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Stereoselective and Enantioselective Electrochemical
Sensing of Monosaccharides Using Imprinted Boronic
Acid-Functionalized Polyphenol Films**

By Eran Granot, Ran Tel-Vered, Oleg Lioubashevski, and Itamar Willner*
printed polymer films for the selective analysis of D-glucose and D-mannose are prepared by the co-electropolymerization of

henol with a 3-hydroxyphenyl boronic acid-monosaccharide complex containing D-glucose or D-mannose on aAu support. The

nalysis of the monosaccharides is based on a competitive electrochemical assay that employs the ferrocene-

odified-monosaccharides as the redox labels. Similarly, enantioselectivity is demonstrated by the imprint of D-glucose

cognition sites in the polymer and the application of the redox-active indicator.
1. Introduction

Electropolymerized films on electrodes are finding increas-

ing interest as functional materials for sensing,[1,2] for the

fabrication of solar cells[3] and light-emitting diodes (LEDs),[4]

for the electrochemical activation of enzymes,[5] and for the

mechanical actuation of microdevices by electrochemical

stimuli.[6] Among the different functionally tailored polymers,

imprinted polymers that include specific recognition sites are

attracting growing interest.[7] Two general strategies to design

imprinted polymers have been developed. One approach

involves polymerization around molecular templates that

include complementary recognition elements with the mono-

mers, e.g., electrostatic interaction or H-bonds, followed by

rinsing off the molecular template.[8,9] The second approach

includes the copolymerization of monomers with polymeriz-

able ligands that covalently link to the template molecule. The

subsequent cleavage of the ligand–template bond enables the

elimination of the molecular template, while forming structu-

rally defined sites with appropriate ligands that bind the

template substrate.[10] Different applications of molecularly

imprinted polymers have been suggested, including their use

for sensing,[11] material separation,[12] stimuli-triggered trans-

port through membranes,[13] or slow release matrices.[14]

Although the use of molecularly imprinted polymers (MIPs) as

sensing materials seems obvious, several fundamental limita-

tions are encountered. The density of imprinted sites is usually

low, and hence, relatively thick MIP interfaces are needed,

resulting in slow diffusion of the analyte and long time intervals

for sensing. Furthermore, the thick sensing layer often
[*] Prof. I. Willner, E. Granot, Dr. R. Tel-Vered, O. Lioubashevski
Institute of Chemistry, The Hebrew University of Jerusalem
Jerusalem 91904 (Israel)
E-mail: willnea@vms.huji.ac.il

[**] This research was supported by the Israel Science Foundation.

� 2008 WILEY-VCH Verlag
prohibits communication between the bound analyte and

the transducer on which the MIP is immobilized, e.g., elect-

rodes, and thus, the readout signal of the sensing processes is

perturbed. Albeit these difficulties notwithstanding, competi-

tive optical assays for analyzing substrates in MIPs have been

developed.[15] In recent studies, microgravimetric analyses of

substrates were accomplished by the immobilization of MIPs

on piezoelectric crystals.[16] For the electronic transduction of

the recognition events of MIPs, it is essential to employ thin

films in contact with the electronic transducers. Previously,

different MIP films associated with electrodes[17] or field-effect

transistors (FETs)[18] were used for electrochemical detection

of different analytes. In the present study, we present a novel

electrochemical method for the stereoselective and enantio-

selective detection of monosaccharides, using imprinted

polymers. We describe the fabrication of thin polymer films

composed of phenol and 3-hydroxyphenyl boronic acid linked

to a specific monosaccharide on Au electrodes. We describe a

competitive electrochemical assay for analyzing the specific

monosaccharide and demonstrate stereoselective and chir-

oselective sensing.
2. Results and Discussion

The compounds used in this study are shown in Scheme 1.

The complexation of monosaccharides with the boronic acid

ligand to form a boronic acid complex (Scheme 2A) is well

established, and different monosaccharide sensors were

developed based on this complex.[19] Previous studies have

employed electropolymerization as a method to generate im-

printed sites in polymers associated with electrodes.[20] Speci-

fically, electropolymerized polyaniline containing the boronic

acid ligand was used to imprint recognition sites for

saccharides, and the effects of bound saccharides on the

voltammetric response of the polymers were elucidated.
GmbH & Co. KGaA, Weinheim Adv. Funct. Mater. 2008, 18, 478–484
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Scheme 1. Structure of compounds used in the study.
Nonetheless, these polymer-functionalized electrodes did not

yield electrochemical sensors. The present approach provides a

competitive electrochemical assay for the analysis of sacchar-

ides in an imprinted electropolymerized polyphenol matrix.

