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Abstract: Developing a simple and convenient approach for glucose sensing is crucially important
in disease diagnosis and health monitoring. In this work, a glucose sensor based on plasmonic
nanostructures was developed using gold—silver core-shell nanoparticles as the sensing platform.
Based on the oxidative etching of the silver shell, the concentration of hydrogen peroxide and glucose
could be determined quantitatively via the spectral change. This spectral change could also be
observed with the naked eye or with a phone camera, realizing colorimetric sensing. To demonstrate
this, glucose solutions at different concentrations were quantitatively detected in a wide concentration
range of 0-1.0 mM using this colorimetric sensor. Importantly, shell thickness could significantly
affect the sensitivity of our colorimetric sensor. This work provides a deeper understanding of the
plasmonic sensing of glucose, which will help to realize its real applications. Based on this strategy,
the non-invasive sensing of metabolites may be realized for disease diagnosis and health monitoring.

Keywords: glucose sensing; plasmonic sensor; gold—silver core-shell nanoparticles; silver shell;
colorimetric sensing

1. Introduction

Glucose supplies energy for biological cells and is one of the most important metabolic
intermediates [1-4]. The sensing of glucose in biological systems is crucially important
in disease diagnosis and health monitoring [5-7]. In particular, the convenient and cost-
effective sensing of glucose in the body fluids of sweat, saliva, tears, and urine could
provide a non-invasive approach to early diagnosis and health monitoring [5,6,8,9]. There-
fore, it is of great importance to develop a simple, convenient, and cost-effective way to
detect the glucose level in human fluids, particularly in sweat [10-12]. Many approaches,
including electrochemical detection [13,14], fluorescence detection [15-17], and colorimetric
detection [18-20], have been applied in the sensitive detection of glucose. In electrochemical
sensing, electrochemical reactions happen on electrodes, producing an electrical signal
that can be collected by an electrochemical station. A high sensitivity can be achieved in
electrochemical sensing; however, a bulky instrument is usually needed [21]. Fluorescence
sensing is realized using fluorescent molecules as probes, and the fluorescent spectral
change in the probes is monitored using a photoluminescence spectrometer [22,23]. This
type of fluorescence sensing is widely used and has been applied in various sensing appli-
cations. However, a bulky spectrometer is generally needed in this sensing process [24],
limiting the application scenarios of this method. In contrast, colorimetric sensing can be
realized using the naked eye or a phone camera, which generally every adult has access
to. In colorimetric sensing, the color change in the detection units can be clearly observed
by the naked eye or a smart phone [25,26]. Thus, the concentration of analytes can be
determined. For sensitive colorimetric detection, the color change in the detection units
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can also be recorded and analyzed with a smart phone. Many systems can be utilized to
realize colorimetric sensing systems.

Plasmonic nanostructures possess unique optical properties, and these properties are
strongly related to the composition, size, shape, and surrounding environments of the
plasmonic nanostructures [27-30]. Using plasmonic nanostructures, various sensing strate-
gies have been developed. Surface plasmon resonance (SPR) sensing utilizes the spectral
change in the total internal reflection beam induced by the surface adsorption of molecules
on plasmonic structures [31,32]. The amount of molecular adsorption can be determined
by the spectral change, and thus the molecules can be detected quantitatively. Based on
plasmonic nanostructures, the intensity of Raman spectra can be largely enhanced, and this
process is usually called surface-enhanced Raman scattering (SERS) [33]. Utilizing SERS,
the sensitive detection of molecules can also be realized [34-37]. However, the fabrication
of a uniform and high-enhancement SERS-sensing platform is still a great challenge [27].
In the abovementioned plasmon-based sensing system, specific and bulky instruments
are usually needed, and the sensing process is generally complicated. Therefore, it is still
necessary to develop simple and effective sensing platforms based on plasmonic nanos-
tructures. As is known, plasmonic nanostructures usually have strong light absorption and
scattering because of the localized surface plasmon resonance (LSPR). Therefore, they show
unique colors, and these colors are strongly dependent on the size, shape, and surrounding
environments of the plasmonic nanostructures. Thus, colorimetric sensing can be realized
based on plasmonic nanostructures [38]. The sensing process is highly simple, convenient,
and effective. How to improve its sensitivity and expand its applications is always a hot
topic in this field.

