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This research work aims the development and optimization of an electrochemical biosensor based on
molecularly-imprinted polymers [MIPs], for monitoring a melanoma biomarker, Galectin-3 (Gal-3). As it is a
multifunctional protein that plays an important role in different types of tumors including melanoma, and has
shown good results as a potential biomarker in several areas, the construction of a biosensor for the detection of
this protein would be a simple and quick strategy to support the treatment of this type of pathology.

The target molecule was recognized by a MIP material, created on the electrode’s surface by electro-
polymerizing a mixture of analyte (Gal-3) and monomer (2-aminophenol). Then, the protein was removed from
the polymeric material by oxalic acid treatment.

This process formed a non-conductive polymer with recognition sites showing affinity for the Gal-3. The
control of the surface modification was monitored by Raman spectroscopy and electroanalytical techniques,
namely electrochemical impedance spectroscopy (EIS) and cyclic voltammetry (CV). The analytical performance
of the sensor was evaluated by EIS, by following the analytical response of standard solutions ranging from 0.5
ng/mL to 5000 ng/mL Gal-3 in spyked serum. In general, the biosensor displayed good analytical features,
considering limit of detection, response time and reproducibility.

Overall, this study resulted from the need to create a new strategy for monitoring melanoma through the
creation of a cheaper, faster and sensitive device, which can be commercialized and thus integrate the entire
process associated with the treatment and follow-up of this pathology.

Although there are clinical, biochemical and histological methods
that provide information about the behavior of this pathology, it re-

1. Introduction

Melanoma is a malignant neoplasm that has origin in melanocytes
and develops when irreparable damage occurs in the DNA of skin cells
[1,2]. This type of tumors results from the malignant transformation of
melanocytes (melanin producers in the basal layer of the epidermis) that
has origin in the neural crest and migrate to the skin and other sites on
the periphery, during fetal development [3,4].

The incidence of skin cancer in Portugal remains a concern, when
compared to the European average. In the specific case of melanoma, it
represents only 4% of skin cancers, but it is also the most aggressive form
of the disease, due to its high metastatic potential, being responsible for
about 75% of deaths that are associated with skin cancer [5].

mains an unpredictable disease. As it has a high mortality rate, there is a
need to look for new biomarkers that are suitable and useful for early
diagnosis, staging, prognosis, as well as monitoring response to treat-
ment. Biomarkers have molecular properties with potential use in dis-
ease detection and diagnosis, while also providing information related
to the biological behavior of the tumor, and the mechanisms that are
associated with resistance and/or sensitivity to treatment [6]. Currently,
there is no ideal biomarker in melanoma, and pathological features of
the tumor such as Breslow thickness, mitotic rate and ulceration status
are important prognostic factors, which can only be determined after
completion of a biopsy or surgical resection of the tumor [7-9]. This is
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an invasive process, which would be avoided if circulating biomarkers
existed. The melanoma cells and the associated extracellular molecules
may provide non-invasive analytical access, for releasing proteins and
other cells in the extracellular fluid that may reach the bloodstream,
which can serve as serum biomarkers [10-12].

Studies carried out in the area have shown that in certain types of
cancer, such as breast, thyroid, colorectal and melanoma cancer, there is
a dysregulation of galactins, which cause an inhibition of tumor cell
apoptosis, promoting tumor growth and increasing the development of
metastases [13-16]. Regarding specifically Galectin-3 (Gal-3), it is a
multifunctional protein that is a member of the lectin family, with a
chimeric structure that plays an important role in adhesion, prolifera-
tion, differentiation, angiogenesis and metastasis in various tumor types.
Its expression is positively correlated with the metastatic potential of
human melanoma cell lines [13,17].

According to the literature, some studies indicated that increased
Gal-3 levels in the serum of some patients with melanoma cancer might
reflect biological aspects of tumor behavior related with a metastasizing
phenotype. Other studies have demonstrated the clinical value of
circulating Gal-3 in patients with early-stage cancer, signalling it as a
predictor of tumor invasion and metastasis.

