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Abstract— We demonstrate cell-substrate interaction on
aluminium oxide thin-film in metal-insulator-metal structure
followed by the change in dielectric characteristics of Al203
as a function of progression of cellular growth. The
theoretical calculation of the fabricated biosensor reveals
that the changes in the intrinsic elemental parameters are
mainly attributed to the cell-induced behavioural changes.
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I. Introduction

CELLS are the basic building blocks of all organism, which
govern all functional aspects of the complex heterogeneous
biological system. Any abnormality in a single cell affects the
entire characteristic behaviour of tissues, organs, and even
organisms [1]. For example, Cancer is a complex genetic
disease caused by an abnormal alteration (mutations) in DNA
sequences that lead to disregulation of normal cellular
processes, thereby driving tumor growth [2], [3]. Therefore, it
is necessary to understand the complex biological system at
their cellular level to develop new drug targets and treat any
complex diseases. Cell-based biosensors (CBB) are extensively
used to determine phenotypic changes of cells and found their
potential application to study cell growth, apoptosis, wound
healing, in vitro toxicological studies, drug screening, etc. [4]—
[6]. A CBB is an analytical device that uses living cells as an
analyte (i.e., transducer or the detecting or sensing element) for
monitoring in vitro changes in cell physiology electronically
[7]. The cell-material interaction is influenced by the substrate’s
physicochemical and structural properties that control the
progression of cellular function [8]-[10]. In particular, the
adherent cell establishes an active communication with the
extracellular microenvironment via the membrane proteins, i.e.,
integrins, a cell membrane-bound receptor, which help cells to
adhere on the substrate [11], [12]. Due to progression of cell
cycle, it forms a monolayer of cells on the surface of a substrate
[13]-[16].

The commonly used dyes to sense the cell proliferation
include as fluorescein diacetate (FDA), calcein AM, acrydin
orange, 4',6-diamidino-2-phenylindole (DAPI) and indirectly
by estimating tetrazolium salts in XTT and MTT assays [17].
However, the dynamic or real time activity of the cells cannot
be quanitified with such conventional methods. Recently, cell
trackers have been used to trace the dynamic behaviour of the
cells, which pass through the cell membranes into cells and
transformed into a cell-impermeant fluorescent product [18].
Further, nanoparticle-based cell trackers such as carbon
quantum dots [19], graphene NPs [20] have also been studied.
The traditional methods of monitoring cellular transformation
mentioned above furnish us with either qualitative or semi-
quantitative data apart from the requirement of its labour
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intensive protocols and expensive equipment. Moreover, these
assays greatly disturb the normal physiological state of the cells
resulting in their destruction [21]. Therefore, for precise
monitoring of the cellular behaviours in response to external
stimuli, a real-time, non-invasive and label-free method is
desirable. Since 1900s, impedance measurements of biological
systems is used as a non-destructive label-free method to
measure the electrical properties of cells [22]-[24].

Various CBBs have already been reported [25]-[32]. In a
typical work, Sticker ef al. [4] reported an improvement in the
reliability of impedimetric sensors for cell analysis using
electrically insulated zirconium dioxide (ZrO;) nanolayer
coated gold (Au) interdigitated electrode (IDE). They also
revealed that this sort of arrangement provided an even
distribution of current across the sensing area towards the
analyte (i.e., adherent cells). Further, Schmiedinger et al.
reported the fabrication of aluminium and titanium IDE’s and
investigated its performance by monitoring epithelial barrier
functionality of two adherent tissue models via ECIS method
[33]. While, Zhang et al. reported monitoring of cellular
adhesion and spreading processes through plasmonic Al
nanopyramid array sensor [34] and nanoplasmonics-enhanced
label-free imaging of endothelial cell monolayer integrity by
Banville et al. [35]. Recently, we have reported a detailed
investigation to determine the dynamic behaviour of adherent
mammalian cells using a metal-semiconductor-metal (MSM)
device. The electrical change in the semiconducting ZnO thin-
film in MSM device was observed mainly due to the
progression of cellular functions [36]. Therefore, the electrical
properties of the thin-film are important to study the
progression of functional aspects of the cells.

