IOPSClence iopscience.iop.org

Home Search Collections Journals About Contactus My IOPscience

Highly sensitive colorimetric detection of glucose in a serum based on DNA-embeded Au@Ag

core—shell nanoparticles

This content has been downloaded from IOPscience. Please scroll down to see the full text.
2015 Nanotechnology 26 405707
(http://iopscience.iop.org/0957-4484/26/40/405707)

View the table of contents for this issue, or go to the journal homepage for more

Download details:

IP Address: 141.209.100.60
This content was downloaded on 04/01/2016 at 07:54

Please note that terms and conditions apply.



iopscience.iop.org/page/terms
http://iopscience.iop.org/0957-4484/26/40
http://iopscience.iop.org/0957-4484
http://iopscience.iop.org/
http://iopscience.iop.org/search
http://iopscience.iop.org/collections
http://iopscience.iop.org/journals
http://iopscience.iop.org/page/aboutioppublishing
http://iopscience.iop.org/contact
http://iopscience.iop.org/myiopscience

10OP Publishing

Nanotechnology

Nanotechnology 26 (2015) 405707 (8pp)

doi:10.1088/0957-4484/26/40/405707

Highly sensitive colorimetric detection of
glucose in a serum based on DNA-embeded
Au@Ag core-shell nanoparticles

Fei Kang', Xiangshu Hou® and Kun Xu'~

lDepalrtment of Chemistry, University of Science and Technology of China, Hefei, Anhui 230026,

People’s Republic of China

2 College of Chemistry and Pharmaceutical Engineering, Nanyang Normal University, Nanyang 473061,

People’s Republic of China

3 The Hospital of University of Science and Technology of China, Hefei, Anhui 230026, People’s Republic

of China

E-mail: kunxul @163.com

Received 8 July 2015

Accepted for publication 26 August 2015
Published 17 September 2015

Abstract

®

CrossMark

Glucose is a key energy substance in diverse biology and closely related to the life activities of
the organism. To develop a simple and sensitive method for glucose detection is extremely urgent
but still remains a key challenge. Herein, we report a colorimetric glucose sensor in a
homogeneous system based on DNA-embedded core—shell Au@ Ag nanoparticles. In this assay, a
glucose substrate was first catalytically oxidized by glucose oxidase to produce H,O, which would
further oxidize and gradually etch the outer silver shell of Au@Ag nanoparticles. Afterwards, the
solution color changed from yellow to red and the surface plasmon resonance (SPR) band of
Au@Ag nanoparticles declined and red-shifted from 430 to 516 nm. Compared with previous
silver-based glucose colorimetric detection strategies, the distinctive SPR band change is superior
to the color variation, which is critical to the high sensitivity of this assay. Benefiting from the
outstanding optical property, robust stability and well-dispersion of the core—shell Au@ AgNPs
hybrid, this colorimetric assay obtained a detection limit of glucose as low as 10 nM, which is at
least a 10-fold improvement over other AgNPs-based procedures. Moreover, this optical biosensor

was successfully employed to the determination of glucose in fetal bovine serum.

Keywords: glucose detection, Au@Ag nanoparticle, colorimetric assay

(Some figures may appear in colour only in the online journal)

1. Introduction

Glucose (monosaccharide) is a vital carbohydrate in biology
that has been considered as a double-faced molecule due to its
physiological and pathological effects. Furthermore, glucose
is an important energy source for living cells and a metabolic
intermediary, acting as a risk messenger in normal cellular
signal transduction processes. As we all know, diabetes
mellitus is a worldwide public health problem, and its com-
plications, including higher risks of heart disease and kidney
failure, have been identified as some of the leading causes of
death in the world. All these symptoms can be reflected by
abnormal blood glucose concentrations [1, 2]. It is therefore

0957-4484/15/405707+08$33.00

highly desirable to develop a simple biosensor platform to
sensitively monitor the concentration of glucose on a daily
basis [3-6].

