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mercaptophenylboronic acid for use in a glucose
sensor†
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and Huijie Zhoud
Au nanoparticles were attached to the surface of polydopamine (PDA)

macrospheres by an in situ reduction reaction between PDA and

HAuCl4. 4-Mercaptophenyl boronic acid (MPBA) was then modified to

form Au–PDA composite particles via a strong Au–S interaction. The

resultant MPBA–Au–PDA particles were used in a non-enzyme

amperometric glucose sensor.
Introduction

Glucose is a carbohydrate and is the most important simple
sugar in human metabolism. The normal concentration of
glucose in blood is about 0.1%, but this is much higher in
patients with diabetes. From a clinical perspective, there is a
need for high-sensitivity, low-cost methods with good reproduc-
ibility for the rapid and accurate determination of glucose.1,2

Much work has been carried out to develop methods to monitor
glucose concentrations in the human body. Of these, enzyme-free
electrochemical sensors have become highly desirable as these
avoid the use and sophisticated manufacture of glucose oxidase
(GODx) and are aimed at the direct oxidation of glucose in blood
samples.3 However, poor measurement stability as a result of
surface poisoning from adsorbed intermediate products and the
effect of coexisting electroactive species are still serious problems
in the application of electrochemical sensor materials.

Recent advances in nanomaterial science and nanotech-
nology have provided new opportunities for the development of
enzyme-free glucose sensors. Nanomaterials of noble metals
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(e.g. Pt,4 Pd5 and Au6), non-noble metals (e.g. Cu7 and Ni8), metal
oxides (e.g. Co3O4,9 MnxOy (ref. 10) and FexOy (ref. 11)) and
bimetallic composites12 have been widely used to produce novel
electrochemical enzyme-free glucose sensors. In most instances
these sensors use carbon materials as supporting materials to
enhance the electron transfer ability and to increase the surface
area of the metal nanomaterials. For example, Pt nanoowers
(PtNF) are synthesized on an single-walled carbon nanotubes
(SWCNT) lm using electrodeposition. The as-prepared PtNF
lm has an excellent catalytic ability towards the amperometric
detection of glucose at neutral pH.13 Chen et al.14 have prepared
PtNF and graphene oxide composites that show a wide linear
response for glucose from 2 mM to 20.3 mM.

Dopamine (3,4-dihydroxyphenylethylamine) (DA), an impor-
tant hormone and neurotransmitter, has a signicant physio-
logical role in mammals as a chemical messenger. In the
presence of dissolved O2 and under alkaline conditions, an
aqueous solution of DA will spontaneously oxidize to polydop-
amine (PDA), yielding a melanin-like polymer that can be
deposited on both organic and inorganic surfaces.15 Further-
more, PDA contains catechol functional groups, which makes it
an efficient matrix for loading thiol- or amine-containing mole-
cules through the formation of thiol– and amine–catechol
adducts. This PDA functionalization therefore provides an
extremely versatile platform, not only for the immobilization of
biological molecules, but also for the possible in situ deposition
ofmetallic nanoparticles (NPs).16,17 The in situ deposition of high-
content metallic NPs on the PDA not only provides a simple and
controllable method for the preparation of nanoprobes, but also
amplies the signal response of each immune-recognition event.

In the work reported here, PDA macrospheres were rst
prepared by the polymerization of DA in the presence of F108 as
a template surfactant under alkaline conditions.18 As a result of
the abundant functional groups (–OH, –NH2) on the surface of
the PDA spheres, they showed an extraordinarily versatile active
nature and had the ability to reduce AuCl4

� ions to Au NPs.19

The Au NPs were attached to the surface of the PDA macro-
spheres by an in situ reduction reaction between PDA and
This journal is © The Royal Society of Chemistry 2014
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HAuCl4 to form Au–PDA composite particles. Au–PDA
composite particles modied by 4-mercaptophenyl boronic acid
(MPBA–Au–PDA) were then prepared by via a strong Au–S
interaction. The resultant MPBA–Au–PDA particles were used to
prepare a non-enzyme amperometric glucose sensor, as shown
in Scheme 1 (details of the preparation are given in the ESI†).
Results and discussion

The black PDA solution is formed aer polymerization. The
morphology and size of the PDA particles obtained here (pH 8.0)
were analyzed by scanning electron microscopy (SEM) and
transmission electron microscopy (TEM) (Fig. S1 in ESI†).
Spherical particles with sizes of about 120 nm (Fig. 1A and B)
were seen, which is consistent with the dynamic light scattering
result at 123.4 nm (Fig. S2 in ESI†). As a result of the reducing
ability and metal-binding affinity of the catechol groups of
PDA,20 HAuCl4 was reduced to Au NPs; this gave the reactive
solution a golden color and the Au NPs were immobilized on the
surface of PDA (Fig. S3 in ESI†). As shown in Fig. 1C, Au NPs <10
Scheme 1 Schematic illustration of the preparation of the MPBA–Au–
PDA modified glassy carbon electrode (GCE).

