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A B S T R A C T

Antioxidants play a critical role in scavenging free radicals to prevent oxidative damage, underscoring the 
importance of evaluating the antioxidant content in various consumables. A novel colorimetric method utilizing 
iridium oxide (IrOx) nanozymes was developed to quantify the total antioxidant capacity (TAC) of food samples. 
By employing bovine serum albumin (BSA) as a structural template and iridium as the precursor, a biomimetic 
mineralization approach was employed to synthesize b-IrOx nanozymes with intrinsic peroxidase-like activity. 
These nanozymes effectively mimic natural peroxidases in catalyzing redox reactions. Through single electron 
transfer (SET) and hydrogen atom transfer (HAT) mechanisms, antioxidants in samples can outcompete sub
strates for •OH, leading to a color change dependent on antioxidant concentration. The proposed b-IrOx-based 
colorimetric assay accurately determined the TAC of mango juice (948.31 ± 0.83 μM), yellow peach juice 
(776.72 ± 2.47 μM), and apple juice (154.77 ± 1.70 μM) with high precision (recovery rate: 90.49%-110.62%) 
and reproducibility (RSD<3.0%). Comparison with a commercial TAC standard kit validated the reliability of the 
TMB colorimetric assay using b-IrOx nanozymes, showing no significant statistical difference between the two 
methods (p > 0.05). Thus, the b-IrOx colorimetric assay presents a cost-effective and straightforward approach 
for rapid and accurate TAC determination in food samples.

1. Introduction

Antioxidants serve as a critical component of the body's metabolic 
defense system, effectively protecting against oxidative stress and 
damage caused by free radicals (Demirci-Çekiç et al., 2022; Forman & 
Zhang, 2021; Zhang et al., 2021; Chaudhary et al., 2023a). The 
human body produces only a small number of antioxidants on its own, so 
most antioxidants need to be obtained from outside sources, with diet 
being the main and richest source of these external antioxidants (Çelik 
et al., 2024). Recent research shows that consuming foods rich in anti
oxidants is crucial for preventing heart disease, cancer, and 

neurodegenerative diseases (Jelic et al., 2021; Teleanu et al., 2022; 
Velusamy et al., 2020). Total antioxidant capacity (TAC) serves as a key 
indicator for evaluating the combined activity of all antioxidants present 
in food and biological systems, as it directly reflects the overall antiox
idant ability (Han et al., 2022; Possa et al., 2021; Sánchez-Martín et al., 
2022). Therefore, accurately detecting TAC in food is highly important 
for assessing the nutritional value of food products and maintaining 
quality control throughout food processing (Apak et al., 2016).

Up to now, several analytical techniques have been explored for TAC 
determination, including the use of 2,2′-azino-bis(3-ethylbenzo 
thiazoline-6-sulfonic acid) (ABTS) assay, ferric reducing antioxidant 
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power (FRAP) assay, and 2,2-diphenyl-1-picrylhydrazyl (DPPH) assay 
(Egu et al., 2022; Li et al., 2021; Munteanu & Apetrei, 2021; Rumpf 
et al., 2023). These methods construct colorimetric or fluorescent 
detection systems to quantify TAC by relying on single electron transfer 
(SET) and hydrogen atom transfer (HAT) as their core reaction mecha
nisms (Nakano et al., 2019; Zeb, 2020). However, these classic methods 
suffer from certain application limitations due to inherent drawbacks of 
their reaction mechanisms: the DPPH assay relies on a combination of 
radical single electron transfer and partial hydrogen atom transfer for 
colorimetric detection, but the DPPH radical is only soluble in organic 
solvents and is photosensitive and easily decomposed, making it un
suitable for measuring aqueous fruit and vegetable samples; the ABTS 
assay, based on the single electron transfer mechanism, requires 
pre-chemical oxidation to generate the cationic radical, which has poor 
storage stability; the FRAP assay operates only under strongly acidic 
conditions through the single electron reduction pathway of Fe3+, thus 
failing to recognize antioxidant components such as polyphenols and 
flavonoids that exert activity via hydrogen atom transfer, leading to 
underestimation of the true antioxidant capacity of samples. Moreover, 
commercial kits generally employ natural peroxidase as the catalytic 
core, which suffers from high detection cost and stringent storage con
ditions (Alshatteri et al., 2023; Li et al., 2025; Niu et al., 2024). In 
addition, instrumental analytical techniques including high perfor
mance liquid chromatography (HPLC) (Yalçın et al., 2021a), gas chro
matography (Duarte et al., 2023), and electrochemical analysis (Ishida 
et al., 2022) have also been widely used for TAC determination. 
Although these techniques may be well applicable for TAC assays, most 
of them suffer from obvious disadvantages such as expensive equipment, 
time-consuming experimental processes, the requirement for highly 
specialized skills, and dependence on specific reaction conditions 
(Acidri et al., 2020). Therefore, there is an urgent need to develop a 
simple, convenient, and rapid alternative method for TAC determination 
to fulfill the demands of widespread practical applications in food sci
ence and related fields.

