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Early diagnosis of cancer is crucial for therapeutic methods to be more effective and to decrease the mortality
rate due to this disease. Current diagnostic methods include imaging techniques that require expensive equip-
ment and specialized personnel, making it difficult to apply them to many patients. To overcome these limita-
tions, many biosensors have been developed to monitor cancer biomarkers. Here, we report on the
electrochemical biosensor for selective detection of tumor cells using a simple and low-cost methodology. Layer-
by-layer (LbL) self-assembly was used to modify indium tin oxide (ITO) electrodes with alternating layers of
polyallylamine hydrochloride (PAH) and folic acid (FA), which binds to overexpressed folate receptors alpha
(FRa) in tumor cells. The LbL-based biosensor showed high sensitivity in detecting cervical cancer cells (HeLa
cells) using cyclic voltammetry (CV) and electrochemical impedance spectroscopy (EIS). A linear dependence
with the logarithm cell concentration was observed and excellent detection limits were found, 4 cells mL™! and
19 cells mL~! for EIS and CV measurements, respectively. The developed biosensor also presented great
reproducibility (RSD = 1.7%) and repeatability (RSD = 1.8%). The selectivity was confirmed after the biosensor
interaction with healthy cells (HMEC cells), which did not produce significant changes in the electrochemical
signals. Furthermore, it was demonstrated that selective detection of tumor cells occurs via an interaction with
FA. The LbL-based biosensor provides a simple, accurate, and cost-effective platform to be applied in the early
diagnosis of cancer.

1. Introduction different expression levels in cells [6]. Several studies have identified

the folate receptor alpha (FRa) isoform as a potential tumor biomarker

Cancer is the second leading cause of death worldwide, being
responsible for more than 9.5 million deaths in 2018, according to the
World Health Organization (WHO) [1,2]. Early diagnosis is crucial to
provide more effective treatment and increase the survival rate of pa-
tients, especially in the most severe types of cancer. Currently, diagnosis
is performed by imaging techniques such as computerized tomography,
magnetic resonance imaging, and X-ray radiography [3,4]. However,
these techniques require complex and costly equipment that needs to be
operated by specialized people [4]. Therefore, the development of
simple and low-cost diagnostic methods for detecting tumor cells can
contribute to the early diagnosis [5], reducing the cancer costs for
healthcare systems.

Folate receptors (FRs) are glycoproteins located on the cell mem-
brane that bind folic acid (FA), an essential vitamin for cell proliferation,
and mediate its endocytosis [6]. FRs present four isoforms, which have
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[7,8]. In healthy epithelial cells, FRa is expressed at normal levels and is
preferably located on the apical membrane, oriented towards the lumen
[9]. However, in epithelial tumors with high proliferation activity, for
example, cervical and ovarian carcinomas, FRa is overexpressed on the
cell membrane surface [10]. Different methods have been employed for
FRa quantification in tissue samples such as proteomics assays [8],
fluorescence imaging [11], and positron emission tomography [12].
However, these methods present some disadvantages, including com-
plex and time-consuming procedures and the use of toxic radioligands
[13,14].

Biosensors represent an attractive platform for cancer diagnosis
because they enable simple, fast, and accurate monitoring of biomarkers
[15]. Biosensors using different strategies have been developed for
cancer diagnosis [5,14,16-19]. Ni et al. reported an immobilization-free
electrochemical biosensor for the FRs detection in cervical cancer cells
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Scheme 1. Schematic illustration of the detection of tumor cells by the LBL biosensor.

[13]. Folic acid molecules attached to ferrocene modified oligonucleo-
tides were used as capture probes. These probes were pre-incubated with
tumor cells and then with the exonuclease I enzyme (EXO1). The reac-
tion mixture was subjected to electrochemical measurements using a
negatively charged indium tin oxide (ITO) as the working electrode. In
the absence of FRs, EXO 1 degrades the probes, releasing the electro-
active ferrocene that accumulates on the ITO surface. However, the
probes are protected from degradation when bound to FRs, which de-
creases the current generated by free ferrocenes. A linear relationship
between the logarithm of Hela cells concentration and the decrease in
electrochemical signal was demonstrated [13]. Recently, Du et al.
developed an electrochemical cytosensor based on FRs detection in
which zirconium metal-organic frameworks modified with FA molecules
were immobilized on gold electrodes. The biosensor detected a breast
tumor cell line with good reproducibility and selectivity, reaching a
limit of detection (LOD) of 10 cells/mL [16]. Although these biosensors
have shown promising results for cancer detection, a simpler and
lower-cost methodology is still required for the biosensors to be fabri-
cated on a large scale and employed in healthcare systems.

