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Total antioxidant capacity (TAC) is a vital parameter to assess the gross antioxidant activity in biological and
food matrices. Accurate determination of TAC has become increasingly important for health monitoring and
dietary guidance. Here, we report a persistent luminescent nanozyme (ZGO-Pt) based luminescence-colorimetric
dual-mode sensor for selective determination of TAC. ZGO-Pt was fabricated based on ZnGazO4:Cr nanoparticles
(ZGO) with platinum nanoflower as synthetic additive. The prepared ZGO-Pt exhibited fascinating peroxidase-
mimetic activity and persistent luminescence, and enabled effectively catalysis of the oxidation of colorless
3,3,5,5-tetramethylbenzidine (TMB) to blue oxTMB. Meanwhile, the generated oxTMB gave strong absorption at
652 nm to quench the luminescence of ZGO-Pt at 700 nm via the inner filter effect. Antioxidants could compete
with the oxidable TMB or reduce oxTMB to TMB, resulting in the simultaneous variations of blue color and
luminescence to provide the basis for dual-mode assay for TAC. The highly efficient catalysis of ZGO-Pt (Ky,
3.12 mM for Hy05, 0.592 mM for TMB) allows the dual-mode sensor to realize precise determination of TAC with
a wide linear range (0.5-200 uM and 1-300 uM for colorimetric and luminescence mode, respectively) and low
limit of detection (LOD, 0.05 pM and 0.78 puM for colorimetric and luminescence mode, respectively). The
developed dual-mode sensor was successfully applied to the determination of TAC in vitamin tablet, beverages
and fruits. This work provides an efficient persistent luminescent nanoparticle-based nanozyme for a facile TAC
assay with further vision in biosensing and food technology.

Luminescence-colorimetric sensor

as flavonoids, carotenoids, anthocyanidins, ascorbic acid are abundant
in fruits and vegetable foods [9-11]. Besides, a wide array of antioxi-

1. Introduction

The increasing life stress and unhealthy living habits pose the over
production of free radicals, disrupting the redox homeostasis in human
body [1]. Living organisms defense can be overwhelmed by the imbal-
ance between reactive species generation and elimination [2]. There is
accumulating evidences for redox damage involved inflammatory and
degenerative diseases [3,4]. Thus, additional protection is required to
balance the oxidative status. Antioxidants play a major part in scav-
enging free radicals and effectively counteracting the oxidative stress
and oxidative damage of cellular organs [5,6]. However, most antioxi-
dants have to be supplemented from exogenous nutrition since it cannot
be produced by human organisms themselves [7,8]. Antioxidants such

dants is exogenously added to foods, medicines and cosmetics. Consid-
ering that the dosage of antioxidants is closely related to their
antioxidant capacity, it is of great significance to get quantitative in-
formation of antioxidants in fruits or exogenous added foods. However,
individual antioxidant is difficult to determine due to its large variety
and the possible interactions between the involved antioxidants. Thus,
total antioxidant capacity (TAC) is adopted as an antioxidant index [12],
acting a vital role in assessing high-risk diseases and providing reason-
able dietary guidance for modulating oxidative stress [13]. Hence,
establishing accurate methods for the determination of TAC in foods and
drinks is of great clinical significance for disease prevention and
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prognosis management.

Up to now, various analytical methods for TAC have been developed,
such as colorimetry, fluorometry, chromatography, and electrochemical
categories [14-17]. Among them, colorimetric method is frequently
exploited due to its intrinsic advantages for fast and cost-effective naked
eye detection and easy on-site analysis [18,19]. A typical mode of TAC
colorimetric assay involves exploiting the competition mechanism be-
tween oxidable chromogenic substrates and antioxidants. A robust
oxidation strategy is a prerequisite for obtaining excellent analytical
performance in this mode. Recently, the emergence of nanozymes open
up new perspectives for the design of oxidation process due to their
superior stability, low manufacturing cost and robust catalytic perfor-
mance [20-22]. In general, the peroxidase-mimicking nanozymes are
exploited to catalyze hydrogen peroxide and implement oxidation for
colorimetric determination of TAC [23,24]. However, such previous
nanozymes rely on a single function of mimicking enzymes with single
signal output, and its corresponding solution-based colorimetric analysis
is susceptible to detection environment, apparatus, and operation [25].
Therefore, a sensing assay based on multi-signals constitutes a good
ability for convenient preliminary screening and accurate diagnosis,
ensuring enhanced detection sensitivity and reliability.

