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ABSTRACT

Peroxidase-mimicking Ag-Cu/CQDs nanocomposites were successfully synthesized via a green approach, in which CQDs acted as
both reducing and stabilizing agents for the simultaneous formation of AgNPs and CuNPs. The resulting nanozyme system
exhibited a synergistic catalytic effect, arising from enhanced electronic interactions between Ag and Cu by CQDs, thereby
increasing peroxidase-like activity. This activity of Ag-Cu/CQDs was demonstrated through the catalytic oxidation of colorless
3,3',5,5'-tetramethylbenzidine (TMB) substrate to blue TMB,, via the generation of hydroxyl radicals (OH") in the presence of
H,0,. Based on this principle, a colorimetric glucose (GL) detection method was developed by coupling glucose oxidase (GOx) with
Ag-Cu/CQDs as nanozyme catalysts. The reaction mechanism consists of two main steps: (i) the oxidation of GL by GOx generates
H,0,, and (ii) Ag-Cu/CQDs catalyze the decomposition of H,0,, generating OH', and then oxidize TMB to blue TMB,,. The
established system exhibited excellent catalytic performance for detecting H,O, and GL, achieving detection limits of 0.14 and
0.06 mM, respectively, which are lower than those reported for some nanozyme-based GL sensors. Furthermore, the developed
assay successfully analyzed human urine samples, yielding recoveries ranging from 100.0% to 104.3%. Compared with natural
peroxidase enzymes, Ag—Cu/CQDs have significant advantages, including simple synthesis, high stability, and cost-effectiveness,
making them promising candidates for biosensor applications.

1 | Introduction

complications related to the cardiovascular system, nervous

Diabetes is a rapidly growing global health problem. According to
the World Health Organization (WHO), the number of people
with the disease reached approximately 451 million in 2017 and
is expected to reach 693 million by 2045 [1]. The disease is
characterized by hyperglycemia, which causes many serious

system, eyes, and kidneys [2]. One of the critical indicators for
assessing diabetes is the presence of glucose (GL) in urine.
Therefore, early detection of elevated GL levels plays a vital role
in diagnosing and monitoring patients’ health. Currently, many
methods have been developed to determine GL concentration in
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the laboratory, including colorimetric [3], fluorescence [4],
chemiluminescence [5], and electrochemistry [6]. Among them,
the glucose oxidase (GOx)-peroxidase-based colorimetric assay is
widely used due to its advantages of fast reaction time, high
sensitivity, and low detection limit [7]. Colorimetric GL detection
commonly relies on the enzymatic oxidation of GL by GOx to
generate H,0,, which subsequently oxidizes 3,3’,5,5'-
tetramethylbenzidine (TMB) to a blue-colored product (TMB,,),
enabling GL quantification via changes in color intensity [8].
Natural catalysts such as horseradish peroxidase (HRP) are
commonly used to achieve highly sensitive determinations, but
the synthesis and application of these enzymes arc limited by
their high cost, poor stability, and complicated manufacturing
processes [9, 10]. Therefore, recent studies have focused on
developing alternative artificial catalysts, mainly inorganic
nanoparticles, that mimic the activity of peroxidase enzymes.
Notably, Fe;O, nanoparticles are considered one of the first
nanozymes to exhibit peroxidase-like activity, opening up ave-
nues for the development of biosensors based on inorganic
nanomaterials [11]. After the advent of Fe;0, nanozyme, many
other nanomaterials have also been discovered to have
peroxidase-like activity with the advantages of low cost, ease of
fabrication, and higher stability compared to natural peroxidase
enzymes. These materials include gold nanoparticles (AuNPs)
[12], ZnFe,0,4 nanoparticles [13], CuO nanoparticles [14], and
Co30,4 nanoparticles [15], all of which have been widely applied
in biosensors and environmental sensors [16, 17]. Ag- and Cu-
based nanozymes have attracted significant interest in the de-
velopment of GL colorimetric sensors, with many material
systems reported to exhibit high catalytic performance, such as
C-dots/AgNPs [18], Ag@Ag, WO, NRs [19], Carbon/Silver Core/
Shell Nanodots [20], Au@Ag Heterogeneous Nanorods [21], Au/
Cu,0 Particles [22], Cu@Au(Ag)/Pt nanocomposite [23] which
have the good catalytic ability in the colorimetric detection of GL
with high sensitivity. However, existing Ag- or Cu-based
nanozymes still have significant limitations, including low sta-
bility, complex synthesis processes, and especially the inability to
effectively exploit the synergistic electron interactions between
the catalytic components, as well as the lack of supporting
materials to promote electron transport. To address these issues,
the use of plant extracts for green synthesis of metal nano-
particles is gaining increasing attention due to their environ-
mental friendliness and high efficiency. For example, Ag-Au
nanoparticles have been synthesized in aqueous media using C-
terminal tryptophan radicals as bioreductants, where Au®* and
Ag" ions are reduced to metallic Au” and Ag® and subsequently
nucleate into Ag-Au nanostructures [24]. Simultaneously, the
reducing agents act as stabilizers, inhibiting nanoparticle ag-
gregation and promoting uniform size distribution and stability
within the solution. In recent years, carbon quantum dots
(CQDs) derived from biomass, a type of nanoscale material
characterized by spherical morphology and sizes below 10 nm,
have been extensively utilized in the green synthesis of metal
nanomaterials [25, 26]. The synthesis of CQDs proceeds through
a carbonization process, in which the biomass precursors are
decomposed, transforming them into carbon-based structures.
Notably, the obtained CQDs retain the active functional groups
from the original biomass, providing a favorable surface for
further functionalization [27]. Besides acting as reducing agents
and stabilizers in the formation of metal nanoparticles, CQDs
also enhance catalytic performance due to their large surface

