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ABSTRACT

Investigation of the change in the electrochemical properties of neuronal cells upon
exposure to stress factors imparts vital information about the stages prior to their death. This
study presents a graphene-based biosensor for real-time monitoring of N27 rat dopaminergic
cells which characterizes cell adhesion and cytotoxicity factors through impedance spectroscopy.
The aim was to monitor the growth of the entire cell network via a non-metallic flexible
electrode with a temporal resolution of a minute. Therefore, a water-based graphene solution was
formulized as a conductive ink, 3D printed into a flexible substrate through a novel
electrohydrodynamic approach, resulting in electrodes with a conductivity of 6750 s/m.

A scalable and aqueous phase exfoliation of graphite to high yield and quality of few
layer graphene was achieved through (FLG) using Bovine Serum Albomine (BSA) and wet ball
milling. The produced graphene ink is tailored for printable and flexible electronics, having
shown promising results in terms of electrical conductivity and temporal stability. Shear force
generated by steel balls resulted in 2-3 layer defect-free graphene platelets with an average size
of hundreds of nm and with concentration of about 5.1 mg/ml characterized by Raman
spectroscopy, atomic force microscopy (AFM), transmittance electron microscopy (TEM) and
UV-vis spectroscopy. Further, a conductive ink was prepared and printed on flexible substrate
(Polyimide) with controlled resolution. Scanning electron microscopy (SEM) and Profilometry
revealed the effect of thermal annealing on the prints to concede consistent morphological
characteristics. The resulted sheet resistance was measured to be Rs =36.75 Q/sqr for prints as
long as 100 mm. Printable inks were produced in volumes ranging from 20 ml to 1 L with
potential to facilitate large scale production of graphene for applications in biosensors as well as

flexible and printable electronics.
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The presented high-throughput method enabled micro-scale monitoring of the entire cell
network via the design of a PDMS-based growth channels. The electrical resistance of the cell
network was measured continually along with their network density, constituting a mean density
of 1890 cell/mm? at full cell confluency. The results demonstrate the applicability of the
impedance-based sensing of the cell network for rapid screening of the cytotoxic elements, and
the real-time effect of UV exposure on dopaminergic neurons was reported as an immediate
application of the device.

Most notably, we are interested in creating a layered microstructure through inkjet
printing the water-dispersed graphene to enhance the sensitivity to damage detection in neuronal
cells. The microfluidic deposition of graphene electrodes could provide texture cues that are
favored by the cells while the patterns are consolidated through the electrostatic field to maintain
the stability of the microelectrodes upon flexure. Thus, the detection of detachment can be
studied with higher precision through impedance spectroscopy technique, where the cell body is
treated as a physical particle which impedes the electrical current passing through the electrode
array. Accordingly, inflicting cellular damage leads to alteration in membrane morphology,

cellular shrinkage, detachment, and lift-off which will affect the cellular impedance.
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CHAPTER 1. INTRODUCTION: LIQUID-PHASE EXFOLIATION OF GRAPHENE,
ELECTROHYDRODYNAMIC PRINTING AND NEURONAL INTERFACING

Graphene is a one-atom-thick, two-dimensional honey-combed arrangement of sp? hybridized
carbons, which has attracted considerable interest in the scientific community since 2004 due to its
unique electrical, mechanical, optical, and thermal properties. There has been extensive research on the
bio-interfacing of graphene among other carbon-based materials. Thus, it is fabrication of graphene
microelectrode arrays is desirable for electrochemical sensing of neuronal cells. The idea that is
presented here, involves stabilization of large graphene sheets in water and inkjet printing of the
prepared conductive ink on flexible substrates for bio-interfacing (Figure 1.1). Since most of the cellular
growth media are water-based, production of high concentration of aqueous desirable. In order achieve
this, wet ball milling of graphite in water with Bovin serum albumin can be proposed as detailed in
chapter 2. This chapter provides a high-level introduction to this process with the technical details left

for chapters 2,3 and 4.

Figure 0.1 Schematic representation of graphene production through wet ball milling for fabrication of
inkjet-printed patterns.

Various methods are reported for mechanical exfoliation of graphene in water via edible

proteins. However, scalability of these methods is still a topic that is under investigations. In chapter 2,
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details on Raman spectroscopy of ball milled graphene is demonstrated while Figure 1.2 along with

equation 1.1 demonstrate the variability in lateral size of graphene platelets with respect to production

batch size.

05 T T T T T T T T T T
~0.4 -
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8 n
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Figure 0.2 The lateral size of graphene platelets produced by wet ball milling was calculated to be
(L) > 0.3 um regardless of batch size. Subsequent to determining defect source in shear exfoliated
graphene, Raman spectra can statistically be analyzed to give mean lateral size of graphene platelets

(L)

The lateral size of graphene platelets were calculated using Equation 1.1. While, k is the experimentally
measured value set equal to 0.17 and (Ip /1) rapnite has been measured equal to 0.02 from the Raman

spectra of raw graphite powder.

k
(L) = —

® - (-1

Graphene Graphite

It is worth noting that such production method can result in a broad distribution of particle sizes.
Therefore it is essential to characterize the type of defects that may be introduced during the sheer

exfoliation process as demonstrated in Figure 1.3.
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Figure 0.3 Oxidation, Vacancy and edge defects in various graphene batch sizes.

Figure 1.4 presents transmittance electron microscopy (TEM) images of graphene sheets which

are accumulated in water.

Figure 0.4 TEM imaging of shear exfoliated graphene demonstrates a distribution of graphene flake
sizes. While, thinner and laterally larger flakes are more desirable, the graphene sheets tend to stack up
after exfoliation; Scale bar: 100 nm.



Figure 0.5 Surface modification of polyimide film enhances the hydrophilicity of the substrate for inkjet
printing process with the change in the contact angle of graphene ink from (a) 64° on untreated Pl tape
to (b) 24° on treated PI.

After tailoring the graphene solution for inkjet printing process, it is vital to enhance the surface
wettability of the flexible substrate (Kapton Polyimide here) to ensure consolidation of graphene
patterns. As detailed in the following chapters and Figure 1.5, sirface modification of polyimide film
leads to a significant increase in the contact angle of the ink droplets.

Chapter 3 details the seeding of N27 rat dopaminergic neuronal cells as depicted in Figure 1.6.

The goal is to ensure high viability of neuronal cells at the time of interfacing by graphene.

Figure 0.6 Live—dead cell assays were performed using a 70 uM CellTracker™ CMFDA solution
combined with an 8 uM propidium iodide (PI) solution in FBS-free RPMI medium. N27 cells in vitro
after 72h at 37 °C in a 5% CO2 environment deposited on graphene prints. Live cells are shown in
green, and dead cells are in red; scale-bars: 200 um. For further details on cell imaging and
deposition process refer to reference 45.



Figure 0.7 Cross-section of graphene lines captured by SEM. Homogeneous normal height of graphene
along the line is demonstrated. The majority of the graphene ink is deposited along the centreline, which
resulted in dome-like profile. Left image scale bar: 100 wm; Right image scale bar: 20 um.

The microscale pattern structure of printed graphene is also required to facilities adhesion of the
cell network upon bending and flexure. Figure 1.7 demonstrates the scanning electron microscopy
images of patterned graphene in microscale. The dome-shaped cross section of the printed lines, enables
stability of the structure upon flexure. The results of extensive experiments on the effect of flexure,
bending and folding on electrical characteristics of graphene patterns are presented in chapter 4. As an

example Figure 1.8 demonstrates flexure of such patterns under the radius of curvature of 6.3 mm.

'
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Figure 0.8 The electrojet printed graphene microelectrodes under flexure with radius of curvature of
6.3 mm.
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When the microelectrode array is in hand, the data acquisition system from Figure 1.9 can be

utilized to capture electrochemical behavior of the neurons in real time.
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Figure 0.9 The annotated components for real-time optical and electrical monitoring of neuronal cells.
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Figure 0.10 Electrode characterization test in standard ionic solution. (left) Cyclic voltammetry of
inkjet-printed graphene electrodes in 1 M KCL solution. The data for 5 repeatative cycles are reported
with scan rate of 100 mV/ /s. (Right) Electrical impedance spectroscopy of the electrodes reported in
Ohms and scanned between 0.1 Hz and 10 kHz in PBS solution.

Finally, the created microelectrode array is characterized through cyclic voltammetry and
electrical impedance spectroscopy (Figure 1.10) to set the truth ground for the cell measurements with
the details provided in the chapter 4. The next chapters are structured as follows: Chapter 2 provides a

detailed explanation on direct liquid-phase exfoliation of the graphene from graphite via wet ball
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milling. Both the production technique and the prepared ink are studied in terms of quality, scalability
along with nano-scale and micro-scale characterizations. Furthermore, insights on electrohydrodynamic
patterning of the formulated ink on flexible substrates are presented to ensure reproducibility of
methodology. In Chapter 3, details on cell interfacing and various viability tests are provided. Chapter 4,
dives deeper to the applicability of the biosensor under flexure. Moreover, the method for impedance-
based cell viability sensing is presented along with damage exposure to conclude the work. Ultra violet
pulses are utilized as source of damage exposure to provide a proof of principle for the applicability of
the biosensor for real-time monitoring of cell network without conventional staining techniques. Finally,

in chapter 5 suggested future work based on this study is presented.
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CHAPTER 2. HIGH-YIELD PRODUCTION OF AQUEOUS GRAPHENE FOR

ELECTROHYDRODYNAMIC DROP-ON-DEMAND PRINTING OF BIOCOMPATIBLE
CONDUCTIVE PATTERNS

Modified from a manuscript with the same name published in Biosensors.
Amir Ehsan Niaraki Aslit, Jingshuai Guo?, Pei Lun Lai!, Reza Montazami, Nicole N.
Hashemil?*
1 Department of Mechanical Engineering, lowa State University, Ames, 1A 50011, USA;
2 Department of Biomedical Sciences, lowa State University, Ames, IA 50011, USA,;

Abstract

Presented here is a scalable and aqueous phase exfoliation of graphite to high yield and quality
of few layer graphene (FLG) using Bovine Serum Albomine (BSA) and wet ball milling. The produced
graphene ink is tailored for printable and flexible electronics, having shown promising results in terms
of electrical conductivity and temporal stability. Shear force generated by steel balls resulted in 2-3
layer defect-free graphene platelets with an average size of hundreds of nm and with concentration of
about 5.1 mg/ml characterized by Raman spectroscopy, atomic force microscopy (AFM), transmittance
electron microscopy (TEM) and UV-vis spectroscopy. Further, a conductive ink was prepared and
printed on flexible substrate (Polyimide) with controlled resolution. Scanning electron microscopy
(SEM) and Profilometry revealed the effect pf thermal annealing on the prints to concede consistent
morphological characteristics. The resulted sheet resistance was measured to be R_s=36.75 Q/sqr for
prints as long as 100 mm. Printable inks were produced in volumes ranging from 20 ml to 1 L with
potential to facilitate large scale production of graphene for applications in biosensors as well as flexible
and printable electronics.

2.1 Introduction

Printable electronics have received increasing attention due to their broad applications such as
roll-to-roll (R2R) printed solar cells,[1] micro electrode array (MEA),[2] biomedical/chemical
sensors,[3] and manufacturing of various flexible electronics.[4—6] As the printable inks are core

components in this field of research, several studies have been conducted on increasing the conductivity
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and printability of these materials. Metal nanoparticles[7] and nanowires,[8] conductive polymers,[9]
and Indium Tin Oxide (ITO) are the most common conductive inks. However, natural brittleness of
these materials (e.g. ITO) hinders their applicability to the flexible substrate.[10] In biological sensing
applications, utilizing these materials alters cell shape, organization and function of the cell culture and
therefore establishing a reliable communication remains a challenge due to this mechanical
mismatch.[2]

Graphene-based inks have shown promise in fulfilling the aforementioned needs.[11,12]
Graphene is an one-atom-thick, two-dimensional, honey-combed arrangement of hybridized carbon
atoms, the large scale production of which has remained a challenge since 2004.[15] Researchers have
synthesized graphene by oxidation of graphite through modified Hummer’s method, chemical vapor
deposition (CVD) from hydrocarbon gas and liquid-phase exfoliation.[14] At this time, it is evident that,
the Hummer’s method causes single carbon atom defects and nano-sized holes, due to over-oxidization
of carbon framework.[19] As graphene oxide is insulating, oxidation is commonly unwanted in
electronic applications. Although there has been notable improvements on its processability, electronic
characteristics of these graphene-based inks are not equal to those of pristine graphene even after
chemical reduction.[20] On the other hand, large continuous graphene films can be created by CVD,
however, this method has shown limited success due to the presence of numerous surface voids and
defects.[21] Additionally, one of the issues with transferring CVD graphene into the desired substrate is
the unwanted residues of the etching agents.[22]

Direct Liquid Phase Exfoliation (LPE) of graphite into graphene has been broadly reported to be
desirable for inkjet printing, particularly so for electrophysiology and cell-based studies.[25-28] To this
date, there are several reported LPE methods, all of which vary in resultant quality and yield.[21,28,29]
Popular graphene solvents such as dimethylformamide (DMF) and N-methylpyrrolidone (NMP)[30]
often result in low graphene concentration in the conductive ink (~0.01 mg ml~1),[28] and possess

very low viscosity (< 2 cP) placing them far from practical applications.[31] Furthermore, DMF and
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NMP are toxic and in consequence, detrimental to cell cultures.[32] Since, most biological media and
cell cultures are aqueous, stable and processable dispersion of aqueous graphene is essential to facilitate
the use of this material in biomedical applications.[13,16-18,23-27, 33] Fortunately, in numerous
electroceutical studies, it is shown that excitable cells grow compatibly with presence of graphene in the
extra-cellular environment.[34,35] However, graphene platelets do not naturally remain suspended in
water and aggregate due to the inter-planar Van der Waals interactions.[36]

In order to overcome this issue, Paton et al. successfully exhibited usage of an edible protein,
bovine serum albumin (BSA) as a stabilizing agent in the LPE process.[46] Kumar et al. have shown
that BSA among other proteins, facilitates graphite exfoliation with the highest throughput.[37]
Khademhosseini et al. produced graphene using BSA and sonication to exfoliate graphite for biomedical
purposes.[38] Nevertheless, it has become evident that continuous sonication is ineffective for providing
a higher graphene yield, and excessive sonication can result in damage to graphene.[28,39]

It has been long known that other mechanical activation techniques, such as ball milling, can be
considered as a promising process for modifying carbon nanostructures.[40] To the knowledge of the
authors, thus far ball milling has been used to exfoliate graphite in solid condition with melamine in two
separate studies, resulting in maximum concentration of 0.13 mgml~1,[41] and 0.37 mgml~1, [62] in
DMF. Wet ball milling was utilized to produce FLG in NMP.[42] Edge-carboxylated graphene
nanosheets can be produced via ball milling in dry ice which results in a very high conductivity but with
the concentration of 0.06 mgml~1.[63] In consequence, attaining higher concentrations of graphene as
a conductive ink while suspending graphene sheets in water remains a desired task in hand.

