NANO 5

pubs.acs.org/NanoLett

Nanoengineering the Heart: Conductive Scaffolds Enhance Connexin

43 Expression

Jin-Oh You, Marjan Rafat, George J. C. Ye, and Debra T. Auguste*

School of Engineering and Applied Sciences, Harvard University, Cambridge, Massachusetts 02138, United States

e Supporting Information

ABSTRACT: Scaffolds that couple electrical and elastic properties may
be valuable for cardiac cell function. However, existing conductive
materials do not mimic physiological properties. We prepared and
characterized a tunable, hybrid hydrogel scaffold based on Au nanopar-
ticles homogeneously synthesized throughout a polymer templated gel.
Conductive gels had Young’s moduli more similar to myocardium
relative to polyaniline and polypyrrole, by 1—4 orders of magnitude.
Neonatal rat cardiomyocytes exhibited increased expression of connexin

Cardiomyocytes grown on nanoengineered scaffolds
increase connexin 43 expression.

43 on hybrid scaffolds relative to HEMA with or without electrical stimulation.
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Cardiac disease is often associated with abnormalities in ele-
ctrical function that can severely impair cardiac perfor-
mance. In many arrhythmias, slow conduction and unidirectional
conduction block result from insufficient intercellular electrical
coupling at gap junctions." We hypothesized that electrically
active scaffolds may be used to improve cardiomyocyte function
by increasing connexin 43 (Cx43) expression.

Scaffolds provide the basic, mechanical platform for engineer-
ing a tissue. Scaffolds with similar chemical and mechanical
properties to native tissue have been engineered to improve cell
adhesion, viability, proliferation, and function.” > Scaffolds de-
signed to mimic cardiac tissue in both stiffness and anisotropy
have shown improvements in cardiomyocyte electrical excitation
and gap junction formation.*”

External electrical fields have also been applied to cell-laden
scaffolds to regulate the biophysical properties of cells in vitro;
increased fibroblast proliferation,s’9 neurite extension,'”'! stem
cell differentiation,'>'® and cardiac synchronization'* have been
observed. Conducting polymers like polyaniline (PANI) and
polypyrrole (PPy), which fail to mimic physiological moduli,
have been shown to support the attachment and Proliferation of
various mammalian cell lines such as myoblasts, S fibroblasts, '
and endothelial cells."” Scaffolds that couple electrical, mechan-
ical, and chemical considerations may provide the appropriate
environmental stimuli to foster healthy cell function and tissue
formation.

Electrically conductive scaffolds were prepared by a two-stage
synthesis as described in Scheme 1. First (Scheme 1A), thiol-2-
hydroxyethyl methacrylate (thiol-HEMA) was synthesized by
dodecylthiol ether end functionalization of HEMA using dode-
canethiol (DDT) and 2,2'-azobisisobutyronitrile (AIBN).'®
Synthesized thiol-HEMA was mixed with HEMA at different
mass to volume ratios and poured into a close-packed lattice of
poly(methyl methacrylate) (PMMA) microparticles (average
diameter 200 #m) on concave glass. Figure 1A shows an optical
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microscopy image of PMMA microparticles for making close-
packed lattices. The thiol HEMA/HEMA solution was cross-
linked by tetra(ethylene glycol) dimethacrylate (TEGDMA) and
photopolymerized under UV light using AIBN as the photo-
initiator. Figure 1B depicts the polymerized hydrogels with em-
bedded PMMA particles. Porous scaffolds were obtained by
removing the embedded PMMA microparticles in dichloro-
methane (DCM) (Figure 1C). The scaffolds were made conduc-
tive (Scheme 1B) by immersion into aqueous potassium tetra-
chloroaurate (KAuCly). Au nanoparticles within the scaffolds
were obtained by reduction in sodium borohgrdride (NaBH,)
due to the affinity of both colloidal Au and Au’* ions with thiol
groups. Panels D—H of Figure 1 depict scaffolds with increasing
amounts of thiol- HEMA. As the thiol-HEMA content increased
from 0 to 40% (thiol- HEMA weight/HEMA volume, w/ V)
relative to the HEMA solution, the color of the scaffolds
appeared darker, signifying an increase in Au content. Scaffold
dimensions were 8 mm in diameter by 1 mm in thickness.