area, good conductivity, and the presence of multiple active
functional groups such as hydroxyl (-OH), carboxyl (-COOH),
and amino (-NH,) [28]. These properties have been demon-
strated through recent studies, showing the outstanding potential
of CQDs in catalytic and biosensor applications [29, 30].

Previous studies on colorimetric nanozymes for GL detection
mainly focused on single metal or metal oxide material systems,
which limit their catalytic efficiency. At the same time, the
synergistic catalytic effect between Ag-Cu bimetallic nano-
particles and CQDs-in which Ag and Cu can mutually enhance
the electron donor-acceptor ability, and CQDs act as reductants,
stabilizers, and electron transfer mediators-has not been sys-
tematically studied. In this study, a green, simple, and efficient
approach was applied to develop Ag-Cu/CQDs materials with
peroxidase catalytic activity for the colorimetric detection of GL
in urine. Although blood GL monitoring remains widely used,
urine GL analysis offers an easy and noninvasive continuous
monitoring solution. High urinary GL concentrations are
strongly associated with hyperglycemia and renal GL excretion
thresholds, making urine a clinically significant substrate for
evaluating GL-related metabolic disorders [31]. CQDs were
synthesized from turmeric starch (TS) using the hydrothermal
method, acting as reducing and stabilizing agents, helping im-
mobilize AgNPs and CuNPs, preventing agglomeration, and
promoting the synergistic effect among the components of the
material. Ag-Cu/CQDs materials have many outstanding ad-
vantages, such as a green synthesis process, low cost, easy
implementation, nonpolluting, and high stability, as well as good
biocompatibility, thanks to the presence of functional groups
from biomass precursors [31, 32]. The peroxidase-like activity of
Ag-Cu/CQDs was evaluated and subsequently applied for col-
orimetric GL detection in urine. The research results showed that
Ag—Cu/CQDs are a potential material that can replace peroxidase
enzymes in biochemical detection and biomedical diagnostic
applications.

2 | Material

2.1 | Chemicals

TS used to synthesize CQDs was purchased from Hue, Vietnam.
The chemicals used in the experiments, including AgNOs;,
Cu(NO»),.3H,0, GOx, H,0,, TMB, NaOH, and HCI, were ob-
tained from Sigma-Aldrich (USA). GL, lactose, fructose, L-
cysteine, CH3;COOH, CH3;COONa, NaH,PO,, and Na,HPO,
were purchased from Sinopharm Chemical Reagent Co., Ltd
(China). Deionized water (DIW) was used for all experiments.

2.1.1 | Synthesis of CQDs From TS

CQDs from TS were synthesized hydrothermally by mixing 0.04 g
TS in 50 mL distilled water at 180°C for 16 h. After cooling to
room temperature, the resulting solution was centrifuged at
4500 rpm for 10 min to remove insoluble carbon residues. The
clear, pale-yellow solution containing CQDs was recovered and
used directly for further experiments without purification. From
published research [33], this process yielded almost complete
conversion efficiency, with a residual amount of approximately
0.8% (w/w) and a CQD concentration of approximately 0.8 mg/
mL; therefore, CQDs were used based on the solution volume, as
described in the same methodology.

2 of 14

Journal of Nanotechnology, 2026

d ‘1 ‘9T0T Y88

:sdyy wouy papeo]

ASULDIT SUOWWO)) dANEAI)) d[qeoridde oyy £q pauIA0S 1€ SI[OIE V() 98N JO SN 10§ AIeIqIT dUIUQ AJ[IA\ UO (SUOTIPUOD-PUB-SULIN)/W0d"AA[IM" AIRIQI[aUI[U0//:sd)Y) SUONIPUO)) PUE SULD [ Y1 298 *[9707/80/L7] U0 Areiqiy auruQ A9[IA ¢ (-ou BANQERT) 9qnopeay - naryy Suend) yuiq £q 76061SSAUSS T 1°01/10p/wod Aoim'.