In the course of printing, high concentration of graphene in solution serves threefold purpose.
Firstly, the more concentrated the graphene solution, the more viscose the ink, which in practice should
reach to approximately 10 cP.[32] Adversely, The low concentration of graphene demands several tens

of print passes for obtaining functional films.[14,43] Finally, concentration of graphene is correlated
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with the conductivity of the ink, which serves as a control factor in the electrostatic field induced by the
drop-on-demand systems.[44]

Herein, we initially propose the combination of BSA as an exfoliating/stabling agent, with the
sheer force of continuous low speed wet ball milling for achieving scalable and stable water-dispersed
graphene nanosheets with high yield. Next, through utilizing an electrostatic field, the inkjet printing of
binder-free graphene solution on flexible substrate is demonstrated. To end with, the resultant
conductivity of the printed circuit is characterized and its stability after submergence in water is
exhibited. In another study by our group, the biofunctionalization of the biosensors produced via this
process is exhibited.[45] It is shown that, rat neuronal cells can be cultured in-vitro on graphene
biosensors and these sensors can enable sensing of electrical signals on cell membrane. This study aims
to provide a practical guideline for production of highly concentrated graphene and patterning of circuits

for use in biosensing and other applications in flexible electronics.

e eeeTs

Figure 0.1 Shear exfoliation of graphene from Graphite in water. A) Schematics of shear exfoliation of
graphite using steel balls with presence of BSA proteins B) Printed graphene ink on flexible substrate
C) Graphite powder in water before exfoliation D) Graphene ink with concentration of 5.1 mgmi™~1!
after remaining still for one month. E) Stability of graphene patterns after 7 days of submergence in
water.
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2.2 Materials and Methods

Graphite crystallites (= 20 um) were exfoliated and broken down to FLG platelets via the shear
tension created by abrasion of steel balls with the diameter of 11/32" (Figure 1A). Since turbulent
energy dissipation is not necessary for exfoliation,[46] the rotational speed was fixed as low as
300 rpm for 90 h in all trials to prevent undesired temperature spikes. The proportion of Graphite
([Graphite], = 20 mg mL™1), BSA ([BSA], = 2 mg mL™Y) and r,s = 500 + 10 m?/m3 were
constant for all the results reported in this study, where r;,¢ is the ratio of overall surface area of the balls
with respect to solution volume.

BSA is an inexpensive protein and most commonly found as a waste product in the meat
industry,[47] which plays a key role in preventing aggregation of exfoliated platelets. While the large
hydrophobic surface area of graphene nanosheet bonds with hydrophobic segment of BSA, the
hydrophilic fragment of BSA interacts with water molecules. It is important to note that, through
interactions with BSA, the structural and intrinsic properties of graphene nanosheets alters minimally, as
it is believed that BSA enables stabilization of graphene through non-covalent bonding.[48]

The ball milled solution was allowed to rest for ~48 h, as is evident not all the graphite particles
can be exfoliated to desired FLG. Therefore, the thicker graphene sheets, having failed to maintain their
bond with BSA, aggregated with unbroken graphite particles and settled prior to separation of graphene
solution from its sediment. The solution was further centrifuged at 1500 rpm for 45 min and 85% of the
volume from the top was pipetted off. The purpose of this centrifugation is both to remove the
remaining graphite particles from the solution and to ensure no Fe impurity from the steel balls can
contaminate the samples. Finally, the concentration of the resultant graphene solution was investigated

by UV-vis spectroscopy in different batch sizes to demonstrate the scalability of the method.
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The quality of initial graphite crystallites plays a significant role in the quality of the resultant graphene
solution,[37] and the further studies on the influence of graphite on the produced graphene is left to be
addressed elsewhere. The quality of the produced graphene was examined by UV-Vis spectrosctopy,
Raman spectroscopy, TEM and AFM as given below.

Absorption spectra were recorded on a PerkinElmer UV-Vis spectrophotometer (Lambda 750) at
A = 660 nm in room temperature. The value of the absorbance coefficient a was obtained by measuring
the absorption of the dispersion per lengthA/1, at various controlled dilutions:
0.05,0.08,0.11,0.14, 0.17,0.20 mg ml~1. The mass of the remaining film after evaporation of water in
controlled concentrations was measured for 5 ml samples. The resultant absorption coefficient of a =
3525 mlmg~*m™? (Figure 3) was implemented in Beer-Lambert law to give resultant concentration
measurements (C = aA/1).[46]

Raman spectra of the thin films on alumina membranes were acquired using a Raman
spectrometer (Voyage, B&W Tek, Inc.), with a CW laser Excelsior-532-150-CDRH Spectra-Physics) as
the energy source operating at wavelength of 532 nm. Graphene ink drops were dried on a Si/SiO,
glass chips with diameter ~ 10 mm.There were little variations in the spectra acquired in different laser
spots, thus an average of 5 different points on each sample was reported here.

TEM images were recorded using a JEOL JSM2100 STEM (Japan Electron Optics Laboratories)
at 200kV accelerating voltage. Graphene samples were diluted to 20 pg ml~tand were drop casted on a
Cu-grid. The AFM images were captured on a Bruker dimension Icon AFM in contact mode and were
analyzed by NanoScope Analysis software, version 1.50. Optical microsopy images were recorded by
using a Zeiss Axio Observer Z1 Inverted Microscope.The waviness and roughness of graphene prints
were monitored via a non-contact optical Profilometer, Zygo 7100. We reduced the effect of local
roughness to find the cross sectional profile of prints by calculating average of the heights in circles

with radii of 1 um and their centers are located in the line demonstrated in Figure S4. SEM Images of
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printed graphene patterns on Pl were captured via a JEOL FESM 6335 using 2-5kV accelerating
voltage. The resistance measurements were conducted by a VersaSTAT 4 Potentiostat Galvanostat.

Physical properties of graphene ink itself are critically influential in controlling the resolution
and consistency of the printed patterns. Hence, two nondimensional properties: Reynolds number and
Weber number (Equation 1 and 2) were utilized to govern the printability of the ink.[59] Consequently,
the flow rate and the intensity of the electrostatic field applied to the substrate were tuned in the
experiments, resulting in average Re = 45.1 and We = 33.7 for the reported ink and setup. Reynolds
and Weber numbers are related by Ohnesorge number (Oh) which describes the jettability of an ink
regardless of the velocity of ink drops . [60] Suggested by Derby et al. for proper jetting to occur, Z-

value (inverse of Oh) should be between 1 and 10 and the drop impact (K.) be below 100.[61]

vpa
Re = — 1
p (1)
v2pa
%
1
1 R a)2
7oL ok _Gpal .10 3)
Oh We 7
K, = We®5Re%25; K, < 100 ()

Where v is the impact velocity, p is the ink density, a is the diameter of jetting nozzle, u is the
viscosity of the ink and y is the surface tension. The conditions for the Z-value and the drop impact,
given in Equation 3 and 4, were satisfied to obtain a printable ink. These equations confirm that, the ink
IS not too viscous to clog the needle or the junctions and not too diluted to splash while maintaining high
flow rates. High flow rate is essential for achieving superior conductivity outcomes for single printing
pass. The measured Re and We for the reported ink and setup was 25.1 and 33.7 respectively. These
were measured at room temperature, resulting in Z-value of Z = 4.32 and drop impact of K. = 12.99

which satisfies the suggested conditions.
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Polyimide film has a hydrophobic surface which requires surface modification for inkjet
printing. PI film was washed with water and acetone before plasma cleaning, then submerged in a
solution of PSS in DI water (12 mg mL™1) and NaCl (0.5 mol L™1) for 20 minutes followed by
submergence in a solution of PEI in DI water (30 mg mL™~1) and NaCl (0.5 mol L™1) for another 20
minutes. The substrates were finally thoroughly washed with DI water and dried by pressurized
nitrogen. In the course of printing, 5 ml Syringe filled with graphene ink was fixed in an syringe pump,
to inject the ink with the rate of 9 uL s~ for needles with inner diameter of 300 um. Kapton PI tape
was fixed on an aluminum film and a 3 kV potential difference was applied between the tip of the
needle and aluminum film to adhere the ink onto the substrate. The position of the tip of the needle was
controlled through a Computer Numerical Control and all the printed graphene are a result of one pass
of the needle over the substrate for 120 mm with the movement speed of 10 mm/s.

Graphite powder (= 20 um), BSA, Poly 4-styrenesulfonic acid sodium salt (PSS), Poly
ethyleneimine (PEI) 50% (w/v) in H,O0, graphene dispersion (= 0.2 mgml~tin DMF) with sheet
resistance of 24.2 kQ)/sqr (as made), 7.9 kQ/sqr (after 30 min, 200 °C); and graphene dispersion
(1 mgml~tin DMF) with sheet resistance of 16 k/sq (as made), 4.1 k/sq (after 30 min, 200 °C),
were purchased from Sigma-Aldrich (St. Louis, MO).

2.3 Results and Discussion
2.3.1 Graphene Characterization

Former studies have revealed that the physical properties of graphene-based materials are
determined by their structure, number of hexagonal carbon layers which also represents thickness, the
defects or contaminants present in the material.[22] Raman spectroscopy is the most widely accepted
way to gain information on these physical characteristics.[49,58] In this study, Raman spectra of the
graphene (Figure 2E) indicate that the most noticeable intensities belonged to D (~ 1348 cm™1), G (=
1569 cm™1), D’ (= 1620 cm™1), and 2D (= 2695 cm™1) bands which typically contain information

regarding defects, lateral size, and number of layers of exfoliated graphene platelets. One of the most
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prominent characteristics for Raman spectrum of graphene, compared to graphite, is the elimination of

shoulder peak on the 2D band. This is most likely due to growth in the number of aromatic domains.[46]
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Figure 0.2 Characterization of shear exfoliated graphene from graphite particles in water. A) Single
graphene flake, which is semi-transparent; scale bar: 50 nm. B) TEM image of single FLG which is
folded due to its large aspect ratio; scale bar: 100 nm. C) Multiple graphene flakes with crumbled and
folded morphology; scale bar: 100 nm. D) TEM imaging demonstrates a distribution of flake sizes that
tend to stack up; Scale bar: 200 nm. E) Raman spectra of Graphene sample in 5 different laser spots. F)
AFM image and corresponding height profile of graphene. G) SEM Image of Single Graphite particle;
scale bar: 10 um

Another significant sign of presence of graphene is the intensity of D band which is barely observable in
graphite samples, (Ip /1) grapntie = 0.02, and markedly increased to (Ip/Ig) graphene = 0.16.[38,50] In
addition, although the G band remained unchanged, there appeared the D’ band shoulder peak. D and D’
bands are created due to the shear force produced by steel balls which effectively break the graphite
crystals into FLG platelets. It was found by Eckmann et al. that the ratio of intensity values of the D band
(Ip) and the D' band (I,) can quantitatively denote disorders, vacancy defects and possible
oxidization,[49] which degrades electrical characteristics of FLG. By their very nature, graphene
nanoplatelets contain edges which act as defects. The type of these defects must be identified, and it
should be determined that whether the presence of D band is due to basal plane defects or nano sheet
edges, before the graphene materials are to be used. It is known that the values of I, /I, > 3.5,7,13
respectively characterize boundary defects, vacancy basal plane pint defects and sp® defects.[46] The

ratio of these peaks was measured to be I /I;, <3.5inall batch volumes, which can be interpreted as no
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observed sp?® defects (oxidization) or vacancy defects during exfoliation process. Changes of I, /I}, in
different batch volumes is given in Figure S1.

In order to further confirm the presence of defect-free graphene and degree of exfoliation,
transmission electron microscopy (TEM) images were collected using dried, deposited graphene (20 pg
mL —1 ) on a Cu-grid (Figure 2A-D). No basal defects, cracks or holes were observed in graphene
nanosheets, supporting the Raman tests. In many instances, the sheets are found to exhibit a folded or
crumbled morphology. This could explain the discrepancies for average lateral sizes measured by TEM
when compared to Raman results (Figure 2E). Overall, TEM showed that most graphene sheets had a
maximum lateral dimension on the scale of hundreds of nm and supported the successful exfoliation of
graphite to defect-free FLG.

The number of layers in FLG platelets, can be quantitatively estimated based on the shape of the
2D band of both shear exfoliated graphene and source graphite powder given in Equation 5.[46] M is a

metric proposed by Paton et al.[46] (Equation 6), where w,, is the intensity of 2D peak and ws; = w,, —

30 cm™tis the intensity of the left hand-side shoulder peak. In various batch sizes, N; was resulted to be
2.9 £+ 0.3. It is worth noting that the calculated N is highly sensitive to parent graphite and can vary in

other experiments.

