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ABSTRACT: Identification of biological antioxidants is of vital importance because of
the essential role of antioxidants in keeping the balance of various diseases. Here, we
designed a simple, rapid, and low-cost nanozyme sensing array for colorimetric
identification of multiple antioxidants based on Au nanoparticles (Au NPs)
synthesized via a facile and green aqueous phase method. In the presence of H2O2,
Au NPs possessed peroxidase-like catalytic activity and could effectively catalyze the
color-less 3,3′,5,5′-tetramethylbenzidine (TMB) to blue oxidized product with
comparable enzyme kinetics parameters. The function of the colorimetric sensing
array was based on the inhibitory effect of diverse antioxidants on the chromogenic
system to varying degrees under different pH conditions, resulting in various “turn-off”
colorimetric signal responses. Based on the developed sensing array, four kinds of
antioxidants with various concentrations and different proportions of the mixtures
were successfully discriminated from each other with the aid of principal component
analysis. Moreover, the sensing array showed good performance in differentiating antioxidants in human serum samples, which
broaden the analytical application of Au NPs. Compared with the existing sensing array, the single Au NP-based sensing array
significantly simplified the sensing element and detection process, opening a new avenue for biological molecule identification in real
complex samples.

1. INTRODUCTION
Antioxidants are a class of biomolecules that prevent or slow
down free radical formation in the body to reduce cellular
damage and oxidative stress.1 Antioxidants in biological fluids
have been reported to play a significant role in the treatment
and prevention of diverse diseases such as aging prevention,
cancer, cardiovascular disease, and Alzheimer’s disease.2−4

Since antioxidants play important roles in a wide range of
biological processes and diseases, there is an urgent need for
effective and sensitive antioxidant assays in clinical practice.
Currently, many analytical methods have been reported for
antioxidant levels detection, such as conventional high-
performance liquid chromatography (HPLC),5 gas chromatog-
raphy,6 electrochemical sensors,7 and fluorescence methods.8

Although these approaches can be effective in the detection of
antioxidants, they inevitably have corresponding limitations
including expensive testing equipment, high requirements for
operational expertise, high testing costs, and time-consuming
sample processing.

In recent years, researchers have developed a lot of
colorimetric sensors for the individual antioxidant detection
due to the important advantages of the colorimetry, such as
low cost, high sensitivity, good reproducibility, simple
experimental operation, and ease of visual read-out.9−11

However, it is impossible for a single antioxidant component
to exist in a living system. Various antioxidant components
either coexist or react with each other in a complex manner.12

Therefore, colorimetric sensing arrays consist of multiple
sensing units break through the limitations of the specific
“lock-and-key” identification mechanism of conventional
detection methods.13 Depending on the characteristics of
different targets, the colorimetric sensing arrays can generate
cross-reactive signals, allowing simultaneous recognition of
various targets without selectivity problems.14

Nanozymes are nanomaterials with natural enzyme-like
catalytic effects, capable of catalyzing the reaction between
substrates and enzymes under physiological conditions.15,16

Compared to natural enzymes, nanozymes show many
advantages such as low preparation cost, a simple preparation
method, improved stability, and adjustable catalytic perform-
ance, which make them good alternatives for constructing
colorimetric methods for the bioanalysis of diverse sub-
stances.17−19 Since the Fe3O4 nanozymes with peroxidase
(POD) properties were reported in 2007,20 various nanozymes
with enzyme-catalyzed properties have been investigated, such
as Au,21 Pt,22 Co3O4,

23 MnO2,
24 and MoS2.

25 To date, several
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nanozyme-based colorimetric sensing arrays have been
designed for the identification and detection of antioxidants
in biological samples. For instance, Chen et al. designed a
sensing array for colorimetric identification of antioxidants
based on the catalysis of classical H2O2-3,3′,5,5′-tetramethyl-
benzidine (TMB) chromogenic system by various nanozymes
including graphene oxide, MoS2 and WS2.

