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Selective and enantioselective analysis of mono- and disaccharides
using surface plasmon resonance spectroscopy and imprinted boronic
acid-functionalized Au nanoparticle composites
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A method was developed for the synthesis of molecularly imprinted Au nanoparticle (NP) composites
on electrodes by electrochemical means. The resulting composites include specific recognition sites for
mono- or disaccharides. The method is based on the formation of a boronate complex between the
respective saccharide and the boronic acid ligands associated with the Au NPs. The
electropolymerization of the Au NPs leads, after cleavage of the respective boronate esters, and
removal of the saccharide, to specific recognition sites for the association of the imprinted
monosaccharides or disaccharides. The binding of the saccharides to the imprinted sites is followed by
surface plasmon spectroscopy (SPR). The changes in the refractive index of the Au NP composites
upon the binding of the saccharides to the imprinted sites are amplified by the coupling between the
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localized plasmon associated with the NPs and the surface plasmon wave propagating on the Au
surface. This leads to the highly sensitive stereoselective and chiroselective detection of

monosaccharides and disaccharides.

Introduction

Molecularly imprinted organic or inorganic polymers have
attracted substantial research efforts'? and have been extensively
used in chromatographic separation,® slow release systems,*
catalytic materials, and as sensing matrices.® There are,
however, several limitations of the application of molecularly
imprinted polymers for sensing purposes. As the number of
imprinted sites is limited, the sensitivity of the sensors is quite
low, and relatively thick sensing matrices are required. Also, the
fact that the sensing interfaces are relatively thick means that it is
difficult to transduce the sensing events, resulting in relatively
long response times. Several physical methods, for example,
electrochemical,” field-effect-transistors,® piezoelectric,” or
competitive fluorescence methods,' have been implemented to
transduce the sensing events in molecularly imprinted polymers.
Indeed, selective'* and chiroselective'? sensing platforms with
imprinted polymers have been reported.

Metallic nanoparticles (NPs) provide high surface area
elements with unique optical'® and catalytic'* properties. For
example, metallic NPs, such as Au or Ag NPs, exhibit size-
controlled localized plasmon excitons.'®

Also, numerous synthetic methods used to prepare metal NPs
of controlled dimensions and shapes, and various methods used
to modify the NPs with chemical functionalities, such as mono-
layers or polymers, turn the NPs into useful sensing elements.'®
Indeed, numerous optical'” or electrochemical'® sensors based on
metallic NPs have been reported over the last two decades.

Surface plasmon resonance (SPR) is a versatile method that
can be used to probe refractive index changes that occur on metal
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surfaces, such as gold or silver, as a result of chemical sensing
events.' This technique has been widely applied in the devel-
opment of sensors and biosensors.?® The sensitivity of the SPR
sensors is, however, limited by the refractive index changes
induced upon the binding of the analytes to the sensing matrices,
and the resulting measurable shifts in the SPR spectra. While the
association of macromolecules, such as proteins, to the sensing
matrices stimulates a high refractive change even at low loading,
low-molecular-weight substrates at low coverage yield minute
refractive index changes that eliminate their detection by SPR.
Amplified SPR sensing has been achieved by the conjugation of
latex particles,®* liposomes,? or proteins®® to the recognition
complexes. Specifically, metallic nanoparticles, such as Au or Ag,
were used as labels for amplified SPR sensing. The coupling
between the localized plasmon of the NPs and the surface plas-
mon wave associated with the thin metal film, acting as the
sensing support, was found to shift the SPR energy, and thus
enhance the SPR spectral shifts.?* Indeed, numerous studies have
reported on the use of metal NP conjugates as amplifying labels
for sensing events, such as the analysis of antigen-antibody
complexes,> DNA hybridization,? or the probing of biocatalytic
transformations.?” In a series of recent studies we reported on the
electrochemical polymerization of thioanline-functionalized Au
NP composites on Au surfaces and on the molecular imprinting
of specific recognition sites in the aggregated Au NPs. The three-
dimensional conductivity of the metallic NP composites, and the
coupling of the localized plasmon of the Au NPs with the Au
surface enabled the electrochemical or SPR selective and chiro-
selective detection of the analytes that bind to the imprinted sites.
For example, molecularly imprinted Au NP matrices have been
used for the electrochemical®® or SPR* detection of trinitrotol-
uene (TNT). Similarly, imprinted Au NP matrices have been
used for the ultrasensitive SPR detection of the 1,3,5-trinitro-
triazine (RDX) explosive.** Also, the co-immobilization of
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specific ligands, and the electropolymerizable thioaniline units on
the Au NPs enabled the binding of the analytes to the ligands,
and the generation of specific imprinted recognition sites for the
analyte in the electropolymerized Au NP composites. For
example, the electropolymerization of Au NPs modified with
a mixed monolayer of cysteine/thioaniline in the presence of
different amino acids led to imprinted Au NP matrices that
revealed selective and chiroselective sensing toward different
amino acids.*!

