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Abstract

Cellulose and its derivatives have been successfully employed as biomaterials in various applications, including dialysis
membranes, diffusion-limiting membranes in biosensors, in vitro hollow fibers perfusion systems, surfaces for cell expansion, etc. In
this study, we tested the potential of cellulose acetate (CA) and regenerated cellulose (RC) scaffolds for growing functional cardiac
cell constructs in culture. Specifically, we demonstrate that CA and RC surfaces are promoting cardiac cell growth, enhancing cell
connectivity (gap junctions) and electrical functionality. Being optically clear and essentially non-autofluorescent, CA scaffolds did
not interfere with functional optical measurements in the cell constructs. Molding to follow fine details or complex three-
dimensional shapes are additional important characteristics for scaffold design in tissue engineering. Biodegradability can be
controlled by hydrolysis, de-acetylization of CA and cytocompatible enzyme (cellulase) action, with glucose as a final product.
Culturing of cardiac cells and growth of tissue-like cardiac constructs in vitro could benefit from the versatility and accessibility of
cellulose scaffolds, combining good adhesion (comparable to the standard tissue-culture treated polystyrene), molding capabilities
down to the nanoscale (comparable to the current favorite in soft lithography—polydimethylsiloxane) with controlled

biodegradability.
© 2004 Elsevier Ltd. All rights reserved.
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1. Introduction

Cell culture and tissue engineering can benefit from
the use of versatile cost-effective scaffold materials that
can be modified easily. Desired biomaterial modifica-
tions usually include the introduction of controlled
porosity [1,2]; the design of three-dimensional structures
[3-5]; and surface modifications [6,7] for better cell
packing and control of cell network architecture. These
features, combined with requirements for biocompat-
ibility and biodegradability (if intended for implanta-
tion), constitute the characteristics of the ideal
biomaterial for tissue engineering. Different polymer
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classes are currently under testing for providing the
optimal scaffolding in cell and tissue growth [8].
Cellulose is the most abundant naturally occurring
polysaccharide formed out of glucose-based repeat
units, connected by 1,4-beta-glucosidic linkages. Cellu-
lose and its derivatives are widely used as tough versatile
materials. Cellulose nitrate, cellulose acetate (CA) and
cellulose xanthate (rayon) can be easily molded or
drawn into fibers for textile applications, for designing
composite materials (safety glass), as thermoplastics etc.
Unlike starch (very similar glucose-based structure but
with alpha linkages), cellulose-based materials have very
low water solubility, therefore allowing for better
control over scaffold design. Hydrogen bonds from the
hydroxyl groups, holding the cellulose chains together,
account for the high degree of crystallinity, low
solubility and poor cellulose degradation in vivo. The
presence of amorphous regions can increase biodegrad-
ability in tissue [9]. Lowering the crystallinity and
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augmenting the hydrophilicity of cellulose-based mate-
rials are known approaches to improve their biodegrad-
ability in vivo.

Biomaterials based on cellulose and its derivatives
have been used as: (1) hemodialysis membranes [10,11];
(2) diffusion-controlling membranes and membrane-
carriers for enzyme immobilization in biosensors [12—
14]; (3) coating materials for drugs and drug-releasing
scaffolds [15,16]; (4) in vitro hollow fibers perfusion
systems [17,18] and in other biomedical applications.
More recently, several studies report the applicability of
cellulose-based materials for culturing cells and for
implantation. Examples include bone regeneration [19-
21], hepatocyte culturing for an artificial liver [8,22-24],
expansion of progenitor hematopoetic cells in culture
[25] and suppression of matrix metalloproteases
(MMPs) action in wound healing [26,27]. In vitro and
in vivo applications of cellulose-based materials have
demonstrated only negligible foreign body and inflam-
matory response reactions [9,20,28], thus they are
considered biocompatible. The introduction of small
amount of cationic groups can further improve tissue
compatibility of cellulose-based materials [9].

