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Chemically responsive charge transfer plasmon for glucose detection
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Abstract: Au-Ag bimetallic plasmonic nanostructures were successfully prepared by introducing
silver into the nano gap of the gold nanoparticlesC(AuNPs) dimer based on the silver ion soldering
method and the seed-mediated growth method. Due to the etching effect of H,O, on the silver
conductive junction which was formed by enzymatic oxidation of glucose, the charge transfer
plasmon (CTP) would have a good response to glucose. Based on this, it could be applied to the
detection of glucose. The relationship between glucose concentration and the intensity,
wavelength of CTP peak,and surface enhanced Raman spectroscopy (SERS) intensity, as well as
the selectivity of the sensor were investigated. The experimental results show that the method
has high sensitivity and good selectivity towards glucose. Two linear relationships were identified
between the CTP peak intensity change value and the glucose concentration in the range of 0. 5~
4 pmol/L and 4~10 pmol/L, respectively, with a limit of detection (36 rule) reaching 0. 2 pmol/
L. The naked-eye detection of glucose can reach the micromolar level. The SERS also exhibited a
linear response toward glucose, within the concentration range of 1~10 pmol/L.
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0 Introduction

Diabetes mellitus (DM) is a chronic metabolic
disorders that poses a serious threat to human
healtht?, World Health

Organization, 451 million people worldwide had

According to the

diabetes in 2017, and these numbers are expected
to increase to 693 million by 2045%!. It is known
that elevated glucose level in blood is a reliable

indicator for diabetes. Therefore, it is necessary to

explore a simple, effective and sensitive
measurement method to detect glucose
concentration™ %,

In recent years, a variety of nanomaterials
have been developed for use in the detection of
Fe, O,
nanoparticles™ , nitrogen-doped graphene quantum

dotst™ and CuS nanoparticlest™.

glucose, for example, magnetic
In addition, gold
and silver nanoparticles have also been widely used

(10121 There are

in optical sensing to detect glucose
several general strategies for glucose sensing: local
surface plasmon resonance (LSPR) peak drifts or

extinction spectral intensity variation'™, surface

)[H]

enhanced Raman spectroscopy (SERS , and

fluorometric methodst™, wherein the
measurement based on the former two has the
advantages of simple operation and high
sensitivity, and which are rarely combined in the
current research.

In this work, a dual-mode sensors based on
colorimetric and SERS methods are designed for
H,O,-mediated glucose detection. Au dimer@ Ag
bimetallic plasmonic nanostructure was
successfully constructed and a conductive junction
was formed by silver deposition, resulting in a
CTP resonance mode, which is responsive to the
etching of Ag by H,0O, produced by catalytic

oxidation of glucose.

1 Experimental

1.1 Materials and instruments
Chloroauric acid tetrahydrate ( HAuCl,

4H,0) and hydrogen peroxide were obtained from
Sinopharm  Chemical Reagent Co. , Ltd.
(Shanghai, China). Fish sperm DNA (FSDNA)
and sodium citrate tribasic dihydrate were bought
from Sigma. AgNO, was obtained from Bio Basic
Inc. (BBI, Canada);
phenylphosphine  dihydrate
(BSPP) was a product of Strem Chemical
( Newburyport, MA, USA).
(GOx,

Bioengineering Technology and Services Co. , Ltd

bis ( p-sulfonatophenyl )

dipotassium  salt

Glucose oxidase

50 kU) was obtained from Sangon

(Shanghai, China). Glucose was purchased from
Sinopharm Chemical Reagent Co., Ltd. a-

Lactose, D-fructose, maltose, sucrose were
ordered by Shanghai Shenggong Bioengineering
Technology Service Co., Ltd. 4-nitrophenol (4-
NTP) was purchased from J&K Chemicals
(Beijing, China). All the reagents were used as
received without further purification.

The following instruments were used in our

experiments: U-2910 Hitachi UV-Vis
spectrophotometer  ( Hitachi, Japan ), 7700
Transmission Electron Microscope ( Hitachi,

Japan), Portable Raman spectrometer (US Ocean
Optical Raman system, Maya 2000 CCD detector,
with incident laser wavelength set at 671 nm).
1.2 Preparation of gold nanoparticles, AuNP dimers
and Au dimer@ Ag

AuNPs (gold nanoparticles) with different
diameters were synthesized by seed-growth method
as reported before'™ . The resulting citrate-
terminated nanoparticles were interacted with
BSPP at room temperature to complete a ligand

exchange. The BSPP-covered AuNPs were
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collected by centrifugation and redispersed in
deionized H, O.

