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Abstract

Recently, electrochemical sensors have emerged as tools for polyaromatic hydrocarbons (PAH) detection that are cost-effective,
easy to produce and use, highly selective and sensitive, and with good reproducibility. Polypyrrole may be easily produced from
polymerization of pyrrole, by chemical as well as electrochemical methods, to produce dimensionally stable semi-conductive
polymer materials, under mild synthesis conditions. In this study, polypyrrole was used as the stable molecular framework within
which to create an imprint of the desired polyaromatic hydrocarbon, in situ, at glassy carbon electrodes. The molecularly
imprinted polymer (MIP) sensors were washed to remove the imprint and subsequently characterized by atomic force microscopy
(AFM), scanning electron microscopy (SEM), and cyclic voltammetry (CV). The MIP sensors were then applied to the detection
of pyrene and non-imprinted polymers (NIP) sensors were also evaluated for comparison with the MIP sensors. Calibration
curves obtained for the detection of the pyrene at the MIP sensors in aqueous media reported limits of detection (LOD) of 2.28 x
1077 M for pyrene and limit of quantification (LOQ) of 6.92 x 107 M (n = 3). The sensitivity of the MIP sensors (32.53 A/M)
determined from the slopes of the calibration curves reported twice the value measured for NIP sensors (14.48 A/M). The
selectivity of the MIP sensors was further evaluated in the presence of a second PAH with the same number of rings as the

imprinted PAH, i.e., chrysene, to evaluate the selectivity of the MIP sensor towards shape and size of the analyte.
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Introduction

Polycyclic aromatic hydrocarbons (PAH) are a class of com-
plex organic chemicals, consisting of a fused ring structure
with at least 2 benzene ring [1, 2]. In general, these com-
pounds are formed as a result of pyrolytic processes, such as
the incomplete combustion of organic materials during indus-
trial and other human activities, under conditions where or-
ganic substances are exposed to high temperatures under low
oxygen or no oxygen conditions [3]. During pyrolysis, a wide
range of PAH is formed and the US Environmental Protection
Agency (EPA) has put together a list of 16 PAHs as priority
pollutants [4, 5]. This list was created to classify PAH accord-
ing to the toxicity, carcinogenicity, and mutagenicity in both
humans and animals.
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PAHs may be synthesized from saturated hydrocarbons
under oxygen-deficient conditions. Moreover, two other ways
to account for the formation of PAHs are pyrosynthesis and
pyrolysis (Scheme 1). Low hydrocarbons form PAHs by
means of pyrosynthesis. When temperatures exceed 500 °C,
the carbon-hydrogen and carbon-carbon bonds are broken to
form free radicals. These radicals combine to acetylene which
further condenses into aromatic ring structures, which are re-
sistant to thermal degradation. The formation of the benzene
ring (monomer) is the common step preceding the synthesis of
polyaromatic hydrocarbons [6, 7].

Pyrene is a polycyclic aromatic hydrocarbon, consisting of
four fused benzene rings, which is produced during incom-
plete combustion of organic compounds [8]. The EPA advo-
cates a reference dose (RfD) of 0.03 mg/kg/day as an estimate
of a daily oral exposure to the human population that is likely
to be without an appreciable risk of deleterious effects during
a lifetime [9]. The structure of pyrene is shown below along
with other four membered ring PAHSs to illustrate the seem-
ingly small differences in structure that give rise to very dis-
tinct chemical interactions (Fig. 1). The commonly used
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Scheme 1 Pyrosynthesis reaction
of PAHs with ethyne as a starting
material

analytical methods for the detection of PAHs from industrial
samples are high performance liquid chromatography (HPLC)
coupled to fluorescence detection, membrane filtration, ozon-
ation, and reverse osmosis. Analysis of PAHs from the petro-
chemical industry is typically performed by HPLC method as
well as sono-degradation in the presence of oxygen and hy-
drogen peroxide [10].

