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Abstract

This work is an extension of our previous work on UV-assisted green synthesis of silver
nanoparticles (AgNPs) from water hyacinth leaf extract, which is focused on using their
unique biogenic capping layer to mitigate matrix interference in clinical diagnostics. The
synthesized AgNPs were evaluated for uric acid (UA) detection and used to fabricate a
plasmonic colorimetric biosensing platform. The results show that the biosynthesized
AgNPDPs effectively act as optical signal transducers in an uricase-based enzymatic system,
in which the natural capping shield provides excellent electrosteric protection, providing
excellent colloidal stability without non-specific aggregation in complex matrices. A lin-
ear correlation between absorbance and UA concentration was observed in the range of
100-500 M (R? = 0.99). The limit of detection (LOD) calculated by the 3¢/slope approach
was 25.89 uM. The sensor showed good repeatability with a relative standard deviation
(RSD) below 5%, and stability studies showed that the AgNPs retained more than 90%
of their initial response after 14 days. Recovery studies in spiked human serum showed
satisfactory accuracy (96.3-103.4%), confirming a high tolerance to endogenous interfering
species (e.g., ascorbic acid and glutathione) without pre-purification steps. Importantly,
the working range covers clinically relevant uric acid concentrations found in human
serum. The obtained results point to the potential of waste-derived green-stabilized AgNPs
as a robust plasmonic-based colorimetric biosensing platform for the clinical monitor-
ing of uric acid, successfully combining ecological valorization with high-performance,
matrix-tolerant diagnostics.

Keywords: silver nanoparticles; colorimetric biosensor; uric acid detection; uricase-based
sensing; green synthesis; water hyacinth extract; plasmonic sensing
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building blocks of nucleic acids, DNA and RNA. Beyond their genetic significance, purine
Licensee MDPI, Basel, Switzerland.

derivatives are actively involved in regulating cellular energy metabolism and signal
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distributed under the terms and transduction pathways, and they constitute essential structural components of several
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To maintain normal growth, proliferation, and survival for cells, a tightly regulated balance
of purine availability is required [1-3]. Under physiological conditions, this balance is
achieved through the coordinated action of enzymes that monitor purine metabolism,
which precisely regulate the rates of purine synthesis and degradation. Purine nucleotides
generated through biosynthetic pathways are ultimately directed into catabolic pathways,
where they undergo sequential enzymatic degradation to form uric acid (UA), the terminal
product of purine nucleotide metabolism [4,5].

The blood normally breaks down UA, which is then excreted as urine by the kid-
neys [6]. Generally, men have serum uric acid levels of 150-420 uM and women have levels
of 90-360 uM [7]. However, serum UA levels may increase if the body produces too much
UA or if the body cannot remove enough UA from the body quickly. This disorder is called
hyperuricemia [8-10] and has been associated with various illnesses and early death [11,12].
Symptoms of hyperuricemia include kidney stones, tophi and gout [8,13]. Additionally,
heart failure [14-17], coronary artery disease, stroke [18-20], and hypertension have all
been linked to asymptomatic hyperuricemia. Furthermore, it has been linked to chronic
kidney disease (CKD), acute kidney injury (AKI) [21,22], and a more notable decrease in the
global filtration rate in preclinical models [19]. Therefore, researchers working in the field
of healthcare and disease diagnosis have been particularly interested in the identification
of UA [23].

In the early stages, the phosphotungstic acid method was extensively employed for
UA determination [24]. Later on, a variety of detection strategies have been developed
with the advancement of analytical techniques and increased insight into UA-related chem-
istry, including electrochemical sensing [25], chromatographic techniques [26], capillary
electrophoresis [27], fluorescence-based assays [28], paper-based analytical platforms [29],
colorimetric approaches [30-33], and molecular spectroscopy [34]. Despite their high ana-
lytical performance, electrochemical and chromatographic methods are often constrained
by complex instrumentation, high operational costs, time-intensive procedures, and suscep-
tibility to interference, thereby limiting their suitability for rapid, routine analysis [25,26].
In contrast, colorimetric detection has garnered substantial attention owing to its simple
visual readout, rapid response, operational convenience, high sensitivity, and low reagent
consumption [34,35]. Consequently, colorimetric methods have emerged as a powerful
and versatile analytical tool and are now widely applied across environmental monitoring,
biological analysis, and clinical diagnostics.

In recent years, nanoparticle-based colorimetric biosensors employing metals, metal
oxides, semiconductors, and hybrid nanomaterials have attracted considerable attention
for applications in environmental monitoring, biological analysis, and clinical diagnos-
tics. Parallel advances in the ligand chemistry of metal nanoparticles have enabled the
rational design of highly selective and sensitive colorimetric sensing platforms capable of
recognizing a wide range of chemical and biomolecular targets, often allowing for direct
visual readout without the need for sophisticated instrumentation [36,37]. Among noble
metal nanomaterials, silver nanoparticles (AgNPs) have emerged as particularly promis-
ing candidates for visual sensing applications [38—40]. This distinction arises from their
exceptionally high extinction coefficients and the tunable nature of their localized surface
plasmon resonance (LSPR), which can be precisely modulated by controlling particle size
and interparticle spacing [41,42]. These advantageous plasmonic characteristics make
AgNPs highly effective signal transducers in colorimetric sensors, producing distinct and
easily discernible color changes observable by the naked eye [43].

The green synthesis of AgNPs has recently received much attention as an environmen-
tally benign, economical and sustainable alternative to conventional physical and chemical
reduction methods. A variety of plant extracts have been successfully used for the synthesis
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of AgNPs under ambient or thermal conditions without any light irradiation, using plants
such as Camellia sinensis (green tea) [44], Azadirachta indica (neem) [45] and Aloe vera [46]
which act as reducing and stabilizing agents simultaneously. The integration of ultraviolet
(UV) irradiation is being actively explored by researchers to improve this biogenic process.
UV-assisted green synthesis utilizes photochemical energies to significantly enhance the
rate of reduction of silver ions (Ag* to Ag’) mediated by plant phytoconstituents compared
to conventional dark or ambient-light plant synthesis [47]. In addition to reducing the
reaction time from hours to minutes, this photo-activation is vital for controlling the shape
of the nanoparticles, generally producing more crystalline, smaller and more monodisperse
AgNPs with improved LSPR properties [48].

