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Abstract: The improved binding ability of graphene-nanoparticle composites to proteins or molecules
can be utilized to develop new cell-based assays. In this study, we fabricated reduced graphene
oxide—gold nanoparticles (rGO-AuNP) electrodeposited onto a transparent indium tin oxide (ITO)
electrode and investigated the feasibility of the electrochemical impedance monitoring of cell growth.
The electrodeposition of rtGO-AuNP on the ITO was optically and electrochemically characterized in
comparison to bare, rGO-, and AuNP-deposited electrodes. The cell growth on the rtGO-AuNP/ITO
electrode was analyzed via electrochemical impedance measurement together with the microscopic
observation of HEK293 cells transfected with a green fluorescent protein expression vector. The results
showed that rGO-AuNP was biocompatible and induced an increase in cell adherence to the electrode
when compared to the bare, AuNP-, or rGO-deposited ITO electrode. At 54 h cultivation, the average
and standard deviation of the saturated normalized impedance magnitude of the rtGO-AuNP/ITO
electrode was 3.44 £ 0.16, while the value of the bare, AuNP-, and rGO-deposited ITO electrode
was 2.48 £ 0.15, 2.61 =+ 0.18, and 3.01 £ 0.25, respectively. The higher saturated value of the cell
impedance indicates that the impedimetric cell-based assay has a broader measurement range. Thus,
the rtGO-AuNP/ITO electrode can be utilized for label-free and real-time impedimetric cell-based
assays with wider dynamic range.

Keywords: cell-based assay; electrochemical impedance spectroscopy; electrodeposition; gold
nanoparticle; graphene oxide

1. Introduction

Graphene-based nanomaterials have garnered much attention when it comes to sensors as
they require enhanced measuring sensitivity and functionality due to their unique electrochemical,
mechanical, and optical properties [1]. Using electrochemical measurements, graphene oxide
(GO)-deposited electrode sensors have been used in the ultrasensitive detection of proteins and
living microorganisms [2—4]. Graphene—nanoparticle-based hybrids have been developed to amplify
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the sensitivity and selectivity of the sandwich-type electrochemical immunosensor [5], the cell
signaling-protein sensor [6], or apoptotic cell sensor [7]. The hybrid material of graphene
anchored with nanoparticles gives rise to synergetic effects such as encouraging biocompatible
conditions [8] or increasing the electrochemical sensing area of its tangled construction [9]. Moreover,
the electrochemical measurement sensitivity of biomolecules was also shown to be reinforced
by employing nanoparticles, which were deposited or patterned on the electrode surface by
using electrodeposition or thermal deposition with evaporation masks [10-12]. Additionally,
graphene—nanoparticle composites along with electrochemical measurement showed great potential,
feasibility, and increased sensitivity for label-free and real-time biomolecular and protein detection
due to its improved ability to capture analytes [13-15].

This improved binding ability of graphene nanocomposites to proteins can be utilized to
develop new cytosensors for detecting target cells or cell-based assays for monitoring cell behavior.
The cytosensor employing the graphene-nanomaterial composites showed high sensitivity and
selectivity for sensing Du-145 cancer cells (limit of detection: 20 cells, linear range: 10% to 10° cells
per mL) [16] or HL-60 cells exposed to apoptotic inducer (limit of detection: 48 cells, measurement
range: 103 to 107 cells per mL) [7]. Cell-based assays using electrochemical impedance measurement
have already been applied to non-destructively detect real-time cellular responses to drug candidates
and disease risk factors [17]. Electrochemical impedance monitoring of cells on biocompatible gold
or platinum electrodes has also been used in a wide range of applications, including wound healing
assays, clinical diagnoses, cytotoxic assays, and drug development [18,19]. The transparent indium
tin oxide (ITO) electrode made it possible to characterize the impedance of cells with better optical
transmittance when compared to typical gold or platinum electrodes [20,21]. The surface of the
ITO electrode could be modified via protein, peptide, or organic polymer coatings to achieve the
biocompatibility [22-25] required for the impedance monitoring of cells. However, organic materials
are easily affected by environmental factors including temperature, humidity, pH, and solvent ions,
and can be denatured such that substrate conditions cannot guarantee cell cultivation. Additionally,
cell behavior is dependent on protein environments and the extracellular matrix.

