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Ascorbic acid is an important player in the food and pharmaceutical industries and plays a key role in the
human body. Its abnormal concentration is linked to pathological conditions and monitoring the quality
of food and pharmaceutical products. Therefore, it is necessary to monitor its concentration through
reliable platforms that are easy to use and affordable. The current work reports a new silver and zinc
oxide-doped hydroxyapatite (Ag—ZnO@HAp) nanocomposite based colorimetric sensor prepared using
a waste valorization approach through a salt-melting method. The synthesis of the nanocomposite was
validated through multiple spectroscopic and morphological techniques, which confirmed the desired
synthesis. The synthesized nanozyme was able to act as a peroxidase mimic in the presence of hydrogen
peroxide. This activity of the nanozyme resulted in the oxidation of tetramethylbenzidine (TMB) to
a blue-green oxTMB. Introduction of the analyte to the system transformed the blue-green color of
oxTMB to a colorless form. Various variables affecting the efficiency of the proposed sensor were
optimized, and the optimized conditions were reported to be 5 mg of the nanozyme, 4 mM TMB, 18 mM
H,O,, a pH of 7, and a time of 100 seconds. The proposed sensor showed a significant selectivity
towards the specific analyte in the presence of various interfering species. The analytical parameters of

Received 2nd July 2025 the fabricated sensor, such as linear range, limit of detection, and limit of quantification, were reported
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to be 5-85 uM, 0.5 uM, and 1.6 uM, respectively. The synthesized platform was successfully used for the
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1 Introduction

Ascorbic acid (vitamin C) is a water-soluble vitamin that is used
as an antioxidant in food and beverages. It plays an important
role in various metabolic activities in the body. It protects cells
from oxidative damage, strengthens the immune system, and
prevents a number of diseases, such as the common cold,
cancer, and scurvy.” It cannot be synthesized by the human
body and is obtained from fruits and vegetables.® Excess or
inadequate amounts of ascorbic acid affect the activities of the
human body. Its deficiency can cause scurvy, and an excess
amount can lead to hemolysis and kidney stones.* Due to its
crucial role in the body and use in various industries, it is highly
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detection of ascorbic acid in the fruit juices. The synthesized nanozyme has the potential to be used in
the food, pharmaceutical, and diagnostic industries.

significant to find the accurate amount of ascorbic acid for
diagnosis and for monitoring the food quality.

Several traditional techniques have been developed for the
sensing and exact measurement of ascorbic acid. They include
electrochemistry,>® fluorescence,” liquid chromatography,® and
capillary electrophoresis.® Despite the merits of the aforemen-
tioned methods, they have some disadvantages. They require
costly materials, more time, sophisticated equipment, and
complex sample pretreatments.'® On the other hand, compared
with traditional analytical techniques, the colorimetric method
has some unique advantages. Colorimetric methods are highly
attractive due to their simple operation, cost-effectiveness, high
reproducibility, rapidity, and high sensitivity. Furthermore, the
results of the colorimetric method can be observed with the
naked eye on the spot and can be confirmed accurately by a UV-
visible spectrophotometer.

Natural enzymes have been used extensively in colorimetric
sensors due to their high catalytic efficiency and specificity.
However, several serious drawbacks limit their use in sensing,
such as high sensitivity to environmental conditions, a narrow
pH range, and low shelf life. Therefore, there is a high demand
for alternatives that can function like natural enzymes and
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overcome the problems posed by them." Nanozymes, ie.,
nanomaterials with enzyme-like properties, have attracted
much attention because of their enzyme-like profile, robust-
ness, tunable properties, relative ease of synthesis, and stability
across a wide range of temperatures and pH compared with
natural enzymes." Various materials have been used to mimic
the structure and functions of natural enzymes, such as metal
oxide, noble metals, and carbon-based nanomaterials. Among
metal oxides, zinc oxide leads the pack because of its broad
band gap, easy and abundant availability, cost-effectiveness,
recyclability, excellent stability, etc. However, zinc oxide alone
suffers from ineffective use of UV-visible light due to a large
band gap of 3.37 eV and rapid hole-electron pair recombina-
tion. These shortcomings of zinc oxide can be overcome using
various potential noble metals such as Ag, Au, Pt, and Pd.
Among these options, Ag offers the best economic viability
compared with its counterparts. It decreases the band gap of
zinc oxide, increases the electron mobility and imparts new
properties to the synthesized nanocomposite. These materials
could exhibit catalase-, superoxide dismutase-, oxidase-, and
peroxidase-like catalytic activities. Nowadays, peroxidase-like
activities of the nanozymes are highly emphasized, occurring
in the presence of hydrogen peroxide as an oxidizing agent."
However, the nanomaterials used in colorimetric sensing are
facing significant challenges of agglomeration and instability,
which severely affect their catalytic behavior. In order to over-
come agglomeration and retain their catalytic behavior, various
matrix materials are used.'* Materials that are easily available,
abundant, biocompatible, and thermally stable are in high
demand.*

