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The total antioxidant capacity (TAC) of fruits is a key indicator for measuring their quality and nutritional value.
Traditional detection methods are time-consuming and cumbersome, failing to meet the requirements for rapid
detection. In this study, a novel triple metal organic framework nanozyme (TAMzyme) with superior peroxidase-
like (POD-like) activity is constructed for colorimetric detection of TAC. Owing to the Fe, Co, Ni doping and
unique long spindle structures, the TAMzyme possesses more surface active oxygen species, negative surface
charges and rapid mass transport, thus resulting in higher catalytic activity and reaction rate. Thanks to the
remarkable peroxidase-like activity, the antioxidant capacity of ascorbic acid (AA), cysteine (Cys), glutathione
(Glu), and gallic acid (GA) was evaluated with a detection limit between 0.54 and 1.58 pM. Antioxidant capacity
was quantified in pM Trolox Equivalent (TE), with Trolox as the standard reference compound. The sensor
accurately determined the TAC in kiwi fruit (194.97 + 2.73 pM TE) and oranges (205.10 + 3.85 uM TE), aligning
with results from a standardized ABTS kit. This study presents a rapid, cost-effective, and straightforward method
for quantifying TAC in complex food matrices.

1. Introduction human metabolism, antioxidants neutralize free radicals, combat

oxidative stress, and protect cells and organs from the harmful conse-

In the domains of nutritional dietary guidance and health moni-
toring, the assessment of the holistic antioxidant capacities of fruits
plays a critical role. With fruits containing a diverse array of antioxi-
dants, the total antioxidant capacity (TAC) has become a fundamental
measure for evaluating their overall antioxidant capacity [1,2]. Oxida-
tive stress pertains to an imbalance between free radicals and antioxi-
dants in the human body, and prolonged exposure to this imbalance can
lead to cellular and tissue damage, thereby increasing the risk of various
chronic health ailments [3,4]. Serving as a crucial defense mechanism in

quences of oxidative damage [5-7]. However, since the human body is
unable to synthesize the majority of antioxidants internally, they must
be refined from external sources such as fruits [8,9]. In this context, the
increasing need for detailed insights into fruit antioxidants arises from
the understanding that it enables individuals to make well-informed
dietary decisions, leading to enhanced management of oxidative stress.

While numerous methods have been developed to assess TAC in food
samples, including the 2,2"-Azinobis-(3-ethylbenzthiazoline-6-sulpho-
nate) (ABTS) assay, 2,2-diphenyl-1-pyridylhydrazine (DPPH) assay,
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Ferric Reducing Antioxidant Power (FRAP) assay, the Ferric Reducing
Antioxidant Power (FRAP) assay, and electron spin resonance (ESR)
spectroscopy, their methodological limitations remain poorly synthe-
sized. A critical summary of these techniques including their operational
drawbacks and technological gaps is provided inTable S1, which high-
lights challenges such as perishable reagents, complex instrumentation,
and matrix interference commonly encountered in prior studies
[10-14]. Therefore, in order to meet the practical application re-
quirements, it is essential to develop a simpler and more user-friendly
TAC measurement approach. A common strategy in TAC colorimetry
employs competitive reactions, as demonstrated in both traditional
ABTS systems [15] and nanozyme-based assays [16]. To achieve
excellent analytical performance in this model, it is crucial to establish a
robust oxidation methodology. In recent years, the benefits of nano-
zymes, including cost-effectiveness, exceptional stability, and straight-
forward preparation processes, have brought new vigor to the
innovation of oxidation procedures.

Nanozymes are a class of nanomaterials exhibiting enzyme-like,
capable of replicating the catalytic functions of natural enzymes on a
nanoscale level [17-19]. These nanozymes not only demonstrate the
high efficiency and specificity characteristic of conventional enzymes
but also offer solutions to challenges such as enzyme inactivation,
limited stability, and high production costs typically encountered with
natural enzymes. The emergence of nanozymes has opened up new av-
enues and possibilities in the field of biomedicine [20-22], environ-
mental protection [23], sterilization [24], food safety [25] and sensing
[26,27].