In this study, polypyrrole (Ppy) was chosen as a suitable
polymer for imprinting of pyrene, because it can be electro-
chemically synthesized in situ with good control over film
thickness and with good semiconductor properties. Ppy has
been widely used as an electrochemical transducer due to its
low cost, semi-conductive behavior, efficient electrochemical
properties, and stability. Ozcan et al. have used Ppy in the
determination of paracetamol at electropolymerized molecu-
larly imprinted polymer (MIP)-modified pencil graphite elec-
trodes [11]. The polymer was prepared by electrosynthesizing
pyrrole through galvanostatic deposition or cyclic voltamme-
try to obtain Ppy thin films. These methods provide a simple
and rapid way of controlling the thickness of the polymer film
growth since polymer thickness needs serious consideration in
MIP [12]. Schweiger et al. in their work of sensing clofibric
acid using MIP based on Ppy explained that these conducting
polymers possess metal-like behavior due to the conjugated
double bonds. [13]. The structure and morphology of polypyr-
role may be controlled by a wide range of electrosynthesis
conditions such as scan rate, number of cycles, but the counter
ions play the most important role, since the electrochemical
method produces the polymer in its oxidized and doped state
(Scheme 2).

Ppy films have an overall hydrophilic character which
makes it ideal for detection of organic compounds through
surface hydrogen bonding [14]. Oxidative polymerization of
pyrrole to polypyrrole proceeds via a one electron oxidation of
pyrrole to a radical cation, which subsequently couples with

Pyrene (Ci6H1o)

Fig. 1 Pyrene and its analogous
molecules
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another radical cation to form the 2,2"-bipyrrole. The resulting
polymer is produced in the oxidized state, incorporating the
counter ions from electrolyte solution (Cl") to stabilize the
positively charged polymer chain. This process is then repeat-
ed to form longer chains, and during the chain formation, a
molecular imprint may be generated when the target molecule
is present in the polymerization solution.

Molecular imprinting technology (MIT) offers a process of
preparing materials with cavities that are able to recognize and
attract a certain molecule of interest in terms of shape, size,
and chemical functionality [15]. The molecule of interest
(analyte) needs to be incorporated during the synthesis of the
material, where it serves as a template. When synthesis
reaches completion, the molecule is extracted, leaving behind
its 3D physical and chemical “imprint.” These cavities are
capable of selectively rebinding the template molecule even
in the presence of close structural analogs.

In this paper, we report on highly sensitive and selective
detection of pyrene from aqueous solution, at molecularly
imprinted polypyrrole electrodes, prepared by electrochemical
synthesis methods.

Experimental

Materials

Chemicals and reagents

The pyrrole monomer (98%), pyrene (98%), chrysene (98%),
methanol (99%), and hydrochloric acid (99%) were all pur-
chased from Sigma Aldrich. The alumina polishing beads

were purchased from Buelher Chemical company. Ultra-
pure water (Millipore) was used for all preparations.

Pyrene (CisH12)
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Solutions of 0.0005 M of pyrene and chrysene were
prepared by weighing the appropriate mass of the
PAH, dissolving it in the required volume of methanol
and subsequently sonicating the standard solution, until
fully dissolved. The standard solutions were kept in
vials in a laboratory cupboard. The UV/vis absorbance
was measured over time to verify the integrity of the
standard solutions (data not shown).

Preparation of polymer and imprinted electrodes

A classical three electrode electrochemical cell was used for
the electropolymerization of pyrrole, at commercial glassy
carbon electrode (GCE) as the working electrode, Ag/AgCl
(3 M Na(l) as the reference electrode and a 50 mm Pt-wire (d
= 1 mm) as counter electrode. The working electrode was
cleaned prior to each experiment, by polishing the electrodes
with a micropolish slurry of 1.0 pum, 0.3 wm, and 0.005 pum
particle size, respectively. The electrode was then rinsed with
deionized water and ultra-sonicated in ethanol and water, con-
secutively. The pyrrole monomer was freshly distilled before
use, in order to ensure purity of the monomer by removing any
short chains from spontaneous polymerization due to extend-
ed shelf life. The molecularly imprinted polymer electrodes
were prepared by introducing the pyrrole monomer and the
template molecule (PAH) 0.0005 M standard solution, into 3
mL of 0.1 M HCI electrolyte solution in equal molar ratios, to
produce a MIP thin film at the GCE interface [16]. The pyrrole
monomer is water soluble and through the number of cycles,
the polymer films’ thickness could be controlled. Smaller
counter ions such as CI™ are preferentially included in the
growing polymer film to improve the conductivity through
p-doping and film thickness does not affect the electrical con-
ductivity of the film [17].