Nanozymes, which possess inherent enzyme-like catalytic properties, 
have gained significant interest in recent years because they offer ben
efits compared to natural enzymes, including lower production costs, 
greater stability in various environments, and ease of large-scale 
manufacturing (Yang et al., 2021b; Liang & Yan, 2019; Mou et al., 
2022). Colometry offers a solution to current technological constraints 
in antioxidant analysis due to its cost-effectiveness, simplicity, and faster 
analysis time (Chen et al., 2023b; Deshwal et al., 2024; Baranwal et al., 
2024). For 3,3′,5,5′-tetramethylbenzidine (TMB)-based colorimetric 
TAC detection, the typical reaction principle is as follows: in the pres
ence of H2O2, a catalyst can promote the oxidation of the chromogenic 
substrate TMB, resulting in its transformation from a colorless state to a 
blue oxidized product (oxTMB). In the presence of antioxidants within 
the system, these compounds compete with TMB for the hydroxyl rad
icals (•OH) produced during the reaction. This competitive interaction 
inhibits the formation of oxidized TMB, resulting in a reduction in the 
intensity of the blue signal. This alteration in the signal exhibits a pos
itive correlation with the concentration of antioxidants, thereby serving 
as the fundamental principle for the quantification of TAC (Chen et al., 
2025). In conventional TMB colorimetric TAC assays, natural peroxidase 
is typically used as catalyst, but its poor stability and high cost limit 
practical use. Therefore, developing a highly stable and 
easy-to-synthesize nanozyme with excellent POD-like activity is highly 
desired to replace natural enzymes for reliable TAC detection in complex 
food matrices (Zhang et al., 2024).

In this study, we developed a bovine serum albumin (BSA)-templated 
iridium oxide nanozyme (b-IrOx)-based colorimetric sensor for the 
sensitive determination of TAC in food samples. The b-IrOx nanozyme 
exhibits POD-like activity, catalyzing the oxidation of the chromogenic 
substrate TMB in the presence of H2O2 to generate blue-colored oxidized 
TMB (oxTMB). In the presence of antioxidants, such as those found in 
food samples, the antioxidants scavenge hydroxyl radicals (•OH) 

through HAT and single electron transfer SET mechanisms. This 
competition with TMB for reactive oxygen species results in a 
concentration-dependent decrease in the colorimetric signal. By 
leveraging this competitive inhibition principle, we established a 
colorimetric assay for TAC determination in three types of commercial 
fruit juices. The results validate the reliability and feasibility of the b- 
IrOx-based sensor for practical food sample analysis. This study presents 
a stable and reliable nanozyme-based colorimetric platform for TAC 
assessment, offering broad application potential in future food quality 
monitoring endeavors.