Among many reported sensing methods, colorimetric
biosensors have attracted much attention owing to their low
cost, simplicity, practicality and unaided sophisticated
instrumentation [7, 8]. In recent years, many nanoscale
materials have been proven to function as a natural
peroxidase mimic that can catalyze oxidation of 3, 3/, 5,
S-tetramethylbenzidine (TMB) by hydrogen peroxide to dis-
play a blue color. On the basis of this color change, these
nanomaterials have emerged as a kind of colorimetric tool for
the detection of glucose. Recently, it was reported that some

© 2015 I0OP Publishing Ltd  Printed in the UK
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metal oxide nanomaterials such as Fe;O4 magnetic nano-
particles (NPs), CeO, NPs, CuO NPs, Co3;04 NPs and V,0s5
nanowires possessed intrinsic peroxidase-like activity [9—14].
In addition, carbon nanomaterials with novel electronic,
mechanical, and chemical properties, such as single-wall
carbon nanotubes, carbon dots, graphene and graphene oxide
(GO) [15-17] have been popular in constructing hybrid
composite nanomaterials (PtNPs/GO, GO-COOH) for glu-
cose detection [18, 19, 28]. In particular, these hybrid mate-
rials showed cooperatively enhanced performances for
peroxidase-like catalysis [20-25].

Recently, silver nanoparticles (AgNPs) and graphene
quantum dots (GQD)/AgNPs have been directly employed as
optical glucose sensors on the basis of absorbance fading due
to oxidation of Ag by H,O, [26-28]. This oxidization process
generated a sensitive color fading and can be used for col-
orimetric detection of glucose. In comparison with enzyme
mimicking materials, silver nanomaterials show more super-
iorities: (1) Ag nanomaterials not only simplify the testing
steps, but also decrease the cost [29, 30]. (2) The higher
extinction coefficient of Ag NPs facilitates an increase in the
slope of calibration curve and lead to a better sensitivity [31].
As we know, numerous attempts have been made to obtain
steady AgNPs through surface modification with functional
molecules, such as biological molecular, organic small
molecular (poly (N-vinylpyrrolidone) (PVP)) and substituted
phosphane ligands. However, it remains a great challenge to
synthesize AgNPs with high dispersion, narrow and tunable
size distribution [32-40]. Fortunately, DNA-functional
nanotechnology and seed-assisted crystallization provide a
new strategy to overcome these puzzles. Our group has pre-
viously developed a method to achieve reliable DNA-con-
jugated Au@Ag core—shell nanoparticles (Au@AgNPs) [41].
The existence of the gold core allowed us to control the
structure, composition, and colloidal properties of the core—
shell nanoparticles. In addition, the coating DNA on the gold
cores gives the Au@AgNPs hybrids good stability and
excellent salt resistance [41], which is beneficial for detection
assays.

Herein, based on the outstanding properties of the DNA-
embedded Au@Ag nanostructure [41], we proposed a facile
and sensitive approach to colorimetrically detect glucose in
water and fatal bovine serum (FBS). As shown in figure 1, the
glucose substrate was first catalytically oxidized by glucose
oxidase (GOx) to produce H,0O,, then the in sifu generated
H,O, could oxidize and etch the outer silver shell of Au@Ag
nanoparticles in a homogeneous system, which resulted in the
surface plasmon resonance (SPR) peak declining and red-
shifting from 430 to 516 nm (characteristic absorption peak of
Au@AgNPs and 5Snm AuNPs, respectively). The accom-
panying color variation from yellow to orange and then to red
was sufficient for the naked eye to discern. Compared with
previously reported colorimetric sensing based on silver
materials, the two responsive phenomena including the SPR
band decline and red-shift, and color change are superior to
single color fading (e.g. ranges from yellow to pale), and are
more sensitive for the naked eye. Benefiting from these out-
standing optical properties, this approach achieves a low
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Figure 1. Schematic illustration of the glucose colorimetric detection
sensor based on DNA-embedded Au@Ag nanoparticles.

detection limit for glucose as low as 10 nM and good linearity
of the calibration curves at different glucose concentration
regions (0-200nM and 1-100 uM). Moreover, this nano-
composite is further extended to the glucose sensing in FBS
and a detection value of 5.22 mM can be obtained.

