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Integration of Graphene Electrodes with 3D Skeletal

Muscle Tissue Models

Yongdeok Kim, Gelson Pagan-Diaz, Lauren Gapinske, Yerim Kim, Judy Suh,
Emilia Solomon, Jennifer Foster Harris, SungWoo Nam, and Rashid Bashir*

Integration of conductive electrodes with 3D tissue models can have great
potential for applications in bioelectronics, drug screening, and implant-
able devices. As conventional electrodes cannot be easily integrated on 3D,
polymeric, and biocompatible substrates, alternatives are highly desirable.
Graphene offers significant advantages over conventional electrodes due

to its mechanical flexibility and robustness, biocompatibility, and electrical
properties. However, the transfer of chemical vapor deposition graphene
onto millimeter scale 3D structures is challenging using conventional wet
graphene transfer methods with a rigid poly (methyl methacrylate) (PMMA)
supportive layer. Here, a biocompatible 3D graphene transfer method onto
3D printed structure using a soft poly ethylene glycol diacrylate (PEGDA)
supportive layer to integrate the graphene layer with a 3D engineered ring
of skeletal muscle tissue is reported. The use of softer PEGDA supportive
layer, with a 10° times lower Young’s modulus compared to PMMA, results
in conformal integration of the graphene with 3D printed pillars and allows
electrical stimulation and actuation of the muscle ring with various applied
voltages and frequencies. The graphene integration method can be applied to
many 3D tissue models and be used as a platform for electrical interfaces to
3D biological tissue system.

engineering because of its unique optical,
electrical, mechanical, and biological
characteristics.'3]  Graphene and its
derivatives have also found many applica-
tions in tissue engineering and regen-
erative medicine.*?! Among its tissue
engineering applications, the enhanced
adhesion, proliferation, and myogen-
esis of skeletal muscle cells on graphene
have been reported on 2D substrates./®!
Although 3D structured graphene systems
have been reported as a tissue scaffold
using 3D printing or dry spinning with
graphene derivatives, such as reduced gra-
phene oxide or graphene oxide, they have
a limited electrical conductivity due to the
presence of an insulating additive polymer
and/or defect functional groups.>%12
Chemical vapor deposition (CVD) syn-
thesized graphene, on the other hand, is
known to be more uniform and compat-
ible with large area synthesis.[314
Previous works have been reported on
3D integration using CVD grown gra-
phene.">8] Lanza et al. and Shim et al.

Graphene, a 2D monolayer of sp’-bonded carbon with honey-
comb lattice structure, is a promising nanomaterial for applica-
tions, such as bioelectronics, imaging, drug delivery, and tissue

integrated graphene onto pyramidal atomic force microscopy
tips with a thin poly (methyl methacrylate) (PMMA) film as a
supportive layer.'>1® Choi et al. used a 3D patterned swollen
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polydimethylsiloxane (PDMS) to transfer PMMA coated gra-
phene onto various 3D features, such as pyramids, domes,
and pillars ranging from 3.5 to 50 um.'”! They used a thinner
PMMA as a supportive layer for 3D graphene transfer to reduce
flexural rigidity. However, the rigid PMMA is still limited for
3D integration with other polymeric substrates or at larger
scales. Other than PMMA, Morin et al. used PDMS and poly-
imide film as a supportive layer and applied vacuum to result
in conformal integration of graphene onto the 3D printed
implant.'"® However, this platform had variable coverage of gra-
phene ranging from 74% to 95% and no electrical application
of 3D graphene was demonstrated. Realizing electrical contacts
to 3D tissue models can result in new ways to interrogate the
function of these biological tissues.

Skeletal muscles, serving the primary actuator in animals,
have also been used as biohybrid actuators in soft robotics.[1*-2!]
Integration of 3D engineered skeletal muscle embedded in
extracellular matrix on 3D printed hydrogel skeleton have been
shown for walking or pumping functions using electrical or
optical stimulation.?224 If these biohybrid machines can be
integrated with electronics, a suite of applications can be pos-
sible for electrical actuation control and sensing.

