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Discovering new anticancer agents and analyzing their activities is a vital part of drug development, but it
requires a huge amount of time and resources, leading to the increasing demands for more-effective tech-
niques. Herein, a novel and simple cell-based electrochemical biosensor, referred to as a cytosensor, was
proposed to investigate the electrochemical behavior of human skin malignant melanoma (SK-MEL28)
cells and the anticancer effect of saponin on cell viability. To enhance both electrocatalytic properties
and biocompatibility, gold nanoparticles were electrochemically deposited onto a conductive substrate,

Keywords: . and poly-L-lysine was further added to the electrode surface. Electric signals from SK-MEL28 cells on
Cell-based biosensor . . R . .
Cytosensor the electrodes were obtained from cyclic voltammetry and differential pulse voltammetry. The cathodic

peak current was proportional to the cell viability and showed a detection range of 2,880-40,000 cells per
device with an excellent linear cell number-intensity relationship (R* = 0.9952). Furthermore, the anti-
cancer effect of saponin on SK-MEL28 cells was clearly established at concentrations higher than 20 pM,
which was highly consistent with conventional assays. Moreover, the developed electrochemical
cytosensor for evaluating anticancer effects enabled rapid (<2 min), sensitive (LOQ: 2,880 cells/device),
and non-invasive measurements, thus providing a new avenue for assessing the anticancer drugs in vitro.
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1. Introduction

Globally, cancer is the second leading cause of death and is con-
sidered a crucial public health problem [1]. Millions of people
struggle against cancer, and a third of them die every year. Specif-
ically, malignant skin melanoma, which is the most aggressive
form of skin cancer, has to be treated quickly due to its potential
to spread to other parts of the body and become a life-
threatening emergency within 6 weeks of cancer diagnosis [2].
Proper treatment in the early stage is very important to improve
the survival rate. Even with recent advancements, which include
surgical resection, cold atmospheric plasma, targeted therapy
[3,4], and immunotherapy [5,6], skin melanoma is notoriously dif-
ficult to treat when it starts to spread beyond its original site. That
is, a well-established anticancer therapy must be developed with

Abbreviations: AuNPs, gold nanoparticles; FTO, fluorine-doped tin oxide; MTT,
thiazolyl blue tetrazolium bromide; PLL, poly-L-lysine; CV, cyclic voltammetry; CC,
chronocoulometry; DPV, differential pulse voltammetry; PBS, phosphate buffered
saline; SEM, scanning electron microscopy; DI, deionized; DMSO, dimethyl sulfox-
ide; MEM, minimum essential medium; FBS, fetal bovine serum; TE, trypsin-EDTA;
LOQ, limit of quantification.
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reduced side effects such as illness recurrence, drug resistance,
and severe damage to the normal cells. Phytochemicals, which
are chemical compounds from natural plants or animals (including
alkaloids, saponin, polyphenols, terpenoids, and steroids) are well
known to inhibit the growth of many cancer cells [7-9]. Among
them, saponin has been considered as a promising agent for cancer
research and development due to its significant anticancer activi-
ties such as anti-metastasis, anti-angiogenesis, anti-proliferation,
and reversal of multi-drug resistance effects [7,10-12]. It also has
been reported to reduce the side effects of several existing thera-
pies. The antiproliferative activity of saponin against melanoma
is associated with the inhibition of the JAK/STAT pathway, result-
ing in tumor cell growth suppression [7]. Also, saponins are known
to increase the efficiency of several chemotherapeutic drugs [13].

