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A multimodal approach is effective in analyzing biological problems critically and thus also useful in assessing cytotoxicity under
chemicals assaults. In this study effects of isooctane, an organic solvent and component of gasoline produced in petroleum
industries, have been explored on normal (HaCaT) and cancerous (HeLa) epithelial cells. Besides morphological alterations,
impacts on viability, prime molecular expressions, and bioelectrical properties on exposure to different doses of isooctane were
noted. Scanning electronmicroscopy and viability assay demonstrated remarkable structural alterations and cell death, respectively,
inHaCaT but not inHeLa. Transcriptomic and immunocytochemical studies on E-cadherin expression also elucidated pronounced
toxic effects on HaCaT. Remarkable changes on the bioelectrical properties (e.g., impedance and phase angle) of the HaCaT, in
contrast to HeLa, at different temporal points on isooctane exposure also indicated cytotoxic effects in the former. Hence this study
illustrated cytotoxicity of isooctane on HaCaT multidimensionally which was evaded by HeLa.

1. Introduction

Profuse use of chemicals in modern times is posing serious
threats to the health and environment. The number of syn-
thetic substances to which humans are exposed has increased
enormously over the last decades as well [1]. In the context
of hazards, toxic effect of organic solvents (OS) is a major
health concern [2] especially due to their cytotoxicity [3] and
protein denaturing effects [3, 4]. Isooctane (IO) is one of
such synthetic OS and needs better attention particularly to
elucidate its impact onmammalian objects [5]. It is produced
on a massive scale in the petroleum industry by distillation
of petroleum [6] and is an important component of gasoline.
IO is useful for production of ethanol with extremely low
volatility [7]. Structurally it has high octane number and does
not contain any aromatics, metals, or sulphur. In 2008 the
worldwide market of IO was expected to be 1.0 million tons
approximately [8].

The toxicity of any OS depends on the cell type and its
physiological state [9]. The primary site of cytotoxic action
is cytoplasmic membrane of cells [3]. Cytotoxicity of IO on

microorganism like yeast has already been reported [10] but
its impact on the mammalian cells is not well documented.
Only the positive effect of IO in combination with acetic acid
in psoriasis is reported [11]. The epithelium is the interface
between body and external environment. Its tightly packed
cells (namely, keratinocytes) are effective barriers between the
underlying tissues and involved in diverse functions [12, 13]
and obviously varied epithelium is exposed to physical and
chemical assaults more frequently than any other tissues [14].
Nevertheless, 90% cancers originate from epithelial cells [15].
So, better understanding of IO’s effects on normal and malig-
nant cells of epithelial origin, namely, HaCaT (normal ker-
atinocyte) and HeLa (cancerous keratinocyte), respectively,
may be meaningful from multiple aspects.

The evaluation of IO cytotoxicity could be performed
from varied dimensions especially to reveal its effects on
structural and functional integrity of cells [16]. In such studies
correlated assessment of changes in the cellular viability and
ultrastructure, molecular expressions including bioelectrical
properties are gaining importance [17]. The cell viability
assay renders useful information on the cytotoxic effect of
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a chemical and data may be correlated with the OS toxicity
[18]. The cells under assaults become stressed, resulting in
an altered functioning having impacts on morphological
features and cell-cell association [19]. In the context of cellular
association, expression of E-cadherin by keratinocyte in con-
fluence is important for formation of adherent junction that
leads to compact epithelial architecture [20]. The change in
themembranous expression of E-cadherin brings jeopardy in
epithelial integrity [21].

Further the studies on bioelectrical properties of cells and
their alterations under assaults [22] may be important in the
evaluation of cytotoxicity under chemical assault [23]. A cell
is electrically neutral but generates electromotive force (EMF)
to maintain potential difference and uses varying resistance,
impedance, and capacitance [24] in modulating flow of
current [25]. In different functional as well as in adhered
conditions, cells exhibit changes in membrane potential,
impedance, charge distribution, and so forth [26, 27]. Thus,
investigation of cellular electrical behavior when subjected to
an electric field may be useful to understand the alteration in
cellular function under assault. Monitoring passive electrical
properties of biological cells in suspension can yield a lot
of information regarding cellular structure and physiology
[28], death, and toxicity [29]. In general, label free dielectric
spectroscopic measurement on cell suspension is somewhat
simple, noninvasive, and real time technique. It provides
crucial information about cell proliferation,morphology, and
motility.

