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Abstract

An enzyme free potentiometric sensor for reducing sugars (glucose and fructose) based on molecularly
imprinted polymer (MIP) modified on glassy carbon electrode was systematically investigated. It was
expected to work like a solid ion selective electrode (ISE) where the specific carrier are the imprinted sites.
The polymer for the selective recognition of glucose and fructose were synthesized by co-
electropolymerizing the 3-hydroxyphenyl boronic acid and phenol with reducing sugar (glucose or fructose)
complex. The phenol could not only provide more hydroxyl but also promote the electron transfer because of
its benzene ring structure and oxygen. The principle of reducing sugars detection at the MIP modified glassy
carbon electrode (MIP/GCE) was to form a covalent binding which was reversible when changing the
binding conditions and had a quick response to the electrochemical potential of the fabricated sensor. The
imprinted polymer films covered on the electrode surface could improve the sensitivity of the sensor
response remarkably. Under the optimal experimental conditions, the potential change and the concentration
of glucose and fructose were linearly related from 0.75 to 18 mM. The detection limit of glucose and
fructose was 0.23 mM and 0.35 mM, respectively. In addition, we had successfully evaluated the
applicability of the sensitive sensor according to detect reducing sugars in practical samples.
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1. Introduction

In the field of chemical analysis applications,
glucose and fructose were investigated
extensively during the last several years [1-4],
which were associated with the entire industrial
process from the payment of the producer to the
production of sugar. Therefore, a sensitive and
reliable method is urgently needed for the
selective determination of glucose and fructose to
control the production of derivatives. A number
of studies based on various detection methods
such as high performance liquid chromatography
(HPLC)/evaporative light scattering detection
(ELSD) [5], fluorimetry [6], colorimetry [7],
spectrophotometry [8], gas chromatography
(GC)/mass  spectrometry (MS) [9] and
chromatographic [10] have been cited in the
literature. Compared with the above analytical
methods, electrochemical method [11] is simple
and low cost. Biosensor has gained much
attention these years [12-13]. Since the first
enzymatic glucose sensors were introduced by
Clark and Lyons in 1962 [14], the field of
enzyme-based glucose sensors has progressed
rapidly with increasingly innovative and efficient.
Due to the high specificity of enzyme to its
cognate substrate, glucose oxidase is a good
candidate for the fabrication of glucose sensors.
However, these types of sensors can be easily
affected by environmental factors, including
temperature, pH, humidity and the presence of
toxic chemicals, bringing about a higher
requirement on material selection and operation
conditions [15-17]. As a result, recent studies
have focused on producing non-enzymatic
sensors that are practical, simple, robust, and
obtainable at a low-cost [18-20].

Recently, much attention have been paid to
the development of glucose or fructose sensors
based on boronic acid [21-22] and its derivatives
as recognition components because boronic acid
can form covalent bonds with reducing sugars to
generate cyclic boronate esters in nonagueous or
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basic agueous media [23-25]. The complexity of
reducing sugars and phenol produce a stable ester
with aromatic boronic acids, where the binding
constant depends on pH, electrolyte concentration
and the pK, of aromatic boronic acid [26]. A
molecular recognition, phenylboronic acid,
exhibit an ideal synthetic molecular receptor
which has the ability to recognise saccharides
selectively. Phenylboronic acid derivatives have
been developed for reducing sugars sensor in
electrochemical detection [27-29], which was a
promising read-out method for its relative
technical  simplicity and the ease of
miniaturization.

Shoji developed a novel electrochemical
approach using poly(aniline boronic acid)
modified electrode for the potentiometric
detection of saccharides. A model was described
in which the electrochemical potential was
sensitive to the change in the pK,; of the
conducting polymer as a result of boronic acid-
diol complexation [28]. A potentiometric glucose
sensor  was developed through the
electrochemical preparation of poly (aniline
boronic acid) nanotubes on gold electrode [29].

