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A B S T R A C T   

In this study, a new method for the detection of ascorbic acid (AA) was proposed. It was based on the protective 
effect of AA on silver triangular nanoplates (Ag TNPs) against Cl− induced etching reactions. Cl− can attack the 
corners of Ag TNPs and etch them, causing a morphological shift from triangular nanoplates to nanodiscs. As a 
result, the solution changes color from blue to yellow. However, in the presence of AA, the corners of Ag TNPs 
can be protected from Cl− etching, and the blue color of the solution remains unchanged. Using this effect, a 
selective sensor was designed to detect AA in the range of 0–40.00 μM with a detection limit of 2.17 μM. As the 
concentration of AA varies in this range, color changes from yellow to blue can be easily observed, so the 
designed sensor can be used for colorimetric detection. This method can be used to analyze fruit juice samples.   

1. Introduction 

The COVID-19 pandemic in recent years has made people pay more 
and more attention to their immunity. It is well known that some nu-
trients play a key role in maintaining the immune regulatory function of 
the body, such as vitamin C (ascorbic acid, AA)(Name et al., 2020). Most 
vitamins cannot be produced by the body or are insufficient to meet the 
needs of the body and must often be obtained through food. Exogenous 
sources of AA depend on the diet, including beverages, foods, and 
medications. Studies have shown that lack and excessive intake of AA 
were both harmful to body health(Xu et al., 2021; Zhou et al., 2023). 
Therefore, the accurate determination of AA was of great significance in 
the clinical, pharmaceutical, and food fields. Until now, common 
detection methods for the determination of AA in food and biological 
samples mainly included fluorescence(C. C. Li et al., 2023; Q. Wu et al., 
2017; Zhong et al., 2022), chromatography(Abe et al., 2022; Borras 
et al., 2021), electrochemistry(Y. Li et al., 2022; M. Liu et al., 2013; 
Loguercio et al., 2022), spectrophotometry (Y. Y. Li et al., 2023; Shen 

et al., 2022), which have high sensitivity and specificity, but their 
further application was still hampered by their expensive cost, long 
time-consuming, intricate sample processing, and sophisticated instru-
ment operation (Gong et al., 2017; Lihuang et al., 2019; Zhuo et al., 
2019). 

The colorimetric method has been well-received due to its high ef-
ficiency, simplicity, low cost, easy visual recognition, and promising 
application in field analysis(Y. Liu et al., 2023; T. Wu et al., 2019). Many 
single color detection sensors without peak spectrum change emerged as 
times required one after another(Y. Liu et al., 2017; Y. Liu et al., 2020). It 
was found that human eyes were not sensitive to the variation in light 
intensity of a unitary color, but tactful to the change of color with peak 
spectrum(de la Rica and Stevens, 2012). This urged the research of 
multiple color colorimetric sensors to improve the exactitude of visual 
detection. For example, the pH strip was the most successful multi-color 
sensor that quantifies hydrogen ions with the naked eye. Different 
concentrations of hydrogen ions correspond to different colors of pH test 
paper. These diverse colors greatly improved the accuracy of visual 
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detection and enabled people to quickly identify the pH values(Foster 
and Gruntfest, 1937). Regretfully, the pH dipstick only detected the 
concentration of hydrogen ions, so it is still challenging to use naked 
eyes to quantify other objects with multicolor sensors. 

