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Catechin, a phenolic-active substance extracted from natural plants, exhibits a wide range of biological

activities. However, exceeding safe levels can harm human health, making accurate quantification

essential. Current assay methods, however, do not provide efficient or precise catechin measurements.

In this study, an Os–Ru nanozyme with outstanding peroxidase-mimicking activity was first developed,

showing Km values of 0.36 mM for 3,30,5,50-tetramethylbenzidine (TMB) and 2.67 mM for H2O2.

Additionally, catechin was found to effectively scavenge hydroxyl radicals (HOc) generated from H2O2

decomposition by the Os–Ru nanozyme. Based on this, a rapid dual-readout colorimetric method for

catechin detection was established, featuring an absorbance measurement in solution and grayscale (G)

analysis on a paper platform, both based on the Os–Ru nanozyme. This dual-readout colorimetric

method achieved highly sensitive catechin detection across a broad linear concentration range (0 to 450

mmol L−1), with detection limits of 2.84 mmol L−1 for absorbance measurement and 9.68 mmol L−1 for the

G value analysis. Moreover, the method demonstrated excellent reliability and accuracy in practical

applications, yielding spiked recoveries between 91.78 and 103.01% and relative standard deviations

(RSD) ranging from 1.62 to 6.74% in the analysis of green tea beverages. Overall, this Os–Ru nanozyme-

based dual-readout colorimetric method has considerable potential for practical catechin detection and

could provide additional inspiration and ideas for the rational design and development of colorimetric

sensing methods for rapid detection of nanozyme-based antioxidants.
Introduction

Catechin is a phenolic-active substance extracted from natural
plants.1 It is commonly found in tea and is the main active
ingredient that has biological activity.2 Catechin has been re-
ported to possess various bioactivities such as anti-
inammatory, antibacterial, anticancer, cardiovascular protec-
tion, blood glucose lowering, and free radical scavenging
effects,3–6 which has resulted in its widespread use in medical
and food applications. However, when catechin levels exceed
the safety threshold (800 mg per day), it may cause adverse
health effects such as nausea and dizziness.7 Therefore,
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establishing an efficient, sensitive, and reliable catechin
detection method is of considerable importance for ensuring
food safety.

Currently, gas chromatography (GC), high-performance
liquid chromatography (HPLC), Raman spectroscopy, and
electrochemical methods are the primary techniques used for
catechin determination.8–11 However, these approaches oen
have limitations such as the requirement for large and expen-
sive instrumentation, complex and time-consuming proce-
dures, high costs, and the inability to provide visual results.
These drawbacks hinder their ability to meet the current
demand for efficient and accurate catechin detection.12,13 In
contrast, methods like UV spectrophotometry using a micro-
plate reader and paper-based colorimetric assays offer advan-
tages such as a rapid response, simple operation, and relatively
low cost.14,15 The synthesis of new nanomaterials is essential for
the development of sensitive colorimetric sensors for catechin.

Nanozymes are nanomaterials exhibiting enzyme-like
activity, as rst reported in 2007.16 They have gained consider-
able attention because they overcome the limitations of natural
enzymes, such as strict storage requirements, poor stability,
and high costs, making them an emerging research focus.
Currently, nanozymes are widely applied in bioanalysis,
© 2025 The Author(s). Published by the Royal Society of Chemistry
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medical therapy, food analysis, and related elds.17–20 Notably,
nanozymes based on osmium (Os) and ruthenium (Ru) have
recently demonstrated unique catalytic properties and prom-
ising application potential.21–24 For example, Pan et al. prepared
an Os nanozyme with peroxidase-mimicking activity using
a “one-pot method” and applied it in an immunoassay of folic
acid.21 Zhu et al. synthesized a Ru@CeO2 nanozyme exhibiting
a photothermal effect for rectal cancer treatment by combining
chemotherapy with photothermal therapy.23 However, research
on Os–Ru nanozymes is relatively limited, primarily focusing on
applications such as emission cathodes, quantum technologies,
and electrocatalysts.25,26 To date, no studies have explored their
use in food detection.

