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Ascorbic acid (AA) is a vitamin similar to glucose polyol and is involved in various
physiological and biochemical processes in the human body. Therefore, it is crucial to develop a
quick and easy method for identifying A A to assess the freshness and nutritional value of fruits.
In this study, we synthesized a novel Au@Pt nanoparticle structure, which exhibited excellent
peroxide-like activity, by a one-step method. A colorimetric sensor for AA detection was then
constructed on the basis of the chromogenic system of a nanoenzyme and
3,3°,5,5’-tetramethylbenzidine (TMB). This colorimetric sensor had a low detection limit of
0.213 uM and showed a good linear relationship in the concentration range of 5 to 345 uM. By
integrating this sensor with a smartphone-connected visual sensing platform using test paper,
we enabled a quick, portable, and accurate visual monitoring of AA in fruits. In this work, we
not only introduced a smartphone-assisted colorimetric sensor and a new and effective noble
metal nanozyme, but also proposed a creative design approach for developing an inexpensive,
user-friendly, and highly sensitive vitamin detection instrument.

1. Introduction

Ascorbic acid (AA), also known as vitamin C, is an essential water-soluble vitamin that plays
a vital role in various physiological functions. It promotes collagen synthesis, which aids in
tissue wound healing,(?) is involved in the metabolism of amino acids such as tyrosine and
tryptophan, and helps prolong the lifespan of cells.3# Since humans cannot produce AA on
their own, it is commonly added as a supplement in beverages, food products, and medicines to
improve their quality and promote human health.(.?) Therefore, the accurate detection and
measurement of AA are of significant importance in ensuring food safety and diagnosing
certain diseases.

Several approaches, including liquid chromatography,®:* chemiluminescence,®% and
electrochemical® methods, have been developed thus far for the detection of AA. These
techniques are expensive to run and highly complex. Colorimetry is preferred over other
technologies because of its rapid detection, on-site analysis, and visual identification
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capabilities.®~!V In particular, colorimetric sensors based on nanoscale materials, also known as
nanozymes, have become significant colorimetric instruments.

Since the discovery of the distinctive peroxidase-like activity of Fe;0,(1? nanoparticles,
nanozymes, a novel class of nanomaterials exhibiting enzyme mimic activity, have attracted
significant attention across a wide range of disciplines. Many of the typical drawbacks of natural
enzymes, including their high cost, difficulty of purification, and low stability, can be addressed
using nanozymes.(!3 Numerous nanozymes, including metal oxides,¥) metal organic
frameworks,1®) carbon-based nanozymes,1® metal sulfides,(!”) and others,(!®) have been
developed and used to catalyze enzymatic reactions thus far. Multicomponent core/shell
nanoparticles, including Au@Pt nanoparticles, have attracted significant interest and have been
employed as colorimetric indicators in place of peroxidase. Wu et al.(1” developed a Au@Pt
nanozyme-mediated magnetic relaxation conversion (MRS) DNA biosensor for the rapid
detection of Listeria monocytogenes. The limit of detection (LOD) of this biosensor for Listeria
monocytogenes is 30 CFU/mL. Bonet-Aleta et al.?9 synthesized a Au@Pt nanoparticle with a
core—shell structure, which can detect and quantify GSH up to uM order, and its LOD was 34
nM. Xia et al.® reported Au@Pt composite nanoparticles (Au@Pt NPs) with high catalytic
activity formed without using a reducing agent. They showed the linear detection of H,O, in a
wide concentration range of 0.5 to 1000 pM, and the LOD was as low as 0.11 pM.