Au nanoparticles were homogenously dispersed throughout
the thiol HEMA/HEMA scaffolds as shown in the transmission
electron microscopy (TEM) images (Figure 2A,B). The average
particle sizes of scaffolds incorporating 10 and 40% (w/v) thiol-
HEMA were 8.1 &+ 0.9 and 4.4 £ 0.3 nm, confirmed by particle
size analysis using Image] (NIH) and TEM. Au nanoparticles
remained evenly distributed in scaffolds placed in deionized
water for >180 days. As shown in Figure 2C, absorption spectra
for 1, 10, 20, and 40% (w/v) thiol HEMA/HEMA confirmed the
decreasing Au nanoparticle size with increasing thiol HEMA
content. The UV —vis traces have an absorption maximum near
525 nm, which is characteristic of the surface plasmon resonance
of well-spaced Au nanoparticles."” ' At low Au content (1 and
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Scheme 1. Illustration of (A) the Synthesis of thiol-HEMA and (B) Reduction of Au within the thio- HEMA/HEMA Scaffold
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Figure 1. Preparation of conductive scaffolds. (A) Optical micrograph
of PMMA microspheres used to form lattices. (B) SEM image of a
HEMA hydrogel with embedded PMMA microparticles. (C) SEM
image of Au impregnated HEMA scaffold after removal of PMMA
particles. Optical images of porous HEMA scaffold (D) and Au
impregnated HEMA scaffolds with varying thiol- HEMA content, 1
(E), 10 (F), 20 (G), and 40% (w/v) (H), respectively. The scale bars
are 100 um (A, B), 200 um (C), and 3 mm (D—H).

10% w/v), the absorbance between 600 and 700 nm was
high, indicating the aggregation of Au particles. The absorp-
tion spectra confirmed the presence of homogeneous, mono-
disperse Au nanoparticles at 40% (w/v). The amount of thiol-
HEMA in the scaffolds regulated Au nanoparticle size and
number.

The mass of Au was a function of the thiol-HEMA content.
Thermogravimetric analysis (TGA) showed a mass loss region
between 220 and 440 °C for HEMA and Au nanoparticle
impregnated thiol-HEMA/HEMA scaffolds (Table S1, Support-
ing Information). The thermogram demonstrated that 40% (w/v)
thiol- HEMA/HEMA scaffolds were composed of 3.4 &= 0.2 wt %
of Au nanoparticles. In contrast, only 0.22 & 0.01 wt % of Au
nanoparticles was observed in the 10% (w/v) thiol-HEMA/
HEMA scaffolds. The mass of thiol-HEMA correlated with the
mass of Au embedded within the scaffolds.

A physiologically relevant Young’s modulus is also desired
for cardiac scaffolds; cardiac cells grow best on soft materials
like polyacrylamide** or fibrinogen.”> Conductive thiol-
HEMA/HEMA scaffolds were measured under tensile stress
on an Instron BioPuls 5543 machine (Instron, Norwood, MA).

A representative stress—strain curve is shown for 0% w/v thiol-
HEMA scaffolds in Figure 2D. As shown in Figure 2E, the
Young’s moduli increased with decreasing thiol- HEMA content
from 600 to 1600 kPa. The scaffolds had mechanical properties
that were stiffer than native heart muscle, which is comprised
primarily of collagen and is elastomeric with a stiffness of
approximately 50—100 kPa during diastole.**>**">® The mod-
ulus of active myocardium during systole, however, is approxi-
mately 20-fold higher, which more closely resembles the thiol-
HEMA/HEMA scaffold moduli.?”?® In addition, thio- HEMA/
HEMA scaffolds are 1—4 orders of magnitude softer than
PANI'>'9?%3% and PPy*'? conductive biomaterials, which have
Young’s moduli ranging from 6 to 10000 x 10 kPa. Table S2
(Supporting Information) provides the mechanical properties of
various materials used either for cardiac tissue engineering or for
conductive scaffolds. Mechanical®** or chemical**** cues may be
used with our hybrid materials to couple the increased Cx43 ex-
pression with cellular organization. Future scaffold designs should
incorporate anisotropy to more closely resemble the native
myocardium as anisotropy has been shown to enhance cardiac
function.”