Fluorescence sensors have clear principles and are unaffected by the
suspended solids or the color of the sample solution, showing distinct
advantages in bioanalysis and food monitoring. Therefore, technologies
that combine the principles of colorimetric and fluorescent methods will
highlight the advantages of each technique for better adapting to various
complex detection requirements to fulfill highly sensitive detection of
TAC. Nevertheless, most fluorescence methods require continuous
external light source excitation to produce fluorescent signal, and thus
subject to interference from autofluorescence of sample matrix, which
seriously affects the accuracy of the detection. Hence, it is imperative to
develop a sensitive method for autofluorescence-free determination of
TAC in complex samples.

Persistent luminescence nanoparticles (PLNPs) can efficiently avoid
scattering light and autofluorescence interferences from complex
matrices with no need for in situ excitation, enabling autofluorescence-
free determination with a significantly improved signal-to-noise ratio
[26-28]. However, to our knowledge, there are no applications of PLNPs
in dual-signal mode of luminescence and colorimetry for sensing.

Herein, we report an NIR-emitting PLNP nanozyme as a dual-signal
sensor of luminescence and colorimetry for TAC assay. The PLNP
nanozyme (ZGO-Pt) was fabricated based on ZnGay04:Cr nanoparticles
(ZGO) with Pt nanoflower as synthetic additive. The prepared ZGO-Pt
not only exhibits excellent peroxide-mimicking enzyme activity, but
also keeps the original NIR-emitting persistence luminescence (at 700
nm) and uniform small size (ca. 6 nm) of ZnGas04:Cr. The excellent
peroxidase-mimetic activity of ZGO-Pt allows the oxidation of colorless
3,3',5,5'-tetramethylbenzidine (TMB) to blue oxidized TMB (ox-TMB),
laying a foundation for colorimetric detection. Meanwhile, the gener-
ated oxTMB gives strong absorption at 652 nm to quench the lumines-
cence of ZGO-Pt, providing a huge space for “turn on” luminescence
sensing. Antioxidants can compete with the oxidable chromogenic
substrate or reduce the oxidized substrate back, accompanied by a
concentration-dependent distinct blue discoloration and a “turn-on”
luminescence recovery to allow a dual-signal mode of colorimetry and
luminescence for TAC assay. Furthermore, the developed dual-mode
assay was successfully applied to the determination of TAC in various
samples such as vitamin C tablet, fruits and drinks. In virtue of the
needless in situ excitation, autofluorescence interference free and
excellent nanozyme performance of ZGO-Pt, the developed assay ex-
hibits bright prospects in food technology and healthcare field.
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2. Experimental section
2.1. Materials and chemicals

Zinc nitrate hexahydrate (Zn(NO3)2-6 Hy0, 99.99%), gallium nitrate
(Ga(NO3)3, 99.99%), chromic nitrate (Cr(NO3)3-9 H-0, 99.99%),
chloroplatinic acid hexahydrate (HyPtClg-6 H0) and pluronic (F127)
were purchased from Aladdin (Shanghai, China). 3,3’,5,5-tetrame-
thylbenzidine (TMB), 2,2'azino-bis (3-ethylbenzthiazoline-6-sulfonic
acid) (ABTS), o-phenylenediamine (OPD) were purchased from Sigma-
Aldrich China (Shanghai, China). Ascorbic acid (AA) and potassium
bromide (KBr) were obtained from Sinopharm Chemical Reagent Co.,
Ltd. (Shanghai, China). Total antioxidant capacity (TAC) assay kit
(DPPH) was obtained from Maclin Biochemical Technology Co., Ltd.
(Shanghai, China). Ultrapure water was obtained from Wahaha Group
Co. (Hangzhou, China). Acetate buffer solution (25 mM, pH 4.0) was
used as the working buffers.

