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4 ABSTRACT: Diagnosis of oxidative stress is essential to avoiding
5 serious life-threatening situations. Hydrogen peroxide (H2O2) is a
6 potential biomarker of oxidative stress. Herein, we introduce a
7 reagent-free nanoscale approach for the colorimetric detection of
8 urinary H2O2 utilizing dextran-gold nanoparticles (dAuNPs). The
9 plasmonic properties of these nanoparticles are central to their
10 function, leveraging their high surface area and tunable optical
11 characteristics for sensitive detection. We transformed the colloidal
12 dAuNPs solution into two formats: as a tablet (dAuNPs-Tablet) or
13 impregnated on a cotton swab (dAuNPs-Swab). The assay generates a hydroxyl radical (•OH) from H2O2 via the Fenton reaction,
14 followed by nanoscale-driven detection of H2O2 using a plasmonic tablet and swab sensors. In the presence of H2O2 in a sample, the
15 red color of the tablet solution or plasmonic swab turns to blue due to salt-induced nanoparticles aggregation. The transition in color
16 is observed due to •OH-assisted degradation of the dextran layer around dAuNPs, leading to the loss of colloidal stability and
17 subsequent aggregation of dAuNPs. Sodium chloride acts as the aggregating agent, enhancing the nanoscale interactions. The
18 detection limit in artificial urine is found to be 50 μM for the tablet sensor and 100 μM for the swab sensor. The plasmonic tablet is
19 more stable as compared to a plasmonic swab which gradually loses stability, after one month, with approximately 40% degradation
20 within three months. Interference studies demonstrate the high selectivity of both platforms for H2O2 detection. Notably, we
21 investigated the H2O2 levels in human urine samples from healthy volunteers (both female and male) before and after green tea
22 consumption. The observed decrease in the H2O2 level in urine postgreen tea consumption suggests a potential role of green tea
23 antioxidants in mitigating oxidative stress. The utilization of nanoprobes in our research not only enhances our understanding of
24 oxidative stress dynamics but also drives advancements in point-of-care detection platforms, offering enhanced portability and ease of
25 use of nanoprobes. These platforms open exciting avenues in healthcare diagnosis.
26 KEYWORDS: Gold nanoparticles, hydrogen peroxide, Fenton reaction, tablet sensor, plasmonic swab, oxidative stress

1. INTRODUCTION

27 Oxidative stress is an imbalance between the production or
28 accumulation of reactive oxygen species (ROS) and the
29 detoxification ability of antioxidants or biological systems
30 because of poor dietary habits or the body’s own metabolic
31 functions.1 The increased level of oxidative stress is associated
32 with several metabolic disorders (e.g., diabetes, kidney
33 damage),2 neurodegenerative illnesses (e.g., Alzheimer’s
34 disease, Parkinson’s disease),3 cardiovascular conditions (e.g.,
35 heart failure),4 and cancer.5 Therefore, timely monitoring of
36 oxidative stress is highly important to avoid life-threatening
37 conditions. Various biomarkers for oxidative stress include
38 end-products of oxidative damage to different biomolecules
39 such as 8-hydroxy-2-deoxyguanosine (8-OHdG),6 malondial-
40 dehyde (MDA),7 3-nitrotyrosine,8 or explicit determination of
41 oxygen radical production such as aromatic hydroxylation9 or
42 spin trapping.10 As oxidative stress is not routinely tested in the
43 clinical laboratory, the majority of these biomarkers relies on
44 mass spectrometry and electron spin resonance spectroscopy
45 or uses HPLC-based determination.11 Considering these

46limitations, hydrogen peroxide (H2O2) as a whole-body
47oxidative stress biomarker has been highlighted in the
48literature.12,13 Various biological samples, such as exhaled
49breath, sweat, blood, and urine, release different levels of H2O2.
50Among these, urine is an attractive medium for point-of-care
51applications due to its easy and noninvasive collection. The
52urinary H2O2 level varies drastically in healthy individuals with
53an average value of 100 ± 60 μM.14 However, this level is
54increased up to 3-fold in different patients (e.g., cancer,
55diabetes).15 Similarly, a raised level of urinary H2O2 is
56associated with oxidative stress which can be lower using
57antioxidant therapy.16
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58 Fenton chemistry has a well-known standing for H2O2
59 detection in the presence of low-valency transition metal
60 ions (i.e., Cu1+, Fe2+, Cr3+).17 Fenton reagents (i.e., H2O2 and
61 Fe2+) generate a hydroxyl radical (•OH) which is a strong
62 oxidizer with +2.80 V oxidation potential, which is slightly
63 inferior to fluorine oxidation potential (+2.87 V).18 This •OH
64 can react with a variety of organic compounds leading to either
65 degradation of these compounds or their conversion into less
66 toxic products.19 Moreover, the •OH initiates macromolecular
67 damage in proteins, DNAs, and lipids causing cell damage.1

68 Further, the •OH species is related to the detection of H2O2
69 because H2O2 is the precursor of •OH. Thus, the detection of
70 H2O2 through the Fenton reaction is the center of attraction
71 for scientific research. Fenton-mediated detection of H2O2
72 such as the ferrous ion−o-dianisidine complex (TOS-
73 dianisidine) assay, ferric-xylenol orange (FOX) assay, and
74 reactive oxygen metabolites derived compounds (d-ROMs)
75 assay either uses the carcinogenic substance, requires longer
76 incubation periods and centrifugation steps, or has a high
77 tendency of false results.20 Hence, there is a need for new
78 methodologies as well as improvement in existing approaches
79 for H2O2 detection.
80 The H2O2 detection assays utilizing Fenton reagents and
81 nanomaterials are both straightforward and cost-effective,
82 providing a colorimetric read-out and portability for enhanced
83 convenience.21 A variety of nanomaterials such as silver
84 nanoparticles (AgNPs),22 platinum nanoparticles (PtNPs),23

85copper oxide nanoparticles (CuONPs),24 graphene compo-
86site,25 and gold nanoparticles (AuNPs)26 have been employed
87for H2O2 detection. Among these, AuNPs have been well-
88explored due to their superior optical, catalytic, and photo-
89thermal conversion properties besides their high surface-to-
90volume ratio, easy preparation, and multifunctional surface
91modifications.27−33 The H2O2 detection with AuNPs-based
92sensors has been reported with instrument-dependent
93techniques as well as portable methods. Instrument-dependent
94techniques include spectrophotometry, fluorometry, electro-
95analysis, chemiluminescence, resonance light scattering assays,
96and chromatography.34−36 For portable methods, colorimetric
97readout receives considerable attention due to allowing for an
98easy, low-cost, and user-friendly assay. The AuNPs-related
99portable detection platforms could be based on substrates such
100as paper, textile fabric, synthetic polymer, thread, tablet, or
101swab that require an ultralow volume of the sample.27,37,38 In
102such systems, quantification can be achieved through RGB
103color intensities using smartphone imaging.39 Overall, the
104detection of H2O2 using AuNPs is important for the
105development of point-of-care sensors.
106Lin et al. detected H2O2 using DNA-modified AuNPs where
107the hydroxyl radical was used to break the phosphodiester
108bonds in DNAs and decreased the quantity of DNAs on the
109surface of AuNPs causing their aggregation.40 However, this
110assay required extensive pretreatment of DNA before the
111detection step. For example, the reduction of thiol-modified

