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Dielectrophoretically Aligned Carbon Nanotubes to Control
Electrical and Mechanical Properties of Hydrogels to
Fabricate Contractile Muscle Myofibers

Javier Ramén-Azcon, Samad Ahadian, Mehdi Estili, Xiaobin Liang, Serge Ostrovidov,
Hirokazu Kaji, Hitoshi Shiku, Murugan Ramalingam, Ken Nakajima, Yoshio Sakka,

Ali Khademhosseini,*

Tissue engineering generally involves the proliferation and dif-
ferentiation of cells within a scaffold that mimics the native
extracellular matrix (ECM). Hydrogels are often used as scaf-
folds due to their high water content, biocompatibility, and bio-
degradability.2l However, they generally have weak mechanical
properties and low conductivity, which limit their application in
regulating the behavior of electroactive cells, such as skeletal,
cardiac, and neural cells.l’) Therefore, controlling the mechan-
ical and electrical properties of hydrogels is desirable in regu-
lating cell behaviors. Electrically conductive and mechanically
strong hydrogels have other important applications, such as in
real-time monitoring of cellular activities,**! developing hybrid
three-dimensional (3D) electronics-tissue materials,®”) and as
bioactuators.®!

Nanomaterials have recently gained much attention as tools
to improve the electrical and mechanical properties of bioma-
terials.”! For instance, alginate hydrogels impregnated with
gold nanostructures improved the electrical conductivity and
cellular excitability of both cardiomyocytes and neural cells.>1%

and Tomokazu Matsue>

Nanomaterials encapsulated in scaffold materials could also
enhance sensitivity of engineered tissues mimicking the native
nervous system,l'] which can be used in the fundamental
cell biology and diagnostics. For example, carbon nanotubes
(CNTs)!'2 and nanowires[!3] have been used to sense extra- and
intra-cellular activity of cells or to tailor the delivery of thera-
peutic molecules to cells.

We have previously demonstrated that gelatin methacrylate
(GelMA) hydrogels emulated the ECM for various cell types,
such as that of muscle, cardiac, and endothelial cells.l']
GelMA is a photocrosslinkable hydrogel derived from natural
gelatin. As recently reported, multi-walled carbon nano-
tubes (MWCNTSs) can effectively reinforce GelMA hydrogels
without negatively impacting cell behavior.!'®! The formation
of nanofiber web-like structures of CNTs within GelMA hydro-
gels enhanced the mechanical properties of GelMA-CNTs
hybrid systems compared with the pure GelMA hydrogel."”!
However, despite unique electrical conductive properties of
CNT, there has been no report to tune electrical properties of
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Figure 1. Process of the CNTs’ alignment as bundles within the GelMA hydrogel under dielectrophoresis (DEP) force. (A) Schematic representation
of the fabrication process for CNT alignment within the GelMA hydrogel. Dispersed CNTs’ in the GelMA prepolymer were introduced into the 50-um-
height chamber and patterned by DEP forces (20 V and 2 MHz) within the electrodes. The chamber was then irradiated with UV light for 150 s. (B) Phase
contrast images of the CNT alignment over time. CNTs were aligned after 20 seconds. (C) Length of CNT bundles over time. Scale bar shows 50 pm.

GelMA hydrogels using nanoscale alignment of CNTs. Here,
we propose dielectrophoresis (DEP) as an enabling tool to pat-
tern CNTs within GelMA hydrogels. DEP is a powerful tech-
nique to manipulate particles based on their responses to an
AC electric field, which induces a charge polarization within
the particles and their surrounding medium.'®”] Due to the
low ion concentration and viscosity of GelMA, we hypothe-
sized that it would provide a suitable milieu for CNT align-
ment using DEP.