Layer-by-layer (LbL) assembly is a very attractive technique for the
construction of multilayer films [20]. Conventionally, the growth of the
films is performed by the sequential immersion of an electrode platform
into solutions containing oppositely charged molecules [21,22]. For
instance, negatively charged biomolecules can be immobilized on a
pre-coated electrode with a cationic polymer through electrostatic in-
teractions [23]. Therefore, the LbL technique is advantageous for bio-
sensors fabrication because it provides a simple and low-cost
methodology in addition to preserving the function of biomolecules and
allowing the control of the roughness and thickness of the layers [24,
25]. Some LbL-based biosensors have been reported for the detection of
cancer biomarkers including circulating tumor DNA [2], peptides [26],
and glycoproteins [4,27]. To assembly LbL films, ITO is an excellent
substrate due to its good conductivity, low capacitive current, and
because it represents a low-cost alternative to the conventional gold and
platinum electrodes [28].

We previously reported the development and optimization of a
simple and low-cost electrochemical biosensor using the LbL technique
for FRa molecule detection in buffer solutions [29]. The growth of
multilayer films was performed by alternating immersion of ITO elec-
trodes in polyallylamine hydrochloride (PAH) and FA solutions. A linear
relationship between the biosensor electrochemical response and FRa
concentration was achieved, demonstrating its potential application for

detecting carcinomas. Herein, we evaluated the performance of the LbL
biosensors in the quantification of FRa positive tumor cells, using a
cervical cancer cell line (HeLa cells) as a model. The selectivity of the
biosensor was investigated through measurements on normal human
mammary epithelial cells (HMEC). To determine whether the detection
of HeLa cells is due to the FA-FRa interactions, LbL films replacing FA
with the poly(acrylic acid) (PAA) polymer were constructed and sub-
jected to detection measurements. Our results showed that the biosensor
discriminates tumor cells from healthy cells through the specific inter-
action between FA and folate receptors, as illustrated in Scheme 1. Be-
sides, the electrodes’ electrochemical response varied linearly with the
logarithm of HeLa cells concentration, demonstrating their applicability
in cancer diagnosis and predicting the tumor stage.

2. Materials and methods
2.1. Reagents

Polyallylamine hydrochloride (PAH), folic acid (FA), bovine serum
albumin (BSA), potassium phosphate monobasic, dibasic sodium phos-
phate, sodium chloride, potassium chloride, potassium ferricyanide (III),
potassium hexacyanoferrate (II) trihydrate, and sodium nitrate were
acquired from Sigma-Aldrich. ITO substrates (surface resistance = 8-12
Q) were purchased from Delta Technologies (USA). Eagle’s Minimum
Essential Medium (EMEM), fetal bovine serum, L-glutamine, and
Trypsin/EDTA solution, were obtained from Vitrocell Embriolife. MCDB
131 Medium with no glutamine and trypan blue solution were pur-
chased from Thermo Fisher Scientific. HeLa and HMEC cells were ac-
quired from the Rio de Janeiro Cell Bank and stored at —80 °C after
growth in cellular flasks. Tissue culture flasks (with areas of 25 cm?, 75
cm?, 175 cm?) were acquired from Greiner-Silife. Phosphate buffered
saline (PBS) at pH 8.0 was prepared using potassium phosphate mono-
basic 14 mM, sodium phosphate dibasic 87 mM, sodium chloride 136.7
M, and potassium chloride 2.7 mM. Phosphate buffer (PB) 100 mM pH
8.0 was prepared with potassium phosphate monobasic 61 mM and
sodium phosphate dibasic 38 mM. Tris-HCl buffer 100 mM at pH 8.0 was
prepared with Tris(hydroxymethyl)aminomethane (Sigma-Aldrich).
The KCl 100 mM and NaNO3 100 mM solutions were both prepared at
pH 8.0. All aqueous solutions were prepared using Milli-Q purified ul-
trapure water with 18.2 MQ em™? resistivity.
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Fig. 1. Nyquist plots (A) and cyclic voltammograms (B) monitoring the fabrication steps of the LbL biosensor. The equivalent circuit best fitted to EIS data is showed
in the inset (A). A 100 mM NaNOj solution was used as supporting electrolyte with 1 mM [Fe(CN)¢] 3/4 as redox probe. CV was performed with 100 mV s~ ! scan rate.