Figure 1. Synthesis of dextran-gold nanoparticles (dAuNPs) colloidal solution followed by tablet and swab sensor formation for the colorimetric
detection of hydrogen peroxide (H2O2) as an oxidative stress biomarker. A) The dAuNPs solution was synthesized using chloroauric acid as a
source of gold atoms and dextran as a reducing and stabilizing agent (yellow mixture in a flask). The dAuNPs-Sol (wine-red solution in a flask) was
then mixed with dextran postsynthetically to get the plasmonic probe solution. This probe solution was used to cast the (I) tablet via the drop
casting technique and was also (II) poured onto the alkaline-treated swab; B) The plasmonic tablet and swab sensors were utilized to measure the
concentration of urinary H2O2 based on the Fenton reaction, where a blue color readout indicates a high level of oxidative stress.
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112 oligo disulfide was time-consuming and required −20 °C
113 conditions to prepare and store the reduced thiol-DNA
114 followed by 16 h of stirring in the dark to adsorb the thiol-
115 DNAs onto AuNPs. In another study, Wu et al. detected H2O2
116 through the aggregation of AuNPs because H2O2 treatment
117 removed polyethylene glycol chains from the AuNPs surface
118 that exposed inner hydrophobic ligands, causing AuNPs
119 aggregation in water.41 Again, this method required up to 28
120 h for the detection of H2O2 in a dynamic μM range. Hence,
121 there is a need to introduce a new detection strategy which is
122 simple, portable, quick, user-friendly, and cost-effective. Our
123 group has a solid background in the tablet-based detection
124 platform used for various applications.27,42−46 We fabricated a
125 tablet sensor by encapsulation of AuNPs used for the detection
126 of acid-labile groups.27 Additionally, our team has developed
127 pullulan stabilized AuNPs-based tablet sensors for detecting
128 glucose and cysteamine through the expression and inhibition
129 of peroxidase-mimetic behavior, respectively.42,46

130 Herein, we developed the plasmonic tablet and swab sensors
131 for point-of-care detection of oxidative stress biomarkers using
132 urinary H2O2. Both the tablet and swab sensors were prepared
133 from dextran-gold nanoparticles solution (dAuNPs-Sol). The
134 synthesis of dAuNPs-Sol, along with the preparation of tablet

f1 135 and swab sensors, is illustrated in Figure 1A, while their
136 colorimetric responses are presented in Figure 1B. These
137 sensors underwent comprehensive characterization using
138 techniques such as ultraviolet−visible and Fourier transform
139 infrared (FTIR) spectroscopy, transmission electron micros-
140 copy (TEM), scanning electron microscopy (SEM), energy
141 dispersive X-ray spectroscopy (EDS), zeta potential, and
142 dynamic light scattering (DLS). The detection mechanism
143 relies on the Fenton-assisted •OH radical generation, leading
144 to the degradation of the polymeric layer surrounding dAuNPs
145 and subsequent loss of colloidal stability. Sodium chloride
146 (NaCl) was then employed as an aggregating agent to induce a
147 visual color transition from red to blue. The observed color
148 change directly correlated to the concentration of H2O2,
149 offering an estimation of whole-body oxidative stress.
150 Calibration curves were generated by plotting the H2O2
151 concentration against the aggregation/dispersion state of
152 dAuNPs, utilizing ImageJ software for the tablet and swab
153 sensors. Both sensors demonstrated high analytical perform-
154 ance in quantifying H2O2 levels. Unlike conventional
155 chromogenic methods that are toxic and require a specific
156 buffer for preparation, our approach leverages the unique
157 plasmonic properties of dAuNPs for a clear color change upon
158 hydroxyl radical interaction. Moreover, the assay’s adaptability
159 into portable formats, such as tablets and swabs, coupled with
160 its long-term stability and high selectivity, highlights its
161 practical advantages over traditional methods.
162 To assess the sensors’ real-world applicability, urinary H2O2
163 concentration was measured as an oxidative stress biomarker in
164 real urine samples collected from healthy male and female
165 volunteers before and after a specific duration of consuming
166 green tea. This evaluation not only showcased the performance
167 of our plasmonic sensors in practical scenarios but also allowed
168 us to observe the impact of diet on oxidative stress levels.
169 Moreover, our sensors are promising for point-of-care
170 applications, such as diagnosing kidney inflammation through
171 ROS detection in human urine.