The method of generating the imprinted polymer film on the

Au electrodes and the competitive electrochemical analysis of

the monosaccharides are depicted, respectively, in Scheme 2B

and C.

Phenol was electropolymerized on a Au electrode in the

presence of 3-hydroxyphenyl boronic acid–monosaccharide

complex under basic conditions (pH ¼ 10.3), Figure 1A. The

adsorbed monosaccharide was washed off from the film by

immersing the electrode in 0.1 M HCl to yield the imprinted

polymer. Figure 1B shows an atomic force microscopy (AFM)

image of the resulting polymer on a Au support. The figure

depicts a nonhomogenous polymer that yields ‘‘bumps’’ with a

surface coverage of ca. 45% and heights of up to ca. 150 nm,

and the average thickness of the film was evaluated to be

36 nm. X-ray photoelectron spectroscopy (XPS) analysis of the

polymer film revealed an average atomic ratio of boron:carbon

of ca. 0.01. This result suggests that the ratio of phenolic

compounds used in the electropolymerization process is

reflected with a similar ratio in the resulting polymer. The

nonimprinted polymer film was prepared in a similar manner

by the electropolymerization of phenol and 3-hydroxyphenyl
Adv. Funct. Mater. 2008, 18, 478–484 � 2008 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
boronic acid (in the absence of the

monosaccharide). The method for analyz-

ing the respective monosaccharides by

electrochemical means is presented in

Scheme 2C. This method employs a

competitive assay between the association

of the specific monosaccharide and the

ferrocene-functionalized monosaccharide

to the imprinted sites. For example,

ferrocene-functionalized D-glucose (2),

was used as a redox label for the analysis

of D-glucose (3).

The analysis of 3 was performed by

chronoamperometric measurements in

the presence of the redox-active 2. The

redox response of 2 in the presence of

D-glucose provides a quantitative mea-

surement for D-glucose. The higher the

amperometric response of the ferrocene-

functionalized D-glucose 2, the lower the

concentration of D-glucose 3 in the

analyzed samples. The redox wave of 2

is positively shifted by ca. 140 mV

as compared to the quasi-reversible redox

wave of ferrocene carboxylic acid.

Figure 2 curves a–g show the time-

dependent amperometric responses asso-

ciated with the binding of the ferrocene-

functionalized 2 at different bulk concen-

trations with the D-glucose-imprinted

polymer. The current increases with time
and levels off to a constant saturation value controlled by the

equilibrium generated by the respective bulk concentration of

2 and the imprinted sites, as given by Equation 1

Ferr:Sacch:þ Polymer
ðap�upÞ

Ð
Kass:

Polymer-Ferr:Sacch:
ðupÞ

(1)

1

up
¼ 1

Kass: � ½Ferr:Sacch:� � ap

þ 1

up
or

Kass: ¼
up

ðap � upÞ � ½Ferr:Sacch:�

(2)

The association constant of 2 to the imprinted sites is given

by Equation 2, where ap is the total number of imprinted sites

in the polymer film, and up is the number of sites occupied by 2

at each bulk concentrations of 2, i.e., up is a fraction of ap. The

coulometric analysis of the saturation values of the chron-

oamperometric response at each bulk concentration of 2 is

proportional to up. Thus, the association constant, Kass., was

found to be (170� 30) M�1, Figure 2, inset. The analysis of the

data also allowed us to determine the charge associated with

the total number of imprinted sites, which was found to be 3.41

mC, and therefore the total number of imprinted sites is a¼
2.1� 1016. Knowing the thickness of the polymer film and the
www.afm-journal.de 479
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Scheme 2. A) Preparation of the boronic acid complex. B) Preparation of the monosaccharide-
imprinted polyphenol. (C) The competitive assay for the detection of D-glucose using the
D-glucose-imprinted polymer.
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electrode area, the density of imprinted sites

was estimated to be 3.4� 1021 sites cm�3.

The stereospecific binding affinity of the

imprinted polymer to different monosac-

charides was further investigated. Figure 3,

curve a, shows the current responses of the

D-glucose-imprinted polymer upon analyz-

ing different concentrations of D-glucose 3

in the presence of ferrocene-functionalized

D-glucose 2, 2.5 mM. As the concentration

of D-glucose increases, the amperometric

response decreases. This is consistent with

the fact that with competitive binding of

the redox-active 2 and D-glucose 3 at the

imprinted sites, less redox-label 2 can

be associated with the imprinted sites as

the concentration of D-glucose 3 increases.