2.2. Construction of LBL films

The growth of LbL PAH/FA films has been optimized and is described
in detail in Ref. [29]. Briefly, after cleaning the ITO substrates, they were
first immersed in the aqueous PAH solution (1 mg mL’l) for 3 min,
followed by washing in DI water (pH 6.0). The substrate pre-coated with
PAH was then immersed in a FA solution (1 mg mL’l, pH 8.0), followed
by washing in water (pH 8.0). This self-assembly procedure was
repeated three times to achieve a film with 3 PAH/FA bilayers.

2.3. Cell culture

HeLa and HMEC were cultured in EMEM and MCDB 131 complete
medium (supplemented with 10% fetal bovine serum, and 200 pM L-
glutamine) at 37 °C under a tension of 5% CO until forming a cell
monolayer. Cells were detached from the surface of the bottles using
0.05% trypsin-EDTA (Gibco), resuspended in complete medium, and
washed with PBS by centrifugation at 1200 rpm for 4 min. Experiments
were conducted with a minimum of 90% cell viability. After washing
twice with buffer, the cells were counted with a Neubauer camera and
the solutions were prepared with the following cell concentrations: 50,
1x10%1 x10%1 x 104 1 x 10%, and 1 x 10° cells mL .

2.4. Electrochemical measurements

Electrochemical measurements were carried out using a potentio-
stat/galvanostat model PGSTAT30 (Metrohm Autolab). A 100 mM
NaNOg3 solution was used as supporting electrolyte and 1 mM [Fe
(CN)6]3'/ 4 was used as the redox probe. Cyclic voltmmetry (CV) and

electrochemical impedance spectroscopy (EIS) measurements were
taken in a conventional three-electrode electrochemical cell using ITO
substrates (area = 50 mmz) coated with 3-bilayer PAH/FA films as
working electrodes, platinum plate (area = 50 mm?) as auxiliary elec-
trode, and homemade Ag/AgCl (KCl 3.0 M) as reference electrode. CV
profiles were recorded in the —0.6 to 1.1 V potential range at 100 mV s+
scan rate. EIS measurements were performed using 10 mV AC pertur-
bation at open circuit potential, and the impedance was measured from
10 kHz to 0.1 Hz frequency range. The LOD was calculated based on
IUPAC model, following the equation:

3xSD
s

LOD =

where SD is the standard deviation calculated for three measurements
performed in buffer and s is the slope obtained from analytical curve.

3. Results
3.1. LbL films assembly

The biosensor interface was prepared using the LbL self-assembly
technique, as previously described [29]. Fig. 1 shows the electro-
chemical impedance spectra and the cyclic voltamograms of the elec-
trode modification steps. After depositing the [PAH/FA]s film on the
ITO surface, the charge transfer resistance (Rcr) decreases and the
current increases. This change in the electrochemical properties occurs
because the treatment of ITO electrodes with KOH solution makes them
negatively charged, difficulting the electron transfer. However, the
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Fig. 2. (A) Impedance spectra (Nyquist plots) of the LbL-based biosensor at different HeLa cells concentration and (B) Analytical curve of normalized Rcr change
(100 x [Ret HeLa — Ret blank]/Ret Hera) against the logarithm of HeLa cells concentration. Measurements in three independent electrodes (n = 3).
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Fig. 3. (A) Cyclic voltammograms of the LbL-based biosensor at different HeLa cells concentration, (B) The analytical curve showing a linear relationship between
the normalized I, change (100 x [Ipa Hera — Ipa blank]/Ipa blank) and the logarithm of HeLa cells concentration. Measurements in three independent electrodes (n = 3). A

