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Abstract: Silver ions (Ag*) exist widely in various areas of human life, and the food contamination
caused by them poses a serious threat to human health. Among the numerous methods used for the
detection of Ag*, fluorescence and colorimetric analysis have attracted much attention due to their
inherent advantages, such as high sensitivity, simple operation, short time, low cost and visualized
detection. In this work, Pd/Pt nanoflowers (NFs) specifically responsive to Ag* were synthesized in a
simple way to oxidize o-phenylenediamine (OPD) into 2,3-diaminophenazine (DAP). The interaction
of Ag* with the surface of Pd/Pt NFs inhibits the catalytic activity of Pd/Pt NFs towards the
substrate OPD. A novel dual-channel nanosensor was constructed for the detection of Ag*, using the
fluorescence intensity and UV-vis absorption intensity of DAP as output signals. This dual-mode
analysis combines their respective advantages to significantly improve the sensitivity and accuracy
of Ag* detection. The results showed that the limit of detection was 5.8 nM for the fluorescence
channel and 46.9 nM for the colorimetric channel, respectively. Moreover, the developed platform has
been successfully used for the detection of Ag* in real samples with satisfactory recoveries, which is
promising for the application in the point-of-care testing of Ag* in the field of food safety.
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1. Introduction

With the rapid development of global industrialization, the content of various heavy
metals in certain environments has exceeded the normal range, directly or indirectly
endangering human health worldwide [1,2]. Many harmful organic compounds can be
reduced or eliminated via the physical, chemical or biological purification of nature itself.
In contrast, heavy metals have enrichment properties and are difficult to degrade in the
environment [3,4]. As one of the common heavy metals, silver and its compounds are
widely used in industries such as pharmaceuticals, electrical and photography. However,
the large amount of silver released into the surrounding environment from industrial waste
each year is becoming a growing problem. Public health faces enormous challenges due
to the potential contamination of food and water by silver ions (Ag*) present in daily
life [5-7]. Ag* pollution in food comes partly from the enrichment of Ag* in crops and
partly from the pollution that occurs during food production and transportation [8,9]. Ag*
is also often used to disinfect drinking water due to its strong antibacterial activity at
low concentrations. However, residual Ag* in water can accumulate in the human body
through direct consumption and the food chain [10-12]. Excessive levels of Ag* in the
body may harm human health and even cause adverse symptoms, such as skin infections,
diarrhea and nerve damage [13,14]. As a consequence, the detection of Ag* in easily
contaminated food and water is of great practical significance for evaluating food quality,
protecting human health and maintaining sustainable socio-economic development [15,16].
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Currently, the commonly used detection methods for Ag* include inductively cou-
pled plasma mass spectrometry (ICPMS), voltammetry, biochemical sensors and enzyme
inhibitor methods [17-19]. Although these methods can accurately detect the content
of Ag*, they require expensive instruments, complex operations and lengthy detection
processes [20,21]. In stark contrast, fluorescent and colorimetric analyses are very suitable
for the rapid detection of Ag* due to their inherent advantages of high sensitivity, simple
operation, short time, low cost and visualized detection [22]. Detecting Ag* through two
different modes can effectively avoid false-positive and false-negative results, expanding
the application range. It is worth noting that some nanoparticles with enzyme-like activity
can catalyze substrates to simultaneously bring about fluorescence and color changes,
which is promising for using this appropriate mechanism to accurately detect Ag* [23]. For
example, the nanoparticles formed by Pd and Pt in platinum group metals have similar
physical and chemical properties, and they both have excellent peroxide-like properties.
Compared to single Pd or Pt nanoparticles, Pd /Pt bimetallic nanoparticles exhibit syner-
gistic catalytic effects and, therefore, have higher catalytic activity [24]. Moreover, Pd /Pt
nanoparticles have the beneficial characteristics of simple synthesis, low cost, good stability
and convenient storage, as they can bind specifically to Ag™* in solution [25].

In this work, a novel dual-channel nanosensor using fluorescence intensity and ultra-
violet (UV) absorption as signals was constructed for the highly sensitive and specific de-
tection of Ag* (Scheme 1). At first, Pd/Pt nanoflowers (NFs) with excellent peroxidase-like
activity were synthesized via the simple one-pot method. Pd /Pt NFs can effectively oxidize
o-phenylenediamine (OPD) in colorless and transparent solution to 2,3-diaminophenazine
(DAP). DAP not only appears light yellow in solution but also emits orange fluorescence
under 414 nm laser excitation. When Ag* is present in solution, Ag* can specifically inter-
act with the surface of Pd/Pt NFs, thereby weakening the catalytic ability of Pd/Pt NFs
to substrate OPD. The reduction in DAP generation leads to a simultaneous decrease in
fluorescence intensity and UV absorption, which are used as output signals to construct a
dual-channel sensor for the highly sensitive detection of Ag*. The results showed that the
limit of detection was 5.8 nM for the fluorescence channel and 46.9 nM for the colorimetric
channel, respectively, which is much less than the maximum concentration (0.05 mg L1,
464 nM) suggested by the United States Environmental Protection Agency (EPA), as well
as the maximum concentration (0.1 mg L1, 927 nM) suggested for drinking water by the
World Health Organization (WHO) [3]. Furthermore, the accurate detection of Ag™ in real
samples of commercial mineral water is subsequently achieved. The developed detection
method has important practical application value in terms of preventing food safety issues
caused by excessive Ag* content in food.
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Scheme 1. The principles of the fluorescent and colorimetric dual-channel nanosensor for the
detection of Ag*. OPD can catalyze the generation of DAP through Pd/Pt NFs that possess peroxidase
activity. In the presence of Ag*, the catalytic activity of Pd/Pt NFs is specifically inhibited. The
concentration of Ag* in the sample is determined via the monitoring of the fluorescence intensity
and UV-vis absorption from DAP.
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2. Materials and Methods
2.1. Reagents and Instruments

