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a  b  s  t  r  a  c  t

Development  of  biosensors  requires  a well-organized  template  to  enhance  the  sensing  specificity.  Biolog-
ical  molecules  that  have  the ability  to  self-assemble  into  ordered  structures  can  be  exploited  to  construct
nanostructures  and  nanodevices.  In this  regard,  bacterial  surface  layer  proteins  (SbpA)  have  been  used
as an  underlying  matrix  to bind  molecules  on  the  nanometer  scale.  The  present  study  provides  evi-
dence  that  a  gold  substrate  functionalized  with  folate-modified  SbpA  can  be  used  as  a sensor  for  breast
cancer  cells  with  superior  efficacy  over traditional  sensors.  The  developed  sensor  uses  folate  to recog-
nize  folate  receptors,  which  are  highly  expressed  on the  cell  membranes  of  some  cancer  cells,  such  as
breast  cancer  cells.  To  examine  the specificity  of the  developed  sensor,  folate  was used as  a  binding
partner  for  folate  receptors  on breast  cancer  cells  (MCF-7),  and  liver  cancer  cells  (HepG2)  were  used  as
the  control  because  they  lack  folate  receptors.  The  fabricated  biosensor  comprised  a gold  surface  and  a
recrystallized  S-layer  protein  lattice  functionalized  with  folate  and  addressed  acoustically  and  electro-
chemically.  Acoustic  studies  performed  using  quartz  crystal  microbalance  with  dissipation  monitoring
(QCM-D)  showed  the efficiency  of  the  developed  biosensor  in  distinguishing  between  MCF-7  and  HepG2
cells.  Despite  the  ability  of QCM-D  to  recognize  cells  in situ and  in  real-time,  this  biosensor  had  a  limited

5
detection  range  (1 ×  10 cells/mL).  To  confirm  the  functionality  of  the  developed  platform,  electrochemi-
cal  measurements  were  performed  and  the  obtained  results  were  in agreement  with the  acoustic  sensor
and proving  the efficiency  of the  designed  sensing  layer.  The  S-layer  lattice-folate  modified  biosensor
provides  a promising  strategy  for designing  efficient  sensing  platforms  that  can  be  used  to diagnose  early
stage cancers  with  highly  expressed  folate  receptors.
. Introduction

Breast cancer is the most common cancer in women in devel-
ped and developing countries, and its distant metastases are the
ajor cause of breast cancer mortality [1,2]. According to the World
ealth Organization (WHO), more than 508,000 women diagnosed
ith breast cancer died in 2011. Lower survival rates are largely
ound in less developed countries, where most cases are diagnosed
n late stages because of a lack of effective diagnostic and treatment
trategies. Hence, the development of early detection and quan-
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tification techniques for breast cancer is important for improving
treatment and lowering the mortality rate.

The key to developing a diagnostic biosensor with good bio-
compatibility for the efficient recognition and capture of target
cancer cells is the interface matrix. Several studies have reported
the use of polymers, peptides, or gold nanoparticles to modify
the sensor surface and to enhance the capturing characteristics of
the fabricated immunosensors [3–6]. Furthermore, self-assembled
protein nanostructures can be exploited as promising biomaterials
to develop functional sensors for diagnostic and pharmaceutical
applications [7–10]. Bacterial surface layer (S-layer) proteins are

two-dimensional arrays of proteinaceous subunits that form the
outermost cell envelope structure on almost all archaea and bacte-
ria [11–14]. The thickness of the S-layers is up to 70 nm in archaea
and 5–10 nm in bacteria, and most S-lattices are composed of a sin-

https://doi.org/10.1016/j.snb.2018.04.037
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le protein or glycoprotein with a molecular weight in the range
f 40–200 kDa. The subunits of the S-layer protein are aligned in
blique, square, or hexagonal lattice symmetries and have center-
o-center spacing of approximately 5–30 nm.  Moreover, S-layer
roteins exhibit a precise arrangement of functional binding groups
nd pores of identical size and morphology with diameters rang-
ng between 2–8 nm [12–16]. S-layer proteins can assemble into

onomolecular lattices in suspensions and on different solid sub-
trates, such as gold, silicon and phospholipid films [12,17–20].
hus, S-lattice has been exploited as an effective matrix in many
pplications, including biosensing and biomimetic platforms for
eptide/protein studies [7,21,22].