(Ng) = 1(00-84M+0.45M2 (5)

_ IG’ene(w = wp,G’ite)/IG'ene(w = ws,G'ite)

M=
IG’ite(w = wp,G’ite)/IG’ite(w = ws,G’ite)

(6)

We used atomic force microscopy (AFM) to analyse the thickness of the graphene nanosheets
after stabilization with BSA. The height-profile images of the graphene sheets revealed that they had a
thickness of 7.6 + 2.3 nm, suggesting the presence of few-layer graphene sheets in aqueous dispersion
(Figure 2F). Note that the relatively high thickness of fabricated graphene is due to the absorption of

BSA on its surface.[51]
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2.3.2 Scale-up Study

A significant factor in the process of exfoliating graphene from pristine graphite is the scalability
of the production method. The bio-graphene presented here preserves its qualities such as consistent
yield, lateral size, conductive characteristics and devoid of defect. In order to increase the batch volume,
the number of balls was chosen based on the ratio of the overall surface area of the balls to the volume
of solvent (r;,5). Graphene ink was produced in batch volumes varying from 20 — 1000 ml with 1, =
500 + 01 mm?/mm?3. Measured conductivities remained unchanged and the printed graphene
remained stable under flexing. Figure 3 demonstrates graphene yield from the wet ball milling taken
from various volumes as measured via UV-vis spectroscopy. It appears that more graphite particles left
the mixture as sediment in larger batches. However, the production method can lead to graphene
concentration of 5.1 mg ml~! regardless of volume for batches greater than 200 ml. Concurrently,
change of lateral size in different batch sizes can contribute to quality and scalability of the production
method. Hence, Raman spectra of the samples in different batch volumes were used to statistically
estimate the mean lateral size of the graphene platelets (Figure 2D,S2). This lateral size (approximation
further confirms the TEM findings (Figure 2B, S3), as liquid phase exfoliation typically results in a

distribution of flake sizes in each sample.
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Figure 0.3 Graphene concentration measured given by UV absorption. A) Absorption coefficient
obtained from UV-vis spectroscopy at A=660 nm. B) Change of graphene concentration with respect to
batch sizes varying from 20 ml to 1000 ml. The resultant concentration of wet ball milled graphene
remain constant (5.1 mg ml~1) for batches larger than 400 ml.
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2.3.3 Ink Formulation and Printing

Graphene ink was applied to Kapton Polylimide (PI) using a custom designed printing setup
demonstrated schematically in Figure 4. As the produced FLG aqueous solution is negatively charged,
surface modifications to Pl were crucial for improving the hydrophilicity of the substrate prior to
printing.[14] Traditionally, conductive inks are printed using commercial the ink out of the nozzle onto
the substrate either mechanically or thermally.[46,47] It is commonly reported that microscale cracks
appear within the printed lines rendering them susceptible to the deflection of the substrate. In many
studies, polymer stabilizers such as ethyl cellulose are added to the ink with the purpose of
crystallization at the time of annealing.[14,47] Such binders are often insulators and may not be the
most effective post-processing method when it comes to the electronic applications of graphene.[10,52]
In order to address the print instability issue and avoid numerous printing passes, we have utilized an
electrostatic field to fix the conductive ink on the substrate producing graphene lines on bendable
substrates without binders (Figure 1B). In one pass, graphene ink was lain on the substrate and was
immediately fixed after, via thermal annealing in a preheated oven at the temperatures and durations
given in Figure 5A. In order to consolidate graphene platelets on the substrate, a potential difference
with a magnitude of 3 kV was created between the needle and the aluminum film placed under the
substrate. These served as positive and negative electrodes respectively. The chosen P1 substrate
was 0.06 mm thick. The tip of the flat-ended needle was set to 1.2 + 0.1 mum from the top surface of
the metal plate and its perpendicularity was ensured by the CNC machine. The induced electrostatic
force causes liquid meniscus at the interface to form a micro-droplet, which combines with gravity force
to overcome the surface tension of the liquid, and is pushed towards the substrate.[44] Due to the
surface tension of the graphene ink the positive pressure, caused by the syringe pump cannot result in a
constant flow of the ink (9 uL /s in the reported experiments). In the absence of electrostatic field, large

millimeter-sized drops leave the tip of the needle only after accumulation of ink after several seconds.



20
Thus, the flow of the ink can be controlled by the presence of the potential difference between the
electrodes. The advantage of the printing setup used in this study, as compared to common commercial
inkjet printers can be observed in the SEM results. Figure 4F shows minimal disorientation of graphene

platelets in post-baked printed patterns, which is advantageous in reducing micro-scale junctions.
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Figure 0.4 A) Drop-on-demand printer setup for inkjet printing of graphene B) SEM for cross-sectional
view of printed patterns with magnifications which show a normal height of <4 um C) Height contour of
full printed graphene and sample line through which average height is reported. D) The 20x magnified
section of the sample print. E) In distance 0 and 1200 on the sample line (c), the height is measured
over the substrate. the maximum measured height is the peak of the printed material. The difference
between these two indicates the height of the print (=4 um) at maximum which is compatible with SEM
imaging. F) SEM for top view of printed graphene after annealing at 280°C for 30 minutes; scale bar:
20 um.

The resolution of prints is controlled by: the inner diameter of the chosen needle, the positive
pressure behind the ink filled syringe (represented by the flow rate injected by the syringe pump),
needle speed along the printed lines and the electric potential difference between the needle’s tip and the
substrate (see supplementary information for more details). The width of the prints was measured to be
550 + 50 um in all the cases presented here.

2.3.4 Post Processing and Electrical Conductivity

The normal height of printed samples directly influences the overall conductivity of graphene

lines and their quality. A thick print might collapse and crack after bending and coffee ring effect will
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cause an unwanted inconsistency in the thickness of the side edges of the prints.[25,32] The
Profilometry results (Figure 4C-E and Figure S5) show that the maximum thickness occurs in the center
line of the prints, which indicates that the majority of graphene flakes are deposited in the middle,
thereby proving that there was no observable coffee ring effect. This is a stable cross section under
tangential stresses across the surface of substrates during flexing.

Post processing is essential for the improvement of the conductivity and stability of the printed
FLG. On one hand, it leads to release of possible oxide compounds; and on the other hand, results in
BSA burn-off which is essential for maintaining the stability of the patterns when in touch with water.
During thermal decomposition, all amino acids emit volatile gases, mainly H,0 and N H;. Nevertheless,
the mass of the residues is heavily dependent on the temperature to which they were exposed. At 280°C
the residue of some amino acids (i.e. Cysteine) can be reduced to 10% of their initial mass.[64]Thermal
annealing reduces flake-to-flake and flake-to-substrate defects while improving the order of the surface
morphology.[10,22,53] The prints made from FLG ink was once annealed in various durations ranging
from 10 to 120 minutes in constant temperature of 280°C (Figure 5A) and once annealed for 30 minutes
in temperatures varying from 50°C to 280°C (Figure 5B). As a thermally stable organic substrate, Pl is
popular among developers of flexible printed circuits due to its capability to maintain its stability across
a wide range of temperatures (from —269°C to +400°C).[54] Therefore, it is safe to assume that, the
quality of the substrate is not compromised during the annealing process.

Graphene is naturally conductive, due to connection of each carbon atom forms three p-bonds,
leaving one out-of-plane electron (7 bond) free in the valence shell. The end to end resistance of the
lines were measured via a potentiostat (Figure 5C) for lines with mean dimensions of
100 x .56 x .004 mm. Equation 7 can be used to give the conductivity of the processed graphene o =
6800 S/m, For which, [ is the length of the lines, w and t are the width and height of the lines
respectively, and R is the measured resistance. Both w and t were measured by the profilometer (Figure

4D) at 5 distinct points along the printed lines and the mean values were used for conductivity
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measurement. The results show that, although depositing layers of wet ball milled graphene on substrate
has a sheet resistance of 133 /sqr, annealing the samples in a standard oven up to 280°C can reduce

the sheet resistance to as low as 36.75 Q/sqr.
o =—" (7)

It should be noted that, without surface preservants, the FLG prints reported in this study could
be detached from the substrate if scratched or repeatedly folded. We observed that the printed lines
could retain their conductivity under flexing (Figure 1B) and remained stable after being submerged
under DI water with PH = 7 for over 7 days as a result of BSA burn-off at high temperature (Figure
1E). While there are already commercial graphene inks available, they possess lower concentrations as
well as dramatically higher sheet resistance. The concentration and sheet resistance for commercial ink1
and ink2 (supplementary information) are C = 0.2 mg ml~tand R, = 2, 4.8 kQ/sqr respectively (both
after thermal processing). Figure 5D,[11,25,31,32,55-57] demonstrates a comparison of the production
method in this study with other published records, both in terms of concentration (mg/ml) and resultant

sheet resistance.
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Figure 0.5 A) Change of sheet resistance R of printed graphene with respect to annealing time in
280°C oven. B) Change of sheet resistance of printed graphene with respect to changes in annealing
temperature. C) Linear I-V response of the lines with length of 100 mm measured by a potentiosatat. D)
Comparison of the yield and resultant sheet resistance of produced graphene with other published
approaches. In the studies that sheet resistance was not reported directly, their values were estimated
by equation 7 using the reported resistivity/conductivity values.

2.4 Conclusion

The Production of defect-free and stable graphene dispersion in aqueous medium is vastly
desired for biological applications. Particularly, applying conductive graphene patterns on flexible
substrates can aid electrophysiological study on neuronal cells by resolving reported mechanical
mismatch between biosensors and soft cell membrane. Here we demonstrated a facile graphene
production method by combining BSA with wet ball milling for the first time, and further inkjet printed
the prepared ink on a flexible polymer, PI. The exfoliation process, starts from graphite particles with
the concentration of 20 mg/ml, and results in 5.1 mg/ml of stable graphene dispersion. The as prepared

graphene sheets possess a lateral size on the order of hundreds of nm and are 2-3 layers on average. The
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produced dispersion remained stable for weeks, which is advantageous during printing process, as it

dramatically lessens the likelihood of clogging issues.

The utilized custom-designed inkjet printer, benefits from an electrostatic force to consolidate

the conductive patterns on the substrate. Moreover, The effect of thermal annealing was explored in

different durations and temperatures to reduce the sheet resistance of graphene patterns to

36.75 Q/sqr, while enhancing their binding to the substrate. The resultant conductive lines did not lose

their conductivity nor adhesion to Pl when in touch with water, which is desirable as cell media are

typically water-based.

In a recent study, our group observed that rat dopaminergic (N27) neuronal cells live compatibly

and adhere to the graphene patterns (Figure S4) in the biosensing platforms that are made based on

aforementioned methodology.[45] These cells are commonly used in vitro, as models for Parkinson

disease. Thus, the reported methodology can set the ground for further investigations about electrical

signals for cell communications and other applications regarding flexible/printable electronics.
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Abstract

Parkinson’s disease (PD) is the second most common neurodegenerative disease in the United
States after Alzheimer’s disease (AD). To help understand the electrophysiology of these diseases, N27
neuronal cells have been used as an in vitro model. In this study, a flexible graphene-based biosensor
design is presented. Biocompatible graphene was manufactured using a liquid-phase exfoliation method
and bovine serum albumin (BSA) for further exfoliation. Raman spectroscopy results indicated that the
graphene produced was indeed few-layer graphene (FLG) with (Ip /1) Grapnene = 0.11. Inkjet printing
of this few-layer graphene ink onto Kapton polyimide (P1) followed by characterization via scanning
electron microscopy (SEM) showed an average width of ~<868 um with a normal thickness of =5.20 pm.
Neuronal cells were placed on a thermally annealed 3D printed graphene chip. A live—dead cell assay
was performed to prove the biosensor biocompatibility. A cell viability of approximately 80% was
observed over 96 h, which indicates that annealed graphene on Kapton P1 substrate could be used as a
neuronal cell biosensor. This research will help us move forward with the study of N27 cell
electrophysiology and electrical signaling.

3.1 Introduction

Parkinson’s disease (PD) is a neuronal disease that is caused by the death of dopaminergic
neurons in the substantia nigra pars compacta region of the brain [1]. It is currently the second most

common neurodegenerative disease in the United States after Alzheimer’s disease (AD) [1,2]. Because
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of their dopaminergic properties [1], rat dopaminergic N27 cells have been widely used in in vitro
models for PD studies [1,3]. They have also been used in studies seeking to understand problems such
as neurotoxicity, oxidative stress, and histone deacetylase (HDAC) and other molecular pathways [4-6].
While there have been studies on synaptophysin signaling in N27 cells, the electrophysiological effects
of graphene on N27 cells are currently unknown. Since a study on the electrophysiology of N27 cells is
necessary to further understand PD and other neurodegenerative diseases, graphene may be helpful to
better understand neurodegenerative diseases when employed as a biosensor.

Graphene is among the most widely used materials in the field of material science [7,8].
Graphene has a two-dimensional honeycomb nanostructure with a one-atom-thick planar sheet of sp?-
bonded carbon atoms [8—10]. Graphene has a large theoretical specific surface area of 2630 m? g+
[11,12], intrinsic mobility of 200,000 cm?v*s™* [13], and a superior thermal conductivity of
approximately 5000 Wm™tK™ [14]. Since it also has excellent electrical conductivity, it lends itself to
many real-world applications and provides an ideal foundation for bioelectronics and biosensing
[15,16].

