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study. These factors together may have obscured the TIMP-
1 —inducing property of VS in this study.

Clinical Implication

Early short-term VS stralegy appears to be clinically fea-
sible in patients with acute ML Furthermore, this strategy
may be both timely and sufficient based on the following
evidence. First, upregulation of plasma and myocardial
TNF-a as well as myocardial infiltration of neutrophils
are mostly confined to within 3 days after ML.">”’ Mcan-
while, the anti-inflammatory effects of VS are long-
lasting. In mice, only 30 seconds of VS significantly
suppressed TNF-o. activation in response to lipopolysaccha-
ride challenge even at 48 hours after VS."' Second, pharma-
cological inhibition of MMP activity for 48 hours after MI
preserves the original extracellular matrix, thereby lessens
LV remodeling.'®

Although the present findings suggest clinically useful
strategy of VS, several issues remain to be solved before
VS can be considered for clinical application in patients
with MI. First, it is unclear whether VS is able (o provide
additionat therapeutic benefits to current pharmacological
treatments such as renin-angiotensin-aldosterone inhibition
or B-blockade, the efficacy of which has been well estab-
lished in patients with ML Second, it is unclear whether
VS started after reperfusion is also capable of attenuating
LV remodeling after MI. Although we started VS during
coronary occlusion in this study, initiating VS after coro-
nary reperfusion may simulate a more clinically relevant
situation, because prompt reperfusion of occluded coronary
artery is given the utmost priorily in the management of pa-
tients with acute MI. Further studies to solve these prob-
lems are clearly required.

VS did not afford any survival benefit in this study, which
is inconsistent with previous findings that VS improves
acute’ or chronic? survival in rats after M1 by preventing
malignant arrhythmia and heart failure. However, the mor-
tality ratc in M1 rats was ~60% within the first 24 hours in
the previous study,” which is undoubtedly higher than that
secn in MI rabbits of this study (~30%). Low mortality
rate in MI rabbits may have masked the impact of VS on
survival in this study.

Limitation

We focused on the antiremodeling effects of VS but did
not include a detailed mechanistic investigation into how
VS reduces LV infarct size. Inflammatory responses to Ml
play a significant role in determining the infarct size.” On
the other hand, the infarct size, which reflects the degree
of myocardial necrosis, is also one of the determinants of
post-MI inflammatory reactions. Therefore, direct cardio-
myocyte protection of VS possibly through the muscarinic
acetylcholine pathway and the anti-inflammatory effect
possibly through the nicotinic pathway may have contrib-
uted synergistically to the infarct size-reducing effect of
VS. Selective inhibition of the muscarinic and nicotinic

pathway by atropine and methyl!ycaconitinc,ag| respec-

tively, may allow elucidation of how these different mech-
anisms contribute to the beneficial effects of VS in
a reperfused MI model. Further studies on these issues
are clearly required.

Acute surgical trauma associated with open-chest prepa-
ration may have exaggerated the expression of CRP and
TNF-a in MI and MI-VS rabbits in this study. For a more
rational comparison of acute inflammatory reactions among
NC, MI, and MI-VS animals, usc of sham-operated rabbits
as NC would be more appropriate. Closed-chest animal
models of myocardial ischemia-reperfusion*® may be an al-
ternative to eliminate acute surgical trauma and allow as-
sessment of inflammation strictly from myocardial injury.
In this study, M1 and MI-VS rabbits underwent identical
surgical preparation. Therefore, it is fair to say that the dif-
ference in TNF-a expression in infarcts between the MI and
MI-VS groups was valid in the present study.

In conclusion, early short-term V$ atienuated cardiac
dysfunction and myocardial structural remodeling in a rab-
bit model of reperfused MI. The beneficial effects of VS
were associated with suppression of excessive TNF-a acti-
vation and myocardial infiltrations of neutrophils.
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Surface modification of poly(pt-lactic acid) (PLA) scaffolds has been performed using a biofunctional
small peptide composed of collagen-like repetitive sequence and laminin-derived sequence (AG73-Gs-
(PPG)s) via hydrophobic interaction. The results of surface analysis suggest that AG73-G3~(PPG)s can
be stably adsorbed onto PLA films via hydrophobic interaction at the (PPG)s region, and form an extracel-

lular matrix-like layer composed of both structural and biosignalling sequences. In addition, neurite out-

Keywords:

Surface modification

PLA scaffold

Peptide adsorption

Hydrophobic interaction

Neurite outgrowth-promoting peptide

growth of PC12 cells was observed on the AG73-G3-(PPG)s-adsorbed PLA film. These results indicate that
AG73-G3-(PPG)s very effectively enhances neurite outgrowth activity on PLA films. The hydrophobic
adsorption of collagen-like peptide bound to biosignalling molecules may be widely applied as a surface
modifier of PLA films for tissue engineering.

© 2009 Acta Materialia Inc. Published by Elsevier Ltd. All rights reserved.

1. Introduction

Tissue engineering has been proposed as an approach to replace
damaged, injured or missing tissue with biologically compatible
substrate combining cells or biosignalling molecules and scaffolds
[1,2]. Scaffolds assume the role of a temporary extracellular matrix
(ECM) where biodegradability and biocompatibility are essential
for tissue regeneration. Furthermore, biodegradable scaffolds
should be designed not to obstruct tissue regeneration via cell-in-
duced natural healing. The cellular responses to the scaffold sur-
faces determine whether tissue regeneration will be promoted or
obstructed. Therefore, it is very important to control the biological
property of the scaffold surfaces [3].

Poly(lactic acid) (PLA) is widely used for biodegradable scaffolds
as it possesses a number of suitable characteristics for this role.
PLA can be hydrolytically degraded into lactic acid; this degrada-
tion requires only water, and the final product can immediately
be metabolized in vivo [4]. Moreover, PLA material exhibits excel-
lent shaping and molding properties because of its mechanical ver-
satility. However, insufficient interaction between PLA materials
and cells leading to in vivo foreign-body reactions is a major prob-
lem because the required biological activities are not inherent in
PLA. PLA lacks functional groups and so cannot be easily modified

* Corresponding author. Address: Department of Biomedical Engineering,
National Cardiovascular Center Research Institute, 5-7-1 Fujishirodai, Suita, Osaka
565-8565, Japan. Tel.: +81 6 6833 5012x2637; fax: +81 6 6835 5476.

E-mail address: yamtet@ri.ncvc.go.jp (T. Yamaoka).

with bioactive molecules. Therefore, many investigators have at-
tempted to impart functional groups to PLA in order to enhance
its biological activity by using copolymerization or chemical graft-
ing with other polymers [5], plasma treatment [6], chemical mod-
ification [7] and physical adsorption. In previous studies, we
reported on the preparation of poly(lactic-co-malic acid)-conju-
gated Arg-Gly-Asp (RGD) tripeptide [8] and gelatin-immobilized
PLA scaffold [9] in order to improve the cell attachment. However,
because these techniques are prone to adverse chemical reactions,
it is necessary to develop techniques that are simpler and offer bet-
ter biocompatibility. Physical adsorption, which is driven by elec-
trostatic, hydrophobic and specific interactions, has been noted
as a simpler surface modification technique of PLA scaffolds [10-
12].

In the current work, neurite outgrowth-promoting peptides,
consisting of laminin-derived sequence and collagen-like se-
quence, were designed as surface modifiers of PLA films via hydro-
phobic adsorption. PLA is preferred as a base material for a nerve
regeneration conduit because of its excellent shaping and molding
properties [13]. However, PLA does not inherently cater to any
nerve regeneration activity. If biologically modified PLA-based arti-
ficial nerve can promote nerve regeneration, it might be possible to
avoid donor site defects in autologous nerve transplantation. It was
reported that laminin-derived sequence AG73 supports neurite
outgrowth [14], and therefore was selected as a nerve-regenerating
peptide.

