
Author’s Accepted Manuscript

Synthesis and application of a “plastic antibody” in
electrochemical microfluidic platform for oxytocin
determination

Piyush Sindhu Sharma, Zofia Iskierko, Krzysztof
Noworyta, Maciej Cieplak, Pawel Borowicz,
Wojciech Lisowski, Francis D'Souza, Wlodzimierz
Kutner

PII: S0956-5663(17)30616-4
DOI: http://dx.doi.org/10.1016/j.bios.2017.09.009
Reference: BIOS9983

To appear in: Biosensors and Bioelectronic

Received date: 6 June 2017
Revised date: 13 August 2017
Accepted date: 7 September 2017

Cite this article as: Piyush Sindhu Sharma, Zofia Iskierko, Krzysztof Noworyta,
Maciej Cieplak, Pawel Borowicz, Wojciech Lisowski, Francis D'Souza and
Wlodzimierz Kutner, Synthesis and application of a “plastic antibody” in
electrochemical microfluidic platform for oxytocin determination, Biosensors
and Bioelectronic, http://dx.doi.org/10.1016/j.bios.2017.09.009

This is a PDF file of an unedited manuscript that has been accepted for
publication. As a service to our customers we are providing this early version of
the manuscript. The manuscript will undergo copyediting, typesetting, and
review of the resulting galley proof before it is published in its final citable form.
Please note that during the production process errors may be discovered which
could affect the content, and all legal disclaimers that apply to the journal pertain.

www.elsevier.com/locate/bios

http://www.elsevier.com/locate/bios
http://dx.doi.org/10.1016/j.bios.2017.09.009
http://dx.doi.org/10.1016/j.bios.2017.09.009


1 

 

Synthesis and application of a “plastic antibody”  

in electrochemical microfluidic platform for oxytocin determination 

 

Piyush Sindhu Sharma,
a,
* Zofia Iskierko,

a
 Krzysztof Noworyta,

a
 Maciej Cieplak,

a
 Pawel Borowicz,

a
  

Wojciech Lisowski,
a
 Francis D’Souza

b
 and Wlodzimierz Kutner 

a,c 

a
Institute of Physical Chemistry, Polish Academy of Sciences,  

Kasprzaka 44/52, 01-224 Warsaw, Poland 

b
Department of Chemistry, University of North Texas, Denton, 1155,  

Union Circle, #305070 TX 76203-5017, USA 

c
Faculty of Mathematics and Natural Sciences, School of Sciences,  

Cardinal Stefan Wyszynski University in Warsaw, Wóycickiego 1/3, 01-815 Warsaw, Poland 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Corresponding Author *E-mail: psharma@ichf.edu.pl 

  



2 

 

Abstract 

By means of molecular imprinting of a conducting polymer, molecular cavities selective for oxytocin 

nonapeptide, an autism biomarker, were designed.  Embedding of the oxytocin template and then its 

extracting from the molecularly imprinted polymer (MIP) was confirmed by the XPS analysis.  AFM 

imaging of the MIP film surface indicated changes in mechanical properties of the film after template 

extraction.  The MIP synthetic receptor was deposited by potentiodynamic electropolymerization as 

a thin film on an Au film electrode in an electrochemical miniaturized microfluidic cell.  The use of this 

cell allowed to shorten analysis time and to decrease the sample volume.  The linear dynamic concentra-

tion range extended from 0.06 to 1 mM with the limit of detection of 60 µM (S/N=3).  Advantageously, 

sensitivity of the diagnostic microfluidic platform devised for oxytocin determination in both synthetic 

serum samples and in aqueous solutions was similar, and moreover it was selective to common interfer-

ences, such as oxytocin analogs and potential metabolites. 
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Introduction 

Autism is a neurological disorder of the brain.  It affects the ability of the child to communicate, relate, 

and socialize.  Children with autism often reveal repetitive behaviors or body movements and do not 

like any changes in the daily routine (Anderson 2015; Frustaci et al. 2012).  These symptoms usually 

develop before the age of three (Yates and Couteur 2008).  Autism is now recognized as a group of syn-

dromes denoted as the autism spectrum disorder (ASD).  The prevalence of ASD is currently estimated 

to be 6-7 per 1000, affecting 4 times more boys than girls.  Unfortunately, the present diagnosis of ASD 

can reliably be made only by the age of three, because the core symptoms emerge not until that time.  

Therefore, determination of ASD at an early stage at the age before three is in demand.  

 Mass spectrometry (MS) is a versatile tool used for investigation of endogenous protein changes.  It 

can be useful to identify the possible ASD biomarkers, whose determination in blood, saliva or urine 

can help in ASD diagnosing (Woods et al. 2013).  Other samples which can be used for analysis of this 

disorder include brain tissues and the cerebrospinal fluid.  However, sample collection in this case is 

difficult, painful, and cannot be performed in every laboratory.  Several factors can affect the MS analy-

sis of these samples on each step, i.e., sample preparation, data analysis, and data interpretation.  Alt-

hough one MS experiment can produce an enormous amount of information, the data analysis limits this 

method, because it needs involvement of an expert (Woods et al. 2013).  