Current cancer diagnostic techniques, such as flow cytome-
ry, polymerase chain reaction (PCR), immunofluorescence and
mmunohistochemistry, have the advantage of being well estab-
ished means of monitoring cell viability and proliferation [23,24].
owever, these conventional methods have limited cell detec-

ion and are costly, time-consuming and labor intensive [3,25,26].
ecently, a quartz crystal microbalance with dissipation mon-

toring (QCM-D) has attracted considerable attention in cancer
esearch, but it is still in the development phase. QCM-D is a
eal-time and label-free technique that determines the kinetics of
ell attachment, adhesion and spreading on different surface lay-
rs [3,27]. This technology is based on acoustic wave propagation
long a quartz crystal that measures the shifts in the resonance
requency (�f) and energy dissipation factor (�D), thus allowing
or continuous monitoring of an attached mass on the quartz crys-
al and evaluation of the viscoelastic and mechanical properties of
he attached layer [28–30]. Moreover, QCM-D can track the cellu-
ar response after exposure to chemotherapeutics and exogenous
timulation with respect to cell viability [31–33]. In contrast to
CR, which detects markers in cell lysates, QCM-D enables detec-
ion of the whole/intact cell by recognizing the surface markers on
he cell membrane. However, electrochemical methods are widely
sed in point-of-care (POC) devices, because of their simplicity,
apid analysis, low-cost, and disposability. Electrochemical biosen-
ors can detect disease markers with high selectivity and sensitivity
4,5,26,34–37].

One of the most important factors limiting the selectivity and
ensitivity of the currently available biosensors is the orientation
nd density of the captured antibodies or aptamers on the sen-
or surface. As a promising alternative targeting strategy, folate
eceptors have recently been used to detect and capture intact can-
er cells. The expression of folate receptors in healthy tissues and
rgans is limited, but the expression increases in ovarian, breast,

ung, epithelial, kidney and brain tumors [38–40]. The present work
eports the first fabrication of S-layer lattice-folate-modified acous-
ic and electrochemical biosensors to detect breast cancer cells
MCF-7). To test the biosensor, a suspension of MCF-7 cells was
assed over the modified sensor surface. The recognition of MCF-

 cells was studied in real-time using QCM-D, cyclic voltammetry
CV), and square wave voltammetry (SWV). With these methods,
he efficiency of the fabricated biosensors to detect folate receptors
as determined. Moreover, to confirm the selectivity for MCF-7

reast cancer cells, the data were compared with data from other
ells, such as HepG2 liver cancer cells, which lack folate receptors
n their cell surface. The presented strategy has great potential for
iagnostic applications in cancer.

. Experimental section
.1. Isolation of S-layer proteins

SbpA proteins molecules (MW  127 kDa) were isolated from
ysinibacillus sphaericus CCM 2177 according to a previously
ators B 267 (2018) 224–230 225

described protocol [41]. The final protein solution was stored at
4 ◦C in Milli-Q water.

2.2. Functionalization of S-layer proteins with folate

Because of the poor solubility of folic acid (Sigma), 30 mg  was
dissolved in 20 mL  of Milli-Q water, and 150 �L of NaOH (1 M)  (final
concentration 1.5 mg/mL) was  added. The mixture was  stirred at
room temperature in the dark until the yellow solution became
clear. Then, EDC (10 mM)  and NHS (10 mM)  were added, and the
solution was  stirred for approximately 3 min. To prepare the SbpA-
folate conjugate, the activated folate solution (375 �L) was  added
to SbpA solution (1500 �L, 1 mg/mL). The resulting mixture was
stirred at room temperature in the dark for 6 h and stored at 4 ◦C
until further use. The conjugate solution was  diluted with crystal-
lization buffer (150 mM NaCl, 10 mM  HEPES buffer, pH 7.4) at 1:10
before use to prevent self-assembly formation.

2.3. Cell lines and cell culture

Human breast adenocarcinoma cell line (MCF-7) and human
liver hepatocellular carcinoma cell line (HepG2) were obtained
from the American Type Culture Collection. MCF-7 and HepG2 cells
were cultured in DMEM (PAA Laboratories GmbH, Austria) sup-
plemented with insulin (10 �g/mL) and 10% FBS, respectively, and
a 1% antibiotic/antimycotic solution. The cells were grown under
standard cell culture conditions according to a previously described
protocol [22].