100 mM NaNOs solution was used as supporting electrolyte with 1 mM [Fe(CN)g

Table 1
Analytical performance of electrochemical biosensors for tumor cells detection.
Analytical method LOD Linear Correlation Cell Ref.
(cells range coefficient line
mL™ 1) (cells
mL™Y)
Square wave 50 50-1.2 x 0.986 HT [32]
voltammetry 10* 29
Differential pulse 10 10-10° Not reported HeLa 41
voltammetry
Electro- 3.5 x 3.5 x 10° 0.996 HeLa [33]
chemiluminescent 10% —35x
10°
Differential pulse 50 10%-10* 0.991 Hela  [13]
voltammetry
Electrochemical 4 50-1 x 0.994 HeLa This
impedance 10° work
spectroscopy
Cyclic voltammetry 19 1 x 0.986 HeLa  This
10%-1 x work
10°

assembly of LBL film on the electrodes, protonates the hydroxyl groups
on their surface. In addition, the electrochemical response obtained after
blocking the biosensor with BSA is in agreement with other studies re-
ported [30,31]. The equivalent electrical circuit best fitted to the
impedance response was the Randles model (inset in Fig. 1A), which was
used to calculate the R of the EIS curves.
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3.2. HelLa cells detection

To evaluate the electrochemical detection of HeLa cells, the
biosensor was previously characterized in buffer solution (blank) by CV
and EIS techniques and then incubated for 1 h in solutions containing
HeLa cells at known concentrations. Upon incubation, CV and EIS
measurements were again performed. As shown in the Nyquist plots
(Fig. 2A), the R¢r increases with the tumor cell concentration, indicating
that the tumor cells interact with the electrode surface. The analytical
curve (Fig. 2B) shows a linear relationship between the normalized R
change (100 x [Ret HeLa — Ret blank]/Ret HeLa) and the logarithm of HeLa
cells concentration in the range from 50 to 1 x 10° cells mL™!. The
equation obtained by linear regression from EIS measurements in three
independent electrodes was ARt = 4.82 + 107.25 x logy (HeLa cells
concentration/cells mL’l) with a correlation coefficient (Rz) of 0.994.
The standard deviation of normalized R¢; change for three independent
electrodes was 22% and the developed biosensor exhibited a low limit of
detection of ~4 cells mL 1.

For CV measurements, a decrease in the biosensor current was
observed as the concentration of HeLa cells increased (Fig. 3A),
corroborating the impedance results. The analytical curve showed that
the normalized change of the anodic peak current (100 x [Ips Hera — Ipa
blank]/Ipa blank) is inversely proportional to the logarithm of HeLa cells
concentration (Fig. 3B). The linear relationship (in the range from 1 x
10%to 1 x 10° cells mL ™ ) follows the equation Alp, = -0.05 - (8.25 x
logip (HeLa cells concentration/cells mL~ D) with R® = 0.986. The
standard deviation of normalized Ip, change for three independent
electrodes was 3.55% and the limit of detection using the CV technique
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Fig. 4. Selectivity assay of the LbL-based biosensor: (A) Nyquist plots showing the impedance response at different concentrations of HMEC cells. (B) Normalized Rct
change (100 x [Ret umec — Ret blank]/Ret nMec) as a function of HMEC cells concentration.
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Fig. 5. The electrochemical response of the ITO electrode modified with [PAH/PAA]; LbL film to HeLa cells: (A) Impedance spectra and (B) cyclic voltammograms. A
100 mM NaNOs solution was used as supporting electrolyte with 1 mM [Fe(CN)6]3'/ 4 as redox probe. CV was performed with 100 mV s~ ! scan rate.

was 19 cells mL™L.

The results show that the LbL-based biosensor presents an excellent
electrochemical response as a function of the concentration of HeLa
cells, which demonstrates its potential application for the quantification
of tumor cells. Comparing the CV and EIS techniques, it is observed that
the impedance measurements presented higher sensitivity and more
accurate results. More importantly, the limit of detection reached by our
biosensor using the EIS technique is much lower than that reported by
other biosensors [4,13,14,16] and shows that this device can also be
used to detect cancer in early stages. In Table 1, the analytical perfor-
mance of the LbL-based biosensor is compared with others.