26 The presence of
different antioxidants inhibited the chromogenic system to
varying degrees, and the colorimetric response signals were
utilized for the quantification and identification of these low
concentrations of antioxidants in serum samples after pattern
recognition methods. Li et al. reported a sensing array for
antioxidants identification based on the oxidase-like activity of
Fe−N/C single-atom nanozyme that can catalyze the oxidation
of three chromogenic substrates including TMB, 2,2′-azinobis-
(3-ethylbenzthiazoline-6-sulfonate) (ABTS), and 1,2-diamino-
benzene (OPD).27 The diverse chromogenic substrate-based
sensing array can not only quantitatively detect individual
antioxidants but also distinguish binary or ternary mixtures in
human serum samples. Although these methods have been
successfully used for the antioxidant identification and
detection in biological samples, they are relatively complex,
as they require a variety of nanozyme materials or chromogenic
substrates to construct the sensing arrays. Simplification of the
sensing array components is of great value for their further
practical application.

With excellent optical and electrical properties, gold
nanoparticles (Au NPs) can be used as signal recognition
elements or readout probes and have been widely used in
biochemical analysis.28 For instance, optical fiber-based
biosensors have been shown to enable detection of
biomolecules in a faster, smaller and simpler way.29 Marques
et al. constructed a series of optical fiber-based biosensors
using the local surface plasmon resonance (LSPR) effect of Au
NPs.30,31 They found that the sensitivity of the biosensors was
also related to the fiber structure. The WaveFlex fiber structure
provides a larger functionalized surface area, promotes the
leakage of electrical waves from the core into the surrounding
medium, and effectively enhances the LSPR effect of Au NPs.30

Hence, the Au NPs coating significantly improves the
sensitivity of optical fiber-based biosensors compared with
bare fibers. Typically, Au NPs can be simply prepared by
classical sodium citrate reduction method for diverse
applications.32−34 However, colorimetric sensing arrays based
on their nanozyme activity of Au NPs have been less reported.

Here, we developed a colorimetric sensing array based on
single probe materials (Au NPs) and single chromogenic
substrates (TMB) for antioxidant identification and detection
(Figure 1). First, Au NPs with a uniform spherical shape were
synthesized using sodium citrate reduction. It was found that
the Au NPs exhibited POD-like catalytic properties and the
nanozyme activity varied at different pH. Accordingly, the
construction of the colorimetric arrays was achieved by varying
the different pH values of the chromogenic solution.
Specifically, the reaction between H2O2 and TMB was
significantly catalyzed by Au NPs at three pH values (pH 4,
5 and 6), producing different amounts of oxidized TMB
(oxTMB) with obvious blue color. When antioxidants are
present, oxTMB is reduced to varying degrees, resulting in a
discoloration of the system and producing a “turn-off”
colorimetric signal response. When combined with principal
component analysis (PCA), this single-probe array successfully
achieved simultaneous detection of four common representa-

tive antioxidants of serum and biological samples, such as
dopamine (DA), ascorbic acid (AA), uric acid (UA), and L-
cysteine (Cys).35,36 Besides, the developed sensing arrays
successfully identify different antioxidants at various concen-
trations and antioxidant mixtures at certain ratios. In practical
tests, the array successfully differentiated serum samples spiked
with different antioxidants, demonstrating the potential
application of this sensing array in clinical diagnosis.

2. EXPERIMENTAL METHODS
2.1. Chemicals. All reagents were analytical grade and used

without further purification. ascorbic acid (AA), 3,3′,5,5′-
tetramethylbenzidine dihydrochloride (TMB), glucose (Glu),
cholesterol (Cho), sodium chloride (NaCl), L-cysteine (Cys),
and dopamine (DA) were commercially purchased from
Macklin (Shanghai, China). Dimethyl sulfoxide (DMSO),
H2O2 (30 wt %), bovine serum albumin (BSA), hydrochloric
acid (HCl) and citrate were obtained from Sinopharm
Chemical Reagent Co., Ltd. (Shanghai, China). Thiazole
blue (MTT) Calcein-AM agent was obtained from Aladdin
Reagent Co., Ltd. Hela cells were obtained from the Center for
Typical Culture Collection. Human serum was purchased from
Aldrich. All of the solutions in this work were prepared using
ultrapure water (18.2 MΩ cm).
2.2. Preparation of Au NPs. The Au NPs were prepared