In this study, DEP was applied to obtain aligned CNTs within
GelMA hydrogels. The electrical and mechanical features of
GelMA-CNT hydrogels were quantified and compared with
pristine GelMA hydrogels. To demonstrate the utility of these
novel hydrogels, the GelMA and GelMA-CNT hydrogels were
then used to fabricate C2C12 muscle myofibers and were char-
acterized in terms of contractility of myotubes and gene expres-
sion related to muscle cell differentiation.

CNTs were initially functionalized with carboxyl groups to
render them water-soluble. The CNTs exhibited cylindrical mor-
phology; an aspect ratio greater than 100; and a wide diameter
distribution (40-90 nm), as revealed by transmission electron
microscope (TEM) and scanning electron microscope (SEM)
images (see Supporting Information, Figure S1). The Raman
spectra of CNTs (Figure S2) indicated that the CNTs were of
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high quality. Here, CNTs were coated and stabilized with a
thin layer of GeMA hydrogel, as confirmed from our previous
work.”] The DEP approach was then used to pattern CNTs
within the GelMA hydrogels, as shown in Figure 1. AC elec-
tric fields appeared to induce dipole moments within CNTs and
forced them to align in the direction of the electric field. Note
that the CNTs were attached together and aligned as the bundle
in their axial direction. By adjusting voltages and frequencies,
CNTs could be successfully aligned within GelMA hydrogels
(using 2 MHz and 20 Vpp, respectively) by applying current
through an interdigitated array of Pt (IDA-Pt) electrodes (see
Supporting Information, Movie 1). Additional techniques can
also pattern CNTs on or into biomaterials. For example, Sung
et al. reported the use of electrospinning for the alignment of
CNTs within poly(methyl methacrylate) (PMMA).I'®l However,
they observed that as the CNT concentration was increased to
5 wt%, the alignment of CNTs became irregular because of
CNT aggregation during the electrospinning process. In gen-
eral, CNT alignment within polymers using electrospinning
does not appear to be robust, likely due to relaxation after
fiber formation!'” and highly tangled electrospun hybrid CNT-
polymers, leading to bent and twisted CNTs and agglomerate
formation.?°22l Another approach to achieve aligned CNTs
within biomaterials is to apply mechanical strain to the hybrid
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Figure 2. Mechanical and morphological properties of the 5% GelMA and aligned/non-aligned hybrid GelMA-CNT hydrogels (0.3 mg/mL CNTs), as
measured by AFM. (A) Schematic representation, Young's modulus map and its histogram, and force deformation curves for the pure 5% GelMA
hydrogel (A-1, A-2, A-3, and A-4, respectively). The red curve represents the force deformation curve as the AFM cantilever approached the surface,
while the blue curve is the force deformation curve produced when the cantilever left the surface. The green line was calculated according to the DMT
theory. (B) Schematic representation, Young’s modulus map and its histogram, and force deformation curves of the CNTs randomly dispersed in the
GelMA hydrogel (B-1, B-2, B-3, and B-4, respectively). (C) Schematic representation, Young's modulus map and its histogram, and force deformation
curves of the CNTs aligned within the GelMA hydrogel (C-1, C-2, C-3, and C-4, respectively). (D) AFM picture of randomly dispersed CNTs within the
5% GelMA hydrogel. Scale bar is 200 nm. (E) AFM picture of the aligned CNTs embedded in the 5% GelMA hydrogel.

CNTs-biomaterials. Voge et al. used this approach to obtain
aligned single-walled carbon nanotubes (SWCNTs) within col-
lagen-fibrin hydrogels over the course of hours.?l Their results
showed that hydrogels with anisotropic CNTs had higher con-
ductivity compared with hydrogels containing randomly dis-
persed CNTs. Individual CNTs were also aligned using a simple
spinning technique.’¥ However, using this approach, CNTs
could only align in the radial direction. In contrast, the pro-
posed DEP approach here provides facile, rapid, and reproduc-
ible alignment of CNTs within a scaffold material (i.e., GelMA
hydrogel). The whole process took less than one minute (Movie
S1). In addition, there was no destructive effect on the structure
and morphology of CNT5, as confirmed by the assessment of
atomic force microscopy (AFM) measurements of aligned CNTs
after DEP and in the absence of an electric field (Figure 2-E and
2-D, respectively). Here, GelMA hydrogel polymerization is cru-
cial for preserving aligned CNTs after removing the current.
Figure 1-A to 1-C show CNTs aligned within the gaps of the
IDA-Pt electrodes in less than one minute.