2. Materials and methods

2.1. Reagents and chemicals

Iridium (III) chloride, 6-Hydroxy-2,5,7,8-tetramethylchroman-2-car
boxylic acid (Trolox), and 3,3′,5,5′-tetramethyl-benzidine (TMB) were 
purchased from Yuanye Bio-Technology Co., Ltd. (Shanghai, China). 
Bovine serum albumin (BSA) was purchased from Labgic Technology 
Co., Ltd. (Beijing, China). Glutathione (GSH), cysteine (Cys), gallic acid 
(GA), caffeic acid (CA), and terephthalic acid (TA) were purchased from 
Aladdin Biochemical Technology Co., Ltd. (Shanghai, China). Ascorbic 
acid (AA) and other reagents were purchased from Sinopharm Chemical 
Reagent Co., Ltd. (Shanghai, China). The total antioxidant capacity 
assay kits (ABTS method and FRAP method) was purchased from 
Beyotime Biotechnology Co., Ltd. (Shanghai, China).

2.2. Apparatus

Fourier transform infrared (FTIR) spectroscopy measurements were 
conducted using a Nicolet 6700 spectrometer (Thermo Nicolet Corpo
ration, USA) with a wavenumber range of 400–4000 cm− 1. X-ray 
photoelectron spectroscopy (XPS) data were acquired using a Thermo 
Scientific ESCALAB 250Xi spectrometer. Morphological and micro
structural analyses were performed using a high-resolution transmission 
electron microscope (HRTEM, FEI Tecnai G2 F30) and a scanning 
electron microscope (SEM, Hitachi SU8010). Ultraviolet-visible (UV-vis) 
spectroscopic analysis was carried out using a PERSEE F-7000 UV-vis 
spectrophotometer and a BioTek CYTATION 5 Microplate Reader. 
Fluorescence analysis was performed using a fluorescence spectropho
tometer F-7000 (Hitachi, Japan).

2.3. Synthesis of b-IrOx nanozymes

In this work, the b-IrOx with POD-like activity was synthesized 
through a biomineralization process under alkaline conditions. BSA 
(150 mg) was dissolved in 10 mL of deionized water. Subsequently, an 
aqueous solution of Iridium(III) chloride (4 mL, 25 mM) was added 
dropwise to the BSA solution. The mixture was stirred continuously for 
30 min, followed by the addition of 2 M NaOH solution to adjust the pH 
to 12.0. The reaction was allowed to proceed for 24 h at 80 ◦C with 
vigorous stirring. The resulting product was collected, washed three 
times alternately with ethanol and deionized water, and then centri
fuged at 10000 rpm for 10 min. The collected product was then freeze- 
dried and stored at 4◦C for further use.

2.4. POD-like activity of b-IrOx nanozymes

The POD-like activity of b-IrOx was assessed by its catalytic oxida
tion of TMB in the presence of H2O2, which results in the formation of 
blue oxTMB. The experimental protocol entailed the sequential addition 
of 30 μL of TMB (1 mM), 30 μL of b-IrOx (50 μg/mL), and 30 μL of H2O2 
(5 mM) solutions, with the total volume adjusted to 600 μL using a 
NaAc-HAc buffer (pH 4.0). After incubating the mixture at room tem
perature for 30 min, UV-visible spectra were measured over the wave
length range of 450–750 nm. To optimize the catalytic efficiency, 
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several key parameters of the catalytic reaction were investigated, 
including pH (3.0-10.0), temperature (0-60 ◦C), b-IrOx concentration (5- 
250 μg/mL), and catalytic reaction time (1-60 min).

2.5. Research on kinetics

Steady-state kinetic experiments were performed to evaluate the 
POD-like catalytic behavior of b-IrOx nanozymes, using TMB and H2O2 
as the oxidant. All experiments were conducted under the optimized 
reaction conditions (pH 4.0, 25 ◦C, 50 μg/mL of b-IrOx concentration) to 
ensure consistency and reliability. The Michaelis-Menten equation (Eq. 
(1)) was used to the substrate concentration ([S])-initial reaction ve
locity (V) data, and the Lineweaver-Burk double reciprocal plot was 
applied for verification. Kinetic assays with variable TMB and H2O2 
concentration and kinetic parameter calculation were provided in the 
Supplementary Information.