2. EXPERIMENTAL SECTION
1722.1. Chemicals and Instrumentation. Tetrachloroauric acid
173(HAuCl4, 30 wt % in dilute HCl), hydrogen peroxide (H2O2, 30 wt %
174or 9.8 M), ferrous sulfate heptahydrate (FeSO4·7H2O), dextran (100
175kDa), sodium phosphate monobasic monohydrate (NaH2PO4·H2O),
176disodium hydrogen phosphate (Na2HPO4), sodium bicarbonate
177(NaHCO3), sodium chloride (NaCl), citric acid (C6H8O7), sodium
178hydroxide (NaOH), ascorbic acid (C6H8O6), and sulfuric acid
179(H2SO4) were purchased from Sigma-Aldrich. Zinc chloride
180(ZnCl2) and copper chloride (CuCl2) were purchased from Thermo
181Scientific Chemicals. Deionized water was used to prepare all of the
182solutions. Citrate-phosphate buffer was prepared using 0.2 M
183disodium hydrogen phosphate and 0.1 M citric acid. The final pH
184was adjusted by using citric acid. The ferrous sulfate solution was
185prepared in citrate-phosphate buffer. Artificial urine (99.99% purified)
186was obtained from Biochemazone, USA. The volunteers consumed
187Japanese green tea (sencha and matcha blend, Kirkland Signature
188brand) at a concentration of 1.5 g/200 mL water. Cotton swabs and a
189carbon steel tray (Betty Crocker) were purchased from a local
190Walmart store in Montreal, Canada. A vortex machine (model no.
1919454FIALUS, 50/60 Hz, Fisher) was used to dissolve a tablet into a
192Fenton reagent. The morphology and chemical nature of dAuNPs
193were studied by transmission electron microscopy (TEM, Talos
194L120C, 20−120 kV) and scanning electron microscopy (SEM,
195Phenom ProX). SEM-EDS images were captured at 15 keV with solid
196samples cast on carbon grids. Absorption spectra of dAuNPs were
197recorded on a UV−vis spectrophotometer (BioTek, Cytation 5,
198imaging reader). The particle size analyzer (Litesizer 500, Anton-Paar,
199Austria) was used to record the hydrodynamic size of dAuNPs via the
200dynamic light scattering (DLS) technique. Surface charge on dAuNPs
201was measured in Ω-shaped polystyrene cuvettes, with zeta potential
202analyzed via electrophoretic light scattering using the cmPALS
203technique (European Patent 2735870). All samples were collected in
204triplicate. The nanogold tablets were dried at room temperature or 50
205°C in a laboratory oven without forced air convection (Thermo
206Scientific, Model# PR30525G, USA). The NaHCO3 soured cotton
207swabs after nanogold adsorption were dried at room temperature and
208stored in an airtight box until use. Images of swab and tablet sensors
209were captured using an iPhone 13 and analyzed with ImageJ software
210(National Institutes of Health, USA).
2112.2. Fabrication of Plasmonic Tablet and Swab Sensors. The
212glassware was washed three times with deionized water after being
213cleaned with a fresh aqua regia solution. A colloidal solution of
214dextran-gold nanoparticles (dAuNPs-Sol) was synthesized as per the
215literature procedure with some modification.47 In short, 25 mL of a 1
216mM HAuCl4 solution was stirred with 50 μL of a 5% dextran solution
217at 90 °C followed by the addition of 50 μL of a 1 M NaOH solution.
218The flask contents changed from light yellow to colorless, then light
219pink, and finally into a wine-red dispersion which confirmed the
220synthesis of dAuNPs. The concentration of the dAuNPs solution was
221estimated to be ∼4.6 nM by Beer’s-Lambert law using a UV−vis
222spectrophotometer based on a calculated extinction coefficient (ε) of
2232.4 × 108 M−1 cm−1 at 520 nm for 13 nm particles.45 The nanogold
224solution after postsynthetic addition of 2% dextran powder was mixed
225for 1 min and transformed to tablets (dAuNPs-Tablets) according to
226our previously established protocols.27,45 In short, a plasmonic tablet
227was created by pipetting 100 μL of the dAuNPs solution on a nonstick
228tray followed by air-drying overnight at ambient conditions of 20 °C
229and 45% indoor humidity. Fully dried tablets were collected from the
230tray and stored in a glass vial at room temperature.
231Also, the dAuNPs-Swab sensor was prepared in two steps. Initially,
232commercial cotton swabs were boiled in a NaHCO3 solution (25
233mM) for 5 min to remove any hydrophobic compounds, including
234fats and waxes. The NaHCO3 soured swabs were washed with
235deionized water five times or until obtaining a neutral pH (∼7) using
236pH paper. These swabs were oven-dried at 60 °C for 1 h followed by
237pouring a fixed volume (200 μL) of a nanogold solution onto each
238swab. The plasmonic swabs were air-dried for ∼8 h and stored in an
239airtight glass jar at room temperature until further use. Notably, a
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240 fixed concentration (∼4.6 nM) and volume of dAuNPs were
241 consistently used during tablet formation and swab preparation in
242 each batch to prevent clumping and ensure consistency in the amount
243 of dAuNPs across different tablets and swabs. A controlled drying
244 environment, including regulated temperature and humidity, was also
245 maintained to promote particle uniformity and prevent aggregation
246 during solvent evaporation. However, even if nonuniform particle
247 distribution occurs within a tablet or swab, it does not impact the
248 results, as the entire tablet is dissolved in the Fenton reagent, giving
249 the exact same concentration of dAuNPs and resulting in a consistent
250 color change. Similarly, the entire swab is immersed in the Fenton
251 reagent to generate the blue color for analysis.
252 2.3. Optimization Study and Reaction Kinetics of the
253 Hydrogen Peroxide (H2O2) Assay. Reaction conditions were
254 optimized to establish the experimental protocols for the H2O2 assay.
255 Major operational parameters such as the amount of dextran in
256 dAuNPs, concentration and pH of the ferrous sulfate solution,
257 concentration and volume of sodium chlorite, and temperature of the
258 reaction medium were investigated. Further, the Fenton-based •OH
259 radical generation was confirmed by using ascorbic acid as a radical
260 scavenger. For this, 1 mM ascorbic acid (10 μL) was incubated with
261 Fenton’s reagent for 10 min followed by the addition of a plasmonic
262 tablet and NaCl solution. Finally, the reaction kinetics was studied
263 using 1 mM H2O2 in the presence and absence of ascorbic acid.
264 2.4. Detection of H2O2 as a Potential Oxidative Stress
265 Biomarker. Fenton Reaction-Based Colorimetric Assay Using a
266 Tablet Sensor. The colorimetric detection of H2O2 based on Fenton
267 chemistry is comprised of two steps; generation of free hydroxyl
268 radical (•OH) and detection of H2O2 using the dAuNPs probe. The
269 first step involves the Fenton reagent where a reaction between
270 ferrous ions and H2O2 takes place to produce •OH. For this, 50 μL of
271 different concentrations of H2O2 in water (30, 50, 100, 125, 250, 500,
272 700, and 1000 μM) was mixed with 10 μL of 3 mM ferrous sulfate
273 (pH 3) followed by the addition of 200 μL of deionized water. This
274 solution was incubated for 10 min to ensure the generation of •OH
275 which participated in the detection step. In the second step, a
276 plasmonic tablet (100 μL of dAuNPs) was added to the previously
277 formed Fenton solution and vortexed to get a homogenized mixture.
278 Finally, 30 μL of 1 M NaCl solution was added, and UV−vis spectra
279 were collected after 10 min of incubation. Next, the H2O2 assay was
280 employed in artificial urine using the same experimental protocols
281 where artificial urine was spiked with different concentrations of H2O2
282 ranging from 30 to 1000 μM. The color change of the tablet solution
283 was recorded as blue/red color intensity using ImageJ software in
284 addition to measuring their absorbance intensity at λ520 and λ650 nm
285 using a UV−vis spectrophotometer. Notably, for the analysis, a full
286 well of the 96-well plate was selected as the region of interest in
287 ImageJ to eliminate any inconsistencies in the color selection. Each
288 experiment was conducted in triplicate to ensure reproducibility.
289 Fenton Reaction-Based Colorimetric Assay Using a Swab
290 Sensor. A plasmonic swab was used for the colorimetric detection
291 of H2O2 facilitated by Fenton chemistry in aqueous media and
292 artificial urine samples. For this, 10 μL of 3 mM ferrous sulfate (pH
293 3), 200 μL of deionized−distilled water, and 50 μL of different
294 concentrations of H2O2 (30, 50, 100, 125, 250, 500, 700, and 1000
295 μM) were incubated for 10 min followed by dipping of the dAuNPs-
296 Swab in Fenton solution. Afterward, 30 μL of a 1 M NaCl solution
297 dropped onto the swab. After 10 min, optical images of swabs were
298 collected and analyzed by ImageJ software for any change in their
299 color intensity. The RGB color analysis was used to plot a calibration
300 curve for quantitative analysis. Similarly, for cotton swab analysis, the
301 entire area of the swab was chosen as the region of interest, which
302 minimized any discrepancies in color variation across the swab. This
303 experiment was also performed in triplicate to confirm consistent and
304 reliable results.
305 2.5. Interference Study Using a Plasmonic Tablet and Swab.
306 Possible interferents that might exist in the urine sample are anions
307 (Cl−), cations (Na+, K+, NH4

+, Mg2+, Ca2+, Zn2+, and Cu2+), glucose,
308 uric acid, and ascorbic acid. These potential interferents were tested
309 to check the selectivity of a plasmonic tablet and swab sensors toward