2.4. Contact angle measurements

Ten nanometer thick, gold-coated slides were cleaned in a 5:1:1
mixture of Milli-Q water, NH3 (33%), and H2O2 (30%) and then
cleaned in a plasma cleaner (Plasma Prep 2, Germany) to remove
organic contaminants.

The water contact angles on bare gold chips or on modified lay-
ers were obtained using a goniometer (Easy Drop, Krüss, Germany).
A 5 �L Milli-Q water drop was  deposited on the dried surface, and
CA was immediately determined. This experiment was  performed
at least three times on different positions.

2.5. QCM-D experiments

The gold sensors that were used for this work are commercially
available (Q-Sense, Sweden). Before each experiment, the sensors
were cleaned in a mixture (5:1:1) of Milli-Q water, NH3 (33%), and
H2O2 (30%) at 70 ◦C for approximately 10 min  and a subsequent
UV/ozone treatment.

The QCM-D measurements were performed in triplicate at 27 or
37 ± 0.02 ◦C. The flow rate was  either 100 �L min−1 or 50 �L min−1.
Briefly, a dilute solution of the SbpA − folate mixture was  recrystal-
lized on the gold surface overnight at 27 ◦C and subsequently rinsed
with Milli-Q water to remove any excess materials. Afterward, BSA
(1%) in PBS was injected and incubated for 60 min. Subsequently,
temperature was  increased to 37 ◦C and cancer cells in the PBS
solution were injected and incubated for approximately 60 min
and then a rinse step with PBS solution was  performed to remove
unbound cells.

2.6. Electrochemical measurements

The potentiostat (Ana Pot, Zimmer and Peacock Ltd, UK) was
used to measure CV and SWV. Electrochemical measurements

were performed in K3[Fe(CN)6] (10 mM)  solution containing KCl
(100 mM)  at a scan rate of 50 mV/s.

The screen-printed electrodes (Zimmer and Peacock Ltd, UK)
were exposed to a solution of SbpA-folate conjugate overnight
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Fig. 1. Water contact angles for bare gold, S-laye

t room temperature. After recrystallization of the modified S-
ayer proteins, the surface was rinsed with crystallization buffer to
emove the excess protein. Then, the modified sensors were incu-
ated with different cell densities of the breast or liver cells at 37 ◦C.

n the last step, sensors were rinsed with PBS solution to remove
nbound cells.

. Results and discussion

.1. Investigation of Au/SbpA-folate modified biosensor
iocompatibility: contact angle (CA) measurements

To make a biosensor specific for cancer cells, many studies
ave fabricated sensors based on the specific recognition of pro-
ein receptors that are usually overexpressed on the surface of the
ell membrane. In this study, the S-layer lattice was functional-
zed with folate, the synthetic form of vitamin B9, to detect the
olate receptors on MCF-7 breast cancer cells. In general, the recog-
ition and interaction of cells on the fabricated sensors is highly
ffected by the nature of the sensor surface. Hydrophilicity, wetta-
ility, and surface charge are important factors that can influence
ell attachment or proliferation [42]. Therefore, the wetting prop-
rties of the fabricated sensor were investigated by measuring the
A (Fig. 1). However, the S-layer proteins can form water-filled
ydrophilic pores with low, unspecific adsorption, because of their
ntifouling properties [43]. Charged groups, such as carboxy- or
mino-moieties, on the surface of the S-lattice contribute to an
ncrease in surface hydrophilicity [12]. Hence, the SbpA-folate con-
ugate was formed by reacting folate with SbpA in the presence of
DC and NHS. EDC is a water-soluble carbodiimide and is commonly
sed to conjugate biological materials containing amines and car-
oxylates; NHS is usually used in combination with EDC to improve
he efficiency by forming amine reactive intermediates [21,44]. In
his case, cross-linking leads to a stable amide bond between folate
nd SbpA molecules.

The CA for the bare gold surface was 74.8 ± 3.53◦ and increased
o 88.6 ± 1.68◦ after recrystallization of the SbpA on the gold sur-
ace. In contrast, SbpA functionalized with folate showed improved
ydrophilicity and thus CA decreased to 61.6 ± 1.99◦, owing to the
resence of the hydroxyl and carboxyl groups of the SbpA and

olate. This decrease in CA demonstrated that the SbpA-folate layer
an provide a biocompatible surface because of its inherent prop-
rties that may  enhance the cell loading.