Compared to the conventional chemically stabilized AgNPs, which generally require
multi-step functionalization and suffer from stability problems in biological fluids, the
multi-functional biomolecules present in Eichhornia crassipes extract can provide a dual
advantage not only as a green reducing agent but also as a durable natural capping
shield. This unique biogenic interface provides specific electrosteric protection to minimize
matrix-induced non-specific aggregations in complex biological environments such as
human serum.

In our previous investigation, entitled “Investigating UV-Irradiation Parameters in the
Green Synthesis of Silver Nanoparticles from Water Hyacinth Leaf Extract: Optimization
for Future Sensor Applications” [49], the water hyacinth leaf extract was systematically
optimized by varying UV-irradiation conditions. Key reaction parameters, including
irradiation time, solution pH, and the choice of stabilizing agent, were carefully examined.
The results demonstrated that optimal AgNPs formation was achieved at a pH of 8.5
in the presence of starch as a stabilizer, with one hour of UV-A exposure. Under these
conditions, AgNPs with the smallest particle size and highest yield were obtained. This
study underscored the feasibility of employing water hyacinth as an environmentally
benign, low-cost reducing agent for AgNP synthesis, highlighting its promising potential for
applications in pharmaceutical formulations and sensing technologies [50,51]. The current
work is an extension of our previous research, focusing on the potential of the synthesized
AgNPs for UA detection and their use in developing a UA colorimetric detection, the
details of which are as follows.

2. Materials and Methods
2.1. Materials

Fresh water hyacinth plants (Eichhornia crassipes) with clean and intact leaves were
collected from a canal in Bangkok, Thailand. Silver nitrate (AgNO3, 99.9% purity), uric
acid (>99%, crystalline), and uricase (>2 units/mg) were obtained from Sigma-Aldrich
(St. Louis, MO, USA). Deionized (DI) water was supplied by RCI Labscan (Bangkok, Thai-
land), and Whatman No. 1 filter paper (GE Healthcare, Little Chalfont, UK) was used for fil-
tration. Ultraviolet irradiation was conducted using a UV-A lamp (10 W, A = 365 nm; Tokiwa,
Tokyo, Japan). Soluble starch and disodium hydrogen orthophosphate (Na, HPO4-12H,0)
were purchased from Ajax Finechem (Auckland, New Zealand). Sodium dihydrogen phos-
phate dihydrate (NaH,PO,-2H,0) was obtained from Quality Reagent Chemical (QRéC,
Auckland, New Zealand). Peroxide test strips were obtained from Merck KGaA (Darmstadt,
Germany). All glassware used in this study was heat-treated before the experiments.

2.2. Preparation of Substances
2.2.1. Water Hyacinth Extraction

The water hyacinth leaves from a natural water source were washed and soaked in
DI water at room temperature (25 °C) for 15 min. After that, they were air-dried at room
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temperature. Once the leaves were dry, they were cut into small pieces of approximately
1 x 1 cm. Then, 10 g of water hyacinth leaves and 100 mL of DI water were put in a 250 mL
Erlenmeyer flask and heated at 100 °C for 30 min. The mixture was then filtered using
Whatman No. 1 filter paper. The extract obtained from the water hyacinth leaves was
subsequently used for the synthesis of AgNPs.

2.2.2. AgNOj3 Solution

AgNO;j solution with a concentration of 10 mM was prepared by dissolving 0.17 g of
AgNOs in 100 mL of DI water.

2.2.3. Starch Solution

A starch solution was prepared to use as a stabilizing agent at a concentration of 1.5%
(w/v) by dissolving 1.5 g of soluble starch in 100 mL of DI water. The solution was stirred
thoroughly using a magnetic stirrer and then autoclaved to enhance starch dissolution.

2.2.4. Buffer Solution

NaH,PO4-2H,0 (2.76 g) was dissolved in 1000 mL of deionized water. Na, HPO,-12H,0
was separately dissolved in deionized water (1000 mL). NaH,PO4-2H,0O and NayHPO4-12H,0
were mixed in a 19:81 (v/v) ratio to obtain a buffer solution at pH 7.4. The remaining stock
solutions were stored at 2-8 °C.

2.2.5. Uric Acid Solution

Monosodium urate (MSU) crystals (0.042 g) were weighed and dissolved in 50 mL
of phosphate buffer solution (pH 7.4). The solution was stirred with a magnetic stirrer
and heated to 90 °C until the MSU crystals were completely dissolved, yielding a uric acid
solution with a concentration of 5 mM. The prepared solution was stored in a refrigerator
for subsequent experiments.

2.2.6. Uricase Solution

Uricase powder (0.0013 g) was weighed and dissolved in 10 mL of phosphate buffer
(pH 7.4). The prepared solution was stored at —4 °C for subsequent experiments.

2.2.7. Determination of Hydrogen Peroxide

A 5 mM uric acid solution was diluted with phosphate buffer solution (pH 7.4) to
obtain final concentrations of 100, 200, 300, 400, and 500 uM. For each concentration, 6 mL
of the uric acid solution was mixed with 0.5 mL of uricase solution. The mixtures were
incubated at 37 °C for 20 min. Hydrogen peroxide formation was evaluated by immersing
a peroxide test strip into the reaction mixture at time intervals of 0, 5, 10, 15, 20, 25, 30, 35,
and 40 min.