310H2O2 detection. The same experimental procedure was followed as
311mentioned in section 2.4 using 0.1 mM H2O2 in the presence of 1
312mM anions and 0.1 mM cations and 0.1 mM glucose, uric acid, and
313ascorbic acid separately. The change in color intensity was estimated
314using ImageJ software for the plasmonic tablet and swab sensors.
3152.6. Determination of Oxidative Stress in Male and Female
316Volunteers. The newly proposed H2O2 assay was utilized to measure
317the oxidative stress level in healthy individuals (male and female)
318before and after consuming 200 mL of green tea three times a day for
319a week. The volunteers did not take any drug, ergogenic aids, or
320antioxidant supplements for at least 10 weeks before the study. A
321standard literature method as reported by Halliwell et al. was followed
322to collect the urine samples.48 These samples were spiked with known
323concentrations of H2O2 (160, 200, 250, and 500 μM) and
324quantitatively analyzed using a plasmonic tablet and a swab sensor
325following the same procedure as that mentioned in section 2.4. We
326use a buffer to ensure that variations in the sample’s pH do not affect
327the sensor’s performance. The recovery% (R%) and relative standard
328deviation% (RSD%) were calculated using their standard formula to
329show the practical applicability and precision of both plasmonic
330sensors.42

3. RESULTS AND DISCUSSION
3313.1. Characterization of Plasmonic Sensors. In this
332section, we thoroughly explore the characterization of our
333plasmonic sensors, which are crucial for understanding their
334performance and mechanisms. Through a comprehensive
335analysis employing various spectroscopic and microscopic
336techniques, we studied the structural and functional properties
337of these sensors. This detailed characterization lays the
338groundwork for subsequent discussions on their efficacy in
339the detection of oxidative stress biomarkers. A colloidal
340solution of dextran-gold nanoparticles (dAuNPs-Sol) was
341prepared according to the literature method by reacting
342chloroauric acid with dextran in an alkaline medium.47

343Subsequently, dAuNPs-Sol was encapsulated as a tablet
344(dAuNPs-Tablet) or deposited on pretreated cotton swabs
345(dAuNPs-Swab) to fabricate plasmonic sensors. The dAuNPs
346from both solid platforms (tablet and swab) were released into
347deionized water to analyze their morphology and surface
348charge by employing UV−vis and FTIR spectroscopy, dynamic
349light scattering (DLS), transmission electron microscopy
350(TEM), and a zeta potential analyzer. Apart from solution
351phase characterization of nanoparticles, scanning electron
352microscopy (SEM) with energy dispersive X-ray spectroscopy
353(EDS) analysis of the solid plasmonic sample is reported
354herein, whereas we have already published atomic force
355microscopy (AFM) analysis of a solid tablet.27

356A classical bottom-up approach employing a wet chemical
357reduction method opted for the one-pot NaOH-assisted
358synthesis of the dAuNPs solution. The gold chloric acid
359solution was refluxed in alkaline media with dextran as a
360reducing, stabilizing, and capping agent.47 Generally, dextran
361oxidation is followed by HAuCl4 reduction to produce aurous
362salt (AuCl) which undergoes a disproportionation reaction
363producing monomers for the formation of nanoparticles.47

364Alkaline media facilitated the formation of different gold
365complexes during the synthesis. The AuNPs were readily
366stabilized by copious alcohol hydroxyl groups of the dextran
367chain. Within 5 min, the color of the reaction medium was
368shifted from colorless (Au3+) to light pink and finally to a
369burgundy/wine red (Au0) transparent colloidal solution. The
370reaction was kept under the same conditions for an additional
37130 min to ensure no further increase in the absorption intensity
372of dAuNPs-Sol. A sharp, narrow, and symmetrical absorption
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373 band appeared at λ520 nm demonstrating monodispersed
374 dAuNPs of 13 nm. FTIR spectrum has characteristic functional
375 peaks of dextran and AuNPs solution as supported by the
376 literature.47 The hydrodynamic size was 35.02 nm (15% PDI),
377 and the surface charge was −42.6 mV as shown by DLS and
378 zeta potential analysis respectively (Figure S1).
379 The dAuNPs-Sol was mixed with pristine dextran (2%) to
380 get the highly stabilized nanogold dispersion used to cast
381 plasmonic tablets according to our previously established
382 protocols.27 The plasmonic swab was prepared by dropping
383 the nanogold colloidal dispersion onto pretreated cotton
384 swabs. Of note, aggregation of nanogold was observed when
385 NaHCO3-soured swabs were directly soaked in dAuNPs
386 dispersion and dried. The reason for aggregation may be the
387 adsorption of maximum nanogold particles; hence, a
388 premeasured volume (200 μL) of dAuNPs dispersion was
389 carefully pipetted out on alkaline treated swabs. However, if
390 the same volume of the dAuNPs solution was pipetted out on
391 untreated swabs, again, nanoparticles were aggregated on the
392 surface of the cotton swab at random places due to the

393presence of the existing wax layer on the swab (Figure S2A). It
394is also important to mention that a cotton swab was preferred
395over different materials such as cotton balls, face-mask thread,
396cotton thread, and mouth floss because these materials did not
397adsorb nanogold efficiently and could not sustain them well-
398dispersed on the surface. All of these materials turned purplish-
399blue after drying, hence unsuitable to be used as a colorimetric
400probe (Figure S2B).
401UV−vis extinction spectra of the dAuNPs-Tablet, dAuNPs-
402Swab, and dAuNPs-Sol are identical, indicating the post-
403synthetic addition of dextran in the dAuNPs solution did not
404change particle morphology in the tablet and swab. However,
405the decreased intensity of the peak in the swab as compared to
406the tablet was due to the partial release of dAuNPs into
407 f2solution from the dAuNPs-Swab (Figure 2A). Of note, the
408surface of the NaHCO3-scoured swab in neutral solutions is
409negatively charged due to dissociation of functional groups,
410such as hydroxyl and carboxyl groups as well as adsorption of
411dAuNPs from the solution, indicating the stability of gold
412particles on a swab.49 Infrared analysis of dAuNPs in tablet and

Figure 2. Characterization of gold nanoparticles in tablet and swab formats. A) Absorption spectra showing peak maxima at 520 nm for both the
tablet and swab; B) The TEM image of the dAuNPs-Tablet shows (i) an average particle size of 12 ± 1 nm, (ii) the round shape of nanoparticles,
and (iii) a particle distribution graph, with the optical image of a tablet shown as an inset; C) The SEM images of the dAuNPs-Swab show clusters
of Au particles distributed within the cellulose fibers of the cotton swab at different scale bars: (i) 1 mm (with the optical image of the dAuNPs-
swab shown as an inset), (ii) 100 μm, (iii) 10 μm, (iv) 1 μm, and (v) 200 nm.
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413 swab formats showed a peak at 1634 cm−1 corresponding to
414 the C�O stretching frequency present in aldehyde groups
415 which indicated the conversion of some of the dextran’s
416 hydroxyl groups into aldehyde functionality after oxidation, a
417 process coupled with the reduction of Au3+ to Au0 species.50

