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ARTICLE INFO ABSTRACT

Keywords: STEAPI is a cell surface protein of the STEAP family whose main function focuses on intercellular communi-
Prostate cancer cation and cell growth. STEAP1 is considered a promising putative biomarker and a candidate target for prostate
Biosensor cancer treatment.

STEAP1

For specific and selective detection of STEAP1, a molecularly imprinted polymers (MIP) was developed on a
screen-printed electrode (C-SPE) whose surface was modified with a nanocomposite based on carbon nanotubes
decorated with dendritic platinum nanoparticles (CNTs- PAH /Pt). Then, the MIPs were produced on the
modified C-SPE by electropolymerization of a mixture of STEAP1 and a monomer (pyrrole-2-carboxylic acid).
Then, the protein was removed from the polymeric network by enzymatic treatment with trypsin, which created
the specific template cavities for further STEAP1 detection. Electrochemical techniques such as EIS and CV were
used to follow the chemical modification steps of C-SPE. The analytical performance of the biosensor was
evaluated by SWV in PBS buffer and in lysates of neoplastic prostate cancer cells (LNCaP) extracts. The MIP
material showing a linear range from 130 pg/ml to 13 pg/ml. Overall, the biosensor exhibits essential properties
such as selectivity, sensitivity and reproducibility for its application in medical and clinical research diagnosis
and/or prognosis of prostate cancer.

Molecularly imprinted polymers

1. Introduction proliferation and oxidative stress, which are associated with cancer

progression [4,5]. Specifically, The Six-Transmembrane Epithelial An-

Prostate cancer (PCa) is the most established cancer in men world-
wide [1]. The main challenge is to diagnose it at an early stage so that we
can control the disease to some extent to ensure patient survival and
quality of life [2,3]. So, there is an urgent need for alternative and
innovative methodologies in the identification and targeting of novel
and relevant biomarkers in PCa. Six-Transmembrane Epithelial Antigens
of the Prostate (STEAP) proteins are a family with functions in cell

tigen of the Prostate 1 (STEAP1) is a membrane protein overexpressed in
PCa, being mostly absent from other tissues or vital organs [5]. Due to
the predominantly a-helical secondary structure, localization at the cell
surface in tight- and gap-junctions and the intracellular disposition of
both C- and N- terminal, it has been suggested that STEAP1 functions as
a transmembrane channel, transporting ions and small molecules, while
also playing a role in cell adhesion and intercellular communication
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[6,7,8]. According to Barroca-Ferreira and coworkers, STEAP1 levels are
higher in malignant tissue than in healthy tissue, and these levels may be
associated with a particularly aggressive stage of the disease, noting that
STEAP1 can be used for PCa prognosis and diagnosis [9,10,11].
Although there is no demonstration that STEAP1 is secreted by cells,
there is evidence for its presence in extracellular fluids. However, the
physiological levels of STEAP1 in prostate cancer patients are not yet
known [7,8]. Thus, the detection and quantification of STEAP1 is
essential in the diagnosis of PCa, due to the fact that its expression is
practically limited to prostate tissue [12]. Indeed, STEAP1 over-
expression has been suggested to be a driving force for PCa initiation and
progression, enhancing tumor proliferation and aggressiveness,
rendering it an attractive PCa biomarker and therapeutic target.
Concurrently, STEAP1 also appears to distinguish between BPH and
prostatic intraepithelial neoplasia, meaning that PCa can be diagnosed
and treated before adenocarcinoma progression, while avoiding the
high false-positive rate of PSA [3,9,13]. Several methods have been
described in the literature for the detection and quantification of various
biomarkers associated with PCa, including optical, separation, and
biochemical approaches [9,10,11]. However, the high cost and cycle
time as well as low reproducibility and efficiency are some of the major
drawbacks. Therefore, as an emerging technology, biosensors can
rapidly and accurately detect a biomarker [14].