The potential window used for the synthesis was — 0.4 to
0.7 V (vs Ag/AgCl), with 5 cycles of polymerization at 50
mV/s, under ambient conditions using a Palmsense Trace 4.4
and its operating software. After the electropolymerization in
the presence of the template molecule, the MIP thus produced
was washed with methanol to remove the template and leave
only the imprint behind. The non-imprinted polymer (NIP)
electrodes were prepared in the same way as the MIP elec-
trodes, but starting with pyrrole monomer only.

Cyclic voltammetry in a classical three electrode electrochem-
ical cell was used with the PAH-imprinted polypyrrole film
(MIP) at the glassy carbon electrode, connected as the work-
ing electrode, Ag/AgCl (3 M NaCl) as a reference and Pt-wire
as the counter electrode. Standard additions of the required
PAH standard solution (0.005 M) were added to the electro-
chemical cell and stirred for 60 s. Molecular recognition of
PAHs was performed using cyclic voltammetry in order to
evaluate the analytical response of the PAH-imprinted poly-
pyrrole sensors. Electrochemistry of the NIP electrodes was
performed in a similar electrochemical cell with the NIP, con-
nected as the working electrode.

Interference studies

The selectivity and sensitivity of the MIP electrode was evalu-
ated in the presence of chrysene, which is a structural analog of
pyrene. These two PAH molecules are similar to each other in
terms of the number of rings, but the position of ring fusion
differs.

Results and discussion
Material characterizations
Atomic force microscopy

Atomic force microscopy (AFM) measurement was performed
on a MIP deposited directly onto a glassy carbon electrode
surface, using a Nanosurf easyScan 2 (Wirsam) for morphology
imaging in non-contact mode. AFM images were taken for the
bare electrode, polymer with pyrene before washing and
pyrene-imprinted polypyrrole after washing (Fig. 2).

The AFM of the bare electrode was smooth and regularly
patterned, whereas the MIP before washing clearly showed
the clustering due to the incorporation of the pyrene. After
washing, the topography changed to a smooth surface with
dark spots indicated by the arrows in Fig. 2c. These dark spots
created after pyrene removal may be associated with the im-
prints of pyrene. Li et al. [18] reported similar AFM images
for graphene oxide molecularly imprinted sensor for the de-
tection of endocrine disrupting chemicals. Their study indicat-
ed that the topography of the non-imprinted graphene oxide
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Fig. 2 AFM images of (a) GCE bare electrode, (b) MIP electrode before washing, (¢) MIP electrode after washing

was smooth and regular, whereas the topography after im-
printing was irregular. The irregular topography was associat-
ed with the template cavities imposed on the graphene oxide.

Scanning electron microscopy

Scanning electron microscopy (SEM) was used to study the
surface morphology and the particle size of the NIP and MIP
sensors and measurements were performed using a Zeiss
Auriga, high-resolution (fegsem) field emission gun scanning
electron microscope instrument equipped with secondary
electron capture detector, for imaging. The samples were not
coated for viewing, and SEM images before and after the
removal of pyrene are shown (Fig. 3).

Prior to the removal of pyrene, the particle size was observed
to be small and regular at both 200 nm (a) and 100 nm resolu-
tion (c) compared to after washing the imprinted polymer, when
the particle size changed to thick and irregular (b and d). The
MIP appeared rough and irregular with more spaces between

@ Springer

polymer particles and those properties may be attributed to the
formation of the recognizing cavities. Gonzalen et al. [19] have
reported similar SEM results for molecularly imprinted poly-
mers, where the NIP electrode showed narrow and clustered
particles whereas the MIP electrode showed much thicker par-
ticle size and there were spaces created in between the particles.
Additionally, the spaces created in the electrode surface were
irregular and were attributed to the cavities. Furthermore, charg-
ing effects may also be helpful in identifying topography
changes. When the incident beam interacts with a sample, part
of the incident electrons are emitted back, but a larger fraction is
captured by the specimen. This charge flows to ground if the
specimen is a uniform conductor. However, if the ground path
is broken, even a conducting specimen quickly accumulates
charge and its surface potential rises, producing white and dark
spots on topography images ,respectively. The incorporation of
the pyrene template is seen as a darkening of the overall SEM
image, indicating a change in charging effects as a result of
molecular imprinting [20].
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Fig. 3 SEM images of (a) NIP
and (b) MIP sensors at 200 nm
resolution and (¢) NIP and (d)
MIP at 100 nm resolution
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Preparation and characterization of NIP and MIP
electrodes