Here, we report a biocompatible 3D graphene transfer
method using a PEGDA supportive layer and its integration
with a 3D skeletal muscle ring. A softer PEGDA layer enabled
the conformal integration of graphene with a millimeter-scale
3D printed PEGDA pillars. Considering that PEG is an Food
and Drug Administration approved biocompatible material,
it is well suited to 3D biological application with integrated
electronics. As an electrical application of our 3D electrode
integrated tissue system, a 3D skeletal muscle ring on the inte-
grated structure was actuated electrically with different volt-
ages and frequencies via the transferred graphene contacts to
muscle ring. This platform can provide for an electrical contact
with 3D in-vitro tissue-on-chip models for drug screening and
for applications in the soft robotics.

A PEGDA layer was used as support layer on CVD grown
graphene for 3D conformal integration onto millimeter scale
3D printed pillars. The flexural rigidity, defined as the resist-
ance offered by a structure while undergoing bending, is an
important factor for 3D integration.l'’l A lower flexural rigidity
is beneficial for 3D integration because the film can be more
easily deformed under bending. Equation (1) shows that the
flexural rigidity is proportional to the Young’s modulus, where
D is the flexural rigidity, E is the Young’s modulus, h is the film
thickness, and v is the Poisson’s ratio

3
L e ()
12(1-v7)

Hence, a softer PEGDA support layer with a few tens of kPa
of E is beneficial for bending than a few GPa range of E for
PMMA, which is typically used as graphene support layer. The
E is also larger than MPa range of PDMS which Morin et al.
used for 3D graphene integration.!'®! Although the spin coated
PEGDA layer has thickness of about a micrometer, and is much
thicker than usual PMMA coating layer on graphene, the large
difference in Young’s modulus dominates the lower flexural
rigidity of PEGDA layer than that of PMMA. In addition, a
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thick PEGDA layer can provide mechanical stability to prevent
the graphene layer being torn off during the 3D transfer.

Figure 1 shows the fabrication steps to integrate a gra-
phene sheet on 3D printed pillars and a muscle tissue ring. A
PEGDA support layer on CVD grown graphene on copper foil
was polymerized by spin coating and UV exposure via the addi-
tion of a photoinitiator. The copper foil was etched in ferric
chloride based copper etchant after turning PEGDA coated
graphene upside down, with graphene layer facing the top and
PEGDA at the bottom as shown in Figure 1a. Figure 1b shows
the graphene/PEGDA sheet on water after etching of copper.
Figure S1 (Supporting Information) shows the microstructure
in the scanning electron microscope images of the graphene/
PEGDA sheet. Figure 1c—e shows the computer-aided design
(CAD) design for printed pillar structure with dimensions
to integrate with graphene and muscle, and the side and top
images of the structure printed by stereolithography apparatus,
respectively. After the graphene/PEGDA sheet was transferred
on to printed pillars, the conformal integration of the sheet and
pillar structure can be seen in Figure 1f,g. The muscle ring was
then prepared with the printed mold shown in Figure 1h. The
specific method for creation of the 3D muscle ring is described
in Figure S2 (Supporting Information). After the integration
of the muscle ring, the graphene/PEGDA sheet is shown in
Figure 1i. The detailed fabrication steps and Experimental
methods are described in the Supporting Information.

Figure 1j-1 shows the graphene characterization after gra-
phene transfer on 3D printed pillars. In Figure 1j, D, G, and
2D bands of graphene’s Raman spectra are observed on the top
of graphene-transferred pillar structure. Significantly higher
2D band intensity compared to G band implies that the syn-
thesized graphene is a monolayer. Raman shift peaks of PEG
are due to the PEGDA supportive layer beneath the graphene.
The shifts for 2897 and 2843 cm™! are caused by the symmetric
stretching vibration of methylene group in PEG.*! Also, the
peak for 1470 cm™ of CH,~CH, bending vibration from PEG
is also shown.[?%l The differences in intensity of PEG are similar
to other references in that the peaks from symmetric stretching
vibration of methylene group is larger than those for CH,~CH,
bending vibration.?>2l The Raman measurement clearly shows
that the graphene and PEG supportive layer were successfully
transferred on the top of pillars.