Previous biomedical applications of cellulose-derived
materials suggest their potential use as general support-
ing and guiding structures for cell culture and possibly
for reparative tissue engineering. In this study we
demonstrate the utility of CA and regenerated cellulose
(RC) for engineering electromechanically functional
cardiac muscle constructs in vitro. This biocompatible
polymer with excellent shape-conforming properties for
three-dimensional scaffold design could effectively ad-
dress the structural complexity of the cardiac muscle and
the need for perfusion structures in culture.

2. Materials and methods
2.1. Cellulose acetate and regenerated cellulose scaffolds
CA scaffolds for cell growth were prepared by mixing

1g CA with 39.8% acetyl content (Aldrich Chemical,
Milwaukee, WI) and 20ml of spectroscopic grade

-

—

il

acetone (Adrich) to obtain a clear solution, which was
then dried slowly (covered overnight) to form thin (50—
200 um) optically clear durable membranes. Partial
hydrolysis and de-acetylization were applied to the CA
scaffolds using 100mm NaOH for different time
intervals (6 and 24 h) at different temperatures (25°C
and 60°C) to obtain RC. It is known that such treatment
results in some increase of the nanoscale porosity [29].
The molding potential of CA was tested by casting the
polymer from the surface of fine optical gratings
(30,000 lines/in, i.e. 850nm per line) or by fabricating
wavy microscale fibers or three-dimensional grooved
topographies by casting onto micromachined surfaces.
Fig. 1 shows examples of micro-scale feature molding
using CA.

Control surfaces for cell growth included culture-
treated polystyrene wells (VWR, West Chester, PA)
(PS), standard glass coverslips No. 1 (VWR) (GL), and
polydimethylsiloxane (PDMS) (Sylgard 184 from Dow
Corning, Midland, MI). PDMS membranes were pre-
pared in the usual ratio of 1:10 of curing agent to
elastomer and baked for 2h at 60°C. All scaffolds were
sterilized in ethanol or using UV light.

2.2. Primary culture of cardiac myocytes and fibroblasts

Cardiac cells were obtained from neonatal Sprague-
Dawley rats, 2-4 days after birth, as described
previously [30,31]. Briefly, enzymatic treatment with
trypsin (at 1mg/ml, overnight, at 4°C), followed by
collagenase (at 1mg/ml, repeated treatment at 37°C)
(Worthington Biochemical, Lakewood, NJ) was applied
to digest the heart ventricles of 9-12 pups at a time.
Through a 45 min pre-plating procedure, cardiac fibro-
blasts (FB), which attach first, were separated from
cardiac myocytes (CM). Non-dividing CM were plated
on the desired surfaces immediately post-dissociation at
400 x 10? cells/cm?, while moderately proliferating FB
were trypsinized (0.05% trypsin and 0.5mMm EDTA,
Gibco, Grand Island, NY) 4-6 days later and re-plated
at 20 x 10° cells/cm*; FB from 1 to 4 replatings were
used. The examined surfaces were pre-incubated for
1.5h with fibronectin at 50 pg/ml (BD Biosciences,

Fig. 1. Microscale shaping of CA. Microphotograph (A) shows actual CA molding out of a master optical grating with 850 nm feature periodicity;
(B) is a phase contrast image of a CA sample with microgrooved sinusoidal channels; (C) shows wavy three-dimensional CA fibers, manufactured
from microfabricated surfaces, red ink was mixed with the polymer to increase contrast. Phase contrast photograph of closely packed cardiac
myocytes grown on RC is shown in (D). Scale bar is 10 um in A; 100 um in B, and 200 um in C and D.
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Franklin Lakes, NJ). Both cell types were maintained at
37°C with 5% CO; in medium 199 (Gibco) supplemen-
ted with 2% fetal bovine serum (Gibco).

2.3. Fluorescent cell labeling, cell adhesion and cell
viability assays

For structural characterization, cells were fixed at
days 2-7 after plating in 3.7% formaldehyde and
permeabilized with 0.02% Triton-X 100. Cell cytoske-
leton was fluorescently stained with phalloidin—Alexa
Fluor 488 (Molecular Probes, Eugene, OR) for F-actin.
Nuclei of fixed cells were labeled with TOTO-3
(Molecular Probes) for confocal imaging or DAPI
otherwise; live cells nuclei were labeled with SYTO-16
(Molecular Probes) at 0.5 um for 5min. Gap junctional
protein (Connexin 43) was detected by immunocyto-
fluorescence using a primary rabbit anti-mouse Cx43
affinity-purified polyclonal antibody (Chemicon, Teme-
cula, CA), combined with a secondary Alexa Fluor 488
goat anti-rabbit IgG (Molecular Probes) as a fluorescent
probe.