In this study, an Os–Ru nanozyme with excellent peroxidase-
mimicking activity was innovatively prepared using a one-step
hydrothermal reaction. Based on this nanozyme, rapid dual-
readout colorimetric analysis of catechin was achieved,
featuring absorbance measurement in solution and grayscale
(G) analysis on a paper platform. The sensing principle of this
dual-readout colorimetric analysis method is illustrated in
Scheme 1. The Os–Ru nanozyme efficiently catalyzes the
generation of hydroxyl radicals (HOc) from H2O2 via its
peroxidase-mimicking activity, which oxidizes the colorimetric
substrate TMB to the blue product oxTMB, causing both the
solution and paper platform to turn blue. However, in the
presence of catechin, it scavenges the hydroxyl radicals (HOc)
generated by the Os–Ru nanozyme-catalyzed decomposition of
H2O2, thus inhibiting TMB oxidation and resulting in a lighter
color for both the solution and paper platform. Consequently,
rapid dual-readout colorimetric analysis of catechin can be
Scheme 1 Schematic of (a) Os–Ru nanozyme preparation and (b)
sensing principle and dual-readout colorimetric analysis of catechin
based on the Os–Ru nanozyme in the solution system and paper
platform.

© 2025 The Author(s). Published by the Royal Society of Chemistry
easily performed based on these color changes. Overall, the
nanozyme-based dual-readout colorimetric analysis method
developed in this study shows considerable potential for rapid
detection of antioxidants such as catechins and offers valuable
insights for designing and developing colorimetric sensors.

Experimental methods
Preparation of the Os–Ru nanozyme

The Os–Ru nanozyme was synthesized following a previously
reported method with slight modications.27 Briey, 50 mL of
40 mM K2OsCl6 solution, 50 mL of 20 mM RuCl3$3H2O solution,
6.0 mg glycine, and 15 mg of PVP were added to a 1 mL tube
containing 900 mL of deionized water. Aer vertexing at 20 °C
for 10 min, this mixture was transferred to a three-neck ask
containing 50 mL of boiling 3.5 mM citric acid solution. The
reaction was then vigorously stirred at 1800 rpm and main-
tained at 100 °C for 40 min. Finally, the product was placed in
a 500-D dialysis bag and dialyzed with deionized water for 24 h
to yield the Os–Ru nanozyme stock solution.

Peroxidase-mimicking activity of the Os–Ru nanozyme

The peroxidase-mimicking activity of the Os–Ru nanozyme was
initially assessed by evaluating its ability to catalyze the oxida-
tion of the chromogenic substrate TMB into the blue product
oxTMB in the presence of H2O2. This was followed by a more
detailed investigation of its enzyme-mimicking catalytic
performance using steady-state kinetic assays.28 For complete
experimental details, refer to the “peroxidase-mimicking
activity of the Os–Ru nanozyme” section in the SI.

Mechanism of colorimetric analysis of catechin based on the
Os–Ru nanozyme

The mechanism of colorimetric analysis of catechin using the
Os–Ru nanozyme was explored by tracking the production of
hydroxyl radicals (HOc) in the reaction system. Terephthalic
acid (TA) and 5,5-dimethyl-1-pyrroline-N-oxide (DMPO) were
employed as HOc scavengers. Initially, the uorescence spectra
of the reaction mixture (TA (5 mM, 100 mL), H2O2 (10 mM, 800
mL), and the Os–Ru nanozyme (64-fold dilution of the original
solution, 50 mL)) were recorded with and without catechin using
a uorescence spectrophotometer at 315 nm excitation. Before
measurement, the reaction systems were incubated at 45 °C for
30 min to allow the reaction to proceed. Moreover, the electron
spin resonance (ESR) spectra of the reaction system (DMPO
(50 mM, 100 mL), the Os–Ru nanozyme (64-fold dilution of the
original solution, 50 mL), H2O2 (10 mM, 800 mL)) were recorded
with and without catechin using a Bruker A300 spectrometer.
Before measurement, the reaction mixtures were stirred for
5 min at pH 6.5.

Anti-interference ability of dual-readout colorimetric
detection of catechin

The anti-interference ability of the Os–Ru nanozyme-based
dual-readout colorimetric assay for catechin was assessed by
examining the inhibitory effects of common food interferents
RSC Adv., 2025, 15, 30446–30455 | 30447
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(such as ions, sugars, and amino acids) on the reaction system
(Os–Ru + TMB + H2O2).29 A concentration of 900 mmol L−1 was
selected for each interfering substance, tested both in solution
and on a paper platform. The detailed experimental procedures
were as follows.

In the solution system (absorbance measurement), 20 mL of
Os–Ru nanozyme solution (256-fold dilution) of the original
solution, 10 mL of catechin solution (450 mmol L−1), and/or 10
mL of interfering substance solution (900 mmol L−1), along with
200 mL of reaction substrate solution (containing 2.0 mM TMB
and 10 mM H2O2), were rst mixed in 96-well plates. The
mixture was then incubated at 20 °C and pH 4.5 for 10 min.
Then, the absorbance was measured at 650 nm using a micro-
plate reader. A blank control group, without catechin and
interfering substances, was included for comparison.

