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ABSTRACT

Here is presented a highly sensitive biomimetic sensor for the detection of an Alzheimer’s Disease (AD)
biomarker, interleukin-6 (IL6), for point-of-care (PoC) analysis. The imprinted polymeric film was prepared
by the co-electropolymerization of pyrrole (Py) and carboxylated pyrrole in the presence of IL6, on a
carbon-screen printed electrode . The biomarker molecule was then removed by oxalic acid, creating the
recognition vacant sites. Similarly, a control was also prepared in absense of the IL6 biomarker . The
different steps of the sensor fabrication were characterized by Raman Spectroscopy, Electrochemical
Impedance Spectroscopy (EIS), and Cyclic Voltammetry. Biomarker recognition and capture capacity of the
sensing material was measured by EIS. The biomimetic sensor showed a limit of detection for IL6 of 0.02
pg/mL in spiked serum samples. Overall, the biosensing device showed good sensitivity, reproducibility,
accuracy, and rapid response time, which contibute for the development of early diagnostics Poc tools for
neurological diseases.
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Introduction

Inflammatory processes are associated with an extensive range of disorders and conditions
which, strongly influence the levels of certain biomolecules in the human body . These
mecahnisms and/or responses can be characterized as acute (short-lived) or chronic
(permanent responses) typically associated to autoimmune diseases. Cytokines are an
example of biomolecules that tend to increase with inflammatory responses. Several
cytokines have been identified as inflammation biomarkers, such as tumor necrosis factor
alpha (TNF-a) (involves macrophages, T cells, and NK cells), interleukin-1 beta (IL-1b)
(macrophages and epithelial cells) and interleukin-6 (IL6) (macrophages, T cells, and
endothelial cells) (Cross et al. 2017; Day et al. 2018; Janelidze et al. 2018; Suk 2006).
Additionally, the growing scientific evidences confirmed the relevance

between inflammation and dementia, being the most common and irreversible condition,
Alzheimer’s disease (AD). Recent studies have shown that Alzheimer’s patients with
cytokine overexpression experienced an increase of both oxidative and nitrosative stress, as
well as autoimmune responses (Balducci et al. 2018; Cabinio et al. 2018; Finneran and Nash
2019; Janelidze et al. 2018; Marttinen et al. 2018; Popp et al. 2017). In dementia,
pathophysiological changes, in a neurological context, may be develop decades before the
appearance of the first symptoms. Thus, an early diagnosis of such diseases may prevent or
minimize neurodegenerative alterations. Although few validated dementia biomarkers were
already identified, several dementias are still lacking biomarkers. This added to the difficulty
in monitoring biomarkers in peripheral fluids makes early diagnosis a great challenge. Some
cytokines such as TNF-a or IL6 are regulated by neuro-inflammatory processes associated
with neurodegenerative disorders (Berkenbosch et al. 1992). The levels of these cytokines
may be an indicator of neuroinflammation in Alzheimer’s disease Currently, ELISA and
Western blotting are the gold standard methods for IL-6 detection. However, these
techniques are time consuming, requiring sophisticated instrumentation.

Biosensing devices offer advantages compared with the traditional methodologies in terms
of design simplicity and low cost. Other advantages are their robustness, easy
miniaturization, and suitability for small volume analysis. Several biosensing devices have
been reported for the point-of-care (PoC) detection of IL6 based on electrochemical (Huang
et al. 2015; Huang et al. 2013; Liu et al. 2013; Lou et al. 2014; Ojeda et al. 2014; Tsuneyasu
et al. 2014), electroluminescence (Liu et al. 2013) and optical transduction methods
(Tsuneyasu et al. 2014; Wang et al. 2010) demonstrating good analytical performance in
terms of the limit of detection (LOD). Most of these methods use natural compounds as
biorecognition element, such as antibodies or enzymes, which have clear disadvantages in
terms of price and reduced stability under harsh pH and temperature conditions.