In this work, we built a smartphone-based colorimetric sensor that uses Au@Pt NPs to
instantly identify AA in fruits. The basis for this colorimetric sensing is the oxidation of 3, 3’, 5,
5’-tetramethylbenzidine (TMB) to blue TMB (TMB,,) in the absence of hydrogen peroxide,
which is catalyzed by Au@Pt NPs with oxidase mimic activity. Through the single electron
transfer process, AA with antioxidant properties can reduce TMB_ to TMB and produce
obvious blue discoloration (Fig. 1). We have developed a multimodal detection and analysis
method that increases the number of application scenarios and boosts the accuracy of the
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Fig. 1.  (Color online) Schematic illustration of colorimetric detection of AA using Au@Pt nanozymes.
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analysis by yielding more detailed data. Furthermore, the sensor exhibits strong selectivity and
dependability, and it has been effectively utilized for extensive AA detection in fruits. The
colorimetric sensor offers a new, easy-to-use, and effective approach for AA analysis that is free
of pollution and capable of detecting specific substances.

2. Materials and Methods
2.1 Materials

HAuCl *4H,0, sodium borohydride (NaBH,, 95%), sodium citrate (Na;CqH;0,2H,O0,
99.5%), ascorbic acid (A A, 99%), poly(vinylpyrrolidone) (PVP, 98%), and K,PtCl, were obtained
from Macklin. Hydrogen peroxide (30% H,0,), TMB, triethylene glycol (TEG), and ascorbic
acid (AA) were purchased from J&K Scientific Ltd. (Hefei, China). All the above reagents were
analytically pure, and the solvent used was deionized water or absolute ethanol.

2.2 Instruments

The following instruments were used: scanning electron microscope (SEM, Zeiss Sigma
300), energy-dispersive spectrometer (EDS, Zeiss Sigma 300), X-ray diffractometer (XRD,
Rigaku Ultima IV), and ultraviolet visible spectrophotometer (UV-vis diffraction, UV 5800 PC).

2.3 Preparation of Au NPs

Gold nanoparticles (Au NPs) were synthesized by controlling the ratio of HAuCl,*4H,O and
sodium citrate concentrations. A solution of HAuCl, trihydrate (2 mL, 0.05 M) in water and 0.5
mL of 0.01 M sodium citrate in water was added to 40 mL of deionized water and stirred.
Subsequently, 0.12 mL of freshly prepared 0.1 M NaBH, was added, resulting in a change in the
color of the solution from colorless to red.

2.4 Preparation of Pt NPs

To synthesize Pt nanoparticles (Pt NPs), a K,PtCl, solution was added to a mixture of AA
and PVP. In a typical synthesis, a vial containing 8.0 mL of an aqueous solution with 10.5 mg of
PVP and 6 mg of AA was preheated to 40 °C in an oil bath with magnetic stirring for 10 min.
Then, 4.0 mL of an aqueous solution containing 9 mg of K,PtCl, was added using a pipette. The
reaction was allowed to continue at 40 °C for 5 min. The resulting product was collected by
centrifugation, washed three times with water to remove PVP, and then redispersed in 15 mL of
water.
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2.5 Preparation of Au@Pt NPs

A 2 mL dispersion of Au NPs was mixed with a 2 mL dispersion of Pt NPs. The mixture was
stirred for 2 h and then left to settle overnight at room temperature.

2.6. Peroxidase-like activity of Au@Pt NPs

The oxidase-like activity of Au@Pt NPs was evaluated through the peroxidase-like activity
(POD-like activity) of TMB as a chromogenic substrate. Specifically, 30 pL of Au@Pt NPs
(0.06 mg/L), 30 uL of the substrate (4 mm), and 90 pL of NaAc buffer (0.2 M, pH 4.0) were
mixed and the absorption spectra were measured by UV-vis spectroscopy after a reaction at 37
°C for 20 min.

2.7 Colorimetric detection of AA and selectivity test

To test the sensitivity of AA in the Au@Pt NPs system, the following experiments were
performed: under optimal conditions, 90 uL of NaAc buffer solution (0.2 M, pH 4.0), 30 pL of
Au@Pt NPs (0.06 mg/L), 30 uL of TMB (2 mM), and 30 pL of H,O, (6 mM) were reacted at 37
°C for 15 min. Then, different concentrations of AA were added to the above solution and
incubated for 15 min, accompanied by distinct color changes from dark to light. Finally, changes
in the absorbance spectra at 650 nm were recorded using the UV-vis spectrometer. At the same
time, the color intensity of AA was examined using a smartphone under a stable light source and
analyzed with the color identification app.