Low serum levels of Gal-3 were detected in healthy individuals
(median, 62 ng/ml; range, 20-313 ng/ml). Compared with healthy
people, Gal-3 serum levels in patients with breast, gastrointestinal, lung,
or ovarian cancer, melanoma, and non-Hodgkin’s lymphoma were
expressively elevated. Maximum serum concentrations of Gal-3 (me-
dian, 320 ng/ml; range, 20-950 ng/ml) were obtained in patients with
metastatic gastrointestinal carcinoma. Overall, these results propose
that circulating Gal-3 could be a promising biomarker [18].

Interestingly, available evidence indicates that Gal-3 is also vital for
normal brain development and plays various roles in central nervous
system (CNS) inflammation, with re-modeling capacity in damaged CNS
tissues [19]. Gal-3 plays also an important role in the pathogenesis of
neuroinflammatory and neurodegenerative disorders, such as multiple
sclerosis, Alzheimer’s disease, Parkinson’s disease, and Huntington’s
disease [20].

Regarding the protein detection, there are several methods that can
be used in the field of electrochemistry [21-24], such as optical [25,26],
and separative methods [27], among others. Considering that Gal-3 is a
relevant potential biomarker in several areas of health, it would be also
important to have a biosesnor for this biomarker too. Since electro-
chemical biosensors are sensitive, selective, accessible and relatively
easy in terms of development, when compared to other techniques that
could be used, it was found that the construction of a biosensor for the
detection of this protein would be the quickest and simplest way to
develop a new strategy to support the treatment of melanoma, by
monitoring the effectiveness of radiotherapy [28,29].

A biosensor is, in general, an autonomous device capable of
providing quantitative or semi-quantitative analytical information using
a biological recognition element (biochemical receptor), which is in
direct contact with a transducer element. In this way, it measures bio-
logical or chemical reactions, generating signals that are proportional to
the concentration of the analyte in the reaction. It is an analytical device
that converts a biological response into a processable and quantifiable
signal. Regarding its constitution, a biosensor consists of an analyte
(represents the substance of interest), a biorecognition element (mole-
cule that specifically recognizes the target analyte), a transducer (it is an
element that converts one form of energy into another), an electronic
system (responsible for processing the transduced signal and preparing
it for the display) and the display (user interpretation system).

Regarding the elements of biorecognition, this set includes anti-
bodies [30,31], enzymes [32,33] plastic antibodies (molecular printing
polymers) [34-38], DNA /RNA [39-41] and aptamers [42-47]. Only the
use of antibodies as a biorecognition element in biosensors was found in
the literature for the detection of Gal-3, however none was found for the
detection of this protein in melanoma [48,49].
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The development of biosensors that use MIPs as an element of bio-
recognition for the detection of Gal-3, they do not yet exist in the
literature. However, it is hoped that this work will serve as a starting
point for the study and development of new biosensors, especially
focusing the area of melanoma and with MIP materials. The creation of
artificial macromolecular receptors with high affinity and selectivity,
capable of recognizing and binding to a particular molecular target,
using a molecular printing compared to natural systems, is a low-cost,
simple and robust method, with high-recognition, long-term durability
and fully compatible with sensor surface, which allows MIPs to be used
in several areas. Molecular imprinting is a technology that allows the
production of polymers with specific recognition sites, moulded from a
mould molecule, which can be the analyte itself or a compound with a
similar structure [36,50]. Several electrochemical biosensors based on
MIPs as a biorecognition element have been reported in the literature for
diverse target molecules as proteins, toxins, and antibiotics, among of
others [51-55].

MIP-based sensors can be obtained chemically (by treatment with an
external reactant) or electrochemically (by electropolymerization).
Chemical synthesis of MIPs mostly includes monomers, which poly-
merize after addition of an initiator. Chemical synthesis is frequently
used for preparation of polymers in solutions or in bulk solids [56]. In
contrast, electropolymerization is mainly used for deposition of MIPs in
a conductive support material. The main advantages of this strategy is
the prospect to control (1) the rate of polymer growth, by appropriate
selection of the electropolymerization parameters, (2) the film thick-
ness, by the controlling the current passed through film deposition, and
(3) the film morphology, by proper selection of an suitable solvent and
supporting electrolyte. Due the inherent advantages of this approach,
several molecularly-imprinted proteins have been reported in the liter-
ature for point-of-care (PoC) applications [57-59].