2.6. Detection of antioxidants and establishment of TAC quantification 
method

To detect target antioxidants and quantify TAC, a unified TMB-based 
colorimetric biosensing system using b-IrOx nanozyme was adopted. 
The analytes included three individual antioxidants (AA, caffeic acid, 
and GSH) and Trolox, which served as the standard for TAC quantifi
cation. For TAC quantification, a series of standard aqueous solutions of 
Trolox were prepared to construct the standard curve for TAC quanti
fication. For the TMB-based system, 30 μL of antioxidants with gradient 
concentrations, including Trolox (0.1-100 μM), AA (0.5-20 μM), caffeic 
acid (0.1-40 μM), and GSH (0.2-90 μM) standard solution, 30 μL of b- 
IrOx nanozyme solution (50 μg/mL), 30 μL of H2O2 solution (5 mM) and 
30 μL of TMB chromogenic solution (1 mM) were mixed sequentially. 
The total volume was adjusted to 600 μL using NaAc-Hac buffer (pH 
4.0). After incubation at 25◦C for 30 min, the absorbance at wavelength 
range of 500-750 nm was measured. All results are presented as mean ±
SD (n = 3). A standard curve was plotted with the absorbance decrease 
value as the ordinate and Trolox concentration as the abscissa, and a 
regression equation was established to quantify the TAC in samples. The 
TAC of samples was expressed as Trolox equivalent concentration.

2.7. Selectivity assay

To evaluate the selectivity of the b-IrOx-based sensing method for 
antioxidants, interference experiments were conducted using common 
interfering substances in fruit juices (glucose, amino acids, metal ions) 
and various antioxidants (AA, GA, CA, GSH, Cys). The reaction system 
for TMB-based assay contained 50 μg/mL b-IrOx, 1 mM TMB, 5 mM 
H2O2, and pH 4.0 buffer. Interfering substances were introduced at 
concentrations of 20 μM for glucose and amino acids, or 100 μM for 
metal ions, while antioxidants were added at a concentration of 10 μM. 
The TMB-based system was incubated at room temperature for 30 min 
with absorbance measured at 652 nm.

2.8. Sample treatment and validation assay

Three types of commercially available non-concentrated reduced 
(NFC) juices (mango juice, yellow peach juice, and apple juice) from 
popular brands in supermarkets were selected as samples to assess the 
accuracy and practical applicability of the established b-IrOx-based 
sensing method.

The NFC juice samples were first mixed thoroughly to ensure ho
mogeneity, and then directly analyzed using the sensing system. Their 
TAC was determined via three approaches for cross-validation: 1) the b- 
IrOx-based TMB colorimetric assay; 2) a commercially available stan
dard TAC assay kit (ABTS and FRAP methods), where the detection was 
performed strictly according to the kit instruction manual to obtain the 
reference TAC values of the fruit juice samples. These two approaches 

were designed to verify the reliability of the self-established b-IrOx 
system against mature commercial detection tools. The test results were 
reported as the mean ± SD of three independent parallel measurements. 
In cases where the sample contained a higher concentration of antioxi
dants than the linear range of the Trolox standard curve (0.1-100 μM 
Trolox equivalent), it was further diluted with deionized water. The TAC 
of the original NFC juice sample (T, μM) was calculated using formula 
(1): 

T=CTrolox ×
Vtotal

Vsample
× D (1) 

Where: CTrolox is Trolox equivalent concentration of the diluted sample, 
obtained from the standard curve (μM); Vtotal is total volume of the 
detection reaction system (μL, 200 μL in this work); Vsample is volume of 
the diluted sample added to the reaction system (μL, 10 μL in this work); 
D is dilution ratio of the original NFC juice.