An electrically insulating aluminium oxide (Al>Os3) has
shown attractive features for biosensing applications including
its biocompatibility [37], [38]. It is a metastable dielectric
material having wide bandgap of about ~6.7 eV at room
temperature ( ~ 25°C) and variable lattice structures with strong
Al-O bonds [39]. Metastable polymorph structure of Al,Os
results in the various phase transition state at different
temperatures such as vy, m, 6, 6 and y. However,
thermodynamically a-Al,Os (corundum) transition phase is
found more stable than all the other phases [40]. When Al,O3
is annealed at a temperature below 400°C, it forms the
amorphous structure with the different types of arrangements,
such as short-range order and long-range disorder.
Additionally, a-AlO; is reported to show high mechanical
strength, hardness, thermal conductivity, corrosion, and
abrasion resistance. Also, the a-Al,O; has a high dielectric
constant at least twice that of silicon dioxide (SiO3). Hence it is
used widely as electrical insulators, tunneling barriers,
radiation-resistant materials, optical material in electronic and
optoelectronic applications. It is also considered to be an
alternative dielectric material to silicon-based devices [41].
Al,O3 based materials have been reported to be biocompatible
and the cytotoxicity of the material is found to be significantly
lesser than ZnO, TiO», SiO», FeCls, and Co304 [42], [43]. In
addition, the transparency of the Al>Os thin film of the group
III-VI is advantageous in terms of imaging of the adherent
mammalian cells.

In the present work, we have integrated the electrically
insulating and transparent Al>Os thin films to study the dynamic

behaviour of cells. In order to support the cell adhesion, the
Al,Oj thin-film was functionalized with gelatin. We have used
mouse myoblast (C2C12 cells) as the model cell to examine the
efficacy of our device. We have made an attempt to obtain a
large sensing area (using Al,Os3 thin film) for the adherent cells
to facilitate the performance of its basic functionality in order
to improve the existing in vitro cell impedance sensor. It is
found that the electrical characteristic properties of the Al,O3
thin film are influenced due to the progression of cellular
functional behaviour. Thus, analyzing the change in electrical
characteristic properties of the Al,O3 thin film can divulge the
current state of cellular function. Further, this sort of biosensor
eliminates electrode fouling, bubble formation, etc., which
generally occurs due to electrolysis and redox reactions
between the cell culture medium and the electrode. To the best
of our knowledge, Al>O; thin film nanomaterial-based CBBs
involving simplest procedures and non-sophisticated setup to
determine functional and behavioural information of the
adherent cell in vitro has not yet been reported.

Il. MATERIALS AND METHODS

A. Materials Used

Mouse Myoblast cell line (C2C12) was procured from
NCCS, Pune, India. Dulbecco’s Modified Eagle Medium
(DMEM) high glucose, fetal bovine serum (FBS), penicillin-
streptomycin (100 pg/mL penicillin and streptomycin), and
gelatin type B (cell culture tested) were purchased from
HiMedia India. Phosphate buffered saline (PBS, 10X) and
ultrapure Al,O3 powder (99.99%) were bought from Sigma
(Merck) India. High-temperature Teflon adhesive tape and
single-side indium tin oxide (ITO) coated glass substrate (7x7
inch, ITO thickness = 150 nm) were procured from Macwin
India Pvt Ltd, India.

B. Biosensor fabrication

ITO coated glass substrate of 25 x 15 mm? was covered using
Teflon tape and patterned to get an electrode dimension of 12 x
5 mm? at each side with a gap of 1 = 0.2 mm (at centre) (Fig.
1(a)). The uncovered ITO regions were etched-out to get a co-
planar electrode system, as shown in Fig. 1(b) using 9 M
hydrochloric acid (HCI, 37%, Merck India) [36], [44]. Then, the
patterned ITO coated glass substrates were thoroughly cleaned
using standard wet chemical cleaning procedures.
Contemporarily, ultrapure Al,O3; powder (99.99%) was mixed
with a polymeric binder (polyvinyl alcohol, PVA) and pressed
into a pellet. The pellet was heated for 3 h at 1200°C in the
ambient air atmosphere to decompose the binder. Then, the
heated AlO; pellet was used as the source material in the
electron beam evaporation (EBE) unit (HINDVAC, Bangalore,
India; Model No. FL400 SMART COAT 3.0 A). The Al,O3
pellets were vaporized on the cleaned patterned substrates at a
deposition rate of ~5.00 A/s to get a film of thickness ~100 nm
in the EBE unit [45], [46]. The shadow masking technique is
used to deposit the Al,Os3 in the desired shape and size, as
shown in Fig. 1(c). The deposition rate and thickness of the film
were monitored using the in-built digital thickness monitoring
module (SQM-160, INFICON). Later, the obtained AlO;
coated patterned ITO samples were annealed at 400°C in the
inert (argon gas) atmosphere with about ~30 sccm argon gas