As a matter of fact, there are two necessary conditions for estab-
lishing a multi-color colorimetric sensor that can be distinguished by the 
naked eye: First, the sensor should display rich color changes so that 
they can be easily distinguished visually; Second, there should be a one- 
to-one relationship between the concentration of the analyte and the 
corresponding color(Ma et al., 2016). In recent years, polychromatic 
sensors based on gold nanorods, gold nano bipyramids, and gold 
nanospheres have been widely praised by researchers, while the 
importance of precious metal silver nanomaterials in polychromatic 
detection has been ignored(Hafez et al., 2021; Y. Liu et al., 2018; Y. Liu 
et al., 2019). Compared to gold nanomaterials, which are expensive and 
complex to synthesize, silver nanomaterials have become a new favorite 
among researchers because they provide intuitive observation, simple 
operation, fast procedure, and inexpensive cost (Wang et al., 2020; Yan 
et al., 2023; Yilmaz et al., 2021). Various optical signals were reported to 
be generated by controlling the directional morphology of oxidation 
etching, and the angle with high surface energy was the preferred 
corrosion site of anisotropic metal nanocrystals(H. Z. Zhang et al., 
2017). Silver triangular nanoplates (Ag TNPs) stand out among many 
silver nanomaterials because of their unique triangular geometric 
anisotropy which endows them with rich optical properties. Hitherto, 
many polychromatic sensors based on Ag TNPs have been applied to 
analytical chemical detection(Kim et al., 2023; C. Zhang et al., 2021; P. 
Zhang et al., 2020). 

As we all know, AA is a strong reducing agent and plays an important 
role in many chemical reactions. When the surface morphology of silver 
nanoparticles changes, the optical properties of silver nanoparticles 
change correspondingly (Rycenga et al., 2011). Using the chemical 
reduction of AA, silver nitrate was reduced to silver atoms and deposited 
on the surface of Ag TNPs, which changed the shape of Ag TNPs and 
produced corresponding color changes. Liu and Furletov constructed a 
multi-color colorimetric detection method for AA based on this principle 
(Furletov et al., 2022; C. Liu et al., 2021). Although this detection system 
has the advantages of low cost and fast response, there are still short-
comings such as low selectivity and harsh pH conditions. With the 
in-depth study of Ag TNPs, Ag TNPs were precisely tuned for oxidative 

etching after the introduction of Cl− and produced a variety of color 
changes. Specifically, as the concentration of Cl− increased, the AgTNP 
solution changed from blue to yellow, and the absorption peak shifted 
from ~600 nm to ~420 nm(Ahn et al., 2021; He and Yu, 2015). How-
ever, it has been found that DA can strongly adsorb on the surface of Ag 
TNPs to resist the etching effect of Cl− . It was because that the catechol 
group of DA was easily adsorbed to the surface of AgNPRs through 
chemisorption interaction, thus avoiding the corrosion of chloride(Fang 
et al., 2017). Similarly, AA was found to protect Ag TNPs from Cl−

etching(Detsri et al., 2018; S. Li et al., 2019). This may be due to the fact 
that the dihydroxyl group on its structure makes it easy to adsorb on the 
surface of Ag TNPs. On this basis, we introduce a fast and sensitive Ag 
TNPs colorimetric sensor for the quantitative analysis of AA in food 
samples. Scheme 1 illustrates the experimental scheme. By exploring the 
influence of NaCl concentration, reaction time, pH, and other parame-
ters, the optimal conditions were established. Under the optimal con-
ditions, AA was detected colorimetrically using Ag TNPs in the range of 
0–40.00 μM, and the detection limit was 2.17 μM. The results confirmed 
that our colorimetric method is sensitive, simple, and rapid for the 
determination of AA in fruit juice. 

2. Materials and methods 

2.1. Reagents and Apparatus 

Silver nitrate (AgNO3), Sodium chloride (NaCl), Ascorbic acid (AA), 
Hydrogen peroxide (H2O2), Sodium borohydride (NaBH4), and Citric 
acid were purchased from Sinopharm Group Chemical Reagent Co.Ltd. 
(Shanghai, China). Sodium citrate dihydrate (SOD), Polyvinyl pyrroli-
done (PVP), Amylaceum (Glu), Saccharose (Suc), Vitamin B1 (VB1), 
Vitamin B6 (VB6) were received from Shanghai Macklin Biochemical 
Co., Ltd. (Shanghai, China). All other chemicals and reagents used were 
of analytical grade. 