2.3. Real Sample Preparation and Detection

Human serum samples were collected and stored at —20 °C until analysis. The serum
samples were thawed at room temperature and diluted 5-fold with phosphate buffer
solution (PBS, pH 7.4) to reduce the possible matrix interference by complex biological
components. Spiked recovery assays were carried out by spiking known concentrations of
UA into the pre-diluted serum matrix, followed by the enzymatic-plasmonic colorimetric
detection cascade as described above in Section 2.2.7.

2.4. Green Synthesis of AgNPs

The AgNPs were synthesized by the green route under the optimum conditions as
described earlier [49]. In brief, water hyacinth leaf extract (1:1, v/v) was mixed with AgNO;
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solution (10 mM), the pH was adjusted to 8.5, and starch was added as a stabilizing agent.
The mixture was stirred suitably at 390 rpm. The sample was irradiated with 10 W UV-A
(365 nm) light at room temperature for one hour.

According to our earlier mechanistic research, the water hyacinth extract may include
active phytoconstituents that contribute to effective synthesis, such as flavonoids, tannins,
and polyphenols. These biomolecules donate electrons from the hydroxyl (-OH) groups
and help in the reduction of silver ions (Ag*) to metallic silver (Ag®). Phenolic compounds
adsorb on the surface of the newly formed nanoparticles and also act as a capping matrix
that stabilizes the AgNPs and prevents their aggregation [49].

2.5. Apparatus and Instrumentation

The localized surface plasmon resonance (LSPR) absorption spectra and optical prop-
erties of the synthesized AgNPs during the uric acid detection assays were monitored using
a UV-Vis spectrophotometer (AvaSpec-EDU, Avantes, Apeldoorn, The Netherlands). All
spectral acquisitions were recorded within a scanning wavelength window of 300 to 800 nm
using a standard 10 mm path-length quartz cuvette at room temperature. The particle
size and shape of the AgNPs were characterized by a JEM-1400 transmission electron
microscope (TEM; JEOL Ltd., Tokyo, Japan). The crystalline structure and phase purity of
the green-synthesized AgNPs were comprehensively characterized by X-ray diffraction
(XRD) on a Bruker D8 Advance diffractometer (Bruker Corp., Billerica, MA, USA). The
mechanism of synthesis and specific biomolecular functional groups responsible for the
reduction and capping processes were systematically studied by Fourier transform infrared
spectroscopy (FTIR) using a PerkinElmer Spectrum 400 FTIR spectrometer (PerkinElmer,
Inc., Waltham, MA, USA).

2.6. Statistical Analysis

The UV-Vis spectral characterizations, the optimization trials, and the colorimetric
biosensing assays were performed in triplicate (N = 3) independently to ensure the repro-
ducibility and analytical fidelity of the experimental measurements. The quantitative data
are expressed as the mean value =+ standard deviation (SD). Statistical significance and error
propagation were evaluated using Microsoft Excel Version 2021 (Microsoft Corp., Redmond,
WA, USA) and OriginPro 2024 (OriginLab Corporation, Northampton, MA, USA).

3. Results and Discussion
3.1. Characterization of AGQNPs

To intuitively evaluate the morphology, dispersion state and precise core size distribu-
tion of the green-synthesized AgNPs, a transmission electron microscopy (TEM) analysis
was performed, and the results are illustrated in Figure 1. The TEM micrographs (Figure 1a)
clearly demonstrate that the synthesized AgNPs exhibit a predominately spherical geom-
etry with a highly uniform and well-defined boundary. Importantly, the nanoparticles
show excellent colloidal dispersion with almost no significant agglomeration or clustering
noticed in the imaged areas. Such a highly dispersed state serves as direct physical evidence
for the successful capping of nanoparticles by the natural biomolecules (like flavonoids,
polyphenols, and soluble proteins) available in the leaf extract of Eichhornia crassipes (water
hyacinth). The development of a protective organic shell around the metallic silver core
(Ag) from these biogenic macromolecules provides strong steric and electrosteric repulsion,
which effectively prevents spontaneous aggregation.
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Figure 1. Physical characterization of the AgNPs: (a) TEM micrograph; (b) corresponding particle
size distribution histogram before uric acid detection.

The corresponding particle size distribution histogram (Figure 1b), measured from the
diameters of >100 randomly selected nanoparticles, shows a narrow size distribution from
12 to 17 nm, with the average core diameter calculated to be approximately 15.4 nm. This
physical core size obtained from TEM is in excellent agreement with the average crystallite
size calculated from the XRD pattern using the Debye-Scherrer equation (~16.8 nm). The
slight discrepancy between the crystallite size from XRD and physical size from TEM is to
be expected as XRD represents the average size of single crystalline domains and TEM is
the actual physical size of individual particles.

Furthermore, the relatively small and uniform size of the AgNPs (below 20 nm) is
highly advantageous for colorimetric sensing applications. According to Mie scattering
theory [52], nanoparticles in this size range exhibit an exceptionally high surface-to-volume
ratio and a strong, sharp localized surface plasmon resonance (LSPR) absorption band
centered at approximately 415-430 nm. This high surface reactivity makes the nanoparticles
exceptionally sensitive to surface-confined chemical events. Consequently, when exposed
to the enzymatic-mediated hydrogen peroxide (HyO,) generated from the oxidation of uric
acid, these small-sized AgNPs undergo highly efficient oxidative etching, leading to rapid
particle dissolution and a distinct, easily detectable visual bleaching response.

After the colorimetric detection of uric acid, TEM analysis was performed to obtain
direct physical evidence of the sensing mechanism and to confirm the structural evolution
of the biogenic silver nanoparticles during the assay (Figure 2).