Fibroblast proliferation and retention to the scaffolds
was quantified over a 12 day period using a cell titer
assay CellTiter 96© AQueous One Solution (Promega,
Madison, WI). Cells on each scaffold were treated with
50 ul reagent for 4h, and a solution sample was taken
for analysis. CellTiter 96 contains a tetrazolium
compound (MTS), that is bioreduced by metabolically
active cells to produce a colored formazan product,
which was measured by absorbance at 490 nm, sub-
tracting a background of 650 nm. A calibration curve of
known cell number versus optical density was prepared
to determine cell number on the scaffolds.

Cell viability was assessed after one week in culture
using a combined propidium iodide (Molecular Probes)
at 2 ug/ml for 2min and SYTO-16 at 0.5 uM for Smin
staining. These two dyes competitively stain cell nuclei,
with SYTO-16 being membrane permeable and labeling
live cells, while propidium iodide only labels the nuclei
of cells with compromised membrane integrity. Fluor-
escence was collected at the corresponding wavelengths
for the two dyes, and the percentage of viable cells was
quantified by the ratio of propidium iodide to SYTO-16
stained nuclei.

2.3.1. Structural fluorescence imaging and morphological
analysis

Structural fluorescence imaging was performed using
a confocal laser-scanning microscope BioRad Radiance
2000 with a 60 x oil-immersion objective (N.A. 1.4), or
an inverted fluorescence microscope Nikon TS100 with
a 40 x objective (N.A. 0.95) and a microscope-attached
Nikon Coolpix 995 digital camera. All images were
properly scaled. Automated analysis of Connexin-43
immunocytochemistry images was conducted using the

Image Processing Toolkit in Matlab (Mathworks)
using granulometry [32], as described previously [33].
Statistical analysis was performed using a two-sided
t-test.

2.4. Dynamic fluorescence imaging of action potentials
and intracellular calcium in cardiomyocyte networks

Action potentials (Vy,) and intracellular calcium
transients ([Ca®"];) in cardiac myocytes were measured
optically using voltage- and calcium-sensitive dyes,
which respond by instantaneous change in fluorescence
to changes in Vy, or [Ca®*'];. During the experiments in
live cells, the scaffolds were transferred to a custom
made experimental chamber with embedded Platinum
electrodes, and the cells were superfused with normal
Tyrode’s solution (in mM): 135 NaCl, 54 KCI, 1.8
CaCl,, 1 MgCl,, 0.33 NaH,PO,, 5 HEPES, 5 glucose,
adjusted to pH 7.4 with NaOH, at 23+2°C. For V,,
measurements, the cells were incubated with the voltage-
sensitive dye di-§-ANEPPS (Molecular Probes) for
S5min. Same cells were co-stained for 20min with
Fura-2 for [Ca®"]; assessment. Microscopic measure-
ments were performed using a Nikon Eclipse TS100
microscope, with a 20 x S Fluor objective (N.A. 0.75) in
epi-illumination using a photomultiplier tube (PMT,
Electron Tubes Lmtd, UK) at a sampling rate of 1 kHz.
Vm and [Ca®*]; measurements were conducted sequen-
tially at the same spatial location. Calcium was
measured ratiometrically by exciting at 380 and
365nm (the isobestic point). Intensity fluorescence
measurements of V,, were conducted with excitation at
535nm.

Macroscopic measurements for resolving propagation
of electrical activity in multicellular preparations were
performed using an intensified CCD camera (DAGE
MTI, Michigan City, IN) and a custom-built optical
setup, as described previously [33]. Propagation maps
were constructed by plotting activation times over the
imaged space.