There are a lot of different available biosensors for biomarkers
detection, like optical, enzymatic, and electrochemical biosensors
[13,14,15]. Since the goal of this work is to detect a protein, a highly
specific biological recognition element must be found to enable its
detection in a complex medium such as biological samples. Natural
biological recognition elements such as enzymes, antibodies, and pro-
teins are not only expensive, but also exhibit low stability and durability
under certain conditions despite their good selectivity and affinity for
the target [16]. Therefore, synthetic biological recognition elements
such as molecular imprinting polymers (MIPs) seem to be the best option
because this emerging technology is cheap, simple, and has high spec-
ificity and selectivity for the target [17,18].

Electrochemical biosensors have received special attention due to
their high stability, reproducibility, sensitivity, and low cost [19]. Since
this type of biosensor requires an electron transfer phenomenon, the
polymerization of the monomer such as pyrrole-2-carboxylic acid (PY-
COOH) could form a polymeric matrix through electropolymerization,
which facilitates current passage and makes the biosensor more sensitive
to surface changes [20]. Several works are described in the literature
focusing on the synthesis of MIPs for the detection of other biomolecules
associated with inflammatory diseases such as Alzheimer’s disease and
cancer, where (PY-COOH) and Py. Gongcalves and co-workers describe
the development of an electrochemical biosensor for the determination
of interleukin-6 using screen-printed carbon electrodes (C-SPE) as a
support for the construction of a MIP with Py as a monomer for the
detection of interleukin-6 [21]. In addition, Gomes and coworkers
described the development of a MIP material based on the electro-
polymerization of Py and Py-COOH for the detection of cystain C, a
protein associated with chronic kidney disease, also using C-SPE [22]. In
this work, the team used carbon nanotubes in the polymer matrix to
achieve the desired sensitivity. Moreira and coworkers have reported
work using PY to develop MIPs for the detection of CEA, a cancer
biomarker. The device showed good analytical performance using silver
electrodes as the support material. The electrodes were subjected to
electrochemical oxidation to obtain stable readings [23]. Here, we
improved the literature by combining PY-COOH with a nanocomposite
of dendritic platinum nanoparticles aminated with carbon nanotubes
(CNTs- PAH /Pt). In the presence of STEAP]1, this leads to a stable
polymer matrix on the C-SPE surface due to the interaction between the
amine groups of the composite and the carboxyl groups of the protein
through hydrogen bonds and electrostatic interactions. Overall, the
incorporation of a composite such as CNTs- PAH /Pt, which are highly
conductive, not only makes the biosensor more sensitive, but could form
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a complex between STEAP1 and the polymer due to its amine group
[24]. Specifically, the carboxyl group of PY-COOH binds to the amino
group of STEAP]1 via non-covalent bonds, and the amino group of CNTs
PAH /Pt binds to the carboxylic group of PY-COOH, forming a highly
conductive and stable complex between these elements. M. E. Schneider
and coworkers described a similar nanomaterial to platinum
nanoparticle-coated aminated carbon nanotubes (MWCNTs- PAH /Pt)
for the development of an immunosensor to detect a biomarker associ-
ated with Alzheimer’s disease [25].

Therefore, the aim of the present work is to develop for the first time
an electrochemical biosensor for the detection of STEAP1 using the
technology of molecular imprinting of the protein in combination with a
conductive polymer (PY-COOH) and an innovative composite of CNTs/
PAH-Ptd. The MIP biosensor was optimized and characterized, as well as
its performance in the detection phase of STEAP1.

2. Experimental section
2.1. Material and equipment’s

Electrochemical procedures were performed on a Metrohm Autolab
Potentiostat/Galvanostat (controlled by Nova 2.1. software) using a
conductive box DropSens (DRP-DSC). The C-SPE electrodes were pur-
chased from DropSens (DRP-C110) and consisted of a silver reference
electrode, a carbon auxiliary electrode, and a carbon working electrode
(4 mm diameter). Raman spectroscopy was used to record the chemical
analysis of the biosensor in a Thermo Scientific DXR RAMAN with a 532
nm confocal excitation laser.