1536-1241 (c) 2021 IEEE. Personal use is permitted, but republication/redistribution requires IEEE permission. See http://www.ieee.org/publications_standards/publications/rights/index.html for more information.

Authorized licensed use limited to: UNIVERSITY OF STRATHCLYDE. Downloaded on May 24,2021 at 19:00:47 UTC from IEEE Xplore. Restrictions apply.



This article has been accepted for publication in a future issue of this journal, but has not been fully edited. Content may change prior to final publication. Citation information: DOI 10.1109/TNB.2021.3068318, IEEE

Transactions on NanoBioscience
U. Kasiviswanathan et al.: Aluminium Oxide Thin Film based in vitro Cell-Substrate Sensing Device for Monitoring Proliferation of Myoblast Cells 9

Gap{:ﬂl mm (a)

. P =g

ITO patterning
process

ITO etching
process

© (b)

~

[ Al,0, :
EBE deposition
Cell culture tube attachment & 2%
gelatin incubation process
-4, [ class substrate
[ ]indium tin oxide (ITO)

[ ]Teflon tape
[ A0, thin film deposition method

(d)

e

MSM biosensor

Not to be scaled
Fig. 1. Fabrication of a Al,O3 thin film based bio-sensing device .
flow for 1.5 h in the muffle furnace to obtain a crystallized
Al O3 thin film [47], [48]. A custom-designed polypropylene
well was attached to the top of the substrates coated with Al,O3
thin film for maintaining the regime of the culture medium. The
customized-well was sealed using polydimethylsiloxane
(PDMS) (Dow Corning, Sylgard 184) to avoid the leakage of
the culture medium [36]. Now onwards, we have mentioned this
cell culturing device as the fabricated device (MSM biosensor),

as shown in Fig. 1(d).

C. Cell culture procedure

Mouse myoblast C2C12 cells were maintained in a 5% CO,
incubator (Galaxy 170S, Eppendorf) at 37° C with DMEM high
glucose medium containing 10% FBS and 1% penicillin-
streptomycin. The 2% gelatin coated on the fabricated device
was used to culture the mammalian cells. The sub-cultured cells
were grown inside the cell culture chamber attached to devices.
The cell density of 4,000 cells/well was used for all the analyses
performed. The cell culture medium was changed before every
observation. The studies were done in triplicate (n= 3) and their
average results were plotted.

[ll. RESULTS AND DISCUSSION

The outer environment of the cell is comparatively positive
than the inner side of the cell. The potential difference across
the cell membrane is maintained due to the various
physiological processes, which govern the basic functionality
of the biological cell. The C2CI12 cells got adhered to the
surface of gelatin coated Al>Oj; thin film because of the cell-
adhering moieties present in gelatin [49]. The adherence of cells
on the substrate changed the characteristic electrical properties
of the fabricated device, which could be attributed to the
reduction in the free-flow of current across the active sensing
area available. Furthermore, the electrical properties of the
biological cells were reported to vary as a function of
frequency. Researchers reported the current flow in and outside
of the cell with respect to the frequency. In brief, the ions
diffuse across the membrane at a lower frequency (< 1 kHz).
Hence it is termed as ‘o’ dispersion. While, at mid frequency (1
kHz — 100 kHz), the current flow across the membrane is
limited due to a Maxwell-Wagner phenomenon and it is
referred as ‘B’ dispersion. On the other hand, at higher
frequency (>100 kHz), the polarization of the water molecules
present in that biological medium resulted in more current flow
in the intracellular region than of the extracellular region of the
biological cells, and it is termed as the “y’ dispersion [1], [50].

