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ABSTRACT

A molecularly imprinted polymer (MIP)-based impedimetric biosensor was developed for the electrochemical analysis of low-weight biological molecules.
Synthetic polymeric matrices with specific and selective recognition sites, which are complementary to the shapes and sizes of the functional groups of
analytes, can be prepared using the molecular imprinting method. In this study, a small molecule, tris(hydroxymethyl)aminomethane (TRIS), was used to coat
a graphite pencil tip with a TRIS-containing polyacrylamide gel to fabricate a working electrode. The electrode modification and performance were evaluated
using cyclic voltammetry and electrochemical impedance spectroscopy. The electrochemical properties of the modified electrodes were observed using an
electrochemical cell comprising a Ag/AgCl reference electrode, a Pt wire as the counter electrode, and a pencil graphite tip as the working electrode using
a redox-phosphate buffer solution with different concentrations of TRIS and Ethylenediaminetetraacetic acid (EDTA). The |-V and impedance performance
of the chemically modified graphite pencil-tip electrodes exhibited decreased conductance and increased impedance correlating with the increase in TRIS
concentration. Thus, MIP-based small-molecule biosensor prototypes can be promising economical replacements over other expensive sensors.
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Introduction

Biosensor, a device used in the detection of an analyte, combines a biological/chemical sensor compo-
nent with a physicochemical transducer. The sensor and the transducer elements recognize and detect
the analyte qualitatively and/or quantitatively [1-3]. The biological sensor element may be in the form of
tissue, microorganism, organelle, receptor, enzyme, antibody, nucleic acid, molecule, etc., which may be
attached to the metal, polymer or glass surface of the electrode through chemical and physical means.

A biological sensor element may be relatively short-lived and with complications in handling;
therefore, they may be replaced with artificial elements that are components of a receptor-based
sensing system. Molecular Imprinting Technology (MIT) is a method that aims to overcome these
complications by producing selectively specific artificial receptors. It utilizes molecular imprint-
ing polymer (MIP), formed as a dependable molecular recognition element with room tempera-
ture stability that mimicks natural recognition elements, such as antibodies and receptors. MIT
is used in the detection, separation and purification of biological and chemical molecules, such
as amino acids and proteins, nucleotids, toxins, drugs, etc. A 3D polymeric network is formed be-
tween the analyte and monomer through functional hydrogen bonds, dipole-dipole and ionic
interactions. After polymerization, upon removal of the analyte, specific recognition sites that
are in the shape, size and chemical structure of the analyte are formed in the polymer [4-11].

There are examples of MIP based sensors equipped more commonly with SPRS and QCM
based transducers [4]. However, they have not been experimented in the detection of small
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molecules, such as metabolites formed during the various
stages of cellular development using electrochemical trans-
ducers. Hydroxymethylaminomethane (TRIS), has been cho-
sen as a small molecule used in established basimetric stan-
dard and buffer solutions, commonly used in biochemistry
and molecular biology processes, such as protein and nucleic
acid extraction and purification [12]. As the basic small mole-
cule, TRIS has been used to produce the MIP electrode coated
with TRIS containing polyacrylamide gel (PAGE) to produce
TRIS receptor sites.

In this study, a MIP based sensor for TRIS made of pencil graph-
ite electrode (PGE) was combined with electrochemical trans-
duction techniques, i.e. cyclic voltammetry (CV) and electro-
chemical impedance spectroscopy (EIS) [13]. Upon binding of
the analyte to the receptor sites on the gel surface, changes in
I-V properties and impedance of the MIP modified PGE were
expected to be detected using CV and EIS.

Materials and Experimental Method

Materials

Merck analytic quality chemicals were used in this study. For
the electrochemical analysis, 20 mM K_[Fe(CN),] redox pair
in phosphate buffer solution was used (redoks-PBS, 137mM
NaCl, 2.7mM KCl, 10mM Na,HPO,, 1.8mM KH_PO,, pH 7.4) [14-
16].

