Two replica plating for each dilution per concentration was carried out. The plates were observed after 24 h and 48 h for colony formation, and colonies were manually counted and recorded as colony forming units (CFUs) per mL. The CFU was calculated using the following formula:
[image: The formula for calculating colony-forming units per milliliter (CFUs/mL) is shown as "Number of colonies multiplied by dilution factor, divided by amount plated."]
2.13 Statistical analysis
The datasets generated for this study were in mean ± SE, and significant tests were performed using IBM SPSS Statistics 23 software application. A generalized linear model for univariate analysis was carried out. A post hoc test for the treatment of ZnO-NP and ZA salt compared to the control was conducted. The variance was analyzed using the Tukey and Duncan tools, and p-value<0.05 was chosen as the significance level for all tests. The conception rate was displayed in percentage and significance level at (χ2 p-value <0.05). For pregnancy and farrowing rates, the Kruskal–Wallis H test was carried out with binary data for significant differences among the treatment groups. Duncan’s multiple range test was performed to make all pairwise comparisons among the parameters wherever a significant difference was obtained. For the antibacterial activity assay, CFUs/mL with zero colonies were positioned at value 0 along the X-axis; for CFUs/mL ranging from 1–99 colonies, they were positioned at 101, and other CFUs/mL were positioned according to their range in CFUs/mL along the x-axis. The datasets generated for evaluating the antibacterial activity underwent a check for sphericity assumptions using Mauchly’s test to examine the within-subject effects. To analyze antibacterial activity across various preservation times, repeated measures ANOVA was employed to draw statistical conclusions. All treatments were compared to the control to draw valid conclusions.
3 RESULTS
3.1 Characterization of the synthesized zinc oxide nanomaterial
UV–visible spectra exhibited peaks near 350 nm conforming to plasmon-resonance absorption in ZnO-NPs (Figure 1A). The FT-IR spectra of the synthesized ZnO-NP showed peaks at 602 cm−1 and 660 cm−1 for the ZnO absorption band and confirmed the variation in the banding pattern during its synthesis. The peaks observed at 1620 cm−1,1507 cm−1, and 1389 cm−1 indicate the presence of –OH and C=O residues, which may be due to ZA precursors used in the reaction (Figure 1B). The XRD analysis showed that the prominent diffraction peaks located at 31.7o, 34.3o, 36.2o, 47.4o, 56.5o, 62.6o, 67.7o, and 68.8o have been indexed as hexagonal wurtzite phases of ZnO-NPs (Figure 2A). The Joint Committee on Powder Diffraction Standards (JCPDS) data (JCPDS Card No. 36–1451) of XRD analysis also substantiated the synthesis of ZnO-NPs. The EDS analysis of the ZnO-NP for the selected area confirmed the presence of the Zn, which is depicted in Figure 2B. The measured mean particle size was 74.59 ± 17.47 nm (mean ± SD; Supplementary Figure S1). The surface morphological analysis of the synthesized ZnO-NP was carried out by FESEM, which is depicted in Figure 3. The ZnO-NP showed a granular structure and also showed a rough surface overview at a higher magnification.
[image: Graph A shows the absorbance spectrum of zinc acetate and ZnO nanoparticles over a wavelength range of 200 to 800 nm, indicating peaks for ZnO nanoparticles. Graph B displays the FTIR spectra of ZnO nanoparticles, with distinct peaks labeled at various wavenumbers, including 3412, 1570, 1410, 1020, and 610 cm⁻¹, highlighting specific functional groups.]FIGURE 1 | Synthesized zinc oxide nanoparticles. (A) UV–visible spectra of the synthesized zinc oxide nanoparticles and zinc acetate showing peak absorbance. (B) FT-IR spectra of the synthesized zinc oxide nanoparticles.
[image: Graph A shows an X-ray diffraction pattern with multiple peaks, indicating crystal structure. Graph B, a diffractogram, highlights major peaks, aligned with a table listing elements: germanium, tin-lead, and antimony, ranging from 10 to 90 degrees.]FIGURE 2 | Synthesized zinc oxide nanoparticles. (A) XRD spectra pattern of zinc oxide nanoparticles. (B) EDX spectra of zinc oxide nanoparticles.
[image: Two scanning electron microscope (SEM) images show close-up views of a material's surface structure. The left image has elongated, irregularly shaped particles, while the right image displays more rounded, compact clusters. Both images include scale bars indicating 200 nanometers, with magnifications approximately at 30,000x.]FIGURE 3 | FESEM images of the synthesized zinc oxide nanoparticles at different magnifications.
3.2 Assessment of the safe range of ZnO-NP concentrations on sperm cells
The study recorded no significant change (p > 0.05) in sperm progressive motility between the control and the different concentrations of ZnO-NPs and ZA (5, 10, 50, and 100 μM) at both 0 h and 1 h. However, a significant (p < 0.05) reduction was observed in sperm progressive motility at concentrations of 500 μM and 1,000 μM for both ZnO-NPs and ZA salt compared to the control at both 0 h and 1 h (Table 1). Similarly, the viability and membrane integrity showed no significant (p > 0.05) differences when comparing all concentrations of ZnO-NPs and ZA to the control at 0 h. However, at 1 h incubation, there was a significant (p < 0.05) increase in viability and membrane integrity with 10 μM and 50 μM ZnO-NP concentrations, whereas 500 μM ZA concentration significantly (p < 0.05) decreased these parameters compared to the control (Table 2). Consequently, a significant (p < 0.05) elevation in high mitochondrial membrane potential (H-MMP) within sperm cells was observed at ZnO-NP concentrations of 10 μM and 50 μM. Conversely, concentrations of ZA at 500 μM and 1,000 μM significantly (p < 0.05) reduced the H-MMP of sperm cells compared to the control at 1 h of preservation (Table 2). In the ZnO-NP treatment groups, a concentration of 500 μM significantly (p < 0.05) decreased the sperm viability and membrane integrity compared to lower concentrations (5, 10, 50, and 100 μM) at 0 h. A similar pattern was observed after 1 h of incubation, where the higher concentration (500 μM) significantly (p < 0.05) reduced the viability and membrane integrity compared to the lower concentrations. Regarding sperm MMP, there were no significant (p > 0.05) changes at all incubated concentrations at 0 h, but at 1 h, MMP was significantly (p < 0.05) reduced at the highest concentration (1,000 μM)
TABLE 1 | Cytotoxic effect of different concentrations of ZnO-NPs and ZA on sperm progressive motility (%).
[image: Table showing the effects of different concentrations of ZnO nanoparticles (ZnO-NPs) and ZA on a control over time. Concentrations are 5, 10, 50, 100, 500, and 1000 micromolars. Data is presented for 0 and 1 hour for each treatment with significant differences indicated by superscripts. Values are mean ± standard error, with significance at p ≤ 0.05.]TABLE 2 | Effect of different concentrations of ZnO-NPs and ZA on live and intact sperm (%) and mitochondrial membrane potential (%).
[image: A table showing percentages of live and intact cells and high mitochondrial membrane potential (H-MMP) at different concentrations of ZnO-NPs and ZA measured at 0 hours and 1 hour. Concentrations range from 5 to 1000 micromolar. Variations are noted with different superscripts indicating statistical significance (p ≤ 0.05). Data are presented as mean ± standard error.]The apoptotic assay recorded a non-significant (p > 0.05) change in the percent of apoptotic sperm cells at different concentrations of both ZnO-NPs and ZA in comparison to the control at 0 h. However, significantly (p < 0.05) lower apoptotic sperms were recorded with ZnO-NPs of 5–10 μM, while at a concentration of 500–1,000 μM, apoptosis increased significantly (p < 0.05) at both 0 and 1 h of preservation. On the other hand, ZA at 100 μM and above increased apoptosis to significant levels (p < 0.05) compared to the control at 1 h (Table 3).
TABLE 3 | Effect of different concentrations of ZnO-NPs and ZA on apoptosis and necrosis of sperm cells (%).
[image: A table showing apoptotic percentages for various concentrations of ZnO-NPs, ZA, and Control at two time intervals: zero hours and one hour. Concentrations range from five to one thousand micromolar, with ZnO-NPs and ZA showing larger increases in apoptotic percentages over time compared to the Control. Data is presented as mean ± SE with significance levels. Different superscripts indicate significant differences.]3.3 Assessment of the safe dose of ZnO-NPs on boar sperm functional attributes during liquid preservation
Non-cytotoxic doses of ZnO-NPs at 5–50 μM and ZA at equivalent concentrations, when incorporated into the MODENA extender for liquid semen preservation at 16°C, exhibited no significant (p < 0.05) alteration in sperm progressive motility (%) compared to the control on day 0 (Figure 4; Supplementary Table S1). However, progressive motility (%) was significantly (p < 0.05) increased for 10 μM and 50 μM of ZnO-NPs compared to that of the control at day 3 and day 5. Similarly, ZnO-NPs at concentrations of 5–50 μM significantly (p < 0.05) preserved the cell’s viability and membrane integrity on day 0, 3, and 5 in comparison to both ZA and the control (Figure 5; Supplementary Table S2). The sperm MMP during preservation exhibited a significant (p < 0.05) increase at 10 μM ZnO-NPs compared to the control on days 0 and 3. Furthermore, both 10 μM and 50 μM concentration of ZnO-NPs demonstrated significantly (p < 0.05) higher MMP compared to the control on day 5 (Figure 6; Supplementary Table S3).
[image: Bar graphs displaying the relative expression of the Bmp2 gene in MC3T3-E1 cells exposed to different nanoparticles and concentrations on days 0, 3, and 5. The graphs compare three groups: ZnONPs (red), ZA (green), and Control (orange) at concentrations of zero point one, zero point five, and one micromolar. Significant differences are indicated by asterisks, with specific comparisons noted as statistically non-significant (ns).]FIGURE 4 | Effect of different concentrations of ZnO-NPs and ZA on sperm progressive motility (%) during liquid preservation of boar semen. (A). Effect of ZnO-NPs and ZA at different concentrations on sperm progressive motility (%) at day 0. (B). Effect of ZnO-NPs and ZA at different concentrations on sperm progressive motility (%) at day 3. (C). Effect of ZnO-NPs and ZA at different concentrations on sperm progressive motility (%) at day 5. “*”: significant (p < 0.05) difference in comparison to control; ns: non-significant (p > 0.05). ZnO-NPs: zinc oxide nanoparticles; ZA: zinc acetate.
[image: Bar charts labeled A, B, and C show percentage cell viability over time for different concentrations of treatments (ZnONPs, ZA, and control) on days zero, three, and five. Significant differences are marked with asterisks. ZnONPs consistently maintain higher viability than ZA and the control across all concentrations and days.]FIGURE 5 | Effect of different concentrations of ZnO-NPs and ZA on sperm viability and membrane integrity (%) during liquid preservation of boar semen. (A). Effect of ZnO-NPs and ZA at different concentrations on sperm viability and membrane integrity (%) at day 0. (B). Effect of ZnO-NPs and ZA at different concentrations on sperm viability and membrane integrity (%) at day 3. (C). Effect of ZnO-NPs and ZA at different concentrations on sperm viability and membrane integrity (%) at day 5. “*”: significant (p < 0.05) difference in comparison to control; ns: non-significant (p > 0.05). ZnO-NPs: zinc oxide nanoparticles; ZA: zinc acetate.
[image: Bar charts in three panels labeled A, B, and C for Days 0, 3, and 5, respectively, showing cell viability percentages at 0, 10, 50, and 90 micromolar concentrations. Red bars represent ZnO-NPs, green for ZA, and orange for control. Statistical significance is indicated by * for p<0.05 and ** for p<0.01, while "ns" denotes non-significant differences.]FIGURE 6 | Effects of different concentrations of ZnO-NPs and ZA on sperm mitochondrial membrane potential (%) during liquid preservation of boar semen. (A). Effect of ZnO-NPs and ZA at different concentrations on sperm mitochondrial membrane potential (%) at day 0. (B). Effect of ZnO-NPs and ZA at different concentrations on sperm mitochondrial membrane potential (%) at day 3. (C). Effect of ZnO-NPs and ZA at different concentrations on sperm mitochondrial membrane potential (%) at day 5. “*”: significant (p < 0.05) difference in comparison to control; ns: non-significant (p > 0.05). ZnO-NPs: zinc oxide nanoparticles; ZA: zinc acetate; and MMP: mitochondrial membrane potential.
A significant (p < 0.05) reduction in the LPO levels was revealed at 10 μM and 50 μM ZnO-NPs, as well as the ZA salt control, compared to the control on day 3. Additionally, on day 5, both 5–50 μM ZnO-NPs and 10–50 μM ZA exhibited a significant (p < 0.05) decrease in the LPO levels in comparison to the control (Table 4). Hence, ZnO-NPs at 10 μM and 50 μM concentrations decreased the LPO of sperm cells that were liquid-preserved at 16°C for up to 6 days. Therefore, 10 μM of ZnO-NP in a lower dose than 50 μM was selected as it possessed a beneficial effect during boar liquid semen preservation at 16°C, improving sperm motility, viability, membrane integrity, and MMP and reducing LPO in cells during storage.
TABLE 4 | LPO assay by MDA estimation on boar semen during liquid preservation.
[image: Table showing MDA levels in nmol/mL for three groups: ZnO-NPs, ZA, and Control, across three days (0, 3, 5) at concentrations 5, 10, and 50 µM. Each value is presented with standard error. Different superscripts indicate significant differences (p ≤ 0.05) from the control. Day 5 values are marked with a superscript, emphasizing significance (p < 0.05).]The selected dosage of 10 μM ZnO-NPs was supplemented with MODENA extender and tested for farrowing rate, litter size, stillbirth, and weak piglets after AI was performed.
3.4 In vivo fertility rate after artificial insemination
The in vivo fertility experiment recorded that the MODENA extender containing 10 μM ZnO-NPs had a significantly higher farrowing rate on day 3 (χ2 p-value<0.05) and day 5 (χ2 p-value<0.01) of preserved semen compared to the MODENA extender without ZnO-NPs (Table 5). Similarly, the litter size at birth was significantly higher on day 3 (χ2 p-value<0.05) and day 5 (χ2 p-value<0.01) after AI with the MODENA extender+10 μM ZnO-NPs compared to the MODENA extender without ZnO-NPs. However, the percentage of stillbirth and weak piglets did not differ significantly (p > 0.05) between AI with MODENA extender plus ZnO-NPs and only MODENA extender (Table 5).
TABLE 5 | Effect of MODENA containing 10 μM ZnO-NPs and the control on in vivo fertility parameters.
[image: Comparison table of sow parameters between MODENA plus ZnO-NPs and control groups over five days. Parameters include farrowing rate, litter size at birth, stillbirth percentage, and weak piglets percentage, with significant differences noted. Statistical significance is marked by superscripts, with asterisks indicating levels.]3.5 Antimicrobial activity
The antimicrobial activity of ZnO-NPs and ZA salt when compared to the positive control and negative control at days 0, 3, and 5 is presented (Figure 7; Supplementary Table S4). Bacterial growth at day 0 was 0 CFU/mL for the positive control, whereas it was 102 CFUs/mL for ZnO-NPs at 10 µM and 50 µM and ZA at 50 µM, which was less compared to 103 CFUs/mL for the negative control and ZA at 10 µM. Similarly, at day 3, growth was 103–107 CFUs/mL for ZnO-NPs (10µM, 50 µM) compared to the negative control with 108 (hundred million)–uncountable CFUs/mL and other treatments such as ZA (50 µM) of 108–109 CFUs/mL and ZA (10 µM) of 108–1010 CFUs/mL, but the positive control showed controlled growth due to the antibiotic effect. At day 5, the bacterial growth remained unchanged for ZnO-NPs (10µM and 50 µM) and ZA (50 µM and 10 µM) treatments from that of day 3 when compared to the negative control with an increase in colony count ranging from 109 (one billion)–uncountable CFUs/mL. Meanwhile, the positive control continued to control the bacterial growth.
[image: Scatter plot showing the number of colony forming units per milliliter over different preservation days (Day 0 and Day 5). Each data point corresponds to various conditions: negative control, positive control, 10 micromolar zinc oxide nanoparticles, 10 micromolar zinc acetate, and 50 micromolar zinc acetate and zinc oxide nanoparticles. The x-axis represents colony forming units per milliliter, with a scale from 10^1 to 10^10. Different colored markers represent each condition.]FIGURE 7 | Antimicrobial test of semen extended in MODENA extender with ZnO-NPs, ZA salt, and penicillin–streptomycin antibiotic (positive control) and without antibiotic and NPs (negative control) at days 0, 3, and 5.
4 DISCUSSION
In a nanoscale form, different metal and metal oxide NPs have exhibited new and innovative properties in biological and biomedical applications. In this context, the multifaceted role of ZnO-NPs is extensively documented, highlighting their attributes as a micronutrient, antimicrobial agent, antioxidative agent, and photocatalytic candidate and their efficacy as a facilitator in drug delivery and gas-sensing applications (Jiang et al., 2018; Mehnath et al., 2021). The application of ZnO-NPs in sperm biology, especially for sperm preservation and protection, is a novel addition. Furthermore, the utilization of ZnO-NPs in sperm biology research employing boar models enhances livestock production through AI, contributing not only to advancements in human andrology research but also to the improvement in animal breeding practices.
In the current evaluation, ZnO-NPs were synthesized and encapsulated using green material. The characterization of the synthesized ZnO-NPs was carried out with high-throughput (HTP) instruments deciphering the patterns of synthesis and nature of Zn in nano-form. Previous researchers also reported the development of ZnO-NPs through the green method (Jan et al., 2020).
The present study showed that a safe dose of ZnO-NPs was needed to avoid damage to the cells and their properties. This study observed no adverse effects at low concentrations of ZnO-NPs (5 μM, 10 μM, and 50 μM) in Sp-TALP media after 1 h of incubation at 37°C on sperm motility and functional attributes compared to the higher dose of NPs (≥100 μM). A similar report showed a high and significant cell death rate in human spermatozoa at higher doses of Zn-NPs (Barkhordari et al., 2013). It was proposed that the decline in semen quality resulting from higher doses of ZnO-NPs could be attributed to the interplay of reactive oxygen species (ROS) formation and the consequential reduction in MMP, ultimately culminating in an elevated incidence of apoptosis accompanied by nuclear DNA damage (Shen et al., 2019). The role of Zn-NPs as a potential drug in inducing apoptosis in various types of cancer cells has been extensively studied (Jiang et al., 2018; Shamasi et al., 2021). This particular property of Zn-NPs could be the reason why a noticeable increase in the levels of apoptotic and necrotic cells was observed at high concentrations of ZnO-NPs. Therefore, this study considered 5 μM, 10 μM, and 50 μM of ZnO-NPs as the non-toxic doses for boar sperm cells, and they were further selected to examine the effect on the boar sperm functional parameters during their short-term liquid preservation at 16°C.
Boar sperm can undergo several undesirable changes during preservation at 16°C, which can significantly reduce sperm quality and fertility (Bucak et al., 2010). NPs have demonstrated beneficial effects on semen preservation, and several metallic nanoparticles such as zinc (Jahanbin et al., 2021; Abedin et al., 2023a), selenium (Khalil et al., 2019), and silver have been shown to improve the quality of preserved semen along with the reduction of microbial load (Pérez-Duran et al., 2020). Furthermore, iron (Fe) NPs have been reported to aid in the purification of dead or damaged cells (Bisla et al., 2020). From our reports, it can be seen that ZnO-NPs at 10 μM, when supplemented with MODENA extender for extending boar semen, significantly increased sperm progressive motility, viability, membrane integrity, and MMP and reduced MDA levels compared to the control during preservation at 16°C for all days (day 0, day 3, and day 5). As per our literature search, there were no documented findings regarding the influence of ZnO-NPs on sperm motility in liquid-preserved boar semen. However, reports on Fe NPs showed improvement in the sperm linear motility of liquid-preserved boar semen after a 30-min exposure prior to storage (Tsakmakidis et al., 2020). The supplementation of ZnO-NPs in SHOTOR extender significantly improved the sperm progressive motility, viability, and membrane integrity of epididymal spermatozoa stored at 4°C (day 0, 1, 4, and 6) in dromedary camels (Shahin et al., 2020). Cryopreservation studies on bull and ram semen showed that zinc supplementation improved the MMP of post-thaw semen (Heidari et al., 2018; Jahanbin et al., 2021). It was also observed that Zn-NPs significantly reduced the level of MDA in post-thaw semen during cryopreservation of bull semen. Likewise, in human semen, Zn-NPs demonstrated a significant reduction in the level of MDA in post-thaw semen (Isaac et al., 2017). It was known that sperm cells possessed high levels of unsaturated fatty acids in their membranes and lacked essential cytoplasmic components to counter LPO and oxidative stress (Aitken et al., 1989; Storey, 1997; Bansal and Bilaspuri (2010). Therefore, our proposition posits that ZnO-NPs exhibit effective free-radical scavenging capabilities, with a well-established function in radical scavenging, as supported by prior in vivo and in vitro studies (Gualtieri et al., 2014; Afifi et al., 2015). Reports stated that Zn-NPs did not permeate viable cells and were localized on the surface of viable cells like a protective layer around the spermatozoa (Taylor et al., 2015; Abedin et al., 2023b). The current investigation additionally demonstrates the membrane-protective attributes of ZnO-NPs. This observation leads to the inference that ZnO-NPs play a role in averting membrane peroxidation, thereby contributing to the reduction of oxidative stress (Sanjay et al., 2014; Isaac et al., 2017). This may suggest ZnO-NPs’ protective function on membrane peroxidation and mitochondrial damage, thus preventing sperm cell death or apoptosis.
The present study revealed a significant increase in conception rates following AI upon supplementation with 10 μM ZnO-NPs compared to the control group during the preservation process. Several reports suggested that sperm motility and other parameters were correlated to the conception rate (Gadea, 2005; Nerin et al., 2014). Thus, the improved conception rate in our study was a direct result of ZnO-NPs’ positive effect on semen motility, viability, membrane integrity, and MMP for all days (days 0, 3, and 5) during liquid preservation at the non-cytotoxic doses.
AI is a common breeding technology in animals that requires the addition of antibiotics to semen extenders in its standard procedure to control microbial growth during preservation. Strepto-penicillin and gentamycin were added to control the prevalent bacterial contamination from the male reproductive tract and, to an extent, from the environment during preservation. Many researchers have been working on replacing antibiotics with other agents due to the increasing antibiotic-resistant microorganisms in the food chain. In the animal breeding industry, different replacing agents were tested ranging from antimicrobial alternatives such as peptides, poly extracts, or NPs to other physical methods of removal of bacteria (single-layer centrifugation and microfiltration) (Joerger, 2003; Morrell and Wallgren, 2011). However, disadvantages such as cost, sperm cell damage, and non-efficient antimicrobials led to the need to discover new and efficient antimicrobial alternatives. Previous studies reported that semen extender and storage duration have a significant effect on bacterial colonies (Luther et al., 2021). The current study showed that the antimicrobial activity of ZnO-NPs and ZA (salt control) at the selected non-cytotoxic doses in comparison to the negative control was in the order shown: the antimicrobial effect of ZnO-NP (10 µM) = ZnO-NP (50 µM) > ZA (50 µM) > ZA (10 µM) for day 0, 3, and 5. The study demonstrated that ZnO-NPs possessed an antibacterial property and reduced colony formation without affecting sperm cells. At day 0, ZnO-NP (10µM, 50 µM) treatment and ZA (50 µM) reduced the number of colonies formed compared to ZA (10 µM) and the negative control by 10-fold. At day 3, although the colonies formed increased due to the favorable temperature while preserving semen, ZnO-NPs at 10µM and 50 µM controlled bacterial growth up to 103–107 CFUs/mL followed by ZA at 50 µM of 108–109 CFUs/mL and ZA 10 µM of 108–1010 CFUs/mL compared to the negative control with 108 (hundred million)–uncountable CFUs/mL. At day 5, ZnO-NPs and ZA showed no increase in colony count, but it remained the same as that observed on day 3, hence controlling and inhibiting bacterial growth, but the negative control showed a high increase in colony count. The positive control showed controlled growth for days 0, 3, and 5, due to the antibiotic effect. Comparing ZnO-NPs (10 µM and 50 µM) and ZA salt (10 µM and 50 µM) to the negative control, one could infer the antibacterial activity of both ZnO-NPs and ZA when supplemented with MODENA extender, with the NPs exhibiting more antibacterial effect than the salt control. ZnO-NPs at 10 µM and 50 µM doses showed similar antibacterial activity. Thus, the ZnO-NP-supplemented MODENA extender acted as an antimicrobial active semen extender possessing an intrinsic antimicrobial capability against bacteria, allowing the reduction in the use of antibiotics against the standard antibiotic concentration without compromising antimicrobial activity and sperm quality (Luther et al., 2021). Such addition could reduce antibiotic usage in pig insemination and can provide a solution to the challenges experienced in the pig-rearing sector; such as the high semen storage temperature (15ºC–18°C) favoring bacterial growth, larger volume of insemination (50–100 mL), which generally requires two to three doses, and the possibility of increasing the number of resistance-rich genes in the soil due to backflow into manure of most insemination processes.
5 CONCLUSION
In conclusion, ZnO-NPs at low concentrations (5 μM, 10 μM, and 50 µM) demonstrated no cytotoxic effects on boar sperm, preserving its quality compared to higher concentrations. We recommend adding 10 µM ZnO-NPs in MODENA extender for improved sperm quality and conception rates after AI. Additionally, ZnO-NPs also showed antibacterial activity, suggesting a potential reduction in antibiotic use and resistance genes in the soil biome during the process of insemination. Further research should explore the dose and time-dependent toxicity of NPs in freezing protocols for diverse species, especially focusing on their impact on fertilization and early embryonic development.
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 author.
ETHICS STATEMENT
The animal studies were approved by the Institutional Animal Ethics Committee of the ICAR Research Complex for NEH Region, Umiam, Meghalaya. The studies were conducted in accordance with the local legislation and institutional requirements. Written informed consent was not obtained from the owners for the participation of their animals in this study because the animals are maintained and taken care of in the institutional farm.
AUTHOR CONTRIBUTIONS
ML: formal analysis, investigation, and writing–review and editing. JC: data curation, investigation, and writing–original draft. VK: data curation, formal analysis, investigation, and writing–original draft. RS: formal analysis, investigation, and writing–review and editing. AC: data curation, software, validation, and writing–review and editing. BS: data curation, methodology, supervision, validation, and writing–review and editing. AP: methodology, resources, supervision, and writing–original draft. SD: conceptualization, methodology, supervision, and writing–review and editing. SA: data curation, formal analysis, investigation, and writing–review and editing. GK: conceptualization, formal analysis, methodology, supervision, validation, and writing–original draft.
FUNDING
The authors declare that financial support was received for the research, authorship, and/or publication of this article. This work was supported by the DST project entitled “Structural and Functional Characterisation of Sperm surface glycans and development of Novel Glycans based Fertility Biomarker.”
ACKNOWLEDGMENTS
The authors thankfully acknowledge the Indian Council of Agricultural Research (ICAR) and Director, ICAR Complex for NEH Region, for providing the facilities and SERB, Department of Science and Technology (DST), Government of India, for providing funding to conduct the research.
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/fbioe.2024.1326143/full#supplementary-material
ABBREVIATIONS
AI, artificial insemination; CFDA, carboxyfluorescein diacetate; CFU, colony forming unit; MMP, mitochondrial membrane potential; MDA, malonaldehyde; PI, propidium iodide; Sp-TALP, Sperm Tyrode’s albumin lactate pyruvate; and ZnO-NP, zinc oxide nanoparticle.

REFERENCES
	 Abdelnour, S. A., Hassan, M. A., Mohammed, A. K., Alhimaidi, A. R., Al-Gabri, N., Al-Khaldi, K. O., et al. (2020). The effect of adding different levels of curcumin and its nanoparticles to extender on post-thaw quality of cryopreserved rabbit sperm. Anim. (Basel) 10 (9), 1508. doi:10.3390/ani10091508
	 Abedin, S. N., Baruah, A., Baruah, K. K., Bora, A., Dutta, D. J., Kadirvel, G., et al. (2023b). Zinc oxide and selenium nanoparticles can improve semen quality and heat shock protein expression in cryopreserved goat (Capra hircus) spermatozoa. J. Trace Elem. Med. Biol. 80, 127296. doi:10.1016/j.jtemb.2023.127296
	 Abedin, S. N., Baruah, A., Baruah, K. K., Kadirvel, G., Katiyar, R., Khargharia, G., et al. (2023a). In vitro and in vivo studies on the efficacy of zinc-oxide and selenium nanoparticle in cryopreserved goat (Capra hircus) spermatozoa. Biol. Trace Elem. Res. 201, 4726–4745. doi:10.1007/s12011-022-03551-6
	 Afifi, M., Almaghrabi, O. A., and Kadasa, N. M. (2015). Ameliorative effect of zinc oxide nanoparticles on antioxidants and sperm characteristics in streptozotocin-induced diabetic rat testes. Biomed. Res. Int. 2015, 1–6. doi:10.1155/2015/153573
	 Aitken, R. J., Clarkson, J. S., and Fishel, S. (1989). Generation of reactive oxygen species, lipid peroxidation, and human sperm function. Biol. Reprod. 41 (1), 183–197. doi:10.1095/biolreprod41.1.183
	 Bansal, A. K., and Bilaspuri, G. S. (2010). Impacts of oxidative stress and antioxidants on semen functions. Vet. Med. Int. 2011, 1–7. doi:10.4061/2011/686137
	 Barkhordari, A., Hekmatimoghaddam, S., Jebali, A., Khalili, M. A., Talebi, A., and Noorani, M. (2013). Effect of zinc oxide nanoparticles on viability of human spermatozoa. Iran. J. Reprod. Med. 11 (9), 767–771.
	 Bisla, A., Rautela, R., Yadav, V., Singh, P., Kumar, A., Ghosh, S., et al. (2020). Nano-purification of raw semen minimises oxidative stress with improvement in post-thaw quality of buffalo spermatozoa. Andrologia 52 (9), e13709. doi:10.1111/and.13709
	 Bucak, M. N., Sariozkan, S., Tuncer, P. B., Sakin, F., Ateşşahin, A., Kulaksız, R., et al. (2010). The effect of antioxidants on post-thawed Angora goat (Capra hircusancryrensis) sperm parameters, lipid peroxidation and antioxidant activities. Small Rumin. Res. 89 (1), 24–30. doi:10.1016/j.smallrumres.2009.11.015
	 Buege, J. A., and Aust, S. D. (1978). Microsomal lipid peroxidation. Meth. Enzymol. 52, 302–310. doi:10.1016/S0076-6879(78)52032-6
	 Donga, S., Bhadu, G. R., and Chanda, S. (2020). Antimicrobial, antioxidant and anticancer activities of gold nanoparticles green synthesized using Mangifera indica seed aqueous extract. Artif. Cells Nanomed. Biotechnol. 48 (1), 1315–1325. doi:10.1080/21691401.2020.1843470
	 Estienne, M. J., Harper, A. F., and Day, J. L. (2007). Characteristics of sperm motility in boar semen diluted in different extenders and stored for seven days at 18 degrees C. Reprod. Biol. 7, 221–231.
	 Feugang, J. M. (2017). Novel agents for sperm purification, sorting, and imaging. Mol. Reprod. Dev. 84 (9), 832–841. doi:10.1002/mrd.22831
	 Gadea, J. (2005). Sperm factors related to in vitro and in vivo porcine fertility. Theriogenology 63 (2), 431–444. doi:10.1016/j.theriogenology.2004.09.023
	 Galantino-Homer, H. L., Visconti, P. E., and Kopf, G. S. (1997). Regulation of protein tyrosine phosphorylation during bovine sperm capacitation by a cyclic adenosine 3’5’-monophosphate-dependent pathway. Biol. Reprod. 56 (3), 707–719. doi:10.1095/biolreprod56.3.707
	 Garner, D. L., Pinkel, D., Johnson, L. A., and Pace, M. M. (1986). Assessment of spermatozoal function using dual fluorescent staining and flow cytometric analyses. Biol. Reprod. 34, 127–138. doi:10.1095/biolreprod34.1.127
	 Garner, D. L., Thomas, C. A., Joerg, H. W., DeJarnette, J. M., and Marshall, C. E. (1997). Fluorometric assessments of mitochondrial function and viability in cryopreserved bovine spermatozoa. Biol. Reprod. 57, 1401–1406. doi:10.1095/biolreprod57.6.1401
	 Govindasamy, K., Ponraj, P., Thulasiraman, S., Andonissamy, J., Naskar, S., Das, A., et al. (2016). Efficacy of different extenders on sperm characteristics and fertility in crossbred pigs of north-eastern India. Vet. Arh. 86 (4), 515–528. 
	 Gualtieri, R., Barbato, V., Fiorentino, I., Braun, S., Rizos, D., Longobardi, S., et al. (2014). Treatment with zinc, d-aspartate, and coenzyme Q10 protects bull sperm against damage and improves their ability to support embryo development. Theriogenology 82 (4), 592–598. doi:10.1016/j.theriogenology.2014.05.028
	 Heidari, J., Seifdavati, J., Mohebodini, H., Sharifi, R. S., and Benemar, H. A. (2018). Nano çinko oksitin moghani koç semeninin çözdürme sonrası değişkenler ve oksidatif durumuna etkisi. Kafkas Univ. Vet. Fak. Derg. 25 (1), 71–76. doi:10.9775/kvfd.2018.20349
	 Isaac, A. V., Kumari, S., Nair, R., Urs, D. R., Salian, S. R., Kalthur, G., et al. (2017). Supplementing zinc oxide nanoparticles to cryopreservation medium minimizes the freeze-thaw-induced damage to spermatozoa. Biochem. Biophys. Res. Commun. 494 (3-4), 656–662. doi:10.1016/j.bbrc.2017.10.112
	 Jahanbin, R., Yazdanshenas, P., Rahimi, M., Hajarizadeh, A., Tvrda, E., Nazari, S. A., et al. (2021). In vivo and in vitro evaluation of bull semen processed with zinc (Zn) nanoparticles. Biol. Trace Elem. Res. 199, 126–135. doi:10.1007/s12011-020-02153-4
	 Jan, H., Shah, M., Usman, H., Khan, M. A., Zia, M., Hano, C., et al. (2020). Biogenic synthesis and characterization of antimicrobial and antiparasitic zinc oxide (ZnO) nanoparticles using aqueous extracts of the himalayan columbine (aquilegia pubiflora). Front. Mater. 7, 249. doi:10.3389/fmats.2020.00249
	 Jiang, J., Pi, J., and Cai, J. (2018). The advancing of zinc oxide nanoparticles for biomedical applications. Bioinorg. Chem. Appl. 2018 (3), 1–18. doi:10.1155/2018/1062562
	 Joerger, R. D. (2003). Alternatives to antibiotics: bacteriocins, antimicrobial peptides and bacteriophages. Poult. Sci. 82 (4), 640–647. doi:10.1093/ps/82.4.640
	 Johnson, L. A., Weitze, K. F., Fiser, P., and Maxwell, W. M. C. (2000). Storage of boar semen. Anim. Reprod. Sci. 62, 143–172. doi:10.1016/s0378-4320(00)00157-3
	 Khalil, W. A., El-Harairy, M. A., Zeidan, A. E., and Hassan, M. A. (2019). Impact of selenium nano-particles in semen extender on bull sperm quality after cryopreservation. Theriogenology 126, 121–127. doi:10.1016/j.theriogenology.2018.12.017
	 Knox, R. V. (2016). Artificial insemination in pigs today. Theriogenology 85 (1), 83–93. doi:10.1016/j.theriogenology.2015.07.009
	 Lee, J. H., Huh, Y. M., Jun, Y. W., Seo, J. W., Jang, J. T., Song, H. T., et al. (2007). Artificially engineered magnetic nanoparticles for ultra-sensitive molecular imaging. Nat. Med. 13, 95–99. doi:10.1038/nm1467
	 Luther, A. M., Nguyen, T. Q., Verspohl, J., and Waberski, D. (2021). Antimicrobially active semen extenders allow the reduction of antibiotic use in pig insemination. Antibiot. (Basel) 10 (11), 1319. doi:10.3390/antibiotics10111319
	 Mehnath, S., Das, A. K., Verma, S. K., and Jeyaraj, M. (2021). Biosynthesized/green-synthesized nanomaterials as potential vehicles for delivery of antibiotics/drugs. Compr. Anal. Chem. 94, 363–432. doi:10.1016/bs.coac.2020.12.011
	 Mishra, P. K., Mishra, H., Ekielski, A., Talegaonkar, S., and Vaidya, B. (2017). Zinc oxide nanoparticles: a promising nanomaterial for biomedical applications. Drug Discov. Today. 22 (12), 1825–1834. doi:10.1016/j.drudis.2017.08.006
	 Morrell, J. M., and Wallgren, M. (2011). Removal of bacteria from boar ejaculates by Single Layer Centrifugation can reduce the use of antibiotics in semen extenders. Anim. Reprod. Sci. 123 (1-2), 64–69. doi:10.1016/j.anireprosci.2010.11.005
	 Murasing, D. K., Talukdar, D. J., Lalrintluanga, K., Ahmed, F. A., Kayina, A., and Das, S. (2020). Recent advances in preservation of boar semen in liquid state: an overview. Int. J. Chem. Stud. 8 (2), 112–115. doi:10.22271/chemi.2020.v8.i2c.9666
	 Nerin, C., Ubeda, J. L., Alfaro, P., Dahmani, Y., Aznar, M., Canellas, E., et al. (2014). Compounds from multilayer plastic bags cause reproductive failures in artificial insemination. Sci. Rep. 4, 4913. doi:10.1038/srep04913
	 Parrish, J. J., Suskoparrish, J., Winer, M. A., and First, N. L. (1988). Capacitation of bovine sperm by Heparin1. Biol. Reprod. 38, 1171–1180. doi:10.1095/biolreprod38.5.1171
	 Pérez-Duran, F., Acosta-Torres, L. S., Serrano-Díaz, P. N., Toscano-Torres, I. A., Olivo-Zepeda, I. B., García-Caxin, E., et al. (2020). Toxicity and antimicrobial effect of silver nanoparticles in swine sperms. Syst. Biol. Reprod. Med. 66 (4), 281–289. doi:10.1080/19396368.2020.1754962
	 Sánchez-López, E., Gomes, D., Esteruelas, G., Bonilla, L., Lopez-Machado, A. L., Galindo, R., et al. (2020). Metal-based nanoparticles as antimicrobial agents: an overview. Nanomater. (Basel) 10 (2), 292. doi:10.3390/nano10020292
	 Sánchez-Rubio, F., Soria-Meneses, P. J., Jurado-Campos, A., Bartolomé-García, J., Gómez-Rubio, V., Soler, A. J., et al. (2020). Nanotechnology in reproduction: vitamin E nanoemulsions for reducing oxidative stress in sperm cells. Free Radic. Biol. Med. 160, 47–56. doi:10.1016/j.freeradbiomed.2020.07.024
	 Sanjay, S. S., Pandey, A., Kumar, S., and Pandey, A. K. (2014). Cell membrane protective efficacy of ZnO nanoparticles. Trans. Nanotechnol. 1, 21–29. doi:10.15764/NANO.2014.01003
	 Santos, C. S., Campos, L. B., Praxedes, É. C. G., Moreira, S. S. J., Souza-Júnior, J. B. F., Comizzoli, P., et al. (2021). Influence of antibiotics on bacterial load and sperm parameters during short-term preservation of collared peccary semen. Anim. Reprod. 18 (3), e20210021. doi:10.1590/1984-3143-AR2021-0021
	 Shahin, M. A., Khalil, W. A., Saadeldin, I. M., Swelum, A. A., and El-Harairy, M. A. (2020). Comparison between the effects of adding vitamins, trace elements, and nanoparticles to SHOTOR extender on the cryopreservation of dromedary camel epididymal spermatozoa. Anim. (Basel) 10 (1), 78. doi:10.3390/ani10010078
	 Shamasi, Z., Es-haghi, A., TaghavizadehYazdi, M. E., Amiri, M. S., and Homayouni-Tabrizi, M. (2021). Role of Rubia tinctorum in the synthesis of zinc oxide nanoparticles and apoptosis induction in breast cancer cell line. Nanomed. J. 8 (1), 65–72. doi:10.22038/nmj.2021.08.07
	 Shen, J., Yang, D., Zhou, X., Wang, Y., Tang, S., Yin, H., et al. (2019). Role of autophagy in zinc oxide nanoparticles-induced apoptosis of mouse LEYDIG cells. Int. J. Mol. Sci. 20 (16), 4042. doi:10.3390/ijms20164042
	 Storey, B. T. (1997). Biochemistry of the induction and prevention of lipoperoxidative damage in human spermatozoa. Mol. Hum. Reprod. 3 (3), 203–213. doi:10.1093/molehr/3.3.203
	 Suleiman, S. A., Ali, M. E., Zaki, Z. M. S., El-Malik, E. M. A., and Nasr, M. A. (1996). Lipid peroxidation and human sperm motility: protective role of vitamin E. J. Androl. 17, 530–537. doi:10.1002/j.1939-4640.1996.tb01830.x
	 Taylor, U., Tiedemann, D., Rehbock, C., Kues, W. A., Barcikowski, S., and Rath, D. (2015). Influence of gold, silver and gold–silver alloy nanoparticles on germ cell function and embryo development. Beil. J. Nanotechnol. 6, 651–664. doi:10.3762/bjnano.6.66
	 Thorek, D. L. J., and Tsourkas, A. (2008). Size, charge and concentration dependent uptake of iron oxide particles by non-phagocytic cells. Biomaterials 29 (26), 3583–3590. doi:10.1016/j.biomaterials.2008.05.015
	 Tsakmakidis, I. A., Samaras, T., Anastasiadou, S., Basioura, A., Ntemka, A., Michos, I., et al. (2020). Iron oxide nanoparticles as an alternative to antibiotics additive on extended boar semen. Nanomater. (Basel) 10 (8), 1568. doi:10.3390/nano10081568
	 van den Berg, B. M., Reesink, J., and Reesink, W. (2014). TRIXcell+, a new long-term boar semen extender containing whey protein with higher preservation capacity and litter size. Open Vet. J. 4 (1), 20–25.
	 Wang, Z. L. (2008). Splendid one-dimensional nanostructures of zinc oxide: a new nanomaterial family for nanotechnology. ACS Nano 2 (10), 1987–1992. doi:10.1021/nn800631r