according to the following procedure: 73 μL of HAuCl4 (29
mM) solution was added to 1000 μL of deionized water,
followed by addition of 150 μL of citrate (10 mg/mL)
solution. Then, the above mixture was incubated for 1 h at 100
°C. The Au NPs were obtained after dialysis.
2.3. Characterization Apparatus. The UV−vis absorb-

ance was recorded by using a UV-2450 spectrometer
(Shimadzu). The morphology of the Au NPs were observed
by transmission electron microscope (HT 7700). The zeta
potential and hydrodynamic particle size of the nanoparticles
were obtained by using a laser particle size meter (Zetasizer
Nano-ZS90). The electron paramagnetic resonance (EPR)
spectra was recorded on an EMX-10/12 spectrometer (Bruker,
Germany). The cytocompatibility was measured with a
multifunction microplate reader (SpectraMax M2). The
fluorescent images of Hela cells were captured on an inverted
fluorescence microscope (Olympus IX53, Japan).
2.4. Nanozyme Activity Test. The nanozyme effect of Au

NPs was tested by virtue of the TMB oxidation in the presence
of H2O2 using a UV spectrometer. Specifically, POD-like

Figure 1. Schematic illustration for the facile preparation of the Au
NPs with POD catalytic activity and their further application for
antioxidant identification based on a pH-induced single nanozyme
array and PCA analysis.
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activity was determined according to the following procedure.
First, 200 μL Au NPs was added to a 2 mL centrifuge tube.
Following this, 300 μL of H2O2 solution (0.2 M) and 1000 μL
of NaAc-HAc buffer solution (0.2 M) containing 0.6 mM
TMB were added. The mixed solution was then incubated for
5 min at room temperature. Finally, the absorbance was
determined by UV−vis spectrometer. To study the catalytic
kinetics, the time-dependent absorbance at 652 nm was then
tested using a UV−vis spectrometer. The amount of buffer
solution was 1000 μL, containing different amounts of H2O2.
The kinetics parameter including Michaelis−Menten constant
(Km) and maximum reaction rate (Vmax) were calculated
according to the double reciprocal curve of the Michaelis−
Menten equation:
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where V stands for the initial velocity, Km stands for the
Michaelis constant, Vmax means the maximum reaction rate,
and S means the substrate concentration.

To find the best temperature, 200 μL of Au NPs was added
to a centrifuge tube containing 300 μL of NaAc-HAc buffer
solution at different temperatures (25−50 °C). To find the
best pH, 200 μL of Au NPs was added to a centrifuge tube
containing 300 μL of NaAc-HAc buffer solution with different
pH levels (2−8). Three control groups were assigned at the
same time.
2.6. Detection and Identification of Antioxidants. The

antioxidant detection and recognition were conducted as
follows: First, 200 μL Au NPs was added to a 2 mL centrifuge
tube. Following this, 300 μL H2O2 solution (0.2 M) were

added to 1000 μL NaAc-HAc buffer solution containing 0.6
mM TMB at different pH, followed by the addition of 200 μL
different antioxidant (DA, AA, Cys, UA). After reaction for 15
min at 40 °C, the absorbance change (ΔA) at 652 nm of the
sensing systems was measured and calculated. This process for
four kinds of antioxidants was repeated 5 times. Then, the
signals obtained from the sensing array were analyzed by
principal component analysis (PCA) and hierarchical cluster
analysis (HCA) on the original data matrix, using Origin 2021
software.