In this study, we investigated the feasibility of a graphene nanoparticle (alternative to denaturable
organic materials)-coated ITO electrode for the impedance characterization of cell growth. For this,
an ITO microelectrode, deposited with reduced graphene oxide (rGO) and gold nanoparticles (AuNP),
was prepared and characterized using electrochemical and optical analysis. The modified ITO
electrode was then used for impedance measurements of HEK293 cells during cell growth to evaluate
whether the rGO-AuNP could be used as biocompatible substrates for the impedance monitoring of
cells. Furthermore, the measurement range of the cellular impedance measurement (the difference
between the largest and smallest measurable value) using the highly-conductive rtGO-AuNP-modified
ITO electrode was compared to a bare ITO electrode to evaluate the enhancement of the hybrid
sensor’s performance.

2. Materials and Methods

2.1. Fabrication of the ITO Electrode-Based Cultureware

The ITO electrode, which was established in our previous studies [22,26], was prepared as shown
in Figure 1. The brief fabrication process of the ITO electrode-based cultureware is as follows. The ITO
film was deposited on a slide glass at a thickness of 450 nm via thermal evaporation and patterned
via laser ablation to form sensing and counter electrodes, transmission lines, and terminal pads.
The deposited ITO conductor had a sheet resistance of 4 ()/square. To insulate the transmission lines,
a highly-resistive photoresist with a thickness of 2 um (SU-8 2002; MicroChem, Newton, MA, USA)
was patterned on the ITO electrode via photolithography. The sensing electrode was circular with
a radius of 250 um and separated by a distance of 2 mm from the relatively large counter electrode.
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Finally, the polystyrene chamber that holds cells and media was attached to the electrode using a
silicone adhesive.

Sensing area
of ITO

SU-8 insulating layer

Figure 1. Fabricated indium tin oxide (ITO) electrode that has a circular working electrode with a
radius of 250 um separated by a distance of 2 mm from the relatively large counter electrode.

2.2. Electrochemical Deposition of rtGO-AuNP on the ITO Electrode

GO, gold(Ill) chloride trihydrate (HAuCly-3H,0O), sodium phosphate monobasic anhydrous
(purum p.a. >99.0%, BioUltra), sodium phosphate dibasic anhydrous (>99.5%), and potassium
ferrocyanide were obtained from Sigma Aldrich, St. Louis, MO, USA. GO (1 mg/mL) was diluted
to prepare 0.5 mg/mL in 25 mM sodium phosphate buffer (pH adjusted to 5.4). HAuCly-3H,O was
dissolved in deionized water (18 M()cm) to a concentration of 0.5 mM.

For the electrodeposition of rGO and AuNP onto the ITO electrode surface, the established
method [2,9] was employed. The potential applied on the ITO electrode using a potentiostat
(CompactStat; Ivium, Eindhoven, The Netherlands) was —1.4 V vs. Ag/AgCl for rGO deposition and
—0.9 V vs. Ag/AgCl for AuNP deposition. The rGO-AuNP composites were obtained by deposition
using two-step chronoamperometry at —1.4 V for rGO and at —0.9 V for AuNDP, respectively.

The optical properties of the ITO deposited by rGO and AuNP were characterized using a UV-Vis
spectrophotometer (Optizen POP; Mecasys, Daejeon, Korea). Scanning electron microscopy (EM-30;
COXEM, Deajeon, Korea) and transmission electron microscopy (Zeiss LEO 912 AB; Operating at a
voltage of CM-200 kV) were used to determine the size and morphology of the decorated AuNPs in
the hybrid nanocomposites deposited onto the ITO surface.
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2.3. Impedance Measurement of Cells on the rtGO-AuNP/ITO Electrode

The electrochemical impedance characteristics of the modified electrodes were analyzed to
validate whether the electrode sensors were well fabricated. For this, the impedance spectra of the
electrodes were measured with an electrolyte containing 10 mM potassium ferricyanide Kz[Fe(CN)¢]
in 0.1 M potassium chloride (KCl) dissolved in deionized water in the frequency range of 0.1 Hz to
100 kHz (CompactStat; Ivium, Eindhoven, The Netherlands).