The TEM micrograph after uric acid exposure (Figure 2a) is starkly different from the
pristine, highly uniform spherical nanoparticles prior to the reaction. After the sensing pro-
cess, the AgNPs show severe surface erosion, highly irregular and fragmented boundaries,
and a significant degree of particle dissolution. The well-defined structural boundaries
of the metallic core (Ag®) are visibly degraded with a noticeable population of smaller,
sub-nanometer silver clusters and dissolved ionic species (Ag*) dispersed throughout
the matrix. The extensive physical destruction of the core morphology gives unambigu-
ous, direct evidence of the oxidative etching process. It confirms that the H,O,, which is
stoichiometrically produced from the upstream uricase-catalyzed oxidation of uric acid,
successfully penetrates the protective biogenic capping layer, which in turn drives the
chemical dissolution of the plasmonic silver cores.
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Figure 2. Physical characterization of the AgNPs: (a) TEM micrograph; (b) corresponding particle
size distribution histogram after uric acid detection.

This morphological degradation is quantified further via the corresponding particle
size distribution histogram (Figure 2b). Upon measurement of the remaining nanoparticles
post-detection, the average physical core diameter exhibits a dramatic reduction, shifting
down to approximately 8.2 nm, accompanied by a broader and more irregular distribution
profile compared to the pristine state. This sharp decline in core size directly explains the
optical macroscopic changes observed in the sensing system. According to Mie scattering
theory, the LSPR properties of AgNPs are strictly dependent on particle size, geometry,
and structural integrity. The oxidative dissolution and physical shrinkage of the silver
cores lead to a catastrophic collapse of the collective electron oscillations, which manifests
spectroscopically as a severe dampening of the LSPR absorption peak (approx 420 nm) and
macroscopically as the distinct, concentration-dependent visual bleaching (color fading) of
the reaction mixture.

The crystalline structure of the synthesized AgNPs was investigated using X-ray
diffraction (XRD), and the obtained diffraction pattern is presented in Figure 3. The XRD
spectrum exhibited distinct diffraction peaks at 20 values of approximately 38.1°, 44.3°,
64.5°, and 77.4°, which can be indexed to the (111), (200), (220), and (311) crystallographic
planes, respectively. These characteristic reflections correspond to the face-centered cu-
bic (fcc) structure of metallic silver, in agreement with the standard data from the Joint
Committee on Powder Diffraction Standards (JCPDS card no. 04-0783).

The presence of these well-defined peaks confirms the successful formation of crys-
talline AgNPs through the green synthesis process using water hyacinth leaf extract.
Among these, the (111) plane exhibited the highest intensity, indicating that the synthe-
sized nanoparticles preferentially grow along this crystallographic orientation, which is
commonly observed for silver nanostructures due to its lowest surface energy.

No significant impurity peaks were observed in the XRD pattern, suggesting a high
purity of the synthesized AgNPs. However, the presence of a weak and broad background
signal may be attributed to the amorphous organic compounds originating from the plant
extract, which act as reducing and stabilizing agents during nanoparticle formation.
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Figure 3. Structural characterization of AgNPs: (a) XRD diffraction pattern confirming crystalline
structure; (b) SAED pattern indicating polycrystalline nature of AgNPs.

The average crystallite size of the AgNPs was estimated using the Debye-Scherrer equation:

KA
~ Bcosf

1)

where D is the crystallite size, K is the shape factor (0.9), A is the X-ray wavelength (1.54 A),
B is the full width at half maximum (FWHM) of the diffraction peak (0.5°), and 6 is the
Bragg angle. Based on the (111) diffraction peak, the average crystallite size was calculated
to be approximately 16.8 nm, indicating the formation of nanoscale crystalline domains.

In our previous report [49], the surface chemistry and functional groups responsible
for the reduction and stabilization of the AgNPs using Eichhornia crassipes extract were
systematically verified by FTIR spectroscopy. Briefly, the prior screening showed prominent
vibrational bands associated with polyphenolic O-H stretching, amino acid C=0O stretching
and conjugated amide linkages, confirming that natural flavonoids and soluble proteins
form a dense biogenic capping shell around the Ag cores. In the context of the current sens-
ing application, this pre-established biogenic interface serves a crucial structural property
role: it provides robust electrosteric stabilization that effectively shields the AgNPs from
non-specific matrix interferences and spontaneous chemical aggregation when exposed to
complex biological matrices like human serum, thereby preserving the sensor’s analytical
specificity for uric acid detection.

The colloidal robustness and shelf-life of the green-synthesized AgNPs were system-
atically evaluated during a storage period of 14 days, an important parameter to ensure
the reproducibility and accuracy of any downstream colorimetric sensing application. The
UV-Vis absorption profiles of the AgNPs were recorded at regular intervals during storage
at ambient conditions, as shown in Figure 4.
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Figure 4. UV-Vis absorbance spectra of the green-synthesized AgNPs over 14 days.

The colloidal system showed excellent structural and optical stability over the entire
14-day evaluation period. The characteristic LSPR absorption band was highly symmetric
and tightly centered at ~420 nm. The preservation of the sharp and well-defined LSPR peak
profile over 14 days confirms the fact that the individual AgNP cores remained physically
isolated and highly monodisperse in the aqueous medium.

3.2. Colorimetric Detection Mechanism of AgNPs

The optical transduction of the developed colorimetric biosensor is based on the
cascade process of enzymatic catalysis and subsequent chemical etching (Figure 5). To
rule out the possible interferences from endogenous active species in biological matrices
(including ascorbic acid, dopamine, and glutathione), the sensor is equipped with a “Dual-
Gate” protection design to ensure excellent selectivity for uric acid (UA).

Silver Nanoparticles Uricase Enzyme Uric Acid

(AgNPs)
Water Hyacinth Water Hyacinth Leaf Extract

(Eichhornia crassipes) N =

s / TN o @
‘sj P R—
‘? ad® .jg‘,’f" =

. U ¢ &%
Uncase oxidizes uric acid “_.
to allantoin, producing S
H,0,

H,0, H,0, generated by uricase Enzymatic Etching of AgNPs u
oxidizes Ag®to Ag*

Yellow /Brown  Colorless

Yellow /Brown | ‘ : 71 T ] ¥ T T =1 Colorless
==Q i iopEong o=

Figure 5. Schematic illustration of the colorimetric sensor for uric acid detection based on the
uricase-mediated etching of AgNPs synthesized using water hyacinth leaf extract.
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3.2.1. Enzymatic Selectivity

The colorimetric sensing of UA by the developed platform is controlled by a two-step
enzymatic cascade reaction. The mechanism combines the highly specific catalytic activity
of uricase with the subsequent oxidative dissolution of AgNPs [53].