The boronic acid ligand binds to vicinal diols and forms the
respective boronate esters.?? Different sensor platforms, based on
the boronic acid ligand, for the detection of saccharides®® or
neurotransmitters®** have been reported. Also, polymerizable
monomers, containing the boronic acid ligand, have been used to
synthesize imprinted polymer matrices for different saccha-
rides.? Similarly, Au NPs modified with a mixed monolayer of
thioaniline/mercaptophenyl boronic acid have been used for the
electrochemical synthesis of imprinted Au NP matrices for
a series of vicinal-diol-containing antibiotics.*¢ Selective analysis
of the different antibiotics using SPR as readout signal was
demonstrated in these systems. Here we report on the electro-
chemical synthesis of imprinted selective and chiroselective Au
NP composites for the sensing of monosaccharides and disac-
charides. We compare the effectiveness of sensing of the different
analytes by the imprinted and non-imprinted composites, and we
highlight the influence of the imprinting process on the sensi-
tivities and the selectivities of the sensing matrices.

Experimental
Synthesis of the functionalized Au nanoparticles

Au nanoparticles functionalized with 4-mercaptoaniline, (1),
mercaptoethane sulfonic acid, (2), and mercaptophenyl boronic
acid, (3), were prepared by mixing 197 mg Au(i) chloride
hydrate, HAuCl,, in 10 ml methanol solution with a 5 ml
methanol solution that included 9 mg of 3, 35 mg of 2 and 7 mg of
1. The two solutions were stirred in the presence of 2.5 ml glacial
acetic acid in an ice bath for 1 h. Subsequently, 7.5 ml of 1 M
sodium borohydride, NaBH,, aqueous solution, was added
dropwise, resulting in a dark colored solution associated with the
presence of the Au NPs. The solution was stirred for fourteen
hours in an ice bath. The particles were successively washed and
centrifuged (twice in each solvent) with methanol, ethanol and
diethyl ether. A mean particle size of ca. 4.5 + 0.5 nm was esti-
mated using TEM measurements.

Chemical modification of the electrode surface

4-Aminothiophenol-functionalized electrodes were prepared by
immersing Au slides for 48 h in a 10 mM 4-aminothiophenol
ethanolic solution. The functionalized Au NPs, 2 mg ml~!, were
dissolved in a 50 mM HEPES buffer solution (pH = 9.2) and
electropolymerized on the 4-aminothiophenol-modified Au
electrode. Electropolymerization was performed by applying 10
potential cycles between —0.25 V and 0.7 V vs. a Ag wire quasi-
reference electrode (QRE) followed by the application of
a constant potential, £ = 0.7V vs. a Ag QRE, for 2 h. The
resulting films were then washed with the background HEPES
buffer solution to exclude any residual monomer from the

electrode. Similarly, saccharide-imprinted bis-aniline-crosslinked
films were prepared using a mixture containing 0.5 M of the
selected saccharide with 2 mg ml~! of the functionalized Au NPs.
Extraction of the saccharide from the film was carried out by
immersing the electrodes in a 0.1 M H,SOy solution, pH = 1.3,
for 15 min. Subsequently, the film was washed thoroughly using
HEPES buffer (pH = 9.2). Removal of the saccharide from the
electropolymerized film was verified by obtaining a steady SPR
curve resembling the SPR spectrum of the non-imprinted Au NP
composite.