3. RESULTS AND DISCUSSION
3.1. Synthesis and Characterization of Au NPs. In this

work, we used a facile and green aqueous phase synthesis
method to prepare Au NPs as sensing probe.32 During the
process, sodium citrate was utilized as both a stabilizing and
reducing agent for the chemical synthesis of Au NPs from
HAuCl4. It is worth noting that the chemical reduction method
for Au NPs synthesis is very convenient and simple and thus
beneficial for the further practical application of sensors. The
morphology of prepared Au NPs was first characterized by
transmission electron microscope (TEM). Figure 2a showed
that the Au NPs were spherical in shape with relatively
homogeneous distribution, indicating the successful prepara-
tion of Au NPs. Next, the hydrodynamic sizes and zeta
potentials of Au NPs are characterized by dynamic light
scattering (DLS). As indicated in Figure 2b, the resulting Au
NPs exhibited an average size of 52.2 nm. As indicated in
Figure 2c, the zeta potential of Au NPs was −18.3 ± 0.6 mV,
demonstrating their good stability and dispersion in aqueous
solution. Compared to HAuCl4, the red color and character-
istic absorption of Au NPs with an obvious absorption band at

Figure 2. (a) Representative TEM images of prepared Au NPs. The scale bar is 200 nm. (b) The corresponding particle size statistics of prepared
Au NPs by DLS. (c) The corresponding zeta potential statistics of prepared Au NPs. (d) UV−vis absorption spectra and the typical photos of
different Au substances including HAuCl4 and prepared Au NPs.

ACS Omega http://pubs.acs.org/journal/acsodf Article

https://doi.org/10.1021/acsomega.4c03460
ACS Omega 2025, 10, 6359−6367

6361

https://pubs.acs.org/doi/10.1021/acsomega.4c03460?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.4c03460?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.4c03460?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.4c03460?fig=fig2&ref=pdf
http://pubs.acs.org/journal/acsodf?ref=pdf
https://doi.org/10.1021/acsomega.4c03460?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


520 nm further suggested the formation of Au NPs (Figure
2d).
3.2. Nanozyme Catalytic Effect of Au NPs. TMB is one

of the most commonly used POD chromogenic substrates.
Here, we investigated the POD-like catalytic effect of Au NPs
by using the classical H2O2-TMB system. As shown in Figure
3a, Au NPs with POD activity can effectively catalyze the
decomposition of H2O2 into two hydroxyl radicals (·OH),
which can further catalyze the TMB oxidation and produce the
blue oxTMB product. As demonstrated in Figure 3b, the
absorption peaks were not observed for the H2O2-TMB
mixture. When Au NPs, H2O2, and TMB coexisted, the
reaction system changed from colorless to obvious blue, and an
apparent UV−vis absorption peak appeared at 652 nm. The
above results indicated that the prepared Au NPs could
catalyze the oxidation reaction of TMB by H2O2 with a POD-
like activity. As indicated in Figure 3c, the absorbance of the
reaction system at 652 nm increased with the increase of
reaction time, and the reaction could reach equilibrium in
about 5 min, which indicated the fast speed of the color
development system. Many metal nanozymes have oxidase-like
activity, which can be validated by testing the change in
oxTMB absorbance without the addition of H2O2.

37 As shown
in Figure S1, the direct reaction of nanozymes with TMB could

not produce a signal at 652 nm within 30 min. Therefore, Au
nanozyme lacks oxidase-like activity, and the color-develop-
ment signal of the system originates from its POD-like activity.