Surface morphology of the various samples was determined using a
field emission scanning electron microscope (FESEM, JEOL-JSM 6700F)
equipped with a retractable backscattered electron detector and an
Oxford Inca EDX system detector for compositional analysis. Another
technique for morphology analysis was the transmission electron mi-
croscope (TEM, JEOL-JEM 1010) with an accelerating voltage of 100 kV.
High-resolution transmission electron microscopy (HRTEM) was per-
formed with a microscope (JEOL-JEM 2010F) at 200 kV (accelerating
voltage).

2.2. Reagents and solutions

Phosphate-buffered saline (PBS) was purchased from VWR and used
to prepare all other solutions. Potassium ferricyanide III (K3[Fe(CN)g])
and potassium ferricyanide II (K4[Fe(CN)¢]) were purchased from
Riedel-de-Haen. Potassium chloride (KCI) and oxalic acid were pur-
chased from Merck. Pyrrole-2-carboxylic acid was purchased from Alfa
Aesar.

For electrochemical measurements, a redox probe was prepared with
a equimolar solution of K3[Fe(CN)¢] and K4[Fe(CN)g] ([Fe(CN)g] 3/4) gt
a concentration of 5.0 x 10 M in PBS buffer. For selectivity studies,
some interfering species such as carcinoembryonic antigen (CEA) (0.25
ng/ml), aminobenzoic acid (0.11 pg/ml), and l-glutamic acid (2.22 pg/
ml) contained in 10-fold diluted pellet of LNCaP cellular extracts were
used.

2.3. Cell culture

The LNCaP prostate cancer cell line was purchased from the Euro-
pean Collection of Cell Cultures (ECACC, UK) and maintained in RPMI
1640 medium (Sigma-Aldrich Co. St. Louis, MO, USA), supplemented
with 10% fetal bovine serum (FBS) (Biochrom AG, Berlin, Germany) and
1% penicillin/streptomycin (ThermoFisher Scientific, Waltham, MA,
USA), in a humidified chamber at 37 °C and a 5% CO, atmosphere.
LNCaP cells have grown in 75 cm? t-flasks (n = 6) until 80-90%
confluence. Cells were trypsinized, washed and diluted 10 times in PBS.
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2.4. Electrochemical procedures

The electrochemical techniques under this work were electro-
chemical impedance techniques (EIS), cyclic voltammetry (CV), square
wave voltammetry (SWV), and chronoamperometry (CA). The elec-
trodes pre-treatment was performed by CA for electrode activation and
cleaning with KCl at a potential of 1.7 V for 200 s.

All electrochemical tests were performed using the redox probe re-
action 5 mM [Fe(CN)6]3’/ “in01M KCl, which induces an electron
transfer process at the C-SPE surface and allows characterization of the
surface by techniques such as CV and EIS. In these experiments, CV was
scanned within a potential of — 0.6 to + 0.6 V at 0.050 V/s. The EIS was
performed with [Fe(CN)G]B'/ 4 solution in open circuit (OCP) using a
sinusoidal potential perturbation with an amplitude of 0.1 V over a
frequency range of 0.1 to 100 kHz. These techniques were used to
control the modification of the electrode surface.

The electropolymerization of the polymers was performed by CV
with a scan rate of 0.02 V/s and a potential between — 0.8 and 1.1 V.
Electrochemical treatment with PBS after removal of trypsin from the
sensor surface was performed by CV with a scan rate of 0.05 V/s and a
potential between — 0.4 and 0.5 V.