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.
The reviewer AD declared a shared parent affiliation with the authors to the handling editor at the time of review.
Copyright © 2024 Lyngdoh, Chettri, Kharchandy, Sheel, Choudhury, Sarkar, Pattanayak, Deori, Abedin and Kadirvel. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.
		ORIGINAL RESEARCH
published: 17 July 2024
doi: 10.3389/fnano.2024.1419239


[image: image2]
Synthesis of gold nanoparticles coated with glucose oxidase using PVP as passive adsorption linkage
I. J. Santos-Santos1, J. A. Zamora-Justo2*, G. R. Vázquez-Martínez3, R. Cabrera-Sierra1 and J. A. Balderas-López2
1Instituto Politécnico Nacional, Escuela Superior de Ingeniería Química e Industrias Extractivas, Department of Industrial Chemical Engineering, Mexico City, Mexico
2Instituto Politécnico Nacional, Unidad Profesional Interdisciplinaria de Biotecnología, Basic Sciences Department, Mexico City, Mexico
3Universidad Tecnológica de México (UNITEC), Campus Cuitláhuac, Department of Chemical Engineering, Mexico City, Mexico
Edited by:
Aylin Marz, Norfolk State University, United States
Reviewed by:
Pramod K. Gupta, Fraunhofer USA (FHG), United States
Snehasis Bhakta, Cooch Behar College, India
* Correspondence: J. A. Zamora-Justo, jzamoraj@ipn.mx
Received: 17 April 2024
Accepted: 12 June 2024
Published: 17 July 2024
Citation: Santos-Santos IJ, Zamora-Justo JA, Vázquez-Martínez GR, Cabrera-Sierra R and Balderas-López JA (2024) Synthesis of gold nanoparticles coated with glucose oxidase using PVP as passive adsorption linkage. Front. Nanotechnol. 6:1419239. doi: 10.3389/fnano.2024.1419239

Gold nanoparticles (AuNPs) have great potential as biosensors for glucose detection due to their high sensitivity, as well as their extraordinary physical and chemical properties that improve compatibility with different biorecognition molecules, such as glucose oxidase (GOx). In this work the D-glucose quantification was determined by using the traditional technique based on biochemical reaction of GOx and AuNPs functionalized with polyvinylpirrolidone (PVP) polymer and the enzyme. The AuNPs-PVP-GOx nanocomplexes were characterized by ultraviolet-visible (UV-Visible), Infrared (FTIR), and Raman spectroscopies, as well as scanning electron microscopy (SEM), Z potential, dynamic light scattering (DLS), and thermogravimetry analysis (TGA). In general, these techniques showed significant differences after each functionalization stage with PVP and GOx, for instance it was observed: the presence of different functional groups, an increase of hydrodynamic diameter from 48.60 to 198.77 nm, a shift of the band absorption to larger wavelength, a change in the surface potential and weight loss, and in the morphology of the nanocomplex, which confirm the functionalization. In addition, the enzymatic activity of the AuNPs-PVP-GOx was confirmed through the detection of triiodide ions by UV-Visible spectrophotometry, coming from the oxidation reaction of iodide ions in the presence of H2O2. Furthermore, the nanocomplex synthesized by passive adsorption was evaluated as a possible biosensor for the quantification of D-glucose using a colorimetric assay, obtaining greater sensitivity than the traditional method. These findings indicate that PVP can be used as a linkage medium between AuNPs and GOx, which in turn can be used as a biosensor for the detection of D-glucose at low concentrations in biological fluids.
Keywords: gold nanoparticles, D-glucose, glucose oxidase, polyvinylpyrrolidone, biosensor

1 INTRODUCTION
Gold nanoparticles (AuNPs) have attracted great interest in the scientific community in the last decades, due to their physical (e.g., their characteristic surface plasmon resonance, SPR) and chemical properties that make possible their functionalization with a variety of ligands (Nooranian et al., 2021). Biosensors based on aptamer-conjugated gold nanoparticles: A review. Biotechnology and Applied Biochemistry (Aldewachi et al., 2018; Sarfraz and Khan, 2021).
AuNPs have been used in different scientific areas, especially in the biomedical field (Yeh et al., 2012; Bansal et al., 2020) since they are useful for detection or quantification of some analytes in real time (Aldewachi et al., 2018; Nukaly and Ansari, 2023), for instance, they could be used as biosensor to quantify the glucose concentration in blood (Aldewachi et al., 2018; Pullano SA et al., 2022) and they can be commercially exploited as a regular test for people with diabetes (Shoaib et al., 2023).
In general, biosensors are devices which have the purpose of detect and quantify a specific analyte of biochemical interest (Naresh and Lee, 2021) and they can be classified into the following categories: electrochemical, optical, thermometric, piezoelectric, and magnetic (Naresh and Lee, 2021). Some common optical biosensors for glucose quantification are based on colorimetric assays that use the reaction between a specific enzyme and the analyte to produce a color change (Xin Ting Zhao et al., 2019; Si et al., 2021). It has been shown that the use of AuNPs as substrate for optical biosensor can be useful to improve the color intensity of the assays and increase the sensitivity of the devices (Aldewachi et al., 2018). However, it is necessary to select a specific biorecognition molecule and bind it on the gold nanoparticles surface, for instance Alshanberi et al. (Alshanberi et al., 2021) linked galactosidase to the AuNPs’ surface, enhancing its enzymatic activity.
Glucose oxidase (GOx) is the most used biomolecule for D-glucose oxidation and quantification (Bauer JA et al., 2022). This process is represented by the following biochemical reaction:
[image: Chemical equation illustrating the conversion of glucose and water into gluconic acid and hydrogen peroxide, with glucose oxidase (GOx) as the catalyst.]
In this oxidation reaction, hydrogen peroxide and D-glucono-δ-lactone are produced; the latter spontaneously hydrolyzes to gluconic acid using molecular oxygen as an electron receptor (Bankar et al., 2009).
Recently, several methods for enzyme immobilization on AuNPs’ surface have been reported (Lipińska et al., 2021). Chemical immobilization methods consist of the formation of direct covalent bonds between terminal functional groups of the enzyme and AuNPs (Moses Phir et al., 2019). Some examples of this type of functionalization are the use of Polyethylene Glycol (PEG) (Zamora-Justo et al., 2019; Amina and Guo, 2020), N-ethyl-N'-(3-dimethylaminopropyl) carbodiimide (EDC), and N-hydroxysuccinimide (NHS) (Li et al., 2007; Yang et al., 2019), and some amino acids (Moses Phir et al., 2019). Dongxiang et al. (Li et al., 2007) synthesized AuNPs using sodium citrate; these AuNPs were functionalized with a thiol group with COOH endings and were subsequently linked with amino groups on the protein surface by activating the carboxyl groups with EDC/NHS. Additionally, Moses et al., (Moses Phiri et al., 2019), modified AuNPs using L-cysteine ​​and subsequently covalently linked them to NHS-activated GOx to fabricate a stable and sensitive bioconjugate complex. From these works, it becomes evident that the reported methodology can be complex due to the number of processes and chemical reagents that are required for the functionalization of AuNPs with GOx.
On the other hand, physical methods consist of the passive adsorption of atoms or molecules on the nanoparticle surface due to Van der Waals forces (Aldewachi et al., 2018). However, the disadvantages of this method are that the bond may not be stable and permanent, for this reason a decrease in the enzymatic activity can be expected (Moses Phiri et al., 2019). However, these disadvantages can be improved by using polymers which provide greater stability and binding to other molecules, (Dhumale et al., 2012; Xu et al., 2022). The functionalization with polymers has various advantages over chemical methods since it is faster, simpler, cheaper, and does not require great quantities of chemical reagents (Putzbach and Ronkainen, 2013; Goossens et al., 2017; Moses Phiri et al., 2019). An example of this functionalization is the work of Alshanberi et al. (Alshanberi et al., 2021) in which AuNPs were synthesized by modifying their surface with polyvinyl alcohol (PVA) and linking it to the β-galactosidase enzyme. The advantages of coating AuNPs with polymers are greater stability, high surface density, and the ability to adjust AuNPs’ solubility (Mahato et al., 2019). Polymers that have been used as linkage include polyacrylic acid (PAA) (Arkaban H et al., 2022), polyvinyl alcohol (PVA) (Liu B et al., 2022), polyethylenimine (PEI) (Fahira A et al., 2022), poly (diallyldimethylammonium chloride) (PDDA) (Zhou et al., 2019), and poly (4-styrenesulfonic) acid (PSS) (Xu et al., 2022). Particularly, the use of polyvinylpirrolidone (PVP) as a coating agent has improved the AuNPs stability avoiding their aggregation (Mohamed et al., 2017); enzyme adsorption is also favored due to its excellent biocompatibility, which is a useful feature to encapsulate drugs in the pharmaceutic industry (Teodorescu and Bercea, 2015). In addition, Dhumale et al. (Dhumale et al., 2012) synthesized PVP coated AuNPs, and it was shown that the particle aggregation increased as the pH in the colloidal systems decreased. Although there are several reports on the use of AuNPs and PVP, so far PVP has not been used as a linkage agent for GOx.
In this work gold nanoparticles were synthesized and coated with PVP polymer and functionalized with GOx by passive adsorption method; these nanocomplexes have showed potential for the development of new non invasives biosensors with higher sensitivity and selectivity, than traditional ones (Nooranian et al., 2021). Other advantages to highlight are that they do not generate skin irritation, tissue composition interference (Peng et al., 2022) and have a lower cost. In addition, the development of this biosensor has a longer useful life compared to commercial glucometers (14 days) and the cost that the user must constantly pay is $100.00 USD or more (Johnston L et al., 2021). Furthermore, the advantage of using biosensors based on AuNPs functionalized with polymers and GOx is that this biorecognition molecule can be fixed in paper microfluidics or forming films based on polymers (electrospum) (Sapountzi et al., 2017), whose useful life is longer due to their excellent stability provided by polymers.
This is a very important matter since the development of non-invasive glucose biosensors is based on the quantification of this carbohydrate in biofluids like urine, tears, sweat, and saliva (Pullano SA et al., 2022; Reddy et al., 2022); especially because, according to Johnston et al. (Johnston et al., 2021), the concentration of glucose in these biofluids is up to 50 times lower than that of blood.
The quantification of D-glucose in glucose solutions with concentrations in the range of saliva was performed by using UV-Vis spectrophotometry; for this, it was implemented a biosensor based on AuNPs functionalized with PVP and GOx since at low concentrations the conventional enzymatic method with GOx is not sensitive. In our functionalization method, the polymer was added on the surface of the nanoparticles (passive adsorption); due to physicochemical properties of PVP, complexes or matrices were formed (Franco and De Macro, 2020). GOx molecules were thus trapped, carrying out the functionalization while providing nanocomplexes with greater stability and without loss of enzymatic activity. The resulting nanocomplexes were characterized by UV-Visible, infrared (IR), Raman, and Z potential spectroscopies, dynamic light scattering (DLS), thermogravimetry analysis (TGA), and SEM images coupled to energy-dispersive X-ray spectrometry (EDS). It is worth to mention at this sense that there were differences in the results of each technique which confirm the functionalization.
Furthermore, the biological activity of the nanocomplexes was evaluated using two colorimetric tests; the first was carried out to confirm the presence of GOx, and the second test was to evaluate its enzymatic activity using low concentrations of glucose that resemble those of biofluids (e.g., as saliva) (Johnston et al., 2021).
2 MATERIALS AND METHODS
2.1 Materials
Tetrachloroauric acid trihydrate or gold salt (HAuCl4.3H2O), sodium citrate (Na3C6H5O7), phosphate buffer (PBS), polyvinylpyrrolidone (PVP), ammonium molybdate ((NH4)6Mo7O24), sucrose, mannose, D-fructose, agarose, D-glucose, and glucose oxidase (GOx) (EC.1.1.3.4, 176 u/g solid) from Aspergillus niger, were purchased from Sigma-Aldrich. Hydrochloric acid (HCl), potassium iodide (KI), and hydrogen peroxide (H2O2), sodium chloride (NaCl, 137 mmol/L), potassium chloride (KCl, 2.7 mmol/L), disodium phosphate (DSP) (Na2HPO4, 10 mmol/L) and monopotassium phosphate (MKP) (KH2PO4, 1.8 mmol/L), were purchased from FERMONT, Mexico. All glassware was washed with aqua regia before their use. All the solutions were prepared using deionized water from a Millipore Milli-Q purificator.
2.2 Synthesis of gold nanoparticles
AuNPs were synthesized using the Turkevich method (Kimling et al., 2006). 500 μL of 1% tetrachloroauric acid solution were poured into 50 mL of Milli-Q water and the mixture was heated until boiling. After this, 10 mL of 1% sodium citrate solution was slowly added. The reaction turned to a red wine color after 30 min, which confirms the synthesis of gold nanoparticles.
2.3 Functionalization of AuNPs with PVP and GOx
AuNPs were functionalized with PVP and GOx based on passive adsorption. 50 mL of the AuNPs solution was centrifuged at 10,000 rpm for 10 min. The precipitate was diluted in 50 mL of 4% PVP solution and the mixture was rotated for 12 h in a shaker flask at 200 rpm (Dhumale et al., 2012). The resulting solution (labeled as AuNPs-PVP) was then centrifuged three times under the same conditions, and resuspended in PBS (10 mM, pH 7). For functionalization with GOx, 30 mL of AuNPs-PVP were mixed with 20 mL of GOx (2,000 units). The mixture was poured into a flask shaker and rotated at 200 rpm for 12 h at room temperature. The resulting nanocomplexes were centrifuged and washed three times with PBS under the same conditions. Finally, the modified nanoparticles (labeled as AuNPs-PVP-GOx) were resuspended in PBS and stored at 4°C until use. It is worth to mention that the AuNPs and nanocomplexes were sonicated before any characterization for 20 min in the ultrasonic cleaner AS3120B at 40 kHz to avoid agglomerations.
2.4 Characterization of the gold nanoparticles
To distinguish between the functional groups of the PVP and GOx molecules that were linked to the AuNPs’ surface, infrared (IR) and Raman characterizations were performed. KBr tablets were prepared according to Meyer’s method (Meyer et al., 2004), by transferring to a stainless-steel matrix of 13 mm diameter and pressed for 30 s with a Specac press under a force of 8 tons. Likewise, KBr modified tablets were prepared by mixing 10 mg powder (high purity PVP and GOx) with KBr. In both cases, KBr can be used for analyzing organic and inorganic compounds because it does not absorb IR radiation. For synthesis and functionalization, gold nanoparticles were poured for 48 h on the KBr pellets and set in a desiccator to dry before their characterization. After the preparation of the samples, infrared spectra were recorded in the spectral range of 4,000–650 cm-1 by using a Perkin Elmer, Spectrum RX I FT-IR system.
On the other hand, the Raman measurements were performed using a Horiba Jobin Yvon micro-Raman spectroscope model HR800, with an excitation laser set at 785 nm, with a nominal power of 36.3 mW, and a multi-channel detector CCD Synapse.
Furthermore, the thermal stability of the materials as a function of the temperature was studied by thermogravimetric analysis (TGA) using a Thermal Analyzer STA 6000. These measurements were performed using 100 µL of each sample with a temperature ramp of 30°C–500°C at a heating rate of 8°C per minute.
The nanoparticles size and the morphology of the synthesized AuNPs were analyzed by scanning electron microscopy (SEM); 100 µL of AuNPs, AuNPs-PVP, and AuNPs-PVP-GOx with a concentration of 3 μg/mL were separately dried on aluminum surface and analyzed using a Field Emission Scanning Electron Microscope JSM-7800F, equipped with an EDS EDAX detector. In addition, the EDS spectra were recorded to identify which chemical elements were present in the samples.
The characterization of AuNPs, AuNPs-PVP, and AuNPs-PVP-GOx was carried out by ultraviolet-visible spectrophotometry using the PBS buffer solution as a blank. Spectra were recorded from 190 to 750 nm, with a scanning rate of 60 nm per minute using a Perkin Elmer spectrometer Lambda 2S. The hydrodynamic diameter of the nanoparticles and the electric potential (Z potential) on the nanocomplexes surface were measured by DLS using a Malvern Zetasizer Nano Z, diluting the samples 1:1000 in PBS.
2.5 Colorimetric assay
To verify the presence of GOx on AuNPs’ surface, its biological activity was evaluated at each functionalization stage using a colorimetric assay; these results were compared with those obtained in the presence of GOx as a positive control.
The carrier solution was prepared by dissolving 0.8306 g of potassium iodide and 0.0125 g of ammonium molybdate in 250 mL of PBS. 300 μL of this solution was mixed into a flask with 300 µL of D-glucose (200 mg/dL) and 300 µL of GOx, or nanocomplex solution, as indicated in Table 1; the following reaction was carried out for 1 h:
[image: Chemical equation showing glucose reacting with water, catalyzed by glucose oxidase (GOx), to produce gluconic acid and hydrogen peroxide.]
[image: Chemical equation showing the reaction of hydrogen peroxide (H2O2) with iodide ion (I-) forming iodine (I2). The process is reversible, indicated by the double arrow.]
[image: Chemical equation showing equilibrium: \( \text{I}_2 + \text{I}^- \leftrightarrow \text{I}_3^- \).]
TABLE 1 | Composition of each sample for colorimetric assays.
[image: Table showing sample types and respective solution volumes in microliters. Rows include Glucose oxidase (positive control), AuNPs, AuNPs-PVP, and AuNPs-PVP-GOx. Columns specify D-glucose solution, Glucose oxidase, AuNPs, AuNPs-PVP, AuNPs-PVP-GOx, and Carrier solution. Specific entries show '300' microliters for certain samples and solutions, with dashes indicating absence.]Glucose was oxidized by GOx to produce gluconic acid and hydrogen peroxide which reacts with iodide ions forming iodine and/or triiodide ions. This complex shows a yellow color shade whose intensity is proportional to the concentration of glucose and/or triiodide ions formed during the reaction (Li et al., 2017).
2.6 UV-vis characterization of triiodide ions
The formation of triiodide ions (I3−) takes place according to Eq. 2 and it absorbs electromagnetic radiation in the UV-Vis region (Afrooz and Dehghani, 2015). Two absorption bands at 280 and 360 nm have been reported (Afrooz and Dehghani, 2015), which can be used to identify their formation. To confirm the presence of these ions, the reaction was carried out with different standards of hydrogen peroxide and potassium iodide for 5 minutes and characterized by UV-Visible spectroscopy.
A stock solution of 250 mg/L of H2O2 was prepared using a 30% hydrogen peroxide solution dissolved in Mili-Q water. From this solution, different standards (0.5, 1, 2.5, 5, 7.5, and 10 ppm) were prepared; thereafter, each standard was reacted with potassium iodide solutions (carrier solution) for 5 min to obtain the triiodide ions, which were further characterized by UV-Visible spectroscopy. The reaction was carried out by mixing peroxide and carrier solutions at a 1:1 volume ratio.
2.7 Enzymatic assay with glucose oxidase and AuNPs-PVP-GOx
Three different solutions of D-glucose were prepared with concentrations within the range of saliva (1 mg/dL, 10 mg/dL, and 20 mg/dL) (Reddy et al., 2022). Two types of experiments were performed: 1) D-glucose solutions were reacted with pure GOx for 5 min and characterized by UV-Visible spectrometry, 2) to confirm the enzymatic activity of functionalized AuNPs, the enzymatic assay was performed by using synthesized AuNPs-PVP-GOx with the same D-glucose concentrations. Notice that in this experiment GOx was not added to the reactions to demonstrate the enzymatic activity of the functionalized nanoparticles. The same characterization by UV-Visible spectroscopy was performed after 5 min and 2.5 h of reaction, using the mixture of distilled water, GOx, and carrier solution as a blank. This test was performed in triplicate to ensure repeatability.
2.8 Selectivity test
A selectivity test was carried out to determine if the nanocomplexes (AuNPs-PVP-GOx) can react with other carbohydrates which can be found in foods or in some biological biofluids, especially in saliva. For this test, solutions of D-glucose, sucrose, mannose, D-fructose, and agarose were prepared at 60 mg/dL. Each of these biomolecules was then reacted with the nanocomplexes and potassium iodide; after 5 min, the same UV - visible characterization was recorded to detect the likely formation of triiodide ions due to the enzymatic activity of GOx present on the nanoparticles surface.
3 RESULTS
3.1 AuNPs
AuNPs were synthesized following the method described by Turkevich (Kimling et al., 2006) and functionalized with PVP and GOx by the passive adsorption method (Alshanberi et al., 2021). Homogeneous colloids were obtained from each sample and without precipitates (Figure 1). The AuNPs solution showed a characteristic wine-red color (Figure 1, sample 1). In the case of AuNPs-PVP, a pink color was evident (Figure 1, sample 2) and finally AuNPs-PVP-GOx, which showed a clear pink color (Figure 1, sample 3).
[image: Three bottles labeled one, two, and three stand side by side. Bottle one contains a dark pink liquid, bottle two has a light pink liquid, and bottle three is filled with a clear liquid.]FIGURE 1 | Colloids obtained after the synthesis and functionalization process (a) 1) AuNPs; 2) AuNPs-PVP; and 3) AuNPs-PVP-GOx.
3.2 IR analysis
For comparison purposes, the infrared (IR) spectra of PVP and GOx were obtained and shown in Figure 2 to identify their characteristic functional groups in the functionalization of AuNPs. The peaks around 1400 cm-1 and 1600 cm-1 (Figure 2A, black line) are related to symmetric and asymmetric stretching of the C=O bond from the sodium citrate ions remaining on the gold nanoparticles’ surface (Shahbazi and Zare-Dorabei, 2019). The signal at 1400 cm-1 was stronger for the AuNPs-PVP nanocomplexes (Figure 2B) since it is due to the CH deformation modes of the CH2 group (Abdelghany et al., 2023). Furthermore, a bending vibration at 1291 cm-1 is observed, which is attributed to the C-N bond of the pyrrolidone structure (Abdelghany et al., 2023), confirming the functionalization of AuNPs with PVP. Additionally, the absorption band around 3,125 cm-1 is attributed to the O-H bonds of the sodium citrate ions; and the likely intermolecular hydrogen bonding (Aldewachi et al., 2018). Figure 2C shows a comparison between the IR spectra of GOx and the AuNPs-PVP-GOx nanocomplexes. Peaks at 1652 cm-1 and 1539 cm-1 for the GOx spectrum correspond to amide II (C=O) and amide I (N-H and C-H) groups (Chey et al., 2012; Abdelghany et al., 2023), respectively. The peak at 1400 cm-1 is attributed to the presence of carboxyl groups. The signals of the amide II and carboxyl groups were also identified in AuNPs-PVP-GOx nanocomplexes (Figures 2A, C), suggesting that PVP and GOx are indeed attached to the AuNPs. However, there is an evident decrease in the intensity of the peak at 1400 cm-1 which is attributed to a shield effect due to the larger GOx molecule coating the nanoparticle. These assignments also can be observed in Table 2.
[image: Three graphs labeled A, B, and C show transmittance versus wavenumber for different substances. Graph A compares AuNPs, AuNPs-PVP, and AuNPs-PVP-GOx with key markers labeled. Graph B compares PVP and AuNPs-PVP. Graph C compares GOx and AuNPs-PVP-GOx. Each graph highlights significant peaks and valleys indicative of chemical bonds or groups present.]FIGURE 2 | IR spectra (A) of AuNPs, AuNPs-PVP, and AuNPs-PVP-GOx. (B) Comparison of the IR spectra for PVP and AuNPs-PVP. (C) Comparison of the IR spectra for GOx and AuNPs-PVP-GOx.
TABLE 2 | Assignments of the FTIR characterization bands of the solutions and nanoparticles used.
[image: Table displaying wavenumber assignments for PVP, GOx, and AuNPs. PVP: 1291 cm⁻¹ (C-N bond), 1400 cm⁻¹ (CH₂ group). GOx: 1400 cm⁻¹ (Carboxyl groups), 1539 cm⁻¹ (Amide I), 1652 cm⁻¹ (Amide II). AuNPs: 3125 cm⁻¹ (O-H bonds) with a note on sodium citrate.]3.3 Raman spectroscopy
For further confirm the linkage of GOx on the AuNPs’ surface, a characterization by Raman spectroscopy was performed. Figure 3A shows the Raman spectra of PVP and AuNPs-PVP; the peaks at 1670 cm-1, 1430 cm-1, and 1235 cm-1 correspond to the pyrrolidone ring of PVP; in contrast the AuNPs-PVP spectrum shows an increment of this band (between 1100 – 1750 cm-1), which is attributed to stretching modes of the C=O bonds and the CH2 bands of the PVP pyrrolidone ring (Luo et al., 2015) Figure 3B shows the Raman spectra of the GOx enzyme and the AuNPs-PVP-GOx nanocomplex. The following absorption bands of the GOx can be observed: at 1668 cm-1 corresponding to amide I, 1610 cm-1 for amide II, 1555 cm-1 and 1460 cm-1 for the C-H groups, 1273 cm-1 for amide III, 1135 cm-1 for the C-N groups, 855 and 846 cm-1 for tyrosine, and 538 cm-1 for S-S groups (Rygula et al., 2013). It is worth noting that this spectrum is complex due to the presence of a wide variety of functional groups; however, only some signals are observed and are poorly defined for the AuNPs-PVP-GOx. Figure 3C shows the evolution of Raman spectra after each functionalization stage; this figure shows that the AuNPs spectrum masks the PVP and GOx signals to a great extent. However, AuNPs functionalized with PVP and GOx showed a shift in the bands demonstrating their linkage with AuNPs. These assignments also can be observed in Table 3.
[image: Three graphs labeled A, B, and C compare Raman shift intensity for different samples. Graph A shows PVP and AuNPs-PVP in green and blue lines. Graph B compares GOx and AuNPs-PVP-GOx in magenta and red lines. Graph C displays AuNPs, AuNPs-PVP, and AuNPs-PVP-GOx in black, blue, and red lines. Each graph plots intensity versus Raman shift from 200 to 2000 cm⁻¹.]FIGURE 3 | (A) Comparison of Raman spectra of PVP and AuNPs-PVP, (B) Comparison of Raman spectra of GOx and AuNPs-PVP-GOx, and (C) Raman spectra obtained for AuNPs, AuNPs-PVP and AuNPs-PVP-GOx samples.
TABLE 3 | Assignments of Raman spectra characterization bands of the solutions and nanoparticles used.
[image: Table comparing wavenumbers and their assignments for PVP and GOx. PVP section lists wavenumbers 1100-1750 for C=O bond, CH₂ group, and specific values 1235, 1430, 1670 for pyrrolidone ring. GOx section lists wavenumber 538 for S-S group, 846 and 855 for tyrosine, 1135 for C-N group, and wavenumbers 1273, 1460, 1555, 1610, 1668 for various amide groups and C-H group.]3.4 SEM characterization
Figure 4 shows micrographs of AuNPs, AuNPs-PVP, and AuNPs-PVP-GOx by SEM. The gold nanoparticles exhibited a uniform spherical morphology with a size of 16.58 ± 4.79 nm (Figure 4A); agglomeration of the NPs is observed in some regions. According to the elemental analysis by EDS, Al, C, O, Na, and Au signals can be observed. The main signal is Al, which comes from the substrate used to dry the samples. The C, O, and Na signals are related to the presence of citrate ions coming from the solution. The Au signal is due to the synthesized AuNPs. A spherical morphology is also evident in AuNPs-PVP; however, the particle size increased to 17.88 ± 6.94 nm (Figure 4B). In addition to the signals detected for AuNPs, the presence of nitrogen (N) was also recorded in the EDS spectrum, which is related to the adsorption of the pyrrolidone ring, in turn indicating that the polymer is linked to the nanoparticle.
[image: Three panels showing electron microscopy images and corresponding energy-dispersive X-ray spectroscopy (EDX) spectra. Panel A shows small clusters of particles with an EDX spectrum indicating peaks for gold and aluminum. Panel B displays a denser agglomeration, with a spectrum showing gold and aluminum peaks along with carbon and oxygen. Panel C presents a larger area with finer particle resolution; the spectrum shows similar elements, emphasizing gold. Each image includes a scale bar, and the insets provide magnified views.]FIGURE 4 | Scanning electron microscopy images and EDS analysis of (A) naked-AuNPs, (B) AuNPs-PVP, and (C) AuNPs-PVP-GOx.
In the case of the AuNPs-PVP-GOx, the same spherical morphology and particle size of 22.41 ± 5.19 nm were observed (Figure 4C). In this image, we presume that the light and dark areas are the GOx enzyme and the PVP, respectively; the bright spots correspond to the nanoparticles that are embedded in these nanocomplexes (Baruch-Shpigler and Avnir, 2022). As mentioned before, the presence of N is due to the enzyme and the PVP, while the Na and P signals are due to PBS. Similarly, the Au signal is associated with the synthesized nanoparticles. In general, these results allow us to further confirm the passive functionalization of the AuNPs with the PVP polymer and the GOx enzyme.
3.5 Thermogravimetry analysis
AuNPs and AuNPs functionalized with PVP and GOx were analyzed by TGA (Figure 5). A gradual weight loss is observed as the temperature increases from 30°C to 102°C (Phase I) for the three samples, which is due to a dehydration process. Subsequently, an additional weight loss is evident from 103°C to 107°C (Phase II), which is probably related to the loss of water adsorbed on the AuNPs. In the case of AuNPs-PVP and AuNPs-PVP-GOx, this water could be occluded in the polymer (PVP) and/or the enzyme (GOx), making difficult their expulsion from the nanocomplexes. At 107°C (Phase III), a total weight loss of water for AuNPs is observed; however, this phenomenon is different for AuNPs-PVP and AuNPs-PVP-GOx. It is important to note that the boiling temperature of PVP ranged from 90°C to 93 °C (O'Neil, 2001), thus it is likely to consider that PVP is decomposing at 107°C–124 °C. This weight loss pattern is similar for AuNPs-PVP-GOx, due to the evaporation of PVP, however, the GOx enzyme could be denatured at high temperatures, so the weight loss is higher than in the other samples and the weight remains constant even at 140°C (phase IV).
[image: Thermogravimetric analysis (TGA) graph showing weight percentage versus temperature in degrees Celsius. Three samples are labeled: AuNPs (black), AuNPs with PVP (red), and AuNPs with PVP-GOx (blue). The main graph shows significant weight loss for all samples around 60°C. An inset graph highlights weight changes between 100°C and 140°C with four stages marked.]FIGURE 5 | TGA curve of AuNPs, AuNPs-PVP, and AuNPs-PVP-GOx.
3.6 UV-visible analysis
The UV-Visible absorption spectra of naked-AuNPs and those functionalized with PVP and GOx are shown in Figure 6. The AuNPs (Figure 6, black line) showed a maximum absorbance band at 537 nm [47], which is characteristic of NPs with a diameter over 16 nm (Kimling et al., 2006; Benkovičová et al., 2013). In the case of AuNPs-PVP, the maximum absorbance was detected at 540 nm (Figure 6, blue line). This shift of the absorption band to a longer wavelength could be attributed to a change on the surface of the gold nanoparticles due to the coating formed by the PVP (Benkovičová et al., 2013) which have an approximate core diameter of 20 nm. Likewise, a similar displacement of the wavelength was observed for AuNPs-PVP-GOx, with maximum absorbance at 545 nm (Figure 6, red line). This effect also could be attributed to the coating of GOx over the PVP layer on the AuNPs’ surface, and a change of the core diameter to 24 nm (Benkovičová et al., 2013).
[image: Graph showing absorbance versus wavelength for three samples: AuNPs (black), AuNPs-PVP (blue), and AuNPs-PVP-GOx (red). The black line peaks around 530 nm, while the blue and red lines show lower absorbance with slight peaks around the same wavelength.]FIGURE 6 | UV-Visible spectroscopy characterization.
At each functionalization stage, the surface plasmon resonance (SPR) band can be observed which is characteristic of gold nanoparticles and shifted to a longer wavelength as the size of the nanoparticle core increases (Benkovičová et al., 2013).
3.7 DLS and Z potential
The hydrodynamic diameter and Z potential were measured using the DLS technique; the corresponding results are shown in Table 4. In addition, the hydrodynamic diameter and Z potential measurements can be seen in Figure 7. The average diameter of the naked-AuNPs was 48.60 ± 4.58 nm and its Z potential was −17.65 ± 1.50 mV; this negative value is attributed mainly to the citrate ions remaining on the AuNPs’ surface (Jameel, 2017; Li et al., 2017).
TABLE 4 | Average hydrodynamic diameter and Z potential of synthesized gold nanoparticles.
[image: Table displaying samples with their hydrodynamic diameters and z-potentials. AuNPs have a diameter of 48.60 ± 4.58 nanometers and z-potential of -17.65 ± 1.50 millivolts. AuNPs-PVP show 150.37 ± 6.38 nanometers and -8.86 ± 4.64 millivolts. AuNPs-PVP-GOx have 198.77 ± 24.00 nanometers and -13.05 ± 0.74 millivolts.][image: Two graphs labeled A and B. Graph A shows the intensity percentage against hydrodynamic diameter in nanometers for three samples: AuNPs (black), AuNPs + PVP (blue), and AuNPs + PVP + CD30 (red). Graph B displays total counts versus Z potential in millivolts for the same samples. Each graph highlights the distribution and shifts in particle size and charge.]FIGURE 7 | (A) Hydrodynamic diameter and (B) Z potential measurements of AuNPs, AuNPs-PVP, and AuNPs-PVP-GOx.
The dynamic diameter increased to 150.37 ± 6.38 nm and the Z potential was −8.86 ± 4.64 mV for AuNPs-PVP, suggesting that the diameter increased because the carboxyl groups were blocked by PVP; notice that the polymer is coating the AuNPs surface (Rostek et al., 2011), which in turn produces a change on the surface potential compared to the AuNPs.
Similarly, an increase in the hydrodynamic diameter for AuNPs-PVP-GOx was detected, reaching 198.77 ± 24 nm, and the potential became more negative (−13.05 ± 0.74 mV). As indicated above, this increase was attributed to the passive binding of the amino groups of the GOx to the AuNPs’ surface covered by PVP. In contrast, the change in potential is related to negatively charged species, mainly the R-groups of the active site such as His-516, His-559, and Glu-412 (Bauer JA et al., 2022). These results suggest that the gold nanoparticles were coated with PVP, favoring the adsorption of the enzyme and an increase of the hydrodynamic diameter as well as the change of Z potential.
It is important to mention, that one way to verify the aggregation of nanoparticles is through the UV-vis technique with the detection of surface plasmon resonance (SPR). In the case of gold nanoparticles superficially linked to some analyte, the color of the colloidal solution changes from red to blue (Mehtala et al., 2014; Montaño et al. , 2023), resulting in aggregation which is called plasmon coupling (Montaño et al., 2023). In this work, these optical changes were not reflected in the colloid systems (Figures 1, 6). Therefore, this is evidence that the values obtained by DLC are more related to passive functionalization than to the aggregation of the particles.
3.8 Colorimetric evaluation of GOx biological activity
A colorimetric assay was performed after each functionalization stage to verify the presence of GOx and evaluate its biological activity (Table 1). The products of the enzymatic reactions for each sample are shown in Figure 8. Pure GOx was used as a positive control that produced a yellow color solution (Figure 8B), according to the reactions 1 and 2. In the presence of AuNPs-PVP-GOx a characteristic yellow coloration (Figure 8A) is observed, similar to that obtained in the presence of pure GOx (Figure 8B), supporting their biological activity and the functionalization of AuNPs with GOx. Conversely, there was no color change in the presence of AuNPs-PVP and AuNPs (Figures 8C,D, respectively) when they were exposed to a glucose standard; indicating that peroxide and triiodide ions were not formed.
[image: Four small bottles labeled A, B, C, and D are arranged in a row. Bottle A contains an orange liquid, Bottle B a yellow liquid, Bottle C a clear liquid, and Bottle D a pink liquid.]FIGURE 8 | Enzymatic reactions of (A) AuNPs-PVP-GOx, (B) pure GOx (2,000 units) as a positive control, (C) AuNPs-PVP, and (D) naked-AuNPs.
3.9 Ultraviolet-visible absorption spectra analysis
As was mentioned above, the formation of peroxide and triiodide ions is expected from reaction 2; the formation of the triiodide ions I3− can be detected by UV-Vis absorption spectra analysis. The reaction between hydrogen peroxide and potassium iodide was carried out for 5 min using different standards concentration. The UV-Visible characterization for each standard is shown in Figure 9A. In this figure, two absorption bands at 280 nm and 360 nm are observed reflecting the formation of triiodide ions; the appearance of these bands is related to I3− electronic transitions (Guo et al., 2011). In addition, the absorbance increases as a function of the concentration of hydrogen peroxide, being proportional to the concentration of triiodide ions; therefore, an increase in absorbance is expected.
[image: Graph A shows absorbance spectra for varying concentrations (0.5 to 10 ppm) with peaks around 300 to 400 nm. Graph B illustrates a linear relationship between absorbance and hydrogen peroxide concentration, showing experimental data and a linear fit. The equation A = 0.235[H₂O₂] + 0.354 with an r value of 0.9545 is noted.]FIGURE 9 | (A) UV-Vis absorption spectra of triiodide ions formed by reaction 2. (B) Absorbance vs. [H2O2] plot at 360 nm.
An absorbance calibration curve was constructed using data from Figure 9A. Figure 9B shows the absorbance (A) of the reaction in Eq. 2 as a function of hydrogen peroxide concentration [H2O2] with an absorption band at 360 nm.
It is worth mentioning that a linear behavior is obtained at this range of concentrations; the equation of the linear fit is as follows:
[image: The image shows the equation A equals 0.235 times the concentration of hydrogen peroxide plus 0.354, labeled equation 3.]
The correlation coefficient of the linear fit, r, was 0.9545; it was performed a hypothesis test to validate it through Student’s t-test (Mishra P et al., 2019) with a significance level of 0.05, and it was obtained that there was a significant correlation between absorbance and hydrogen peroxide concentration ([image: The equation displays a p-value equal to 1.72 times ten to the power of negative eleven.]). This p-value guarantees that the experimental points present a linear trend that reliably correlates absorbance and hydrogen peroxide concentration.
3.10 Enzymatic assay with glucose oxidase and AuNPs-PVP-GOx
Three concentrations of D-glucose were prepared (1 mg/dL, 10 mg/dL, and 20 mg/dL) and the reaction (2) was carried out in the presence of GOx for 5 min. Then, the UV-vis characterization was recorded (Figure 10A). All the spectra show similar features, with a maximum absorption band at 360 nm, which is related to the formation of triiodide ions, as was described in the previous section. In addition, the absorption band increased as a function of the D-glucose concentration, which is in turn proportional to the hydrogen peroxide and triiodide ions formed during the reaction.
[image: Graphs comparing absorbance versus wavelength for three different concentrations: 1 mg/dL, 10 mg/dL, and 20 mg/dL. Panel A shows data for wavelengths from 300 to 600 nm, panel B from 300 to 700 nm, and panel C also from 300 to 700 nm. Absorbance increases with concentration, with distinct peaks apparent on each graph.]FIGURE 10 | UV-Vis absorption spectra of solutions after enzymatic reaction with (A) GOX after 5 min, (B) AuNPs-PVP-GOx after 5 min, and (C) after 2.5 h.
The same enzymatic reaction was then performed using AuNPs-PVP-GOx solution, without adding GOx; the resulting spectra are shown in Figure 10B (after 5 min) and 10c (after 2.5 h). In these figures, the spectra are similar to those obtained with pure GOx; the absorption band at 360 nm is evident and corresponds to the formation of the triiodide ions. In the presence of 1 mg/dL of D-glucose (Figure 10B), this absorption band is poorly defined, likely due to D-glucose’s low concentration and/or the length of the reaction (time may not be enough for the formation of triiodide ions). In contrast, when the reaction time was 2.5 h (Figure 10C) the spectrum was well defined. In Figures 10B,C the maximum absorbance at 360 nm increased as a function of D-glucose concentration, with absorbance values better defined after 2.5 h of reaction, which indicates the formation of peroxide and triiodide ions. At 540 nm in the functionalized AuNPs (Figures 10B,C) correspond to the surface plasmon resonance band characteristic of gold nanoparticles. It seemed that during the formation of triiodide ions, the gold nanoparticles precipitated, as the absorbance at 540 nm decreased, especially after 2.5 h of reaction time. This means that the functionalized AuNPs can be used only as a transport vehicle of GOx.
Table 5 shows the average and standard deviation of hydrogen peroxide produced in three repetitions, according to Eq. 3. The quantity of peroxide generated was below 0.5 ppm in the presence of 1 mg/dL of D-glucose, which is due to its low concentration. With D-glucose at 10 mg/dL, a higher amount of peroxide was produced by GOx (2.75 ± 0.19 ppm), compared, to AuNPs-PVP-GOx (2.37 ± 0.63 ppm); this is because the concentration of GOx available in solution is greater than that on the nanoparticles. However, after 2.5 h of reaction, the amount of peroxide was 5.74 ± 0.28 ppm for the functionalized nanoparticles. This increment is due to the fact that a longer reaction time produces a greater amount of peroxide. Furthermore, these results were analyzed by Student’s t-test with significance level of 0.05, and it was obtained that there is significant difference between two enzymatic reactions ([image: The image contains the mathematical expression \( p = 5.11 \times 10^{-5} \).]). It should be mentioned that the solution obtained from pure GOx after 2.5 h lost its initial color and became transparent; for this reason, this reaction time was not considered for the analysis.
TABLE 5 | Hydrogen peroxide produced by enzymatic reaction with the different samples.
[image: Table showing the concentration of hydrogen peroxide produced by GOx and AuNPs-PVP-GOx at different times. At 1 mg/dL of D-glucose, H2O2 is less than 0.5 ppm. At 10 and 20 mg/dL, after 5 minutes, GOx produces 2.75 ± 0.19 ppm and 5.43 ± 0.37 ppm, while AuNPs-PVP-GOx produces 2.37 ± 0.63 ppm and 2.91 ± 0.17 ppm. After 2.5 hours, AuNPs-PVP-GOx produces 5.74 ± 0.28 ppm and 8.03 ± 0.39 ppm.]Similarly, in the presence of 20 mg/dL of D-glucose, peroxide was obtained at 5.43 ± 0.37 ppm with GOx after 5 min; meanwhile, in the presence of AuNPs-PVP-GOx the peroxide concentration were 2.91 ± 0.17 ppm and 8.03 ± 0.39 ppm after 5 min and 2.5 h, respectively. The difference between these data was statistically significant according to Student’s t-tests ([image: The expression shows the value \( p = 5.42 \times 10^{-4} \), representing scientific notation for a small numerical value.]).
In addition, the limit of detection (LOD) of the sensor was calculated with the average value of the blank and 3.3 times the maximum standard deviation among all experimental data according to Yang et al. (Yang et al., 2019). The LOD of the developed sensor is 1 mg/dL and its linearity range is from 1 to 10 mg/dL.
3.11 Selectivity test
The reactions for selectivity test were carried out by the synthesized nanocomplexes in the presence of D-glucose, sucrose, mannose, agarose, and D-fructose for 5 min. The absorption spectra were obtained for each sample, and they are shown in Supplementary Figure S1. In the presence of glucose, as previously analyzed, the absorption band at 360 nm is observed, corresponding to the formation of triiodide ions, which is due to the oxidation of glucose by the nanocomplexes. However, for the other biomolecules, this absorption band was not observed, indicating that the enzymatic reaction between the GOx present in the nanocomplexes and these carbohydrates did not occur. For this reason, neither hydrogen peroxide nor triiodide ions were formed. These results demonstrate that the nanocomplexes (AuNPs-PVP-GOx) only react with glucose, showing their selectivity.
In addition, it is also important to note that the absorption bands due to the characteristic surface plasmon resonance of the gold nanoparticles can also be observed in the absorption spectrum. It is worth to mention that this selectivity test was conducted 1 year after the synthesis of the nanocomplex. Hence, the presence of the SPR in the absorption spectrum demonstrates that the nanoparticles remain stable even after being stored at 4°C for an extended period.
4 DISCUSSION
In this work, the functionalization of AuNPs and GOx was achieved by passive adsorption using the PVP polymer as linkage. Although, PVP in AuNPs has already been used as a stabilizing agent (Mahato et al., 2019), it has not been used as a linkage on the surface of the AuNPs together with GOx. For instance, Amina et al. (Amina and Guo, 2020) report distinct types of linkage molecules on the surface of AuNPs; however, PVP was not used. Thus, the results presented in this work support the use of nanoparticles as biosensors for D-glucose.
Supplementary Table S1 shows the characteristic of some glucose biosensor and their detection methods. Although these systems show promising results, the methodologies used are complex and present certain disadvantages such as: risks of infection, weak absorption signals, interfering compounds, long detection time, among others (Peng et al., 2022). Our results showed that the enzymatic activity of GOx is preserved and even improved when it is linked to the surface of the AuNPs, which demonstrates a potential use of our nanocomplexes as D-glucose biosensors at low concentrations, such as those of different biological fluids (e.g., saliva) (Johnston L et al., 2021), in which the concentration of D-glucose is too low for detection through conventional glucose quantification methods (Pullano SA et al., 2022; Reddy et al., 2022). Furthermore, a high selectivity was determined for the synthesized nanocomplexes, since the AuNPs-PVP-GOx only reacted with D-glucose. This is a great advantage, since many types of carbohydrates can be present in many foods, and they can leave residues in saliva. However, it was demonstrated that with this method the presence of these biomolecules does not cause any interference for the glucose quantification.
In terms of the novelty of our work, it offers a glucose monitoring system for biofluids whose concentrations are lower compared to blood. This system presents an improvement in sensitivity and quantification of glucose from 1 mg/dL to 10 mg/dL compared to other methods described in the literature (please see Supplementary Table S1). It is worth to mention that this biosensor shows a detection time of 5 min; however, the signal is enhanced after 2.5 h. Moreover, this system will improve the disadvantages of commercial glucometers, such as eliminating finger pricks and providing a longer useful life. This was confirmed since the selectivity test was performed 1 year after synthesis, which suggest that the PVP coating provides great stability and fixation of the enzyme, so the functionalized NPs maintain the enzymatic activity after a long time. Finally, this system will also offer lower costs, since one of the advantages of the functionalization process is that it does not require many chemical reagents, making it a quick and economical process. An analysis of the cost of the reagents used and their quantities was performed; it was determined that the cost per test is approximately $1 USD.
Additionally, it is worth mentioning that the characterization techniques have not been used in previous studies (Li et al., 2007; Moses Phiri et al., 2019; Yang et al., 2019; Alshanberi et al., 2021), thus this information complements the study of AuNPs and their functionalization with GOx. The characterization techniques include a) the analysis of the change in the hydrodynamic diameter at larger sizes of the functionalized nanoparticles, relative to the naked nanoparticles using DLS; b) the analysis of change in the surface potential (Z potential), which demonstrated the stability on the nanocomplexes generated by PVP; c) Raman spectroscopy reveals the functionalization of AuNPs, which was indicated by bands corresponding to the pyrrolidone ring and amide groups on the surface of the nanocomplexes; d) the combination of SEM images and EDS analysis, indicates that GOx surrounds the nanoparticles together with the chemical elements; e) TGA revealing different phases of weight lost, due to the adhesion of PVP and GOx on the surface of the nanoparticles.
The timeline for using the developed biosensor involves the following steps: Extract 300 µL of saliva and add it to 300 µL of AuNPs-PVP-GOx, then read the absorption of the sample at 360 nm. Calculate the H2O2 concentration using Eq. 3, which is proportional to the D-glucose concentration in saliva, according to Table 5 it can be obtain:
[image: Equation showing glucose concentration is expressed as 4.3668 times the concentration of hydrogen peroxide, H2O2, minus 15.0655, followed by the equation number (4) in parentheses.]
Although it has been demonstrated that this test is reproducible, it may be necessary to recalibrate to ensure the accuracy of the relationship shown in Eq. 3.
5 CONCLUSION
The synthesis of gold nanoparticles was carried out using the Turkevich method. The functionalization of the AuNPs with PVP (AuNPs-PVP) and GOx (AuNPs-PVP-GOx) was carried out using a passive adsorption method and was characterized by UV-Visible, IR, Raman, Z potential, and TGA spectroscopy. After each functionalization step changes in the characterization were observed, including a shift in the SPR absorption band, an increase in the hydrodynamic diameter, a change in the Z potential, the detection of functional groups, and weight loss due to temperature increases. SEM/EDS microscopy also showed the size and morphology of the nanoparticles and the presence of chemical elements that indicate the presence of PVP and GOx. A colorimetric test was carried out to demonstrate the formation of peroxide and triiodide ions, also revealing the presence of GOx in the functionalized nanoparticles. Similarly, the formation of triiodide ions in the presence of GOx and AuNPs-PVP-GOx were determined using a calibration curve and hydrogen peroxide standards, and the selectivity test shown that this nanocomplex only react with D-glucose. These findings reveal the functionalization of AuNPs using PVP as a binding agent for GOx, which can be used in biosensor applications.
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Diabetes mellitus (DM) is a prevalent disorder with an urgent need for continuous, precise, and on-site biomarker monitoring devices. The continuous monitoring of DM biomarkers from different biological matrices will become routine in the future, thanks to the promising biosensor design. Lately, employing different nanomaterials in biosensor receptor parts has had a great impact on smart DM monitoring. Among them, gold nanostructures (AuNSs) have arisen as highly potential materials in fabricating precise DM biosensors due to their unique properties. The present study provides an update on the applications of AuNSs in biosensors for detecting glucose as well as other DM biomarkers, such as glycated hemoglobin (HbA1c), glycated albumin (GA), insulin, insulin antibodies, uric acid, lactate, and glutamic acid decarboxylase antibodies (GADA), with a focus on the most important factors in biosensor performance such as sensitivity, selectivity, response time, and stability. Specified values of limit of detection (LOD), linear concentrations, reproducibility%, recovery%, and assay time were used to compare studies. In conclusion, AuNSs, owing to the wide electrochemical potential window and low electrical resistivity, are valuable tools in biosensor design, alongside other biological reagents and/or nanomaterials.
Keywords: diabetes mellitus, biosensor, gold nanostructures, biomarker, glucose detection