2.2. Synthesis of ZGO-Pt

Platinum nanoflower was used as the synthetic additive to synthesize
PLNP-Pt nanozyme. The Pt nanoflower was prepared as follows [29,30]:
F127 (0.9 g) and KBr (2 g) were mixed in 20 mL of ultrapure water under
ultrasound, then AA aqueous solution (35 mL, 0.1 M) was added. After
20-min ultrasonic shaking, 1.5 mL of HyPtClg aqueous solution (0.2 M)
was added, and the mixture was kept at 70 °C for 12 h. The final sedi-
ment particles were collected by centrifugation (4035 g for 10 min),
washed with ultrapure water twice and redispersed in ultrapure water
(40 mL) for further use.

A typical one-pot hydrothermal process was used to prepare ZGO-Pt.
In brief, the precursors (1 mmol Zn?**, 2 mmol Ga®*, 0.003 mmol Cr**)
and 300 pL of above Pt nanoflower aqueous solution were mixed under
vigorous stirring, then ammonium water (28%, wt) was added rapidly to
the above solution and the pH value was adjusted to approximately 8
with vigorous stirring. The resulting turbid solution was stirred vigor-
ously at room temperature for 1 h and further transferred to a Teflon-
lined autoclave (reacted at 220 °C, 24 h). The as-prepared ZGO-Pt
nanoparticles were collected by centrifugation and washed with
ethanol.

2.3. Optimization of assay parameters

A mixture solution of TMB (1 mM), HyO5 (20 mM) and ZGO-Pt so-
lution (0-300 pg mL™1) in 400 pL acetate buffer (pH 3.0-8.0, 25 mM)
was used for optimization. The parameters optimized included solution
PH, concentration of ZGO-Pt, reaction time, reaction temperature. Assay
parameters were optimized via a univariate method with the absorbance
at 652 nm as the figure of merit. Three to four cycles of univariate
studies were needed to adjust the fixed parameters to optimal values in
each univariate study.

2.4. Steady-state kinetics study

A steady-state kinetic experiment was conducted by altering the TMB
concentration (0.1-1.0 mM) with a stable concentration of HyO5 (40
mM), ZGO-Pt (100 pg mL™') and made up to 400 pL with acetate buffer
solution (pH 4.0, 25 mM), or changing H,O2 concentration (1-10 mM)
with a fixed TMB concentration (1 mM) and ZGO-Pt (100 pg mL~1). The
respective absorbance changes at 652 nm were monitored by multi-
functional microplate reader. The Michaelis-Menten constant (Km) was
calculated according to the Lineweaver-Burk Plot: 1/v = Ky/(Vinax[S1)
+ 1/Vmax, Where v represents the initial velocity, Viyax represents the
maximal reaction velocity, and [S] is the substrate (TMB or H305)
concentration.
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2.5. Preparation of samples

Vitamin C tablet, fresh fruits including tomato, kiwi and lemon, and
vitamin C fortified type of compound drinks were collected from Taobao
and a local supermarket. 15 mg of Vitamin C tablet was dissolved in 5
mL of ultrapure water. Three compound drinks were used without
treatment. 11.2 g of tomato, 13.8 g of kiwi fruit and 16.2 g of lemon were
mixed with 10 mL of ultrapure water, followed by juicing. The mixture
was then centrifuged at 6000 g for 10 min to remove the residue. The
resulting supernatants were filtered with gauze. The three fruit samples
were spiked with AA standard at the final concentrations of 10 pM, 100
pM, 150 pM for recovery experiments.

2.6. Determination of AA and TAC

TMB solution (10 pL, 40 mM) and H,0; solution (10 pL, 0.8 M) were
mixed with ZGO-Pt solution (15 pL, 4 mg mL™!) and made up to 400 pL
with acetate buffer solution (pH 4.0, 25 mM). The mixture solution was
reacted at 35 °C under gentle shaking for 40 min. Then, 70 pL of AA
solution (or sample solution) was added to the above mixture solution.
After that, the luminescence intensity at 700 nm of the solution was
measured on F-7000 fluorescence spectrometer in the phosphorescence
mode (excitation at 254 nm, slit widths for excitation and emission, 10
nm), and the absorbance (652 nm) of the solution was recorded by
multifunctional microplate reader.