Currently, cell counting/staining methods such as the thiazolyl
blue tetrazolium bromide (MTT) assay, Cell Counting Kit-8 (CCK-
8), and trypan blue exclusion have been commonly used to detect
cell viability and study the efficiency of anticancer drugs. Those
assays, however, have critical challenges that cause irreversible
damage to cells and require complicated and time-consuming
sampling processes, expensive robotic equipment, and invasive
chemical reagents for measuring cellular metabolic activities.
Those assays also have a shortcoming for assessing the efficiency
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of colored drugs due to a possibility of signal interference at the
specific wavelength. For these reasons, alternative sensing tech-
niques for in vitro toxicological assessment such as those based
on electrochemistry [14,15], optics [14,16], and quartz crystal
microbalances [17,18] have been vigorously investigated. Among
these methods, the electrochemical strategy, which features fast
response time, real-time monitoring, easy miniaturization, high
sensitivity, and cost effectiveness have been utilized to evaluate
anticancer activities for the purpose of reducing the time and cost
in the early stage of drug development [19-23]. In particular, an
electrochemical cell-based biosensor, called a cytosensor, has been
actively developed for the last decade as a rapid, sensitive, label-
free, and non-invasive technique to monitor the various cell types
(e.g., cancer cells and pluripotent stem cells) [22,24]. For example,
voltammetric behavior of cells can be utilized for rapid real-time
monitoring due to its good dynamic kinetic properties for deter-
mining electrochemical redox activity of proteins [23-29]. Because
of the various biochemical reactions, including the oxidation/re-
duction of several biomolecules (such as redox proteins and metal-
loproteins inside cells), distinct electrochemical redox signals for
each cell type were found to be generated and measured at specific
potentials, and these can be used to investigate the sensitivity of
cancer cells to the anticancer drugs.

Herein, we report an electrochemical cytosensor platform
which enables sensitive and fast assessment of the anticancer
effects of saponin on the most aggressive form of skin cancer,
called human malignant melanoma (SK-MEL28). Gold nanoparti-
cles (AuNPs) were electrochemically deposited onto fluorine-
doped tin oxide (FTO) electrodes to enhance their electrocatalytic
properties. The AuNPs/FTO platforms were further modified with
biocompatible poly-L-lysine (PLL) to promote cell adhesion and
growth. With a combination of the nano and biocompatible mate-
rials, the sensor platform developed for evaluating anticancer
activity has achieved direct electron transfer between immobilized
cancer cells and the manufactured electrode surface and improved
the selectivity and sensitivity of the cytosensor. Consequently, the
electrical signal intensity of SK-MEL28 cells showed clear linearity
(R?> = 0.9952) relative to the number of cells, suggesting that the
intensity of the peak current of the cytosensor can be used to
detect the number of SK-MEL28 cells and monitor the anticancer
effects of various drugs, thus being a simple and effective way to
study the evaluation of novel drug candidates and promote the
development of powerful anticancer reagents.

2. Materials and methods
2.1. Materials

Gold (1) chloride trihydrate (HAuCl,), PLL solution (0.01%),
MTT, dimethyl sulfoxide (DMSO), trypan blue, and saponin were
purchased from Sigma-Aldrich (St. Louis, MO, USA). FTO glass
slides were obtained from Omni Science (Yong-in, South Korea).
Minimum Essential Medium (MEM) was from Gibco (USA). Phos-
phate buffered saline (1X, PBS), fetal bovine serum (FBS),
penicillin-streptomycin solution (100X), and trypsin-EDTA (TE)
solution were obtained from Welgene (Gyeongbuk, South Korea).
Calcein-AM and ethidium homodimer-1 (EthD-1) were acquired
from Invitrogen (Carlsbad, CA, USA). All chemicals were of analyt-
ical grade.

2.2. Cell chip fabrication

The sensing platform of electrochemical cytosensors was com-
posed of FTO glass (20 x 20 mm) and a polystyrene well (diameter:
10 mm). FTO glass slides were sequentially washed with a 1% tri-
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ton X-100 solution, 70% ethanol, and deionized (DI) water for
10 min and dried with nitrogen gas. A polystyrene well structure
was designed using AutoCAD 2019 software (Autodesk Inc.) and
were fabricated with a laser cutting machine (C40 60 W, Coryart,
South Korea). Due to its one-sided adhesive property, the polymer
structure was firmly attached on the FTO glass. Next, the fabrica-
tion of a AuNP layer on the FTO electrode was carried out using
electrochemical deposition. An AuNP solution (0.5 M H,SO,4 con-
taining 5 mM HAuCl,) was filled into the prepared well-electrode
platform. A cyclic voltammetry (CV) measurement was performed
in a potential range of 1.2 V to —0.6 V, and the Epc potential was
chosen as the working potential for electrodeposition of AuNPs
using chronocoulometry (CC). After washing with DI water,
AuNP-FTO was coated with a 0.01% PLL solution for 30 min at room
temperature. The PLL solution was removed and washed with DI
water 3 times right before seeding 500 uL of the cell suspension
on the chip.