Calibration curves were performed in PBS buffer and in spiked
LNCaP cell culture with STEAP1 ranging from 130 pg/mL to 13 pg/mL.
SWV results were fitted within a potential between — 0.1 and 0.5V and a
scan rate of 0.02 V/s using commercial software NOVA to generate the
calibration curve. Increasing concentrations of STEAP1 were added to
PBS and a pellet of LNCaP cellular extracts. Each concentration was
incubated on the sensor surface for 20 min. The data obtained was read
with the redox probe [Fe(CN)¢] 3-/4- and used to construct the calibration
curve. Selectivity tests were performed by mixing different interference
species with STEAP1 in PBS buffer pH 7.4. All data was obtained in
triplicate using the software NOVA.

2.5. Synthesis of CNTs-PAH/Pt

The first step in the synthesis of the composite was the functionali-
zation of carbon nanotubes (CNTs) with (poly)electrolytes. For this
purpose, multi-walled CNTs (CNTs, Nanolab, 5-20 ym long and 10-15
nm in diameter) were sonicated in an acetone/EtOH mixture (1:1, 20
mL) for 10 min and then centrifuged three times (9000 rpm, 20 min),
followed by redispersion in ultrapure water (18 MQ cm ™ 1). After this
process, the resulting sample was freeze-dried for 48 h and then used
without further treatment. In the next step, the CNTs (7.5 mg) were
dispersed in an aqueous solution of 0.5-M NaCl (50 mL) containing 1 wt
% polyalamine hydrochloride (PAH), resulting in a final concentration
of 150 mg/L. To achieve coating of the CNTs by PAH, the pH of the
resulting solution was adjusted to 9.5. The resulting solution of CNTs
with PAH was magnetically stirred and then sonicated with an ultrasonic
probe for 3 h to ensure that dispersion occurred. To remove the excess of
PAH in the solution, 3 cycles of centrifugation (12000 rpm, 24 h) were
performed, followed by redispersion by sonication in water. After
measuring the absorbance and generating a calibration curve, the con-
centration of CNTs was determined to be 0.6 mg/mL. For the synthesis of
platinum dendritic nanoparticles (Ptd-NPs), NaBH,4 (1.22 mL, 0.015 M)
was rapidly injected into a mixture of sodium citrate tribasic dihydrate
(1.25 mL, 0.1 M) and KoPtCl4 (1.25 mL, 0.1 M) in H30 (21.52 mL) at 800
rpm. The resulting mixture was stirred for 10 min and used immediately.
NaBH4 (1.22 mL, 0.015 M) was rapidly injected into a mixture of sodium
citrate tribasic dihydrate (1.25 mL, 0.1 M) and KyPtCl4 (1.25 mL, 0.1 M)
in H20 (21.52 mL) at 800 rpm. The resulting mixture was stirred for 10
min and used immediately. For the deposition of CNTs, 20 ul of previ-
ously synthesized CNTs-PAH (0.6 mg/mL) were added to the Ptd-NPs
mixture (10 mL. 4.95 M), and the mixture was then stirred for 30 min.
Finally, the resulting dispersion was centrifuged at 9000 rpm for 10 min
(procedure repeated 2 times) and redispersed in 5 mL of H,O at a con-
centration of 0.0024 mg/mL of CNTs.
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2.6. Biosensing SETUP

For the biosensor design, the C-SPE was first subjected to electro-
chemical activation with a 0.1 M KCl solution, applying 1.7 V for 200 s
using the technique CA (Fig. 1A). Then, 5 pl of CNTs-PAH/Pt nano-
composite was drop casted on top of the C-SPE surface and subsequently
incubated at 60 °C for 20 min (Fig. 1B). For the electropolymerization
step of the MIP, a bulk solution containing 10% STEAP1 (0.1 pg/ml),
20% PY-COOH (0.01 M), and 70% PBS was performed using the CV
technique for 10 cycles with a potential range between — 0.8 and 1.1 V
at a scan rate of 0.02 V/s. For the NIP material, the only difference was
the absence of the STEAPI1 in the polymeric solution, so the ratio was
20% PY-COOH (0.01 M) and 80% PBS (Fig. 1C). Finally, the STEAP1
removal step was performed by dropping 5 pl of 100-fold diluted trypsin
onto the modified C-SPE containing the MIP and NIP polymers and
incubating at 37 °C for 1 h, followed by a electrochemical procedure
with PBS in order to remove amino acids or unreacted monomers of the
electrodes surface, by CV during 10 cycles with a potential between —
0.4 and 0.5 V at a scan rate of 0.05 V/s (Fig. 1D).