HIGHLIGHTS

	1. AuNSs presented outstanding properties such as chemical stability, high electrical conductivity, a large specific surface area, low cost of synthesis, and ease of functionalization.
	2. The utilization of AuNSs in biosensors is an excellent opportunity to detect all diabetes biomarkers, such as glucose, HbA1c, GA insulin, IAA, and GADA.
	3. AuNSs can improve the efficiency, sensitivity, specificity, and stability of the diabetes biosensors.
	4. AuNS properties can increase the efficiency, sensitivity, and specificity of the biosensor through intrinsic specific molecule recognition capacity, different signal transduction amplification methods, fast electron transfer, and the ability to stabilize GOx structures and/or antibodies over proper immobilization on electrodes, serving as fluorescent and colorimetric materials.
	5. Further consideration is required to translate AuNS-based technologies into routine and functional biosensors, as the properties of AuNSs are dependent on their size, shape, and spatial arrangement.

1 INTRODUCTION
Diabetes mellitus (DM) is a chronic metabolic disorder recognized by persistently elevated blood glucose levels, commonly due to defects in insulin secretion, function, or absorption mechanisms (Association, 2014). It is the ninth leading cause of death globally, as reported by the World Health Organization (WHO) (Khan et al., 2020). The number of people with DM is predicted to increase by 700 million by the year 2045 worldwide because of the modern lifestyle (Saeedi et al., 2019). DM can lead to other long-term adverse health effects, including the escalated risk of cardiovascular disease (Damaskos et al., 2020), hypokalemia (Frier, 2014), nephropathy (Reutens and Atkins, 2011), retinopathy (Shah et al., 2021), blindness (Stratton et al., 2001), foot damage (Vas et al., 2018), falls (Macgilchrist et al., 2010), amputation (Khalil et al., 2023), cerebral edema (Durr et al., 1992), dementia (Pasquier et al., 2006), skin conditions (Wollina et al., 2020), and disability (Yoon and Kim, 2019) which profoundly affect patients’ quality of life (Jitendra et al., 2024). Although DM has no certain cure, continuous follow-up of the body’s glucose levels for appropriate management can minimize the disease complications and reduce its severity (Alam et al., 2021).
The current standard of DM monitoring is through the invasive blood pricking technique for the detection of glucose (Kirk and Stegner, 2010). Typically, this method is reliable; however, the repetitive pricking in the long term is inconvenient for patients and can simply cause irritation and infections (Reddy et al., 2022). The current limitations of existing continuous monitoring biosensors are issues related to reliability, accessibility, complexity, cost, and time (Pullano et al., 2022). In contrast, the non-invasive, real-time, and continuous monitoring of glucose from different biological matrices (i.e., blood, urine, saliva, breath, interstitial fluids, tears, and sweat) has the potential to become routine in the near future (Laha et al., 2022). Furthermore, detecting other DM biomarkers such as insulin, insulin antibodies, HbA1c, GA, and acetone from different biological matrices using novel biosensor technology has remained an active subject of research (Reddy et al., 2022). This offers advantages such as low cost, the ability to detect low concentrations of biomarkers, and time and labor efficiency (Ahmadi et al., 2020; Laha et al., 2022; Wang et al., 2022; Jadhav et al., 2023; Mandali et al., 2023; Psoma and Kanthou, 2023). Different types of advanced point-of-care (POC) platforms make the monitoring of the DM biomarkers more precise, straightforward, safe, and less uncomfortable for patients (Teymourian et al., 2020; Liu Y. et al., 2022; Khor et al., 2022; Li and Chen, 2023; Safarkhani et al., 2023; Hu et al., 2024) (Figure 1).
[image: Diagram illustrating the use of biosensors for medical diagnostics. It includes bioreceptors like Au-NSs, metal-organic frameworks, and others, alongside antibodies, aptamers, and enzymes. Matrices like breath, urine, saliva, and tears are shown. Detected biomarkers listed include glycated hemoglobin, insulin, and uric acid. An outline of a human body is depicted on the right.]FIGURE 1 | The principles of detecting diabetes mellitus biomarkers from different matrices in the human body using various bioreceptors and gold nanostructures.
Recently, advances in nanomaterials have prompted the designing of promising receptors for the development of cost-effective, on-site, and smart biosensors for DM monitoring (Shoaib et al., 2023). For instance, the surface area of the biosensors can be increased via nanomaterials, which results in generating greater current, more rapid reactions, and improved catalytic activity (Cho et al., 2020). Signal-to-noise ratio improvement is possible due to the amplifying properties of nanomaterials (Kumar et al., 2019). In addition, when designing multifunctional bioreceptors, different nanomaterials and/or biomolecules can be used in the biosensor simultaneously (Theyagarajan and Kim, 2023), or a susceptible biological substance can be replaced by mimicking materials entirely (Mohammadpour-Haratbar et al., 2022). These sensors are intended for the rapid detection of DM biomarkers with high selectivity, sensitivity, accuracy, and low detection limits (El-Safty and Shenashen, 2020; Welch et al., 2021). Last but not least, the upgrading of other biosensor properties such as stability, scalability, miniaturization, wearability, and connectivity to smart devices is possible now thanks to nanotechnology advances (Altintas, 2017; Golsanamlou et al., 2023; Mansour et al., 2024). Different kinds of nanomaterials applied in the construction of DM biosensors, including silver, nickel, carbon-based, and quantum dots, bring their own advantages based on their applications and properties (Malik et al., 2023). Depending on the specific requirements of the biosensors, such as desired sensitivity, stability, cost, and time, gold nanostructures (AuNSs) show great potential in this regard (Dahan et al., 2023).
Accordingly, in recent years, progress has been made in AuNS applications in the construction of biosensors (Naresh and Lee, 2021). More specifically, the AuNSs have emerged as potent tools in the fabrication of highly sensitive DM biosensors (Siciliano et al., 2023). Utilizing gold alongside other nanomaterials or biomolecules, such as enzymes and antibodies, to modify electrodes and fabricate AuNS-based biosensors can lead to improved sensitivity and lower LOD compared to different types of biosensors (Xu et al., 2023). The well-known properties of gold, such as the relatively simple synthesis methods of AuNSs, the ability to serve as an effective nanomaterial for biomolecule immobilization, and integration with other nanomaterials to fabricate effective biosensors with an increased load of biomolecules per unit mass of particles, make it a promising choice for biosensor applications (Oliveira et al., 2023; Patil et al., 2023; Zdarta et al., 2023). Additionally, the potential of AuNSs in electron transfer between the electrode surface and the biomolecules highlights the remarkable applications of AuNSs in DM biosensor construction (Deepa et al., 2023).
Some minor drawbacks need to be taken into consideration while designing a DM biosensor based on AuNSs, such as the tendency of the AuNSs to aggregate as well as the detachment or degradation of the surface attachments due to the potential non-specific interactions with biomolecules, oxidation, leaching, and/or corrosion (Demir et al., 2024). These might happen over changes in sample matrix conditions, such as pH, temperature, light, and chemical interactions, which can lead to a loss of AuNS properties and cause potential toxicity (Ngernpimai et al., 2024a). Addressing these challenges requires careful design and optimization of AuNSs, including using stabilizing agents, optimizing surface chemistry, and implementing strategies to minimize environmental conditions (Ngernpimai et al., 2024b). Additionally, a comprehensive study of the impact of relevant conditions is essential to ensure the long-term stability, reliability, and biocompatibility of AuNS-based DM biosensors.
In this regard, Yi et al. reviewed the advances in gold nanomaterial-implemented wearable sensors in general healthcare-related applications with a focus on the gold nanomaterial fabrication method, the working mechanism, and the performance of electrochemical sensors, humidity/gas sensors, strain/pressure sensors, and colorimetric sensors (Yi and Xianyu, 2022). More recently, Patra et al. reviewed previous studies on the applications of Au nanocomposites in enzymatic and non-enzymatic glucose sensing mechanisms (Patra et al., 2024). Several methods of immobilizing glucose oxidase (GOx) on gold nanoparticles (AuNPs) for electrochemical glucose biosensors were described by Lipińska et al. (2021). However, an objective review of AuNS applications in biosensors for all forms of DM biomarker monitoring is needed. Here, we provide an update on the applications of AuNSs in DM monitoring biosensors with a focus on the key factors in real-life biosensor performance. These factors are conductivity potential, linearity, sensitivity, response time, and selectivity when analyzing the DM biomarkers in different biofluid samples. The types of AuNS-based biosensors reviewed here, on the basis of the transduction method, are electrochemical, optical, chemiluminescence, and calorimetric detection in the second and third generation of glucose biosensors. Fourth-generation sensors are not addressed. Other diabetes biomarkers, such as HbA1c, GA, insulin, insulin antibodies, uric acid, lactate, and GADA, are discussed in detail.
2 GOLD NANOSTRUCTURE (AUNS) APPLICATIONS IN GLUCOSE DETECTION
Along with the development of several glucose detection techniques and biosensors, novel practical AuNSs continue to emerge in the non-invasive skin biosensing platforms (Pour et al., 2023). In this regard, Dervisevic et al. proposed a glucose-sensing skin patch applying a high-density silicon micropillar array (MPA) for electrochemically monitoring glucose levels in human sweat (Dervisevic et al., 2021). In their study, the working electrode was modified by depositing a Prussian blue (PB) layer and gold nanoparticle clusters embedded in chitosan (Ch-AuNP) to increase the active surface area, followed by the immobilization of GOx (Dervisevic et al., 2021). The role of the jointed MPAs was physical protection of the immobilized GOx (Dervisevic et al., 2021), which made it possible to detect the glucose from perspiration effectively (Dervisevic et al., 2021). Another wearable biosensing platform was designed by combining a three-dimensional hierarchical porous Au hydrogel-enzyme electrode with soft-MEMS technologies, using GOx with good durability over 15 days and a suitable selectivity (Li et al., 2021). Interestingly, the same study showed that with the assistance of a wireless or a methylene blue Bluetooth module, this wearable sensing platform achieved real-time and non-invasive glucose monitoring on human skin as well (Li et al., 2021). Similarly, continuous lactic acid monitoring was accomplished using lactate oxidase immobilized on the same sensing platform, further verifying the universality of the designed sensing platform (Li et al., 2021). Frajpour et al. developed two high-performance glucose biosensors based on the immobilization of GOx on PB-modified TiO2 nanotube arrays functionalized by Au and AgO NPs, which exhibited satisfactory sensitivity toward glucose (Farajpour et al., 2020). They used AuNPs because of their excellent conductivity, simplicity of fabrication, and cost efficiency (Farajpour et al., 2020). Another PB-based sensing platform was established via the cross-linking enzyme aggregates method (GOxEA@PB/Au/CC) (Yan et al., 2021). The coral-like gold micro/nanostructures were formed onto carbon cloth, followed by a PB electrochemical deposition to construct an electrochemical biosensor to detect both H2O2 and glucose (Yan et al., 2021) (see Table 1).
TABLE 1 | Glucose biosensors based on Au-nanostructures.
[image: Table comparing different biosensor technologies for glucose detection, detailing types, glucose bioreceptors, matrix/treatments, linear concentration ranges, LOD (limit of detection), assay times, reproducibility, recovery percentages, and references. Techniques include electrochemical methods, amperometric measurements, and fluorescence, among others. Various matrices are used, such as PBS and serum, with different linear concentration ranges and detection limits specified. Assay times range from real-time to several minutes. Reproducibility and recovery percentages vary, with some references cited for each method.]In addition to electrochemical wearable glucose biosensors, research has been focusing on developing technologies to enable surface-enhanced Raman scattering (SERS) biosensors (Pan et al., 2021). For instance, Pan et al. reported a two-step seed-mediated synthesis of gold core@silver shell nanoparticles (Au@Ag NPs) for detecting diabetes over the etching effect of H2O2 generated from glucose oxidation (Pan et al., 2021). They used Au@Ag NPs as SERS substrates and 4-mercaptobenzoic acid (4-MBA) as the Raman tag to detect glucose concentration (Pan et al., 2021). The role of Au@Ag NPs was to improve the electromagnetic field of SERS owing to their strong plasmonic properties (Pan et al., 2021). Another flexible SERS substrate composed of AuNPs and two-dimensional MXene Ti3C2TX nanosheets has been designed to detect tear glucose (Cui et al., 2022). In the same way, when AuNPs were present, the combination of electromagnetic and chemical enhancement of AuNPs and MXene greatly enhanced the SERS signal (Cui et al., 2022). The GMXeP SERS substrates were used to detect glucose conveniently from diabetic tears with the significant correlation between tear and blood glucose, suggesting that the designed system was suitable for non-invasive and sensitive detection of blood glucose (Cui et al., 2022) (see Table 1).
In another study, for amperometric detection of glucose, GOx was immobilized on AuNPs with the adsorption on a polytyramine layer (AuNPs/Pty) (Khumngern et al., 2021). Then, GOx/AuNP/Pty was coated on a PB-modified screen-printed carbon electrode (SPCE) to produce the GOx/AuNP/Pty/PB/SPCE biosensor (Khumngern et al., 2021). In the same study, the developed amperometric glucose biosensor response was measured through the reduction current of the PB mediator in a flow injection analysis system, displaying a low value for the Michaelis constant (Khumngern et al., 2021). The immobilization of GOx with high affinity was accomplished via AuNPs thanks to the thiol- and amino-functional groups of the enzyme (Khumngern et al., 2021). The immobilization via AuNPs improved the enzyme loading and sensor response without disturbing the enzymatic activity (Khumngern et al., 2021). In the same way, a graphite rod (GR) electrode was modified by AuNPs and PB with GOx to develop an amperometric glucose biosensor in another study, using Nafion (Nf) to produce an Nf-GOx/PB/AuNP/GR biosensor (Sakalauskiene et al., 2023). The AuNPs increased the electrochemically active surface area, improved the GOx immobilization, and yielded a 1.86-fold improvement in analytical signal strength (Sakalauskiene et al., 2023). This study showed AuNSs could be interesting nanomaterials in the interface construction of biosensors due to their low electrical resistivity, relatively wide electrochemical potential window, improved electrooxidation, and fast electron transfer that can enhance the sensitivity and stability of biosensors (Sakalauskiene et al., 2023) (see Table 1).
There has been a boom in developing novel analytic devices that are miniature, user-friendly, rapid, and reliable by combining biosensors with new technologies. Zhang et al. designed a biofuel cell-type sensor device consisting of a glucose biofuel cell, a power management system (PMS), and an indicator module to detect glucose in urine (Zhang et al., 2021). The enzymatic biofuel cells (EBFCs) were manufactured on a flexible substrate by screen printing technology (Zhang et al., 2021). The carbon nanotube (CNT)/hybrids were immobilized on the anode to promote the electron transfer between the active site of enzymes and the electrode surface to improve the output performance of EBFCs (Zhang et al., 2021). The PMS circuit enabled collecting the energy and drive of the light-emitting diode (LED) indicator, whose flash frequency was related to the urine glucose level (Zhang et al., 2021). The designed device was self-powered and held potential application prospects in wearable monitoring systems such as diapers (Zhang et al., 2021). Promsuwan et al. introduced a glucose biosensor that included a smartphone and a battery-less near-field communication (NFC) potentiostat connected to an SPCE modified with a PB-graphene ink and functionalized with AuNP-embedded poly (3,4 ethylene dioxythiophene): polysulfonic acid coated with GOx ((GOx)-AuNP-PEDOT:PSS/PB-G) for glucose detection using an amperometric method (Promsuwan et al., 2023). The PEDOT:PSS was a conductive gel for the entrapment of the GOx-AuNPs and the improvement of electron transfer to the PB-G mediator (Promsuwan et al., 2023). The PB-G was used as a redox mediator to electro-catalyze the reduction of H2O2, which was a byproduct of the GOx reaction (Promsuwan et al., 2023) (Table 1).
The photoluminescence properties of Au in an enzymatic fluorescent probe were developed for the selective detection of glucose using bovine serum albumin stabilized gold nanoclusters (BSA-AuNCs), modified with GOx (Abraham et al., 2024). The red fluorescence exhibited by the probe was quenched by the production of H2O2 on the addition of glucose via a static quenching mechanism, providing UV-visible absorption and fluorescence-lifetime-based glucose sensing (Abraham et al., 2024). In the mentioned study, the fluorescent enzymatic sensing probe served as an off-switch with the production of H2O2, resulting in the selective and sensitive detection of glucose (Abraham et al., 2024). In another work, Zhao et al. demonstrated a glucose electrochemical biosensor through the synergetic labeling strategy utilizing PbS colloidal quantum dots (CQDs) and Au nanospheres (AuNSs) (Zhao et al., 2023). The PbS CQD/AuNS/GOx mixture was immobilized on the carbon electrode surface via the one-step dip-coating method (Zhao et al., 2023). Colorimetric glucose sensors using enzyme-coronated AuNPs have been developed for high-throughput assays (Jang et al., 2022). To increase the selectivity and stability in detecting blood glucose, the biosensors were functionalized with an erythrocyte membrane, which facilitates the permeation of glucose, thanks to glucose-selective membrane proteins (Jang et al., 2022). The performance of the biosensor is represented in Table 1.
3 AU-NANOSTRUCTURE-BASED BIOSENSORS FOR OTHER DIABETES BIOMARKERS
Glycated hemoglobin (HbA1c) is an established DM biomarker, according to the World Health Organization and the American Diabetes Association. HbA1c can be used for the practical long-term diagnosis of the disease in clinical practice as an alternative to glucose (Sherwani et al., 2016). In this regard, an electrochemical HbA1c biosensor with good efficiency was designed based on the electrochemical immune principle. The reproducibility and conductivity of the electrode are improved by depositing AuNPs on the surface of the screen-printed electrode (SPE) (Zhao et al., 2022). The experimental results showed a sensitivity of 0.0938 μA/μg·mL−1 (Zhao et al., 2022). The sensor delivered satisfactory repeatability, stability, and anti-interference performance (Zhao et al., 2022). Additionally, Boonprasert et al. developed multiwalled nanotubes incorporated with gold nanoparticles (POC-HbA1cMWCNTs/AuNPs), used as a routine POC for the detection of HbA1c (Boonprasert et al., 2023). They compared their developed biosensor to the standard HPLC method and showed the accuracy of the POC-HbA1cMWCNTs/AuNPs was 94.18% (Boonprasert et al., 2023). Likewise, a sandwich paper-based electrochemiluminescence (ECL) biosensor was developed using the zirconium metal–organic framework/Fe3O4 (trimethyl chitosan)/gold nanocluster (Zr-MOF/Fe3O4(TMC)/AuNCs) as a tracing tag to label anti-HbA1c monoclonal antibodies and used reduced graphene oxide (rGO) as an immobilization platform for the sensing element (Ahmadi et al., 2021). The fabricated immunosensor demonstrated a desirable assay performance for HbA1c (Ahmadi et al., 2021). Furthermore, a thiol-modified aptamer containing AuNPs bound to HbA1c with high affinity in whole blood samples was synthesized by Devi et al. to produce a stable aptasensor (Devi et al., 2023). The results showed that the thiol groups enhanced the stability of aptamers adsorbed on the surface of AuNPs effectively (Devi et al., 2023) (see Table 2).
TABLE 2 | Biosensors for other diabetes biomarkers based on Au nanocomposites.
[image: A table compares various sensor technologies for detecting biomarkers with details on bioreceptors, matrix/treatments, linear concentration ranges, limits of detection (LOD), assay times, reproducibility, and recovery rates. The technologies listed include electrochemical, electrochemiluminescence, colorimetric, electrochemical aptasensor, SERS, and luminescent methods. Detected biomarkers comprise hemoglobin A1c, glucose, insulin, uric acid, alcohol, and others. Data values vary with each entry, noting specifics like pH levels, measurement ranges, detection limits, and performances. References are provided for each method, specifying the publication year and authors' names.]However, HbA1c detection is not recommended for specific conditions such as pregnancy, chronic kidney disease, and hemoglobinopathies (Yazdanpanah et al., 2017). In such situations, glycated albumin (GA) can be used as an alternative DM biomarker without the interference of other health issues (Mahobiya et al., 2023). Accordingly, Mahobiya et al. measured the level of GA instead of HbA1c with microscreen-printed electrodes (μSPE) coated with bi-metallic gold-platinum (AuPt) nanomaterial with a synergistic effect (Mahobiya et al., 2023). The developed sensing platform showed an improved response compared to singular Pt nanoparticles (Mahobiya et al., 2023) (see Table 2).
Precise insulin detection is crucial for managing DM through regulated insulin dosage (Turner and Pickup, 1985). Common laboratory analytical methods for insulin detection are usually cost- and time-consuming and lack a real-time and continuous monitoring potential (Psoma and Kanthou, 2023). Therefore, research efforts are aiming toward insulin biosensors to offer a more accurate estimation of insulin (Psoma and Kanthou, 2023). Consequently, a simple sandwich-type electrochemical immunosensor was fabricated using AuNP-adhered metal–organic framework-derived copper–zinc hollow porous carbon nanocubes (Au@Cu5Zn8/HPCNC) and AuNP-deposited nitrogen-doped holey graphene (NHG) was used as a dual functional label and sensing platform (Sakthivel et al., 2022). Similarly, Liu et al. designed an electrochemical aptasensor to detect insulin using laser-scribed graphene electrodes (LSGEs) (Liu J. et al., 2022). The aptasensor was based on using Exonuclease I (Exo I) (Liu J. et al., 2022). The results showed using the aptamer, AuNPs, MB, and Exo I, the signal could be well-correlated to the concentrations of insulin (Liu J. et al., 2022) (see Table 2).
The presence of antibodies against insulin can be part of diagnosing people with type 1 diabetes (Katsarou et al., 2017). In this regard, an electrochemical biosensor for rapid detection of insulin antibodies was developed (Farrokhnia et al., 2022). The fabrication process was based on the optimized sequential electropolymerization of polyaniline and electrodeposition of AuNPs on the surface of the functionalized gold electrode (Farrokhnia et al., 2022). After immobilizing the insulin antigen and blocking with BSA, the biosensor was successfully used to determine different concentrations of insulin antibodies under optimal conditions (Farrokhnia et al., 2022). In addition, an SERS-based biosensor using polyvinylidene fluoride (PVDF) membranes as a flexible support for the detection of GADA and insulin autoantibodies (IAA) was developed (Wang et al., 2023). In the same study, two kinds of silver–gold core-shell nanotags embedded with Raman probes and attached with GADA or IAA were synthesized to capture the targets (GADA and IAA) (Wang et al., 2023). Results showed the probes sandwiched between silver and gold layers guaranteed spectral stability and reliability (Wang et al., 2023). Another electrochemical aptasensor on SPCE was developed for real-time detection of insulin and glucose in saliva (Liu S. et al., 2022). Two specific aptamers for insulin and glucose were fabricated on AuNP SPCEs to form the sensing platform that terminated with methylene blue redox probes (Liu S. et al., 2022) (See Table 2).
In another combinational work, a gold nanopine needle (AuNN)-programmed flexible sweat sensor was developed for real-time monitoring of glucose and lactate levels in human sweat (Yu et al., 2021). The AuNNs were grown on the flexible gold substrate by electrochemical deposition for signal amplification (Yu et al., 2021). The corresponding enzymes were immobilized on the chip via a cross-linker poly (ethylene glycol) diglycidylether (PEGDE) (Yu et al., 2021). Zhou et al. designed a luminescent wearable sweat tape (LWST) biosensor that can be attached to a smartphone (Zhou et al., 2021). It embedded multi-component nanoprobes onto microwell-patterned paper substrates of hollowed-out double-side tapes consisting of responsive luminophores, enzyme-loaded gold nanoclusters (AuNCs), which were wrapped by the switch and MnO2 nanosheets (Zhou et al., 2021). The responsive luminophores were constructed using three substitutable components: first, uricase, GOx, and alcohol dehydrogenase enzymes for molecular target recognition of uric acid, glucose, and alcohol, respectively (Zhou et al., 2021). Second, glutathione-protected AuNCs (yellow, red, and green) for luminescent signal output, and third, polycation PAH (poly (allylamine hydrochloride)) for integration (Zhou et al., 2021). MnO2 NSs as the switch could quench the emission of the AuNCs but be degraded by the reductive product of the incorporated enzymes (Zhou et al., 2021). The results showed the targeting analysts could be detected through a “turn-on” luminescence approach (Zhou et al., 2021) (see Table 2).
4 CHALLENGES AND DRAWBACKS IN THE COMMERCIALIZATION OF AUNS-BASED DM BIOSENSORS
Commercializing AuNS-based DM biosensors involves navigating several hurdles, including regulatory challenges, manufacturing scalability, cost-effectiveness, and user adaptation (Kumar and Mahajan, 2024). Accordingly, proving the safety and biocompatibility of the biosensor requires comprehensive studies to ensure that AuNS-based biosensors are safe (Lu et al., 2023). Potential toxicity, long-term stability, and environmental impact need thorough evaluation (Lu et al., 2023). In this context, obtaining approval from regulatory authorities could be stringent and time-consuming (Marimuthu et al., 2024). It usually involves extensive preclinical and clinical testing, quality control, and documentation (Marimuthu et al., 2024). Additionally, defining exclusive and universal standardization protocols for testing and validating the performance, safety, and quality control of heterogeneous AuNS-based biosensors can complicate regulatory approval (Marimuthu et al., 2024). Furthermore, manufacturing with consistent quality and performance at a large scale is challenging (Kumalasari et al., 2024). Variability in AuNS size, shape, and surface functionalization can affect biosensor translation to large-scale production (Chakraborty et al., 2024). Moreover, integration with smart devices in a reproducible and scalable manner requires advanced manufacturing techniques and robust quality control processes, which can lead to high production costs (Ghobashy et al., 2024). To address this challenge, collaborative efforts are needed between researchers, manufacturers, and regulatory bodies to help streamline the development and approval process (Ghobashy et al., 2024). This includes advancements in integration, automation, chemical synthesis, and process optimization to reduce costs (Zou et al., 2024). In summary, while AuNS-based biosensors hold significant promise for improving diabetes management, addressing these hurdles is critical for successful commercialization. Through collaborative efforts, innovative manufacturing, and cost-reduction strategies, these challenges can be overcome (Kumar and Mahajan, 2024).
5 FUTURE PERSPECTIVE AND EMERGING TRENDS IN AUNS-BASED DM BIOSENSORS
Emerging trends in the application of AuNSs are one of the most successful examples of biosensor innovations for DM detection, offering exceptional biocompatibility, stability, and conductivity, paving the way for significant breakthroughs in POC (Haider et al.). Currently, AuNSs enhance the sensitivity and precision of glucose monitoring devices, enabling real-time, non-invasive glucose detection with higher accuracy (Arafa et al., 2024). Their ability to operate in various environmental conditions without the limitations associated with enzyme degradation makes them ideal for continuous glucose monitoring systems in non-enzymatic biosensors (Tehrani et al., 2024). Additionally, they enhance the sensitivity and specificity of biosensors for other DM biomarkers, facilitating real-time, non-invasive, and multi-detection DM monitoring through smart devices (Kim et al., 2024). As an emerging trend, the integration of AuNSs with advanced technologies like artificial intelligence and machine learning can improve data analysis and predictive capabilities (Ahmad and Muhmood, 2024; Darwish et al., 2024; Eswaran et al., 2024; Gupta et al., 2024; Zhou et al., 2024). Future perspectives also include the development of hybrid biosensors combining nanomaterials with other nano- and micro-structures to simultaneously monitor a broader range of biomarkers and the release of a drug in a closed loop to improve the overall management of DM (Wang et al., 2024) (Figure 2). This offers a more comprehensive health assessment and personalized treatment strategies in the future.
[image: Diagram illustrating a three-step process for managing diabetes. Step 1: Continuous measurement of diabetes biomarkers, requiring sensitive detection. Step 2: Accurate biomarker concentration calculations using data analysis, artificial intelligence, and machine learning. Step 3: Drug delivery via smart devices, employing advanced micro and nanostructured methods. Central figure of a person emphasizes the patient-focus of the process.]FIGURE 2 | Closed loop structures can improve the overall management of diabetes mellitus (DM) by providing simultaneous biomarker detection and drug release.
6 DISCUSSION
This study aimed to shed light on the recent advances in Au-nanostructured-based biosensors in detecting glucose and other diabetes biomarkers, such as HbA1c, GA insulin, IAA, and GADA. This is imperative because DM has no certain cure to date, and a real-time measurement of the biomarkers for proper management of the disease can lower the risk of further complications. Previous studies showed that AuNSs exhibited excellent properties, including high electrical conductivity, a large specific surface area, relatively low cost of synthesis, and high biocompatibility. Thus, they are suitable options in the construction of biosensors for DM monitoring. AuNSs are valuable in biosensor construction due to their established low electrical resistivity and wide electrochemical potential window. In addition, they can enhance the sensitivity and stability of biosensors through properties such as intrinsic specific molecule recognition capacity, signal transduction amplification in different methods, fast electron transfer, and the ability to stabilize structures of GOx and/or antibodies on electrodes. They also can serve as fluorescent and colorimetric materials, benefiting from their excellent optical features based on an aggregation/dispersion switch.
The explanation for the wide applications of the Au-nanostructures in DM biosensor construction is their strong properties, such as chemical stability and consistent morphology and size, while detecting various biomarkers. Another important characteristic is the ease of functionalization of biosensors with biomaterials such as GOx and antibodies, which can increase the efficiency, sensitivity, and specificity of the biosensor. The high surface-to-volume ratio of the Au nanostructures allows for the attachment of many biomaterials and chemicals. Outstanding electrical conductivity enables a reliable signal response for various biomarkers in different biological matrices. Last but not least, good biocompatibility, in addition to affordable price warranty the mass production of the DM biosensors. The designed biosensors based on biocompatibility and stability will be safe for medical applications that contact body fluids. These properties are crucial for designing stable, cost-effective, efficient, and fast DM biosensors, which are vital in DM monitoring.
Here, we emphasized that using AuNSs accompanied by other nanomaterials and biological agents can improve the most influential aspects of successful DM biosensors, namely, sensitivity, specificity, assay time, and stability. This work covers AuNS applications in simple and easy-to use detection of many different DM biomarkers. Researchers are attempting to discover possible transformations to achieve stability and high sensitivity and selectivity. Substantial advances are expected. However, the approaches described in this review are based on experimental research that has as yet no significant commercialized application. Further consideration is required to translate these technologies into routine and functional biosensing devices. Another vital concern is that the existing glucose biosensors are not continuous, wearable, or implantable equipment. Developing non-invasive, continuous, and wearable biosensors can eliminate the discomfort associated with finger-prick tests, improving patient compliance and providing comprehensive DM management throughout the day. Meanwhile, challenges such as regulatory hurdles, scalability, cost, and user adaptation must be addressed. Another limitation of this work is the exclusion of the fourth-generation category of reagent-less glucose biosensors incorporating AuNSs. In conclusion, AuNSs, with their unique properties, can greatly improve the ability to detect DM biomarkers in biosensors. In this context, they are valuable nanomaterials for DM diagnosis, but further research and development are needed.
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Ocular drug delivery presents significant challenges due to intricate anatomy and the various barriers (corneal, tear, conjunctival, blood-aqueous, blood-retinal, and degradative enzymes) within the eye. Lipid-based nanoparticles (LNPs) have emerged as promising carriers for ocular drug delivery due to their ability to enhance drug solubility, improve bioavailability, and provide sustained release. LNPs, particularly solid lipid nanoparticles (SLNs), nanostructured lipid carriers (NLCs), and cationic nanostructured lipid carriers (CNLCs), have emerged as promising solutions for enhancing ocular drug delivery. This review provides a comprehensive summary of lipid nanoparticle-based drug delivery systems, emphasizing their biocompatibility and efficiency in ocular applications. We evaluated research and review articles sourced from databases such as Google Scholar, TandFonline, SpringerLink, and ScienceDirect, focusing on studies published between 2013 and 2023. The review discusses the materials and methodologies employed in the preparation of SLNs, NLCs, and CNLCs, focusing on their application as proficient carriers for ocular drug delivery. CNLCs, in particular, demonstrate superior effectiveness attributed due to their electrostatic bioadhesion to ocular tissues, enhancing drug delivery. However, continued research efforts are essential to further optimize CNLC formulations and validate their clinical utility, ensuring advancements in ocular drug delivery technology for improved patient outcomes.
[image: Illustration showing various drug delivery systems for eye diseases. On the left, different nanoparticle types are depicted: liposome, polymeric nanoparticle, dendrimer, solid lipid nanoparticle, nanostructured lipid carrier, and cationic nanostructured lipid carrier. The right side lists anterior and posterior segment eye diseases, including blepharitis, conjunctivitis, cataract, keratitis, uveitis, age-related macular degeneration, diabetic retinopathy, and glaucoma. In the center is a cross-section of an eye highlighting areas affected by these diseases.]GRAPHICAL ABSTRACT | Image courtesy of brgfx, Freepik (https://www.freepik.com/free-vector/human-eye-with-disease_22744188.htm#query=eye diagram&position=13&from_view=search&track=ais&uuid=bb73bb73-11ad-40ef-a565-d6929fd24bda).
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1 INTRODUCTION
The human eye plays a crucial role in the body by gathering light signals through photoreceptors and transmitting them to the brain via neuronal signals. The eye is divided into three parts: anterior, posterior, and vitreous, as shown in Figure 1A. The anterior chamber comprises the cornea, iris, ciliary body, and lens (Farid et al., 2017; Ahmed et al., 2023). Specifically, the ciliary body drains waste from the lens and cornea (Suri et al., 2020). The posterior region includes the choroid, neural retina, and retinal pigment epithelium (RPE). Within the vitreous body, the ciliary body continuously produces aqueous humor, a jelly like and transparent substance that helps maintain the shape of the eyeball. Three primary layers, the fibrous layer, the vascular layer, and the neural layer, are present in the eyes. The fibrous layer encompasses the cornea, sclera, and conjunctiva, with the conjunctiva being a thin, mucus-secreting, and well-vascularized tissue (Gukasyan et al., 2008; Garcin et al., 2020) layer responsible for ocular protection and lubrication. The vascular layer is involved in maintaining the blood-ocular barrier, which regulates the passage of substances from the blood into the eye. Finally, the neural layer is located at the posterior part of the eye and is closely associated with the retina.
[image: Diagram A shows a cross-section of the human eye, labeled with parts including the iris, pupil, cornea, lens, retina, optic nerve, vitreous gel, and muscles. Diagram B depicts the corneal epithelium with layers of the tear film: lipid, aqueous, and mucin layers.]FIGURE 1 | Visually represents (A) the anatomy of the human eye [image courtesy of Freepik (Macrovector, 2020)], and (B) the layers of tear film essential for ocular health and function.
Liquid solutions are the single most commonly used conventional dosage form for ocular ailments. After topical instillation of eye drops, less than five percent of the dose enters the eye and is absorbed (Loftsson and Stefánsson, 2022). Although they are easy to administer topically (Mandal et al., 2019), they suffer disadvantages such as spillage of the drug because of lacrimal fluid secretion; hence, they have poor bioavailability. Compared with the drug solutions, the suspended particles showed better retention time in the precorneal segment and more contact time. TobraDex® (Scoper et al., 2008) is a widely used ocular suspension of tobramycin (0.3%) and the steroid dexamethasone (Rizzo et al., 2022). Ophthalmic ointments are semisolid dosage forms composed of a mixture of hydrocarbon bases that melt at an ocular temperature of 34°C but the adverse effects associated with it are ocular irritation, interference with vision systemic complications on chronic administration (Patel et al., 2013; Mazet et al., 2020).
The bioavailability of the drug instilled as a conventional dosage form is reduced due to the eye’s anatomical factors, including its limited volume capacity (30 μL) within the cul-de-sac in humans (Ahmed et al., 2023; Awwad et al., 2017; Downie et al., 2021). Drug residence time is also affected by lacrimation and blinking (Sánchez-López et al., 2017b; Akhter et al., 2022). The primary ocular barriers to the anterior portion of the eye for drug delivery are as follows: i) anatomical/static barriers, such as the cornea, conjunctiva and blood-aqueous barrier; ii) physiological/dynamic barriers, such as tear drainage and conjunctival blood flow; and iii) metabolic barriers. The cornea is the main static barrier that prevents the entry of water-soluble drugs (Ahmed et al., 2023; Awwad et al., 2017; Wang and Zhang, 2023). The drug can cross this barrier through transcellular and paracellular transport mechanisms. Intracellular transport is generally followed by lipophilic substances, while the paracellular pathway is followed by hydrophilic drugs. The conjunctival barrier is yet another static barrier that allows hydrophilic molecules to permeate through the conjunctiva while restricting the transport of molecular weight molecules greater than 20 kDa (Gukasyan et al., 2008; Rozi and Mohmad Sabere, 2021). Dynamic barriers involve the drainage of instilled medicine because of tear flow. The instilled drug is also diluted because of flow, thereby reducing the effective drug concentration. Blinking of eyelids also contributes to the overuse of medicine. The tear film provides irrigation and lubrication to the ocular surface. It also provides a protective barrier from foreign particles to the ocular surface. Tears also confer protection against microbes. The tear film consists of three layers, as shown in Figure 1B. Topically instilled drugs have limited bioavailability (<5%) because of the tear film and other physical and biochemical barriers (Awwad et al., 2017). Initially, the lipid stratum serves to inhibit evaporation. The subsequent central layer is referred to as the aqueous or lacrimal stratum. Finally, the mucin stratum emerges. Mucins are glycoproteins that support various structures (Patel et al., 2013; Dam and Brewer, 2023). The metabolic barrier involves the metabolism that occurs in ocular tissues. This metabolism of drugs is catalyzed by cytochrome P-450 reductase and esterase enzymes in the conjunctiva (Sánchez-López et al., 2017b; Patel et al., 2023). Topical ocular instillation is easy to administer, has rapid onset of action, is noninvasive and avoids systemic toxicity. However, the major challenges of low bioavailability associated with this most acceptable route of administration involve the loss of instilled drug solutions from the precorneal zone and metabolic barriers, as mentioned earlier. Addressing these challenges necessitates innovative formulations and delivery strategies aimed at enhancing drug retention and overcoming ocular metabolic barriers, thereby improving the bioavailability and therapeutic outcomes of ocular drug therapies. Hence, there is a need to enhance the bioavailability of topically instilled drugs through different strategies, thereby increasing the effectiveness of ocular pharmacotherapies. LNPs are biocompatible, versatile and mucoadhesive hence these are better than conventional dosage form (Battaglia et al., 2016). The drug loaded LNPs showed three-fold increase in the cumulative amount permeated trough excised cornea of Albino rabbits when compared with the with an aqueous dispersion of the drug. The enhancement of trans-corneal permeation is attributed to bioadhesion over corneal surface because of positive charge of LNPs (Alhakamy et al., 2022). The obvious enhancement in the permeation parameters of the optimal formulation could be ascribed to the positively charged surface of its nanoparticles, which could enable them to interact and integrate with the corneal membrane and lead to better permeation. These system can be used for delivery of drug to retina (Wang and Zhang, 2023). Ocularly, LNP based delivery systems are potential materials for overcoming such barriers.
This review will examine the utilization of LNPs for ocular delivery across the following dimensions. First, the review will cover the fabrication of biocompatible LNPs including SLNs and NLCs as promising drug carriers for ocular delivery. Second, it will discuss the emergence of CNLCs which aids electrostatic bioadhesion to ocular tissue that could lead to efficient and controlled ocular therapy.
Around 100 relevant articles were analyzed to compile this review, providing a detailed insight into the advancements in LNP-based ocular drug delivery systems. The aim of this scoping review is to consolidate existing knowledge, identify gaps, and promote advancement in the manufacturing scalability and innovation in ocular drug delivery using LNP.
2 METHODS
A comprehensive literature search was conducted to gather relevant studies on the use of SLNs, NLCs, CNLCs for ocular drug delivery from year 2013–2023. To conduct rigorous and credible research, we adopted necessary steps including the initial screening, full text screening, data extraction and data synthesis in the process of study selection and data mining which ensures that the findings are based on a comprehensive review of relevant literature (Srivastava et al., 2023; Srivastava et al., 2023). The databases searched included TandFonline, SpringerLink, and ScienceDirect. The search was restricted to articles published up to December 2023. Keywords used in the search query as (ocular drug delivery OR ophthalmic drug delivery) AND (“solid lipid nanoparticles” OR “Nanostructured lipid carriers” OR “SLN” OR “NLC” OR “CLNC”). Studies were included if they: i) discussed the use of SLNs, NLCs, or CNLCs specifically for ocular drug delivery, ii) provided detailed information on the materials and methods used for NP preparation, iii) presented empirical data on the efficacy of these NPs in enhancing drug delivery to ocular tissues and iv) were published in the English language. Studies were excluded if they: i) focused on non-ocular drug delivery systems, ii) lacked experimental data or were purely theoretical, and iii) had any duplicated studies.
Relevant data were extracted from the selected/representative studies, including:
	1. Type of NPs used (SLNs, NLCs, CNLCs).
	2. Materials utilized in the formulation development of NPs.
	3. Preparation methods employed for these formulations.
	4. Experimental models (in vitro, in vivo).
	5. Outcomes related to drug encapsulation efficiency, drug release profiles, ocular tissue penetration, and therapeutic efficacy.

