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Abstract

Biodegradable scaffolds such as poly(lactic acid) (PLA), poly(lactic-co-glycolic acid) (PLGA) or
poly(glycolic acid) (PGA) are commonly used materials in tissue engineering. The chemical
composition of these scaffolds changes during degradation which provides a changing environment
for the seeded cells. In this study we have developed a simple and relatively high-throughput method
in order to test the physiological effects of this varying chemical environment on rat embryonic
cardiac myocytes. In order to model the different degradation stages of the scaffold, glass coverslips
were functionalized with 11-mercaptoundecanoic acid (MUA) and 11-mercapto-1-undecanol (MUL)
as carboxyl- and hydroxyl-group presenting surfaces and also with
trimethoxysilylpropyldiethylenetriamine (DETA) and (3-aminopropyl)triethoxysilane (APTES) as
controls. Embryonic cardiac myocytes formed beating islands on all tested surfaces but the number
of attached cells and beating patches was significantly lower on MUL compared to any of the other
functionalized surfaces. Moreover, whole cell patch clamp experiments showed that the average
length of action potentials generated by the beating cardiac myocytes were significantly longer on
MUL compared to the other surfaces. Our results, using our simple test system, are in agreement
with earlier observations that utilized the complex 3D biodegradable scaffold. Thus, surface
functionalization with self-assembled monolayers combined with histological/physiological testing
could be a relatively high throughput method for biocompatibility studies and for the optimization
of the material/tissue interface in tissue engineering.
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INTRODUCTION

One of the most promising methods for the replacement of damaged cardiac muscle involves
seeding cardiac myocytes or stem cells onto a bioresorbable scaffold. The tissue is allowed to
maturate in vitro and then the construct is implanted at the appropriate location as a prosthesis
[1-4].

Poly(lactic acid) (PLA), poly(lactic-co-glycolic acid) (PLGA) and poly(glycolic acid) (PGA)
are among the few biodegradable scaffold materials which have been approved for human use
[5]. They have been extensively used in cardiac tissue engineering [2,6,7]. Degradation of PLA,
PLGA and PGA invitro and in vivo was shown to be mediated by hydrolysis [8-12] producing
degradation products with hydroxyl and carboxyl functional groups. Although PLA, PLGA

"Corresponding Author: Peter Molnar: pmolnar@mail.ucf.edu, (407) 625 5700 NanoScience Technology Center University of Central
Florida 12424 Research Parkway, Suite 400 Orlando, FL 32826 USA Fax: (407) 882 2819. Anupama Natarajan: anupama@mail.ucf.edu
(864) 650 3818 ChangJu Chun: cchun@mail.ucf.edu (407) 882 2824 James J. Hickman: jhickman@mail.ucf.edu (864) 710 8472.



1duasnuey Joyiny vVd-HIN 1duasnue Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

NATARAJAN et al.

Page 2

and PGA have been extensively used in tissue engineering and considered biocompatible,
bioactivity of their degradation products has been much less studied, due to technical
difficulties. In a recent paper Sung and coworkers (2004) reported the different survival of
cardiac myocytes in the different degradation stages of PGLA scaffolds [13]. The composition
of the scaffold significantly influenced the survival of the cells. In addition, degradation rate
and survival of the cardiac myocytes were inversely correlated.

There are several lines of evidence indicating that surface interactions are important in the
development of cardiac myocytes. Clark (1998) reported that cell-cell contact was a major
determinant in the development of spontaneous activity (beating) in adult feline
cardiomyocyte-cultures [14]. The culture surface had a significant role not only in the
attachment [15] of the cells, but also in cell signaling. Simpson et al. (1994) showed that the
phenotype of cardiac myocytes was determined by the culturing substrate (type I collagen)
through a signaling process, which involved the cardiac alpha (1) or beta (1) integrin chain
[16].