2.3. Cell culture

A human malignant melanoma cell line (SK-MEL28, 30072; Kor-
ean Cell Line Bank, Seoul, South Korea) was cultured in MEM sup-
plemented with 10% FBS and 1% penicillin-streptomycin. Cells
were maintained at 37 °C in a humidified atmosphere of 5% CO,.
The culture medium was changed every 2 days. Cells were pas-
saged using a TE solution, and the detached cells were transferred
to the Styrofoam well-FTO glass structure to a concentration of less
than 8.0 x 10* cells/mL. Cell concentrations were determined using
a disposable hemocytometer (INCYTO, Cheonan, South Korea). The
morphologies of the cells were analyzed using an optical micro-
scope (IX71, Olympus, Japan).

2.4. Electrochemical detection

Electrochemical experiments for CV and DPV measurements
were carried out using a CHI660C workstation (CH Instruments
Inc., USA). A three-electrode system was composed of the fabri-
cated FTO chip as the working electrode (WE), Ag/AgCl (saturated
in 3 M Na(l) as the reference electrode (RE), and a platinum wire
as the counter electrode (CE).

2.5. Anticancer effect assay

SK-MEL28 cells were cultured on a PLL/AuNPs/FTO chip under
the same conditions in vitro. At 2DIV, the cells were treated with
medium containing saponin for 24 h. For the CV and DPV signal
measurement, the cell culture medium was removed and 1X PBS
(pH 7.4) was used as an electrolyte.

2.6. Cell viability assay

A MTT assay was conducted by culturing cells in a multi-well
plate to observe cellular viability after drug treatment and com-
pare the results of the conventional colorimetric assay with the
electrochemical method. The MTT working solution was prepared
and added to each well to a final concentration of 0.5 mg/mL. After
the cells were further cultured for 4 h at 37 °C, DMSO was added to
each well, and the absorbance was measured on a microplate
reader (Synergy HTX, BioTek, South Korea) at 540 nm. In addition,
live/dead cell staining was carried out to distinguish between live
and dead cells. Then, 2 uM calcein-AM and 4 pM EthD-1 in culture
media were added to the cells for 30 min at 37 °C in a dark incuba-
tor. Stained cells were visualized and captured using a fluorescent
microscope (IX81, Olympus, Japan). Based on the enzyme activity
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and plasma membrane integrity, live cells exhibited green fluores-
cence, and the dead cells showed red fluorescence.

2.7. Statistics

Graphical data were presented as mean values + standard devi-
ation (s.d.) with three replicates (N = 3). The statistical significance
of the difference between the two groups was determined by the
unpaired student’s t-test. A p value of less than 0.05 (*p < 0.05)
was considered statistically significant. Data were analyzed using
the statistical software OriginPro 2016 and SigmaPlot 10.0.