On the other hand, it is well known that collagen is a predom-
inant component of ECM [15,16]. The major part of collagen

1742-7061/$ - see front matter © 2009 Acta Materialia Inc. Published by Elsevier Ltd. All rights reserved.
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consists of Xaa-Yaa-Gly repetitive sequences, where Xaa and Yaa
positions are often occupied by Pro and 4(R)-hydroxyproline
(Hyp), respectively, and forms the hydrophobic polyproline-Ii
(PP-I1) structure [17-20]. The collagen triple-helix structure is
composed of three PP-II chains, and collagen-like peptides (CLPs)
. such as (Pro-Pro-Gly), are also able to form a triple-helix structure
[21-23]; therefore, CLP is expected to be adsorbed by PLA films via
hydrophobic interaction. Animal-derived collagen has also been
intensively investigated as a conduit for nerve regeneration be-
cause of its high bioactivity [24]. However, animal-derived colla-
gens possess high antigenicity in vivo because of the unnecessary
biosignal sequences and enzymatically digested fragments [25].
CLP, which is the repetitive sequence at a structural region of col-
lagen without any enzyme-digestible sequence, is anticipated to be
of low immunogenicity.

Here, we are reporting on a neurite outgrowth-promoting pep-
tide composed of AG73 and CLP (AG73-Gs-(PPG)s) as a surface
modifier of PLA films for tissue engineering. Conformation of
AG73-G3-(PPG)s was studied by circular dichroism (CD) spectros-
copy. The surface characteristics of AG73-G;-(PPG)s-adsorbed
PLA film were investigated by water contact angle measurement
and X-ray photoelectron spectroscopy (XPS). PC12 cells were
primed with nerve growth factor (NGF) and cultured on the
AG73-G3-(PPG)s-adsorbed PLA films, and the neurite outgrowth
activity was then quantified.

2. Materials and methods
2.1. Materials

(PPG)10, AG73 (RKRLQVQLSIRT) and AG73-G3-(PPG)s were com-
mercially synthesized by SCRUM, Inc. (Tokyo, Japan). PLA (Mw
130,000) was obtained from Mitsui Chemicals, Inc. (Tokyo, Japan).
Progesterone, sodium selenite (N;SeO3) and transferrin were pur-
chased from Nacalai Tesque, Inc. (Kyoto, Japan). NGF and horse ser-
um (HS) were obtained from Sigma-Aldrich, Inc. (St. Louis, MO,
USA). Insulin, advanced DMEM/F12 and penicillin-streptomycin
were purchased from Invitrogen Corporation (Carlsbad, CA, USA).
Fetal bovine serum (FBS) was obtained from MP Biomedicals, Inc.
(Solon, OH, USA).

2.2. Methods

2.2.1. Circular dichroism

CD spectra were measured by a J-720 spectropolarimeter (Jasco
Co., Tokyo, Japan) with a standard analysis program. The tempera-
ture was controlled using a recirculating waterbath and spectra
was recorded with a 0.1 cm path length cell, using a scanning
speed 10 nm min~!, with a 1.0 nm spectral bandwidth, over the
wavelength range from 190 to 250 nm. Peptides were dissolved
with water at 0.25 mM. Data are represented in molar elipticities
([6] deg cm? dmol~).

2.2.2. Peptide adsorption on PLA films

PIA films (diameter ¢ =6.0 mm; t=0.5mm) were prepared
with a hot shrinking machine at 180 °C and sterilized by UV irradi-
ation. Three peptides, (PPG)0, AG73, and AG73-G3-(PPG)s, were
dissolved in sterilized water at 10 uM, and then 1 m! of each pep-
tide solution was poured onto a PLA film in a 24-well cell culture
plate, Peptide solutions were dried for 24 h. In order to get rid of
any excessively adsorbed peptide, the PLA films were washed with
1 ml of sterilized H,O or 1.0 M NadCl aqueous solution twice for
30 min, and then the films were washed with 1 ml of sterilized
H,0 again and dried in vacuo.

2.2.3. Water contact angle

The contact angle with distilled water was measured by using a
contact-angle meter (CA-X; Kyowa Interface Science Co., Ltd., Sai-
tama, Japan). Images of the water spreading on the sample were re-
corded by a camera and then analyzed. Three samples were
measured for each group.

2.2.4. X-ray photoelectron spectroscopy

The surface composition of peptide-adsorbed PLA films was
determined using an ESCA-3400 (Shimadzu Co., Kyoto, Japan).
The X-ray source was a monochromatic Mg K, X-ray from a rotat-
ing anode. Survey scans were measured from 0 to 1200 eV. Peak
positions and areas were analyzed and ratios for Cls, N1s and
O1s were calculated by using software provided by the
manufacturer.

2.3. Cell culture

Rat adrenal pheochromocytoma PC12 cells (RIKEN BioResource
Center, Ibaraki, Japan) were maintained in DMEM supplemented
with 100U ml~! penicillin, 100 ug ml~' streptomycin, 10% FBS
and 7.5% HS. PC12 cells were cultured in poly-p-Lys coated cell-cul-
ture dishes (BD, NJ, USA) and maintained at 37 °C in an atmosphere
of 5% CO, and 95% air.

2.4. Neurite outgrowth assay

The neurite outgrowth assay was performed by using PC12 cells
as the model of neural stem cells [26]. PC12 cells were primed with
100 ng ml~! NGF for 24 h on polystyrene cell-culture dishes. The
cells were then collected by agitation and placed in the culture
medium for 30 min at 37 °C in an atmosphere of 5% CO, and 95%
air. The cells were washed and resuspended with advanced
DMEM]/F12 containing 5 ug mi~? insulin, 100 ng ml~! NGF, 20 nM
progesterone, 30 nM Na,SeOs and 100 mg ml~! transferrin. The
cells were then seeded on peptide-adsorbed PLA films at a seeding
density of 2.0 x 10% cells film~' in 24-well cell culture plates, and
incubated at 37 °C for 24 h. PC12 cells on peptide-adsorbed PLA
films were fixed with 10% formalin and stained by 4% crystal vio-
let/methanol solution, and then the number of PC cells with or
without neurites was determined in order to evaluate the neurite
outgrowth activity as described elsewhere [27,28]. The lengths of
neurites were measured using software (Image J; National Institute
of Mental Health, MD, USA) [29]. Cells with neurites longer than
50 um and those with neurites shorter than 50 um were counted
separately.

3. Results and discussion
3.1. Secondary structure of peptides

The CD spectra of (PPG);o, AG73 and AG73-G3~(PPG)s are shown
in Fig. 1. The CD spectrum of (PPG),o in water at 37 °C exhibited a
strong negative band at 209 nm and a positive band at 229 nm,
which are known as typical patterns of collagen triple-helix and
PP-II structure [20,30]. Although the CD spectrum of PP-II is similar
to that of collagen triple-helix, the transition temperature of
(PPG);o is reported to be about 28 °C in water [31]. Therefore, this
CD spectrum indicates that (PPG),o forms the PP-II structure. The
CD spectrum of AG73 showed a strong negative band at 199 nm,
assigned as a random-coil structure. In the case of AG73-Gs-
(PPG)s, the CD spectrum indicated an intermediate pattern be-
tween (PPG),o and AG73. This means that a negative band was
blue-shifted and a positive band at 229 nm was decreased in com-
parison with (PPG ). In addition, all CD spectra have an isosbestic
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Fig. 1. Circular dichroism spectra of (PPG)yo, AG73 and AG73-G3-(PPG)s in water,

point at 220 nm. The results suggest that the CLP region of AG73-
G3-(PPG)s also forms the PP-II structure. It is well known that the
PP-II structure is the predominant secondary structure in collagen
triple-helix. In addition, the PP-II structure of (PPG), repetitive se-
quence exposes hydrophobic five-membered rings of Pro residues.
Therefore, it is inferred that (PPG), is adsorbed onto PLA films via
hydrophobic interaction.