The goal of our study was to create a simple in vitro test system where the chemical environment
(both contact and soluble) of the cardiac myocytes could be controlled and systematically
varied. We were especially interested in the physiological reaction of the cells to hydroxyl-
and carboxyl-groups in the environment as a model of different degradation stages of PLA or
PLGA scaffolds. Our defined system consisted of a functionalized surface to determine contact
interactions between the cells and the culture-surface as well as the serum-free culture medium
we had developed earlier [17,18]. In the development of this test system we concentrated on
the study of the effect of the chemical environment of the cells, although there are several lines
of evidence indicating that topology of the surface / physical properties of the 3D scaffold are
also important for the determination of growth and differentiation of cells [19-22].

For the functionalization of the surfaces we used self assembled monolayers (SAMS) because
of the flexibility of the method [23-26]. Almost any surface can be equipped with functionalized
monolayers, which possess a required specific electrical, optical or chemical property [24,
27-31]. A wide variety of functional groups are available for surface modification [32]. SAMs
have already been used for: the study of cell-surface interactions [33-36], cell patterning [37],
control of protein adsorption [38-41] and prosthetic device biocompatibility [42-44]. Fields
(1999) suggested the use of SAMs to create bioactive surfaces with covalent protein-
functionalization and controlled protein folding [45,46].

For the physiological testing of the surfaces we utilized embryonic (vs. the more commonly

used neonatal) rat cardiac myocytes, because in earlier studies we have developed the serum-
free medium formulation which was supporting the growth and differentiation of embryonic
cardiac myocytes on our defined surfaces [17]. Serum-free culture conditions were essential

for the testing of surface effects on the physiology of the cells, because of the fast adsorption
of serum proteins to the defined surfaces [47-52].

Our method for testing of the physiological effects of the degradation products of PLA and
PLGA scaffolds (modeled by the hydroxyl and carboxyl functionalized surfaces) can be
generalized for in vitro biocompatibility testing. The interface between the engineered material
and the tissue is the surface of the material. This surface can be mimicked by specific surface
functional groups and the biological effects of these surfaces can be tested independently of
the biomaterial's physical properties. In other applications an effective approach in the
development of a clinically applicable biomaterial is to make it biocompatible through the
surface modification of a material which already has excellent biofunctionality and bulk
properties [53,54].
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MATERIALS AND METHODS

Surface modification

The following surfaces were used in this study: 1. Trimethoxysilylpropyldiethylenetriamine
(DETA) 2. (3-aminopropyl)triethoxysilane (APTES) 3. 11-mercaptoundecanoic acid (MUA,
HS(CH5)190COOH) and 4. 11-mercapto-1-undecanol (MUL, HS(CH,)1,0H).

DETA surface modification: Briefly, glass coverslips (Thomas Scientific, Swedesboro, NJ,
6661F52, 22x22 mm No. 1) were cleaned using an O, plasma cleaner (Harrick, Ithaca, NY,
PDC-32G) for 30 min at 400 mTorr. The DETA (United Chemical Technologies Inc., Bristol,
PA, T2910KG) SAM was formed by the reaction of the cleaned surface with a 0.1% (v/v)
mixture of the organosilane in freshly distilled toluene (Fisher, Pittsburgh, PA, T2904). The
coverslips with the mixture were heated to 70°C, rinsed with toluene, reheated to 70°C, and
then oven dried. Surfaces were characterized by contact angle measurements using an optical
contact angle goniometer (KSV Instruments, Monroe, CT, Cam 200) and by X-ray
photoelectron spectroscopy (XPS) (Fissons Escalab 200i XL) by monitoring the N 1 s peak
[55].

APTES: Briefly, after O, plasma cleaning, the glass cover slips were immersed in a mixture
of 1% APTES (Sigma, St Louis, MO) in freshly distilled and dried toluene for 60 minutes
inside a nitrogen purged glove box. They were then rinsed with fresh dried toluene three times
and cured in the oven at 110°C for 30 minutes. The APTES modified SAMs were immersed
into absolute ethanol (Sigma) until they were used.