All UV–Vis absorption spectra were obtained using Agilent Cary 60 
UV–Vis (Agilent, USA). Transmission electron microscopy (TEM) of 
nanoparticles was measured on a JEOL JEM-2100 F transmission elec-
tron microscope at an accelerating voltage of 200 kV (JEOL, Japan). 

Scheme 1. Illustration mechanism of NaCl–Ag TNPs for colorimetric sensing of AA.  
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2.2. Synthesis of silver triangular nanoplates (Ag TNPs) 

The Ag TNPs were prepared according to the method described in the 
literature(Thomas and Mani, 2018).0.50 mL of silver nitrate (20.00 
mM), 6.00 mL of trisodium citrate (30.00 mM), 6 mL of PVP (0.70 mM), 
and 240 μL H2O2 (30 W/W%) were mixed evenly in a volume of 144.00 
mL of ultrapure water, and the mixture was stirred vigorously at room 
temperature for 10 min. Then, 1.00 mL of sodium borohydride (100.00 
mM) prepared with fresh ice water was rapidly injected to instantly 
generate a light-yellow solution. After stirring for 40 min, the color of 
the solution gradually changed to red, green, and blue, indicating the 
formation of silver nanosheets. 

2.3. Multicolor colorimetric detection of AA 

To study the interaction between Ag TNPs and AA in the presence of 
NaCl, 200 μL of Ag TNPs were added to a centrifuge tube, followed by 
AA solutions of different concentrations (0–40.00 μM) or buffers (for the 
control). Next, 0.05 mL of NaCl solution (4.00 mM) was added and 
mixed evenly. The mixture was reacted for 7 min at room temperature. 
Then the color of the reaction tubes was observed with the naked eyes 
and the spectrum in the range of 400–800 nm was scanned with a 
UV–Vis spectrophotometer. 

2.4. Detection of fruit juice samples 

In order to evaluate the practicability of this proposed method for AA 
measurement in real samples, two common brands of fruit juice are 
selected. The sample was first filtered through a 0.22 μm microporous 
filter to remove insoluble components and diluted ten times with 
deionized water. 0.20 mL of Ag TNPs and 0.10 mL of the juice sample 
were mixed and finally 0.05 mL of NaCl solution (4.00 mM) was added. 
Then the color was observed with the naked eye, the spectrum was 
scanned with a UV–Vis spectrophotometer, and the recovery rate was 
calculated. 

3. Results and discussion 

3.1. Characteristics of Ag TNPs 

First, AgNO3 was reduced to Ag TNPs using a chemical reduction 
process. Here, the oxidation ability of H2O2 plays a crucial role in the 
formation of Ag TNPs, PVP as a typical surfactant has a size-limiting 
effect(Q. Zhang et al., 2011). The Ag TNPs were characterized by 
TEM, Zeta potential, UV–Vis spectroscopy, and FTIR, and the results 
were shown in Fig. 1. It can be seen from Fig. 1A that the prepared 
AgTNPs were equilateral triangles of uniform size and separated from 
each other. It was estimated their average edge length to be approxi-
mately 42 nm with the help of Nano Measurer (version 1.2)(Fig. 1B)(Y. 
Liu et al., 2017). Due to the existence of citrate in the synthesis process, 
the Zeta potential measurement result was − 37.91 mv. Meanwhile, the 
optical properties of Ag TNPs were measured by UV–Vis a spectropho-
tometer and camera. As displayed in Fig. 1C, The absorption peak of the 
synthesized Ag TNPs was at 580 nm and the color of the solution was 
clear and transparent blue (insert). Besides, we studied the surface 
groups on Ag TNPs using FT-IR spectra. As demonstrated in Fig. 1D, the 
tensile vibration bands of Ag TNPs at 1650 cm− 1 and 2950 cm− 1 were 
enhanced, which were characteristic peaks of C––O and CH2(Thomas 
et al., 2018). The band at 1443 cm− 1 and 1074 cm− 1 may be due to the 
C–O–H vibrations and C–N stretching vibrations, respectively (Vidhu 
et al., 2011). The above determination results proved that the triangular 
Ag TNPs were successfully synthesized, which laid a material foundation 
for the subsequent development of a colorimetric system. 

