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Excellent electronic and optical properties make indium tin
oxide (ITO) an attractive electrode substrate. Despite the
commercial availability of high-quality ITO and some low-
cost methods for direct deposition being in use by now, the
definition of patterns is still a concern. Putting its
popularity and extensive usage aside, the manufacturing of
ITO electrodes so far lacks a rapid, highly reproducible,
flexible, cost-effective, easy patterning process that could
surpass difficult, time-consuming techniques such as
lithography. A cost-effective method based on CO3 laser
irradiation for preparing ITO microelectrodes and
clectrode arrays is presented herein. Electrodes of different
sizes and shapes were examined to identify the
performance of the proposed methods. Direct ablation of the I'TO layer was optimized for rectangular electrodes of 25, 50, and 100
um width, while laser cutting of scotch tape stencils and subsequent wet etching were used to create circular electrodes with a diameter
of 1.75mm. Together, both methods form a complete toolbox, which allows for low-cost and fast fabrication of ITO electrodes for
wide variety of applications. A multielectrode atray system consisting 8 of these circular electrodes was fashioned, fabricated, assembled,
and tested. The ITO electrodes were characterized electrochemically and as an example application they were used for monitoring
anchoring behavior of HelLa and HepG2 cell cultures through cell-based electrochemical impedance technique.

Introduction

Indium tin oxide ITO) is transparent and colotless as a thin film and yellowish to grey in the form of bulk material. It is a solid solution
of indium oxide (In203) and tin oxide (SnOy) typically in a weight ratio of 90:10[1]. Conventionally, it is being employed as an electrode
substrate due to its excellent electronic and optical properties such as low electrochemical background response, wide working potential
window][2], low resistivity, high visible transmittance, high infrared reflectivity, and ultraviolet absorption[1,3]. Qualities like good surface
area activity, machinability, high chemical stability, inertness, and commercial availability make it desirable for scientific purposes. ITO
is widely applied in optoelectronics[4], mostly in light-emitting diodes[5], liquid crystal displays[6], solar cells[7], transistors[8], and gas
sensors[9], but is also commonly used in electrochemistry for electroanalytic devices[10], sensing[11] and biosensing[12].

With high quality ITO being readily available commercially and methods for direct deposition already in use[13,14], the definition of
patterns is still another potential bottleneck. Despite being popular and widely used, the manufacturing of I'TO electrodes still lacks a
rapid, flexible, cost effective and precise fabrication method that could supplement expensive and time consuming lithography most
often used for defining patterns. The use of lasers for the fabrication of ITO electrodes marked a promising development towards
achieving highly reproducible, flexible, fast, and easy patterning. Laser Digital Patterning (LDP)[15] and Pulsed Laser Deposition
(PLD)[16] processes for fabrication of ITO electrodes are examples of these kind. A nanosecond Nd: YAG infrared laser for indirect
laser ablation to pattern I'TO on its glass substrate was reported[17]. Another interesting example is the pattern formation on ITO films
coated on borosilicate glass by scanning a linearly polarized nanosecond pulsed laser beam, making use of a self-organization
phenomenon named laser-induced periodic surface structures (LIPSS)[18]. Apart from these examples, there are other reports on laser
patterning of ITO using other lasers, such as an UV-excimer laser and femtosecond-pulsed laser[19], but none of these gives the
advantage of being widely available and preferably affordable means of fabrication of microelectrodes.

Currently, COz lasers, emitting infrared radiation at a wavelength of 10.6 um, are the highest power continuous wave lasers available.
With their high efficiency they are commonly used in laser cutting, welding, drilling and surface treatment[20]. But they are also used in
applications for processing of components for microfluidic systems. A novel laser through- cutting and pattern transfer process was
introduced for rapidly prototyping polydimethylsiloxane (PDMS) microfluidic structures without a replication template using a CO»
laser that significantly decreases the time and amount of equipment and consumables needed for microchannel processing[21]. Using
laser cutting for quickly transferring a pattern drawn in a computer aided design (CAD) program to a plastic film or PDMS slab for
microfluidics, sometimes known as xurography, has risen in popularity as CO; laser cutters have become more affordable and easier to
use[22]. Based on this technology a microfluidic sensor which was used to evaluate the biomass of the MRC-5 fibroblast cells grown in
the microfluidic bioreactor was recently presented[23]. In addition to traditional PDMS channels, CO> lasers have also been used for
patterning paper-based microfluidic systems and modifying the surface properties of the paper[24,25]. COz laser processing has also
been used to directly make electrodes by carbonisation of polymers to create laser-induced graphene (LIG) materials, either freestanding
or on a backing material, like ITO and this offers a possible advancement towards reducing the high cost of exploiting the laser
technology for sensing applications[26,27].