Metal-Organic Frameworks (MOFs) are a class of porous crystalline
materials formed through the self-assembly of metal ions or clusters with
organic ligands, connected via coordination bonds [28,29]. These ma-
terials, characterized by their well-defined pore structure, tunable pore
size, and abundant active sites, exhibit significant potential in applica-
tions such as gas adsorption and separation, catalysis, drug delivery,
sensors, and energy storage [30-32]. The structural variability of MOFs
stems from the wide array of metal ions and organic ligands available.
Leveraging their unique catalytic activity and biocompatibility,
MOF-based nanozymes can be tailored to exhibit specific enzyme
functionalities, such as peroxidase (POD), catalase, superoxide dismut-
ase, among others, through rational design of the MOF structure and
composition. These nanozymes can be utilized for the elimination of
detrimental substances within organisms, inflammation reduction, and
facilitation of tissue repair.

In this study, we have successfully synthesized a slender spindle-
shaped triple-atom-MOF nanozymes (TAMzyme) using a high-
temperature hydrothermal method and utilized a colorimetric
approach for the rapid and intuitive evaluation of TAC in fruits. The
extensive grain and crystal surfaces of TAMzyme provide a significant
specific surface area and numerous active sites, enhancing the catalytic
properties of the material. Our colorimetric method is predicated on the
interaction of antioxidants with HyO, in the presence of TAMzyme
acting as a peroxidase analog and 3,3',5,5-tetramethylbenzidine (TMB)
serving as a chromogenic indicator. Initially, HyO. is activated to
generate hydroxyl radicals (¢OH) on the surface of TAMzyme. Subse-
quently, the substrate TMB is oxidized by the hydroxyl radicals to form
blue oxidized TMB (0xTMB), leading to a color change in the solution
from transparent to dark blue within a few min. Throughout the
detection process, the five antioxidants introduced interact with the
hydroxyl radicals, competing with the TMB substrate or reducing the
oxTMB [16,33], resulting in a color change in the solution that is
directly proportional to the concentration of the antioxidants added.
Therefore, our analytical method enables the direct quantification of
antioxidant levels in fruit samples through visual inspection due to the
correlation between color intensity and antioxidant concentrations.
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2. Experimental section
2.1. Materials and reagents

All reagent-grade chemicals were readily accessible on the market
and could be used without any additional purification steps. 2,5-Dihy-
droxyterephthalic acid (H4DOT, >98.0 %) was purchased from Energy
Chemical. Ascorbic acid (AA), glutathione (GSH), cysteine (Cys),
glutamine (GIn), glucose, cobalt(Il) nitrate hexahydrate (Co
(NO3)2-6H50, 99.99 %), nickel(II) nitrate hexahydrate (Ni(NOs)2-6H50,
98 %), iron(Ill) nitrate nonahydrate (Fe(NO3)3-9H20, 98.5 %), sodium
hydroxide (NaOH), isopropyl alcohol (IPA), hydrogen peroxide (H20s,
30 %), Bovine Serum Albumin, Chlorogenic Acid (CGA) and analytical-
grade salts for preparing inorganic salt solutions and buffers were ob-
tained from Sinopharm Chemical Reagent Co., Ltd. 3,3,5,5-tetramethyl-
benzidine (TMB) and 6-hydroxy-2,5,7,8-tetramethylchromane-2-
carboxylic acid (Trolox) used in the experiments were sourced from
TCI Shanghai in China. Acetic acid was purchased from Sinopharm
Chemical Reagent Co., Ltd. N,N-Dimethylformamide (DMF), ethanol,
and acetone were analytical-grade (AR) and obtained from Energy
Chemical Industry Co., Ltd. All aqueous solutions were prepared using
ultrapure water (>18 MQ cm) generated by a Millipore system. Fruits
were purchased from a local supermarket. Total Antioxidant Capacity
Assay Kit (ABTS method) was purchased from Beyotime Biotechnology.
Gallic acid (GA) was obtained from Aladdin Reagent Co., Ltd. (Shanghai,
China).