2. Materials and methods

2.1. DNA sequences and chemicals

DNA oligonucleotides were custom-synthesized by Sangon
Bioengineering Technology and Services Co., Ltd (Shanghai,
China) and purified by PAGE (unmodified DNA) or HPLC
(thiolated DNA).

dT10 strand (10 bases): HS-5'TTTTTTTTTT3’

Ascorbic acid (AA) and AgNOj; were obtained from Bio
Basic Inc. (BBI, Canada); polyvinylpyrro lidone (PVP K40,
MW = 40000), bis(p-sulfonatophenyl) phenylphosphine
dihydrate dipotassium salt (BSPP) was a product of Strem
Chemical (Newburyport, MA, USA). All the reagents were
used as received without further purification. Glucose oxidase
(GOx, 50 KU) was obtained from Sangon Bioengineering
Technology and Services Co., Ltd (Shanghai, China). Fetal
bovine serum (FBS) was obtained from Zhejiang Tianhang
Biotechnology Co., Ltd (China). Glucose, D-fructose, a-lac-
tose, sucrose and maltose were purchased from Sinopharm
Chemical Reagent Co., Ltd.

2.2. Synthesis of DNA-embedded Au@AgNPs

Firstly, 5 nm Au nanoparticles were prepared according to a
published method [42]. Then, the 5’-thiolated dT10 strand
was combined with 1 uM 5 nm AuNPs at a 60:1 molar ratio
and the mixture was incubated in 0.5 x TBE buffer (Tris,



Nanotechnology 26 (2015) 405707 F Kang et al
B 15.-
1.2
o
2 ,
s 0.9
LAY
G 0.6- =
Neol
<€ 0.3
{—— Au@AgNPs
0.0 {— Au@AgNPs, 5h, 37 °C
—— Au@AgNPs, 7 days
300 400 500 600 700
Wavelength/nm

Figure 2. (A) TEM image of Au@AgNPs; inset is the high-magnification TEM image; (B) UV—-vis spectra of Au@AgNPs after treated with

different temperatures and storage time.

44.5 mM; EDTA, 1 mM; boric acid, 44.5 mM; pH 8.0) and
100 mM NaCl at 20 °C for 3 h. Later, 30 uL of the resulting
dT10-modified AuNPs at a concentration of 1uM were
mixed with 6 L. 40 mM AgNOs, 6 L 100 mM ascorbic acid,
and 1.5 uL. 10% PVP in 0.5 x TBE plus 0.1 M NaCl. The
reaction lasted for 3h at room temperature. After cen-
trifugation at 13000rpm for 40min, concentrated
Au@AgNPs was obtained and stored for further use.

2.8. Colorimetric assay for glucose

Before testing, we scrutinized the effects of glucose oxide
concentration (GOXx, 6, 8, 10, 12, 14 U) and reaction time on
the absorbance. Detection of glucose in the buffer was per-
formed in the following steps: (1) different concentrations of
glucose (from 0.01 to 200 uM) were respectively incubated
with glucose oxidase (GOx, 100 ugmL™") in 100 xL HAc-
NaAc buffer (pH = 4.5, 20 mM) at 37 °C for 30 min; (2) after
incubation, 5 ¢L. 200 mM NaOH was added into the solution
to keep the pH at 8.0. Then 1.5 uL. of above the Au@AgNPs
were introduced into the solution. The photograph (against
white light) and UV-vis absorbance spectrum after 2h was
measured. (3) For the selectivity test, SmM of fructose,
galactose, and sucrose were incubated with GOx respectively
in the same way.