The molecularly imprinted technique has
been known as an accurate, selective and
sensitive pretreatment method for detecting trace
amounts of chemicals [30]. Molecularly
imprinted polymers (MIPs), which are particular
for a given target molecule, have been considered
as promising candidates for replacing the
biological recognition elements since they have
superior  mechanical  stability,  chemical
selectivity, low cost and are simple to prepare
[31]. During the processing of synthesizing
polymer, functional monomers react with cross-
linking monomer and then co-polymerized
through covalent bonds or non-covalent bonds
with the target analyte as the imprinted molecule
[32-33]. Because of the specific recognition
systems formed by the interactions between
template and monomers, MIPs could recognize
the template molecular from a mixture of
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compounds with similar structure [34]. During
recent years, the MIPs have been well used for
the detection of small biological molecules such
as environmental antibiotics [35], pollutants [36],
pesticides [37], and biomacromolecule such as
bovine hemoglobin [38], chromato graphic
separation [39], solid-phase extraction [40] and
chiral separation [41]. In addition, the MIPs have
also gained wide acceptance as new molecular
recognition materials in chemical sensors [42—
48]. Thus, the MIPs would be a promising
alternative ionophore for potentiometric analysis
in complex.

In our study, we present a novel
electrochemical method with imprinted polymers
which is fabricated on glassy carbon electrode by
means of 3-hydroxyphenyl boronic acid and
phenol as the monomer, and glucose or fructose
as the template molecule to realize the selective
detection of reducing sugars. Boronic acid can
combine with glucose or fructose in the imprinted
polymer matrix according to covalently linkage,
under the circumstances, it is a potential method
to improve the selective detection of sugar. As far
as we know, there are few reports on the MIP-
based potentiometric sensor which is applied to
detect glucose and fructose. Compared with a
modified nanotubes on gold electrode [29], even
though our works have a similar liner range and
detection limit, the as-prepared glassy carbon
electrode exhibits the features of stability and
simple fabrication. Since sensors for sugar have
been widely developed and applied, the
electrochemical glucose sensor has been
commercialized for years actually. Compared
with the as-prepared glucose sensor, commercial
glucose sensors are quite sensitive and responsive
in strict matrix environment that is because most
of them are enzyme-based sensors. While the as-
prepared glucose sensor has a broader detection
range and a longer working life, and it can
function properly in alkaline environment. In the
current work, we developed a method based on
decorating glucose-MIP and fructose-MIP films
onto a glassy carbon electrode, respectively,
which is simple, rapid and selective.
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2. Experimental

2.1 Chemicals and materials

3-hydroxyphenylboronic acid (98%) and
Phenol were supplied by Aladdin Reagent Ltd.
(Shanghai, China). Glucose, fructose, xylose,
sucrose and galactose were purchased from
Sigma-Aldrich. The supporting electrolyte used
for the electrochemical studies was 0.1 M
phosphate buffer solution (PBS), prepared by
Na,HPO, and KH,PO, and the pH was adjusted
by HsPO, or NaOH. All other reagents and
chemicals were of analytical reagent grade and
doubly distilled water was used though the whole
process of the experiments.

2.2 Instrumentation and measurements

A CHI660C electrochemical workstation
(Shanghai CHI Instruments, China) was used for
electrochemical analysis. Cyclic voltammogram
(CV) and electrochemical impedence
spectroscopy (EIS) were conducted in a
conventional three-electrode system with a
platinum wire as auxiliary electrode, saturated
calomel electrode (SCE) as reference electrode
and the modified or bare glassy carbon electrode
(3.0 mm diameter, GCE) as the working
electrode. Potentiometric measurements were
performed by open circuit method. Unless
otherwise stated, all open circuit experiments
were conducted in a stirred PBS at pH 10.0. The
electrode potential was allowed to settle in the
buffer solution prior to performing all open
circuit measurements. After the modified
electrode settled, the value of open circuit
potential (E,;) was recorded over the change of
time before and after the adding of glucose or
fructose. AE was the E,c value of 0.1 M PBS with
glucose after the background signal of 0.1 M PBS
without glucose was subtracted. All the
electrochemical experiments were conducted at
room temperature (about 25 ‘C).