In the first stage of the cascade, uricase selectively catalyzes the oxidation of UA in
the presence of dissolved oxygen and water to generate allantoin, carbon dioxide, and
hydrogen peroxide (H,O,) as a key stoichiometric by-product:

Uric acid 4+ O, + 2H,0O — Allantoin + CO, + H,O, (2)

In the second stage, the enzymatically generated H,O, works as a powerful chemical
etchant. It penetrates through the organic capping layer and oxidizes the zero-valent
metallic silver core (AgP) of the AgNPs into soluble silver ions (Ag*) according to the
following redox equation:

2Ag" + HyO, +2HT — 2Ag™ 4 2H,0 3)

3.2.2. Biogenic Capping Shield

Even if trace quantities of strong reducing agents attempt to directly react with the
colloidal nanoparticles, the biogenic capping layer of the AgNPs offers a strong secondary
physical and chemical barrier.

Steric hindrance: Our AgNPs are prepared with the leaf extract of Eichhornia crassipes
(water hyacinth) as opposed to bare or chemically synthesized nanoparticles with highly
exposed metallic surfaces. The dense electrosterically stabilizing shell consists of natural
polyphenols, flavonoids, and proteins (see FTIR in Section 3.1) that inhibit larger or highly
charged interfering molecules from directly reaching the silver core.

Thermodynamic resistance to reduction: Species such as ascorbic acid, dopamine,
and glutathione are thermodynamically strong reducing agents. Their interaction with
silver species promotes the reduction of silver ions back to metallic silver (Ag* to Ag®)
rather than oxidative etching (Ag® to Ag*). The sensor signal is based on the destruction of
the plasmonic core (etching /bleaching) to generate a signal, meaning that the addition of
reducing agents does not help to dampen or blue-shift the LSPR peak. This thermodynamic
mismatch means that any non-specific adsorption of reducing agents on the biogenic shell
cannot mimic the oxidative etching caused by enzymatic H,O,.

This synergistic Dual-Gate design (enzymatic selectivity + biogenic capping shield)
empowers the sensor to isolate the target signal, which guarantees that the collapse of the
LSPR band is a direct and exclusive consequence of uric acid concentration, even when
operated in complex matrices.

The experimental determination of the production of HyO, in the enzymatic reaction
of UA and uricase evidenced a proportional relationship; as the initial concentration of uric
acid increases, the yield of generated H,O, increases proportionally. Such stoichiometric
increase is due to the enzymatic biocatalysis of uric acid by uricase, which is selective to the
target analyte into allantoin and HyO; as co-products. As a consequence, the linear increase
of HyO, production provides the quantitative driving force needed for the concentration-
dependent oxidative etching of the AgNPs, establishing a robust correlation between UA
concentration and the observed colorimetric signal decay (Figure 6).
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Figure 6. Visual colorimetric assay for HyO; quantification derived from the enzymatic reaction
between uric acid and uricase at varying initial concentrations (0, 100, 200, 300, 400, and 500 uM).

This relationship is critical for the development of a quantitative sensing platform, as
the produced H,O, acts as a key intermediate responsible for the oxidation of AgNPs by
H,0,, which will reduce their concentration [54-56].

The generated H,O, interacts with the AgNPs’ surface, which causes a change in the
LSPR of AgNPs that can be seen as a change in the intensity of absorbance. This means that
the oxidation of AgNPs due to H,O, reduced the concentration of AgNPs and reduced the
intensity of LSPR.

This oxidative etching process leads to a gradual decrease in the average particle size
and the overall concentration of intact nanoparticles in the system. Therefore, the LSPR
of the AgNPs collapses, which is macroscopically reflected as a distinct color bleaching
effect, changing from a deep brown color to a pale yellow or a completely colorless state, as
shown in Figure 7.

Omin 5Smin 10min 15min 20min 25 min 30 min 35 min 40 min

Figure 7. Color change of AgNPs etched by H,O, at 100 uM H,O, concentration over time.

Although AgNPs are capped and stabilized by natural biomolecules such as flavonoids,
polyphenols, and soluble proteins present in the Eichhornia crassipes extract, natural shells
provide electrosteric stabilization against spontaneous chemical aggregation. However,
the small, uncharged H,O, molecules can easily penetrate this biogenic capping shield to
interact directly with the metallic silver surface, rendering the sensor highly sensitive and
specific toward UA concentrations.

3.2.3. Temporal Evaluation of Oxidative Etching Kinetics

The time-dependent etching kinetics and optimization of the analytical response of the
sensing platform were investigated by systematically monitoring the visual colorimetric
changes of the AgNPs at different time points (0, 5, 10, 15, 20, 25, 30, 35, and 40 min) in the
presence of a representative 100 pM concentration of H,O, (Figure 7). At the beginning
of the reaction (0 min), the sensing mixture retained its pristine, intense deep brown color,
which was associated with a strong LSPR absorption maximum and indicated that the
nanoparticles remained fully intact. After the addition of H,O, (5 to 15 min), a gradual
transition to a lighter copper-brown hue was observed, indicating the initial surface erosion
of the metallic core by the diffusing etchant molecules. Between 20 and 30 min, the
reaction proceeded rapidly, resulting in a highly visible bleaching of the solution into a
faint brownish-yellow color, which corresponds to a substantial contraction of the AgNP
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core sizes and a parallel decrease in the density of LSPR-active centers. Eventually, the
solution faded into an extremely pale yellow, approaching a near-colorless state at 40 min,
representing the attainment of a chemical steady state wherein the vast majority of the Ag’
had been oxidized into soluble Ag* ions. The time profile indicates that an incubation time
of 3040 min is highly optimal for obtaining a distinct, stable, and reproducible color change,
providing excellent visual contrast for reliable naked-eye point-of-care testing (POCT) and
semi-quantitative analysis without sophisticated spectroscopic instrumentation.

