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Abstract

Cultured murine bone marrow derived mesenchymal stem
cells (BMSC) when grown along with cardiogel derived
from mouse cardiac fibroblast, exhibited increased cell
proliferation and differentiation and enhanced survival
under oxidative stress induced by the exposure of H,0, in
vitro (similar to in vivo ischemia like condition). Adhesion
of BMSC to the cardiogel occurred at a faster rate when
compared to the cells grown on normal surface. BMSC
attached to cardiogel showed an increased resistance to
proteolytic (enzymatic) disassociation. This is the first
report on an attempt to use an in house biomaterial for the
growth of BMSC that led to their heightened resistance
towards oxidative stress. These studies support that
cardiogel is an efficient biodegradable three-dimensional
extracellular matrix which supports better growth of BMSC
and can be used as a scaffold for stem cell delivery, with
potential therapeutic applications in cardiac tissue
regeneration.
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Introduction

It is well known that progression of myocardial infarction
gradually leads to heart failure (Struthers, 2005). Current
heart failure treatment is largely focused on maintaining
the residual overburdened cardiomyocytes (Christman and
Lee, 2006; Chen et al., 2008; Abbate et al., 2009).
Recently, cell therapy has emerged for the treatment for
several heart diseases (Costanzo et al., 1995; Heng et al.,
2004; van Laake et al., 2006; Zhu et al., 2009). Cell
therapy is based on the principle of supplementing the
insufficient inherent repair mechanisms within diseased
heart by utilizing either embryonic and/or adult stem cells
besides mesenchymal stem cells, hematopoietic stem cells,
umbilical cord blood cells and skeletal satellite myoblasts
(Orlic et al., 2002; Reffelmann and Kloner, 2003;
Dimarakis et al., 2005; Bettiol et al., 2007; Tang and
Phillips, 2007; Catharina et al., 2008).

Undifferentiated stem cells can differentiate into
multiple lineages after transplantation (Jon et al., 2001;
Donald and Darwin, 2007). Transplantation of stem/
progenitor cells into damaged cardiac muscles has been
known to induce differentiation into scar tissue containing
fibroblasts (Wang et al., 2001). Under such circumstances,
very few transplanted stem cells differentiate into
cardiomyocytes, thereby reducing the clinical efficacy of
stem cell transplantation therapy for myocardial
regeneration and finally affecting the revival of heart
function after myocardial infarction. Microenvironment/
niches, the environment in which stem cells are found,
can interact to regulate stem cell fate, direct non-
committed stem cells towards specific lineages and play
arole in proliferation (Dimarakis et al., 2006a; Dimarakis
etal., 2006b). It has been shown that transplanted human
embryonic stem cells (hESC) precommitted to
cardiomyogenic lineage by prior co-culture with END2
cells (mouse endoderm-like cell line), can survive,
integrate, mature and proliferate after intramyocardial
injection in immunodeficient mice (van Laake et al.,
2008).

However, stem cell transplantation in cardiac therapy
by means of the direct injection method is subject to the
loss of intercellular communication, extracellular matrix
(ECM), and cell numbers. But its efficacy can be
improved by the use of patches of synthetic composites
or biomaterials as carrier (Ishii et al., 2005; Piao et al.,
2007). In ischemic heart, these materials enhance the
binding of injected cells to the substratum at or near the
site of injury (ischemia) without disrupting the cell-cell
microenvironment and prevent their loss by extrusion
(Memon et al., 2005; Christman and Lee, 2006; Chen et
al., 2008). Attempts have been made to replace infarcted
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cardiac tissue with tissue-engineered cardiac patches made
of' biocompatible and bioabsorbable materials like purified
ECM molecules and heterogeneous mixtures of ECM
components (Heng et al., 2004). Co-delivery of cells with
various matrices including collagen matrices, Gel Foam
and Matrigel has been successfully carried out (Kutschka
et al., 2006; Laflamme et al., 2007). But their long term
effects, including immunogenic response in most cases
have not been studied well.

Cardiogel is a naturally occurring extra cellular matrix
derived from in vitro cultured fibroblasts. It is composed
of laminin, fibronectin, and interstitial collagens (Types 1
and IIT) besides other proteins, proteoglycans, and growth
factors (VanWinkle et al., 1996). ECM components
considerably influence the growth characteristics of
cardiomyocytes, development of physiological activities
such as spontaneous contractile activity and phenotype
morphological differentiation, suggesting synergestic
effect of ECM components (Bick et al., 1998; Song et al.,
2007). Elementary cardiac differentiation mechanisms
have been elucidated using animal models along with in
vitro models of cardiac development such as mouse
embryonal carcinoma cells, mouse embryonic stem cells
and recently, human embryonic stem cells (Krachenbuehl
et al., 2008; Beqqali et al., 2009). The growth rate and
adhesion of murine mesenchymal stem cells in cardiogel
were found to increase when co-cultured together (Chang
etal., 2007).

In coronary diseases, narrowing of heart arteries result
in ischemia where there is a decreased blood and oxygen
supply to heart, which can ultimately lead to a heart attack.
Reactive oxygen species (ROS), a major cause of injury
after ischemia/reperfusion, may hinder the adhesion and
spreading of MSCs (Angelos et al., 2006; Song et al.,
2010). Tissue hypoxia mediates an increase in the ROS
burst at reperfusion and is associated with further
impairment of LV functional recovery. Efficacy of stem
cell therapy using cardiogel in ischemic conditions has
not been well studied. In the present study, we have cultured
bone marrow derived stem cells isolated from adult mice
along with cardiogel and report the survival of stem cells
against oxidative stress, which can occur during
reperfusion of ischemic areas of heart. The proliferative
potential of the bone marrow derived stem cells growing
on cardiogel as well as the adhesion capability of stem
cells was also evaluated.