Alternatively, several electrochemical biosensors have employed aptamers as
biorecognition element (Chen et al. 2020; Khosravi, Loeian, and Panchapakesan 2017;
Terti,s et al. 2017; Terti s et al. 2019) for IL6 detection . Aptamers are oligonucleotide
sequences that recognize the analyte with good sensitivity and selectivity. However, the main
difficulty of aptamer based diagnostics is related to the absence of standardized protocols for
their synthesis (Lakhin, Tarantul, and Gening 2013).

Molecular imprinting technology is able to overcome these limitations due its promising
properties of robustness at harsh pH and temperature, reusability, price, and stability (Algieri



etal. 2014; Chen et al. 2016; Frasco et al. 2017; Haupt et al. 2012; Ribeiro et al. 2018; Uzun
and Turner 2016). Different strategies for the synthesis of molecular imprinting polymers
have been reported in the literature for proteins, including radical polymerization (Cabral-
Miranda, Gidlund, and Sales 2014; Moreira et al. 2013), atom transfer radical polymerization
(Li et al. 2014), photo-polymerization (Chen et al. 2015), and electropolymerization (ELP)
(Frasco et al. 2017; Gomes et al. 2018; Ribeiro et al. 2018; Tavares and Sales 2018). ELP
shows special benefits, regarding thickness control of the film and porosity which, can be
tunned by changing the electrochemical parameters. In addition, this approach is simple,
rapid, and inexpensive to perform.

Here, we described an ultrasensitive molecular imprinted polymer developed on a carbon
screen printed electrode (C-SPE) for PoC detection of IL6. The polymer is formed by
electrosynthesis of the pyrrole (Py) and carboxylated pyrrole (Py-COOH) at near
physiological conditions with the biomarker trapped in the polymeric matrix. Upon target
removal with acidic treatment, the imprinted sites are the available to recapture the imprinted
molecule. In parallel, a control material (NPPy) was prepared without recognition imprinted
binding sites. To our best knowledge, this work describes for the first time the synthesis of
a molecular imprinting polymer for electrochemical detection of IL6 at the fg/mL level in
serum samples. Overall, this biosensing material has shown promising results for PoC neuro-
inflammatory biomarker detection. Moreover, the presence of biomarkers capable of
predicting cognitive decline are of great value for the development of preventive therapies.

Experimenta
Apparatus

The electrochemical measurements were conducted using a PGSTAT302N potentiostat/
galvanostat from Metrohm Autolab. Carbon screen-printed electrodes (C-SPEsS) were
purchased from Dropsens (DRP-C220AT), with working and counter electrodes made of
carbon and reference electrode and electrical contacts made of silver. The diameter of the
working electrode was 4 mm and the C-SPEs were placed in a suitable switch box,
interfacing the electrical contacts of the C-SPE with the electrical connections of the
potentiostat/galvanostat.

Raman spectra were collected using a Thermo Scientific DXR Raman microscope
equipped with a 532 nm laser. A 5 mW laser power on the sample was used with a
50 Im slit aperture.

Reagents

All chemicals were of analytical grade and water was deionized or ultrapure Milli-Q
laboratory grade. Pyrrole; sodium chloride (KCI); pyrrole-2-carboxylic acid, 99%; and
oxalic acid dihydrate (OxAc) were purchased from Merck. Phosphate buffered saline (PBS);
potassium hexacyanoferrate 111 (Ks[Fe(CN)¢]); and IL6 (Human, recombinant animal
component free) were obtained from Fluka; and potassium hexacyanoferrate Il trihydrate
(Ka[Fe(CN)s]-3H20) from Riedel-de-H€aen.