 Various studies showed that an oxytocin nonapeptide hormone (Green et al. 2001; Modahl et al. 

1998) concentration level in body fluids in patients with diagnosed ASD is different than that in healthy 

individuals.  Therefore, oxytocin can be used as a biomarker for autism.  Moreover, there is an increas-

ing interest in measuring peripheral oxytocin levels to better understand the role of this peptide in 

mammalian behavior, physiology, and diseases.  

 Until now, concentration of oxytocin has been measured by enzyme- and radioimmunoassay in body 

fluids, such as blood plasma, saliva, and urine as well as in the cerebrospinal fluid (Szeto et al. 2011).  

The obtained results suggested pretreatment of samples.  Importantly, further analysis showed the pres-

ence of multiple immunoreactive products interfering with oxytocin in sample extracts, which casts 

doubts on reliability of these assays.  An increasing interest in the role of oxytocin in mammals proves 

that there is a critical need to establish valid and reliable procedures to determine this peptide in body 

fluids (Szeto et al. 2011). 

 Other than immunoassays approach, label free method, such as HPLC with UV detection have been 

used toward oxytocin determination in biological samples.  However, most of these methods required 

time-consuming sample preparation procedures, such as protein precipitation, solvent extraction, and 
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solid-phase extraction to concentrate oxytocin in plasma (Kukucka and Misra 1994; Mabrouk and 

Kennedy 2012; Zhang et al. 2011) 

 An emerging alternative approach suggests the use of a “plastic antibody” as the replacement for 

traditional biological receptors in sensing (Haupt and Mosbach 1998).  The number of designs and syn-

theses of biomimetic receptor systems capable of binding target molecules with affinity and selectivity 

similar to those of natural receptors is rapidly growing (Sharma et al. 2015; Sharma et al. 2012).  Im-

portantly, these materials are used as recognition units for devising selective chemical sensors.  Molecu-

larly imprinted polymers (MIPs) (Sharma et al. 2013) represent an excellent example of synthetic sys-

tems that mimic recognition encountered in animate nature.  These "smart materials" can selectively and 

reversibly bind only the target analyte because of the presence of dedicated imprinted molecular cavities 

in the polymer structure.  Several reports described the previous attempts of imprinting of oxytocin (Lin 

et al. 2006; Rachkov and Minoura 2000; Yola et al. 2015; Zheng et al. 2007).  These attempts resulted 

in devising solid-phase extraction materials for oxytocin separation (Lin et al. 2006; Rachkov and 

Minoura 2000).  

 Electrochemical detection systems based on microchip platforms are recently becoming popular for 

implementing field-portable devices because of high sensitivity, possibility of miniaturization and the 

ease of use (Birnbaumer et al. 2009; Hong et al. 2010 ; Weng et al. 2007).  These easy-to-use and sensi-

tive analytical tools are necessary for detecting very low concentrations of the target analyte of the 

health care importance (Weng et al. 2007). 

 Towards attaining this goal, we deposited in the present work the devised MIP synthetic receptor in 

the form of a thin film on a commercial Au disk thin-film electrode surface.  Then, this MIP coated Au 

electrode was assembled in an electrochemical microcell to construct a microfluidic platform.  Capaci-

tive impedimetry was applied to determine oxytocin molecule binding by dedicated molecular cavities 

of the MIP synthetic receptor (Ertürk and Mattiasson 2017).  The present work proposes an easy and 

effective way of MIP film preparation and its use as the recognition unit in a microfluidic based imped-

imetric sensing device.  

2.  Experimental 

2.1  Reagents 

Electrochemical grade acetonitrile was purchased from Sigma-Aldrich.  Tetrabutylphosphonium tetra-

fluoroborate, (TBP)BF4, was from Fluka.  Synthetic details on preparation of the 4-bis(2,2’-bithien-5-

yl)methylbenzoic acid glycol ester FM 1 functional monomer is given in Supporting Information.  Syn-

thetic details on other functional monomers including 1-methylamide-4-[bis(2,2’-
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bithienyl)methane FM 2 (Huynh et al. 2013), and bis(2,2’-bithienyl)-(4-(2-

hydroxyethoxy)phenyl)methane FM 3 (Huynh et al. 2015a), as well as the 2,4,5,2’,4’,5’-hexa(thiophen-

2-yl)-3,3’-bithiophene CM (Sannicolò et al. 2016)  cross-linking monomer are given elsewhere.  All the 

synthesized monomers were purified by HPLC before use.  Analytical grade NaOH and KF were pro-

cured from CHEMPUR.  