3. Results and discussion

3.1. Voltammetric behavior of skin melanoma cells on the fabricated
electrode

We designed an electrochemical cytosensor based on a conven-
tional three-electrode system (Fig. 1A). The sensing platform was
composed of a RE (Ag/AgCl), a CE (Pt wire), and a WE (FTO-
doped glass substrate with a polystyrene chamber on it). SK-
MEL28 skin melanoma cells were plated onto the fabricated elec-
trode and maintained for 2 days. After that, a specific cathodic peak
potential (Epc) and a peak current (Ipc) of skin melanoma SK-
MEL28 cells were first determined by measuring the CV signal of
the cells cultured on each of the fabricated electrodes (Fig. 1B).
CV measurements were carried out using a PBS buffer (pH 7.4) as
an electrolyte, and a reductive peak at around —0.064 V (vs. Ag/
AgCl) was observed at a scan rate of 100 mV/s. The redox signal
obtained from the living cells can be explained by the existence
of several biomolecules such as intracellular redox enzymes and
metalloproteins in the cell membrane, which participate in the bio-
chemical redox reaction. In previous reports, it has been consid-
ered that the harmony of these biomolecules in cells generates a
cell type-specific bioelectrical signal, especially for certain cell
types such as pluripotent stem cells and cancer cells and guides
the detection of cell viability through electrochemical measure-
ment [23,30]. For example, redox enzymes such as matrix metallo-
proteinases are present in higher amounts and more activated
form in malignant cancer cells than in normal cells. It has been
reported that these redox enzymes generate distinctive electro-
chemical signals at specific potentials [31,32]. Likewise, numerous
enzymes such as matrix metalloproteinases and phosphatases in
SK-MEL28 cells serve as redox-active centers in oxidation and
reduction reactions [24]. Therefore, when these redox centers are
close enough to the electrode, direct electron transfer between
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the cell and electrode surface generates, which is distinct from that
in the bulk medium [33].

As shown in Fig. 1B, there were no redox peaks of the cells
grown on the bare FTO electrode and cells grown on PLL-treated
FTO electrode in the potential range of —0.3 to +0.3 V. The cancer
cells did not show any detectable electrochemical signal at the
electrode without AuNPs. However, the SK-MEL28 cells attached
to the AuNPs-modified FTO electrode exhibited a significantly
increased voltammetric signal. It can be attributed to an excellent
attachment of cells on the surface of AuNPs and an electrical signal
enhancement by a high conductivity of AuNPs [34,35]. These
results show that the electrodeposition of AuNPs could improve
the poor electrocatalytic properties of the bare FTO substrate and
enhance the sensitivity of the cell-based electrochemical biosen-
sor. The electrocatalytic activity of the fabricated electrode was
further promoted by adding a biocompatible conducting polymer,
PLL, onto the AuNP-deposited electrode substrate. However, in
the PLL-Au-FTO electrodes without cells, no signal was measured,
showing that the generated electrochemical signal is attributed
to the existence of the cells on the electrode substrate (Fig. S1).

3.2. AuNP deposition and PLL treatment for enhanced electric signals

AuNPs were electrochemically deposited onto the FTO substrate
using CV and CC techniques (Fig. 2) to enhance the electrocatalytic
properties of the electrodes for cell type-specific electrochemical
signal detection. We investigated the morphologies of the gold
nanostructure-FTO electrodes based on deposition time and the
biocompatibility of the platforms in the presence of cells. Fig. 2A-
C show scanning electron microscopy (SEM) images of the
sphere-shaped AuNPs electrochemically formed on the transparent
FTO electrodes. The sizes of AuNPs for the deposition time of 10,
30, and 90 s were 147, 151, and 168 nm, respectively. Based on
the SEM images of the substrates, sparsely deposited AuNPs were
discovered on the electrode surfaces with deposition times of
10 s (Fig. 2A). On the other hand, the electrochemical deposition
of gold for 30 s could create dense and homogeneous nanostruc-
tures on the FTO surface (Fig. 2B). However, random aggregates
of larger AuNPs were discovered on the electrode surfaces with a
deposition time of 90 s (Fig. 2C). AuNP deposition times exceeding
90 s were not examined because no more particles could be added
to the surface beyond the saturation level due to geometrically
limited conditions. Fig. 2D-F indicate the optical images of the
SK-MEL28 cells incubated on the fabricated AuNPs-FTO electrodes
with AuNP deposition times of 10, 30, and 90 s, respectively. The
results showed that there were no specific side-effects caused by
gold nanostructures towards SK-MEL28 cell proliferation on each
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Fig. 1. (A) A schematic illustration of the SK-MEL28 cell-based electrochemical biosensing platform based on the three-electrode system and a working principle for the
assessment of anticancer effects of saponin. (B) Cyclic voltammograms of SK-MEL28 cell-FTO (green line), cell-PLL-FTO (blue line), cell-Au-FTO (orange line), and cell-PLL-Au-
FTO (red line) electrodes in pH 7.4 PBS buffer. Cell concentration: 4.0 x 10 cells/mL, scan rate: 100 mV s~ '.
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Fig. 2. SEM images of the electrochemically deposited AuNPs on the FTO electrode with electrochemical deposition times of (A) 10 s, (B) 30 s, and (C) 90 s. (D-F) Optical
microscopy images of SK-MEL28 cells grown on fabricated AuNPs-FTO platforms A, B, and C, respectively. (G) DPV signals obtained from SK-MEL28 cells grown on the four
different platforms according to gold deposition time. (H) The relationship between the peak current and the deposition time of AuNPs. Bars represent the mean * s.e.m.