The electropolymerization of the pyrrole monomer was
achieved after 5 cycles at 50 mV/s between the 0.4 and
0.7 V vs Ag/AgCl in 0.1 M HCI at a polished glassy carbon
electrode. The film growth was observed as an increase in
current with each cycle. The number of cycles were optimized
at 5 cycles in order to produce a sufficiently thin layer and
imprintable polymer framework for the subsequent modifica-
tion with the template. The polymer layer built up on the
electrode surface was proportional to the increasing current
response, indicating an in situ deposited thin film [21].
Characterization of the as-deposited polypyrrole thin film
indicated quasi-reversible charge transfer behavior with an
oxidation peak (a) and one reduction peak (a’) separated by
more than 600 mV. (Fig. 4). The formal potential (E°) may be
obtained from the average values of the peak potentials, i.e.,
E° = (Epa+ Epc)/2 = 675 mV vs Ag/AgCl. Polypyrrole is

known as a conducting polymer in which conduction involves
charge transport along the polymer chains, as well as hopping
of charge carriers, i.e., holes, polarons, and bipolarons.
Polarons and bipolarons are the dominant charge carriers in
these polymeric conductors, reducing the band gap of the
normally insulating polypyrrole. Counter ions such as CI”
stabilize the charge on the polymer improving the electronic
(as opposed to ionic) conduction in polypyrrole [22]. The
polymer formed at the electrode interface was subsequently
interrogated at different scan rates ranging from 5 to 50 mV/s
(Fig. 4). The diffusion coefficient was evaluated according to
Randles Seve¢ik equation for an irreversible system. [23, 24].
The De was evaluated using the geometric surface area of the
electrode (0.071 cm?) in all calculations. In this way, a relative
appreciation of the effect of surface modification could be
evaluated.

Reported values for De of polypyrrole thin films range
from 10 to 10°° cmz/s, depending on the counterion used
and other synthesis factors [25]. The De for the polypyrrole
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Fig. 4 Characterization of a
polypyrrole thin film in 0.1 M
HCI at scan rates ranging from 5
to 50 mV/s, vs Ag/AgCl

Current (UA)

— 5 mV/s
— 10 mV/s
——15 mV/s
—20 mV/s
25 mV/s
— 30 mV/s
35mVis
——40 mV/s
—45 mV/s
—50 mV/s

thin film prepared in this work was calculated to be 3.25 x
102 em® 5! and in good agreement with recently reported
values for polypyrrole synthesized from HCI [26, 27]. On the
forward scan from — 1000 mV to 1500 mV, the dominant
oxidation peak at 1000 mV (vs Ag/AgCl) was attributed to
the neutral species Ppy being oxidized to Ppy+. On the reverse
scan, a reduction peak at 300 mV was attributed to the cationic
species, Ppy+ being reduced back to Ppy. The MIP electrode
was prepared by electropolymerization of the pyrrole mono-
mer in the presence of 0.0005 M pyrene as the template mol-
ecule. The imprinted polymer electrode, after washing with
methanol to remove the template molecule, was characterized
in the same way as the NIP electrode.
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Analytical response of pyrene
Pyrene-imprinted polypyrrole

Cyclic voltammetry was used in the analytical evaluation of
pyrene redox behavior at the NIP-modified GCE as well as the
MIP-modified GCE (Fig. 5). The decrease in oxidative peak
current at 1000 mV vs Ag/AgCl was in direct response to the
consecutive addition of 4 pL of 0.0005 M pyrene standard
solution to 3.00 mL cell volume, resulting in a final analytical
concentration range of 6.2 x 1077 to 7.4 x 107° M.