To verify the stability of the system, we added high concentrations of different kinds of metal
ions, biological small molecules, and biological macromolecules to the system to carry out anti-
interference experiments. Under optimal conditions, we choose the appropriate concentration of
AA (300 uM) and the same concentration of interfering substances such as cations and biological
small molecules (Fe3", Cu?', Ca2*, K, MgZ*, Cys, Gly, Arg, His, and UA AA). After a sufficient
reaction time, the absorbance at the wavelength of 650 nm was recorded. At the same time, the
experimental results were photographed with a smartphone in a stable light source environment,
then comprehensively analyzed with the color identification app.

2.8 AA analysis in real samples

First, we peeled kiwifruit and orange samples and ground the edible portion into a
homogenate using a grinder. The above fresh fruit homogenate was put in a high-speed
centrifuge and centrifuged at 12000 r/min for 20 min. Subsequently, to remove the insoluble
component, the supernatants were filtered using a 0.20 pum syringe filter and diluted using
ultrapure water. For AA detection, the diluted AA solution was added to the Au@Pt NP
colorimetric system. N-Methylmaleimide was also added to remove the interference of
sulfhydryl species. Then, the solutions were tested by UV-vis spectroscopy and with a
smartphone in the RGB mode.
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3. Results and Discussion
3.1 Synthesis and characterization of Au@Pt NPs

SEM imaging was employed to elucidate the morphology of Au@Pt NPs. As depicted in Fig.
2(a), the SEM image clearly revealed that the Au@Pt NPs show a core—shell configuration
reminiscent of a nanoflower. The size of the Au@Pt NPs was around 70 nm. Smaller particles
exhibited larger surface-area-to-volume ratios, providing more potential catalytic sites owing to
the greater number of atoms on the surface. Additionally, the corresponding EDS spectrum [Fig.
2(f)] exhibited peaks corresponding to Au (20.69%) and Pt (17.55%), confirming the successful
synthesis of Au@Pt NPs.

Furthermore, the wide-angle XRD pattern of the Au@Pt NPs is presented in Fig. 2(d). The
pattern exhibits distinct peaks corresponding to the face-centered cubic crystal structure,
specifically the (111), (200), (220), (311), and (222) planes. These peaks align with the
characteristic peaks of Au (represented by the purple line, JCPDS 04-0783) and Pt (represented
by the blue line, JCPDS 04-0802) in the database, confirming the presence of both metals in the
Au@Pt NPs. The optical absorption spectra of the as-prepared Pt NPs, Au NPs, and Au@Pt NPs
are shown in Fig. 2(e). A distinct peak at 269 nm, attributed to the presence of Pt NPs, is
observed. Au NPs are known to exhibit a strong surface plasmon resonance (SPR) peak at 536
nm. In the case of Au@Pt NPs, both the Au SPR peak at 536 nm and the Pt NP peak at 269 nm
are present. The appearance of these absorption peaks confirms the formation of core—shell
bimetallic Au@Pt NPs.

3.2 Au@Pt NPs nanozyme activity study

The POD-like activity of Au@Pt NPs was investigated using a typical TMB oxidation
reaction in the presence of H,O,. It is well established that peroxidase enzymes can catalyze the
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Fig. 2. (Color online) (a, b, c) SEM images of Au@Pt NPs, (d) XRD pattern, and (e) EDS and (f) optical absorption
spectra of Au@Pt NPs.
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oxidation of TMB, resulting in the formation of oxidized TMB and a characteristic absorption
peak at 652 nm as well as a change in the color of the solution from colorless to blue. In Fig. 3(a),
minimal changes in TMB,, absorption were observed in the presence of Au@Pt NPs + TMB
and other control groups. However, a significant absorption peak at 652 nm was observed in the
group treated with H,0,-assisted Au@Pt NPs + TMB, accompanied by a change in the color of
the solution from light yellow to blue. This observation indicates that Au@Pt NPs exhibit POD-
like activity, enabling them to catalyze the production of oxidized substances when exposed to
H,0,. Furthermore, in comparison with other nanozyme control groups (Au NPs + TMB +
H,0, and Pt NPs + TMB + H,0,), the catalytic activity of the Au@Pt NP nanozyme was found
to be superior to all other groups.

