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An electropolymerized molecularly imprinted
polymer for selective carnosine sensing with
impedimetric capacityt
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Wojciech Lisowski,? Tan-Phat Huynh,?® Maria Pszona,® Pawet Borowicz,
Francis D'Souza*® and Wlodzimierz Kutner*®“

A chemosensor with a molecularly imprinted polymer (MIP) film as the recognition unit selective to
a carnosine biomarker was molecularly engineered, devised and fabricated. The molecular structure of
the pre-polymerization complex of the carnosine template with the carboxy and 18-crown-6 ether
derivatives of bis(2,2’-bithien-5-yl)methane functional monomers was thermodynamically optimized by
density functional theory (DFT) at the B3LYP/6-31g(d) level. The calculated high negative Gibbs free
energy change, AG = —227.4 kJ mol™?, indicated the formation of a very stable complex. The solution
of this complex was prepared and used for deposition of the MIP films on a Pt disk electrode or an
Au electrode of the quartz crystal resonator by potentiodynamic electropolymerization. Subsequently, the
carnosine template was extracted from the MIPs with 0.1 M NaOH, as confirmed by the differential pulse
voltammetry (DPV), X-ray photoelectron spectroscopy (XPS), and Raman spectroscopy measurements. For
carnosine sensing, impedimetric capacity (IC) measurements were performed under flow-injection analysis
(FIA) conditions resulting in the limit of detection of 20 uM (at S/N = 3). This limit implied the readiness of
the chemosensor for carnosine determination in clinical samples. Due to multiple modes of carnosine
binding to MIP recognition sites, the IC chemosensor was found to be more selective to carnosine than
to its common interferences including anserine, carcinine and histidine. Advantageously, the imprinting
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Introduction

Carnosine 1 (Scheme 1a) is a dipeptide composed of 1-histidine
and B-alanine. Carnosine, r-anserine, and hemocarnosine are
three representative histidine-containing dipeptides widely distri-
buted in the human body. There, carnosine is synthesized
by the ATP-dependent carnosine synthetase enzyme.'” The
highest carnosine concentrations are found in the skeletal
muscle tissues, stomach, kidney, and cardiac muscles,®™® as
well as in brain neurons, olfactory bulbs, and glial cells.””
Carnosine plays several important roles in human body. First,
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factor, determined by piezoelectric microgravimetry (PM), was high equaling 14.9.

it is a chelator of metal ions including copper, zinc, and
iron."®'" Second, its buffering activity helps control the intra-
cellular hydrogen ion concentration.">'® Moreover, carnosine
is known as an antioxidant,"*™” anti-glycating agent,’®>° and
hydroxyl radical scavenger.”" Therefore, it is administered as
a potential supplement of diet or medicine in treatment of
many diseases including diabetes,>” vascular dementia,'> neuro-
logical disorders (e.g., Alzheimer’s disease®® and Parkinson’s
disease®®) as well as in ocular diseases, e.g., cataract®® and
diabetic retinopathy.>®

Carnosine is used as a biomarker, i.e., a biological molecule
occurring in body fluids or tissues whose concentration,
18.6 + 16.8 uM in urine*’ and 20-180 mg carnosine/(100 g
wet weight skeletal muscle tissue),?® reflects the conditions of
processes or reactions for treatment. Carnosine level determi-
nation in serum can help indicate serum carnosinase deficiency
(carnosinemia), which is an autosomal recessive metabolic
disorder**=' caused by the CNDP1 gene mutation. This dis-
order is manifested by the increased carnosine concentration in
urine.** Importantly, detection of carnosine can help diagnose
Alzheimer’s and Parkinson’s diseases,** as well.

This journal is © The Royal Society of Chemistry 2016
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Scheme 1 (a) The proposed structural formula of the pre-polymerization

complex of the carnosine template 1 with functional monomers 2 and 3,
and (b) the B3LYP/6-31g(d) optimized structure of the complex. Gray, red,
blue, yellow, and white spheres represent carbon, oxygen, nitrogen, sulfur,
and hydrogen atoms, respectively.

For carnosine determination, mostly flow analytical techniques
are used including high-performance liquid chromatography
(HPLC),*>*** hydrophilic interaction liquid chromatography
(HILIC),* and capillary electrophoresis (CE).***” The limit of
detection of carnosine reached by these techniques is high.
However, all of them are expensive and require trained personnel
to operate them. They are time-consuming and labor-demanding
because of a long analysis time and additional necessary sample
preparation steps. For instance, electrophoresis requires derivati-
zation of carnosine prior to determination.***” Towards sensing of
carnosine, a recent report described differential pulse voltammetry
(DPV) determination of this dipeptide at the pM concentration
level.*® Unfortunately, the sensor suffers from low selectivity with
respect to the anserine structural analogue of carnosine. Moreover,
a cross-reactive chemosensor array was developed by combining
transition-metal complexes with six different fluorescent dyes
for selective determination of carnosine and hemocarnosine.*
However, this chemosensor array required a specialized hardware
to operate and time-consuming sample pretreatment.