Several research workers [27, 30, 31] revealed an increase
in impedance with the formation of epithelial sheet due to
cell-cell adhesion, proliferation, and spreading. Chakraborty
et al. [31] and Heijink et al. [22] reported the effect of E-
cadherin regulation by monitoring the real time changes in
the epithelial resistance using ECIS. The spreading and
attachment of the epithelial cells transfected with siRNAwere
monitored for 72 hrs in ECIS device by assessing the resis-
tance at a low frequency (i.e., 400Hz) and also the capaci-
tance at a high frequency (i.e., 40 KHz). A decrease in capac-
itance value was observed in the first phase after seeding of
the cells. However, resistance of the system increased in the
later phase which reflected the establishment of tight cell-cell
adhesion in the confluent monolayer where current flow
between neighboring cells was restricted. Cells transfected
with siRNA showed less pronounced increase in resistance
due to downregulation of E-cadherin resulting in reduction
in the formation of intercellular junctions [22].

In this study, to assess cellular electrical properties
under IO exposures, cell based biosensors (cytosensors) were
employed. They are hybrid systems and utilize live cells as
sensing elements to monitor physiological changes induced
by internal aberration or external stimuli [32]. Cytosensors
are commonly used for impedance characterization since it
can be applied without labeling. Impedance cytosensors offer
instantaneous and quantitative means to monitor cellular
events, such as changes of ionic channels as well asmembrane
integrity, cell spreading, motility, and growth [33, 34], and
to detect analytes by converting cellular responses into a
measurable electrical signal [26, 35]. Impedance cytosensors
have been employed to detect both toxic and noxious agents

[36–38] and to monitor apoptosis induced changes in cell
shape [39–41].

In this paper the effect of different doses of isooctane was
studied onHaCaT andHeLa cell lines to record the changes in
their structure, viability, and prime molecular expression
along with electrical impedance under the influence of an
electric field on ECIS specialized slides. Attempts have been
made to correlate the electrical properties with their molecu-
lar expressions, viability, and ultrastructural change after IO
exposure.

2. Materials and Methods

2.1. Materials. HaCaT and HeLa cells were obtained from
NCCS (Pune, India). Fetal bovine serum (FBS), DMEM-F12,
MEM, antimycotic antibiotic, L-glutamine, and 0.05%
trypsin-EDTA solution, phosphate buffered saline (PBS),
HiPure kit were collected from Himedia (India). Isooctane
was fromMerck (Germany), Live-dead cell assay kit was from
Invitrogen (Frederick, MD), High-Capacity cDNA Reverse
Transcription Kit (Applied Biosystems, USA), iQ Sybr Green
Supermix (BioRad, CA, USA), goat serum, E-cadherin, and
Goat polyclonal to rabbit IgG (Abcam, UK), DAPI (Sigma-
Aldrich, USA).

2.2. Cell Culture and Treatment. HaCaT and HeLa cells were
seeded in concentration of 105cells/mL in DMEM F12 and
MEMmedium, respectively, supplemented with 10% FBS, 1%
L-glutamine, and 1%antibiotics. Cellswere cultured in 25 cm2
culture flasks in a humidified incubator at 37∘C with 5% CO
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[42].HaCaT cells were cultured for 4 days andHeLa cells were
cultured for 2 days to achieve confluent (∼106 cells/mL) pop-
ulation [43]. The confluent populations of HaCaT and HeLa
were incubated for 5 hrs with respective media (2000𝜇L as
the final volume) containing 4% (80 𝜇L), 6% (120𝜇L), and 8%
(160 𝜇L) of IO and subsequently the effects were studied
multimodally. Cells without IO exposure served as control
[43].