3.2. Development and performance analysis of the colorimetric detection 
system 

The detection mechanism was confirmed by photography, UV–Vis 
spectra, and TEM studies. It is well known that the color and absorption 
peak of metal nanocrystals were closely related to their morphology. It 
has been reported that the tips of Ag TNPs are less stable by citrate ions, 
and in the presence of chloride ions, the corner of Ag TNPs are better 

Fig. 1. A series of characterization of Ag TNPs (A: TEM; B: Histograms of the edge lengths of Ag TNPs; C: UV–Vis spectra; D: FTIR spectra).  
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etched(An et al., 2008). Hence, the shape transformation of Ag nano-
crystals from triangles to disks leads to the color change and the shift of 
the absorption peak. As illustrated in Fig. 2A, the blue Ag TNPs solution 
turned yellow after the introduction of NaCl, but the color did not 
change when treated with AA. When AA and NaCl exist together, the 
color of the solution remains blue, suggesting that AA could inhibit the 
etching effect of NaCl on Ag TNPs. Fig. 2B shows the representative UV 
spectrum of Ag TNPs solutions treated with different substances. The 
absorption peak of Ag TNPs was found at 580 nm in the absence of NaCl. 
After the addition of NaCl, the absorption peak shifted to 460 nm and the 
peak intensity decreased as well. In the presence of AA, the UV spectrum 
was almost the same as that of solitary Ag TNPs solution, suggesting that 
the morphology of Ag TNPs in the solution did not change at this time. 
Even in the presence of NaCl, the absorption peak of the solution 
remained at 580 nm, which hints that the overwhelming majority of the 
Ag TNPs in the solution were protected by AA and no etching reaction 
occurred. 

In order to verify the feasibility of using Ag TNPs for the naked-eye 
detection of AA, different concentrations of AA were selected to resist 
the etching effect of NaCl on Ag TNPs. Fig. 2C and D displays the typical 
photographs of the corresponding Ag TNPs solution after adding 
different amounts of AA. It was clearly shown that upon the addition of 
different concentrations of AA, the solution color varied from yellow, 
red, and violet to blue. These colors could be easily distinguished by the 
naked eye. Some model TEM images of Ag TNPs during etching were 
shown in Fig. 2D. The average edge length of the initial Ag TNPs was 
about 42 nm with a primary color of blue. TEM results have shown that 
the Ag nanocrystals in the yellow and red solutions were circular, with 
an average size of 18 nm and 24 nm, respectively. Most of the Ag 
nanocrystals in violet solutions were circular, but there were also little 
arc-shaped triangles with sharp corners etched, with an average size of 
26 nm. A large number of triangular Ag nanocrystals were displayed in 
blue solutions, with sharp corners etched into circular arcs and an 
average side length of 31 nm. The polychromatic changes produced by 
Ag nanocrystals being etched into different morphologies were easily 

distinguished by the naked eye. It demonstrated that this method can be 
used for the naked-eye detection of AA. 