Although there are currently many methods used to produce graphene, the end products are not
biocompatible [17-19]. For example, popular graphene solutions such as dimethylformamide (DMF)
and N-methylpyrrolidone (NMP) solutions are toxic and often result in low-concentration graphene
solutions [20,21]. Therefore, it is necessary to develop a cell-friendly approach for large-scale
production of biocompatible graphene. To address this problem, research was conducted on the
synthesis of graphene-based solutions via oxidation and chemical vapor deposition (CVD) with the
intent of improving these graphene fabrication methods [22—-25]. However, there is evidence showing
that the Hummer’s method creates single carbon atom defects along with nano-sized cracks [26]. CVD
works well for producing large, continuous films of graphene, but this method has been shown to result
in numerous surface voids and defects [27], and its application has been only partly successful [28]. As

the research of biocompatible graphene and its implementation in practical applications such as printing
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graphene have continued to grow, very few studies have been able to produce satisfying results [21].
Fortunately, the method of direct liquid-phase exfoliation (LPE) of graphite into graphene has been
reported as an attractive approach for inkjet printing and cell-based studies.

There have been many previous studies on constructing biosensors using graphene-based
materials [29]. One such example involved using graphene oxide (GO) to examine cellular DNA via the
creation of graphene quantum dots (GQDSs) [30]. The biosensors in another study primarily focused on
the transfer of electrons and used CV to image cancer stem cells [31]. Also, while [Fe(CN)s]** and
[Ru(NH3)s]**?* redox peaks have been measured, a study on the bioelectrical signaling of neuronal cells
using graphene-based sensors is lacking [30-33]. One advantage of using graphene in a biosensor study
is that this material has no effect on mitochondrial membrane potential (MMP), mitochondrial
morphology, or cell stress status [34]. Since graphene appears to have a bright future in biochemical and
biomedical applications, engineers are encouraged to continue research studies on this material [34-37].

In this study, we describe a prototype graphene biosensor to sense electrical signaling in N27
cells. The biosensor was produced with an inkjet printer to create conductive, biocompatible, and
defect-free graphene. The graphene was exfoliated from graphite using the LPE method. This design
presents a facile technique that can be used to manufacture biosensors for a variety of applications. In a
previous study, bovine serum albumin (BSA) was used to exfoliate graphene in an aqueous state and
resulted in graphene that exhibited strong biocompatibility. Since this technique was easily
implemented, it resulted suitable for large-scale graphene production and, hence, was adopted in this
study. The graphene and printed graphene chips were characterized using Raman spectroscopy, Atomic
force microscopy (AFM), and scanning electron microscopy (SEM). To characterize cell viability
within the biosensor, multiple live—dead cell assays were performed.

3.2 Materials and Experimental Section

The materials and equipment used in this study were: graphite (Synthetic powder, <20 pm,

Sigma-Aldrich, St. Louis, MO, USA); Albumin, from bovine serum (bovine albumin* BSA, >98%
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agarose gel electrophoresis, lyophilized powder, Sigma-Aldrich, St. Louis, MO, USA); poly(sodium 4-
styrenesulfonate) (PSS, Mw ~1,000,000 powder, Sigma-Aldrich, St. Louis, MO, USA);
poly(ethyleneimine), (PEI) solution (50% w/v, Sigma-Aldrich, St. Louis, MO, USA); sodium chloride
(NaCl) purchased from Sigma-Aldrich, St. Louis, MO, USA; Kapton polyimide (PI) (thickness: 0.008
mm, 100 x 100 mm, Sigma-Aldrich, St. Louis, MO, USA). RPMI medium 1640 (1X) (Ref#: 11875-
093, 500 mL), L-glutamine 200 mM(100X) (Ref#: 25030-081, 100 mL), pen/strep solution (penicillin
10,000 U mLY/streptomycin 10,000 pg mL™*, Ref#: 15140-122, 100 mL) was purchased from Gibco
Life Technologies. Fetal bovine serum (FBS) (Qualified One Shot™, Ref#: A31606-01, 50 mL) was
purchased from ThermoFisher Scientific, Waltham, MA. Polyurethane ether tubes (1.D.:0.063”,
Wall:0.031”, 0.D.:0.125”, Part Number: 2100070-100) were purchased from Superthane®, 3 mL Luer-
Lok syringes were purchased from Allegro Medical. Inc. (Bolingbrook, IL, USA) Six-well cell culture
clusters (Lot# 23314037) were purchased from Costar®. A GenieTouch™, syringe pump was purchased
from Kent Scientific Corporation. A 4-axis CNC USB controller Mk3/4 for mini CNC mill was
purchased and controlled by a PlanetCNC® (Ljubljana, Slovenia). A sinometer digital multimeter
(MS8261) was used to measure print conductivity. A JEOL FESM JCM-6000 scanning electron
microscope and a Zeiss Axio Observer Z1 inverted microscope were used for SEM imaging of the
graphene prints and the live—dead cell assays, respectively. A Raman spectrometer (Voyage, B&W Tek,
Inc., Newark, DE, USA) with a CW laser (Excelsior-532-150-CDRH, Spectra-Physics) was used for
Raman spectroscopy measurements. A PerkinElmer UV—Vis spectrophotometer (Lambda 750) at A =
660 nm at room temperature was used to provide absorption spectra and consequently the concentration
of graphene ink.

3.2.1 Preparation of Graphene

The graphene solution used in this study was produced using the liquid exfoliation method. Wet-
ball milling was used with both the Vibrio-Energy shaker mill [38] and a kitchen blender for further

exfoliation [8]. The preparation of graphene, ink formulation and finally inkjet printing of the produced
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conductive ink is illustrated in Figure 1.The shear tension created by the steel balls helped further the
exfoliation of graphene crystallites and led to the fabrication of high-quality FLG [38—40]. When using
the Vibro-Energy (shaker) mill, 650 mg of graphite was mixed with 60 mg of BSA and was well
dispersed in 35 mL of DI-H20. The Vibro-Energy mill (shaker mill) was run for 90 h at 300 rpm (Figure
1B). Twenty steel balls with a diameter of 8.7 mm (11/32”) and 10 steel balls with a diameter of 4.5 mm
(3/16) were added to all 5 containers (Figure 2A). A standard kitchen blender was run for 1 h at a
speed of 16,761 rpm. Twenty grams of graphite was mixed with 605 mg of BSA well dispersed in 100
mL of DI-H20. Both graphene solutions were kept at rest for 24 h, allowing any remnant of non-
dispersed graphite particles to sink to the bottom of the containers. Finally, in order to ensure
repeatability of the formulated ink, the samples were collected from the top 80% of the solution, and the
concentration of graphene was measured through UV—-Vis spectroscopy. The resultant concentration

resulted to be C = 5.1 mg mL™1,

A Polyurenlane tube

Graphene Prints—

Kapton Polyamide—

Copper Tape

Cover Glass- —e

F.
§ &
&;
T XY
&

113\'_'L

‘j

Al

g)

Figure 0.1 Schematic of the drop-on-demand graphene printing method. (A) An abridged general view
of the printer setup. (B) A graphene solution was mixed using a Vibro-Energy mill (shaker mill) for 90 h
at 300 rpm. (C) Schematic of chip setup. (D) Equipment setup during printing. A syringe pump was used
along with an inkjet printer to deposit ink at a rate of 7 pL/s to ensure a constant flow rate throughout
the syringe. (E) Needle and substrate setup. A 3 kV potential difference was introduced between the

substrate and needle for the purpose of affixing ink onto the substrate. A cover glass was placed on a
regular microscope slide for stability and support. (F). Printed chip end result of 3D printed graphene.
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Because of its great thermal resistance, Kapton Pl was chosen as the polymer substrate. It can
withstand temperatures from —269 to 400 °C. Due to the hydrophilicity and negative charge of the FLG
ink, it was necessary to perform a hydrophilicity treatment on the Kapton Pl substrate. To treat Kapton
PI, Pl was first washed in acetone. The substrate was next washed with PSS (3.5 mg/mL), submerged in
a solution of 50 mL DI-H,0 and NaCL (0.5 mol L™?), and finally submerged into a PEI solution (30
mg/mL) of DI-H,0 and an NaCl solution (0.5 mol L) for additional 20 min. The substrate was then

allowed to air-dry for 12 h.

Figure 0.2 Graphene wet-ball milling container setup. (A) Twenty steel balls with a diameter of 8.7 mm
(11/32”) and 10 steel balls with a diameter of 4.5 mm (3/16”) were added. (B,C) Container assembly
for shaker mill.
3.2.2 Substrate Preparation

Because of its great thermal resistance, Kapton Pl was chosen as the polymer substrate. It can
withstand temperatures from —269 to 400 °C. Due to the hydrophilicity and negative charge of the FLG
ink, it was necessary to perform a hydrophilicity treatment on the Kapton PI substrate. To treat Kapton
Pl, Pl was first washed in acetone. The substrate was next washed with PSS (3.5 mg/mL), submerged in
a solution of 50 mL DI-H20 and NaCL (0.5 mol L), and finally submerged into a PEI solution (30

mg/mL) of DI-H,0 and an NaCl solution (0.5 mol L™1) for additional 20 min. The substrate was then

allowed to air-dry for 12 h.
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3.2.3 Inkjet Printing Procedure

The graphene ink was placed in a 5 mL syringe, and a 10 cm-long polyurethane ether tube was
attached to this syringe. The graphene ink was injected through a hypodermic needle with an inner
diameter of 300 um. The syringe was fixed, and the graphene ink was injected via the syringe pump at a
rate of 3 uL s . The ink was injected onto the PI substrate, which was fixed on a 22 x 22 mm glass
cover chip. The chip was covered with two pieces of copper tape, with a 0.50 mm gap between the two
pieces (Figure 1C). A 3 kV potential difference was applied between the needle and the substrate, with
the needle position being controlled by the CNC mini mill and its associated software. Prints were
manufactured with a space of 800 pum between each print, and a total of five graphene lines were printed
on one chip. Figure 1F shows the final printing result after annealing. A total of six graphene chips were
made during each printing session.

3.2.4 Post-Processing and Conductivity Testing

Post-processing was performed for the purpose of improving the electrical conductivity and the
stability of the printed graphene [41,42]. A set temperature of 280 °C was used to anneal the inkjet-
printed graphene. After 30 min of annealing, the graphene chips were gently placed in a clear six-well
plate. All chips required sterilization before introducing the cells. This allowed the cells to grow and
increased the chances of their survival. A digital multimeter was used for conductivity testing, and the
resistance of each line was measured every 3 mm across the gap created on the chip. The width of each
line was then measured using a SEM and found to be 868 + 20 um; the height of each line measured by
SEM was 4 + 1 um. The conductivity of each line could then be calculated from Equation (1), where R
is the resistance of a printed line, | is its measured length, w is its width, and ¢ is the conductivity

[43,44].

R=— (1)
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Based on Equation (1), the conductivity measurements were performed by serval trails with
different annealing temperatures and different time periods. Figure 3 shows the conductivity changes

along annealing time and temperature change.
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Figure 0.3 Conductivity measurements of printed graphene prints after treatment. (A) Conductivity
changes dependent on the temperature, checked every 30 min. (B) Conductivity changes dependent on
time at the same temperature of 280 °C.

3.2.5 Raman Spectroscopy

The samples obtained from the shaker mill and kitchen blender had similar cartelization when
Raman spectroscopy was performed (Figure 4A). A thin film of graphene sample was prepared to
determine the Raman spectra. A drop of the graphene sample with a diameter of approximately 10 mm
was placed on top of a Si/SiOz substrate and air-dried. A Raman spectrometer with a CW laser provided
a laser beam at wavelength 532 nm to the graphene on the Si/SiO2 sample. Figure 4A depicts the Raman
results for the graphene sample, on which five points were acquired by the Raman spectra. Figure 4B
depicts the Raman results for the printed graphene lines on the Kapton substrate with comparisons of

annealed graphene prints and non-annealed graphene prints.
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Figure 0.4 Raman spectra plot of both ball milling and blundered graphene under 532 nm laser. (A)
Raman results for both ball milling and blender graphene samples on a Si/SiO; substrate. (B) Raman
results for after annealed prints and non-annealed prints on Kapton tape.

3.2.6 Scanning Electron Microscopy and Atomic Force Microscopy

Imaging of the printed graphene patterns on Pl was performed using a SEM with a 2-5 kV
accelerating voltage. The thickness is shown in Figure 5 that displays images of prints after annealing.
AFM was applied to the graphene samples to characterize their thickness (Figure 6). A drop of graphene
ink was positioned on a silicon slide and was dried on a warm plate in vacuumed chamber to ensure the
precision of experiments,
3.2.7 Chip Biocompatibility Tests

A flask of eight-time-passaged N27 cells was chosen for testing the biocompatibility of the
graphene sensor. The graphene chips were placed in six-well cell culture plates. The chips were then
placed under a biological safety cabinet and exposed to UV radiation for 12 h. The UV exposure
ensured that the chips were sterile and biocompatibility would be maximized. In this study, N27s cells
were cultured in 3 mL of maintenance medium (MM) that included RPMI medium 1640 (1X), 10%
FBS, 1% penicillin, and 1% L-glutamine. Then, 3 mL medium was introduced in each well which was
covered with the graphene chip. N27 cells with a cell density >1 x 10° cells/vial were added to the chips

using a micro pipette; 10 pL of cell suspension was introduced in each of the prints. The cells were left
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to grow in an incubator maintained at 37 °C with 5% CO>. The cells were checked under an inverted
microscope at 72 h, as shown in Figure 7.

