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The measurement of neuropeptides using small electrodes for high spatial resolution would provide us with
localized information on the release of neuromolecules. The release of Neuropeptide Y (NPY) is related to
different neurological diseases such as stress, obesity, and PTSD, among others. In this conference paper, we
electrodeposited polypyrrole on carbon fiber microelectrodes in the presence of NPY to develop a molecularly
imprinted polypyrrole sensitive to NPY. Optimization of the electrodeposition process resulted in the full
coverage of the polymer with nucleation sites on the carbon fiber ridges, achieving completion by the seventh
cycle. Electrodeposition was performed for five cycles, and using cyclic voltammetry (CV), we studied the change
in the oxidation current peak for polypyrrole due to the presence of NPY. We also observed a change in
capacitance due to the presence of NPY, which was studied by electrochemical impedance spectroscopy (EIS). A
linear correlation was found between the oxidation peak and the concentration of NPY between 50 ng/mL and
1000 ng/mL. In addition, a linear correlation was also found between microelectrode capacitance and the

concentration of NPY between 50 ng/mL and 1000 ng/mL at 100 kHz.

1. Introduction

Neuropeptides are related to many processes of human life, from
hormones that carry chemical signals into the endocrine system to
neurochemical messengers that work similarly to small neurotransmit-
ters. (Duvall et al., 2019) NPY is the most abundant neuropeptide in the
brain and has been related to diseases such as hypertension, obesity,
schizophrenia,(Morosawa et al., 2017) fear,(Tasan et al., 2016) addic-
tion,(Gilpin, 2012) stress, (Wagner et al., 2016) depression, pain, can-
cer,(Tilan and Kitlinska, 2016) memory,(Ggtzsche and Woldbye, 2016)
and sleep disorders, among others.(Crespi, 2011; Kalra et al., 1990;
Langley et al., 2022; Sajdyk, 2005) Currently, there is a lack of an
analytical technique that directly measures NPY levels, preventing re-
searchers from understanding the natural role of NPY in these diseases.
Each microenvironment under study requires the precise measurement
of the different molecules present at appropriate rates depending on the
kinetics of each process.(Eugster et al., 2022) Developing analytical
techniques has brought the understanding of brain chemistry in space
and time, especially electrochemical techniques. Fast scan cyclic
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voltammetry (FSCV) and amperometry allowed the researchers to study
sub-second processes related to oxidizable molecules (electroactive
molecules). (Bath et al., 2000) In the last decade, enzymatic electrodes
have been developed using these two techniques to measure non-
electroactive molecules. For example, glucose oxidase has been used
to measure glucose thanks to the formation of hydrogen peroxide, which
is electroactive and can be measured by amperometry.(Lugo-Morales
et al., 2013) Researchers have now measured the classic neurotrans-
mitters, which are electroactive molecules. Neuropeptides are classified
as non-electroactive molecules for which no method is available. Due to
their structural differences compared to classic neurotransmitters, the
enzymatic method does not work for detecting neuropeptides because it
would require different oxidases for each neuropeptide. The lack of an
analytical technique to measure neuropeptides with high temporal and
spatial resolution has made the rapid progression in this area difficult.

Neuropeptides are constituted by short amino acid chains synthe-
sized in the soma and dendrites. These peptides are stored in large, dense
core vesicles until their release from nerve endings and dendrites. Unlike
small neurotransmitters, some neuropeptides do not undergo recycling,
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Fig. 1. Molecularly imprinted polypyrrole biosensor fabrication.

lack a reuptake system, and are broken down by peptidases. This de-
mands that the cell synthesize new molecules, sending them from the
soma to the nerve endings and dendrites for replacement. Since other
small neurotransmitters are typically released alongside neuropeptides,
it becomes crucial to devise a highly selective technique for their
detection and formulate a strategy to mitigate the signal interference
from other neurotransmitters. Electrochemical biosensors (EB) offer a
variety of platforms for performing measurements. EB are tools that help
transduce biological processes into a quantitative measurement that we
can analyze and constantly evolve to achieve higher sensitivity, selec-
tivity, and stability. (Singh et al., 2021) Different strategies are used to
measure molecules selectively, such as aptamers, antibodies, enzymes,
and molecular imprinting polymers (MIPs). MIPs are materials that can
be electropolymerized on the surface of the electrodes with recognition
capabilities for specific molecules. They are created by polymerizing
functional monomers around a template molecule, resulting in cavities
with sizes, shapes, and functionalities complementary to the template.
(Yiicebas et al., 2020) After template removal, these cavities act as
highly selective binding sites for the target molecule, allowing its
recognition from a complex mixture.(Ayankojo et al., 2022) MIPs offer
several advantages over traditional detection techniques. Their high
selectivity minimizes interference from other molecules, while their
robust synthetic nature enables modifying their properties for specific
applications. Additionally, MIPs can be easily scaled and immobilized on
various supports (Feier et al., 2019), making them ideal for sensor
development.