3. Results and discussion

3.1. Synthesis and characteristics of b-IrOx

In this study, biomineralization of b-IrOx nanoparticles commenced 
with the adsorption of Ir3+ ions onto BSA, facilitated by the carboxy and 
amino groups' affinity towards metal ions. The TEM images of b-IrOx 
nanoparticles exhibited a spherical morphology as shown in Fig. 1A, 
with an average diameter of 34.56 nm. The elemental analysis of b-IrOx 
nanoparticles in Fig. 1B and C clearly identified the presence of Ir, C, N, 
S, and O elements, which aligns with the composition of BSA and IrOx. 
Additionally, the elemental mapping images Fig. 1C showed that these 
elements are evenly distributed throughout the nanoparticles, confirm
ing that BSA has been effectively combined with the IrOx core to create 
b-IrOx. As shown in Fig. 1D, the characteristic peaks of b-IrOx corre
sponding to functional groups of BSA were existed, and subtle shifts in 
partial peak positions indicated interactions between BSA and IrOx, 
confirming the integration of the two components. XPS was employed to 
analyze the surface chemical state of b-IrOx nanoparticles. In Fig. 1E, the 
XPS full spectrum confirmed the presence of Ir, C, N, O, and S elements 
on the nanoparticle surface, aligning with EDS results and ruling out 
significant contamination from other elements. In Fig. 1F, the high- 
resolution Ir 4f XPS spectrum showed distinct spin-orbit splitting 
peaks. The peaks observed at 61.8 eV and 64.7 eV correspond to the 
4f7/2 and 4f5/2 states of Ir4+, respectively, providing direct evidence that 
iridium in the nanoparticles predominantly exists in the +4 oxidation 
state. The deconvolution of the high-resolution O 1s spectrum Fig. 1G 
identified two principal peaks: one located at 532.6 eV, which is 
ascribed to the -COOH and -C=O functional groups originating from 
bovine serum albumin (BSA), and another at 531.0 eV, corresponding to 
Ir-O bonds characteristic of IrO2. This result further confirmed the for
mation of IrO2-related species in the b-IrOx nanoparticles, completing 
the characterization of their surface chemical structure. Taken together, 
the comprehensive characterizations collectively confirmed the suc
cessful synthesis of b-IrOx nanoparticles with well-defined spherical 
morphology, uniform BSA combination, and dominant Ir4+ oxidation 
state within IrO2-related species, providing a comprehensive structural 
basis for exploring their functional properties in subsequent studies.

3.2. POD-like activity of b-IrOx

For the purpose of examining the enzyme-mimetic properties of the 
prepared b-IrOx, the oxidation reaction of TMB chromogenic substrate 
was carried out in the presence of b-IrOx and H2O2 by using a UV-vis 
spectrophotometer to monitor the formation of oxidized products. As 
shown in Fig. 2A, the conversion of TMB substrate to oxTMB was 
monitored at λmax = 652 nm. The results confirm the generation of 
oxTMB product, demonstrating the POD-like catalytic activity of b-IrOx 
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towards TMB, accompanied by a significant colorimetric response.
To elucidate the primary factors influencing TMB oxidation, various 

operational parameters were assessed, including b-IrOx concentration, 
reaction time, temperature, and pH. In the TMB system, as shown in 

Fig. S1A, the catalytic activity of b-IrOx increases from pH 3.0 to 10.0, 
peaking at pH 4.0, and then sharply decreases under weakly acidic and 
neutral conditions. Subsequent experiments used acetic acid buffer at 
pH 4.0. The effect of reaction temperature Fig. S1B shows that the 

Fig. 1. Characterization of b-IrOx nanoparticles (A), TEM images (B), EDS analysis. (C), Elemental mapping images (D), FT-IR spectra of BSA and b-IrOx (E), XPS full- 
spectrum of b-IrOx (F), High-resolution Ir 4f XPS spectrum of b-IrOx nanoparticles (G), High-resolution O 1s XPS spectrum of b-IrOx nanoparticles.