3.3. Selectivity

To evaluate the selectivity of our detection system to FR-positive
tumor cells, the biosensors were submitted to electrochemical mea-
surements after being incubated for 1 h with HMEC cells in the same
tested concentrations of HelLa cells. As shown in Fig. 4A, the impedance
response of the biosensor is not significantly dependent on the concen-
tration of non-tumor cells. Although there is a change in Rct compared
to the blank measurement, it is observed in the analytical curve (Fig. 4B)
that there is a very subtle change in average values of AR (%) for the
range of 50 -1 x 10° cells mL~!, which suggests that this increase is
caused by the non-specific adsorption of some cells on the electrode
surface. At the lowest concentration tested, the ratio between the ARt
(%) for tumor cells and that for normal cells (AR¢t HerLa/ARct HMEC) iS
almost 4 and increases to 14 when the concentration is 1 x 10° cells
mL . These results demonstrate that the biosensor distinguishes tumor

cells from healthy cells even at low concentrations with a good signal
difference.

The high selectivity of the biosensor can be attributed to the FRa
overexpression on the surface of tumor cells, allowing them to interact
with the FA-modified electrode surface. To confirm this hypothesis, ITO
electrodes were modified with the LbL assembly of PAH and the PAA
(not containing FA), forming a [PAH/PAA]s multilayer film. These
electrodes without the recognition molecule (FA) were incubated for 1 h
in HeLa cells suspension (1 x 10° cells mL™1). As shown in Fi g. 5, no
significant changes were observed in EIS (Figura 5A) and CV (Figura 5B)
measurements after incubation, indicating that the electrodes modified
with the [PAH/PAA]; films are not able to capture the tumor cells. This
behavior demonstrates that the detection and quantification of tumor
cells are due to the binding of FRa to FA molecules on the electrode
surface.

3.4. Reproducibility and repeatability

The reproducibility of the biosensor was evaluated after each of the
following steps: after LbL assembly of the films, after blocking with BSA,
and after detection of HeLa cells at a concentration of 1 x 10° cells mL ™.
Three independent electrodes were constructed at the same conditions
and submitted to CV and EIS measurements. Table S1 (Supporting in-
formation) shows the average value of the oxidation current, standard
deviation (SD), and relative standard deviation (RSD) calculated be-
tween the electrodes. The results of the CV measurements demonstrate a
good reproducibility of the biosensor in the 3 studied steps, with RSD of
3.89% for the detection test.

1 cycle 180
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Fig. 6. Biosensor repeatability: cyclic voltammongrams (A) and oxidation current values (B) obtained for 10 successive measurements of the biosensor after in-
cubation with HeLa cells (1 x 10° cell mL™!). A 100 mM NaNOs solution was used as supporting electrolyte with 1 mM [Fe(CN)e]>/* as redox probe. CV was

performed with 100 mV s~ scan rate.



A.R. Correia et al.

For impedance analysis, the biosensor exhibited an excellent repro-
ducibility, as shown in Table S2 (Supporting information). Very low RSD
values of 1.7% were obtained for the blocking and detection steps. These
results highlight the LbL-based biosensor’s performance, presenting
high electrode-to-electrode reproducibility with better RSD values than
those reported in the literature for other cytosensors [4,13].

Finally, the repeatability of measurements on the same electrode was
evaluated after incubation with HeLa cells at 1 x 10® mL™! cells. Fig. 6
shows the cyclic voltammograms and oxidation current values for 10
successive measurements. A minor variation is observed and the calcu-
lated RSD was 1.8%, showing the excellent repeatability of the devel-
oped biosensor.

4. Conclusions

LbL-based biosensors were successfully applied to the selective
detection of tumor cells through the specific interaction between the
folate receptors on the cell surface and the FA molecules immobilized
onto the electrode. The biosensor exhibited a linear electrochemical
response to the concentration of tumor cells and an excellent sensitivity
was achieved, with LOD of 4 cells mL ™! and 19 cells mL ™" using EIS and
CV techniques, respectively. Furthermore, the biosensors presented
great reproducibility (RSD = 1.7%) and repeatability (RSD = 1.8%). In
addition to their excellent analytical performance, the LbL-based bio-
sensors are fabricated using a simple and low-cost methodology which
makes them promising to be applied as cancer cells detection systems.
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