In a recent development, J. M. Seibold and colleagues introduced an
innovative approach utilizing aptamer-modified microelectrodes for the
dynamic measurement of NPY, showcasing promising potential for
exceptional spatial and temporal resolution.(Seibold et al., 2023) The
researchers achieved precise measurements of NPY in serum. However,
it's noteworthy that the microelectrodes used are too big for brain-
related analyses, ca. 4 mm in diameter. In a related breakthrough, N.
K. M. Churcher and collaborators demonstrated a remarkable detection
limit for NPY in sweat, reaching 10 pg/mL(Mintah Churcher et al.,
2020) and 50 pg/mL(Churcher et al., 2022) using antibodies and larger
electrodes. While this marks substantial progress in the field, a primary
challenge persists in the inherent limitations of antibodies, which lack
long-term stability. Additionally, the large size of these electrodes poses
a hindrance, rendering them unsuitable for utilization in brain-related
studies. Our group reported the measurement of NPY concentrations
in an implantable platinum microelectrode in concentrations as low as
10 ng/mL in aCSF using aptamers. (Lopez et al., 2021) While we tested
biofouling and compared it to carbon fiber microelectrodes, metal mi-
croelectrodes still have biofouling problems that are expected to be
reduced by depositing polymers on the surface.(Sun et al., 2021; Zhang
et al., 2015).

In this conference paper, we use a biosensing method based on
molecularly imprinted polymers (MIP) to measure the concentration of
Neuropeptide Y (NPY) using carbon fiber microelectrodes. In order to
test this technique, NPY; 3¢ has been used in all experiments. Two

techniques were used: CV, which showed a decrease in the current in the
presence of NPY, and EIS, we were able to observe a change in the
capacitance of the microelectrode due to NPY concentration changes.

2. Methods
2.1. Carbon fiber microelectrodes

In this study, carbon fiber microelectrodes with an approximate
diameter of 7 pm were fabricated. These electrodes were sealed using a
borosilicate glass capillary (1.0 mm x 0.5 mm) through a micropipette
puller. A single T hornel T-300 carbon fiber was drawn into the glass
capillary using a vacuum pump. The exposed carbon fiber was then cut,
and microscopic examination with water immersion ensured a proper
seal between the glass and the carbon fiber to prevent solution leakage
into the capillary, thereby preserving the electroactive area. An elec-
trical connection was established using silver paint and a silver-plated
copper wire. The fiber was cut using a razor blade, producing a uni-
form and reproducible bare carbon fiber electrode surface. The carbon
fiber length was ca. 150 pm. Finally, the electrodes were soaked in
isopropanol and subjected to ultrasonic cleaning to remove debris from
their surfaces.

2.2. Physical characterization

Scanning electron microscopy (SEM) coupled was used to obtain the
changes in the composition of the surface of the electrodes after fabri-
cation. An SEM-EDS model, JSM-6010LA from JEOL, was used.

2.3. Reagents

Electrochemical characterization of carbon-fiber microelectrodes
was carried out in artificial cerebrospinal fluid (aCSF) at pH 7.4 pre-
pared with 150 mM NacCl, 1.4 mM CaCl,, 3 mM KCl, 0.8 mM MgCly, 0.8
mM NapyHPO4-7H0, 0.17 mM NaHpP0O4-2H50, 0.5 M Tris in nanopure
water 18.2 MQ. Neuropeptide Y (GenScript) was diluted in aCSF to
prepare the standard solutions. The volume of the electrochemical cell
used was 15 mL. The electrochemical cell was stirred for 1 min after
adding NPY aliquots and waited until the solution was steady to avoid
convection effects.

2.4. Electrochemical synthesis of molecularly imprinted polypyrrole-based
microelectrodes

Electrochemical synthesis of modified carbon-fiber microelectrodes
MIPs was prepared by electropolymerization of pyrrole on the carbon-
fiber microelectrode using CV from —0.4 to 0.8 V at 100 mV/s for five
cycles. The cell contained 0.5 M pyrrole, aCSF pH 7.4, and 10 pg/mL
NPY. The template molecules of NPY were then removed by immersing
the MIPpy carbon-fiber microelectrodes in 95% ethanol and DI water for
15 min. The left imprinted PPY/carbon-fiber microelectrodes now
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Fig. 2. Scanning electron microscope of carbon fiber microelectrodes (A) before and after being coated with (B) 1, (C) 2, (D) 3, (E) 4, (F) 5, (G) 6, and (H) 7 single

electrodepositions of polypyrrole.

contain complementary cavities to interact with NPY for electro-
chemical measurements.