2.2. Apparatus

X-ray diffractometer (XRD) measurements were carried out with a
Bruker D8 ADVANCE X-ray diffractometer using Cu Kal radiation, with
a scanning range between 5° and 80° using a scan step of 10°/min to
evaluate the phase purity. X-ray photoelectron spectroscopy (XPS) were
collected with American thermoelectric Thermo escalab 250XI. The
morphology and microstructure of the materials were recorded through
high resolution transmission electron microscope (HRTEM, FEI Tecnai
G2 F30) and scanning electron microscopy (SEM, SU8010). Energy
Dispersive Spectroscopy (EDS) was conducted using an X-MaxN detector
(Oxford Instruments) coupled to a FEI Tecnai G2 F30 transmission
electron microscope (300 kV). Ultraviolet analysis was performed on the
UV-vis Spectrophotometer F-7000 (PERSEE, Beijing) and Microplate
Reader (BioTek CYTATION 5, USA). The small juicer cup was purchased
from NanJiren Kitchen Appliances Flagship Store.

2.3. The synthesis of the TAMzyme

A solution containing 21 mM of Fe(NO3)3-9H20, 21 mM of Co
(NO3)2-6H20, 21 mM of Ni(NO3)2-6H0, and 24 mM of H4DOT was
prepared by dissolving them in 5 mL of water. Subsequently, 75 mL of
DMF and 5 mL CH3CH,0H were added to this solution. The mixture was
then stirred magnetically for 30 min. Following this, the solution was
transferred to a Teflon-lined stainless steel container and heated at
120 °C for 24 h. After cooling, the resulting products were subjected to
centrifugation, washed three times with acetone, and vacuum-dried at
60 °C for 24 h, resulting in the formation of TAMzyme.

2.4. Analysis of peroxidase mimetic activity

The POD-like activity of TAMzyme was assessed using a colorimetric
method with TMB as the substrate. In an acetic acid-sodium acetate
buffer solution (pH = 3.0, 170 pL), a sequential addition of HyO5 (5 mM,
10 pL), TMB substrate (0.5 mM, 10 pL), and TAMzyme (1 pg/mL, 10 pL)
was made and incubated for 30 min. Subsequently, the absorbance
values of the reaction system at 652 nm were measured using a UV-vis
spectrophotometer. Following this, the peroxidase-like activity of
TAMzyme was examined under various conditions, including pH values
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(2-12), catalytic reaction time (1, 6, 10, 15, 20, 30, 50, and 60 min),
temperatures (4, 10, 20, 25, 30, 37, 40, 50, and 60 °C), and TAMzyme
concentrations (0.1, 0.5, 0.8, 1.0, 1.5, 2.0, 2.5, 3.0, and 4.0 pg/mL),
aiming to optimize the performance of TAMzyme for further
investigations.

2.5. Kinetics

The steady-state kinetic assay was performed in a NaAc-HAc buffer
(pH = 3.0, 0.1 M) using 10 pL of TAMzyme (1 pg/mL). The initial
concentrations of TMB (0, 0.1, 0.25, 0.5, 0.75, 1.0, and 1.25 mM) or
H»0- (0, 0.5, 0.75, 1.0, 2.5, 5, 10, 15, and 20 mM) were set under the
optimized conditions (pH = 3.0, T = 40 °C). The absorbance at 652 nm
of the resulting solution was recorded. The Michaelis-Menten equation
was applied, and kinetic parameters were calculated by using the Line-
weaver-Burk plot equation: 1/v = Ky/(Vimax[S]) + 1/Viax, Where v sig-
nifies the initial velocity of the reaction, vpax represents the maximum
achievable velocity, [S] denotes the concentration of the substrate, and
K, signifies the Michaelis-Menten constant.