418 The intense broadband at 3319 cm−1 suggested the presence of
419 symmetrical stretching vibrations of hydroxyl functional groups
420 (O−H), which might have arisen from alcoholic groups of
421 dextran. The bands at 1150 and 997 cm−1 corresponded to the
422 stretching vibrations of C−O bonds and α-glycosidic bonds
423 (C−O−C) in dextran, respectively.47 The absorption peak at
424 2925 cm−1 can be assigned to the −CH group stretching
425 vibrations of dextran, which can be seen in the dAuNPs-Tablet
426 and dAuNPs-Swab. The FTIR analysis showed the involve-
427 ment of dextran in fabricating dAuNPs as well as surface
428 attachment on nanogold particles (Figure S3).
429 The ζ-potential of the dAuNPs-Tablet and dAuNPs-Swab
430 was estimated as −28.54 mV and −15.16 mV, respectively,
431 which supports that the nanoparticle boundaries are well
432 separated from the adjacent particles of a similar charge in the
433 dispersion. These phenomena resist aggregation and confer
434 stability of dAuNPs as tablet and swab platforms. The decrease
435 in surface charge of the swab as compared to the tablet might
436 be due to the partial release of nanogold particles in the
437 solution, and most of the particles remained absorbed onto the
438 swab surface. The hydrodynamic size of the dAuNPs-Tablets
439 and dAuNPs-Swab was 160.6 nm (20% PDI) and 102.0 nm
440 (33% PDI), respectively, as depicted from DLS analysis
441 (Figure S3). The increased hydrodynamic size in the tablet

442solution as compared to the swab solution might be due to the
443efficient surrounding of solvent molecules around nanogold
444particles.51 The increased size in both solid formats as
445compared to dAuNPs-Sol was due to the additional amount
446of the dextran polymer resulting in a thicker polymeric layer
447around dAuNPs leading to a bigger hydrodynamic size.52 The
448surface morphology of a tablet and swab was characterized by
449TEM and SEM analysis, respectively, as shown in Figure 2.
450The average particle diameter of the tablet was 12 ± 1 nm with
451a round-shaped morphology observed in the TEM images
452(Figure 2B). The SEM micrographs of low and high
453magnifications (Figure 2C) depict the uniform distribution
454of dAuNPs aggregates (size in the tens of nanometers) on the
455cellulose fibers of the swab. EDS quantitative analysis
456confirmed the elemental composition of the dAuNPs-Tablet
457as 13.09% gold, 80.79% carbon, and 6.12% oxygen, while the
458dAuNPs-Swab consisted of 9.21% gold, 82.55% carbon, and
4598.23% oxygen, as presented in Figure S3D.
4603.2. Optimization Study for the H2O2 Assay. Next, we
461conducted an optimization study to refine the H2O2 assay
462methodology. By systematically investigating key parameters
463and experimental conditions, we aimed to enhance the
464sensitivity, accuracy, and reliability of our detection approach.
465Several influencing parameters such as the concentration of
466dextran in the dAuNPs suspension (0.01 or 2.01%),
467concentration of ferrous ion (Fe2+) in the Fenton reagent,
468and amount of NaCl salt, pH, and temperature of the reaction
469medium were optimized in a univariate approach for the H2O2
470assay as shown in Figure S4. The dAuNPs-Tablet solution is

Figure 3. Fenton-mediated colorimetric detection of H2O2 via •OH-assisted degradation of dextran around dAuNPs resulting in aggregation of
dAuNPs. A) A Fenton reagent consisting of H2O2 and ferrous ions (Fe2+) produces an •OH radical which oxidizes dextran chains around dAuNPs
in the first step. The oxidized dextran cannot protect dAuNPs fully and leads to the aggregation of particles upon the addition of sodium chloride in
the second step, producing a red-to-blue color response; B) The red color of the plasmonic swab turns to blue aggregated particles by the influence
of Fenton chemistry.
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471 more stable as compared to “as-synthesized” dAuNPs-Sol
472 because of having 2% additional dextran powder which
473 stabilized nanoparticles more effectively. The addition of
474 Fe2+ or H2O2 alone caused no aggregation in the dAuNPs-
475 Tablet but a slight decrease in peak intensity in the case of
476 H2O2 (Figure S4A, curves b and e). Next, different
477 concentrations of ferrous sulfate (1, 2, 3, and 6 mM) were
478 tested with the dAuNPs-Tablet to choose the best concen-
479 tration that could not induce aggregation in the dAuNPs-
480 Tablet. The highly concentrated ferrous sulfate solution (6
481 mM) induced aggregation in the dAuNPs-Tablet, hence
482 unsuitable for the assay.
483 The dAuNPs-Tablet withstands high ionic strength as
484 previously reported by our group.27 A different volume (10−
485 50 μL) of the 1 M NaCl solution was incubated with the
486 dAuNPs-Tablet solution for 10 min which showed no visible
487 color change until 30 μL of NaCl. Thus, 30 μL of NaCl was
488 chosen to enhance the signal read-out in H2O2 detection.
489 Further, 100 μM H2O2 in the presence of 1−3 mM ferrous
490 sulfate was used to generate the •OH radical followed by the
491 addition of 30 μL of NaCl to see the visual color change in the
492 dAuNPs-Tablet solution. Results indicated that only 3 mM
493 Fe2+ produced aggregation while <3 mM salt was not enough
494 to generate the radical from H2O2. As the radical generation is
495 highly dependent on reaction pH, an acidic pH range of the
496 ferrous solution was tested because at higher pH values (i.e.,
497 basic range) ferric ions precipitated as hydroxide, hence
498 unsuitable for the Fenton reaction.53 In our assay, the ferrous

499solution was prepared in citrate-phosphate buffer. The high
500amount of the •OH radical was produced at pH 2.5−3.0 which
501was selected for the H2O2 assay. Finally, a wide temperature
502range (until 50 °C) was studied for the Fenton reaction,
503showing the optimal temperature was 20−30 °C because the
504•OH radical generation was reduced at higher temperature.
5053.3. Mechanism of Fenton-Assisted Oxidative Dam-
506age of the Dextran Layer around dAuNPs. In this section,
507we further explored the mechanism underlying the Fenton-
508assisted oxidative damage of the dextran layer surrounding the
509dAuNPs. This is with the aim of gaining insight into the
510processes that drive the colorimetric response observed in our
511plasmonic sensors. Understanding these intricate molecular
512interactions is essential for interpreting the sensor’s perform-
513ance and optimizing its sensitivity and specificity for detecting
514urinary H2O2 as an oxidative stress biomarker. Fenton-
515mediated colorimetric detection of H2O2 through •OH-
516assisted dextran degradation, resulting in dAuNPs aggregation,
517 f3is shown in Figure 3A.
518Dextran-gold nanoparticles (dAuNPs) are stable due to the
519electrostatic forces as well as steric hindrance caused by the
520long chains of polysaccharide around the nanoparticles.
521Oxidative damage of polysaccharide chains generates small
522fragments of polymer that cannot stabilize the gold colloidal
523suspension, hence promoting the aggregation of nanoparticles.
524Among different oxidative approaches, the Fenton reaction is
525well-known. It is worth mentioning that the incubation of a
526plasmonic tablet with H2O2 did not cause aggregation even