3.2.8 Live—Dead Cell Assay

Live—dead cell assays were performed using a 70 uM CellTracker™ CMFDA solution combined
with an 8 uM propidium iodide (P1) solution in FBS-free RPMI medium. The CellTracker™ CMFDA
solution was prepared by dissolving 50 pg of CellTracker™ in 10.8 pL of dimethyl sulfoxide (DMSO).
The PI was diluted from a stock provided by Invitrogen. The 70 uM CellTracker™ CMFDA solution
and 80 uM PI solution were dissolved in FBS-free RPMI medium to reach the correct concentrations.
Then, 1 mL of solution was prepared to facilitate the calculations and minimize the error. MM was
carefully removed from the desired well of the 6-well plate. After removal, the well was rinsed with
FBS-free RPMI medium (500 pL), 500 pL of dye was added to the well, and the cells were then
incubated for 30 min at 37 °C in a 5% CO> atmosphere. The dye was then removed, and FBS-free RPMI
medium was added to maintain moisture for sample imaging. N27 cells were imaged after 72 h of
incubation. As shown in the control well (Figure 7A), live cells were colored in green, and dead cells
were colored in red. Live and dead cells were also visible on the graphene chips. The chips were
removed from the MM after incubation to ensure the cells were indeed growing on the chips and not on
the well-plate surface, since the cells might have grown underneath the chips rather than on the chips.
The chips were removed from the wells and transferred to clean wells with no MM.

A Zeiss Axio Observer Z1 inverted microscope was used to gather the live—dead cell assay
results. The cells were carefully shielded from light after performing the live—dead cell assay so as to
not affect the results. CellTracker™ CMFDA has an excitation of 492 nm and an emission of 517 nm.
Propidium iodide has an excitation of 535 nm and an emission of 617 nm. The microscope was set to
capture these wavelengths and image the fluorescence resulting from the live—dead cell assay. The

results can be seen in Figure 7.
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3.3 Results and Discussion

Traditional graphene-based biosensors are expensive and are still in a conceptual stage. One
fabrication method consists in synthesizing graphene on a glass slip and etching SiO> with a Si/285 nm
laser (34). Another fabrication method uses surface plasmon resonance to fabricate graphene on a gold
sensor to achieve higher sensitivity than that of a traditional gold thin film SPR sensor [45].
3.3.1 Chip Design

In our design, the graphene biosensor chip included three components: a glass coverslip, a
copper tape, and a polyimide (Kapton) polymer substrate (Figure 1). The copper tape was fixed on both
sides of the chip with a 0.5 mm gap and fully covered by Kapton Pl (Figure 1B) to prevent any cellular
exposure to copper. The chip may cause cytotoxic effects, and the goal was to minimize these effects
[46]. Since the gap between the two pieces of copper tape was <0.5 mm, the Kapton PI substrate was
used to connect the two pieces of tape with a flat surface. The effect of this gap on the 3D prints was
negligible (Figure 1E) [47-49]. This design ensured that light could penetrate through the gap between
the copper tape layers and reduced damage to the prints, offering an inexpensive physical method that is
ready to use.
3.3.2 Printing Processes and Microscopy Studies

Aqueous graphene was pre-prepared using the wet-ball milling technology as described
previously [50]. This paper focuses on graphene printing and sensor preparation. Graphene ink was
applied to Kapton PI, using the custom-designed electronic inkjet printer represented in Figure 1.
Because the FLG ink is hydrophilic and negatively charged [51], the P1 substrate required some surface
modification before successful printing could take place. The substrate was separately submerged into
two different wetting agents, PSS and PEI, producing a hydrophilic layer on PI. This process created a
hydrophilic buffer layer and changed the substrate from hydrophobic to hydrophilic [52]. A review of
the literature disclosed that traditional inkjet printing uses a commercial printer that does not support

high-viscosity ink. This negatively affects the print quality [24,53]. In this setup, graphene ink was
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directly injected using a needle and printed on a P substrate. An electric field (Figure 1E) helped the
ink fuse to the Kapton PI substrate. We found that printing at a flow rate of 3 uL/min, using a needle
with an inner diameter of 300 um and a 3 kV voltage, produced stable, continuous graphene prints with
equal width and thickness (Figure 5A). The rather high value of the electric field was necessary to fix

the conductive ink on the substrate [54].
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Figure 0.5 Microscope image of printing results. (A) An area of prints under the microscope.
The red, blue, and green arrows indicate graphene, copper tape, and polyimide (P1), respectively, after
the annealing process. (B,C) SEM images of printed graphene on PI using 2-5 kV accelerated voltage.
(B) is a top-view image taken using SEM after annealing the prints with an average width of <868 um.
(C) shows an image of a cross section with an average depth of 5.20 um.

To validate graphene quality, Raman spectroscopy of a graphene drop on SiO2 was performed
using a laser with a wavelength of 532 nm (Figure 4). A couple of key points can be taken from the
Raman characterization. The acquired spectrum experienced a sharp G peak at ~1569.19 cm ™, a
symmetrical 2D peak at ~2689.55 cm™2, and a D peak at ~1348.33 cm?, indicating that we had indeed
achieved few-layer graphene [55]. Furthermore, the calculated (I /1) grapnene Of the blender-mixed
graphene was 0.11, while that of the wet-ball milled graphene was found to be 0.16. To further
characterize the printed graphene, a SEM was used to produce SEM images (Figure 5) that confirmed
that the graphene prints had an average width of 868 um with no voids. This confirmed the purity of our
graphene prints and that the graphene would be safe for biological use [56]. Additionally, The AFM
results indicate a consistent thickness for the isolated graphene flake, which further confirms the Raman

Spectra.
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Figure 0.6 Atomic force microscopy (AFM) of graphene. (A) Graphene flake, (B) Spectral RMS
amplitude was 5.33 nm. (C) AFM tapping frequency.

3.3.3 Post-Treatment of Graphene Prints

After undergoing the printing process, a thermal annealing process needed to be applied to
complete the prints. This post-processing was necessary to prevent further disruption of the conductive
network. The traditional solvents and surfactants used to perform graphite exfoliation can carry over
into graphene production and may disrupt the conductive networks [21,44]. An oven was pre-heated to
280 °C to thermally treat the printed graphene. Graphene-printed chips were annealed for 30 min before
being removed for conductivity measurements. Evidence shows that the properties of annealed graphene

change as different annealing temperatures and times are applied [10,21,57-59]. The annealing process
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helps minimize FLG flake-to-substrate defects, improves print resistance, and cleans off any polymer
contaminants still present on the graphene surface [60-62].

Multiple conductivity measurements were taken using a multimeter. Resistance of all five
printed lines was measured across the gap for every 1 mm. From measuring the line resistance, a
conductivity measurement approximately at 6800 S - m~* was performed (Figure 3). By measuring in at
different temperatures and different times, the changes in conductivity resulted negligible [63,64].

3.3.4 Biocompatibility Testing with N27 Cells

First, 3 mL RPMI medium was added into each well, and a 50 pL cell sample was added into the
medium. N27 cells were observed under an inverted microscope after incubation for 24, 48, and 96 h.
Figure 8 indicates the growth rate of the cells, demonstrating that after 72 h, the cells accounted for 85%
of the live screen area. A live—dead cell assay was performed to confirm the survival rate of the cells
grown on graphene [65,66]. It was expected that the cells would grow on top of the annealed Kapton
and graphene. Polyimide materials are often used in biosensor research because of their strength and
broad compatibility across research areas [67]. N27 cells fully expanded across the gap, connecting both
sides of the graphene prints (Figure 7) [68,69]. From the live—dead cell assay results, it appeared that
N27 cells successfully grew on the graphene and Kapton substrate, confirming our earlier hypothesis

[69,70].



Figure 0.7 Cells cultured on graphene chips after 72 h of incubation. (A) Control well of N27 cells after

72 h at 37 °C ina 5% CO, atmosphere. (B-D) After 72 h of incubation, the cells expanded across a gap
with a length of 290 um.
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Figure 0.8 Percentage of live cells indicating that cell viability was approximately 85%.
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It has been discussed in tissue-engineering literature that graphene may negatively affect the
bimolecular mechanisms responsible for biological safety and toxicity [71-74]. Many reports have
claimed that oxidative stress is one mechanism of cytotoxicity originating from carbon-based
nanomaterials [75]. It is thought that graphene’s sharp edges may cause cell membrane damage by
physical interaction and lead to cytotoxicity [75-77]. Studies have also found evidence that graphene
oxide is less toxic than graphene, while reduced graphene oxide and hydrogenated graphene solutions
are much more toxic to neural cells. This may be due to the larger flake sizes present in these samples
[72,78-81]. Such evidence provides support for our setup described above, in which there was no
detectable cytotoxicity to the cells. Optical images also showed that only a small proportion of the cells
were affected at the locations studied. These results could be beneficial for future N27 cell
electrophysiology studies.

3.4 Conclusions

In conclusion, an easily applied and inexpensive biosensor design was presented characterized
by a high percentage (85%) of live cells. This design could maximize printed FLG conductivity up to
6800 S - m~! after thermal annealing. On the basis of live—dead cell assays result, it also proved to be
biocompatible and not to interfere with cell adhesion and neuronal cell proliferation. This design proved
that pristine graphene after thermal treatment does not have a harmful effect on neuronal cells. In
addition, graphene printed on Kapton Pl exhibited no detectable adverse effects on cell multiplication,
mitochondrial morphology, or cell stress (34). This highlights a promising future for graphene,
including long-term and stable biomedical applications, especially in bioelectrical studies on N27 cell
electrophysiology.
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Abstract

Investigation of the change in the electrochemical properties of neuronal cells upon exposure to
stress factors imparts vital information about the stages prior to their death. This study presents a
graphene-based biosensor for real-time monitoring of N27 rat dopaminergic cells which characterizes
cell adhesion and cytotoxicity factors through impedance spectroscopy. The aim was to monitor the
growth of the entire cell network via a non-metallic flexible electrode. Therefore, a water-based
graphene solution was formulized as a conductive ink, 3D printed into a flexible substrate through a
novel electrohydrodynamic approach, resulting in electrodes with a conductivity of 6750 s/m. The
presented high-throughput method enabled micro-scale monitoring of the entire cell network via the
design of a PDMS-based growth channels. The electrical resistance of the cell network was measured
continually along with their network density, constituting a mean density of 1890 cell/mm? at full cell
confluency. The results demonstrate the applicability of the impedance-based sensing of the cell
network for rapid screening of the cytotoxic elements, and the real-time effect of UV exposure on

dopaminergic neurons was reported as an immediate application of the device.
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4.1 Introduction

The behavior of neuronal cells is dependent on the growth environment that they experience.
Thus, manipulating the micrometer and nanometer scale attachment cues for these cells can assist the
investigation of their electrical and optical properties in-vitro.[1] Traditional patch clamp techniques
provide high temporal resolution when obtaining single cell electrical recordings. However, they have
proven to be ineffective for monitoring the activity of large neuronal networks.[2] Therefore, electrical
recording and stimulation of neuronal networks through non-pervasive extracellular microelectrodes has
been the topic of extensive research.[3] Microfabrication of extracellular electrodes enables multiplexed
detection of large cellular activities on a scale that is not achievable by micropipette technology.[4]

A major challenge however, is to maintain a long-term connection between the soft cell tissue
and the electrodes’ conductive material, mainly due to the mechanical mismatch in the interface.[5], [6]
It is particularly valuable to determine whether the impedance change of a model cell culture under
stress is reflected in the kinematic of cell death. Gold electrodes have been employed to detect the
change in local ionic environment caused by the cells’ biological alterations.[7] For example, Diemert et
al. studied the effect of impedance change in immortalized hippocampal neurons during the stages prior
to their death with a gold electrode array.[8] Nevertheless, rigid metal-based electrodes can alter the cell
shape, organization, and function of the cells, often leading to cytotoxicity and low cell viability.[9]
Therefore, bilayer nanomesh[10] and indium tin oxide (ITO)[11] electrodes are reported as popular non-
metallic conductive materials, but these alternatives are naturally brittle. In order to create a flexible
platform, Adly et al.[12] created a carbon-based microelectrode array on PDMS and hydrogel. They
further demonstrated the stimulation of cardiomyocyte-like HL-1 cells and recorded the membrane
potential using this interface. Among other carbon-based materials, graphene has received growing
attention for bio-interfacing within drug delivery, bioassays, biosensors, and biological tissue

scaffolding for applications such as stem cell growth.[13], [14] There are numerous studies detailing
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neuronal attachment and the capability of graphene to mediate cell growth and proliferation.[15] Here
in, it is desirable to create a layered microstructure through inkjet printing of the water-dispersed
graphene to more effectively detect the induced damage in neuronal cells. The microfluidic deposition
of graphene electrodes can provide texture cues that are favored by the cells. Thus, the detection of cell
detachment upon lift-off can be studied with high precision through impedance spectroscopy technique,
where the cell body is treated as a physical particle which impedes the transfer of ionic current between
the electrodes in the growth media.

Cell impedance spectroscopy Via such carbon-based materials are detailed in benchmark studies
for cancer diagnosis.[16], [17] Accordingly, inflicting cellular damage leads to alteration in membrane
morphology, cellular shrinkage, detachment, and lift-off which will affect the cellular impedance.[8]
With the aim of creating a real-time and continual monitoring platform for dopaminergic neurons, here a
novel yet facile microfluidic approach is presented to fabricate a flexible graphene electrode array.
Moreover, a PDMS-based passivation design is introduced to control the proliferation of N27 cells in
microscale and enable visual and electrical monitoring of the entire cell network by limiting the
proliferation to a fully visible growth channel. This high-throughput design enables data acquisition in a
larger scale, compared to the traditional end-point assays. Following our previous work,[18], [19]
aqueous graphene was synthesized by direct mechanical exfoliation of graphite with bovine serum
albumin (BSA) through wet ball milling. It is known that BSA, among other proteins, can most
effectively stabilize graphene platelets in water for biomedical purposes.[20]-[22] High concentration of
graphene was dispersed in water through low-speed wet ball milling, which enhances the resulting
conductivity of the electrodes after patterning.[23] The pure graphene solution was inkjet printed on
treated polyimide (PI) substrate without addition of metal nano-particles, which are popular in graphene
ink formulations,[24] followed by thermal treatment. We have found that, employing a strong

electrostatic field during the printing process can consolidate the graphene on the substrate. Therefore,
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the resultant microelectrodes could maintain their conductivity upon flexure without the addition of
common insulating polymer binders such as ethyl cellulose.[25]

The quality of the utilized graphene in this study, was characterized by its Raman spectrum,
transmittance electrode microscopy (TEM) and the surface morphology of the thermally treated
graphene electrodes were examined by scanning electron microscopy (SEM). To quantify the flexibility
of the sensor, resilience of the electrodes after bending and folding was tested for potential in-vivo
applications. The effect of stress factors (UV exposure here) on the electrical impedance and the
viability of the N27 cell culture was monitored continually to demonstrate the dynamic applicability of
the device as a sensitive alternative to dye-based techniques.