2.2.  Instrumentation and procedures 

Structure of the pre-polymerization complex was optimized in vacuum and in a solvent by computation-

al modeling using the density functional theory (DFT) at the B3LYP level with the 3-21G* basis set, all 

implemented in the Gaussian 09 software package (Frisch et. al. 2009). 

 XPS spectra were recorded on a PHI 5000 VersaProbe™ (ULVC-PHI) scanning ESCA microprobe 

using monochromatic A1 Kα radiation (h=1486.4 eV).  The XPS data were generated by a 100-µm 

diameter X-ray beam and collected from 250-µm
2
 irradiated area.  High-resolution XPS spectra were 

collected with 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.  CASA XPS software was used to evalu-

ate the XPS data.  The background was subtracted using the Shirley method and peaks were fitted using 

the mixed Gaussian-Lorentzain method.  The binding energy of the Au 4f7/2 peak (BE = 84.0 eV) was 

chosen as an internal reference.   

 Infrared (IR) spectra were recorded with a Vertex 80v Fourier Transform IR (FTIR) computer con-

trolled Bruker spectrometer equipped with Opus 6.5 software of the same manufacturers.  In order to 

measure an IR signal from thin polymer films, a PMA50 module was used.  This module enables carry-

ing out polarization-modulation infrared reflection-absorption spectroscopy (PM IRRAS) measure-

ments.  Spectra were recorded with 2-cm
-1

 resolution.  For each spectrum, 1024 scans were recorded.  

The experimental IR spectra were compared with those theoretically generated.  Theoretical vibration 

frequencies of normal modes were calculated with the DFT method within harmonic approximation.  

Positions of the bands in experimental spectra were determined with the procedure implemented in the 

Opus 6.5 software package.  Calculated normal modes were assigned to experimental bands in two-

steps.  The first vibrational energy distribution analysis (VEDA) step calculated normal modes ex-

pressed in terms of local modes (vibrations of internal coordinates: bonds, i.e., bond angles, and dihedral 

angles) (Jamróz 2004-2010, 2013).  In the second step, the spectra calculated were fitted to experimental 

data by means of linear regression.  That way, the unharmonic factor was phenomenologically intro-

duced to calculated frequencies.  Those calculated frequencies were scaled with the SPESCA program 

(Jamróz 2014). 
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 AFM topography and nanomechanical property images were recorded using Multimode 8 micro-

scope of Bruker equipped with a Nanoscope V controller operating in the PeakForce QNM mode.  Na-

noscope v.8.15 software was used for data acquisition and analysis.  An RTESP silicon tip on the silicon 

cantilever with the spring constant of 42 Nm
-1

 was used for all experiments.  The reduced Young modu-

lus was calculated from the force curves recorded using the DMT model.  For determining average film 

thickness, some parts of the film were carefully removed in few different places from the electrode sur-

face, i.e., scratched with a Teflon™ spatula, under an optical microscope.  Subsequently, these scratches 

were imaged with AFM.  Then, heights of the resulting steps were measured by averaging the number 

of points on both sides of the step (sufficiently far from its partially detached front).  The difference of 

the average values of points on the step and at its foot determined the height of the step.  Finally, step 

heights measured for different scratches were averaged to get an average value of film thickness. 

 The electropolymerization under potentiodynamic conditions and capacitance measurements were 

performed using an SP-300 BioLogic potentiostat controlled by EC-Lab BioLogic software.   

 Polymer samples for XPS, IR, and AFM measurements were deposited on glass slides coated with 

thin layers of Au evaporated on Ti underlayers (Au-glass slides). 

 Au thin-film electrodes were purchased from MicruX Technologies.  Before measurements, elec-

trodes were electrochemically activated by potential cycling 25 times in 0.5 M H2SO4 between 0 and 

1.30 V at the rate of 50 mVs
-1

. The working (1-mm diameter), reference, and counter electrodes were 

made from Au and fabricated by a thin-film technology.  For deposition of MIP films on Au electrodes, 

the external Ag/AgCl reference electrode and the Pt wire counter electrode were used in a three-

electrode one-compartment V-shaped electrochemical glass mini cell. 

 All MIP films were deposited by potentiodynamic electropolymerization.  Pre-polymerization solu-

tion contained the oxytocin template, FM 1, and CM, at the molar ratio of 1 : 4 : 2.  The presence of the 

cross-linking monomer incurred three-dimensionality to the MIP matrix.  Moreover, the solution was 

0.1 M in tetrabutylphosphonium tetrafluoroborate, which served as the supporting electrolyte.  Finally, 

five potential cycles at the 50 mVs
-1

 scan rate were performed to complete the MIP film deposition.  