HEK293 cells transfected with a green fluorescent protein expression vector (HEK293/GFP),
Dulbecco’s modified Eagle’s medium (DMEM), fetal bovine serum (FBS), and penicillin-streptomycin
(PS) were prepared for the experiments. HEK293/GFP cells (2 x 10°/mL) along with the culture
medium (10% FBS and 1% PS in DMEM) were applied to the ITO electrode modified with GO, AuNP,
or rtGO-AuNP. The viability and morphology of the cells cultured on each electrode were analyzed by
fluorescent microscopy (XJF300T; UniNANO Technology, Yongin, Korea).

For the impedance monitoring of cells, the established experimental setup [22,26] was utilized,
which consisted of the digital lock-in-amplifier (SR830; Stanford Research Systems, Sunnyvale, CA,
USA), multiplexer, and LabVIEW program. The amplitude of the current flowing through the cells on
the electrode was restricted to below 1 pA to minimize electrical effects on the cells. The impedance
spectra were measured in the frequency range of 10 Hz to 100 kHz during cell cultivation.

3. Results and Discussion

3.1. Characterization of the rGO-AuNP/ITO Electrode

GO is highly stable in water and can also be dispersed in an organic solvent due to the presence
of oxygen functionalities. It is described as an insulator because of the disruption of its sp?> bonding
networks and a hydroxyl group on or in its surface. However, when it is reduced (rGO), it exhibits a
conductivity that can be used in sensor applications [27-29]. The current responses acquired during
the electrochemical deposition of rGO and AuNP on the ITO electrode are shown in Figure 2a.
The electrochemical reduction of GO can be expressed as follows [30]:

GO +aH"' +be” — rGO + cH,O (1)

The electrochemical deposition of AuNP determined by the reduction of Au’* with
HAuCly [31,32] can be expressed as follows:

HAuCly +3H" +3e~ — Au+4HCI )

The reductive current showed a significant increase during the first 10 s and 4 s for rGO and
AuNP deposition respectively, and gradually reached a stationary value.

Figure 2b shows the UV-Vis spectra of the rGO-, AuNP-, and rGO-AuNP-deposited ITO substrates
using chronoamperometry. From the spectra of the rGO, a shoulder absorption at around 230 nm
was caused by an n-mt* transition shift of double bonded carbon-oxygen conjugation (C=0; electrons
transition from a non-bonding (lone-pair) n orbital to an anti-bonding 7 orbital called 7r*). In the case
of the AuND, the absorption peak at about 550 nm was observed due to the resonance frequency in
generating the surface plasmon. Therefore, the hybrid layer formation of rGO-AuNP was confirmed
by the two UV-Vis absorption peaks at 224~233 nm for rGO and 548~557 nm for AuNP.
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Figure 2. (a) Chronoamperograms measured during the electrochemical deposition of reduced
graphene oxide (rGO) and gold nanoparticles (AuNP) on the ITO electrode at potentials of —1.4 V
and —09 V vs. Ag/AgCl, respectively, (b) UV-Vis absorbance spectra of the rGO-, AuNP-,
and rGO-AuNP-deposited ITO substrate using chronoamperometry.

The morphological features of rGO, AuNP and the rGO-AuNP nanocomposite were determined
by transmission electron microscope (TEM) and scanning electron microscope (SEM) analysis. Figure 3
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shows characteristic TEM and SEM images of rtGO, AuNP and the rGO-AuNP nanocomposite. rGO
has a typical sheet-like structure. In contrast to rGO, the AuNPs exhibited spherical morphologies,
evenly distributed with an average size of 15 nm. In addition, the rtGO-AuNP hybrid nanocomposite
has AuNPs anchored to the surfaces of the rGO. The adhered particles also have spherical morphologies
deposited with a diameter of 15 nm on the rGO surfaces. In the rGO-AuNP nanocomposite, the rGO
looks like evenly-distributed silky waves of thin sheets, which may be significant in preventing the
aggregation of rGO and upholding a surface, enabling the attachment of AuNP to the graphene
sheets. The size and density of the AuNPs could be adjusted by controlling the chronoamperometric
time, during which the AuNPs were formed by the nucleation and growth of Au deposition. Thus,
it was found that the AuNPs were successfully deposited on the rGO/ITO to obtain the hybrid
rGO-AuNP/ITO structure via chronoamperometry.