4.2 Materials and Methods
4.2.1 Graphene Synthesis

A suspension of 20 mg/ml graphite (powder, <20 um, synthetic, Sigma Aldrich, catalog no.
282863), 2 mg/ml BSA (lyophilized powder, Sigma Aldrich, catalog no. A9418) was created in water.
The suspension was ball milled at low rotational speed (300 rpm) for 90 h with 11/32" stainless steel
balls. The solution then rested for ~48h to allow sedimentation of large graphite particles. 85% of the
volume from the top was pipetted off to ensure removal of Fe impurities. The resultant graphene
concentration was controlled by UV-vis spectrometer (PerkinElmer, Lambda 750).[18], [22] In order to
characterize the produced graphene, Raman spectra of the samples were acquired using a BWTEK
Voyage confocal Raman system (B&W Tek, Newark, DE, USA), with a CW laser (Excelsior-532-150-
CDRH Spectra-Physics) as the energy source operating at the wavelength of 532 nm. The aqueous
graphene was drop casted on Si/Si0, wafers with drop diameter of =10 mm. The data was collected
on 5 different laser spots across 5 independently printed electrodes and 5 untreated graphene samples (a
total of n=30) at laser integration time of 10 s. The SEM Images of printed graphene patterns on Pl were
captured via a JEOL FESM 6335 using 2-5 kV accelerating voltage. In order to prepare the graphene

samples for TEM, they were diluted to 20 ugmL~1 and were drop casted on a Cu-grid. The TEM



56
images were recorded using a JEOL JSM2100 STEM (Japan Electron Optics Laboratories, Mitaka,
Tokyo, Japan) at 200 kV accelerating voltage. The impedance measurements were carried by a
VersaSTAT 4 Potentiostat Galvanostat. All electrical measurements were performed inside a grounded
aluminum Faraday cage. For more details on graphene characterization, ink flow properties, and surface
morphology tests (AFM, TEM, UV-vis spectroscopy, profilometry) please refer to our previous

work.[18], [19]
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Figure 0.1 Fabrication of graphene biosensors for real time monitoring of neuronal cells. (a)
Transferring to glass coverslip. (b) Addition of silver and copper for connection to the potentiostat. (c)
Stabilizing the interconnectors with PI tape. (d) Mounting the cell container (e) Creating the growth
channel gap by micro-positioning a glass slide (f) Glass coverslip removal after PDMS hardening. (g)
The flexible inkjet-printed Graphene pattern prior to biosensor fabrication. (h) Proliferation of
neuronal cells in the growth gap 5 days after interfacing with graphene microelectrodes.

4.2.2 Device Fabrication

A PI film 70x50x1 mm (lengthxwidthxthickness) was washed with acetone and isopropyl
alcohol (IPA) in a ultrasonic bath and blow dried by compressed Nitrogen. The PI film was initially

submerged in a 12 mg/ml of Poly (4-styrenesulfonic acid) sodium salt (PSS) in deionized water for 20
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min, followed by a submergence of 30 mg/ml Polyethyleneimine (PEI) in water. PSS and PEI were
purchased from Sigma Aldrich (catalog no. 561959 and 408727 respectively). The water solvent
contained a 0.5 M solution of NaCl prior to the addition of PEI and PSS. The substrate was rinsed with
deionized water and thoroughly dried with compressed nitrogen before and after each submergence. The
prepared graphene solution was then inkjet printed on PI (0.06 mm thickness) using an
electrohydrodynamic inkjet printer. Briefly, the graphene ink was deposited on the treated P1 in a single
pass with a syringe pump in a constant flow regime (9 pL/s) with a 300 um needle, resulting in a finger
thickness of 4 um width of 450 um and a spacing of 900 um. In order to ensure the binding of the
graphene to the substrate, a constant electrostatic field was applied between the nozzle and the PI film.
The consolidation of graphene patterns eliminated the need for binders like ethyl cellulose[26] and lead
to stability at the time of flexure. The distance between the tip of the nozzle and the Pl was set to 1 mm,
while the electrical potential applied via a function generator was 3.5 kV. The fluid and properties of the
electrohydrodynamic process is detailed in the supplementary information.

Fabrication process of the biosensor from graphene patterns is depicted in Fig. 1. First, the
flexible substrate with printed graphene electrodes was transferred to 2"x3" glass coverslips and was
thermally annealed at 280 °C for 30 min. Consequently, copper conductive tapes were attached to the
graphene lines using Ag interconnectors and was fixed with PI film to prevent detachment upon
connection to the data acquisition system. In order to create the growth channel, and ensure reliable cell
growth, a 26 mmx100 mm Polypropylene tube (inner diameter x height) was mounted on the chip and
sealed with Poly-dimethylsiloxane (PDMS). A glass cover slip was placed perpendicular to the
graphene lines via a micro-positioner. The micro-positioning setup ensured a 4 pm vertical distance,
from the substrate’s surface to the tip of the glass coverslip. Subsequently, 5 ml of PDMS was poured in
with a 10:1 base-curing agent ratio for electrode passivation. The chip was thermally annealed in 85°C
for 45 minutes in a convection oven and the glass slide was removed, leaving a channel width of 200

um (for 0.17 mm-thick slides) or 1 mm (for standard 1 mm-thick slides). Prior to seeding, all chips were
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kept at room temperature overnight to ensure complete hardening of PDMS, followed by a wash-up
with 70% ethanol and a 30 min long UV exposure in the culture hood.

4.2 .3 Electrochemical Characterization.

Cyclic voltammetry (CV) was performed via a potentiostat in a three-electrode cell setup
(PerkinElmer 4). A solution of 1 M KCl1 (>99% Sigma-Aldrich) was prepared in DI water as the
electrolyte. Pt wire was employed as counter electrode and an Ag/AgCl electrode was submerged for
reference electrode. The CV measurements were conducted to determine the faradaic peaks, in a
potential range of -1 V to 1 V with respect to the Ag/AgCl electrode at the scan rate of 100 mV/S.

Electrical impedance spectroscopy (EIS) was performed in a three-electrode setup with the same
potentiostat, with Phosphate Buffered Saline (PBS) as the electrolyte solution. Pt wire and Ag/AgClI
electrode served as counter and reference electrode as well. The frequency was scanned from 10 kHz
to 0.1 HZ with V¢ = 0 and V- = 10 mV. Both EIS and CV were performed in a grounded aluminum
mesh, serving a faraday cage and were repeated for 5 electrodes on four separately fabricated chips
(n=20). In order to study the effect of cytotoxicity on the cell culture, the UV light was emitted via a
Dymax BlueWave® 200 version 3.0 light-curing spot-lamp system in 20 s intervals with the intensity of
40 W /cm?. The resistance measurements were conducted via applying a linearly growing voltage
between 0 V and 1 V across the electrode pairs with a scan rate of 50 mV/s.

4.2.4 Cell Culture and Biocompatibility Analysis.

The growth channels were designed to control the expansion of the cell network and facilitate
the adhesion of neurons to the topological features of the graphene lines.[27] Therefore, a concentrated
suspension of N27s in the growth medium (GM) was initially introduced to the growth channel to
ensure the deposition of the neurons only on the electrode area. The GM contained RPMI medium 1640
(1X), 10% fetal bovine serum (FBS), 1% penlicillin, and 1% L-glutamine. For all trials, cells were
cultured in T-25 flasks at 70% confluency and were passaged at least three and no more than ten times

prior to their introduction to the chips. In two day intervals, half of the volume of cultured cells were
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replaced by fresh GM. The N27 cells were detached for passage using 0.025% trypsin-EDTA. Cell
suspension was centrifuged at 1500 rpm for 5 min and after the removal of trypsin-containing medium,
was resuspended in fresh GM. A Trypan blue (Gibco BRL) viable cell count was performed before the
cell passage to the chips with a medium to dye ratio of 1:9.

50ul of cell suspension was added to the growth channels with the size of 0.2mm X 26mm X
5mm (for width X length X depth). Six hours after the cell passage, an additional 2 ml of GM was
added and the chip was incubated at 37°C ina 5% C0,/95% humidified air atmosphere for 5 days.

The biocompatibility of the chips was analyzed via a standard live-dead cell assay using a 70 uM
CellTracker™ CMFDA solution and an 80 um propidium iodide solution in FBS-free RPMI medium.
50 ug of CellTracker™ was dissolved in 10.8 uL of dimethyl sulfoxide (DMSO) to prepare the 70 uM
CellTracker™ CMFDA solution, prepared using FBS-free RPMI medium. 500 uL of the prepared dye
was added to the chip before incubating for 30 min. Subsequently, the dye was replaced by FBS-free
RPMI medium after incubation to maintain the samples’ moisture during the imaging. For the
introduction to chips and viability test, all cell detachments were performed with 0.05% trypsinEDTA
(Ginco BRL). The live-dead cell assay results were gathered by a Zeiss Axio Observer Z1 inverted
microscope. During all the experiments, the dyes were covered to prevent their exposure to light. The
microscope was set to capture Green excitation/emission spectra (492/517 nm maxima) for
CellTracker™ CMFDA and red excitation/emission spectra (532/617 nm maxima) for propidium
iodide.The viability was calculated with eq 1, where green refers to the live cells stained by
CellTracker™ CMFDA and red refers to the dead cell stained by propidium iodide. The statistical
analysis was performed using a two-sided student’s test.

S Live cells (green) % 100 1)
VIAOULY =T e cells(green) + Dead cells(red)
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4.3 Results and Discussion

The change in mechanical and electrical properties of graphene, from an aqueous ink to a post-
processed conductive pattern requires vigilant examinations (Fig. 2). Raman spectroscopy is the best
source of information for investigating the structural integrity of the graphene samples.[28] The
presence of lattice defects directly affect the vibrational frequencies of the carbon atoms and are
detectable via Raman spectroscopy. Raman spectra of the aqueous graphene (drop-casted on Si/SiO,
chips) and the thermally treated graphene electrodes are shown in Fig. 2a. The comparison between the
Raman spectra of aqueous graphene and the treated patterned graphene shows no significant dislocation
of the peaks (Table 1). The presence of a short D band at 1357 + 2 cm™1, a sharp G band at 1587 +

1 cm™1, and a symmetric 2D band at 2700 + 2 cm™! with FWHM of 52 + 7 cm™! are indicative of

defect-free few layer graphene with ;—’,’ = 1.2 + 0.2.[29] Notably, the ratio of the intensity of D band to
D

the D' shoulder peak characterizes boundary defects (I, /I, > 3.5), vacancy basal plane pint defects
(Ip/1, > 7), and sp3defects (I, /I}, > 13).[22] Prior to patterning, the suspension of graphene nano-
sheets in water was also examined via TEM imaging. Fig. 2b demonstrates a single graphene platelet
among BSA nano particles that enable its suspension in water. Owing to its few-nanometer thickness the

graphene nano sheets appears to be almost transparent.
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Figure 0.2 Characterization of aqueous graphene ink before and after patterning. (a) Raman spectra of
aqueous graphene and treated graphene electrodes acquired at A = 532 nm. (b) TEM imaging of
graphene platelets in water. The graphene nanosheets are shown with white arrows and BSA nano
particles are shown with blue arrows. Scale bar: 20 nm (c) SEM imaging of annealed graphene
electrodes. Scale bar: 50 microns. (d) Reduction in sheet resistance of the shear exfoliated graphene
after 30 minutes of annealing in temperatures varying from 50°C to 300°C. (e) The change in the sheet
resistance of 10 mm long graphene lines after attachment to glass cover slips with respect to 90° and
180° folding angles (f) The relative change in resistance of 20 mm long graphene lines with respect to
various radii of curvature.
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Since the produced graphene solution is ionically charged, surface modifications on the
Pl tape deemed vital to ensure the wettability of the substrate prior to inkjet printing process.

Contact angle of the graphene ink decreased from 64° to 24° when dropped on the hydrophilic

surface of treated PI substrate, compared to the untreated tape (Fig. S1).

Table 0.1. Raman analysis of shear-exfoliated graphene before and after inkjet printing and
thermal processing. Results are presented as mean £ SD, across 5 independently fabricated
electrodes and drop casted aqueous graphene for 5 laser spots each (n=30).

Graphene D position | G position | G fwhm poszil’?ion 2D fwhm lo/le
(cm™) (cm™) (cm™) (cm) (cm™)

Pre- 0.25
treatment 1358+ 0 | 1587+ 1 17+ 1 2700+ 7 527 +0.03
Post- 0.32
treatment 1357+3 | 15871 173 2703 £ 2 52+5 +0.04

Traditionally, graphene ink formulations contain polymers such as ethyl cellulose to
ensure their binding to the substrate during the thermal processing. It should be noted that, the
overall conductivity of graphene patterns are hindered with the appearance of microscale cracks
during the thermal processing or flexure, more so than the size of the nanosheets. Polymer
binders though naturally insulating, are typically essential to maintain the microscale integrity of
the printed lines. In order to bypass the need for the stabilizing binders and avoid numerous
printing passes, here an electrostatic field was applied during the jetting processes to consolidate
the graphene patterns on the PI substrate.