The chemosensors with dedicated molecularly imprinted
polymers (MIPs) as recognition units for selective and reversible
interactions with carnosine are expected to overcome these
determination disadvantages. Molecular imprinting is a proce-
dure that leads to the formation of molecular cavities in a polymer
matrix with a memory of the size, shape, and orientation of the
template molecules used for imprinting. Often, an analyte itself
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initially serves as the template.*® Therefore, the MIP use for
chemosensor fabrication has been increasing for the last few
decades.**** Mostly, MIPs were prepared by free-radical poly-
merization of vinyl or acrylic functional monomers derivatized
with recognition sites.** However, literature on the MIP appli-
cation for carnosine determination is scarce.”> The polymer
imprinted with carnosine suffered from a long-time prepara-
tion procedure and it was not used as a recognition unit of a
chemosensor.*’

In the present study, we used carnosine-templated MIPs
as recognition units of carnosine chemical sensors. For the
imprinting, we utilized bis(2,2’-bithiophene) derived functional
monomers developed in our laboratories due to their avail-
ability with a variety of recognition sites.*® The monomers used
in the present study are composed of two parts. One part is an
electroactive bis(2,2’-bithiophene) moiety capable of electro-
polymerization while the other is a recognition site capable of
interacting with the available binding sites of the carnosine
template.”” Advantageously, the thickness and morphology
of the bis(2,2’-bithiophene) based MIPs prepared by electro-
polymerization are easily controlled.”*>° Moreover, this
electropolymerization does not require using any initiator and,
additionally, chemical stability of the resulting MIPs is high.
Accordingly, two functional monomers were chosen, namely,
4-bis(2,2-bithien-5-yl)methylbenzoic acid 2 and bis(2,2-bithienyl)-
benzo[18-crown-6Jmethane 3 (Scheme 1). The structure of the
pre-polymerization complex of the functional monomers and the
carnosine template was optimized with quantum chemistry com-
puting. A mixture of solvents was carefully composed to dissolve
all components of the pre-polymerization complex, and then to
enable electropolymerization of this complex. The MIP films were
deposited on two different signal transducers. These included a Pt
disk electrode for impedimetric capacity (IC) measurements by
impedimetry and an Au film coated quartz crystal resonator
(Au-QCR) for piezoelectric microgravimetry (PM). Moreover,
these films were deposited on the Au film coated glass slides
for spectroscopic analyses and microscopic imaging. Subsequent
extraction of the carnosine template from the MIP films resulted
in the fabrication of recognition units of the chemosensor.

Experimental
Reagents and chemicals

L-Carnosine 1 (Scheme 1a), L-anserine nitrate salt, r-histidine,
carcinine dihydrochloride, and acetonitrile “for electrochemistry”
were purchased from Sigma-Aldrich. Tetrabutylammonium per-
chlorate, (TBA)ClO,4, was from Fluka. Lithium nitrate was provided
by CIECH S.A. Sodium hydroxide, potassium nitrate, and
potassium hexacyanoferrate(n) were purchased from POCH
S.A. Functional monomers 2 and 3 (Scheme 1a) were prepared,
as described previously.***!

Instrumentation and procedures

The electropolymerization under potentiodynamic conditions,
cyclic voltammetry (CV), and differential pulse voltammetry

J. Mater. Chem. B, 2016, 4, 1156-1165 | 1157
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(DPV) measurements were performed using an SP-300 BioLogic
potentiostat controlled by the EC-Lab BioLogic software. A 1 mm
diameter Pt disk electrode, a 5 mm diameter gold film electrode
deposited on an Au-QCR, and a glass slide coated with Au films
were used as the working electrodes. A Pt wire and an Ag/AgCl
electrode were used as the counter and reference electrode,
respectively.

Extraction of the carnosine template from the MIP films was
controlled by DPV in the potential range of 0.0 to 0.60 V. For
that purpose, the 0.1 M K,Fe(CN), redox probe in 0.1 M KNO;
was used.

Before and after carnosine template extraction, the depos-
ited MIP film was imaged by atomic force microscopy (AFM)
using a Nanoscope V microscope controlled by a MultiMode®
8 controller of Brucker. The TappingMode™ was used for this
imaging, which embraced the (0.5 x 0.5) um® area. For this
imaging, the MIP films were deposited on the Au film coated
glass slides. These slides were cleaned with toluene, and then
with acetone before deposition of the MIP films.