Electrochemical procedures

Electrochemical assays were performed in triplicate and evaluated in 5.0mM [Fe(CN)g]*#in
0.1M KCI. Cyclic voltammetry (CV) was performed using a potential range from 0.4 t0 0.7V
at a scan-rate of 50mV/s. Electrochemical impedance spectroscopy (EIS) was performed
with [Fe(CN)s]*/* solution in open circuit potential (OCP), using a sinusoidal potential
perturbation with an amplitude of 0.1V across a frequency range from 0.1 to 100kHz. The

impedance results were fitted with the NOVA commercial software.
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Calibration curves were performed by EIS measurements for IL6 increasing concentrations
ranging from 0.02 pg/mL to 2.0 mg/mL. Each concentration of IL6 standard solution was
prepared in pH 6.0 PBS buffer and incubated on the imprinted sensor (MPPYy) surface for 30
min, at room temperature. Serum analysis was done by spiking IL6 100-fold diluted in PBS
buffer.

Plastic antibodies on the C-SPE

The molecularly-imprinted material was electropolymerized on the C-SPE after electrode
pretreatment. The C-SPEs were prepared by chronoamperometry in 0.1 M KClI, for 200 s, at
1.7V (Figure 1A).

The imprinting assay included two steps. The first step created the imprinted sites by
protein interactions with a charged monomer (Py-COOH) by hydrogen bonds. A mixture of
10 mL of the IL-6 analyte (2 mg/mL), 45 mL Py (0.01 M) and 45 mL Py-COOH (20 mg/mL)
were mixed and allowed to interact for 30 minutes to establish the hydrogen bonds between
the protein and the Py-COOH. Next, 70 mL of the mixture were dropcasted on the electrode
surface and incubated for 5 minutes. The CV polymerization (Figure 1B) was performed
from 0.8 to 0.8 V at a scan-rate of 50 mV/s for 10 cycles. The NPPy material was prepared,
in parallel, with the same procedure in the absence of the template. The Py concentration,
potential range, scan-rate, and number of cycles were optimized. The optimum conditions of
ELP were selected based on the stability of surface of the sensor and the electron transfer
resistance (Figure S1).

The resulting biomimetic material was carefully rinsed with deionized water and
incubated for 3 h in 0.05 M oxalic acid dihydrate to remove the target protein from the PPy.
Next, to equilibrate the pH, the sensor was incubated for 30 min in PBS buffer at pH 7.4. In
order to remove the residual monomers, the sensor was treated by CV, from 0.3 V t0 0.3 V,
for 10 cycles, at a scan-rate of 50 mV/s, in pH 6.0 PBS buffer.



Results and discussion
Optimization of the polymerization

In molecular imprinting, the thickness and the stability of the polymer are important
parameters to reach accurate and sensitive sensing. The binding cavities and the stability of
the polymer are affected by the monomer concentration, potential window of
polymerization, number of cycles, and scan-rate (Sayyah, Abd El-Rehim, and El-Deeb
2003). In this work, the optimum electrochemical conditions were based on the surface
stability and charge transfer resistance data. Overall, the best analytical performance in terms
of stability of the polymeric material was achieved with 10 cycles of electropolymerization,
at 50 mV/s, a 0.01 M monomer concentration, and a potential window from 0.8 to 0.8 V
(Figure S1).
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Figure 1. Preparation of the biomimetic biosensor using a carbon-screen printed electrode (C-SPE).

Molecular imprinting polymer fabrication

The synthesis of the molecularly-imprinted material involved the self-assembly of the
charged monomer, Py-COOH, around the IL6 template; imprinting stage by the Py and Py-
COOH electropolymerization; and template removal by oxalic acid (Figure 2).

The imprinting process started with the self-organization of a charged monomer,
PyCOOH, around the I1L6 molecule. This step promoted electrostatic interactions between
IL6 and monomer. Next, the monomers were electropolymerized on the C-SPE surface, at
pH 6.0, by consecutive CV scanning, using the conditions selected in the previous section.
Lastly, the protein was separated from the PPy film by oxalic acid treatment. The electron
transfer properties of the surfaces were characterized by EIS and CV, as shown in Figure 2.