The fluid dynamic of the jetting process is modeled through the benchmark work of
Fromm et al. where a dimensionless grouping of the Reynolds and Weber was used to solve the
Navier-Stokes equation set. [30] Briefly, Eq. 2 defines the Ohnesorge number Z, where if it is

too small the velocity is the dominant parameter and thus a large positive pressure is required for
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droplet ejection leading to low velocity and short fluid column extension. In contrast, a high
value of Ohnesorge number constitutes a long fluid column leading to the satellite drop
formation behind the main drop. [31] Typically the Z value for Highly Loaded Particulate
Suspensions should be between 0.1<Z<1, and was shown to be equal to 0.23 for the inkjet
printing method that was used in this study. Fluid properties are also important for determining
the resultant resolution of the patterns upon droplet impact. Similar to the Ohnesborge number a
generally accepted parameter for describing the splashing of droplets is given by Eq. 3 where
high K value should be set to lower values than 100. When this dimensionless grouping of
Reynolds and Weber number exceed this critical threshold, splashing may be observed
depending on the temperature and substrate conditions. Parametric modeling of the graphene ink
and the electrojet setup constitute an Onhnesborge value of Z=0.23 and drop impact of K=12.99

as detailed in supplementary information.

We 0.5
Z=( ) S 0<Z1<10 2
Re
K = We%5Re%?>; K <100 ()

Thermal processing promotes the adhesion of graphene ink to the substrate while
enhancing the electrochemical properties of the electrode through release of possible oxide
compounds that may have been introduced during the ink formulation and printing process.[4]
Moreover the SEM imaging can show that the surface morphology of thermally annealed
electrodes with layered stack of carbon films can provide a desirable texture for neuronal
adhesion.[32] The reduction on disorientation of the annealed patterns also hinders the
probability of micro-scale junctions. As demonstrated in Fig. 2d, sheet resistance of the printed

lines dropped from 1200 Q/sqr to 37 Q/sqr upon 30 minutes of annealing in 280°C. Therefore,



64

the equivalent conductivity of an electrode with cross-section size of 450 x 4 (um)? reached to
6750 S/m.

In order to investigate the limits on the flexibility of the electrodes, the change in their
resistance upon bending was studied, together with silver conductive ink and copper tape as
interconnection setup. While curvature of the substrate affects the resistance of the lines
minimally, sharp folding of the electrodes can introduce micro-scale cracks (Fig. 2e and f). In the
trials on 20 electrodes, no case of absolute line disconnection was observed, but the average

sheet resistance increased from 37 Q/sqr to 58 Q/sqr after sharp 180° folding.

(a) ) (©)

(d) (e)

Control Chip 1DIV Chip 5DIV Bending

Figure 0.3 Cell adaptability on the biosensor. (a) The N27 cells immediately after passage to the
growth channel. (b) Cell viability after 5 days in-vitro. (c) Live-dead cell assay after the cell
growth in conjunction with the bending of the electrodes with folding angle of 90°. (d) Live-dead
cell assay after the removal of the PI substrate with the microchannel from the glass substrate.
The electrodes in the growth channel were washed up with media and are turned upside down
for 5 minutes. The N27 cells surprisingly remained attached to the graphene lines but left the
rest of the substrate area during the wash up. (e) A thorough cell viability test for the biochip,
the control and the a bent electrode array with folding angle of 90, reported as mean +
standard deviation over one control, four independent chips (n=15). One-way ANOVA p<0.005.
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With flexible electrodes in-hand, we are interested in the level of adhesion of neuronal
cells to the graphene interface. Fig. 3 shows the density of N27 cells in the biochip throughout
the experiments. Controlling the growth area of the cells is a major need for monitoring the
entire cell network.[1] Hence, the six-hour gap between the initial passage of the cells (Fig. 3a)
and the final addition of GM was observed to be crucial for limiting the cells’ mobility prior to
their attachment. A concentration of 2.55 x 10°® cells/ml was cultured on the chips and the
resulting cell densities were monitored for 5 days in vitro (DIV) with the resultant cell viability
demonstrated in Fig. 3. It observed that, flexure of the electrodes after cell growth with a folding
angle of 90° can result in a significant drop in cell viability to 66% (Fig. 3c and 3e). However,
the cells in the control and in the growth enabled a cell viability of > 95%. Thus, it can be
concluded that the shear exfoliated graphene microelectrodes and the created growth channel
induced no detectable cytotoxicity.

Impedance spectroscopy has been widely used to assess the growth of neurons, cancer
cells and microbial biofilms, to characterize the physical processes at the electrode-biometerial
interface, because it is a fast, sensitive and label-free technique.[33] When an electrostatic field
is created between two electrodes submerged in ionic media, the cell body acts as insulating
particles that impede the flow of the electric current at the cell-electrode interface, resulting in a
measurable increase in the impedance. Therefore, the adhesion degree of the biological tissue to
the interface material plays a key role in translating the damage intensity to the impedance as the
sensing parameter. Fig. 3d demonstrates that, the N27 cells favor the surface morphology of the
graphene pattern and show significant detachment degree. We have peeled off the PI substrate

and washed the growth channel with media after cell staining, and surprisingly observed that
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although the cells were fully washed on the clear substrate spots, many N27 cells remained
attached to the graphene pattern.

In order to successfully examine the effect of damage on cell attachment, the electrical
impedance of the electrodes both prior to and immediately after cell passage was tracked, as well
as 1 to 5 times in each DIV thereafter until the cell network reached to its maturity. Here we
define the network maturity by a cell density of > 1500 cells/mm?. In most of the trials, the
cell network reached the desired density after three DIV. Real-time optical and electrical
monitoring of the cell behavior was enabled throughout the entire growth channel. Since, the
system could not be integrated in the incubator, repetitive rotation of the biochip in and out of the
incubator appeared to be inevitable. See Fig. S3 for annotated components of the real-time
monitoring of the cell network and Fig. S4 for CV and EIS characterization of the cell free

electrodes in KCI and PBS.
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Figure 0.4 Equivalent circuit model of N27 cell electrical spectroscopy. (a) Overview. The
equivalent circuit in (b) low and (c) high frequency regimes. (d) A sample impedance
measurement in low frequency regime that constitutes the resistance of the cell network from
seeding (0 DIV) to 3 DIV and after UV exposure scanned with 10 mV/s. The equation for the
linear regression fitting line is also shown on the graph with the slope as the resistance value
given by the Ohm law and R? goodness-of-fit measure for the regression fitting.
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To induce the stressor, the cells were exposed to a high-intensity light-curing spot-UV-
lamp system for 20 s. The exposure of N27 cells to 40 W /cm? of UV light leads to almost
immediate cell shrinkage and lift-off. We are interested in measuring the change in electrical
impedance of each electrode right before and after the UV exposure. The equivalent circuit is
presented in Fig. 4, adapted from the benchmark studies for cancer diagnosis via impedance
measurements,[16] where the capacitance and resistance of the inner parts of the cell (cytoplasm
and conductive regions) are given as C;, and R;,, respectively. The C,,.,, refers to the lipid
bilayer and R,,,.,, represents the ion channels in the cell network.[16] The capacitance and
resistance of the ionic growth medium is shown by, C,,; and R,; respectively. At frequency of
w, the cell impedance measurement on graphene electrodes can be described by Eq. 4:

Rmem + ijmemRin Cin
1+ RipnRmem + JO(RimemCmem + RinCin — @*(RymemRinCin)

(4)

Zeen =
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Figure 0.5 The resistance of the graphene electrodes, during the cell network maturity (>
1500 cells/mm?) and Post UV exposure were normalized with respect to the resistance of the
electrodes right after cell passage to give the resistance index. The growth rate of the cell
network and their resultant confluence determines the resistance index across the electrodes

deposited in the growth channels. The rapid growth of the index deaccelerates upon the
network’s maturity. Upon exposure to UV the cell impedance of samples 1-3 respectively drops
to 1.44, 1.32 and 1.55 of the initial electrode impedance which represents cell shrinkage and lift-

off due to cytotoxicity. The cell density on each electrode determines the value of the index on the

particular electrode-cell interface.

Generally, within an individual cell, the cytoplasm is the conductive region with
conductance of one million times more than the cells’ membrane.[16] Thus, the cell membrane
lipid bilayer constitutes to the dominant capacitive component of the cell culture in the high

frequency regime (G, In Fig. 4c). Likewise, the dielectric constant of the growth media is
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significantly lower than the cell membrane as the solution is ionically charged. Therefore, in the
low frequency regime where the resistive components are dominant the lowest resistor, R,em.»
would play the main role in the parallel setup as is the case in this study (Fig. 4b). Fig. 4d
demonstrates a sample reading of the microelectrode setup, for 0 to 3 DIV and after exposure of
the cells to the stressor. The impedance measurement was conducted through staircase
voltammetry with a low scan rate of 10mV/s. R? , The goodness-of-fit measure of each
regression line was almost always above 99% which confirms the linearity of the V-1 curve and
consequently shows the fully resistor behavior of the membranes which simplifies the Eq. 4 to
the equivalence circuit shown in Fig. 4b.

It should be noted that, despite the availability of electrodes’ impedance at any moment
after seeding, the resistance of the cells prior to the maturity of the network may not be reliably
calculable. Nevertheless, owing to the layered surface morphology of graphene electrodes, we
observed that the N27 cell network fully adheres to the lines, and 100% confluence is achievable
even after 1 DIV and consistently after 3 DIV. For instance, the behavior curve in 1 DIV
demonstrates only a minimal difference when compared to the curve for 3 DIV. Overall, the
microscale biological status of the cell-graphene interaction affects the measured impedance as a
consequence of constant modification of the ionic environment around the electrodes. Thereby,
in addition to cell viability which is observable through optical methods, the cell number,
morphology and adhesion degree can be determined by real-time monitoring of the electrode
impedance. In order to enable repeatable monitoring of the cell network, the impedance is

normalized as a dimensionless parameter, Resistance Index (RI), given in EqQ 5:

RI; = Reey(ti)/Rinit %)
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Where, at any measurement time instance t;, the end to end time-dependent measured
impedance of the cells R..;(t;), is divided to the initial impedance of the electrodes with media
before cell adhesion R;,;;. Fig. 5 demonstrates the change in RI across multiple samples for
instances immediately after seeding to day 4 where the networks were exposed to UV light.
Although in every trial RI reaches to a relatively constant value upon full confluence, the
resultant RI is highly dependent on the cell density and the particular cell formation around the
electrodes. Nevertheless, exposure to UV results in cell shrinkage and lift-off which in turn
results in a reduction of the electrode-membrane interface area and extreme reduction of RI as
the electrodes can be exposed to the ionically charged medium.

In order to generalize the analysis, the cell density was visually monitored at the time of
impedance measurement to give the normalized resistance index of the cell network (NRI) given
in Eq. 6. Where, g; gives the lateral cell density in cell/mm? at any measurement instance.

NRI; = RI;/o; (6)

The idea is to enable the dynamic monitoring of real-time neuronal responses to the stress
factors without the dye assays. Although the exact time frame in which the cell network reaches
through confluence may vary from chip to chip, optical measurement of cell density along with
electrical spectroscopy can result in NRI which can represent cell adhesion degree and networks’
real-time viability without the need for repetitive fluorescence assays. Fig. 6 demonstrates that
upon maturity of the cell network (g; > 1500 cell/mm?) the NRI remains stable around 4.5
times of its initial value across all covered electrodes. This value drops to an average of 1.45
when the introduction of cytotoxic factor leads to cell shrinkage and contraction of the network
(Fig. 6f). It is worth noting that, defining a measure for cell density after complete death of the

network did not seemed possible as the cells slowly start to raise in medium while a small
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portion of them appear to be entrapped by the body of the electrode. This partial entrapment
along can be the cause of the remaining discrepancy in the NRI before the seeding and eventual
impedance upon the lift-off. The effect can also be observed in Fig. 4d where the V-I curve of
the cell network after the UV exposure does not completely follow the Ohm law. The preference
of the cell network for adhering to the electrodes as opposed to the PDMS-substrate corners
could be a result of utilizing few layer aqueous graphene as the working material. Throughout
the in-vitro studies on neuronal cells it is commonly reported that, [34]-[36] cultured cells often
aggregate in the corners or the trenches of the microchannel systems due to the presence of
textural cues.[37] Accordingly, the layered structure of the inkjet-printed graphene electrodes
can be suitable for cell attachment which is vital for establishing a stable communication
pathway in the cell-electrode interface (Fig. 3d). The accuracy of the presented method is highly
reliant on the fact that the entire body of the network could be monitored owing to the narrow
growth channels. Nevertheless, vertical aggregation of the cells appears to be inevitable which
was shown to have minimal effect on the NRI but can hinder the cell density measurement and
can be considered as a source of error for the monitoring system. This was one motive for

conducting the experiments on the effect of stress factors no later than 5 DIV.



72

(8)

[=]

N
1

Normalized Resistance Index
S o

o m |+‘ T |4I—‘
0 0.5 1 2 3 4 After UV
Exposure

Figure 0.6 The optical microscopy images of the N27 cell network (left) along with the
normalized cell index the corresponding density at each measurement instance (right). (a) The
freshly passaged cells. Sample image of the cell network after (a) 1 DIV (b) 2 DIV (c) 3DIV (4) 4
DIV and (f) after 20 second exposure to UV light; scale bar 100 micron. Upon normalizing the
resistance index with respect to the cell density the NRI can enable real-time monitoring of the
cell network prior to UV exposure. The graph is presented in terms of mean + standard
deviation of NRI across 5 independent chips monitored 1-5 times per day for 4 DIV followed by
UV exposure (n =60). Upon the network maturity (by 3DIV), the cell density across all
experiment can be given as 1890 + 230 cells/mm?.