Instrumentation and measurements

An SPR Kretschmann type spectrometer NanoSPR 321
(NanoSPR devices, USA), with a LED light source, 2 = 650 nm,
and a prism, refraction index n = 1.61, were used. The SPR
measurements were performed using a home-built flow cell.
Electropolymerization was performed using a Pt wire (diameter
0.5mm) counter electrode and a Ag wire quasi-reference elec-
trode (diameter = 0.5 mm) which were installed in the cell (vol.
0.5 ml, working electrode area 0.2 cm?). Au-coated semi-trans-
parent glass plates (Mivitec GmbH, Analytical p-systems,
Germany) were used as working electrodes. A PC-controlled
(Autolab GPES software) electrochemical analyzer potentiostat/
galvanostat (uAutolab, type III) was employed.

Results and discussion

Au NPs, ca. 4.5 £ 0.5 nm, were functionalized with a capping
monolayer consisting of 4-mercaptoaniline, (1), mercaptoethane
sulfonic acid, (2), and mercaptophenyl boronic acid (3). The
thioaniline units act as electropolymerizable components, the
mercaptoethane sulfonate units enhance the stability of the NPs
in aqueous media and prevent the precipitation of the NPs, and
the mercaptophenyl boronic acid units provide the functional
anchoring ligands for the covalent association of the saccharide
molecules, Scheme 1. The modified Au NPs were electro-
polymerized on Au-coated glass surfaces in the absence (to
fabricate the non-imprinted composite) or in the presence of the
respective saccharide as imprint molecule, to yield the bis-aniline-
crosslinked Au NP composite. The resulting polymer composites
were rinsed with HEPES buffer 0.05 M, pH = 9.2, to remove the

Scheme 1 Imprinting of saccharides (for example p-glucose) molecular
recognition sites by electropolymerization of a bis-aniline-crosslinked Au
NP composite on a Au surface.
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Scheme 2 Molecular structure of saccharides used in this study.

imprinted saccharides and to yield the respective imprinted or
non-imprinted Au NP composites on the Au electrode surfaces.
The monosaccharides, p-glucose, (4), L-glucose, (5), b-mannose,
(6), p-galactose, (7), and the disaccharide, sucrose, (8), were used
to yield the imprinted bis-aniline-crosslinked Au NP composites,
Scheme 2. After removal of the imprinting mono- or disaccharide
molecules from the Au NP composites, by treatment with an
aqueous acidic solution, pH = 1.3, the imprinted (as well as the
non-imprinted) matrices were equilibrated with an aqueous basic
buffer solution, pH = 9.2, and subsequently challenged with the
respective saccharides.

The Au NP matrices were prepared by the application of 10
electropolymerized cycles between — 0.25 V and 0.7 V vs. a Ag
wire (QRE), followed by the application of 4 potential steps,
Efina1 = 0.7 V vs. Ag wire, 30 min each. The electropolymerization
was followed by the in situ monitoring of the SPR curve shift of
the surface. Coulometric analysis of the redox wave associated
with the bis-aniline bridging units and complementary micro-
gravimetric quartz-crystal-microbalance measurements indi-
cated that the content of Au NPs in the electropolymerized
matrices generated in the absence or in the presence of the
imprint molecules was identical. The surface was characterized
by AFM and exhibited an average thickness of ca. 11 nm.
Knowing the dimensions of a single Au NP, this value translates
to an average coverage of ca. 3 random densely packed layers of
the Au NPs. The binding of the guest saccharide molecules to the
imprinted or non-imprinted Au NP matrices was monitored by
following the reflectance changes of the surface plasmon reso-
nance spectra originating from the refractive-index changes of
the composite as a result of the association of the saccharides
to the Au NP matrices, and the consequent effect of the binding
on the coupling between the localized plasmon of the Au NPs
with the surface plasmon wave.