The stronger the enzyme activity, the faster the enzymatic reaction. There are many factors
affecting enzyme activity, mainly including enzyme concentration, pH, temperature, and
reaction time. Therefore, the effects of pH (2.0-8.0), reaction temperature (2—60 °C), and time
(5.0—45 min) on the POD-like activity were explored. It can be seen from the results that when
the pH and temperature were 4.0 [Fig. 3(b)] and 25 °C [Fig. 3(d)], respectively, the highest
catalytic activity was observed. After a reaction time of 25 min, the catalytic activity reached its
peak [Fig. 3(c)]. Therefore, the highest POD-like activity of Au@Pt NPs was observed under the
following experimental conditions: pH 4.0, 25 °C, and incubation for 25 min.
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Fig. 3. (Color online) UV-vis absorption spectra of (a) Au@Pt NPs + TMB + H,0,, Au NPs + TMB + H,0,, Pt
NPs + TMB + H,0,, Au@Pt NPs + TMB, Au@Pt NPs + H,0,, TMB + H,0,, TMB, and NaAc buffer. Effects of (b)
pH, (d) reaction time, and (¢) temperature on POD-like activity of Au@Pt NPs.
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3.3 Colorimetric detection of AA

The detection performance of the colorimetric sensor using as-prepared Au@Pt NPs for AA
analysis was studied under the optimal conditions. AA is a typical antioxidant with strong
reducibility. If AA is present in the reaction system, the original blue color will fade significantly.
Firstly, we investigate the viability of the Au@Pt NPs + TMB + H,0, system in the catalysis of
AA. As shown in Fig. 4(a), after adding AA to the Au@Pt NPs + TMB + H,0O, system, the blue
color of the solution faded (inset 1), accompanied by a significant decrease in absorbance (curve
I). By studying the activity of the Au@Pt NP nanozyme, it can be proven that the Au@Pt NPs +
TMB + H,0, sensing system can be used for AA detection.

In Figs. 4(b) and 4(c), taking the AA concentration on the abscissa and (A—A)/A, on the
ordinate (A: absorbance of AA measured at a certain concentration; A,: blank control value), the
absorbance of AA at 650 nm gradually decreases with the increase in AA concentration.
Moreover, the proposed colorimetric platform for AA detection has good linearity in the range
of 5-345 uM and a low LOD of 0.213 puM, indicating that the system has good detection
performance for AA determination. After the calculation and fitting of the proposed sensor are
shown to have good linear correlation, the regression equation is y = 0.00238x + 0.16881 (R> =
0.998). Compared with other approaches based on other nanozymes shown in Table 1, our
fabricated sensor for AA assay shows a wider detection range and a lower LOD, indicating that
this device has a certain practical significance in the detection of AA.
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Fig. 4. (Color online) (a) UV-vis absorption spectra of Au@Pt NPs and TMB system (I) without and (II) with AA.
Insets show the corresponding photographs. (b) UV-vis absorption spectra of AA. (c) Calibration curve of (Ay-A)/Ag
versus AA concentration.

Table 1

Method developed in this study and other published colorimetric detection methods for AA.

Sensing probe Method Linear range (uM) LOD (uM) Reference
Fe-N-C SANs uv 0.5-33 0.5 (22)
Fe-N-C nanozyme uv 0.05-20 0.03 (23)
NCNTs@MoS2* uv 0.2-80 0.12 24)
MVCM® uv 20-500 3.57 (24)
Au@Pt NPs uv 5-345 0.213 This work

RGB 0.706
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3.4 Detection of AA using smartphone in RGB mode