Fig. 2. (A), POD-like activity: typical absorption spectra of TMB, oxidation catalyzed by b-IrOx and control groups in the presence of H2O2 at pH 4.0 (B), The 
concentration of H2O2 was 5 mM and the TMB concentration varied (C), Double reciprocal plots of the Michaelis-Menten equation from the activity date of the 
concentration of TMB (D), Fluorescent spectra of TA after reaction with H2O2 in the absence and presence of b-IrOx. Concentration of b-IrOx was 50 μg/mL, H2O2 was 
10 mM (E), The concentration of TMB was 1 mM and the H2O2 concentration varied (F), Double reciprocal plots of the Michaelis-Menten equation from the activity 
date of the concentration of H2O2.
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catalytic activity of b-IrOx significantly increases from 10◦C to 60◦C; 
however, considering the limitation of high temperature on practical 
application scenarios, 25 ◦C was selected as the optimal reaction tem
perature. Furthermore, the concentration and incubation time (1-60 
min) were investigated for its impact on UV signal under the optimal pH 
and temperature conditions. b-IrOx concentration optimization Fig. S2A
demonstrated that the catalytic activity increased with the nanozyme 
concentration from 5 to 250 μg/mL. To balance catalytic efficiency and 
practical considerations, 50 μg/mL was determined as the optimal b- 
IrOx concentration for all subsequent experiments. As shown in Fig. S2B, 
the UV signal significantly increases from 1.0 to 30 min and gradually 
stabilizes. For experimental convenience, the incubation time was 30 
min.

To quantitatively assess the POD-like activity of b-IrOx, steady-state 
kinetics were studied by independently varying the concentrations of 
H2O2 or TMB. For the TMB substrate system, when H2O2 was fixed, the 
Michaelis-Menten curve for TMB and its corresponding Lineweaver-Burk 
plot Fig. 2B and C yielded Km = 0.34 mM and Vmax = 0.36 × 10− 8 M/ 
s. When TMB was fixed, the Michaelis-Menten curve for H2O2 and its 
corresponding Lineweaver-Burk plot Fig. 2E and F gave Km = 2.19 mM 
and Vmax = 0.36 × 10− 8 M/s. Notably, high affinity of b-IrOx for H2O2 
not only boosts its catalytic performance but also supports the upcoming 
sensitive TAC colorimetric assay.

The mechanism of the b-IrOx nanozyme-based colorimetric method 
involves a competitive reaction between TMB and antioxidants for •OH 
on nanozymes. To confirm •OH generation, TA reacts with •OH to form 
fluorescent 2-hydroxy terephthalic acid (TAOH). As shown in Fig. 2D, a 
strong fluorescent signal at 430 nm was observed in the IrOx + TA +
H2O2 group, while control groups (IrOx + TA, H2O2 + TA, IrOx + H2O2) 
had weak or no fluorescence. It is demonstrated that b-IrOx catalyzes 
H2O2 to generate •OH, enabling SET and HAT reactions for the detection 
of antioxidants.

3.3. b-IrOx-based colorimetric methods for antioxidants

Under the optimal conditions, the performance of the b-IrOx-based 
sensing system was analyzed by determining target antioxidants, 
including Trolox, GSH, AA, and caffeic acid. In Fig. 3A–D, the 
concentration-dependent absorption changes directly reflect the 
competitive reaction between TMB and antioxidants for •OH on the 

nanozyme surface: antioxidants scavenge •OH, reducing oxTMB for
mation and decreasing the 652 nm absorption intensity. This mechanism 
is further supported by the linear quantitative relationships in Fig. 3E–H, 
where both HAT-type (Trolox, caffeic acid) and SET-type (GSH, AA) 
antioxidants show reliable linear responses. Four linear calibration 
curves were obtained in the TMB-based colorimetric strategy (Table S1). 
The high R2 values (>0.99) confirm the good linear relationship be
tween ΔA and antioxidant concentration, laying a foundation for accu
rate quantitative detection. Additionally, selectivity studies Fig. S3
revealed that common interfering substances like glucose, amino acids, 
and various ions had negligible effects on the absorbance intensity, 
further ensuring the specificity of the b-IrOx nanozyme-based TMB 
colorimetric sensing system.