2.5. Cellulase treatment

Cellulase is a common name for a group of enzymes
that attacks 1,4-beta-glucosidic bonds, thereby selec-
tively breaking cellulose into smaller length chains down
to its glucose repeat units. For RC scaffold degradation
tests prior to cell plating, we used cellulase (a mixture of
endoglucanase, exoglucanase (cellobiohydrolase) and a
p-glucosidase) from Trichoderma reesei (Sigma, St.
Louis, MO), treating each scaffold with about 70
enzyme units over the course of 24 days at 37°C, pH
7.2. Cellulase compatibility with cardiac cells was tested
by treating cell-plated RC scaffolds with variable
enzyme solutions (23, 46 or 92 units per scaffold) for
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24h at 37°C (culture medium), added at day 4 in
culture.

3. Results
3.1. Microscale shaping of cellulose acetate scaffolds

Cellulose-based materials, particularly the CA form,
can be easily molded into complex three-dimensional
shapes (as exemplified by commercially available hollow
microfibers, for example) and are able to follow micro-
and nano-scale surface features (Fig. 1). We show a CA
cast in Fig. 1A with sub-micron features, as well as
examples of sinusoidal microgrooves in Fig. 1B, and
high-surface area wavy cellulose microfibers in Fig. 1C,
prepared in our lab.
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Fig. 2. Cardiac fibroblasts on cellulose scaffolds: (A) Proliferation of
primary cardiac fibroblasts (FB) was assessed at days 0, 1, 2, 4, 12 in
culture. Culture-treated polystyrene (PS) was used as a standard;
cellulose acetate (CA); PDMS and glass (GL) were examined. Shown
are data (mean+S.E.M.). CA demonstrates a similar proliferation
trend as the standard PS, while cells on GL, and particularly PDMS,
show a downward trend after day 2 in culture. (B) Viability of primary
cardiac fibroblasts was assessed after 1 week in culture; data are
presented as (mean+S.E.M). CA exhibited lower cell viability than PS
but higher viability than GL (p <0.05, *) and PDMS.

3.2. Proliferation and viability of cardiac fibroblasts on
CA surfaces

Fig. 2A demonstrates the promotion of proliferation
of cardiac fibroblasts and their good retention on CA
scaffolds over a 12 day period. A similar trend, but with
a slower rate of rise, was observed for tissue culture-
optimized PS surfaces. In contrast, cells on glass
coverslips and PDMS peaked in number at approxi-
mately 24 days in culture, and then followed a
downward trend, particularly for PDMS surfaces.
Curves were based on 10, 18, 40 and 17 cultures for
PS, GL, PDMS and CA, respectively, with 2-9 scaffolds
per time point. Fig. 2B shows viability of primary
cardiac fibroblasts assessed after 1 week in culture. CA
exhibited lower cell viability than PS but higher viability
than GL (p<0.05) and PDMS; more than 500 cells were
analyzed per case. Overall, adhesion and preservation of
cell viability on protein-coated CA surfaces were on par
with the current standard in cell culture, polystyrene.

Fig. 3. Cytoskeleton maturity in CA-grown myocytes. A and B shows
well-packed myocytes at two different scales. F-actin is fluorescently
labeled in green, nuclei—in blue using DAPI (A) or TOTO-3 (B). Scale
bar is 50 pm.
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3.3. Structure and electromechanical function of
cellulose-grown cardiomyocyte networks

A distinct structural feature of the cytoskeleton of
mature cardiac myocytes is the periodic myofibril
organization, composed of individual contractile units
about 2pum long—the sarcomeres. This signature
structural characteristic of differentiated muscle cells is
often missing in culture-grown neonatal cardiomyo-
cytes. However, we found that cellulose scaffolding in its
two varietiecs—CA and RC—consistently promoted
mature sarcomere organization, as shown at two
different magnifications in representative cytoskeletal
images of F-actin (Fig. 3). Additionally, Fig. 3A
demonstrates high packing and confluency for CM, as
seen for FB.