Three types of PGEs were prepared: (a) control electrodes
(PGE), (b) positive control electrodes (PAGE-PGE), and (c) exper-
imental electrodes for TRIS analysis (TRIS-PAGE-PGE). All elec-
trodes were initially anodized in acetic buffer solution (ABS, 0.1
N acetic acid, 0.1 N sodium acetate, 20 mM NaCl, pH 4.8) for 60
seconds at +1.4V [15].

Five PGEs were used as control electrodes without further pro-
cessing. PAGE-PGEs were prepared by coating PGEs with 12%
polyacrylamide gel. TRIS-PAGE-PGEs were prepared by coating
PGEs with 12% polyacrylamide gel containing TOM TRIS.

Instruments

Anodization and electrochemical analysis were conducted us-
ing a potentiostat (ZIVE SP2 Potentiostat/Galvonostat, Referans
600, Korea) equipped with ZMAN EIS data analysis program.
The three-electrode cell consisted of Ag/AgCl as the reference
electrode, platinum wire as the counter electrode, and PGE
as the working electrode. The morphology of the coating on
working electrodes was characterized by Scanning Electron
Microscope (SEM) (Carl ZEISS EVO40).

Electrochemical Measurement Method

PGEs, PAGE-PGEs and TRIS-PAGE-PGEs were characterized elec-
trochemically as stated below. Electrochemical measurements
were conducted by immersing the working electrodes in solu-
tion at a depth of 2.5 cm and at a distance of 5 cm from the
counter electrode.

40

Electrode modification was characterized using K [Fe(CN) ], a
commonly used redox couple former [Fe(CN)]* / [Fe(CN)J*
with well-defined electron transfer kinetics. Cyclic voltammetry
was used at an applied potential varying between -500 and 500
mV relative toV  (step size: 20 mV, scan rate: 50 mV/s. |-V cycles
were generated by swaying the potential initially anodically,
then cathodically. In the forward scan, Fe(CN)* is oxidized,
generating an oxidative peak, followed by a reductive peak in
the reverse scan [16].

Fe(CN)
Fe(CN), + e

- Fe(CN),* + e
- Fe(CN) *

6

m
)

The open cell potential (OCP) was measured in redoks-PBS solu-
tion till stabilization. The electrochemical impedance studies
were conducted using AC voltage at an amplitude of +10 mV rel-
ative to OCP, between a frequency range of 10,000 and 0.01 Hz.

The CV and EIS response of the TRIS-PAGE-PGEs to the ana-
lyte was examined by introduction of incremental amounts
of 0.25M TRIS to determine electrode response to TRIS (400,
600, 800, and 1000 pl, at a final concentration of 1.0, 1.5, 2.0
and 2.5 mM respectively). To confirm selectivity and specific-
ity of the electrode to TRIS, incremental amounts of 0.25M
Ethylenediamine tetraacetic acid (EDTA) was used (400, 800,
and 1000 pl, at a final concentration of 1.0, 2.0 and 2.5 mM
respectively).

Results

In this study, PGEs were modified to produce PAGE-PGEs and
TRIS-PAGE-PGEs. Binding of TRIS to the TRIS-PAGE-PGEs was
demonstrated using electrochemical methods as indicated
with an increase in impedance. The selective specificity of the
TRIS electrode was further confirmed by experiments involving
EDTA, indicating that EDTA not bound to the surface increased
solution conductivity and reduced impedance.

PGEs were anodized in ABS at +1.4V in order to limit the con-
ductivity of PGEs [17]. In order to standardize the electrical
conductivity of the electrodes, the initial 30 sec. anodization
length (Figure 1) was extended to 60 sec. The PGEs were cho-
sen among the low conducting anodized electrodes. Post 60
sec. oxidation, PGE conductivity was sufficiently decreased to
values ranging between 42-142 pA.

The electrochemical properties of PGEs (C1 and E1) and
PAGE-PGEs (C2 and E2) electrodes were determined in re-
doks-PBS solution using CV (Figure 2) and EIS (Figure 3).