Herein, a colorimetric sensing platform based on plasmonic nanostructures was fabri-
cated. Gold-silver core—shell nanoparticles (Au@Ag NPs) were employed as plasmonic
nanostructures, and the shell thickness could be thinned during the sensing of hydrogen
peroxide (H20O,) and glucose. Based on the color change during shell thinning, the concen-
tration of H,O; and glucose could be precisely determined. Moreover, it was revealed that
the initial shell thickness is important in optimizing the sensitivity of H,O, and glucose
sensing. Glucose sensing at various concentrations was also demonstrated and might be
used for the non-invasive sensing of glucose in sweat in the near future. This work provides
a simple, convenient, and effective approach to detect the glucose level in human sweat and
may find promising applications in health monitoring and the early diagnosis of disease.

2. Materials and Methods

Preparation of Au NPs and Au@Ag NPs. Au NPs with an average diameter of 11.4 nm
were synthesized using a previously reported procedure [39,40]. Au@Ag NPs were synthe-
sized using 20 mL of the as-prepared Au NPs as templates (Scheme 1). Then, 1-1.5 mL of
silver nitrate (10 mM) and 1 mL of sodium citrate (1 wt%) were injected in 20 mL of Au
NP colloid boiling in an oil bath at 120 °C. After 30 min of reaction, the Au@Ag NPs were
obtained and were stored in a fridge at —4 °C before usage.

CgHsNa;z0, CgHsNaz0,
HAuCl, AgNO,
boiling boiling \
Au NPs Au@Ag NPs

Scheme 1. Schematic diagram of the procedure for synthesis of Au@Ag NPs.
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Characterizations of Au NPs and Au@Ag NPs. The morphology of samples was measured
on a transmission electron microscope (TEM, JEM-2010 UHR, JEOL, Tokyo, Japan) at an
acceleration voltage of 120 kV, and the extinction spectra were acquired on a UV-Vis
spectrometer (UV-1750, Shimadzu, Japan).

Sensing of H,O, solutions. Different concentrations of HyO, were prepared in an
aqueous solution for sensing. In H,O, sensing, 200 pL of H,O, solution was mixed with
20 puL of Au@Ag NPs, and the sample was kept at room temperature for 10 min. The sample
change was detected with a UV-Vis spectrometer (UV-1750, Shimadzu, Kyoto, Japan) and a
camera. Photographs of the samples were taken with a digital camera (EOS 700D, Canon,
Tokyo, Japan). To guarantee the reliability and accurateness of colorimetric detection, the
image acquisition was carried out indoors, and curtains were used to minimize the influence
of outdoor light. Moreover, a single smartphone camera was used for the whole image
acquisition, and the sample—-smartphone distance and orientation were kept unchanged
during the whole image acquisition to minimize the appearance of artifacts. Then, the R,
G, and B channels of the photographs were split up on a computer using Image] software,
and the values were extracted and plotted for the data analysis of H;O, concentrations.

Sensing of glucose solutions. Different concentrations of glucose were prepared in an
MOPS buffer for sensing. For glucose sensing, 0.5 uL of 20 mg mL~! of glucose oxidase
(GOx) was mixed with 20 uL of Au@Ag NPs and 200 pL of glucose solution, and the
mixture was kept at 37 °C for 10 min for incubation. After detection, photographs of
the samples were taken and analyzed to determine glucose concentrations using the
abovementioned method.

3. Results and Discussion
3.1. Design and Preparation of the Au@Ag NPs

Plasmonic nanostructures show unique extinction peaks because of the LSPR. The
extinction peaks are usually highly sensitive to the properties of plasmonic nanostructures
and their local environments. A slight change in composition, size, or shape could lead to a
huge change in extinction spectrum [27-30], which could even be clearly observed by a UV-
Vis spectrometer or the naked eye. For instance, Au-Ag core-shell plasmonic nanoparticles
possess the extinction peaks of gold and silver simultaneously. The relative intensity of
these two peaks is strongly related to the shell thickness of silver. On the other hand, silver
is a readily oxidizable material. After oxidization, the silver shell becomes thinner, and
thus the spectroscopic property of the Au@Ag NPs could experience an obvious change,
which could easily be detected by a spectrometer or the naked eye.