Considering the electrical properties of the biological cells,
we seeded 4000 cells/well on the fabricated device to study the
effect of cellular functions and their behaviour. The change in
the electrical properties was determined in terms of change in
resistance/capacitance or impedance. The morphology of the
grown cells was also observed over the time period of 72 h.
Similarly, to analyse the frequency dominated changes —
capacitance, the magnitude of impedance and phase of
impedance vs. frequency plot were recorded and correlated with
the microscopic images. From Fig. 2(a) (i.e., after 8 h), it was
observed that the cells became flat, which implied that the cells
started to grow on the underlying surface as it adapted to that
micro-environmental condition. The growth of myoblasts over
different time points showed a significant change in the
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Fig. 2. Morphology of C2C12 cells at various time intervals: (a) 8 h, (b) 24 h, (c) 48 h, and (d) 72 h; Scale bar: 50 um
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Fig. 3. Changes in the characteristic electrical properties of the Al,O3 thin film (a) capacitance vs. frequency plot, (b) magnitude of
impedance plot, (c) phase of impedance plot, and (d) Cole-Cole (Nyquist) plot.

morphology, as observed in Fig. 2(a-d). Moreover, the
electrical characterisation results revealed that the capacitance
values got decreased with an increase in the magnitude of
impedance values and vice-versa, with the progression of
cellular function, as shown in Fig. 3(a) and 3(b). Likewise, the
phase angle is generally used to determine the degree of
functionality of the cell membrane. i.e., when ‘leaks’ occur in
the cell-membrane, the ability to maintain voltage decreases, so
the phase angle decreases. Simultaneously, the cellular
differentiation process decreases cell membrane resistance due
to changes in the morphology of cells and increased
intracellular space. A decrease in cell membrane resistance
leads to increased cell membrane capacitance (increased cell
membrane on the electrode’s surface), which directly reduces
the extracellular matrix resistance. Hence, change in the phase
of impedance was directly correlated with change in the
morphology of the cells [51], as shown in Fig. 3(c).

The phasor diagram of complex impedance provides
information about the level of energy dissipation of the system
where, the real axis (Z..a) reflects the active resistance and the
imaginary axis (Zimaginary) reflects electrical capacitance and
inductance of the system. Any shift in the magnitude is
observed due to a change in resistivity and any shift in the angle
is due to a change in phase of the system [44], [52]. The
significant shift in the Cole-Cole (Nyquist) plot (Fig. 3(d)), was
due to the progression of cellular functional behaviour on the
surface of the substrate. Also, the increment in the impedance
values was observed through the performance of the
experiments, most likely due to the progression of cellular
functional behaviour on the surface of the fabricated devices,

which perhaps induced some capacitive effect on the surface of
the thin-film device due to change in morphology as well as due
to the cell-cell communication/interaction.

The magnitude of impedance data was used to fit the
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Fig. 4. Equivalent electrical circuit model (a) fabricated device
component, (b) cell component, (c) fabricated device with cell
component, and (d) cell-device.
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TABLE 1. CALCULATED EEC MODEL PARAMETERS.

Fabri(_:ated Culture me_dium cell-fabricated device
Model device on the fabricated
Parameters | (ITO/A2O3/ITO) device 8h 24 h 48 h 72 h
0.832 0.824 0.859 0.843 0.821
n -
Qp (F) (Cp) 12.98 x 10° 31.39 x 108 33.03x 105 | 21.70 x 108 28.41 x 10° 40.57 x 108
Rp () 928.12 7.60 x 10° 6.80 x 10° 5.07 x 10° 4.23 x 10° 2.75x 10°
Rs (Q) 271.02 200.73 136.36 269.54 338.37 407.43
R? 0.992 0.999 0.999 0.999 0.999 0.999

9

equivalent electrical model to calculate the theoretical
relationship between the surface-electrolyte-cell interface in the
presence of biological cells [53]. Fig. 4 shows the equivalent
electrical model used in our study and Table 1 shows the
corresponding model parameters of the equivalent electrical
model used. The equivalent electrical model was separated into
device component and cell component to represent fabricated
device containing biological cells. The fabricated device was
depicted by RC circuit having a resistor (Rs) in series with a
resistor (Rp) and capacitor (Cp) in parallel, as in Fig. 4(a). As
the cell membrane (C) acts as an insulator, it was represented
with resistance (Rm) and capacitance (Cm). We considered the
cell component with a resistor (Rm) and capacitor (Cm) in
parallel combination, as shown in Fig. 4(b).