Four Au impregnated scaffolds, comprised of 0, 10, 20, and 40%
(w/v) thiol- HEMA, were measured for conductivity (Figure 2F)
using a Keithley programmable current source and electrometer
(Keithley Instruments, Inc., Cleveland, OH). The electrical con-
ductivity of the Au impregnated, 40% (w/v) thiol- HEMA scaffolds
was 15.3 £ 0.8 S/m. This was 30% higher than HEMA scaffolds,
which had a conductivity of 10.6 & 0.6 S/m. The conductivity
observed in thio- HEMA/HEMA scaffolds was high with respect
to physiological values but comparable to typical conductive
hydrogel values between 0.1 and 30 S/m.**** The conductivity
of intracellular and extracellular tissues (ventricular muscle, blood,
lung, and skeletal muscle) ranged from 0.03 t0 0.6 S/ m.>’ Scaffold
conductivity was controlled by altering the thiol- HEMA content.

Electrically conductive and elastic thio- HEMA/HEMA scaf-
folds were incubated with fibronectin (25 ¢g/mL for 1 h) prior to
seeding with § x 10° neonatal rat cardiomyocytes per scaffold.
Cardiomyocytes were cultured for 3 days to allow for strong
adhesion. This was followed by S days of electrical stimulation at
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Figure 2. Characterization of Au impregnated thiol-HEMA/HEMA scaffolds. TEM images of Au nanoparticles in (A) 10 and (B) 40% (w/v) thiol-
HEMA/HEMA scaffolds. Scale bar is 10 nm. (C) UV—vis spectra of Au impregnated thiol-HEMA/HEMA scaffolds in deionized water with increasing
thiol- HEMA content: 1 (red), 10 (orange), 20 (green), and 40% (w/v) (blue), respectively. (D) Representative stress—strain curve for 0% (w/v) thiol-
HEMA scaffolds. (E) Young’s moduli of HEMA scaffolds with increasing thiol- HEMA content. (F) Conductivity of Au impregnated thiol-HEMA/
HEMA scaffolds with increasing thiol-HEMA content. Error bars represent standard error with n = 5.

2 mA rectangular pulses (2 ms, 1 Hz, S V/cm). Cardiomyocyte
viability was measured using the alamarBlue assay. Figure 3A
illustrated that unstimulated cells maintained their viability after
8 days of culture regardless of scaffold thiol-HEMA content.
After electrical stimulation (Figure 3B), cardiomyocyte viability
showed an increasing trend with increasing thiol-HEMA con-
tent; however, statistical significance was not observed.
Cardiomyocyte-laden scaffolds were evaluated by scanning elec-
tron microscopy (SEM) (Figure 4). SEM images of unstimulated

(Figure 4A,C) and stimulated (Figure 4E,G) cardiomyocytes re-
vealed clustering within scaffold pores. Cardiomyocytes were ob-
served as clusters and single cells on all scaffolds independent of the
thiol-HEMA content or stimulation condition. Cardiomyocyte bea-
ting was observed on all scaffolds after S days of culture (Supple-
mentary Movie 1, Supporting Information).

Cx43 was evaluated to identify whether a conductive scaffold
and electrical stimulation could increase expression. Cardiomyo-
cytes express multiple connexins, proteins that form gap junction
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Figure 3. Cardiomyocyte viability. Cardiomyocytes seeded on thiol-HEMA/HEMA scaffolds were assessed by the alamarBlue assay for unstimulated
(A) and stimulated (B) conditions. Cells were stimulated with 2 mA rectangular pulses (2 ms, 1 Hz, 5 V/cm) for S days after 3 days of initial seeding at
5 x 10° cells/scaffold. Data are reported as a normalized cell count, where the cell numbers were normalized to the 0% w/v thiol-HEMA condition. Error
bars represent the standard error from three independent scaffolds tested per condition.
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Figure 4. Cell morphology and connexin 43 (Cx43) expression.
Unstimulated (A—D) and stimulated (E—H) cardiomyocytes were
observed on scaffolds with 0 (A, B and E, F) and 40% (w/v) thiol-
HEMA/HEMA (C, D and G, H). SEMs (A, C, E, and G) depict that
cardiomyocytes cluster within pores. Nuclear and Cx43 stains are shown
in blue and green, respectively (B, D, F, and H). Scale bar is 25 ym. (I)
Western blot analysis of Cx43 expression in unstimulated (a and c) and
stimulated (b and d) scaffolds with 0% (a and b) and 40% w/v (c and d)
thiol-HEMA content. GAPDH was evaluated to verify loading efficiency.
Protein expression was quantified through evaluating the relative
intensity of the Cx43 bands normalized to the 0% w/v thiol-HEMA
unstimulated condition.