O-phenylenediamine (OPD), H,PtCls, K,PdCly and H,PdCly were purchased from
Shanghai Aladdin Biochemical Science and Technology Co., Ltd. (Shanghai, China). HCl,
NaH,PO,4, Na,HPO,, KH,PO4, NaOH, CoCl,, ascorbic acid (AA), MES, Tris and HEPES
were purchased from Shanghai Sinopharm Chemical Reagent Co., Ltd. (Shanghai, China).
NaCl and CaCl, were purchased from Sinopharm Group Supply Chain Co., Ltd. (Tianjin,
China). Pluronic F127 and Zn(COOH); were from Shanghai Yuanye Biotechnology Co.,
Ltd. (Shanghai, China). AgNO3, KCI, Mn(NOs),, FeCl,-4H,0 and CrCls were obtained
from Tianjin Tiangan Chemical Technology Co., Ltd. (Tianjin, China). All the reagents and
chemicals were of analytical reagent grade.

Ultrapure water was prepared using the Millipore ultrapure water system (Merck,
Shanghai, China). Transmission electron microscopy (TEM) measured the morphology
and elements of the nanomaterials (FEI, Lausanne, PA, USA). The fluorescence spectropho-
tometer detected the fluorescence intensity in the range from 500 nm to 670 nm (Thermo
Scientific, Saint Louis, MO, USA). The UV-Vis spectrophotometer detected absorbance in
the range from 330 nm to 600 nm (Shimadzu, Shanghai, China).

2.2. Preparation of OPD Solution and Pd/Pt NFs

Next, 0.00432 g of OPD was dissolved in 1 mL of ultrapure water to form an OPD solu-
tion (40 mM). After thorough mixing, the OPD solution was stored at 4 °C for further use.

Pd/Pt NFs were prepared using a modified method previously reported in [26].
H,PdCly (1 mL, 20 mM), HoPtClg (1 mL, 20 mM), K,PdCly (1 mL, 20 mM), HCI (120 uL,
20 mM) and 60 mg of Pluronic F127 were added into a glass bottle under vigorous stirring.
After the above reagents were completely mixed, AA (3 mL, 0.1 M) was subsequently added
into the solution. The mixed solution was sonicated for 4 h and centrifuged at 14,000 rpm
for 20 min to obtain the precipitate. Finally, the resulting Pd /Pt NFs were washed three
times with ethanol and water, respectively, and then stored at 4 °C for further use.

2.3. Fluorescence and Colorimetric Dual-Channel Detection of Ag*

Pd/PtNFs (10 puL, 1 pg/mL) and different concentrations of AgNOs3 (10 pL, 0-100 pM)
were mixed well and incubated at 25 °C for 40 min. After the complete interaction between
Ag* and Pd/Pt NFs, OPD (10 pL, 20 mM) and ultrapure water (170 nL) were added into
the above solution. OPD was catalyzed to generate DAP after incubation at 25 °C for
40 min. The mixtures were excited using an excitation wavelength of 414 nm, and their
fluorescence intensity profiles were detected from 500 nm to 670 nm. Their UV absorption
profiles were detected from 330 nm to 600 nm. The detection range of Ag™ concentration
was determined according to the measurement results of fluorescence intensity at 563 nm
and UV absorption at 418 nm, followed by calculating the lowest detection limit of Ag*. At
the same time, the color changes in the mixed solution under UV and natural light were all
recorded by taking photos with a smartphone.