3.2. Surface characterization of peptide-adsorbed PLA films

To compare the hydrophilicity of the peptide-adsorbed PLA film
surfaces, the water contact angle was measured (Table 1). The
water contact angle of non-adsorbed PLA films was 79.1 £1.2°,
which indicates a hydrophobic surface. After adsorption of
(PPG),0, AG73 and AG73-G3-(PPG)s, the water contact angle chan-
ged to 70.1£3.9° 31.2+2.1° and 55.6+1.9°, respectively. The
water contact angle drastically decreased with AG73 and AG73-
G3-(PPG)s adsorption, but with (PPG);o adsorption the decrease
was considerably less. It seems that the surface wettability of pep-
tide-adsorbed PLA films corresponded to the hydrophilicity of the
peptides, i.e. (PPG); is more hydrophobic than AG73 and AG73-
G3-(PPG)s. Safinia et al. reported that the PLA film surface shows
a negative {-potential at physiological pH [32] because of a car-
boxyl group at the terminal of the PLA molecule. Therefore, the re-
sults suggest that these peptides are adsorbed onto PLA film via
hydrophobic or electrostatic interactions.

The XPS N1s spectrum is shown in Fig. 2. The XPS spectra of
(PPG)0-, AG73- and AG73-G;3-(PPG)s-adsorbed PLA films exhibited
a N1s peak corresponding to amino acids. In order to compare the
adsorbed peptide ratio on PLA films, the elemental ratios are sum-
marized in Table 2. N1s was not detected clearly because PLA itself
does not contain nitrogen. The N1s/C1s ratios were 0.07, 0.09 and
0.18, and the N1s/O1s ratios were 0.03, 0.04 and 0.09. The N1s/C1s
and N1s/O1s ratios were increased with peptide adsorption; in
particular, the highest values were shown for AG73-G3-(PPG)s.
The AG73-G3-(PPG)s might be adsorbed at high density via hydro-

Table 1
Water contact angle of peptide-adsorbed PLA films.
CA (%)
Non-adsorbed 79.1+£1.2
(PPGho 70.1£3.9
AG73 31.2+21
AG73-G3~(PPG)s 55.6+1.9
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Fig. 2. XPS spectra of the N1s region of peptide-adsorbed PLA films.

Table 2
Elemental ratio of nitrogen to carbon (N1s/C1s) or oxygen (N1s/O1s) measured by
~ XPS.
PLA (PPG)1o AG73 AG73-G3~(PPG)s
N1s/Cls 0.01 0.07 0.09 0.18
N1s/01s 0.00 0.03 0.04 0.09

phobic interaction between (PPG)s region and PLA. The reason for
the decrease in water contact angle of AG73-G;-(PPG)s-adsorbed
PLA film (Table 1) is that the hydrophilic AG73 region in AG73-
G3~(PPG)s was partially exposed to solution. Ji et al. also indicated
that the poly(ethylene oxide-propylene oxide-ethylene oxide)
amphiphilic triblock copolymer bearing RGD tripeptides adsorbed
onto PLA films through hydrophobic interaction, and its hydro-
philic regions were exposed to solution phase [11}]. As a result,
the AG73-G;-(PPG)s adsorbs via hydrophobic interaction and con-
structs an ECM-like layer on the PLA film surface.

3.3. Neurite outgrowth activity of peptide-adsorbed PLA films

The morphology of PC12 cells on peptide-adsorbed PLA films is
shown in Fig. 33, and the number of adhered PC12 cells with or
without neurites is summarized in Fig. 3b. On the naked and
(PPG);0-adsorbed PLA films, PC12 cells (~230 cells mm~2) did not
adhere well enough, and so neurite outgrowth could not be found.
This indicates that (PPG), itself does not support bioactivity for cell
adhesion or neurite outgrowth. Meanwhile, on AG73- and AG73-
G3-(PPG)s-adsorbed PLA films, the adhesion of PC12 cells was im-
proved to more than 300 cells mm~2. Neurite outgrowth also oc-
curred, ie. the number of PC12 cells with neurites was more
than 75% on both AG73- and AG73-G3-(PPG)s-adsorbed PLA films.
In contrast, the mechanisms of adsorption of these films must be
different from each other since the physicochemical properties of
AG73 and AG73-G3-(PPG)s are quite dissimilar. As mentioned
above, they are considered to be adsorbed onto PLA films via
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Fig. 3. Neurite outgrowth activity of PC12 cells on peptide-adsorbed PLA films. (a) Morphology of PC12 cells on peptide-adsorbed PLA films after 24 h. (b) The number of
adhered PC12 cells on peptide-adsorbed PLA films with and without neurites. P <0.05 when AG73 and AG73-G3-(PPG)s groups compared with non-coated group; 'P < 0.05

when AG73 and AG73-Gs~(PPG)s groups compared with (PPG);o group.

electrostatic and hydrophobic interactions, respectively. It is antic-
ipated that under physiological conditions, adsorption of AG73-Gs-
(PPG)s is more stable than that of AG73.

In order to evaluate the stability of the adsorbed AG73-Gs-
(PPG)s, neurite outgrowth assay was performed on AG73 and
AG73-Gs-(PPG)s-adsorbed PLA films after washing with 1.0 M NacCl
aqueous solution (Fig. 4). In the case of AG73-adsorbed PLA films,
the number of adhered PC12 cells is decreased to below 60% by
1.0 M NaCl washing, but the ratio of PC12 cells with neurites re-
mains unchanged. After 1.0 M NaCl washing, the water contact an-
gles of (PPG);p-, AG73- and AG73-G3-(PPG)s-adsorbed PLA films

changed from 70.1+£3.9°, 31.2+2.1° and 556%1.9° to
70.3+1.5°, 60.0+1.3° and 54.6 +4.2°, respectively. That is, the
water contact angle of the AG73-adsorbed PLA films was drasti-
cally increased by 1.0 M NaCl washing, but that of AG73-Gs-
(PPG)s-adsorbed films was changed a little. These results indicated
that adsorbed AG73 seemed to be partially removed by 1.0 M NaCl
washing, and the remaining AG73 expressed neurite outgrowth-
promoting activity, because AG73 was mainly adsorbed via elec-
trostatic interaction. Meanwhile, the number of adhered PC12 cells
was not changed and neurite outgrowth was also found on AG73-
G3-(PPG)s-adsorbed PLA films after washing with H,0 or 1.0 M
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Fig. 4. Neurite outgrowth activity of PC12 cells on AG73- and AG73-G3~(PPG)s-adsorbed PLA films after washing with H,0 (H) or 1.0 M NaCl ag. (N). (a) Morphology of PC12
cells after 24 h. PLA films were modified with peptides, washed with 1.0 M NaCl and subjected to PC12 cell culture. (b) The number of adhered PC12 cells on peptide adsorbed
PLA films with and without neurites. P<0.05 when AG73 (H) and AG73-G3-(PPG)s (N) groups are compared with AG73 (N) group.

NaCl. Hydrophobic interaction generally becomes stronger in the
presence of salts because of the dehydration of the surface and
adsorbents. The ratio of PC12 cells with neurites was slightly de-
creased by 1.0M NaCl washing, because a partial AG73-Gs-
(PPG)s was adsorbed by PLA films via electrostatic interaction. As
result, it is proposed that PLA films adsorb AG73-G3-(PPG)s mainly
by hydrophobic interaction, and an ECM-like layer composed of
structural protein and biosignalling sequences is formed. It is
known that animal-derived collagen, like laminin, also promotes
neurite outgrowth, because it is a fusion protein that combines a
structural protein with many biosignal sequences [33]. Neurite
outgrowth is mainly promoted by biosignal sequences in collagen,
and it must be supported by the structural properties of these se-
quences. We believe that the structural properties of the ECM-like
layer composed of AG73-G3~(PPG)s creates a synergy with AG73
biosignalling for promoting neurite outgrowth.