channels that regulate how current spreads from one cardiomyo-
cyte to another. Mice heterozygous for the Cx43 null mutation
(Cx43+/ ~ mice) exhibited a 50% loss in Cx43 expression,
resulting in a 40% reduction in ventricular conduction velocity.*’
Therefore, loss of Cx43 expression has been linked with imped-
ing electrical signaling between cells. Inmunofluorescence stain-
ing was conducted to confirm the presence of Cx43 on
unstimulated (Figure 4B,D) and stimulated (Figure 4FH)
scaffolds. To verify changes in protein expression, a Western

blot analysis was performed (Figure 4I). The amount of Cx43
was observed to be 2-fold higher in stimulated samples contain-
ing 40% w/v thiol-HEMA in comparison to nonconducting
scaffolds (Figure 4Ib vs Figure 41d). Surprisingly, Cx43 expres-
sion was also significantly higher (60%) when cells were seeded
on electrically active scaffolds without electrical stimulation rela-
tive to nonconducting scaffolds without stimulation (Figure 4Ia
vs Figure 41c).

Cx43 has been shown to regulate cell—cell communication,
influence electrical coupling, and promote contractile behavior.*'~*
The enhanced expression of Cx43 suggested that cardiomyocytes
may be stimulated when seeded on electrically active scaffolds.
Elevated levels of Cx43 have previously been reported after electrical
stimulation on collagen scaffolds compared to unstimulated
controls.** Amplification of Cx43 due to matrix conductivity opens
new doors to the ability of cardiac cells to sense and respond to their
environment. Factors such as substrate stiffness” > and surface
chemistry®™~* have been implicated previously in determining cell
morphology, fate, and migration.

Coupling Au nanoparticles with the transparency, elasticity,
and chemical versatility of a hydrogel yields control over the
chemical, mechanical, and conductive properties of the cell
microenvironment. The hybrid scaffold design was based on a
polymer templating technique which allows for the homoge-
neous synthesis of Au nanoparticles throughout the gel. HEMA
and Au were chosen for the scaffold because they are widely used
in drug delivery and tissue engineering applications.**** Both
materials are biocompatible and may be functionalized with biomo-
lecules for various applications.>®~>* Although Au is widely used as a
biomaterial due to its low reactivity, it can form bonds with thiols.
Thus, Au can interact with proteins, including fibronectin, via
cysteines. Previous reports have shown that the Arg-Gly-Asp
(RGD) domain of fibronectin, which contributes significantly to
cellular adhesion, is not affected.>® Au nanoparticles have been used
successfully in many biological applications.***”

Conductive scaffolds prepared from PANI***® and PPy®%*¢"!
lack the ability to easily tune their surface chemistry and
mechanical properties. PANI and PPy scaffolds are opaque,
which hinders visual examination during cell culture. PPy-doped
scaffolds have a range of mechanical (0.5—70 MPa) and electrical
(0.7—30 S/m) properties.***> However, aggregation of PPy
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particles have resulted in heterogeneous properties. We have
prepared hybrid scaffolds with homogeneously distributed Au
nanoparticles of uniform size. Optimization of hybrid scaffolds
with tunable properties may be broadly useful in cardiac,”>**
neuronal,®® muscle,®® and bone®” tissue engineering.

In summary, we have synthesized and characterized a series of
electrically conductive scaffolds based on Au impregnated thiol-
HEMA/HEMA scaffolds. We demonstrated that conductive and
mechanical properties may be controlled via the scaffold for-
mulation. These novel scaffolds produce a unique cellular
microenvironment that couples tunable conductivity and elasti-
city. Cardiomyocytes adhered and maintained viability for 8 days.
Notably, Cx43 was upregulated under stimulated conditions and
when seeded on conductive scaffolds in the absence of electrical
stimulation. The effect of these parameters suggested that
conductive scaffolds may facilitate cardiomyocyte function. Ef-
forts to utilize electrical stimulation to regulate cell function may
not be necessary. Therapeutic opportunities may exist in increas-
ing the conductivity of damaged cardiac tissue by amplifying
cell—cell communication. Tissue replacement and/or repair
strategies hinge on understanding cell—matrix and, in this case,
cell—electrical interactions.

B ASSOCIATED CONTENT

© Supporting Information. Details of experimental proce-
dures, thermogravimetric analysis of Au impregnated HEMA
scaffolds at different thiol —HEMA ratios (Table S1), properties
of various materials used in tissue engineering (Table S2), and
movie displaying cardiomyocyte beating on a three-dimensional
thiol -HEMA/HEMA scaffold. This material is available free of
charge via the Internet at http://pubs.acs.org.
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