Fig. 1A shows the SPR curve fragment of the D-glucose-
imprinted Au NPs composite before (curve a), and after (curve b)
treatment of the matrix with 100 uM p-glucose. A clear shift of
the SPR spectrum is observed upon the binding of p-glucose to
the Au NPs matrix. For comparison, the inset in Fig. 1A depicts
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Fig. 1 A, SPR curves corresponding to the p-glucose-imprinted and
non-imprinted (inset) bis-aniline-crosslinked Au NP composite: (a)
before the addition of p-glucose and (b) after the addition of p-glucose,
100 pM. B,(a): Time-dependent reflectance changes (sensogram) of the
imprinted surface upon the addition of variable concentrations of D-
glucose: a, 40 pM, b, 200 pM, ¢, 1 nM, d, 4 nM, e, 20 nM, f, 100 nM, g,
200 nM, h, 1 pM, i, 4 uM, j, 20 uM, k, 100 uM. Inset: Enlarged time-
dependent reflectance changes upon injection of 4 nM p-glucose. (B):
Sensogram corresponding to the addition of (a) 100 uM, (b) 200 uM of
D-glucose to the non-imprinted surface. Arrows indicate the time of
addition of the analyte. All measurements were performed in a 50 mM
HEPES buffer solution (pH = 9.2), at § = 63.5°.

the SPR curve fragment at the same reflectance angle range for
the non-imprinted matrix, before (curve a), and after (curve b)
addition of 100 uM p-glucose. A minute shift in the SPR curve is
observed as a result of interaction of the non-imprinted Au NP
composite with p-glucose. Fig. 1B, curves (a) and (B), depicts the
sensograms, measured at a constant angle of § = 63.5°, corre-
sponding to the reflectance changes of the p-glucose-imprinted
and non-imprinted Au NP composites-modified surfaces,
respectively, upon interaction of the imprinted matrix with
increasing concentrations of p-glucose. Fig. 1B, inset, shows
a magnified region of the time-dependent reflectance changes
upon interaction of the imprinted matrix with p-glucose, 4 nM.
The reflectance changes level off to a constant value, after ca.
3 min, suggesting that this time-interval is required to equilibrate
the analyte with the imprinted matrix, and it presents the
response time of the sensor. The reflectance changes for the
imprinted matrix are intensified as the concentration of p-glucose
increases, and they level off at a micromolar concentration range.
Clearly, the non-imprinted Au NPs matrix does not respond to
added p-glucose, at this concentration range. The reflectance
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changes observed with the imprinted matrix are significantly
higher, indicating the enhanced binding of p-glucose to the
imprinted matrix. This is attributed to the fact that the electro-
polymerization of the Au NPs, in the presence of D-glucose
yielded molecularly imprinted sites with structural contours for
p-glucose. The sites include the boronic acid ligands in positions
inside the imprinted domains adopted for binding D-glucose
(Scheme 1). The imprinting process is driven by interactions of
boronic acid ligands and the vicinal diols of the monosaccharides
that form cyclic boronate complexes with the phenyl boronic
acid units associated with the Au NPs.

It should be noted that within the reported concentration
range of D-glucose, changes in the refractive index of the solu-
tion, due to the addition of p-glucose, do not affect the SPR
spectrum of the interface.

A set of further control experiments indicated the significance
of the boronic acid ligands associated with the NPs in the
selective and sensitive analysis of glucose. In one control exper-
iment we electropolymerized on the Au surface thioaniline/
mercaptoethane sulfonic acid-functionalized Au NPs that lacked
the mercaptophenyl boronic acid ligand. The resulting composite
did not show any reflectance changes upon interaction with -
glucose, implying that the association of the monosaccharide
with the boronic acid ligand is essential to enable the analysis of
D-glucose. In a further control experiment, mercaptophenyl
boronic acid monolayer was assembled on the Au surface. The
modified surface that lacked the Au NPs showed a reflectance
change only at a concentration range starting at 0.5 mM. This
concentration is ca. 10-fold higher than the concentration of
D-glucose that gave a reflectance change with the non-imprinted
Au NP composite and 10°-fold higher than the initial response
concentration of the p-glucose-imprinted Au NPs composite.
Clearly, the Au NPs amplify the SPR reflectance changes, as
a result of the coupling between the localized plasmon of the NPs
and the surface plasmon wave. Furthermore, the high signal in
the presence of the imprinted composite reflects the high affinity
of D-glucose to the imprinted sites.