The X-ray photoelectron spectra (XPS) were recorded on a
PHI 5000 VersaProbe™ (ULVC-PHI) scanning ESCA microprobe
using monochromatic Al Ko radiation (hv = 1486.4 eV). The XPS
data were generated by a 100 pm diameter X-ray beam and
collected from the 250 um? irradiated area. The high-resolution
(HR) XPS spectra were collected using a hemispherical analyzer
at the pass energy of 23.5 eV, energy step of 0.1 eV, and photo-
electron take off angle of 45° with respect to the surface plane.
The CasaXPS software was used to evaluate the XPS data. The
background was subtracted using the Shirley method and peaks
were fitted using the mixed Gaussian-Lorentzian peak shape
with 30% Lorentzian character. The binding energy of the Au
4f,, peak (BE = 84.0 eV) was chosen as the internal reference.
The samples for XPS and Raman spectroscopic measurements
were prepared in the same way as that used for imaging by AFM.

The Raman spectra were obtained using the InVia confocal
Renishaw system using a Leica microscope with the Peltier-
cooled 1024 x 256 pixel CCD detector. Signals were collected
using a 100x Leica air objective (NA = 0.85) and dispersed by a
1200 grooves per mm grating. The spectral resolution was
5-6 cm " and the wavelength accuracy was 2 cm ™. The excitation
source was the He-Ne laser (623.8 nm) and the total number of
scans for each spectrum was 600. The laser power was 50-500 pW
on the sample. The spectra were background corrected using
cubic-spline interpolation. The experimental Raman spectra were
compared with the theoretical spectra. The theoretical spectra
were calculated for 3 and the complex of 1 and 3 using density
functional theory (DFT) at the B3LYP/6-31G level with the
harmonic approximation, using Gaussian 09 software.’> The
analysis of theoretical spectra was performed using Vibrational
Energy Distribution Analysis (VEDA).>*>* The background was
subtracted and spectra were mathematically reconstructed using
the Opus 6.5 and Fityk 0.9.8 software, respectively.”® The theore-
tical and experimental spectra were compared using the SPESCA
software using weighted linear regression.”®

The FTIR absorption spectra of carnosine template 1, func-
tional monomer 3, and the complex of 1 with 3 in potassium
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bromide (KBr) pellets were recorded using a Vertex 80 V Fourier
Transform Infrared (FTIR) spectrometer of Bruker with the
DTGS detector. The samples were prepared by mixing 1, func-
tional monomer 3, and the complex of 1 and 3 (the mixture of 1
and 3 was dissolved in acetonitrile : water solution and the solvent
was allowed to evaporate, thus yielding a powder) with KBr
powder, respectively, and pressed to form pellets. Then, 256 scans
of the FTIR spectra were recorded at 0.6 cm™ " resolution. For
comparison, theoretical IR spectra were calculated using the same
method as that mentioned above for calculation of theoretical
Raman spectra.

The PM measurements were carried out under flow-injection
analysis (FIA) and stagnant-solution conditions using a flow
cell’” and an EQCM 5710°® quartz crystal microbalance (QCM)
operated by an EQCM 5710-S2 software, respectively, and an
EP-20A potentiostat, all from the Institute of Physical Chemistry
PAS. The resonance frequency was measured with 0.1 Hz
resolution using 14 mm diameter AT-cut plano-plano 10 MHz
resonance frequency Au-QCRs with ~100 pm thick 5 mm
diameter Au film electrodes evaporated over the Ti underlayers
on both sides of the resonator. However, the test solution
wetted only one side of the crystal. In FIA measurements, the
flow cell was connected to a 922 model Quartz Crystal Analyzer
of Seiko EG&G and an SP-300 potentiostat of BioLogic, both
controlled by the EC-Lab BioLogic software. A 0.1 M LiNO;
solution, used as the carrier liquid in FIA, was pumped with the flow
rate of 35 uL min~" through the flow cell using a model 78/100
syringe pump of KD Scientific. The 100 pL samples were injected
using a 7725i model rotary six-port valve of Rheodyne. The
carnosine analyte or its interferences were dissolved in the
solution of the same composition as that of the carrier solution.

The IC measurements were performed under the same FIA
conditions as those adopted for the PM measurements. The IC
measurements were carried out using a large-volume (35 mL)
radial-flow thin-layer electrochemical cell* filled with the 0.1 M
LiNO; carrier solution. The Pt working electrode was axially
mounted above the inlet capillary orifice at the (capillary outlet)-
to-electrode distance of 300 um. A Pt wire loop and an Ag/AgCl
electrode were used as the auxiliary and reference electrode,
respectively. The applied frequency and potential were kept con-
stant at 20 Hz and 0.50 V vs. Ag/AgCl, respectively.