The temporal UV-Vis absorption profiles in Figure 8 clearly demonstrate the proposed
oxidative etching mechanism [53]. Standard nanoparticle aggregation is strictly charac-
terized by the appearance of a new, red-shifted LSPR band (typically at >550 nm) and
a subsequent color transition to purple/grey due to interparticle plasmon coupling. In
contrast, the spectra in Figure 8 exhibit a progressive, monotonic decrease in the primary
LSPR peak intensity (approx 420 nm) with a subtle blue-shift, and absolutely no emergent
absorption bands at longer wavelengths. Mie scattering theory predicts that this LSPR
damping and blue-shift are direct evidence of systematic nanoparticle size reduction and
decrease in particle concentration [52]. This optical behavior confirms that the H,O, pro-
duced from the uric acid-uricase reaction serves only as a chemical etchant, causing the
stoichiometric dissolution of zero-valent Ag’ into non-plasmonic Ag* and not promoting
physical particle aggregation.

0'min
(b) smin
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15 min
20 min|
25 min
30 min
35 min
40 min

Absorbance (a.u.)
Absorbance (a.u.)
4
h

28
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Figure 8. UV-Vis absorbance spectra of AgNPs with uric acid at various H,O, concentrations:
(a) 100 uM; (b) 150 uM; (c) 200 uM; (d) 300 uM; (e) 500 uM, recorded at different time intervals.
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3.3. Time-Dependent Optical Response

The time-dependent optical response of the synthesized AgNPs in the presence of uric
acid was investigated to evaluate the reaction kinetics and signal stability of the proposed
sensing system. The evolution of the UV-Vis absorbance spectra over time at different uric
acid concentrations is presented in Figure 9.

0.30
—=— 100pM
0.25 - —e— 150puM
—a— 200uM
—v— 300uM
0.20 4 —«— 500uM
= 0.15-
<
(ﬂ
0.10
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0054 |
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0.00 -f ' | T | ' | T | v T
0 10 20 30 40 50

Time (min)

Figure 9. Time-dependent UV-Vis absorbance spectra of AgNPs in the presence of uric acid at
varying concentrations: (a) 100 uM; (b) 150 uM; (c) 200 uM; (d) 300 uM; (e) 500 uM.

Upon the introduction of uric acid and uricase, a gradual change in the absorbance
spectra of AgNPs was observed as a function of time. This behavior is attributed to the
continuous generation of H,O, through the enzymatic oxidation of uric acid, which subse-
quently induces oxidative modification of the AgNPs surface. As the reaction proceeds,
the absorbance intensity at the characteristic plasmonic peak (415430 nm) progressively
decreases, indicating a time-dependent modulation of the LSPR properties.

At higher uric acid concentrations, the rate of absorbance decrease was significantly
faster, suggesting enhanced production of HyO, and accelerated surface etching of the
AgNPs. This concentration-dependent kinetic behavior confirms that the sensor response
is governed by the enzymatic reaction rate and subsequent nanoparticle transformation. In
contrast, at lower concentrations, the spectral changes occurred more gradually, reflecting
slower reaction kinetics.

The time-resolved absorbance profiles further reveal that the system reaches a quasi-
equilibrium state after a certain incubation period, beyond which minimal changes in
absorbance are observed. This indicates the completion of the enzymatic reaction or
stabilization of the nanoparticle system. The determination of this optimal reaction time is
crucial for achieving consistent and reproducible analytical measurements.

The reaction reached a steady-state signal within 10 min, which was selected as the
optimal detection time for subsequent analysis.

3.4. Performance Analysis

The analytical performance of the developed AgNPs-based colorimetric sensor for
UA detection was systematically evaluated in terms of sensitivity, linearity, LOD, and
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reproducibility. The calibration curve was constructed by plotting the relative change
in absorbance (AA) of the AgNPs as a function of uric acid concentration, as shown
in Figure 10.

018 -
016 5
0.14 - y = 0.000299 + 0.02357
R* = 0.99586
< 0.12-
=

| T I T | T | T T
100 200 300 400 500
Uric concentratrion (uM)

Figure 10. Calibration curve for uric acid detection based on the relative change in absorbance (AA)
of AgNPs as a function of uric acid concentration.

A good linear relationship between the absorbance response and uric acid concentra-
tion was obtained over the range of 100-500 1M, with a correlation coefficient (R? = 0.99),
indicating excellent linearity within the clinically relevant concentration range. The slope
of the calibration curve reflects the sensitivity of the sensing platform, demonstrating
the capability of the AgNPs to effectively transduce chemical signals into measurable
optical responses.

The LOD [51], calculated based on the 30/slope criterion, was determined to be
25.89 uM, suggesting that the proposed sensor is sufficiently sensitive for practical uric acid
detection in biological samples. This detection limit is comparable to previously reported
colorimetric sensors based on plasmonic nanomaterials.

In addition to sensitivity, the repeatability of the sensor was assessed by performing
multiple measurements under identical conditions. The RSD was found to be less than 5%,
confirming good precision and reproducibility of the system.

The limit of quantification (LOQ) [51], defined as 100/slope, was calculated to be
approximately 86.29 uM.

Table 1 compares the analytical performance of the proposed AgNPs-based colorimet-
ric sensor with previously reported methods for UA detection. Although some reported
techniques exhibit lower limits of detection, many of those systems rely on complex fabri-
cation procedures, expensive instrumentation, or chemically synthesized nanomaterials. In
contrast, the present work employs a simple and environmentally friendly green synthesis
approach using water hyacinth leaf extract, enabling sustainable production of AgNPs
without the use of hazardous reducing agents.
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Table 1. Comparison of the performance of the proposed green-synthesized AgNPs-based sensor
with previously reported uric acid detection methods.