2.6. The reusability of the TAMzyme

The reusability of nanozyme was evaluated through cyclic catalytic
experiments. In a 600 pL system, a mixture of TMB (0.5 mM, 30 pL)
solution and HyO5 (5 mM, 30 pL) solution with TAMzyme (1 pg/mL, 30
pL) was reacted at pH = 3 and 40 °C for 30 min. The absorbance at 652
nm was recorded as Ag. Following the reaction, TAMzyme was separated
by centrifugation (10000 rpm, 20 min), washed twice with absolute
ethanol and once with distilled water. Fresh TMB and H,0- solutions
were added, and the reaction was repeated for 6 cycles, with the ab-
sorbances of each cycle recorded as Aj, Ay, ..., Ag. The activity retention
rate (R) was determined using the formula: R = (Ap/Ap) x 100 %, where
Apis the initial absorbance at 652 nm, and A;, is the absorbance recorded
in the nth cycle.

2.7. Catalytic mechanism

The catalytic mechanism of TAMzyme in POD-like activity was
investigated by employing IPA scavengers to eliminate «OH. A 600 puL
reaction solution was prepared by combining 30 pL IPA (0-4 mM), 30
pL Hz0, (5 mM), 30 pL TMB (0.5 mM), and 30 pL TAMzyme (1 pg/mL)
in 480 pL NaAc-HAc buffer (pH = 3.0). Following a 40-min incubation at
40 °C, the UV-vis absorption spectrum was recorded within the range of
450-750 nm to analyze the reaction.

2.8. TAMzyme-based sensing strategies for antioxidants

To demonstrate the capability of the system to detect a variety of
antioxidants, TAMzyme (1 pg/mL, 10 pL) was dispersed in a 200 pL of
reaction mixture containing TMB (0.5 mM, 10 pL), H,O5 (5 mM, 10 pL),
and NaAc-HAc buffer (pH = 3.0). The absorbance values were moni-
tored for five different antioxidants at varying concentrations: AA (5-70
pM), Cys (2-100 pM), GSH (1-100 pM), GA (1-200 pM), and Trolox
(1-300 pM). After incubating at 40 °C for 30 min, the absorbance at 652
nm was measured. The Limit of Detection (LOD) and Limit of Quanti-
tation (LOQ) for the antioxidants were determined using the formulas:
LOD = 3 o/k, LOQ = 10 6/k, where o represents the standard deviation
of the blank group consisting of 10 samples, and k denotes the gradient
between the absorbance values measured at 652 nm and the content of
antioxidants.

2.9. Fruits sample treatment and validation assay
Fresh kiwi fruits and oranges are procured from local grocery stores.

Initially, 30.0 g of peeled fresh kiwi fruit or orange is mechanically
crushed using a juicer and filtered through a filter bag to obtain juice.
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The fresh juice is then diluted with deionized water to reach a final
volume of 50 mL. In a 200 pL total system, the absorbance at 652 nm is
determined by mixing 10 pL. TAMzyme (1 pg/mL) with NaAc-HAc buffer
(pH = 3.0, 0.1 M), TMB (0.5 mM, 10 pL), HoO5 (5 mM, 10 pL), and
solutions of various concentrations of Trolox in a 96-well plate. Subse-
quently, the Trolox equivalent value is calculated to establish a standard
curve. Following this, a mixture of 10 pL of juice solution (Trolox dosage
0, 50, 100, 150 uM), 10 pL TAMzyme (1 pg/mL), 10 uL TMB (0.5 mM),
10 pL H302 (5 mM), and 160 pL buffer is prepared and incubated at
40 °C for 30 min, after which the absorbance at 652 nm is measured.