2.3. Phase Contrast Microscopy (PCM). The PCM of both
control and experimental (treated with IO doses) groups of
HaCaT and HeLa cell lines were performed. The digital
images (1388× 1040 pixels)were taken byCCDcamera (Axio-
CamMRm) in phase contrast mode of Zeiss Observermicro-
scope (model Z1, Carl Zeiss, Germany), under 40x objective
[numerical aperture (NA) 0.55 with 0.16 𝜇m resolution].

2.4. Live-Dead Cell Assay. Live-dead cell assay was per-
formed using Invitrogen kit on both cell lines after IO treat-
ment at different doses. The digital images were grabbed by
CCD camera in ApoTome mode with Zeiss Observer micro-
scope usingmetal halide light source and green filter for FITC
and red filter for Texas Red under 20x objectives (NA 0.8 and
0.31 𝜇m resolutions).

2.4.1. Counting Live and Dead Cells. Image frames of live-
dead cell assay were used for quantification of cell viability.
The cells were counted at 10 different locations of each image
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Table 1: Conditions for RT.

Step Step 1 Step 2 Step 3 Step 4
Temperature (∘C) 25 37 85 4
Time (Minute) 10 120 5 ∞

Table 2: Primer sequences and cycling conditions for real time PCR.

Genes Expression primers and cycling conditions Product size

18s rRNA
FP: GTAACCCGTTGAACCCCATT
RP: CCATCCAATCGGTAGTAGCG
Cycling: 95∘C for 5 minutes (1 cycle), 95∘C for 30 sec, 55∘C for 30 sec, 72∘C for 30 sec (40 cycles)

151 bp

E-cadherin
FP: CGGGAATGCAGTTGAGGATC
RP: AGGATGGTGTAAGCGATGGC
Cycling: 95∘C for 5 minutes (1 cycle), 95∘C for 30 sec, 55∘C for 30 sec, 72∘C for 30 sec (40 cycles)

201 bp

FP: forward primer; RP: reverse primer; bp: base pair.

frame, randomly selected for each sample, and then averaging
the counts.

2.5. SEM Characterization. The SEM analysis was carried
out by ZEISS EVO 60 Scanning Electron Microscope with
Oxford EDS Detector at 20 kV and 9.00mm WD. The SEM
characterization of HaCaT and HeLa was conducted after
treatment with different doses of IO.

2.6. Quantitative Evaluation of Gene Expression
through RT-PCR

2.6.1. Preparation of Cells. The confluent HaCaT and HeLa
cells, 5 hrs after exposure to different doses of IO (4%, 6%, and
8%), and control were trypsinized and centrifuged at
5000 rpm for 5min to prepare the cellular pellet which was
further used for RNA isolation. The same method was
followed to prepare the samples for bioimpedance study.

2.6.2. RNA Isolation and cDNA Conversion. Extraction of
total RNA from cells (control and experimental) with 105
cells/mL concentration was done using HiPure kit (HiMedia,
India), following the instructions of manufacturer.The quan-
tity and quality of the extracted RNA was checked with
spectrophotometer at 260 and 280 nmandby agarose gel elec-
trophoresis. Reverse transcription reaction was performed
using 1𝜇g of RNA with high-capacity cDNA Reverse Tran-
scription Kit (Applied Biosystems, USA) in a GeneAmp
PCR System 2720Thermal Cycler (Applied Biosystems, USA)
according to the manufacturer’s protocol. Cycling conditions
of RT-PCR and sequence primers, annealing, and detection
temperature are mentioned in Tables 1 and 2, respectively
[44].

2.6.3. Real Time PCR Studies. Real Time PCR reactions for E-
cadherin gene were performed in Biorad iCycler instrument
(BioRad, CA, USA), using iQ Sybr Green Supermix (BioRad,
CA, USA) and 1 𝜇L of the 10 X diluted cDNA template in a
total reaction volume of 10 𝜇L. 18s rRNA gene was regarded
as an endogenous control. The RT reactions for each sample

were done in duplicate to ensure best reproducibility. Nega-
tive controls without template were included in each set of
PCR assays [44].