2.5. Electrochemical measurements

All electrochemical measurements were done using a three-electrode
electrochemical cell with the electrodeposited carbon fiber microelec-
trodes as the working electrode, a platinum wire as the counter elec-
trode, and an Ag|AgCl reference electrode (3 M KCl-filled solution). A
Reference 600+ Gamry potentiostat was used for electrochemical
measurements, and all data were collected using Gamry Instruments
Framework software. All potentials in this work are expressed versus Ag|
AgCl. An amplitude of 10 mV, an initial frequency of 100 kHz, and a
final frequency of 10 Hz were used for EIS. Data analysis was done using
Gamry Echem and OriginPro software.

3. Results and discussion
3.1. Molecularly imprinted polymer electrodeposition

Fig. 1 shows the fabrication of the electrodeposition of molecularly
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imprinted polypyrrole (MIPpy) on carbon fiber microelectrodes to
detect NPY. Carbon fiber microelectrodes of 150 pm in length and 7 pm
in diameter were used to electrodeposit polypyrrole. Because most of the
electrodepositions tended to break, exposing the carbon fiber surface,
we first optimized the electrodeposition of polypyrrole to ensure com-
plete coverage.

SEM can be used to identify the presence of polymers within a sur-
face material. SEM generates high-resolution images showcasing the
surface topography. Fig. 2 shows SEM images of carbon fiber micro-
electrodes in which polypyrrole was electrodeposited. Different tech-
niques can be used to electrodeposit conductive polymers on electrodes,
with the typical methods being CV and amperometry. Because of the
cyclic nature of CV, it allows good control over the deposition on the
surface. Therefore, as shown before, we used CV from —0.4 V to 0.8 V vs.
Ag|AgCl as the best limits for the electrodeposition of polypyrrole on
carbon electrodes.(Kim et al., 2016; Ping et al., 2022) Fig. 2A shows the
carbon fiber microelectrode before electrodeposition with the typical as-
drawn Thornel T-300 carbon fiber surface with the regular ridges. Due to
the high surface energy of the defects on the carbon fiber surface,
electrodeposited polymers are expected to start nucleation at these
ridges. After each electrodeposition using CV, we obtained SEM images
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Fig. 3. Cyclic voltammetry of bare carbon fiber microelectrode, as deposited molecularly imprinted polypyrrole (0 ng/mL), and at different concentrations of NPY.
(B) The correlation between peak current at 0.73 V and concentration of NPY shows a linear relationship with R2 = 0.99. All measurements were made at 100 mV/s

in aCSF at pH 7.4 with all potentials measured against Ag|AgCl electrode.
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Fig. 4. Background-subtracted electrochemical impedance spectroscopy (—®*Zinag) measured at (A) 0.2 V, (B) 0.4 V, and (C) 0.8 V vs. Ag|AgCl at different con-

centrations of NPY in aCSF.

to characterize the surface of the carbon fiber microelectrodes to opti-
mize the complete coverage of the electrodes. Each image in Fig. 2B to H
shows the same microelectrode with single electrodepositions added.
The optimization of this electrodeposition clearly shows the conductive
polymer layer forming and covering the carbon fiber microelectrode
surface. Figs. S1 to S8 show SEM images of the entire fiber and close-ups
of the tip of the fiber to show more detail of the morphology of the
deposition. In Fig. 2B, the nucleation sites are distinctly visible along the
ridges of the carbon fiber microelectrode. As the polypyrrole electro-
deposition progresses, the longitudinal ridges become even more
pronounced.

After analyzing images of several electrodes, we found that the
coverage of the carbon fiber microelectrode was complete after the fifth
electrodeposition (Fig. 2F and Fig. S6). Therefore, the MIPpy with NPY
on the carbon fiber microelectrodes was done using five
electrodepositions.

CV serves as a tool for biosensing by harnessing the unique electro-
chemical properties of biomolecules. This technique involves applying a
continuously varying voltage to a working electrode. Fig. 3A (black line)
shows the CV of bare carbon fiber microelectrode on aCSF at 100 mV/s.
Only two peaks can be seen, corresponding to the hydroquinone/
quinone redox reaction in oxidized carbon electrodes.(Dekanski et al.,
2001) As the MIPpy is deposited and the NPY is removed, the electrode
shows the typical CV of polypyrrole, as seen in Fig. 2A (red line).(Rosas-
Laverde et al., 2020; Sharma et al., 2010)