3 RESULTS
The search of database yielded results through various databases. There were 268 results for ‘tandfonline’, 321 for ‘ScienceDirect’ and 1,166 for ‘SpringerLink’. The results were analyzed and around 100 were considered. The extracted data were systematically analyzed to compare the preparation methods, materials used, and the resultant properties of the SLNs, NLCs, and CNLCs. The analysis focused on:
	• Identifying trends in the choice of lipid materials and surfactants.
	• Evaluating the effectiveness of different preparation techniques (e.g., high-pressure homogenization, solvent evaporation).
	• Comparing different types of formulations (SLN, NLC and CNLS) with respect to material, manufacturing and efficacy.

4 NOVEL OCULAR DRUG DELIVERY
Various nanoparticulate-based ocular drugs (Nassiri Koopaei and Abdollahi, 2016), including lipid-based NPs, liposomes, niosomes, polymer-based micelles, and dendrimers, have been used for delivery.
4.1 Liposomes
Liposome phospholipid vesicles have been used for targeted drug delivery. They can release drugs in a controlled fashion. Lipophilic drugs can be entrapped inside the cavity for ocular delivery (Tasharrofi et al., 2022). A major challenge associated with its formulation is its fabrication and stability. The properties of liposomes can substantially vary with size, lipid composition and surface charge. The corneal penetration of the drug could be enhanced by liposomes through epithelial cell membranes (Csorba et al., 2023).
4.2 Dendrimers
Dendrimers are branched polymeric macromolecular compounds. The geometry of the molecule and its size, weight, and surface charge properties must be considered when selecting it as a drug delivery system. It has been used for delivering drugs to the eye (Wang et al., 2021). It possesses bioadhesive properties; hence, it can improve the precorneal retention time. The problems associated with such a drug delivery system include the formation of a veil in the corneal area and blurred vision, which may cause blindness (Sahoo et al., 2008; Gaudana et al., 2009). However, other novel in situ gels could be used for ocular drug delivery. They consist of polymeric hydrogels that change from sol to gel due to external factors such as temperature changes, pH changes or ionic strength changes (Suri et al., 2020).
4.3 Polymeric nanoparticles
These are finely divided solid particles below less than the size of 1,000 nm. They can be explored for use as a drug delivery system owing to their mucoadhesive character. Drugs are added to the matrix of the nanoparticulate material. Basically, there are two types of NPs: LNPs and polymeric NPs. Polymers such as Eudragit RL, poly (acrylic acid), polystyrene, and Eudragit RS have been used (Mirzaeei et al., 2022). However, other important polymers for ocular drug delivery include poly (dl-lactide-co-glycolide) (PLGA). Sparfloxacin-loaded PLGA NPs have been developed and evaluated for ocular drug delivery (Gupta et al., 2010).
4.4 Lipid-based nanoparticles
These are dispersed colloidal systems in which colloidal particles are dispersed throughout the liquid vehicle (Khan M. S. et al., 2023). The benefit of SLNs as a drug delivery system is that they provide a large surface area and nanosize and improve drug entrapment (Baig et al., 2016). They are prepared using biodegradable and compatible lipid materials such as fatty acids and waxes. Stabilizers, surfactants, and cosurfactants are added to stabilize the mixture. NLCs are prepared by modifying SLNs by mixing liquid lipids with solid lipids (Khan S. et al., 2023). Hence, LNPs can be classified as SLNs or NLCs depending on the inclusion of liquid lipids during their fabrication (López et al., 2023). LNPs evolved from the concept of nanoemulsions, where the oleaginous phase has been replaced by solid lipids, thereby reducing the requirement of high surfactant concentrations to stabilize the system. The major problem associated with these systems is drug expulsion from the particles (Farid et al., 2017) due to the crystallization of solid lipids and poor loading capacity (Figure 2). Compared with their SLN counterparts, NLCs have been developed as advanced versions of LNPs that contain liquid lipids in their matrix, increasing their loading capacity. Along with solid lipids, NLCs are lipid-based nanoparticulate systems manufactured from liquid lipids (Beloqui et al., 2016; Salvi and Pawar, 2019). This system is better than SLNs because of its drug loading capacity (Viegas et al., 2023).
[image: Diagram comparing SLN and NLC systems. SLN shows a grid-like structure with white rectangles and hexagons representing lipid and drug components, respectively, with an arrow indicating drug expulsion. NLC has an irregular pattern with triangles depicting lipids and dispersed hexagons for drugs.]FIGURE 2 | Illustrates the structural differences between SLN and NLC whereas drug expulsion can occur from SLN because of its perfect crystal whereas NLC have better drug loading capacity due to its irregular crystal structure.
4.5 Cationic nanostructured lipid carriers (CNLCs)
CNLCs are an advanced version of SLNs. They carry a positive charge on the surface and lead to the formation of liquid lipids in their matrix; hence, they are electrostatically attracted to conjunctival cell membranes, which are negatively charged (Liu et al., 2016; Baig et al., 2020). The surface has a positive charge and provides bioadhesion, while liquid lipids are responsible for improved drug loading (Botto et al., 2017). These CNLC features, in addition to their nanoscale size, make them suitable ocular drug carrier systems. The bioadhesion of NPs could increase the retention time in ocular tissue while reducing precorneal drainage after ocular instillation. Ocular irritation could be correlated with cell viability via MTT assays (Hassanzadeh et al., 2017). Formulating CNLC for ocular instillation has improved the bioavailability of the drug (Liu et al., 2016). Studies have demonstrated the effect of zeta potential on rhodamine-loaded LNP formulations (Baig and Siddiqui, 2020) on cell uptake and permeation in cell culture-based ocular models using confocal laser microscopy (Figure 3).
[image: Fluorescence microscopy image showing several cells stained to highlight their nuclei in blue and cellular structures in red. A white arrow points to a specific cell. The scale bar indicates 50 micrometers.]FIGURE 3 | Confocal scanning laser microscopy image showing the uptake of the rhodamine-loaded CNLC formulation (red) into a 2D conjunctival tissue model where the cell nuclei were stained with Hoechst dye (blue). [Adapted from our published work (Baig and Siddiqui, 2020)].
4.6 Benefits of novel over conventional ocular formulations
4.6.1 Conventional ocular formulations
4.6.1.1 Merit

	• Easy topical administration (Mandal et al., 2019).
	• Better retention time in precorneal segment (Loftsson and Stefánsson, 2022).
	• Slow release (Patel et al., 2013).

4.6.1.2 Demerit

• Poor bioavailability (Loftsson and Stefánsson, 2022).
• Spillage due to lacrimal fluid secretion.
	• Harmful additives (Ahmed et al., 2023).
	• Ocular irritation and redness (Patel et al., 2013).

4.6.2 Novel ocular formulations
4.6.2.1 Merit

• Targeted drug delivery (Tasharrofi et al., 2022).
	• Enhanced precorneal retention time (Wang et al., 2021).
	• Improved bioavailability (Liu et al., 2016).

4.6.2.2 Demerit

• Fabrication and stability challenges (Tasharrofi et al., 2022).
	• Corneal veil formation, blurred vision (SAHOO et al., 2008; Gaudana et al., 2009).
	• Drug expulsion, poor loading capacity (Farid et al., 2017).

5 ADVANTAGES OF NOVEL OCULAR DRUG DELIVERY SYSTEM
The physicochemical properties of lipid nanocarriers are similar to those of the tear film (Sánchez-López et al., 2017a). This interaction plays an important role in the affinity of LNPs for the ocular surface. This helps to improve the time of residence for LNPs in the conjunctival sac. This process creates a reservoir for the slow release of drugs in the eye. Minimization in dose-frequency has been achieved, which is expected to improve patient compliance with medication. Hence, LNPs are very useful for i) precorneal drug retention, ii) superior segment (retinal) drug delivery (Bonilla et al., 2021; Battaglia et al., 2016), iii) controlled delivery of drugs, iii) patient compliance, and iv) prevention of systemic side effects because the delivery system is effective at low concentrations. For dendrimers, ∼0.03% of the injected dose reaches ∼100 µg of retina/choroid complex in 72 h, amounting to a ∼0.1 mg/g concentration at the target site, which is 100 times greater than the free drug concentration administered via local, intravitreal delivery (Kannan et al., 2023). A parameter that could increase patient compliance is that the drug delivery system should be comfortable for the patient.
6 RESEARCH AND APPLICATIONS OF LNPS FOR OCULAR DRUG DELIVERY: A CASE STUDY
SLNs have been formulated to administer tobramycin to the eyes of rabbits for ocular purposes (Cavalli et al., 2002). Tobramycin containing SLNs was instilled in the eyes of the rabbits, and an improvement in bioavailability was observed in the aqueous humor of the eyes of the rabbits compared to that of a tobramycin solution at similar concentrations. Diclofenac-loaded SLNs were generated using phospholipids and goat lipids (Capra hircus) (Attama et al., 2008). A high drug entrapment efficiency of up to 90% was observed for different batches. Compared with those of the placebo particles, the drug-loaded particles showed a high zeta potential. A comparatively less crystalline structure was observed for the particles containing phospholipids.
NLCs have been developed for ocular drug delivery (Shen et al., 2009). Mucoadhesive properties were induced in NLCs using cysteine-polyethylene glycol. A melt-emulsification methodology was employed to prepare cyclosporine-A-loaded NLCs. The mucoadhesive properties of the formulation were evaluated using the mucin particle method. The precorneal retention time also increased. Triamcinolone acetonide-loaded NLCs were developed for intravitreal targeting through the topical administration of colloids (Araújo et al., 2010). High-pressure (up to 600 bar) homogenization was employed for NLC production. A particle size of <200 nm was generated, and ocular toxicity was not observed when the Draize test was used.
Baicalin-loaded SLNs have also been prepared for ocular drug delivery (Liu et al., 2011). An ultrasonication emulsification technique was used to prepare the NPs. The drug permeability of the formulation through the cornea was tested. An ocular irritation study was performed using rabbits. Clotrimazole-loaded SLNs and NLCs were fabricated for ocular use (Das et al., 2012). SLNs demonstrated high drug loading but low release, whereas NLCs showed rapid drug release at low drug loading. Compared with SLN, NLC had a better encapsulation capacity (96% and 99%, respectively) (Makoni et al., 2019). Gatifloxacin-loaded cationic SLNs were prepared for ocular drug delivery (Abul Kalam et al., 2013).
CNLCs (Fangueiro et al., 2014a) with a positive charge on the surface of NPs have been developed through multiple emulsion techniques. The cytotoxicity of CTAB-containing colloidal lipid nanoparticulate dispersions was studied using the human retinoblastoma cell line Y-79. Epigallocatechin gallate (EGCG)-loaded LNPs were prepared using multiple emulsion techniques (Fangueiro et al., 2014b). The bioadhesion/mucoadhesion of the ocular surface was enhanced through the induction of electrostatic attractive forces using cetyltrimethylammonium bromide (CTAB). The particle size was less than 300 nm, which was good for ocular administration. Melatonin-loaded cationic SLNs were developed to improve ocular hypotensive effects (Leonardi et al., 2015). A positive zeta potential was induced on SLN by adding dodecyl-dimethyl-ammonium bromide. Softisan100 was used as the solid lipid control. Ocular tolerability of the nanoparticulate dispersion was also studied in vivo on the ocular surface, and the dispersion was found to have good tolerability.
Levofloxacin-loaded stearic acid SLNs were prepared for ocular drug delivery (Baig et al., 2016). The effects of the proportion of surfactant lipids and cosurfactant on the encapsulation efficiency and particle size were studied as dependent variables. Optimization constraints were selected for minimizing the particle size while maximizing the encapsulation efficiency. Indomethacin-loaded NLCs and SLNs were prepared for ocular delivery (Balguri et al., 2016). Chitosan chloride and penetration enhancers were used to enhance transmembrane penetration. The particle size reached 265 nm, whereas + 1.0 mV was the maximum zeta potential and +12.0 mV was the minimum. The entrapment efficiency reached 99%. Good permeation was observed in vitro when scleral membranes mounted on Valia-Chien cells were used. A higher concentration of the drug was observed for the NLC formulation in vivo than for the other formulations when evaluated in New Zealand White albino rabbits.
Curcumin-loaded NLCs have also been fabricated (Lakhani et al., 2018). A central composite design has been employed for the optimization of physicochemical properties. A hot-melt emulsification method followed by sonication was employed to prepare the NPs. The NLCs demonstrated enhanced permeation of curcumin through excised corneas from Albino New Zealand rabbits when mounted vertically on modified Franz diffusion cells. Besifloxacin HCl-loaded CNLCs were prepared and optimized using design expert software for determining the zeta potential of cationic NLCs (Baig et al., 2020). Cytotoxicity was evaluated through an MTT assay using a conjunctival fibroblast culture-based model. Ocular permeation was studied using a 3D cell culture model.
Clarithromycin-loaded SLNs was also formulated (Nair et al., 2021) using stearic acid for ocular therapy. Tween 80 was used as an emulsifier. A fractional factorial design was used for optimizing the particle size, polydispersity, and percent entrapment efficiency. Lactoferrin-loaded NLCs were prepared for the treatment of Keratoconus, a degenerative disorder (Varela-Fernández et al., 2022). NLCs were fabricated using solid lipids such as glyceryl behenate, glycerol monostearate, and polyxamer as emulsifiers. Double emulsification with the solvent-evaporation technique was used to prepare NLCs. The average particle size of the lactoferrin-loaded NLCs was less than 150 nm, whereas the polydispersity index (PDI) was 0.3, and the zeta potential was −18 mV. Econazole-loaded SLNs were prepared (using the microemulsion method) and modified with positive and negative charges on their surface (Liang et al., 2023). The zeta potentials of the formulations ranged from +19.13 mV to −27.40 mV. The drug-loaded SLNs exhibited sustained release, with less than 20% release in the SLN form compared to 100% release in suspension after 8 h (Liang et al., 2023). Compared with their negatively charged counterparts, the positively charged NPs demonstrated better corneal penetrability.
The role of LNPs as innovative solutions for improving ocular drug delivery is evident because of their controlled release and bioadhesion properties. SLNs and NLCs represent significant progress in ocular drug delivery by employing a positive zeta potential of +20 mV to enhance ocular barrier penetration (Liang et al., 2023). These types of LNPs offer several advantages, such as improved biocompatibility and small size (equivalent to 400 to 600 Da) for ocular barrier penetration (Giri et al., 2023). LNPs offer a means to enhance drug bioavailability while providing controlled drug release. Numerous studies have demonstrated the effectiveness of SLN and NLC for delivering a wide range of drugs to the eye.
7 MANUFACTURING OF LNPS FOR OCULAR DELIVERY
The primary ingredients that are necessary for making SLNs/NLCs include solid lipids, liquid lipids and emulsifiers. The solid lipids included trigliceride (Dynasan), a mixture of mono-/di-/triglyceride (Imwitor, Compritol, Precirol), triterpenes (Squalene), and waxes (stearic acid, cetyl palmitate), which have been used for formulating SLNs/NLCs for ocular applications (highlighted in Table 1). These ingredients are composed of physiological materials and belong to the generally recognized as safe (GRAS) excipient list. These solid lipids melt above body temperatures, generally exhibiting a melting point above 40°C. The liquid lipids used to fabricate NLCs include fatty acids (oleic acid) and triglycerides (miglyol), such as fatty acids, triglycerides, diglycerides, monoglycerides, steroids and waxes (see Table 1). The selection of solids/liquids is determined by the solubility and compatibility of the drug molecule to be incorporated into the matrix. Liquid lipids disrupt the crustal structure of solid lipids, thereby reducing the chance of drug expulsion and increasing the drug loading capacity. The surfactants used in the formulation include polysorbates (Tween), polyethylene glycols [PEG-32 (Gelucire), polyethylene glycol PEG-8 (Labrasol)], etc.
TABLE 1 | Novel excipients for the manufacturing of stable LNPs and NLCs for ocular delivery.
[image: Table listing ingredients for Solid Lipid, Liquid Lipid, and Emulsifier categories with corresponding references. Ingredients include Compritol 888 ATO, Imwitor 900 K, Glyceryl monostearate, and various others. References are given for each, citing authors like Abul Kalam et al., and Almeida et al., across different years such as 2013 and 2021.]A variety of methods have been used for making SLNs/NLCs depending upon the scale of production, particle size, application, etc. Several of these methods for making SLNs/NLCs have been described in the literature (Sastri et al., 2020; Han et al., 2023). The preparation methods are typically based on high-energy and low-energy methods, each with distinct mechanisms and steps (Figure 4). High-energy methods include high-pressure homogenization, which can be performed via hot or cold processes. In hot homogenization, melted lipids and drug are emulsified at high temperatures, followed by high-pressure homogenization and cooling. Conversely, cold homogenization involves rapidly cooling the drug-lipid mixture to form a solid dispersion, followed by high-pressure homogenization. High shear homogenization or high-speed stirring involves dispersing the drug in molten lipids, mixing with a hot aqueous surfactant phase, and homogenizing. Ultrasound is often combined with other techniques to reduce particle size due to its tendency to yield large particles with a wide size distribution. The membrane contractor method passes melted lipids through a membrane under pressure, forming droplets that solidify into SLNs/NLCs upon cooling. The film ultrasonic method involves dissolving lipids in an organic solvent, evaporating to form a film, mixing with water, and sonication to disperse. Solvent emulsification and evaporation techniques dissolve hydrophobic ingredients in an organic solvent, emulsify in an aqueous phase, and evaporate the solvent, causing precipitation. Supercritical fluids extract organic solvents from a lipid emulsion, leading to lipid precipitation with a narrow size distribution. Low-energy methods include the coacervation method, which uses pH changes to precipitate fatty acids from their sodium salt micelles, forming SLNs/NLCs upon cooling. The microemulsion method involves heating lipids and drug, mixing with an aqueous surfactant phase to form a microemulsion, and cooling to solidify the lipids. These diverse methods for making SLNs/NLCs are summarized in Table 2. The CNLCs were prepared using the simple melt-emulsification ultrasonic homogenization method in Figure 5. Post-preparation procedures after the formulation of LNPs, viz. sterilization and freeze drying are then performed (Seyfoddin et al., 2010).
[image: Diagram detailing various techniques for lipid nanoparticle production: (A) High-pressure homogenization, (B) High-shear homogenization, (C) Ultrasound, (D) Membrane contractor method, (E) Solvent emulsification and evaporation, (F) Supercritical fluids technique, (G) Adapted PIT method. Each process involves mixing oil and aqueous phases, using different equipment and conditions, to achieve lipid dispersion and precipitation, illustrated using icons and arrows.]FIGURE 4 | Various methods of preparation of Lipid Nanoparticles (LNPs), including (A) high-pressure homogenization, (B) high shear homogenization, (C) ultrasonication, (D) membrane contractor method, (E) solvent emulsification and evaporation, (F) supercritical fluid technology, (G) adapted phase inversion temperature (PIT) method [figure adopted from (Graván et al., 2023)] (These methods enable the production of LNPs with tailored characteristics for pharmaceutical and biomedical applications).
TABLE 2 | Methods and technologies used for manufacturing of SLN/NLC.
[image: A detailed table compares various nanoparticle preparation methods. Columns list Method, Technology, Instrumentation, Procedure, and References. Rows cover methods like hot homogenization, cold homogenization, melt emulsification, and more, each with corresponding techniques, tools, procedures, and scholarly references.][image: Flowchart illustrating the preparation of Cationic Nanostructured Lipid Carriers (CNLC). It begins with distilled water and a mixture of solid and liquid lipids with CTAB. The mixture is heated at 80°C in a water bath, then vortexed at approximately 1200 rpm. This forms a pre-emulsion which undergoes sonication. The CNLC structure is shown, composed of a lipid core and surfactant layer, with measurements between 50 to 250 nanometers.]FIGURE 5 | Illustrates the method of preparation for CNLC, highlighting key steps including lipid melting, emulsification, solidification, and characterization with improved drug loading capacity and stability for pharmaceutical applications [figure adopted from (Baig and Siddiqui, 2020)].
8 CHALLENGES IN COMMERCIALIZATION OF OCULAR NANOPHARMACEUTICALS
Safety and efficacy are of prime concern while developing LNPs for ocular use. Sterilization of formulation is also challenging whereas membrane filtration is used for this purpose. LNPs can be manufactured in an industrial set up with high shear homogenizers that are commonly accessible. The major challenges are related to scale-up and production of lipid based formulations are reproducibility, and reliability of the employed methodology (Hallan et al., 2021). A multi-component processing line is required for the manufacture of NPs because the process often entails several phases, such as centrifugation, filtration, lyophilization, emulsification, crosslinking, sonication, emulsification, evaporation of organic solvents, homogenization, filtration, and milling. Therefore, it is still difficult to optimize process parameters to attain important quality features in a repeatable manner at the commercial scale, even though small-scale prototypes with well-established characteristics are relatively straightforward to get. However, LNP based ocular products like Ikervis®, or Cequa® are commercially available (Jacob et al., 2022).
9 CONCLUSION AND FUTURE PERSPECTIVES
The LNPs represent a significant advancement in ocular drug delivery, overcoming many limitations associated with the conventional dosage forms. These systems have shown potential for treating conditions such as conjunctivitis, glaucoma, and retinal diseases. The current review has highlighted the versatility and efficacy of SLNs, NLCs and CNLCs in enhancing drug bioavailability and retention time in ocular tissues. The unique properties of these NPs, including their biocompatibility, ability to cross ocular barriers, and potential for targeted and sustained drug release, make them promising candidates for future ophthalmic therapies. Due to the small size and high surface area of NPs, these nanoformulations, such as SLNs/NLCs, are popular among formulation scientists for ocular drug delivery. The SLNs/NLCs are helpful for solubilizing hydrophobic drugs in an aqueous solution, thereby allowing delivery of drugs or biological agents through topical or intravitreal routes. Among formulation scientists, SLNs/NLCs are also among the most common delivery systems for anti-vascular endothelial growth factor (VEGF) agents to prevent retinal neovascularization and macular degeneration. SLNs/NLCs are versatile drug carriers with a promising future for drug delivery to the anterior and posterior segments of the eyes. Antibody-coated SLNs/NLCs can also be used for drug targeting. The incorporation of positive charges in CNLCs, in particular, has demonstrated superior bioadhesion and drug delivery efficacy due to electrostatic interactions with ocular tissues. Studies included in this review show that LNPs can significantly enhance the bioavailability of ocular drugs, reduce dosing frequency, and improve patient compliance. These LNPs have the potential to revolutionize ocular pharmacotherapies by improving drug retention, bioavailability, and patient compliance. However, additional investigations in this area of research are needed to determine the full potential of LNPs for the treatment of patients with ocular diseases and conditions. Despite the challenges in large-scale manufacturing and stringent adherence toward sterilization for the successful commercialization of products, commercialized products like Ikervis® and Cequa® demonstrate the feasibility of these advanced delivery systems. Continued research and development in this field hold the promise of more effective and patient-friendly ocular treatments, paving the way for better management of ocular diseases and improved patient compliance.
Future perspective in the current field could focus on the following: (i) the development of more sophisticated and scalable preparation methods for LNPs will be crucial. Techniques that can consistently produce NPs with optimal size, stability, and drug encapsulation efficiency need to be further refined and standardized, (ii) the formulation of targeted drug delivery to specific ocular tissues or cells (Baig et al., 2024). This includes the development of NPs that can bypass the ocular barriers more effectively and deliver drugs directly to the retina or other deep ocular tissues, and (iii) the development of personalized ocular drug delivery systems using LNPs by tailoring the NP formulation to the specific needs of individual patients based on their genetic profile, disease state, and ocular anatomy.
Continued research into optimizing formulation parameters, ensuring biocompatibility, and addressing regulatory considerations will be crucial for advancing the clinical translation of cationic lipid-based nanoparticles in ocular drug delivery, ultimately benefiting patients through improved treatment outcomes and enhanced ocular health management.
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Various chemical and physical methods have been proposed for the synthesis of nanoparticles (NPs). However, these methods have disadvantages, such as high energy loss and high capital requirements. To overcome these problems, alternative methods for NP synthesis, such as biological or green synthesis, are favoured to overcome these problems. Green synthesis of NPs is environmentally friendly, economical and non-toxic. This review examines the history of green synthesis, focusing on using environmentally friendly methods. The integration of machine learning into NP production and a range of NP applications in healthcare, disease treatment and the environment are also covered.
[image: Flowchart illustrating the green synthesis of nanoparticles using biological methods and machine learning. It shows two key approaches: plant-based and microbial-based methods leading to potential applications such as cancer treatment and antimicrobial activity. A laptop represents the machine learning aspect, indicating the integration of AI in optimizing processes.]Keywords: green synthesis, nanomaterial, machine learning, sustainable, nanotechnology, healthcare