2.3 Chemical modification of the electrodes
Prior to modification, a bare GCE was
carefully polished with 0.05 pm alumina powder
(y-Al,03) on chamois leather to obtain a mirror
like surface and cleaned ultrasonically in water
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and ethanol, respectively. Equimolar 3-
hydroxyphenylboronic acid and D-glucose in 0.1
M PBS (pH=10.0) reacted for 2 h to get the
glucose-3-hydroxyphenylboronic acid complex.
The glucose-molecularly imprinted polymer
(Glu-MIP) films were deposited on bare GCE by
electropolymerizing 100 mM phenol and 25 mM
of the specific glucose-3-hydroxyphenylboronic
acid complex in 0.1 M PBS (pH 10.0).
Electropolymerization was carried out using two
successive cyclic voltammetry scans, and the
potential was scanned between 0.0 and +0.6 V vs
SCE at a scan rate of 10 mV-s™ in the unstirred
solution. For comparison, non-imprinted polymer
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(NIP) films were fabricated following the same
procedure, but without glucose.  After
electropolymerization, the modified electrodes
were washed with 0.1 M HCI for 20 min to
remove the imprinting molecules. In these
conditions, imprinting molecules could escape to
form the stereo cavity of the molecularly
imprinting membranes due to the destruction of
the covalent interactions between reducing sugars
(glucose and fructose) and the molecular
imprinting membranes (Scheme 1). Under the
same conditions, the fructose-molecularly
imprinted polymer (Fru-MIP) films were
prepared by the same method.
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Scheme 1. Schematic formation of cyclic phenylboronate ester via boronic acid site binding with glucose and the

preparation of MIP sensor.

3. Results and Discussion

3.1 Fabrication and characterization of the
MIP/GCE

The imprinted films were electropolymerized
on the surface of bare GCE by cyclic
voltammograms scanning in a 0.1M PBS (pH
10.0). As shown in Fig. 1, in the first scan, an
irreversible anodic oxidation peak appeared at

Am. J. Biomed. Sci. 2016, 8(1), 82-96; doi: 10.5099/aj160100082

potential of +0.45V. Afterwards, the anodic
current disappeared with the second cycle,
indicating the formation of non-conductive film
on the electrode surface [44]. No significant
difference was observed between the cyclic
voltammograms obtained in the presence of
glucose and in the absence of that (results not
shown) during the polymerization. The behavior
of electropolymerization reaction with fructose
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was similar to that of the glucose (results not
shown). These results demonstrated that reducing

sugars did not have electroactivity on the GCE.
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Figure. 1. Cyclic voltammograms for the electropolymerization of 100 mM phenol and 25 mM of the specific glucose-
3-hydrooxyphenylboronic acid complex in 0.1 M PBS (pH 10.0). The scan rate is 10 mV-s™.
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Figure. 2. (A) Electrochemical impedance spectra in 5.0 mM K3Fe(CN)6 on the bare GCE (a); after
electropolymerization (b); Glu-MIP/GCE after removal of glucose (c); Glu-MIP/GCE after rebinding (d). Potential:
0.220 V, frequency range: 100 mHz to 100 kHz, alternating potential: 5 mV.
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EIS is an efficient tool for studying the
interface  properties  of  surface-modified
electrodes. Generally, a typical shape of EIS
includes a semicircle region and a straight line.
The semicircle part, which can be observed at
higher frequency, corresponds to the electron-
transfer-limited process, whereas the linear part is
the characteristic of the lower frequency range
and represents the diffusion-limited electron-
transfer process. The semicircle diameter equals
the electron-transfer resistance, R, which is
related to the charge-transfer kinetics of the redox
probe at the electrode surface. Fig. 2 shows the
changes in the EIS of the various electrodes in
5.0 mM Ks3Fe(CN)s. The increased resistance
from curve a to curve b could be attributed to the
produced film that covered the surface of bare
GCE. The decrease of resistance from curve b to
curve c¢ could be attributed to the cavities which
were beneficial for the charge transfer of the
redox probe between the electrolyte solution and
the electrode. The increased resistance from
curve ¢ to curve d signified that glucose was
rebounded to the film. This verified that the MIP
film has good capability to distinguish the target
molecule.