To evaluate the impact of buffers on the system, OPD (10 uL, 20 mM), Pd/Pt NFs
(10 pL, 1 ug/mL) and different buffers (including ultrapure water, PB, MES, PBS and
HEPES, 180 pL) were each mixed. After incubating the mixtures at 25 °C for 40 min, the
fluorescence signal and UV absorption of the systems were then recorded. To further
evaluate the optimal reaction time of OPD and Pd /Pt NFs, the mixture was firstly prepared
by mixing OPD (10 pL, 20 mM), Pd/Pt NFs (10 puL, 1 ug/mL) and ultrapure water (180 uL).
The fluorescence intensity and UV absorption of the systems were then recorded at 25 °C
after incubation for different times (from 0 to 50 min). Similarly, to determine the optimal
interaction time of Ag* with Pd/Pt NFs, Ag* (10 nuL, 100 uM) and Pd/Pt NFs (10 pL,
1 ng/mL) were mixed and incubated 25 °C for different times (from 0 to 60 min). After
incubation, OPD (10 uL, 20 mM) and ultrapure water (170 uL) were added to the above
solution and incubated for 40 min. Both the fluorescence intensity and UV adsorption of
the systems were subsequently measured.
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2.4. Selectivity of Ag* Detection

To exclude the impact of other metal ions on the accuracy of this detection method, Ag*
in the systems was replaced with Mn?*, K*, Zn?*, Co?*, Na*t, Ca%*, Cr®* and Fe?* (100 uM),
respectively. Under the same experimental conditions (25 °C, 40 min), Ag* specificity was
evaluated based on the corresponding fluorescence intensity and UV absorption results.

2.5. Ag* Detection in Real Samples

To investigate the feasibility and accuracy of this method in real samples, three types of
mineral water from different manufacturers were purchased from the nearby supermarket
and validated. To simulate Ag* contamination in food, AgNOj3 solutions of different
concentrations (2 and 4 M) were prepared using mineral water. Three parallel controls
were set up in each experimental group. The changes in fluorescence intensity and UV
absorption in different mineral water systems were measured. The concentrations, recovery
rates and relative standard deviations of Ag™ in real samples were calculated based on
linear equations.

3. Results
3.1. Characterization of Pd/Pt NFs

The Pd/Pt NFs were synthesized in a simple way and then characterized via trans-
mission electron microscopy (TEM). As shown in Figure 1A, the TEM image shows that
the as-synthesized Pd/Pt NFs are spherical and have nanoflower-like morphology with
uniform distribution. The average particle size of Pd /Pt NFs is about 96 nm using statistical
analysis. The high angle annular dark field (HAADF) is a dark field diagram, which can
obtain the finer morphology of Pd/Pt NFs. Figure 1B further shows that the structures
of Pd/Pt NFs are fluffy and, therefore, have larger surfaces. The compositions of Pd /Pt
NFs are analyzed via the EDS mapping technique (Figure 1C-E). Both Pd and Pt Elements
are well dispersed in the particle. In addition, the energy dispersive spectrometer (EDS)
clearly shows peaks for Pd and Pt (Figure 1F). The above data demonstrate the successful
preparation of Pd/Pt NFs.
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Figure 1. (A) TEM images of Pd/Pt NFs. HAADF (B) of Pd/Pt NFs and corresponding element
mapping (C-E) analysis of Pd/Pt NFs. (F) The EDS of Pd/Pt NFs.
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3.2. Verification of Ag* Dual-Channel Sensing Mechanism

The Pd/Pt NFs possess excellent peroxidase-like activity, meaning that OPD can
be efficiently oxidized by them to form DAP. According to the previous experimental
results of our research group, the distribution of Ag and Pd elements showed good co-
locality. The coupling of Ag and Pd elements can inactivate the catalytic activity of Pd/Pt
NFs [27]. As shown in Figure 2A,B, the OPD solution without Pd /Pt NFs or Ag* is colorless
and transparent, producing little fluorescence. In contrast, the fluorescence of the mixed
solution containing OPD and Pd/Pt NFs is significantly enhanced, accompanied with a
characteristic emission peak at 563 nm. The color of the mixed solution is found to be orange
under UV light, further implying that Pd/Pt NFs can successfully catalyze OPD into DAP
(Figure 2A, line b and inset b). When Ag* is added into the above solution, the fluorescence
intensity clearly decreases, and the orange solution becomes lighter (Figure 2A, line d and
inset d). These results indicate that Ag* can effectively inhibit the catalytic activity of Pd /Pt
NFs and reduce the rate of OPD oxidation.
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Figure 2. (A) Fluorescence spectra and insets under UV light and (B) UV-vis absorption spectra
and insets under daylight based on the mechanism validation of Ag* detection for OPD-Pd /Pt NFs
(a: OPD, b: OPD-Pd/Pt NFs, c: OPD-Ag*, d: OPD-Pd /Pt NFs-Ag™).

Similarly, the mixed solution of OPD and Pd/Pt NFs exhibits enhanced UV-vis absorp-
tion via a characteristic peak at 418 nm, and the color of the solution can be observed to
be light yellow in daylight (Figure 2B, line b and inset b). The addition of Ag* results in a
significant decrease in the UV-vis absorption of the mixed solution, and the color of the
mixed solution becomes lighter (Figure 2B, line d and inset d). Moreover, in the absence
of Pd /Pt NFs, the OPD solution co-incubated with Ag* undergoes no obvious change in
fluorescence intensity and UV-vis absorption (Figure 2A,B, line ¢ and inset c), showing that
OPD and Ag* hardly directly react to generate DAP. Thus, the above data clearly prove
that fluorescence and UV-vis absorption simultaneously serve as output signals to detect
Ag™ based on the OPD-Pd /Pt NFs system. Moreover, the mutual consistency of the two
modes provides for the reliability of Ag* detection.