Materials and Methods

Isolation and culture of bone marrow derived
mesenchymal stem Cells (BMSC)

6-8 week-old Swiss albino mice were procured from Tamil
Nadu Veterinary and Animal Sciences University, Chennai.
All procedures, approved by the Institutional Animal Ethics
Committee (IIT Madras, India) and the Committee for the
Purpose of Control and Supervision of Experiments on
Animals, Government of India, were performed under the
Rule 5(a) of the Breeding and Experiments on Animals
(Control and Supervision) Rules (1998). All the animals
used for the experiments were killed by cervical
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dislocation. Bone marrow-derived mesenchymal stem cells
(BMSC) were collected from the aspirates of the femurs
and tibias of mice (~20 g) with 10 ml of BMSC
maintenance medium (BMM) consisting of DMEM/F12
(1:1) medium (Invitrogen, Carlsbad, CA, USA)
supplemented with fetal calf serum (FCS) (20%) (Gibco;
Invitrogen), penicillin (100 U/ml), and streptomycin (100
mg/ml; Invitrogen), 2 mM L-glutamine (Invitrogen), 0.1
mM nonessential amino acids (Invitrogen) and 3 mM
sodium pyruvate (Invitrogen). Cells were washed twice
and resuspended in BMM and plated at a density of 1 x
10* cells per cm? in flasks. Cultures were maintained at
37°C in a humidified atmosphere containing 5% CO,. After
72 h, non-adherent cells were discarded, and the adherent
cells were thoroughly washed twice with Dulbecco’s
Phosphate Buffered Saline (DPBS). Fresh complete
medium was added and replaced every 3 or 4 days for ~10
days. The cells were harvested after incubation with 0.25%
trypsin and 1 mM EDTA (Invitrogen) for 5 min at 37°C
and re-plated at densities of 5 x 10° cells per cm?. These
cells were maintained for further studies and in most
experiments cells between Passage Number (Pn) 5 and Pn
12 were used. For experiments, plates coated with cardiogel
and controls precoated with 0.2% gelatin were used. The
isolated cells were characterized by immunocytochemical
analysis using antibodies for the surface markers CD29,
CD34, CD45, (Santa Cruz Biotechnology, Santa Cruz, CA,
USA), CD106 and Sca-1 (BioLegend, San Diego, CA,
USA) with 1:100 dilution for primary antibodies and 1:200
dilution for fluorophore conjugated secondary antibodies
(Sigma-Aldrich, St. Louis, MO, USA) as described earlier
(Chang et al., 2007).

Preparation of Cardiogel matrix coated plates
Cardiogel was prepared from confluent cardiac fibroblasts
in-house using a modified version of a previously described
protocol (Song et al., 2007). Briefly, the fibroblasts were
isolated by differential attachment of digested mouse
cardiac tissue suspension as described earlier (Sreejit et
al., 2008). Whole hearts of 6-8 week-old Swiss albino mice
killed by cervical dislocation, were excised and
immediately transferred into ice cold DPBS. Excised hearts
were washed with chilled PBS, followed by sterile ice-
cold balanced salt solution (20 mM HEPES-NaOH (pH
7.6), 130 mM NaCl, 1 mM NaH,PO,, 4 mM glucose, 3
mM KCI), in which the tissue was kept for 10 min. The
tissues were then minced with a sterile scalpel blade into
small pieces £1 mm? in 0.05% trypsin EDTA (Invitrogen)
(0.3 ml per heart) and transferred into sterile 15 ml falcon
tubes. The myocardial cells were dispersed by incubating
with 0.5% Trypsin EDTA (~1 ml of Trypsin for every 100
mg of tissue) and were then mixed by intermittent pipetting
along with stirring at 37°C in a water bath for 4 min. The
cell suspension was allowed to stand for 1 min. The
supernatant containing single cells was collected into 15
ml falcon tube kept on ice, to which 2 ml DMEM/F12
(1:1) medium (Invitrogen) supplemented with 20% fetal
calf serum (Invitrogen) was added and the digestion step
was repeated thrice. The cell suspensions from each
digestion were pooled and centrifuged at 2500g for 10
min at 4°C.
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The cell pellet was resuspended in a Cardiac
Maintenance Medium (CMM) containing DMEM/F12
(1:1) medium supplemented with fetal calf serum (20%),
horse serum (Invitrogen) (5%), penicillin (100 U/ml) and
streptomycin (100 mg/ml) (Invitrogen), 2mM L-glutamine
(Invitrogen), 0.1mM non essential amino acids
(Invitrogen), 3 mM sodium pyruvate (Invitrogen) and
bovine insulin (1 pg/ml) (USV, Mumbai, India). Viability
of cardiomyocytes was assessed by the Trypan blue
exclusion test. The cells were plated on plates pre-coated
with 1% gelatin and incubated in 95% air and 5% CO, at
37°C for ~2-3 h, to allow the differential attachment of
cardiac fibroblasts. The non-adherent cells were removed
and the plates were washed twice with DPBS. The adherent
cells were maintained in CMM. On attaining confluency,
the adherent cardiac fibroblasts were trypsinized and re-
plated at a density of 1x10* cells per cm? into plates pre-
coated with 0.2% gelatin. When these cells reached
confluency, (3-4 days), the medium was carefully aspirated
and the plates were rinsed gently with PBS.

1 ml of pre-warmed extraction buffer (0.5% Triton X-
100, 20 mM NH,OH in DPBS) was added to the plate,
and the process of cell lysis was observed using an inverted
microscope (Nikon Eclipse TS100, Melville, NY, USA),
until no intact cells were visible (20-60 s). The cellular
debris were washed off with chilled DPBS and the plates
were stored at 37°C in DPBS.