The carboxyl and hydroxyl modified SAMs were prepared using the bifunctional cross-linker
N-succinimidyl 4-maleimidobutyrate (GMBS, Pierce, Rockford, IL): The APTES SAMs were
immersed in a solution of 2mM GMBS in absolute ethanol after dissolving it with a minimum
amount of dry dimethy sulfoxide (DMSO, Pierce) for about 60 minutes. They were then rinsed
with absolute ethanol three times. The intermediate GMBS (a cross linker) on the APTES
SAMs was immersed immediately in 10 mM MUA (Aldrich 45,056-1, 95%) with a minimum
amount of dry DMSO, and 10 mM MUL (Aldrich 44,752-8, 97%) with a minimum amount of
dry dimethylforamide (DMF, Pierce) in absolute ethanol for at least 1hr [56] followed by a
final rinsing in ethanol.

Surface characterization

Surfaces were characterized by contact angle measurements using an optical contact angle
goiniometer (KSV Instruments, Cam 200) and by XPS (Fissons Escalab 200i XL). XPS survey
scans, as well as high-resolution N1 s and C1 s scans, utilizing monochromatic Al Ka
excitation, were obtained.

Embryonic rat cardiac myocyte culture

Cardiomyocytes were obtained from rat embryos on the 14" day of the embryonic development
(E14) [57] according to a protocol approved by the Institutional Animal Care and Use
Committee of University of Central Florida. Briefly, rats were euthanized by inhalation of an
excess of CO». The hearts were removed from the embryos in Hibernate E medium (BrainBits,
Springfield, IL) and dissociated using type Il Collagenase (Worthington, Lakewood, NJ,
LS004174, 125 units/g, 1 g/5 ml) in L-15 medium. The hearts in the collagenase solution were
placed in the water bath (37 °C, 90 rpm) for 20 minutes followed by gentle manual trituration.
The cell suspension was then centrifuged on a 4 % Bovine Serum Albumin (BSA, Sigma,
A-3058) cushion at 300 g, 4°C for 10 minutes. The cell pellet was then resuspended in the
culture medium and plated on the surface-modified coverslips at a density of 1000 cells/
mm?2. The culture medium consisted of 100 ml of Ultraculture medium (Cambrex, East
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Rutherford, NJ), 5 ml of B-27 (Invitrogen, Carlsbad, CA), 1 ml of non-essential Amino Acids
(Invitrogen, 11140-050), 1 ml of L-Glutamine (Invitrogen, 25030-164), 1 ml of 1 M Hepes
Buffer (Sigma), and 0.375 g of dextrose (Sigma). The medium was changed on the first day
after culture and thereafter every 3 days.

The coverslips were fixed in 3.7% formaldehyde in phosphate-buffered saline (PBS) for 10
min and permeabilized with 0.1% Triton X-100 in PBS solution for 5 min. The fixed cells were
preincubated with 1% BSA for 20-30 min. Then fluorescent phallotoxin was added to the
coverslips (BODIPY 581/591 phalloidin, Invitrogen, B3416, 1:40 dilution in PBS). The
coverslips with the staining solution were then kept at room temperature for 20 min and
mounted with Citofluor mounting solution (Ted Pella) onto the slides. The immunostaining
were visualized using a Zeiss LSM 510 confocal microscope [17].

Electrophysiology

RESULTS

Whole-cell patch clamp recordings were performed in a recording chamber on the stage of a
Zeiss Axioscope 2FS Plus upright microscope in L-15 medium at 22°C. Patch-clamp pipettes
were prepared from borosilicate glass (BF150-86-10; Sutter, Novato, CA) with a Sutter P97
pipette puller, filled with intracellular solution (in mM: K-gluconate 140, EGTA 1, MgCl, 2,
Na,ATP 5, Hepes 10; PH=7.2). The resistance of the electrodes was 6-8 MQ. Action potentials
were recorded in current clamp mode using a Multiclamp 700A amplifier (Axon, Union City,
CA). Signals were filtered at 2 kHz and digitized at 20 kHz with an Axon Digidata 1322A
interface. Data recording and analysis was performed with pClamp 9 software (Axon).
Membrane potentials were corrected by subtraction of the 15 mV tip potential, which was
calculated using Axon's pClamp 9 program.