Based on this principle, HO, and glucose could be detected quantitatively (Scheme 2).
H,0O; can oxidize the silver shell, which has been reported in the literature [41,42], leading
to an obvious change in the spectroscopic property of the Au-Ag core—shell nanoparticles.
More importantly, the initial shell thickness can have a huge effect on the sensing process.
In theory, the detection sensitivity should be highly dependent on the shell thickness.
Therefore, it is necessary to investigate this plasmonic sensing extensively. Besides H,O,,
glucose could also be detected with the Au@Ag NPs. The glucose is first oxidized to
gluconic acid and H,O; under the catalysis of GOx (Equation (1)). The H,O, produced
could oxidize and thin the silver shell of Au@Ag NPs. Based on this principle, the glucose
could be detected quantitatively.

D-glucose SOy H0O; + D—glucono-1, 5-lactone (1)
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Scheme 2. Schematic diagram of glucose sensing based on Au@Ag NPs and the effect of their shell
thicknesses on sensing.

3.2. Characterizations of the Au@Ag NPs

In this work, a simple wet-chemical method was used to synthesize gold nanoparticles
(Au NPs), which were then used as templates for the coating of silver shells in a wet-
chemical synthesis. The obtained core—shell nanoparticles are referred to as Au@Ag NPs.
As is shown in the transmission electron microscopy (TEM) image, the Au NPs used as
templates were highly uniform in size and shape (Figure 1a). The average diameter of the
Au NPs was ~11.4 nm. Using these Au NPs as templates, silver ions could be reduced to
silver to form shells on the Au NPs. The thickness of the silver shells could be controlled by
varying the amount of silver ions. Herein, we chose two shell thickness (Figure 1b—f), and
the samples are referred to as #1 and #2 Au@Ag NPs, respectively. The average diameter of
the #1 Au@Ag NPs was determined as 21.5 nm, suggesting an average shell thickness of
5.1 nm. The average diameter of the #2 Au@Ag NPs was determined as 26.0 nm, suggesting
an average shell thickness of 7.3 nm. The optical properties of the Au NPs and the two
types of Au@Ag NPs were quite different. As shown in the photographs, the Au NPs
showed a red color, while the #1 and #2 Au@Ag NPs showed orange-yellow and yellow
color, respectively (Figure 1g). Quantitative results could be clearly observed in ultraviolet—
visible (UV-Vis) extinction spectra (Figure 1h). The Au NPs showed an extinction peak at
~520 nm, which is attributed to the plasmonic band of Au NPs. When the AuNPs were
coated with a thin layer of silver shell, a new plasmonic band that is attributed to the LSPR
of silver appeared at ~400 nm. This ~400 nm peak became stronger when the silver shell
was thicker. These two types of Au@Ag NPs could both be used for quantitative analysis
of H,O, and glucose, and the effect of shell thickness in sensing will be discussed.
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Figure 1. Morphology and optical properties of the Au NPs and Au@Ag NPs. (a—c) TEM images of

the Au NPs and Au@Ag NPs with thin (#1) and thick (#2) shells. (d—f) Corresponding histograms

of the size of the NPs in (a—c). (g) Photograph and (h) UV-Vis extinction spectra of the Au NPs and

Au@Ag NPs.

3.3. Colorimetric Changes during the Sensing of HyO, and Glucose

We then investigated the sensing principle of H,O, and glucose. When the #1 Au@Ag
NPs were used for the sensing of HyO,, the silver shells could be oxidized to form silver
ions by the HyO,. As a result, the optical property of the Au@Ag NPs changed obviously.
As shown in Figure 2a, the plasmonic band of silver at ~400 nm decreased in intensity
when H,O, was added to the sensing system. Meanwhile, the plasmonic band of Au NPs
at ~520 nm became clearer. Thus, H,O, could be detected based on the spectral change
in the #1 Au@Ag NPs. In glucose sensing, glucose is oxidized to gluconic acid and H,O,
under the catalysis of GOx, and H,O; leads to a thinning of the silver shell, which could be
detected via the spectral change. Similarly, the concentrations of H,O, and glucose could
be detected using the #2 Au@Ag NPs, except for the slight differences in extinction spectra
(Figure 2b).