Control plates and dishes were coated with 0.2% gelatin
dissolved in water. Gelatin suspension was added to the
wells and coated by exposing it to ultraviolet (UV) rays of
~62UW/cm? intensity for 20 min to enhance cross-linking.
The coated plates were incubated at 37°C for 2 h after
removal of excess gelatin suspension and used for further
experiments.

Proliferation assay

To determine the rate of cell proliferation (fold increase)
of BMSC in cardiogel, BMSC were seeded on 0.2% gelatin
coated (control) and cardiogel coated plates at an initial
density of ~5 x 10° cells per cm?. Cells were incubated for
12 days at 37°C in a humidified 5% CO, incubator. Cell
growth at different time points (6™, 9" and 12" day) was
estimated by the MTT (3-(4,5-Dimethylthiazol-2-yl)-2,5-
diphenyltetrazolium bromide) assay. The above protocol
was done in conjunction with CFU-F assay, both of which
were modifications of the protocols described earlier (Lapi
etal., 2008).

MTT assay

Cell viability of the plated cells in cardiogel was measured
by the MTT assay (Song et al., 2007). The MTT assay
was used for cell proliferation studies as it measures the
cellular activity of mitochondrial dehydrogenases. The
optical density of the formazan product formed was
measured. The MTT assay was also used for understanding
the effects of stress in cells, since stress can influence the
number of viable cells. Similarly in adhesion studies, the
number of viable adherent cells in the wells remaining after
the studies was estimated using the amount of MTT-
formazan produced during the assay. Normal growth
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medium was used as blank and appropriate cell controls
for each assay were also kept for validating the obtained
data. The experiments were performed thrice in duplicates.

Colony forming unit-fibroblast (CFU-F) assay

The MSC proliferative induction capability of cardiogel
was evaluated by CFU-F analysis. Bone marrow cells
(passage number 2, 7 and 9) were seeded into the plates at
an initial density of ~5 x 10° cells per cm? in BMM. Cells
were incubated for 14 days at 37°C in a humidified 5%
CO, incubator. The medium was changed twice per week.
On day 13, cultures were simultaneously fixed and stained
with 0.1% crystal violet in 20% methanol by incubating
them at room temperature for 30 min, and then washed
twice with PBS. Crystal violet stained fibroblastic colonies
with more than 50 cells were counted, to rule out colony
formation due to aggregation, and then photographed
(Nikon Eclipse Ti). The experiment was performed in
triplicate.

Stress induction studies

BMSC (initial inoculation of ~5 x 103 cells per cm?) were
grown on control and cardiogel coated plates. Cells (~60%
confluency) were treated with various concentrations of
hydrogen peroxide (H,0,) (Merck, Darmstadt, Germany)
in maintenance media for various time periods. H,O, was
diluted in Milli-Q water from the stock solution. Media
was replenished and diluted H,O, of various concentrations
was added into the well to obtain final concentrations of
50 uM, 500 uM, 5 mM and 50 mM. After H,O, addition,
cells were incubated in dark at 37°C in a humidified
atmosphere containing 5% CO, for 1 to 4 days. After the
required exposure, the treatment media was decanted and
fresh media was added. The MTT assay was carried out to
determine the cell growth and survival.

Cell adhesion studies

To determine whether cell proliferation on cardiogel was
an outcome of cellular attachment to the scaffold, cellular
adhesion assays were performed. The adhesion potential
of BMSC in cardiogel within a short time period was
assessed using a modified version of a previously described
protocol (Vohra et al., 2008). BMSC were seeded onto
cardiogel containing plates in concentrations ranging from
103 to 107 cells per well of a 6 well plate and allowed to
adhere for 1 h at 37°C. Following 1 h adhesion, wells
containing cells were washed thrice with DPBS to remove
non-adherent cells. The adherent cells were visualized and
photographed under an inverted microscope with attached
camera (Nikon Eclipse Ti). The cell adhesion index was
quantified by the MTT assay.

To determine the intensity of cellular adhesion of
BMSC to cardiogel, which is reliant on the time required
by the cells to disassociate from the surface, the following
protocol was developed.

BMSC were also seeded on cardiogel containing plates
and allowed to grow. After attaining ~70% confluency,
the wells were washed with DPBS and then trypsinized
with 0.25% Trypsin (Invitrogen) for varying time periods.
The wells were exposed to trypsin for 0.5, 1 and 5 min
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before neutralization with media containing 20% FCS. The
wells were washed thrice with DPBS to remove non-
adherent cells. The adherent cells were visualized and
images recorded as described earlier. The cell adhesion
index was again measured by the MTT assay.

Scanning electron microscopy

BMSC were seeded on glass cover slips coated with
cardiogel and allowed to grow. After attaining ~70%
confluency, the cover slips were chemically fixed with
2.5% glutaraldehyde at room temperature and then serially
dehydrated in ethanol. The surface of the cover slip was
sputter coated in a vacuum with an electrically conductive
5 nm thick layer of Gold/Palladium alloy using a Precision
Etching Coating system (Gatan, Warrendale, PA, USA;
Model 682). Scanning electron microscopy (SEM) images
were then recorded with a High Resolution SEM (FEI,
Hillsboro, OR, USA; Quanta 200).

Statistical analysis

Statistical analysis was performed by analysis of variance
(ANOVA) and the Holm-Sidak test using the Sigma Plot
version 10 software package on the data obtained from
the MTT assays conducted during cell proliferation studies,
CFU-F assay and Stress Induction studies. P-values of
<0.05 indicate significant differences.