Surface modification

Glass coverslips were functionalized with: 1. Trimethoxysilylpropyldiethylenetriamine
(DETA) 2. (3-aminopropyl)triethoxysilane (APTES) 3. 11-mercaptoundecanoic acid (MUA)
4. 11-mercapto-1-undecanol (MUL) according to the protocol outlined in Figure 1.

Contactangle and XPS measurements were used for the verification of the surface modification
process. Contact angle for DETA, APTES, GMBS, MUA and MUL was 48 °+3, 45°+4, 60°+
2, 66°+3 and 56°+ 3, respectively. The normalized intensity of nitrogen on APTES was 600

+200 calculated as the area under the count (AUC) of the high resolution N 1s peak, divided
with the internal reference peak, silicon (Si 2p).

Morphological characterization of cardiomyocytes on functionalized surfaces

The growth and differentiation of rat embryonic cardiomyocytes on the four functionalized
surfaces (MUA, MUL, APTES and DETA) were studied over a two week period. At the early
stage of the culture (1-3 days) the cells formed small, clearly separated, non-beating clusters
[17]. By day 5 in vitro these clusters showed spontaneous beating on all surfaces. The best
attachment and growth of cardiac cells was observed on DETA, followed by those on MUA
surfaces. APTES was a close third with cell attachment and spontaneous activity almost similar
to the MUA surface (Figure 2). The MUL surface showed comparatively poor attachment and
a significantly lower presence of beating cell clusters compared to the other three surfaces
(Figure 3).

Histological analysis using BODIPY-conjugated phallotoxin showed that the beating islands
consisted of cardiac myocytes. Atthe single cell level we were not able to detect any differences
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in the morphology of cardiac myocytes grown on the functionalized surfaces. The measured
parameters were cell size and shape quantified by the ratio of the longest and shortest axis of
the cells measured by the NIH Image program (Data not shown).

Electrophysiology

Whole cell patch clamp experiments were performed on beating cardiac myocytes grown on
the functionalized surfaces at day 7 in vitro. There was no significant difference in any of the
measured parameters between the four groups except in the length of the action potentials
(Figure 4 and (Table 1).

Action potentials were significantly longer on MUL compared to any of the other
functionalized surfaces. The longer average action potential length in the MUL group was the
result of the presence of a cell population generating unusually long action potentials (Figure
4). This cell population was not unique to the MUL surface, and, although less frequently, this
type of cells could have been observed in the other groups. Longer action potentials in the
MUL, and less frequently in the other groups were also observed in older (14 days in vitro)
cultures (Data not shown).

DISCUSSION

The interaction of cardiac myocytes with the degradation products of commonly used scaffold
materials such as poly(lactic acid) (PLA), poly(lactic-co-glycolic acid) (PLGA) and poly
(glycolic acid) (PGA) were modeled by culturing embryonic rat cardiac myocytes on
functionalized coverslips presenting carboxyl and hydroxyl groups on the surface. Contact
angle measurements and XPS showed the successful functionalization of the glass coverslips
with SAMs presenting the carboxyl and hydroxy! groups on the surface. Embryonic cardiac
myocytes formed beating islands on all tested surfaces /
Trimethoxysilylpropyldiethylenetriamine (DETA), (3-aminopropyl)triethoxysilane (APTES),
11-mercaptoundecanoic acid (MUA) and 11-mercapto-1-undecanol (MUL)/ but the number
of attached cells and beating patches was significantly lower on MUL surface compared to any
of the other functionalized surfaces. Moreover, whole cell patch clamp experiments showed
that the average action potential length generated by the beating cardiac myocytes were
significantly longer on MUL compared to other surfaces.