After deposition, the film was rinsed with abundant acetonitrile to remove excess of the supporting elec-

trolyte and non-polymerized monomers.  Then, the oxytocin template was extracted from the MIP film 

by holding at constant potential of 0.50 V vs. Ag/AgCl applied to the MIP film coated electrode in 0.01 

M NaOH for 8 h.  To confirm the imprinting, a control polymer (non-imprinted polymer, NIP) was pre-

pared in the absence of oxytocin.  

 A commercial microfluidic system (MicruX Technologies) was used for the capacitance measure-

ment under flow-injection analysis (FIA) conditions.  This system was composed of the aluminum base 
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and the methacrylate cover (Scheme 1).  A wall-jet flow-through electrochemical microcell featured a 

standard microfluidic port with the inlet channel of 0.5 mm in I.D.  The internal volume of the cell was 

<500 nL.  The cell volume was limited by the O-ring (2- or 3- mm I.D.).  The frequency and potential 

applied to the MIP film coated working electrode was kept constant at f =20 Hz and Eappl=0.50 V, re-

spectively.  The microfluidic system was connected to a programmable syringe pump Model 78/100 of 

KD Scientific allowing controlling the flow rate of 35 μL min
-1

.  A 10 mM KF was used as the carrier 

solution all throughout the measurements.   

 

Scheme 1 

 

3.  Result and discussion  

3.1  Molecular cavity designing in the imprinted polymer 

Bioreceptors offer specific interaction with the target analyte.  Notably, the specificity of bioreceptors is 

incurred by their molecular cavities, in which different recognition sites are positioned in a well-defined 

manner to provide definite chemical microenvironment for reversible binding of target analyte mole-

cules.  For instance, these cavities in protein bioreceptors are generated by arrangement of a series of 

amino acids joined by peptide bonds in a polypeptide chain.  Therefore, to mimic these microcavities in 

MIPs, artificial multi-point interacting monomers should be designed.  Molecules of these monomers 

should be able to self-assemble around the template molecule, similarly as amino acid molecules in pro-

tein receptors.   

 Accordingly, we have designed and synthesized a few functional monomers (Scheme 2) non-

covalently binding the oxytocin template through multiple-point interactions.  These monomers con-

tained the bisbithiophene polymerizable moiety.  The presence of this moiety allowed “freezing”, by 

electropolymerization, the arrangement of functional monomer molecules around the template molecule.  

Before final application of the functional monomers for the imprinting, structures of the pre-

polymerization complexes of the oxytocin template and selected functional monomers were optimized 

by computational modeling. 

 

Scheme 2 

 

 The change in Gibbs free energy (G) of formation of the oxytocin complexes with different func-

tional monomers were calculated with the density functional theory (DFT) method.  Firstly, 1 : 1 com-
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plex formation was allowed to be formed.  The calculated G values of different pre-polymerization 

1 : 1 complexes are summarized in Table S1.  The negative gain of G was the highest for the complex 

of oxytocin with FM 1 (Table S1).  This G value was the most negative if this ratio was 1 : 4 (Scheme 

S1 and Table S1).  However, further increase of this ratio resulted in the decrease in the negative G 

value, possibly because of steric hindrance and overcrowding.  Further, the acetonitrile solvent mole-

cules were introduced to study the medium effect on the complexation.  Importantly, this complexation 

in acetonitrile was still possible.  With this preliminary screening step, the optimal molar ratio of the 

template to functional monomer leading to a stable pre-polymerization complex was selected. 

3.2  Deposition of the electroactive imprinted polymer film  

The solution of optimized composition for electropolymerization contained the oxytocin template, the 

functional monomer FM 1, and the cross-linking monomer CM in the molar ratio of 1 : 4 : 2, which 

followed from the DFT molecular modeling.  Then, the structure of this prepared pre-polymerization 

complex was “frozen” with potentiodynamic electropolymerization resulting in deposition of a synthetic 

receptor in the form of a thin MIP film on the Au electrode (Fig. S1).  An anodic peak appeared at 

∼1.10 V vs. Ag/AgCl corresponding to irreversible electro-oxidation of the bisbithiophene moieties of 

the monomers (Huynh et al. 2015b).  During this electro-oxidation, cation radicals are formed (Heinze 

et al. 2010).  These radicals initiate electrochemical polymerization, which herein resulted in precipita-

tion of the MIP film on the electrode surface.  The anodic peak increased in consecutive cycles indicat-

ing formation of a highly conducting MIP film.  After completion of the electropolymerization, the sup-

porting electrolyte and unreacted substrates were removed from the MIP film with excess of the acetoni-

trile solvent.  

3.3  Confirmation of oxytocin templating in MIP, and then template removal 

A complete template removal from the structurally well-defined MIP molecular cavities is one of the 

most important steps in MIP preparation for analytical applications. If not, the template may “bleed” 

from the MIP during analyte determination thus contributing to positive false results.  Therefore, con-

firmation of complete template removal is essential.  The population of molecular cavities imprinted in 

MIP usually correlates with the sensitivity of the devised chemosensor.  Therefore, the progress of oxy-

tocin template removal was carefully controlled.   