Hydroxyapatite (HAp) is a highly thermally stable, biocom-
patible, and nanoporous material for the fabrication of nano-
composites that can be used for diverse applications, including
sensing. For instance, its use has been reported for the detec-
tion of carbon dioxide, glucose, hydrogen peroxide, hydrogen
sulfide, cyanide, etc.’® It has some unique properties that make
it a prominent candidate for catalyst support. It possesses the
capability of ion exchange and high adsorption capacity, which
are highly needed for immobilizing active species. It has
a nanoporous structure that helps avoid mass transfer limita-
tions. In addition, the weak acid-base properties of HAp reduce
the side reactions produced during its use as a supporting
material."”” Different methods have been established for the
synthesis of hydroxyapatite.'® It can be synthesized chemically
as well as extracted from bio-wastes such as bones and
eggshells.” Chemically it can be synthesized from calcium
nitrate and hydrogen phosphate.” It can also be easily synthe-
sized from natural sources like bovine bone and fish bone.”
However, naturally derived HAp is preferable due to its lower
cost and higher structural biocompatibility.

The present work mainly focuses on the fabrication of silver—
zinc oxide-doped hydroxyapatite nanocomposite (Ag-ZnO@-
HAp) and its use for the colorimetric detection of the analyte
(ascorbic acid). The reported nanocomposite was prepared
through a simple calcination method and was used as a mimic
enzyme for the selective and sensitive colorimetric detection of
ascorbic acid. This strategy offers a highly potent, sensitive, and

© 2025 The Author(s). Published by the Royal Society of Chemistry
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rapid assay for the detection of ascorbic acid in food quality
monitoring and its deficiency-related diseases.

2 Experimental
2.1 Reagents and material

Sodium hydroxide (NaOH), HCl, acetone, disodium hydrogen
phosphate  (Na,HPO,), dihydrogen sodium phosphate
(H,NaPO,), silver nitrate, zinc acetate, TMB, hydrogen peroxide,
and ascorbic acid were purchased from Sigma-Aldrich. Solu-
tions were prepared using deionized water produced in the lab.

2.2 Instrumentation

A UV-visible spectrophotometer, PerkinElmer Shimadzu, Japan,
model 1800, was used for recording the spectra of the color
change throughout this work. Functional group analysis of the
synthesized material was carried out using a Thermo Nicolet,
Waltham, MA, model 5700 spectrometer for recording the FTIR
spectra of the synthesized material. The range selected for this
purpose was 4000 to 400 cm™'. A Gemini 500 (ZEISS, Germany)
was used to obtain the scanning electron microscopy images
and elemental analysis of the synthesized material. A JEOL
(Japan) microscope, model number JEM-2100F, was used to
obtain HRTEM images. To determine the crystalline nature of
the synthesized material, an AXS D8 X-ray diffractometer was
employed. Similarly, an ESCALAB 250Xi (Thermo, USA) was
used to analyze the chemical states of various elements present
on the surface of the synthesized material.

2.3 Synthesis of HAp and Ag-Zn co-doped HAp

Hydroxyapatite was prepared from waste fish bones via the
calcination method.* Fish bones were collected from a nearby
fish point at Kohat bypass, Khyber Pakhtunkhwa, Pakistan.
They were first cleaned, washed, and then dried. The waste
bones were further treated with 0.1 N sodium hydroxide solu-
tion to remove the organic material attached to their surface.
They were subsequently treated with acetone for 4 hours to
remove the adherent organic moieties. The sample was calcined
at 800 °C for 4 hours to obtain white powder. Silver nitrate and
zinc acetate (1:1) were mixed with hydroxyapatite (1:9),
respectively. It was further calcined at 800 °C for 3 hours. At the
end, a whitish-gray product was obtained and kept for further
use.