3.4. Real sample analysis

The practical applicability was confirmed through standard addition 
experiments on real food samples. NFC juices, including yellow peach 
juice, apple juice, and mango juice, were purchased from a local su
permarket. In Fig. 4A and Table S2, for yellow peach juice, spiked Trolox 
at 10 μM, 20 μM, and 30 μM showed recoveries of 90.49%-101.78%. 
Apple juice exhibited recoveries of 98.97%-110.62% for the same spiked 
levels. Mango juice had recoveries of 99.62%-110.21%. All recoveries 
fell within the range of 90.49%-110.62%, and the relative standard 
deviations (RSD) for all measurements were less than 3%. These results 
indicate minimal matrix interference and validate that the detection 
system is reliable for real sample analysis.

To verify the practical applicability of the developed b-IrOx-based 
sensing system, this study determined the TAC of real samples (mango 
juice, yellow peach juice, apple juice) using the b-IrOx-based TMB 
colorimetric method. Commercial ABTS kit and FRAP kit were used as 
the reference standard, and the results were retained for accuracy 
comparison. All experiments used Trolox as the standard substance to 
ensure consistency in TAC quantification, with results expressed as μM 
TE. The TAC detection results of the two methods for each juice sample 
have been summarized in Fig. 4B and Table 1. These results confirm the 
reliability and consistency of the developed b-IrOx-based TMB colori
metric method, ABTS kit and FRAP kit in TAC measurement. Notably, 
the b-IrOx nanozyme, which exhibits POD-like activity and serves as the 
centerpiece of this innovative colorimetric approach, offers clear 

Fig. 3. Optical density values of the b-IrOx nanozyme-based sensing strategy as a function of HAT species antioxidants (A), Trolox and (D) caffeic acid, and SET 
working species antioxidants (B), GSH and (C) AA. (E-H) Linear calibration plots corresponding to (A-D) with TMB as the substrate, respectively.
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benefits compared to natural enzymes, including easy synthesis and 
improved stability. Compared to traditional POD-based commercial 
ABTS kits, the developed TMB colorimetric method shows comparable 
TAC detection capabilities for the tested fruit juices, while avoiding 
over-reliance on complex detection platforms.

Overall, the b-IrOx-based TMB colorimetric method presents a 
promising alternative for TAC detection and analysis in practical sce
narios such as small-scale fruit juice processing plants and routine 
quality control. It maintains accuracy comparable to commercial ABTS 
kits and FRAP kits, providing a stable, easy-to-operate solution for TAC 
quantification in fruit juice samples.

4. Conclusion

This study successfully synthesized a novel b-IrOx nanozyme with 
intrinsic peroxidase-like activity via a one-step biomimetic mineraliza
tion strategy using BSA as a template. The as-prepared b-IrOx efficiently 
catalyzes the oxidation of TMB in the presence of H2O2 and generates 
hydroxyl radicals, enabling selective and sensitive colorimetric detec
tion of TAC. The established b-IrOx-based colorimetric assay was 
applied to determine TAC in three commercial fruit juices, showing high 
accuracy with recoveries of 90.49%-110.62% and excellent reproduc
ibility with RSD <3.0%. Comparative analysis with a commercial ABTS 
TAC kit revealed no statistically significant difference, validating the 
reliability and consistency of the proposed method. These results 
demonstrate that the b-IrOx-based colorimetric sensor provides a cost- 
effective, straightforward, and reliable alternative for rapid and accu
rate TAC quantification in food samples, holding great practical poten
tial for routine quality control and on-site monitoring in food analysis.
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