On the paper platform (G value analysis), 10 mL of the Os–Ru
nanozyme solution (64-fold dilution of the original solution)
was rst dropwise added to clean test paper with an 8 mm
diameter. Aer drying naturally, the catechin detection paper
was prepared. Next, 10 mL of catechin solution (450 mmol L−1)
and/or 10 mL of interfering substances solution (900 mmol L−1)
were added dropwise to the test paper and allowed to dry
naturally at 20 °C. Then, 20 mL of reaction substrate solution
(containing 3.75 mM TMB and 10 mM H2O2) was added drop-
wise, followed by a 10 min reaction at 20 °C and pH 4.0. Next,
images of the test papers were captured using the device shown
in Fig. S1. The device consisted of an iPhone 14 Pro and a small
LED photography studio. During image capture, the iPhone 14
Pro was kept xed at the top of the photography studio, and the
LED lights in the studio were kept on to minimize variability
caused by image acquisition conditions. The G value of the test
paper was obtained by analyzing the images with ImageJ so-
ware. The group without catechin, interfering substances, or
reaction substrate served as the control group, while the group
without catechin and interfering substances was designated as
the blank group. DG was dened as the difference between the
G value of the control group and that of the test group.
Dual-readout colorimetric detection of catechin based on the
Os–Ru nanozyme

Briey, in the solution system (absorbance value readout), the
Os–Ru nanozyme solution (20 mL, diluted 256-fold dilution of
the original solution), catechin solutions at varying concentra-
tions (0 to 450 mmol L−1, 10 mL), and reaction substrate solution
(200 mL, containing 2.0 mM TMB and 10 mM H2O2) were rst
mixed in 96-well plates. The mixture was then incubated for
10 min at 20 °C and pH 4.5. Then, the absorbance of the system
at 650 nm was measured using a microplate reader. The group
without reaction substrate served as the blank control, and all
nal absorbance values were obtained by subtracting the blank
control absorbance from the measured values. Finally, the
absorbance values were plotted as the vertical axis, and the
catechin concentrations were plotted as the horizontal axis.

The limit of detection (LOD) of the solution system for
catechin analysis was calculated according to eqn (1) when the
signal-to-noise ratio (S/N) was 3.
30448 | RSC Adv., 2025, 15, 30446–30455
LOD = 3 × SD/m, (1)

where SD is the standard deviation of the signal measured
multiple times in the blank control group, andm represents the
slope of the standard curve.

On the paper platform (G value analysis), catechin solutions
at varying concentrations (0 to 450 mmol L−1, 10 mL) were rst
added dropwise to the test paper. Aer air-drying at 20 °C, the
reaction solution (20 mL, containing 3.75 mM TMB and 10 mM
H2O2) was applied dropwise. The test paper was then incubated
at 20 °C and pH 4.0 for 10 min, followed by photographing with
a device consisted of an iPhone 14 Pro and a small LED
photography studio. The G value of the test paper was obtained
by analyzing the photos using ImageJ soware. The G values
were plotted on the vertical axis against catechin concentrations
on the horizontal axis. The subsequent procedures were
consistent with those described for the solution system above.
Dual-readout colorimetric analysis of catechin in real samples

To verify the reliability and application potential of the Os–Ru
nanozyme for detecting catechin in real samples, we selected
three types of green tea beverages (Master Kong, Vita, and Yulu)
for spiked recovery analysis rst. The pretreatment and spiked
recovery procedures followed literature methods with minor
modications.27 First, the green tea beverages were centrifuged
at 12 000 rpm and 20 °C for 10 min to collect the supernatant.
Next, the supernatants were diluted 100-fold with distilled water
and ltered through 0.22 mm lters. Then, varying amounts of
catechin were weighed and added to the dilutions of the three
beverages to prepare spiked recovery solutions with concen-
trations of 400, 200, and 0 mmol L−1. The catechin contents in
these spiked beverages were thenmeasured both in the solution
and on the paper platform. Then, the spiked recovery rates and
relative standard deviations (RSD) were calculated. Additionally,
high-performance liquid chromatography (HPLC) was per-
formed for validation of the results.