Results
Isolation and characteristics of BMSC
BMSC were isolated from mixed cultures based on their

attachment on the culture plate. Isolated BMSC grew in
patches of long and slender cells, resembling the
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characteristic morphology of bone marrow derived
mesenchymal stem cells. Initial passages showed the
presence of cell types with various other morphological
features. Most of these cells were macrophages, dendritic
cells or other non stem cell populations found in the bone
marrow (Inaba et al., 1992). With the increase in passage
number, gradual decline in non stem cells was observed.
An increase in number of differentiated/progenitor cells
were also observed simultaneously. Hence in our study,
cells of Pn 4 and above were used. When the isolated bone
marrow derived stem cells were characterized by
immunocytochemical analysis with antibodies against the
following markers: CD 29 (+ve); CD 106 (weak +ve); Sca
— 1 (weak +ve); CD 45 (- ve); CD 34 (- ve), it was found
that the cells obtained after Pn 2 were mostly Mesenchymal
Stem Cells (MSCs) (data not shown).

Proliferation assay and CFU-F assay

The proliferation rate of BMSC was found to be higher in
cardiogel-coated plates than in normal plates (0.2% gelatin
coated). Initially, noteworthy variations between the
expansion rates of BMSC grown in normal and cardiogel
were observed (one week). Two-Way ANOVA showed
statistically significant difference between the mean of
BMSC proliferation values (P = 0.032) among the different
days (Day 3 and 7) after allowing for effects of differences
in surfaces (Cardiogel coated and Control). Similarly,
statistically significant difference between the mean of
BMSC proliferation values (P = 0.049) among the different
surfaces (Cardiogel coated and Control) was greater than
would be expected after allowing the effects of differences
in days (Day 3 and 7) (Fig. 1). However, after 10 days the
difference gradually subsided as the cells were approaching
confluency (data not shown).
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Fig. 2. CFU-F assay. (a) Graphical representation of the comparison of CFU-F colonies growing on control and
cardiogel coated plates from different passages of BMSC (BMSC — initial density of ~5 x 10° cells per cm?).
Statistical significance was calculated using 2-way ANOVA and compared with Holm-Sidak method (significance
level =0.05) — comparison between Pn 2, Pn 7 and Pn 9 (**P=<0.001); comparison between Control and Cardiogel
(*P=0.002); (b,c,d) Images of BMSC (Passage number 2, 7 and 9 respectively) grown on control (0.2% Gelatin
coated) plate showing scale bar of 100 um size; (e,f,g) Images of BMSC (Passage number 2, 7 and 9 respectively)
grown on cardiogel coated plates showing scale bar of 100 pum size.
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The proliferative induction capability of cardiogel in
BMSC to CFU-F was determined. To assess the increase
in number of cells, MTT assay was performed to estimate
the number of viable cells. Low density seeding (~5 x 10°
cells per cm?) was performed to attain optimal results and
to rule out any deviation, cells were plated simultaneously
and stained. The proliferative capability of BMSC to form
CFU-F was found to be higher in cardiogel coated plates.
A significant difference was observed in the number of
stained CFU-F colonies (with more than 50 cells) formed
in normal and cardiogel coated plates (Fig. 2A). An overall
increase in number of stained CFU-F colonies was
observed in higher passage number. With increase in
passage number, the difference between the number of
colonies within the same passage numbers grown on
normal and cardiogel coated plates gradually decreased
(data not shown). A difference of ~50% was observed in
cells in Pn 2. About 25 % difference was noticed in Pn 7
and Pn 9. 2-way ANOVA showed statistically significant
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difference between the mean values of number of CFU-F
colonies formed (P = 0.002) at different passage numbers
(Pn2,7,and 9) after allowing for the effects of differences
in surfaces (Cardiogel coated and Control). Similarly
statistically significant difference between the mean values
of number of CFU-F colonies formed (P=0.011) on
different surfaces (Cardiogel coated and Control) was
greater than that expected, after allowing for the effects of
differences in passage numbers (Pn 2, 7, and 9).

Cardiogel protective properties against stress

Oxidative stress was induced in BMSC grown on control
and cardiogel coated plates and the protective effect of
cardiogel was assessed by considering the growth and
viability of cells, as revealed by MTT assay. An increase
in cell survivability and growth was observed in cells
grown on cardiogel-coated plates as compared to the cells
grown without cardiogel at higher concentrations of H,O,.
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Fig. 4. BMSC adhesion after 1 hour. (a,b,c) Images of BMSC growing on control (0.2% Gelatin coated) plate
seeded at densities of 1, 5 and 10 X 10° cells per well of a 6 well plate showing scale bar of 50 um size; (d,e,f) Images
of BMSC growing on cardiogel coated plates seeded at densities of 1, 5 and 10 X 10° cells per well of a 6 well plate
showing scale bar of 50 um size; (g) Graphical representation of cell viability assay on adherent BMSC growing on

control and cardiogel coated plates (after 1 h of adhesion).

70% confluent cells were used in plates exposed to
H,O, for 1 day to allow the control wells to grow and
become confluent. 60% confluent cells were used in plates
exposed to H,O, for 4 days to prevent the control wells
from overgrowing. This was done to avoid the
misinterpretation of cellular activity and even cell death
in over grown cells as decrease in cell viability. We
standardized the post-plating out time for 60% and 70%
confluent cells to be used for the stress induction studies
as 4 and 2 days respectively.

On exposing BMSC (~70% confluent) for 1 day with
H,0,, less cell death was observed at lower concentrations
of H,0O,. It was observed that after exposing cells to H,O,

S o
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concentration between 0.05 mM and 0.5 mM, no
significant difference was observed in total cell growth,
and cell death in both normal and cardiogel-coated.
However, at higher concentration (5 mM) the percentage
viability of BMSC in normal plates was ~10% of the
viability in untreated plates where as the viability of BMSC
in cardiogel-coated plates at similar condition was ~40%
of the viability in untreated plates, which accounted 3 fold
higher than in normal plates (Fig. 3A).