PAH typically have high oxidation potentials and the ring
opening expected from full oxidation in practice may be

b
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Fig.5 Cyclic voltammetry of the concentration-dependent response of the (a) NIP electrode and the (b) MIP electrode towards pyrene detection in 0.1 M

HCI at 50 mV/s
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Scheme 3 Mechanism for the electrochemical oxidation of pyrene

achieved using harsh chemical reagents, such as Fenton’s re-
agent. Surface bound electrochemical oxidation of pyrene has
been reported to yield highly redox-active surface confined
quinone species at 1 V vs Ag/AgCl in pH 7, PBS at high
surface area carbon electrodes [28]. The electrochemically
driven electronic rearrangement within the pyrene ring struc-
ture during the controlled potential cycling resulted in a sharp
analytical peak response at 1000 mV (vs Ag/AgCl) indicating
a complimentary effect between the template cavity in the

Fig. 6 Calibration curves for

. 0.00025
pyrene detection at MIP sensor
(black dot) and NIP sensor (black
diamond) at a scan rate of 50 mV/
sina 0.1 M HCI (N= 3) 0.0002
f. 0.00015 8
C
g
5
© -
S °
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MIP and the analyte in solution (Scheme 3). The NH groups
of the pyrrole moieties act as the 7t-7t interaction donors while
the aromatic ring of pyrene functions as an 7t-7t acceptor.
These interactions, together with the size and shape of the
pyrene binding sites, lead to a highly sensitive and specific
analytical signal for pyrene [29].

The oxidation current at 1000 mV (vs Ag/AgCl) was used
as the analytical peak for the construction of the respective
calibration curves and showed a decreasing trend with each

_ ° °
B L - =
[ ]
=
= z £
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Concentration, M
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Fig. 7 Cyclic voltammogram showing response of the pyrene-imprinted

sensor (MIP) towards increasing concentration of chrysene, at a scan rate
of 2mV/sin 0.1 M HCI

addition of pyrene. The decreasing trend in current was as-
cribed to the insulating effect as the nonconductive pyrene fits
into the imprint of the polymer (MIP) or adsorbs onto the
polymer (NIP). However, higher currents and sharper peaks
were observed at the MIP transducer, indicating improved
sensitivity and selectivity of the MIP transducer, due to the
shape and size recognition features. Both the MIP and NIP
sensors reported decreasing current with each addition of an-
alyte and the calibration curves were normalized with respect
to the peak current before adding analyte (0 M).The same
concentration range was used in the evaluation of NIP and
MIP sensors, for direct comparison of sensor performance
and the experiments were conducted in triplicate (Fig. 6).
The MIP sensor reported a higher current response (107
pA) for each concentration measured compared to that of
the NIP sensor (10" pA) which indicates the improved sensi-
tivity towards pyrene due to the templating effect. The shape

of both calibration curves reached a plateau when the surface
concentration of pyrene reached a maximum. This means that
the NIP and MIP sensors may only be used for once off anal-
ysis, with the advantage of real-time reporting of pyrene de-
tection. Evaluation of the linear range of the calibration curve
at lower concentrations, reported a limit of detection of 4.23
x107 M (S/N = 3) for NIP sensors compared to 2.28x107 M
for MIP sensors, within the concentration range evaluated.
The MIP sensor reported a superior sensitivity of 32.53 A/M
compared to that of the NIP sensor, i.e., 14.48 A/M, as calcu-
lated from the slope of the linear range of calibration curve.

Interference studies with chrysene

The selectivity of the MIP electrode in this work was evaluat-
ed in the presence of one other analogous PAH to investigate
the structural selectivity of the MIP sensor. In the first inter-
ference experiment, chrysene was introduced as the analyte in
a three electrode electrochemical cell, where the working elec-
trode was the pyrene-imprinted polymer electrode (as before).
The reference and counter electrodes were the same as
before and the only difference therefore was the analyte
prepared as a 0.0005-M chrysene solution. It was expected
that the pyrene-imprinted sensor should have a strong af-
finity to pyrene, even in the presence of the structural
analog chrysene, due to the shape and size recognition
effect of the imprinted template. In addition to the geo-
metric complementarity of the imprinted cavity, sensitivity
for the template is enhanced due to 7t-donor and hydrogen
bonding interactions with pyrene [29]. The final analytical
concentration range for chrysene detection was as before,
62 x 107 M to 7.4 x 10° M (Fig. 7).

The analytical response of a pyrene-imprinted sensor to-
wards the detection of chrysene was not observed at 50 mV/
s and upon further investigation, some concentration-
dependent behavior was only observed at very slow scan rate.