Fig. 1 (A) SEM and (B) TEM images of PDA particles. (C) TEM image of
MPBA–Au–PDA particles; inset shows an HRTEM image of the Au NPs.
(D) Electron diffraction pattern of a nano-sized region containing
Au NPs.

This journal is © The Royal Society of Chemistry 2014
nm in size were seen. A typical HRTEM image (inset in Fig. 1C)
with clear lattice fringes with a spacing of about 0.25 nm
showed that the growth of Au NPs occurred preferentially on the
(111) plane.21 The electron diffraction pattern of Au–PDA shows
non-continuous, but spotty, diffraction rings (Fig. 1D), indi-
cating the presence of some grains of the hydride phases during
the formation process of the Au NPs.

The XRD patterns of the as-synthesized PDA and Au–PDA are
shown in Fig. 2A. As a result of the amorphous crystallinity of
the PDA, an obvious diffraction peak at 20� can be observed for
PDA.22 The crystal structure of the as-prepared Au–PDA hybrid
was also conrmed by XRD characterization (Fig. 2A). Apart
from the diffraction peak of PDA, major diffraction peaks at
Bragg angles of 38.4�, 44.4�, 64.8�, and 77.8� and 81.9� were
observed, which can be indexed to the (111), (200), (220) and
(311) reections of the face-centered cubic (fcc) phase of
metallic gold (JCPDS, card no. 04-0784), respectively, showing
the crystalline nature of the particles.23 The results also indicate
that the Au NPs were well dispersed on the PDA particles. The
average size of the Au NPs is 9.63 nm as calculated by the
Scherrer formula (see calculation in ESI†), which is in good
agreement with the results from the TEM image. By using the
specic strong Au–S interaction, MPBA molecules can be
introduced onto the surface of the Au NPs to form anMPBA–Au–
PDA hybrid; the linkage was conrmed by infrared spectroscopy
(Fig. 2B). PDA had a broad peak around 3400 cm�1 ascribed to
aromatic –NHx and –OH stretching vibrations. It also displayed
peaks at 2920 cm�1 and 2850 cm�1 (C–H stretching vibrations),
1600 cm�1 (the overlap of C]C resonance vibrations in the
aromatic ring) and 1510 cm�1 (N–H scissoring vibrations).24

Interestingly, aer modication by Au and MBPA, the peaks at
3400 cm�1 and 1601 cm�1 became narrower with reduced peak
intensity due to the oxidation of –NHx during the formation of
the Au NPs. Two new strong peaks at 1390 and 1350 cm�1

ascribed to the B–O stretching vibrations of boronic acid in
MPBA were also observed.25 EDS was used to further verify the
presence of Au and MPBA in the Au–PDA and MPBA–Au–PDA
systems. It was found that the C, O and Au atoms were in the
Au–PDA. Aer modication by MPBA, a new S atomic signal
from the thiol group of MPBA was observed (Fig. 2C).
Fig. 2 (A) XRD patterns of PDA and Au–PDA. (B) FTIR spectra of PDA
and MPBA–Au–PDA. (C) EDS spectra of Au–PDA and MPBA–Au–PDA.
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Fig. 3 (A) Cyclic voltammetry curves of MBPA–Au–PDA in 0.1 mol L�1

PBS at different scan rates (a: 20; b: 50; c: 100; d: 150; e: 200; f: 250; g:
300; h: 350; i: 400; j: 450; and k: 500 mV s�1). (B) Relation between
peak current and the square root of the scan rate. (C) DPVs of MPBA–
Au–PDA in 0.1 mol L�1 PBS at various pH values (green line, pH 6; red
line, pH 7; and black line, pH 8) and concentration of D-glucose
controlled at 6.0 mmol L�1. (D) Nyquist plots of (a) bare glassy carbon
electrode, (b) Au–PDA electrode and (c) MPBA–Au–PDA electrode in
0.1 mol L�1 KCl and 5.0 mmol L�1 K3[Fe(CN)6].