The stereospecific binding affinity and selectivity of the D-
glucose-imprinted Au NPs matrix to other monosaccharides was
further investigated. Fig. 2A shows the reflectance changes of the
D-glucose-imprinted composite upon interaction with p-glucose,
sensogram (et), and upon interaction of the imprinted composite
with variable concentrations of pD-mannose, sensogram (), and
of p-galactose, sensogram (v). Fig. 2B depicts the corresponding
derived calibration curves. Measurable reflectance changes for
the non-imprinted (“foreign”) monosaccharides are observed
only at high concentrations (in a micromolar range), and these
level off to substantially lower saturation values. In control
experiments, we find that reflectance changes for analyzing
p-mannose and D-galactose by the non-imprinted Au NPs
composite are observed only in the micromolar range and exhibit
the same reflectance changes upon analysis of the mono-
saccharides. Thus, the results clearly indicate that p-mannose
and D-galactose are discriminated by the p-glucose-imprinted
composite, and the selective analysis of p-glucose is demon-
strated. That is, although the three monosaccharides exhibit
similar dimensions and carry a similar number of adjacent
hydroxyl groups, an impressive selectivity for the detection of the
imprinted monosaccharides is observed. The resulting selectivity
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Fig. 2 A, (a): Time-dependent reflectance changes (sensogram) of the
D-glucose-imprinted surface upon addition of variable concentrations of
p-glucose: a, 40 pM, b, 200 pM, ¢, 1 nM, d, 4 nM, e, 20 nM, f, 100 nM, g,
200 nM, h, 1 uM, 1, 4 uM, j, 20 uM, k, 100 uM. (B): Sensogram corre-
sponding to the addition of: a, 4 uM, b, 20 uM, c, 100 uM, d, 200 uM of
p-mannose to the p-glucose-imprinted surface. (y): Sensogram corre-
sponding to the addition of: a, 20 uM, b, 100 uM, c, 200 uM of
D-galactose to the D-glucose-imprinted surface. B, Calibration curves
corresponding to the reflectance changes of the p-glucose-imprinted Au
NP composite at different concentrations of added: (a) p-glucose, (b) p-
mannose and (c¢) D-galactose, to the imprinted surface. Inset: Lower
concentrations region of the calibration curves.

is attributed to the imprinting procedure. The imprinted struc-
tural contours result in the steric orientation of the boronic acid
ligands to hydroxyl functionalities of D-glucose in the appro-
priate configuration to yield the respective boronate esters. The
boronic acid ligands in the b-glucose-imprinted Au NP
composite are, however, sterically non-adapted to bind the
isomeric OH-functionalities of D-mannose or Db-galactose,
leading to lower binding affinity of these molecules to the sites,
and, eventually, to the weaker association of the “foreign”
monosaccharides to “imperfect” imprinted sites. This leads to the
observation of reflectance changes only at high bulk concentra-
tions of the foreign monosaccharides, and to the formation of
saturated reflectance changes with substantially lower reflec-
tance-change values. It should be noted that the selectivity and
the sensing features of the p-glucose-imprinted Au NPs
composite are preserved after the sensing of the foreign mono-
saccharide. We find that the high value reflectance changes of the
Au NPs are regenerated after completing one cycle of analyzing
D-glucose, D-mannose, D-galactose and re-analyzing D-glucose
(after analyzing each of the monosaccharides the Au NPs
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composite was rinsed). In fact, the reflectance changes upon
analyzing D-glucose in the second analysis cycle are slightly
higher (ca. 15% higher) than the reflectance changes upon
analyzing D-glucose in the first cycle. This is attributed to the
removal of residual trace amounts of D-glucose from the Au NPs
composite upon analyzing the p-mannose and p-galactose and
the application of the respective rinsing steps. That is, since the
imprinting procedure involves a high concentration of the
imprinting template (0.5 M), the rinsing of the matrix (under
acidic conditions) leaves residues of specifically and non-specif-
ically bound monosaccharide molecules in the composite. In
subsequent sensing cycles, the matrices are treated with low
concentrations of the analytes, thus allowing the complete
removal of the bound saccharides. It should be noted that the
sensing interface could be regenerated by rinsing of the bound
monosaccharide for at least a further five sensing cycles with
signal reproducability of +5%.