2.4 Colorimetric detection of ascorbic acid

The detection of the analyte was carried out using the various
constituents of the fabricated sensor. For this purpose, a certain
amount of mimic enzymes, TMB, H,0,, and phosphate buffer
saline were used. The detection of ascorbic acid was performed
through an indirect mechanism where the blue-green color of
oxTMB was transformed to transparent. The reactions were
monitored with the naked eye, and confirmation was carried
out using a UV-visible spectrophotometer. The sensor system
was successfully applied to detect the analyte in fruit juices. To
ensure the reproducibility of the results, all the experiments

RSC Adv., 2025, 15, 30302-30311 | 30303
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were performed in triplicate (n = 3), and the values are repre-
sented as the mean with the standard deviation of the readings.

3 Results and discussion
3.1 Characterization of the synthesized material

The successful synthesis of HAp and Ag-ZnO@HAp was
confirmed by FTIR spectra in the range of 4000-400 cm ™', as
shown in Fig. 1(a). The major bands around 1100-1000 cm "
and 600-500 cm ' confirm the presence of PO, internal
vibrations in hydroxyapatite. These vibrations are due to the
asymmetric stretching and bending in the IR region. The peaks
around 1400 cm ' indicate the presence of carbonate moieties
originating from the remaining organic moieties present in the
sample. The peak at 3560 cm ™ is attributed to the stretching
vibration of the OH™ group in HAp. Owing to the small amount
of metals, their peaks are not prominent enough to be indicated
here. However, further characterization confirmed their
presence.’>*

The XRD pattern indicates a crystalline phase with charac-
teristic reflections at Miller indices 26 = 25.8 (002), 28.9 (210),
31.7 (211), 32.1 (112), 32.9 (300), 34 (202), 38 (111), 39.7 (310),
44.2 (200), 46.6 (222), 48.5 (312), 49.4 (213), 50.4 (321), 51.2
(402), and 52 (004) £ 0.2° in accordance with the JCPDS 09-0432
card.” It displays a similar pattern to that of HAp. The presence
of these peaks confirms the material's crystallinity and corre-
spondence to the Ag-ZnO@HApP structure. No additional peaks
were found in the pattern of XRD for Ag and metal, as such
a small percentage of these elements is not achievable under
the sensitivity range of the XRD instrument. However, the
doping of Ag and ZnO in HAp resulted in peak broadening, as
shown in Fig. 1(b), as reported previously in the literature.?

XPS analyses were performed to examine the elemental
composition and the chemical state of the constituent elements
present in the synthesized nanocomposite (Ag-ZnO@HAp), as
shown in Fig. 2. Fig. 2(A) shows the expected elements of P 2p, C
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1s, Ca 2p, Ag 3d, O 1s, and Zn 2p in the synthesized nano-
composite. The deconvoluted spectrum of carbon (Fig. 2(B))
shows that it is present in three chemical states. The binding
energy values of 284.9, 286.2, and 289.2 eV correspond to C-C,
C-0, and C=O0. Similarly, Fig. 2(C) shows the deconvoluted
spectrum of oxygen with binding energy values of 530.9 and
532 eV. These values correspond to oxide ions and absorbed
oxygen. The peaks at 347 and 350.7 eV correspond to Ca 2p;,,
and Ca 2ps,, as shown in Fig. 2(D). The binding energy value at
133 eV could be ascribed to P-O in the structure of the
synthesized material (Fig. 2(E)). The binding energy values
centered at 367.8 and 373.8 eV can be attributed to Ag 3ds/, and
Ag 3d3),, respectively (Fig. 2(F)). The final deconvoluted spec-
trum, as shown in (Fig. 2(G)), with binding energy values of
1022.2 and 1045 eV, corresponds to the Zn 2p;, and Zn 2py,
2‘26,27