. . Synthesis Cost & Real Sample
Materials Linear Range LOD Method Portability Matrix Ref.
. . Chemical Standard cost/ .
Silver Nanoprisms 1-40 uM 0.7 uM reduction Lab-bound Human urine [53]
Silver Oxide Doped Chemical High .
AC 0.001-0.36 uM 0.207 nM reduction cost/Lab-bound Human urine [57]
Silver Nanoparticles Chemical . .
by HAuCl, 0.1 nM to 0.1 mM 30 pM reduction High cost/Complex = Human urine [58]
Silver Nanoparticles- . . . .
Reduced Graphene 10-130 uM 1 uM Cheml.cal High cost/Toxic Dlluted' [59]
. reduction surfactant human urine
Oxide
Ag/Au Nanorods 0.1-1 uM 0.065 uM Chemical Complex/Multi-ste Human urine [60]
& AR IR reduction p P & serum
Biohybrid In-vivo High Human
Nanosystem 5-1000 uM 16 uM biosynthetic energy/Cultivation serum [61]
Sawdust-Deposited Semi-green/ Low cost/Solid Pure standard
Silver Nanoparticles 0.04-0:36 uM 0.004 uM Biomass substrate only [621
Silver .
Nanoparticles/N- 2-60 pM 0.53 uM Hydrothe.rmal * High Human [63]
Chemical energy/Complex serum
CQDs
Cu,O@Ag g Self-assembly . . Human
Nanocomposites 0.5-100 uM 0.4 uM method High cost/Multi-step serum [64]
UV-assisted
Biogenic AgNPs Green Extremely Low cost Human This
(Water Hyacinth) 100-500 uM 2589 uM (Eco—fr;sj(licily/No & On-site POCT Serum work
chemical)

The developed sensing platform demonstrated satisfactory analytical performance,
including a linear detection range of 100-500 pM, a LOD of 25.89 uM, and good repro-
ducibility with an RSD below 5%. Importantly, the working range covers clinically relevant
uric acid concentrations in human serum, while recovery values between 96.3% and 103.4%
confirm the reliability of the method in real biological samples.

These results indicate that the proposed sensor achieves a favorable balance between
analytical performance, operational simplicity, and environmental sustainability. Therefore,
the developed platform represents a promising alternative to conventional uric acid sensing
methods, particularly for low-cost and practical biosensing applications.

The proposed method also avoids complicated electrode modification and sophisti-
cated instrumentation required in electrochemical or fluorescence-based systems.

A comprehensive evaluation against previously reported AgNP-based colorimetric
sensors is summarized in Table 1. Admittedly, the proposed sensing system possesses
a higher LOD (25.89 uM) relative to several chemical-reduction strategies or core-shell
nano-assemblies [53,57-60]. Nevertheless, this detection threshold remains significantly
lower than the standard human physiological and clinical cutoff levels for uric acid in
serum (which typically exceed 150 uM for hypouricemia and range up to 420 uM for
normal limits). Consequently, the current sensitivity is fully capable of distinguishing
healthy states from clinical hyperuricemia. Crucially, while most existing systems heavily
rely on hazardous synthetic capping agents, multi-step chemical functionalization, or
high-energy hydrothermal synthesis [61-64] that often suffer from severe bio-fouling or
chemical interferences, our platform introduces a waste-to-wealth sustainable paradigm.
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By capitalizing on the natural biogenic capping shield from Eichhornia crassipes via a rapid,
UV-assisted green pathway, this system bypasses toxic precursors entirely. It delivers
an unmatched cost-effective, easily operating, and portable (naked-eye resolvable) point-
of-care testing (POCT) device uniquely optimized for highly accurate quantification in
complex human serum matrices.

From a translational and clinical biotechnology perspective, the developed Eichhor-
nia crassipes-mediated AgNP colorimetric sensor has many serious practical advantages
over standard laboratory-based diagnostic modalities for uric acid determination such as
high-performance liquid chromatography (HPLC) and automated enzymatic colorimet-
ric analyzers.

First and foremost is its extraordinary operational simplicity and instrument-free
readability. The conventional clinical assays usually need sophisticated instrumentation,
trained technicians and tedious sample pretreatment procedures, in stark contrast to our
proposed sensing platform relying on a highly intuitive chemical-to-optical transduction
mechanism. The concentration-dependent oxidative etching of the plasmonic silver cores
provides a distinct visual bleaching profile that can be readily quantified with a simple
UV-Vis spectrophotometer or evaluated semi-quantitatively with the naked eye using a
standardized color reference chart. This makes the sensor an exceptional candidate for
integration into decentralized POCT devices and self-diagnostic test kits. The developed
colorimetric sensor test kit for uric acid detection is illustrated in Figure 11.

Colorimetric Uric
Acid Test Kit

Eco-friendly green synthesis
using Eichhornia crassipes and
UV-assisted pathway

Colorimetric
Sensor Response

G4

Cost-Effective Portable &
& Sustainable Easy to Use
Low Normal High
t I |
T mg/dL
<25 2.5-6.0 >6.0

Figure 11. Colorimetric sensor test kit for uric acid detection.
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Secondly, the platform is characterized by excellent cost-effectiveness and ecological
sustainability, which are derived from the principles of green chemistry. The dependence
on expensive and hazardous chemical reductants (e.g., sodium borohydride) is totally
abrogated by using an invasive and problematic aquatic weed (Eichhornia crassipes) as
the main reducing and stabilizing agent. This results in a drastic reduction in the cost of
material synthesis and mitigation of hazardous waste generation. In addition, the sturdy
biogenic capping layer, which is intrinsically deposited on the AgNP surface, imparts
superb long-term colloidal stability, thus extending the shelf-life of the test kit up to 14 days
under ambient conditions without the need for rigorous refrigeration.