3. Results and discussion
3.1. Biosensing SETUP

Electrochemical control of C-SPE modification was achieved by EIS
and CV techniques and is shown in Fig. 2. Overall, the synthesis of the
biosensor is based on the following four steps: A) electrochemical acti-
vation of the C-SPE; B) immobilization of the CNT-PAH /Ptd on the
biosensor surface; C) electropolymerization of the MIP and NIP mate-
rials; and D) removal of STEAP1 (Fig. 1). The analysis of the different
electrochemical steps is shown by EIS (Fig. 2A) and CV (Fig. 2B).

The polymer was electrodeposited by CV for ten consecutive cycles at
a scan rate of 0.02 V/s. Preferably, at a scan rate of 0.02 V/s, a lower
current can flow in the reaction and the polymerization rate can be
controlled to deposit the same quality of pyrrole-2-carboxylic acid film
on each electrode. Fig. S1 shows the scan of the 1st cycle of the film that
started with the formation of the free radical, when a reduction peak was
observed at a potential of about — 0.30 V and an oxidation peak near 1.0
V. The film was deposited at the same rate as the free radical. The
deposition of the film started in the 1st cycle of the film.

As the number of cycles increased, the reduction peak at — 0.3 V
disappeared, indicating the formation of an irreversible reaction prob-
ably due to the presence of a polymer. The peak current gradually de-
creases from the 1st cycle to the 5th cycle at about 1.0 V and then
increases to the 10th cycle. This observation indicates that there is an
equilibrium between the insulating and conducting layers. Overall, the
peak current decreases till the 5th cycle at about 1.0 V, indicating the
presence of an insulating layer. However, the film deposited after the 5th
cycle appears to be conductive once the current begins to increase. Thus,
the final polymer exhibits insulating properties and is not electroactive
once EIS and CV measurements with a redox demonstrate the presence
of an insulating material (Fig. 2).

According to the EIS spectra shown in Fig. 2A, a relevant decrease in
the semicircle diameter (Rct) of the Nyquist plot was observed after
modification of the C-SPE with the CNT-PAH /Ptd nanocomposite. This
behavior was expected since this material with platinum and CNT is a
very conductive material [24,26]. Another advantage of this nano-
material is the presence of amino groups that interact with the carboxyl
groups of the monomers and protein through electrostatic and hydrogen
bonding, which contributes to the formation of a more stable polymer.

Electropolymerization of the materials MIP and NIP was performed
using the CV technique. First, the potential range was set to — 0.8 to 1.1
V because the oxidation peak of PY-COOH is at 0.9 V. Then, the scan rate
was optimized to obtain a more stable polymeric network. For this
purpose, scan rates of 0.02 and 0.05 V/s were tested. The scan rate
chosen was 0.02 V/s, as this is the only condition that ensures molecular
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Fig. 1. Schematic illustrating the different steps in the construction of an electrochemical biosensor based on a molecularly imprinted polymer for the detection of
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Fig. 2. Electrochemical follow-up of the electrode’s modification. (A) results of the EIS technique of the sensor before any modification (C-SPE) (black), after
immobilization of the CNTs-PAH/Ptd (green), after electropolymerization (blue), and after STEAP1 removal via trypsin (yellow). In (B) are present the results of the
CV technique for the different steps represented in (A).