The cyclic voltammograms of the iron redox probe for C-SPE with MPPy and NPPy
polymeric films on the working electrode confirmed the presence of an insulating film
(Figure 2). After electropolymerization, the redox peaks for the clean electrode almost
disappeared compared to the redox probe measurements due to an irreversible
electrochemical process from the blocked surface.

The electrical variations at the SPEs, due to electropolymerization, were also characterized
by EIS. Overall, the electrochemistry data at the electrode-solution interface correlated well
with the simplified Randle’s cell (Daniels and Pourmand 2007) composed by a resistor
(solution resistance, Rs) in series with a parallel circuit, a resistor (charge transfer resistance,
Rc) and a double layer capacitance (Ca)). The pretreated C-SPE presented very low charge
transfer resistance compared to the polymer on the electrode
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Figure 2. EIS (left) and CV (right) measurements for the synthesis of the biomimetic based sensor in
5.0 mM [Fe(CN)¢]*® and 0.1 M KCl. Definitions: C-SPE, carbon-screen printed electrode; PPy,
polypyrrole; IL6, interleukin 6; MPPy, imprinted sensor; and NPPy, non-imprinted material.



surface. The polymer on the carbon surface considerably increased the charge-transfer
resistance of the C-SPE, resulting from the insulating features of the produced material,
under the employed pH and electropolymerization conditions.

In addition, the NPPy control material was prepared in the absence of the protein IL6
during electropolymerization. The control provided a lower charge transfer resistance, when
compared to the MPPy, due to the presence of IL6 in the polymer. The presence of IL6 in the
polymer was expected to affect the electrical properties of the electrode, due to its intrin.

The target protein was removed from the polymeric matrix by oxalic acid treatment. This
chemical treatment, modified the electrical features of the redox probe due the absence of
the protein in the polymer. After acidic treatment, an increase in the charge transfer
resistance was observed in MPPy. Usually, protein removal from the polymer tend to
decrease the resistance. However, this phenomenon is also associated with protein
protonation compared to the redox probe structure of the polymer and polymer
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Figure 3. Raman spectra of the C-SPE, MPPy and NPPy materials. Definitions: C-SPE, carbon-screen
printed electrode; MPPy, imprinted sensor; and NPPy, non-imprinted material.

structure modification due the presence of the cavities. If IL6 is positively protonated, the
concentration of the iron redox probe at the surface may increase due to ionic interaction,
thereby decreasing the charge transfer resistance. Additionally, PPy polymers retain
alternating single (r) and double (p) bonds. Following template removal, the p-conjugated
systems are broken as the entrapped protein leaves the polymer, hindering electron transfer
through the polymer. Hence, decrease in the charge transfer resistance was observed for the
MPPy calibrated in pH 6.0 PBS buffer.

Characterization by Raman spectroscopy

The structures of C-SPE, MPPy, NPPy, and MPPy after template removal were investigated
by Raman spectroscopy, as shown in Figure 3.

Typical carbon peaks are shown in the Raman Spectra at 1351.3 cm* and 1590.4 cm! due
to the disorder mode (D-band) and tangential mode (G-band), respectively. The ratio of D/G
(Io/lg) band intensity corresponds to the atomic ratio between sp®and sp? carbons by the
evaluation of graphite degree of disorder (Figure 4).



The calculated Ip/l¢ ratio of C-SPE was 1.04. After polymerization of the NPPy and
MPPy, the Ip/lg ratio was reduced to 0.91 and 0.90, respectively. Overall, a decrease in the
defect band D observed after polymerization is an indicator that the modification of C-SPE
provides a more organized carbon material. As expected, the polymeric-based sensors
(MPPy and NPPy) provided similar Ip/lg ratios, which was expected based on the chemical
similarity of these films.