4. Conclusion

Hydrophobic peptide-based interfacial adsorption onto PLA
films and film stability have been characterized. Collagen-laminin

mimics peptide AG73-G3-(PPG)s and forms the hydrophobic PP-II
structure in the (PPG)s region. Therefore, AG73-G3-(PPG)s was
capable of exhibiting stable adsorption onto PLA films via hydro-
phobic interaction, resulting in promotion of neurite outgrowth
of PC12 cells. Furthermore, AG73-G3-(PPG)s, which is composed
of biosignalling and structural protein-like sequences, forms an
ECM-like layer on PLA films. It has recently been noted that the
mechanical and morphological properties of ECMs are important
for controlling stem cell differentiation [34]. The hydrophobic
adsorption of collagen-like peptide is expected to serve as a surface
modification technique of PLA films for controlling the biological
properties of cells.
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Appendix A. Figures with essential color discrimination

Certain figures in this article, particularly Figs. 3 and 4, are dif-
ficult to interpret in black and white. The full color images can be
found in the on-line version, at doi: 10.1016/j.actbio.2009.12.001.
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Cell separation using methodological standards that ensure high purity is a very impor-
tant step in cell transplantation for regenerative medicine and for stem cell research. A sep-
aration protocol using magnetic beads has been widely used for cell separation to isolate
negative and positive cells. However, not only the surface marker pattern, e.g., negative or
positive, but also the density of a cell depends on its developmental stage and differentiation
ability. Rapid and label-free separation procedures based on surface marker density are the
focus of our interest. In this study, we have successfully developed an antiCD34 antibody-
immobilized cell-rolling column, that can separate cells depending on the CD34 density of
the cell surfaces. Various conditions for the cell-rolling column were optimized including
graft copolymerization, and adjustment of the column tilt angle, and medium flow rate.
Using CD34-positive and -negative cell lines, the cell separation potential of the column
was established. We observed a difference in the rolling velocities between CD34-positive
and CD34-negative cells on antibody-immobilized microfluidic device. Cell separation was
achieved by tilting the surface 20 degrees and the increasing medium flow. Surface marker
characteristics of the isolated cells in each fraction were analyzed using a cell-sorting sys-
tem, and it was found that populations containing high density of CD34 were eluted in the
delayed fractions. These results demonstrate that cells with a given surface marker density
can be continuously separated using the cell rolling column. © 2009 American Institute of
Chemical Engineers Biotechnol. Prog., 26: 441-447, 2010

Keywords: cell separation, cell rolling, surface marker, antibody, CD34

Introduction

Because they do not lead to immunoreactions, tissue-
derived stem cells have been the subject of much interest as
an autologous source of stem cells.!> The first important
step in regenerative medicine using stem cells is to isolate a
sufficient quantity of high purity stem cells in the clinically
permitted period.>* However, the isolation of homogeneous
stem cells harvested from the body along with other mature
cells is complicated procedure. Generally, stem cells are
purified on the basis of their density,’ size,” adhesion proper-
ties,” or surface maker patterns.>'? Although density gradi-
ent centrifugation and separation by size-sieving are
relatively simple and easy to perform, they are not specific
for stem cells. The most popular method for isolating mesen-
chymal stem cells (MSCs) is separation of the adherent cells
on a plastic culture dish.” However, this method of cell iso-
lation is also unsatisfactory for obtaining highly homogene-
ous stem cell populations.>*?

In contrast, an antibody-based strategy is much more

effective and specific. Various cell surface markers have
been found to be useful in identifying every type of stem
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cell. Once identified, stem cells can be isolated using fluores-
cence-activated cell sorting (FACS) or magnetic-activated
cell sorting (MACS) systems. These strategies have been
useful for separating target cells with an identified cell sur-
face marker from unpurified cell populations.' For clinical
stem cell therapy in cardiac revascularization, unpurified
bone marrow cells or purified bone marrow CD133+4 cells
were injected into the infarct area; in these treatments,
improvement in both blood flow and left ventricular function
were observed.'> However, contamination with other cell
populations has also been described as a potential hurdles
for clinical cell-therapy.

The types of surface markers expressed, as well as the
level of marker expression, depend on the differentiation or
developmental stage.'>'® For example, the CD34 expression
level of hematopoietic stem cells continuously decreases
with developmental stage.'” In myogenic progenitor cells,
the expression level of CD34 changes during its differentia-
tion into a myotube.'® Marker density is a critical factor for
stem cell separation; however, the widely used MACS sys-
tem is not sensitive to marker density. One effective
approach to this problem is to use a gate to set fluorescence
intensity in FACS. The FACS system requires a rapid flow
for cell sorting, and this affects the viability of sorting cells.
Moreover, the cells thus obtained are contaminated with flu-
orescence- or magnetic bead-modified antibodies, which
must be subsequently removed for safety.

441



a2

As a solution to these problems, a novel cell separation
system was designed based on the cell-rolling process that
can separate cells with a given surface marker density. First
reported by Andrian in 1991, the leukocyte-rolling mecha-
nism has been defined as the temporal interaction between a
leukocyte surface marker and endothelial cells on the blood
vessel luminal surfaces.'® Hammer et al. described the tem-
poral interaction between the cell surface markers and the
immobilized ligand in the flow media.'® Detailed mecha-
nisms of the rolling adhesion properties of cells have been
reported by other groups.?®*® ThlS unique concept has also
been apphed in drug screening,?® local delivery of therapeu-
tics,”” and studies of cell regulation.”?*?° Antibody-immo-
bilized microfluidic devices and microfabricated-cell sorters
have been developed for isolating target cells with an
adequate surface marker using the positive/negative selection
method.>3! Patterning surface of receptors has been used as
a means of continuous separation of cells by cell rolling.*?
This mechanism effectively isolates large quantities of cells.
However, the cells in this system are intermittently rolled on
the surface, and cell rolling as well as tethering between the
receptor-coated region and the unmodified region are
induced by the pattern and its edge. This surface approach is
also an effective method of cell separation by cell rolling.

In this study, we focused on whether CD34-positive cells
could be finely separated based on the CD34 densities on
their surface. The KG-1a cell line, which is CD34-positive,
was used as the model, while the CD34-negative HL-60 cell
line was used as the control. We developed a tubular column
with a continuous surface for cell separation such that the
anti-CD34 antibody was immobilized at a high density on
the surface. Chemical immobilization of the antibody
through poly(acrylic acid) graft polymerization prevents anti-
body contamination of the purified cells. The injected cells
are rolled on the inner surface of the column due to the me-
dium flow shear force, in a manner similar to that of the roll-
ing adhesion process of a leukocyte in a blood vessel.!® The
cell suspensions of KG-1a or HL-60 were passed through the
column, and the cell numbers and the surface marker pattern
on the cells were evaluated in each elution fraction.

Materials and Methods

Culturing of KG-1a and HL-60 cells

CD34-positive KG-1a cells were grown in IMEM culture
medium (Invitrogen, Carlsbad, CA) supplemented with 10%
fetal bovine serum (FBS) (Sigma, St. Luis, MO), penicillin
(100 U/mL), and streptomycin (100 ug/mL). CD34-negative
HL-60 cells were grown in RPMI medium (Invitrogen,
Carlsbad, CA) containing 20% FBS with antibiotics. The
cell lines were cultured in a humidified atmosphere contain-
ing 5% CO, at 37°C.