3.3. Optimization of Ag* Detection Conditions

In order to obtain the better analytical performance of the as-constructed dual-channel
sensor, the following the critical factors were optimized separately, including the reaction
buffer and incubation time for dual-mode platform. Firstly, the effects of different buffers on
the sensitivity of Ag* detection were investigated by monitoring the fluorescence intensity
and UV-vis absorption of DAP. As shown in Figure 3A,B, compared to other buffers
(including PB, MES, PBS, Tris and HEPES), DAP in water has the strongest fluorescence
signal and UV absorption. The fluorescence intensity and UV absorption of other buffers
decreases to different degrees, possibly due to various ions in these buffers interfering with
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the catalytic activity of Pd/Pt NFs. Hence, water was chosen as the optimal buffer for Ag*
sensing.
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Figure 3. (A) Fluorescence intensity and (B) UV-vis absorption of OPD-Pd/Pt NFs detection system
under different buffers. (C) Optimization of reaction time between OPD and Pd /Pt NFs based on
fluorescent analysis. (D) Optimization of reaction time between OPD and Pd/Pt NFs based on
colorimetric analysis. (E) Optimization of incubation time between Pd/Pt NFs and Ag* based on
fluorescent analysis. (F) Optimization of incubation time between Pd/Pt NFs and Ag* based on
colorimetric analysis.

The incubation time of OPD and Pd/Pt NFs is another key factor for the accurate
detection of Ag*. To ensure that OPD was fully oxidized, their incubation time was
evaluated via the monitoring of the fluorescence intensity and UV absorption signals of
the mixed solution. As shown in Figure 3C, the fluorescence of OPD solution itself is
negligible. With the prolongation of the incubation time of OPD and Pd/Pt NFs, the
fluorescence intensity of the mixed solution gradually increases. When the reaction time
lasts 40 min, the fluorescence of the solution containing OPD and Pd/Pt NFs no longer
increases, indicating that OPD has been completely oxidized to DAP. Meanwhile, the UV
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absorption of the mixed solution also reaches its maximum after incubating OPD with
Pd /Pt NFs for 40 min (Figure 3D). Therefore, 40 min was set as the optimal incubating time
for OPD and Pd/Pt NFs.

When Ag* exist in the solution, they can interact with Pd/Pt NFs to inhibit the
oxidation of OPD. In this regard, determining the incubation time between Ag* and Pd /Pt
NFs is also crucial for optimizing Ag* sensing. As depicted in Figure 3E, Pd/Pt NFs
rapidly oxidize OPD to produce the strongest fluorescence in the absence of Ag*. As
Ag™" gradually bind to the surface of Pd/Pt NFs, the fluorescence intensity of the mixed
solution shows a decreasing trend. Similarly, the UV absorption of the mixed solution
continuously reduces with the co-incubation of Ag* and Pd /Pt NFs (Figure 3F). Combining
the results of fluorescence and UV, 50 min is set as the most appropriate incubation time
for Ag* and Pd/Pt NFs. In summary, ultrapure water was used as a buffer, the incubation
time of samples containing Ag* with Pd/Pt NFs was 50 min and the reaction time for
OPD oxidation was 40 min, which were selected as the optimal conditions for subsequent
Ag* detection.

3.4. Selectivity Evaluation

In practical application, high selectivity for Ag* sensing is necessary to avoid erroneous
results. Selectivity evaluation involves determining the ability of the sensing system to
specifically detect and distinguish the target metal ions from other metal ions that may
be present in the sample. Ensuring the accurate and reliable detection of target metal
ions is essential without interference from other ions. In order to evaluate the specificity
of this detection method for Ag*, the effects of potential interfering substances (such as
Mn?*, K*, Zn?*, Co?*, Na*, Ca?*, Cr3* and Fe?") on the fluorescence intensity and UV-
vis absorption response of the solution were investigated. As shown in Figure 4A, the
fluorescence intensity of the target Ag* is the lowest compared to those of other substances,
which indicates that only Ag* can inhibit the catalytic performance of Pd/Pt NFs and, thus,
realize the fluorescence-based strategy for target detection. On the other hand, the catalytic
properties of the Pd /Pt NFs are suppressed and, consequently, the oxidation intensity of the
OPD is reduced, again showing the lowest intensity on the UV-vis absorption (Figure 4B).
Thus, there is good agreement between fluorescence and UV-vis, demonstrating the ability
of our dual-mode method to specifically detect silver ions. Moreover, these two modes
can verify each other, which lays the foundation for the specific detection of silver ions in
real samples.
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Figure 4. (A) Fluorescence intensity and (B) UV-vis absorption of a OPD-Pd/Pt NF detection system
in the presence of different metal ions (including Ag*, Mn?*, K*, Zn%*, Co?*, Na*t, Ca?*, Cr3* and
Fe?*). The concentration of metal ions was 100 M.
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3.5. Ag* Detection Using the Fluorescent and Colorimetric Dual-Mode Analysis