Intercellular communication and effective transmis-
sion of electrical signals in cardiomyocytes relies on gap
junctional proteins; Connexin 43 (Cx43) is the major
gap junctional protein in ventricular cells. Immuno-
fluorescent confocal images of Cx43 distribution in
monolayers of CM, grown on CA and on glass
coverslips are shown in Figs. 4A and B, respectively;

Fig. 4C shows CM grown on microgrooved three-
dimensional CA with 100 pm groove spacing and 10 um
groove depth. The fluorescent labeling of Cx43 produces
bright spots, whose size and density could be directly
linked to the extent of cell-cell communication [34,35].
Fig. 4D summarizes our quantification of gap junctions
for identical areas covered by CM on CA (5 cultures)
scaffolds and on glass coverslips (3 cultures) as controls.
An overall increase of gap junction size and density was
observed for CA-grown cells vs. glass-grown myocytes,
with two of the gap junction size categories (0.45 and
1.85 um?) showing statistical significance (p <0.05). Note
that these observations were not brought about by a
simple difference in cell density between CA and GL
(p > 0.22). These results likely indicate overall improved
cell-cell communication, but further functional char-
acterization is needed.

To test electromechanical competence of the engi-
neered constructs, we used dynamic optical measure-
ments with voltage- and calcium-sensitive dyes. Figs. 5B
and C (right) schematically outline the components in
our fluorescence measurement system, built around an
inverted microscope (5B) or a tandem-lens optical
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Fig. 4. Cell-to-cell communication (gap junctions) in CA-grown myocytes (A and B), compared to cells grown on glass coverslips (C). Cells in A and
C were plated on a flat surface; while a CA scaffold in B had periodic three-dimensional undulations; inset shows a cross-section of the scaffold
surface. Confocal images were obtained after immunolabeling for Connexin 43 (green) and TOTO-3 labeling of nuclei (blue). Scale bar is 50 um. D.
Granulometry-based quantification of gap junctional size distribution on CA and glass from confocal images (like A and C). Increase in the overall
number of gap junctions per area was observed on CA, plus a statistically significant difference between CA and glass for 2 gap junction size

categories, indicated by a star.
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Fig. 5. Electromechanical functionality of cellulose-grown excitable cell networks (A) Optically recorded action potentials (V;,) and calcium
transients ((Ca®*];) in CA-grown myocytes during external 1 Hz pacing, 5 V/cm. Cells were co-stained with voltage- and calcium-sensitive fluorescent
dyes; (B) Restitution properties, i.e. response to different pacing frequencies (0.5-3 Hz), data are presented as (mean+S.D.); (C) Propagation map of
action potentials, demonstrating cardiac syncytium behavior on a CA scaffold. The map shows activation times in color (from 0-70 ms) in response
to a point electrode at the lower left corner; scale bar is 1 mm. The optical configurations, shown on the right of B and C, were used to obtain the
fluorescence measurements of electrical activity in the samples (S) at the micro—(A, B) and macroscale (C), including a light source (L.S.), an
objective lens (O), an excitation filter (Ex), an emission filter (Em), a dichroic mirror (D), a secondary lens (L), a photomultiplier tube (PMT) and an

intensified CCD camera (CCD).

configuration (5C). Representative traces of action
potentials and calcium transients at 1Hz pacing are
shown in Fig. 5A. Normal frequency dependence
(restitution of ¥V and [Ca®']) at 50% duration is
demonstrated in Fig. 5B using samples from 3 cultures.
Electrical activity, induced by a stimulating point
electrode, propagated in macroscopically homogeneous
patterns at conduction velocities 6—15cm/s at room
temperature. A typical propagation map from a CA-
grown cell network, paced at 1 Hz is shown in Fig. 5B,
with point stimulation at the left bottom corner, and
colors corresponding to the times of activation. In the
shown map, times of activation were extracted from the
action potential traces at 256 spatial locations (16 x 16)
covering a 0.4 x 0.4cm? area. Overall, excitability of
cellulose-grown cardiomyocytes was normal and main-
tained in culture.