—_—
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30.0(kv) $P=14.0 WD=5.0 x10.0k

—_—
e — x20.0k A[um]

Figure 3. TEM (a—c) and SEM (d-f) image of the (a,d) rGO-, (b,e) AuNP-, and (c,f) rGO-AuNO-deposited
ITO substrate using chronoamperometry.
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3.2. Impedimetric Measurement of Cell Growth on the rxGO-AuNP/ITO Electrode

The measured electrochemical impedances of the bare ITO, AuNP/ITO, rGO/ITO,
and rGO-AuNP/ITO in are shown in the Nyquist plot in Figure 4. The measured impedance data
of the electrode (Zf; ) are presented as symbols and analyzed via non-linear curve fitting using the
following equation:

Zrr, = (Zcpe-(Rer + Zw)) / (Zepe + Rer + Zw) + Rs (©)]

where Zcpg is the constant phase element for the non-ideal capacitive characteristic of the
electrode-electrolyte (=T/(jw)’; j is the imaginary unit, and w is the angular frequency), Rcr is
the charge transfer resistance, Zyy is the Warburg impedance, and R is the solution resistance.
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Figure 4. Impedance Nyquist plot of the bare, rGO-, AuNP-, and rGO-AuNP-deposited ITO electrodes
measured with an electrolyte containing 10 mM K3Fe(CN)g in 0.1 M KCl at a frequency of 0.1 Hz to
100 kHz (measure) and curves (fit) fitted to the measured spectra via non-linear curve fitting using
Equation (3).

The results showed that the measured impedance data of the electrode agreed with the fitted
lines using Equation (3), and that the electrode interfacial impedance determining the faradaic and
non-faradaic current was decreased by the electrochemical deposition of the electrode surface. In the
parameters of Equation (3) extrapolated from the fitting analysis, Zcpr and Rcr were selected to
characterize the surface modification of the ITO electrode. The Zcpg values of the bare, AuNP-, rGO-,
and rGO-AuNP-deposited ITO electrodes were found to be 90.05/(jw)%%4, 14.4/ (jw)88, 4.71/ (jw)*1,
and 1.7/ (jw)o'88 MQ), respectively. The Rer values of the bare, AuNP-, rGO-, and rGO-AuNP-deposited
ITO electrodes were found to be 118.07, 77.59, 34.67, and 23.4 k(), respectively. The decrease in the P
value of Zcpr of the AuNP- and rGO-AuNP-deposited electrodes can be explained by an increase in
the surface roughness of the electrode caused by the electrochemical deposition process. The significant
decreases in the T value of Zcpg and Rer of the rGO-AuNP-deposited ITO electrode can be induced
by an increase of the sensing area and charge transfer conductance of the modified electrode.

Figure 5a—c shows the fluorescent microscopic images of HEK293 /GFP cells cultured for 40 h on
bare, AuNP-, and rGO-AuNP-deposited ITO electrodes, when the cells were exposed to the blue light
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(400~490 nm). The average and standard deviation of the fluorescent intensity of the cells cultured
on each electrode analyzed by Image] is shown in Figure 5d. The microscopic images proved that
the rGO-AuNP deposited ITO electrode is biocompatible and that the optical density of the cells was

observed to be higher on the rtGO-AuNP deposited ITO electrode when compared to the bare, AuNP,
or rtGO-deposited ITO.

Fluorescent Intensity (%)

bare ITO AuNP/ATO  rGOMATO rGO-AuNP/ITO
Electrode covered by HEK293/GFP cells

Figure 5. Fluorescent microscopic images of HEK293/GFP cells cultured for 40 h on (a) bare ITO,
(b) AuNP/ITO, (c¢) rGO-AuNP/ITO (scale bar: 100 um), and (d) fluorescent intensity of the cells on
each electrode (column: Average, bar: Standard deviation, n = 4).