To demonstrate the generality of the imprinting process
toward the development of specific Au NP matrices for the
detection of monosaccharides, we imprinted pD-mannose or D-
galactose in the Au NP composites by the analogous electro-
polymerization of the boronic acid-functionalized Au NPs on the
thioaniline modified electrode, in the presence of the respective
monosaccharide. Fig. 3A shows the reflectance changes of the
D-mannose-imprinted composite, upon interaction with variable
concentrations of p-mannose, sensogram (at). The reflectance
changes increase as the concentration of b-mannose in the buffer
solution is elevated, and they level off at ca. 20 nM, implying that
all the imprinted sites are saturated with p-mannose. For
comparison, the sensograms of the imprinted matrix upon
interaction with D-galactose, sensogram (B), and p-glucose,
sensogram (), are presented. Fig. 3B depicts the derived
calibration curves in the same concentration range. Clearly, p-
mannose-imprinted matrix reveals a high affinity for the binding
of the imprinted substrate, p-mannose, detection limit 40 pM,
while exhibiting substantially lower binding affinities for the
“foreign” monosaccharides, p-galactose and D-glucose, respec-
tively, (detection limits of 20 M and 40 uM, respectively). For
comparison, Fig. 3B, curve (d) shows the calibration curve cor-
responding to the reflectance changes of the non-imprinted Au
NP composite upon interaction with variable concentrations of
p-mannose. Clearly, the affinity of the non-imprinted matrix for
the detection of pD-mannose in this concentration range is very
low. This re-emphasizes the importance of the imprinting process
in generating a highly sensitive and selective sensing composite.
The association of D-mannose to the imprinted sites follows
a Langmuir-type binding, eqn (1), from which the association
constant of b-mannose to the imprinted sites, K, eqn (2), was
estimated to be K, =4 x 10° M7,

D-mannose + imprinted sites = D-mannose + imprinted sites
a—10 a

)

0
(a — #)[D-mannose]

des = (2)

where 6 is the number of sites occupied by D-mannose and « is the
total number of binding sites.
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Fig.3 A, (a): Time-dependent reflectance changes (sensogram) of the p-
mannose-imprinted Au NP-modified surface upon the addition of vari-
able concentrations of b-mannose: a, 40 pM, b, 200 pM, ¢, 1 nM, d, 4 nM,
e, 20 nM, f, 40 nM, g, 100 nM, h, 200 nM. (B): Sensogram corresponding
to the addition of: a, 20 uM, b, 100 uM, c, 200 uM, d, 1 mM of p-
galactose to the p-mannose-imprinted surface. (y): Sensogram corre-
sponding to the addition of: a, 20 uM, b, 100 uM, c, 200 uM, d, 1 mM of
D-glucose to the p-mannose-imprinted surface. B, Calibration curves
corresponding to the reflectance changes of the p-mannose-imprinted NP
composite, upon the addition of variable concentrations of: (a) p-
mannose, (b) D-galactose and (¢) p-glucose to the imprinted surface. (d):
Reflectance changes upon addition of different concentrations of D-
mannose to the non-imprinted bis-aniline-crosslinked surface. Inset:
Lower concentrations region of the calibration curves.

Similarly, Dp-galactose was analyzed by the b-galactose-
imprinted Au NPs composite, and the selectivity of the imprinted
matrix was examined. Fig. 4A, sensogram (ot) shows the reflec-
tance changes of the p-galactose-imprinted Au NP composite
upon treatment with variable concentrations of p-galactose. The
reflectance changes increase upon elevating the concentrations of
D-galactose in the buffer solution, Fig. 4A, and they level off at
a concentration corresponding to ca. 50 nM, implying that all the
imprinted sites are saturated with p-galactose. The resulting p-
galactose-imprinted matrix revealed the effective sensing of the
imprinted substrate. The corresponding calibration curve is
depicted in Fig. 4B, (a), implying that p-galactose could be
detected with a detection limit of ca. 10 pM. The p-galactose-
imprinted Au NPs revealed similar selectivity, and only minute
reflectance changes could be observed upon interaction of the
D-galactose-imprinted Au NPs composite with p-glucose or p-
mannose at a micromolar range, see Fig. 4A, sensograms f8 and
v, respectively, and Fig. 4B, curves (b) and (c), respectively. The
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Fig.4 A, (o): Time-dependent reflectance changes (sensogram) of the b-
galactose-imprinted Au NP-modified surface upon addition of variable
concentrations of b-galactose: a, 10 pM, b, 40 pM, ¢, 200 pM, d, | nM, e,
4 nM, f, 20 nM, g, 100 nM, h, 200 nM. (B): Sensogram corresponding to
the addition of: a, 20 uM, b, 100 uM, c, 200 pM of p-glucose to the
D-galactose-imprinted surface. (y): Sensogram corresponding to the
addition of a, 20 pM, b, 100 uM, ¢, 200 uM of p-mannose to D-galactose-
imprinted surface. B, Calibration curves corresponding to the reflectance
changes of the p-galactose-imprinted Au NP matrix at different
concentrations of: (a) b-galactose, (b) D-glucose and (¢) D-mannose to the
imprinted surface. (d): The reflectance changes upon addition of different
concentrations of p-galactose to the non-imprinted bis-aniline-cross-
linked Au NPs-modified surface. Inset: Lower concentrations region of
the calibration curves.