Polymer film preparation

The MIP film was deposited from the pre-polymerization
complex solution of carnosine and functional monomers by
electropolymerization under potentiodynamic conditions. This
solution contained acetonitrile and water in the volume ratio
of 9:1. Moreover, it was 0.1 mM in carnosine, 0.3 mM in 2,
0.1 mM in 3 and 0.1 M in the (TBA)ClO, supporting electrolyte.
Electropolymerization was carried out over the potential range
of 0 to 1.40 V vs. Ag/AgCl using the Pt disk electrode, the
Au-QCRs, and the Au film coated glass slides at the scan rate of
50 mV s~ '. The thickness of the deposited polymer film was
controlled by the number of potential cycles, and the optimum
thickness® was reached within five cycles. After the electro-
polymerization was completed, the electrode coated with the

This journal is © The Royal Society of Chemistry 2016
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MIP-carnosine film was rinsed with abundant acetonitrile to
remove excess of the supporting electrolyte. Then, the carnosine
template was removed from the film by extraction with 0.1 M
NaOH for 30 min at room temperature. Completion of this
removal was confirmed by the DPV and XPS measurements.

Moreover, a non-imprinted polymer (NIP) film was prepared
as control. It was deposited under solution conditions same as
those used for the MIP film deposition, however, in the absence
of carnosine.

Quantum chemical calculations

The structure of the pre-polymerization complex, in vacuum, of
the carnosine template 1 and both functional monomers 2 and
3 was optimized, and the values of thermodynamic functions
were calculated using DFT at the B3LYP/6-31G(d) level using
Gaussian 09 software.>>

Results and discussion

Molecular modeling of interactions between binding sites of
the carnosine template and recognition sites of functional
monomers

The structure of the pre-polymerization complex of the carno-
sine template and both functional monomers was optimized by
computational modeling (Scheme 1). In Scheme 1a, the struc-
tural formula of this complex is proposed. In this complex
(Scheme 1b), hydrogen atoms 106, 107, and 108 of the amine
group of 1 interact with the 18-crown-6 moiety of 3. Here, the
crown ether moiety of 3 plays the role of a host moiety including
the -NH;" guest moiety of 1. The hydrogen atom 103 and the
oxygen atom 101 of 1 are complementarily paired with the
oxygen atom 198 and the hydrogen atom 200 of the carboxy
group of 2/, respectively, forming two distinct hydrogen bonds.
The same interactions are characteristic of atoms of the peptide
bond of 1. That is, the hydrogen atom 93 and the oxygen atom
104 of carnosine are complementarily paired with the oxygen
atom 244 and the hydrogen atom 246 of 2, respectively. The
hydrogen atom 82 of the imidazole substituent of 1 forms a
hydrogen bond with the oxygen atom 152 of the carbonyl group
of 2”. Table 1 summarizes results of the calculated Gibbs free
energy change, AG, due to possible interactions of different
recognition sites of functional monomers with complementary
binding sites of the carnosine template. Calculations of the
change in thermodynamic functions corresponding to the formation

Table 1 The Gibbs free energy change (AG) corresponding to the
formation of a complex of the carnosine template with functional
monomers

AG
Functional monomer Type of binding (kJ mol ™)
Carboxylic acid derivative 2 Hydrogen bond —35.8
Carboxylic acid derivative 2’ Hydrogen bond —42.8
Carboxylic acid derivative 2" Hydrogen bond —22.2
[18-crown-6] ether derivative 3 ~ Inclusion interactions  —178.2

Pre-polymerization complex of the carnosine template 1 and —227.4
functional monomers 2, 2/, 2", and 3

This journal is © The Royal Society of Chemistry 2016
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of a complex of 1, 2, and 3 of 1:3:1 stoichiometry and the
optimized structure, resulted in a substantial total negative
change in the free energy, AG = —227.4 k] mol ' (Table 1). This
relatively high AG gain indicated the possibility of formation of
a stable (multi host)-carnosine complex. In the optimized
structure of carnosine, there are seven possible binding sites.
Unfortunately, one site, i.e., unprotonated nitrogen of the
imidazole ring, is not accessible to any recognition site of the
functional monomers because of steric hindrance. Nevertheless,
the computational DFT modeling indicated, advantageously,
strong six-point binding of the carnosine template.

The total free energy change, AG, because of formation of the
carnosine complex was compared with the AG for the histidine—
(functional monomers) complex where histidine was chosen as
its interference because the histidine moiety is a part of the
carnosine dipeptide. For that purpose, computational modeling
was performed. The complex structure was “frozen” in such a
way that the recognition sites of the functional monomers were
left “unfrozen”.*® After that, carnosine and histidine molecules
were allowed to equilibrate, separately, with the “frozen” mole-
cular cavity. The total free energy change for the “frozen” carnosine
complex was —347.01 k] mol~'. However, this change for the
“frozen” histidine complex was nearly half, AG = —183.85 k] mol .
These results confirmed that the designed molecular cavity of the
MIP preferentially bound the carnosine dipeptide molecule.