3. Results and discussion
3.1. Fabrication and characterization of ZGO-Pt nanozymes

Scheme 1 shows the fabrication of ZGO-Pt and its application for
luminescence-colorimetric dual-mode sensing of TAC. Platinum nano-
flower was used as synthetic additive to synthesize PLNP-Pt nanozyme
via a typical one-pot hydrothermal method. The as-synthesized ZGO-Pt
integrates the merit of autofluorescence-free persistent luminescence
(PL) sensor of PLNP and excellent peroxide-mimicking enzyme activity
of nanozymes. The good peroxidase-mimetic activity of ZGO-Pt allows
the oxidation of TMB to blue oxTMB, meanwhile, the generated oxTMB
gives strong absorption at 652 nm to quench the luminescence of ZGO-
Pt. Antioxidants will compete with the oxidable TMB or reduce the
oxidized oxTMB to TMB, accompanied by a concentration-dependent
distinct blue discoloration and a turn-on luminescence recovery,
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allowing us to develop a dual-signal mode of colorimetric and lumi-
nescence sensor for TAC.

Pt nanoflower prepared using F127 as the structure-directing agent
was spherical with a uniform size and a diameter of ~70 nm (Fig. 1A).
Interestingly, the prepared ZGO-Pt with Pt nanoflower as synthetic ad-
ditive was granular with the diameter of 5.6 + 1.0 nm (Fig. 1B,C). ZGO-
Pt possess typical granular morphology and sub-10 nm size as ZGO
PLNPs (Fig. S1), indicating that the addition of Pt nanoflower in the
synthesis process did not affect the final morphology and size of PLNPs.
ZGO-Pt nanoparticles are colloidally stable and monodispersed with a
narrow hydrodynamic size distribution (Fig. S2). Moreover, the ob-
tained ZGO-Pt gave a highly crystalline typical cubic spinel structure of
ZnGay04 (JCPDS 38-1240), and displayed clear resolved lattice fringes
corresponding to the 311 spacing of cubic spinel (Fig. 1B,D). The
element Pt in ZGO-Pt was proved by energy dispersive spectroscopy
(Fig. 1E). ZGO-Pt gave a bright NIR luminescence emission at ~700 nm
(Fig. 1F), originating from the spin forbidden 2E-*A, transition of the
distorted Cr* ions [31-33], as well as an excitation spectrum from
200 nm to 300 nm (Fig. S3). It is noteworthy that ZGO-Pt exhibited
stronger NIR emission (700 nm) than original ZGO PLNPs mainly due to
the improvement of luminescence efficiency from noble-metal based
plasmon enhancement effect [34,35]. Besides, ZGO-Pt showed excellent
long-lasting PL features as ZGO, with the PL signal lasted more than
1000 s after 5-min UV light irradiation (254 nm) (Fig. 1G). The above
results clearly show that the addition of Pt nanoflower in the synthesis
process of ZGO had no adverse impact on the morphology, size, crystal
structure and optical performance of ZGO PLNPs.

3.2. Peroxidase mimicking activity of ZGO-Pt

The oxidation reactions of different chromotropic substrates (TMB,
ABTS and OPD) with H205 in the presence of ZGO-Pt were examined to
further reveal the catalysis performance of ZGO-Pt. The oxidized prod-
ucts of TMB, ABTS and OPD by Hy05 in the presence of ZGO-Pt gave
characteristic absorption peaks at 652, 415 and 447 nm, respectively
(Fig. 2A), leading to the change of solution color (Fig. S4). In contrast,
none of the control groups (in the absence of HyO4 or ZGO-Pt) showed
these absorption peaks and color change, confirming the inherent
peroxide-mimicking enzyme activity of ZGO-Pt nanozyme. Moreover,
the peroxide-mimicking enzyme activity of ZGO-Pt depends on the
amount of Pt nanoflower added for ZGO-Pt synthesis. The reaction so-
lution of TMB and H20; showed a negligible absorbance at 652 nm in

oxTMB (color fading)