It has been reported that the current flows from the ITO
electrode to the interfacing region upon excitation, wherein the
transfer of electrons occurs [4]. The interfacing region in our
device was Al,Os3 thin film and the cell culture medium
containing myoblast cells. However, the capacitance developed
by the biological cells is anticipated to be more than the device
capacitance. Hence, we replaced the device’s capacitor (Cp)
with the cell component to represent the charged double-layer
across the fabricated cell-device (surface-(electrolyte-cell
interface)), as represented in Fig. 4(c) [23], [50]. Further, the
developed charged double-layered interface was directly
related to a capacitor (Cg) in parallel with a resistor (Rg). Both

together were represented by a Constant Phase Element (CPE)
with an empirical parameter ‘n’ (0 < n < 1) to represent the
cell component, as shown in Fig. 4(d) [50]. If n = 1, the
fabricated cell-device was considered to be an ideal capacitor;
and if n = 0, then the fabricated cell-device was observed to be
an ideal resistor and the impedance of CPE (Zcpe) was
calculated by equation 1.

_
(jo)Q, ()

The equivalent electrical circuit model of the fabricated device
(Zrabricated device) Was represented by equation 2:

ZFabricated device (w) = |:Rs + ( XCP ” Rp ):| (2)

where, the Z ey component could be represented as in equation 3

ZceII component(a)) = [Rm | |Cm] (3)

Hence, Z.y component Was replaced in Zrgpricated device 10
derive Z c11—device 1N €quation 4

Z aigevice (@) = |:Rs * ([lelcm] IR, )J 4)

To represent the charged double-layered interface developed
due to biological medium, the equation 4 was replaced with
Zcpe
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Fig. 5. (a) Average cell count at different time point, (b) Magnitude of impedance and Capacitance vs. time plot.
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Zcell—device (a)) = |:Rs + (ZCPE, HRp >:|

&)
Simplifying equation 5, we 20t Z i1 _device
2 ( ) R +R,
cell-device w)= - n
L+ (jo)'QpeR, o

Fig. 4(a) shows device components/parameters, which was
used to represent the fabricated device structure
(ITO/AL,O5/ITO) in order to fit the fabricated device model
using equation 2. Fig. 4(b) shows cell components/parameters
andFig. 4(c) shows fabricated device with cell
components/parameters, which was modified as Fig. 4(d), to
represent the cell-device structure (ITO/cell-Al,O3/ITO) and
equation 6 was used to fit this cell-device model. Further, the
measured impedance data were fitted using a non-linear least
mean curve fitting (NLLMCF) method [1], [54] to analyze the
change in the progression of cellular functional behavior.

The EEC model parameters extracted in our study was given
in Table 1. The result revealed that the resistance (Rs) and the
reactance (Q,) of Zcpe cell component got noticeably increased
with a corresponding decrease in resistance (R,) and empirical
parameter (n). From NLLMCEF, it is clear that the number of the
biological cells present on the surface modulated the model
parameters followed by the dynamic behaviour of the biological
system. Further, to visualize frequency-dominated change over
time, we studied the cell count and characteristic impedance
change of the device. The average cell count and magnitude of
impedance values and capacitance vs. time plot are represented
in Fig. 5. The frequency-dependent changes were observed
over time in terms of the magnitude of impedance and
capacitance values with the progression of cellular growth. The
outcomes revealed that the change in the characteristic
electrical properties of the Al,O3 device was highly influenced
by the progression of cellular processes, most likely due to the
high dielectric constant. The transparent nature and air-stability
of AlLO; allowed us to visualize the changes in cellular
morphology under an inverted microscope as well as facilitate
continuous monitoring of cellular behaviour through analysing
change in the electrical parameters.

IV. CONCLUSION

In the present work, we have investigated the influence of
myoblast progression in changing the characteristic electrical
properties of the gelatin coated Al,O3 based device. The electrical
properties varied with respect to every cellular function, such as
cell adhesion, spreading, and proliferation. The effect induced by
cellular functional behaviour was well correlated with both
changes in the characteristic electrical property and microscopic
observation of the cells as well as with an equivalent electrical
model used. Hence, the fabricated device can be used for various
bio-sensing applications wherein dynamic changes of the
biological cells play a vital role.
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