The gene expression analysis was based upon the relative
quantification method in which the change in mRNA level
of a gene was relative to the levels of an internal control
RNA (i.e., 18s rRNA).This reference gene was an endogenous
control and coamplified in the same PCR condition. For the
analysis of E-cadherin expression in the studied cell lines on
exposure to IO doses (4%, 6%, and 8%) for 5 hrs, the control
was used as a reference, while the former as target. The Ct
(cycle threshold) value obtained for a gene was normalized
using the Ct value for the endogenous control 18s rRNA
yielding ΔCt and the data was plotted for different IO doses.

2.7. Immunocytochemistry for E-Cadherin Expression. The
HaCaT and HeLa cells were fixed with acetone/methanol
(1 : 1) and in 4% paraformaldehyde in PBS (pH 7.4) solution,
respectively, for 10min at 25∘C. Thereafter, samples were
incubatedwith 10%goat serum (ab7481, Abcam,UK) in PBST
for 30min to block nonspecific binding of the antibodies.
The primary antibody for E-cadherin (clone EP700Y, Cat.
Number ab40772, Abcam, Cambridge, UK) was diluted to
1 : 500 in PBS with 1% bovine serum albumin and incubated
for 60min at 25∘C. After three washing steps with PBS, cells
were incubated with FITC conjugated secondary antibody
(Goat polyclonal to rabbit IgG, Cat. Number ab6717, Abcam,
Cambridge, UK; 1 : 500 in PBS) for 1 hrs at 25∘C in dark.
Finally, cells were rinsed with PBS and counter stained
with DAPI (Sigma-Aldrich, USA). The digital images were
grabbed by CCD camera in Apotome mode under Zeiss
Observer. Z1 microscope uses metal halide light source and
green filter for FITC and blue filter for DAPI under 20x
objectives (NA 0.8 and 0.31 𝜇m resolutions).

2.7.1. Semiquantification of E-Cadherin Expression. The
expression of E-cadherin was semiquantitatively evaluated by
computing the grey scale intensity values of the membrane
and cytoplasm from ICC images by usingAxiovision software
(version 4.7.2, Carl Zeiss, Germany). Box plots were
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(a) (b) (c) (d)

(a1) (b1) (c1) (d1)

Figure 1: Phase contrast microscopic images under 40x objective of HaCaT (a–d) and HeLa (a1–d1) cells, respectively, of control and 5 hrs
after exposure to IO doses. In case of HaCaT, in comparison to control (a) and 4% IO (b) groups, 6% (c) and 8% (d) IO groups depicted
drastic changes in the dead cell population with increase in intercellular space as seen in the magnified portion. Phase contrast microscopic
images under 40x objectives (a1–d1) of HeLa cell of control and after 5 hrs exposure to different IO doses. In comparison to control (a1), no
remarkable changes can be observed in the experimental groups (b1–d1) (cell death: yellow arrow); (cell size: red arrow); (intracellular spaces:
orange arrow).

constructed using SPSS V.7.5 to compare the variation in
E-cadherin immunoexpression.

2.8. Electrical Characterization. Both HaCaT and HeLa cells
at a concentration of 104 cells/mLwere seeded in the commer-
cially available ECIS (ElectricCell-substrate Impedance Sens-
ing) slide (model number 8W1E) from Applied Biophysics,
USA, and incubated overnight at 37∘C and 5% CO

2
for

subsequent IO exposures and bioelectrical characterization.
The cells were then treated with IO at different doses and
incubated for 5 hrs. The electrical parameters, namely,
impedance (𝑍), and phase angle (𝜃), over the frequency range
of 100Hz to 1MHz were measured with LCR meter (Hoiki,
Japan). ECIS slides were interfaced with the LCR meter. The
electrical parameters were recorded just after IO exposure
with different doses and also after 5 hrs of intervention. The
values of 𝑍 and 𝜃 versus frequency were plotted by using
Origin8 software.