2.1.2 | Synthesis of Ag-Cu/CQDs

CQDs-based silver—copper nanoparticles (Ag-Cu/CQDs) were
synthesized through the co-reduction of AgNO; and Cu(NOs),
precursors in the presence of CQDs. CQDs acted as both a re-
ducing and stabilizing agent, reducing Ag™ and Cu*" to metal
nanoparticles, AgNPs and CuNPs, respectively, while limiting
the agglomeration phenomenon. Specifically, 20mL of 2M
AgNO; solution and 20 mL of 2 M Cu(NO3), solution were mixed
into 10 mL of CQDs solution and then stirred on a magnetic
stirrer heated at 80°C. During this process, the pH of the mixture
was adjusted to 11 using 0.5 M NaOH, resulting in a final reaction
volume of approximately 60 mL. Next, the mixture was boiled for
10 min and then cooled to room temperature. The result was
a reddish-brown solution, representing the formation of stable
nanosized Ag-Cu/CQDs. In addition, the individual synthesis of
Ag/CQDs and Cu/CQDs components was also carried out fol-
lowing the same procedure but without the presence of the other
metal precursor, helping to identify the role of each component
in the composite material system (Scheme 1).

2.2 | Characterization of Materials

The prepared materials were thoroughly characterized using
advanced techniques, including transmission electron micros-
copy (TEM), scanning electron microscopy (SEM) coupled with
energy-dispersive X-ray spectroscopy (EDX), Fourier-transform
infrared spectroscopy (FT-IR), and X-ray diffraction (XRD), to
study their size, surface morphology, elemental composition,
functional groups, and crystalline structure. UV-visible spec-
trophotometry (UV-Vis) was used to measure the absorbance of
samples at 652 nm.

2.3 | Peroxidase Activity of Ag-Cu/CQDs

The peroxidase-like activity of the Ag-Cu/CQDs materials was
evaluated by catalyzing the oxidation of colorless TMB into its
blue oxidized form (TMB,y). In a typical procedure, 300 uL of
400 mg/L H,0,, 200 uL of 5 mM TMB, and 0.545 g/L of catalyst
were mixed in 5 mL of acetate buffer (pH 4), prepared from 0.2 M
CH;COOH and 0.2 M CH3COONa. The mixture was incubated at
30°C for 40 min, after which the absorbance was measured at
652nm using a UV-Vis spectrophotometer. Furthermore, key
experimental parameters (pH, catalyst concentration, reaction
time, and H,0, concentration) were systematically optimized. To
ensure a stable pH throughout the reaction, all experiments were
performed in acetate buffer (pH 4.0) rather than adjusting the
pH directly with acid or base.

2.4 | H,0, and GL Colorimetric Detection by
Ag-Cu/CQDs

For the detection of H,0,, different concentrations of H,O, were
added to the reaction mixture and incubated at 30°C for 40 min
under the optimized conditions in Section 2.3. Then, the spec-
trophotometric measurements were performed at 652 nm. In the
case of GL quantification via the colorimetric method, GL so-
lutions with different concentrations ranging from 0 to 4.0 mM
were first reacted with O, in the presence of 100 uL GOx, and
500 uL. pH 7 buffer, and the process was incubated for 30 min.
Then, 0.545g/L Ag-Cu/CQDs, 200uL 5mM TMB, and 5mL
pH 4 buffer were added to the reaction mixture, respectively.
Then, the reaction system was incubated for 40 minutes at 30°C.

The resulting mixture was analyzed, and the absorbance signal
was recorded at 652 nm using a UV-Vis spectrophotometer. All
measurements were conducted in independent triplicates (n=
3). The linear range was determined from the calibration curve
(y = ax + b) by linear regression. The limit of detection (LOD)
and limit of quantification (LOQ) were calculated as 3 and 100/S,
respectively, where ¢ is the standard deviation of blank mea-
surements and S is the slope of the calibration curve [34]. This
statistical treatment ensures that the analytical results are robust
and reproducible.

2.5 | Real Sample Analysis

The analysis of GL in real samples using Ag-Cu/CQDs by col-
orimetric mechanism will be performed by adding GL standard
at 03 different concentrations to the urine sample matrix. Im-
mediately after collection, urine samples of healthy people are
diluted 150 times with distilled water and the GL standard. The
process of detecting GL in urine will be performed as in Section
2.4, and the absorption intensity signal at 652 nm wavelength will
be recorded by a UV-Vis spectrophotometer.