1 INTRODUCTION
One of the foundations of the current nanoscience revolution is the semiconductor nanocrystal as a nanomaterial (Kambhampati, 2021). The size of nanoparticles (NPs) is usually smaller than 100 nm (>1 nm) and due to their smaller size, they are chemically stable (Das, 2017; Marslin et al., 2018). The core of nanobiotechnology is the production of NPs and other nanomaterials, which are used in various industries such as electrochemistry, electrical and mechanical engineering, cosmetology, food, pharmaceuticals, medicine and agriculture (Najahi-Missaoui et al., 2020; Khan et al., 2022). In recent years, the U.S. Food and Drug Administration (U.S. FDA) and the European Medicines Agency (EMA) have approved several pharmaceutical companies for the use and development of nanotechnology-based drugs (Halwani, 2022).
Magnetic NPs derived from iron (Fe) are being actively explored for medical diagnosis and therapy, including cancer treatment (Dürr et al., 2013), sorting and manipulation of stem cells (Barrow et al., 2015), drug delivery (Estelrich et al., 2015), genome analysis (Tang et al., 2020) and magnetic resonance imaging (Zhao et al., 2020), and copper (Cu) NPs are used as biosensors and electrochemical sensors (Qing et al., 2019). Many silver (Ag) NPs are commonly used to treat viral and microbial infections (Salleh et al., 2020). Platinum (Pt) NPs have recently been investigated and used for the production of anticancer drugs (Abed et al., 2022).
Nanomaterials are synthesised using two methods, namely, the top-down and the bottom-up approach (Usman et al., 2020). The top-down approach is usually done by physical processes such as vaporisation, lithography, laser ablation, spraying, hydrolysis, photo, irradiation and supersonic. In this method, a larger molecule is broken down into atoms or ions that are much smaller (Gutiérrez-Cruz et al., 2022; Harish et al., 2023). Co-precipitation, photochemistry and reduction are chemical methods that can be used in the bottom-up approach (Wang et al., 2021; Sajid, 2022). The bottom-up method involves using microorganisms plants, algae, bacteria and fungi (Salem and Fouda, 2020; Karunakaran et al., 2023).
This review deals with the green synthesis of nanoparticles through environmentally friendly methods. Different applications of NPs in therapeutics and other fields have also been discussed.
2 BACKGROUND OF GREEN SYNTHESIS
Green synthesis (GS) refers to the biological production of NPs using enzymes from microorganisms or phytochemicals or other sources (plants, algae, fungi, etc.) (Jeevanandam et al., 2022; Sharma et al., 2022). GS is a safe, economical, environmentally friendly and clean method of producing nanomaterials. It uses plants and other biological materials such as bacteria, fungi and algae as substrates (Huston et al., 2021; Dikshit et al., 2021). Many variables can affect the nature and size of NPs, depending on the method and component used for production, including temperature, particle size, pH, extract concentration, reaction time, solvent used and surface charge (Lombardo et al., 2020; Shafey, 2020; Usman et al., 2020). Another important parameter for characterising NPs is the type and intensity of the surface charge, which influences the electrostatic interactions between NPs and their environment (Modena et al., 2019). The final shape and size of NPs are determined by various active molecules and precursors, including a metal salt (Dikshit et al., 2021). Phytochemicals (amides, terpenoids, carboxylic acid, ascorbic acid, etc.) can convert metal salts into metal NPs. These potent phytochemicals present in the extracts are the focus of extensive biodiversity research for green production of NPs (Md Ishak et al., 2019).
3 PRODUCTION OF NANOPARTICLES
3.1 Microbial synthesis
Various microorganisms - from bacteria, fungi and actinomycetes to viruses - have been tested for their suitability for the synthesis of NPs. They are used for biocorrosion, bioremediation, biomineralization, bioleaching and other applications in different industries (Dikshit et al., 2021). Microbial synthesis is favoured due to the numerous advantages it offers. They also have advantages such as scaling up the process and other processes associated with synthesis (bottom-up or top-down approaches) (Dikshit et al., 2021) (Supplementary Table 1A).
3.2 Nanoparticles from algal sources
In contrast to plants, algae (microalgae and macroalgae) do not require any special additional chemicals (Mukherjee et al., 2021). The production of NPs using algae is referred to as phyco-nanotechnology (Chaudhary et al., 2020). Algae contain a variety of phytochemicals, proteins and pigments that are ideally suited as bioproducts for the production of NPs. Algae have shorter growth times (high growth rate), are easier to process, less expensive, require fewer nutrients and are non-toxic. The production of NPs in the solution containing algal extract and metal solution is indicated by the change in colour. The colour change indicates that the metal ions are in a zero-valent state. In the production of gold (Au) NPs with Ulva intestinalis and Rhizoclonium fontinales, there was a visible colour change from green to purple in the thallus (Chaudhary et al., 2020). Similarly, the colour of the cultured mixture of algal biomass of Clavulina humicola together with Ag nitrate salts changed to yellow, indicating the formation of AgNPs (Chan et al., 2022). Many other algal species such as C. humicola, Padina boergesenii, Gracilaria corticate, Anabaena doliolum and Spirulina were used to produce NPs (Supplementary Table 1B).
3.3 Virus-derived nanoparticles
Plant viruses are preferred for the GS of NPs to minimise the risk of the virus interacting with human proteins and causing toxic side effects, infections and immune responses (van Kan-Davelaar et al., 2014). Plant viruses are also ideal because they can self-assemble around a nanoparticle in vitro and contain about 10 nm³ of particles (Alemzadeh et al., 2018; Zhang et al., 2018). These properties are mainly used to produce plant-derived viral NPs that are used for targeted cancer treatment (Zhang et al., 2018; Venkataraman and Hefferon, 2021).
Plant viruses can also be used as size-limiting vessels for the production of NPs. Different sizes of co-particles produce virus-like particles with different properties and distinct symmetries. Particles composed of smaller NP cores are smaller than those composed of large cores (Liu et al., 2021). The process for producing plant viral NPs involves infecting the plant leaf with the plant virus. There are several forms of the viral capsid and it can be divided into different subunits such as the inner, middle interface and outer. This enables numerous applications for a single viral NP (Chung et al., 2020; Steinmetz et al., 2020; Nooraei et al., 2021).
Viral NPs have protein monomers and encapsulate negatively charged nucleic acids. This approach has been used to encapsulate complexes of negatively charged polymers and cytotoxic drugs such as doxorubicin so that the viral NPs can be used for targeted drug delivery systems (Krissanaprasit et al., 2021; Li and Champion, 2022). Encapsulation of these synthetic NPs in viral NPs ensures biocompatibility, prevents aggregation and enables bioconjugation of functional ligands, such as targeting molecules, to achieve tissue specificity (Färkkilä et al., 2021; Tufani et al., 2021). Bio-templating is a process that mimics the process of bio-mineralisation, i.e., the formation of minerals through the metabolic activities of microorganisms (Homaeigohar, 2020; Magdum et al., 2024). Protein cages for inorganic nanoparticles: The exterior and interior of the Cowpea chlorotic mottle virus capsule are chemically different environments (Kumari et al., 2021). The inner surface is more positively charged than the outer surface so it can serve as a nucleation site for crystal growth. The inner cavity of the virion restricts mineral growth. Therefore, a spherical nanoparticle with a maximum diameter of about 28 nm is formed (Chakravarty and Rao, 2023).
3.4 Plants and their extracts: reducing and stabilizing agents
The simplest green production method for the production of metal and metal oxide NPs is the use of plant extracts (Jeevanandam et al., 2022). Various metabolites or chemical substances can be found in plant extracts. They can act as stabilisers that enable the biodegradation of metal ions to NPs. For example, to produce gold NPs, a metal salt solution such as HAuCl4 and AgNO3 is added to the plant extract, and amino groups (-NH3) help to degrade the metal ions from the salt solution (Bharadwaj et al., 2021). The activation phase, the growth phase and the process completion phase are all involved in the synthesis of NPs with plant extracts. In the activation phase, the reduction of metal ions takes place. As a result, reduced metal atoms are formed, followed by a phase change of the nucleated metal atom to the metal ion. The newly formed metal ion grows and is further reduced in the subsequent growth phase. Plant tissues from Ocimum sanctum, Desmodium trifolium, Cinnamomum zeylanicum, Piper longum, Syzygium cumini and Melia azedarach have been used to reduce Ag ions to particle sizes of 5–40 nm (Gour and Jain, 2019). According to Yadi et al. (2018), extracts from Calotropis procera and Punica granatum are mixed with Cu acetate to produce CuONP. The plant extracts can calcify Cu acetate to CuNPs (Supplementary Table 1B).
3.5 In vitro synthesis of nanoparticles
The development and synthesis of NPs using in vitro approaches is still in its infancy. Only a few reports have demonstrated the use of in vitro-based synthesis of NPs (Satyavani et al., 2011; Iyer et al., 2016; Jayappa et al., 2020). Satyavani et al. (2011) and Iyer et al. (2016) synthesised 31 and 1 nm AgNPs from stem-derived calli extracts of Citrullus colocynthis (L.) Schrad. (Cucurbitaceae) and calli culture of Vigna radiata (L.). R. Wilczek (Fabaceae) using Murashige and Skoog (MS) medium supplemented with different plant growth regulators. Zinc oxide (ZnO) NPs (5–20 nm) were synthesised by Jayappa et al. (2020) using the leaf callus of Mussaenda frondosa L. cultured on MS medium with NAA 2 mg/L and kinetin (kin) 4 mg/L. Therefore, the in vitro approaches for the synthesis of NPs need to be explored as they could be a potential method for the rapid and efficient generation of NPs.
4 CHARACTERIZATION OF NANOPARTICLES
Common techniques used to characterise NPs are surface-enhanced Raman spectroscopy (SERS), X-ray diffraction (XRD), X-ray photoelectron spectroscopy (XPS), energy dispersive spectroscopy (EDS) and ultraviolet (UV)-visible spectroscopy, Fourier transform infrared spectroscopy (FTIR), atomic force microscopy (AFM), atomic absorption spectroscopy (AAS), dynamic light scattering (DLS), scanning and transmission electron microscopy (SEM and TEM) and high angle dark field (HAADF) (Ingham, 2015; Ealias and Saravanakumar, 2017; Sharma et al., 2022; Vijayaram et al., 2024).
5 GREEN SYNTHESIS: MACHINE LEARNING AND IN SILICO APPROACHES
The GS of NPs depends on various parameters, such as the optimisation of the chemical processes involved in the synthesis, the required precision and their production. These steps are usually very expensive, labour-intensive, dependent and time-consuming. The synthesis processes also require control of reagent concentrations, temperature, mixing conditions and the reactor (Tao et al., 2021; Nathanael et al., 2023). Varying the type, amount and concentration of stabilising agents could lead to a change in the size of the NPs to be synthesised (Tao et al., 2021; Nathanael et al., 2023). Due to the progress and need for data collection and processing, artificial intelligence and machine learning have been integrated with nanotechnology in the synthesis and prediction of characteristic features of NPs (Shafaei and Khayati, 2020; Mekki-Berrada et al., 2021; Nathanael et al., 2023).
6 FACTORS AFFECTING THE SYNTHESIS
Various factors influence or determine the synthesis of NPs, including features, characterisation, application, types and concentrations of stabilisers, ionic stabilisers (citrate) and pH (Patra and Baek, 2015; Nathanael et al., 2023). Some of the other important parameters are the concentrations of the extracts and raw materials used, the pH of the solution, the temperature, the size of the raw materials and the process of synthesising the NPs (Patra and Baek, 2015).
Process of synthesis: There are different types of NP synthesis, namely, physical (arc discharge, mechanical grinding, electron beam lithography, etc.), chemical (chemical reduction of metals, electrolysis, microemulsion, etc.) and biological (with plant extracts, algae, enzymes and biomolecules, etc.). However, biological approaches to synthesise NPs are non-toxic and use environmentally friendly materials and are therefore environmentally friendly, efficient and more acceptable than conventional methods (Patra and Baek, 2014).
pH: Maintaining pH is an essential factor as it may be involved in the synthesis of NPs. The pH plays an important role in living organisms as it influences the basic processes and therefore requires optimal conditions for better functioning (Patra and Baek, 2014).
Temperature and pressure: It is also an important factor in determining NP synthesis. It can be observed that physical methods require about >350°C, while chemical methods require about 350°C or less. However, biological methods require lower ambient temperatures (<100°C). The temperature of the medium is crucial as it helps to determine the nature of the NPs (Patra and Baek, 2014).
Time: Time is one of the most important factors in the synthesis of NPs, as it controls the formation of NPs (quality and type), which depends on the time allowed for the reaction and incubation time. The time allowed for storage can influence the shelf life of the NPs and the aggregation of the NPs.
Biomolecules and functional groups: The functional groups (thiols, amines, sulphides, phosphines, carboxylic acids) have a major influence on the nature of NPs to be synthesised and can change the surface coating of the NPs. Therefore, the immobilisation of the groups will lead to the synthesis of the desired NPs (Shreyash et al., 2021).
Other factors: Plants and microorganisms produce secondary metabolites that serve as reducing and stabilising agents for the synthesis of NPs. Particle size, pore size and shape play an important role in determining the properties of NPs. It has been found that the melting point of NPs decreases with increasing particle size in the nanometre range (Akbari et al., 2011). Similarly, the light conditions (quality, exposure time and intensity) can alter the synthesis of NPs.
7 APPLICATIONS OF NANOPARTICLES
There are various applications of NPs in different fields and sectors such as agriculture, environment, targeted drug delivery, cancer treatment, food and beverage industry and paints, etc. Some of these applications are described below.
Cancer treatment: Cancer is one of the biggest global challenges. Due to their anti-proliferative and cell death-inducing properties, NPs (AgNPs, AuNPs, etc.) are very actively used in the treatment of cancer. As they are small particles, they are easily circulated, bioavailable, soluble, and non-toxic and are distributed and transported by capillaries (Dikshit et al., 2021; Shreyash et al., 2021; Ying et al., 2022).
Targeted drug delivery: The use of nanoparticles as effective drug delivery systems is of great importance due to their size, bioavailability, continuous drug release, significant drug delivery capacity, prolonged circulation time, effective intracellular penetration and ability to protect the active ingredient from physiological barriers. The efficacy of cancer treatment can be improved by dynamically focusing drugs at preferred sites in vivo (Khatik, 2022). Biomaterials (growth factors with living cells) or bioinks based (quantum dots, polymeric micelles, gelatin methacrylate, etc.) on NPs have potential applications in tissue engineering, regeneration and treatment through artificial techniques such as human organs (Salahshour et al., 2024). Similarly, nanocomposites (microbial- and plant-based gums) can also be used for different therapeutic purposes (cancer, water treatment, etc.) (Dhanda et al., 2025).
Anti-microbial properties: GS-NPs are effective against a range of diseases caused by pathogens such as fungi, viruses and bacteria. They can reduce the likelihood of antibiotic resistance and prevent infectious diseases. This creates new opportunities for the improvement of environmentally friendly nanobased antimicrobials (Vanlalveni et al., 2021). AgNPs have been reported to be excellent against multidrug-resistant strains of Pseudomonas aeruginosa, Bacillus subtilis, Staphylococcus aureus and Escherichia coli (Roy et al., 2019).
Agriculture and environment: In agriculture, the use of nano-fertilisers has recently increased and attracted great interest (Dikshit et al., 2021). However, biofertilisers (TiO2, SiO2 including others) are preferred over fertilisers and the former can also be applied to plants using nanocarriers (Kumar et al., 2021; Zafar et al., 2024), taking advantage of the benefits of nanotechnology. The NPs are also used in bioremediation (metallic NPs), water purification (or wastewater treatment) (MgO, TiO2 and ZnO), soil purification and detection of heavy metal NPs (arsenic, chromium, mercury) (Dikshit et al., 2021).
Food preservation, packaging, supplements and value addition: NPs (Ag-Cu, Au, Pt) are used in the food industry for the production, storage, packaging and transport of products. They increase shelf life, reduce the risk of microbial growth (nanocomposite of starch and sorbic acid), increase the absorption of vitamins, and vitamin-containing sprays with nanodroplets (Fe, Zn) as nano-nutrients and develop nanoparticles for smart packaging to trap oxygen and moisture absorbers (Dikshit et al., 2021).
Renewable energy: Renewable energy is another area where green synthesised NPs are very promising (Samuel et al., 2022). Nanoparticles are used to improve the efficiency and performance of solar cells, photocatalysts and energy storage devices. For example, green synthesised ZnO nanoparticles produced from papaya leaf extracts have been employed to improve the ability of solar cells to store light, resulting in higher energy conversion efficiency (Rathnasamy et al., 2017; Ali et al., 2023).
8 LIMITATIONS OF GREEN SYNTHESIS OF NANOPARTICLES
The common problem encountered in the NPs synthesis is the ability to control the size, regularity and shape of the particles (Shreyash et al., 2021).
Consistency: The use of plant extracts or plant calli can influence NP synthesis. The growth conditions such as the pH value and temperature of the plants used in the GS also affect the consistency of the synthesis of the nanoparticles. For example, the absorption peaks of plant extracts and calli in Ag nitrate solution for the AgNP production differ significantly, resulting in different properties (Ying et al., 2022).
Synthesis pathway: The basic technique involves the use of solutions of biological components (microbes, plants or their extracts) mixed with metal salts such that metals get reduced to produce NPs. As a result, the GS technique is in most cases very arbitrary and without any control over product quality (Pal et al., 2022).
Size and shape: During the manufacturing process, there is limited control over the shape and dimensions of the desired end product. The final dimensions of the NPs produced also depend on the starting solutions and stabilising agents used (Baig et al., 2021; Huston et al., 2021; Pal et al., 2022).
Commercial production: Green NPs are produced according to need and application, so the desired size also varies according to use thus limiting the scope for commercial purposes (Gupta et al., 2023).
Reaction time (RT): The RT varies depending on the biochemicals and biosynthesis pathways used. It can be shorter or longer, which affects the properties of the end product (Alharbi et al., 2022; Ying et al., 2022).
Stability: The stability of the NPs produced by GS is impaired. The biological materials may also contain impurities in the form of free radicals that affect their stability (Gupta et al., 2023). There is a need for standardisation of GS processes as batch-to-batch variations are observed in GS (Rogers and Jensen, 2019).
9 CONCLUSION AND FUTURE PROSPECTS
Green synthesis enables efficient use of resources and cost efficiency. The nanoparticles produced by GS are highly biocompatible and can therefore be used safely as nanomedicines. Despite its importance, GS technology is subject to limitations in terms of scalability, reproducibility and standardisation. In conclusion, green synthesis is an important technique for the environment-friendly production of nanoparticles and represents a promising direction for sustainable nanotechnology.
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The early diagnosis rate of gastric cancer is low, and most patients are already at an advanced stage by the time they are diagnosed, posing significant challenges for treatment and exhibiting high recurrence rates, which notably diminish patients’ survival time and quality of life. Therefore, there is an urgent need to identify methods that can enhance treatment efficacy. Nanomedicine, distinguished by its small size, high targeting specificity, and strong biological compatibility, is particularly well-suited to address the toxic side effects associated with current diagnostic and therapeutic approaches for gastric cancer. Consequently, the application of nanomedicine and delivery systems in the diagnosis and treatment of gastric cancer has garnered increasing interest from researchers. This review provides an overview of recent advancements in the use of nanomaterials as drugs or drug delivery systems in gastric cancer research, encompassing their applications in diagnosis, chemotherapy, radiotherapy, surgery, and phototherapy, and explores the promising prospects of nanomedicine in the treatment of gastric cancer.
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1 INTRODUCTION
In 2022, there were over 960 thousand new cases of gastric cancer globally, resulting in approximately 660 thousand deaths, both figures ranking fifth worldwide (Siegel et al., 2022). Projections indicate that by 2050, annual cancer incidences will reach 35 million, marking a 77% increase from 2022 levels (Bray et al., 2024). Gastric cancer, characterized by high incidence and mortality rates, places a substantial burden on healthcare systems and the World Health Organization due to its extensive consumption of medical resources. Gastric cancer has a low accuracy in early diagnosis, suboptimal treatment outcomes, high recurrence rates, and a 5-year survival rate that remains below 20% (Liu Q. et al., 2023). Most gastric cancer patients are diagnosed at advanced stages because early symptoms are often absent or nonspecific, leading to delayed detection (Liu N. et al., 2022; Thrift and El-Serag, 2020; Tian et al., 2020). Current primary treatment modalities include chemotherapy, radiotherapy, surgery, immunotherapy, and phototherapy (Li et al., 2023). While these treatments can effectively eliminate gastric cancer cells to varying degrees, they frequently result in drug resistance and multiple adverse effects such as vomiting and hair loss (Zhu T. et al., 2024). Nano-drug delivery systems, as a novel drug delivery approach, offer the advantage of precisely targeting tumor cells while causing relatively small damage to healthy tissues and cells (Moradian and Mohammadzadeh, 2023).
Nanomaterials, typically ranging from 1 to 100 nm in size (Jeevanandam et al., 2018), exhibit excellent inclusivity, targeting capabilities, and structural stability (Li et al., 2021; Yang et al., 2022; Yao et al., 2020).In recent years, novel nanotechnology has led to remarkable advancements in nanomedicines, which have made extraordinary achievements in cancer diagnosis and treatment (Bor et al., 2019). Research indicates that nanomaterials hold substantial promise in areas such as early cancer diagnosis, targeted chemotherapy drug delivery, radiation sensitization, surgical tracing, and phototherapy (He et al., 2015). Furthermore, nanomedicine demonstrates strong compatibility with vaccines and 3D printing technologies, opening up extensive prospects for improving the diagnosis and treatment of gastric cancer (Alsharabasy and Pandit, 2024; Ke et al., 2022; Liu Y. et al., 2023).In the diagnosis domain, nanosensors play a pivotal role in detecting cancer at earlier stages, as exemplified by the use of nano-probes (Li et al., 2018). The principle of “early detection and early treatment” has a vital meaning for extending patient survival and enhancing quality of life. (Figure 1).
[image: Diagram illustrating gastric cancer (GC) diagnosis and therapy. Left half shows diagnostic tools: nanoprobe, CT, SERS, and endoscope. Right half depicts therapy methods: chemotherapy, radiotherapy, surgery, PDT, and PTT.]FIGURE 1 | Application of nanomedicine and delivery systems in the diagnosis and treatment of gastric cancer.
2 APPLICATION OF NANOMATERIALS DIAGNOSIS IN THE OF GASTRIC CANCER
Imaging techniques and endoscopic examinations represent a currently prevalent approach for diagnosing gastric cancer. However, these approaches have certain limitations, including blind spots and difficulties in accurate characterization (Li et al., 2021; Yang et al., 2022). Nanotechnology-based diagnostic methods can be divided into direct and indirect approaches. Direct diagnosis involves the use of nanomaterials conjugated with fluorescent substances to form tracers, enabling improved visualization of tumor locations. This provides more precise guidance for subsequent surgical procedures, radiotherapy, and chemotherapy. Indirect diagnosis refers to the integration of nanomaterials into existing diagnostic technologies, such as computed tomography (CT), surface-enhanced Raman scattering (SERS), and endoscopy, to complement existing testing techniques in confirming the diagnosis of gastric cancer.
2.1 Direct application of nanomaterials in gastric cancer diagnosis
The application of nanocarriers in the diagnosis of gastric cancer involves the use of nanoscale materials or structures as delivery vehicles to precisely transport diagnostic agents or markers to gastric tissues. This approach facilitates early detection, localization, and assessment of gastric cancer (Kwak et al., 2024). By integrating the benefits of nanotechnology and molecular biology, this technology aims to improve diagnostic sensitivity and specificity, reduce the need for invasive procedures, and enhance patient comfort (Mollasalehi and Shajari, 2021). Key technical requirements include: Size and Permeability: Nanomaterials must be capable of penetrating biological barriers while avoiding clearance by macrophages; Targeting and Loading Capacity: Nanomaterials should be able to conjugate with specific ligands to deliver sufficient diagnostic agents to the target sites; Regulatory Compliance: The design and manufacturing of nanocarriers must comply with relevant pharmaceutical regulations and safety standards, undergoing rigorous safety and efficacy testing (Ruan et al., 2012; Wang et al., 2011). Zhang et al. (2025) devised perovskite-based probes, designated as AZI-PQDs, tailored specifically for the identification of gastric cancer tumors. These probes demonstrated accurate detection of gastric cancer cells in both in vitro and in vivo fluorescence imaging experiments while ensuring minimal immunogenicity and toxicity. This approach showcases substantial promise for the diagnosis of gastric cancer. Furthermore, Ma et al. (2024) introduced an electrochemical biosensor, termed MoS2-Au@Pt, which exhibits remarkable sensitivity and selectivity. Notably, this biosensor can detect miR-19b-3p at exceedingly low concentrations—down to 0.7 a.m.—thus effectively differentiating between normal individuals and those afflicted with gastric cancer. Wu et al. (2021) established a sensitive single-nucleotide polymorphism (SNP) detection system that demonstrated high selectivity and sensitivity for detecting mutations in the p53 gene. This system has the ability to identify early gastric cancer. Zhang C. et al. (2022) developed an electrochemical cell sensor named GO-AuNSs@rBSA-FA for analyzing MGC-803 cells. This sensor quantitatively detects cells in the range of 3 × 102 to 7 × 106 cells/mL, offering the potential for early gastric cancer detection in clinical settings. Shi et al. (2019) introduced a nanoprobe named T-MAN, which targets tumor cells and activates matrix metalloproteinase 2 (MMP-2), enabling the precise in situ detection of gastric tumors in a mouse model during surgery for the first time (Wang et al., 2014).
2.2 Indirect application of nanomaterials in gastric cancer diagnosis
Nanomaterials can be integrated with existing diagnostic techniques to detect gastric cancer cells. It can be combined with existing CT, SERS, or endoscopy for the diagnosis of gastric cancer. By precisely delivering diagnostic agents via nanocarriers and integrating multiple imaging techniques, this approach enables early diagnosis and comprehensive evaluation of gastric cancer (Cai et al., 2023). Specific criteria cover aspects such as the design of nanocarriers, the performance of imaging techniques, and the ease of operation, ensuring the safety and effectiveness of this method in clinical applications. This not only enhances the accuracy of gastric cancer diagnosis but also provides patients with more treatment options and opportunities.
2.2.1 Application of nanomaterials combined with CT in gastric cancer diagnosis
CT imaging can accurately depict the size and location of gastric cancer cells and is commonly used for preoperative planning and surgical risk assessment. CT offers several advantages, including non-invasiveness (Ma et al., 2022), high image resolution, and the ability to perform three-dimensional reconstruction. However, it has certain limitations, such as reduced sensitivity in detecting small lesions in the early stages (Wei et al., 2024), and radiation exposure from CT scans can pose risks to patients. When combined with CT, nanocarriers should efficiently load CT contrast agents to ensure sufficient contrast during CT scans (Yin et al., 2021). Additionally, CT should have high resolution to visualize the anatomical structures of the stomach and potential lesion areas, facilitating accurate analysis and diagnosis by medical professionals. Shi et al. (2018) investigated a fluorescent copper sulfide nanoparticle (RGD-CuS-Cy5.5), which, when combined with CT, enabled in vivo imaging and detection of sentinel lymph node (SLN) metastasis in gastric cancer. Xuan et al. (2019) developed a bismuth nanoparticle cluster probe with enhanced permeability and retention properties. These particles, measuring approximately 25–55 nm, can easily penetrate tumor cells and assist CT in the accurate diagnosis of gastric cancer. Huang et al. (2017) created a nanoparticle composite, Au-BSA-DOX-FA, as a CT contrast agent. This material improves CT imaging clarity and enhances the efficacy of targeted gastric cancer treatment, making it a promising new nanocarrier for drug delivery in gastric cancer diagnosis. Shi et al. (2018) devised a nanoparticle named RGD-CuS-Cy5.5, which targets gastric cancer cells in lymph nodes for non-invasive multimodal imaging, allowing for precise identification of SLN metastasis. Kukreja et al. (2017) developed a porous-shell nanoparticle, AuFe NPs, which exhibits T2 contrast effects and reduces X-ray radiation, making it suitable for CT imaging (Zhang et al., 2013).
2.2.2 Application of nanomaterials combined with SERS in the diagnosis of gastric cancer
SERS has emerged as a promising technique for diagnosing gastric cancer by detecting specific biomarkers in bodily fluids (Zhai et al., 2022). Nanocarriers typically utilize gold or silver nanoparticles as SERS substrates (Xie et al., 2024), which can specifically bind to gastric cancer cells or related molecules, thereby enhancing Raman signals and improving the sensitivity and specificity of the detection (Wei et al., 2016; Xie et al., 2024). However, it remains in the research phase and has not yet been extensively adopted in clinical practice. Consequently, advancing research on SERS-based diagnostic methods for gastric cancer is imperative. For instance, Chen et al. (2016) successfully differentiated between early- and late-stage gastric cancer patients and healthy individuals by analyzing volatile organic compounds in exhaled breath, achieving an accuracy rate exceeding 83%. This approach demonstrates potential as an effective preliminary screening tool. Similarly, Pan et al. (2022) developed a sensor utilizing a nanocomposite material (MoS2-AuNSs) to detect exosomes, which carry tumor-specific molecular information, thereby facilitating early cancer diagnosis. Huang et al. (2022) designed an Ag@ZIF-67 sensor that energizes plasmonic nanoparticles, enabling non-invasive, rapid, and user-friendly gastric cancer screening with an accuracy rate of up to 89.83%. Shao et al. (2023) introduced Au/SiNUA, which enhances SERS performance with detection times as short as 18 min, while also exhibiting ultra-sensitivity and specificity, making it advantageous for precise gastric cancer screening. Additionally, Cao et al. (2023) developed a microarray chip based on a gold nanohexagon substrate to construct a SERS spectral recognition model, achieving an accuracy rate exceeding 97.5% in gastric cancer diagnosis, thus highlighting its potential as a clinical diagnostic technology.
2.2.3 Application of nanomaterials combined with endoscopy in the diagnosis of gastric cancer
Endoscopy is a primary diagnostic method for gastric cancer, offering speed and convenience. However, it has notable limitations, including the inability to detect early-stage lesions below its resolution threshold (Han et al., 2020) and risks such as perforation and bleeding. When integrated with endoscopy, nanocarriers should exhibit excellent integration and real-time capabilities. This means that the endoscope must be compatible with nanocarriers and imaging technologies, enabling multimodal imaging while providing real-time imaging data to assist doctors in making rapid diagnoses. To address these challenges, Luo et al. (2023) developed a nanoprobe named M-1, which enables imaging under blue laser endoscopy, simplifying procedures and reducing the risk of errors. In animal experiments, the M-1 probe demonstrated exceptional capability in identifying gastric cancer cells, marking a significant advancement in the visualization of blood vessels for early gastric cancer diagnosis. Harmsen et al. (2019) integrated SERS nanoparticles into endoscopy, successfully detecting gastrointestinal tumor cells in animal models. Furthermore, Du et al. (2018) designed a nanoprobe based on dye-labeled human heavy-chain ferritin, which enhances the accuracy of early gastric cancer cell detection and aids in the endoscopic resection of tumor cells.
3 APPLICATION OF NANOMEDICINES IN THE TREATMENT OF GASTRIC CANCER
In clinical practice, the primary treatment modalities for gastric cancer include chemotherapy, radiotherapy, surgery, and phototherapy (Li et al., 2024; Wang G. et al., 2024). However, these approaches are often associated with drug resistance and adverse effects such as hair loss and vomiting. (Rai et al., 2021). By utilizing nanoparticles, liposomes, polymers, nano-micelles, and hydrogels as carriers (Cabral et al., 2018; Che et al., 2020; Salapa et al., 2020), nanomedicines can be delivered precisely to tumor cells, minimizing drug loss and increasing drug concentration within the Tumor Microenvironment (TME) (Kaur et al., 2022; Zhu et al., 2022). When combined with existing therapies, nanomedicines have the potential to enhance clinical efficacy in the treatment of gastric cancer.
3.1 Application of nanomedicine in chemotherapy for gastric cancer
Chemotherapy remains one of the primary treatment modalities for gastric cancer. However, conventional chemotherapeutic agents often exhibit suboptimal tumor cell targeting and inflict significant collateral damage to normal cells (Zheng et al., 2020a). The side effects of chemotherapy are not only limited to hair loss and gastrointestinal disturbances but also include cardiovascular and liver-kidney dysfunction. Notably, anthracyclines, a class of chemotherapeutic drugs, are associated with severe cardiotoxicity (Geerts et al., 2024), which can manifest as myocardial ischemia in mild cases and heart failure in severe cases, thereby severely compromising the patient’s quality of life. To address these challenges, researchers have focused on developing various nanomaterials to serve either as chemotherapeutic agents or as drug delivery systems. These nanomaterials enhance the precision of drug delivery through mechanisms such as active targeting and passive targeting while being engineered to account for critical factors like pH, temperature, light, and magnetism (Yu et al., 2022). These factors significantly influence drug efficacy and delivery, paving the way for safer and more precise chemotherapy in the treatment of gastric cancer.
3.1.1 Active targeting
Active targeting represents one of the primary strategies for delivering nanomedicine to tumor cells (Garcia-Pinel et al., 2019). This mechanism involves tethering tumor-specific molecular recognition ligands to the surface of nanomedicine, thereby enabling targeted delivery to tumor cell surfaces. The number, spatial distribution, and other parameters of the targeting ligands on the nanomaterials directly influence the targeting efficiency of the nanomedicine. Typically, tumor cells overexpress a repertoire of surface receptors that can bind to these ligands, leading to endocytosis. Kong et al. (2024) developed a multifunctional pH-responsive nano platform named CPP10-PEG@Cur@FT, which delivers curcumin (Cur) to gastric cancer cells through a synergistic combination of chemotherapy and PDT. This platform significantly enhanced the cytotoxicity of Cur against gastric cancer cells. Zhang et al. (2020) demonstrated that Salidroside potentiates the chemosensitivity of apatinib in gastric cancer, and their engineered nano drug delivery system, iVR1-NPs-Apa/Sal, precisely targets tumor cells. Alam et al. (2022) synthesized curcumin-loaded poly (lactic-co-glycolic acid) nanoparticles (Cur-NPs) using a single-emulsion solvent evaporation method. Experimental results revealed that, compared to cells treated with free Cur, a higher number of apoptotic cells were observed after 72 h of Cur-NPs treatment, highlighting the therapeutic potential of Cur-NPs in gastric cancer.
3.1.2 Passive targeting
Passive targeting of nanomedicine to tumor cells is based on the enhanced permeability and retention effect (Obata and Hirohara, 2023). Research has shown that paclitaxel (PTX) synergizes with the AKT inhibitor capivasertib to exert potent antitumor effects, demonstrating significant potential in advanced gastric cancer treatment (Song et al., 2024). Jian et al. (2020) engineered GX1-modified nanoliposomes named GX1-PTX-NLCs, which not only significantly reduced PTX toxicity but also enhanced its antitumor efficacy, making it a promising nano-drug delivery system. Diniz et al. (Diniz et al., 2023) created “Foretinib”-loaded nanoparticles containing tyrosine kinase inhibitors, which exhibited the ability to slow tumor progression and inhibit cell proliferation in vivo studies, underscoring their potential as a therapeutic strategy for gastric cancer. Zhang A. et al. (2022) developed dual-loaded DNA micelles (Cur@affi-F/GQs) by incorporating Cur and 5-fluorodeoxyuridine into affi-F/GQs micelles. In vitro studies revealed that Cur@affi-F/GQs significantly enhanced the activity of apoptosis-related proteins in the Bcl-2/Bax-caspase eight and 9-caspase three pathways, exerting robust cytotoxic effects on N87 cells. Abedi et al. (2023) synthesized poly (ethylene glycol) -coated nanoparticles that retained 39% of the drug payload after 72 h, demonstrating superior drug retention and advancing the application of nanomedicine in chemotherapy. Zheng et al. (2020b) developed PLGA-NPs co-delivering doxorubicin (DOX) and nitrofurazone, which inhibited gastric cancer cell proliferation by downregulating STAT3 pathway phosphorylation. Chen et al. (2023) engineered a nano-micelle based on carboxymethyl alginate, which, in both in vitro and in vivo studies, activated cytotoxic T lymphocyte (CTL) activity and polarized M2 phenotype to M1 phenotype, phenotype thereby exerting synergistic antitumor effects and extending the overall survival of gastric cancer animal models. Cur, a traditional Chinese medicine monomer, not only acts as an effective radiosensitizer but also holds promise as a therapeutic agent for gastric cancer. Yaghoubi et al. (2021) targeted human gastric adenocarcinoma cell lines using a combination of Cur and DOX loaded onto carboxylated graphene oxide (APT-CGO), which demonstrated significantly higher inhibitory effects compared to CGO-based drugs (Figure 2).
[image: Diagram illustrating nano drug delivery mechanisms. Central circle labeled "Nano Drug Delivery" surrounded by sections: A for nanomedicine with nanoparticles, B for targeting with active and negative icons, and C for responsiveness showing pH, temperature, light, and magnetism. Components include liposomes, nanomicelles, polymers, and hydrogels. Abbreviations like Cur, PTX, DOX, and Sal are listed.]FIGURE 2 | The application of nanomaterials in chemotherapy for gastric cancer.
3.2 Application of nanomedicines in radiotherapy for gastric cancer
Radiotherapy is a crucial method for treating malignant tumors, effectively eradicating tumor cells. However, it can also damage normal cells, leading to side effects such as hair loss, gastrointestinal reactions, and bone marrow suppression. Given these side effects, the development of more benign and precisely localized nanomedicines for radiotherapy is crucial. Current nanotherapeutic agents, characterized by reduced toxicity, can be primarily categorized into two major types: organic and inorganic nanoparticles (Wei et al., 2022).
3.2.1 Application of organic nanomedicines in radiotherapy for gastric cancer
Organic nanoparticles are typically used as radio-sensitizers to enhance the sensitivity of tumor cells to radiation. Numerous studies have confirmed that Cur is an effective organic nanoparticle, significantly improving radiation efficiency. Cur exhibits several beneficial properties, including inhibiting tumor cell proliferation, inducing apoptosis in gastric cancer cells, regulating the cell cycle to arrest cells in the radiation-sensitive G2/M phase, and displaying antioxidant effects by scavenging oxidative free radicals generated during radiotherapy. These effects reduce damage to normal cells (Liu Z. et al., 2022). Nosrati et al. (2022) developed a metal-semiconductor heterojunction nanoparticle (Bi2S3@BSA-Au-BSA-MTX-Cur) loaded with Cur and methotrexate (MTX). This nanoparticle, when administered in a single dose of combined chemoradiotherapy with X-rays, completely eradicated tumors in animal models within approximately 20 days, demonstrating an extremely effective anti-tumor approach. Delahunty et al. (2022) demonstrated that 7-dehydrocholesterol can act as a sensitizer to induce reactive oxygen species (ROS) responses. Encapsulating 7-dehydrocholesterol into nanoparticles (7-DHC@PLGANP) significantly enhances the efficacy of radiotherapy.
3.2.2 Application of inorganic nanomedicines in radiotherapy for gastric cancer
A hypoxic microenvironment (HME) can reduce the sensitivity of tumor cells to radiotherapy. Inorganic nanomaterials are generally used directly in radiotherapy, converting light energy into heat to enhance local radiation or improving the HME of tumor tissues by generating ROS to enhance radiotherapy effects. Unlike traditional radiotherapy, inorganic nanomaterials exhibit excellent biocompatibility and safety, can stably exist within the human body without easy degradation, and have significantly lower toxicity compared to existing radiotherapy methods. Tang et al. (2021) developed an oxygen-generating nanomotor (pHPFON-NO/O2) based on hybrid semiconductor organic silicon, which can alleviate HME to enhance the efficacy of radiotherapy. Broekgaarden et al. (2020) demonstrated that the surface chemical design of ultra-small gold nanoclusters (AuNC) enabled high-sensitivity near-infrared and short-wave infrared imaging. They found that combining high-content imaging assays significantly enhances the effectiveness of radiotherapy. Chen et al. (2021) combined Au-OMV with radiotherapy, which not only increased radio-sensitivity but also modulated immune function. In animal experiments, mice treated with Au-OMV in combination with radiotherapy had longer survival times. Wang Z. et al. (2024) designed a tungsten-based nano radiosensitizer (PWAI) to address immune suppression caused by severe MYC upregulation due to radiotherapy. PWAI significantly enhanced the anti-tumor immune response to radiotherapy, reducing the cytotoxicity of T lymphocytes in animal models. Wang H. et al. (2023) developed a nanosystem called MON@pG, which enhanced the radio-sensitivity of gastric cancer cells through ROS-mediated effects, induced mitochondrial dysfunction, and ferroptosis, thereby improving the effectiveness of radiotherapy for gastric cancer.
3.3 Application of nanomedicines in surgical treatment of gastric cancer
Surgery remains a crucial treatment for gastric cancer. However, it also has drawbacks such as significant bodily trauma and a long postoperative recovery period (Skapars et al., 2023). Nanomedicine and delivery systems can precisely target tumor cells, reduce incisions, and shorten recovery times. Peritoneal metastatic nodules in gastric cancer, characterized by focal diffusion, small size, and close contact with adjacent organs, are often challenging to identify and completely remove during surgery, frequently leading to surgical failure and cancer recurrence (Guo et al., 2023). Indocyanine green (ICG)-mediated fluorescence imaging is widely used in gastrointestinal surgery. ICG’s excellent permeability and retention properties enable precise and personalized radical surgery (Sun et al., 2024). Wang et al. (2018) synthesized a novel gold nanoshell conjugated with ICG (I-GSN) to overcome the weak targeting ability and poor tissue penetration of chemotherapeutic drugs, as well as incomplete tumor clearance. I-GSN-mediated near-infrared imaging provides sufficient optical contrast for preoperative guidance and intraoperative tumor resection. Wang H. et al. (2023) developed a near-infrared fluorophore methylene blue probe to assist surgeons in clearly visualizing resection margins during gastric cancer surgery. Liposomes, primarily composed of phospholipids, are one of the most commonly used nanocarriers. Encapsulation in liposomes can improve the solubility and stability of anti-cancer drugs (Zhou et al., 2023). Seo et al. (2023) demonstrated that liposome-encapsulated ICG can remain in gastric cancer tissue for a longer period, aiding in lesion marking and SLN identification. Wang et al. (2022) developed a hollow virus-mimetic MnO2 nanoshell, which, when used to create the nanoprobe PbS@CdS, can adhere to tumor cells and assist in detailed tumor model investigations under NIR-IIb fluorescence imaging, guiding tumor surgery.
3.4 Application of nanomedicine in photodynamic therapy for gastric cancer
Photodynamic therapy (PDT) induces apoptosis in target cells by disrupting the structure and function of organelles through the use of photosensitizers and laser irradiation at specific wavelengths (Tanaka et al., 2021). Due to its high selectivity, minimal invasiveness, and high safety, PDT is widely applied in tumor treatment (Shen et al., 2022). Nanomedicine can enhance the targeted penetration of photosensitizers in PDT, making its integration into PDT a viable option. Current research indicates that PDT has been explored for gastric cancer treatment (Zhang Y. et al., 2023). Yang et al. (2019) demonstrated that the nanoparticle CM/SLN/Ce6 releases its loaded drug in a pH-dependent manner, showing superior anti-gastric cancer effects compared to the free drug in both in vitro and in vivo studies. (Zhu T. et al. (2024) found that IR780-mediated PDT significantly increases ROS levels, effectively inhibits tumor neutrophil ferroptosis, remodels the immunosuppressive TME, and suppresses gastric cancer cell growth. Xin et al. (2022) revealed that AuS-mediated phototherapy enhances photothermal and vapor effects by increasing ROS, rapidly inducing apoptosis, and improving the clinical efficacy of gastric cancer treatment. Mao et al. (2018) developed 5-fluorouracil-doped silk fibroin nanoparticles, which demonstrated ideal tumor-targeting properties when combined with PDT in vivo studies, making it a potential option for cancer treatment. Liao et al. (2021) used a two-photon photosensitizer (Ir-OH) to disrupt mitochondrial redox homeostasis. After irradiation with a 730 nm two-photon laser, they observed enhanced phototoxicity of Ir-OH against human gastric adenocarcinoma due to reduced glutathione levels.
3.5 Application of nanomedicine in photothermal therapy for gastric cancer
Photothermal therapy (PTT) and PDT are both forms of phototherapy used in the clinical treatment of gastric cancer (Ouyang et al., 2022; Xie et al., 2020). PTT primarily involves materials with high photothermal conversion efficiency to convert light energy into heat, thereby killing tumor cells (Xiong et al., 2020). PTT is known for its high safety, low toxicity, and short treatment duration, and it can be combined with chemotherapy to enhance efficacy and reduce side effects (Sun et al., 2021; Yan et al., 2020). The integration of nanomedicine into PTT has introduced several advantages, such as improved photothermal conversion efficiency, and light-controlled drug release. Yang et al. (2024) synthesized nanoliposomes encapsulating IR780 and EN4, termed Nano-EN-IR@Lip. These nanoliposomes were shown to mediate PTT, which rapidly kills cancer cells, indicating that this nanoliposome system could potentially function as a novel nano-drug delivery platform for the diagnosis and treatment of gastric cancer. Sang et al. (2021) developed a hydrogel named OSA/AHA/BP/PTX, which exhibited excellent photothermal conversion effects at temperatures close to body temperature in both in vitro and in vivo experiments. The hydrogel, when combined with chemotherapy, demonstrated a significantly enhanced anti-tumor efficacy. Xia et al. (2023) designed extracellular vesicles modified with CDH17 nanobodies, which, when irradiated with PTT, polarized macrophages from the M2 to the M1 phenotype, exerted synergistic anti-tumor effects and presented a promising treatment method for gastric cancer. Chen et al. (2022) developed a platform named PP@MnNPs, which combines magnetic resonance imaging with chemodynamic therapy/PTT, aligning with the trend of integrated diagnosis and treatment. Both in vitro and in vivo studies demonstrated that this platform could exert anti-tumor effects and induce ferroptosis. Guo et al. (2020) prepared a novel nanotheranostic agent named HMON@CuS/Gd, which selectively induces mild phototherapy in the TME, inhibiting gastric cancer cell growth while ensuring safety. Wu et al. (2016) synthesized CuInS2/ZnS nanocrystals using PEGylated liposomes as linkers, which exhibited lower toxicity than pure liposomes and could be used for PTT and PDT in cancer treatment (Table 1).
TABLE 1 | Application of nanomedicine and drug delivery systems in gastric cancer radiotherapy, surgery, PDT, and PTT.
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4.1 Potential impacts of nanomaterials on healthy tissues and the immune system
Nanomaterials exhibit broad prospects for application in the biomedical field, particularly in the diagnosis and treatment of gastric cancer, due to their unique physicochemical properties. However, the potential toxicity of nanomaterials to healthy tissues is a critical aspect that cannot be overlooked, as it is essential for evaluating their biocompatibility and safety (Deng et al., 2022). When nanomaterials enter a biological system, they can affect healthy tissues through various mechanisms, including physical damage, chemical toxicity, and immune responses (Ling et al., 2023). In clinical practice, a comprehensive evaluation of the biocompatibility and safety of nanomaterials requires consideration of their physicochemical properties, the routes of exposure to the biological system, and the mechanisms of biological responses (Souto et al., 2024). Firstly, nanomaterials can penetrate cell membranes, leading to cell membrane damage, which is the most direct form of physical toxicity (Su et al., 2018). Nanomaterials can also interact with intracellular structures, causing organelle dysfunction. Additionally, variations in the physicochemical properties of nanomaterial surfaces can result in the formation of protein coronas, which may alter the biodistribution, clearance rates, and interactions of nanoparticles with cells, thereby affecting their toxicity. Secondly, chemical toxicity is another significant aspect of the impact of nanomaterials on healthy tissues. Active functional groups or components on the surface of nanomaterials can undergo chemical reactions in the body, producing ROS that induce oxidative stress and cell damage (Lerida-Viso et al., 2023). For example, gold nanoparticles and silver nanoparticles can release metal ions that react with thiol groups within cells, causing cytotoxic effects. Lastly, nanomaterials can also elicit immune responses in the human body, including both immunostimulatory and immunosuppressive effects (Qiu et al., 2017). The size, shape, charge, and surface modifications of nanoparticles can serve as signals for immune cell recognition, leading to the activation or suppression of the immune system, which can result in inflammatory and allergic reactions that impact healthy tissues (Qian et al., 2017). For instance, nanomaterials can activate macrophages and dendritic cells, promoting the release of immune cell factors and triggering localized or systemic inflammation.
4.2 Challenges of long-term biocompatibility of nanomaterials with living organisms
Assessing the long-term biocompatibility of nanomaterials with living organisms is a central challenge, especially in their biomedical applications for gastric cancer treatment. Extended exposure to nanomaterials within biological systems can induce a range of biological effects. Ensuring the safety and efficacy of these materials for gastric cancer treatment necessitates systematic optimization and evaluation to mitigate potential risks associated with prolonged exposure (Parvin et al., 2024). Firstly, biodistribution and metabolic kinetics are critical determinants of the long-term biocompatibility of nanomaterials (Andoh et al., 2024). However, clearance mechanisms can vary depending on material properties, leading to prolonged retention within the body and an increased risk of chronic toxicity (Bizeau and Mertz, 2021). For instance, the degradation and stability of surface modifications influence biocompatibility; unstable modifications may lead to excessive release of degradation products, accumulating toxicity over time. Secondly, prolonged exposure to nanomaterials poses genotoxicity risks (Tang et al., 2024). These materials can directly interact with DNA or induce oxidative stress, leading to DNA damage and genetic mutations. Moreover, sustained contact with certain nanomaterials may alter cellular microenvironments, promoting cancer cell proliferation and metastasis, which negatively impacts gastric cancer therapy. Furthermore, the accumulation of nanomaterials within the body during prolonged exposure is a critical concern. Some nanomaterials may accumulate in specific tissues or organs, increasing their burden (Mahajan and Cho, 2022). For example, metal-based nanomaterials can damage the liver and kidneys through the release of metal ions, whereas polymeric nanomaterials may exhibit long-term toxicity via the release of degradation products (Pan et al., 2023) (Figure 3).
[image: Flowchart titled "Potential Challenges" divided into two sections. The left section addresses "Healthy Fitness and the Immune System," detailing chemical toxicity, physical activity, immune response, and various biological effects. The right section focuses on "Long-Term Biocompatibility," covering metabolic activity, genotoxicity risks, accumulation over time, and associated health issues.]FIGURE 3 | Potential challenges of nanometer materials.
5 PROMISING FIELDS IN THE DEVELOPMENT OF NANO-DRUGS FOR GASTRIC CANCER
5.1 Application of biomimetic nanoparticles in the development of nano-drugs for gastric cancer
Biomimetic nanoparticles are nanoscale carriers constructed by mimicking naturally occurring substances or cellular structures in the biological world. These carriers exhibit excellent biocompatibility and biodegradability, effectively reducing non-targeted effects and enhancing drug delivery efficiency (Anitha et al., 2024). The design inspiration for biomimetic nanoparticles comes from biological structures such as cell membranes, exosomes, and viral particles. By simulating the characteristics of these biological structures, the targeting, biocompatibility, and therapeutic efficacy of nano-drugs can be significantly improved (Xu et al., 2016). Wang et al. (2021) developed a drug delivery tool called the RP (P/T) erythrocyte membrane biomimetic nanosystem. This emerging drug delivery tool, which co-loads PTX and triptolide, can prolong the circulation time of the drug in the blood and evade immune surveillance, making it a promising therapy for gastric cancer. Lei et al. (2023) synthesized a new nano-drug called GIC@HM·NPs with a biomimetic coating, which has the functions of PTT and chemotherapy. This nano-drug not only improves biocompatibility but also allows for more precise drug delivery to tumor sites, enhancing drug utilization efficiency and providing a safer, more efficient, and more precise method for gastric cancer treatment. Zhang L. et al. (2023) designed a co-delivery system called M@BP. In a mouse model of orthotopic gastric cancer, M@BP can effectively target and accumulate in gastric cancer cells, blocking the activation of CDK9 and BRD4 and impeding the growth of gastric cancer cells.
5.2 Application of nanotheranostic in the development of gastric cancer nanodrugs
Nanotheranostics is an integrated nanotechnology that combines diagnosis and therapy (Arshad et al., 2021), aiming to construct a multifunctional platform capable of simultaneously achieving disease monitoring and treatment. By co-loading diagnostic molecules, such as fluorescent dyes, magnetic nanoparticles, or radioactive isotopes, and therapeutic molecules, such as chemotherapeutic agents, proteins, or nucleic acids, within biomimetic nanoparticles, it is possible to achieve precise targeting and real-time tracking of gastric cancer, as well as dynamic monitoring of its microenvironment, while simultaneously performing effective targeted therapy (Kumari and Sunil, 2021). Bao et al. (2016) developed a functionalized gold nanoprism named AuNprs, which can be used simultaneously for in situ photoacoustic imaging, angiography, and localized thermal therapy. This represents a highly sensitive in vivo nanotheranostic platform for detecting gastric cancer tumors and performing targeted therapy. In vivo studies have demonstrated that it can reduce tumor size and improve survival rates in mice following localized thermal therapy. Wu et al. (2019) developed a theranostic gold nanoparticle-boron cage assembly, named B-AuNPs, for evaluating the feasibility of boron neutron capture therapy. This study advanced the integrative diagnosis and treatment of gastric cancer by creating detectable boron-containing gold nanoparticles. Zhang et al. (2023a) reported a series of nanobody-derived CD47-targeted agents, among which [68Ga]Ga-NOTA-C2 and [89Zr]Zr-DFO-ABDC2 exhibited longer circulation times. The study suggests that the optimization of CD47-targeted theranostic approaches may provide new strategies for the treatment of CD47-targeted solid tumors (Figure 4 and Table 2).
[image: Flowchart illustrating the applications of biomimetic nanoparticles in medicine. It shows pathways for diagnostics and therapy, featuring fluorescent dyes, magnetic nanoparticles, radioactive isotopes, chemotherapeutic agents, nucleic acids, and proteins. Key concepts include immune escape, blood circulation, and bionic nano-coating.]FIGURE 4 | Promising fields in the development of nano-drugs for gastric cancer.
TABLE 2 | Promising areas for nanomedicine development in gastric cancer.
[image: Table comparing studies on biomimetic nanoparticles and nanotheranostics. The columns list Study, Medicine/Material, Tool/Nanoshape, and Name. Biomimetic nanoparticles include studies with PTX, Triptolide using NPs. Nanotheranostic includes studies with Boron using a Gold Nanoparticle-Boron Cage and CD47 using Nanobody. Each entry includes authors and years, medicine/material, the tool used, and the nanoparticle name.]6 DISCUSSION
Gastric cancer, one of the most common types of cancer, continues to have high incidence and mortality rates, placing significant pressure on healthcare systems. While existing treatments have achieved some success, issues such as drug resistance, toxic side effects, and recurrence remain significant challenges. In terms of diagnosis, nanoprobes, due to their large surface area, can easily bind to gastric cancer cells, allowing for the detection of early-stage gastric cancer using fluorescence techniques. The introduction of nanotechnology into gastric cancer diagnosis has the potential to develop more specific and sensitive probes, enhancing diagnostic accuracy. By leveraging the unique physical and chemical properties of nanomaterials, future advancements could integrate optical imaging, magnetic resonance imaging, and ultrasound imaging to achieve multimodal diagnostic fusion, aiding in the accurate staging of tumors. In recent years, significant efforts have been directed toward the integration of diagnosis and treatment in cancer research. A variety of nanomaterials capable of both diagnosing and treating cancer have been developed. These materials enable the initiation of personalized treatment plans based on diagnostic outcomes, thereby minimizing the physical burden on patients associated with multiple diagnostic and therapeutic procedures. In the realm of treatment, nanomedicine has demonstrated considerable promise in several areas, including the targeted delivery of small molecules to tumor cells, the reduction of toxicity, the enhancement of the efficacy of existing treatments, and the improvement of patient quality of life. Nano-drug delivery systems can precisely target tumor cells, increasing drug concentration within the TME, prolonging drug circulation time in the bloodstream, and thereby inhibiting tumor growth, which leads to improved clinical outcomes. Furthermore, nanomedicine can augment the therapeutic effects of PDT and PTT by enhancing the efficiency of light-to-heat and light-to-kinetic energy conversion, aiming to optimize clinical results.
Looking ahead, the development of intelligent nanomedicine and delivery systems represents a key direction for future research. These intelligent systems can monitor changes in the TME in real-time through integrated sensors and adjust drug release accordingly. For instance, temperature- and pH-sensitive nano-drug delivery systems can release drugs under specific TME conditions, thereby achieving targeted therapeutic effects. As nanotechnology continues to evolve, researchers will focus on the development of novel nanocarriers. For example, the use of biocompatible materials such as chitosan as carrier materials can lead to the creation of nanomedicines with higher bioavailability. The integration of novel nanomedicines with advanced drug delivery systems can address diverse treatment needs. The application of nanotechnology in gastric cancer diagnosis and treatment is very promising, but its clinical translation still faces many challenges. For instance, the relationship between the preparation methods, structure, composition, and efficacy of nanomedicines is not yet fully understood; development costs are high, posing significant economic challenges; and many drugs and carriers are still in the research and development phase, not yet meeting clinical standards. Most existing research is still confined to animal experimentation, and the stability of these technologies in the human physiological environment remains uncertain. Researchers should strengthen collaboration with fields such as materials science, chemistry, biology, and engineering, integrating cutting-edge technologies from various disciplines to drive the innovation and development of nanotechnology. For instance, artificial intelligence algorithms can be utilized to optimize the design of nanomedicines, and microfluidic technology can enable high-throughput preparation and screening of nanomedicines. Currently, the most pressing issue to address is the lack of systematic preclinical research and clinical trial data for nanomedicines. Researchers should intensify preclinical studies on nanomedicines, including pharmacokinetic, pharmacodynamic, and toxicological evaluations, to ensure their safety and efficacy in animal models. Additionally, multi-center, large-sample clinical trials are needed to evaluate the efficacy, tolerability, and long-term safety of nanomedicines in gastric cancer patients. Accelerating the clinical translation process of nanomedicines can be achieved through the establishment of standardized clinical trial protocols and data-sharing platforms. Despite the numerous challenges in applying nanotechnology to the clinical diagnosis and treatment of gastric cancer, the continuous advancement of nanotechnology and the deepening of interdisciplinary collaboration are expected to make nanomedicine and delivery systems powerful tools for diagnosing and treating gastric cancer, offering new hope to patients.
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This study presents a novel point-of-care electrochemical sensor for dopamine (DA) detection, featuring a flexible laser-induced graphene (LIG) modified with a unique nanocomposite comprising Nb4C3Tx MXene, polypyrrole (PPy), and iron nanoparticles (FeNPs). The LIG-Nb4C3Tx MXene-PPy-FeNPs is characterized by scanning electron microscopy to confirm the successful surface modification. The electrochemical performance of the fabricated sensor via cyclic voltammetry showed significant electrochemical activity upon Nb4C3Tx MXene-PPy-FeNPs nanocomposite modification of the LIG surface with an increased peak anodic current (Ipa) from 43 μA to 104 μA. The sensor demonstrated high electrocatalytic activity and a wide linear detection range of 1 nM to 1 mM DA with excellent sensitivity of 0.283 μA/nM cm−2, and an ultralow detection limit of 70 pM. The LIG-Nb4C3Tx MXene-PPy-FeNPs sensor exhibited good recovery in biological samples and a remarkable selectivity for DA, effectively distinguishing it from common interfering compounds such as uric acid, ascorbic acid, glucose, sodium chloride, and their mixtures. This flexible LIG-Nb4C3Tx MXene-PPy-FeNPs sensor platform provides a reliable and accurate approach for detecting DA, even in complex biological matrices at point-of-care applications highlighting its potential for advanced biosensing applications.
Keywords: dopamine, point-of-care, laser-induced graphene, MXene, polypyrrole, iron nanoparticles, electrochemical sensing