The BSPP-modified AuNPs was added to 0. 5
XTBE (pH 8. 0; 44.5 mmol/L Tris, 1 mmol/L
EDTA, 44. 5mmol/L boric acid) buffer at room
temperature, then AgNO; and 0.5 pg/pl. FSDNA
were added. The resulting discrete AuNP clusters
were then separated by agarose gel electrophoresis
to obtain a dimeric assembly product™'’’.

The deposition of Ag on the AuNP dimers
was carried out by a seed-mediated growth method
just reported by our group'®. 20 pL of 38. 8
mmol/L. sodium citrate and different volumes of
1 mmol/L. AgNO; were added to 1ml of boiling
water containing 0. lnmol/L AuNPs dimers. The
solution was kept boiling for 20 min in an oil bath
at 125°C to obtain Au dimer @ Ag products.
According to the reported work by our group ™',
we used Au dimer@Ag based on 25 nm and 32nm
for colorimetic assay and SERS assay,
respectively.

1.3 H,0, etching of Au dimer@ Ag

Different concentrations of H, O, were added
to an aqueous solution of Au dimer @ Ag
(0. 06 nmol/L) and incubated at 37°C for 2. 5h to
complete the etching reaction.

1.4 UV-Vis, naked-eye and SERS detection of glucose

UV-Vis detection of glucose was performed in
the following steps: (D different concentrations of
glucose (from 0 to 25 pmol/L) were respectively
incubated with glucose oxidase (GOx, 500 pg/
mL) at 37°C for 30 min; @ after incubation,
prepared Au dimer @ Ag (0. 06 nmol/L) were
introduced into the solution and the final volume
was 200 pl.. The extinction spectra after 2. 5 h
was measured. Herein, we used AuNPs with
particle size of 25 nm to prepare Au dimer @ Ag
structure.

For the naked-eye detection of glucose, the
final concentration of Au dimer @ Ag was
0.1 nmol/L. At this concentration, the color of
reaction was

the solution after the more

pronounced. And the glucose concentration varied

between 0~30 pmol/L.

For the SERS detection of glucose, we used
AuNPs with a particle size of 32nm to prepare
dimers, and the final concentration of Au dimer@
Ag used was 0. 1 nmol/L. After mixing 1 X 10 *
mol/L 4-NTP and 10 mmol/L TCEP in equal
volume, the solution was quickly added to the
reaction solution and incubated for 30 min, and the
final concentration of 4-NTP was 1X10 * mol/L,
followed by the SERS detection. Laser wavelength

was set at 671 nm.

2 Results

2.1 Characterization of Au dimer@Ag

Fig. 1(a) and (b) are TEM images of AuNP
and Au dimer @ Ag,
Compared with AuNPs dimers, the gaps between
two AuNPs in the Au dimer @ Ag disappeared
because they are filled with Ag (Fig. 1(b)). The
TEM

monodispersibility of Au

dimers respectively.

demonstrated the
dimer @ Ag. As
illustrated in Fig. 1(c), AuNP dimers showed two
LLSPR peaks at ~ 650nm,

corresponding to the transverse and longitudinal

image also

~ 520nm and

resonance modes, respectively. After deposition of
Ag. the transverse LSPR peak slightly blue shifted
compared to Au NPs dimers, meanwhile the
longitudinal LSPR redshifted. These could be
attributed to the CTP mode enabled by bridging
(CJ]) of the two

AuNPs!27 | Moreover, the extinction spectra of

the conductive junction
Au dimer @ Ag overlap perfectly after 14 days of
storage (Fig. 1(d)), which indicates that they have
outstanding stability due to the protective effect of
citrate used during the Ag deposition process.