The cell potential, the current amplitude and peak potential
of PAGE-PGEs decreased with PAGE coating (Figure 2 and 4,
C1-C2), while impedance was increased as expected (Figure
3, E1-E2). The I-V behavior of TRIS-PAGE-PGEs (Figure 2 and 4,
C3-C6) displayed a decrease in current amplitude and a slight
and gradual increase in peak potential and electrochemical cell
potential; while in the EIS spectrum an increase in impedance,
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Figure 1. Current-time curve for PGEs anodized in ABS at +1.4V
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Figure 2. CV graphics in redoks-PBS solution. C1; PGE, C2; PAGE-
PGE, C3-C6: TRIS-PAGE-PGE in TRIS-redoks-PBS solution; C3; 1 mM
TRIS, C4; 1.5 mMTRIS, C5; 2 mMTRIS, C6; 2.5 mM TRIS
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Figure 3. EIS graphics in redoks-PBS solution. E1: PGE, E2: PAGE-
PGE, E3-E6: TRIS-PAGE-PGE in TRIS-redoks-PBS solution; E3: 1 mM
TRIS, E4: 1.5 mMTRIS, E5: 2 mMTRIS, E6: 2.5 mM TRIS

correlating with the incremental increase in TRIS concentration
was observed (Figure 3 and 4d, E3-E6).

The incremental increase in the EDTA concentration in re-
doks-PBS solution did not display a significant effect on the
I-V behavior of TRIS-PAGE-PGEs (Figure 5). The EIS spectrum of
TRIS-PAGE-PGEs exposed to an increase in EDTA concentration
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Figure 4. Electrochemical behavior of TRIS-PAGE-PGE in re-
doks-PBS solution in incremental amounts of TRIS. (a) peak cur-
rent, (b) peak voltage, (c) electrochemical cell potential, (d) Zreal
vs TRIS concentration

displayed a reduction in impedance (from 400 to 230 Ohms for
Zreal and from 225 to 120 Ohms for -ZImag) with an apparent
increase in solution conductivity as observed in the decrease in
the radius of the semi-circular portion of the curve (Figure 6).

The morphology of the electrodes displaying the uncoated
PGE surface (Figure 7a), the PAGE layer on PAGE-PGE surface
(Figure 7b), and the TRIS-PAGE-PGE surface after electrochemi-
cal characterization in TRIS-redoks-PBS solution (Figure 7c) was
characterized using SEM imaging.
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Figure 5. CV graphics for TRIS-PAGE-PGE in redoks-PBS solu-
tion in incremental amounts of EDTA in redoks-PBS solution.
EDTA400/800/1000 with 1/2/2.5 mM EDTA

Figure 6. EIS graphics for TRIS-PAGE-PGE in redoks-PBS solu-
tion in incremental amounts of EDTA in redoks-PBS solution.
EDTA400/800/1000 with 1/2/2.5 mM EDTA
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Figure 7. SEM images of (a) plain PGE surface, 10kX; (b) PAGE-PGE coated surface, 10kX; (c) TRIS-PAGE-PGE coated surface with TRIS crystals,
10kX
Discussion of approximately 0.255cm?, they can be used to analyse low

In this study, a prototypic small molecule detecting biosensor,
selectively specific to TRIS was produced using MIP-coated PGE
as the sensing element and a potentiostat as the transducer in
the conductance of CV and EIS analysis.

Graphite pencil leads, modified as PGE working electrodes are
composite materials containing graphite (765%), clay (730%),
and a binder (wax, resins, or high polymer) [18]. PGEs with high
chemical and mechanical stability can be used in a wide range
of working potentials [18]. PGEs are cheap, easily modified and
convenient to use in quantification of a variety of analytes from
a wide range of samples. With an active electrode surface area
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concentrations of small volume samples without any precon-
centration/deposition step [18].