The impedance magnitudes without or with HEK293/GFP cells cultured for 48 h on the bare
or tGO-AuNP-deposited ITO electrode measured at a frequency of 10 Hz to 100 kHz is shown in
Figure 6a. The impedance magnitude of the electrode without cells showed the capacitive impedance
of the electrode interface at low frequencies and the resistance of the culture media at high frequencies.
As the cells adhered and proliferated on the electrodes during cell growth, an increase in the impedance
magnitude at frequencies above 4.64 kHz for the bare ITO or 215.4 Hz for rtGO-AuNP-deposited ITO
electrode was observed.

Figure 6b demonstrates the normalized impedance magnitude at 21.5 kHz recorded during
cell culture on the bare, rGO-, AuNP-, and rGO-AuNP-deposited ITO electrodes. The normalized
impedance magnitude (1 Z | ;1) of the HEK293/GFP cells was calculated as follows:

|Z|norm = |Z|Cells/|Z|No Cells (4)

where | Z 1 ¢y and | Z |y, conis are the impedance magnitudes with and without cells, respectively.
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Figure 6. (a) Impedance magnitude without or with HEK293/GFP cells cultured for 48 h on the bare or
rGO-AuNP-deposited ITO electrode with respect to frequency, (b) Normalized impedance magnitude
at 21.5 kHz measured during cell culture on the bare, AuNP-, rGO-, and rGO-AuNP-deposited ITO
electrodes (symbol: average, bar: standard deviation, n = 4).

The data are presented as averages (symbol) and standard deviation (bar) (1 = 4). When the
cells adhered to the electrode surface in the beginning of the cultivation (<20 h), the impedance
values were weakly increased for all electrodes and a difference in values between each group of
electrodes was not observed. However, the value of the cells on the rGO-AuNP/ITO electrode
increased significantly when compared to the bare, rGO-, and AuNP-deposited ITO electrodes after
20 h of cultivation time dominated by cell proliferation. The normalized impedance magnitude
of the cells then reached a saturation level (>52 h) when the cells proliferated sufficiently on the
limited electrode surface. The saturated | Z |0y, of the rGO-AuNP/ITO electrode was 3.44 + 0.16
at 54 h cultivation, while the value of bare, AuNP-, and rGO-deposited ITO electrode was 2.48 +
0.15, 2.61 + 0.18, and 3.01 £ 0.25, respectively. The results indicated that the HEK293/GEFP cells
adhered and grew more efficiently on the rtGO-AuNP-deposited ITO electrode when compared to the
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bare AuNP- or rGO-deposited ITO electrode. The higher saturated value of cell impedance makes it
possible to implement the impedimetric cell-based assay with a broader measurement range. Thus,
the rGO-AuNP-deposited ITO electrode can be utilized for label-free and real-time cell-screening
assays with a wider dynamic range.

4. Conclusions

In this study, an rGO-AuNP-deposited ITO electrode was fabricated to be used as an advanced
impedimetric cell sensor with a wider dynamic range. The hybrid structure of the rGO-AuNP was
successfully deposited on the ITO electrode using chronoamperometry and characterized via UV-Vis
spectroscopy, SEM, and impedance spectroscopy. Impedance monitoring of the cells via fluorescent
microscopy proved that the rGO-AuNP/ITO electrode enhanced cell growth and yielded a higher
cell density on the electrode surface. During the cell growth, the saturated normalized impedance
magnitude of the rGO-AuNP/ITO electrode was higher (average and standard deviation: 3.44 & 0.16)
than the value of bare (2.48 & 0.15), AuNP- (2.61 £ 0.18), or rGO-deposited (3.01 £ 0.25) ITO electrodes
at 54 h cultivation. The higher saturated value of the cell impedance indicates that the impedimetric
cell-based assay has a wider measurement range. Based on the results, the rtGO-AuNP/ITO electrode
can be utilized for advanced label-free and real-time impedimetric cell-based assays with broader
dynamic range.
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