Similarly, on exposing BMSC (~60% confluent) for
additional time (4 days) with H,O,, significant cell death
was not observed at lower concentrations (0.05 mM) of
H,0,. But at higher concentration (0.5 mM), the percentage

www.ecmjournal.org
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Figure 5. Adhesion studies following enzymatic treatment. (a,b) Images of BMSC growing on control (0.2%
gelatin coated) and cardiogel coated plate respectively without treatment used as Controls showing scale bar of 50
um size; (c,e) Images of BMSC growing on control (0.2% gelatin coated) plate after trypsinisation for 30 sec and
1 min respectively showing scale bar of 50 um size; (d,f) Images of BMSC growing on cardiogel plates after
trypsinisation for 30 sec and 1 min respectively showing scale bar of 50 um size; (g) Graphical representation of
cell viability assay of adherent BMSC growing on control and cardiogel coated plates after Trypsin treatment, with
percentage viability calculated by considering OD values of both the controls as 100%.
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Fig. 6. SEM Images of BMSC grown on cardiogel coated surfaces showing enmeshment. (a) Normal view showing
scale bar of 100 um size; (b) Tilted view after gold palladium coating showing scale bar of 10 um size.

of viable BMSC in normal plates was ~70% as compared
to cardiogel-coated plates where cell count was ~80%. This
difference in viability increased up to 5 folds at higher
H,O, concentration (Fig. 3B). Three way analysis of
variance (3-way ANOVA) was done with the above data,
after the data from 0.05mM concentration was excluded
from analysis. The results showed statistically significant
difference between the mean values of number of viable
cells (P = 0.026) on different days of H,O, exposure (1
and 4 days) after allowing for effects of differences in H,0O,
concentrations (0.05, 0.5, 5 and 50 mM) and surfaces
(Cardiogel coated and Control). Similarly statistically
significant difference between the mean values of number
of viable cells (P <0.001) at different H,O, concentrations
(0.05, 0.5, 5 and 50 mM) was greater than would be
expected after allowing the effects of differences in days
of H,0, exposure (1 and 4 days) and surfaces (Cardiogel
coated and Control). Likewise, statistically significant
difference between the mean values of number of viable
cells (P=0.047) among the different levels of surfaces
(Cardiogel coated and Control) was found to be greater
than expected after allowing the effects of differences in
days of H,0O, exposure (1 and 4 days) and H,O,
concentrations (0.05, 0.5, 5, and 50 mM).

Cell adhesion studies

To demonstrate the adhesion intensity of cells in to the
scaffold, two different assays were performed. For both
assays, 0.2% gelatin coated plates were used as normal
(control). Firstly, to determine whether increased cell
proliferation on cardiogel was an outcome of cellular
attachment to the scaffold, cellular adhesion assays were
performed. BMSC seeded at various concentrations onto
normal and cardiogel coated plates were allowed to adhere
for 1 h at 37°C and the total number of viable adherent
cells was then determined by MTT assay. The increased
OD during MTT assay in cardiogel coated plates correlated

"GD& MAC=RiIAD

115

with the higher number of adherent cells, visualized by
microscopic observation (Nikon Eclipse Ti) (Fig. 4).

The second adhesiveness assay was performed to
examine the intensity of adhesion between the scaffold
and the mesenchymal stem cells. The intensity of cellular
adhesion, a factor dependent on the cellular components
and the molecules present on matrix surface, was correlated
to the time required by the cells to disassociate from the
surface. ~70% confluent BMSC grown on normal and
cardiogel coated plates were trypsinized for varying time
periods to remove the non-adherent cells and the extent of
cell adhesion was quantified by MTT assay. A conspicuous
difference in development of MTT was observed much
similar to that of the previous experiment. The percentage
viability was calculated by considering both the controls
as 100%. The increased levels of MTT values in cardiogel
coated plates correlated with the presence of higher number
of adherent cells (Fig. 5).

SEM analysis

SEM showed the level of attachment of BMSC on
cardiogel. The cells were found to be enmeshed in
cardiogel (Fig. 6A) and the cellular appendages were found
to penetrate in to the cardiogel (Fig. 6B).

Discussion

In the present study, we elucidated the growth
characteristics of bone marrow derived stem cell in
cardiogel. Our study demonstrated that BMSC were able
to survive, proliferate and adhere better in presence of
cardiogel than in normal environment during conditions
of stress. Comparative cell proliferation assay studies on
normal and cardiogel-coated plates confirmed an increased
cell growth. This could be attributed to augmented cell
attachment to the scaffold. The results obtained from the
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modified 1 h adhesion assay evidently demonstrated an
increased cellular adhesion within a short time period in
cardiogel coated plates when compared to normal growth
condition (Lapi et al., 2008; Vohra et al., 2008) (Fig. 4).
An alternate explanation for the increased cell growth in
cardiogel could be the combinatorial effect of numerous
extracellular matrix components and signals in cardiogel
that would have stimulated faster cell division (Perkins
and Fleischman, 1990; VanWinkle et al., 1996). However,
FACS analysis could not be performed to validate any of
the above data sets as the cells were tightly bound to the
scaffold and hence couldnot be disloged readily from
cardiogel. The adhesion assay using trypsinisation clearly
shows that ~40% of cardiogel adherent cells could be
disloged even after exposure to 0.25% trypsin for 1 min.
Scraping of the cells for analysis could not be performed
since the scaffold tended to dislodge along with the cells
and enmesh around them. Hence it was not feasable to
perform FACS analysis. This unique property shown by
cardiogel of having a strong cellular adhesion to BMSC
in a short time period could be useful in tissue engineering
applications especially in case of delivery of stem cells in
to injured tissue. Injured tissue can be patched with
cardiogel, which can then allow the binding of stem cells
delivered directly to the site or intra venously and since
only a short time period is required, flow off of the
delivered stem cells to redundant sites can be prevented.
This property also corroborates the previously described
usages of stem cell-seeded scaffold as an alternative
therapeutic modality for medically intractable advanced
heart failure (Piao et al., 2007). The therapeutic
applications of cardiogel using stem cells has not been
reported, however many other scaffolds have been used
in conjunction with stem cells ( Christman and Lee, 2006;
Chen et al., 2008).