Finally, Master Kong was selected as an example to measure
the catechin content in real green tea beverages. The pretreat-
ment (centrifugation, dilution and ltration) and measurement
steps were consistent with those described above.
Results and discussion
Characterization of the Os–Ru nanozyme

To conrm the successful synthesis of the Os–Ru nanozyme, we
performed TEM, EDS, ICP-MS, XRD, EDS mapping, zeta
potential, and UV-vis spectroscopy. Fig. 1a and b show that the
Os–Ru nanozyme consists of dispersed, irregularly shaped
particles with an average size of approximately 19.48 nm.
Additionally, the EDS elemental analysis shown in Fig. 1c
indicates that the nanozyme contains only Os and Ru, with
characteristic EDS peaks at 1.91 and 2.56 keV, and atomic ratios
of 69.37% and 30.63%, corresponding to Os and Ru, respec-
tively. Moreover, the contents of Os and Ru elements in the Os–
Ru nanozyme were measured by ICP-MS, and the results were
calculated as 69.42% and 30.58% for Os and Ru, respectively,
© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 1 (a) TEM image, (b) size distribution, (c) EDS spectrum (inset was the ratio of Os to Ru elements), (d) XRD patterns, (e) zeta potential, (f) UV-
vis spectra and (g) EDS mapping images of the elements Os and Ru of the Os–Ru nanozyme.
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consistent with the aforementioned EDS analysis results.
Furthermore, the XRD results (Fig. 1d) show that the Os–Ru
nanozyme exhibits ve diffraction peaks at 38.0, 38.4, 41.8, 43.6,
and 44.0°, which correspond to the (100), (002), and (101)
planes of fcc Os (JCPDS 06-0662) and the (100) and (101) planes
of fcc Ru (JCPDS 06-0663), suggesting that the Os–Ru nanozyme
was alloy structure. Fig. 1g EDS mapping result showed that
both Os and Ru elements were uniformly distributed
throughout the Os–Ru nanozyme, further conrming its alloy
structure. Additionally, Fig. 1e and f show that the zeta potential
of the Os–Ru nanozyme is approximately −18.79 ± 0.87 mV,
with a maximum absorption peak at approximately 526 nm.
These ndings conrm the successful synthesis of the Os–Ru
nanozyme.
Peroxidase-mimicking activity of the Os–Ru nanozyme

To verify whether Os–Ru nanozyme exhibit peroxidase-
mimicking activity, TMB was chosen as the chromogenic
substrate to test if it could be oxidized to the blue product
oxTMB in the presence of H2O2. As shown in Fig. S2, Os–Ru NPs
alone could not directly oxidize TMB, indicating they lack
oxidase-mimicking activity. However, upon adding H2O2 to the
© 2025 The Author(s). Published by the Royal Society of Chemistry
system, the solution turned blue and showed a strong absorp-
tion peak at approximately 650 nm. This demonstrated that Os–
Ru NPs can catalyze the oxidation of TMB to oxTMB in the
presence of H2O2, conrming their peroxidase-mimicking
activity.

To further evaluate the peroxidase-mimicking activity of Os–
Ru NPs, we performed a steady-state kinetic study. The
Michaelis–Menten constant (Km) indicates the enzyme's affinity
for a substrate, with a lower Km representing stronger affinity.
The maximum initial velocity (Vmax) represents the fastest rate
of the catalytic reaction, where a higher value means a quicker
reaction. According to Fig. S3 and Table 1, Os–Ru NPs showed
Km values of 0.36 mM for TMB and 2.67 mM for H2O2, while
their Vmax values were 337.29 × 10−8 M s−1 for TMB and 208.37
× 10−8 M s−1 for H2O2. Moreover, as shown in Table 1, the Os–
Ru NPs demonstrated higher affinity and faster reaction rates
toward both TMB and H2O2 compared to horseradish peroxi-
dase (HRP) and many other nanozymes, indicating that the
prepared Os–Ru NPs possess excellent peroxidase-mimicking
activity and are promising candidates as nano-peroxidases.
RSC Adv., 2025, 15, 30446–30455 | 30449
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Table 1 Comparison of Km and Vmax between the Os–Ru nanozyme and other catalysts with TMB or H2O2 as substrates

Catalyst

TMB H2O2

Ref.Km (mM) Vmax (10
−8 M s−1) Km (mM) Vmax (10

−8 M s−1)