For many applications, the electrical conductivity of the
transferred graphene electrode is an important character-
istic. To measure the electrical conductivity of 3D transferred
graphene sheet, silver paint was applied on the 4 spots on the
graphene sheets shown in Figure 1k. -V curves were meas-
ured by contacting probes on the corresponding painted spots.
The difference in resistances between different spots is reason-
able because the distance between two points for left and right
bottoms is longer than those for other two sets, which they have
a similar range of sheet resistance from 77 k to 120 k Q sq7".
Considering around 800 Q sq! of graphene sheet resistance
and the distance between silver paints, the 3D transferred
graphene has a higher resistance than common planar gra-
phene.'327.28] This is because the 3D graphene was supported
by a PEGDA hydrogel, which was swollen due to wet transfer
and could have resulted in defects in the graphene layer as
shown in Figure S3b (Supporting Information, on top of pillar
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Figure 1. Fabrication for 3D graphene and muscle ring transfer onto the 3D printed PEGDA pillars. a) Schematic to how the integration of the 3D
graphene with muscle ring. b) Image of graphene/PEG sheet in DI water after Cu removal. ¢) 3D CAD image and dimensions of printed PEGDA pillars.
d) Side and e) top views of 3D PEG printed pillars. f) Side and g) top views of pillars after graphene transfer. Images for muscle ring h) before transfer
in the ring mold and i) on the graphene sheet/PEG pillars after ring transfer. j) Raman signal of graphene/PEG sheet on the top of pillar after graphene
transfer. k) The image of silver paints and graphene/PEG sheet on the pillars for measurement of electrical resistance between silver painted electrode.
l) I-V curves between left outside and right outside, left outside and on the left pillar, and left outside and on the right pillar. All scale bars are 5 mm.

after 3D transfer). Figure S3a (Supporting Information, same as
Figure 1j) indicates that the red spot in Figure S3b (Supporting
Information) has Raman peaks for D, G, and 2D bands of gra-
phene and PEG, while the blue circle contains only Raman
shifts for PEG and not graphene, as shown in Figure S3c (Sup-
porting Information). Although the 3D transferred graphene

Adv. Healthcare Mater. 2020, 1901137

1901137 (3 of 6)

has a higher resistance than planar one, they showed the linear
I-V curves and expected Raman shifts.

Figure 2 shows the muscle ring characterization on the 3D
graphene integrated with printed pillars. Images of a muscle ring
on the structure before ring transfer and on day 1, 3, 5, 7, and 10
after ring transfer are shown. The muscle ring had been formed
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Figure 2. The interaction of muscle ring with 3D graphene/PEG pillars. Optical images of 3D graphene/PEG pillars a) before muscle ring transfer,

b) day 1, ¢) day 3, d) day 5, €) day 7, and f) day 10, after muscle ring trans

fer. g) The distance between pillars and passive tension with different days

after muscle ring transfer (n = 3). h) Cell viability as determined by MTS cell proliferation assay of muscle ring on the graphene/PEGDA pillars and

PEGDA pillars without graphene on day 5 after ring transfer.

and cultured in differentiation medium for 10 d as described in
earlier reports.?2231 Graphene sheet 10 d after the ring transfer
is shown in Figure 2f. Figure S4 (Supporting Information)
shows immunofluorescence images for the aligned longitudinal
mytoubes in the muscle ring on day 7 after ring transfer on to
the 3D graphene integrated structure. As the C2C12 skeletal
muscle differentiates from myoblasts to myotubes, the compac-
tion of the muscle ring decreased the distance between the pillars
as shown in Figure 2g. The passive tension, calculated based on
the Euler-Bernoulli beam-bending theory,??l was 0.67 + 0.28 mN
right after the ring transfer and increased to 1.87 £ 0.35 mN on
day 10 after ring transfer and is in similar range as previous
studies.??l The cell viability in the muscle ring was determined
by 3-(4,5-dimethylthiazaol-2-yl)-5-(3-carboxymethoxyphenyl)-2-(4-
sulfophenyl)-2 H-tetrazolium (MTS) cell proliferation assays.
Cells in muscle rings cultured on graphene sheet showed about
7% higher viability level than those on pillars without the gra-
phene sheet in Figure 2h. This is expected, as graphene is
known to promote proliferation and differentiation of the skeletal
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muscles.®®] Based on the passive tension results and the cell
viability results, it can be concluded that the 3D graphene can be
integrated with the tissue in a biocompatible manner.