Absorbance
(652 nm)

/

700 nm

Antioxidants

* 39

(652 nm)

luminescence
“turn on”

Scheme 1. Schematic illustration of the synthetic procedure of ZGO-Pt and its application for luminescence-colorimetric dual-mode sensing of TAC.
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Fig. 1. Characterization of ZGO-Pt nanozymes. TEM images: (A) Pt nanoflower; (B) ZGO-Pt. (C) Size distribution of ZGO-Pt based on 100 randomly selected
nanoparticles. (D) XRD pattern and (E) EDS spectrum of ZGO-Pt. (F) PL emission spectra of ZGO-Pt synthesized using various amounts of Pt nanoflower. Ex. 254 nm.

(G) Afterglow decay curves of ZGO and ZGO-Pt after 254 nm UV irradiation for 5 min (monitoring emission at 700 nm).
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Fig. 2. Peroxidase Mimicking Activity of ZGO-Pt. (A) Absorption spectra of the oxidized products of TMB, ABTS and OPD by H,0, in the presence of ZGO-Pt (TMB,
ABTS, OPD (10 pL, 40 mM), H,0, (10 pL, 800 mM). (B) Dependence of the peroxide-mimicking enzyme activity of ZGO-Pt on the feeding amount of Pt nanoflower
(TMB (10 pL, 40 mM), H,05 (10 pL, 800 mM) and ZGO-Pt (15 pL, 4 mg mL™1)). (C) Luminescence spectrum of the as-prepared ZGO-Pt (120 pg mL™?) and the
absorption spectrum of the oxTMB generated under the reaction conditions for (A). (D) Change of the absorbance of the oxidized products of TMB by H,0, with the
concentration of ZGO-Pt. (E) Effect of the buffer pH on the peroxidase-mimicking enzyme activity of ZGO-Pt. (F) Change in the PL signal after the oxTMB generation
in the presence of ZGO-Pt (TMB (10 pL, 40 mM), H,O» (10 pL, 800 mM) and ZGO-Pt (15 pL, 4 mg mL~1). The reaction solution in (A), (B) and (F) was made up to
400 pL with acetate buffer solution (pH 4.0, 25 mM).

the presence of ZGO (i.e. no addition of Pt nanoflower, O pL in Fig. 2B).
In contrast, the reaction solution of TMB and H,05 showed a gradual
increased absorbance and color change in the presence of ZGO-Pt as the
amount of Pt nanoflower added for ZGO-Pt synthesis increased to
300 pL, then no further change in absorbance and color over 300 pL
(Fig. 2B and Fig. S5). The above results indicate that the ZGO-Pt

prepared with the addition of 300 pL Pt-nanoflower gave the
maximum peroxidase-like activity. The comparison of the peroxidase-
like activity of the ZGO, Pt nanoflowers and ZGO-Pt further proved
that Pt nanoflowers (as synthetic additive) gave ZGO-Pt excellent
peroxidase-like activity (Fig. S6). Meanwhile, TMB was chosen as the
chromogenic substrate because the absorption spectra of its oxidized
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product (oxTMB) overlap the emission spectra of ZGO-Pt for effective
quenching of the luminescence of ZGO-Pt (Fig. 2C).