3.4. Cellulose biodegradability and its effect on cardiac
cells

CA, with good characteristics from a manufacturing
point of view (Fig. 1), is not easily degradable. However,
partial hydrolysis and de-acetylization can reverse a pre-
fabricated scaffold to a RC form, preserving the desired
shape. In Fig. 6A, we summarize the outcome of several
hydrolysis experiments, conducted to achieve the
transition from CA to RC. After only 6 h of hydrolysis,
the transition of CA to RC was documented by
measuring the infrared spectra before and after treat-
ment (Fig. 6B) using an FT-IR spectrophotometer
Avatar 370. In agreement with previous studies [36],
hydrolysis removed the peaks at 5.74, 7.3 and 8.2 um
characteristic for acetylated cellulose derivatives. Ad-
ditionally, the 2.85 um peak (presence of acetyl groups)
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Sample 1 | Sample2 | Sample 3 | Sample 4
Initial mass, mg 167 345 151 239
Hydrolysis Conditions
£°C, time [h] 25°C,6h | 25°C,24h | 60°C,6h | 60°C,24h
Mass loss, mg 55 136 62 102
Mass loss, % 33% 39% 41% 43%
Cellulase Treatment
Mass loss, mg 18 15 20 30
Mass loss, % 16% % 23% 22%
Mass loss, mg/day 0.7 0.3 0.9 0.9
Released glucose, g/l 0.676 0.614 0.757 0.961
Released glucose, 0.028 0.026 0.032 0.040
/l/da
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Fig. 6. CA scaffold biodegradability: (A) The table shows hydrolysis conditions and cellulase treatment (24 days, 70 units, at 37°C, pH 7.2) applied
to 4 CA scaffolds. (B) IR-spectra were different for control and treated CA even after only 6h of hydrolysis, indicating successful CA to RC
conversion. (C) The CA degradation process was assessed by two alternative ways as loss of mass and released glucose with good correlation

(R? = 0.99) between the two.

was substituted with a stronger peak at 3 um, indicative
of increase in OH™. The hydrolysis step was followed by
a slow enzymatic digestion step using cellulase. The
action of the enzyme was probed by two alternative
methods: loss of mass in the processed scaffolds, as well
as the release of glucose in the solution assessed by a
biochemical analyzer YSI 2700 Select (Yellow Springs
Instruments, CA). The two measures of the degradation
process showed high correlation (R? = 0.99), Fig. 6C.
The effect of cellulase was cell type specific, with the
FB being more sensitive to the action of the enzyme than
CM. Fig. 7 (left) shows representative fluorescence
structural images of monolayers of cardiac fibroblasts
after 24h of cellulase treatment. FB adhesion to the
surface was affected in a dose dependent manner (23, 46
and 92 enzyme units were used in Figs. 7A-C,
respectively). This resulted in regional cell sheet detach-
ment from the scaffold. CM, treated with the same
cellulase concentrations, were much more resistant to
detachment and showed no apparent differences from
control samples in cytoskeletal structure and macro-
scopic cell organization (Fig. 7D). Cell viability, probed
by Trypan Blue, was unaffected by the cellulase
treatment. Nuclear images of control (Fig. 7F) and
treated (Fig. 7E) cells showed similar cell densities.

4. Discussion and conclusions

In this study, we demonstrated that cellulose scaffolds
are promoting cardiac cell growth, enhancing cell
packing and connectivity, as well as electromechanical
functionality, Figs. 2-5. Both, action potentials (the
electrical triggers) and intracellular calcium (the med-
iator between the electrical and mechanical action)
showed normal response to external stimulation. The
cellulose-based materials exhibited better adhesion
properties than most polymer surfaces, confirming
earlier results with liver cells [8]. Our data reflect
combined fibronectin and cell affinity and functionality
when cellulose-based scaffolds are employed; no sepa-
rate ECM protein adhesion tests were performed.
Enhanced cell adhesion capacity and positive effects
on the cell metabolism of cellulose surfaces have been
linked to a particular component of the surface tension
(indicator of material hydrophilicity/hydrophobicity)
[8]. Another possible reason for CAs cytocompatibility
could be the introduction of a polysaccharide micro-
environment via the scaffold, consistent with the natural
glycocalyx of the cell.