Fig. 4 (A) Cyclic voltammetry curves of MPBA–Au–PDA modified
electrodes at a scan rate of 50 mV s�1 in (a) 0.1 mol L�1 PBS (pH 7.0)
and (b) with a concentration of D-glucose of 2 mmol L�1. (B) DPVs of
MPBA–Au–PDA electrode in 0.1 mol L�1 PBS at pH 7 and with the
concentration of D-glucose increasing from 0 to 18mmoL L�1 (a: 0.00;
b: 0.04; c: 0.20; d: 1.00; e: 2.00; f: 4.00; g: 6.00; h: 8.00; i: 10.00; j:
12.00; k: 14.00; l: 16.00; and m: 18.00 mM). (C) Linear relationship
between the peak current and the concentration of D-glucose. (D)
Mechanism of binding between MPBA and D-glucose.
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Fig. 3A shows cyclic voltammograms in 0.1 mol L�1 PBS in
the potential range �0.6 to 0.6 V with a scan rate from 20 to 500
mV s�1 at the MBPA–Au–PDA electrode. As expected, the vol-
tammograms had well-dened redox peaks and the peak
currents increased gradually with increasing scan rates. Fig. 3B
shows the relationship between the peak current and the square
root of the scan rate obtained from the experimental data in
Fig. 3A. The anodic and cathodic peak currents both show a
linear dependence on the square root of the scan rate. The
linear regression equations were as follows: Ipc ¼ 0.2029V1/2 +
0.24306, R¼ 0.99745; Ipa¼�0.27848V1/2 + 0.06087, R¼ 0.99962.
This deviation from a linear relationship suggests that the redox
reaction of MBPA–Au–PDA is a surface-controlled process, not a
diffusion-controlled process.26 The pH of the electrolyte can
affect the stability of the MBPA–Au–PDA electrode, as reported
previously.20 In this work, the electrochemical response of
MBPA–Au–PDA was examined in 0.1 mol L�1 PBS solutions at
various pH values. As shown in Fig. 3C, the redox peak potential
barely changed with increasing pH, indicating that no proton is
involved in the electrochemical reaction of MBPA. Interestingly,
although the peak current had a tendency to decrease, it
changed only slightly, suggesting that the working electrode
could be used over a wide pH range. It is probable that the Au
NPs and PDA increased the stability of MBPA. Boronic acid
usually has a high pKa value of about 8.2,27,28 whereas the bor-
onate ester has a higher acidity (pKa 6.0). Therefore a pH value
close to the physiological pH of 7.0 was used in these experi-
ments. Electrochemical impedance spectroscopy (EIS) was used
for further characterization of the modied electrode. EIS is
also a highly effective method for probing the features of a
surface-modied electrode. In EIS, the semicircle diameter of
33660 | RSC Adv., 2014, 4, 33658–33661
the impedance is equal to the electron transfer resistance (Ret),
which controls the electron transfer kinetics of the redox probe at
the electrode surface.3 Fig. 3D showsNyquist plots of a bare glassy
carbon electrode and Au–PDA- and MPBA–Au–PDA-modied
electrodes in 0.1 mol L�1 KCl and 5.0 mmol L�1 K3[Fe(CN)6].
The bare GCE (curve a) shows a small semicircle with an Ret of
about 300 U at high frequencies. Aer the bare electrode had
been modied with the Au–PDA hybrid, the electrode showed a
much lower resistance for the redox probe (curve b), implying that
the Au–PDA hybrid was an excellent electrical conducting mate-
rial and accelerated the electron transfer. Aer the electrodes had
beenmodied byMPBA–Au–PDA, the Nyquist plots of theMPBA–
Au–PDA-modied electrode consisted of a semicircle at high
frequency and a straight line at low frequency. The Ret value
increased signicantly to about 2000 U (curve c), which indicated
the formation of a complex layer embracing the electron transfer.
The middle frequency semicircle is attributed to charge transfer
and the low frequency line to ion diffusion. These results are
consistent with those obtained by cyclic voltammetry.

With the addition of glucose, MPBA reacts with the 1,2-diol
of D-glucose to form a stable ve-membered cyclic boronate
ester. A non-enzyme based amperometric glucose sensor was
therefore fabricated with MPBA–Au–PDA as the electrochemical
indicator. The decreased peak current should be proportional to
the concentration of D-glucose (Fig. 4A). Fig. 4B shows the DPV
responses of the MPBA–Au–PDA-modied electrodes to
different concentrations of D-glucose solution (0.1 M PBS, pH
7.0) in range 0–18 mmoL L�1. The peak current decreased with
increasing concentration of D-glucose from 0 to 18 mmol L�1.
The regression equation is: Y ¼ �4.453 � 10�5 + 1.952 � 10�6 C
(mmol L�1), R¼ 0.9953, as shown in Fig. 4C. A detection limit of
This journal is © The Royal Society of Chemistry 2014
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5.0 � 10�8 M was estimated using the 3s method (see calcula-
tion in ESI†). Compared with other glucose sensors,29–34 this
sensor has a wide linear range, high sensitivity, low detection
limit and excellent reproducibility. For example, the C60–TOAB

+

composite for glucose detection34 has a linear response range
from 500 nM to 13 mM and a detection limit of 1.67 � 10�7 M.
Although the proposed sensor has a linear range that is not in
the range of blood sugar levels in humans, it can be used in real
sample analysis if the sample is simply diluted. As shown in
Fig. 4D, the binding between MPBA and D-glucose obstructed
the diffusion of ions across the composite matrix as well as the
electron transfer, which was reected by the decreased peak
current.
Conclusions

In summary, novel MPBA-modied Au NPs were deposited in
situ on PDA microspheres for use in an ultrasensitive non-
enzymatic electrochemical immunoassay for glucose. This in
situ deposition method provides a simple and controllable way
to prepare a novel glucose sensor. The proposed immobilization
strategy provides a useful platform for an electrochemical
immunoassay for a wide range of glucose concentrations and
could be readily extended to the onsite clinical monitoring of
blood glucose levels of patients with diabetes. This approach is
simple, inexpensive, quick and “green”. Based on the good
chemical stability and excellent hydrophilic and biocompatible
properties of PDA, the design and synthesis of multi-functional
PDA-based bio-nanocomposites with interesting properties has
been shown to be an efficient approach for the construction of
high-performance biosensors.
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