imprinting of the protein based on the pore sizes formed (Fig. S2), as the protein. It is also relevant to highlight that this procedure should not

shown by the linearity of the calibration curve (Fig. S3). After the chemically change the polymer surface. Different methods such as oxalic
imprinting phase, a huge increase in Rct was observed, indicating an acid, proteinase and trypsin were tested (Fig. S3). However, the sensor
insulating material compatible with the electrochemical conditions and surface was only stabilized by treatment with trypsin at physiological pH
pH of electropolymerization (overoxidation of the polymer and physi- and was therefore selected as the method for protein extraction. Spe-
ological pH). Next, the template was removed from the polymer matrix. cifically, 100-fold diluted trypsin was used as the removal agent. 5 ul
This step is important because it leads to cavities that have the shape of were added to the working electrode and incubated at 37 °C for 1 h.
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In Fig. 2A, after enzymatic removal of STEAP1 with trypsin, a
decrease in resistance to current flow can be seen, which is due to the
cavities formed on the surface that facilitate electron transfer. Since the
protein has a moderate molecular weight and the removal agent also
acts on the polymeric network, it is expected that after removal, the
cavities in the polymeric network facilitate electron transfer and
decrease the resistance to current flow.

The CV measurements are consistent with the EIS data. After elec-
trode modification with the CNT-PAH /Ptd nanocomposite, a slight in-
crease in net current was observed (Fig. 2B). Then, after
electropolymerization, a decrease in net current was detected and the
oxidation and reduction peaks almost disappeared. This behavior is
consistent with a highly insulating polymer as described by Manuela F.
Frasco and coworkers [27]. After removal of the template, an increase in
the net current was observed, which can be attributed to the presence of
cavities. Overall, these results confirm the electrochemical modification
of the electrodes.

3.2. Physicochemical characterization of the biosensor

3.2.1. Raman spectroscopy

Raman spectroscopy is a high-resolution technique that can quickly
provide chemical and structural information about a material. In this
way, through a 532 nm laser it’s possible to distinguish different stages
of the electrode modification such as: (A) C-SPE without modification,
(B) C-SPE functionalized with CNTs-PAH-Pt, (C) NIP without STEAP1,
(D) MIP with STEAP1 removal and (E) MIP without STEAP1 removal.
Then, the different modifications can be proven by analyzing the ID/IG
index.

Analysing the general structure of the spectrum (Fig. 3), two very
clear peaks appear. The first peak is located in the region around 1300
cm ! (D-band) and the second in the region around 1600 (G-band)
cm L. In addition, the intensity ratio between peaks D and G is also
shown, which is particularly useful to determine the purity and degree of
chemical alteration of each sample. In this way, significant differences in
intensity and peak shift between different materials can be identified.
Comparing the presence and shift of the bands between C-SPE and C-SPE
functionalized with CNTs - PAH /Ptd, with ID/IG index values of 0.772
and 0.725, respectively, this decrease is due to the presence of a decrease
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in the structural defects of the sample due to the presence of CNTs in the
composite material which occurs because the carbon nanotubes used
were produced in absence of oxygen, so the most of the structure was
preserved and the defects decreased. As for the Raman spectra of MIP
before the removal of the protein and of MIP after the removal of the
template from the polymer, the most relevant output is the ratio of their
peaks. ID/IG ratios of 0.844 and 0.752 indicate that the defects
decreased due to the removal of the protein from the matrix. This sug-
gests that the protein affects the surface of the biosensor by introducing
disorder into the structure of the material. In general, these results
confirm the occurrence of chemical modifications in the electrode, and it
is possible to distinguish the different modification steps.

3.2.2. Surface electron microscopy (SEM)

SEM is an important tool for the morphological analysis of materials
and can produce three-dimensional, high-resolution images. For this
purpose, the different nanomaterials were analyzed to distinguish the
different modifications on the sensor surface. These include: (i) the C-
SPE modified with the CNTs-PAH /Pt nanocomposite; (ii) MIP with
template removal; and (iii) NIP (Fig. 4).