The surface morphology of the synthesized material was
examined by scanning electron microscopy (SEM) and trans-
mission electron microscopy (TEM), as shown in Fig. 3(A-D).
The images (A and B) for pristine HAp showed an irregular
spherical shape. Images C and D show the SEM and TEM results
of the synthesized Ag-ZnO@HAPp, respectively. The morphology
depicts a clear doping of the metals on the surface of the HAp
matrix. Image E and the inset table show the constituent
elements and their percentage composition. As desired, a small
amount of the doped elements Zn and Ag was detected. Fig. 3(F-
K) shows the elemental mapping of the Ag-ZnO@HAp. These
result indicate that the doped elements are uniformly distrib-
uted on the surface of HAp. This ensures their availability for
catalytic reactions that the current work aims to achieve.

3.2 Colorimetric detection of ascorbic acid

The as-synthesized nanocomposite of Ag-ZnO@HAp was
employed as a mimic enzyme for the colorimetric sensing of
ascorbic acid. For this purpose, three main reactions were
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(a) FTIR spectra of HAp and Ag—ZnO@HAp showing the corresponding peaks of various functional groups present in the synthesized

material. (b) XRD spectrogram of the synthesized HAp and Ag—ZnO@HAp showing that the doped material demonstrates peak broadening in

comparison to pristine HAp.
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Fig. 2 XPS survey (A) and deconvoluted spectra (B—G) showing the elemental composition and the chemical state of the constituent elements

present in the synthesized nanocomposite (Ag—ZnO@HAp).

carried out as, shown in Fig. 4. In the first reaction, represented
by curve A, TMB was oxidized with the assistance of hydrogen
peroxide. However, this oxidation of TMB was minimal, and
a faint blue-green color was observed with the naked eye. It was

© 2025 The Author(s). Published by the Royal Society of Chemistry

further confirmed using a UV-Vis spectrophotometer by
showing a peak of very low intensity. Upon the addition of
a certain amount of the synthesized peroxidase mimic, the color
of the reporter dye (TMB) became intense and produced

RSC Adv, 2025, 15, 30302-30311 | 30305
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Fig. 3

(A and B) Morphology of the synthesized HAp via SEM and TEM. (C and D) Surface morphology of the Ag—ZnO@HAp nanocomposite via

SEM and TEM. (E and the inset table) Elemental composition and their percentages present in Ag—ZnO@HAp. (F-K) Elemental mapping of the
synthesized nanocomposite, showing a uniform distribution of the doped elements.
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Fig. 4 UV-visible spectra and the colorimetric change (A) in the
absence of the nanozyme and (B) in the presence of the synthesized
nanozyme. (C) Introduction of the analyte results in the anti-peroxi-
dase-like activity of the synthesized nanozyme, resulting in a change
from blue-green to colorless form [the reactions were carried out at
neutral pH, with 6 mg of mimic enzyme, 5 mM of TMB, 24 mM of H,O,,
and an incubation time of 2 minutes]. The corresponding color change
has also been represented through inset Eppendorf tubes A-C.

a strong peak at 652 nm in the UV-Vis spectrophotometer, as
shown by curve B. At this point, the stage was set for the
incorporation of the analyte ascorbic acid (AA). The

30306 | RSC Adv, 2025, 15, 30302-3031

introduction of the analyte to the sensing platform resulted in
the transformation of the color of oxTMB from blue-green to
transparent. This visible change was authenticated through UV-
Vis spectrophotometry, as shown by curve C.

The performance of the synthesized nanozyme was tested
over a period of one month. No significant change was observed
in the peroxidase-mimicking activity of the nanozyme, indi-
cating the stability of the synthesized material.