Cellulose-derived materials are well suited for further
optimization and control of cell adhesion through
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Fig. 7. Dose-dependent cellulase effects on cardiac cells: Cardiac fibroblasts were treated for 24 h with 23 units (A), 46 units (B) and 92 units (C) of
cellulase, respectively. While at the lowest dose, a cell cytoskeleton was normal and undistinguishable from a control, at higher concentrations
fibroblasts” adhesion to the matrix was affected, and cells were peeling off, forming empty holes. At the same time cardiac myocytes, treated with the
same cellulase concentrations, preserved their macroscopic integrity at all doses. D shows a CM sample treated with 46 units for 24 h. Images (E) and
(F) show live myocytes (nuclei labeled with SYTO-16) on cellulase-treated (92 units) and control sample, respectively. Scale bar is 50 um (A-D) and

100 um (E, F).

specific chemical surface modifications or through
modifications to increase surface area. The former has
been demonstrated before by functionalizing CA with
an Arg-Gly-Asp (RGD)-peptide fused to the cellulose-
binding domain (CBD) to augment cell attachment
[16,37]. Surface area increase can be achieved using
established methods for producing cellulose microfibers
and textile-like matrices or using molding to introduce
fine features (Fig. 1). Recently, electrospinning of CA
was also demonstrated to obtain non-woven nanofibers
[38]. Nanostructured scaffolds are believed to improve
cellular response and biocompatibility [39]. CA rivals
PDMS in its potential for easy construction of three-
dimensional structures by casting/molding and extru-
sion. Well-controlled topographic features onto the
biomaterial surface are important for achieving oriented
cell growth to mimic the natural anisotropic character-
istics of cardiac muscle [40]. In addition, cardiac muscle
cells are known for their extremely high metabolic
demands, yet they do not tolerate direct perfusion and
high shear stress (>1dyn/cm?, [41]). Therefore, it is

valuable to have the ability to embed tissue-compatible
perfusion channels with semi-permeable walls for
exchange of metabolites and with dimensions matching
those of intermediate size blood vessels in the heart.
Current commercially available hollow cellulose fibers
match arteriole dimensions. These perfusion channels,
needed exclusively in vitro during the tissuegenesis
phase, can be easily incorporated in the cellulose
scaffold and then completely degraded prior to implan-
tation [18], thus facilitating the subsequent in-growth of
blood vessels and perfusion of the implant.

For most in vitro applications of cardiac tissue
equivalents, drug testing being one of them [42],
biodegradability of the supporting scaffold structure is
not a necessity. Nevertheless, we outline a strategy and
provide preliminary data on cellulose biodegradability.
The general resistance of most cellulose-based materials
to natural degradation in physiological conditions could
be used as an advantage by applying a tight control
through cellulase availability (on/off) and dosage, since
this enzyme is normally absent in mammals, yet
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cytocompatible (based on our preliminary results). The
final product of the cellulose degradation process is
glucose—a natural nutrient for the cells, as contrasted
to the acidic byproducts of the currently standard
biodegradable PLGA scaffolds, for example. Cellulase
treatment, in general, could be completely limited to
pre-implantation to avoid possible adverse systemic
reactions in vivo against the polymer or the enzyme.
Further studies are needed to confirm in vivo applic-
ability of cellulase and its effects on the heart muscle.
Finally, unlike many other biomaterials, currently
used for culturing cells—PLA/PGA, polyvinylchloride,
Nylon, polystyrene, etc.—CA, being transparent and
non-autofluorescent, allows the examination of cells by
light and fluorescence microscopy.

5. Conclusion

In summary, we have demonstrated the use of
cellulose scaffolds for growing structurally mature and
functionally competent cardiac cell networks in culture.
CA is a convenient starting polymer, which could be
easily molded or otherwise modified to follow macro-,
micro- and nanofeatures. If desired, CA could be treated
post-shaping to RC for improved biodegradability. We
conclude that in vitro growth of cardiac cells and tissue-
like cardiac constructs for physiomics type of research
could benefit from the versatility and accessibility of
cellulose scaffolds; their use for tissue regeneration
should also be considered.
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