3.2 Potentiometric response of Glu-MIP/GCE
to glucose

As shown in Scheme 1, boronic acid are
known to bind diol compounds including sugars
to form cyclic boronate esters that are negatively
charged as a result of the addition of cis-diol
groups from solution. The effect of complexation
on the electrochemical potential was cause the
change of potential (AE). Fig. 3 shows a
comparison of potentiometric response of glucose
as a function of time at different electrodes. As
shown in Fig. 3, a stepwise increase in AE was
observed upon addition of glucose at the Glu-
MIP/GCE. As for the measurement of glucose at
Glu-NIP/GCE  under identical conditions,
although a potentiometric increase could be
obtained. The potentiometric signal at the Glu-
NIP/GCE revealed a distinct decrease compared
with the Glu-MIP/GCE. An experiment at the
bare GCE displayed unobvious increase for the
potentiometric signal. The results demonstrated
that the Glu-MIP/GCE sensor enhanced the
sensitivity for glucose detection.
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Figure. 3. Potentiometric response (AE) of glucose in 0.1M PBS (pH 10.0) as a function of time at different electrodes.
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3.3 Optimization of potentiometric analysis
parameter

3.3.1 Effect of monomer ratio

The mole ratio of 3-hydroxyphenylboronic
acid and phenol monomer during the
polymerization process was essential for the
formation of defined recognition sites in MIP
polymer matrix. The stable shape of
complementary cavity for the imprinted process
could not be maintained with a little phenol
monomer. An increase of phenol amount could
enhance the stability of the structure of the
selective cavities. However, excessive phenol
may result in the decrease of the cavities. To
choose a suitable amount of phenol and optimize
the polymerization process, the effect of the
molar ratio of 3-hydroxyphenylboronic acid and
phenol monomer on the performance of Glu-
MIP/GCE was investigated in the range of 1:0,
1:2, 1:4, 1:6, and the obtained results are shown
in Fig. 4A. The variation of molar ratio of 3-
hydroxyphenylboronic acid and phenol monomer
exhibited a significant difference in the sensor
response, and the molar ratio of 1:4 gave the best
response in terms of the addition of glucose.

200 300 400 500

tis
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3.3.2 Effect of pH value of PBS

The pH effect was investigated by following
the variation of potential in different value of pH
by addition of glucose. The pH of the solution
was varied within the pH range of 6.0-12.0 in
order to optimize the pH in determining glucose
at Glu-MIP/GCE. As seen in Fig. 4B the response
signal increased in the pH range of 6.0 to 10.0
and then decreased. As illustrated in Scheme 1,
Boronic  functional groups participate in
complexation with compounds containing vicinal
diols through reversible ester formation, the
complexification produces a stable boronate
anion, and a proton, therefore the Eoc is sensitive
to the pH value within the film, and a steady-state
response is consistent with a change in pKa of
polymer film, and following protonation [44].
The increased response reached maximum at pH
10.0 and it was commonly believed that the
binding constants reach a maximum while the pH
was higher than that the pKa of the boronic acid
species. As illustrated in Fig. 4B maximum
glucose response of Glu-MIP/GCE was obtained
at pH 10.0, which was the value used throughout
the study.

AEImV

Figure. 4. Potentiometric responses (AE) for the glucose detection at the Glu-MIP/GCE: (A) Effect of monomer ratio; (B)
Effect of pH value of 0.1 M PBS; (C) Effect of different extraction time in 0.1 M HCI.
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3.3.3 Effect of different extraction time

The solution of 0.1 M HCI was used to study
the influences of different extraction time of Glu-
MIP/GCE. As shown in Fig. 4C, the
potentiometric response of glucose increased
along with the increase of extraction time and
then reached equilibrium at 20 min. It turned out
that the optimal time of extraction was 20 min
which was used throughout the study.