In this article, we used computer aided design in Autocad, to directly imprint a desired electrode pattern on ITO coated glass surfaces
with the help of a COx-laser. The process was optimized to obtain electrodes with widths as small as 25 um. The electrodes thus obtained
were characterised using electrochemical methods and optical and scanning electron microscopes were used to identify the geometric
parameters of the electrodes. A supplementary method was used for creation of larger area electrodes where the high resolution of
direct laser cutting was not necessary, in which a stencil was prepared using the laser and the undesired ITO, outside the electrodes was
removed by wet-etching. This method is much more efficient than direct cutting of big areas using the laser, but suffers lower resolution.
Both methods together form a complete toolbox, which allows for low-cost and fast fabrication of ITO electrodes for wide variety of
applications.

In the end the fabricated electrodes are applied for analysis of cell cultures using impedance spectroscopy. Cell-based impedance studies
measure changes in electrical impedance relative to a voltage or current applied to the electrodes covered with cell layer. It uses the
principles of electrochemical impedance spectroscopy (EIS) and enables a platform for the recognition of several characteristics of cell
cultures corresponding to the metabolism, adhesion, viability, motility and proliferation[28]. We employed a well fashioned device with
a planar array of 8 circular ITO electrodes to monitor the state of HepG2 and HeLa cell cultures, during their seeding, attachment to
the electrode surface and trypsin induced detachment from the substrate.

Methods

Chemicals

The chemicals 1,1'-ferrocenedimethanol (98%, Acros Organics), KNO3 (99%, POCh), CuSO4x5H20 (pure p.a., Chempur), acetic acid
(99.5% pure p.a., Chempur), and sodium acetate trihydrate (= 99.0%, Sigma-Aldrich) were used as received. Water was filtered and
deionized with an ELIX system (Millipore).

Direct laser ablation of ITO patterns

A clean 25 x 50 x 1.1 mm ITO covered (~130 nm, Ry = 5 - 15 Q/sq) glass plates obtained from Delta Technologies (Loveland, CO,
USA) were patterned directly (ablated) with a desktop CO; laser engraving machine — C1801I purchased from GCC (New Taipei City,
Taiwan) using a CAD design with the following parameters: speed 2.0, power 1% and PPI 1500 (Fig.1). The laser locally heats up the
ITO layer on glass to the point it cracks and detaches from the glass plate. Finally, the ITO plates were sonicated in acetone, isopropanol,
and distilled water for 15 minutes each. Each test plate consisted of 8 electrodes. Copper tape was used improving the electrical
connections to the potentiostat and Kapton tape for masking the connections so that only the electrodes were exposed.

Laser ablation of scotch tape stencils and chemical etching of the ITO patterns

Clean 25 x 25 x 1.1 mm ITO covered (~260 nm, Ry = 4 - 5 Q/sq) glass plates obtained from Biotain Crystal (Fujian, China) were
covered with Scotch Magic Tape® purchased from 3M (Saint Paul, MN, USA). The same laser engraver was used to cut the tape using
a CAD design with the following parameters: speed 3.0, power 1%, PPI 1500. After the patterning, the tape in undesired areas is
removed and the plates are submerged in etchant solution (50 g FeCl; x 6H20O + 80 mL distilled water + 20 mL of conc. 36% HCI) for
2.5 min at 60°C. The ITO plates were then sonicated for 15 minutes each in acetone, isopropanol, and distilled water to obtain 8 clean
clectrodes on every plate (Fig.2).

Electrochemical Measurements.