3 | Results and Discussion

3.1 | Characterization

Figure 1 shows the TEM and SEM images of Ag/CQDs, Cu/
CQDs, and Ag-Cu/CQDs at different magnifications to observe
the prepared materials’ morphology. The results showed that the
composites had no hollow spherical structure, and the nano-
particles were relatively uniformly distributed. Specifically, the
AgNPs were spherical in shape, while the CuNPs existed in the
form of thin sheets. Both morphologies were present in the
Ag—Cu/CQDs composite samples, with the mean particle size at
52.4nm (£14.3 nm). The particle sizes of the AgNPs ranged from
10 to 35nm, with an average diameter of about 20.4 nm.
Meanwhile, the CuNPs had a sheet-like structure with an average
length of about 102.2 nm. The almost complete transparency of
the nanosheets indicated that they had an ultrathin structure,
and the presence of numerous nanodots on the surface of the
nanosheets demonstrated that the CQDs were effectively at-
tached to the AgNPs and CulNPs, contributing to the formation of
a homogeneous nanomaterial. Furthermore, the EDX elemental
map in Figure 1i clearly shows the significant elements, in-
cluding C, O, Ag, and Cu, distributed in Ag—-Cu/CQDs. The result
is strong evidence that we have successfully synthesized nano-
structured Ag-Cu/CQDs materials.

In addition to TEM, SEM, and EDX techniques, XRD and FT-IR
techniques were also used to determine the structural and
chemical characteristics of the synthesized materials, contrib-
uting to the confirmation of the formation of crystalline phases
and the chemical bonds in the material system. Figure 2a shows
the XRD diffraction patterns of the Ag/CQDs, Cu/CQDs, and
Ag—Cu/CQDs samples. Among them, the characteristic peaks of
Ag observed at 38.1°, 64.3°, and 79.4°, corresponding to the (111),
(220), and (311) crystal planes, respectively, consistent with the
JCPDS No. 003-0921 database [35], were visible on the Ag/CQDs
and Ag-Cu/CQDs samples. In addition, the diffraction peak at
43.8° corresponding to the (111) plane of Cu, consistent with the
JCPDS No. 04-0836 data [35, 36] was also detected on the Cu-
containing samples. These sharp diffraction peaks confirm the
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SCHEME 1 | The illustration of Ag-Cu/CODs synthesis and GL detection.

presence of highly crystalline Ag and Cu nanoparticles in the
composites. In the FTIR spectrum of Ag-Cu/CQDs, weak ab-
sorption bands observed at 597.4 and 775.8 cm ! can be tenta-
tively associated with Cu-O-related vibrations [37], while the
band at ~510cm ™" may be attributed to Ag-O vibrations [38].
Similar characteristics were also observed in Cu/CQDs and Ag/
CQDs, respectively, suggesting the presence of metal-oxygen
interactions on the CQD surface. In addition, the low-intensity
peaks at 3470 and 2969 cm ™' indicated the presence of the -OH
group and C-H [38-40], and the peak at 1115 cm ™~ * was attributed
to the characteristic vibration of the C-O-C group, which is
a characteristic functional group on the surface of CQDs syn-
thesized by the green method from TS. During the reduction of
metal ions to form AgNPs and CuNPs, the hydroxyl and carboxyl
groups on CQDs act as reducing agents and surface ligands
|41, 42]. The stable presence of characteristic peaks of CQDs in
the FTIR spectra of the synthesized materials suggests that CQDs
are not only material matrices but also play an essential role in
stabilizing and dispersing metal nanoparticles (AgNPs, CuNPs)
through surface interactions.

3.2 | Peroxidase Activity of Ag-Cu/CQDs

The peroxidase-like activity of the Ag-Cu/NPs catalyst was
evaluated by oxidizing TMB in the presence of H,O, at 30°C.
Figure 3a shows the absorbance of different reaction systems in
the wavelength range of 500-800 nm, based on the color change
of TMB from colorless to a characteristic blue at 652 nm [43] in
the presence of H,0, and the catalyst. Specifically, the reaction

system consisting of only TMB and H,0, (without Ag-Cu/NPs)
showed no significant color change. At the same time, the ab-
sorption signal increased sharply in the presence of the Ag-Cu/
NPs catalyst, demonstrating that Ag—Cu/NPs have peroxidase-
like enzyme activity when catalyzing the reaction between TMB
and H,0, [15]. Moreover, the absorbance signal at 652 nm was
notably low in the reaction system containing only TMB and
Ag—Cu/NPs (without H,0,), indicating that the catalytic process
relies on dissolved oxygen in the solution. Under anaerobic
conditions, the generation of reactive oxygen species from O, is
markedly suppressed, significantly reducing catalytic activity
[44]. In addition, the blue shift in the Ag/CQDs and Cu/CQDs
systems was shown by the higher absorbance at 652 nm than that
of the noncatalyst system and lower than that of the Ag-Cu/
CQDs composite system, indicating that Ag/CQDs and Cu/CQDs
also exhibited peroxidase activity. Their synergy enhanced the
peroxidase-like catalytic efficiency of Ag-Cu/CQDs [42, 43].