Overall, the effect of stress factors on the NRI of the dopaminergic cells can be
considered as an immediate application of the proposed system. In particular the N27 cell line is
a common model for Parkinson’s disease and has been a subject of investigation for
understanding neurotoxicity and oxidative stress factors in numerous of studies. The flexibility
of the electrode array can suggest further applicability of the framework for future in-vivo

studies.
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4.4 Conclusion

Presented here, is a graphene-based biosensor that is easily-made and capable of in-vitro
monitoring the electrical impedance of cell network in real time. The abundantly available cell
assays are normally pervasive can provide information only for defined endpoint measurement.
Therefore, the inkjet-printed electrodes were equipped with microfluidic design of growth
channels to control the growth of the cell network. Doing so, enabled real-time optical
monitoring of the entire cell network along with electrical spectroscopy. As a proof of concept,
the N27 cells were passaged in the microchannel, grew till network maturity, exposed to UV as
the cytotoxic element and the change in their resistance index and density was reported at every
stage of during this period. The water-based graphene electrodes can show resilience from
bending and folding without addition of polymer binders and could maintain its high
conductivity with presence of no metal nano-particles. This can suggest the potential use of the
presented method for future in-vivo studies. Moreover, adhesion of the cell network to the
graphene electrodes was demonstrated and an average cell density of 1890 cells/mm? was
resulted along with a rapid 100% cell confluency on the presented microelectrode interface.
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CHAPTER 5. MINUTE-SENSITIVE EXTRA-CELLULAR DETECTION OF
NEURONAL CELLS THROUGH FLEXIBLE ELECTROJET PRINTED GRAPHENE

Based on a manuscript in progress.
Amir Ehsan Niaraki Asli*, Mehrnoosh Taghavimehr?, Reza Montazami?, Nicole N. Hashemi?

! Department of Mechanical Engineering, lowa State University, Ames, I1A 50011, USA;

2 Department of Biomedical Engineering, lowa State University, Ames, IA 50011, USA

5.1 Introduction

Real-time measurement of the neuronal cells’ electrochemical response to damage is a
broadly sought goal. Fluorescent or colorimetric cell staining is the conventional method for the
investigation of cytotoxicity. However, they are invasive and only provide the ability to monitor
the behavior of cellular networks at the end-point. An alternative approach is to assess the
potential cytotoxicity factors through extracellular measurements via microelectrode arrays.. The
impedance measured is affected by the biological status of the cells interacting with the well
surface. Cells that interact with the electrode modify the local ionic environment and lead to an
increase in the impedance measured within the tissue culture well. Thus, the electrode impedance
can be used to monitor cell number, viability, morphology, and adhesion degree.

Metals and some other well-known conductive materials (i.e. ITO) can alter cell shape,
organization and function of the cell culture. Consequently, establishing a reliable
communication between soft tissues and these brittle materials remains a challenge due to this
mechanical mismatch. Fortunately, it is shown in numerous electrophysiological studies that,
excitable cells grow compatibly in presence of graphene. Graphene is an one-atom-thick, two-
dimensional, honey-combed arrangement of hybridized carbon atoms. As each carbon atom
connects to its three neighbors through p-bonds, the last electron will be left out-of-plane (n

bond) resulting in the extraordinary conductivity of this material. Here, a novel method for
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fabrication of a graphene microelectrode array is proposed that enables minute-sensitive
temporal resolution at the time of the measurement.

Since most biological media and cell cultures are aqueous stable and biocompatible
dispersion of graphene in water is much desired in biosensing applications. In this study, we
combined the shear force of low speed wet ball milling with stabling characteristics of an edible
protein to exfoliate graphene from pristine graphite in water. Next, the graphene solution was
formulized as a conductive ink, 3D printed into a flexible substrate and consolidated via applying
a strong electrostatic field. Finally, the N27 cells were cultured in the biosensor and their
viability was measured along with the resistance of the lines.

The fabrication of graphene electrodes needs microscale patterning to obtain high
resolution prints with the application in electronics. Laser patterning is among the methods that
can create high quality patterns, however it costs a lot and has a difficult procedure. Other
methods like chemical vapor deposition (CVD) and photolithography are complicated and time
consuming and even need applying high temperatures and consuming solutions in several steps.

In this work, we used a simple, low cost and non-invasive method using a patterned vinyl
mask that can be used to directly transfer the graphene on the substrate. In the E-jet printing
process, optimizing the viscosity of ink is always a challenging parameter. Controlling the
viscosity of ink is required since lower viscosity of inks will lead the ink to flow on the substrate
and ruin the resolution of the prints, while higher ink viscosities cause clogging the ink in the
tube and stops the ink jet printing process. Applying the proposed vinyl mask in the E-jet
process can become a potential solution in using lower viscosity inks yet expecting high

resolution from the final electrodes.
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5.2 Materials and Methods

The first step in our method is designing the high resolution patterns using SolidWorks to

achieve accurate dimensions of electrodes.

[ &
1250 um

700 pm

1 +—150pum

Figure 0.1 Schematics and dimensions of the interdigitated electrode setup.

According to the above figure, the design was performed in order to embed the electrodes
in the cylindrical well (diameter of well can add here) that is considered to cover the cell media.
Four sets of pairs of electrodes were cut into the vinyl mask using a vinyl cutter (US-Cutter, SC

series) as can be seen from the below figure.

Figure 0.2 Schematic of the designed pattern and the transfer method

The design was optimized in a way to provide a straightforward transfer of the patterns to

the substrate. After the cut, the pattern taped to the Kapton substrate and electrode patterns
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removed to make a negative mask and the rest of the mask was not removed until the graphene
dried at room temperature for 7 minutes. The electrodes were then E-jet printed in the designated
areas and we could print back and forth to ensure a connected and high quality prints. Then, the
mask was peeled off carefully leaving the precisely formed graphene electrodes on the substrate.
In this stage, graphene electrodes are perfectly formed and are ready for the annealing step.

5.3 Results and Discussion

(A) (C)

(B)

Figure 0.3 Microscale characteristics and surface morphology of patterned graphene
microelectrodes (A-B) Microscopic images of the electrodes in x 10 magnification; Scale
bar=100 um. (C) SEM imaging of the electrodes with x 400 magnification; scale bar =50 um.
The applied electrostatic field, resulted in high stability and a desirable surface
morphology for cell adhesion as demonstrated in Figure 5.3. Additionally, thermal processing

plays a vital role both in the improvement of the conductivity of the lines and in the resultant

stability of the printed FLG.
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Figure 0.4 Live-dead cell assay of the cell density on the chip. Each row demonstrates the initial
seeding concentration of low, medium high (top to bottom) while left column demonstrates the
first day in vitro and the right column shows the 3 DIV. Low concentration (66500 cells) are
seeded which adhered with the concentration shown in (A) for 1 DIV and proliferated to (B) for
4 DIV. Medium concentration (133000 cells) are seeded which adhered with the concentration
shown in (C) for 1 DIV and proliferated to (D) for 4 DIV. High concentration (266000 cells) are
seeded which adhered with the concentration shown in (E) for 1 DIV and proliferated to (F) for
4 DIV.
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In order to normalize the measured impedance of the cell lines by their density, various
cell seeding concentrations were experimented. Figure 5.4 demonstrates the live-dead assay
images of the resultant cell density with respect to initial seeded cell count and days in vitro.
After counting, the resulted cell density across all trials are given in Figure 5.5 for 5 instances
per experiment (n=60). This data was used to provide real-time information to the measured
impedance spectrum through offsetting the measured impedance by the cell density around the

electrode at the time of experiment.
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Figure 0.5 Cell density for various seeding cell concentrations in the first 4 days of cell growth.
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Figure 0.6 Electrical impedance measurement over the confluent N27 cells from 0.1 Hz to 100
kHz.

The N27 cells were monitored for 4 days in vitro simultaneously through the microscopic
setup and the potentiostat (Figure 1.9). The impedance measurements reached to a steady
spectrum upon complete cell confluence usually after 3 DIV. In the 4" day, one EIS
measurement was taken for the baseline, followed by UV exposure in 1 minute intervals. Figure
5.6 and 5.7 demonstrate the resultant spectrum. The results suggest that, the fabricated graphene
microelectrode array is capable of detecting the change in cell body alteration neuronal cells with
temporal resolution of a minute. This can be owed to the advantageous surface morphology of
these electrode when compared to the silver or gold counterparts, which provide desirable

attachment cues for the cell line.
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Figure 0.7 Magnified EIS measurement of confluent N27 cells under UV exposure in 1 minute
intervals. The x axis is given in logarithmic scale for frequencies ranging from 10 Hz to 10 kHz.

In order to demonstrate the applicability of the biochip for utilizing the introduction of
impedance through the cell body as the sensing parameter, Figure 5.8 is presented. Identifying
the exact frequency at which the change in impedance spectrum is identifiable is a cumbersome
task as it may vary from one electrode-pair to another.

This study was initiated to discover a high-throughput methodology for sensing the
inflicted damage to neuronal cells. Graphene was chosen as the interface material owing to its
extraordinary conductivity and flexibility while the novel microfluidic approach for electrode
patterning created a porous scaffold for neuronal growth. Figure 5.9 is the concluding piece that
demonstrates a normalized Impedance Index based at each minute to demonstrate the hyper-

sensitivity of the biosensor design.
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Figure 0.8 The change in impedance of a single electrode upon damage exposure in 0.1, 1, 1.5
and 10 kHz frequency resulted by cell shrinkage and lift-off.
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Figure 0.9 Minute-sensitive extra-cellular detection of neuronal cells through normalized
impedance index.
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CHAPTER 6. FUTURE WORK: MACHINE LEARNING-GUIDED INKJET PRINTING
OF HIGHLY CONDUCTIVE GRAPHENE PATTERNS

In order to advance the current findings, it is beneficial to improve the temporal
sensitivity of the biochip from minute-accurate or even second-accurate level. Moreover, at this
point, confluency and density of the cell network is calculated by capturing images before
electrochemical data acquisition. This study can be a starting point for creation of a real-time
object detection framework to provide a visual feedback for the electrochemical data acquisition
platform. Figure 5.1 demonstrates the growth of the N27 cells in 2DIV (left) compared to 3DIV
(Right). With the advancements of object detection and electrochemical frameworks, the current

platform can enable second-sensitive measurements through the expansion of visual/optical

sensing capabilities.

Figure 0.1 Proliferation of N27 rat dopaminergic neuronal cells in (left) 2 days in vitro
compared to (Right) 3 days in vitro.
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In order to improve the performance of the graphene electrodes prior to sensor
fabrication, it is valuable to predict the conductivity of each graphene line right after the inkjet
printing process. Therefore, the use of machine learning for distinguishing between printing
parameters that are likely to result in low-conductivity prints and the parameters with higher
importance, is investigated. To accomplish this goal, a large dataset was created from the
conductivity of the printed lines along with the three major experimental parameters: Flow rate,

electrostatic field intensity and nuzzle speed as demonstrated in Table 6.1.

Table 0.1 A sample subset of the created dataset.

Nuzzle Speed | Flowrate Applied Resistance
(mm/min) (ul/min) voltage (kV) (kQ)
300 15 0 19.49
300 15 1 74.3
300 15 2 87.1
300 15 3 163.1
300 15 4 5.76

The role of the machine learning model is to take the above printing parameters as input
and initially classify the quality of the resulting prints to two class of low and high
conductivities. The model was trained and tested on a dataset with a flow rates ranging from 3 to

15 ul in 3ul intervals, Nuzzle speeds ranging from 300 to 700 mm/min in 200 mm/min intervals
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and applied voltages ranging from 0 to 5 kV in 1 kV intervals. Linear regression was chosen as
the benchmark model for quality prediction which was expectedly shown to be impractical due
to non-linearity of the fluid dynamic of the inkjet printing process. Therefore, two other classic
learning algorithms, Random Forest and Adaboost, were employed which both can be

categorized as ensemble learning models based on decision trees as demonstrated in Figure 6.2.
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Figure 0.2 A schematic representation of an ensemble learning model for predicting the quality
of inkjet-printed graphene patterns based on experimental parameters.

The models were initially trained on 105 data points (including non-functioning prints),
with a 3-1 split for train-test dataset. Due to small size of the dataset we expect to observe
extreme over-fitting behavior. Thus, the accuracy are the models are reported after 5-fold cross
validation given in Figure 6.3, with the error bars representing the standard deviation after 5

repetitions.



90

100

90
80
70
60
50

Accuracy (%)

30
20
10

Random Forest Classifier Adaboost Classifier Linear Regression

Figure 0.3 Performance of Random Forest, Adaboost and Linear regression Models for
Conductivity prediction on test dataset (n=11).

Consequently, the models were employed for identifying the feature importance in the
inkjet printing process. As Figure 6.4 depicts Flow rate was shown to be the main player in

defining the resultant conductivity.
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Figure 0.4 Feature importance assessment by Random Forest and Adaboost classifiers for
conductivity prediction of inkjet-printed graphene patterns.

This will suggest the applicability of machine learning algorithms to determine the

required experimental properties for creation of high-quality graphene patterns. Moreover, the
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biosensor fabrication process typically entails various steps. Therefore, conductivity estimation
right after patterning and thermal treatment is valuable to enhance the electrode performance
conductivity at the end point, without the need for redundant trials. At the end of this thesis
work, I can see broader applications of the as-prepared sensory system on real-time detection of
neuronal damage. The N27 rat dopaminergic neuronal cell network that was used in this work, is
the model cell line for the study of Parkinson’s disease, and finding the cause of cell death
suffering this disease and other neurodegenerative disorders imparts vital information. Therefore
here we took one step further, to bring a broader understanding of micro-scale interactions of cell

network in the underlying stages prior to their death.