PGEs are highly durable and stable, yielding reproducible sig-
nals and well-defined voltammetric peaks with good sensitivi-
ty and reproducibility. Background currents generated by clays
and polymers contained in PGEs are much lower than those
given by the conventional solid electrodes, such as glassy car-
bon, gold, and platinum; while displaying electron transfer
rates similar to those of glassy carbon electrodes [18].

Variation in size and composition of PGEs result in differences
in physical and chemical properties, thus, demonstrating vari-
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ation in electrical properties. Anodization of PGEs in ABS solu-
tion leads to the oxidation of the carbon surface [17] and thus
limiting current transmitted. CV studies in K [Fe(CN)] have in-
dicated that electron transfer rate correlates with an increase in
diameter, generating higher amplitude signals used in quanti-
tative determinations, while small diameter PGEs display better
reversibility in qualitative investigations.

When the |-V behavior of TRIS-PAGE-PGEs and PAGE-PGEs is
compared with the PGEs, a reduction in anodic and cathodic
current (Figure 3) is demonstrated due to the reduced electron
transfer rate of the redoks pair as a result of the polymer coat-
ing [16]. The decrease in oxidative and reductive peak current
may be due to the changes in load transfer resistance of elec-
trode surface [19,20]. In addition, the expected reduction in an-
odic and cathodic current in the TRIS-PAGE-PGEs has correlated
with the incremental increase in TRIS concentration. It must be
noted that the I-V behavior of TRIS-PAGE-PGEs in 2 and 2.5 mM
TRIS-redox-PBS solution has displayed no apparent change at
the higher concentration implying saturation of the polymer
surface with TRIS (Figure 2, 3 and 7).

When the impedimetric behavior of TRIS-PAGE-PGEs and
PAGE-PGEs is compared with PGEs, a reduction in electron
transfer rate of the redox pair was displayed as a result of an
increase in impedance (Figure 5) [13]. In addition, the expected
increase in the impedance, i.e. the capacitance and diffusion
resistance of TRIS-PAGE-PGEs correlated with the incremental
increase in TRIS concentration as indicated by the increase in
the semicircle diameter and load transfer resistance of the elec-
trode [13]. It must be noted that the decrease in impedance of
TRIS-PAGE-PGEs in 2 and 2.5 mMTRIS-redox-PBS solution being
lower than expected at the higher concentration implies satu-
ration of the polymer surface with TRIS (Figure 2,3 and 7).

The CV and EIS results of TRIS-PAGE-PGEs (Figure 2, 3) indicat-
ed binding of the chosen analyte (TRIS) to the electrode. In or-
der to determine the specificity of the biosensor to TRIS, the
TRIS-PAGE-PGEs were experimented using EDTA. The results of
these experiments indicated that the EDTA was not bound to
TRIS-PAGE-PGEs since no apparent change in |-V behavior, i.e.
a change in anodic and cathodic peak current, correlating with
concentration was observed. EDTA, not bound to the electrode
surface, remained in solution increasing solution conductivity
and subsequently decreasing both solution and thus the total
impedance. With the increase in EDTA concentration, the diam-
eter of the semicircular portion of the curve corresponding to
solution impedance was reduced and load transfer resistance
was decreased.

Conclusions

In this study, a biosensor consisting of a TRIS-MIP sensor and
an electrochemical transducer was developed. Electrode mod-
ification and performance was evaluated using CV and EIS.
Graphite pencil tip was coated with polyacrylamide gel con-
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taining TRIS as the analyte and prepared as the working elec-
trode. The electrochemical properties of the electrodes at vari-
ous concentrations of TRIS and EDTA and K [Fe(CN),] redox pair
containing phosphate buffer solution, using Ag/AgCl reference
electrode, platinum counter electrode and working electrode
made of graphite pencil tip electrochemical cell were eval-
uated. The results indicate a correlation between the CV and
EIS response and TRIS and EDTA solution concentration. With
further research and improvements, the prototypic biosen-
sor selectively specific to TRIS generated in this study can be
a promising economical replacement for the commonly used
expensive techniques.
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