HRP 0.43 10.00 3.70 8.71 30
CuCeTA nanoowers 0.54 0.14 0.62 1.92 31
SACe–N–C nanowires 0.11 90.16 33.16 225.06 32
PdCu0.9 nanoalloys — — 57.33 5.61 33
PB nanoparticles 0.41 196.17 23.20 198.17 34
Fe–N–C SAzymes 3.60 116.00 12.20 35.60 35
Pt clusters 2.90 69.00 49.10 85.00 36
GeO2 nanoparticles 0.42 23.30 1.75 23.40 37
Os–Ru nanozyme 0.36 337.29 2.67 208.37 This work
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Long-term stability of the Os–Ru nanozyme

To assess the practical application potential of the Os–Ru
nanozyme, the long-term stability of its structure and
peroxidase-mimicking activity were evaluated. As shown in
Fig. S4, aer 90 days of storage at 20 °C in sealed centrifuge
tubes, the Os–Ru nanozyme retained its original morphology,
appearing as dispersed irregularly shaped particles (Fig. S4a),
maintained a consistent size of approximately 19.32 nm
(Fig. S4b). Moreover, it exhibited a same XRD pattern as before
storage (Fig. S4c) and nearly unchanged peroxidase-mimicking
activity aer storage (Fig. S4d). These ndings suggest that the
Os–Ru nanozyme has excellent long-term stability in both
structure and peroxidase-mimicking activity.
Feasibility of dual-readout colorimetric detection of catechin
based on the Os–Ru nanozyme

To evaluate the feasibility of using the Os–Ru nanozyme for
dual-readout colorimetric detection of catechin (absorbance
measurement in solution and G value analysis on a paper
platform), the impact of catechin on the color, absorbance, and
G value of the system (Os–Ru nanozyme + TMB + H2O2) was
investigated in both platforms. As shown in Fig. 2, when only
TMB, H2O2, and the Os–Ru nanozyme were present, the solu-
tion (Fig. 2a, well a) and paper platform (Fig. 2b, paper a) both
displayed a blue color, corresponding to a high absorbance
Fig. 2 Feasibility of using the Os–Ru nanozyme for dual-readout colorim
(a: Os–Ru nanozyme + TMB + H2O2, b: Os–Ru nanozyme + TMB + H2O

30450 | RSC Adv., 2025, 15, 30446–30455
value at 650 nm and a DG value (G value of the blank group
minus G value of the sample group). These phenomena result
from the Os–Ru nanozyme catalyzes H2O2 to oxidize TMB to
produce blue oxTMB. However, when a high concentration of
catechin (450 mmol L−1) was introduced to both the solution
and paper platforms, the color changed from blue to colorless
in the solution (Fig. 2a, well b) and on the paper (Fig. 2b, paper
b), accompanied by a considerable decrease in absorbance at
650 nm and DG value. These results demonstrate that catechin
effectively inhibits the oxidation of TMB in system (Os–Ru
nanozyme + TMB + H2O2) both in solution and on paper plat-
form. Thus, the Os–Ru nanozyme can be employed to develop
dual-readout colorimetric detection platforms for catechins in
solution and on paper.
Mechanism of colorimetric detection of catechin based on the
Os–Ru nanozyme

Studies have shown that nanozymes exhibit peroxidase-
mimicking activity by catalyzing the decomposition of H2O2

into hydroxyl radicals (HOc), which then oxidize chromogenic
substrates such as TMB and ABTS.38 Based on this mechanism,
it is reasonable to speculate that catechin inhibits TMB oxida-
tion by scavenging the HOc produced during the Os–Ru
nanozyme-catalyzed decomposition of H2O2. To verify this
hypothesis, terephthalic acid (TA) and 5,5-dimethyl-1-pyrroline-
N-oxide (DMPO) were used as HOc trapping agents. The amount
etric detection of catechin (a) in solution and (b) on the paper platform.

2 + catechin (450 mmol L−1), c: TMB + H2O2).

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3 Mechanism of colorimetric detection of catechin based on the Os–Ru nanozyme. (a) Fluorescence spectra of the TA + H2O2 + Os–Ru
system with or without catechin (450 mmol L−1). (b) ESR spectra of the DMPO + Os–Ru + H2O2 system with or without catechin (450 mmol L−1).
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of HOc generated in the presence or absence of catechin was
then monitored using uorescence spectroscopy and electron
spin resonance (ESR) spectroscopy.