Antibody-immobilized column

Polyethylene tubes with a 1-mm inner diameter were
selected as the substrate for the cell-separation column. Graft
polymerization of acrylic acid onto the column was con-
ducted as follows. The tube was treated with ozone gas
(ON-3-2, Nippon Ozone Co.Ltd., Tokyo, Japan) for 4 h,
dipped in 0-30% acrylic acid/methanol solution, and incu-
bated at 60°C. After 4 h, the tube was washed with
water.>** The graft polymerization was confirmed by tolui-
dine blue staining. To immobilize the anti-CD34 antibody on
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the tube surface, the poly(acrylic acid)-grafted tube was acti-
vated using 1-ethyl-3-(3-dimethylaminopropyl) carbodiimide
hydrochloride (WSC) under various conditions. Thereafter,
the activated tube was filled with a 0.1 mg/mL solution of
the monoclonal mouse anti-human CD34 class II antibody
(Dako Ltd., Carpenteria, CA), and incubated at 37°C for 15
h. The tube was washed with PBS, treated with 1 mM 2-
aminoethanol solution for 1 h and preserved at 4°C until ex-
perimental use. The antibody density on the luminal surface
was evaluated using peroxidase conjugated anti-mouse IgG
(whole molecule) antibody (Sigma, St. Luis, MO). Peroxi-
dase activity was measured using the SMILON Peroxidase
Detection Kit (Sumitomo Bakelite Co.,Ltd., Tokyo, Japan).

Separation of cells on the antibody-immobilized column

The antibody-immobilized column was connected using a
syringe pump (Model:780120J; KD Scientific Inc., Holli-
stone, MA) through the unmodified tube. The length of the
antibody-immobilized column and the unmodified tube was
100 mm, and the cell suspension was directly injected into
the unmodified tube using a disposable syringe with a 27 G
needle. The column was inclined against the ground, and the
tilt angle was fixed by clamping. Cell separation was per-
formed as follows. The KG-1a or HL-60 cell suspension (2
x 10% cells/50 pL) was injected into the column. After injec-
tion, PBS buffer was flushed into the column to promote cell
rolling on the surface. The flow rate of PBS was optimized
by experimentation. The eluted cell suspension was then col-
lected from the end of the column; collected volume of each
fraction was 50 uL. The numbers and surface marker profiles
of the eluted cells were analyzed using FACS.

Rolling velocity of the KG-la cells

The microfluidic device was purchased from ibidi GmbH
(Model ib80501; ibidi GmbH, Martinsired, Germany). The
dimensions of the microfluidic channel were 24 mm (length)
x 500 pum (width) x 300 um (height), with one inlet and
one outlet. Anti-CD34 antibody was immobilized on the
channel surface, and the modification method used was the
same as that used for the tubular column. The cell suspen-
sion (2 x 10° cells/mL) was injected into the inlet at a rate
of 50 pL/min, and cell rolling was recorded using a high-
speed CCD camera (EM-CCD digital camera; Hamamatsu,
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Figure 2. Effects of reaction conditions on immobilized anti-
body density.

The degree of immobilization is substantially affected by the
duration and temperature of the WSC activation reaction. Each
data point represents the results of three independent experi-
ments. Data are presented as means + standard error on the
mean.
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Figure 3. (A) Photograph of the cell separation column system.
The antibody-immobilized column was connected to
the injection tube and syringe pump. Cells were
injected into the injection tube and PBS continuously
flowed into the column. The eluted fraction was col-
lected at the end of the column. (B) Schematic dia-
gram of cell rolling on the antibody-immobilized
column.
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Figure 4. (A) Elution pattern for KG-1a cells at different tilt
angles of the antibody-immobilized column, and (B)
elution yield of injected KG-la cells. The vertical
axis has been normalized to the total number of
injected KG-1a cells. Each data point represents the
results of three independent experiments.

Hamamatsu city, Japan). The motion and velocity were ana-
lyzed using a personal computer.

FACS analysis

Isolated cells were incubated with FITC-conjugated anti-
human CD34 monoclonal antibody (BD Bioscience, San
Diego, CA) in PBS for 30 min at 4°C and analyzed using a
FACS-Calibur Flow Cytometer (BD Bioscience, San Jose,
CA).

Results and Discussion

Fabrication of the antibody-immobilized column

Ozone-induced graft polymerization is effective for poly-
ethylene matrices with a fine structure because ozone gas
can be charged into the inner surface and peroxides can be
uniformly introduced. The reaction mechanism is shown in
Figure 1. The surface concentration of peroxide and its reac-
tion mechanism with vinyl monomer have been previously
reported.*>** The introduction of the graft polymer chain
was confirmed by toluidine blue staining. When the polymer
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The vertical axis has been normalized to the total number of cells. Fifty microliters of the cell suspension was applied and 50 uL of the eluant was
collected in each fraction. The cell numbers in each fraction were analyzed using FACSCalibur flow cytometry. Each data point represents the
results of 3 independent experiments; the data are presented as means = standard error on the mean.

concentration was 30%, it was more difficult to flash me-
dium inside the column compared with the lower concentra-
tions. Therefore, a column reacted with 20% acrylic acid
solution was selected for the subsequent experiments.

To develop a high-performance column for separating
cells with various surface marker densities, the density of
the immobilized anti-CD34 antibody should be well con-
trolled. To optimize conditions for antibody immobilization
on the inner surface of the tube, we measured the density of
the immobilized antibody using HRP-labeled anti-mouse IgG
goat antibody. Figure 2 shows the effects of temperature and
the WSC activation period on the immobilized density of the
anti-CD34 antibody. At an activation temperature of 27°C,
the antibody could not be immobilized to the graft chain. On
the other hand, when the reaction mixture was incubated at
37°C, the density of the immobilized antibody was approxi-
mately 180 pg/m? or about 1.2 x 10° mol/m?. Cell rolling
adhesion is defined as the continuous interaction between a
ligand and the cell surface.'® Rolling velocity is largely re-
stricted by the ligand density and the interaction with the
surface marker. Greenberg reported that 10° mol/m* (800
sites/um?) was suitable for cell rolling on a ligand-modified
substrate in an experimental as well as theoretical study.?* In
our experiments, the anti-CD34 antibody density in the area
occupied by a single cell was 6.3 x 10* sites/cell, and the
antibody density was nearly the same as that in Greenberg’s

report. On the basis of QuantiBrite PE analysis, Zborowski
and coworkers reported that Jurkat cells expressed a high
number of CD45 surface antigens with a density of 9x10*
sites/cell,*® consistent with the present study. On the basis of
our results and those of previous study, the density of the
immobilized antibody appears appropriate for cell rolling on
the surface.

Column setting

Column settings for cell rolling are shown in Figure 3.
The elution profile and elution yield of the injected KG-la
cells were evaluated on the anti-CD34 immobilized column
at a tilt of 20, 45, and 90 degrees and a moderate flow rate
of 50 pL/min. Because the cells frequently interacted
strongly with the surface antibodies through multivalent
interactions, cell elution using a nontilted column was very
complicated, despite increasing the flow rate up to 1 mL/min
(data not shown). Thereafter, we tilted the column and eval-
uated the elution profile. Elution patterns for the KG-1a cells
at various tilt angles of the column were almost the same,
with a single elution peak observed at Fraction 2 (Figure
4A). The injected cells were almost completely eluted with-
out any surface interactions at an angle of 90 degrees. How-
ever, the total recovery ratio of the injected cells decreased
with decrease in tilt angle (Figure 4B). When the column
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Figure 6. Distributions of the rolling velocities of KG-1a and
HL-60 cells on the anti-CD34 antibody immobilized
surface. Rolling cells were monitored using a high-
speed CCD camera.

angle was 20 degrees, half of the injected cells remained in
the column. It is likely that these cells interacted with the
surface antibodies, thereby greatly reducing the rolling ve-
locity. After flushing at SO0 ul/min, the flow rate was
changed to 600 yL/min and most of the injected cells were
eluted. We tilted the column angle to 20 degrees, and thus,
the cells that interacted with the antibody-immobilized sur-
face rolled on the surface with higher velocity because of
the increase in the flow rate. The initial flow rate was main-
tained at 50 pL/min through Fraction 5, and the rate was
changed to 600 uL/min thereafter.