2.9. Data Analysis

2.9.1. Bar Diagram for Cell Viability. The bar diagram for cell
viability was prepared by calculating the number of live and
dead cells per unit area of 347 × 260 pixels.

2.9.2. Box Plot. The box plot was computed from the grey
scale intensity value of E-cadherin intensity from ICC images
of bothHaCaT andHeLa after IO exposures. For each sample,
grey scale intensity values were noted randomly selecting 50

points each for membranous as well as cytoplasmic E-
cadherin expression. Box plot for both cell types was com-
puted using SPSS 7.5 software.

2.9.3. Analysis of E-Cadherin RT-PCRData. Bar diagramwas
plotted for studying modulation in mRNA expression level
in terms of ΔCt for expression of E-cadherin in HaCaT and
HeLa under exposures to IO doses for 5 hrs. The level of
significance for the differential expression of E-cadherin in
HaCaT and HeLa was assessed by Mann-Whitney test using
SPSS 7.5.

3. Results

3.1. Phase Contrast Microscopy. The PCMmicrophotographs
are shown in Figures 1(a)–1(d) for HaCaT and Figures 1(a1)–
1(d1) for HeLa of control and experimental groups. Figures
1(a) and 1(a1) exhibited confluent population of HaCaT and
HeLa in respective control groups. The confluent character-
istics of HaCaT were remarkably affected with increase in IO
doses. The effects were very pronounced under 6% and at 8%
IO doses where clumps of dead cells along with reduction in
live cells were visible (Figures 1(b)–1(d)). But HeLa did not
show any remarkable change in their confluent characteristics
under IO doses (Figures 1(a1)–1(d1)).

3.2. Live-Dead Cell Assay. The PCM observation was further
confirmed by “live-dead” cell assay for HaCaT (Figures 2(a)–
2(d)) and HeLa (Figures 2(a1)–2(d1)) for both control and
experimental groups after 5 hrs of treatment.
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(a) (b) (c) (d)

(a1) (b1) (c1) (d1)

Figure 2: Apotome images (20x) of HaCaT (a–d) and HeLa (a1–d1) in control and on exposure to IO at different doses (4%, 6%, and 8%) for
5 hrs. The cells were grown on lysine coated cover slips. Red and green colours indicated dead cells and live cells, respectively.

Green colour represented live cells while dead cells were
red. In both control study group (Figures 2(a) and 2(a1))
all cells were green. In HaCaT, with the increment in IO
doses, cell death increased remarkably (Figures 2(b) to 2(d)).
However, in HeLa, there was no increase in dead cells under
increase of IO doses (Figures 2(a1) to 2(d1)).

The comparative viability of HaCaT and HeLa under dif-
ferent IO doses was computed in form of bar chart (Figure 3)
which clearly pointed the constant viability ofHeLa even after
exposure to 8% IO by evasion of its toxic effects while a steady
fall in cell viability in HaCaT to nearly 5% occurred through
the increment of IO doses.

3.3. SEMCharacterization. Ultrastructural studies depicted a
sharp change in cellular morphology and intercellular con-
nectivity as well as surface roughness being reduced in case
of HaCaT (Figures 4(a)–4(d)) in contrast to HeLa (Figures
4(a1)–4(d1)) where no remarkable change was noted under
same IO exposures.

3.4. Quantitative Evaluation of E-Cadherin Expression through
RT-PCR. The RT-PCR studies indicated differential impact
of IO doses on the expression of E-cadherin in HaCaT and
HeLa as shown in Figure 5 (𝑃 < 0.0001) after 5 hrs of expo-
sure. In case of HaCaT there was a downregulation in the said
gene in comparison to control and the effect was remarkable
especially in higher doses, that is, 6% and 8%. In case of HeLa
there was no variation in the E-cadherin expression as noted
under such IO exposures.