As reported earlier, cardiogel can help in differentiation
of embryonic stem cells into functional cardiomyocytes
(Baharvand et al., 2005). The CFU-F assay results showed
an augmentation of CFU-F colonies when cultured on
cardiogel due to increase in cell differentiation. It was
observed in the present study that the number of CFU-F
colonies formed was much higher with increasing passage
number. This increase in CFU-F colonies contradicted with
data obtained from previous reports (Perkins and
Fleischman, 1990). After a few passages of marrow cells,
the predominant population was of CFU-F origin, which
in turn added up to the existing population (Fig. 2A). It
has been already established that stromal cell progeny of
murine bone marrow fibroblast colony-forming units are
clonal endothelial-like cells, that express collagen IV and
laminin (Perkins and Fleischman, 1990). Production of
adhesion molecules by the cells and their progeny could
have led to rapid proliferation of CFU-F cells. However,
this could be also due to the usage of nutrient rich medium
containing 20% FCS for culture in the present study which
would have resulted in the rapid expansion of CFU-F
precursors (Biagioli et al., 2000).

A significant observation was made about the ability
of cardiogel to protect BMSC from stress. In the present
study, we used H,0O, to induce oxidative stress to BMSC.
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Ischemia induces oxidative stress in tissues through
accumulation of toxic substances especially due to free
radicals (Chen et al., 2000; Chang et al., 2006). Stress
induction using H,O, exposure in vitro generates an
ischemia like condition much similar to that in vivo (Song
et al., 2010). This condition was used by us to show the
protection offered by cardiogel. As compared to short term
exposure (1-5 min) of H,O, on BMSCs, better protection
results were observed in long term exposure (1-4 days). It
is known that short term exposure with low-dose H,O,
increases VEGF expression and enhances the survival and
efficacy of BMSC for neovascularization and thus can be
used in therapeutic angiogenesis (Kubo et al., 2007).
Nevertheless, higher doses and long term exposure of H,O,
increases cellular reactive oxygen species level, which
ultimately leads to cell death. However, in our study
significant reduction in cell death was observed, when
BMSC were grown on cardiogel. This could be attributed
to the presence of extra-cellular matrix components, which
provides sites for cellular binding and may also contain
growth factors (VanWinkle et al., 1996). The 3-
dimensional architecture of the scaffold may also influence
the growth of BMSC in presence of H,0, (Davis et al.,
2006).

To summarize, our study demonstrated an increase in
cell proliferation and differentiation when BMSC were
grown on cardiogel. BMSC growing on cardiogel also
showed better oxidative stress tolerance induced by H,O,.
Adhesion of BMSC to the scaffold occurred at a faster
rate when compared to control. Cells once adherent showed
increased resistance to dislodgment even by trypsinisation
as clearly indicated in adhesion studies. Previous reports
had suggested the use of a biodegradable scaffold along
with which, cells can be injected to the site of ischemia.
The present study clearly demonstrated that BMSC once
grown or allowed to adhere with cardiogel showed strong
binding affinity with scaffold. The cells proliferated,
differentiated and even withstood the artificial oxidative
stress. This when compared to other biomaterial scaffolds
including commercially available ones like Matrigel (BD
Biosciences, Franklin Lakes, NJ, USA) could either deliver
cells or promote in situ regeneration (Kutschka et al., 2006;
Laflamme et al., 2007). The long-term effects including
immunogenic response of such materials are yet to be
completely understood. With this study, we have
demonstrated that cardiogel is an efficient potentially
biodegradable three-dimensional extracellular matrix and
could be used for engineering cardiac tissue structures for
cell culture and potential therapeutic applications post
ischemic cardiac tissue regeneration. Further work with
animal models will confirm the applicability of this
biomaterial for therapeutic purposes.
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Discussion with Reviewers

Reviewer I: Is it known which specific ECM components
influence growth characteristics? If so, please describe!
Authors: Till date the ECM components present in
Cardiogel have not been completely characterized. We are
attempting to characterize those components, in order to
determine the specific components which influence growth
and differentiation characteristics.

Reviewer |: The description of the presence of cells with
other morphologies indicates a mixed preparation — this is
to be expected with such a culture though. Is it known
what happens to these cells: do they dedifferentiate, take
on stem cell characteristics, die, etc.? Although
immunocytochemical analysis demonstrates that cells are
generally stem cells, it would be of interest to know what
happens to these other cells.

Authors: We always obtained cells with other
morphologies clearly indicating a mixed culture during
the initial passages. Most of these cells are macrophages,
dendritic cells or other non stem cell populations found in
the bone marrow. Almost all these cells are highly
differentiated except for the progenitor cells of the above
populations and do not have the capacity to attain stem
cell characteristics, unless newer technologies like iPS are
used. Since these cells are mostly terminally differentiated,
these cells cannot be maintained for more than 2-4 passages
unless specific growth factors are added to allow the
proliferation of the progenitor cells. (Inaba et al., 1992,
text reference).

Reviewer I: Regarding your stress data description: H,O,
exposure can lead to apoptosis. It would be of interest to
see whether the described protection against H,O,-induced
stress by cardiogel is due to less apoptosis — it is
recommended that the authors compare H,O,-induced
apoptosis (e.g., DNA laddering, TUNEL assay, caspase
activation, etc.) in cells plated out on gelatin and cardiogel
coated plates — additional controls could include comparing
effects to other scaffolds such as Matrigel — that would
indicate whether protective effects are due specifically to
cardiogel, or if they are as a result of general 3D culture
conditions.