(n = 3). Cell concentration: 8.0 x 10 cells/mL.

electrode in terms of biocompatibility. However, as shown in
Fig. 2E, the cells tended to grow well on the uniformly distributed
AuNPs on the electrode surface, which improved the adsorptive
capacity of the biomolecules [36], showing a higher density of
the attached cells than other substrates.

Next, DPV signals of the SK-MEL28 cells attached to the plat-
forms functionalized with AuNPs were measured, and the sensitiv-
ity of the electrodes for cell detection was analyzed. Fig. 2G and H
show a series of the DPV curves measured in a 1X PBS solution (pH
7.4), where the cells were incubated on four different substrates
(made using different gold deposition times). A well-defined
reduction peak was recorded with the platforms functionalized
with AuNPs for a 30 s deposition time as compared those of other
substrates. No significant signal enhancement was observed for
deposition times of 60 and 90 s due to the decrease of total surface

area by the larger size of AuNPs [37-39]. Based on these results, we
concluded that evenly formed AuNPs with small sizes are essential
to facilitate electron transfer between the target cells and the elec-
trode surface and enhance the cell-type specific electric signals.
Therefore, we chose 30 s as the AuNPs deposition time to modify
the FTO electrode.

Subsequently, PLL was further modified on the AuNP/FTO
substrate as a cytophilic material to enhance the biocompatibil-
ity without reducing the electrical conductance (Fig. 3). We note
that the preparation of an appropriate extracellular matrix envi-
ronment on the substrate is necessary for in vitro culture of
mammalian cells [40]. Of the various cell adhesion molecules,
we chose PLL because of its conductive nature as well as a high
affinity towards mammalian cells. PLL has also been widely used
for coating electrode surfaces at low concentrations to promote



W. Hur, Seong Eun Son, Seong Nyeon Kim et al.

JHATR O IS

A ".'))‘/"_) ))J/j)
i 230 ?‘ €
) pis

C
— Cell-PLL-Au-FTO
2.0+
< 154
=
c
] 1.04
—
=;
< 0.5
0.0

015 010 -0.05 000 005 0.10

E/V vs. Ag/AgCI

015 00

Bioelectrochemistry 140 (2021) 107813

Cell-Au-FTO Cell-PLL-Au-FTO

Fig. 3. (A), (B) Microscopic images of the cells grown on the (A) Au-FTO substrate and (B) PLL-Au-FTO substrate. (C) DPV signals obtained from SK-MEL28 cells grown on two
different platforms according to PLL treatment. (D) The peak signals from (C). The bars represent the mean + s.e.m. (n = 3). Cell concentration: 8.0 x 10* cells/mL.