To enable a simpler and more portable on-site detection in a wider range of application
scenarios, we have developed innovative AA visual quantitative test strips based on Au@Pt
NPs. The test strips were prepared by spraying a solution of Au@Pt NPs (0.1 mg/mL), H,O, (1.0
mM), and TMB (1.0 mM) onto acetate buffer solution (pH 4). Under visible light, the test strips
exhibited a blue color. When AA was applied onto the surface of the test paper, a noticeable
color change was observed with the naked eye after 10 min. As depicted in Fig. 5(a), different
concentrations of AA caused distinguishable color changes (this paper is glass test paper with a
size of 2 x 2 cm?). To achieve on-site and visual monitoring, we combined the portable test strip
with the accurate color recognition function of a smartphone. Initially, the smartphone camera
captures images of the Au@Pt NP test paper. Subsequently, software (color identification) I
recognizes the colors in the acquired images and converts them into red (R), green (G), and blue
(B) values. To ensure the accuracy of the method, we established a linear relationship between
the AA concentration on the test paper (abscissa) and the ratio of R to B (R/B) (ordinate) for AA
quantitative detection.

As shown in Fig. 5(b), R/B and AA concentrations (5 to 345 pM) exhibited a good linear
relationship, and the linear regression equation was y =0.00239x + 0.17988 (R? = 0.99) with the
LOD of 0.706 uM. These data prove that the smartphone-aided sensing platform could achieve
an efficient and highly sensitive AA detection.
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Fig. 5. (Color online) (a) Image of sensing test paper for different concentrations of AA after reaction in visible
light. (b) Plot of relative color information (R/B) versus concentration of AA on the test paper
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3.5 Selectivity of AA assay

To study the interference resistance of colorimetric sensors, different interfering ions (Fe3",
Cu?*, Ca?", K", Mg?*, Cys, Gly, Arg, His, and UA AA) were added under the optimal reaction
conditions. The results are shown in Fig. 6(a). It can be seen that the colors of the other solutions
were basically unchanged. Among the many kinds of ions and amino acids, the sensing system
has good selectivity to AA and the best response to AA. Therefore, we can build an AA detection
colorimetric sensing platform based on the Au@Pt NP nanozyme.

3.6 Assay for real samples

AA has strong antioxidant capacity. For further verification of the practicality and credibility
of the developed colorimetric sensors for AA detection, two common tropical fruits, kiwifruit
and orange, were selected for actual sample testing. As shown in Fig. 6(b), the contents of AA in
kiwifruit and orange were close to 15 and 4 mg/10 g in the UV-vis and RGB modes, respectively.
The 2,2-diphenyl-1, -picrylhydrazyl (DPPH) method was also used to measure the total
antioxidant capacity of AA in real samples. The results obtained by the DPPH method (kiwifruit:
15 mg/10 g; orange: 4 mg/10 g) were in fair agreement with those of our established strategy. In
addition, the RSD values of our method for all real samples were less than 5% compared with the
results of the DPPH method, as shown in Table 2, indicating that the Au@Pt NPs + TMB + H,0,
system has strong reliability in the determination of the AA content in tropical fruits and broad
development prospects.
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Fig. 6. (Color online) (a) Selectivity of the assay for AA over other potential interferences. The concentration of
AA was 300 uM and that of other interferences was 300 pM. (b) Detection of AA in kiwifruit and orange using UV-
vis spectrometer, smartphone modes, and DPPH method.

Table 2
Results of our method and DPPH method for AA in real samples.

DPPH UV-vis . RGB .
Sample (mg/10 ) (mg/10 g) RSD (%) (mg/10 g) RSD (%)
Kiwifruit 15.01 17.05 2.476 14 4.869

Orange 4.02 4.203 2.157 3.805 4.072
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4. Conclusion

The prepared Au@Pt NP nanozymes showed excellent POD-like properties due to their
unique structural characteristics, and a new colorimetric detection method for AA was
constructed. At the same time, a smartphone auxiliary sensing platform was developed by
combining colorimetric test paper with a smartphone, which realized a convenient and rapid
detection of AA in fruit samples. The results show that the colorimetric detection method and
integrated test strip have the advantages of high sensitivity, good selectivity, and good stability
in the detection of AA, which proves the viability of the smartphone-assisted sensing platform,
which is expected to become an ideal detection tool for vitamin C in fruits and other foods.
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