3. Results and discussion
3.1. Characterization of the synthesized TAMzyme

Multimetallic MOF-74 materials were synthesized via a simple one-
pot solvothermal method using divalent metal ions and H4sDOT. The
SEM image (Fig. 1A) and HR-TEM image (Fig. 1B) reveal the uniformly
dispersed long spindle shape of TAMzyme. The energy-dispersive sys-
tem’s mapping image (Fig. 1C and D) demonstrates a homogeneous
distribution of Fe, Co, Ni, C and O throughout the samples. Additionally,
the analysis of the energy-dispersive spectroscopy (EDS) data indicates
that the relative content percentages of Fe, Co, Ni, C and O are 2.20 %,
4.33 %, 4.14 %, 49.86 %, and 39.47 %, respectively. For a more
comprehensive understanding of the chemical composition and state of
the sample, X-ray photoelectron spectroscopy (XPS) was utilized to
investigate the electronic structure and elemental valence states of
TAMzyme. The XPS spectrum (Fig. 1Ea) confirms the presence of Fe, Co,
Ni, C, and O elements in the sample.

High-resolution XPS analysis of the C 1s spectrum (Fig. 1Eb) reveals a
distinct peak centered at 284.8 eV, indicative of the C-C bond, con-
firming the presence of amorphous carbon in the sample. The additional
peaks observed at 286.88 eV and 288.48 eV are attributed to the pres-
ence of C-O and O-C=0 chemical bonds [34]. The peak observed in the
O 1s spectrum at 529.78 eV corresponds to the (FeCoNi)-O bond
(Fig. 1Ec). Furthermore, the binding energies recorded at 531.69 eV and
533.68 eV suggest the presence of chemical bonds between carbon- and
oxygen-containing groups on the metal oxide surface, specifically the
C-O and -O-C=0O linkages [35]. The Fe 2p spectrum, illustrated in
Fig. 1Ed, displays a division into three distinct peaks. The peaks
observed at 711.57 eV and 724.08 eV signify the presence of Fe?t. The
peak at 716.18 eV is associated with a satellite peak, which is related to
the oscillatory excitation phenomenon observed in high-spin Fe?* states
[36,37]. In the Co 2p spectrum depicted in Fig. 1Ee, the peaks centered
at 781.41 eV and 797.08 eV correspond to the Co 2p3/2 and Co 2p1/2
electrons of Co®*. Additionally, satellite peaks are observed at 785.88 eV
and 801.98 eV [38]. Subsequently, the resolution of the Ni 2p spectral
data (Fig. 1Ef) reveals two distinct Ni states: Ni?* and satellites. The
prominent peaks detected at 860.78 eV and 878.38 eV are attributed to
satellite peaks, while the binding energies measured at 856.38 eV and
873.28 eV indicate the Ni 2p3/2 and Ni 2p1/2 electron states, respec-
tively [39]. The X-ray diffraction (XRD) analysis conducted on TAM-
zyme revealed a crystalline structure, with diffraction peaks aligning
well with the simulated MOF-74 crystalline structure, as depicted in
Fig. S1. Therefore, it can be concluded that achieved TAMzyme with the
trimetallic MOF structure.

3.2. POD-like activity of TAMzyme

Among the diphenylamine substrates commonly utilized in POD
assays, TMB demonstrates the highest sensitivity, superior purity of
colored product, and reasonable stability of the oxidized product [40].
Consequently, we assessed the POD-like activity of TAMzyme under a
nitrogen atmosphere using TMB as the color-developing substrate. The
findings revealed that, in the presence of HyO,, TAMzyme facilitated the
oxidation of the colorless TMB to the blue oxTMB, exhibiting a
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Fig. 1. (A) SEM image. (B) HR-TEM image. (C, D) the corresponding elemental mappings distribution of TAMzyme, showing the hierarchical elemental distributions
of C, O, Ni, Co and Fe. (E) XPS spectra of TAMzyme: (a) XPS-survey, (b) C 1s spectrum, (c) O 1s spectrum, (d) Fe 2p spectrum, (e) Co 2p spectrum, and (f) Ni

2p spectrum.

maximum absorbance peak at 652 nm (Fig. 2A).