Under the best conditions, Ag* determination was performed using the mixed solution
containing Pd/Pt NFs and OPD as the sensing system. As shown in Figure 5A, the fluores-
cence intensity of the initial system is relatively high in the absence of Ag*. After different
concentrations of Ag* are introduced, the fluorescence intensity of the sensing system grad-
ually decreases with the increase in Ag* concentrations. Notably, the linear relationship
between the Ag* concentrations ranging from 0 to 0.25 uM and the fluorescence intensity
of the system at 563 nm can be acquired: y = 20,806 — 27,416x, R? = 0.993 (Figure 5B). The
LOD of the fluorescent channel is calculated to be 5.8 nM, showing that the developed
fluorescence channel exhibits high sensitivity for the detection of Ag*. Interestingly, the
quantitative detection of Ag* can also be realized through the determination of UV-vis
absorption spectra. Similarly, as shown in Figure 5C,D, the absorbance of the system at
418 nm gradually decreases with the increased Ag* concentrations. The change is linear as
the Ag™ concentrations varied from 0.125 to 1 pM (y = 0.2051 — 0.06397x, R? = 0.997) with a
LOD of 46.9 nM. As shown in Table 1, our proposed strategy for detecting Ag* shows high
sensitivity compared to other reported methods. Moreover, the signal changes induced
via Ag* introduction can also be directly observed with the naked eye. The yellow-red
fluorescence can be reduced under the UV lamp upon increasing the concentration of the
target (insets of Figure 5A). Correspondingly, the yellow color of DAP becomes lighter due
to the stronger inhibition of Pd/Pt NFs catalyst by Ag* (insets of Figure 5C). Therefore, the
concentration of silver ions can be clearly judged based on the color and fluorescence.
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Figure 5. (A) Fluorescence spectra and insets under UV light and (C) UV-vis absorption spectra and
insets under daylight in the sensing system in the presence of different concentrations of Ag* (the
concentrations from the black line to the green line are 0, 0.05, 0.1, 0.125, 0.2, 0.25, 0.5, 1, 1.25, 2, 2.5
and 5 uM, respectively). Standard curves based on the fluorescence intensity (B) and UV absorption
(D) of the corresponding Ag* concentrations.
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Table 1. Comparison of our proposed detection method with other representative strategies.

Method LOD (nM) Linear Range (uM) Ref.

g-C3Ny 6.31 0-100 [27]

TTP 76.5 0-2 [28]

TA /PUL-AuNPs 30.8 0.1-150 [29]

Coumarinyl ligand 8.8 2-20 [30]

PEI-ARD-60 90.7 0.03-1 [31]
OPD-Pd/Pt NFs 5.8 0-0.25 This work

3.6. Ag" Detection in Real Samples

In daily life, Ag* pollution can cause poisoning and seriously affect the ecological
environment and human health. Therefore, the detection of Ag* in solution via a simple and
fast method is of great significance to human health and ecological environment. In order to
verify the applicability of this method in practical application, three kinds of commercially
available drinking water were selected as the real samples. Then, different concentrations
of Ag* were added into these samples for recovery experiments. As demonstrated in
Tables 2 and 3, the recovery rates of the three kinds of drinking water range from 91.2%
to 118.0%, from 88.1% to 110.0% and from 94.6% to 114.0%, respectively. Moreover, the
relative standard deviation (RSD) is determined within the range from 1.21% to 5.61%,
which shows that this method has good feasibility. This test verifies the applicability and
accuracy of the method. The results of the fluorescence and colorimetric dual-mode assay
prove that the developed method is in good agreement. All of the above results definitely
show that this detection method can be used as a reliable application of Ag* in a practical
sample testing strategy.

Table 2. Ag* detection in real samples (fluorescent method).

Sample Add (uM) Found (uM) Recovery (%) RSD (%, n=23)
0 - - -
Water A 0.1 0.0912 91.2 2.02
0.2 0.214 107.0 1.21
0 - - -
Water B 0.1 0.0881 88.1 3.63
0.2 0.205 102.5 2.97
0 - - -
Water C 0.1 0.0975 97.5 2.38
0.2 0.197 98.5 2.68

Table 3. Ag* detection in real samples (colorimetric method).

Sample Add (uM) Found (uM) Recovery (%) RSD (%, n=23)
0 - - -
Water A 0.1 0.118 118.0 4.84
0.2 0.219 109.5 1.99
0 - - -
Water B 0.1 0.110 110.0 519
0.2 0.213 106.5 2.10
0 - - -
Water C 0.1 0.0946 94.6 5.61

0.2 0.228 114.0 441
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4. Discussion