All the electrochemical measurements unless stated otherwise were performed with PalmSens4 potentiostat galvanostat, with an
Electrochemical Impedance Spectroscopy (EIS) module, which is controlled with PSTrace software (version 5.8.1704). The three-
clectrode electrochemical cell consisted of a platinum wire counter electrode, Ag/AgCl (1M KCl) reference electrode, and ITO working
electrodes.

The performances of the fabricated electrodes were first studied using cyclic voltammetry (CV) technique with 1,1'-ferrocenedimethanol
(FcDM) as the redox probe in potassium nitrate. Parameters for CV were as follows: scan rate 0.01V/s, step potential 0.005 V.
Electrodes were cleaned first with ethanol, then with water, and dried before the measurements. Apart from this 3 cycles of a step
chronoamperometry was performed to analyse the real electrochemical active area using chronocoulometry, during which the initial
potential 0.0 V was held for 10.0 seconds after which the potential stepped to 0.65 V for a time interval of 10.0 seconds.

SEM Imaging

Scanning Electron Microscope (SEM) micrographs of the electrodes were captured using a FEI Nova Nano — SEM 450 with an EDAX
Octane Elect Plus EDS system. EDS mapping were performed of the elements Si and In. The width of the electrodes was measured
from the SEM images (see SI Fig 3) using Image].

Optical microscopy
Qualitative analysis of the electrode structures was carried out using a Nikon ECLIPSE LV150 optical microscope. The width of the
clectrodes was measured and compared to the nominal width from the laser cutter.

Routine cell culture

HelLa and HepG2 cell lines came from the American Type Culture Collection (ATCC, Manassas, USA). Both cell lines were cultured as
a standard monolayer in the complete growth medium, supplemented with fetal bovine serum 10% v/v (FBS, Gibco), L-glutamine 1%
v/v (Sigma-Aldrich), and the antibiotics: streptomycin [10 000 U ml~!] and penicillin [10 mg ml~!] 1% v/v (Sigma-Aldrich). Cultures
were performed under standard conditions (37°C, 5% CO»). Both cell lines were cultured in Dulbecco's Modified Eagle's Medium



(DMEM) with low glucose content (1g/L) (Institute of Immunology and Experimental Technology, Wroctaw, Poland). Using regular
passages, cells were maintained in a logarithmic growth phase. To detach cells from the surface, 0.25% Trypsin~-EDTA solution (Sigma-
Aldrich) was used.
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Fig. 1 Step-by-step fabrication procedure of the directly ablated patterns.
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Fig. 2 Step-by-step procedure of the electrode fabrication using laser-ablated stencils.
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Fig. 3 Schematic representation of the measurement setup used for impedance spectroscopy of cell culture.

Cell culture monitoring using Impedance spectroscopy

All the impedance spectroscopy experiments unless stated otherwise were performed with PalmSens4 potentiostat galvanostat, with an
Electrochemical Impedance Spectroscopy (EIS) module, which is controlled with PSTrace software (version 5.8.1704). The three-
clectrode electrochemical cell consisted of a platinum wire counter electrode, Ag/AgCl (1M KCl) reference electrode, and I'TO working
electrodes.

Prior to measurements, the cells were placed at a specific density on I'TO electrode plate for cell culture monitoring utilizing impedance-
based analysis. Expetiments were performed in a closed, heat controlled chamber at 37°C. A complete Dulbecco's Modified Eagle's
Medium (DMEM), supplemented with fetal bovine serum 10% v//v (FBS, Gibco), L-glutamine 1% v/v (Sigma-Aldrich), and the
antibiotics: streptomycin [10 000 U ml~!] and penicillin [10 mg ml~!] 1% v/v (Sigma-Aldrich), with low glucose content (1g/L) (Institute
of Immunology and Experimental Technology, Wroctaw, Poland), suitable for HelLa and HepG2 cell lines was used.

The cells have an adhering nature, once they attach to the working electrode surface they tend to impede the current flow between the
clectrodes. This refers to the current passing through available cell-substrate space as well as through intercellular passages. When the
cells approach confluence on the electrode, the impedance fluctuates visibly and changes at an accelerated rate[29].