Experimental conditions, including pH of the buffer solution,
reaction time, catalyst dosage, TMB concentration, and H,O,
concentration, were studied in detail to optimize the catalytic
process. The effect of pH in the range of 3-9 on the peroxidase-
like activity of Ag—-Cu/CQDs was evaluated through the oxida-
tion of TMB in the presence of H,0, (Figure 3b). The results
showed that Ag-Cu/CQDs had the highest catalytic efficiency at
pH 4, consistent with previous studies assuming that TMB ox-
idation was favorable in acidic environments [42, 44]. Reaction
time also significantly affected the catalytic efficiency (Figure 3c).
The catalytic efficiency increased gradually as the reaction time
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FIGURE1 | The TEM images of Ag/CQDs (a, d); Cu/CQDs (b, e); Ag-Cu/CQDs (c, f) at different resolutions and particle size distribution histogram
of Ag—Cu/CQDs (inset of f); the SEM images of Ag/CQDs (g); Cu/CQDs (h); Ag-Cu/CQDs (i) and the EDX spectrum of Ag-Cu/CQDs (inset of i).

e | § ¢ EE
100 I 180 -m)ﬁﬂ%b =) [N
Ag-Cu/CQDs Ag-Cu/CQDs
160 4 f‘\hw.\
80 -
= s \
~ & n U
3 ai e 140 © 3 2 ol
S w0 M S Cu/CQDs IR
%‘ o g 120 b N
@ Cu/CQDs g —\
£ 40 4 " P < 100 +
¥ s
am a Ag/CQD:
20 4 & 80 Ag QDs
) (220) (311) M Y
Ag/CQDs * . —
A A 60
O T T T T T T T T T T T T T
10 20 30 40 50 60 70 80 4000 3500 3000 2500 2000 1500 1000 500
2 theta (degree) Wavenumber (cm™)
* Ag
# Cu
& CQDs
(@ (b)
FIGURE 2 | The XRD patterns (a) and FTIR spectra (b) of Ag/CQDs, Cu/CQDs, Ag-Cu/CQDs.
Journal of Nanotechnology, 2026 5 of 14

d ‘1 ‘970T ¥8E8

sdyy wouy

ASUAOI'T suowno)) dAnear) dqeardde oy Aq paurdA0S a1e sd[oNIE Y (2SN JO SI[NI 10J ATeIqIT AUI[UQ) AJ[IAY UO (SUONIPUOI-PUB-SULIA}/W0D"KI[IM’ AIRIQIOUI[UO//:5dNT) SUONIPUO)) pue SWd I, Ay 90§ *[9707/80/LZ] U0 A1eiqr duruQ Ad[1Ay © (*du] ANQeT) aqnopeay - nanyyy Sueng) yui £q 7606 1SSAUNSSTT'01/10p/ w0 Aofim”



3.5 2.5
2.5
3.0
2.0
5] - 2.0 4 R
=1
3 3 2
% 2.0 2 1.5 S 15
Qo Q 8
= s g g
£ 1.5 £ 1.0 £
2 Z 5 L0
2 1.0 < E
’ 0.5
0.5 0.5
A 0.0 ——
0.0
- - : T 0.0 + r T
500 600 700 800 500 600 700 800 500 600 700 800
Wavelength (nm) Wavelength (nm) Wavelength (nm)
— TMB+H,0, — pH3 —— pH7 —— 0min —— 50 mins
—— TMB+Ag-Cu/CQDs — pH4 pH S — 10 mins 60 mins
—— TMB+H,0,+Ag-Cu/CQDs — pIIs —— pII9 — 20 mins —— 70 mins
—— TMB+ILO,+ AgNDs — pH6 —— 30mins — 80mins
272 —— 40 mins —— 90 mins
—— TMB+H,0,+ CuNPs
(a) (b) ©
3.0
3.0
254 —1
2.5
—~ —~ 1
= 2 2.04 T
= 2.04 =
Q 9 }
= 2 154
2 154 £ :
g 3
Z 10 2 107
0.5 0.5
0.0 4 . . 0.0 - r r -
500 600 700 800 No scavenger  IPA KBrO3 DHB
Wavclength (nm)
— 0.000 g/L
— 0182 g/L
— 0.364 g/L
— 0.545g/L
— 0.727g/L

(@)

(©)

FIGURE3 | UV-Visspectra of the different reaction systems (a); effect of pH (b); effect of reaction time (c); dose of catalyst (d) and scavengers (e) for

the oxidation of TMB by H,0,.

extended from 0 to 40 min because of the prolonged contact of the
substrate H,0, and TMB with the catalyst. Then, there was
a slight decrease in the 40-90 min range, implying that the
catalytic efficiency slowed down with increasing time [45]. It
showed that the optimal reaction time was 40 min to achieve the
highest catalytic efficiency. Based on the optimal results of
pH (4.0) and reaction time (40 min), the effect of Ag-Cu/CQDs
catalyst dosage was investigated at 30°C, H,O, concentration
400 mg/L, and TMB concentration 5 mM. The results obtained
(Figure 3d) showed that when the Ag-Cu/CQDs dosage in-
creased from 0 to 0.545 g/L, the absorbance at 652 nm gradually
increased, reflecting the increase in catalytic activity. However,
the catalytic efficiency decreased slightly when the dosage
continued to increase to 0.727 g/L. The reason may be that the
excess catalyst hinders the contact between TMB and the active
sites on the material surface, leading to a decrease in catalytic
efficiency [38]. This result determined the optimal catalyst
dosage to be 0.545 g/L for further experiments.