After the removal of IL6 from the PPy film by chemical treatment with oxalic acid, a
further decrease in the defects is observed, as Ip/lg is 0.88. This phenomenon is due to the
absence of the protein, that may introduce defects in the hexagonal structure of carbons in
the polymer (Figure 3).

Overall, the Raman spectra confirm the structural changes between the control and the
polymeric materials, thereby confirming the PPy layer on the carbon electrode.



Analytical performance of the sensor

The analytical performance of the biomimetic sensor was evaluated by calibration curves.
The sensors were incubated for 30 minutes in each standard solution of IL6 protein and
evaluated by EIS. Calibration curves obtained for the MPPy and NPPy sensors were plotted
as the charge transfer resistance versus the logarithm of IL6 concentration from 0.02 pg/mL
to 20 ng/mL. The charge transfer resistance of the MPPy decreased linearly with increasing
IL6 concentration higher than 0.1 pg/mL (Figure 4). The average slope was 0.0601
kxmL/log[IL6, ng/mL] with a correlation coefficient exceeding 0.985 and a limit of detection
lower than 0.1 pg/mL. The decrease in signal after IL6 protein incubation may be associated
with the net charge of the protein. The isoelectric point (PI) of IL6 is approximately 6.96
(Khosravi, Loeian, and Panchapakesan 2017) and the pH of the buffer was 6.0. Hence, the
number of positive and negative charges in the outer protein surface are equivalent due the
proximity of the isoelectric point and pH. The positive charges of the protein on the surface,
are likely to attract the redox probe to the electrode surface, as the redox probe is negative.
A decrease in the charge transfer resistance was observed after protein incubation in Figure
4. The NPPy displayed random responses for the same protein concentrations, confirming
that protein binding at the MPPy sensor is associated with the recognition cavities in the
polymer. The relative standard deviation of repeated measurements was bellow 5%.

Analytical performance of the sensor with spiked serum

IL6 in plasma and cerebrospinal fluid has been identified as a potential biomarker, although
its screening in plasma, results in a less invasive sample (Park, Han, and Mook-Jung 2020;
Wu et al. 2015). Because of this promising possibility, lyophilized human serum was
selected to characterize the applicability of the sensor and the selectivity for real sample
analysis. In order to investigate the analytical response of the IL6 in spiked serum samples,
the sensing material was incubated for 30 minutes at various
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Figure 4. (A) EIS measurements of the MPPy based biosensor. (B) Calibration curves obtained for the
non-imprinted polymer (NPPy, orange dots) and imprinted polymer (MPPy, blue dots) biosensor in
PBS buffer at pH 6.0 in 5.0 mM [Fe(CN)¢]*3and 0.1 M KCl, at IL6 concentrations of 0.02, 0.2, 2.0, 20,
200,2000, 20000 pg/mL.



Table 1. Comparison of the developed biosensor with electrochemical devices reported in the
literature.

Electrochemical Recognition Sample
Technique element Linear Range application Reference
Amperometry Antibody 20-4000 pg/mL Serum Munge et al. 2009
Amperometry Antibody 4-800 pg/mL Serum Wang et al. 2011
ASV Antibody 0.1-100 pg/mL Serum Zhang et al. 2011
SWv Antibody 0.01-0.1 pg/mL Serum Shi et al. 2014
SWv Antibody 2-20 pg/mL Serum Li and Yang 2011
DPV Antibody 0.5-100000 pg/mL Serum Peng et al. 2011
PEI Antibody 1-100000 pg/mL Serum Fan et al. 2014
ECL Antibody 0.1-1000 pg/mL Serum Sardesai, Barron, and Rusling
2011
EIS Antibody 0.03-22.5 pg/mL Serum Aydin, Aydin, and Sezginturk 2020
Antibody 0.01-50 pg/mL Serum Aydin, Aydin, and Sezginturk 2021
EIS Antibody 0.01-100 fg/mL Serum Yang et al. 2013
EIS Aptasensor 1-15000000 pg/mL Serum Tertis, et al. 2017
EIS Aptasensor 1-100000 pg/mL Serum Tertis, et al. 2019b
Amperometry Aptasensor 0.021-2100 pg/mL Serum Chen et al. 2020
EIS Aptasensor 5-100000 pg/mL Serum Tertis, et al. 2019a
This work Molecular imprinting ~ 0.02-2000000 pg/ mL Serum
polymer