3.4 Potentiometric measurements at Glu-
MIP/GCE

Under the experimentally derived optimum
conditions above, the sensitivity of the Glu-
MIP/GCE and Fru-MIP/GCE were evaluated by a
typical potentiometric response after addition of
successive aliquots of glucose and fructose to 0.1
M PBS (pH 10.0), respectively. As shown in Fig.
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5A and 5B, the calibration curve equation for
glucose was AE (mV) =0.686 ¢ (mM) +0.091
with R?=0.998 and that for fructose was AE (mV)
=0.446 ¢ (mM) +0.138 with R?=0.998. The signal
was obtained the average of multiple repeats (n
=3). The linear response was from 0.75 mM to 18
mM. Therefore, the sensitivity was calculated to
be 0.686 mV-mM™ for glucose and 0.446
mV-mM™ for fructose according to the slope of
calibration curves. The detection limit was
estimated to be 0.23 mM for glucose and 0.35
mM for fructose at a signal-to-noise ratio of 3.
This new sensing platform is of significant
sensitivity, which is better than some of
previously reported saccharide
sensors[24,27,29,45-52]. The results are listed in
Table 1.
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Figure. 5. (A) Potentiometric responses (AE) as a function of time at the Glu-MIP/GCE in 0.1 M PBS (pH 10.0)
containing different glucose concentration. (B) Potentiometric responses (AE) as a function of time at the Fru-
MIP/GCE in 0.1 M PBS (pH 10.0) containing different fructose concentration. (C) Calibration curve of AE vs.

Concentration of glucose and fructose.
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Table 1. Comparison of detection range of reducing sugar sensors.

Linear

. Reducing Detection
Electrode matrix sugars rar:\%? limit (mM) Ref.
Poly (3-aminophenyl boronic i i
acid-co-3-octylthiophene) D-Glucose 0.5-50 05 [49]
D-Glucose 2.0-14.0 0.5
Poly(anilineboronic acid) nanotubes [29]
D-Fructose 2.0-14.0 0.2
ABBA/PSA/PSSA electrospun fibers-mat D-Glucose 0.75-14 0.75 [45]
D-Glucose 0.05-0.52 0.008
Polypyrrole-phenylboronic acid [24]
D-Fructose 0.25-1.25 0.75
Dithiobis(4-butyrylamino-m-phenylboronic D-Glucose 0.3-30 ) [27]
acid) D-Fructose 3-300 -
P-Aminothiophenol SAM with D-Glucose 0.1-50 0.0084 [46]
4-formylphenylboronic acid D-Fructose 0.1-100 0.035
Chitosan/AuNPs composite D-Glucose 0.4-10.7 0.37 [47]
Poly(octylthiophene)-AuNPs D-Glucose  5.0-30.0 0.2 [48]
-(3-mercaptophenyl boronic acid)
GOx-based sensors with electrode
composited of MWCNTs-CS nanowire D-Glucose 1.0-10.0 N/A [50]
Graphene nanosheet D-Glucose 2-40 3.0£0.5 [51]
MIP(poly(3-hydroxyphenylboronic D-Glucose 0.75-18 0.23 This
acid-co-phenol)) D-Fructose ~ 0.75-18 0.35 work

3.5 Selectivity

To study the selectivity of Glu-MIP/GCE
and Fru-MIP/GCE, some analogs such as sucrose,
fructose, xylose and galactose were chosen as
objective molecules to investigate the influence
in the MIP sensor. As shown in Fig. 6, for the
Glu-MIP/GCE (Fig. 6A) and Fru-MIP/GCE (Fig.
6B), a 5-fold excess of interferences hardly
caused any significant change of potentiometric
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responses (AE). The Glu-MIP/GCE has higher
variation of potentiometric response occurred in
presense of galactose (10.7%) and fructose
(11.2%) than that of the other sugars (sucrose,
xylose) which were less than 8.5% and had a
slight increase upon the addition of these two
interfering species. For Fru-MIP/GCE, the
variation of potentiometric response also had a
little change upon the addition of these interfering
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species. These results exhibited a good selectivity

4
@ o g W
A g ¢ 8 8 8 2
S s x5 3 3
3 4 Eggguﬂ
e s = § F = =
> E E
€ EE"E‘\T“T
g 24 & [ L
=
E
1
04

0 100 200 300 400
tis

AEImV

of MIP for glucose and fructose, respectively.