Next, electrical stimulation was applied to the muscle ring
with the transferred graphene electrode, as shown in Figure 3a
and Movie S1 (Supporting Information). To make connection
with the graphene sheet, silver paint and copper tapes were
used for both ends outside the cell culture well as shown in
Figure 3b. Figure 3c shows the graphene sheet extended from
the muscle ring to the well. When a 5 V signal was applied,
no actuation was observed in the pillars. However, increasing
the voltage amplitude to 10 and 20 V resulted in a noticeable
displacement change as shown in Figure 3e,f, respectively. The
average displacements of the pillars were 3.9 £ 1.0 um for 10 V
and 8.2 £ 1.3 um for 20 V, respectively.

Various pulse frequencies of a given voltage through gra-
phene electrode also resulted in pillar displacement caused
by muscle actuation. When a 0.5 Hz, 20 V pulse was applied,
the pillars moved with 0.5 Hz as shown Figure 3g. In

© 2020 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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Figure 3. Electrical stimulation to the muscle ring through conformal graphene electrode. a) Schematic of the system and b) image of device for
electrical stimulation. c) Optical image of the muscle ring on the graphene/PEG pillars. Scale bar is 2 mm. Displacement of pillars—time curves when
graphene electrode was electrically stimulated by voltage amplitude of d) 5, €) 10, and f) 20 V, with 1 Hz and frequencies of g) 0.5 and h) 2 Hz at
20 V of voltage amplitude. i) Muscle creatine kinase (MCK) activities for muscle rings on pillars without graphene as a control group and graphene/
PEG structure with electrical stimulation on the day 7 after differentiation (n = 3). Control experiment with graphene sheet only in contact with media
separated from muscle ring. j) Schematic and k) optical image for electrical stimulation to muscle ring with graphene sheet not touching the muscle.
I) No displacement of pillars is measured with time when graphene is not touching the muscle ring. Scale bar: 1 mm.

Figure 3h, a 2 Hz stimulation also matched with the movement
from pillars, although the displacement did not fully recover
to zero because of the viscoelastic properties of the printed
PEGDA pillars. Figure S5 (Supporting Information) indicates
that the amplitudes and frequencies of the pillar displacement
caused by muscle twitching are proportional to the applied fre-
quencies and voltages for electrical stimulation through the
graphene electrode. Furthermore, muscle creatin kinase (MCK)
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activity was measured for muscle ring with electrical stim-
ulation through 3D graphene structure to observe the effect of
electrical stimulation on muscle tissue, as shown in Figure 3i.
Although muscle rings with electrical stimulation on 3D gra-
phene appears to show slightly higher level of MCK activity than
control group withoug graphene and electrical stimulation, the
p value is 0.1165 considered to be not statistically significant.
Our results show that the 3D transferred graphene electrode

© 2020 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim



ADVANCED
SCIENCE NEWS

ADVANCED
HEALTHCARE
MATERIALS

www.advancedsciencenews.com

can actuate the integrated muscle rings and availability of the
platform for 3D muscle tissue model with electrical stimulation.

To confirm that the electric signals go through the graphene
and not through the fluid medium, we designed another elec-
trical stimulation experiment as shown in Figure 3j. Two pieces
of graphene sheets were transferred to the glass substrate with
the printed pillars such that they were not touching with pillars.
The integrated muscle ring on the pillars did not contact the
graphene sheets as shown in Figure 3k. When a 1 Hz, 20 V
electrical pulse was applied to the graphene on the substrate,
no change in pillar displacement was observed as shown in
Figure 31 confirming that the electrical contacts do indeed func-
tion as they were designed to.

We report a biocompatible CVD graphene transfer method
using a PEGDA supportive layer. The soft PEGDA layer enabled
a 3D conformal integration of graphene with millimeter scaled
3D printed pillar and a muscle tissue ring. After the 3D transfer,
Raman spectroscopy and electrical measurement results demon-
strated a conductive graphene electrode on the 3D structure. The
integrated muscle tissue ring also showed similar compaction
during cell differentiation and subsequent cell viability as com-
pared to control rings without the transferred graphene sheet.
The integrated muscle ring responded to the electrical stimu-
lation through the transferred graphene electrode with various
applied voltages and frequencies. Our results demonstrate a new
method for 3D graphene electrode integration as a potential plat-
form for electrical applications for 3D biological tissue systems.

Supporting Information

Supporting Information is available from the Wiley Online Library or
from the author.
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