Based on the optimized conditions, the peroxidase-like catalytic
activity of the material was also investigated through free radical
trapping experiments using isopropyl alcohol (IPA, trapping
OH") [46], 3,4-dihydroxybenzoic acid (DHB, trapping O, ") [47],
and KBrO; (trapping e ™) [48], to support the study of the reaction

catalytic mechanism. All reactions were carried out under am-
bient laboratory light without intentional light irradiation. The
results presented in Figure 3e show that the absorption intensity
at 652 nm decreased significantly with the addition of IPA (47.6%
inhibition), indicating that OH" radicals played the most crucial
role in the oxidation of TMB, as in a previous study [49]. When
DHB was used, the absorption signal decreased to a moderate
level (31.9%), indicating that O,"” was also an active agent
contributing to the reaction process. The decrease in absorption
upon the addition of KBrO; (18.4%) suggests that the electron
transfer pathway (e™) also participated in the catalytic activity.
However, the influence was lower than that of the other two
agents. Taken together, these results show that all three active
species are involved in the peroxidase-like mechanism of the
material, with the contribution levels in the order:
OH >0, >e .

3.3 | Kinetic Studies of the Peroxidase Activity

The peroxidase-like catalytic kinetics of Ag-Cu/CQDs were in-
vestigated through steady-state kinetic parameters, based on the
oxidation reaction of TMB in the presence of H,0, in the pro-
posed reaction system. The investigation was carried out by
varying the concentrations of TMB and H,O, over time in the
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proposed reaction system, thereby evaluating the reaction rate.
The obtained kinetic data were analyzed using the Michae-
lis-Menten equation, Vo = Viax[S]/(Kim + [S]), where Vj is the
initial reaction rate, Vi, is the maximum reaction rate, [S] is the
substrate concentration (TMB or H,0,), and K, is the
Michaclis-Menten constant, representing the catalyst’s affinity
to the substrate [50]. The initial reaction rate v was calculated
from the optical absorption data according to the Lambert-Beer
law, using a molar absorption coefficient of 39,000 M™"-.cm™" for
the oxidation product of TMB [51].

Figure 4 presents the steady-state kinetic analysis of Ag—Cu/
CQDs with respect to TMB and H,0,, including the nonlinear
Michaelis-Menten curve (Figure 4a,c) and the corresponding
double inverse Lineweaver-Burk plots (Figure 4b,d). The ap-
parent kinetic parameters (K, and Vp,x) were determined pri-
marily from the nonlinear Michaelis—Menten fitting method, and
compared with previously reported nanoenzymes (Table 1). Ky, is
an important parameter reflecting the affinity of the enzyme for
the substrate. The lower the K, value, the higher the affinity
between the enzyme and the substrate, that is, the enzyme can
bind to the substrate more effectively at low concentrations [55].
Compared with HRP, the Ag-Cu/CQDs nanocomposite showed
a Ky, value for TMB of 0.091 mM, slightly lower than that of HRP
(0.434 mM) [56], indicating that Ag-Cu/CQDs have a higher
affinity for TMB than the native enzyme, requiring a lower TMB
concentration to achieve the maximum reaction rate. In contrast,
the K, value for H,0, of Ag-Cu/CQDs was 0.013 mM, much
lower than that of HRP (3.70 mM), indicating a greater affinity
for the H,0, substrate than the native enzyme [57]. In addition,
the Vmax of Ag-Cu/CQDs for TMB and H,O, were recorded as
2.67x 107 and 0.81 x 107®M-s™*, respectively (Table 1), in-
dicating that the composites possess peroxidase catalytic activity.
Compared with the other published materials in Table 1, these
results confirm the potential application of Ag—Cu/CQDs as an
efficient peroxidase-mimicking catalyst in colorimetric systems
based on the TMB oxidation reaction.

3.4 | Colorimetric Detection of H,0, and GL

Based on the good peroxidase catalytic ability of the Ag—Cu/
CQDs material, this nanosystem catalyzes the decomposition
reaction of H,0,, generating reactive oxygen species that can
oxidize TMB from colorless form to TMB,, with a characteristic
blue color [58]. This process is applied to develop a sensitive and
selective H,0, detection method. In this experiment, H,0,
concentrations from 0.555 to 55.55 mM were investigated under
the optimal conditions established in Section 3.2. The results
presented in Figure 5a show that as the H,0, concentration
increases, the blue color intensity at the characteristic wave-
length of 652 nm also increases correspondingly, reflecting the
increasing formation of TMB,. The linear relationship between
H,0, concentration and absorption intensity was established
with the regression equation, y = 0.01215x + 0.6975 (R* = 0.986)
(Figure 5b). The method gave a LOD of 0.14 mM and a LOQ of
0.42mM [59], confirming the potential application of Ag-Cu/
CQDs materials in color sensor systems to detect H,O,, not only
with high efficiency and sensitivity but also user-friendly through
easily observable color changes even at low H,0, concentrations.