3.5. Immunocytochemistry for E-Cadherin Expression. The
ICC observations demonstrated remarkable changes in
expression of E-cadherin in HaCaT (Figures 6(a)–6(d)) but
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Figure 3: Bar chart showing the viability of HaCaT and HeLa
under different doses of IO. ∗ indicates that the data are statistically
significant and ∗𝑃 < 0.001.

not in HeLa (Figures 6(a1)–6(d1)) on incubation with differ-
ent doses of IO for 5 hrs. In case of HaCaT, a loss of mem-
branous E-cadherin expression was noted with concomitant
increase in cytoplasmic site on exposure to IO doses and a
complete membranous disruption of this molecule was noted
at 8% (Figures 6(a)–6(d)). But no such changes could be
noted in case of HeLa even on exposure to higher IO doses
namely 6% and 8%.

3.5.1. Semiquantification of E-Cadherin Expression. The
membranous and cytoplasmic E-cadherin intensity for both
cell lines were semiquantified from the ICC images. The
box plots for HaCaT (Figure 7(a)) and HeLa (Figure 7(b))
cells with various IO doses were plotted. Here, it was
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(a) (b) (c) (d)

(a1) (b1) (c1) (d1)

Figure 4: SEM images of HaCaT (a–d) and HeLa (a1–d1) of control and on exposure to IO at different doses (i.e., 4%, 6%, and 8%) for 5 hrs.
Operating voltage: 20KV and working distance = 9.00mm.
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Figure 5: Modulation in E-cadherin m-RNA expression in terms of ΔCt in HaCaT and HeLa under chemical assaults with varied doses of
IO for 5 hrs. Comparison of E-cadherin expression of HaCaT and HeLa on exposure to different doses of IO. Bar graphs represent ΔCt values
of E-cadherin expression with respect to that of 18s rRNA in HaCaT and HeLa under different IO doses after 5 hrs of exposures. ∗ indicates
the differences that are statistically significant (𝑃 < 0.05).

observed that, in case of HaCaT (Figure 7(a)), membranous
E-cadherin intensity was decreased progressively with an
increase in the cytoplamic E-cadherin concentration under
higher doses of IO. But no remarkable changes were noted in
HeLa (Figure 7(b)) under such interventions.

3.6. Electrical Impedence Measurement. In the ECIS method,
the frequency response of impedance magnitude and phase

angle were obtained for HaCaT and HeLa cells treated with
various doses of IO.Themagnitude of the frequency response
of impedance and phase angle (Figures 8(a)–8(d)) for HaCaT
andHeLawas computed just after IO exposures and also 5 hrs
after such intervention.

From Figure 8(a), it might be observed that the initial
value and magnitude of impedance variation were nearly the
same for control and up to 6% IO treated HaCaT cells. The
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(a) (b) (c) (d)

(a1) (b1) (c1) (d1)

Figure 6: Fluorescencemicroscopic (Apotome) images (20x) showing expression of E-cadherin in control and experimental groups ofHaCaT
(a–d) and HeLa (a1–d1) after 5 hrs of IO treatment.
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Figure 7: (a) Box plot depicting membranous and cytoplasmic E-cadherin intensity of HaCaT under IO exposure. (b) Box plot depicting
membranous and cytoplasmic E-cadherin intensity of HeLa under IO exposure.

initial impedance value was nearly 0.2MΩ at 100Hz and that
increased up to 0.7MΩ at 800Hz. Thereafter, it had a steady
decrease to a value nearly 1 KΩ at 1MHz frequency. However,
8% IO treated HaCaT cells showed initial impedance of
0.4MΩ at 100Hz and then it decreased to 1 KΩ at 1MHz
without showing any peak as observed for other samples
in Figure 8(a). The impedance magnitude for 8% IO treated
sample had nearly one order less value than control and 4%
treated samples up to 1 KHz frequency. With increasing

frequency, phase angle value did not show any significant
change at lower frequency, followed by its gradual increase up
to 100 KHz and then decreased for 8% and 6% IO incubated
cells. In control and 4% IO treated HaCaT cells, the phase
angle was nearly constant for entire frequency range.