Authors: We agree with the point that the reviewer has
raised about the apoptosis of cells due to H,O, exposure.
The data of these experiments will surely point out the
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mechanism of protection provided by cardiogel. But along
with these experiments, other molecular studies and assays
needs to be done to elucidate the mechanism of cell
proliferation and adhesion in cardiogel, to give the
complete picture of how the BMSC binds to the cardiogel
and how it is protected against stress. Besides oxidative
stress, other stress like mitochondrial stress and hypoxia
has to be also compared. We are already working in this
direction.

Reviewer I: Why was the ‘0.05 mM’ data excluded from
the analysis?

Authors: The 0.05 mM data has been excluded from the
analysis since the data was considered as an outlier through
statistical analysis. Secondly, previous studies with low
dose exposure of H,0, have been shown to increase BMSC
proliferation. However high dose exposure of H,0, clearly
show a decrease in cell viability which occurs due to stress
induced by H,O, exposure. Since this assay was done to
compare the protection capability of cardiogel coated and
control plates to MBMC against oxidative stress induced
through H,O, exposure, therefore the data points above
the controls were not considered for statistical analysis.
However high dose exposure of H,O, clearly show a
decrease in cell viability which occurs due to stress induced
by H,0, exposure. Since this assay was done to compare
the protection capability of cardiogel coated and control
plates to MBMC against oxidative stress induced through
H,O, exposure, therefore the data points above the controls
were not considered for statistical analysis.

Reviewer I: Why is the BrdU labeling data not given?
This would be a better measure of proliferation than MTT
data; MTT measures the relative number of metabolically
active cells (this also encompasses cell death), whereas
BrdU directly measures cells showing DNA synthesis, e.g.,
actively dividing. It is recommended that BrdU data is
given; both micrographs and cell count data (number of
BrdU positive cells/total cells — if it is not possible to do
this by FACS analysis, then cell counts of
immunofluorescently labeled cells may be employed — see
Edwards et al. (2008) for method and analysis details.
Authors: Our study shows that cells were tightly bound
to the scaffold and hence could not be dislodged readily
from cardiogel. As a result BrdU labeling studies could
not be performed since FACS analysis needs cellular
dislodgement and prolonged trypsinisation to dislodge the
cells may show erroneous results. We also accept the point
raised by the reviewer that BrdU labeling is a better
measure of proliferation than MTT, since BrdU directly
measures cells showing DNA synthesis. An attempt was
made to replicate the methodology suggested by the
reviewer, but non-specific staining of scaffold with Anti
anti BrdU antibody in the background makes cell counting
through BrdU labeling a challenge.

Reviewer |: Serum in the media can influence cell
proliferation, protection against oxidative stress, etc. It
would be of interest to see how the cells proliferate,
differentiate and respond to oxidative stress on control and
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cardiogel surfaces with lower serum concentrations or in
the absence of serum.

Authors: We agree that it would be quite interesting to
study the influence of serum on cell proliferation,
differentiation and response to oxidative stress on control
and cardiogel surfaces. Since our aim to replicate the in
Vivo condition in vitro where the tissue is constantly
supplied by fluids like blood or lymph, this does not fall
under the main aim of the study.

Reviewer I: Is it known what the lifetime of H,O, in culture
is; it may become expended rapidly. Were cells exposed
to a single dose or, in experiments where cells were treated
for 1-4 days, were the media containing H,0, replaced
with fresh media containing H,O, periodically?
Authors: The lifetime of H,0, in culture is not known
and it may be expended rapidly. However our data as
shown in Fig. 3A and 3B proves that, even after prolonged
treatment for 4 days, H,O, in final concentrations of 0.5
and 5 mM were able to induce more stress compared to
that treated for 1 day. In our studies, the cells were exposed
to only a single dose, even when cells were treated for 1-
4 days and the media containing H,O, was not at all
replaced with fresh media containing H,O, periodically.

Reviewer I: A reduction in cell death may also be due to
the cardiogel/ECM or serum in the medium quenching
reactive oxygen species?

Authors: We agree with the reviewer that reduction in
cell death may also be due to the cardiogel/ECM quenching
reactive oxygen species. However the point that serum in
the medium may quench reactive oxygen species is
debatable since, significant difference in cell viability was
observed between cells grown on cardiogel coated and
control plates. Besides prolonged H,0, treatment (final
concentrations of 0.5 and 5 mM) for 4 days were able to
induce more stress compared to that treated for 1 day. Thus
it is quite unlikely that serum may quench reactive oxygen
species and thus influence cell viability.

Reviewer Il Although the authors tested the effects of
oxidative stress on marrow stromal cells grown on
cardiogel, it is not clear how this mimics a clinical scenario.
By the time such an implantation may occur in a host this
oxidative stress related condition may not prevail.

Authors: Stem cell transplantation in cardiac therapy by
means of the direct injection method is subject to the loss
of intercellular communication, extracellular matrix, and
cell numbers. Implantation of stem cell sheets might be
more advantageous in repairing the impaired heart by
providing uniform and stable cell delivery with less cell
loss and without disrupting the cell-cell microenvironment
(Memon et al., 2005, text reference). Bioengineered
cardiac grafts have been created previously by combining
autologous cell transplantation with a degradable scaffold
as a temporary extracellular matrix (Ishii et al., 2005, text
reference). Recently, two studies from different groups
have reported on successful engraftment of cardiomyocytes
is enhanced by co-delivery of the cells with matrix.
Kutschka and co-workers have demonstrated that grafts
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were larger and ventricular function was improved in
infarcted rat hearts, when human ESC-derived
cardiomyocytes were delivered together with collagen
matrices, including Gel Foam and the basement membrane
preparation, Matrigel (Kutschka et al., 2006, text
reference). Matrigel was found to significantly enhance
survival of hESC-derived cardiomyocytes in infarcted rat
hearts (Laflamme et al., 2007, text reference). Reactive
oxygen species (ROS), a major cause of injury after
ischemia/reperfusion, may hinder the adhesion and
spreading of MSCs. Generation of ROS is dramatically
increased over three-fold in the risk region in ischemia/
reperfusion-injured animal hearts compared to wild-type
animal hearts (Song et al., 2010, text reference). Tissue
hypoxia mediates an increase in the ROS burst at
reperfusion and is associated with further impairment of
LV functional recovery. The greatest increase in ROS
formation was noted in the most hypoxic myocardial tissue
at the time of reperfusion (Angelos et al., 2006, text
reference). Our study was directed to assess the survival
and proliferation potential of stem cells grown on cardiogel
as cell support sheets and also to assess tolerance to
oxidative stress in vitro.