Figure 3, curve b, depicts the analysis of

D-glucose by the competitive assay using the

nonimprinted polymer. Clearly, only a

residual amperometric response of ca.

50 mA is observed, regardless of the

D-glucose concentration. Further selectivity

studies related to the D-glucose-imprinted

polymer were performed by employing 2 as

redox indicator and analyzing other mono-

saccharides such as D-mannose (5), curve c,

and D-galactose (6), curve d, by the

competitive assay. Clearly, the nonim-

printed monosaccharides 5 and 6 reveal a

substantially lower affinity to the D-glucose-

imprinted sites as compared to 3 (curve a).

For example, at a D-glucose concentration

of 2 mM, the current response of the redox

label 2 drops from a value of 340 mA (at

[D-glucose]¼ 0 mM) to 100 mA (at

[D-glucose]¼ 2 mM). In the presence of 5

and 6, under similar concentrations, the

current decreases to 210 mA and 240 mA,

respectively. It should be noted that the

amperometric response of the ferrocene-

tethered 2, loaded on the D-glucose-

imprinted polymer corresponds to 340 mA,

Figure 3, while the saturated amperometric

response of 2 upon dynamic loading of the

polymer, Figure 2a, is only 120 mA. This

apparent discrepancy is attributed to the fact

that the loading of the polymer by 2,

Figure 3, is accompanied by equilibration

of the electrode in the absence of an applied

potential, whereas the dynamic binding of 2

to the imprinted polymer, Figure 2a, is

examined under a constant potential, where

the ferrocene units are oxidized. Presum-

ably, the electrostatic repulsion between the

ferrocene units leads to the lower loading of
Adv. Funct. Mater. 2008, 18,478–484
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Figure 1. A) Electropolymerization of phenol in the presence of
D-glucose-3-hydroxy phenyl boronic acid complex on a Au electrode, using
two successive cyclic voltammetry scans, a) first scan, b) second scan.
Electrolyte contains 5 mM phenol and 0.5 mMD-glucose-3-hydroxy phenyl
boronic acid complex in PB, 0.1M at pH¼ 10.3. The scan rate is 10mV s�1.
B) An AFM image of a polyphenol electropolymerized Au electrode.
Electropolymerization was performed according to the same experimental
conditions as in Figure 1A. PB¼phosphate buffer.

Figure 2. Time-dependent amperometric responses associated with the
binding of the ferrocene-functionalized D-glucose (2) at different bulk
concentrations: a) 2.50 mM; b) 2.00 mM; c) 1.50 mM; d) 1.25 mM; e)
1.00 mM; f) 0.50 mM, and g) 0.20 mM with the D-glucose-imprinted
polymer film, measured in 0.05MHEPES buffer at pH¼ 7.2. The measure-
ments were initiated in a pure HEPES buffer solution and a concentrated
volume of ferrocene-functionalized D-glucose was added at the time
indicated by an arrow. The curves were recorded at E¼ 0.5 V vs. SCE.
Inset: evaluation of the association constant, Kass., between ferrocene-
functionalized D-glucose (2) and the D-glucose-imprinted polymer, accord-
ing to Equation 2.

Figure 3. Current response upon the analysis of D-glucose by: a) The
D-glucose-imprinted polymer film. b) The non-imprinted polymer film.
Curves (c) and (d), correspond to the analysis of D-mannose and
D-galactose, respectively. In all experiments a 2.5 mM of 2 is used
as the redox label. The amperometric responses correspond to the
steady-state currents measured at 0.5 V vs. SCE.
the imprinted polymer. We also note that the current response

of 2 interacted with the nonimprinted polymer in the absence

of D-glucose, Figure 3b is small compared to the maximal

current response, 340mA, of the 2-loaded imprinted polymer in

the absence of added D-glucose, Figure 3a. This is consistent

with the fact that the nonimprinted polymer can be loaded by 2,

and the minute current response is due to non-specific

association. These results indicate that the imprinted polymer

reveals stereoselectivity towards the association of D-glucose

compared to the other monosaccharides. The observed

selectivity is particularly interesting since the other mono-

saccharides exhibit very similar molecular dimensions, and

since the imprinted sites of D-glucose include the boronic acid

ligands that may associate D-mannose as well as D-galactose.