2.2 Etching of Au dimer@Ag by H,0,

It can be seen fromFig. 2(a),(b) that after the
adding excess H, O, , the C] width in the Au dimer
@ Ag structure was significantly reduced, which
was due to the oxidative etching of Ag. And Fig. 2
(¢) showed the extinction spectrum of Au dimer@
Ag under different concentrations of H,O,. With

the increasing concentration of H,0,, the CTP
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peak at ~ 700 nm of Au dimer @ Ag gradually
redshifted and the intensity gradually decreased.
When the concentration of H, ), was increased to
8pmol/L, another peak emerged at ~630 nm. The

electron conduction efficiency was lowered due to

the narrowing of the silver CJ width, there was an
opposite local net charge on the surface where the
two AuNPs are close to each other. Therefore, the
coupling mode became

capacitive resonance

pronounced which resulted in the new peak™ %,
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(a) TEM images of the AuNPs dimer before Ag depositions; (b) TEM images of the AuNPs dimer after Ag depositions; insets are high-

magnification TEM images; (¢) Extinction spectra of (a-b); (d) Extinction spectra of Au dimer@ Ag at different storage time.
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(a) TEM images of the Au dimer@ Ag before etching by 40 pmol/L H> O, ;(b) TEM images of the Au dimer@ Ag after etching by 40 pmol/

L H;0O:; insets are high-magnification TEM images; (¢) Extinction spectra of Au dimer@ Ag treated with different concentrations of H; O»

from 0 ~ 12 pmol/L.
Fig. 2
2.3 UV-Vis detection of glucose
In the presence of glucose oxidase, glucose
can be reduced, which produces H,0,. And the
described by

reaction process can be

Equations (1) and (2)%,

entire

O, + glucose 0% H, O, + gluconic acid (1)
2Ag+ H,0, > 2Ag+20H" (2)

Here, the Au dimer @ Ag samples were reacted
with different concentrations (0.5~25 pumol/L) of
glucose with glucose oxidase, and the extinction
spectrum of the sample solution was measured
after the reaction to obtain Fig. 3(a). As a result,
the CTP peaks of the Au dimer @ Ag gradually
redshifted as the glucose concentration increased,
while the intensity of the peaks decreased. Fig. 3
(b) showed that the change of CTP peak intensity

TEM images and extinction spectra of Au dimer@ Ag etched by H, O,

with the
The

reached plateau after the glucose concentration was

increased increasing glucose

concentration. change in peak intensity
increasedto 15pumol/L, which was mainly caused
by the depletion of Ag CJ.

Moreover, we can get two standard curves
The
equation in the glucose concentration range of
0.5~ 4 pmol/L was (A, — A,) =—0.176 2 +
0.130 53 ¢/(pmol/L)(R*=0. 995), and the linear
regression equation in the glucose concentration
range of 4~10 pmol/L was (A, —A,)=0.197 75+
0.077 12 ¢/(pmol/L) (R*=0.991). The slopes of

the two standard curves were different, which is

from the above figure. linear regression

due to the complication of capacitive coupling

resonance mode to the plasmonic peak. As shown
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in Fig. 2(c), when the glucose concentration was
less than 4pmol/L, only the CTP mode existed
because the Ag CJ was sufficiently wide. However
when the concentration of glucose was further
increased, besides the CTP mode, the capacitive
coupling resonance mode at around 650nm was
observed, so the slope of the latter working curve
would decrease.

To verify that the effect of glucose on the

extinction spectrum of Au dimer@ Ag was due to

normalized extinction
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the formation of H,O, in the presence of glucose
oxidase, the Au dimer@ Ag samples after reacting
with different concentrations
characterized by TEM.

As shown in Fig. 4, as the glucose concentration

of glucose were

increased, the CJ widths of Au dimer(@Ag were 19 nm
+0.7 nm, 14.5 nm=*0.2 nm and 11.9 nm=*0. 1 nm
with 0, 10 pmol/L,
respectively. The CJ width was reduced because the

and 30 pmol/L glucose,

deposited silver was gradually etched.
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(a) Extinction spectra of Au dimer@ Ag samples treated with different concentrations of glucose from 0 to 25 pmol/L; (b) absorption value

change of Au dimer@ Ag in the presence of 0, 0.5, 1, 2, 3, 4, 5, 6, 8, 10, 15, 20 and 25 pmol/L glucose; two linear calibration graphs by

plotting the absorbance change value vs glucose concentration within (¢) 0. 0~4, Oumol/L and (d) 4. 0~10pmol/L

Fig.3 Quantitative assays of Au dimer@ Ag by UV-Vis detection
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Insets are the high-magnification TEM images. Concentrations of glucose in (a-c) were 0, 10 and 30 pmol/L, respectively

Fig.4 TEM images of the Au dimer@ Ag treated with different concentrations of glucose

2.4 Naked-eye detection of glucose
Due to the wide range of wavelength changes

caused by etching., the naked-eye detection of

glucose could be achieved by vivid color changes.
As shown in Fig. 5, the glucose concentration was

varied between 0 and 30 pmol/L, and the color of
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the solution changed from green to brown and then
the
distinguished with the naked-eye. It can be seen

to red after reaction, which was easily
that when the glucose concentration was as low as
10 umol/L, there was already a very significant

color change.