2.4. For sensing glucose in FBS and interference testing

For glucose detection in the real FBS sample, the standard
addition method was used. Glucose was added into FBS with
varying concentrations (25—200nM). Then, 1 uL of 1000
times diluted FBS with or without glucose addition was added
into the buffer. The calculated value was multiplied by
400 000 to obtain the glucose concentration in serum. The
Dimension RxL. Max integrated chemistry system (Siemens
Company) was used as a standard method to determine the
concentration of glucose in undiluted serum. For the inter-
ference experiment in the FBS, some present metal ions,

amino acid and proteins including Na*, Mg>", Ca®", Fe’ ™,
bovine serum albumin (BSA), cysteine (Cys), histidine (His)
and glycine (Gly) were tested to evaluate the selectivity of the
assay. The concentration of all the interference reagents was
5 mM, which was 25 times more than FBS. The concentration
of FBS in the interference testing was diluted by approxi-
mately 20 times.

2.5. UV—vis spectroscopy and TEM characterizations

UV-vis spectra for a series of samples were recorded by a
UV-3600 Shimadzu UV-vis-NIR spectrophotometer. For
transmission electron microscope (TEM) analysis, 5 uL
samples including Au@AgNPs in the absence of and pre-
sence of glucose were respectively deposited on a carbon-
coated copper grid (200 mesh) under ambient conditions.
TEM imaging was conducted on a JEM-2100F field emission
transmission electron microscope operated at an acceleration
voltage of 200 kV.

3. Results and discussion

3.1. Characterization of Au@AgNPs

The morphology and size of the as-prepared Au@AgNPs
were characterized by TEM, and the result revealed the core—
shell nanostructure of Au@AgNPs with an average diameter
about 9 nm. As illustrated in figure 2(A), the high resolution
TEM (HR-TEM) image revealed a shell thickness of about
3nm. As shown in figure 2(B), the constant plasmonic
absorbance of Au@AgNPs implied their outstanding stability
at different temperatures and storage times, which is due to
the highly charged DNA acting as a capping agent and
making the AuNPs-core surface with highly coulombic
repulsions during the nucleation process [39, 40]. The char-
acteristic plasmonic absorption peak at 430nm suggested
successful silver shell deposition on the Au core, and the
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Figure 3. The effects of GOx concentrations (A) and reaction time (B) on the Ag—A, absorbance.

Au@AgNPs solution appeared to be a yellow color which is
close to that of AgNPs. In contrast, Au@AgNPs in the
absence of dT10 exhibited a poor dimensional homogeneity
and dispersion, as shown in gel electrophoretograms; UV—vis
absorption spectra and TEM images are shown in figures S1
and S2 in the supporting information. TEM images of
Au@AgNPs stored for at least one week are also shown in
figure S3, which once again proved the highly stability of
DNA-embedded Au@AgNPs.

3.2. Optimization of experimental conditions

In order to achieve the optimal performance for glucose
detection, the effects of glucose oxide (GOx) concentration
and reaction time on the absorbance have been investigated.
Because the reaction rate depended on the enzyme con-
centration, the absorption value variation reached its max-
imum at 10 U enzyme activity, as exhibited in figure 3(A).
Interestingly, In figure 3(B), the absorbance value changed
sharply within the first 40 min, but the Ag—A, (Ao, A; corre-
sponds to the maximum absorbance value at initial and end
time respectively) absorbance did not reach stabilization until
approximately 2 h later. No further change in the SPR band
was observed through the solution. We deduced that in this
system the cascade reactions involving glucose, GOx, glu-
conic acid, H,O,, and H" would need a certain amount of
time to achieve a balance [43]. Thus, we chose 10 U GOx and
two hours reaction time as the optimal reaction conditions in
the following experiments.

3.3. Colorimetric detection of glucose.

It is reported that glucose oxidase (GOx) can specifically
catalyze the oxidation of glucose in the presence of oxygen to
generate H,O, [45]. Figure 4(A) illustrates that after treating
with different concentrations of glucose (from left to right
were 0.0, 0.5, 10, 30, 50, 100, 200 M), Au@ AgNPs solution
color exhibited a transition from yellow to orange and then to
red. In comparison with many glucose colorimetric biosensors
ranging from yellow to pale, the color variation interval was
relatively wide, which is more likely to be discerned.