Impedance measurements were conducted over a range of 37 frequencies on Hel.a cells since multiple research have recorded readings
at various frequencies[29,30]. In our case, the frequency range were set between the limits 10Hz and 40kHz. For frequencies between
100 and 10kHz, the data from these measurements showed a noticeable increase in the impedance value that corresponds to growth of
insulating character of the electrodes due to the cells getting attached on their surface. At higher frequencies a less pronounced change
is observed, with a small increase in the impedance values that can be correlated to the increase of resistance at the working electrode-
clectrolyte interface. To understand the frequency that suits our measurements the best, we limited our studies to three frequencies (100
Hz, 2 kHz, and 10 kHz) between the range of 100 to 10kHz. Highest phase angle shift and rise of the impedance values of the cells



with respect to the blank (in our case DMEM) was observed at 100 Hz, thus the operating frequency was optimized as 100 Hz and
experiments were conducted at 0.2V against OCP.

The majority of these measurements were brief, lasting about two hours. When the potentiostatic experiments first started, the electrode
well was simply filled with 150uL. of DMEM, and impedance was recorded for 30 minutes. Then, the medium in the well was spiked
with 150uL of cells with a density of 1.33 x 106 cells/mL to give a final concentration of 6.65 x 10”5 cells/mL to observe their adhesion
to the electrodes and how the latet’s surface is affected. Finally, at the 90t minute, 150uL of trypsin was introduced, and the system was
monitored for 30 minutes more, before the impedance tests were terminated.

Results

Microscopic analysis

Initially, the electrodes were inspected using optical microscopy. In low magnification the electrodes look very nice and regular, but at
higher magnification cracks and irregularities are seen, especially for the smaller electrodes (Fig 4). Measuring the width of the electrodes
show that the narrower electrodes are significantly wider (391+3.5 um) than the nominal width (25 wm).

To make sure that there was no electrical connection between the individual electrodes and other parts of the ITO-plate, a negative
potential of -1.5V (vs. Ag/AgCl) was applied to ITO working electrode for a duration of 60 seconds. This results in the reduction of
ITO layer. A significant change in the appearance of electrodes was observed, indicating disintegration of the electroactive area to
metallic indium and tin as the electrode lost its transparency and appeated darker[31]. The reduced area is confined to the electrode and
shows that there are no electrical connections with other parts of ITO.

The electrodes were also studied using SEM and EDX. The width of the electrodes were measured for SEM images at several positions
along the length of each electrode on a plate. In the figure SI 3 we see that the widths of the electrodes, as measured by SEM, is larger
than the nominal widths. In the EDX measurements we concentrated on the elements indium and silicon. When the electrodes are cut
EDX data clearly show that the ITO is removed along the cut. Fig 4d shows cross sections of the indium signal for electrodes 25, 50
and 100 pm.
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Fig.4 Microscopic image of an electrode with nominal width 100 pm a) 2.5X magnification, b) 5X magnification, ¢) microscopic image of an electrode
with nominal width 25 um at 5X magnification, d) EDX spectra of the ITO electrodes depicting intensity of indium on them.

Electrochemistry

The ITO electrodes prepared using CO; laser irradiation were primarily characterized using cyclic voltammetry (CV) and
chronoamperometry (CA). Diffusion- controlled CVs with reproducible signals were observed for electrodes of all the sizes within the
same plate. The plate-to-plate reproducibility of signals was highly satisfactory too. The figure 5 shows the reproducible cyclic
voltammograms of electrodes of different sizes, where each set comes from a single plate.