3.3 Proposed mechanism

The sensing mechanism behind the above-mentioned reaction
can be elucidated through the proposed mechanism shown in
Scheme 1. The peroxidase-like activity of the synthesized mimic
enzyme (Ag-ZnO@HAp) results in the generation of hydroxyl
free radicals. These radicals attack the TMB and catalyze its
oxidation to oxXTMB, resulting in a color change from trans-
parent to blue-green. The appearance of blue-green color due to
the extensive conjugation is produced by the conversion of the
benzoid form to the quinoid form. Due to this increase in
conjugation, the gaps between the frontier orbitals decrease,
which results in a transition in the visible region, which in this
case is blue-green with a peak at 652 nm, in accordance with the
reported literature.'?® This optical change sets the platform for
the sensing of the analyte. When the analyte is introduced into
the sensing system, it results in the oxidation of ascorbic acid to
dehydroascorbic acid with the reduction of TMB from its

© 2025 The Author(s). Published by the Royal Society of Chemistry
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oxidized form. This change in TMB from its oxidized form
results in a color change from blue-green to transparent. The
optical change was confirmed through a UV-visible spectro-
photometer and was also visible to the naked eye. To ensure the
production of hydroxyl free radicals during the reaction,
different types of radical scavengers, such as ¢-butanol and
thiourea, were used. The addition of scavengers resulted in no
change in the color of TMB, which chemically confirmed the
production of hydroxyl free radicals.*®

3.4 Optimization of various parameters

The proposed sensing system is dependent on various variables,
such as the amount of the mimic enzyme, pH of the sensing
system, time, TMB, and H,O, concentration. For this purpose,
using the standard procedure of analytical chemistry, one
parameter was varied while keeping the others constant. In this
way, all the different parameters were optimized before using
the sensing system for quantification of the analyte.

Different amounts of the mimic enzyme in the range of 1-
8 mg were used to ascertain the optimal amount for the sensing
of the analyte, as shown in Fig. 5(i). The best response was
obtained at 5 mg, and this amount was used for subsequent
reactions. pH is another important factor that affects the
performance of a sensor. For this purpose, the proposed sensor
performance was optimized in the range of 3-10, with the best
response achieved at pH 7, as shown in Fig. 5(ii). The chro-
mogenic substrate TMB was studied in the range of 1-7 mM,
and the best response was achieved at 4 mM (Fig. 5(iii)). Hence,
this amount of TMB was used for further studies with the
proposed sensor. Hydrogen peroxide is another important
parameter for the proposed sensor. Different concentrations of

- -

*OH

H,O0 oxTMB

'Ag-ZnO@QHAP

H,0,

el

TMB
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hydrogen peroxide in the range of 1-36 mM were studied, and
the best results were achieved at 18 mM (Fig. 5(iv)). Response
time is another important parameter for examining the
performance of the proposed sensor. The sensor was incubated
for its best performance, as shown in Fig. 5(v). The result shows
a very rapid response in just 100 seconds. After this time, no
visible change was observed. Thus, the optimal time was 100
seconds.

3.5 Analytical performance of the fabricated sensor

To authenticate the performance of the fabricated sensor, the
quantitative aspects were studied. Ascorbic acid solutions of
different concentrations were prepared and tested with the
synthesized nanocomposite (Ag-ZnO@HAp). The fabricated
sensor detected ascorbic acid over a wide range of concentra-
tions. However, the response of the fabricated sensor was linear
in the range of 5-85 uM, as shown in Fig. 6(i) and (ii). The
regression coefficient for the linear range was calculated to be
0.9914, indicating the accuracy and precision of the proposed
sensor. This indicates that the proposed fabricated sensor can
determine the concentration of the analyte in the given range
linearly with an acceptable error. Other key parameters, such as
the limit of detection (30/slope) and the limit of quantification
(100/slope), were calculated to be 0.5 pM and 1.6 uM, respec-
tively. Here, o represents the standard deviation of the blank,
which signifies the noise or variability in the system when the
analyte is not present. The slope represents the ratio of absor-
bance to concentration, reflecting the sensitivity of the method.
These results show that the sensing platform could successfully
detect the analyte over a wide range. Additionally, the sensing
platform was compared to the previously reported colorimetric