The observed selectivity is attributed, indeed, to the extremely

delicate structural contours formed upon the process of

imprinting the D-glucose. The boronic acid ligands in the

D-glucose-imprinted sites are structurally oriented to bind the

specifically oriented OH groups of the D-glucose. The

association of the non-optimally oriented OH groups of
Adv. Funct. Mater. 2008, 18, 478–484 � 2008 WILEY-VCH Verlag GmbH &
D-mannose or D-galactose to the boronic acid ligand results in

an incomplete structural fit with the imprinted sites, which

leads to a lower binding affinity and, therefore, to the observed

selectivity.

A comparative study was also performed on a D-mannose-

imprinted polymer electrode that was fabricated in a similar

manner to theD-glucose analogue, Scheme 2C. Similarly to the
Co. KGaA, Weinheim www.afm-journal.de 481
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Figure 4. Current response upon the analysis of D-mannose by: a) The
D-mannose-imprinted polymer film. b) The non-imprinted polymer film.
Curves (c) and (d), correspond to the analysis of D-glucose and
D-galactose, respectively, on the D-mannose-imprinted film. In all exper-
iments a 2.5 mM of 2 is used as the redox label. The amperometric
responses correspond to the steady-state currents at 0.5 V vs. SCE.

Figure 5. Time-dependent current responses upon the incorporation of
2.5 mM ferrocene-labeled-D-glucose (2) into a) D-glucose imprinted
polymer film. b) L-glucose imprinted polymer film. The conditions of
the experiments are detailed in the legend of Figure 8.

Figure 6. Amperometric responses upon the analysis of a) L-glucose and
b) D-glucose by the D-glucose-imprinted polymer. c) The analysis of
L-glucose by the non-imprinted polymer film (D-glucose yields a similar
current response, Figure 3, curve b). In all experiments 2.5mMof 2, is used
as the redox label. The amperometric response corresponds to the
steady-state current measured at 0.5 V vs. SCE.

482
D-glucose-imprinted polymer, we studied the dynamics of

association of the ferrocene functionalized mannose 4 to the

D-mannose-imprinted polymer at different bulk concentrations

of the ferrocene-modified saccharide. By analyzing the current

responses of the redox-labeled D-mannose we were able to

estimate the association constant of 4 with the D-mannose-

imprinted sites to be Kass.¼ (870� 40) M�1, and the density of

sites in the polymer film was calculated to be 1.5� 1021

sites cm�3.

Figure 4a, curve a, depicts the current responses of the Au

electrode functionalized with the D-mannose-imprinted sites

upon analysis with different concentrations of D-mannose (5)

by the competitive assay, using a fixed concentration, 2.5 mM,

of the ferrocene-functionalized D-mannose (4) as redox label.

For comparison, curve b shows the control experiment, where

the nonimprinted polymer is used. The resulting low, steady

current, ca. 60 mA, implies that the nonimprinted polymer

reveals a low binding affinity for the redox label 4, and that

the nonspecifically bound redox label is not affected by

the presence of 5. The selectivity of the imprinted sites for

D-mannose was further demonstrated by applying the D-

mannose-imprinted film-modified electrode to analyze

D-glucose, 3, curve c, and D-galactose, 6, curve d. Compared

to the significant decrease observed upon analyzingD-mannose,

the currents associated with 4 upon analyzing D-glucose or

D-galactose are substantially higher at similar concentrations

as D-mannose. Thus, we realize that the affinity of 3 or 6 to the

D-mannose-imprinted sites is substantially lower than that of

D-mannose.

Our results suggest that polymer films that were produced by

the electropolymerization of phenol with the phenol boronic

acid complex, yield molecular contours with oriented boronic

acid ligands that enable the accommodation of the respective

monosaccharides and their coordination to the boronic acid
www.afm-journal.de � 2008 WILEY-VCH Verlag GmbH
ligands. These two effects act synergistically in the association

of the specific monosaccharide with the imprinted sites, and

lead to the observed stereoselectivity.

The stereoselectivity of the imprinted sites was further

extended to demonstrate enantioselective recognition.

Towards this goal, Au electrodes modified with imprinted

polymer films for D-glucose and L-glucose were prepared. The

time-dependent loading of the two polymer films by the

ferrocene-functionalized D-glucose 2, is depicted in Figure 5,

curves a and b, respectively. Evidently, 2 yields a substantially

higher saturation current in the D-glucose-imprinted film

as compared to the L-glucose-imprinted film. That is, the
& Co. KGaA, Weinheim Adv. Funct. Mater. 2008, 18,478–484
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ferrocene-functionalized D-glucose (2) reveals higher affinity