Itis obvious that the CNTs are modified with PAH and dendritic Pt on
the electrode surface. In the 50,000x magnification image, the surface
of the CNTs densely coated with Pt nanoparticles can be clearly seen.
When the C-SPE CNTs-PAH /Pt are modified with the MIP and NIP
material, an increase in the thickness of the carbon rods is observed and
the surface becomes opaque. For the NIP material, the presence of a
polymer film in the modified C-SPE is more evident once we could not
observe carbon nanotubes on the image. This is expected when the NIP
has no cavities. In addition, the conductivity of the biomaterial was
significantly reduced. This was evident from the poor resolution of the
SEM image of MIP and NIP materials at 50,000 x magnification.

3.3. Evaluation of the analytical performance of the biosensor

3.3.1. Calibration curve in buffer

After the synthesis and characterization of the biosensor, the next
step is to evaluate its ability to detect STEAPI, i.e., the ability of the MIP
to detect the protein through the mold cavities created after STEAP1
removal from the polymer matrix by enzymatic treatment. Calibration

500 *

Raman Intensity (cps)

2000 1800 1600 1400

Raman Shift (¢cm -1)

CSPE with CNTs-PAH/Pt

MIP without removal step

MIP with removal step

1200 1000 800 600

Fig. 3. Raman spectra for different immobilization steps.
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Fig. 4. Results regarding SEM analysis of different sensor materials at a magnification of 50,000 x.

curves were generated for the electrodes modified with and without
nanocomposite.

The analytical performance of the biosensor starts with the calibra-
tion of the sensors in PBS buffer at physiological pH and is represented
by the relationship between the analyte concentration and the measured
signal, as shown in Fig. 5. For this purpose, the sensors were incubated
with 5 pl of standard STEAP1 solutions diluted in PBS with different
concentrations from 0.00013 to 13 pg/ml, starting with the lowest
concentration. Then, after each incubation and using the SWV tech-
nique, measurements were performed with the redox solution (Fig. 5A).
The calibration curves of the MIP and NIP sensors are shown in Fig. 5B.
All measurements were performed in triplicate.

Fig. 5A shows a proportional increase in current with increasing
STEAP1 concentration, demonstrating that the biosensor can discrimi-
nate different protein concentrations. This increase in current with
increasing STEAP1 concentration was probably related to the positive
protonation of the imprinted surface due to the interaction of STEAP1
with the carboxyl groups of the imprinted polymers under the conditions
in which the test was performed. While, the isoelectric point (PI) of the
STEAP1 protein is 9.28, which is higher than the pH of the buffer me-
dium of 7.4. [28]. If the PI is higher than the pH, it means that the
protein is positively charged. Such an interaction between STEAP1 and

MIP increases the density of positive charges on the receptor surface,
which in turn increases the number of negatively charged iron redox
probe molecules attracted to the surface.This behavior was also
observed in the work related by M. de L. Gongalves and coworkers [21].

In Fig. 5B, MIP showed a better slope value 0.8219 pA/ ([log,
[sSTEAP1,] ug/mL), indicating higher sensitivity, and a higher R? value
(0.995) compared with NIP (slope of 0.5581 uA/([log, [STEAP1,] g/
mL), and R? of 0.9486). It can be concluded that the biosensor can detect
and discriminate STEAP1 at different concentrations and that the mo-
lecular imprinting technique is beneficial for the analytical performance
of the biosensor, as MIP showed better results than NIP. As for the
analytical performance of the sensor without the presence of the nano-
composite, no linear response was obtained, which means that the
nanocomposite is essential for the detection of the protein by the
imprinting sites of the MIP sensor. (See Fig. S4).