The results in Fig. 3a showed that the system containing only
TA and H2O2 had no uorescence emission peak at approxi-
mately 435 nm, while the system containing both TA, H2O2 and
Os–Ru nanozyme exhibited a strong uorescence emission peak
at approximately 435 nm, indicating that H2O2 produced a large
amount of HOc catalyzed by Os–Ru nanozyme. These HOc was
captured by TA to form the uorescent TA–OH product.
However, when catechin (450 mmol L−1) was added to this
system, the uorescence intensity considerably decreased,
implying that catechin effectively scavenged the HOc produced
by the Os–Ru nanozyme-catalyzed H2O2. Similarly, as shown in
Fig. 3b, the system containing only DMPO and H2O2 did not
show ESR signal, whereas the system containing both DMPO,
H2O2 and Os–Ru nanozyme produced a strong ESR signal at
a 1 : 2 : 2 : 1 ratio, characteristic of HOc radicals, which further
suggested that Os–Ru nanozyme catalyzed the production of
HOc from H2O2. When catechin (450 mmol L−1) was added to
this system, the ESR signal was nearly absent, further con-
rming catechin's ability to scavenge HOc generated by the Os–
Ru nanozyme-catalyzed decomposition of H2O2.
Optimization of Os–Ru nanozyme sensing conditions

To achieve optimal sensing performance of the Os–Ru nano-
zyme for dual-readout colorimetric analysis (absorbance
measurement in solution and G value analysis on a paper
platform), we carefully optimized the sensing conditions for
both the solution system and the paper platform. The results
are presented in Fig. S5 and S6.

For the solution system (absorbance measurement), the
optimizable conditions included the Os–Ru nanozyme
concentration (expressed as the dilution ratio), reaction time,
pH of the reaction system, and reaction temperature. The
optimal sensing conditions were selected where the absorbance
at 650 nm ranged from 0.8 to 1.2.39 Following optimization, the
ideal parameters were a dilution ratio of 256 for the Os–Ru
© 2025 The Author(s). Published by the Royal Society of Chemistry
nanozyme, a reaction time of 10 min, a pH of 4.5, and
a temperature of 20 °C. For a detailed analysis and discussion,
please refer to the SI.

For the paper platform (G value analysis), the optimizable
conditions included the Os–Ru nanozyme concentration
(expressed as dilution ratio), reaction time, reaction system pH,
and TMB concentration. Aer optimization, the ideal sensing
parameters for the paper platform included a dilution ratio of
64 for the Os–Ru nanozyme, a reaction time of 10 min, a pH of
4.0, and a TMB concentration of 3.75 mM. For detailed analysis
and discussion, please refer to the SI.
Anti-interference capability of dual-readout colorimetric
detection of catechin

To evaluate the anti-interference capability of the dual-readout
colorimetric analysis of catechin based on the Os–Ru nano-
zyme, common ions, sugars, and amino acids typically found in
food were chosen as potential interfering substances. The
impact of these substances on the reaction system (Os–Ru +
TMB + H2O2) was examined both in solution and on the paper
platform. Additionally, whether catechin could still effectively
inhibit the color change of the reaction system in the presence
of these interfering substances was also assessed.

Fig. 4a and c indicate that under identical conditions, both
the sample wells and paper with catechin remained colorless,
corresponding to very low absorbance values at 650 nm and low
DG values. In contrast, the blank control well (paper) and the
sample wells (papers) containing only the interfering
substances all showed a blue color, exhibiting similar absor-
bance and DG values. Furthermore, Fig. 4b and d show that
when both catechin and interfering substances were present, all
wells and papers (except the blank control group) remained
colorless, with low absorbance and DG values. These ndings
indicate that the Os–Ru nanozyme used for the dual-readout
colorimetric detection of catechin has strong anti-interference
capability.
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Fig. 4 Anti-interference ability of dual-readout colorimetric detection of catechin. (a and b) Color and absorbance at 650 nm of the Os–Ru
nanozyme + H2O2 + TMB system with catechin or/and interfering substances in the solution. (c and d) Color and gray (G) scale value of the Os–
Ru nanozyme + H2O2 + TMB system with catechin and/or interfering substances on the paper platform.
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Dual-readout colorimetric detection of catechin using the Os–
Ru nanozyme

Based on the previously demonstrated excellent anti-
interference capability, the sensitivity and linear range of the
Fig. 5 Sensitivity and linear range of the dual-readout colorimetric met
solution system and (b) the paper platform.

30452 | RSC Adv., 2025, 15, 30446–30455
dual-readout colorimetric detection for catechin using the Os–
Ru nanozyme were assessed. This dual-readout colorimetric
detection includes absorbance measurement in solution and G
value analysis on a paper platform. As shown in Fig. 5,
hod for catechin detection. Color changes and linear curves of (a) the

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Table 2 Comparison of catechin detection using different assays

Material Sensing modes
Linear range
(mmol L−1)

LOD
(mmol L−1)

Detection
time (min) Ref.