In case of HeLa (Figure 8(b)), nature of variation in
impedance and phase angle was almost similar to HaCaT
(Figure 8(a)). Although initial impedance value was almost
the same, its magnitude at a particular frequency was the
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Figure 8: Semilogarithmic plot of electrical impedance (𝑍) and phase angle (𝜃) against frequency (𝑓) of HaCaT (Figures 8(a)–8(c)) andHeLa
(Figures 8(b)–8(d)) at initial and final state of the experiment on exposure to different doses of IO (0%, 4%, 6%, and 8%).

highest for control and then decreased with the higher doses
of IO. Moreover, the nature of variation of impedance value
was nearly linear from 1KHz to 1MHz frequency range in
both the cells.

After 5 hrs of IO treatment, the frequency response of
impedance variation forHaCaTwas entirely different from its
initial measurement (Figure 8(c)) and also from 5 hrs treated
HeLa cell characteristics (Figure 8(d)). The variation was
linear without showing any peak and the rate of decrease was
more after 0.1MHz. However, phase angle variation was
similar to that of initial state (Figure 8(a)).Thus, initial results
obtained (Figures 8(a) and 8(c)) from impedance measure-
ment might be attributed to cell death by IO treatment. On
the contrary, the impedance measurement results obtained
forHeLa cells (Figure 8(d)) after 5 hrs of IO treatment showed
similar characteristics as obtained in its initial phase, that

is, just after IO exposure (Figure 8(b)) which depicted no
remarkable alteration.

4. Discussion

Hazard evaluation of OS is important from the perspective of
its health implications [2] especially cytotoxicity [3].The tox-
icity of any OS depends on the cell type and its physiological
state [9]. The primary site of cytotoxic action is cytoplasmic
membrane of cells [3]. Cytotoxicity of IO on microorganism
like yeast has already been reported [10] but its impact on the
mammalian cells is not well documented. Only the positive
effect of IO in combination with acetic acid in psoriasis is
reported [11]. Under these circumstances, present study on
effects of IO on epithelial cells, that is, keratinocytes, which
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are involved in diverse protective functions in epithelium
[12, 13], exposed to frequent physical and chemical assaults
compared to any other tissues [14] and connected with 90%
cancers development [15] is considered to be important.

Evaluation of cytotoxicity through multimodal analysis
is effective to have a correlated understanding of cellular
changes under assaults. This study has evaluated the differ-
ential effects of IO exposures on HaCaT and HeLa when
incubated for 5 hrs after intervention. Interestingly it unveiled
a disparity in IO effects on normal and cancerous cell lines in
respect to their structural and functional integrity. The cor-
related assessment of changes in the cellular viability, ultra-
structure, and molecular expressions including bioelectrical
properties provided important information on effects of IO
on HaCaT and HeLa.

The cell viability assay rendered useful information about
the differential response of HaCaT and HeLa under same IO
doses. Percentages of cell viability under different doses of
thisOS have directly depicted the degree of toxicity on the cell
types (Figure 3). Further, live-dead cell assay was supportive
to demonstrate differential impact of IO onHaCaT andHeLa
(Figure 2). Under chemical assaults, the cells usually become
stressed; resulting in alteration in cellular functioning.This in
turn may bring changes in morphology as well as in cell-cell
association [19]. Here, ultrastuctural microphotographs and
ICC observations clearly depicted the impairment in cell-cell
association in confluent population along with disruption in
membranous E-cadherin of HaCaT under IO exposures
especially at higher doses in contrast to HeLa where no
alterations were noted (Figure 4).