Figure 4(B) presented the UV—-vis absorption spectra of the
Au@AgNPs solution with and without various amounts of
glucose (0.01-200 uM). The surface plasmon resonance
(SPR) band of the Au@AgNPs sample decreased and shifted
to longer wavelengths (from 430 to 516 nm), consistent with
the observed color change from yellow to red. That was due
to the H,O, generated in GOx catalytically oxidation of
glucose could oxidize the silver shell of core—shell Au@Ag
nanoparticles (Ag’ + H,0, — Ag™ + 05 + 2H,0) [28],
and then the inner gold cores were gradually uncovered,
resulting in the SPR bands of Au@AgNPs solution declining
and red-shifting from 430 to 516 nm. Compared with pre-
viously reported colorimetric sensors based on silver nano-
materials [26-28], the two phenomena including the SPR
peak intensity decline and red-shift were superior to color
transition changes, and were more sensitive to the naked eye.
This observation provides great potential for quantitative
detection of glucose.

As shown in figure 4(C), a series of changes were
achieved by plotting Ag—A; versus glucose concentrations
within a range of 0.00 uM to 200 uM. In comparison with
some previously reported colorimetric procedures for glucose
detection [26-28], this colorimetric approach achieved a
detection limit of glucose at 0.01 uM, which is at least a 10-
fold improvement over other AgNPs-based procedures (see
table 1). After optimizing the experimental parameters, two
linear calibration curves were obtained by plotting the
absorbance change versus glucose concentration within
0.00-0.20 and 1.00-100 uM (R* = 0.994 and R> = 0.996,
respectively ), as shown in figures 4(D) and (E). With respect
to the mutational site in the two calibration curves, a possible
explanation has been given in previously reported work [44].
We concluded that when the concentration of glucose was
high, a large amount of generated sodium gluconate may have
reacted with Au@AgNPs and then decreased the reaction
ability of hydrogen peroxide with the nanoparticles, leading
to a low absorbance decreasing efficiency. Benefiting from
the above two linear ranges, we were able achieve quantita-
tive glucose detection both at low and high concentration
ranges.
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Figure 4. (A) Photographs of Au@AgNPs solution in the presence of 0.0, 0.5, 10, 30, 50, 100 and 200 uM glucose; (B) UV-vis absorption
spectra of Au@AgNPs samples treated without and with different concentrations of glucose from 0.01 uM to 200 uM; (C) absorption value
change of Au@AgNPs in the presence of 0.0, 0.01, 0.05, 0.10, 0.20, 0.50, 1.00, 10.0, 15.0, 30.0, 50.0, 60.0, 80.0, 100 and 200 1M glucose;
two linear calibration graphs by plotting the absorbance change versus glucose concentration within (D) 0.00—0.20 M and (E)1.0—

100 ;M.

The morphologies of Au@AgNPs after treatment with
200 uM glucose and GOx were characterized by TEM
(figure 5(A)). As can be seen from the TEM image, the inner
gold cores were exposed with a good dispersion, indicating
that the silver shell has been completely oxidized and etched.
However, at a low glucose concentration, some Ag shells
failed to be etched because the generated H,O, by catalytic
reaction was insufficient, as can be seen in figure S4.
Figure 5(B) presented the selectivity test of Au@AgNPs
sample towards 200 M glucose and other carbohydrates at a
concentration of 5mM, including D-fructose, a-lactose,
sucrose and maltose. However, other saccharides exhibited
nearly no response to the Au@AgNPs sample, which

indicated that the Au@AgNPs-based detection system pos-
sessed a specific response to glucose (~25 times more sen-
sitive than other carbohydrates). The excellent selectivity and
low detection limit of this assay, as well as good stability of
Au@AgNPs, provide great potential for practical
applications.