In this way, MIPs present microcavities that are complementary to
the mold in shape, size and chemical functionality, and can selectively
retain the mold molecule present in a sample, as Gal-3, eliminating
possible interferents that are present. MIPs combined with electro-
chemical sensing may lead to a new strategy for monitoring melanoma
by means of the creation of a cheaper, faster and sensitive device sen-
sitive to Gal-3, which can be later on contribute to the treatment and
follow-up of this pathology.

2. Experimental section
2.1. Apparatus

The eletrochemical measurements were performed using a Metrohm
Autolab potentiostat/galvanostat controlled by Nova 1.11 software and
the C-SPE used were purchased from DROPSENS (DRP-C220AT) and
composed by a ceramic substrate with electrical contacts made of silver,
with a working electrode (4 mm in diameter) and an auxiliary electrode
both made of carbon and a silver reference electrode. These are placed in
a suibtable conector box that interfaces the C-SPE with the potentiostat/
galvanostat.

In addition, the material structure and surface analysis of the C-SPE
was performed using Raman Spectroscopy and for this purpose, a
confocal microscopy Thermo Scientific DXR Raman spectrometer
equipped with a 532 nm excitation laser was used.

2.2. Reagents

The electrochemical assays were performed using potassium hex-
acyanoferrate III (K3g[Fe(CN)g]) and potassium hexacyanoferrate II tri-
hydrate (K4[Fe(CN)g]-3H20) from Riedel-de-Haen; potassium chloride
(KCl) and oxalic acid dehydrate from Merck; phosphate buffered saline
(PBS) and bovine serum albumin (BSA) from Amresco; sulphuric acid
95-97% (H2SO4) and CA15-3 from Sigma Aldrich; 3-Aminophenol 99%
from Acros Organics, CORMAY serum HN from Cormay®; recombinant
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human Galectin-3 protein from Alfa Aesar; and creatinine from Fluka.

2.3. Solutions

The electrochemical assays were performed using a 5.0 x 107> M
K4[Fe(CN)g] and 5.0 x 10°3M K3[Fe(CN)g], prepared in KCl electrolyte.
The PBS solution was prepared in ultrapure water, with a pH of 7.4, and
the HySO4 solution was prepared with a 0.50 M concentration, in ul-
trapure water. Aminophenol (99%) and oxalic acid solutions were pre-
pared in PBS and ultrapure water, respectively, with a concentration of
1.0 x 10~ M of aminophenol and 0.50 M of oxalic acid. The Gal-3 was
diluted in 1.0 mL of PBS having a concentration of 50 ug/mL. The stock
solutions for the calibration curves were prepared in PBS buffer and the
most diluted standards were obtained by rigorous dilution of the pre-
vious solution, in the same buffer.

The selectivity study was performed with possible interfering species
such as glucose, creatinine, BSA and the tumor marker. All compounds
were prepapred in PBS buffer. In the case of creatinine and BSA, it was
necessary to dilute 100 and 1000 times respectively, to avoid possible
disproportionate interference of the compounds.

2.4. Electrochemical synthesis of molecular imprinted (MIP) and non-
imprinted polymer (NIP) films

The preparation and construction of the sensor was done in three
steps: electrochemical cleaning, electropolymerization and protein
removal, as illustrated in Fig. 1. To this end the C-SPE’s were subjected,
first, to an electrochemical pre-treatment by chronoamperometry (1.7 V,
for 200 s, in KCl 0.1 M solution), in order to remove possible contami-
nants that may be present on the electrode surface. Then, in order to
promote their activation through the appearance of functional groups by
cyclic voltammetry (CV) (—0.2to 1.2V, 15 cycles, 0.05 V/s in H,SO4 0.5
M). After electrochemical cleaning, a solution consisting of aminophenol
(1.0 x 1073 M) and Gal-3 (5.0 pg/mL) in PBS buffer was used to
assemble the MIP layer by electropolymerization. In parallel, the non-
molecularly imprinted polymer (NIP) was prepared, in the same way
as the MIP but without the presence of the protein. Then, 100 pl of each
solution was placed on the corresponding C-SPE and the

C-SPE IMPRINTING
STAGE
P Gal-3 ~
Aminophenol
) s
g
(A) (B)
Legend

ﬁ C-SPE

Working electrode

.