Fig. 8 Diagram of (a) pyrene-imprinted polypyrrole, (b) pyrene-imprinted polypyrrole sensor after template removal, and (¢) proposed poor fit of

chrysene at the pyrene-imprinted polypyrrole sensor
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Fig. 9 Calibration curve for
chrysene at pyrene MIP sensor (N
=3)

0.2
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0.1

Current, mA
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0.02
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The same adsorptive behavior as for pyrene at MIP and MIP
was indicated by the decreasing peak current when the scan
rate was adjusted to 2 mV/s. However, the oxidation peak
potential was observed at 1.25 V vs Ag/AgCl and shifted
to higher positive potentials with each consecutive addition
of chrysene. The slower scan rate required for analytical
response, the changing peak current shape and intensity,
as well as the shifting peak potential were the key factors
that indicated a mismatch between the pyrene imprint
(transducer) and the geometric analog chrysene (in solu-
tion), resulting in an irregular quantitative response under
the standardized analytical conditions and hence a calibra-
tion curve for chrysene detection at the pyrene-imprinted
polymer sensor interface was not possible (Fig. 8). Pyrene
is a flat 4 membered ring structure with a different line of
symmetry to chrysene, another flat 4 membered ring, i.e.,
the two analyte molecules are not congruent. Hence, only
the molecule with the correct shape and size will match
with the polymer imprint, resulting in the desired sharp
analytical response.

The analytical oxidation peak was used to construct a cal-
ibration, using the same concentration range as before to en-
able direct comparison (Fig. 9).

In a second interference experiment, an equimolar mixture
0f 0.0005 M pyrene and 0.0005 M chrysene was prepared, to
evaluate the sensitivity of the MIP to its target, from a mixture
containing both structural analogs. Cyclic voltammetry was
employed, using the original parameters used for pyrene de-
tection, for comparison with earlier experiments of pyrene
detection at NIP and MIP.

The cyclic voltammogram (Fig. 10) shows that the oxida-
tion peak observed for the pyrene-imprinted sensor before was

1.00E-06

1

1.50E-06 2.00E-06 2.50E-06

Concentration, M

3.00E-06 3.50E-06 4.00E-06 4.50E-06

not altered by the presence of the chrysene, and the signaling
peaks could still be used for the construction of calibrations
curve as we have done before (Fig. 11).

The calibration curves show no major difference in sensi-
tivity of the pyrene-imprinted polymer electrode for pyrene
detection as a single analyte (32.53 A/M) compared to pyrene
detection from a mixture of pyrene and chrysene (31.01 A/M).
This strongly supports the conclusion that imprinted polymers
are able to discriminate the target even when presented with
structural analogs and that molecularly imprinted polymers
are highly sensitive to the target molecule. Analytical proto-
cols for detection and quantification of polyaromatic hydro-
carbons and their derivatives still strongly rely on spectro-
scopic measurement [30]. MIP technology using

—OoM

300 ~ ——1.9x10'M

——1.2x10"M

—1.9x10°M
2.5x10°M

——3.1x10°M

200

100

Current (uA)

Potential (V)

Fig. 10 Analytical response of the MIP sensor towards pyrene from a
mixed chrysene and pyrene solution, at 50 mV/s in 01 HCIl
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Fig. 11 Calibration curves for = Pyrene
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electrochemically conductive polymers is widely recognized ~ References

as an efficient method of chemical sensing [31]. Literature
reports for pyrene detection at molecularly imprinted polypyr-
role sensors are limited; in fact, the MIP sensors reported for
pyrene detection are typically based on polythiophene. We
have demonstrated here that molecular imprinting of polypyr-
role shows great promise for sensitive and selective reporting
of polyaromatic hydrocarbons in aqueous medium.

Conclusions

Molecular imprinting of polymers rely heavily on the
characteristics of the cavity for the sensitive and selec-
tive recognition of the PAH analyte molecule. In this
work, we have demonstrated the use of polypyrrole in
the design of MIP sensors for the detection of trace
levels of pyrene in aqueous media with highly selective
affinity binding even in the presence of a structural
analog. The nanosensor was able to discriminate be-
tween pyrene and chrysene based on structural recogni-
tion and was able to detect pyrene with good sensitivity
from a single sample pyrene solution as well as from a
mixed solution of chrysene and pyrene. The system de-
veloped in this work therefore holds great promise for
discrimination of individual PAH species in environ-
mental monitoring, in future work.
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