Subsequently, the steady-state kinetics of the catalytic
oxidation of TMB by Au NPs were analyzed by detecting
the absorption value at 652 nm. As depicted in Figure 3d, the
reaction of the H2O2 oxidation of TMB catalyzed by Au NPs
followed the typical Michaelis−Menten kinetic model over the
examined range of H2O2 concentrations. The curves fitted by
the Lineweaver−Burk double inverse relationship are shown in
Figure 3e, indicating that 1/V is linearly correlated with 1/S.
The apparent kinetic parameters of the catalytic reaction
including Michaelis−Menten constant (Km) and the maximum
reaction rate (Vmax) can be calculated from the slope and the
intercept as 36.5 mM and 47.9 × 10−8 nM s−1, respectively. Km
is the substrate concentration when the reaction rate is 1/
2Vmax, which reflects the affinity of the enzyme for the H2O2
substrate. The smaller Km value represents the stronger
nanozyme affinity for the H2O2 substrate. As listed in Table
1, Au NPs possess smaller Km values for H2O2 in comparison
with Fe3O4 nanozyme, indicating the higher affinity of Au NPs.
Compared to other Au-based nanozymes or HRP, Au NPs
show the higher Vmax values, demonstrating their excellent
catalytic performance toward H2O2. Similarly, TMB was also

Figure 3. (a) Schematic for reaction process of H2O2 + TMB system catalyzed using the Au NPs. (b) The UV−vis absorption spectra and the
corresponding photos of different reaction solutions after reaction for 10 min. (Blank, TMB + H2O2; Au NPs, TMB + H2O2 + Au NPs). (c) Time-
dependent curves of absorbance at 652 nm of TMB + H2O2 + Au NPs solutions for 10 min. Steady-state kinetic test of Au NPs toward H2O2
including kinetic curve (d) and corresponding double reciprocal curve (e).
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used as a test substrate to obtain the Michaelis−Menten
kinetic curve and Lineweaver−Burk double inverse relation-
ship (Figure S2). The Km value was found to be 0.142 mM,
which was much lower than that of H2O2, indicating that Au
NPs own a higher POD-like affinity toward TMB substrate
than H2O2. Besides, the specific activity of Au nanozyme was
measured to be 2.78 U mg−1 in our revised manuscript, which
is comparable to common reported nanozymes (Table S1).
Therefore, because of low cost, easy synthesis, and highly
comparable catalytic activity, Au NPs is a quite promising
POD-like nanozyme for biosensing application.

As known, the POD-like activity of nanozyme and the TMB
chromogenic reaction are easily affected by temperature and
pH of the reaction solutions.43 Hence, the influence of
temperature and pH on the chromogenic system was studied
to better understand the chromogenic performance of the Au
nanozyme. As shown in Figure 4a, the chromogenic signal of
Au NPs-catalyzed system was enhanced with increasing
temperature. When the temperature exceeded 40 °C, the

relative signal of oxTMB decreased, which was similar to the
temperature limitation of natural enzymes. However, com-
pared with the natural enzyme, the Au nanozymes had higher
thermal stability with little change in the relative colorimetric
signal over the same temperature range. Figure 4b shows that
the relative activity of the Au NPs-catalyzed chromogenic
system is more susceptible to pH change. The catalytic
performance of Au NPs remained mostly in the pH range from
4.0 to 6.0. When the pH value was less than 3.0 or higher than
7.0, the colorimetric signal was significantly decreased. In
addition, the long-term storage study further demonstrated
that there was nearly no significant activity loss after 14 days at
room temperature, proving their robust stability for further
detection (Figure 4c).
3.3. Antioxidant Discrimination by Sensing Array. On

the basis of the different POD-like activities of Au NPs under
different pH conditions, here, a novel colorimetric sensing
array based on Au nanozymes was constructed for identi-
fication of biological antioxidants. As shown in Figure 5a, the
antioxidants can act on the POD-like Au nanozyme-mediated
catalytic system so that the color development of TMB
receives different levels of inhibition and “turn-off” signals are
generated. As is known, the redox reaction of TMB with H2O2
in the presence of POD is a reversible reaction. H2O2 is
catalyzed by the POD-like nanozyme to generate •OH, and
the subsequently oxidized TMB forms an unstable divalent
cation radical intermediate, which further forms oxTMB.37,44

In the presence of an antioxidant, the reaction can proceed in
the opposite direction, returning from the oxidized state of
TMB to the reduced state of TMB, thus decreasing the
colorimetric signal. To prove this, we first use the EPR
technique to characterize the change for the production of
•OH after typical antioxidant (AA). As shown in Figure 5b, in
the presence of AA, the production of •OH is reduced.