1 INTRODUCTION
Dopamine (DA) is a critical neurotransmitter in the brain, playing an essential role in motor control, behavior, and emotional regulation (Vallone et al., 2000; Hornykiewicz, 1966). Dopaminergic neurons are primarily located in regions such as the substantia nigra and ventral tegmental area, with DA also found in peripheral tissues like the sympathetic ganglia and renal glomeruli. Imbalances in DA levels have profound physiological and pathological implications (Teng et al., 2021; Sonne et al., 2024; Latif et al., 2021; Cassidy et al., 2020). Elevated DA levels are linked to cardiotoxicity, rapid heart rates, hypertension, and heart failure, whereas reduced DA levels in the central nervous system are strongly associated with neurodegenerative and psychiatric disorders such as Parkinson’s disease, schizophrenia, Alzheimer’s disease, stress, and depression (Bucolo et al., 2019). In Parkinson’s disease, for example, the degeneration of dopamine-producing neurons in the substantia nigra leads to decreased DA in the basal ganglia, resulting in the characteristic motor dysfunction of the disease (Salvatore, 2024). Consequently, the accurate monitoring of DA levels is of significant clinical importance (Balkourani et al., 2023).
DA can be detected in various bodily fluids, including blood, urine, and sweat (Louleb et al., 2020; Liu and Liu, 2021). Conventional analytical techniques for DA quantification, such as enzyme assays, liquid chromatography, mass spectrometry, and capillary electrophoresis, provide high sensitivity and accuracy. Among these, high-performance liquid chromatography (HPLC) coupled with tandem mass spectrometry (MS/MS) is widely regarded as a gold standard. However, these methods are often expensive, require specialized equipment, and are not suitable for point-of-care applications. The typical physiological range of DA concentrations in blood and urine are 0–0.25 nM and 0.3–3 μM, respectively, stressing the need for sensitive and selective detection techniques (Shinde et al., 2024). Notably, urine is a favorable sample matrix for non-invasive DA monitoring due to its relatively high DA levels, primarily derived from circulating DOPA, a dopamine precursor.
Electrochemical biosensors have emerged as an attractive alternative for DA detection, offering advantages such as cost-effectiveness, rapid response, high sensitivity, and suitability for point-of-care applications (Liu and Liu, 2021). Within this field, non-enzymatic electrochemical sensors are particularly promising due to their durability, ease of use, and robustness compared to enzymatic counterparts. The development of advanced electrode materials has been a critical focus for enhancing sensor performance (Liu and Liu, 2021; Berni et al., 2022). Modifying electrode surfaces with nanostructured materials can significantly improve electrocatalytic activity, leading to enhanced sensitivity and selectivity for DA detection. Key strategies include the deposition of nanomaterials as redox mediators, functional groups to facilitate charge transfer, and nanostructures with high surface areas to increase sensitivity (Arjun et al., 2023).
The integration of laser-induced graphene (LIG) with two-dimensional (2D) nanomaterials, particularly MXenes, has emerged as a promising approach to enhance the sensitivity and specificity of electrochemical biosensors (Xu et al., 2020). MXenes, despite lacking the three-dimensional network structure of graphene, possess a unique combination of properties that make them highly suitable for sensing applications (Ali et al., 2024). These include excellent mechanical strength, a large surface area, and superior electrical conductivity, all of which contribute to improved stability and efficient signal transduction in sensors. Among MXenes, Nb4C3Tx MXene has garnered attention for its remarkable chemical sensing capabilities, positioning it as a promising material for electrochemical biosensing (Shinde et al., 2024). Recent studies have demonstrated its effectiveness in detecting DA. Ti3AlC2 and Nb2AlC derivatives exhibit synergistic potential when combined with LIG and other MXenes, offering a versatile platform for biosensor development. By tailoring the composition of MXenes and incorporating complementary nanomaterials or dopants, highly sensitive and selective sensors suitable for a wide range of biological and clinical applications can be realized (Sarode et al., 2024). Additionally, the combination of MXene and carbon nanotubes (CNTs) has been reported to produce synergistic composites with enhanced performance, leveraging the complementary characteristics of both materials. MXene contributes high electrical conductivity and a chemically active surface, while CNTs provide exceptional electron mobility and mechanical robustness. Together, they form a three-dimensional interconnected network that mitigates MXene restacking, while also promoting strong interfacial adhesion and uniform dispersion. This structural and chemical synergy enhances charge transfer efficiency, increases the available surface area for electrochemical processes, and significantly improves the composite’s sensing capabilities and catalytic activity (Mohajer et al., 2023).
Several studies have explored the synergistic integration of LIG and MXene materials to enhance sensor performance, particularly in terms of limit of detection (LOD), sensitivity, and selectivity. For instance, Zhang et al. demonstrated that nitrogen- and sulfur-co-doped Nb2C MXene nanosheets significantly improved the sensitivity of DA detection under acidic conditions. The material exhibited enhanced hydrophilicity and electrochemical activity, achieving a remarkably low LOD of 0.12 µM (Zhang et al., 2023). Similarly, Mahmood et al. developed LIG formed from a biomass-based film composed of kraft lignin and cellulose nanofibers film on glassy carbon electrode for the detection of DA and the reported linear detection range (LDR) of 5–40 µM with a sensitivity of 4.39 μA μM−1 cm−2 (Mahmood et al., 2021). In another study, Amara et al. investigated Ti3C2TX MXene in combination with perylene diimide for DA detection. This hybrid composite material demonstrated improved charge transport and redox properties, achieving an LDR of 100–1,000 µM and an LOD of 240 nM (Amara et al., 2021).
Building on these advancements, this study introduces a flexible electrochemical biosensor based on LIG electrodes modified with Nb4C3Tx MXene, polypyrrole (PPy), and iron nanoparticles (FeNPs) nanocomposite for point-of-care DA monitoring. The LIG was fabricated on Pyralux® film, and the nanocomposite was characterized using scanning electron microscopy (SEM). Electrochemical performance was evaluated using square wave voltammetry (SWV), revealing enhanced electrocatalytic activity and synergistic interactions between graphene, Nb4C3Tx MXene, PPy, and FeNPs. The Nb4C3Tx MXene-PPy-FeNPs sensor exhibited a wide linear detection range (1 nM–1 mM), high sensitivity, and excellent selectivity toward DA in the presence of common interferents. Despite limited exploration, the fabricated LIG-Nb4C3Tx MXene-PPy-FeNPs sensor demonstrates remarkable DA sensing capabilities and shows great promise for non-invasive, point-of-care monitoring of DA levels in bodily fluids such as urine, offering a user-friendly and accurate alternative for clinical diagnostics and personal health monitoring (Leng et al., 2015; Dalirirad and Steckl, 2020).
2 MATERIALS AND METHODS
2.1 Chemicals and materials
Pyralux® LF copper-clad laminate was procured from Dupont, Inc. Dopamine hydrochloride (C8H12ClNO2), potassium ferricyanide (K3[Fe(CN)6], sodium chloride (NaCl), potassium chloride (KCl), sodium phosphate monobasic (NaH2PO4), sodium phosphate dibasic (Na2HPO4), ascorbic acid (C6H8O6), uric acid (C5H4N4O3), glucose (C6H12O6), sodium hydroxide (NaOH), niobium aluminum carbide powder (Nb4AlC3), hydrochloric acid (HCl), dimethyl sulfoxide (DMSO) (CH3)2SO), polypyrrole ((C4H5N)n), lithium perchlorate (LiClO4), iron sulfate (FeSO4), sodium sulfate (Na2SO4), calcium chloride (CaCl2), ammonium chloride (NH4Cl) and urea (CH4N2O) were obtained from Sigma-Aldrich (United States). All solutions were prepared using deionized (DI) water with a resistivity ≥18.2 MΩ·cm.
2.2 Structural and electrochemical characterization
The structural characteristics of fabricated electrode materials, including LIG, LIG-Nb4C3Tx MXene, LIG-Nb4C3Tx MXene-PPy, and LIG-Nb4C3Tx MXene-PPy-FeNPs, were evaluated using field-emission scanning electron microscopy (FE-SEM, Hitachi SU-8000, 20 kV). The electrochemical properties of the electrodes were analyzed using a Palmsense4 electrochemical analyzer system (BASi). Cyclic voltammetry (CV) and square wave voltammetry (SWV) measurements were performed using a 5 mM potassium ferricyanide (K3[Fe(CN)6]) redox reporter solution in 0.1 M KCl as the electrolyte. Voltammograms were recorded at scan rates ranging from 10 to 100 mV/s, within a potential window of −0.6 to +1.0 V.
2.3 Fabrication of laser-induced graphene (LIG) electrode platform
The LIG 3-electrode configurations were fabricated using a CO2 pulsed laser system (BOSS LS-1616) (Figure 1A). Graphene was synthesized on the polyimide side of the Pyralux® LF sheet, while the copper-clad side was passivated with polyethylene film. Laser power was set to 20% for both maximum and minimum thresholds, with a laser scanning speed of 200 mm/s. The fabricated working, counter, and reference electrodes had a thickzness of 1 mm. The working electrode area was defined with a diameter of 2.2 mm, and the reference electrode was coated with silver ink. The interconnecting graphene wire was passivated by applying non-conductive polyimide tape. The complete electrode assembly was mounted into a Palmsense adapter for subsequent electrochemical analysis (Figure 1B).
[image: Diagram showing the process and design of a laser-induced graphene electrode. Panel A illustrates laser application on a polyimide sheet over a copper base, labeled with components like PET and Pyralux Sheet. Panel B depicts the electrode's dimensions: counter electrode, working electrode, and reference electrode, with specific measurements indicated.]FIGURE 1 | Schematic illustration of (A) Laser induced graphene (LIG) electrode fabrication. (B) Fabricated sensor integration with Palmsens adapter.
2.4 Synthesis of Nb4C3Tx MXene
The Nb4C3Tx MXene was prepared based on the protocol from (Shinde et al., 2024), wherein a modified etching method involving hydrofluoric acid (HF) was used. Specifically, 1 g of niobium aluminum carbide (Nb4AlC3) MAX phase was combined with 10 mL of HF and 13 mL of hydrochloric acid (HCl) in a reaction vial. The mixture underwent gentle shaking and continuous stirring at 400 rpm for 72 h at room temperature. Following the etching process, the resulting Nb4C3Tx MXene suspension was centrifuged at 4,000 rpm for 5 minutes and washed several times with deionized water (DI) until the supernatant reached a pH between 6.5 and 7.4. Finally, the washed product was dried at 40°C for 10 min to yield stable Nb4C3Tx MXene powder.
2.5 Polypyrrole deposition
PPy deposition was performed using an electrochemical polymerization process as reported in literature (Berni et al., 2022). A 0.1 M lithium perchlorate solution was used as the solvent to dissolve 0.15 M pyrrole monomer. A three-electrode setup was employed, with the fabricated LIG electrode serving as the working electrode. CV was performed within a potential window of −0.7 V to +0.7 V, at a scan rate of 50 mV/s for 10 cycles. After deposition, the electrode was rinsed with DI water and air-dried. To enhance conductivity and stability, the PPy-coated electrode underwent over-oxidation treatment in 0.1 M NaOH. CV was performed within a potential range of 0.0 V to +1.0 V, at a scan rate of 50 mV/s for three cycles.
2.6 Iron nanoparticle deposition
FeNPs were deposited onto the LIG-Nb4C3Tx MXene-PPy working electrode using chronoamperometry. This process was adopted from literature (Joshi and Slaughter, 2024). A stock solution of 50 mM iron sulfate was prepared by dissolving the salt in DI water and adding 80 µL of 1 M sulfuric acid. Before deposition, the solution was diluted to 15 mM with the addition of 30 mg of sodium sulfate. Morphologically tuned FeNPs were deposited by applying a potential of −1.1 V for 10 min at pH 3.5. The resulting electrodes were rinsed with DI water and air-dried before further characterization and testing.
2.7 Synthesis of synthetic urine
Human urine primarily consists of water (approximately 95%), with the remaining 5% comprising organic and inorganic compounds, including urea (2%), creatinine (0.1%), uric acid (0.03%), and various ions such as chloride, sodium, potassium, sulfate, ammonium, and phosphate (Sarigul et al., 2019). The specific concentrations of key constituents used in this study were: calcium chloride (1.663 mM), potassium chloride (30.95 mM), sodium chloride (30.05 mM), sodium sulfate (11.96 mM), ammonium chloride (23.667 mM), and urea (249.750 mM). These components were dissolved and thoroughly mixed with DI water to prepare the synthetic urine solution.
3 RESULTS
3.1 Physical characterizations of fabricated electrodes
The LIG electrode, fabricated on a Pyralux® film and illustrated in Figure 2A, features a highly porous and sponge-like morphology. This structural porosity significantly expands the active surface area, enhancing its potential for electrocatalytic applications. The increased surface area improves charge transfer dynamics, facilitating efficient electron and ion mobility, which is essential for superior performance in electrochemical sensing systems (Ye et al., 2018; Thakur et al., 2022; Syugaev et al., 2023). Nevertheless, the porous nature of the material also leads to structural imperfections within the graphene framework. While these imperfections improve surface reactivity and adsorption capabilities, they can also compromise the electrode’s electrical conductivity and long-term stability (Girit et al., 2009). Therefore, additional structural enhancements are required to mitigate these limitations (Yang et al., 2018; Huang et al., 2020; Guirguis et al., 2020; Bhatt et al., 2022). To overcome these challenges and improve the electrode’s performance, a nanocomposite-based approach was implemented, where Nb4C3Tx MXene, polypyrrole (PPy), and iron nanoparticles (FeNPs) were sequentially deposited onto the LIG surface.
[image: Four scanning electron microscope images labeled A, B, C, and D show porous structures. Each image depicts a different arrangement and size of pores, illustrating variations in the material's surface morphology.]FIGURE 2 | Scanning electron microscopy (SEM) micrograph of (A) bare LIG electrode. (B) LIG-Nb4C3TxMXene. (C) LIG-Nb4C3TxMXene-PPy. (D) LIG-Nb4C3TxMXene-PPy-FeNPs.
As illustrated in Figure 2B, depositing Nb4C3Tx MXene onto the LIG electrode partially occupied the porous network within the graphene structure. This integration not only enhanced the electrode’s electrical conductivity but also established a robust platform for the sequential deposition of additional nanomaterials. (Shinde et al., 2024; Arjun et al., 2023; Sarode et al., 2024; Yang et al., 2018). Additionally, the MXene layer created a dense network of conductive pathways, helping to counteract the structural imperfections of the bare LIG. After modifying the LIG with MXene, PPy was electrochemically deposited onto the LIG-Nb4C3Tx MXene surface, leading to the creation of a three-dimensional porous structure, as seen in Figure 2C. The PPy layer further expanded the electrode’s surface area, forming an interconnected network that facilitated improved ion and electron transport. The heterogeneous nature of the LIG substrate played a crucial role in guiding the growth of PPy, resulting in a durable and evenly distributed layer (Berni et al., 2022; Sukumaran et al., 2025).
At the final stage, FeNPs were incorporated onto the LIG-Nb4C3Tx MXene-PPy electrode, as depicted in Figure 2D. The FeNPs were evenly distributed across the electrode, forming a thin, uniform layer that boosted both conductivity and catalytic efficiency (Alzate et al., 2022). The tailored structure and composition of the FeNPs-modified electrode highlight its versatility, making it well-suited for applications requiring precise and sensitive detection (Joshi and Slaughter, 2024). The overall modification process transformed the bare LIG electrode into a highly engineered nanocomposite film through a series of steps from LIG to LIG-Nb4C3Tx MXene, then to LIG-Nb4C3Tx MXene-PPy, and finally to LIG-Nb4C3Tx MXene-PPy-FeNPs. Each modification layer brought unique advantages, such as increased conductivity, a larger surface area, improved electrochemical stability, and the introduction of active sites for sensing. This stepwise integration of diverse nanomaterials presents an innovative approach for constructing high-performance electrodes (Alzate et al., 2022). The optimized morphology and composition of the FeNPs-decorated nanocomposite electrode suggest a high degree of tunability for applications requiring precise and sensitive detection capabilities (Joshi and Slaughter, 2024).
3.2 Electrochemical characterizations of LIG-Nb4C3Tx MXene-PPy-FeNPs electrodes
The CV results presented in Figure 3A demonstrate the electrochemical behavior of the LIG electrode across various configurations: bare LIG, LIG-Nb4C3Tx MXene, LIG-PPPy, LIG-FeNPs, LIG-Nb4C3Tx MXene-PPy, and the fully modified LIG-Nb4C3Tx MXene-PPy-FeNPs electrodes. Scanned over a potential range from −0.6 V to +1.0 V at 50 mV/s in 5 mM potassium ferricyanide, all electrode configurations exhibited distinct oxidation and reduction peaks, indicative of reversible redox processes. The bare LIG electrode displayed an anodic peak current (Ipa) of approximately 40 µA (curve a), serving as the baseline for comparison. Upon modification with individual components Nb4C3Tx MXene, PPy, and FeNPs (curves b, c, and d, respectively), incremental increases in Ipa were observed. The Nb4C3Tx MXene, characterized by its exceptional electrical conductivity, high mechanical strength, and large surface area, provided a significant boost to the electrode’s electrochemical performance (Ankitha et al., 2024).
[image: Two cyclic voltammograms labeled A and B show current versus potential. Graph A has six labeled curves from a to f, while graph B shows multiple overlapping curves labeled j and a. An inset in graph B displays a linear plot, indicating electrodeposition growth potential.]FIGURE 3 | (A) CV overlay of (a) Bare LIG, (b) LIG-Nb4C3TxMXene, (c) LIG-PPy (d) LIG-FeNPs, (e) LIG-Nb4C3TxMXene-PPy (f) LIG-Nb4C3TxMXene-PPy-FeNPs electrodes measured in 5 mM K3[Fe(CN)6] containing in 0.1 M KCl. (B) Voltammograms for LIG-Nb4C3TxMXene-PPy-FeNPs electrode measured at various scan rates from 10 to 100 mV/s (a–j) in 5 mM K3[Fe(CN)6] containing in 0.1 M KCl. Inset: Calibration plot of Ipa and Ica vs. square root of the scan rate.
In the case of LIG-Nb4C3Tx MXene-PPy (curve e), the anodic current increased to 65 μA, with slight improvement in the reaction kinetics. The PPy layer not only improved the electrode’s electrochemical performance but also contributed to the introduction of additional surface-active sites (Lakard et al., 2021). These sites, formed through partial removal of protons from the polymer backbone, increased the electrode’s sensitivity to specific redox-active species, thereby improving its applicability in biosensing (Zhuang et al., 2011; Qian et al., 2014; Santhosh Kumar et al., 2021). Moreover, the enhancement is attributed to the synergistic interaction between the MXene and the PPy layers, which collectively improved ion transport and conductivity. Conversely, these modifications also resulted in a decreased potential difference between the anodic and cathodic peaks. A smaller potential difference between the anodic and cathodic peaks indicates more efficient redox reactions, leading to improved performance.
The incorporation of FeNPs played a pivotal role in improving the electrode’s charge transfer kinetics by enhancing the conductivity of the electrode material. Notably, when further modified with FeNPs to form the LIG-Nb4C3Tx MXene-PPy-FeNPs electrode (curve f), the anodic current exhibited a substantial increase to 103 µA. This improvement was accompanied by a reduction in the potential difference between the anodic and cathodic peaks, signifying faster charge transfer kinetics. The significant boost in current can be attributed to the synergistic effects of the LIG substrate, Nb4C3Tx MXene, PPy, and FeNPs, which collectively created a conductive nanocomposite network that significantly reduced surface resistance, enhanced electron transfer, and increased the electrode’s active surface area, thereby enhancing the electrode’s electrocatalytic properties. Additionally, the FeNPs introduced redox-active centers, which are essential for facilitating specific electrochemical reactions like DA sensing (Patel et al., 2024; Ouyang et al., 2022).
Further electrochemical characterization involved varying the scan rate from 10 to 100 mV/s, as shown in Figure 3B. The peak current values were observed to increase proportionally with the square root of the scan rate, indicating that the redox process is diffusion-controlled (Torati et al., 2024). The inset in Figure 3B confirms this relationship, with an excellent correlation coefficient (R2 = 0.9941), emphasizing the efficiency of the LIG-Nb4C3Tx MXene-PPy-FeNPs electrode in facilitating rapid electron transfer. These findings highlight the electrode’s potential for use in electrochemical applications requiring high sensitivity and reproducibility.
3.3 Electrochemical detection of dopamine
The modified LIG-Nb4C3Tx MXene-PPy-FeNPs electrode was tested for DA detection using SWV in 10 mM phosphate buffer solution (PBS, pH 7.4). Successive additions of various concentrations of DA (1 nM, 10 nM, 100 nM, 1 μM, 10 μM, and 100 µM) to the electrode surface resulted in a clear and proportional increase in oxidation current (ca. 138 mV), as shown in Figure 4A. The calibration curve (inset) exhibited a wide linear range from 1 nM to 1 mM with a linear regression equation of I(μA) = 2.22 ln [DA] + 7.09 (R2 = 0.9990), where R2 is the correlation coefficient. A limit of detection (LOD) was calculated to be 70 pM based on equation 3 σ/S, where σ is the standard deviation of the blank (n = 3) and S is the slope of the calibration curve. When exposed to synthesized urine (pH 7.4), the sensor maintained excellent linearity (1 nM–1 mM) with a linear regression equation of I (μA) = 1.68 ln [DA] + 4.31 (R2 = 0.9940). In addition, the LOD was as low as 90 pM (Figure 4B). The peak shift (187 mV) observed with the synthetic urine is attributed to the complex composition of the synthetic urine. The variation in pH can alter the protonation state of DA and electrode surface properties, thereby affecting redox kinetics (Schindler and Bechtold, 2019). These values are significantly lower than the physiological DA concentration range in human urine, demonstrating the electrode’s superior sensitivity and practicality for real-world applications. The high recovery rates further validate the electrode’s reliability in complex biological matrices (Li et al., 2023).
[image: Two graphs labeled (A) and (B) showing current (µA) versus potential (V) for different concentrations. Each graph has multiple colored plots representing various concentrations with a similar trend of peaks around 0.2 volts. Inset graphs display calibration curves with fitted lines indicating linear relationships between current response and concentration.]FIGURE 4 | SWV of (A) LIG-Nb4C3Tx MXene-PPy-FeNPs sensor exposed to varying concentrations of DA in PBS (pH 7.4) and (B) in synthesized urine.
The ultra-sensitive detection capability of the electrode can be attributed to the synergistic integration of its key components, each contributing uniquely to its enhanced electrocatalytic activity. Nb4C3Tx MXene, a material with excellent electronic properties, ensures efficient charge transfer and engages in π–π interactions with DA molecules, improving molecular binding and facilitating electron transfer (Ankitha et al., 2024; Chen et al., 2021). This property, combined with the high surface area of the nanocomposite, provides a platform where DA molecules can interact more effectively with the electrode surface, increasing the number of electroactive sites and enhancing sensitivity. PPy plays a critical role by forming a cation perm-selective film upon overoxidation, incorporating oxygen-containing groups such as carbonyl and carboxylic groups into its polymer backbone (Berni et al., 2022). These functional groups enhance the electronegativity and electron density of the electrode, creating a selective environment for DA oxidation while minimizing interference from other analytes. Additionally, the incorporation of FeNPs contributes to the electrode’s high surface area and introduces multiple electroactive sites, enabling sensitive and efficient electrocatalytic oxidation of DA. The FeNPs also improve the overall conductivity of the electrode, facilitating faster and more efficient electron transfer.
Overall, the combination of these materials, integrated with the LIG electrode, produces a nanocomposite with exceptional properties, including reduced surface resistance, enhanced electron mobility, and selective ion transport. This synergy results in a broader linear detection range and significantly lower LOD, critical for identifying DA at physiological levels in complex biological samples like urine. Mechanistically, DA detection is enabled by π–π stacking interactions with MXene and graphene, selective oxidation facilitated by the oxygen-containing functional groups in PPy, and rapid electron transfer enabled by the FeNPs. The sensor’s practical utility was further demonstrated through good recovery rates and R.S.D in synthetic urine as shown in Table 1. All experiments were performed in triplicates and at low DA concentrations (10 nM–10 μM), an average recovery rate of 85% with an average RSD of 2.27% was observed. However, at 1 nM and higher concentrations (100 μM and 1 mM), the sensor’s performance showed increased variability, indicating potential matrix interference and saturation. The better recovery rates for lower concentrations (10 nM–10 μM) further validate the electrode’s reliability in complex biological matrices. Table 2 compares previously reported DA electrochemical sensors constructed with various nanomaterials and surface modifications. The as-fabricated LIG-Nb4C3Tx MXene-PPy-FeNPs electrode demonstrates superior sensitivity and a broader linear detection range for DA.
TABLE 1 | % Recovery and % R.S.D of dopamine in synthesized urine.
[image: Table displaying three columns: Solution, % Recovery, and R.S.D. For solutions ranging from 1 nanomole to 1 millimole, % Recovery varies from 68 to 92, with corresponding R.S.D values between 0.91 and 15.55.]TABLE 2 | Comparison of dopamine detection using various nanomaterials-modified electrodes.
[image: Chart listing ten electrode materials with details on linear range, limit of detection (LOD), sensitivity, and references. Materials include polypyrrole-SWCNT, polyoyrrole-graphene, graphene, and various LIG-based composites. LOD ranges from 0.1 micromolar to 136 picomolar. Sensitivity is noted where applicable, with references provided for each material.]3.4 Selectivity and stability of LIG-Nb4C3TxMXene-PPy-FeNPs
To assess selectivity, SWV was performed in the presence of common interfering species such as ascorbic acid (AA), uric acid (UA), glucose (Glu), and sodium chloride (NaCl), as well as a mixture of these interferents (Figure 5A). DA (1 µM) was tested alongside interfering analytes at 10 µM (10× the DA concentration). The results demonstrated no significant change in the oxidation current of DA in the presence of any individual interferent or their mixture. This high selectivity can be attributed to the electrode’s unique surface modifications. The PPy layer not only improved the electrode’s electrochemical stability but also contributed to its selectivity, as PPy is known for its excellent affinity for certain analytes (Chen et al., 2021). The overoxidation treatment of PPy added another dimension to its functionality by introducing additional functional groups and surface-active sites on the overoxidized PPy. Nb4C3Tx MXene also plays a critical role in enhancing the selective detection of DA through multiple synergistic mechanisms. Its surface chemistry enables strong electrostatic attraction, π–π interactions, and hydrogen bonding with DA molecules, promoting highly specific adsorption. This selective binding not only facilitates DA capture but also effectively suppresses interference from structurally similar species, such as ascorbic acid and uric acid (Lakard et al., 2021). Additionally, MXene’s exceptional electrocatalytic activity further accelerates DA oxidation, generating well-defined electrochemical signals that are readily distinguishable from those of interfering biomolecules.
[image: Graph (A) shows bar plots with constant current around 20 microamperes for samples labeled DA, DA+UA, DA+AA, DA+Glu, DA+NaCl, and Mixed. Graph (B) displays current stability over 0, 5, and 10 days, maintaining at 20 microamperes.]FIGURE 5 | (A) Selectivity of LIG-Nb4C3Tx MXene-PPy-FeNPs sensor when exposed to common interfering analytes. All experiments were performed in triplicates. (B) Stability profile of LIG-Nb4C3Tx MXene-PPy-FeNPs sensor.
The stability of LIG-Nb4C3Tx MXene-PPy-FeNPs sensor was assessed by monitoring the oxidation current of 1 µM DA over 10 days. As shown in Figure 5B, the electrode exhibited negligible signal degradation during this period, illustrating its robustness and durability and retaining 95.67% of its original activity. This stability is likely due to the strong interfacial bonding between the LIG substrate and the nanocomposite layers, which resist detachment and degradation under repeated electrochemical cycling. Thereby, the LIG-Nb4C3Tx MXene-PPy-FeNPs sensor offers a highly conductive, stable, and reproducible platform for DA detection. Its low LOD, extended linear range, and high selectivity make it an excellent candidate for clinical diagnostics and biosensing applications.
4 CONCLUSION
A flexible and ultra-sensitive electrochemical sensor for DA detection using a LIG-Nb4C3Tx MXene-PPy-FeNPs nanocomposite has been developed. The synergistic integration of LIG with LIG-Nb4C3Tx MXene, PPy, and FeNPs resulted in remarkable improvements in the electrode’s electrochemical characteristics. Key sensor performance included heightened sensitivity, excellent selectivity, and an extended linear detection range spanning from 1 nM to 1 mM. These attributes were complemented by a very low LOD, reaching 70 pM in PBS and 90 pM in synthetic urine. Such performance places this sensor among the leading tools for physiological DA monitoring, capable of detecting even trace concentrations in complex biological matrices. The exceptional functionality of the sensor is underpinned by its innovative design. Nb4C3Tx MXene contributed its high electrical conductivity and ability to engage in π–π interactions with DA molecules, facilitating efficient electron transfer. The overoxidized PPy introduced electron-rich oxygen-containing groups, enhancing the electrode’s selectivity and promoting charge transfer processes. Meanwhile, the FeNPs provided a high surface area and numerous electroactive sites, improving sensitivity and supporting rapid catalytic reactions. Together, these components formed a robust nanocomposite capable of overcoming common challenges in sensing, such as interference from other analytes, ensuring reliable detection of DA. By leveraging the unique properties of each component and their synergistic effects, the LIG-Nb4C3Tx MXene-PPy-FeNPs sensor establishes a benchmark for advanced biosensors, with potential applications extending beyond DA detection to other biologically relevant analytes in clinical and point-of-care settings.
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Extracellular vesicles (EVs) are cell-derived particles that facilitate intercellular communication by carrying bioactive molecules like proteins and RNA, impacting both health and disease. Herein, the EVs' significance in physiological and pathological processes is reviewed, emphasising their potential as biomarkers for diseases including for instance, cancer, neurodegenerative disorders and cardiovascular conditions. The principles and applications of Raman spectroscopy (RS) - a powerful tool offering detailed molecular insights into EVs, are further examined. The non-destructive nature of this spectroscopic technique renders it invaluable for studying the molecular composition, purity and concentration of EVs. When EVs are isolated from accessible biofluids such as blood, urine or saliva, the overall process remains minimally invasive, enhancing its clinical applicability. The review highlights Raman spectroscopy’s role in identifying disease-related EVs, distinguishing subpopulations and enhancing our understanding of EVs in disease mechanisms and therapeutic applications.
Keywords: extracellular vesicles, Raman spectroscopy, Raman imaging, disease diagnostics, SERS (surface enhanced Raman scattering)