cell attachment, with no negative effects on cell viability [41-
43]. The PLL coating on conductive or semi-conductive substrates
is known to encourage cells or biomolecules to interact well
with the treated surfaces [44]. As shown in Fig. 3A and B, the
morphologies of the cells significantly changed after PLL treat-
ment when compared with the cells cultured on the Au-FTO
substrates. Due to the PLL modification, the cellular affinity of
the fabricated electrode increased, and the adherence of the cell
membrane receptors (e.g., integrin) to the electrode also
improved, thus broadening the attached cell area. In other
words, the cell adhesion to solid substrates was promoted by
electrostatic interactions between the negatively charged cell
membrane and the positively charged PLL-Au-FTO substrate. As
a result, the maximum peak intensity of the cells on the PLL-
Au-FTO substrate was confirmed by the Ip of 2.06 A, which
was 26.4% higher than that of the non-PLL-coated Au-FTO sub-
strate (Ip = 1.63 pA) (Fig. 3C and D). This result is attributed
to the improved attachment of cells through their integrins,
which function as both major adhesion receptors and linkers
for biochemical signal transduction into the cells [45]. Overall,
we verified that the PLL-coated AuNPs-FTO electrode is the best
platform for amplifying electrical signals of skin melanoma cells
in a sensitive way.

3.3. Relationship between peak current and cell numbers

The relationship between the cathodic peak current and SK-
MEL28 cell number is shown in Fig. 4. Voltammetric techniques
were used to measure current intensities as a function of the
applied potential, and the concentration of living cancer cells was
detected from voltammograms, resulting in a graph showing the
correlation between the current and the potential. In the field of
electrochemical cytosensors, voltammetric techniques have been
widely utilized for detecting target cells due to their high sensitiv-
ity and selectivity [19]. This technology does not require sophisti-
cated chemical reagents nor complex sample preparation, and

rapidly offers reproducible information on electrodynamic pro-
cesses. Fig. 4A shows a symmetrical redox peak, indicating that
the redox reaction took place at the cell-electrode interface. It
may be attributed to the electron transfer via the relay chain
between the electrode and the buried catalytic site in the redox
proteins of the living cells [46]. Since the electrochemical signals
are generated from the biomolecules such as intracellular redox
enzymes and metalloproteins in the cell membrane, the redox
peaks increase with higher cell numbers. The voltammograms
are irreversible because the lifetimes of the oxidized/reduced
forms of the redox species are quite shorter than the voltammetry
acquisition times [47]. As the cell number increased from 5,000 to
40,000 on the electrode, the peak current of the cells gradually
increased. Fig. 4B shows the corresponding linear plot between
the peak current and the number of cells. A linear relationship

was established, and the correlation coefficient (R?) between peak
current and cell number was confirmed to be 0.9952, showing a
clear linearity, and the quantification limit was estimated to be
2,880 cells per device. The accuracy of the method was identified
by comparing it with the results of the conventional colorimetric
method (Fig. 4C). The equal range of cells was cultured in the well
plate, which has the same area as the fabricated electrode, and it
was treated with MTT reagent. A linear relationship between the

cell number and the optical density was found to have an R? of
0.9824, which is lower than the electrochemical method. In other
words, the voltammetric response of immobilized live cancer cells
can be utilized to monitor the cell population and the change in
cell viability. This method has the advantages of high sensitivity,
rapid measurement, non-invasive monitoring and a simple proce-
dure as compared to a conventional assay. Table 1 shows the com-
parison of the electrochemical cytosensors for the detection of
cancer cells. Our electrochemical cytosensor is comparable to pre-
viously reported electrochemical sensors for cancer cells. The wide
linear range and low detection limit also show the large applicabil-
ity and effectiveness of the developed PLL-Au modified sensor
platform.
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Fig. 4. Correlation analysis between cyclic voltammetry (CV) signals and the
number of SK-MEL28 cells. (A) Cell number dependent alteration of CV shape and
cathodic peak current (Ipc) from 0.5 x10% 1.0 x 10% 2.5 x 10% 3.3 x 10% or 4.0 x
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100 mV s~'. (B) Scatter plot with linear regression analysis of CV cathodic peak
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(y = 0.00001x + 0.2099, r> = 0.9952). (C) MTT viability data for the number of
SK-MEL28 cells (y = 0.00004x + 0.0975, 1> = 0.9824).