Figure 4. Comparison of the dAuNPs probe before (dispersed) and after (aggregated) detection of H2O2. A) Absorption spectra; B) A graph of
zeta potential values; C) A plot of hydrodynamic size; D) A TEM image of the tablet-based assay solution after nanoparticles aggregation; and E)
SEM images of the dAuNPs-swab after aggregation, shown at different scales; (i) 10 μm, (ii) 5 μm, (iii) 1 μm, and (iv) 0.5 μm.
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527 when the concentration of H2O2 exceeded 5 M. Fenton’s
528 reagent produces the highly reactive •OH radical which
529 initiates dextran degradation by abstracting hydrogen atom at
530 any C−H bonds of the glucopyranose ring.54 This hydrogen
531 abstraction may generate a radical on the carbon atom which
532 leads to the cleavage in either of the two directions as shown in
533 Figure S5. If the radical is at a carbon which forms glycosidic
534 bonds, it undergoes a β-scission reaction resulting in
535 depolymerization of dextran chains with and/or without ring
536 opening.54 However, if the radical is on any carbon other than
537 a glycosidic bond-associated carbon, it promotes the ring
538 opening reaction leading to the formation of a carbonyl
539 group.55 The multiple oxidized species are produced which are
540 relatively unspecific due to the availability of a large number of
541 C−H bonds in the dextran chain which forms stabilized α-
542 hydroxyalkyl radicals (·C(OH)RR′).56 The oxidized dextran
543 fragments are unable to stabilize the colloidal gold suspension;
544 hence, aggregation is induced as shown in Figure 3B. Overall,
545 the H2O2 detection strategy relies on •OH-mediated oxidative
546 damage of dAuNPs followed by the distance-dependent color
547 transition with the assistance of salt due to its signal amplifying
548 role.
549 The aggregation of dAuNPs in the tablet solution and on the
550 swab is visually apparent and evidenced by SPR peak

f4 551 broadening (Figure 4A), reduced ζ-potential (−10 mV and
552 −5.9 mV, respectively) (Figure 4B), and increased hydro-
553 dynamic sizes (911 and 558 nm, respectively) (Figure 4C).
554 TEM/SEM imaging further confirms these aggregates, high-
555 lighting the role of H2O2 in nanoparticle aggregation (Figure
556 4D-E).

5573.4. A Kinetic Study and Scavenging of the •OH
558Radical with Ascorbic Acid. Next, by examining the rate of
559reaction and the effectiveness of ascorbic acid in neutralizing
560the radical, we aim to deepen our understanding of the
561antioxidant properties of this compound. This investigation is
562important for implications for our plasmonic sensor technol-
563ogy. The generation of the •OH radical in the detection
564system was confirmed by scavenging it with ascorbic acid due
565to its radical-quenching nature. In this study, ascorbic acid was
566incubated with Fenton’s reagent to quench the •OH radical as
567it produced. Thus, quenching of the •OH radical inhibited the
568dextran degradation around dAuNPs resulting in well-
569dispersed stable nanoparticles. A kinetic study of H2O2

570detection was executed using UV−vis spectroscopy as shown
571 f5in Figure 5A. For this, 1 mM H2O2 in the presence and
572absence of ascorbic acid was screened for the gradual color
573change in the dAuNPs probe. An increase in A650/A520 values
574indicated the aggregation of dAuNPs which was prominent
575with time. As expected, the Fenton-ascorbic acid system
576showed a lower value for A650/A520 than H2O2 alone which
577indicated the capturing of the •OH radical by ascorbic acid,
578resulting in less aggregation of dAuNPs. In short, direct
579evidence for the Fenton-induced aggregation of dAuNPs was
580supported by ascorbic acid-induced dispersion of dAuNPs by
581quenching •OH. The presence of a quencher in the system
582inhibits the dextran degradation, hence dAuNPs remain
583protected. The spectrum of dAuNPs in the presence of
584ascorbic acid showed λmax at 520 nm, representing a fully
585dispersed state of nanoparticles. However, the spectrum of 1

Figure 5. Kinetic study and hydroxyl radical (•OH) scavenging activity using a tablet sensor. A) The kinetic study for H2O2 detection indicates a
10 min time-window for the maximum color change of the dAuNPs probe. The presence of ascorbic acid reduces the aggregation of dAuNPs by
scavenging •OH resulting in decreased A650/A520 values; B) The spectral scan of the dAuNPs detection solution after 10 min when using H2O2
alone and with ascorbic acid. An image in the inset shows (a) aggregated dAuNPs and (b) dispersed dAuNPs.

Figure 6. Plasmonic tablet and swab sensors for the colorimetric detection of H2O2 in artificial urine at 30, 50, 100, 125, 250, 500, 700, and 1000
μM. A) The calibration curve shows a linear relationship for H2O2 detection using the dAuNPs-Tablet. An inset shows a gradual color change of a
sensing probe; B) The calibration curve for H2O2 detection using the blue/red color intensity of the dAuNPs-Swab. An inset shows the color
difference in cotton swabs due to varying H2O2 concentrations.
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586 mM H2O2 without ascorbic acid showed a bathochromic shift
587 due to aggregation of dAuNPs as shown in Figure 5B.
588 3.5. Analytical Performance of the Plasmonic Tablet
589 and Swab Sensors. To evaluate the analytical performance
590 of the plasmonic tablet and swab sensors, a comprehensive
591 analysis of sensitivity, specificity, and detection limits was
592 conducted. This evaluation is essential for determining the
593 reliability and accuracy of our sensor technology in real-world
594 applications, paving the way for its potential use in point-of-
595 care diagnostics and healthcare settings. To ensure consistent
596 imaging conditions, we captured the images of the swabs and
597 tablet-based assay solutions using a custom-built imaging setup
598 with controlled lighting and a fixed sample holder to maintain
599 consistent height and angle positioning. This approach ensured
600 the experimental integrity and reproducibility. Moreover, for a
601 fully developed device for point-of-care settings, an opaque box
602 can be created and integrated with smartphone imaging to
603 provide an affordable, portable, and user-friendly solution for
604 end users, as reported in the literature.57 The sensitivity of the
605 proposed plasmonic tablet and swab probe was determined
606 against a wide concentration range of H2O2 in water and

f6 607 artificial urine as shown in Figure 6. Under the optimal
608 conditions (10 μL of 3 mM Fe2SO4 solution at pH 3.0, 30 μL
609 of 1 M NaCl, reaction temperature of 20 °C, and reaction time
610 of 10 min), the absorbance intensity was measured for a series
611 of H2O2 concentrations (30, 50, 100, 125, 250, 500, 700, and
612 1000 μM) in water and artificial urine. Results in water are
613 presented in Figure S6. The calibration curve in artificial urine
614 is achieved considering blue/red color intensity versus H2O2
615 concentrations due to •OH-induced oxidative damage of the
616 dextran layer around nanoparticles, which promoted aggrega-
617 tion in dAuNPs. We observed that the sensor’s response was
618 clearly visible to the naked eye at a concentration of ≥100 μM,
619 whereas lower concentrations required the assistance of ImageJ
620 for interpretation. The LoD of the proposed sensor was
621 calculated as the lowest concentration generated a signal that
622 was proportional to the analyte concentration and with a value
623 of at least three times the blank standard deviation. The tablet
624 sensor exhibited a strong linear relationship within the range of
625 0.03−1.0 mM H2O2, with a correlation coefficient (R2) of 0.99,
626 as shown in Figure 6A. The linear equation for the tablet
627 sensor is [y = 0.9412x + 0.2739]. The LoD was determined to
628 be 50 μM in the artificial urine. Next, the swab sensor was
629 tested for the quantitative detection of H2O2 within a range of
630 0−1000 μM as shown in Figure 6B. All experiments were
631 repeated three times to calculate the standard deviation. The