Definitions: ASV, anodic stripping voltammetry; SWV, square wave voltammetry; DPV, differential pulse voltammetry;
PEI, photoelectrochemical immunoassay; ECL, electrochemiluminescence; and EIS, electrochemical impedance
spectroscopy.

concentrations of the target prepared in 100-fold diluted serum. The analytical performance
was evaluated by calibration curves obtained using EIS (Figure S2).

Calibration curves were recorded for the MPPy and NPPy sensors and plotted as the
charge transfer resistance by EIS versus the logarithm of the IL6 concentration from 0.02
pg/mL to 20 ng/mL. The charge transfer resistance of MPPy increased linearly with the 1L6
concentration above 0.02 pg/mL (Figure S2), with an average slope of 0.017 kXmL/log]IL6,
ng/mL and correlation coefficients higher than 0.985.

Curiously, contrary to the calibration curve of MPPy in PBS buffer in Figure 4, the slope
is positive, showing an increase of the signal after protein binding. A possible explanation is
the presence of compounds in the serum that interact with the protein and change the net
charge of the outer amino acids (Figure S2). Moreover, the biosensor recognized the protein
because within the observed concentration range, the response of the MIPPy was dominated
by the interaction of IL6 with the binding sites once a linear response was observed for the
sensor versus the protein concentration. The NPPy material displayed a random response for
the same protein concentration range, confirming that the primary mechanism of protein
binding in the MPPy sensor is associated with the cavities present in the matrix.

Overall, considering that the cutoff levels of IL6 in serum are approximately 1.6 pg/ mL in
healthy people (Wu et al. 2015) and higher in Alzheimer’s patients, the analytical figures of
merit have clinical significance. These results demonstrate that the developed biosensor can
be effectively used for IL6 determination with good sensitivity. The analytical features of



the biosensor are compared to previously reported electrochemical biosensors in Table 1.
The analytical performance of the MPPy sensor is equivalent to the literature devices for
natural antibodies. However, the reported approach offers advantages in stability, cost, and
response time.

Conclusions

The present work describes the development of an analytical device with integration of
molecular imprinting of proteins and electrochemical transduction. The target is a biomarker
associated with neuro-inflammation, the IL6 protein, which may be an indicator of the
presence of Alzheimer’s disease when associated with other symptoms.

The MIP biosensor was constructed by the electropolymerization of pyrrole performed by
cyclic voltammetry on a C-SPE in the presence of the IL6. The template removal from the
polymeric matrix was carried out by acid cleavage, giving rise to the imprinted sites.

The best conditions for the synthesis of the biomimetic material were obtained using a
potential range from 0.8 to 0.8 V for 10 cycles and a scan rate of 50 mV/s. The monomer
concentration is important in the imprinting process. The best conditions were obtained for
0.1 M Py. Selective binding of IL6 onto the MPPy sensor after 30 min incubation significantly
modified the redox probe current. Calibration plots showed a linear dependence of peak
current with linearity up to 0.02 pg/mL, an average slope of 0.017 kX mL/log[IL6, ng/mL]
and correlation coefficients exceeding 0.985 in spiked serum samples.

Overall, this biomimetic material is more stable and robust compared to traditional
immunosensors and ELISA methods, and simple, rapid, accuracte, and offers a low detection
limit. This approach opens horizons for the rapid point-of-care diagnosis of biomarkers
associated with Alzheimer’s disease and with other conditions.
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