3.3.1  XPS confirmation of template removal from polymer film 
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For template removal confirmation, high-resolution XPS spectra were recorded in the energy region of 

nitrogen binding at different stages of template removal (Figure 1) (Yoshimi et al. 2013).  Moreover, 

several buffers and solvents were tested for this removal.  Only potentiostatic conditions (0.50 V vs. 

Ag/AgCl) appeared effective in this removal.  Oxytocin templating, and then its removal was manifest-

ed by the presence and absence, respectively, of the N 1s peak at ~400 eV in the XPS spectra of the MIP 

film.  The spectrum for the MIP film before template removal clearly confirmed the presence of the 

N 1s peak (Curve 1 in Figure 1).  Eventually, this peak disappeared after template extraction under po-

tentiostatic conditions for at least 8 h in 0.01 M NaOH (curves 2 and 3 in Figure 1).  However, a residu-

al N 1s peak was still seen even after 8-h extraction, and it did not decrease even after further extraction.  

Advantageously, XPS directly confirmed the entrapment, and then removal of oxytocin from the MIP 

film because the N element was absent in both the functional and cross-linking monomer.  

 

Figure 1 

 

3.3.2  Infrared spectroscopy confirmation of template removal from polymer film 

PM IRRAS measurements on the MIP and NIP films were performed to confirm the template presence, 

and then its absence after removal.  Figure S2 shows experimental spectra recorded for the MIP and NIP 

films before and after potentiostatic template extraction along with the calculated and scaled theoretical 

frequencies of normal modes.  Briefly, the oxytocin-entrapped MIP film showed (Fig. S2a) bands at 

∼1654, 1704, and 1771 cm
-1

 corresponding to the C=O vibrations of different amide bonds of oxytocin.  

These bands disappeared after oxytocin extraction (Fig. S2b).  The band at ∼1722 cm
-1

 corresponds to 

vibration of the carboxyl group of FM 1.  Moreover, the band of OH-bending vibration of the tyrosine 

amino acid moiety of oxytocin was present at ∼1380 cm
-1

 (Fig. S2a).  Expectedly, intensity of this band 

was lower for the NIP film (Fig. S2c).  More importantly, intensity of this band decreased after oxytocin 

template extraction (Fig. S2b).  Interestingly, a new broad band appeared between 1550–1700 cm
-1

 in 

the spectrum of the MIP film after extraction, possibly because of generation of the C=O group over the 

thiophene skeleton because of MIP electrochemical overoxidation.  

 

3.4  Morphology and mechanical properties of the oxytocin imprinted polymer film 

We used AFM for direct determination of three-dimensional morphology of conductive MIP and NIP 

films.  Moreover, we used PeakForce QNM mapping to evaluate nanomechanical properties of the de-

posited and oxytocin-extracted MIP and NIP films. 
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 The determined morphology parameters of the MIP and NIP films before and after oxytocin tem-

plate extraction are summarized in Table S2.  Apparently, the as prepared MIP (Figure 2a) and NIP 

(Figure 2b) films were relatively thin and rough.  Both were composed of rough spherical grains of a 

hundred nm in diameter.  Interestingly, thickness of both MIP and NIP films increased after oxytocin 

template extraction, most likely because of film swelling (Table S2).  Worth mentioning, MIP rough-

ness substantially increased after template extraction because of appearance of many larger grains (Fig-

ure 2c).  However, NIP film roughness decreased after similar treatment mainly because of the appear-

ance of uniformly distributed larger grains (Figure 2d).  

 

Figure 2 

 

 Nanomechanical properties of the films are addressed in Figure 2e-2h, while average values of me-

chanical parameters characteristic for the films are presented in Table 1.  In general, the determined en-

ergy dissipation (Figure 2e-2h) corroborated that films were composed of relatively rigid grains con-

nected by softer boundaries.  Interestingly, the average energy dissipation markedly increased for both 

films after extraction (Table 1); this increase was much more pronounced for the MIP than the NIP film.  

That is, this value was markedly higher (~20 times) for the MIP film after oxytocin template extraction, 

which indicated softening of the film (Table 1).  Interestingly, the dissipation change in the NIP film, 

after similar treatment, increased merely by ~7 fold.  This effect indicates that films became softer 

and/or adhesion of the polymer to the AFM tip was stronger.  Indeed, the average value of the reduced 

Young modulus decreased for both MIP and NIP films after extraction, pointing out film softening.  The 

decrease of the Young modulus was, again, much more pronounced for the MIP than NIP film.  Be-

sides, adhesion force between the tip and the polymer sample increased after extraction for the NIP film 

but slightly decreased for the MIP film.  Noteworthy, values of the reduced Young modulus evaluated 

herein for all studied films are in the range of modulus (3.5-12 GPa) characteristic for the poly(3-

thiophenemethyl acetate) thin films (Madrigal et al. 2013). 