Based on the catalytic mechanism of the enzyme GOx, GL is
oxidized to gluconic acid and simultaneously produces H,0, in

the presence of molecular oxygen [60]. The amount of H,O,
produced continues to react with the substrate TMB under the
catalysis of peroxidase activity, creating a characteristic blue
product. This principle has been developed into a sensitive
colorimetric method to detect GL. The color intensity of the TMB
oxidation product is proportional to the GL concentration,
allowing indirect quantification of GL through the color signal of
the reaction system [19]. Under optimal conditions, the Ag-Cu/
CQDs material was applied to detect GL through the experi-
mental series described in Section 2.3, with the GL concentration
ranging from 40 to 4800 pM. The results presented in Figure 5c
show that the absorption intensity at 652 nm gradually increases
with the GL concentration. Correlation analysis between color
intensity and GL concentration showed a good linear relation-
ship, with the regression equation y =0.00029x + 0.23833 and
the correlation coefficient R? = 0.998 (Figure 5d)). Based on this
equation, LOD and LOQ were calculated as 0.06 and 0.18 mM,
respectively. The Ag-Cu/CQDs showed good catalytic perfor-
mance with a low LOD value and a wide lincar range, dem-
onstrating a sensing performance comparable to or competitive
with many previously published material systems, as shown in
Table 2. This exceptional performance stems from the synergistic
effect between Ag and Cu nanoparticles with CQD bridges,
which promotes faster electron transfer and enhanced
peroxidase-like catalytic activity. Compared with single-metal
nanozymes, this bimetallic-conductive structure not only pro-
vides more active sites but also significantly enhances charge
separation and transfer during the reaction. These results con-
firm that Ag-Cu/CQDs is a promising sensing platform for GL
detection, offering high sensitivity and good stability, and is
promising for expanding its applications in biological systems
and practical analysis.

The selectivity of Ag-Cu/CQDs materials in detecting GL by
colorimetric method was verified through experiments exam-
ining the effects of interfering agents. In the experiment, the GL
concentration was kept constant at 60 mM while common
substrates such as fructose (30 mM), lactose (30 mM), and cys-
teine (30 mM) were added. The absorbance measurement results
at 652 nm (Figure 6) showed that the signal intensity remained
almost unchanged in the presence of these interfering agents,
proving that they did not affect the GL detection efficiency of the
sensor system. In particular, although cysteine is a strong re-
ducing amino acid that can compete with TMB, the experimental
results still showed no color signal degradation, consistent with
previous studies [51, 55]. This can be explained by the fact that
the H,0, product of the GL process by GOx has a strong oxidizing
power that promotes the oxidation of TMB into a stable blue
product and limits the ability of cysteine to reduce TMB back,
thereby ensuring the accuracy and stability of the measurement
[57]. This result confirms that the Ag-Cu/CQDs material system
combined with GOx has high selectivity and ensures signal
stability, thanks to the preferential and specific reaction mech-
anism between GOx and GL, helping to minimize the impact of
interference agents in the sample environment.

3.5 | Proposed Mechanism

The catalytic mechanism of the Ag-Cu/CQDs material system in
the process of detecting GL through color signal is believed to
originate from the ability to generate hydroxyl radicals ("OH)
during the decomposition of H,0, combined with effective
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FIGURE 4 | Steady-state kinetic analysis of Ag-Cu/CQDs for TMB and H,0, using nonlinear Michaelis-Menten (a, ¢) and Lineweaver-Burk plots

(b, d).

electron transfer |47, 65]. Specifically, the GL detection process
takes place in two main stages: (i) under the influence of the
enzyme GOx, GL is oxidized by dissolved oxygen, producing
H,0, and gluconic acid [18]; (ii) the amount of H,0, generated
then acts as an oxidant, converting TMB from a colorless state to
an oxidized form with a characteristic blue color in the presence
of the Ag—Cu/CQDs catalyst. In this step, H,0, is adsorbed onto

TABLE 1 | Comparison of the kinetic parameters of other catalysts.

the Ag-Cu/CQDs nanocomposite surface, facilitating the elec-
tron exchange between the amino groups of TMB and the ma-
terial system [66]. This interaction increases the electron density
and mobility in the nanocomposite network, promoting the
electron transfer from Ag-Cu/CQDs to H,0,. As a result, H,O,
decomposes rapidly into water and highly active OH" radicals.
These free radicals continue to transfer clectrons to TMB,

Materials Substances K,;, (mM) Vimax (M.s™%) Ref
Fe.S TMB 0.161 14.71x10°® [7]
304 H,0, 0.111 13.12%x 1078 [7]
TMB 0.85 13.31x107® [52]

ZnFe;,04 MNPs H,0, 1.66 7.74%10°% [52]
TMB 0.037 327x107% [15]

0504 NPs H,0, 140.07 12.10x 10°® [15]

i . TMB 0.434 10.00 x 107® [53]
Horseradish peroxidase (HRP) H,0, 3,70 871 % 10~ (53]
Fe;0,@Cu@Cu,0 H,0, 2.3 11.00 X 107® [54]

TMB 0.091 2.67%x1078 This study
Ag- D .
g-Cu/CQDs H,0, 0.013 0.81x107® This study
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TABLE 2 | Comparison of linear range and LOD results of different materials for GL detection.