& Gal3 (©)
Aminophenol
TEMPLATE
REMOVAL

Fig. 1. Schematic representation of the synthetic process. (A) Working area of
C-SPE; (B) Imprinting stage after electropolymerization of Galectin-3 with
aminophenol (C) Binding site after template removal by oxalic acid.
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electropolymerization was carried out by CV (—0.2 to 0.8 V, 10 cycles,
0.05 V). Subsequently, the polymeric film was washed with KCI and
incubated with 5 pl of oxalic acid (0.5 M in deionized water), placed on
the working electrode surface, at room temperature, overnight. Then,
the sensing surface was washed with KCl and incubated in PBS buffer for
30 min for cleaning and pH stabilization. In this process, Gal-3 is
extracted from the polymeric films by acidic action and the binding
cavities are formed; these cavities are complimentary to the protein in
size, shape and functionality.

2.5. Electrochemical assays

The electrochemical assays were indirectly measured using 5.0 x
1073 M K3[Fe(CN)] and 5.0 x 1073M K4[Fe(CN)g] prepared in KCl
electrolyte as redox probe and the chronoamperometry, CV, square
wave voltammetry and electrochemical impedance spectroscopy tech-
niques (EIS) were used to characterize the sensors in different steps of
construction and optimization. The calibration curve was performed by
EIS measurements, in order to check the response of Gal-3 solution
prepared in PBS buffer in a range from 5.0 ng to 50.0 pg/mL. The sensors
were incubated with 5 pl of Gal-3-PBS solution, for 20 min, at room
temperature. Between each incubation, the sensor was washed with KCL
and dried.

3. Results and discussion
3.1. Electropolymerization and imprinting stage

The molecular imprinting of Gal-3 was performed by electro-
polymerization of a solution containing 2-aminophenol and Gal-3 in PBS
buffer. The correct selection of the monomer is critical once its func-
tional groups will interact with specific protein sites, promoting greater
effectiveness of the molecular impression. For electropolymerization,
the monomer 2-aminophenol was chosen, because it has two different
functional groups that can easily interact with the chemical functions
existing on aminoacides at the outer surface of Gal-3. Electro-
polymerization was performed by consecutive CV cycles on the surface
of C-SPE’s (Fig. S1).

In the first cycle, the current increased towards the oxidation po-
tentials, reaching a peak around 0.2 V, which represented the oxidation
of the monomer. After electropolymerization (Fig. 2) it was found that
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Fig. 2. (A) Electrochemical synthesis of MIP. Records obtained with 5.0 x
10~ M K3[Fe(CN)g] and 5.0 x 102 M K4[Fe(CN)e] in KCl electrolyte, carried
out by CV assays for MIPs/NIPs.
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the oxidation/reduction peaks almost disappeared, showing that the
surface was “blocked” due to the formation of the polymeric layer. In
addition, through the Nyquist plot (Fig. S2) that consisted of a semi-
circle, it was possible to observe that before electropolymerization the
resistance to charge transfer (R.;) was lower than that obtained after the
polymer changes. Thus, the polymer formed on the surface of C-SPE
significantly increased the R due to the non-conductive properties of
poly(2-aminophenol).

With regard to the MIP, the R increased significantly after elec-
tropolymerization, since the protein was inside the polymeric network
and its presence in the matrix alters the electrical properties of the
surface where the polymer is being formed. Regarding the NIP, it was
synthetized without the protein and it was found that the resistance
obtained was higher than that obtained for the MIP. This can be justified
by means of two events. First, the presence of the protein hindered the
polymerization and therefore the NIP layer was thicker/denser than the
MIP, thereby evidencing a higher resistance value. Second, the isoelec-
tric point of Gal-3 (~8.58) is higher than the pH of the buffer (x=7.4),
menaing that it was protonated predominantly with a positive charge,
increasing the possibility of the sensing film to attract the negatively-
charged standard iron solution.