632blue/red color intensity was used as ordinates, and the
633concentration of H2O2 was used as abscissa. The RGB color
634intensity significantly reflects the color intensity and turned to
635blue with the increase of H2O2 concentration, hence, achieving
636a visualized qualitative analysis of H2O2. The swab sensor
637showed a linear range of 0.05−1.0 mM H2O2 (R2 = 0.93), with
638the corresponding linear equation being [y = 0.4322x +
6390.5029]. The LoD was determined to be 100 μM in artificial
640urine, as depicted in Figure 6B. Notably, the calibrations for
641the tablet and swab sensors appear very similar (Figure 6A and
6426B); however, the calculated LoDs in artificial urine are 50 μM
643and 100 μM, respectively. The higher LoD observed for the
644swab sensor can be attributed to the lower intensity of the
645color signal. This reduced signal intensity arises from the
646fibrous white structure of the cotton swab, which causes the
647deposited dAuNPs to blend into the white background. As a
648result, the color sharpness diminishes, leading to a less
649pronounced color change. In contrast, the lower LoD of the
650tablet sensor in artificial urine can be explained by the
651complete dissolution of the tablet in the liquid medium. This
652eliminates any interference from a substrate or medium,
653resulting in a sharp, high-intensity colorimetric signal.
654Additionally, the tablet-based assay demonstrated greater
655consistency in artificial urine, as evidenced by the lower
656standard deviation of the blank signal. Consequently, this led
657to a lower LoD based on our calculation method.
658The stability of dAuNPs-Tablet and dAuNPs-Swab sensors
659is another important factor when considering the portability of
660these platforms, because such analytical devices are very likely
661to be stored for a certain time before being employed in the
662field. Our previous studies showed that the dAuNPs-Tablet is
663stable for >one year.27 The plasmonic swabs after drying were
664placed in an airtight glass jar and stored under ambient
665conditions for different intervals of time. The dAuNPs
666impregnated cotton swab sensing characteristic remained
667unchanged for 1 month followed by a gradual decrease in its
668stability up to 40% within three months as shown in Figure S7.
669Our study presents a novel, nanoparticle-based approach for
670the detection of H2O2 using dAuNPs, which offers significant
671advantages over traditional chromogenic reagents such as
672TMB (3,3′,5,5′-tetramethylbenzidine) and OPD (o-phenyl-
673enediamine). The traditional chromogenic reagents often
674present significant drawbacks, including the need for specific
675storage conditions, light sensitivity, high toxicity, and poor
676solubility as well as limitations in portability and specificity.
677These solutions often need to be freshly prepared before the

Figure 7. Selectivity test in the presence of different potential chemicals (Na+, K+, Mg2+, NH4
+, Ca2+, Zn2+, Cu2+, Cl−, glucose, uric acid, and

ascorbic acid) in artificial urine. A) Tablet sensor shows a good selectivity toward H2O2 detection. The optical image in the inset shows color
changes induced by corresponding interferents; B) A graph showing the selectivity of a swab sensor toward urinary H2O2 detection. The optical
image in the inset shows color changes induced by corresponding interferents.

ACS Applied Nano Materials www.acsanm.org Article

https://doi.org/10.1021/acsanm.4c05691
ACS Appl. Nano Mater. XXXX, XXX, XXX−XXX

I

https://pubs.acs.org/doi/suppl/10.1021/acsanm.4c05691/suppl_file/an4c05691_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsanm.4c05691/suppl_file/an4c05691_si_001.pdf
https://pubs.acs.org/page/pdf_proof?ref=pdf
https://pubs.acs.org/page/pdf_proof?ref=pdf
https://pubs.acs.org/page/pdf_proof?ref=pdf
https://pubs.acs.org/page/pdf_proof?ref=pdf
www.acsanm.org?ref=pdf
https://doi.org/10.1021/acsanm.4c05691?urlappend=%3Fref%3DPDF&jav=AM&rel=cite-as


678 experiments, making them less suitable for point-of-care
679 diagnostics in nonlaboratory settings. In contrast, the
680 plasmonic properties of dAuNPs enable a clear, visible color
681 change from red to blue in the presence of H2O2 through the
682 Fenton reaction. The dAuNPs-based assay is straightforward
683 and can be easily adapted into various formats, such as tablets
684 and swabs, enhancing portability and making it suitable for
685 point-of-care diagnostics. Moreover, the biocompatible nature
686 of dAuNPs broadens the applicability of our assay.
687 Furthermore, the dAuNPs tablets demonstrated remarkable
688 long-term stability, retaining functionality for over a year. The
689 high selectivity of this method also ensures minimal
690 interference from other substances, making it a robust and
691 practical method for colorimetric H2O2 detection.
692 3.6. Selectivity of the H2O2 Assay. The selectivity of the
693 proposed H2O2 assay was investigated using several competing
694 metal cations (Na+, K+, NH4

+, Ca2+, Mg2+, Zn2+, Cu2+), anion
695 (Cl−), and small organic interferents (glucose, uric acid, and
696 ascorbic acid) using a plasmonic tablet and swab sensors as

f7 697 shown in Figures 7A and 7B, respectively. The interferent
698 concentration of cations and H2O2 was chosen to be 1 mM,
699 while 0.1 mM anion, glucose, uric acid, and ascorbic acid were
700 added in artificial urine separately. It was observed that the
701 Fenton reaction was unaffected by these interfering chemicals
702 and generated the •OH radical successfully followed by
703 selective detection of urinary H2O2. As interfering species
704 cause negligible interferences on the aggregation of dAuNPs by
705 the •OH radical, both tablet and swab sensors can be used to
706 measure urinary H2O2 which reflects the total body oxidative
707 stress.
708 3.7. Practical Application. Next, we transition from
709 laboratory evaluations to real-world applications, exploring the
710 practical utility of our plasmonic sensors. Our focus shifts to
711 assessing total body oxidative stress through the analysis of
712 urine samples collected from volunteers. Specifically, we
713 investigate the impact of dietary interventions, such as green
714 tea consumption, on oxidative stress levels. This real-world
715 evaluation provides invaluable insights into the efficacy and
716 reliability of our sensor technology in diverse physiological
717 contexts.
718 The total body oxidative stress was evaluated by performing
719 real sampling analysis against human urine samples of healthy
720 volunteers (female and male) before and after consuming
721 green tea for a specific period. Building upon this investigation,
722 in a case study, we further explored the potential benefits of
723 green tea consumption on oxidative stress levels, as green tea is