Infrared spectroscopic characterization of pre-polymerization
complex formation in solution

Several studies confirmed that oxygen atoms of crown ethers
interact with hydrogen atoms of protonated primary and
secondary amines.®’ " In effect, inclusion complexes are formed.
We performed IR measurements to verify host-guest interactions
between the carnosine template 1 and the 18-crown-6 derivatized
bisbithiophene functional monomer 3. Accordingly, in Fig. S1
(ESIt), IR spectra of carnosine, functional monomer 3, and the
complex of carnosine—(functional monomer) in KBr are pre-
sented. Fig. S1a (ESIT) shows two peaks at 1492 and 1644 cm ™"
that are assigned to bending of the N-H bond.®® These
peaks are shifted to higher wavenumbers 1607 and 1734 cm ™/,
respectively, in the spectrum of the complex (Fig. Sic, ESIT)
because of interactions of oxygen atoms of the crown ether moiety
of 3 with hydrogen atoms of 1. Apparently, N-H-:--O hydrogen
bonds were formed confirming inclusion complex formation. The
presence of mentioned peaks and their shift to higher wave-
numbers correspond to calculated theoretical IR spectra (blue
vertical lines in Fig. S1, ESIY).

Deposition of MIP-carnosine films on different working
electrodes

With respect to the optimized structure of the pre-polymerization
complex, the solution of 1, 2, and 3 with the molar ratioof 1:3:1,
respectively, was prepared for electropolymerization. Unfortu-
nately, the carnosine template is insoluble in acetonitrile.
Therefore, 10% water was first used to dissolve all the components.
Finally, (TBA)CIO, was added to satisfy the electropolymerization
requirement of sufficiently high ionic strength. The MIP-carnosine

J. Mater. Chem. B, 2016, 4, 11561165 | 1159
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Fig. 1 Potentiodynamic curves of 0.1mM 1,03 mMM 2,01 mMM3in01M
(TBA)ClOy4 in acetonitrile—water solution (9:1, v:v) recorded on a 1 mm
diameter Pt disk electrode for 5 potential cycles at the potential scan rate
of 50 mV s7%.

film was deposited on three different working electrodes, viz.,
the Pt disk electrode (for capacity measurements), the Au-QCR
(for PM measurements), and the Au film coated glass slide (for
AFM imaging).

The anodic peak of electropolymerization of functional
monomers 2 and 3 appeared in the first cycle at ~1.10 V
(Fig. 1). In the next cycle, this peak was shifted to the higher
potential value of ~1.20 V. In subsequent cycles, it decreased
with the growth of thickness of the deposited film. This decrease
indicated the increase of resistance of the deposited film.
Apparently, the MIP-carnosine film plays the role of a barrier
inhibiting the charge shuttling between the electrode surface
and the redox species in solution, thus hindering the electrode
redox reaction.

Moreover, the above electropolymerization procedure was
used for deposition of the MIP-carnosine film on the Au-QCRs
for PM measurements (Fig. 2). In the first potential cycle, the
anodic peak appeared at ~1.20 V (Fig. 2a). This sharp peak
converted into a broad peak with a hump at ~1.0 in the second
cycle. Importantly, in subsequent cycles these two peaks merged
to form one broad peak at more positive potentials.” Moreover,
the anodic current decreased with each cycle. A cathodic peak
was present at ~0.60 V. It increased in the first three cycles,
and then decreased. Deposition of the MIP-carnosine film on
the Au-QCR was accompanied by a decrease of the resonance
frequency (Fig. 2b) indicating the increase of the Au-QCR mass.
This frequency decrease was lower in each consecutive cycle.
Moreover, the film deposition caused only a minor dynamic
resistance decrease (Fig. 2¢) indicating only negligible changes
in the film viscosity and density.

Extraction of the carnosine template from the MIP-carnosine
film

A strongly basic solution, used for extraction of the carnosine
template, caused deprotonation of carnosine (pK,; = 2.76 of
—-COOH, pK,, = 6.72 of N-H in the imidazole ring, and pK,; =
9.32 of -NH, of the B-alanine residue®®). This deprotonation
resulted in decomposition of the supramolecular complex of

1160 | J. Mater. Chem. B, 2016, 4, 1156-1165
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Fig. 2 Simultaneously recorded curves of the potential dependence of (a)
current as well as the change in (b) resonant frequency and (c) dynamic
resistance for deposition of an MIP-carnosine film by potentiodynamic
electropolymerization at 10 MHz Au-QCR. The solution composition was
the same as that used for recording curves shown in Fig. 1.

the crown ether moiety of 3 with the -NH, group of 1. Moreover,
it led to rupture of all hydrogen bonds because of formation of
carboxylates and imidazolate, and hence electrostatic repulsion of
the carboxylate recognition sites of 2’ and 2" by the carboxylate
binding sites of carnosine.