3.4. Detection of glucose in FBS and interference testing

The first linear calibration and standard addition method were
used to detect glucose in real samples as the standard curve
would pass the zero point. The high dilution ratio can mini-
mize the influence of the matrix effect for complex samples.
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Table 1 Performances of various glucose sensors.
Biosensing materials ~ Analytical method LOD (M) Linear range (uM) Reference
G-AgNPs Electrochemistry 100 2000-10 000 [49]
GO-AgNPs Electrochemistry 310 2000-12 000 [50]
rGO-AgNPs* Electrochemistry 4.5 32-1890 [51]
PEI-AgNCs" Fluorimetry 0.8 1-10, 10-1000 [44]
CeO,NPs Fluorimetry 8.9 10-200 [10]
Ch-AgNPs® Colorimetry 0.1 5-200 [27]
GQDs/AgNPs Colorimetry 0.17 0.5-400 [28]
AgNPs Colorimetry 130 270-4440 [26]
Au@AgNPs Colorimetry 0.01 0.01-0.2, 1-100 This work
" 1GO: reduced graphene oxide;
lj PEI-AgNCs: polyethyleneimine-capped silver nanoclusters;
° Ch-AgNPs: chitosan stabilized silver nanoparticles G: graphene,
1.0
B
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Figure 5. (A) TEM images of Au@AgNPs after treated with 200 M glucose and GOx; (B) sensor selectivity test of Au@AgNPs in the
presence of 200 M glucose and other carbohydrates at a concentration of 5 mM.
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Figure 6. (A) The standard addition method of glucose into serum sample to determine the glucose concentration using a Au@ AgNPs-based
sensor; (B) comparison between glucose detection in serum by Au@AgNPs-based sensor and the standard method by Dimension RxL. Max
integrated chemistry system (Siemens Company).

For sensing glucose in FBS, glucose was added into the FBS
with different concentrations (0.025-0.20 puM). As shown in
figure 6(A), a value of approximately 5.22 mM of glucose
in FBS was obtained by standard addition method calculation.
A standard method by Dimension RxL Max integrated
chemistry system (Siemens Company) was also used to

determine the concentration of glucose in undiluted serum
and a value of 4.74 mM was obtained. The results provided
by our proposed method are close to the values determined by
the large precision instrument testing (in figure 6(B)), indi-
cating this Au@AgNPs-based sensor is compatible in a
complex sample matrix.
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Figure 7. Sensor for potential biochemical interference test in the
presence of FBS diluted by 20 times and other potential existing
biochemicals including metal ions, BSA, Cys, His and Gly with a
concentration of 5 mM.

Due to the real sample possessing a complicated environ-
mental system, some potential existing biochemicals including
metal ions (Na™, Mg*", Ca®", Fe’"), bovine serum albumin
(BSA), cysteine (Cys), histidine (His) and glycine (Gly) were
tested to evaluate the selectivity of the assay with the deter-
mination of FBS in this study[46—48], as shown in figure 7. The
results confirmed that our system has a high selectivity for
glucose even in the presence of other interfering agents. As we
know, selectivity for the real sample plays a significant role in
estimating the performance of a new biosensor.

4. Conclusions

In summary, we developed a highly sensitive method for col-
orimetric glucose detection by using DNA-embedded Au@Ag
core—shell nanoparticles as substrates. In this assay, a glucose
substrate was first catalytically oxidized by glucose oxidase to
produce H,O, which would further oxidize and gradually etch
the outer silver shell of Au@Ag nanoparticles. As a result, the
solution color changed from yellow to red and the surface
plasmon resonance (SPR) band of Au@Ag nanoparticles
declined and red-shifted from 430 to 516 nm. Compared with
previously reported silver-based colorimetric sensors, the pre-
sent two distinct phenomena were more inclined to be recog-
nized by the naked eye. This colorimetric approach achieved a
sensitive detection limit of glucose as low as 10 nM, which is
at least a 10-fold improvement in the sensitivity over other
AgNPs-based procedures. Owing to the excellent stability and
low detection limit, this optical biosensor was further suc-
cessfully employed to determine glucose in fetal bovine serum,
the results of which was close to the standard method.
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