Materials Analytes Linear range (mM) LOD (mM) Ref
Fe;0, nanoparticle Glucose 0.05-1 0.03 [9]

Ag NPs graphene Glucose 2-10 0.1 [61]
Au—Ag—Pt Nanoparticle Glucose 0-10 0.289 [62]
Etching of triangular gold nanosheets (AuTNPs) Glucose 0.2-12 0.1 [63]
Co0O-OMC Glucose 0.1-5.0 0.068 [64]
Ag-Cu/CQDs Glucose 0.04-4.8 0.06 This study
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FIGURE 6 | Determination of the selectivity of GL detection (a, b); UV-Vis spectra of real sample (c) for determination of GL based on Ag-Cu/

CQDs.

accelerating the oxidation of TMB into the characteristic dark
blue TMB, product [67]. Notably, the presence of CQDs not only
acts as effective adsorption centers, helping to fix TMB molecules
onto the catalyst surface [68] but also contributes to enhancing
the electron density as well as the electron transfer [69, 70]
between Ag—Cu nanoparticles and the CQDs surface. In addition,
according to previous research, AgNPs and CuNPs with perox-
idase activity on Ag-Cu bimetallic nanomaterials exhibited
improved catalytic performance due to their synergistic effect
[71]. The overall mechanism of this process is illustrated in
Scheme 2.

3.6 | Real Sample Analysis

The practical applicability of the proposed colorimetric method
was evaluated by an experiment to detect GL in human urine

samples, which was carried out using the standard addition
method, similar to many previous studies [60, 66]. The urine
sample was diluted 150 times with distilled water to minimize the
influence of background factors without any other pretreatment
steps [72]. Then, three levels of standard GL concentrations (S1,
S2, and S3) were added to the sample; each level was repeated
three times to check the repeatability. The reaction procedure
continued as described in Section 2.5. The absorbance mea-
surement results at 652 nm (Figure 6¢) showed that the signal
increased gradually, corresponding to each added GL level.
Analysis of the recovery showed that the value was in the range of
100%-104.3%, and good repeatability was demonstrated through
triplicate measurements at each concentration (Table 3). The
negligible interference from lactose, fructose, and cysteine, to-
gether with the satisfactory recoveries in spiked urine samples,
indicates that matrix effects from urine components are minimal
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SCHEME 2 | The proposed mechanism for GL detection by colorimetric method based on Ag-Cu/CQDs.

TABLE 3 | Determination of GL in human urine samples.

RSD (%)
Samples Added (pM) Found (uM) Average (uM) Recovery (%) (n=3)
Blank — 0 — — —
1860.5
S1 1800 1837.3 1847.7 102.6 0.64
1845.2
1568.4
S2 1600 1637.2 1600.4 100.0 2.17
1595.4
1058.1
S3 1000 1034.7 1043.2 104.3 1.24
1036.7

under the optimized conditions. These results confirm that the
colorimetric method developed from Ag-Cu/CQDs materials has
the potential for effective application in GL detection in real
biological samples.

4 | Conclusion

This study successfully synthesized Ag-Cu/CQDs materials with
tight binding between AgNPs and CuNPs on CQDs. CQDs were
synthesized by a green method from TS, acting as both a reducing
agent and a stabilizing agent, helping to reduce Ag" and Cu**
ions into corresponding metal nanoparticles. The synthesized
materials showed excellent peroxidase-mimicking activity,
which could combine with H,0, to produce OH" and oxidize
colorless TMB into characteristic blue TMB,,. Based on this
principle, we developed a simple, sensitive, and selective col-
orimetric method for the detection of GL by coupling with GOx,
in which Ag-Cu/CQDs acted as a peroxidase-mimicking catalyst.
The detection system achieved LODs of 0.14 and 0.06 mM for
H,0, and GL, respectively, and was successfully applied to the
analysis of urine samples with high recoveries. Compared with
natural peroxidase enzymes, Ag-Cu/CQDs have outstanding

advantages such as a simple synthesis process, high stability, and
low cost. In addition, this study also elucidated the catalytic
mechanism of Ag-Cu/CQDs in the peroxidase-mimicking re-
action, which provides a scientific basis for optimizing GL de-
tection performance in future biomedical and environmental
applications.
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