To confirm the completion of the extraction, the DPV experi-
ments exploiting the “gating effect” were performed (Fig. 3). In
these experiments, K,[Fe(CN)q] was used as the redox probe. The
bare electrode was freely accessible for the Fe(CN)s* ™ /Fe(CN)s*>~
electrode reaction (curve 1 in Fig. 3). However, this probe could
not approach the electrode surface coated by the MIP-carnosine
film, as manifested by no current flow (curve 2 in Fig. 3).
The carnosine template extraction from the film emptied

24 T T Y T T T u T T T

20

16

12

Current / pA

1
0.0 0.1 0.2 0.3 0.4 0.5 0.6
Potential I V (vs. Ag/AgCl)

Fig. 3 The DPV curves of 0.1 M K4[Fe(CN)gl in 0.1 M KNO3 on (1) the bare
Pt disk electrode as well as for the Pt disk electrode coated with the MIP-
carnosine film (2) before and after extraction of the carnosine template
with 0.1 M NaOH for (3) 10 min, (4) 20 min, and (5) 30 min.

This journal is © The Royal Society of Chemistry 2016
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molecular cavities, and hence facilitated the diffusion of the
probe to the electrode surface through the MIP film (curves 3-5
in Fig. 3). After 20 min, the DPV current peak increase for the
redox probe slowed down. We extracted the MIP film for addi-
tional 10 min for complete template removal. The completion of
extraction was confirmed by XPS measurements (Fig. S2, ESIt).

In the N 1s XPS spectra, the N 1s electron binding energy
was chosen as a marker for confirming the presence, and then
the absence of the carnosine template in the MIP film before
and after extraction, respectively, (Fig. S2a and b, ESIt). The
composed band at ~400 eV corresponds to the electrons of
nitrogen atoms at different positions in the carnosine template
imprinted in the polymer. The deconvoluted spectrum shows
two peaks, ie., one at 399.12 eV and the other at 401.42 eV.
These peaks can be assigned to electrons of the nitrogen atom of
the histidine residue or the nitrogen atom of the peptide bond,
and primary aliphatic amine, -NH;",*® respectively. It is difficult
to distinguish bands of the nitrogen atoms of the imidazole ring
and those of the peptide bond because of peak overlapping.
Nevertheless, the presence of the N 1s peaks (Fig. S2a, ESIY)
confirms template imprinting in the MIP. Then, the absence of
these peaks after carnosine template extraction (Fig. S2b, ESIY)
proves completion of this extraction.

The Raman spectra of the carnosine powder as well as of
MIP films before and after template extraction were recorded
(Fig. S3, ESIt). In Fig. S3a (ESIt), there are peaks characteristic of
carnosine. At 1407 and 630 cm™ ", there are peaks corresponding to
in-plane deformation vibrations and a strong peak responsible for
stretching vibration of the COO™ moiety, respectively. Peaks at
1433, 1469, 1498, 1572, and 1666 cm™* can be assigned to vibra-
tions of the imidazole ring.”® A peak corresponding to the C-H
in-plane deformation vibration in the imidazole ring is seen at
990 cm™".”° Fig. S3b (ESIf) presents the Raman spectrum of the
MIP film before removal of the carnosine template. This spectrum
shows peaks ascribed to vibrations related to thiophenes and
carnosine.®® That is, the peak at 1441 cm ' corresponds to
stretching vibrations of the imidazole ring. After extraction of
the carnosine template (Fig. S3c, ESIT) intensity of this peak
decreased, thus confirming removal of this template.

The Raman spectra of the MIP film are dominated by peaks
originating from the C-C stretching vibrations. Fig. S4 (ESIf)
shows peaks corresponding to vibrations of the N-H- - -O bonds
formed between 1 and 3. A weak peak at 1686 cm™ ' observed
before template extraction (Fig. S4a, ESIt) disappeared after
the extraction (Fig. S4b, ESIt). Blue vertical lines represent
theoretically calculated normal modes. They can be assigned
to vibrations of the NH;" group of carnosine interacting with
oxygen atoms of the crown ether moiety of 3. In the red frame
(Fig. S4a, ESIT), the scaled peak at 1645 cm ™" (experimental
1710 cm™ ") contains 50% of the H-N-H bending vibration.
Formation of hydrogen bonds of the guest-host complex resulted
in pushing this peak toward a higher scaled Raman shift of
1660 cm ™' (experimental 1742 cm™ ). The difference between
these peaks for the experimental data is 40-41 cm™ " while our
calculations predicted the shift of 32 cm ™" in view of the 29 cm™"
calculated shift from the literature.”*