OVERVIEW SNAPSHOT OF THE EXTRACELLULAR VESICLES
Extracellular vesicles are eukaryotic membrane-bound particles released by cells into the extracellular space, playing a pivotal role in both physiological and pathological processes by mediating intercellular communication through the transfer of proteins, lipids and nucleic acids. This ability to transfer bioactive molecules makes EVs significant in biological research and clinical applications (Muhsin-Sharafaldine and McLellan, 2018). EVs play a role in regulating diverse cellular processes, such as immune responses (Figure 1, Autoimmune Disorders) and tumour progression (Figure 1, Cancer). For instance, EVs derived from cancer cells can transfer oncogenic factors to healthy cells, promoting tumour growth and metastasis (Kalluri and McAndrews, 2023). Furthermore, EVs have emerged as valuable biomarkers for numerous diseases due to their capacity to reflect the molecular and physiological state of their originating cells. In colorectal cancer patients, the protein and RNA profiles of EVs can indicate disease presence and progression (Soloveva et al., 2023). Similarly, in neurodegenerative diseases like Alzheimer’s, EVs provide insights into disease mechanisms and aid in early diagnosis (Valle-Tamayo et al., 2022).
[image: Diagram illustrating various diseases and disorders, such as cancer, neurological disorders, and autoimmune diseases. It highlights specific biomarkers like HSPG2 for colorectal cancer, astrocyte-derived extracellular vesicles for neurological diseases, and CD14 for cardiovascular diseases. Includes visual representations of organs affected, disease pathways, and graphs indicating research findings. The chart categorizes conditions including lung cancer, pancreatic cancer, rheumatoid arthritis, lupus, and more, showing potential diagnostic and therapeutic applications of extracellular vesicles.]FIGURE 1 | Schematic illustrating the importance of EVs in various diseases and conditions, including cancer (Sandfeld-Paulsen B et al.,2016), neurological (Arifin et al., 2022) and neurodegenerative disorders (Valle-Tamayo et al., 2022), autoimmune diseases, cardiovascular diseases (Chong et al., 2019), COPD (Gomez et al., 2022), liver (Richter et al., 2021) and kidney diseases (Estefanía et al., 2023) and diabetes (Hu et al., 2020). Created with Biorender (Bhowmik, 2025).
EVs are categorized into distinct types based on their size and biogenesis. Each type is generated differently and carries unique cargo, impacting its role as a biomarker and its detection by various analytical methods. Exosomes ranges from 30 to 150 nm in diameter, which are formed through the inward budding of endosomal membranes, resulting in the creation of multivesicular bodies, which fuse with the plasma membrane to release exosomes into the extracellular space. These are involved in intercellular signalling and immune modulation (Robbins and Morelli, 2014). Micro vesicles are larger than exosomes, with a size range of 100–1,000 nm and are generated directly from the budding of the plasma membrane. They participate in processes such as inflammation, coagulation, and cellular stress (Chong et al., 2019). Apoptotic bodies are the largest of EVs, typically larger than 1,000 nm apoptotic bodies are formed during apoptosis when cells break apart. They play a role in the clearance of apoptotic cells and debris (Muhsin-Sharafaldine and McLellan, 2018). Understanding the formation and functions of these vesicles is crucial for their application in diagnostics and therapeutics. EVs are also currently being explored for their potential in therapeutic applications, including drug delivery and gene therapy. EV’s natural ability to encapsulate and deliver therapeutic agents to target cells makes them promising candidates for novel treatments. Advances in EV engineering aim to enhance their targeting capabilities and therapeutic efficacy (Wang et al., 2023). Figure 1 (Neurological Diseases and Disorders, along with major conditions such as cardiovascular diseases, liver disorders, diabetes, kidney diseases and lung disorders) underscores the crucial role of EVs in a wide range of human pathological conditions. These diverse applications emphasise the crucial role EVs in both diagnostics and therapeutics, highlighting their potential to revolutionize disease monitoring and treatment.
As research advances, the ability to harness EVs for targeted drug delivery, early diagnosis and personalised therapy continues to expand, offering new hope for the management and cure of complex diseases. Central to this progress is the accurate determination of EV chemical composition, as their molecular cargo, including proteins, lipids and nucleic acids, not only reflects the physiological and pathological status of their parent cells but also defines their functional capabilities (Chiang and Chen, 2019; Kumar et al., 2024). This compositional specificity underpins their value as biomarkers for early disease detection and real-time monitoring, particularly in cancers (Fitzgerald et al., 2022), cardiovascular diseases (Fu et al., 2020), and neurodegenerative disorders (Zaborowski et al., 2015; Chen C. et al., 2024). Furthermore, a detailed understanding of EV content enables the development of advanced EV-based therapeutic strategies, including engineered drug delivery systems and regenerative medicine approaches, by ensuring targeted, efficient, and reproducible effects (Davidson et al., 2022). The ongoing development in EV engineering and molecular characterization thus paves the way for innovative medical interventions, potentially transforming the future of healthcare.
In this review, the applications of Raman spectroscopy and its sub-variations are overviewed for the characterisation of EVs whilst focusing on its unique capabilities for identifying and analysing the molecular composition of these vesicles as potential biomarkers of diseases. By comparing Raman spectroscopy with traditional EV characterisation techniques, the review highlights its advantages, such as label-free detection and non-destructive analysis and demonstrates the potential of Raman spectroscopy in identifying disease-specific EV signatures. The limitations of the technique, such as reduced sensitivity in detecting low biomarker concentrations or interference from autofluorescence, are also discussed. Additionally, recent advancements and emerging prospects, including technological innovations aimed at improving sensitivity and clinical relevance, are explored, providing a comprehensive resource for researchers and clinicians in biomedicine, diagnostics and pathology.
RAMAN SPECTROSCOPY
Raman spectroscopy is a powerful, non-destructive vibrational spectroscopy technique based on the inelastic scattering of monochromatic light, typically from a laser. The phenomenon of light scattering can be explained using classical theory. According to classical theory, when a molecule is exposed to electromagnetic radiation-typically from a laser source, an oscillating electric field induces a time-dependent dipole moment in the molecule. The induced dipole moment μ = αE, where α is the polarizability of the molecule and E is the electric field of the incident radiation, governs the scattering of light (Jones et al., 2019). Most scattered photons are elastically scattered (Rayleigh scattering), retaining their energy, while a small fraction undergo inelastic scattering (Raman scattering), resulting in energy shifts that correspond to the vibrational modes of the molecule (Bhowmik et al., 2024). A complete Raman spectrum typically displays both Stokes and anti-Stokes scattering symmetrically about the Rayleigh line, though Stokes scattering is more commonly observed due to the higher population of molecules in the ground vibrational state. Raman spectroscopy thus provides a molecular fingerprint, enabling structural elucidation through the identification of specific vibrational modes (Banwell, 1972). However, conventional Raman spectroscopy suffers from low signal intensity, as only approximately one in every 106–108 photons undergoes Raman scattering. This inherent weakness is exacerbated by the presence of background fluorescence, especially prevalent in biological samples and interference from cosmic rays and solvent scattering, which can significantly reduce the signal-to-noise ratio (Fernández-Galiana et al., 2023).
To overcome these limitations, Surface-Enhanced Raman Scattering (SERS) has emerged as a powerful variant of Raman spectroscopy. SERS enhances the Raman signal by factors of 106–108 or more through the adsorption of analyte molecules onto nanostructured metal surfaces, commonly silver or gold, capable of supporting localized surface plasmon resonances (LSPRs) (Pilot et al., 2019; Schlücker, 2014). This enhancement arises from two primary mechanisms. Electromagnetic enhancement, which results from the amplification of the local electromagnetic field near the metal nanostructure due to plasmon excitation. And chemical enhancement, which involves charge transfer interactions between the analyte and the metal surface that increase the molecular polarizability (Patel and Goldberg Oppenheimer, 2025).
Unlike conventional Raman spectroscopy, where the signal originates from the bulk of the sample, SERS and tip enhanced Raman spectroscopy (TERS) is a surface-sensitive technique, making it particularly well-suited for trace-level detection and label-free biosensing. One of its key advantages is the ability to analyse samples with strong fluorescent backgrounds, as the enhanced Raman signals can effectively outcompete fluorescence emission (Pilot et al., 2019). TERS in comparison to SERS offers superior spatial resolution down to the nanometre scale, enhanced signal localisation, improved reproducibility, and greater surface sensitivity, making it particularly advantageous for nanoscale chemical imaging and single-molecule analysis (Yi et al., 2024). Similarly, UV-SERS, and UV-Resonance Raman Spectroscopy (UVRRS) is a powerful analytical technique that utilizes two laser excitation wavelengths: a resonant ultraviolet (UV) wavelength (typically between 200 and 514 nm) and a non-resonant wavelength (commonly 785–1,064 nm). This dual-wavelength approach enables selective enhancement of Raman signals through resonance with UV excitation. UVRRS is particularly effective for biological molecules containing aromatic rings and amide groups such as proteins and DNA, which often exhibit strong fluorescence under conventional Raman spectroscopy. By using UV excitation, UVRRS significantly reduces fluorescence interference and enhances the Raman signal, allowing for more sensitive and specific detection of these biomolecules (Bhowmik et al., 2024). Although this technique has not yet been reported in the context of EV diagnostics, it holds significant potential to be explored for this purpose. However, the performance of SERS is highly dependent on the quality and architecture of the substrate, and imperfections such as inhomogeneity, instability, and limited tunability can significantly affect the spectral response. Substrate reproducibility and specificity remain a major challenge in practical applications. The magnitude of SERS enhancement is influenced by several factors, including the size, shape, and morphology of the metallic nanostructures. The electromagnetic enhancement mechanism is approximately proportional to the fourth power of the local electric field intensity, yet in practice, most analyte molecules are not located at the “hot spots” where the field is maximally amplified, resulting in a lower overall enhancement. Nevertheless, SERS signal intensity remains highly dependent on the excitation wavelength, necessitating precise tuning to match the plasmonic resonance of the substrate for optimal performance (Chang et al., 2025). Combined with the higher costs of fabricating robust, reproducible substrates, these technical constraints must be carefully managed to ensure reliable and quantitative application of SERS, particularly in sensitive domains such as extracellular vesicle (EV) diagnostics.
We discuss the potential applications of Raman spectroscopy beyond the laboratory, showcasing the technique’s versatility. We further foresee significant expansion in the use of SERS, a sub-technique of Raman spectroscopy, including the adoption of UV SERS as well as the TERS in biological diagnostics, sensing and imaging. Despite its broad potential, Raman spectroscopy still faces challenges (Jones et al., 2019). The spontaneous Raman intensity is weak and can be easily interfered with by other signals such as fluorescence, cosmic rays from charged-couple device (CCD) and scattering from solvents in practical applications (Fernández-Galiana et al., 2023). Biological samples also often have a strong fluorescence background, which can reduce the signal-to-noise ratio (SNR) of Raman spectra. However, this can be mitigated by using techniques such as SERS, TERS, resonance Raman spectroscopy, stimulated Raman spectroscopy (SRS) and coherent anti-Stokes Raman scattering (CARS) (Jones et al., 2019).
ADVANCEMENTS IN BIOMEDICAL APPLICATIONS
In recent years, SERS has been significantly advancing new biosensing technologies. However, despite its potential, the progress towards becoming a widely adopted clinical diagnostic tool has been hindered, largely due to its limited tissue penetration depth. Thereby, to overcome this issue, diagnosis have moved towards liquid biopsies and further, EV’s as biomarkers for disease diagnostics. Nevertheless, SERS has demonstrated clear advantages over other imaging techniques such as fluorescence imaging and magnetic resonance imaging (MRI) in certain clinical areas (Li et al., 2023). The future of single-cell imaging is likely to be dominated by SERS-based technology due to its superior brightness, high sensitivity and resistance to photobleaching. Additionally, SERS provides better resolution at the micrometre scale compared to MRI, which typically offers resolution in millimetre range. For instance, MRI requires the presence of around 100,000 cancer cells in a tumour for detection, which may be too late for aggressive cancers. The advantages of SERS in biosensing are expected to be harnessed further, paving the way for its development into a clinically viable diagnostic technology (Liu et al., 2022).
Early and accurate disease detection is crucial for effective treatment, monitoring treatment progress, slowing disease progression and reducing mortality (Fitzgerald, et al., 2022). For example, in colorectal cancer (CRC), early-stage diagnosis can lead to a 5-year survival rate of up to 90%. However, only 39% of CRC patients are diagnosed early, often due to missed lesions and underutilization of screening. Similar trends are seen in other diseases, including infectious (Baker, et al., 2022) and neurodegenerative conditions. Consequently, there is a constant demand for innovative, reliable detection technologies with high specificity and sensitivity (Dave, V. P., et al., 2019). Optical diagnostic techniques, such as Raman spectroscopy, offer several advantages, including objectivity, speed and cost-effectiveness (Kim et al., 2020). Raman spectroscopy, which detects biochemical components in biological tissues, has garnered attention for clinical applications due to its robust performance, ease of use, specificity and sensitivity in detecting and grading lesion tissues (Butler et al., 2016). This spectroscopic technique identifies the composition of multicomponent substances based on the characteristic molecular vibrations within the sample (Qi et al., 2024). Coherent anti-Stokes Raman scattering (CARS) has been successfully employed by Enciso-Martinez et al. (2019) to optically trap and analyse individual EVs, enabling the distinction of tumour-derived EVs (tdEVs) from other particles and EVs present in body fluids. Building on this, Gong et al. (2019) proposed the use of Higher-Order Coherent Anti-Stokes Raman Scattering (HO-CARS) microscopy, a refined version of CARS, to achieve label-free, high-contrast nanoscale imaging.
Human tissues, composed of proteins, nucleic acids and lipids, exhibit distinct peaks in the Raman spectra, providing valuable information. For example, Stepanenko et al., 2023, have explored TERS for label-free nanoscale characterisation of EVs and their isolated membranes derived from red blood cells (RBCs), enabling single-molecule level detection of individual amino acids, as well as distinct protein and lipid membrane components. In lesioned tissues, molecular composition and structure change as the disease progresses, allowing for detection at the cellular and molecular levels. Spectroscopic techniques can accurately and sensitively capture these molecular fingerprints, offering a feasible method for minimally invasive disease detection (Zhang et al., 2023). Raman spectroscopy further shows promise for diagnosing progressive diseases such as cancer, precancerous lesions (Qi et al., 2024), infectious diseases (e.g., COVID-19, dysentery, dengue fever, epidemic hepatitis) (Jadhav et al., 2021) and metabolic diseases like osteoporosis and diabetes (Chen K. et al., 2024). Although tip-enhanced Raman spectroscopy (TERS) exhibits impressive in vitro performance, it’s in vivo application remains constrained by nanometre-scale probe alignment requirements, limited tissue accessibility, signal attenuation in scattering biological media, and the challenge of sustaining stable tip-enhancement in dynamic environments. To address these limitations, the development of miniaturised, fibre-coupled AFM and integrated micro-endoscopy probes equipped with plasmonic tips have been proposed, enabling direct sampling of EV from rich biofluids such as blood and cerebrospinal fluid for real-time, label-free molecular analysis. Whereas, Ultraviolet surface-enhanced Raman scattering (UV-SERS) similarly offers strong resonance enhancement for biomolecular chromophores but is hindered in vivo by UV-induced photodamage and shallow optical penetration. Thus, Implementing near-UV excitation (300–350 nm) to balance resonance enhancement with biocompatibility, or integrating on-chip fluid biopsy platforms featuring UV-active plasmonic substrates, may effectively mitigate these challenges (Schlücker, 2014; Zhang et al., 2020). SERS is undoubtedly a promising technique for diagnostic purposes and for use as point-of-care devices. However, realizing its full impact requires overcoming key challenges through further advancements in substrate fabrication, refining assay techniques, and integrating platforms effectively whilst ensuring these are cost-effective. The discussion has shown that Raman spectroscopy allows for the continuous and highly sensitive detection and quantification of various biomarkers and end-products of disease states, rendering it an excellent option in the early-stage diagnosis and treatment of various diseases that are cause health concerns. The advances in the development of the various adjacent, novel techniques, e.g., UV-SERS, TERS and SERS will remain indispensable due to these showing a great promise for in-vitro and in-vivo disease detection. Thus, emphasising their broad applied uses to detect and characterise EVs for disease diagnostics.
IMPORTANCE OF INTEGRATING RAMAN SPECTROSCOPY IN EV RESEARCH
The conventional methodologies for examining biochemical composition of EVs are typically characterised using a range of analytical techniques which provide detailed insights into their molecular makeup. Western blotting is commonly employed to detect specific proteins associated with EVs, such as tetraspanins (CD9, CD63, CD81), heat shock proteins and other cellular markers, helping to confirm the presence and origin of the vesicles. Flow cytometry, despite requiring specialized equipment due to the small size of EVs, allows for the analysis of surface markers on individual vesicles, making it useful for assessing the heterogeneity within EV populations. Mass spectrometry (MS) is a powerful tool for performing detailed proteomic analysis, enabling the identification and quantification of proteins, lipids and other biomolecules within EVs.
Furthermore, advanced MS techniques, such as lipidomics and metabolomics, are used to analyse the lipid and metabolite content of EVs, providing deeper insights into their biochemical profile and functional roles. Recently, optical Raman spectroscopy has been emerging as a new powerful analytical tool for EV research, offering detailed insights into their molecular composition and functionality. Its label-free nature avoids biases from dyes or antibodies, offering clearer disease-relevant information.
Raman spectroscopy’s ability to characterize EVs in a non-destructive manner makes it invaluable for studying these small, membrane-bound particles (Zini et al., 2022). When EVs are isolated from body fluids such as blood or urine, the combined process is minimally invasive, supporting its potential use in clinical diagnostics. EVs contain a diverse molecular cargo including lipids, proteins, nucleic acids and sugars, that can serve as biomarkers for various diseases. Once absorbed by recipient cells, EVs can initiate intercellular signalling and influence intracellular metabolic processes (Abels and Breakefield, 2016). It also plays a crucial role in assessing the purity and concentration of EV samples. Zini et al. (2022) highlighted its utility, alongside an Attenuated Total Reflectance-Fourier Transform Infrared (ATR-FTIR), in determining lipid-to-protein ratios (Li/Pr), which are indicative of EV purity. The technique’s capacity to analyse small sample volumes further enables a practical purity assessment. Another study demonstrated the effectiveness of Raman spectroscopy for bulk characterisation of EVs from various sources, confirming its ability to differentiate EVs from bone marrow and adipose tissue. This validation underscores Raman spectroscopy’s role in purity and concentration estimation (Gualerzi et al., 2017).
IDENTIFICATION AND CHARACTERIZATION OF EVS FROM VARIOUS BIOLOGICAL SOURCES
EVs derived from multiple cell lines have been shown to be successfully classified using a combination of SERS and machine learning algorithms. This method effectively distinguished cancer-derived EVs from those originating from healthy cells, highlighting RS’s potential for identifying disease-related EVs (Parlatan et al., 2023). Similarly, it was also used to differentiate between EVs from bovine placenta and peripheral blood mononuclear cells, identifying specific Raman peaks associated with collagen and cholesterol displaying its ability to distinguish EVs based on their biochemical content (Zhang et al., 2020). Another study introduced time-gated Raman spectroscopy (TG-RS) and surface-enhanced time-gated Raman spectroscopy (TG-SERS), offering improved sensitivity and resolution for studying EVs under various conditions, such as hypoxia as shown in Figure 2A (Zheng et al., 2022). The integration of quasi-bound states in the continuum (quasi-BICs) meta-surfaces with RS has also improved the handling and analysis of numerous small EVs simultaneously, addressing the limitations of traditional optical trapping methods (Hasan and Hellesø, 2023).
[image: Multiple scientific illustrations depicting experimental setups and results. In A, there are images and diagrams showing a schematic of a microscopy setup with magnified views at 100x and 50,000x. A graphical abstract illustrates the use of diatom biosilica, adhesive tape, and silver-gold clusters in biofilm flow with a Raman spectroscopy graph. In B, graphs display size distribution with intensity for different samples (EV5, EV120, EV12, Sc), each with histograms. Electron microscopy images show nanoparticle details in two colored frames, highlighting different perspectives.]FIGURE 2 | (A) SERS substrate irradiated by laser light initiates (a) Raman scattering. (b) The substrate facilitates the transport of EVs near AgNP clusters on the silicate scaffold (Zheng et al., 2022). (B) Characterization of EVs from citrate plasma samples: (a) Particle size distribution by dynamic light scattering. (b) TEM of EV120-enriched fraction, with enlarged views showing typical EV structures (Osei et al., 2021). All figures are reprinted with permission.
COMPARATIVE ANALYSIS OF EV SUBPOPULATIONS
RS is also valuable for distinguishing between EV subpopulations. A combination of Raman spectroscopy with gas chromatography-time-of-flight mass spectrometry (GCxGC-TOFMS) was used to analyse exomere- and exosome-sized EVs. This comprehensive approach revealed differences in biochemical compositions between these subpopulations, highlighting its utility in detailed EV analysis (Liangsupree et al., 2022). The use of both spontaneous and SERS to analyse EV-enriched fractions from plasma samples of prostate cancer patients enabled effective discrimination between cancer-related and control samples with its particle size distribution and Fc fraction (Figure 2B) (Osei et al., 2021). Further, a multi-modal analysis platform combining Raman spectroscopy with scanning electron microscopy and atomic force microscopy allowed for the specific capture and detailed analysis of tumour-derived EVs on antibody-functionalized substrates. This approach provided complementary data on size distribution, chemical fingerprints and spatial correlation (Beekman et al., 2019). RS, when combined with multi-omics, has been used to analyse EVs from Pseudomonas aeruginosa PAO1, revealing insights into macrophage internalization and metabolic alterations as shown in schematic (Figure 3A) (Qin et al., 2023). SERS combined with a deep learning model demonstrated high accuracy in classifying pathogen-derived EVs, including Gram classification and strain identification. This study uncovered spectral markers for distinguishing between different bacterial origins as shown in Figure 3B (Qin et al., 2022).
[image: Panel A shows electron microscopy and Raman spectroscopy data, with graphs indicating Raman shift intensities. Panel B depicts a schematic workflow for using deep learning to classify pathogens based on Raman data. Panel C displays various nanoparticles through microscopy images and graphs, illustrating Raman intensity and nanoparticle coverage effects.]FIGURE 3 | (A) The EVs released from Pseudomonas aeruginosa PAO1 were characterized using several techniques. (a) Transmission electron microscopy images showed the morphology of these EVs, with a scale bar of 100 nm. (b) The particle size distribution was analysed by nanoflow cytometry, revealing sizes ranging from 68 to 155 nm using standard-sized particles as references. (c) Raman spectroscopy provided the spectral profile of the EVs, with the mean and standard deviation represented by a solid line and light shading, respectively, with different colours indicating various substance types (Qin et al., 2023). (B) Deep learning-enabled Raman spectroscopic identification of pathogen-derived EVs and their biogenesis (Qin et al., 2022). (C). Positively charged particle-based EV detection. (a) TEM images of DMAP-AuNPs-coated EVs at different ratios, scale bars 100 nm. (b) SERS measurements of DMAP-AuNP coated EVs, with DMAP and EV peaks indicated. (c) EM field enhancement with a zoom-in of a single DMAP-AuNP on a vesicle surface. (d) Relation between EV coverage ratio and EFEF before and after Ag shell formation. (e) SERS characterization of EVs with Ag shell-AuNPs or DMAP-AuNPs, showing various coverage percentages (Shin et al., 2020). All figures are reprinted with permission.
Zheng et al. (2022) reviewed recent progress in EV detection, covering both direct label-SERS and indirect labelling strategies. The review highlighted the advantages of specific SERS-related substrate fabrication and nanoprobe assembly for EV characterization. Similarly, another study discussed label-free SERS approaches for identifying disease-related EV patterns, emphasizing the use of plasmonic nanostructures and signal analysis strategies to detect and interpret complex EV spectra, and addressing challenges and prospects in EV research. Figure 3C shows the positively charged particle-based EV detection with TEM imaging and SERS spectra obtained from them (Shin et al., 2020). RS ability to distinguish between EVs and conditioned medium (CM) from different cell types, revealing insights into the reproducibility of EV isolation and the role of soluble factors in CM (Carlomagno et al., 2021).
CONCLUSIONS AND FUTURE PROSPECTS
The integration of Raman spectroscopy into EV research has significantly deepened our understanding of their molecular composition, functionality and potential as disease biomarkers. Its non-destructive characterization of EVs has proven invaluable for diagnostics, therapeutic monitoring and drug delivery. When EVs are obtained from accessible biofluids, the overall process can be achieved with minimal invasiveness, making it well-suited for routine clinical use. Raman spectroscopy has demonstrated effectiveness in identifying disease-associated EVs, differentiating between subpopulations and providing insights into pathological processes.
Looking ahead, the future of Raman spectroscopy in EV research is highly promising. Emerging techniques such as time-gated Raman, surface-enhanced Raman, and the incorporation of machine learning are expected to greatly enhance sensitivity, resolution and overall analytical power. These advancements will enable more precise and comprehensive characterization of EVs, allowing for the identification of specific disease markers and the development of targeted therapies. However, a key-limitation in the diagnostic application of vibrational spectroscopy, including Raman and its enhanced variants, lies in the absence of universally recognised protocols governing measurement practices, spectral pre-processing techniques and downstream data analysis approaches, either as univariate or multivariate. This lack of methodological standardisation presents significant challenges in ensuring reproducibility, comparability and translational validity across different studies and clinical settings. Variations in acquisition parameters, such as laser wavelength, exposure time and spectral resolution as well as inconsistent application of baseline correction, normalisation or noise-reduction strategies, can lead to divergent interpretations of otherwise similar biological samples. Recognising this gap, recent efforts have been made to establish best practices and consensus-driven guidelines. Morais et al. (2020) offer an extensive tutorial focused on multivariate classification approaches in vibrational spectroscopy of biological samples, outlining preprocessing steps such as Savitzky-Golay filtering, vector normalization and PCA-based dimensionality reduction. This work further highlights model validation techniques which reduce overfitting and enhance diagnostic robustness. Further, Butler et al. (2016) provide a comprehensive framework for the characterisation of biological materials via Raman spectroscopy, with particular attention to instrumentation, sampling techniques and data interpretation in complex biological matrices. More recently, Traynor et al. (2021) have detailed a Raman spectral cytopathology protocol optimised for cancer diagnostics, covering specimen preparation, spectral acquisition and a complete data analysis pipeline including quality control checks as well as classification strategies using multivariate models such as linear discriminant analysis and partial least squares discriminant analysis (PLS-DA). The principles outlined in these studies are increasingly relevant to the analysis of EVs, where subtle biochemical differences must be robustly identified across heterogeneous populations and biofluids. Given the nanoscale and compositional variability of EVs, standardisation becomes even more critical when seeking spectral biomarkers for disease states. Integrating such standardised workflows, particularly those emphasising reproducibility and spectral integrity, into EV-focused vibrational spectroscopy studies could greatly enhance cross-study comparability and clinical confidence. Future work should prioritise adapting and validating these proposed methodologies in EV-specific contexts, incorporating them into diagnostic pipelines and where possible, establishing inter-laboratory benchmark datasets. In parallel, the development of open-access spectral databases and community-endorsed reporting standards will be pivotal in promoting transparency and advancing the field toward clinical translation.
Moreover, the combination of Raman spectroscopy with other analytical platforms such as flow cytometry, gas chromatography, time-of-flight mass spectrometry and multi-omics approaches holds substantial promise. These multimodal strategies can offer a more holistic and integrated view of the biochemical complexity of EVs, enabling the development of next-generation diagnostic tools and personalised therapeutic interventions. It is also crucial to acknowledge that different EV isolation techniques can significantly influence sample purity and spectral profiles, underscoring the need for continued research into standardisation and reproducibility. Furthermore, integrating Raman spectroscopy with microfluidic and lab-on-a-chip systems as well as developing real-time, high-throughput and multiplexed analytical workflows, represents a vital direction for future innovation. As these advancements converge, Raman-based EV diagnostics are poised to redefine disease monitoring, facilitate early, precise diagnosis and open new avenues in targeted therapy. Collectively, these developments signal a transformative shift toward more accessible, accurate and personalised healthcare solutions.
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Home discovery of myocardial infarction can significantly improve the rate of treatment. Cardiac troponin I (cTnI), as a biochemical marker that has been introduced into clinical diagnosis and treatment guidelines, can effectively predict the occurrence of myocardial infarction. We constructed highly stable nanozyme based on Fe3O4 nanoparticles and prepared rapid detection reagents for myocardial infarction by modifying anti-cTnI antibodies. The results showed that the nanozyme with an average particle size of 200 nm had peroxidase activity and could effectively catalyze 3,3′, 5,5′-tetramethylbenzidine (TMB). With a sensitivity of up to 1.5 ng/mL, the kit showed superior performance than commercial colloidal gold assay kits, and could effectively detect cTnI in serum with an overall compliance rate of 92.1%. The study provides a new approach to home detection of heart attacks.
Keywords: cTnI, iron oxide superparamagnetic nanoparticles, nanozyme, lateral flow immunoassay, acute myocardial infarction