The hybrid GeIMA-CNT hydrogels with CNTs concentrations
of 0.1, 0.3, 1, and 2 mg/mL were prepared with and without
CNTs alignment. The DC conductivity of all these structures

© 2013 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

was measured and compared with the conductivity of the
pristine GelMA. Here, the IDA-Pt electrodes were used for
the measurement of DC conductivity. As shown in Figure 3,
the electrical conductivity along with the CNT alignment was
dramatically increased as a function of CNT concentration.
Most importantly, there was few orders of magnitude increase
in conductivity as the CNTs were aligned within the GelMA
hydrogel compared with randomly oriented CNTs within the
GelMA. A similar trend was observed for impedance of the
hydrogels (Figure 3-C). Impedance spectra were acquired for
the GelMA and GelMA-CNT hydrogels on the IDA-Pt elec-
trodes over a frequency range from 10 to 10° Hz with a pertur-
bation amplitude of 25 mV. The same behavior was observed
as we increased the perturbation amplitude to 1 V (Figure S3).
The substantially higher conductivity of GeIMA hydrogels with
aligned CNTs compared with hydrogels with randomly oriented
CNTs is most likely due to the formation of an intertwined CNT
network through which the current could be passed.

In the present study, a micromechanical mapping tech-
nique was used to measure the mechanical properties of the
nanostructured hybrid GelMA-CNTs gels, including elas-
ticity and surface topography. The results, summarized in

Adv. Mater. 2013, 25, 4028-4034
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Figure 3. Conductivity of hybrid GelMA-CNT gels with different concen-
trations of CNTs, along with the pristine GelMA (i.e., 0 mg/mL CNTs).
(A) Current-Voltage (I-V) curves for the pristine GelMA and for the GelMA
hydrogels with randomly distributed CNTs. The CNT concentration was
varied from 0.1 to 2.0 mg/mL. (B) I-V curves for the pristine GelMA and
for the GelMA hydrogels with aligned CNTs. The CNT concentration was
varied from 0.1 to 2.0 mg/mL. (C) Impedance measurements of the pris-
tine GelMA and the hybrid gels loaded with 0.3 mg/mL CNTs. The per-
turbation amplitude was 25 mV.

Figure 2, show that Young's modulus for the pristine GelMA
was 12.5 + 0.09 kPa, which agrees with our previously reported
value derived from conventional stress-strain measurements.['
Because the GelMA was reinforced with 0.3 mg/mL CNT;, its
Young’s modulus increased to 20.9 + 0.12 and 23.4 + 0.17 kPa
for the random and aligned CNTs within the GelMA hydrogel,
respectively. This increase in Young's modulus was likely due
to the formation of a well-connected 3D network structure
within the hydrogel. CNT alignment most likely caused an
extra reinforcement between the CNTs bundles. Therefore,
there was a slight increase in Young’s modulus for the aligned
CNTs within the GeIMA compared with the randomly oriented
CNTs. Force deformation curves are shown in Figure 2-A-4,
B-4, and C-4, taking into consideration one representative point
of the corresponding Young’s modulus maps. The Derjaguin,
Muller, and Toporov (DMT) modell?®! was used to generate the