 

Table 1 

 

3.6  Oxytocin determination with an electrochemical microfluidic platform 

Typically, a relatively large solution volume is needed to perform an electrochemical experiment under 

stagnant solution conditions.  At a sufficiently high concentration of a supporting electrolyte, diffusion 

is the only way of mass transport of a redox analyte.  But electrochemical measurements performed un-
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der controlled flow conditions at the electrode of a smaller area and the cell volume minimized down to 

the microscale bring significant advantages.  Combining controlled convection with diffusion increases 

the transport rate of the analyte to the electrode surface, thus allowing determination of analytes at lower 

concentrations.  Usually, this convection is introduced to the system by using a solution flow or rotating 

the electrode.  Importantly, this relative solution-electrode movement should precisely be controlled and 

well defined.  Advantageously, the signal-to-noise ratio increases and the sample volume substantially 

decreases for measurements under flow conditions (Channon et al. 2016). 

 Therefore, we have measured impedance of the MIP and NIP films under flow-injection analysis 

(FIA) conditions using this micro cell. These measurements were performed at the direct current poten-

tial offset of 0.50 V and the alternating current potential amplitude of 10 mV. During measurements, the 

frequency was kept constant at f = 20 Hz. At this low frequency, the MIP film-coated electrode mainly 

reveals capacitive properties (Cheng et al. 2001).  This capacitance was low at low potential and it rap-

idly increased with the potential increase (Mermilliod et al. 1986).  However, the capacitance 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 as no electrochemical process of the polymer occurred in this 

potential region (Fig. S1). 

 Moreover, we recorded impedance spectra of MIP film in order to confirm best frequency range for 

determination of capacitance of MIP film.  Corresponding phase angle vs. logarithm of frequency 

curves are shown in Fig. S3.  The plot showed appreciable changes in phase angle of the MIP in low 

frequency range.  Phase angle of the oxytocin templated MIP film was initially ~-43° (curve 1 in 

Fig S3), which subsequently decreased to ~-58° after oxytocin template extraction (curve 2 in Fig S3). 

Moreover, the phase angle of oxytocin extracted MIP film increased again after binding with different 

amounts of oxytocin (curves 3-7, Fig S3).  This increase was most prominent in the low frequency 

range.  Interestingly, impedance spectra indicated that removal of the template from MIP leads to ap-

pearance of two electrochemical processes with different time constants, while non-extracted MIP fea-

tures only one such process.  This suggested that impedance spectrum of non-extracted MIP film (curve 

1, Fig. S3) is dominated by bulk polymer parameters at high-frequencies, while for extracted MIP film 

interfacial effects at low frequencies plays important role (curves 2-7 in Fig S3). 

 At this constant and sufficiently low frequency, the capacitance of the double layer at the electrode-

solution interface can readily be determined (Orazem and Tribollet 2008).  This was the case in the pre-

sent study where the analyte binding strongly affected electric permittivity of this layer.  In order to in-

crease sensitivity of this capacitance transduction, the double layer should be relatively thick.  Too thin 

double layer compromises the chemosensor sensitivity by leaving a major analyte portion outside.  
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When considering this effect, we herein applied a relatively low concentration of a supporting electro-

lyte (0.01 M KF), which was used as the carrier solution. 

 After sufficient equilibrating the MIP film coated Au electrode in the carrier solution, oxytocin sam-

ples of different concentrations were consecutively injected to the carrier solution at the constant flow 

rate.  As soon as the oxytocin reached the electrode, the electrode-solution interfacial capacitance de-

creased because of oxytocin molecule interaction with molecular cavities in MIP.  This capacitance de-

crease was reversible.  That is, the capacitance increased to its former background value when the oxy-

tocin was eluted with excess of the carrier solution.  The determined capacitance was lower (i.e., electric 

permittivity of the double layer was lower) the higher was the concentration of oxytocin in the consecu-

tively injected samples (Fig. 3a).  The linear dynamic concentration range extended from at least 0.06 to 

1.0 mM oxytocin with the calibration plot obeying the linear regression equation of Capacitance/nF = -

1.065(±0.039) coxytocin/mM + 0.0425(±0.020)/nF.  The correlation coefficient was 0.997 while the LOD 

and sensitivity at the signal-to-noise ratio (S/N) of 3 was 60 µM and -1.065(±0.039) nF mM
-1

, respec-

tively.  