To gain a deeper insight into the key factors influencing substrate
oxidation, various parameters including pH, temperature, catalytic re-
action time, and TAMzyme concentration were evaluated. With an in-
crease in pH from 2 to 12, the absorbance of the oxidized substrate
peaked at pH = 3.0, highlighting the exceptional catalytic performance
of TAMzyme under acidic conditions, particularly at pH = 3.0 (Fig. 2B).
Significantly, at pH levels exceeding 5.0, TAMzyme experiences a sub-
stantial decrease in activity, highlighting its inadequacy for weakly
acidic environments. The enhanced POD-like activity of TAMzyme
under acidic conditions was primarily attributed to the surface charge
effect: in acidic environments (where the pH was lower than the iso-
electric point of the nanozyme), the nanozyme surface carries a positive
charge (Fig. S2). In solution, H,O, dissociates into HO3 and H™, and the
negatively charged HO3 is more readily adsorbed onto the positively
charged surface of the nanozyme. This enhances the binding efficiency
between the substrate and the active site, thereby accelerating the cat-
alytic reaction. In Fig. 2C, the absorbance of the system (TAMzyme,
H20,, and TMB) at 652 nm increases as the temperature is elevated from
4 °C to 40 °C before reaching a plateau, indicating the wide temperature
range over which TAMzyme can effectively operate. In Fig. 2D, it is

evident that the absorbance of the system shows a rapid increase from 1
min to 30 min, after which it stabilizes with prolonged reaction time,
indicating a corresponding increase and eventual stabilization of
oxTMB. A similar pattern was observed when the catalytic reaction was
conducted at varying concentrations (Fig. 2E). As the TAMzyme con-
centration reached a plateau, the absorbance at 652 nm showed a
gradual increase, suggesting an optimal TAMzyme concentration of 1
pg/mL. However, it is important to note that HyO» is prone to decom-
position under alkaline conditions and elevated temperatures, resulting
in a decrease in the absorbance of the catalytic system.

To investigate the mechanism of this catalytic reaction, the genera-
tion of eOH in the catalytic process was confirmed using IPA. Due to the
strong affinity between the hydroxyl group (-OH) of IPA and «OH, «OH
preferentially reacts with the hydroxyl group of IPA upon encountering
it. Additionally, IPA reacts with eOH to form relatively stable in-
termediates, which may undergo further transformation or degradation.
In Fig. 2F, as the concentration of IPA increases, the absorbance of the
TAMzyme/H;05/TMB system gradually decreases in the range of
450-750 nm, indicating that H»O, is catalytically decomposed by
TAMzyme to generate-OH.
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for eOH.

3.3. Steady-state kinetics of the TAMzyme

Steady-state kinetics experiments demonstrated a significant in-
crease in the catalytic reaction rate as the concentrations of the TMB and
H,0, substrates were increased, eventually reaching a saturation point.
Importantly, the catalytic reaction followed the Michaelis-Menten kinetic
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model, as illustrated in Fig. 3A and C. Detailed analysis of the double
reciprocal Lineweaver-Burk plot revealed that the Michaelis-Menten con-
stant (Kp,,) for TMB substrate stood at 0.1115 mM (Fig. 3B), while for
H50, substrate, it was 1.4857 mM (Fig. 3D). These results indicate that
TAMzyme exhibits strong substrate affinity and exceptional catalytic
activity (Table S2).
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Fig. 3. (A) The concentration of HO, was 5 mM and the TMB concentration varied. (B) Double reciprocal plots of the Michaelis-Menten equation from the activity
date of the concentration of TMB. (C) The concentration of TMB was 0.5 mM and the H,O, concentration varied. (D) Double reciprocal plots of the Michaelis-Menten
equation from the activity date of the concentration of HyO5.
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3.4. Reusability evaluation of the TAMzyme