3.3. Optimization of assay parameters

Several working parameters including ZGO-Pt concentration, reac-
tion time, pH and temperature were optimized to clarify the key factors
for oxidation reaction to achieve the best peroxidase-like activity. The
peroxidase-like activity of the ZGO-Pt was concentration dependent
within 120 pg mL™?, then reached a plateau over 120 pg mL ™! (Fig. 2D).
As depicted in Fig. 2E, the ZGO-Pt exhibited the maximum catalytic
activity at pH 4.0 (acetate buffer solution) toward TMB. Consequently,
pH 4.0 was used in the following experiments. Fig. S7 reveals that ZGO-
Pt kept excellent catalytic activity in a temperature range from 20 °C to
50 °C, and gave the maximum catalytic activity at 35 °C. Moreover, the
reaction equilibrium of the system was reached at 40 min (Fig. S8).
Importantly, The PL intensity of the ZGO-Pt was quenched significantly
after the oxidation of TMB to oxTMB in reaction system, allowing a huge
space for the subsequent responsive “turn on” luminescence sensing
(Fig. 2F). As a result, the subsequent studies were carried out with TMB
(10 pL, 40 mM), H205 (10 pL, 800 mM) and ZGO-Pt (120 pg mL™) at
35 °C for 40 min

3.4. Steady-state kinetic study

Under aforementioned optimal assay conditions, the steady-state
kinetic assays were further explored to investigate the affinity of ZGO-
Pt towards TMB and H30» (Supporting Information). Michaelis con-
stant (K,) and the maximum initial velocity (Vihax) were calculated
according to the Lineweaver-Burk Plots (Fig. 3). Ky, is a vital parameter
for assessing the affinity of enzymes for substrates, and smaller K, value
indicates greater affinity. As shown in Table S1, the affinity of the as-
prepared ZGO-Pt NPs to HyO5 and TMB (H;03: 3.12 mM, TMB:
0.592 mM) is comparable to that of horseradish peroxidase (HRP)
(H202: 3.70 mM, TMB: 0.434 mM), indicating its excellent peroxide-
mimicking enzyme catalytic efficiency. In addition, ZGO-Pt nanozyme
showed negligible reduction in peroxidase activity after ten-cycles use,
indicative of its good stability and reusability (Fig. S9).

Catalytic intermediates were further studied to understand the cat-
alytic mechanism by using terephthalic acid (TA) and hydroethidine
(HE) as the indicators for ¢OH and O3 radicals, respectively. Only the
system containing TA, Hy05 and ZGO-Pt gave high fluorescence in-
tensity of 2-hydroxyterephthalic acid (oxidation products of TA), indi-
cating the production of eOH from Hy05 by ZGO-Pt (Fig. S10A). The
mechanism of ZGO-Pt catalyzed TMB oxidation in the presence of HyO5
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Fig. 3. Steady-state kinetics assays of ZGO-Pt by varying the concentration of
(A) TMB (40 mM H,0,, ZGO-Pt (100 pg mLfl) and (C) Hy0, (1 mM TMB, ZGO-
Pt (100 pg mL ™). Lineweaver-Burk plots of ZGO-Pt for (B) TMB and (D) H,0,.
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isillustrated in Fig. S10B. Moreover, isopropyl alcohol (IPA) was used as
the eOH scavengers to further confirm that ¢OH was the main inter-
mediate responsible for the peroxidase-like activity of ZGO-Pt. The in-
hibition in TMB/H302/ZGO-Pt system significantly increased with the
introduction of IPA (Fig. S10C). On the other hand, no obvious pro-
duction of eOzwas captured in the catalytic process (Fig. S10D,E),
indicating that eOH is the primary reactive species in the proposed
peroxidase-like enzymatic assay.

3.5. Analytical performance of the developed dual-mode sensor

Ascorbic acid (AA), a typical and common antioxidant, was selected
to demonstrate the analytical performance of the developed dual-mode
sensor. In colorimetric mode, the absorbance of oxTMB at 652 nm
declined with the increase of AA concentration (Fig. 4 A). A linear plot
of absorbance change (A-A)/Ao (where A and A are the absorbance in
the presence and absence of AA, respectively) against AA concentration
was obtained with a determination coefficient R% of 0.9969 in the con-
centration range of 0.5-200 pM (Fig. 4B). The limit of detection (LOD)
(3s) was 0.05 uM and the relative standard deviation (RSD) for 11
replicate determinations of 100 pM AA was 2.7%. Meanwhile, in lumi-
nescence mode, the PL intensity in reaction solution increased with AA
concentration (Fig. 4 C). A linear plot of the change of PL intensity (APL:
PL-PLy) at 700 nm against AA concentration was obtained with R? of
0.9913 from 1 pM to 300 pM (Fig. 4D). The LOD (3 s) was 0.78 pM, and
the RSD for 11 replicate determinations of 100 pM AA was 3.8%. In
comparison with previous nanomase sensors for AA assay, the fabricated
sensor gave wider detection range and lower LOD (Table S2).