 To confirm the imprinting, i.e., the presence of selective molecular cavities in the MIP film, two 

additional experiments were performed.  In one, a control non-imprinted polymer (NIP) film was depos-

ited on the Au film electrode under the conditions same as those for MIP except of the oxytocin tem-

plate absence.  When this NIP film was used for capacitance measurements to determine oxytocin under 

the same conditions, results were quite different than those for MIP.  Apparently, oxytocin binding by 

the NIP was much weaker (Fig. 3b) than that by the MIP film.  The calibration plot followed the linear 

regression equation, Capacitance/nF =-0.048(±0.005)coxytocin/mM + 0.002(±0.002)/nF.  Evidently, a low 

NIP film sensitivity to oxytocin confirmed oxytocin imprinting in MIP.  From the ratio of the sensitivity 

of the MIP chemosensor and that of the NIP to oxytocin, the apparent imprinting factor was determined 

to be as high as, IF = 22.  An imprinting factor is the measure of the strength of interaction of the MIP 

imprinted cavities with the template molecules.  That is, the higher the imprinting factor, the stronger 

the imprinted cavity interacts with the template molecule. 

 

Figure 3 

 

 In another experiment, the effect of interferences on the response of the oxytocin-templated MIP 

capacitive chemosensor was examined.  Compounds with similar structure or consisting parts of the 

oxytocin nonapeptide were chosen as interferences.  Even sensitivity to carbetocin, a close oxytocin 

analog, was low (Fig. 3c).  More importantly, biomolecules of a smaller size than that of oxytocin failed 
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to show any response (Fig. S4).  Apparently, highly selective molecular cavities were imprinted in the 

MIP film.  

 As demonstrated above, the selection of the appropriate functional monomers for generation of se-

lective molecular cavities in the MIP is crucial for successful imprinting.  Now, several approaches to-

ward the selection of the most appropriate monomers are available including the computational model-

ing explored in the present research.  The role of the CM is to secure in space the recognizing sites of 

functional monomers in pre-defined locations and orientation around template molecules and thereby to 

maintain the structure of the imprinted cavity in the MIP network.  Therefore, the use of a proper tem-

plate-to-FM 1-to-CM ratio is important for MIP preparation.  Herein, it was demonstrated that sensitivi-

ty of the MIP film, prepared with a relatively higher CM ratio (template : FM 1 : CM = 1 : 4 : 6) was 

lower (Fig. S5) in comparison to that of the MIP film prepared with a relatively lower concentration of 

the cross-linker monomer (template : FM 1 : CM = 1 : 4 : 2) (Fig. 3a).  Therefore, the latter ratio was 

used in subsequent studies.  

 After finding suitability of the devised microfluidics platform to determine oxytocin in an aqueous 

solution and optimization of the determination conditions, the system was applied for determination of 

oxytocin in a synthetic serum sample.  For that, a commercial NORTROL serum was diluted 1000 times 

with the carrier solution.  This control serum was prepared from human serum.  It contained both human 

and non-human enzymes as well as the non-protein components.  Different concentrations of oxytocin 

were prepared in control serum samples to examine analytical performance of the chemosensor in this 

complex matrix. Although the signal recorded for a given concentration of oxytocin was ~20% higher 

than that for the KF solution of oxytocin, the sensitivity of the chemosensor was nearly the same. The 

calibration plot was described by the linear regression equation of Capacitance/nF = -1.01(±0.05) coxyto-

cin/mM - 0.48(±0.03) and the correlation coefficient was 0.988 (Fig. 3d). A high signal obtained for the 

NORTROL control serum samples, compared to that for an aqueous solution, might arise from the pres-

ence of small ions in NORTROL leading to different composition of the electrical double layer. Moreo-

ver, the similar sensitivity obtained in both aqueous (KF) and in NORTROL control serum sample sug-

gested a high resistance towards protein fouling. A recent report presented result of MIP based synthetic 

receptor for PSA protein determination in blood plasma (Tamboli et al. 2016). In this case, signals for 

each protein concentration in buffer and in the plasma sample were different because of the matrix ef-

fect. However, this chemosensor was able to determine protein in the plasma sample. Herein, we ob-

served a very similar behavior. Interestingly, our chemosensor was able to determine oxytocin in diluted 

synthetic serum samples (Fig. 3d).  Moreover, the calibration curve, constructed in the same concentra-

tion range as that used for an aqueous oxytocin solution, was similar.  As mentioned in the Introduction, 
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various reports described results of oxytocin imprinting (Rachkov and Minoura 2000; Yola et al. 2015; 

Zheng et al. 2007). However, only few presented the application of the imprinting strategy for fabrica-

tion of chemosensor for oxytocin determination in real samples, such as milk (Yola et al. 2015). There-

fore, the present report can be considered as the first application of designing molecular cavities by ap-

plication of electropolymerizable functional monomer for oxytocin determination. Additionally, elec-

tropolymerizable functional monomers allowed to deposit MIP, as a thin film, directly on transducer 

surface, which is much simpler in comparison to commonly used procedure of MIP deposition for de-

vising capacitance chemosensors (Ertürk et al. 2014; Ertürk et al. 2016; Graniczkowska et al. 2017). 

Moreover, results obtained confirmed applicability of the devised microfluidic platform for oxytocin 

determination in real samples.   