The recyclability of catalysts is crucial for continuous operation and
cost efficiency. In this study, the TAMzyme was evaluated for its recy-
clability over six cycles. After each 20-min cycle, the product was
separated via centrifugation, and the reaction system was replenished
with fresh substrate. Throughout the six cycles, approximately 80 % of
the initial activity was retained, as shown in Fig. S4 and Table S3. The
decrease in activity can be attributed to particle loss during centrifu-
gation, a challenge to quantify accurately. Nevertheless, the TAMzyme
demonstrates excellent recyclability, making it suitable for practical
applications.

3.5. TAMzyme-based sensing strategies for antioxidants

The performance of the TAMzyme-based sensing system was
assessed by detecting antioxidants such as AA, Cys, GSH, GA and Trolox,
which can act as the main components of TAC in fruits. Fig. 4A-D
illustrate an increase in antioxidant concentration led to a decrease in
the absorbance of the system, indicating that antioxidants exhibited a
certain inhibitory effect on the oxidation of TMB [33]. Furthermore, the
variation in net absorbance values at 652 nm in relation to antioxidant
concentration, offering a quantitative evaluation of the response of the
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colorimetric methods to the target antioxidant concentrations. The
change in absorbance value shows a clear linear correlation with the
concentrations of four antioxidants. Linear calibration curves were
established based on the TAMzyme-TMB colorimetric approach, with
the LOD for the aforementioned antioxidants ranging from 0.54 to 1.58
pM, and the LOQ ranging from 1.81 to 5.27 pM (Table S4). Therefore,
the developed TAMzyme exhibits promising application potential.

Trolox, a commonly used antioxidant, serves as a standard for
evaluating the TAC of various antioxidants. The TAC of the samples is
expressed as pM Trolox Equivalent (TE). In this system, the oxidation of
TMB is hindered by the reaction of Trolox by eOH radicals, leading to a
gradual decrease in absorbance of the working solution with increasing
Trolox concentration. The absorbance at 652 nm exhibited a linear
relationship with Trolox concentrations ranging from 1 to 300 uM, as
shown in Fig. 4E, with an equation of y = —1.6019x + 0.6360 and an R?
value of 0.9943. The method demonstrated effectiveness in Trolox
detection, with a LOD of 0.53 pM and a LOQ of 1.77 pM.

Furthmore, the selectivity of the TAMzyme hybrid system was
evaluated against inorganic ions at 1 mM (K*, Na*, Mg?*, cu®*, Zn?",
SO%’, and NO3) and organic molecules at 200 pM (AA, GSH, Cys, Gln,
Glusose, Protein, and CGA) (Fig. S3). In the presence of antioxidant
compounds, notable changes in absorbance were observed, indicating
high sensor selectivity with minimal interference from other substances.
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Fig. 4. TAMzyme-based sensing strategy was used for the detection of (A) AA, (B) Cys, (C) GSH, and (D) GA. Using TMB as substrate, the calibration diagram were
obtained. (E) The linear relationship between the absorbance at 652 nm and concentrations of Trolox. (F) Comparison of TAC detection in two samples using the
TAMzyme-based colorimetric assay and the standardized ABTS kit. Data are shown as mean + SD (*p < 0.05, **p < 0.01, and ***p < 0.001).
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Given that Trolox can interact with ¢OH to diminish oxTMB production,
the reduced product can be accurately quantified.