This journal is © The Royal Society of Chemistry 2016
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Surface morphology of the MIP-carnosine film

The AFM imaging of the MIP-carnosine film before (Fig. 4a) and
after (Fig. 4b) carnosine template extraction revealed that the film
was homogenous and composed of small grains of ~10 nm in
diameter. These grains provided a large surface area (Fig. 4a and b),
thus maximizing interactions of the MIP with the analyte mole-
cules. Before template extraction, thickness of 240(+24) nm and
roughness of 1.5(+0.1) nm of the MIP-carnosine film were deter-
mined. Interestingly, this thickness was practically the same after
carnosine template removal, then being 229(+24) nm. Therefore,
the possible polymer swelling and contribution of this swelling to
the measured capacity is excluded that way.

Determination of carnosine using capacity measured by
impedimetry under FIA conditions

A Pt disk electrode coated with the carnosine-extracted MIP-
carnosine film was used for IC measurements of carnosine
determination under FIA conditions. The impedance measure-
ments were performed at the direct current potential offset of
0.50 V and the alternating current potential amplitude of 10 mV.
During measurements, the frequency was kept constant, f= 20 Hz.
At this low frequency, the MIP film coated electrode mainly
reveals capacitive properties. This capacity was low at low

12.6 nm

-11.6 nm

0.0 Height 500.0 nm

17.3 nm

-12.1 nm

0.0

Height 500.0 nm

Fig. 4 The atomic force microscopy (AFM) images of the MIP-carnosine film
deposited over Au film-coated glass slides of the surface area of (0.5 x 0.5) pm?
(a) before and (b) after extraction of the carnosine template.
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potential and it rapidly increased with the potential increase.
However, the capacity was low again when the polymer was
completely oxidized. Therefore, the potential of 0.50 V was
selected as an optimized potential in these measurements.”
Importantly, this potential was much lower than that of oxidation
of the thiophene polymer. The double-layer capacity was calculated
from the equation
Z// — 1
a)CdlA

1)

where Z" is the imaginary component of impedance, w is the
angular velocity equal to 2nf, and 4 is the electrode surface area.
Rearrangement of eqn (1) results in

1

- 2
Ca 2nfAZ" &)

According to eqn (2), capacity can be readily determined
from the Z” measurement at a constant and sufficiently low
frequency.

The capacity increased after injection of the carnosine analyte
solutions, and then decreased to form peaks (Fig. 5). The concen-
tration of the carrier electrolyte solution was kept high (0.1 M
LiNO;) to minimize the contribution of the diffuse-layer capacity
to the total capacity measured. Therefore, this capacity increase
was related to the capacity increase of the compact part of the
double layer. Hence, the Helmholtz model of the double layer
could be adopted. In this model, capacity solely depends upon
the electric permittivity, ¢, (¢, being electric permittivity of free
space) and the thickness of the compact part of the double layer,
d, as eqn (3) describes”

Ca =1 ®3)

The decrease of thickness of the compact part of the double
layer and/or the increase of relative permittivity caused by the

N
T
3 )

-2

Capacity change | nF cm’™
o & o ®

0.0 0.8

0.2 04 0.6
Concentration of analyte or interference | mM

Capacity | nF cm

0 20 40 60 80
Time [min

Fig. 5 The capacity change with time under FIA conditions for the 100 pL
injections of carnosine in 0.1 M LiINOs at the applied potential of 0.5 V vs.
Ag/AgCland the frequency of 20 Hz for the 1 mm diameter Pt disk electrode
coated with the carnosine template extracted MIP-carnosine film. The
carnosine concentration is indicated at each peak. The inset shows calibra-
tion plots on the Pt disk electrode coated with the carnosine template
extracted MIP-carnosine film for (1) carnosine and its structural analogues
(2) L-histidine, (3) L-anserine and (4) carcinine. The flow rate of 0.1 M LiNOs,
used as the carrier solution, was 35 uL min~.
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appearance of the carnosine ions in the MIP may result in the
Cq increase. As expected, capacity of the imprinted polymer
film increased with the increase of the concentration of the
injected carnosine analyte sample solution (Fig. 5).

The linear dynamic concentration range of at least 0.1 to
0.75 mM determined (inset in Fig. 5) was characterized by the
linear regression equation of the calibration plot of Cg (LF cm™?) =
0.014(£5.6 x 10" (UF cm 2 MM %) Ceamosine (MM) + 8.0 X
107*(£2.3 x 10~*) (uF cm™?) with the correlation coefficient
of 0.992 and sensitivity of 0.014(+5.6 x 10 *) pF cm > mM .
At S/N = 3, the limit of detection reached 20 uM carnosine.