We accept the point raised by the reviewer that by the
time such an implantation may occur in a host this oxidative
stress related condition may not prevail. However the
recurrence of cardiac infarction and increase in size of
ischemic area remains a possibility due to the continued
presence of diseased coronary arteries. The repair to the
heart muscle is not always complete and scarring is usually
present. There is also the risk of heart failure developing
over a period of weeks as the heart reacts to the injury it
has sustained. For these reasons it is necessary for patients
to be monitored carefully and to receive the appropriate
treatment to reduce the risk of further disease progression
and other heart attacks. Medical treatment is aimed at
preventing further damage and the chance of repeat heart
attacks in the future by opening the blocked artery and
restoring the blood flow to the affected area of heart muscle
by reperfusion. However reperfusion as previously said
increases a three-fold generation of ROS.

Reviewer I1: The authors demonstrated that stromal cells
cultured on cardiogel are more adherent than cells cultured
on control plates. The authors discussed about the possible
applications of cardiogel as a scaffold to grow or
differentiate cardiomyocytes from other cell sources but
did not discuss how such cardiogel containing grown cells
would be removed intact and implanted since they are very
adherent. Others have shown that oxidative stress
diminishes the adhesiveness of stromal cells on cardiogel
(Songetal., 2010, text reference), this need to be discussed
in this context. Also, could you describe the status of
stromal cells following H,O, treatment?

Authors: The reviewer has raised a valid question
regarding the removal and implantation of cardiogel
containing grown cells. Cardiogel by nature is adherent
and would be difficult to remove. However, during our
studies we have found that cardiogel tends to get dislodged
from surface by altering the pH of the solution. Another
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option is by using scrapers to remove a portion and to peel
off the remaining portion, but this is effective for thicker
and larger gels. After the dislodgment, the cardiogel with
cells can be directly implanted at the site of injury. In case
of delivery through injection, the cardiogel with cells may
be completely scrapped even without altering the pH of
media. It is however advisable to use the implantation
method to avoid the loss of intercellular communication,
extracellular matrix, and cell numbers.

Song et al. (2010, text reference) did demonstrate that
oxidative stress diminished the adhesiveness of stromal
cells on cardiogel. But the authors also pointed out that
the cell adhesions to fibronectin-coated plates and the
cardiogel were significantly increased as compared with
adhesion to bare plates. Only H,O, treatment significantly
reduced the amount of adhered MSCs at the indicated
times, regardless of the coating material. Our data
corroborate well with the above findings that cell adhesions
to the cardiogel coated plates were significantly increased
as compared with adhesion to bare plates and also that
H,O, treatment significantly reduced the amount of
adherent cells.

Reviewer I1: An explanation regarding why a certain
passage number of marrow stromal cells was chosen would
be helpful. The authors describe increase cell survivability
of cells cultured on cardiogel rather than reduced survival
of the cells in control culture.

Authors: Most of the previous reports have used BMSC
within the 15 passages of initial plating. At latter passages
due to increase in spontaneous differentiation and increased
proliferation of differentiated cells, there is a net decrease
in number of BMSC. Therefore, we have used BMSC
below passage number 15 for our studies. Our study was
directed towards utilizing cardiogel as a therapeutic
scaffold. Therefore, we were interested in determining the
increase in survivability of cells grown on cardiogel and
its comparison with cells grown on control plates.

Reviewer I1: What is the mechanism of protection from
oxidative stress in bone marrow stromal cells cultured on
cardiogel and why does this protection diminish with time?
Authors: The mechanism of protection from oxidative
stress in bone marrow stromal cells cultured on cardiogel
has not been completely elucidated. We suspect that the
reduction in cell death may be due to the ROS quenching
by cardiogel/ECM. However, it should be also noted that
the medium or its constituents may likely quench ROS is
debatable. Significant difference in cell viability was also
observed between cells grown on cardiogel coated and
control plates. Prolonged H,O, treatment (final
concentrations of 0.5 and 5 mM) for 4 days was able to
induce more stress compared to that treated for 1 day. Thus
it is quite unlikely that media may quench ROS and thus
influence cell viability. Therefore the only parameter which
may quench the ROS in the experiment is the cardiogel/
ECM. Similarly, by using N-acetyl L-cysteine (free radical
scavenger) (Song et al., 2010, text reference) for co-
treatment in H,O, treated MSCs, adhesion and spreading
inhibition was reduced and detachment from surface
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decreased. Therefore the reduction in cell death might be Additional Reference
due to the cardiogel/ECM quenching ROS. Further studies
are required to prove this observation.

The diminished protection, which arose with time may ~ Edwards GO, Jondhale S, Chen T, Chipman JK (2008) A
be due to the decreased quenching of ROS by cardiogel/  quantitative inverse relationship between connexin32
ECM over the treatment period. Another possibility is due  expression and cell proliferation in a rat hepatoma cell
to the activation of alternative pathways by the scavenging  line. Toxicology 253: 46-52.

ROS on long-term exposure.
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