In summary, a simple yet sensitive dual-mode fluorescence and colorimetric Ag*
detection strategy based on the sensing system of OPD and Pd/Pt NFs was realized in this
study. Pd /Pt NFs with peroxidase-like activity can effectively oxidize OPD into DAP, which
has a high fluorescence emission and UV-vis absorbance. In fluorescence analysis, when
Ag" are present in the sample, Pd /Pt NFs can bind specifically to Ag*, thus inhibiting the
catalytic activity of Pd/Pt NFs. The concentration of Ag* is determined via the monitoring
of the fluorescence produced by DAP. Meanwhile, the concentration of Ag* can also be
determined based on the UV-vis absorption of DAP. Both the fluorescence intensity and
UV-vis absorbance of the system can be linearly reduced for the quantitative detection of
Ag*, and the LOD of the fluorescence and colorimetric channels are 5.8 nM and 46.9 nM,
respectively. Fluorescence analysis has higher sensitivity and selectivity compared to the
UV spectrum, while the UV-vis absorption can provide more accurate quantitative analysis
results. The combination of two different detection methods improves the reliability of
the analysis results, avoiding false negative and false positive results and expanding the
application range. Eventually, the feasibility of this method is verified by detecting Ag*
in real samples, with satisfactory results. The constructed fluorescence and UV-vis dual-
channel sensor has the benefits of high sensitivity, simple operation, short time, low cost
and visualized detection, thus providing a new method for the rapid detection of Ag*
in food.

Author Contributions: Conceptualization, resources, writing—review and editing and funding
acquisition, Y.F; investigation, software and writing—original draft preparation, S.D.; investigation,
software, W.L.; validation and data curation, J.Z.; conceptualization, H.S.; supervision, X.L. All
authors have read and agreed to the published version of the manuscript.

Funding: This research was supported by the Project Program of Key Laboratory of Tianjin Key
Laboratory of Food Quality and Health, China (No. TJS202204).

Data Availability Statement: Data are contained within the article.

Conflicts of Interest: The authors declare no conflict of interest.

References

1. Dong, S.; Shirzadeh, M.; Fan, L.; Laganowsky, A.; Russell, D.H. Ag* ion binding to human metallothionein-2A is cooperative and
domain specific. Anal. Chem. 2020, 92, 8923-8932. [CrossRef] [PubMed]

2. Zhao, X.; Liao, S.; Wang, L.; Liu, Q.; Chen, X. Facile green and one-pot synthesis of purple perilla derived carbon quantum dot as
a fluorescent sensor for silver ion. Talanta 2019, 201, 1-8. [CrossRef] [PubMed]

3. Li, H.; Chen, M.; Luo, R.; Peng, W.; Gong, X.; Chang, J. An amplified fluorescent biosensor for Ag* detection through the
hybridization chain reactions. Colloids Surf. B Biointerfaces 2021, 202, 111686. [CrossRef] [PubMed]

4. Xiong, Y.; Zeng, X.; Yan, L.; Wang, Y.; Lin, Y.; Ao, K.; Feng, P.; Xie, Y.; Chen, P. Target Enzyme-Triggered Click Chemistry and
Hybridization Chain Reaction for Fluorescence Nonculture Homogeneous Analysis of E. coli in Bloodstream Infections. ACS
Appl. Mater. Interfaces 2023, 15, 27687-27695. [CrossRef] [PubMed]

5. Qandeel, N.A.; El-Masry, A.A ; Eid, M.; Moustafa, M.A; El-Shaheny, R. Fast one-pot microwave-assisted green synthesis of highly
fluorescent plant-inspired S, N-self-doped carbon quantum dots as a sensitive probe for the antiviral drug nitazoxanide and
hemoglobin. Anal. Chim. Acta 2023, 1237, 340592. [CrossRef]

6. Bi, C.C,; Ke, X.X,; Chen, X.; Weerasooriya, R.; Hong, Z.Y.; Wang, L.C.; Wu, Y.C. Assembling reduced graphene oxide with
sulfur/nitrogen-“hooks” for electrochemical determination of Hg (II). Anal. Chim. Acta 2020, 1100, 31-39. [CrossRef]

7. Chaiyo, S.; Siangproh, W.; Apilux, A.; Chailapakul, O. Highly selective and sensitive paper-based colorimetric sensor using
thiosulfate catalytic etching of silver nanoplates for trace determination of copper ions. Anal. Chim. Acta 2015, 866, 75-83.
[CrossRef]

8. Li, L; Wang, J.; Xu, S.; Li, C.; Dong, B. Recent progress in fluorescent probes for metal ion detection. Front. Chem. 2022, 10, 875241.
[CrossRef]

9. Wang, X,; Chu, C.; Lv, J,; Jia, Y.; Lin, L.; Yang, M.; Zhang, S.; Huo, D.; Hou, C. Simultaneous measurement of Cr (III) and Cu (II)
based on indicator-displacement assay using a colorimetric nanoprobe. Anal. Chim. Acta 2020, 1129, 108-117. [CrossRef]