Papain Colorimetric 344–2752 1.5 × 103 60 40
CuAsp nanobers Colorimetric 20–1200 5.89 20 9
ZnONPs Fluorescence 34.45–413.41 — — 41
MI–Bpy–Cu nanozyme Colorimetric 0–344.5 2.86 30 29
Triaminotriazine-based polyimide (PI)
lm

Electrochemistry 50–350 15.2 — 42

Tyrosinase & MBTH Paper colorimetric 80–1000 71 13 43
Os–Ru nanozyme Colorimetric 0–450 2.84 10 This work
Os–Ru nanozyme Paper colorimetric 0–450 9.68 10 This work

Paper RSC Advances

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 2

6 
A

ug
us

t 2
02

5.
 D

ow
nl

oa
de

d 
on

 1
1/

2/
20

25
 1

2:
47

:0
6 

A
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n 

3.
0 

U
np

or
te

d 
L

ic
en

ce
.

View Article Online
increasing catechin concentration gradually lightened the color
of both the solution (Fig. 5a) and the paper (Fig. 5b) from the
original blue to colorless. This effect occurs because catechin
effectively scavenges hydroxyl radicals (HOc) generated in the
system. Consequently, higher catechin concentrations reduce
the amount of residual HOc, inhibiting the oxidation of TMB.
Moreover, Fig. 5 shows that catechin exhibited good linear
relationships for both the solution absorbance values (Fig. 5a)
and the paper G values (derived by converting paper color using
ImageJ soware, Fig. 5b) across the concentration range of 0 to
450 mmol L−1, with correlation coefficients (R2) of 0.997 and
0.990, respectively. The limits of detection (LOD) were calcu-
lated to be 2.84 mmol L−1 for the solution system (absorbance
measurement) and 9.68 mmol L−1 for the paper platform (G
value analysis), with both lower and thus outperforming many
previously reported methods (Table 2). Additionally, the results
in Table 2 also show that the time (10 min) required for catechin
dual-read colorimetric detection using Os–Ru nanozyme is
signicantly shorter thanmany previously reported methods. In
summary, the dual-readout colorimetric method based on the
Os–Ru nanozyme demonstrates high sensitivity, wide linear
range and short detection time for catechin detection.

In addition, the stability of the paper platform aer 60 days
of storage at room temperature (20 °C) was assessed. As shown
Fig. 6 Spiked real sample test results obtained using the dual-readout c
comparison. Spiked concentrations were 200 mmol L−1 (a) and 400 mmo

© 2025 The Author(s). Published by the Royal Society of Chemistry
in Fig. S7, the paper platform showed no considerable loss of
activity over this period, demonstrating excellent storage
stability at room temperature. This supports its practical
application for catechin testing.
Dual-readout colorimetric analysis of catechin in real samples

To evaluate the feasibility and reliability of the Os–Ru nanozyme
for dual-readout colorimetric detection of catechin in real
samples, three green tea beverages containing catechin were
selected for spiked recovery tests rst. The results were
compared with those obtained by HPLC. As shown in Fig. 6, the
catechin spiked recovery concentrations measured both in the
solution and on the paper platform closely matched those ob-
tained by HPLC. Moreover, as shown in Table S1, the catechin
spiked recoveries measured in the solution system and on the
paper platform ranged from 93.27 to 103.01% and from 91.78 to
100.76%, respectively, with relative standard deviations (RSD) of
2.17 to 6.74% and 1.62 to 4.57%, respectively. These values
closely align with the catechin spiked recoveries (94.36 to
102.83%) and RSD (1.69 to 2.97%) obtained via the HPLC
method. These ndings show that the dual-readout colori-
metric method based on the Os–Ru nanozyme exhibits excellent
accuracy and reliability for detecting catechin in real samples.
olorimetric analysis method using the Os–Ru nanozyme and HPLC for
l L−1 (b).
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Based on this, the catechin content in real green tea bever-
ages (using Master Kong as example) was measured nally. The
results in Table S2 showed that the catechin content in Master
Kong green tea beverage measured through the dual-readout
colorimetric analysis method were 2208.96 mmol L−1 (in the
solution system) and 2178.68 mmol L−1 (on the paper platform),
respectively.
Conclusions