The result concerning the decreased number of beating cardiac myocytes on the
hydroxylfunctionalized surface was in agreement with recent experiments by Sung and
coworkers (2004) using 3D scaffolds. They have reported the decreased survival of cardiac
myocytes in the advanced stages of degradation of PGLA scaffolds (higher hydroxyl / carboxyl
ratio) compared to non-degraded scaffolds [13].

Our observation concerning the increased number of cardiac myocytes that generated long
action potentials on MUL compared to the other functionalized surfaces might indicate that 1)
these long action potentials are generated by non-healthy cells and the ratio of non-healthy /
healthy cells was grater on MUL in agreement with the decreased viability or 2) the hydroxyl
groups on the surface affected the differentiation of the cardiac myocytes by inducing the
development of a phenotypically separate cell population or 3) surface properties selectively
affected the survival of atrial vs ventricular myocytes, which have different
electrophysiological properties or 4) hydroxyl groups on the surface slowed down the
differentiation of cardiac myocytes, because the duration of the action potentials are shortened
during the normal development of cardiac myocytes.

Further studies needed for the deeper understanding of the impact of the chemical environment
on the physiology of cardiac myocytes (and also other cell types) because this information is

J Biomater Sci Polym Ed. Author manuscript; available in PMC 2010 October 18.



1duasnuey Joyiny vVd-HIN 1duasnue Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

NATARAJAN et al.

Page 6

essential for several tissue engineering applications. Our system, consisting of a serum-free
culture medium and a defined surface offers a tool for these vital studies. As more and more
cells will be available for culture in serum free conditions, our method can be extended to all
of these new cell types. In this study we did not investigate the effect of substrate topography /
texture on the physiology of the cells, only chemical composition, but those important effects
can also be modeled in our defined system.

CONCLUSION

Our simple method that used hydroxyl- and carboxyl- functionalized surfaces to test the effect
of the different chemical environments which surrounds cardiac myocytes at different stages
of the degradation of PLA, PLGA or PGA scaffolds gave the same result, decreased viability
in the case of hydroxyl-functionalization, than earlier experiments using the complex 3D
scaffold. In our system the chemical environment affected not only the survival, but also the
physiology (action potential duration) of cardiac myocytes. Surface functionalization with self-
assembled monolayers combined with histological/physiological testing could be a relatively
high throughput method for biocompatibility studies and optimization.
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Figure 1.

Surface modification of the glass coverslips. First, glass coverslips were covalently modified
with APTES self-assembled monolayer. MUA or MUL was covalently attached to the APTES
monolayer with a bifunctional crosslinker (GMBS)
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A B

Figure 2.
Morphology of cardiomyocyte beating clusters on the functionalized surfaces on day 5: A)
MUA B) MUL C) APTES D) DETA. Scalebar=100 pm
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Figure 3.

Beating cardiomyocyte-clusters / coverslip on the functionalized surfaces. There were

7

DETA

significantly less beating clusters on MUL surface compared to either MUA, APTES or DETA.
There was no significant difference between MUA, APTES or DETA. Two-sample Student's
t-test, p<0.05. 5 experiments with 3 parallel coverslips in each. Mean+SEM.
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Figure 4.

Electrophysiological characterization of cardiac myocytes grown on the functionalized
surfaces on day 7 in vitro. A, B: Representative action potential shapes on MUA and MUL
surfaces, respectively. Note the different timescales! C: Action potentials were significantly
wider on MUL surface than on any of the other surfaces. Mean of 13 — 19 experiments + SEM
was shown. Two-sample Student's t-test, p<0.05. D: The distribution of the action potential
width showed that on MUL surface there was a cell population generating unusually wide
action potentials. Relative frequency was normalized to the total number of recorded cells on
the given surface.
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