.2. Characterization of the acoustic Au/SbpA-folate modified

ensor

QCM-D is a surface-sensitive microbalance technique uses to
easure frequency (�f), which presents the mass of the material
in (SbpA) and functionalized SbpA-folate layers.

adsorbed on or removed from the sensor, and energy dissipation
(�D), which reports on the energy loss and the viscoelastic prop-
erties before, during, and after molecules adsorption [30].

In the present study, QCM-D was  used to track the recrystalliza-
tion of the S-layer protein functionalized with folate on the gold
sensors at 27 ◦C and the binding of cancer cells at 37 ◦C (Fig. 2). The
shifts in the �f  and �D  signals occurred simultaneously after injec-
tion of the SbpA-folate conjugate and after injection of the cancer
cells. The self-assembly of the modified SbpA proteins from solu-
tion, which formed a lattice on the gold substrate, resulted to a
rapid reduction in the frequency signal to approximately −80 Hz
and an increase in the energy dissipation level (approximately
25 × 10−6). After rinsing with water, a significant change in the �f
(approximately 55 Hz) and �D (approximately 15 × 10−6) signals
was observed because of the removal of excess protein molecules.
In the absence of folate (Fig. S1), the wild-type SbpA lattice had
a higher frequency value (>100 Hz) and a lower dissipation value
(approximately 2.5 × 10−6), thus indicating that folate may  affect
the self-assembly of the S-protein subunits and the formation of a
tightly bound, rigid layer on the gold sensor [7,17,45]. In fact, the
lower �f value in combination with the higher �D observed for
the SbpA-folate conjugate suggests the presence of an incomplete
and soft proteinaceous layer on the gold surface.

BSA is usually used as a blocking agent in biosensors to mini-
mize non-specific binding. In principle, because of the antifouling
properties of the S-lattice, there is no need to block the surface, but
in the present study, BSA was  added to block unspecific binding. A
slight decrease in the frequency signal (−65.5 Hz) and a noticeable
decrease in the dissipation signal (7.5 × 10−6) were observed after
the addition of BSA. The small drop in frequency and drop in dissi-
pation may  indicate that BSA molecules were retained within the
incomplete SbpA-folate layer making the layer stiffer. These mea-
surements were performed in triplicate and the mean of frequency
and dissipation values for the generated layers before and after rins-
ing steps are presented in Table S1. Subsequently, the system was
allowed to equilibrate in PBS for one hour at 37 ◦C.

3.3. Detection of MCF-7 cells via the fabricated acoustic sensor
(Au/SbpA-folate)

A carefully designed surface architecture can improve the effi-
ciency and performance of biosensors. Most available biosensors
depend mainly on antibodies/aptamers capturing the target cells.
According to literatures, the greatest limitations of these sensors

are that the antibodies/aptamers must be precisely oriented, and
the fabricated surface must be uniform. Interestingly, the cell cap-
ture efficiency significantly improves when the thickness of the
sensing layer is decreased and vice versa [46]. The proposed biosen-
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Fig. 2. (a) Representative shift in frequency and dissipation versus time for the formation of the final functionalized SbpA-folate/Au sensor structure and the subsequent
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ddition of MCF-7 cells at concentration 1 × 105 cells/ml. All shown QCM-D data we
tep-by-step modification of the gold sensor to the final SbpA-folate/Au sensor surf
n  the gold sensor; (2) increasing the temperature from 27 ◦C to 37 ◦C; (3) specific r

or in this study overcomes these limitations by having a SbpA
attice nanostructure with a small thickness (9 nm)  [47]. More-
ver, antibody/aptamer immobilization is not a concern, because
he SbpA lattice is functionalized with folate to recognize the folate
eceptors on cancer cells. Finally, an extra antibody layer is not
eeded, thus further minimizing the thickness of the biosensing