The present study evidently pointed out the correlation
between changes in cellular morphology and cellular adher-
ent junction related prime molecule (i.e., E-cadherin) for
cell-cell association in HaCaT under IO exposure. In fact
reduction in membranous E-cadherin expression is an indi-
cator of disruption in epithelial integrity [21]. Studies have
shown that the loss of E-cadherin is associated with the
development of cancer in humans. Moreover, the loss of cell-
cell interaction due to depletion in E-cadherin results in
acquiring themigratory features in the cells thus contributing
to the increase in malignant potentiality [20–22, 45]. How-
ever, it was interesting to note that though E-cadherin expres-
sion was affected in HaCaT under IO exposure, as a whole,
its transcriptomic expression remained higher than HeLa
(Figure 5) which was just reverse to the protein expression
(Figure 6). The impairment in cellular association of HaCaT
was manifested at the molecular level as demonstrated by
transcriptomic downregulation of E-cadherin and its dislo-
cation from membranous sites as observed in Figures 5, 6,
and 7. But no remarkable alteration was noted for HeLa
under IO treatment. The above study could be compared
with the published literature [21, 46] which signified that the
disruption in epithelial cell-cell association could be due
to reduction in membranous E-cadherin expression. The
decrease in cell viability is also related to the loss of E-
cadherin as evident from the published literature [46] and
corroborative with the present study. It has already been
reported that the loss of E-cadherin in early mouse embryos

and lactating mammary glands results in tissue dysfunction
and cell death [45, 46].

The bioelectrical properties of cells and their alterations
under assaults [22] are important in evaluating cytotoxicity
[24]. In different functional conditions as well as in adhered
conditions, cells exhibit changes in electrical properties like
membrane potential, impedance, charge distribution, and
so forth [27, 32]. In this study, under IO exposure, the
membrane permeability of HaCaT was possibly affected as
indicated by disruption of membranous E-cadherin along
with its increased appearance in cytoplasmic sites (Figure 7)
and this change in membrane integrity was also reflected
in the electrical bioimpedance variation of these cells. The
unaffected HeLa depicted no alteration in the impedance
(Figure 8) as noted at the initial and late state (after 5 hrs) of
IO exposure. As the cell membrane of HeLa might be porous
and even without membranous E-cadherin disruption, there
was a steep fall in the impedance for entire frequency range.
But not much change was noted in the impedance pattern.
A major randomness, which was observed in the variation of
phase angle of HeLa, indicated its differential response to IO
and its resistance to these chemical stresses.

There is an increase of impedance value up to frequency
around 100Hz and thereafter its value decreases steadily
at higher frequency as observed for both the cell lines at
their initial phase (Figures 8(a) and 8(b)). At the final stage
after IO exposure, the impedance value gradually decreases
with frequency for its entire frequency range as observed in
Figure 8(c) for HaCaT. Comparing the results obtained in
Figures 8(a) and 8(c) it is clearly observed that characteristics
of bioimpedance for HaCaT are modified greatly which is
attributed to IO effects. However, for HeLa there are no
major observable changes in Figures 8(b) and 8(d) due to
its comparatively chemotoxic resistant property. The distinct
difference betweenHaCaT andHeLa in respect to impedance
characteristics under IO exposure thus illustrated differential
toxic impact on the two cell lines and these were corrobo-
rative with the observed structural and functional changes.
Indeed the remarkable toxic effects of IO on HaCaT and
evasion of toxicity by HeLa may be the indication that this
OS affects normal epithelial cells but not the comparatively
chemotoxicity resistant cancer cells. Initial bioimpedance
results presented in this study indicate qualitatively thatmon-
itoring electrical properties of cells is also important in eval-
uating cytotoxic effect in different cell lines. In future study
the change in 𝑅 and other electrical parameters of cells may
be estimated further for quantitative assessment of cytotoxic
effects.

5. Conclusion

The cytotoxic effects of IO doses on HaCaT and HeLa were
explored by multimodal analysis of the cellular features.
Remarkable changes were observed in HaCaT but not in
HeLa, in respect tomorphology, viability, cellular association,
E-cadherin expression, and electrical impedance particularly
on exposure to higher doses. The distinct difference in elec-
trical bioimpedance variation between the affected (HaCaT)
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and unaffected (HeLa) cells in associationwith other cytolog-
ical features under the chemical assault was effective not only
in demonstrating IO’s cytotoxicity on normal epithelial cells
from multiple dimensions but also in indicating potentiality
of bioelectrical parameters (impedance) to come out as a level
free marker for cytotoxicological assessment.
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