for the D-glucose-imprinted sites compared with the L-glucose

imprinted sites. This enantioselectivity is further emphasized

upon analyzing D-glucose (3) and L-glucose (7) with the

D-glucose-imprinted polymer film. Figure 6 shows the current

responses generated by the D-glucose-imprinted polymer-

modified electrode upon analyzing different concentrations of

L-glucose, curve a, andD-glucose, curve b, in the presence of 2,

2.5 mM. The current associated with D-glucose is substantially

lower than the current observed for the L-glucose. These

results imply that enantioselectivity in the association of the

L-glucose and D-glucose enantiomers to the D-glucose

imprinted polymer was, indeed, achieved, and that L-glucose

exhibits lower affinity for the D-glucose imprinted sites, as

compared to the D-glucose.
3. Conclusions

The present study has introduced a new kind of electro-

generated molecularly imprinted polymer that is based on the

electropolymerized poly(phenol/phenol-boronic acid) for the

stereo-selective and enantio-selective recognition of mono-

saccharides. We have also developed a competitive assay for

the electrochemical detection of the specific monosaccharides,

using ferrocene-labeled monosaccharides as redox indicators.

This method for generating molecular recognition sites by the

electropolymerization of phenol and phenol boronic acid in the

presence of other template molecules that include mono-

saccharide moieties, might be extended to other substrates,

such as nucleotides or cofactors, e.g., FAD or NAD(P)þ.
4. Experimental

Chemicals and Instrumentation: 3-Hydroxyphenyl boronic acid
(1), D-glucose (3), D-mannose (5), D-galactose (6), L-glucose (7),
4-aminophenyl b-D-glucopyranoside, 4-aminophenyl a-D- mannopyr-
anoside, 1,10-ferrocenedicarboxylic acid, phenol, HEPES salt, and
1-(3-dimethylaminoproyl)-3-ethylcarbodiimide hydrochloride (EDC)
were obtained from Sigma–Aldrich. Ultrapure water from Nanopure
Diamond (Bornstead) source was used throughout all the experiments.
Au-coated (50 nm gold layer) 2� 2 cm glass plates (Analytical
m-system,Germany) were used as working electrodes. Electrochemical
measurements were performed in a standard three electrode
electrochemical cell, consisting of a functionalized Au working
electrode, a counter graphite rod (d¼ 5 mm) and a saturated calomel
reference electrode (SCE). The electrochemical experiments were
carried out using a PC-controlled (Autolab GPES software) electro-
chemical analyzer potentiostat/galvanostat (mAutolab, type III). AFM
measurements were performed using a SMENAB (NT-MDT, Russia)
atomic force microscope.

Chemical Modification of the Electrodes: Prior to the modification,
the Au surfaces were treated with piranha solution (70% H2SO4 and
30% H2O2) for a period of 30 seconds and then extensively washed
with ethanol and water and dried under a stream of N2 (CAUTION:
Piranha is a vigorous oxidant and should be used with extreme
caution). The monosaccharide-3-hydroxyphenylboronic acid complex
was prepared by reacting equimolar quantities of 3-hydroxyphenyl
boronic acid (1) and D-glucose (3) or D-mannose (5), in phosphate
Adv. Funct. Mater. 2008, 18, 478–484 � 2008 WILEY-VCH Verlag GmbH &
buffer (PB), 0.1 M at pH¼ 10.3, for 24 h. The monosaccharide-
imprinted polymer films were deposited on Au electrodes (exposed
area 1.7 cm2) by electropolymerizing 5 mM phenol and 0.5 mM of the
specific monosaccharide-3-hydroxyphenylboronic acid complex in PB,
0.1 M at pH¼ 10.3. Electropolymerization was carried out using two
successive cyclic voltammetry scans ranging between 0–0.35 V vs. SCE,
at a scan rate of 10 mV � s�1, as shown in Figure 1. A similar procedure,
excluding the presence of the monosaccharide-boronic acid complex,
was employed in the fabrication of non-imprinted polymer-modified
electrodes. The resulting modified electrodes were thoroughly rinsed
with the PB solution to wash off remains of the reactants. Following
electropolymerization, the monosaccharide was extracted from the
imprinted polymer by immersing the electrode in 0.1 M HCl for
20 minutes at room temperature. Ferrocence-functionalized D-glucose
(2) or D-mannose (4) were prepared by reacting 2.5 mM of
1,10-ferrocenedicarboxylic acid with 2.5 mM of either 4-aminophenyl
b-D-glucopyranoside or 4-aminophenyl a-D-mannopyranoside in
HEPES buffer, 0.05 M, pH¼ 7.2. The solution was stirred with 10
mM EDC for 2h at room temperature.
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