3.2. Protein removal

To remove the protein that was imprinted molecularly on the surface
of the polymer, it was necessary to expose the C-SPE’s to an oxalic acid
solution, which would break the peptide bonds between the protein’s
amino acids. The selection of protein removal agent is, however,
important since the goal is only to remove the protein without inter-
fering with the struture of the polymer. Oxalic acid was found here a
suitable material. Thus, after electropolymerization of MIP and NIP, 5 pl
of 0.5 M oxalic acid solution was placed on the surface of the working
electrode of each C-SPE and incubated at room temperature overnight.
After the incubation, the electrodes were washed with KCI and condi-
tioned in PBS, for approximately 30 min to stabilize the pH.

With the removal of the protein, changes in R occurred. It was
found a decrease in the Re;, both in NIP and MIP sensing films, however
this was more significant in MIP.

It would be expected that in the NIP there would be no changes after
the action of the oxalic acid, since it is synthetized without the protein.
However, this slight decrease in R value may be related to the partial
loss of the polymer, which may have been partially digested by the acid
and/or to an altered protonation of the polymer.

The MIP suffered a significant decrease in the R values, as expected.
The acidic degradation of the proteins yielded the formation of cavities
in the polymer, which would facilitate the access of the redox probe to
the electrode surface, thereby promoting a decrease in the resistance to
charge transfer.

3.3. Qualitative analysis of materials

Qualitative analyses were performed directly on the C-SPE’s at
different stages of the assembly of the sensor surface and was performed
by Raman Spectroscopy. The Raman spectra of the working electrodes
MIP and NIP are shown in Fig. 3. As known, G-band (associated with the
vibration bond stretching of all pairs of sp? atoms in rings and chains)
and D-band (related with hexagonal lattice defects of carbon-based
materials and disordered in sp3-carbon structure) are the most signifi-
cant peaks. The ratio of the Raman intensity of these peaks, stated herein
as [g/Ip, reflects the material organization, from which a ratio increase is
linked to an increasing disorder degree within the materials.

According to the results, the C-SPE without any modification (I/Ip
= 1.61) showed higher ratio in relation to the other sensor stages, which
can be justified by the crystalline structure of the electrode surface.
Regarding MIP before protein removal (Ig/Ip = 1.14) this has a higher
value than MIP after removal (Ig/Ip = 1.08) which may be associated
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Fig. 3. . RAMAN spectra of the nanomaterials.

with the introduction of structural defects on the surface . Regarding the
MIP after removal (Ig/Ip = 1.08) and considering that NIP (Ig/Ip = 1.09)
was also subjected to an acid treatment, it was found that the values
obtained are very similar, what was expected since the polymeric matrix
was the same.

3.4. Analytical performance of the sensor

To evaluate the analytical performance of the biosensor, it was
necessary to create a calibration curve which expresses the relationship
between the measured signal and the concentration of the analyte,
allowing the analysis of the sensor’s ability to interact again with the
protein in the cavities formed after its removal. This process consisted of
adding 5 pl of standard protein concentrations to the working electrode,
and incubating it in a desiccator, for about 20 min. After the incubation
of each concentration, the electrode surface was washed with KCl and
the electrochemical measurement was done with the standard iron
redox solution, to observe the behaviour of the sensor at various protein
concentrations (5 ng/mL-50 pg/mL).

Regarding the R values obtained, both NIP and MIP showed a
decreasing trend in resistance with the increase in protein concentra-
tion, which confirmed the existence of protein binding to the sensor
surface (Fig. 4 left). This is consisten with the fact that a positively
charged species is binding to the sensing film. The calibration curve was
obtained from the graph resulting from the R, values of the Nyquist Plot
diagram against log(concentration). The slope of the observed linear
trend (Fig. 4 right) represented the sensitivity of the sensing system.