ayer.
The evaluation of the direct capture of MCF-7 cells on the func-

ionalized QCM-D sensor was performed by tracking the changes in
he frequency and dissipation at 3rd to 13th odd-numbered over-
ones. In principle, the adhesion of cells may  result in a completely
ifferent �f  shift, because QCM-D also responds to the particle res-
nance frequency [30]. In brief, the particle resonance frequency
epends on not only the adsorbed mass but also the adhesive bond
tiffness. Frequency presents negative signal when the cells are
ightly immobilized on the sensor surface [3]. When the cell is
ind to a long and flexible linker, and the stiffness of the adhe-
ive bonds is low, even a positive shift in �f  can be measured for
ell binding by QCM-D [30]. The specific binding of a cell with a
hort linker results in a shift of �f  in between the two aforemen-
ioned boundary conditions. The modified sensors (SbpA-folate on
u) were exposed to a suspensions of MCF-7 cells at different cell
ensities (1 × 104, 1 × 105, and 5 × 105 cells/mL) to investigate the
ensitivity of the biosensor (Figs. 2 and 3a. The results showed that
he �f  and �D signals were dependent on cells densities, but the
hanges in the signals was not considerable at low cell densities.
his result indicated that the limit of detection for the fabricated
ensor is ∼ 1 × 105 cells. However, several published studies have
hown a significant change in the mass adsorbed on the surface

hen the cells were directly attached to the surface [3,48,49]. In

ontrast, in the present work, the intermediate SbpA-folate layer
esulted in a space between the cancer cells and the gold sur-
ace, and the measured changes in the frequency were smaller.
orded at the 5th overtone. (b) The schematic sketch (not drawn to scale) shows the
1) recrystallization of the functionalized S-layer protein SbpA modified with folate
ition of MCF-7 breast cancer cells.

To confirm the reproducibility of the developed system, exper-
iments were repeated and frequency results were summarized
in Table S2. Furthermore, two important findings were observed
when QCM-D was used to detect cancer cells. First, the temper-
ature must be optimized (increased from 27 to 37 ◦C) to achieve
efficient cell capture on the fabricated biosensor. Second, QCM-D
can distinguish between viable and non-viable cells in real-time.
The QCM-D measurements were carried out when the cell viability
levels were approximately 90% and 10% (Fig. 3a and b). When the
viable cells were exposed to the fabricated sensor, the frequency
signals changed significantly, thus indicating the binding interac-
tion between the folate and the folate receptors on MCF-7 cells. In
contrast, the non-viable cells did not show significant changes in
the frequency signals, thus indicating that no mass had adsorbed
on the sensing surface. These observations were consistent with
findings from our previous work [18].

3.4. Characterization of the electrochemical Au/SbpA-folate
modified sensor and detection of MCF-7 cells

One of the most common cancer diagnostic methods is PCR. In
this technique, mRNA is first extracted, and marker detection is
performed on the cell lysate. This study sought to find a simpler
approach by detecting whole/intact cells, by using techniques such
as QCM-D, as described above, and electrochemistry. Hence, elec-
trochemical methods were used to confirm the efficiency of the
fabricated acoustic sensor. The fabricated SbpA-folate coated gold
electrode was characterized using CV measurements and all elec-
trochemical measurements were conducted in 10 mM [Fe(CN)6]3−
solution containing 100 mM KCl (Fig. 4). The bare gold surface
showed the highest peak current, thus indicating a small resis-
tance in the electron transfer. After recrystallization of SbpA on
the gold electrode, the peak current decreased from 115.20 �A to
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Fig. 3. Frequency shifts recorded at the 5th overtone as function of time for the capturing
concentrations (1 × 104 and 5 × 105 cells/ml), (a) capturing of MCF-7 breast cancer cells (c
(c)  capturing of HepG2 liver cancer cells (cell viability 88%).

Fig. 4. CV spectra of the bare gold electrode and S-lattice with or without folate
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n  gold electrode in 10 mM K3[Fe(CN)6] containing 100 mM KCl at a scan rate of
0 mV/s.

7.60 �A (without folate) and 75.54 �A (with folate), thus reflect-
ng a decrease in the electron transfer resistance. These changes in
he electrochemical properties at each layer indicated successful

odifications of the functionalized electrode.
After modification of the gold electrode with the SbpA-folate,

 suspension of MCF-7 cells was added to the developed sensor at
ifferent cell densities, and SWV  measurements were performed in
bsence (no cells) and presence of cancer cells. Because of the spe-
ific interaction between the folate bound on the surface and the
olate receptors, which are overexpressed by breast cancer cells,
he ability of the fabricated biosensor to capture MCF-7 cells was
erified (Fig. 5a). Generally, when SWV  measurements are per-
ormed, increasing the analyte concentration increases the current
esponse. However, in this study, the SWV  measurements con-
erted the interaction between the folate and the folate receptors
n MCF-7 cancer cells into an electrical signal. The SWV  was  mea-