3.3.2. Calibration curve in pellet of LNCaP cellular extracts

To understand the behavior of STEAP1 in a more complex sample,
the calibration curve for the MIP sensor was evaluated in a spiked LNCaP
cell extract (Fig. 6) which contains other molecules that could interfere
with the main detection step. Standards were prepared according to the
procedure described in Section 3.2.1, except that dilution of the protein
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Fig. 5. Results for calibration with the different standards using trypsin at physiological pH as a removal agent. In (A) is the plot of the SWV corresponding to the
calibration in PBS of a MIP. In (B) are the calibration lines with the respective error bars of triplicates of MIP (Y = 0.8219x + 21.7; R2 =0.995) and NIP (Y = 0.5581X

+ 19.318; R? = 0.9486).
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Fig. 6. Calibration results with different STEAP1 standards ranging from 0 to 13 ug/ml were prepared in cell extract from LNCaP cell culture medium. (A) result
related to the SWV technique. (B) Calibration straight line of triplicates of MIP (Y = 2.2286x + 31.6; R? = 0.99).

was performed to the different concentrations in the pellet of LNCaP cell
extracts. Incubations were performed under the same conditions (5 pl for
20 min on the surface of the working electrode), always followed by a
reading with the redox solution. Then, the calibration curve was
generated by the SWV technique, using a series of points obtained by
incubation with the different standards.

In Fig. 6A, the increased signal in the response is proportional to the
increase in STEAP1 concentration in the different standards. Fig. 6B
shows the calibration line of the triplicate MIPs and it can be seen the
high linearity of the signal by the high R? value of 0.99 and the slope
2.2286 (uA/[log, [STEAP1,] ng/mL), which also demonstrates the high
sensitivity of the sensor material for the detection of STEAP], in this case
in a more complex medium. It can be concluded that the biosensor can
discriminate STEAP1 in a complex medium and has high linearity and
sensitivity for the response. In parallel, the same assay was performed in
triplicate with NIPs that did not show linearity in response.

3.3.3. Selectivity study

The selectivity study was performed using the SWV technique, in
which various potentially interfering species were incubated in a
mixture with a specific concentration of STEAP1. Two of the interfering
species were selected considering the composition of the cell extract of
the culture medium of LNCaP cells, namely aminobenzoic acid (at a
concentration of 1 pg/ml) and L-glutamic acid (at a concentration of 20
pg/ml) [29]. CEA protein was chosen as another interfering species (at a
concentration of 0.00025 pg/ml, which corresponds to the physiological
detection limit in serum samples), which is also associated with various
cancers [30]. All species were diluted 10-fold, as was done for the pellet
of LNCaP cell extracts. For the experimental procedure, a study of
selectivity by mixing solutions was performed, i.e., two biosensors
(MIPs) were used. For one of them, after stabilization in PBS, the stan-
dard 3 (0.013 pg/ml STEAP1) prepared in PBS was incubated for 20 min
and then read with the iron redox solution.

From the analysis of Fig. 7, aminobenzoic acid was the interfering
species with the greatest impact on the biosensor surface, with a 14%
deviation from the STEAP1 signal. In contrast, L-glutamic acid was the
interfering factor with the least influence on the biosensor surface
change. However, all the interfering factors tested showed a deviation
within the acceptable limit.
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Fig. 7. Selectivity tests performed for different interfering species. L-glutamic
acid, aminobenzoic acid and CEA at a concentration of 2 ug/ml, 0.1 ug/ml,
0.00025 pg/ml, respectively.

4. Conclusions

The present work focused on the development of an electrochemical
biosensor for the detection of STEAP1 involving MIP and a conductive
composite of CNTs PAH /Pt. To develop the sensor material, an elec-
tropolymerization step of a mixture of STEAP1 and monomer (PY-
COOH) was performed. Then, for molecular imprinting of the protein,
an enzymatic removal step was performed using trypsin, resulting in
template voids representative of a MIP material. Additionally, the
biosensor developed in this work showed good characteristics in terms
of selectivity, sensitivity and reproducibility, and was characterized by
low measurement time and high linearity in detection, indicating good
analytical performance in STEAP] detection. Although the definition of
the physiological limit of STEAP1 in still under investigations, the
biosensor presented in this work is ready for the improvements needed
for its commercialization in the pharmaceutical field.
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