Furthermore, the reproducibility of the cytosensor was also
studied. The voltammetric responses of the five electrodes fabri-
cated with the same procedure were investigated to detect SK-
MEL28 cells at the concentration of 30,000 cells per device. As
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shown in Fig. S2, the relative standard deviation (RSD) was calcu-
lated to be 2.03%, suggesting that the developed cytosensor has
high reproducibility.

3.4. Electrochemical detection of anticancer effects of saponin on skin
melanoma cells

The anticancer effect of saponin, a plant-derived chemical com-
pound, was assessed on skin melanoma SK-MEL28 cells. As a
promising agent for anticancer research, saponin has been reported
to have significant anticancer activity at micromolar concentra-
tions in some of the mammalian cell lines [48]. To explore the
effect of saponin on the voltammetric response of SK-MEL28 cells,
the inoculated melanoma cells were cultured on the fabricated
electrodes for 2 days. Different concentrations of saponin (0-
50 uM) in fresh culture medium were added for 24 h, and the
DPV signal was measured. Just before the electrochemical mea-
surement, cell culture medium was replaced with 1X PBS. Fig. 5A
shows the effect of saponin on DPV responses of SK-MEL28 cells,
which were found to be 0.8301 pA, 0.8261 pA, 0.6516 pA,
0.4130 pA, 0.1850 pA, and 0.1127 pA for saponin concentrations
of 0, 10, 20, 30, 40, 50 M, respectively. As the concentration of
saponin increases, the cathodic peak current decreases signifi-
cantly, indicating a reduction in the viability of the melanoma cells.
This voltammetric variance suggested that saponin shows anti-
cancer activity in cancer cells by inducing apoptosis. Fig. 5B shows
the corresponding bar graph between the cathodic peak current
and saponin concentration (conversion to cell viability: 100%,
99.5%, 78.5%, 49.7%, 22.3%, and 13.6% for 0, 10, 20, 30, 40, 50 pM,
respectively). The change in the cathodic peak current of the
immobilized SK-MEL28 cells on the fabricated electrode was used
as a parameter for evaluating the efficiency of anticancer drugs.
Moreover, electrochemical detection was carried out in a manner
that was simpler and faster than the conventional colorimetric
assay. To demonstrate the reliability of the developed method,
anticancer drug testing based on the conventional MTT assay was
conducted and compared with the electrochemical method
(Fig. 5C, D). The same number of SK-MEL28 cells were seeded in
the cell culture plate, and saponin was added in the same way.
Fig. 5C shows the viability curves of SK-MEL28 cells for the 24 h
treatment of saponin with various concentrations, which were
measured to be 100%, 103.0%, 90.5%, 57.4%, 19.6%, and 6.8% for
saponin concentrations of 0, 10, 20, 30, 40, and 50 uM, respec-
tively. It was observed that the viability of SK-MEL28 cells
decreased with an increase in saponin concentration. Conse-
quently, the colorimetric result agreed with that obtained using
the electrochemical method (Fig. 5D).