Specificity of the separation profile

KG-1a cells could be separated using the antiCD34 anti-
body-immobilized column with the settings described earlier.
A bimodal elution pattern was observed (Figure 5A). The
first elution peak corresponded to the single peak in Figure
4A, suggesting that the cells in the first peak did not interact
with the immobilized antibody. In contrast, the delayed frac-
tion was not observed when the KG-1a cells were injected
into the unmodified column (Figure 5B). Elution profiles for
HL-60 cells (CD34-negative) were compared with those for
the CD34-positive cells. All injected HL-60 cells were eluted
from the anti-CD34 antibody-immobilized and unmodified
column in Fractions 1-3 (Figure 5C,D). This elution profile
was the same as the pattern resulting from the column angle
fixed at 90 degrees (Figure 4A); that is, HL60 cells injected
into the column did not interact with the immobilized anti-
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body. This indicates that the retention time of the cells in
the delayed fraction depends on the specific interaction
between the surface marker and the immobilized antibody
(Supporting Information).

Additional evidence of successful cell separation using the
cell rolling mechanism on the column was provided by ob-
servation of the rolling velocities on the antibody-immobi-
lized surface. We used a microfluidic channel to measure the
distribution of rolling velocities. The microfiuidic channel,
which was modified with anti-CD34 antibody in the same
manner as the column, was set on a microscopy stage, and
cell rolling was monitored using a high-speed CCD camera
at a moderate flow rate of 50 pL/min. Some cells adhered
onto the antibody-immobilized surface and were not able to
flow again after adhesion due to multivalent interaction
between the cell surface and immobilized antibody. The
velocities of the KG-1a and HL-60 rolling cells on the anti-
CD34 antibody-immobilized microchannel were 0.45 mm/s
and 0.6 mm/s, respectively (Figure 6). Conditions for mea-
surement of the cell rolling velocity on the microscope were
different from the cell separation experiments, because the
microfluidic device was placed on the flat stage of the micro-
scope without a tilt angle. Under these conditions, large differ-
ences in rolling velocity between KG-la and HL-60 cells
were not observed (Figure 6). However, the distributions of
the velocities were distinctly different between the KG-1a and
HL-60 cells. The difference in the interactions is likely
reflected in the velocity distributions. Thus, the velocity of
cells rolling was largely dependent on the cell surface marker.

Hammer et al. reported that the rolling velocity of satu-
rated sLe*-modified polystyrene microspheres was 20 times
slower than that of microspheres with a low surface density
of sLe® on an L-selectin coated surface; this difference could
be successfully exploited for separation.®® However, it was
also reported that CD34-positive bone marrow cells rolled
only twice as slowly as CD34-negative cells on an L-selectin
modified surface. We observed similar differences in rolling
velocities between CD34-positive and -negative cells on the
antibody-immobilized surfaces. This small difference in the
rolling velocity on a flat microfluidic device prevented cell
separation, as shown in Figure 5. We optimized a variety of
separation conditions such as consideration of the surface
modification tendency, changes in the medium flow rate, and
modifying the column setting conditions; this resulted in the
bimodal pattern shown in Figure 5A. In our system, separa-
tion of rolling cells was most effective after optimization of
the column tilt angle and flow rate.

Surface marker characteristics of the isolated cells

To confirm whether our column could be used to separate
cells based on CD34 surface density, the CD34 expression
level of the KG-1a cells in each fraction was investigated by
dual dimensional FACS analysis. Forward-light scatter char-
acteristics (FSC) depend on cell size, which is related to cell
cycle or cell proliferation. Fluorescence intensity, indicating
the CD34 expression level of each cell line for fractions 2
and 7, is shown in Figure 7A. Two populations of KG-la
were identified by the FACS analysis of CD34 expression
versus FSC signal. Although a single population was indi-
cated by the FACS data for Fraction 2, two cell populations
(Populations 1 and 2) were observed in Fraction 7. The
CD34 expression level of Population 1 was nearly the same
as for Population 2, but the cell size of Population 2 was
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Figure 7. Analysis of the surface marker density of isolated KG-1a cells on the anti-CD34 antibody immobilized column.

(A) Dual dimensional analysis of the CD34 expression level and FSC of the isolated KG-1a cells in Fractions 2 and 7. (B) Ratio of the cells with
population producing a high concentration of CD34 in each fraction. Each data point represents the results of three independent experiments.

about half of Population 1. Therefore, the density of CD34
in Population 2 was about 4 times higher than that of Popu-
lation 1. In Fraction 2, a majority of the cells were of Popu-
lation 1 as the cell rolling velocity was much larger than for
Population 2. The population of the CD34-dense populations
was plotted against the fraction number (Figure 7B), and
gradually increased with elution time. If the cells in the
delayed fraction were separated by static adhesion onto the
surface, the high CD34-expression population could not have
been isolated from the CD34-positive cell population,
because all of the injected cells would have adhered to the
resulting surface (Figure 4A). These findings suggest that the
cells in the delayed fraction rolled more slowly on the sur-
face than the cells in the previous fractions in a marker-spe-
cific manner under shear flow conditions. Thus, this
separation procedure is able to isolate cell populations with
different marker densities in a continuous manner.

Conclusions

Development of an effective cell separation system is cru-
cial for cell transplantation and for the fundamental study of
cell biology. In many cases, negative or positive selection
has been used as an effective strategy for cell separation,
and the MACS system is a suitable technology for conduct-
ing the selection. However, this system cannot separate cells
with different densities of surface markers. On the other
hand, FACS system can separate cells based on the marker
expression level, cellular density, and cell size. For these
reasons, FACS was effective in separating the cells in Popu-
lation 1 and 2 of the KG-1a cells. In this study, we demon-

strated the feasibility of a novel cell-separation column that
isolates cells through the cell rolling process based on sur-
face marker density under labeling-free conditions. In the
standard FACS system, the cells would be exposed to strong
media flow, and its velocity and antibody labeling would
reduce its viability. To improve the purity of the cells iso-
lated by the column, it is necessary to optimize the surface
antibody modification and column structure.

Our system offers several advantages over conventional
methods. We would expect cell separation to be more rapid
than with conventional methods; moreover, an antibody-im-
mobilized column would likely reduce the degree of cellular
damage because cell modification using fluorescence- or
magnetic beads-labeled antibodies is unnecessary. For the
same reason, the cells thus purified are free of contamina-
tion. A highly purified cell population without such impur-
ities or additives will provide an important tool for both
transplantation therapy and fundamental study.
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A Suspension Induction for Myocardial Differentiation
of Rat Mesenchymal Stem Cells
on Various Extracellular Matrix Proteins
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The microenvironment of bone marrow-derived mesenchymal stem cells (MSCs) strictly regulates their differ-
entiation. In this study, we have developed a new suspension induction method for myocardial differentiation of
bone marrow-derived rat M5Cs (rMSCs) in vitro on various extracellular matrix (ECM) proteins. Myocardial
differentiation of rM5Cs was induced with a conventional monolayer method and our suspension method. In
our suspension induction, a cell suspension was treated with the medium in the presence of an inducer,
incubated for 2h under a suspension conditions, and moved to a monolayer culture on gelatin-coated, collagen
type I-coated, fibronectin-coated, or polystyrene dishes until the total induction time was 24 h. We evaluated the
myocardial differentiation by counting the number of colonies of beating cells, performing immunohisto-
chemical staining, and measuring the expression of cardiac-specific gene mRNA using real-time quantitative
polymerase chain reaction. We found that rMSCs induced with the conventional monolayer method did not
differentiate efficiently, whereas beating cell colonies were found on ECM-coated dishes of suspension-induced
cells, after 3 weeks of culture, especially on gelatin-coated dishes. The beating cells were positively stained with
anti-troponin T-C antibody and expressed specific cardiac markers. In conclusion, these results demonstrated
that the suspension induction followed by subsequent culture on gelatin ECM substrates is a promising method
for differentiating rtMSCs into cardiomyocytes in vitro.

Introduction sources have been proposed, but the search for these

sources and types of cells are still under investigation.” One

SCHEMIC HEART DISEASE is the primary cause of death

throughout the world.! Adult cardiac muscle, unlike
skeletal muscle, lacks the ability to regenerate after ischemic
injury. The only eventual therapy is cardiac transplantation.
However, this option is limited by a lack of donor organs.