Adv. Mater. 2013, 25, 4028-4034
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deformation plots. Interestingly, the pristine GelMA hydrogel
exhibited a typical elastic deformation curve (Figure 2-A-4);
however, the hybrid hydrogels showed a viscoelastic behavior
with the addition of CNTs (Figure 2-B-4 and C-4), likely due to
the viscoelastic behavior of the encapsulated CNTs. We further
confirmed this result by measuring the elastic modulus and
the force curve of 1 mg/mL aligned CNTs within the GelMA
hydrogel (Figure S4). The mechanical properties of scaffolds
affect cell behavior and fate, such as cell adhesion, prolifera-
tion, and differentiation.?®] Therefore, hydrogels with tunable
mechanical properties are of great interest. A simple method to
increase the compressive modulus of hydrogels is to decrease
the water content of hydrogels. However, this method reduces
the porosity and interconnectivity of hydrogels and has adverse
effects on the performance of hydrogels.'*?’] For example, as
shown in our recent work, increasing the compressive modulus
of GeIMA hydrogels by increasing the concentration of meth-
acrylate limited cell viability and growth, morphogenesis, and
cell migration.?! In this regard, CNTs hold great potential as
a supplementary material for scaffolds due to their extraordi-
nary mechanical properties. GelMA hydrogels containing CNTs
were shown viscoelastic behavior similar to soft tissue mem-
branes?”); therefore, they could be ideal scaffolds for soft tis-
sues, such as skeletal muscle.