3.6. Selectivity of the developed dual-mode sensor

Interferents that may be found in food and food extracts, such as
sugars (lactose, saccharose, maltose, galactose, glucose, fructose),
common cations (Mg?", Ca®*, K™, Na¥), amino acids (histidine, alanine,
methionine, tyrosine, proline), urea and five common antioxidants
(citric acid, glutathione, oxalic acid, pyrogallic acid and tartaric acid)
were selected to study the selectivity of the developed sensor. An
obvious change of (Ap-A)/Aop and persistent luminescence recovery
(APL) was observed only in the presence of AA and five antioxidants
(Fig. 4E,F), revealing that the addition of interfering chemicals other
than antioxidants has little effect on the selectivity of the developed
sensor. Among the studied antioxidants, pyrogallic acid demonstrated
the highest antioxidant activity, followed by AA. The above results
demonstrate that the proposed dual-mode sensor possessed high speci-
ficity for the determination of antioxidants and great potential for
measuring the total antioxidant capacity of real samples.

3.7. Method validation and application to real sample analysis

TAC usually expressed as AA equivalent antioxidant capacity
(micromolar/millimole equivalents of AA). The developed dual-mode
sensor was firstly applied for the determination of TAC in a vitamin C
tablet. The determined TAC in the vitamin C tablet is in good agreement
with the specified content (Fig. 5). The developed sensor was further
used to determine TAC in three vitamin C fortified type of compound
drinks and three fruits (kiwi, lemon and tomato). The analytical results
for these real samples are given in Table 1. It is clear that kiwi gave the
highest antioxidant content among three tested fruits, which is condu-
cive to the planning of exogenous dietary antioxidant in daily diet. The
determined TAC in these real samples by the developed dual-mode
sensor are consistent with those determined by a classical DPPH
method (Table 1, Fig. S11). In addition, the recoveries for AA in the
tested fruits ranged from 95.4%— 107.6% (Table S3). The above results
demonstrate the reliability of our developed dual-mode sensor for the
determination of TAC in real sample.
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Fig. 5. Comparison of the TAC in a vitamin C tablet determined by the
developed ZGO-Pt based dual-mode sensor with the specified value by
manufacturer.

4. Conclusion

We have reported a persistent luminescent ZGO-Pt nanozymes-based
luminescence-colorimetric dual-mode sensor for selective determination
of TAC. The prepared ZGO-Pt integrates the merit of autofluorescence-
free persistent luminescence and the excellent catalytic activity for
peroxidase mimicking. The highly efficient catalysis of ZGO-Pt allows
the dual-mode sensor to realize precise determination of TAC with a
wide linear range, low limit of detection and good precision. The dual-
mode sensor has been successfully applied to the determination of
TAC in vitamin tablet, beverages and fresh fruits. This work not only

Table 1
Analytical results for determination of TAC in compound drinks and fruit
samples.

Sample Detected equivalents of AA (drinks, mM; fruits, mmol kg~!; mean
+s,n=3)
Colorimetric mode  Luminescence mode  DPPH kit
Drink 1~ 2.47 +0.02 2.49 + 0.06 2.57 + 0.04
Drink2  10.2 £0.2 9.72 + 0.39 9.68 + 0.32
Drink 3 1.81 + 0.02 1.91 + 0.09 1.74 + 0.08
Tomato  0.377 + 0.021 0.401 + 0.035 0.418 + 0.031
Kiwi 2.06 + 0.03 2.07 +0.03 2.03 + 0.03
Lemon 0.883 + 0.063 0.847 + 0.051 0.835 + 0.016

presents a facile and effective dual-signal mode strategy for TAC eval-
uation, but also opens the channel between persistent luminescence
nanoparticles and nanozymes.
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