Table 1. Comparison of Km and Vmax Value of Au NPs and
Other Enzymes

Enzyme
Km, H2O2
(mM)

Vmax × 10−8 (M S
−1) Ref

Au NPs 36.5 47.9 This
work

HRP 3.70 8.71 20

Fe3O4 154 9.78 20

AuNPs/NPC 0.38 7.35 38

Au/Cu2O 10.56 6.68 39

AuPt/ZIF-8-rGO 0.55 10.9 40

Cu2O/Au−Pt@MOF@F127 22.4 4.05 41

Fe3O4@SiO2−NH2−
Au@Pd0.30NPs

0.35 6.78 42

Figure 4. Optimal temperature (a) and pH values (b) for the catalytic chromogenic system of Au NPs. (c) Stability study on catalytic activity of Au
nanozyme over 14 days.
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Moreover, the signal change of the colorimetric system is quite
sensitive at different pH values (Figure 4b). To prove this, the
UV−vis spectra of the H2O2+TMB+AA system under different
pH solutions were recorded and the results show that the
signals of the H2O2-TMB chromogenic system and the
inhibition ability of the various antioxidants on the
chromogenic system are significantly different, thus generating

differential signals (Figure 5c). We speculate that this
mechanism can be used for constructing a novel sensor
array. Specifically, the three different pH conditions of the
reaction system (pH 4, 5 and 6) led to various POD-like
activity of Au NPs and diverse reduction degrees between
oxTMB and four types of antioxidants (AA, Cys, DA, and UA).
Therefore, the absorbance changes at 652 nm (A/A0) of each

Figure 5. (a) Schematic for reaction process of H2O2+TMB+antioxidants system catalyzed using the Au NPs. (b) EPR spectra for the mixture of
H2O2+DMPO+Au NPs in the absence or presence of AA (1 μM). (c) UV−vis absorption spectra of H2O2+TMB+AA system under different pH
solutions after reaction for 10 min. (d) Absorbance response patterns (A/A0) of the Au NPs-based colorimetric sensing array for four antioxidants
including AA, UA, DA and Cys. The final concentration of these antioxidants was 1 μM. (e) Two-dimensional PCA canonical score-plot for four-
antioxidant discrimination.

Figure 6. (a) Two-dimensional PCA canonical score-plot for the discrimination of AA at various concentrations. (b) Two-dimensional PCA
canonical score-plot for the discrimination of antioxidant mixtures (Cys + UA) with different ratios (total concentration: 10 μM).
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sensing units could be employed as the response patterns for
different antioxidant colorimetric discrimination (Figure 5d).
A0 and A stands for the absorbance at 652 nm of Au NPs
catalyzed H2O2-TMB system in the presence and absence of
antioxidants, respectively. As shown in Figure S3, other
substances commonly found in serum at the same concen-
tration (1 μM) have no significant effect on the sensor signal,
demonstrating the excellent anti-interference ability for
practical application. Following this, these colorimetric signals
were analyzed by PCA to obtain two-dimensional (2D) typical
score plots. As indicated in Figure 5e, the four antioxidants
were well-separated from each other and clustered into four
groups by the developed sensing array, demonstrating the
approach feasibility for the discrimination of antioxidants.