724renowned for its antioxidant properties and purported ability
725to alleviate stress. Volunteers, who were carefully selected from
726the same family to better maintain consistency in dietary habits
727throughout the study period, were instructed to consume green
728tea three times a day for a week, while their urine samples were
729collected and analyzed. The higher value of H2O2 in human
730urine is associated with different diseases including urinary
731tract infections, diabetes, cancer, inflammatory condition, and
732oxidative stress. Thus, a sensor capable of detecting urinary
733H2O2 across a wide concentration range, from low to high
734levels, is crucial for providing an accurate estimation of a
735patient’s health profile. Such a sensor could offer valuable
736insights into oxidative stress-related conditions and help in the
737early diagnosis and monitoring of diseases. Female (F) and
738male (M) urine samples were used within 1 h of dispense and
739spiked with low to high concentrations of H2O2 (160, 200,
740 f8250, and 500 μM) followed by adopting the detection
741 f8procedure (Figure 8). This range of H2O2 concentrations
742was chosen to demonstrate the assay’s capability across a broad
743spectrum, as H2O2 levels can vary significantly with the
744progression of different disease conditions and health
745scenarios. The amount of H2O2 in the real samples analyzed
746in this study was below the detection limit of our sensors, and
747no quantifiable amounts were detected in unspiked samples.
748The amount found in unspiked samples was up to 40 μM by
749the calibration curve which is not quantifiable with our sensor.
750We employed the standard addition method and spiking
751recovery analysis, as detailed in Table S1, to evaluate the
752accuracy and applicability of our method. These approaches
753are critical for assessing potential matrix effects that may
754influence the analyte signal and validating the calibration curve
755for H2O2 detection. Spiking was performed at varying
756concentrations to rigorously test the assay’s performance and
757demonstrate its robustness.
758The R% for F and M samples were observed in the range of
75991−111% and 104−118% respectively using the plasmonic
760tablet sensor. It is well-known that green tea reduces urinary
761oxidative stress due to the presence of antioxidants.58 In this
762study, the same female and male volunteers consumed green
763tea (200 mL) three times a day for a week, and then their
764samples as F-tea (female urine sample after consuming green
765tea) and M-tea (male urine sample after consuming green tea)
766were spiked with similar H2O2 concentration. The R% was
767found in the range of 84−105% for F-tea and 85−107% for M-
768tea samples. However, green tea effectively reduced oxidative
769stress in both female and male. The % reduction in female

Figure 8. Real sample analysis to measure oxidative stress through a H2O2 assay using a plasmonic tablet and swab sensors. A) A spiking test was
conducted using the tablet sensor in female (F) and male (M) urine samples before green tea consumption, along with F-tea and M-tea samples,
which were collected after green tea intake; B) A spiking test with a plasmonic swab sensor was performed, showing blue/red color intensity of the
swab analyzed using ImageJ software. Some data points are not visible on the graph due to the overlapping of data points.
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770 samples ranged from 0.04 to 5.71%, whereas in male samples,
771 it varied from 0.56 to 16.58% (Figure S8). The RSD% of the
772 tablet sensor was in the range 0.46−4.53 for female samples
773 and 0.84−3.74% for male samples. In addition to RGB analysis
774 of a tablet sensor, we have recorded absorbance values for
775 H2O2 detection using a UV−vis spectrophotometer, and the
776 results are presented in Figure S9.
777 A similar experiment was repeated with the plasmonic swab
778 sensor using 160, 250, and 500 μM H2O2 concentrations as
779 shown in Figure 8B. The R% of female samples (F) was
780 calculated as 105−120% without green tea and 90−111% after
781 consuming green tea (F-tea), whereas it was observed as 92−
782 119% for M samples and 80−103% for M-tea samples. The
783 decrease in urinary oxidative stress was observed after
784 consuming green tea which was a maximum of 5.41% for
785 female samples and 10.14% for male samples. In brief, the %
786 reduction in oxidative stress after green tea consumption was
787 higher in male volunteers compared to female volunteers. The
788 RSD% of all samples was in the range of 0.25−3.13% showing
789 good precision of the dAuNPs-Swab sensor.
790 In conclusion, the findings indicate that consuming green tea
791 leads to a decrease in urinary H2O2 levels. As illustrated in
792 Figures 8A and 8B, the values before and after spiking in green
793 tea samples (for both female and male subjects) are lower
794 compared to those without green tea consumption. This
795 suggests that the reduction in the amount of H2O2 in urine is
796 due to antioxidant properties of green tea. The comparison
797 with other H2O2 detection methods is summarized in Table
798 S2. Markedly, our proposed tablet and swab sensors
799 demonstrate the capacity to detect H2O2 across a wide range
800 of concentrations, which is particularly significant in the
801 context of disease conditions within the body. The excellent
802 sensing performance can be attributed to (i) the highly reactive
803 nature of the hydroxyl radical (•OH) that degrades the
804 dextran chains attached to the dAuNPs and (ii) the small size
805 and high dispersion of dAuNPs, which result in a pronounced
806 color change when H2O2 is used as the analyte.
807 Colorimetric methods often have higher detection limits
808 (μM range) compared to more sensitive techniques such as
809 electrochemical sensors or SERS, which can achieve pM or nM
810 levels. However, the choice of detection method depends on
811 the application and target sample. Our tablet and swab sensor’s
812 detection limits are well-suited for detecting oxidative stress-
813 related H2O2 variations in urine. Further studies on nano-
814 particle enhancement, e.g., using hybrid nanoparticles and
815 functionalization, can also be conducted to enhance the limit
816 of detection and sensitivity of the assay.59

4. CONCLUSION
817 In this study, we introduced a nanoscale-driven approach for
818 determining urinary H2O2 levels as an oxidative stress
819 biomarker utilizing two platforms: dAuNPs-Tablet and
820 dAuNPs-Swab. Both platforms were fabricated from the
821 colloidal solution of dextran-gold nanoparticles (dAuNPs-
822 Sol), with postsynthetic incorporation of 2% pristine dextran to
823 enhance nanoparticle stability at the nanoscale. The plasmonic
824 tablet was created through drop casting, while the plasmonic
825 swab was prepared by depositing dAuNPs onto an alkaline-
826 treated cotton swab. H2O2 detection relied on the aggregation
827 of dAuNPs, initiated by the •OH radical from H2O2 via the
828 Fenton reaction. This reaction degraded the dextran chains
829 surrounding the nanoparticles, showcasing the critical role of
830 nanoscale interactions in the sensor response. Hence, weakly

831shielded dAuNPs showed aggregation upon addition of NaCl.
832The concentration of H2O2 was quantified by observing the
833color change of the dAuNPs probe for the tablet and swab
834using ImageJ software, a free open-source software for
835processing and analyzing scientific images. Calibration curves
836were established using various H2O2 concentrations in water
837and artificial urine, yielding a limit of detection (LoD) of 50
838μM for the tablet and 100 μM for the swab sensor in urine.
839Meanwhile, the tablet sensor demonstrated the high stability as
840compared to the swab sensor which exhibited a gradual
841stability decline after 4 weeks.
842Both nanoscale platforms demonstrated excellent selectivity
843for urinary H2O2 detection, underscoring their potential for
844specific oxidative stress monitoring. Their practical utility was
845demonstrated by testing human urine samples (both female
846and male) before and after green tea consumption. Results
847indicated a reduction in oxidative stress levels following green
848tea consumption, with male volunteers showing a greater
849reduction (up to 16.58%) compared with female volunteers
850(up to 5.71%). The versatility and affordability of both
851platforms make them promising candidates for H2O2 assays
852and potential broader applications in the detection of other
853reactive oxygen species (ROS). Moreover, our methodology
854could extend to the selective detection of ascorbic acid due to
855its radical scavenging activity. Overall, our nanoscale-focused
856approach represents an advancement in point-of-care diag-
857nostics, contributing significantly to the field of ready-to-use
858colorimetric sensors and paving the way for more accessible,
859portable healthcare solutions.
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