association constant of D-galactose to the p-galactose-imprinted
sites was estimated to be 1.1 x 10" M~'. Also, the non-imprinted
Au NPs composite revealed low affinity for the association of D-
galactose. Only minute reflectance changes AR = 9 + 3 at the
concentrations lower than 100 pM of the substrate were
observed, Fig. 4B, curve (d).

As the results indicate that imprinting of the monosaccharides
into Au NP composites leads to impressive sterecoselectivity, we
examined the possibility of yielding chiroselective Au NPs
matrices by the application of the imprinting process. Towards
this goal, we applied the p-glucose-imprinted Au NP composite
to the analysis of L-glucose. Fig. 5A, sensograms (&) and (B),
shows the reflectance changes of the p-glucose-imprinted Au NP
composite upon interaction with D-glucose and rL-glucose,
respectively. Evidently, the reflectance changes are substantially
higher upon interaction with p-glucose, and the reflectance
changes are observed at a substantially lower concentration
corresponding to a detection limit of 10 pM. The respective
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Fig. 5 A, (o) Time-dependent reflectance changes (sensogram) of D-
glucose-imprinted surface upon addition of variable concentrations of
D-glucose: a, 10 pM, b, 40 pM, ¢, 200 pM, d, | nM, e, 4 nM, f, 20 nM, g,
100 nM, h, 200 nM, i, 1 pM, j, 4 uM, k, 20 uM, 1, 100 uM. (B): Sensogram
corresponding to addition of: a, 1 nM, b, 4 nM, ¢, 20 nM, d, 100 nM, e,
200 nM, f, 1 uM, g, 4 uM, h, 20 uM, i, 100 uM, of L-glucose to the D-
glucose-imprinted surface. Inset: Calibration curves corresponding to the
reflectance changes at different concentrations of added: (a) p-glucose
and (b) L-glucose to the p-glucose-imprinted surface. B, (o) Time-
dependent reflectance changes (sensogram) of the L-glucose-imprinted
surface upon addition of variable concentrations of L-glucose: a, 200 pM,
b, 1 nM, ¢, 4nM, d, 20 nM, e, 100 nM, f, 200 nM, g, | uM, h, 4 uM, i, 20
uM, j, 100 uM, k, 200 uM. (B): Sensogram corresponding to the the
addition of: a, 4 uM, b, 20 uM, c, 100 uM, d, 200 uM of p-glucose to the
L-glucose-imprinted surface. Inset: Calibration curves corresponding to
the reflectance changes at variable concentrations of added: (a) L-glucose
and (b) p-glucose to the L-glucose-imprinted surface.

calibration curves are depicted in Fig. 5A, inset. These results are
consistent with the fact that the p-glucose-imprinted sites reveal
improved steric fit for the binding of p-glucose over the associ-
ation of L-glucose to the imprinted sites. The results are reversed
upon the imprinting of L-glucose sites in the Au NPs composite.
Fig. 5B, sensograms (o) and (B), shows the reflectance changes
upon interaction of the L-glucose-imprinted composite with L-
glucose and p-glucose, respectively. Fig. 5B, inset, depicts the
resulting calibration curves. Evidently, the L-glucose-imprinted
Au NPs matrix reveals enhanced affinity for the association of L-
glucose, as compared to the binding of p-glucose. From the
respective calibration curves, we estimate the association
constants of b-glucose and L-glucose, to the b-glucose-imprinted
sites to be K,P° = 8.3 x 10° M~'and K,"® = 4.4 x 10° M~!, and
of the L-glucose and p-glucose to the L-glucose-imprinted sites to
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Fig. 6 Calibration curves corresponding to the reflectance changes upon
the interaction of the sucrose-imprinted Au NP composite with variable

concentrations of: (a) sucrose and (b) p-glucose. Inset: Lower concen-
trations region of the calibration curves.

be K 't =1.2 x 10° M~ and K,P* = 1.3 x 10° M, respectively.
We thus conclude that chiroselective, imprinted recognition sites
may be generated in the electropolymerized Au NP composites.