Next, to further verify the quantification and identification
capacity of the sensing array, the response signals of analytes
with different concentrations (0.1−5 μM) were measured by
using AA as a model analyst. As indicated in Figure 6a, the
sensing array successfully discriminated the four concen-
trations of the same target AA, confirming that the nanozyme
sensing array possesses distinguishing ability for the individual
antioxidant. As shown in Figure S4, the standard curves of AA,
Cys, DA, and UA we obtained by plotting the relationship
between the concentration of four antioxidants and score of
PC. As a result, the linear detection range were 0.1−10 μM
and the detection limit of AA, Cys, UA, and DA calculated by
the conventional 3σ method was 0.074 μM, 0.062 μM, 0.087
μM, and 0.128 μM, respectively. Figure 6b shows the
responses of two mixed antioxidants with different molar
ratios. Figure S5 showed that the responses of two different
antioxidants with the same mixed ratios. As revealed, the
developed sensing array also possessed good distinguishing
ability for the mixture of antioxidants. These results further
indicate the feasibility of the Au nanozyme-based colorimetric
sensing array for simple, rapid, and low-cost colorimetric
identification of antioxidants.
3.4. Real Sample Analysis. Subsequently, the practical

feasibility of the sensing array to identify antioxidants in
biological samples was further verified by adding 1 μM Cys,
DA, UA, and AA to a 100-fold diluted human serum sample.
As indicated in Figure 7a, the serum real sample produces a
certain response due to the presence of certain antioxidants.
However, this response does not influence the responses of
Cys, DA, UA, and AA, which indicates that the sensing array is
resistant to interference in the detection for serum.
Furthermore, the four antioxidants were well distinguished

from each other by the PCA algorithm, suggesting good
potential for practical use of the colorimetric sensing array in
complex biological matrices. The heatmap in Figure 7b is
obtained by performing HCA clustering analysis on the
resulting data. HCA is able to cluster samples with similar
response patterns together to achieve an effective classification
of the samples, visually identifying similarities and differences
between different samples in the sensor array. The color-coded
heatmap provides a visual representation of the similarity or
distance between data points, making the clustering results of
the data more intuitive and understandable. In addition, the
HCA cluster analysis heatmap can be used as a tool to validate
the results of PCA. By comparing the results of HCA and PCA,
the clustering trends and patterns of the data can be further
confirmed. Consistent with the findings, the HCA results using
the minimum variance (Ward’s) method for these five groups
are displayed using heat maps, further indicating the accurate
distinguished capacity of various serum samples.

4. CONCLUSIONS
In this work, a novel colorimetric sensing array was successfully
developed for antioxidant screening and identification based
on the POD-like enzyme properties of Au NPs. The Au NPs
exhibited excellent nanozymes activity for oxidation of TMB in
the presence of H2O2, and the different sensor units were
achieved by simple adjustments of the three pH values of the
chromogenic system. In contrast to single-target sensors with
limited specificity, the sensing array successfully discriminates
the four antioxidants with the help of two-dimensional PCA of
the response. Besides, the sensing array could discriminate
different antioxidant mixtures and concentrations. Further-
more, the developed sensing array was also applied for
colorimetric identification of multiple antioxidants in real
human serum samples. In comparison with common sensing
arrays, these single Au nanozyme-based colorimetric sensing
arrays have the advantages of low loss, quick response, and
simple fabrication. However, in clinical or field settings, the
developed sensing arrays may also have some limitations. First,
possible variations in the synthesis and surface modification
processes of nanomaterials can lead to batch-to-batch
variations in the performance of the sensors, affecting their
consistency. In addition, practical factors such as temperature,
humidity, and light may affect the stability of the optical
performance and color change. At the same time, sensor arrays
should be carefully considered to avoid material interference in
more complex samples and some potential errors caused by

Figure 7. Two-dimension PCA canonical score-plot (a) and HCA heat map (b) for the developed sensing array discriminating Cys, AA, DA, and
AA spiked in human serum.
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human manipulation. In addition, the proposed sensing array
can be further integrated with portable test strips, hand-held
devices, and digital software for improving convenience,
accuracy, and practicability. However, integrating nanomateri-
al-based colorimetric sensors with electronic circuits and data
processing units into a small device faces technical and
engineering challenges. In the future, more varieties of
antioxidants and practical biological samples should be studied
to validate the robustness of the sensing array for real-world
application. We believe that this sensing array can be further
extended to the detection of biomolecules related to living
systems, which has great potential for biomedical applications.
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