Since many environmental factors can lead to the degradation of 
ascorbic acid(Gerard et al., 2019), it is necessary to explore the pro-
tective time of AA on AgTNPs to further ensure the accuracy of the 
detection system. Considering the degradation reaction of AA, the con-
centration of AA used was 50.00 μM. Other conditions were consistent 
with the detection system. We set up two approaches to explore the 
protective effect. The results were shown in Fig. S1. AA, Ag TNPs and 
NaCl were mixed together and placed for different time to test as group 
1. After AA and Ag TNPs were attached together, the color of the 
experimental tube remained blue and the displacement results changed 
little even after 2 h. The three substances were placed at room tem-
perature for different times and then mixed together as group 2. The 
results showed that the color of the experimental tube at 60min was 
obviously different from that of the blank group, showing a light purple 
color. The displacement results showed little change within 50min, and 
the displacement increased after 60min. We hypothesized that the cause 
of this result may be the degradation reaction of AA in the environment, 
which reduces the protective effect of AgTNPs. As for the results of group 
1, it may be due to the structural changes after AA and Ag TNPs adhesion 
together to overcome their own unstable characteristics. Combined with 
the above results, it can be concluded that the detection results of AA by 
this detection system are reliable within 120 min, and the time process 
of AA being placed in the environment may affect the detection results. 
That’s one of the reasons we’re so eager to quickly detect AA. 

3.3. Optimization of detection conditions 

According to the principle of the polychromatic assay, the concen-
tration of Cl− had the most prominent effect on Ag TNPs etching. We 
selected four kinds of Cl− chemicals commonly used in the laboratory to 
etch Ag TNPs respectively, and NaNO3 as the control. The experimental 
results were shown in Fig. S2. Photographs and UV spectrum results 
demonstrated that all these Cl− chemicals have a good etching effect on 

Fig. 2. Feasibility experiment. Visual (A) and UV–Vis spectra (B) of Ag TNPs under different conditions; Photographs (C) and TEM images(D) of Ag TNPs at different 
concentrations of AA (1: 0 μM; 2: 5 μM; 3: 15 μM; 4: 30 μM). 
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Ag TNPs, while the peak shift of the control group was inapparent and 
excluded the effect of Na+on oxidation etching. Compared with other 
Cl− chemicals, NaCl has the advantages of a cheap price, safety, and 
stable properties. Therefore, NaCl was selected as the etching agent for 
subsequent experiments. The investigation results of the etching of Ag 
TNPs with different concentrations of Cl− were shown in Fig. S3A. As the 
concentration of Cl− increases from 0 to 8.00 mM, the absorption peak of 
Ag TNPs gradually shifts blue to a shorter wavelength, and the peak shift 
(Δλ) remains almost constant when the concentration of Cl− is greater 
than 4 mM. This indicated that when Cl− concentration reached 4.00 
mM, all Ag TNPs had been transformed into smaller circular disks, at 
which point the etching process does not continue. Finally, 4 mM was 
selected as the next experimental dosage. 

The reaction time of the oxidative etching and AA-protected non- 
etching were also inspected. As can be seen from Fig. S3B, the peak shifts 
of NaCl and Ag NPRs in the etching reaction were gentle after 5 min. 
When AA was introduced, the peak shifts decreased at the same time and 
became stable after 7 min. This indicated that the detection could be 
completed within 10 min. 

Next, we investigated the influence of pH and temperature on the 
detection system. The data results in Fig. S3C and Fig. S3D show that the 
peak shifts caused by these two factors are all less than 10, so the effect 
of these factors could be ignored. Considering the mild and easy prep-
aration of the detection conditions, the pH of the detection system was 7 
and the temperature was at room temperature for the following study. 

3.4. Sensitivity of the visual detection of AA 

Based on NaCl-etched Ag TNPs and their morphology-controlled 
color changes, a colorimetric method for the quantitative determina-
tion of AA was established. The colorimetric response of the detection 
system was visually discriminative and easy for quickly interpretation. 
Just as Fig. 3A showns, when there was no AA in the detection system, 
Ag TNPs were completely etched into yellow. With the increase in AA 
concentration, the color gradually changes to light yellow, pink, purple, 
and blue. When the AA concentration was 5.00 μM, the pink of the 
experimental group was significantly different from the yellow of 0.00 