4 5
ured for the increasing MCF-7 cell densities (1 × 10 , 1 × 10 , and
 × 105 cells/mL) and compared to a blank test (no cells). The peak
urrent consistently increased (65, 108, and 185 �A, respectively)
ith an increasing number of cells captured on the sensor surface,
 of cancer cells by the functionalized SbpA-folate/Au QCM-d-sensor at two  different
ell viability 90%), (b) capturing of MCF-7 breast cancer cells (cell viability 10%), and

as compared to the initial value with no cells (18 �A). This increase
indicated higher coverage of the electrode surface by the captured
cells. It is evident from the obtained results that there is a depen-
dency between cell count and current magnitude. However, instead
of the inverse proportionality expected by an increasing electrode
coverage, the signal is in fact increasing. Although this appears
counterintuitive to the expected result, it could be attributed to
that of a succeeding catalytic electrochemical reaction mechanism
(EC’): After having passed through the biolayers on the electrode,
[Fe3(CN)6]3− is reduced to [Fe3(CN)6]4− by the working electrode,
after which it is immediately reoxidized and ready to once again be
reduced by the electrode. This recycling of redox species is an effect
which has been previously advantageously utilized in enzymatic
disposable glucose strips to further enhance the clinical signal [50].
Human cells are rich in enzymes, which may  act as catalysts for the
reoxidation of [Fe3(CN)6]3−. However, these results demonstrated
the successful development of an efficient, low-cost and disposable
biosensor for the detection of breast cancer cells.

3.5. Selectivity of the SbpA-folate modified sensors for the
detection of folate receptors

As mentioned above, selectivity and specificity are critical points
that must be considered during biosensor development for cancer
cell detection. Hence, QCM-D and SWV  were used to character-
ize the specificity of the SbpA-folate modified electrode for MCF-7
breast cancer cells. The SWV  measurements confirmed that this
fabricated biosensor was  able to efficiently distinguish between
breast and liver cancer cells (Fig. 5b). The comparison of the current
peaks indicated the high specificity of the SbpA-folate biosensor
for MCF-7. Given that HepG2 liver cancer cells do not express
folate receptors, these cells cannot bind to the folate on the modi-
fied electrode. Although the non-specific adsorption of HepG2 cells
may  slightly change the electrochemical signals, the significant
change in the current peak for MCF-7 breast cells confirms the
high selectivity and accuracy of the proposed electrode toward
folate receptors for breast cancer detection. These observations
are in agreement with QCM-D results in Fig. 3c which shows that
the frequency signals were almost unchanged when the sensor

was exposed to HepG2 cells at different cell densities (1 × 10 and
5 × 105 cells/mL), thus indicating that no mass had increased on
the sensor and hepatic cells were not detectable by the modified
surface.
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ig. 5. (a) Square wave voltammograms for MCF-7 breast cancer cells captured on
oltammograms for detection of MCF-7 and HepG2 cancer cells at concentration 5 ×

. Conclusion

The present study is the first to conjugate the S-layer protein,
bpA, with folate to functionalize a gold surface for the specific
apture of MCF-7 cells through the detection of folate receptors
xpressed on the surface of breast cancer cells. The fabricated
coustic and electrochemical sensors were able to distinguish
etween MCF-7 and HepG2 cancer cells because the latter do not
xpress folate receptors. The proposed biosensor offers several
dvantages that increase the cell capturing efficiency, including the
mall thickness and the antifouling properties of the S-layer lat-
ice. In addition, antibody/aptamer immobilization is not a concern,
ecause folate can be used as an alternative to antibody/aptamer
or detecting target cells. Overall, the evaluation of the developed
iosensor by using different techniques provided more information
bout the efficiency of the system. The QCM-D measurements effi-
iently tracked the formation of the SbpA-folate modified sensor
nd the capture of cancer cells in real-time under controlled condi-
ions. Although the QCM-D technique has a limited detection range,
t allows for cell viability tracking. Hence, the cellular response to
hemotherapeutic agents is worth investigating in future QCM-D
tudies by analyzing cell numbers change in response to drugs.
mportantly, the electrochemical measurements confirmed the
electivity and specificity of the developed biosensor, and thus this
ethod provides a simple, rapid, cost effective and disposable plat-

orm for cancer detection. Moreover, the development of efficient
iosensors with high selectivity and sensitivity for accurate diag-
oses should aid in increasing the remission and survival rates of
ancer patients.
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Appendix A. Supplementary data
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