10. Liu, Q.; Dong, Z,; Hao, A.; Guo, X.; Dong, W. Synthesis of highly fluorescent carbon dots as a dual-excitation rationmetric

fluorescent probe for the fast detection of chlorogenic acid. Talanta 2021, 221, 121372. [CrossRef]


https://doi.org/10.1021/acs.analchem.0c00829
https://www.ncbi.nlm.nih.gov/pubmed/32515580
https://doi.org/10.1016/j.talanta.2019.03.095
https://www.ncbi.nlm.nih.gov/pubmed/31122398
https://doi.org/10.1016/j.colsurfb.2021.111686
https://www.ncbi.nlm.nih.gov/pubmed/33714924
https://doi.org/10.1021/acsami.3c04065
https://www.ncbi.nlm.nih.gov/pubmed/37262009
https://doi.org/10.1016/j.aca.2022.340592
https://doi.org/10.1016/j.aca.2019.11.062
https://doi.org/10.1016/j.aca.2015.01.042
https://doi.org/10.3389/fchem.2022.875241
https://doi.org/10.1016/j.aca.2020.07.009
https://doi.org/10.1016/j.talanta.2020.121372

Foods 2023, 12, 4260 11 of 11

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

Wang, Y.; Zhang, H.; Hu, H.; Jiang, X.; Zhang, X.; Wu, P. Selective Heavy Atom Effect-Promoted Photosensitization Colorimetric
Detection of Ag™ in Silver Ore Samples. Anal. Chem. 2023, 95, 6501-6506. [CrossRef]

Algarni, S.A. A Review on Conducting Polymers for Colorimetric and Fluorescent Detection of Noble Metal Ions (Ag*, Pd**,
P£2+/4* and Au®*). Crit. Rev. Anal. Chem. 2022, 1-12. [CrossRef] [PubMed]

Wei, S.; Li, J.; He, J.; Zhao, W.; Wang, F; Song, X.; Xu, K.; Wang, J.; Zhao, C. Paper chip-based colorimetric assay for detection of
Salmonella typhimurium by combining aptamer-modified F304@ Ag nanoprobes and urease activity inhibition. Microchim. Acta
2020, 187, 554. [CrossRef] [PubMed]

Li, Y;; Tang, L.; Zhu, C.; Liu, X.; Wang, X; Liu, Y. Fluorescent and colorimetric assay for determination of Cu (II) and Hg (II) using
AuNPs reduced and wrapped by carbon dots. Microchim. Acta 2022, 189, 10. [CrossRef] [PubMed]

Ali, HR.H.; Hassan, A.I; Hassan, Y.E; El-Wekil, M.M. Colorimetric and fluorimetric (dual-mode) nanoprobe for the determination
of pyrogallol based on the complexation with copper (II)-and nitrogen-doped carbon dots. Microchim. Acta 2019, 186, 850.
[CrossRef] [PubMed]

Zhuo, S.; Fang, J.; Li, M.; Wang, J.; Zhu, C.; Du, ]. Manganese (II)-doped carbon dots as effective oxidase mimics for sensitive
colorimetric determination of ascorbic acid. Microchim. Acta 2019, 186, 745. [CrossRef]

Wu, R; Sun, M; Liu, X,; Qin, F; Zhang, X.; Qian, Z.; Huang, J.; Li, Y.; Tan, T.; Chen, W.; et al. Oxidase-like ZnCoFe three-atom
nanozyme as a colorimetric platform for ascorbic acid sensing. Anal. Chem. 2022, 94, 14308-14316. [CrossRef]

Tang, M.; Zhu, B.; Wang, Y.; Wu, H.; Chai, F; Qu, F; Su, Z. Nitrogen-and sulfur-doped carbon dots as peroxidase mimetics:
Colorimetric determination of hydrogen peroxide and glutathione, and fluorimetric determination of lead (II). Microchim. Acta
2019, 186, 604. [CrossRef]

Raji, M.A; Aloraij, Y.; Alhamlan, E; Suaifan, G.; Weber, K.; Cialla-May, D.; Popp, J.; Zourob, M. Development of rapid colorimetric
assay for the detection of Influenza A and B viruses. Talanta 2021, 221, 121468. [CrossRef]

Schmidt, R.L.J.; Simon, A.; Popow-Kraupp, T.; Laggner, A.; Haslacher, H.; Fritzer-Szekeres, M.; Redlberger-Fritz, M.; Mayer, EJ.
A novel PCR-based point-of-care method facilitates rapid, efficient, and sensitive diagnosis of influenza virus infection. Clin.
Microbiol. Infect. 2019, 25, 1032-1037. [CrossRef]

Deng, L.; Liu, Q.; Lei, C.; Zhang, Y.; Huang, Y.; Nie, Z.; Yao, S. Fluorometric and colorimetric dual-readout assay for histone
demethylase activity based on formaldehyde inhibition of Ag*-triggered oxidation of o-phenylenediamine. Anal. Chem. 2020, 92,
9421-9428. [CrossRef]

Zhao, C.; Kong, X.; Shuang, S.; Wang, Y.; Dong, C. An anthraquinone-imidazole-based colorimetric and fluorescent sensor for the
sequential detection of Ag* and biothiols in living cells. Analyst 2020, 145, 3029-3037. [CrossRef] [PubMed]