In addition to the spectral change, the change in color could also be clearly observed
during the sensing of glucose. A phone camera or the naked eye can easily detect this color
change, and no specific and /or bulky instrument is needed during this sensing process.
Note that this sensing method is highly simple, convenient, and cost-effective. As shown in
Figure 2c¢, the values of the R, G, and B channels of the sample photographs were obviously
different. These differences suggest that the convenient and cost-effective detection of
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various chemicals can be realized via the monitoring of color changes. The R/G ratio and
its changes could also be used to quantify the change in sample color during the chemical
sensing of HyO, or glucose (Figure 2d). As a result, the quantitative detection of H,O, and
glucose could be realized.
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Figure 2. Colorimetric sensing of glucose. (a,b) UV-Vis extinction spectra of the pristine (a) #1 and
(b) #2 Au@Ag NPs and the spectra after adding 20 puL of 5 mM H,O; (red curve) and 5 mM glucose
(blue curve) solutions, respectively. In case of glucose sensing, 20 uL of 1 mg mL~! GOx was also
added before adding glucose. (c) The R, G, and B values of the photographs of the Au NPs and the #1
and #2 Au@Ag NPs samples. (d) The R/G ratios of the photographs of the Au NPs and the #1 and #2
Au@Ag NPs. (e f) The R/G ratios of the photographs of (e) #1 and (f) #2 Au@Ag NPs samples after
sensing of various analytes. A high sensing specificity toward glucose was observed.

Then, the change in the R/G ratio was used for the quantitative detection of glucose
solutions (Figure 2e,f). In a blank sample, the R/G ratio was 1.11 for the #1 Au@Ag NPs.
This R/G ratio obviously increased to 1.24 when a glucose solution at 5 mM was detected
(Figure 2e), suggesting a high detection selectivity. In contrast, R/G ratios close to the blank
sample were observed during the sensing of other chemicals, such as maltose, fructose,
galactose, newtolxylitol, lactic acid, and urea. These chemicals are the main components in
human fluid, particularly in sweat. This high selectivity is attributed to the high specificity
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of GOx for glucose oxidation. Similarly, high selectivity was also achieved in the sample of
#2 Au@Ag NPs (Figure 2f), except for the larger change in the R/G ratio.

3.4. Optimization of the Sensing Systems

We then optimized the parameters in sensing systems, including the GOx concentra-
tion and pH value for both the #1 and #2 Au@Ag NPs. The optimal GOx concentration
for the sensing system of the #1 Au@Ag NPs was 0.05-0.08 mg-mL~! (Figure 3a). A lower
GOx concentration cannot effectively catalyze the reaction of glucose oxidation, while a
higher GOx concentration may lead to a serious aggregation of GOx on the gate surface,
blocking the catalytic active sites. Therefore, an optimal GOx concentration is necessary
for the sensing of glucose. Similarly, an optimal GOx concentration of ~0.05 mg-mL~! was
observed in the sensing system of #2 Au@Ag NPs (Figure 3b). The optimal concentration
range of GOx in the #2 Au@Ag NPs sensing system was found to be narrower than that
of the #1 Au@Ag NPs. The pH value can also significantly affect the sensing process of
glucose, since pH value can significantly affect the catalytic activity of GOx. As shown in
Figure 3c,d, a bigger change in the R/G ratio was observed, and this change was stable at
a pH value around 7.0. The high stability can be attributed to the stable catalytic activity
of GOx at this pH value. Moreover, the stable pH range for glucose sensing was slightly
wider in the #2 Au@Ag NPs than in the #1 Au@Ag NPs. After optimization, a high sen-
sitivity could be realized in our sensing systems. Consequently, a pH of 7.0 and a GOx
concentration of 0.05 mg-mL~! were used for the sensing of glucose in the rest of the study
for the reliable and accurate detection of glucose.

a #1 Au@Ag NPs b #2 Au@Ag NPs
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Figure 3. Optimization of GOx concentration and pH value for glucose sensing. (a,b) The changes
in R/G ratio after sensing of glucose on (a) #1 and (b) #2 Au@Ag NPs with the presence of various
concentrations of GOx. (¢,d) The changes in R/G ratio after sensing of glucose on (c) #1 and (d) #2
Au@Ag NPs in solutions with various pH values.