L]
@
e 2 o P oo o
B s 2 & ¢ & &
4 5 82 583
ET; w @m W
$ s OF T =2
i =} =
IR EEEEE
2 7%
; | ]
24
E
14
0-
0 100 200 300 400 500
s

Figure. 6. (A) Potential change (AE)-time curve at Glu-MIP/GCE after the successive addition. (a) 1 mM glucose, (b)
1 mM glucose, (¢) 5 mM galactose, (d) 5 mM xylose, (€) 5 mM sucrose, (f) 5 mM fructose, (g) 5 mM glucose. (B)
Potential change (AE)-time curve at Fru-MIP/GCE after the successive addition. (a) 1 mM fructose, (b) 1 mM fructose,
(c) 5 mM galactose, (d) 5 mM xylose, (e) 5 mM sucrose, (f) 5 mM glucose, (g) 1 mM fructose.

3.6 Reproducibility and Stability

The reproducibility of the sensor was tested
by determining the potential change response of
1.0 mM glucose in 0.1 M PBS (pH 10.0) with the
same electrode three times and three different
sensors prepared at room temperature under the
same conditions. The same sensor determination
result shows acceptable reproducibility with a
relative standard deviation (RSD) of 1.8% for the
potential change determined at a glucose
concentration of 0.75 mM. The three electrodes
showed an acceptable reproducibility in the
potential change response to 0.75 mM glucose
with a RSD of 5.3%, indicating good sensor-to-
sensor reproducibility. Moreover, the stability of
the sensor is also an important factor to consider.
To ensure the stability of the sensor, the response
of the sensor after long-term storage was
determined. The developed sensor was stored in
0.1 M PBS (pH 10.0) at room temperature and it
retained a response of about 90% of the initial
potential change response ever after one week.

3.7 Real sample analysis
The Glu-MIP/GCE and Fru-MIP/GCE was
applied for the determination of glucose and

Am. J. Biomed. Sci. 2016, 8(1), 82-96; doi: 10.5099/aj160100082

fructose in real sample. Watermelon juice and
tomato juice obtained from sugar beet were used
after dilution. A summary of the analytical results
for each spiked sample is shown in Table 2.
Recoveries were calculated by comparing the
potential change of the spiked sample with those
of standard solutions following the same
procedure. Owing to the high selectivity of
MIP/GCE, good recoveries from 92.0-108.6%
were obtained. These results indicated that the
sensor possess the capability in the determination
of reducing sugars in sugar beet juice.

4. Conclusion

In the present study, the potentiometric
detection of reducing sugars based on
molecularly imprinted polymers modified on
GCE was successfully developed. The imprinted
polymer films for the selective analysis of
glucose and fructose were prepared by the co-
electropolymerization of the 3-
hydroxyphenylboronic acid and phenol-sugar
complex. The results indicated that the MIP/GCE
could be wused for glucose or fructose
determination in the present of galactose, xylose
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and sucrose interferences and it was applied

successfully in real sample determination.

Table 2. Determination of glucose and fructose in sugar beet juice samples (n =3).

Added (mM) Found (mM)  Recovery (%) RSD (%)

- 3.0 - 3.9

Glucose 3.0 6.0 100.0 2.3

Watermelon 6.0 8.9 98.9 2.4
Juice

- 2.8 - 4.7

Fructose 3.0 6.3 108.6 3.9

6.0 8.1 92.0 1.6

- 7.2 - 3.6

Glucose 1.5 9.3 106.9 45

Tomato 3.0 10.7 105.0 2.1
juice

- 2.0 - 4.5

Fructose 1.5 3.8 108.6 3.3

3.0 5.2 104.0 4.2
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