Fakhri, N.; Abarghoei, S.; Dadmehr, M.; Hosseini, M.; Sabahi, H.; Ganjali, M.R. Paper based colorimetric detection of miRNA-21
using Ag/Pt nanoclusters. Spectrochim. Acta Part A Mol. Biomol. Spectrosc. 2022, 227, 117529. [CrossRef]

Dai, F; Xie, M.; Wang, Y.; Zhang, L.; Zhang, Z.; Lu, X. Synergistic effect improves the response of active sites to target variations
for picomolar detection of silver ions. Anal. Chem. 2022, 94, 10462-10469. [CrossRef] [PubMed]

Balamurugan, G.; Jang, ].W,; Park, S.J.; Vikneshvaran, S.; Park, ]J.S. Ratiometric photothermal detection of silver ions using
diimmonium salts. Talanta 2022, 242, 123296. [CrossRef] [PubMed]

Wang, X.; Gao, X.; Lin, X.; Zheng, S.; Yan, Y.; Wang, S.; Liu, Y. A reliable fluorescent and colorimetric dual-readout assay for Ag*
tracing. Spectrochim. Acta Part A Mol. Biomol. Spectrosc. 2022, 268, 120696. [CrossRef]

Li, M,; Liao, H,; Deng, Q.; Wu, Y,; Xiao, E; Xiao, W.; Tu, D. Preparation of an intelligent hydrogel sensor based on g-C3N4
nanosheets for selective detection of Ag+. J. Macromol. Sci. 2018, 55 Pt A, 408-413. [CrossRef]

Kim, S.; Lee, H.; Chae, J.B.; Kim, C. A pyrene-mercapto-based probe for detecting Ag* by fluorescence turn-on. Inorg. Chem.
Commun. 2020, 118, 108044. [CrossRef]

Jayeoye, T.].; Supachettapun, C.; Muangsin, N. Toxic Ag* detection based on Au@Ag core shell nanostructure formation using
Tannic acid assisted synthesis of Pullulan stabilized gold nanoparticles. Sci. Rep. 2023, 13, 1844. [CrossRef]

Jiang, L.; Zheng, T.; Xu, Z.; Li, J.; Li, H,; Tang, ].; Liu, S.; Wang, Y. New NIR spectroscopic probe with a large Stokes shift for Hg2+
and Ag* detection and living cells imaging. Spectrochim. Acta Part A Mol. Biomol. Spectrosc. 2022, 271, 120916. [CrossRef]

Guo, H.; Zhang, P.; Zhao, R.; Meng, X.; Liu, H.; Deng, K. Aggregation-induced emission enhancement (AIEE) of polyethylenimine
functionalized with 3-allylrhodanine and specific detection for Ag* ions. Dyes Pigments 2022, 205, 110562. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.


https://doi.org/10.1021/acs.analchem.2c05813
https://doi.org/10.1080/10408347.2022.2079945
https://www.ncbi.nlm.nih.gov/pubmed/35652899
https://doi.org/10.1007/s00604-020-04537-8
https://www.ncbi.nlm.nih.gov/pubmed/32902716
https://doi.org/10.1007/s00604-021-05111-6
https://www.ncbi.nlm.nih.gov/pubmed/34865194
https://doi.org/10.1007/s00604-019-3892-9
https://www.ncbi.nlm.nih.gov/pubmed/31776680
https://doi.org/10.1007/s00604-019-3887-6
https://doi.org/10.1021/acs.analchem.2c02853
https://doi.org/10.1007/s00604-019-3710-4
https://doi.org/10.1016/j.talanta.2020.121468
https://doi.org/10.1016/j.cmi.2018.12.017
https://doi.org/10.1021/acs.analchem.0c01927
https://doi.org/10.1039/D0AN00164C
https://www.ncbi.nlm.nih.gov/pubmed/32134064
https://doi.org/10.1016/j.saa.2019.117529
https://doi.org/10.1021/acs.analchem.2c01665
https://www.ncbi.nlm.nih.gov/pubmed/35834409
https://doi.org/10.1016/j.talanta.2022.123296
https://www.ncbi.nlm.nih.gov/pubmed/35167961
https://doi.org/10.1016/j.saa.2021.120696
https://doi.org/10.1080/10601325.2018.1453260
https://doi.org/10.1016/j.inoche.2020.108044
https://doi.org/10.1038/s41598-023-27406-9
https://doi.org/10.1016/j.saa.2022.120916
https://doi.org/10.1016/j.dyepig.2022.110562

	Introduction 
	Materials and Methods 
	Reagents and Instruments 
	Preparation of OPD Solution and Pd/Pt NFs 
	Fluorescence and Colorimetric Dual-Channel Detection of Ag+ 
	Selectivity of Ag+ Detection 
	Ag+ Detection in Real Samples 

	Results 
	Characterization of Pd/Pt NFs 
	Verification of Ag+ Dual-Channel Sensing Mechanism 
	Optimization of Ag+ Detection Conditions 
	Selectivity Evaluation 
	Ag+ Detection Using the Fluorescent and Colorimetric Dual-Mode Analysis 
	Ag+ Detection in Real Samples 

	Discussion 
	References