3.2. Neuropeptide Y measurement

In order to measure NPY using molecularly imprinted carbon fiber
microelectrode, we used two strategies: (1) CV and (2) EIS. When
employing a CV to measure the concentration of NPY in polypyrrole, we
observed that the oxidation peaks of the polypyrrole deposited on the
surface of the microelectrode are influenced by the presence of NPY in
the molecularly imprinted sites. By electrodepositing polypyrrole in the
presence of NPY and then removing it, we are creating specific molec-
ular sites where NPY interacts with higher affinity compared to non-
specific sites, as is typical through common intermolecular forces. By
injecting NPY into the solution, it is expected to bind in these sites faster
and stronger while preventing the polymer from interacting with the
solution and decreasing the oxidation current of the microelectrode.
This effect is seen in the oxidation peak of polypyrrole at 0.73 V vs Ag|
AgCl. We observed a decrease in the oxidation peak of polypyrrole as the
concentration of NPY increases, covering part of the MIP and preventing
its oxidation.

Fig. 3A shows the CV obtained at 100 mV/s in the presence of NPY in
concentration between 0 ng/mL (as deposited MIPpy) to 1000 ng/mL
with a clear decrease in the oxidation peaks of polypyrrole as well as a
slight change in the capacitance of the microelectrode seen by increasing
the width of the CV. Fig. 3B shows the correlation between the oxidation
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Fig. 5. Correlation between -®*Zim,g and concentration of NPY in aCSF at 0.2
V, 0.4V, and 0.8 V, showing a linear correlation in all of them with R? = 0.96.

peak current of polypyrrole and NPY concentration as low as 20 ng/mL,
showing a linear relationship between 50 ng/mL and 1000 ng/mL with
R? = 0.99.

Because of the adsorption of NPY into the MIPpy electrodeposited on
the surface of the carbon microelectrode, the capacitance of the elec-
trode is also changed, as can be seen in the width of the CV. Therefore,
we studied the capacitance using EIS from 10 Hz to 100 kHz to observe
the changes produced by the adsorption of NPY on the surface. Fig. 4
shows the background-subtracted EIS obtained at 0.2 V (Fig. 4A), 0.4 V
(Fig. 4B), and 0.8 V (Fig. 4C) vs Ag|AgCl. The data obtained at 0 ng/mL
(as electrodeposited MIPpy) was subtracted to observe only the changes
produced by the adsorption of NPY on the surface of the microelectrode.

Given the change in the width of the CV, we expected to observe a
change in the capacitance of the electrode. This positively correlated to
the data obtained with EIS. Fig. 4 shows -w*Zjyag, which has been shown
to be related to capacitance in carbon fiber microelectrodes with
changes produced by specific surface adsorption.(Rivera-Serrano et al.,
2018) The highest variation was seen at 100 kHz at each of the poten-
tials measured, with little differences between the potentials.

Fig. 5 shows the correlation between -0*Zim,g and NPY concentra-
tions measured with EIS. A similar relationship was found, as shown in
CV measurements. The measurements were performed with concentra-
tions as low as 20 ng/mL, with a linear relationship found between 50
and 1000 ng/mL with R? = 0.96. Similarly to the data obtained with CV,
the result obtained at 20 ng/mL was outside the linear region. The
sensor followed the typical activation range of concentrations, reaching
a linear range between 50 ng/mL and 1000 ng/mL. The linear
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relationship obtained at 0.8 V showed the highest slope compared to 0.2
V and 0.4 V although very similar between them. This is because the
effect observed was the change in capacitance which was expected to be
seen in the entire range of potentials.

4. Conclusions

In this conference paper, we were able to electrodeposit molecularly
imprinted polypyrrole on carbon fiber microelectrodes of 7 pm in
diameter and 150 pm in length. NPY was placed in the solution during
the electrodeposition of polypyrrole, creating binding sites on the
polymer structure. Characterization of polypyrrole showed the classic
oxidation peaks at potentials higher than 0.6 V vs. Ag|AgCl. Using the
oxidation peak at 0.73 V, we observed a decrease in current due to the
NPY binding on the MIPpy surface with a linear relationship when
plotting iox-Log Cnpy. A linear relationship was found in concentrations
between 50 ng/mL and 1000 ng/mL. Because of the change in capaci-
tance observed in the CV, we used EIS at 0.2V, 0.4 V, and 0.8 V vs. Ag]
AgCl and observed a correlation between the surface capacitance
(—0*Zimag) and concentration of NPY at 100 kHz for each of the po-
tentials between 50 ng/mL and 1000 ng/mL as well as with CV. While
the testing of this sensor was limited to NPY;_3g, we were able to show
that MIPpy electrodeposited on carbon fiber microelectrodes are a po-
tential strategy for future measurement of NPY in the brain due to the
high temporal and spatial resolution provided by carbon fiber micro-
electrodes in addition to the sensitivity to NPY of the MIPpy developed.
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