μM, so the detection limit of the naked eye was defined as 5 μM. As 
displayed in Fig. 3B, the absorbance peak of 4 mM NaCl etched Ag TNPs 
shifted by 110 nm in the absence of AA. However, with the increase of 
AA from 0 to 40.00 μM, the blue shifts of the absorption peak gradually 
decreased. When the AA concentration was 40.00 μM, the peak value 
almost returned to the initial Ag TNPs peak. Simultaneously, the cor-
relation of the peak shift (Δλ) and AA concentration was fitted as a 
standard plot for determination (Fig. 3C and D). In the concentration 
range of 0~9 μM and 9–40 μM, the linear equation was Y = 109.84- 
4.36X, R2 = 0.99, Y = 78.85-1.74X, R2 = 0.99, where Y was the peak 
shift of Ag TNP, and X stood for the concentration of AA. The limit of 
detection for AA was 2.17 μM referring to 3σ/s. Table S1 shows several 
linear ranges and detection limits for different techniques used by other 
researchers for AA detection. Here, the colorimetric method based on 
NaCl-etched Ag TNPs had the advantages of easy construction, easy 
material access, mild reaction conditions, and lower detection limit. 
Compared with the previously reported method, it has a considerable 
linear range and detection limit. 

3.5. Selectivity and interference studies 

Selectivity and interference studies of this colorimetric system were 
investigated by 6 common substances, such as citric acid, trisodium 
citrate, glucose, vitamin B1, vitamin B6, and vitamin B12. In these ex-
periments, the concentration of other species (50.00 μM) was more than 
one times higher than that of AA (40.00 μM). It was seen from the 
photograph in Fig. 4A that for except vitamin B12 shown in red, the 
blank and other interfering substance groups were all yellow. The blue 
color of the tube was consistent when AA was taken alone or in com-
bination with other interfering substances. Fig. 4b illustrated that the 
peak shifts less than 20 nm in the presence of AA, while more than 100 
nm were replaced by other interfering substances. In view of the fact 
that AA still showed good resistance to etching Ag TNPs when co- 
existing with other substances and vitamin B12 was very low in actual 
samples, we believe that this detection system has good specificity. 

Fig. 3. Photographs (A) and UV–Visible spectra (B) of detection system after incubation with AA at various concentrations. The calibration plot (C and D) for AA 
(Peak shift vs. the concentration of AA). Error bars represent the standard deviation of three replicates. 
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3.6. Quantitation of AA in fruit juice samples 

To further confirm the practicability of the proposed colorimetric 
method, this protocol was used to detect AA in friut juice by the standard 
addition method. According to the ingredients list, the concentration of 
AA in the sample to be tested was diluted to 0.50 μM and 1.00 μM, and 
then a certain concentration of AA was added to calculate the recovery 
rate. The results obtained were summarized in Table 1. The experi-
mental recoveries were 94.47%–105.40%. More importantly, the RSD 
values of the assays were 2.97%–29.94%. This result implied that the 
analytical method has reliable precision and accuracy. 

4. Conclusions 

To sum up, based on the morphology change of Ag TNPs etched with 
sodium chloride accompanied by color change, we have established a 
rapid and selective method for the detection of AA. AA can effectively 
inhibit the corrosion orientation morphology transformation from 
triangular silver nanoparticles to circular silver nanoparticles. The 
experimental results have shown that the preparation conditions of this 
colorimetric method were mild, simple, and convenient, and it has the 
advantages of a low detection limit, high selectivity, and good stability 
for AA detection. The colorimetric detection system has been success-
fully applied to the determination of AA in fruit juice. We believe that 
the strategy of controlling the etching of metal nanoparticles can be 
extended to other sensing systems in the future. 
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Table 1 
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RSD 
(%) 

Orange 
juice 

(0.50) 1.50 2.11 ± 0.56 105.40 26.54 
9.50 9.79 ± 0.97 97.90 9.91 
19.50 18.89 ± 

0.56 
94.47 2.97 

Pineapple 
Juice 

(1.00) 4.00 4.95 ± 1.46 99.00 29.49 
9.00 10.18 ± 

2.18 
101.80 21.41 
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100.35 9.92  
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