3.6. Measurement of TAC levels in fruits

To evaluate the efficacy of the TAMzyme-based colorimetric assay in
practical samples, two fresh fruits were selected for juicing and their
TAC was evaluated. A standard curve was generated using Trolox as a
control, and the test results were expressed in Trolox equivalent (uM). As
shown in Table 1, the TAC of kiwi fruit was determined to be 194.97 +
2.73 uM TE, while that of oranges was measured at 205.10 + 3.85 pM
TE, indicating robust antioxidant activity beneficial for daily dietary
planning. To ensure the accuracy of our proposed method, the standard
addition method was employed, and the recovery was calculated. The
recovery rates for kiwi fruit samples ranged from 98.97 % to 108.30 %,
while those for orange samples ranged from 88.48 % to 101.28 %,
demonstrating the excellent accuracy of the TAMzyme-based sensing
approach. In addition, a comprehensive comparison was made between
the TAMzyme-based colorimetric method and other nanoparticle-based
nanozyme techniques (Table S5), demonstrating its remarkably low
detection limit (1.41 puM for Trolox) and satisfactory recovery range
(88.48-108.30 %), which ensure the precision and reliability of TAC
determination across diverse fruit samples and concentration levels.
This nanozyme-based sensor exhibits promising potential for sensitivity
and precise quantification of TAC in practical fruit samples.

In this work, the TAC of kiwi fruit and oranges was measured using
the TAMzyme-based colorimetric assay and compared with the results
obtained from a standardized ABTS kit (Fig. 4F and Table 2). For kiwi
fruit and oranges, the TAC values determined by the TAMzyme-based
colorimetric assay were 194.97 + 2.73 pM TE and 205.10 + 3.85 pM
TE, respectively. These results showed good agreement with those ob-
tained from the standardized ABTS kit (196.43 + 0.54 pM TE for kiwi-
fruit and 221.39 + 1.41 pM TE for oranges), indicating that the
TAMzyme-based colorimetric assay has acceptable accuracy and
repeatability compared to the conventional method for measuring the
TAC of these two plant-derived samples.

4. Conclusions

The study introduces a one-step self-assembly approach for synthe-
sizing a novel TAMzyme with elongated spindle-like morphology and
remarkable POD-like activities, offering a viable alternative to natural
enzymes for assessing the TAC of food samples. The colorimetric sensing
strategies based on TAMzyme provide distinct advantages over natural
enzymes, such as cost and time efficiency in production, resilience to
denaturation under harsh conditions, and support for large-scale
implementation of the TMB method for TAC analysis. By combining
TAMzyme with TMB to develop a colorimetric sensor, we have suc-
cessfully achieved highly sensitive and accurate TAC detection in two
types of fruits using Trolox as a reference standard. Comparative as-
sessments on two kinds of fruit varieties underscore the promising
application of TAMzyme-based sensing strategies for TAC determination
in food samples. The study currently focuses on a limited range of fruit
samples and does not differentiate the contributions of individual anti-
oxidant components. In future work, we aim to expand the sample di-
versity and integrate multi-technique analysis to address these gaps,
while optimizing the detection protocol for broader practical
applications.
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Table 1
Recovery test and precision of the determination of TCs in real samples by
colorimetric sensor.

Sample  Tatal found Added Detected Recovery RSD
equivalents of Trolox equivalents of (%) (%,n
Trolox (M) (M) Trolox (M) =3)
Kiwi 194.97 + 2.73 50 105.19 + 1.08 98.97 2.77
fruit 100 157.71 £ 2.54 102.00 1.81
150 218.16 + 0.93 108.30 0.13
Orange  205.10 + 3.85 50 89.41 + 1.06 88.48 0.95
100 146.45 + 2.63 101.28 3.01
150 188.42 + 1.07 95.50 0.59

Table 2

Comparative study of TAC detection in fruits using the proposed TAMzyme-
based colorimetric strategies and a standardized ABTS kit.

Samples TAMzyme-based colorimetric assay (pM, ABTS kit (upM, Mean +
Mean + SD) SD)
Kiwi 194.97 + 2.73 196.43 + 0.54
fruit
Orange 205.10 + 3.85 221.39 + 1.41
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