1 2

Fig.5 Photograph of Au dimer@ Ag solution treated with
0,5, 10, 15, 20, 25 and 30 p,mol/L glucose,
corresponding to 1~7 respectively

2.5 SERS detection of glucose

Fig. 6 (a) showed the Raman spectra of Au
dimer @ Ag reacting with different
concentrations of glucose. The SERS intensity
increased with increasing glucose concentration.
The gap between the AuNPs formed a SERS hot

spot, as the glucose concentration increased, the

after
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silver was etched, and the hot spot was gradually
exposed, so there would be more signal molecules
(4-NTP) combined with the hot spot, which was
consistent with the increasing SERS intensity*-.
Fig. 6 (b) showed the relationship between the
characteristic peak intensity change of 4-NTP at
1330 em ' and the glucose concentration. When
the concentration was less than 15pmol/L, the
SERS signal changes linearly with the glucose
concentration. When the glucose concentration
was further increased, since the silver was almost
completely etched, the SERS intensity would not
And the
equation in the glucose concentration range of 1~
10 pmol/L was AI =556, 77 ¢/(pmol/L) (R* =
0.998), which showed a good linear relationship.
The LOD was 1. 16 pmol/L (3¢ rule). As shown
in Tab. 1, the
proposed optical sensor based on colormetry and

SERS method herein exhibits a lower LLOD, indicating

a great potential for practical applications.

change any more. linear regression

compared with other methods,

(b) ' n | ]
8.0k
[ ]
o 60k| AF556T7c
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"3 3.0k
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(a) Raman spectra of Au dimer @ Ag samples treated with different concentrations of glucose from 0~ 80umol/L; (b) SERS intensity
change of 4-NTP at 1330cm ! in the presence of 0, 1, 2, 4, 6, 8, 10, 20, 50 and 80 pmol/L. Inset: plot of linear region from 1~10 pmol/L
Fig. 6 Quantitative assays of Au dimer@ Ag by SERS detection

Tab.1 Comparisons with other methods for determination of glucose

Nanomaterials Method Linear range/(pmol/L) LOD/(pmol/L)  Referance
Au@ Ag core-shell NPs Colorimetry 0.5~400 0. 24 [25]
BCQDs Fluorometry 8~80 8.0 [26]
MnCo, O, NFs Electrochemistry 0.05~800 10 [27]
Ag@AuNPs/GO SERS 2000~6000 330 [28]

) Colorimetry 0.5~4, 4~10 0.2 This work

Au dimer@ Ag
SERS 1~10 1.16

[Note] BCQDs: B-doped carbon quantum dots; NFs: nanofibers, GO: graphene oxide.
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2.6 The study of sensor selectivity

To verify the specificity of Au dimer@ Ag for
glucose response, 20 pmol/L glucose was selected
for comparative studies with different
monosaccharides and polysaccharides (a-lactose,
D-fructose, sucrose and maltose). Each saccharide
concentration was 10 times of the glucose
concentration. As shown in Fig. 7, the designed
sensor had a very good selectivity for glucose
detection and almost no response to other sugars.,
thereby demonstrating its high selectivity and

specificity for glucose response.

glucose
1.0+
I
<
0.5
00 a-lactose suc;rose maltose D_fructose

Fig. 7 Sensor selectivity test of Au dimer@ Ag in the
presence of 20 pmol/L glucose and other

carbohydrates at a concentration of 200 pmol/L

3 Conclusion

In summary, we developed a dual-mode
glucose detection strategy for colorimetric method
and SERS by using Au dimer @ Ag bimetallic
plasmonic nanostructures as substrates. In this
assay, glucose oxidase first catalyzed the oxidation
of the glucose substrate to produce H;O,, which
would further etch the silver deposited in the nano
gap of the AuNP dimers. As a result, the CTP
peak of the Au dimer @ Ag decreased along with
the color of the solution changed from green to
brown and finally to red. Meanwhile, SERS signal
also increased due to the exposed SERS hotspot
after etching. Because of its excellent stability and
low detection limit, Au dimer @ Ag could be
applied for glucose detection in various scenarios to
different requirements in the future. Furthermore,
the design strategies could also be applied to other
substrate and

nanostructures with different

depositing metals.
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