For selectivity studies, structural analogues of carnosine,
including anserine, carcinine, and histidine, were chosen. Our
chemosensor appeared appreciably selective toward these analo-
gues (inset to Fig. 5). That is, sensitivity to carnosine was ~ 38 times
that to anserine being 3.6 x 10 *(£2.8 x 10"*)uFecm™ > mM ' and
over 100 times that to carcinine, which was 4.2 x 10~%=+1.3 x
10~%) uF ecm > mM ™', However, selectivity to histidine, which is a
part of the carnosine dipeptide analyte, was ~ 3 times lower than
that to carnosine equaling 0.0047(£2.4 x 10 %) pF cm > mM .
Not surprisingly, molecular cavities created for carnosine were
sufficiently big to accommodate small histidine molecules.
Moreover, our quantum chemical calculations confirmed
this result. That is, the strength of histidine binding by the
molecular cavity imprinted with carnosine was half of that of
carnosine binding.

Determination of the imprinting factor using piezoelectric
microgravimetry under FIA conditions

The PM technique was used to determine the imprinting factor
of the MIP film. For that purpose, the Au-QCR coated with the
MIP-carnosine film was mounted on the EQCM 5610 holder,
and then carnosine was determined under FIA conditions. The
change in the resonant frequency, Af, is related to the change in
mass, Am, of a rigid film deposited on the Au-QCR surface, as
described by the Sauerbrey relation, (eqn (4))

_ —2f*Am

A =———
Aac\/Pqltq

(4)
Here, f; is the resonant frequency (10 MHz), A,. is the acous-
tically active resonator surface area (0.1963 cm?), on which the
MIP-carnosine film is deposited, pq is the quartz density
(2.648 g ecm™’), and pg is the shear modulus of quartz for the
AT-cut crystal (2.947 x 10" g s™" em™).

The frequency decreased, and then increased to its baseline
after each consecutive injection of the carnosine sample solu-
tions of different concentrations (Fig. 6). This frequency beha-
vior indicated the binding of the carnosine molecules by the
empty cavities of the film, and then releasing these molecules
with excess of the carrier solution. Apparently, the higher the
absolute change in the resonant frequency, the higher was the
carnosine concentration.

The linear dynamic concentration range of 0.75 to 5 mM

obtained was characterized by the linear regression equation of
Af (Hz) = —12.8(£0.6) (Hz MM ) Cearnosine (MM) — 16.1(1.8) (Hz)

This journal is © The Royal Society of Chemistry 2016
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Fig. 6 The resonant frequency change with time under FIA conditions for
100 pL injections of carnosine in 0.1 M LiINO3 on the Au-QCR coated with the
carnosine template extracted MIP-carnosine film. The flow rate of 0.1 M
LINOs, used as the carrier solution, was 35 pL min~. The carnosine concen-
tration is indicated at each peak. The inset represents the PM calibration curves
for carnosine on the Au-QCR coated with the films of (1) MIP and (2) NIP.

with the correlation coefficient and sensitivity of 0.993 and
—12.8(40.6) Hz mM ', respectively.

A similar measurement was performed for the NIP film
coated Au-QCR. The sensitivity of this control chemosensor
toward carnosine within the linear concentration range of
0.5 to 5 mM was low. The obtained calibration curve obeyed the
linear regression equation of Af (Hz) = —0.86(+0.8) (Hz mM )
Cearnosine (MM) — 12.1(£2.3) (Hz). The imprinting factor, deter-
mined as the ratio of sensitivity to carnosine of the MIP film to
that of the NIP film, was as high as 14.9.

Conclusions

The carnosine template was successfully imprinted in a con-
ducting polymer matrix. Computational modeling appeared
to be a powerful tool in predicting the formation of a stable
pre-polymerization complex of the carnosine template with
suitably selected bis(2,2'-bithien-5-yl)methane derived func-
tional monomers. Electropolymerization under potentiodynamic
conditions enabled depositing MIP films on different electrodes
including the Pt disk electrode and the Au-QCR. Moreover,
it allowed controlling the film thickness and its morphology.
The MIP-carnosine film, applied as a recognition unit of the IC
chemosensor, proved to be a sensitive tool for fast and selective
determination of carnosine with an appreciable detectability
of 20 pM. Owing to the presence of multiple modes of binding
of the analyte with the MIP recognition sites, the fabricated
chemosensor manifested high selectivity to structural carno-
sine analogues including anserine and carcinine as well as
histidine, the latter being a part of the carnosine molecule.
With its high (14.9) imprinting factor, our chemosensor is
suitable for clinical analysis directed toward early diagnosis
of diseases associated with the abnormal concentration of
carnosine in body fluids.

This journal is © The Royal Society of Chemistry 2016
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