Encapsulated CNTs in GelMA at a concentration of
0.3 mg/mL significantly increased the electrical conductivity
and moderately strengthened the mechanical properties.
Therefore, this concentration was chosen for further skel-
etal muscle cell experiments. As reported in Figure S5, more
than 95% of C2C12 myoblasts remained viable on both pris-
tine GelMA and GelMA-CNT hydrogels and the difference
between cell viability on the pristine GelMA and GelMA-CNT
hydrogels was not significant. Similar results were obtained
for cell proliferation, except that there was an increase in cell
proliferation for the GelMA-CNT hydrogels compared with
the pristine GelMA hydrogels on day 3 of culture. This dif-
ference may be caused by the increased elastic modulus
and viscoelsticity of the hybrid gels. C2C12 myoblasts need
a substrate to attach and proliferate. Here, it seems that
hybrid GeIMA-CNT hydrogels provide more anchoring sites
for the cellular adhesion and proliferation compared with
pristine GelMA hydrogels. As demonstrated in our previous
works, 331 topological cues have a great impact on the mor-
phological and unidirectional orientation of C2C12 myoblasts.
A high degree of C2C12 myoblast alignment is important in
obtaining highly aligned C2C12 myotubes because myoblasts
fuse together in an end-to-end direction to form myotubes
and myotube alignment is crucial to maximize the contrac-
tility and force generation within muscle tissues.3% Therefore,
we created a groove-ridge micropattern on the GelMA hydro-
gels, as shown in Figure 4-A, to make 3D myofibers within
the grooves. The C2C12 myotubes were subjected to electrical
stimulation (ES) (voltage 8 V, frequency 1 Hz, and duration
10 ms) at day 8 of culture for 2 continuous days. C2C12 myo-
tubes cultured in the absence of ES were used as control sam-
ples. Differentiation of C2C12 myoblasts on GelMA-aligned
CNT micropatterns due to the ES was confirmed by fluores-
cent staining of myosin heavy chain and o-actin proteins at
day 10 of culture (Figure 4-B and 4-C) as a standard measure
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Figure 4. CNT alignment within GelMA hydrogel and differentiation of C2C12 myoblasts on the obtained GelMA-CNT hydrogel. (A) Schematic repre-
sentation of the procedure to fabricate a groove-ridge topography within the GelMA-CNT hybrid gel (0.3 mg/mL CNTs). Immunostaining of cell nuclei/
myosin heavy chain (B) and cell nuclei/F-actin (C). Gene expression analysis of fabricated muscle myofibers on GelMA and GelMA-CNT hydrogels with
(+ES) or without (-ES) electrical stimulation at day 10 of culture. Expressions levels of (D) sarcomeric actin, (E) MRF4, (F) o-actinin, (G) myogenin, and
(H) MHCIId/x in fabricated muscle myofibers grown on the pristine GelMA, aligned CNTs within the GelMA hydrogel (0.3 mg/mL CNTs), and random
CNTs within the GelMA (0.3 mg/mL). (I) Displacements of myotubes due to ES on the pristine GelMA, aligned CNTs within the GelMA hydrogel
(0.3 mg/mL CNTs) and random CNTs within the GeIMA (0.3 mg/mL). ES was applied at day & of culture with a voltage 8 V, a frequency 1 Hz, and a
duration of 10 ms for 2 continuous days. Scale bars are 50 um. The expression levels of genes were normalized with respect to the internal reference
gene GAPDH. Asterisks indicate significant differences between samples (#p < 0.05).
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of myotube formation and contraction.[’?l Figure 4-D to 4-H
show the gene expression of fabricated muscle myofibers that
were cultured on pristine GeIMA or on GelMA containing ran-
domly oriented CNTs or aligned CNTs with/without applying
ES. Myogenin and MRF4 genes are responsible for the inter-
action with the muscle LIM protein during muscle matura-
tion and are highly expressed in mature adult skeletal mus-
cles.33l Sarcomeric actin, o-actinin, and myosin heavy chain
isofactor IId/x (MHCIId/x) are contraction-related genes and
are expressed as a result of sarcomeric development within
the muscles. Most importantly, gene analysis revealed that
ES substantially promoted muscle cell differentiation and
contraction, and this effect was more profound for C2C12
myotubes cultured on GelMA hydrogels with aligned CNTs
compared with C2C12 myotubes cultured on pristine GelMA
or on GelMA hydrogels with randomly dispersed CNTs. This
difference is mainly attributed to the higher conductivity of
aligned CNTs in the GelMA along with the CNT alignment
compared with the other hydrogels. CNTs were patterned
parallel to the electric field and therefore increased the effi-
ciency of ES. Contraction of the stimulated myotubes was also
observed and recorded (Movies S2-S4 and Figure 4-1). Electri-
cally stimulated myotubes cultured on GelMA hydrogels with
aligned CNTs exhibited more displacement compared with
those cultured on pristine GelMA or on GelMA hydrogels
with randomly dispersed CNTs. Other studies have confirmed
a major role of scaffold conductivity on muscle cell differentia-
tion and contraction. For example, poly(e-caprolactone) (PCL),
PCL-MWCNTs, and PCL-MWCNTs have been combined with
polyvinyl alcohol and polyacrylic acid (abbreviated by authors
as PCL-MWCNTs-H) as the scaffolds for skeletal muscle
tissue engineering.3 MWCNTs increase the conductivity of
scaffolds. However, only PCL-MWCNTs-H scaffolds with the
highest conductivity show contraction upon applying an elec-
tric field. Myotube formation is also improved on latter scaf-
folds compared with the PCL and PCL-MWCNT scaffolds.

In summary, DEP was proposed to achieve highly aligned
CNTs within GelMA hydrogels in a facile and rapid way. This
method is universal to make any type of CNTs micropat-
terns inside the biological scaffolds for various biological
applications. Anisotropically aligned GelMA-CNT hydrogels
showed higher conductivity compared with randomly distrib-
uted CNTs in the GelMA hydrogel and the pristine GelMA
hydrogel. Due to the high electrical conductivity of aligned
GelMA-CNT hydrogels, the engineered myofibers cultivated
on these materials demonstrated more maturation and
contractility, particularly after applying ES along with the
CNT alignment, compared with the corresponding muscle
myofibers cultured on pristine GelMA or GelMA hydrogels
with randomly distributed CNTs. GelMA-CNTs hydrogels
with tunable mechanical and electrical properties may be
used in biosensing, development of hybrid 3D electronics-
tissue materials, and for engineering functional tissues for
various other applications.

Supporting Information

Experimental section, Figure S1-S6, Table S1, and Movies S1-S4.
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