Reproducibility

To illustrate the variations in the current response of the electrodes we performed cyclic voltammetry with electrodes from several
batches in the redox probe FcDM. Current values of the working electrodes at the potential of 0.29V were plotted against their sizes.
The 100um wide electrodes had the most reproducible structures, these electrodes, therefore exhibited most uniform current ranges
among the three sizes, within each plate. A lower reproducibility between different batches was observed for 100um electrodes (Fig.6),
which can be the result of a manual error occurred during the pasting of the Kapton tapes making length of the electrodes 10 to 15%
shorter or longer. The smaller sizes, 50 and 25 pum, exhibited higher intraplate variability, this can be easily identified form the figure 5.
The current value does not scale with size for 50 and 100um wide electrodes (Fig.6), which might be caused by different activity of ITO
at the edges of the electrodes caused by the laser ablation. The electrodes are of rectangular shape with 2.5 mm length and three
different widths. These structures can also be tailored to different dimensions, for example shorter length resulting in microelectrodes
of smaller area.
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Fig.5 Cyclic voltammograms of electrodes of different sizes (a)25, (b)50 and (c)100um width in 1 mM FcDM and 0.1 M KNOs. Each set of electrodes
comes from the same plate.
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Fig.6 Reproducibility of electrode signals with respect to their nominal width are shown. a) gives the compatrison of current results obtained from the
cyclic voltammograms of the electrodes at 0.29V, diamond shapes represent the 25 pum, circles the 50 um, and triangles the 100um wide electrodes. Each
colour represents a different I'TO plate, b) gives the comparison of the width of the electrodes as measured by SEM technique. The diamond shapes
represent 25 um, circles the 50 um, and triangles the 100um wide electrodes from different plates. The inset shows an example of SEM image of an
electrode with 50 um nominal width.

Impedance spectroscopy

The stability of the system was assured by conducting potentiostatic reading at a fixed potential against open circuit potential (OCP).
The first 30 minutes duration was measured with only DMEM in the well, which was then spiked with Hela cells and their attachment
on to the electrodes were observed for 60 minutes. Later, trypsin was introduced to the well in order to track the detachment separation
of these cells from the electrodes and studies were continued for an additional 30 minutes. Any current or voltage input to the setup in
the absence of cells with only the medium as an electrolyte is merely interfacial impedance in series with ionic solution conductivity.
As anticipated, our results showed lower resistance values and a more relaxed growth pattern during the first 30 minutes of recording
compared to growth while the cells were making close contact with the electrode surface. This attachment of the cells results in a barrier
that the impedance signals must cross before achieving the solution resistance. The resultant output is a combination of resistive and



capacitive elements. While the insulating cell membranes are responsible for the capacitive effects, the resistive effect is due to the ionic
propetties of cytoplasm[30]. Although inspection of cell responses for 30 minutes after the addition of trypsin did not completely
remove them from the substrate contact, reducing the cell layer resistance to the point where the final signal resembled those throughout
the absence of cells, it was evident that within this short period of time a considerable portion of the cells was successfully detached
from the electrode contact.
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Fig. 7 Impedance spectra of HepG2 cell culture measured at 100 Hz showing cell adhesion and detachment (Short-term measurements lasting 2 hours)
Each color represents a different electrode.

The responses of HepG2 cells were also studied through recording impedance alteration over time. It was noted that the resistance
component Z’ does not change significantly because there are still noticeable intercellular voids. HepG2 form spheroids on the surface
of culture vessels rather than confluent layers as Hel.a cells. What is more, with this cell population, the adherence interaction did not
appear to be strong enough to give considerable change in Z’. However, when it comes to the capacitance component, Z”, accountable
changes can be seen within the measurement conditions. Thus, the Z” element validates to be more dependable variable for us. The
figure 7 illustrates the real-time monitoring of the impedance evaluations for 2D HepG2 cell culture. Comparable signals were obtained
from all 8 electrodes.

Conclusions

The objective of this work was low-cost fabrication of ITO electrodes through a novel laser assisted method. We successfully optimized
the cutting of ITO coated glass plates into functional electrodes with a CO; laser. The electrodes of different shapes and sizes were
prepared using two different methods. For the smaller rectangular shaped microelectrodes (smallest widths optimized were 25, 50 and
100 pm wide), direct patterning was used, while zz-situ stencil fabrication followed by etching was observed as the best practice for larger
circular shaped electrodes (diameter 1.75 mm, 2.41 mm? of geometrical surface area). All the electrodes and electrode arrays thus
fabricated, demonstrated stable and reproducible signals. Cost-effective, easily fabricated, simple, and handy ITO electrodes we
presented here can be treated as any contemporary working electrode in use and as a tool in several fields like sensing, bio-sensing,
EWOD, microfluidics, cell culture studies and much more. As a demonstration, we used the electrode atrays for cell culture
characterizations using electrochemical impedance spectroscopy (EIS).
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