3.5. Sensitive Detection of HyO; and Glucose

The quantitative detection of the glucose level in human fluid is crucial in the field of
disease diagnosis and health monitoring, since the glucose level is an important indicator
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for states of health [5-7]. In some glucose sensing processes, the glucose is first oxidized to
produce HyO,, which is then quantitatively detected. However, HyO is itself an important
intermediate product in metabolites, and its concentration in the body is crucial for human
health. Therefore, the sensing of H,O, also needs to be investigated. Based on Au@Ag
NPs, the sensitive detection of H,O, and glucose can be easily realized. Significantly, shell
thickness had a big effect on detection. The #1 and #2 Au@Ag NPs were used for H,O, and
glucose sensing, and their contributions in sensing were compared.

When the #1 Au@Ag NPs were used for H,O, sensing, quantitative detection could be
realized in a wide concentration range of 0-15 uM (Figure 4a). A higher H,O, concentration
would lead to a saturation of the spectral change/color change in the sensing platform. The
R/G ratio increased along with the increase in HyO, concentration, because of the etching
away of the silver shell. In addition, the R/G ratio showed a good linear relationship with
the H,O, concentration within the concentration range of 0-15 mM, and a linear correlation
coefficient (Ry) of 0.9448 was obtained. For comparison, when the #2 Au@Ag NPs were
used for HyO; sensing, a good linear range was also obtained in the concentration range
of 0-15 mM, and the linear correlation coefficient (0.9707) was higher than that in the case
of the #1 Au@Ag NPs (Figure 4b). Moreover, the slopes of the linear correlation curves
showed that the change of R/G ratio in the case of #2 Au@Ag NPs was roughly 3-fold
higher than that in the case of #1 Au@Ag NPs, indicating a clearer spectral/color change in
the sensing platform. These results demonstrate that the #2 Au@Ag NPs are more sensitive
for HyO, sensing. However, at a very low concentration of 0-1 mM, the linearity of the
#1 Au@Ag NPs was obviously better than that of the #2 Au@Ag NPs. Possibly, the silver
shells in #2 Au@Ag NPs are very thick, and thus a slight change in the shell thickness will
not lead to an obvious change in the LSPR peak.
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Figure 4. Sensitive detection of H,O, and glucose with Au@Ag NPs at different shell thicknesses.
(a,b) Response curves of R/G ratio toward various concentrations of HO, on (a) #1 and (b) #2
Au@Ag NPs samples. (¢,d) Response curves of R/G ratio toward various concentrations of glucose
on (c) #1 and (d) #2 Au@Ag NPs samples. A GOx concentration of 0.05 mg-mL*1 and pH of 7.0 were

used for the sensing of glucose.
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The #1 and #2 Au@Ag NPs could be used for the sensitive detection of glucose. For
both #1 and #2 Au@Ag NPs, the concentrations of glucose at 0-1.0 mM could be precisely
detected (Figure 4c,d). Note that the linear concentration range in the #2 Au@Ag NPs was
much wider than that in the #1 Au@Ag NPs (insets in Figure 4c,d), possibly due to the
thicker shell in the #2 Au@Ag NPs. Therefore, the #2 Au@Ag NPs are more suitable for the
sensing of higher concentrations of glucose than the #1 Au@Ag NPs.

4. Conclusions

In summary, plasmonic nanoparticles of Au@Ag NPs have been successfully prepared
and then applied in the sensing of H,O, and glucose. The oxidative etching of the silver
shells in the Au@Ag NPs is reasonable for the spectral change in the Au@Ag NPs. This
spectral change can be clearly observed by a spectrometer or the naked eye. The color
change can be used to determine the concentrations of HyO, and glucose. The sensing of
the glucose at various concentrations was demonstrated in a wide concentration range of
0-1.0 mM. In addjition, the thickness of the silver shell in the Au@Ag NPs played a crucial
role in the sensing process. This work provides a simple, convenient, and effective strategy
for the highly sensitive detection of HyO; and glucose, and this strategy can be further
extended to many other sensing systems.
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