INTRODUCTION
In recent years, there has been a significant increase in the number of deaths attributed to cardiovascular disease, with a notable trend towards younger individuals being affected (Guo et al., 2018). Approximately 20 million people succumb to cardiovascular diseases annually, accounting for one-third of all global fatalities. Among these conditions, acute myocardial infarction (AMI) stands out as the most critical risk factor for cardiovascular disease (Wu et al., 2020). AMI is a medical emergency characterized by coronary artery occlusion leading to myocardial ischemia and necrosis (Pandey et al., 2011). Patients typically present symptoms such as chest pain, dyspnea, and even shock-induced death. The 3-h window following onset is crucial for timely intervention, as prompt diagnosis and treatment can maximize restoration of myocardial function and significantly enhance patient survival rates (Guo et al., 2023). Therefore, early diagnosis plays an important role in the prevention and treatment of AMI. Days or weeks before the onset of myocardial infarction, most patients will experience prodromal symptoms, Typical symptoms include chest pain or discomfort behind the sternum, shortness of breath, arm or shoulder pain, weakness, dizziness or even fainting; atypical symptoms include stomach or abdominal pain, nausea and vomiting, headache, and facial, mouth or dental pain and some of the underlying symptoms are undetectable (Birnbach et al., 2020). Regular checkups can detect most of the risk factors, reduce the incidence of myocardial infarction, and increase the cure rate, especially for people with a high prevalence of myocardial infarction, such as those with a family history of genetic predisposition, a history of healing, and related cardiovascular system diseases. However, most patients do not pay enough attention to this, and early clinical diagnosis requires a lot of time and effort, which reduces patient compliance, thus delaying the diagnosis and treatment of myocardial infarction (Reed et al., 2017). Consequently, there is an urgent need for a convenient yet feasible home-based detection method that enables early recognition of myocardial infarctions so that patients can promptly seek appropriate medical attention.
Point-of-care testing (POCT) technology is developing rapidly, among which Lateral Flow Immunoassay (LFIA) is widely used for home self-examination and bedside rapid testing because of its rapid and low-cost, simple and easy-to-read characteristics (Liu S. et al., 2024). The labeling probe is one of the core components of LFIA, which largely affects the accuracy and sensitivity of the assay (Sena-Torralba et al., 2022). With the development of clinical testing technology and the in-depth study of diseases, the requirement of detection refinement becomes more and more important, and the immediate detection technology also faces more challenges. Traditional colloidal gold probes have been used in a variety of disease detection with a mature preparation process, which has brought great convenience to clinical diagnosis. However, due to the low molar extinction coefficient, in some aspects of the detection can not meet the sensitivity requirements, the degree of color rendering of the probe is closely related to the results of the naked eye observation, the low sensitivity will have a great risk of misjudgment, to the family self-test and clinical diagnosis brings unnecessary trouble (Dong et al., 2024), as a result many novel probes have emerged, such as: nanozymes (Liang et al., 2023), carbon nanoparticles (Ansari et al., 2024), silica nanoparticles (Liang et al., 2024), SeNPs (Chen et al., 2024), PtNPs (Kim et al., 2017), etc. However, carbon nanoparticle preparation is challenging and expensive while silica nanoparticles lack a colorimetric effect and often require combination with other materials. Nanozyme are a class of nanomaterials with enzyme catalytic activity that are also paramagnetic, allowing stable and controlled catalytic (Liu et al., 2011). Numerous studies have employed nanozymes as probes for cancer and virus detection which have demonstrated advantages including high sensitivity, low cost, stability among others. Wang et al., for instance used Fe3O4 nanozymes for sensitive extracellular vesicle detection (Wang B. et al., 2022). Liu et al., employed Fe3O4 nanoparticles for agricultural residue detection (Liu S. et al., 2024). We envision utilizing nanozymes in early diagnosis of AMI where myoglobin (Myo), cardiac troponin (cTn), and creatine kinase- MB (CK-MB) currently serve as three key indicators in clinical practice (Guo et al., 2023). Among these markers Myo exhibits poor specificity while CK-MB demonstrates low sensitivity, cTnI and cTnT are sensitive for the characterization of myocardial injury (Jaffe, 2006). However, in some cases, such as skeletal muscle injury, elevated cTnT has also been reported (Yildirim et al., 2024). Cardiac troponin I has both high specificity and high sensitivity and is the golden standard for the diagnosis of AMI (Yildirim et al., 2024).
In this study, to improve the sensitivity, nanoparticle enzymes (ENPs) were selected as probes to construct the FLIA platform, which is a method to transfer the traditional ELISA to LFIA, with strong anti-interference ability and more objective and accurate results. We used hydrothermal method to synthesize homogeneous and stable nanoparticles of the enzyme with a particle size of about 200 nm (Higgins and Higgins, 2003) and characterized through dynamic light scattering (DLS), transmission electron microscopy (TEM), scanning electron microscopy (SEM), etc. The nanozymes were employed as labeled probes to successfully develop a point-of-care ENPs-based LFIA (E-LFIA) for cTnI. The LFIA exhibits excellent sensitivity and stability, surpassing that of commercial colloidal AuNPs-LFIA (Au-LFIA). Seventy-six clinical human plasma samples were tested, resulting in an overall coincidence rate of 92.1% compared to ELISA. The comprehensive results show that the E-LFIA has highly credible analytical performance and broad application prospects.
MATERIALS AND METHODS
Preparation and morphology analysis of ENPs
The nanoparticle enzymes (ENPs) were synthesized using the hydrothermal method as described in the literature (Liang et al., 2013). A total of 0.6 g of ferric chloride crystal (FeCl3·6H2O) and 1.5 g of sodium acetate were sequentially added to 20 mL of ethylene glycol. After vigorous stirring for 30 min, the mixture was heated at a temperature of 200°C for a duration of 16 h, followed by washing with alcohol and drying at a temperature of 60°C. Morphology and dispersion were observed with the help of TEM and SEM and particle size and potential were analyzed using DLS.
Anti-cTnI antibody was conjugated to the ENPs
The anti-cTnI antibody was coupled with the ENPs according to literature reports (Atta et al., 2024). 5 mg of EDC and NHS were dissolved in 1 mL of ultrapure water, 5 mg of ENPs were added, incubated for 30 min at room temperature and then collected magnetically. It were incubated overnight at 4°C after washing with ultrapure water, and the nanoparticles were collected using the magnet and washed with PBS and then incubated for 30 min in Tris-HCl buffer (50 mM, pH 7.2) and preserved in a 5% BSA-containing PBS solution for backup.
Assembly of the cTnI E-LFIA and interpretation of the results
E-LFIA preparation and assembly were performed according to the previous studies of our group (Chen et al., 2021). 1 mg/mL cTnI monoclonal antibody (distinguished from the labeled antibodies described above) and goat anti-mouse IgG were used as the test line (T Line) and quality control line (C Line), respectively, and the T line and C line were drawn on the nitrocellulose (NC) membrane by using a membrane scribe, which was the reaction pad. After drying at 37°C for 1 h, enables antibodies to be thoroughly piggybacked on the NC membrane, the reaction pad was incubated in 1% BSA solution for 30 min at room temperature and washed with borate buffer for 3 times to close the optimization of the chromatographic background, and then it was dried at 37°C for 3 h again and then pasted onto a base plate, cutting and assembly. The detection principle and process are as follows (Figure 1), cTnI magnetic particles were stored in the tube, gently mixed with the sample solution for 1 min, and then the test strip was placed in the tube at a downward inclination, with the reaction pad extending about 5 mm below the liquid surface, not allowing the liquid surface to touch the T line, and the sample solution mixed with the nanozyme particles was chromatographed upward along the binding pad under capillary action, until it reached the upper absorbent pad. The whole process lasted 15 min to achieve the optimal chromatographic effect. Then the chromatography test paper was inserted into the tube of color developing liquid in the same way. The color developing liquid contained H2O2 and the color developing substrate TMB. The chromatography test paper was allowed to develop chromatographic color again for 8 min for result observation. When the C line showed color, if the T line showed color, it was positive; if not, it was negative. If the C line did not show color, the results were not credible regardless of the state of the T line.
[image: Diagram illustrating a lateral flow test for detecting suspected acute myocardial infarction (AMI) symptoms. The process involves clinical sample collection, incubation, and two sequential lateral flow steps. Positive detection is shown with color changes at the C-line and T-line on the absorbent pad, indicating the presence of the target analyte. Negative detection shows a color change at the C-line only. Chemical structures (TMB and its derivatives) and antibodies used are depicted, with labels for nanoszymes, conjugates, and specific mouse antibodies. The flow direction is marked, differentiating positive and negative results.]FIGURE 1 | Schemas of cTnI E-LFIA. (Nanozymes: ENPs; Mouse anti-cTnI 1: a monoclonal antibody to the cTnI; Mouse anti-cTnI 2: another monoclonal antibody to cTnI, distinguished from Mouse anti-cTnI 1).
Detection sensitivity is an important indicator of the performance of an assay method
With the progression of diseases and the deepening of people’s understanding of diseases, the demands for reducing the detection limit of biomarkers are constantly growing, and the detection of substances at extremely low concentrations is an urgent challenge that needs to be addressed. Immediate detection has the advantage of rapid and convenient operation. For lateral immunochromatography, the lower the detection limit, the more sensitive the detection of the target is, and the more it reflects the high performance of the LFIA (Liu et al., 2023). Therefore, we used the antibody dilution solution to dilute the cTnI standard to 500, 10, 5, 2, 1.5, 1 ng/mL, and inserted the E-LFIA into different concentrations of cTnI standard solutions. After allowing them to react for 15 min, TMB color development was carried out for 8 min to observe the lowest color-developing concentration, which was regarded as the lowest detection limit.
Superior specificity is necessary for detection of target biomarkers
The target of the E-LFIA is cTnI, and the ultimate goal is to perform a rapid diagnosis of myocardial infarction, in which there will be abnormal levels of multiple biomarkers, and we need to exclude these interferences in order to show the specificity and high accuracy of our test target. For this reason, we chose some biomarkers related to myocardial injury, such as H-FABP (Wang L. et al., 2022), CK-MB, and Myo, as interference items, and the concentration of each marker was set to 5 μg/mL, and under the influence of such a high concentration of interferences, the assay was performed and the color development was observed, respectively, to validate the specificity of the test strips for the detection of cTnI.The stability of the LFIA is also an important goal to examine. Different batches of prepared LFIA must maintain the same detection performance, and finally present the same detection results. For this reason, we prepared three batches of LFIA at different times and verified the detection limits of each batch of LFIA according to the sensitivity test method to prove the stability of the preparation method and technology.
High stability leads to stable and reliable results and is an indication of the maturity of the preparation process and experimental methodology
The stability of the LFIA is also an important objective to be examined; random results cannot be a valuable reference while reproducible results are required. Stability includes differences between batches and time - dependent studies (or accelerated failure). For different batches of LFIA preparation, it is important to maintain the same detection performance, and finally they present the same test results. If different batches show different performance, it means that the preparation process still needs to be optimized or there are deviations in the preparation process, so the results obviously do not have reference value, and may even be misleading for patients and clinical staff. For this reason, we prepared three batches of LFIA at different times under optimal conditions and verified the detection limits of each batch according to the sensitivity test method to prove the stability of the preparation method and technology. For the time stability experiment, we adopted a similar approach, sealed the prepared test strip and stored it in a light-free environment at 40°C and humidity below 30%, and took it out for detection on the fifth, 10th and 15th days to verify its detection limit.
Real clinical samples are tested to verify the actual effectiveness of the E-LFIA
The cTnI E − LFIA is intended for use in clinical testing. Clinical samples are more difficult to test than dilutions of standards. The contents of clinical serum samples are complex, and the patient’s disease status has a significant impact on blood biochemical indexes. In order to judge the actual effectiveness of the LFIA, we must use real clinical samples to observe the chromatographic effect and color development. The selection of clinical samples should be representative. We selected 36 human fresh plasma samples from high, middle and low different age groups, with an equal proportion of men and women, to conduct a double - blind experiment using ELISA and our homemade E − LFIA for detection respectively. With a cTnI concentration of 1.5 ng/mL as the critical value, if the concentration is higher than 1.5 ng/mL, it is considered positive, and vice versa for negative, to validate the effect of the LFIA and analyze the correlation between the results. Analyzing the correlation of the results.
Clinical samples were collected. They were confirmed by clinical detection at the First Affiliated Hospital of Henan University. The sample analysis of patients was conducted at the First Affiliated Hospital of Henan University by clinical staff who followed the test procedure described in the specification. This study was approved by the Biomedical Research Ethics Subcommittee of Henan University (HUSOM - 2022 - 052). All the experiments were performed in compliance with the relevant laws and institutional guidelines, and the clinical sample contributors knew and agreed to this research.
Comparison with commercial colloidal Au-NPs to present advantages and disadvantages
Commercially available cTnI colloidal Au-LFIA have been commonly used. We wished to judge the performance of the homemade E-LFIA in this study by comparing it with the commercially available colloidal Au-LFIA. The important item for comparison of the performance is the lowest detection concentration. For this reason, we prepared different concentrations of cTnI standard solutions and tested them with the above two LFIA. By observing the color development effect and comparing the lowest color development concentration, in this way, we can judge the detection sensitivity of the two methods and compare the performance of the LFIA.
Image acquisition and data processing
Images are captured by a Canon digital camera to ensure bright light and clear images for analysis needs. The grayscale analysis was performed by ImageJ software, and the statistical graphs were drawn by Origin software. Each set of experiments was repeated at least 3 times to ensure stable and reliable results.
Supplementary material
The sources of reagents required for the study are documented in the additional material. Original images and patient clinics are also presented in the additional material.
RESULTS
Chromogenic enhancement principle and preparative characterization of ENPs
The nanoparticle enzymes (ENPs) derive their name from their peroxidase activity, a property that allows them to catalyze the colorless TMB to blue oxidized TMB in the presence of hydrogen peroxide (Figure 2A). This is also the principle of signal amplification that we utilize in secondary chromatography. In this paper, the preparation of ENPs was carried out in the liquid phase using FeCl3-6H2O and NaAc as reaction substrates. In order to test the properties of these ENPs, the morphology was observed using TEM and SEM (Figures 2B–D); meanwhile, the particle size of the nanoparticles of the nanozymes was analyzed by DLS. It was verified that the prepared nanoparticles had a dry particle size of about 200 nm, a uniformly distributed spherical shape, and a hydrodynamic particle size of about 400 nm, and they were well dispersed in the aqueous phase system with excellent chromatographic effect (Figure 2E). According to the commonly used method reported in the literature, the mouse anti-cTnI one was coupled with the ENPs, which involves activation with NHS and EDC, so that the antibody binds to the carboxyl group on the nanozymes particles to form an amide bond, which is ultimately used for the preparation of LFIA.
[image: Diagram and images related to nanoparticle synthesis and analysis. A: Schematic showing a nanoparticle with binding ligand (TMB and oxidized TMB). B: Microscopic image of spherical nanoparticles. C: Histogram depicting size distribution of nanoparticles. D: Close-up image of nanoparticle surface. E: Graph showing particle size distribution with intensity measurement over 0 to 1200 nanometers.]FIGURE 2 | Preparation and characterization of ENPs. (A) ENPs coupled with mouse anti-cTnI one and catalytic principles; (B) TEM characterization; (C) Dry particle size distribution; (D) SEM characterization; (E) Hydrated particle size distribution.
The lowest observed concentration of the kit by visual colorimetry was 1.5 ng/mL
cTnI is present in human serum at very low concentrations, usually at the picogram per milliliter to nanogram per milliliter level. Improving the sensitivity of the assay allows us to obtain more accurate changes in the levels of the target assay, which can accurately reflect the disease state, which is what we have been pursuing. We diluted the cTnI standard to 500, 10, 5, 2, 1.5, and 1 ng/mL under optimal preparation conditions and used these dilutions for the following assays. LFIA were inserted into different concentrations of cTnI standard solutions and allowed to react for 15 min. Subsequently, TMB color - development was carried out for 8 min to determine the detection limit. The results showed (Figure 3A) that the chromatography test paper T line could still show color when the concentration of cTnI was 1.5 ng/mL, and could not show color when it was 1.0 ng/mL, which indicated that the detection limit of the E − LFIA was 1.5 ng/mL. The original image is shown in Supplementary Figure S1. After we took pictures using a smartphone or camera, we analyzed the gray values with the help of ImageJ software and calculated that the ratio of the color - rendering intensity of the T - line to the C - line had a good linear correlation with the cTnI concentration with an R2 value of 0.99 within the concentration range of 1.5–10 ng/mL (Figure 3B). Accordingly, we can realize the quantitative analysis of cTnI in the assay based on the value of TL/CL and the standard curve in the linear range. In the detection using immunochromatographic test strips, factors such as different batches of test strips, sample loading amounts, and detection environments may affect the signal intensity of the T line. By establishing the TL/CL ratio method, the influence of some interfering factors can be eliminated (Xu et al., 2023). The T/C value can, to a certain extent, reflect the degree of the immune response, enhance the sensitivity and accuracy of the detection, establish a better functional relationship, and contribute to the promotion of quantitative detection (Cheng et al., 2014).
[image: Bar graph and line graph illustrating the relationship between cTnI concentration and intensity. Panel A shows a bar graph with different concentrations of cTnI from 500 to 1.0 nanograms per milliliter, with intensity measured in arbitrary units for lines C and T. Panel B features a line graph with T/C ratios plotted against cTnI concentrations (0 to 10 nanograms per milliliter) with an equation y = 0.039x - 0.0097 and R² = 0.99.]FIGURE 3 | Detection limit analysis. (A) The effect of gradient sample detection; (B) Linear analysis.
The E-LFIA showed excellent specificity in the presence of different interferents
A high degree of specificity is necessary for the detection of a particular biomarker, especially for complex samples. Chromatography test strips are very popular among users for their quick and easy reading, we only need to observe whether the T-line shows color or not to judge the result. In addition to the test target, we need to exclude any other substances that may affect the color change of the T-line. For cTnI, our goal is to only observe a gray change in the T-line when detecting cTnI, while any other substances should not cause color buildup in the T-line. cTnI, as a gold indicator of myocardial infarction, shows significant changes in levels during myocardial injury. Similar biomarkers of myocardial injury are H-FABP, CK-MB, and Myo. Therefore, we prepared high concentrations of the above components, all at 5 μg/mL. In the presence of this high concentration of interferences, the specificity and accuracy of the assay results can be reflected. After comparison, we found that the T - line of the chromatography LFIA showed color only when detecting cTnI, and the rest of the components did not show positivity (Figures 4A, B), which indicated that the test paper did not cross - react with other infarction markers and had excellent specificity. The original image is shown in Supplementary Figure S2.
[image: Panel A shows test strips with control (C) and test (T) lines for cTnI, H-FABP, CK-MB, and Myo, with visible stain intensity. Panel B is a bar chart comparing the intensity of the control and test lines for each protein marker, with cTnI showing the highest test line intensity.]FIGURE 4 | Specific detection. (A) Detection of myocardial infarction markers; (B) Quantitative analysis.
The E-LFIA have a high degree of stability and present trustworthy results
The reproduction of test results is an important way to measure the maturity and stability of a method or process. The LFIA is ultimately used in the clinic, and the results it presents are directly related to the health of the patient. Occasional or one - off results cannot be taken as a reliable assessment, and even the occurrence of erroneous results that mislead the patient or the healthcare worker is an outcome that none of us would like to see. We need to successfully repeat the same results in multiple experiments to determine that stable and reliable results are obtained, which also reflects the maturity of the design method and preparation process. A common method is to compare the variability of test results from different batches of LFIA. To this end, we prepared three batches of LFIA on different dates, and verified them according to the sensitivity analysis method described above. The test results showed that the lowest color - developed concentration of the three batches of LFIA reached 1.5 ng/mL (Figure 5A). The original image is shown in Supplementary Figure S3. Different batches of LFIA showed the same sensitivity, which proved that the batch - to - batch stability was strong.Meanwhile, we conducted a time - dependent study to explore its reliable storage time. After preparing the strip, we sealed it and stored it in a light - free environment at a temperature of 40°C and with humidity below 30%. We took it out for testing on the fifth, 10th and 15th days respectively. The results showed that the detection limit reached 1.5 ng/mL (Figure 5B), and the strip still showed a clear color, indicating good stability.
[image: Panel A shows three vertical strip tests, labeled 1, 2, and 3, displaying different concentrations of cTnI with associated bar graphs. Bar graphs show intensity levels for concentrations of 3.0, 1.5, and 0 nanograms per milliliter, with intensity decreasing as concentration lowers. Panel B illustrates similar tests for 5, 10, and 15 days, with corresponding bar graphs. Overall, intensity increases with higher concentrations, and measurements are consistent over time.]FIGURE 5 | Stability experiment. (A) Stability test between batches and quantitative analysis; (B) Time-dependent study and quantitative analysis.
Clinical sample test results show excellent compliance rates
Our ultimate expectation of developing cTnI E − LFIA is to serve clinical diagnosis or family self - test. The test sample is serum, which has a more complex composition compared to the standard solution and may have a greater impact on the entire chromatographic process and color - development results of the LFIA. To reflect the most realistic application, the test must be performed on real clinical plasma samples. When conducting the sample test, certain conditions are also required. The selected serum samples need to be random and representative. Finally, 36 cases of human fresh plasma clinical samples covering high, middle, and low three different age groups were selected, in which the proportion of men and women was equal. During the detection, double - blind experiments were carried out using ELISA and our homemade E − LFIA respectively. With 1.5 ng/mL as the threshold, if the concentration is higher than 1.5 ng/mL, it is positive; vice versa, it is negative. This was to validate the LFIA detection effect and analyze the correlation of the results. The testing process was double - blind, hiding the information of the test samples and eliminating as much as possible the interference of personal subjective will in the testing process. The final results of the ELISA test were 42 positive cases and 34 negative cases. The results of the E − LFIA were 36 positive cases and 36 negative cases, and only 6 cases of weak positivity were not detected (Figures 6A, B). Where “P” and “N” represent positive standard and negative standard respectively. After tracing, the index of six undetected positive samples was low, and the serum cholesterol content was high, which had a certain impact on the detection result. Compared with the ELISA results, the positive coincidence rate was 85.7%, the negative coincidence rate was 100%, and the overall coincidence rate was 92.1%. It shows good performance. The raw images of the test - strip results are shown in Supplementary Figure S4. The positive patient information from which the samples were derived for the anticipated analysis of the results is summarized in Supplementary Table S1, and the negative patient information is in Supplementary Table S2.
[image: Figure A displays multiple lanes of a gel electrophoresis result, numbered 1 to 56, with varying band intensities. Figure B is a bar graph showing the intensity of TL corresponding to each lane, with noticeable peaks at lanes 3, 9, 12, 15, 34, 37, 40, 43, and 49, indicating higher concentrations in these lanes.]FIGURE 6 | Detection of clinical samples. (A) Actual test picture; (B) Quantitative analysis.
The E-LFIA prepared in this study showed superior performance over commercially available Au-LFIA
The most established lateral immunochromatographic method is the AuNPs, and commercialized Au-LFIA exist on the market and have been accepted by the general public. We considered the commercialized Au-LFIA as a reference, and compared the purchased Au-LFIA with the E-LFIA prepared in this study to measure the superiority of our assay. The most effective item for comparison is the lowest detectable concentration. For this purpose, we prepared different concentrations of cTnI standard solutions and detected them with the two LFIA mentioned above, respectively. Under the premise that the C-line is visible, the lowest color-developed concentration of the cTnI E-LFIA prepared in this study was 1.5 ng/mL; whereas the lowest color-developed concentration of the commercial cTnI Au-LFIA was 5 ng/mL, which is a difference of about 3.3-fold (Figures 7A, B). The original image is shown in Supplementary Figure S5. It can be seen that the sensitivity of the cTnI LFIA was significantly improved when ENPs were used as the labeling probe. cTnI exists in human blood at a very low concentration, and the lower detection limit can reflect the changes of the index more sensitively, which is more suitable for the detection of AMI.
[image: Panels A and B show test strips with control (C) and test (T) lines at various concentrations of cTnI (cardiac troponin I). Panel A has concentrations of 10, 5, 1.5, 1.0, and 0 ng/mL, while Panel B has 50, 10, 5, 2, 1, and 0 ng/mL. Panels C and D contain bar graphs depicting intensity values for the control and test lines corresponding to the concentrations in Panels A and B, respectively. Control lines are in blue, and test lines are in red.]FIGURE 7 | Comparison of detection effect of LFIA. (A) Actual test picture of self-made E-LFIA; (B) Actual test picture of commercial Au-LFIA; (C) Quantitative analysis of E-LFIA; (D) Quantitative analysis of Au-LFIA.
DISCUSSION
With the development of social economy and the change of national lifestyle, especially the acceleration of population aging and urbanization, the unhealthy lifestyle of residents has become increasingly prominent, and the incidence of cardiovascular disease continues to increase. According to the World Health Organization (WHO), by 2030, more than 23.3 million people will die of cardiovascular disease each year (Zhang et al., 2022). At present, cardiovascular disease accounted for the first cause of death in both urban and rural residents in China, which was 46.66% in rural areas and 43.81% in urban areas (Liu M. et al., 2024). The economic burden of cardiovascular disease on residents and society is increasing. It is estimated that there are 330 million people suffering from cardiovascular disease in China, accounting for about one-quarter of the total population. Among them, acute myocardial infarction is the most dangerous risk factor for cardiovascular disease. There are about one million patients with acute myocardial infarction in China every year, and one in every three patients with myocardial infarction dies, with a mortality rate of more than 30% (Dong et al., 2023). The pathological cause of myocardial infarction is myocardial cell death due to long-term ischemia and is clinically defined as myocardial injury detected by abnormal cardiac biomarkers in the presence of evidence of myocardial ischemia. Studies have shown that during cardiac overload, different types of protein biomarkers associated with AMI disease are automatically released into the patient’s serum and plasma, such as myoglobin (Myo), cardiac troponins I and T (cTnI and cTnT), tumorigenicity suppressor 2 (ST2), brain natriuretic peptide (BNP), and creatine kinase-MB (CK-MB) (Parker, 2019). Myocardial injury is commonly defined by cardiac troponin in clinical practice. When the blood cTn level increases beyond the 99th percentile reference limit, myocardial injury is defined (Gao et al., 2015). Other biomarkers such as CK-MB and myoglobin have poor sensitivity and specificity. Cardiac troponins I and T, which are components of the contractile apparatus of cardiomyocytes and are almost exclusively expressed in the heart, are the preferred biomarkers for assessing myocardial injury. No significant in cardiac troponin I values has been reported after noncardiac tissue injury. Troponin T is more complex, with biochemical data showing that in some cases damage to skeletal muscle or other organs can also lead to an increase in troponin T (Huang et al., 2009).
Regular checkups can detect most of the risk factors, reduce the incidence of myocardial infarction, and increase the cure rate, especially for people with a high prevalence of myocardial infarction, such as those with a family history of genetic predisposition, a history of healing, and related cardiovascular system diseases. The identification of biomarkers is an effective method of diagnosing AMI, not only for detecting the onset and progression of the disease, but also for evaluating and tracking the therapeutic effects of drugs (Shade et al., 2021). Cardiac troponin I has become the preferred marker for the diagnosis of myocardial infarction due to its high sensitivity and specificity (Tucker et al., 1997). The normal value of cardiac troponin I is generally less than 0.04 ng/mL, and the cut-off value should be less than 1.5 ng/mL (Cao et al., 2024). The realization of instant sensitive and accurate detection is a challenge at present. Many attempts have been made to use different probes and optimize the chromatographic effect in the hope of achieving sensitive detection. Li et al. (2023) and Zhang et al. (2018). Multiple biocomponent detection using shell and core nanomaterials. Song et al. (2023) successfully synthesized ZIF-8 nanoprobe with pomegranate structure for detecting cardiac troponin I, and its effect was much better than that of the traditional Au-LFIA. Wang’s team (Wang et al., 2023) used the one-pot method to synthesize AuPt@FexOy nanoparticles to realize the ultrasensitive detection of cardiac troponin I and assist the rapid diagnosis of myocardial infarction. The nanozymes synthesized in this study are Fe3O4 nanoparticles, which are referred to as nanozymes because of their peroxidase activity. Due to its unique enzymatic activity, it is widely used in lateral immunochromatography to achieve ultrasensitive detection of targets; Liu et al. (2011) used Fe3O4 nanoparticles as chromatographic chromogen to detect pesticide methyl paraoxon residues. Wang B. et al. (2022) used Fe3O4 colorimetric labeling and used the nanozyme effect to detect extracellular vesicles in plasma.
In this study, Fe3O4 enzyme nanoparticles (ENPs) with uniform size and high dispersion were successfully synthesized by hydrothermal method, with an average particle size of 200nm, which has special enzyme activity. The detection process is different from the traditional Au-LFIA, and it needs to use the chromogenic substrate TMB again after the first chromatography to enhance the effect. The purpose is to obtain more sensitive and accurate results. The detection limit of the cTnI E-LFIA was 1.5 ng/mL, while the sensitivity of the commercial cTnI Au-LFIA was 5 ng/mL. The sensitivity of the E-LFIA is about 3.3 times higher than that of the commercial cTnI Au-LFIA. It is the catalytic function of the ENPs that can amplify the signal.
We are committed to designing a rapid testing device that can be used in scenarios such as home self-testing, community broad-spectrum screening, hospital bedside rapid testing, and emergency ambulance diagnosis. Nanozymes, as a technologically mature material, possess excellent stability, which provides the basis for product conversion. In this study, materials science, immunology, biochemistry and other multidisciplinary knowledge were integrated, and magnetic and catalytic ferric oxide nanozymes were applied to the flow measurement immunochromatography platform to provide reference for interdisciplinary research. Previously, nanozymes have also been widely used in biosensing. Although its excellent magnetic properties are mostly used for enrichment of target materials, such application was not involved in this study. In addition, the wet sampling method used in this study was a common method in applied research, but there are some limitations in practical application and commercial promotion. At the same time, the detection limit of target cTnI in this study did not meet the clinical safety limit, which is also the direction of our subsequent optimization design.In summary, the LFIA designed here is fast, accurate, economical and easy to use without the aid of complex instruments. Nanozymes catalyze signal amplification and enhance color development to obtain higher sensitivity, which can be applied to the detection of a variety of molecules and disease diagnosis, with broad application prospects.
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54yl - 32%47% 9875%-106%
Luminecen Uricaid glocos, | UrkascaGGANCIOPAHOMAO NSV, | Sweamrted | 0128 g, 0-50 b and | 138 nM and 04 M 3 min ™ R Zhou et
andakobol | GOYHG-AUNCi6PAH@ARO) NSs'and 1515 M o

ADHISGG-AUNCSGPAHEMnO, NS<

‘HbALc, gycated hemoglobin.
PMWCNTS/AUNPSISPE, screen-printd dlectrode.

SPCE, multvalled nanotubes incorporated with gold panopartices on a scren-printed carbon electrode

R, ot repored.

74 MOF/Fe3OA(TMC) AUNCS, iconium metal-organic framework/FeO, (trmethy chitosan)gold nanocluster and reduced graphene oxide
‘GNPs, Thiol-madified sptamer oligonucleotides conainng gold nanoparices.

‘GA. gycated albumin.

"AuPLNPSSPE, bi-metllic gold-platinum nanomateria on & miceo-sreen-printed dlctrodes,

AueCSZo8/HPCNCIGCE, gold nanopartice-adhered metal-organic framesork:derived copper-tinc holloe porous carbor nanoclbes on 3 gassy carbon dlectrode,
DV, difirential pulse volammety

AuNPs. AULSGES, gold nanopartice.apamer probes and lser.serbed graphene lctrodes.

SERS, surace-enhanced Raman scatering,

GADA and IAA, glutamic acd decarbosylas sntibodics, and inslin atoantibodics,

"SPCE-AUNPs-GIuAPtMB, and SPCE- AuNPs. nsApt-MB, gold nanopartils decorated SPCE, terminated with redos probes methylene blue.

“AuNNs-PEGDE, gold nanopine needles ply (ethylene glycl) dighcidlether

'4GG- AUNCS@PAH@MIO; NS5, 3GG- Au nanocustrspoy (lllamine hydrochloride) MnO; nanosheets

‘GONHG- AUNCS@PAH@MnO, NS1,glucose oxidase- Au manoclusten-poly (allamine hydrochloride) MnO; nanoshees,

DH/sGG-AuNCs@PAH@MnO, NS, DH/SGG-Au nanocusters-poly (allylamine hydrochloride) MnOs nanosheets.
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Biosensor technology ~ Glucose bioreceptor  Matrix/treatments Linear Reproducibility ~ Recovery (%)

concentration (RSD?)
range
Hectrochemical Au-SiMPA/PB/Ch-AUNP- | 0.1 M PBS and artificial sweat/ 50 pM-14 mM :50M  30min -53% NR Denviseic t al.
Gox* untreated o2t
Hectrochemscal GON/Au hydrogel 0.1MPBS and sweatat pH 7.4 & 05 mM 1780 M Realtime. 030%-070% NR Lietal @o21)
A4funirested
Cyclc voltammetry (CV) and | GON/PB/AU modified-TiO NTS' | PBS' pH 7 4funtrcaed 0104 mMt 491 M NR NR NR Farsjpour et al.
chronoamperometry 020)
Chronocoulometic and CV. GONEPBIAUCC! Serumdiuted 10 times with 005315 mM 10 NR 33%-43% 8%-10i% | Yanetal. (2021)
PBS. pH 60
seRst AugAg NPs Bloodicentrifuged and 10 mMof 0-6M | 5min NR NR Pan etal. (2021)
the HEPES soluton were added
seRs Gold ranopartices (AuNPs) and Terunireated 150 vt 039 10s n7% N Cuietal. (022)
two-dimensional Mene
TiCLTX nanosheets
Amperometric GOWAUNPSPY/PBISPCE" | Plasma/do-old dilution with 10 RM-L0 mM 0@ 1Smin 19%-43% 8252350 Khumngem et al
PBS. pH 60 1003+ 04 @o2n)
Amperometric NEGOUPH/AUNPYGR  Serumy10-fold dilution with PBS 00251 mM ooossmM NR 069%-084% (n 101-102 Sakalauskiene
005 M, pH 74 etal (2023)
EBFC CNTS/AUNPS/GOX* Urineluntreated,pH 5.3,59,7.1, 025 mMt NR Realtime 3% NR Zhangetal.2021)
NEC potentiosat GOX. AuNPs-PEDOT:ASS/PB- 05-500 g 015 M No significant difierence | 96 £210 10423 Promsuwan et al
GIsPCE PBS, pH 7.00 068% (n = 6) @o23)
Hluorescence BSA-AUNC@-GOx" Serum and urine/100 and 25225 mMt 003mM | Realtime NR 9-101 Abrabam et al.
10 times diluted with water, @o20)
respectively
Hectrochemical PbS CQDA/AUNSS/GOX" PBS at pH 7.4 0.1 pM-10 mM LR MR NR NR Zhao etal. (2023)
Colorimetic EM-GOx-GNPS PBS and serum/untreated 0-15 mMt 06 mM NR NR ® Jang et al. 2022)
RSD, Reative sundard deviation

"Au-Si-MPATPBCh- AuNP-GO, High-densiy iicon micropilae aecay/Peussian blue layer nd gokd-nanoparile clustrs embedded in chitos/glucos oxidase

NR. Not reported

“GON/PB/Au modified-TiOs NTs,immobilzed GOX onto PB-modifed TiO nanotube arays functionalized by Au and AgO NPs

PBS, Phosphate buffered salne

‘GOXGPI/AWCC,coral-ike gold microfmanosiructures n carbon cloth/PB

SERS, Surface cnhanced Rarman scttring

'GON/AUNPSPty/PB, GOx on god nanopartces (AUNPS) with the adsorption on a polytyramine layer (AUNPS/Py) coated on @ Prussian blue (PB)-modified screen
NF.GOX/PBIAUNP/GR, Naflongraphite rod eectrode modifed by AuNPs and PR with GOx

EBFC, Enzymatc biofue cell

‘CNTUAUNPS/GOX, Carbon nanotubes/ AUNP hybrids/GOX

NFC, Near-ield communication

"GO AUNPs-PEDOT, PSS/PB-G/SPCE: SPCE modified with PB-graphene ink and functonalized with AUNP-cabedded poly (3.4 ethylene diosythiophene),polyslfoic acid costed with GOx
"BSA-AUNCS@-GOx, bovine serum albumin sabilzed gok! nanocluser modified with GO,

PbS OQD/AUNSYGOx, PbS colloidal quantum dots/Au nanospheres, 16EM-GOx-GNPs.

inted carbon cectrode (SPCE)
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Ingredients

Reference

Solid Lipid

Compritol 888 ATO (Glyceryl
dibehenate)

Imwitor 900 K

Glyceryl monostearate

Precifac®ATO 5 (Glyceryl distearate)

Precirol ATO 5 (Glyceryl
palmitostearate)

Abul Kalam et al. (2013),

Chaudhari et al. (2021), Balguri et al.
(2016), Seyfoddin and Al-Kassas
(2013), Varela-Fernandez et al.( 2022)

Hao et al. (2011), Almeida et al.
(2016), Sakellari et al. (2021)

Nairetal. (2021),
Varela-Ferndndez et al. (2022)

(Shen et al., 2009
Gonzalez-Mira et al,, 2011)

(Almeida etal., 2016;
Abul Kalam et al,, 2013)

Stearic Acid

(Leonardi etal,, 2015; Seyfoddin and
Al-Kassas, 2013; Baig etal., 2016)

Witepsol E85 Almeida et al. (2016)
Gelucire®43/01 Almeida etal. (2016)
Lipocire®DM Almeida etal. (2016)
Dynasan Almeida et al. (2016)
Softisan 142 Almeida etal. (2016)
Cetyl palmitate Almeida etal. (2016)
« Palmiticacid Leonardi etal. (2015)
Liquid lipid
Cremophor EL. Lietal. (2008)
Mygliol®812 Almeida etal. (2016), Liu etal. (2016)
Labrafac PG Baig et al. (2020)
Miglyol®840 Shen etal. (2009), Liu et al. (2016)
Oleic acid Ustiindag-Okur et al. (2014)
Liu et al. (2016), Leonardi et al. (2015)
Softisan 645 Almeida etal. (2016)
Squalene Chaudhari etal. (2021),
Chinthaginjala et al. (2024)
Capryol® Zwain etal. (2021)
Lauroglycol®90 i Zwain etal. (2021)
Perhidrosqualene Almeida et al. (2016)
Emulsifier
Tween 80 Balguri et al. (2016),
Gonzalez-Mira et al. (2011),
Ustiindag-Okur et al. (2014)
Tween 40 Seyfoddin and Al-Kassas (2013)

Poloxamer 188

Gelucire®50/13

Gelucire®44/14

Myrj 52

Brij 78 (polyoxyethylene-20-stearyl
ether)

Labrasol

Sodium taurocholate

Balguri et al. (2016), Abul Kalam et al.
(2013), Gokee et al. (2008)

Abul Kalam et al. (2013), Baig et al.
(2020)

Liet al. (2008), Almeida et al. (2016),
Liuetal. (2016)

Liu etal. (2016)

Seyfoddin and Al-Kassas (2013)

Guo et al. (2019), Zwain et al. (2021)

Abul Kalam et al. (2013)
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Method

Hot homogenization method

Cold homogenization method

Ml emulsification/microemulsion method

Solvent emulsifcation evaporation method
(single emulsion)

Solvent emulsifcation evaporation method
(Double emuision)

Solvent emulsifcaion, diffusion method.

Phase inversion temperature (PIT)

Coacervation

Membrane contactor method

Supercritcl fuid methods.

Technology

Extrusions,high pressure homogenization

Milling, HPH

High speed mixing, high shear
homogenization

High speed mixing, high shear
homogenization, HPH

High speed mixing, high shear
homogenization

High shear mixing, high shear
homogenization

Moderate
siring

Moderate

siring

Membrane contactor technique

Supercritcal luid technique

Instrumentation

High pressure homogenizer Extruder, Ultra
Turrax® (KA Werke, Staufen, Germany)

Ball mil, High pressure homogenizer,Bath
sonicator, Ultra Turrax® T25

Ulta-Tureas® 725, Ulrasonicator (probe.
sonicator)

Ulta Turrax T-18/10, Ultrasonicator, High
pressure homogenizer

Ulta Turr
Ultasonicator

High speed stirer (REMI Instruments Lid,
Mumba, India)

Ulta Turrax® (IKA, Saufen, Germany),
Ulta-homogenizer (Heidolph lectro,
Kelhaim Co, L, Germany)

Magneti stirrer,
mechanical trrer

Magneti strrer

Membrane contactor assembly [tirrer
pump, pressurized vessl forlpid phase,
manomete, tubular SPG membranes (SPG
technology, Miazaki, Japan) and Kerasep.
ceramic membranes (Rhodia Orels,
France)]

Supercritical fluid assembly [high pressure
syringe pump, hgh pressure expansion
vessel, depressurization valve, heater,
thermocoupl, etc]

Procedure

Under continuous siring, the lipid is heated
above the meling point with the drug mixed
with  hot surfactant solution

To form a preemulsion, this dispersion is
homogenized vith  high-shear mixing or
extruder machine at temperatures
maintained above the melting point of the
lipid, then it s subjected to high pressure.
‘homogenization in a warm condition. The
homogenization processes is repeated untl
the desired particle sze is achieved. The
dispersion is cooled at room temperature to
obtaina colloidal suspension ofipid NPs

“The drugis dissolved in 8 molten lpid. This
drug-lipid mixture s soldified using dry ice
orliquid nitrogen. The solidified mass s
milled 10 powder up 0 100 y partice sizes.
The powderso dbtained is subjected o the
dispersion into: cold aqueous surfactant
Solution to make presuspension. Finlly, the
presuspension s subjected to multiple cycles
of HPH to make collodal suspensions of
lipid LNPs

“The organic solvent i not used in this
method. Thelpid is molten above the
melting point temperature o th ipid and
the drugis solubilized into . This molten
lipid phase s added 102 warm aqueous
Surfactant solution with  high-speed
stirrng to make o/ microemulsion. It i
finally dispersed into cold waterasisted with
highspeed agitation/ultrasonicaton to form
SN or NLC.

Ahydrophobic organic solvent i used to
dissolvethe bulk lipid and aqueous phase to
emlsify into a preemulsion through
high-speed mixing, Finally,the preemulsion
is subjected to ultrasonication or HPH to
achievea desired particesize. The
precipitation of thelpid in the residual
‘aqueous phase forms NPs.s soon as the
organic solvent evaporates

“The double crulsion method s usculfor
oading bydrophilcdrugs in LNPs. The drug
isdissolved i aqueous phase and dispersed
in an organic phase using ulrasonication.
Thisprimary emulsion (W/0) so generated
was added o the aqueous sursctant solution
with high shese agitation o ultrsonicaton
10 get a water-inoil-in-vater (W/O/W)
emulsion. The organic was vaporated with
gentle siring o geta SLN or NLC collodal
suspension

“The drug long vith lipid-mix were
dissolved in the cosolvent (acetone, ethanol,
Ethyl acetate, benzyl alcohol, buty lactate).

lowly added into an
aqucous surfactant solution ith high speed
sirrng followed by ultrasonication. I it
this point that the cosolventsdiffuse into the
aqueous medium, resuling in the
precipitation of lipids and the prodction of
SINorNLC.

“The resulant solution

‘The PIT method involves increasing the
temperature ofa mixture of surfactants
above the phase transtion 10°C temperature
then quickly cooling it down to oom
temperature transform w/o 10 o/ emulsion.
An HLB transforming agent s used to
change the phase compositon, resultingn a
nanoemlsion formation. During the
hesting stage, mechanical magnetic strrers
are used toagitate the mistures continuously

During the process of coacervation,a
surfactant solution is heated sbove the Kraff
Point while strrin it continuously.
Subsecquently, alkaline sals of ftty acids are
precipitated when the pi s reduced by
adding acidifying olutions (coacervating
solutions) dropuise o the mixture of molen
lipids and polymer (PVA) solution, until
complte precipitation of pids was
achieved. Afterwards, cooling was done with
continuous stirring

Inthis procedure, an leaginous phase is
‘pushed through a membrane while kecping.
the temperature higher than the lipids
meltng poin. This leads t the creation of
tiny droplets. Simultancously, an aqueous
phase consisting ofsurfactants moves on the
opposteside of the membrane,sweeping off
the droplets from the membranc’ surface.
Ultimately,the mixture s cooled o produce
SINNLC.

First, o/ emulsion is prepared, and then the
organic solvent is extracted using a
supercriticalfluid. The top-dovwn injection of
the emulsion takes pace within an
extraction colum, while supercritical CO;
isintroduced from the bottom in a

countercurrent manner: Lipids precipitate
because ofthe quick and complete removl
of the solvent

References

Pail et al (2015), e t sl 2016), Zhuo et al.
(2018), Corzo etal. (2020), Chandana et al.
(2021), Kataria and Shende (2022),
Harish etal (2023), Dhanya etal. (2023)

Karami

tal.(2016), Huynh etal. 2017),
Banerjee and Kundu (2018), Sastr et .
(2020), Hernindez-Esquivel etal.2022)

Abol Kalam etal. (2013),
OstindagOkur et al. (2014), Balguri et ol
(2016),Seyioddin et al. (2016),Lakhani et al
(2018), Baigand Sidiqui (2020,
Chantaburanan etal. (2023)

Poojactal. 2015), Gajra et al. (2015),
Baig etal. (2016), Mohammadi-Samani et al.
(2019), Faz et al (2023)

‘Nabi-Metbods t al. (2013), Ngwaluka et .
(2017), Aman et l. (2018), Hong et al.
(2022)

Pardeshi tal. (2013), Leonardi et al. (2014),
‘Ebrahimi et al. 2015),

Cynthia emima Swarnavalietal. (2016),
Kumar Gupta et al. (2022)

Gao and McClements (2016), Gomes et al
(2017), Al and Singh (2018), Gomeset .
(2019), Spadaro etal. (2021)

Chirio etal. 2014, Pera tal. (2016),
Batagla etal. (2017),
Malekpour-Galogahi etal. 2018),
Talarico tal. 2021), Kumar Gupta etal.
02)

El-Harat tal. (2006), Charcosset et al.
(2006), Souto et al. (2020), Dhiman et
(2021), Al and Staufenbiel (2021),
Musielk et al. (2022), Chinthaginjala et al.
2024)

‘Yangand Cifii (2017), Couto etal. 2017),
Trucilo and Campardeli (2019), Saad et .
(2020)
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Hydrodynamic diameter (nm) Z Potential (mV)

‘ AuNPs 48.60 £ 4.58 ~17.65 £ 1.50
‘ AuNPs-PVP 15037 £ 638 ~8.86 + 4.64

‘ AuNPs-PVP-GOx 198.77 + 24.00 ~13.05 £ 074
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D-glucose [H20,] produced by GOx  [H,0,] produced by AuNPs- [H,0,] produced by AuNPs-

concentration (mg/dL) after 5 min (ppm) PVP-GOx after 5 min (ppm) PVP-GOx after 2.5 h (ppm)
3 <0.5 ‘ <0.5 <0.5
10 ‘ 275+ 0.19 ‘ 237 +£0.63 ‘ 574 +0.28

20 ‘ 543 +£037 ‘ 291 £017 ‘ 803 £0.39
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PVP GOx AuNPs

Wavenumber (cm™) Assignment Wavenumber (cm™) Assignment Wavenumber (cm™)

1291 C-N bond 1400 Carboxyl groups 3125 ‘ O-H bonds

1400 CH, group 1539 Amide I (N-H and C-H groups) (sodium citrate)

1652 Amide IT (C=0) ‘
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1100-1750 ‘ C=0 bond 538 S-S group
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| 1235 Pyrrolidone ring 1273 Amide 11T
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1670 1610 Amide 1T

1668 Amide 1






OPS/images/fbioe-13-1570668/fbioe-13-1570668-g007.gif
cinl
Aoy 10515 10 o

m Control Line D 5000 - Control Line
-t Line -t Line
4000

g

Intensiy (1.0)
Ttensity (1.

0 5 15 1o 0 shTo 7
Concenteation of cTnl (ng/mL) Concenteation of ¢Tnl (ng/mL)





OPS/images/fbioe-13-1570668/fbioe-13-1570668-g006.gif
s 9 0 2 3 2 3 7 3 B0 30 H 8

5 w0 N e 5w s w0 w9 0 s s s s s

T T B s DT





OPS/images/fbioe-13-1570668/fbioe-13-1570668-g005.gif
6000 6000

250 o) gaswo
S50, Faon oo
T 1500 = 15001

o

Concentrtion of ¥l (aginL) c“.cm.m.,mm (a/mL) Concentitionof eTal (/L)

B stay 10day 151y
o . - o . = ..
zeso0 ;«sm!
3000,
E o &
s00]
ol

Concontroe of Hral (admL) Cosooatrosn ok STal (€mL) Concention FTal (SofmL)





OPS/images/fbioe-13-1570668/fbioe-13-1570668-g004.gif





OPS/images/fbioe-13-1570668/fbioe-13-1570668-g003.gif
Intensity (W)

A e sl oL e B
oo o4
s} o3
o g
poo o
00

o o

oo S 31516 6
Contemtration of ¢Tol (el

01 3 6 8
‘Conocntiation of ¢Tal Gogl)





OPS/images/fbioe-13-1570668/fbioe-13-1570668-g002.gif
‘@@ Qﬂ“*-@{f"

nnnnn






OPS/images/fbioe-13-1570668/fbioe-13-1570668-g001.gif
s

Tine  Clne _ Aborbentpad
Fiow diecion

b o st

® Mo @ o Gt e





OPS/images/fbioe-12-1326143/fbioe-12-1326143-g004.gif





OPS/images/fbioe-12-1326143/fbioe-12-1326143-g005.gif





OPS/images/fbioe-12-1326143/crossmark.jpg
©

|





OPS/images/fbioe-12-1326143/fbioe-12-1326143-g001.gif





OPS/images/fbioe-12-1326143/fbioe-12-1326143-g002.gif





OPS/images/fbioe-12-1326143/fbioe-12-1326143-g003.gif





OPS/images/fnano-05-1270474/math_2.gif





OPS/images/fnano-05-1270474/math_3.gif
p+2(FWHM)





OPS/images/fnano-05-1270474/math_4.gif
o2 20)(E- o)l

()





OPS/images/fnano-05-1270474/math_qu1.gif





OPS/images/cover.jpg
& frontiers | Research Topics.

The road toward
nano-based diagnostics
for health and disease

Eatea by






OPS/images/fnano-06-1419239/crossmark.jpg
©

|





OPS/images/fbioe-12-1326143/fbioe-12-1326143-t004.jpg
MDA Concentration (uM)
(nmol/mL)

Day 3

Zno- 2027 % 163.1 + 1467 + 350.6 + 2883 + 2817 % 4573 + 3937 % 3875+

NPs 3227 2577 2483 29.44" 27.35" 25.64" 33.64" 2974 27.20"

ZA 2185+ 1613 + 169.8 + 3652 % 2935+ 2979 % 509.0 £ 3967 % 397.1 %
39.05" 2348 2473 39.74% 25817 25.03" 43.05"

29.02° 3052

2450 + 36.22° 4748 £ 42.61°

Control ‘ 636.0 £ 47.64

Data are shown as mean + SE; values with different superscripts in each day differ significantly (p < 0.05).
*Significant (p < 0.05) from control.
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Parameter MODENA + ZnO-NPs (n = 150 sows)

Day O Day 3 Day 5
Farrowing rate (%) 86 (43 82 (41 76 (38)« 84 (42 78 (39) 70 (35)%
Litter size at birth (nos.) 974 +0.52% ox7soa | omxoare 943 + 035" 922 % 056% 87 £037%"
stillbirth (%) 035 +0.07* 031 +0.06" 028 £ 0.04* 028 + 005" 032 £ 006 023 £ 003
Weak piglets (%) 024 £ 003" 021 £ 0,02 018 £ 0.04* 031 £ 007 028 = 005 0.15 = 0,04

Values with different superscripts (a, b, ¢, d, and ¢) in each day differ significantly (p < 0.05).
“Significant (p < 0.05); **highly significant (p < 0.01).
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MDA produced (uM/mi) = {O.D. x 10° x total volume (3 mi)}
/{156 % 10°  test volume (1 mi)
- (0.D.X30)/ 1.56.
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Concentrations (uM)

5 ‘ 8433 £ 151" 75 % 1.66° 8433 £ 151 7525 £ 1.75"
10 ‘ 8433 % 151" 7575 + 1.63" 84.33 + 151 75 £ 177
50 ‘ 8433 £ 151" 745 + 1.84% 8433 £ 151 7225 + 197
100 ‘ 83.66 + 1.42" 67.25 £ 148" 83.66 + 1.42° 66 £ 1.93%
500 ‘ 75.66 + 1.59" 6175 £ 1.63 76.33 £ 1.33" 60.25 £ 1.90°
1000 ‘ 73.00 £ 1557 5425+ 1.84% 72.66 + 1245 54.25 + 2.19"

Data are shown as mean + SE; values with different superseripts in each time (h) differ significantly (p < 0.05).

*Significant (p < 0.05).

84.33 £ 151

71+ 1.99%





OPS/images/fbioe-12-1326143/fbioe-12-1326143-t002.jpg
Concentration Live and intact (%) High mitochondrial membrane potential
(M) (H-MMP) (%)

ZA Control ZnO-NPs ZA Control

Oh ih Oh 1h Oh 1ih Oh ih

5 8181+ | 7822 | 7973+ 7653+ | 8078+ 7595+  8l64: | 7789+ | 8377+ 8001+  8108% | 7737 %
122% 083" | 0saNk  076% | 055 048 L4 | 077 | Las™ 077 121 | 067
! ! 1
10 8284+ 8173 | 8071 | 7561+ 8507+ | 8132+ | 8244 | 7869+
105 071 | 073 100> 162 086" 1280 0.69%
50 8241+ | 8045+ | 8104+ | 7494 8386+ | 8041+ | 8105+ 7730+
095 082" 098 076" 160 084 120 0.6
| |
100 8047 + 7597 + 7931 + 7238 + 8254 + 7879 + 7889 + 7514 £
079" 0.60% | 078" | 064% 172 0so | LAz | 063
500 7832+ | 7287+ | 7768% | 7017+ 8091% | 7705+ | 7738 | 7363 %
091 079 | 075% | 075 168 | 0899 | 108% | 058
1000 - - - - 7952+ | 7577+ | 7600 | 7225 %
178" 0.94% 113° 0605

Data are shown as mean + SE; values with different superscripts in each time (h) differ significantly (p < 0.05).
*Significant (p < 0.05).
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Concentration

Apoptotic (%)

ZA

5 158 £ 0.20° 298 +0.27¢ 237 + 049" 477 £038
10 1,53 + 026" 337 + 036" 243 £ 017" 621 0.57*
50 221 +035" 592 £ 3.01% 298 +0.34° 648 +0.48™
100 3.02 £ 050" 593 + 048" 251 + 039" 8.06 + 046™
500 312+ 0,64 7.13 £ 034 237£022° 901036
1000 358+ 0.7 839 £ 031 326 £ 037 639 025"

Data are shown as mean + SE; values with different superscripts in each time (h) differ significantly (p < 0.05).

“Significant (p < 0.05).

265 £ 029

512 + 029
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