The Os–Ru nanozyme was successfully synthesized for the rst
time via a one-step hydrothermal reaction in this study and
exhibited outstanding peroxidase-mimicking activity. The Km

values for substrates TMB and H2O2 were 0.36 and 2.67 mM,
respectively, which are lower than those of HRP and many other
nanozymes, highlighting its potential as a superior nano-
peroxidase candidate. Furthermore, it was demonstrated that
catechin effectively scavenges HOc generated during the
decomposition of H2O2 catalyzed by the Os–Ru nanozyme, thus
inhibiting the oxidation of the colorimetric substrate TMB in
the reaction system. Based on this, a dual-readout rapid color-
imetric method for catechin detection was developed by opti-
mizing the Os–Ru nanozyme sensing conditions. This method
combines absorbance measurement in solution with G value
analysis on a paper platform, offering high sensitivity and
a wide linear detection range of 0 to 450 mmol L−1. The detec-
tion limits were 2.84 mmol L−1 for absorbance and 9.68 mmol
L−1 for the G value, both lower than many existing methods.
Additionally, this dual-readout method showed excellent accu-
racy and reliability in real sample analysis, with spiked recov-
eries ranging from 91.78 to 103.01% and RSD values between
1.62 and 6.74%, indicating considerable potential for practical
applications. Overall, this study offers valuable insights for the
rational design and development of nanozyme-based colori-
metric sensing methods for rapid antioxidant detection, thus
expanding the practical, fast, and on-site application of nano-
zymes in antioxidant monitoring.
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26 Á. Selva-Ochoa, J. Su-Gallegos, P. J. Sebastian, L. Magallón-
Cacho and E. Borja-Arco, Materials, 2021, 14, 5692.

27 X. Li, C. Qian, Y. Tian, N. Yao, Y. Duan and Z. Huang, Chem.
Eng. J., 2023, 457, 141324.

28 Y. Zhong, X. T. Zheng, Q. Li, X. J. Loh, X. Su and S. Zhao,
Biosens. Bioelectron., 2023, 224, 115033.
© 2025 The Author(s). Published by the Royal Society of Chemistry
29 M. Li, Y. Xie, D. Song, H. Huang and Y. Li, Talanta, 2023, 252,
123853.

30 B. Jiang, D. Duan, L. Gao, M. Zhou, K. Fan, Y. Tang, J. Xi,
Y. Bi, Z. Tong, G. F. Gao, N. Xie, A. Tang, G. Nie, M. Liang
and X. Yan, Nat. Protoc., 2018, 13, 1506–1520.

31 C. Jiang, H. Zhong, J. Zou, G. Zhu and Y. Huang, J. Mater.
Chem. B, 2023, 11, 9630–9638.

32 G. Song, J. Zhang, H. Huang, X. Wang, X. He, Y. Luo, J.-C. Li,
K. Huang and N. Cheng, Food Chem., 2022, 387, 132896.

33 L. Fang, Y. Zhang, H. Ding, S. Liu, J. Wei, L. Feng, F. He,
S. Gai, Y. Dong and P. Yang, Adv. Funct. Mater., 2023, 34,
2309338.

34 Y. Wang, T. Li and H. Wei, Anal. Chem., 2023, 95, 10105–
10109.

35 L. Jiao, W. Xu, H. Yan, Y. Wu, C. Liu, D. Du, Y. Lin and
C. Zhu, Anal. Chem., 2019, 91, 11994–11999.

36 Y. Chen, L. Jiao, H. Yan, W. Xu, Y. Wu, L. Zheng, W. Gu and
C. Zhu, Anal. Chem., 2021, 93, 12353–12359.

37 X. Liang and L. Han, Adv. Funct. Mater., 2020, 30, 2001933.
38 H. Liang, F. Lin, Z. Zhang, B. Liu, S. Jiang, Q. Yuan and J. Liu,

ACS Appl. Mater. Interfaces, 2017, 9, 1352–1360.
39 Y. Huang, N. Fu, Y. Liu and H. Zhang, Microchem. J., 2025,

208, 112584.
40 N. Sirasunthorn, T. Jantho and T. Ubolsaard, J. Food Compos.

Anal., 2024, 132, 106313.
41 M. Amina, N. M. Al Musayeib, N. A. Alarfaj, M. F. El-Tohamy,

G. A. Al-Hamoud and M. K. M. Alqenaei, Plants, 2022, 11,
361.

42 S. T. Duran, N. Ayhan, B. Aksoy, B. Köytepe and A. Paşahan,
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