Ascorbic acid

Scheme 1 Proposed mechanism for the colorimetric sensing of ascorbic acid using the Ag—ZnO@HAp mimic enzyme.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 5 Optimization study of various parameters including the inset Eppendorf tubes for the respective experiments. (i) Optimization study of the
amount of nanozyme, indicating the best performance at 5 mg. (ii) Effect of pH on the response of the fabricated sensor, showing the best
response at pH 7. (iii) Effect of TMB concentration, demonstrating the best results at 4 mM. (iv) Effect of concentration of H,O,, with the best

performance achieved at 18 mM. (v) Effect of time on colorimetric change, showing the best result at 100 seconds [reaction conditions: 5 mg of
mimic enzyme, 4 mM of TMB (200 uL), 18 mM of H,O, (200 pL), PBS buffer of pH 7 (250 L), 85 uM of 100 pl ascorbic acid, and incubation time of
100 seconds (n = 3)].
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Fig. 6 Analytical performance of the sensing platform represented by the corresponding inset Eppendorf tubes. (i) UV-visible results of the
analyte concentrations in the range of 5-85 uM with a linear change in absorbance. (ii) Quantitative relationship between the concentration of

ascorbic acid and absorbance (n = 3).

Table 1 Comparison of the linear range and limit of detection of different peroxidase-mimicking nanocomposites

Catalyst Sensor type Linear range (uM) LOD (uM) Reference
PTCA-ZnFe,0, Colorimetric 1-10 0.834 29
Pt-HMCNs Colorimetric 6-60 3.29 30
Co3;0,@B-CD NPs Colorimetric 10-60 1.09 31
AgFKZSiW,;,@PPy Colorimetric 1-80 2.7 32
FeMnzyme Colorimetric 8-56 0.88 33

FeCo NPs Colorimetric 0.5-28 0.38 32
Ag-ZnO@HAp Colorimetric 5-85 0.5 Present work

sensors, as shown in Table 1. The results indicate that the
proposed sensing platform has a wide linear range and a low
limit of detection.

3.6 Interference study

One of the vital aspects of any sensor is its selectivity. The
proposed sensor selectivity was tested in the presence of various
interfering species, such as dopamine, calcium ions, glycine,
tyrosine, glucose, uric acid, and oxalic acid, under the above-
mentioned optimum conditions. As shown in Fig. 7, the analyte
exhibited the highest transmittance, while the potential inter-
fering species exhibited the lowest transmittance, indicating
approximately no response under the given optimum conditions.
Hence, the sensor is highly selective for ascorbic acid detection
under the given conditions. It is noteworthy that all the potential
interfering species and the analyte were taken at equimolar
concentrations (85 uM of 100 pL) for better comparison.

3.7 Real sample application

The fabricated sensor was successfully applied to detect the
analyte in the linear range of the proposed sensor, as shown in

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 7 Interference study of different potential interfering species in

the presence of ascorbic acid alongside the inset Eppendorf tubes
under optimum conditions. The results explicitly indicate that the
proposed sensor is highly selective towards ascorbic acid (n = 3).
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Fig. 8 Real sample application of the proposed sensor alongside the
inset Eppendorf tubes, showing successful detection of ascorbic acid
in fruit juice samples in the linear range of the proposed sensor.

Fig. 8. For this purpose, fruit juices were used as real samples.
The sensor demonstrated the ability to detect the analyte both
qualitatively and quantitatively within its linear range. In samples
where the concentration of the analyte was higher than that of the
linear range of the proposed sensors, the real samples were
strategically diluted and processed for further analysis.

4 Conclusion

In conclusion, a new nanocomposite of Ag-ZnO@HAp was
successfully synthesized via the calcination method. Advanced
spectroscopic techniques and morphological studies confirmed
the desired synthesis. The synthesized nanocomposite was used
as a peroxidase mimic enzyme that catalyzed the oxidation of
TMB in the presence of hydrogen peroxide. The synthesized
platform successfully detected ascorbic acid with a visible color-
imetric change from blue-green to transparent, which was
correspondingly confirmed using a UV-visible spectrophotom-
eter. Various parameters affecting the sensor performance, such
as the amount of the nanozyme, concentrations of TMB and
hydrogen peroxide, and incubation time, were optimized. The
sensor system under optimized conditions demonstrated a linear
range of 5-85 uM, with a low limit of detection (0.5 uM) and
a limit of quantification (1.6 uM). Interference studies confirmed
the selectivity of the synthesized nanozyme. Real sample appli-
cations in fruit juices confirmed that the synthesized platform
can be successfully used for real samples. The synthesized sensor
can potentially be used for a wide range of applications, such as
the food industry, pharmaceuticals, and health care monitoring,
as a low-cost, easy-to-use, simple-to-observe platform.
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