 We confirmed reproducibility of devised chemosensor by determining the response signal for the 

0.25 mM oxytocin using three different MIP films (Fig. S6). The response signal obtained from these 

chemosensors was very similar with average value of -0.30 nF.  The standard deviation of signal was 

±0.02 nF. 

4.  Conclusions 

We successfully combined a microfluidics platform, molecular imprinting, and electrochemical trans-

duction to devise a miniaturized chemosensor for oxytocin determination in biological samples.  Selec-

tive molecular cavities were carefully generated in a conducting MIP film.  For that, suitable functional 

monomers were selected by computational modeling.  With functional monomers multipoint-interacting 

with the template, it was possible to prepare a pre-polymerization complex stable in both vacuum and 

the acetonitrile solvent.  This complex was transferred successfully, by electropolymerization, onto the 

transducer surface.  Then, the oxytocin template was removed under potentiostatic conditions in a strong 

base solution.   

 Although the chemosensor detectability at the current stage of our research is insufficient to deter-

mine oxytocin at the nM level found in biological samples, the obtained results indicate suitability of the 

chemosensor for oxytocin determination in a µM range in a control serum sample. Moreover, the selec-

tivity result of the chemosensor was quite promising. We achieved a very high selectivity over car-

betocin, a peptide similar to oxytocin. In addition, the chemosensor was not responsive to smaller amino 

acids occurring in real samples at much higher concentrations than that of oxytocin. 
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Figure Captions 

 

Scheme 1.  Optical camera photos of the Au thin-film electrode (diameter 1 mm) (a) after polymer film 

deposition, (b) zoomed image showing full coverage of the electrode surface, (c) the Au thin-film elec-

trode assembling in the microfluidic system, and (d) the microfluidic system after complete assembling. 

 

Scheme 2.  (a) Structural formulas of functional monomers used to construct a molecular cavity for 

oxytocin in MIP, 4-bis(2,2'-bithien-5-yl)methylbenzoic acid glycol ester, FM 1; 1-methylamide-4-

[bis(2,2’-bithienyl)methane, FM 2; bis(2,2’-bithienyl)-(4-(2-hydroxyethoxy)phenyl)methane, FM 3; (b) 

the amino acid sequence in the oxytocin analyte and the carbatocin interference.  

 

Figure 1.  High-resolution XPS spectra in the range of the nitrogen atom binding energy for the MIP 

film (1) before and after oxytocin template extraction under potentiostatic conditions at 0.50 V vs. 

Ag/AgCl with 0.01 mM NaOH for (2) 5, and (3) 8 h.   

 

Figure 2.  Atomic force microscopy (1×1 µm
2
) images recorded using the semi-contact mode for the 

oxytocin imprinted polymer (a) before and (c) after extraction of the oxytocin template as well as for the 

non-imprinted polymer film (b) before and (d) after a treatment similar to that of the MIP film.  The 

energy dissipation image of the oxytocin imprinted polymer (e) as prepared, and (g) after extraction of 

the oxytocin template as well as for the non-imprinted polymer film (f) as prepared and (h) after treat-

ment similar as that of the MIP film.  

 

Figure 3.  The capacitance change with time after consecutive injections of 20-µL samples of oxytocin 

over the (a) oxytocin-templated MIP and (b) NIP film.  (c) The capacitance change after consecutive 

injecting of carbetocin of different concentrations over oxytocin-templated MIP film. (d) The capaci-

tance change with time after injection of 20-µL samples of oxytocin of different concentrations, indicat-

ed with numbers at curves, in NORTROL control serum, under FIA conditions for the oxytocin-

templated MIP film. Insets show corresponding calibration plots. The 0.01 M KF solution was used as 

the carrier solution.  
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Table 1.  Nanomechanical properties of MIP and NIP films. 

Sample DMT Young 

modulus,  

GPa 

Deformation,  

nm 

Adhesion, 

nN 

Energy  

dissipation, 

keV 

MIP     

as prepared 6.1  2.2 8.5  2.5 61  9 0.9  0.1 

after template extraction 0.6  0.2 6.8  0.5 52  9 19.2  3.6 

NIP     

as prepared 22.6  2.3 5.8  1.6  45  2 0.8  0.2 

after treatment similar as 

that of MIP 
10.9  1.4 13.3  1.5 91  8 6.4  1.9 
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Scheme 1 
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Figure 3 (a, b) 
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Figure 3 (c, d) 
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Highlights 

 
 

 By means of molecular imprinting, we design molecular cavities selective for oxytocin nonapep-

tide, 

 

 Suitable functional monomers were selected by computational modeling.   

 

 We successfully combined a microfluidic platform, molecular imprinting, and electrochemical 

transduction. 

 

 A miniaturized chemosensor for oxytocin determination in biological sample was devised. 

 

 

 

 

 