An implantable left ventricular assist device has been
proposed as a bridge to transplant for many patients who are
on a waiting list for donor organs.® Left ventricular assist
device can improve organ perfusion, reduce wall stress, and
improve functional capacity and quality of life, but it is not
an option for the majority of people with heart failure.*
Thus, the ultimate goal is to repair the injured myocardium
by cell transplantation.

Some fundamental studies and clinical trials suggest that
cell-based therapies can improve cardiac function.>® The
isolation of cardiomyocytes from a patient’s heart is unre-
alistic at present. In general, three types of potential cell

potential source is allogeneic cells, including human em-
bryonic stem cells or fetal allogeneic cardiomyocytes, but
there remain ethical issues in their use. Another option is
transgenic sources. Genetically engineered animal cardio-
myocytes have been studied in an attempt to reduce the
rejection reaction in vivo, which is still a long-term problem
in rfecipien’cs.9

To deal with this problem, autograft bone marrow-
derived mesenchymal stem cells (MSCs) are foreseen to be
the most promising candidate for transplantation, because
they are easy to obtain and less immunogenic than other
stem cells. The differentiation of MSCs into cardiomyocytes
in vivo has been observed, but it occurs at an extremely low
rate and its efficiency is under debate.”°

The production of autologous beating cardiomyocytes is
thus an attractive goal for cell-based therapy. For this purpose,
it is preferable to differentiate MSCs into cardiomyocytes
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in vitro before transplantation, and it is crucial to understand
how best to achieve this.

Based on traditional isolation of MSCs and monolayer
culture, Wakitani et al. reported that rat MSCs (rMSCs) were
differentiated to myogenic cells after 24h of exposure to
DNA-demethylating agent 5-azacytidine,'® and Makino ¢f al.
reported that the repeated treatment of murine MSCs with 5-
azacytidine differentiated the cells into cardiomyocytes with
high cardiac marker expression in vitro.'" These findings are
in contrast with a report that functional cardiac cells and
gene expression were not obtained after treatment with
5-azacytidine.'? Xu Wang et al. also reported cardiac marker
expression in 5-azacytidine-treated MSCs, but they did not
observe any beating cells.”® The differences in these obser-
vations might be related to the efficiency of the inducer and
the timing of induction.

Clemmons ¢ al. reported that fibroblasts in the suspension
did not undergo DNA synthesis and division.'* Griffin and
Houstan reported that cells in monolayer cultures are in a
static environment and have a relatively small surface area
for diffusion, in contrast to suspension cultures in which the
entire surface area is exposed to the drug."” In addition, in
suspensions, efflux transporters are not retained because of
the loss of cell polarity and redistribution of canalicular
membranes'’; therefore, the compound remains in the cell.
Hence, we assumed that by treating the cells with the in-
ducer in suspension culture, the treated cells were more
likely to proceed toward the differentiation phase instead of
the division phase.

Langer and Vacanti reported that three important com-
ponents of tissue-engineered constructs were the cell source,
soluble chemical factor, and extracellular matrix (ECM).”
ECM proteins and the cooperation between signaling path-
ways triggered by soluble factors such as growth and dif-
ferentiation factors were found to determine cell proliferation
and cell differentiation.” In our previous study, ECM com-
ponents were seen to affect the beating behavior of primary
neonatal cardiomyocytes and cardiac differentiated P19.CL6
cells in which enhanced beating behavior and cardiac dif-
ferentiation on gelatin-coated dishes were observed."”

The aim of our studies was to produce spontaneously
beating cardiac cells from rMSCs by our new induction
method on different substrates. Optimal substrates for stem
cell attachment, proliferation, and differentiation have been
reported for various types of stem cells.® In this study,
treated rMSCs were cultured on gelatin-coated, fibronectin-
coated, collagen type I-coated, and polystyrene dishes. We
treated rMSCs using a newly established suspension method,
and the differentiation tendency was compared with those
treated by the conventional monolayer method.

Materials and Methods
Bone marrow cell preparation

Femora and tibiae of 4-week-old, male Sprague Dawley
rats with average body weight of 80g were collected and
adherent soft tissues were removed. Institutional guidelines
for the care and use of laboratory animals were observed.
The rMSCs were obtained from collected femora and tibiae
by flushing the marrow cavities. Isolated cells were cultured
in  high-glucose Dulbecco’s modified Eagle’s medium
(DMEM-HG; Gibco, Grand Island, NY) supplemented with
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10% fetal bovine serum (lot no. 7297H; MP Biomedicals,
Eschwege, Germany), 5% heat-inactivated horse serum (lot
no. 076K8430; Sigma-Aldrich, St. Louis, MO), and penicil-
lin (100 U/mL)/streptomycin (100 ug/mL) (Wako, Osaka,
Japan).

The cells were seeded on 10 mm fibronectin-coated dishes
(BD Falcon, BD BioCoat, BD Biosciences, Bedford, MA) and
incubated in a 5% carbon dioxide (CO,)/air atmosphere at
37°C. At 24 h after plating, nonadherent cells were removed,
and the medium was changed every 3 days until the ad-
herent cells reached 80% confluence. The cells in one dish
were harvested with 0.25mg/mL trypsin (Lonza, Walkers-
ville, MD), washed with phosphate-buffered saline (PBS),
and seeded onto three new dishes.

Isolation of neonatal heart

Cardiomyocytes were isolated from neonatal (2-day-old)
Sprague Dawley rat hearts by the collagenase digestion
method with modifications.”'** Institutional guidelines for
the care and use of laboratory animals were followed. The
hearts were removed and carefully minced with a scalpel
blade into fragments and rinsed several times with Hanks’
balanced salt solution (Sigma-Aldrich) to remove blood and
cellular debris. The minced hearts were gently stirred in
50mL collagenase solution (0.15M NaCl, 5.63mM KCl,
0.02M HEPES, 0.02M NaHCOs, 3.74 mM CaCl, - 2H>0, and
6.5x10* U collagenase [lot no. 06032W; Wako]) at 37°C for
30 min. The resulting cell suspension was filtered through a
40 um pore-sized nylon cell strainer (BD Falcon, BD BioCoat,
BD Bioscience) and centrifuged at 78 ¢ for 3min.

Isolated cardiomyocytes were cultured in minimum es-
sential medium alpha (Gibco) supplemented with 10% (v/v)
fetal bovine serum (lot no. 7297H; MP Biomedicals) and
1001U/L penicillin-streptomycin (Wako) on 60 mm gelatin-
coated dishes (Twaki; Asahi Glass, Tokyo, Japan). Three days
after isolation the mRNA levels of the cardiac marker genes
were evaluated.

Cardiomyocyte differentiation

Monolayer induction.  The rMSCs at fourth passage were
seeded on 60 mm gelatin-coated dishes (Iwaki; Asahi Glass),
fibronectin-coated dishes (BD Falcon, BD BioCoat, BD Bios-
ciences), collagen type I-coated dishes, and noncoated poly-
styrene dishes (Iwaki; Asahi Glass) at a density of 1.0x10°
cells/dish. The cells were cultured at 37°C in humidified air
with 5% CO,, reaching 80% confluence within 3 days.
Afterward the cells were exposed to the inducers, 10 M 5-
azacytidine (Nacalai Tesque, Kyoto, Japan), 300 uM r-ascorbic
acid phosphate magnesium salt n-hydrate (Wako), and
0.025 ug/mL human basic fibroblast growth factor (Sigma-
Aldrich)-containing DMEM-HG for 24 h. Then, the inducers
were washed away and cells were cultured for 5 weeks with
DMEM-HG without inducers to develop the beating cells. The
medium was changed every 3 days. The cell morphologies
were observed every day using Nikon Eclipse TE 300 (Nikon,
Tokyo, Japan) light microscope. An image was taken after
3 weeks of cultivation using Image Pro 4.5 software (Media
Cybernetics, Silver Spring, MD).