Under optimized conditions, the MIP displayed a dynamic response
range between 5.0 ng/mL and 50 pg/mL. When compared to the MIP
sensor, the NIP did not demonstrated a linear response to Gal-3 in all
range of concentrations analyzed, suggesting that the main binding
mechanism was related with the presence of the imprinted Gal-3 cavities
(positions acting as plastic antibody) within the polymeric matrix.

3.5. Serum analysis

Furthermore, in order to assess the behavior of the biosensor in a
more realistic context, tests were carried out with the preparation of
standard solutions of Gal-3 in human serum (Cormay Serum HN), in a
range of concentrations between 0.5 ng/mL and 5.0 pg/mL. This com-
mercial serum is a very complex matrix with the capability to produce
valuable data concerning the selectivity of the biosensor under condi-
tions of real sample analysis.

Fig. S3 shows the results obtained from the calibration after the in-
cubation during 20 min with different concentrations of Gal-3. It showed
that the MIP presented improved results to those obtained with the use
of standard solutions prepared in PBS. The MIP sensor presented a lower
limit of linear range that was 10 times lower, when compared with the
calibration curve in PBS buffer (Fig. 4), which demonstrated its ability to
measure lower concentrations in a more real context. Under optimized
conditions, the MIP displayed a dynamic response ranging between 0.5
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Fig. 4. (A) EIS measurement of MIPs in 5.0 x 1073 M K3[Fe(CN)g] and 5.0 x 10~3 M K4[Fe(CN)¢] in KCl electrolyte with different concentrations of Gal-3 in PBS. (B)

The corresponding calibration curves of NIP and MIP.

ng/mL and 5.0 pg/mL.

Overall, these results appeared promising for direct applications in
the PoC context as within the concentration range studied the response
of the MIP was controlled by the interaction of Gal-3 with the rebinding
sites, with insignificant nonspecific response detected.

3.6. Selectivity

To evaluate the selectivity of the sensor and verify its ability to detect
a specific analyte in a sample containing other compounds, in this case,
glucose, creatinine, BSA and CA 15-3, the sensor was incubated in
separate solutions of interfering species. For this, the incubation period
of the C-SPE’s with the interfering species was 20 min to ensure that
equilibrium was reached, even in the presence of these compounds.
After analyzing the results (Fig. S4) it was found that the binding of
glucose (0.1%) and CA15-3 protein (1.5%) was insignificant. Regarding
creatinine and BSA, these showed higher values of interference, 3.2%
and 2.6%, respectively. However, these values may be neglected since
the range of linearity of the sensor calibration in serum is between 0.5
ng/mL and 500 pg/mL and the physiological value of Gal-3 is 30 ng/mL.
In this way, the sample can be diluted about 60 times, reducing the
interference of these compounds in the analytical signal.

4. Conclusion

As previously mentioned, melanoma is a disease of increasing inci-
dence and has become a public health problem. Thus, there is the need
to create new strategies to combat mortality and improve the quality of
life that is associated with this type of disease. Thus, in order to create a
new strategy for monitoring radiotherapy during the melanoma treat-
ment process, an electrochemical biosensor was developed for the
detection of Gal-3, which is associated with a worst prognosis of the
disease. In general, the biosensor developed herein has shown good
results in terms of selectivity, detection limit (in order of ng/mL),
response time (maximum incubation time of 20 min) and reproduc-
ibility. Regarding the response limits, it was found that these were in the
range of 0.50 ng/mL and 5.0 pg/mL, which included the physiological
values of the protein (30 ng/mL). Thus, the development of this
biosensor using plastic antibodies has proven to be simple and sensitive,
makes the development of new Gal-3 sensors promising.

Finally, and as mentioned, Gal-3 is a protein that can be used in
conjunction with other clinical biomarkers in different pathologies. In
the scenario where the biosensor for Gal-3 was ready to be used in a real
context, it would still be interesting to evaluate its diagnostic value as a

Alzheimer marker.

In short, an easily produced, inexpensive, fast and sensitive biosensor
for Gal-3, which perfectly covers physiological limits, could have
numerous biomedical applications and potential clinical impact not only
oncology that could and should be explored.
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