Control experiments revealed, as expected, that the non-
imprinted Au NPs composite showed minute and similar reflec-
tance changes upon interaction with p-glucose and L-glucose,
respectively. Realizing that the imprint of the monosaccharide
recognition sites originates from the formation of boronate
complexes with the vicinal hydroxyl functionalities associated
with the monosaccharides, one may envisage that improved
recognition sites would be generated upon imprinting disaccha-
rides, or even higher oligomers, due to the increased number of
boronic acid ligation sites. Accordingly, we implemented sucrose
as the imprint molecule. As sucrose consists of D-glucose and
fructose units linked by a glycoside bond, one could examine the
selectivity of the sucrose-imprinted site towards the p-glucose.
Fig. 6, curve (a), depicts the calibration curve for the analysis of
different concentrations of sucrose by the sucrose-imprinted Au
NP composite. The disaccharide is sensed with an impressive
sensitivity of ca. 200 fM, consistent with the formation of a high-
affinity imprinted binding site for the disaccharide, K¢ ™" =
2.5 x 10" M~'. As before, the reflectance changes of the non-
imprinted Au NPs composite upon interaction with sucrose were
found to be very low, and detectable only at higher concentra-
tions of the disaccharide. As expected, the p-glucose-imprinted
Au NPs composite shows only minute reflectance changes upon
interaction with sucrose. This result is reasonable, due to the
larger size of sucrose (as compared with pD-glucose) that cannot
be accommodated in the small-sized D-glucose-imprinted sites.
The possible binding of D-glucose to the sucrose-imprinted sites
should be, however, addressed (specifically since D-glucose is
a subunit of sucrose). Fig. 6, curve (b) shows the reflectance
changes of the sucrose-imprinted Au NPs composite upon
interaction with different concentrations of D-glucose. The
reflectance changes are observed at higher concentrations of p-
glucose, revealing substantially lower reflectance changes. These
results suggest that although p-glucose is a subunit of sucrose, its
affinity to the sucrose-imprinted sites is substantially weaker.
That is, although the sucrose-imprinted sites have the dimensions
to accommodate D-glucose, the binding of the monosaccharide
to the sucrose-imprinted sites is substantially lower than that of

sucrose. This is due to the fact that the association of sucrose is
synergetically stabilized by several boronic acid ligands. From
these calibration curves we estimate the binding constants of
sucrose and D-glucose to the sucrose-imprinted sites to be K| =
2.5 x 10" M"'and K, =1 x 10" M, respectively.

Conclusions

This study highlights a sensitive label-free sensing platform for
the stereoselective and chiroselective analysis of mono-
saccharides and disaccharides. The sensing matrices consist of
electropolymerized Au NPs composites that include imprinted
specific recognition sites for the binding of monosaccharides and
disaccharides. Imprinting of the molecular recognition sites is
based on the use of thioaniline/mercaptophenyl boronic acid as
a functional capping layer of the Au NPs. Electropolymerization
of the NPs in the presence of the saccharide bound to the boronic
acid ligands leads to the formation of bis-aniline-bridged Au NP
composites that, after removal of the respective saccharide, yield
the imprinted matrices. Binding of the saccharides to the sensing
matrices is followed by SPR spectroscopy. Dielectric changes
upon binding of the saccharides to the sensing matrices result in
a shift of the SPR spectra. In particular, coupling between the
localized plasmon of the Au NPs and the surface plasmon wave
amplifies the SPR curve shifts, caused by the dielectric changes
occurring upon binding of the saccharides to the NP matrices.
This enables the sensitive stereoselective and chiroselective
detection of the different saccharides.
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