The cytotoxic effect of saponin on SK-MEL28 cells was further
verified by cellular morphology analysis and live/dead cell staining
(Fig. 6). As the concentration of saponin increased, the cells
appeared to detach from the substrate, float in the culture medium,
and lose their ability to organize with each other. When compared
to the cells cultured at a low concentration of saponin (Fig. 6B), the
cells treated with higher concentrations showed lower density and
viability and failed to maintain normal functions such as adapta-
tion and organization (Fig. 6F). Fluorescent analysis of melanoma
cells was also conducted using the live/dead cell staining reagents
and showed similar results as above, with the weakest green fluo-
rescence observed for the cells exposed to the highest amount of
saponin (50 uM). Taken together, the cytotoxic tendency acquired
by the electrochemical method was consistent with the MTT assay
and live/dead cell staining assay, which indicates that the electro-
chemical live cell sensing platform could be used to examine the
potency of anticancer drugs in a new way.
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Table 1
A comparison of the electrochemical cytosensors for detection of cancer cells.
Cell line Substrate Detection Performance Drug Ref.
technique
K562 Filter paper/punched tape/ITO CV, DPV Linear range: 2.0 x 10° to Arsenic trioxide (As203), [20]
glass 1.0 x 107 cells mL™" CTX
LOD: 1.2 x 103 cells mL™!
US7MG RGD/AuNPs/ITO CV, DPV Linear range: Curcumin [23]
20,000 to 60,000 cells
LOD: 9,379 cells/chip
Hela Gold/Ti/Silicon cv Linear range: Hydroxyurea, [24]
8 x 10* to 2.08 x 10 cells cyclophosphamide (CTX)
MKN-28 Fibronectin/AuNPs/ITO DPV - Curcumin-carrying [28]
nanoliposome
HL-60 Vicinal-dithiol-containing CV, DPV, EIS Linear range: - [29]
proteins 2.7 x 10% to 2.7 x 107 cells mL™!
(VDPs)@MWCNTs modified ITO LOD: 90 cells mL™!
HepG2 Gold/polycarbonate film ECIS Linear range: Tamoxifen, Menadione [49]
1.0 x 10° to 4 x 107 cells mL™!
MCEF-7 Poly calcein modified glassy v, Linear range: 3.0 x 10° to CTX [50]
carbon electroce (PCA/GCE) LSV 7.0 x 106 cells mL~!
LOD: 3,000 cells mL™"
PC-3 Multiwalled carbon nanotubes cv Nonlinear range: - [51]
modified GCE 1.0 x 10° to 8 x 10° cells mL~!
SK-MEL28 PLL/AuNPs/FTO CV, DPV Linear range: Saponin This
2,880 to 40,000 cells work
LOD: 2,880 cells
2.0 1.0 1
— 0uM B
10 pM 0.8 A e
1.5 1 20 pM ’ .
— 30 uM T
*
:
T T T T T T T 0.0 T T T T T T
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Fig. 5. Representative results of in vitro anticancer study for saponin in SK-MEL28 cells. (A) DPV curves of SK-MEL28 cells treated with saponin at various concentrations. (B)
DPV peak current obtained from (A) are presented as a bar graph. (C) MTT assay was performed to determine cell viability after saponin treatment. The regression curve was
0.9985). (D) Viability graphs for the effect of saponin on the malignant melanoma SK-MEL28 cells obtained with a MTT assay and the proposed

fitted to the data (r?
electrochemical method.

4. Conclusion

In this study, we developed an electrochemical cytosensor for
cancer cell detection and evaluation of anticancer effects of sapo-
nin on skin malignant melanoma cells (SK-MEL28 cell line). The

electrodeposition of AuNPs onto the FTO substrate, with an addi-
tional modification of positively charged amino acids (PLL),
remarkably boosted the detection sensitivity. The platform was
able to detect melanoma cells within a linear range of 2,880-
40,000 cells/device, which was greater than the conventional
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Fig. 6. Fluorescent microscopy images of SK-MEL28 cells treated with (A) 0, (B) 10, (C) 20, (D) 30, (E) 40, and (F) 50 uM saponin for 24 h that were and stained with calcein-

AM/EthD-1. Green: live cells; Red: dead or dying cells.

colorimetric assay in terms of sensitivity (LOQ: 2,880 cells/device)
and detection time (<2 min). Moreover, the cytotoxicity of an anti-
cancer drug, saponin, was evaluated using the electrochemical
sensing platform, and the result was consistent with methods such
as MTT assay and cell staining assay, leading us to conclude that
the cytosensor can be used for toxicity assessments of anticancer
drugs. Thus, the developed electrochemical cytosensor will be a
promising approach for screening the anticancer effects of various
chemical/natural compounds and has potential to be extended to
detect other cancer-related cells or biomarkers in clinical analysis.
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