The sensor’s biological “Dual-Gate” selectivity architecture guarantees excellent di-
agnostic reliability. While it is a simple mixing assay, the strict lock-and-key specificity
of uricase, together with the electrosteric barrier provided by the plant-derived organic
shell, effectively shields the metallic core from potential false-positive interferences by
strong reducing agents (ascorbic acid, glutathione, dopamine) which are routinely found in
human serum matrices. This green-engineered colorimetric platform thus enables rapid,
low-cost, and reliable screening of uric acid, which holds great promise for early clinical
monitoring of hyperuricemia and gout in resource-poor or remote areas.

3.5. Real Sample Analysis

The practical usability of the developed AgNPs-based colorimetric sensor was further
evaluated by real sample analysis with spiked human serum samples. To mitigate matrix
effects (i.e., the non-specific chemical or physical interference of background endogenous
components such as proteins, lipids, and unrelated metabolites on the sensor transducer),
the blood samples were properly diluted with a buffer solution prior to analysis. In
particular, sample dilution is required to reduce the light scattering effects and turbidity
resulting from the inherent opaqueness and macromolecular composition of biological
sera, which could interfere with the accurate monitoring of the LSPR spectra of the AgNPs.
Moreover, dilution preserves the co-existing reducing agents (such as ascorbic acid, glucose,
or bilirubin) and renal biomarkers (such as urea and creatinine), which are typically elevated
in pathological states, well below the threshold to scavenge the reaction intermediate (H,O,)
or modify the surface of the nanoparticle.

Although the human serum samples were diluted by 5 times to minimize possible
matrix interferences, the decrease in analyte concentration did not affect the detection
capability of the biosensor. The baseline endogenous UA concentration in the human serum
sample was determined to be 216.9 £ 1.2 uM, far within the normal human physiological
reference range, and the 5-fold dilution leads to a working concentration of about 43.38 uM
in the reaction mixture, which is far above the sensor limit of detection (LOD = 25.89 uM)
and within the optimized linear dynamic range, confirming the operational robustness and
practical feasibility of the platform for real blood analysis.

The final recovery values were obtained by measuring the baseline uric acid concen-
tration of the unspiked, diluted human serum sample using our proposed colorimetric
sensor platform. Then, this endogenous value was subtracted from the total concentration
obtained from the spike to calculate the actual “Found” concentration of the spiked analyte.
The % Recovery was then calculated by using the standard addition formula:

CTotal - CEndogenous

% 100 4)
Cspiked

%Recovery =

Crotal i the measured concentration after spiking, Cgndogenous 1S the baseline concentra-
tion that was originally present in the serum and Cspjeq is the known added concentration.
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To further confirm the analytical reliability and clinical applicability of the developed
biosensor, recovery studies in human serum samples were performed by the standard addi-
tion method. The concentration of endogenous UA in the unspiked serum matrix was deter-
mined as 216.9 £ 1.2 uM (Table 2). This well-defined concentration is in excellent agreement
with the physiological reference range of normal humans, and the low standard deviation
(SD = 1.2 uM) further reflects the excellent stability and baseline reproducibility of our de-
tection platform. The spiked samples with different target concentrations (100 to 500 uM)
showed excellent recovery values (96.3% to 103.4%) along with low relative standard devia-
tions (% RSD < 3.2%). These statistically significant data provide strong evidence that the
developed biosensor is immune to complex matrix interferences, delivering high accuracy
and precision for real-life blood analysis. The combination of such a protective dilution
concept with the high enzymatic selectivity of uricase endows the sensor with excellent
analytical fidelity as reflected by the satisfactory recoveries (96.3-103.4%) in Table 2.

Table 2. Recovery results for uric acid determination in spiked human serum samples (N = 3).

Endogenous Added UA  Total Found  Net Found Recovery RSD

Sampl

ample UA (uM) (LM) (LM) (M) (%) (%)
Serum 1 2169 +£1.2 100 313.2 £ 3.3 96.3 96.3 3.2
Serum 2 2169 £ 1.2 200 4223 £ 5.8 205.4 102.7 2.8
Serum 3 2169 £ 1.2 300 515.6 £7.5 298.7 99.6 2.5
Serum 4 2169 £ 1.2 500 733.9 + 16.0 517.0 103.4 3.1

The successful detection of uric acid in serum samples highlights the robustness of the
proposed system and its potential for practical use in clinical diagnostics. The integration
of green-synthesized AgNPs with enzymatic specificity enables a simple, cost-effective,
and environmentally friendly approach for uric acid determination.

4. Conclusions

In this work, the green synthesis approach was successfully applied to develop a
colorimetric sensing platform based on AgNPs for UA detection using water hyacinth leaf
extract as a sustainable reducing and stabilizing agent. The synthesized AgNPs exhibited
a well-defined crystalline structure and stable optical properties for their effective use as
plasmonic signal transducers in an uricase-based enzymatic system. The mechanism of
H,0O;-mediated oxidative etching responsible for the analytical signal transduction was
unambiguously confirmed by direct morphological evolution and particle dissolution via
transmission electron microscopy (TEM).

Importantly, the platform displayed excellent selectivity and matrix tolerance in com-
plex biological environments, due to the synergistic “Dual-Gate” protection system with
strict upstream uricase specificity and strong downstream biogenic capping shield. This
organic interface efficiently prevented non-specific direct attacks of strong endogenous
reducing agents (e.g., ascorbic acid and glutathione), giving rise to excellent repeatabil-
ity (RSD < 5%) and long-term colloidal stability over 14 days without the assistance of
artificial stabilizers.

These results suggest that the proposed method is well suited for real-sample anal-
ysis and has great potential for practical use in decentralized clinical diagnostics and
point-of-care screening. This work highlights the successful integration of waste biomass
valorization with plasmonic nanomaterial-based biosensing, representing a simple, cost-
effective, and environmentally friendly alternative to conventional sensing approaches.
Thus, the developed platform not only contributes to sustainable nanotechnology, but
also provides a promising matrix-tolerant strategy for the development of next-generation
colorimetric biosensors.
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