Suspension induction.  The suspension of 1.0%10° rMSCs
was treated with and without 10 pM 5-azacytidine (Nacalai
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Tesque), 300 uM L-ascorbic acid phosphate magnesium salt
n-hydrate (Wako), and 0.025 pg/mL human basic fibroblast
growth factor (Sigma-Aldrich)-containing DMEM-HG in a
floating condition in a centrifuge tube (Iwaki; Asahi Glass) for
2h at 37°C in humidified air with 5% CO-. The treated cells
were cultured on 60 mm gelatin-coated dishes (Iwaki; Asahi
Glass), fibronectin-coated dishes (BD Falcon, BD BioCoat, BD
Biosciences), collagen type I-coated dishes, and noncoated
polystyrene dishes (Iwaki; Asahi Glass) in the presence of
inducers until the total induction time was 24h, then with
DMEM-HG without inducers for 5 weeks. The medium was
changed every 3 days. The cell morphologies were examined
every day using a Nikon Eclipse TE 300 (Nikon) light micro-
scope. Images were taken after 3 weeks of cultivation using
Image Pro 4.5 software (Media Cybernetics).

The experiments were repeated to determine the expres-
sion of troponin C type-2 after suspension induction.

Total RNA isolation and reverse transcription

Total cellular RNAs from both noninduced and induced
rMSCs with monolayer induction and suspension induction
were extracted by QuickGene RNA cultured cell kit S (Fuji-
film Life Science, Tokyo, Japan) after 1, 2, and 3 weeks of
culture. In another experiment, total cellular RNAs from in-
duced rMSCs with suspension induction were extracted after
1, 2, 3, 4, and 5 weeks. The cellular RNAs from neonatal
cardiomyocytes were also extracted with the same protocol
after 3 days of culture as a positive control for real-time
quantitative polymerase chain reaction (PCR). Total cellu-
lar RNAs were calculated as follows: [RNA] = Az (nm)x
Dilution x40 ug/mL. The RNAs from beating and nonbeating
colonies were extracted separately.

First-strand ¢cDNAs were synthesized using a mixture of
oligo(dT),s primer. Total cellular RNAs (200ng) were incu-
bated with 2.5 uM oligo(dT);s primer at 70°C for 10min to
denature RNA secondary structure and then incubated at
4°C to let the primer anneal to the RNA. A given amount of
5x reverse transcriptase (RT) buffer (Toyobo, Osaka, Japan)
and 2.5mM dNTP mixture (Takara Bio, Shiga, Japan) (4 uL)
were added and incubated at 37°C for 5min. Reverse tran-
scriptase (100 units; Toyobo) was added into the mixture and
the RT reaction was extended at 37°C for 1h. Then the re-
action was heated at 94"C for 5min to inactivate the enzyme
and cooled at 4°C for 15min. RNase (DNase-free, 0.5 ng;
Roche Diagnostics GmbH, Mannheim, Germany) was added
into the mixture and incubated at 37°C to remove the tem-
plate RNA. To confirm that the beating cells were cardio-
myocytes, an immunochemical study was conducted, in
which the expressions of cardiac-specific markers troponin C
type 1 (slow, TNNC 1), troponin T type 2 (cardiac, TNNT 2),
troponin I type 3 (cardiac, TNNI 3), GATA binding protein 4
(GATA 4), and myocyte enhancer factor 2D (MEF2D).

Real-time quantitative PCR

Real-time quantitative PCR was conducted with SYBR
Green. Primers for PCR analysis of troponin T type-2 (car-
diac, TNNT 2), troponin C type-1 {slow, TNNC 1), troponin 1
type-3 (cardiac, TNNI 3), GATA4, MEF2D, and troponin C
type-2 (fast, TNNC 2) were designed using Primer Express
software (Perkin-Elmer Applied Biosystems, Warrington,

TABLE 1. POLYMERASE CIIAIN REACTION PrimERs Usep 1N THIS STUDY
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827-848
295-316
65-85
392-413
452-474
1251-1271
742-763

CACACCTGTATTCCA-3

5-GCGGCTGGATACTTGGACATT-3'
5-CTACCCCCAATGTATCCGTTGT-3

¥

-GAAACAGGATCAACGACAACCA-3
-GATCTCTTCCGCATGTTTGACA-3

S§'-CCAGGAATCTGCAATCCCATT-3
-AGATCGAATCCCTGATGAAGGA-3'

-CAGTTCTC

TNNT 2
TNNC 1
TNNI 3
TNNC 2
GATA 4
MEF2D
GAPDH

nt, nucleotide.
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UK). Primer sequences are shown in Table 1. The reaction
mixtures contained 23.74 pL distilled water, 25uL SYBR
Green Real-Time PCR master mix (Toyobo), 100nM of each
primer, and 0.26 uL cDNA. The thermal profile for PCR was
50°C for 2min, followed by 95°C for 10 min, and then 40
cycles of 15s at 95°C and 1 min at 60°C. We also performed a
negative control PCR reaction using 0.26 pL distilled water to
ensure the absence of template contamination in PCR re-
agents. The cycle number at which the reaction crossed an
arbitrarily placed threshold (Ct) was determined for each
gene. The average Ct values of triplicate measurements were
used for all subsequent calculations on the basis of the delta
Ct method (ACt). The amount of mRNA levels was deter-
mined by 2°*. To correct any variation in mRNA content,
the quantities of the genes of interest were normalized by the
quantity of glyceraldehyde-3-phosphate dehydrogenase and
expressed as relative values of mRNA.

Immunostaining analysis

To confirm the protein expression in addition to the mRNA
expression, cells generated by the monolayer method and
beating cells generated by suspension induction were stained
with anti-troponin T-C antibody. After 4 weeks of culture, the
cells were fixed with 10% formalin in PBS and washed with
PBS three times. Next, the cells were incubated for 5min in
0.1% hydrogen peroxide in PBS to quench endogenous per-
oxide activity and washed in PBS twice for 5min each. Then
the cells were incubated with 10% Block-Ace™ (Dainippon
Sumitomo Pharma, Osaka, Japan) in PBS for 20 min to sup-
press nonspecific binding of IgG. After three cycles of wash-
ing with PBS for 5min each, the cells were incubated with
2.5uL/mL primary antibody (troponin T-C(C-19), sc-8121;
Santa Cruz Biotechnology, Santa Cruz, CA) for 60 min in PBS
with 1.5% Block-Ace™, washed three times in PBS for 5 min,
and incubated with 2puL/mL secondary antibody (donkey
anti-goat IgG-FITC, sc-8121; Cosmo Bio, Tokyo, Japan) for
45 min in PBS with 1.5% Block-Ace™. The cells were washed
with PBS four times and mounted with aqueous mounting
medium.

MISKON ET AL.

Stained cells were observed using Nikon Eclipse TE 300
(Nikon) fluorescence microscope. An image was taken using
Image Pro 4.5 software (Media Cybernetics) with the follow-
ing parameters: for bright file, an exposure time of 20ms and
gain of 7; for fluorescence, an exposure time of 2 s and gain of 7.

Statistical analysis

All data are presented as means =+ standard deviations.
Statistical analysis was performed using Student’s t-test. A
p-value of less than 0.05 was considered significant.

Results
rMSCs form myotubes

After 3 weeks of cultivation, the shape of the cells in-
duced with suspension induction was very different from
that with monolayer induction, as shown in Figure 1. The
shape of the suspension-induced cells appeared to be myo-
tubular and seemed to correlate closely to beating colony
formation. The phenotypic difference in these shapes was
confirmed by measuring TNNT 2, TNNC 1, and TNNC 2
expression.

Expression of cardiomyocyte-associated genes
in monolayer and suspension induction

Troponin T type-2 (cardiac, TNNT 2) and troponin C type-
1 (slow, TNNC 1) are known to be markers of cardiomyo-
cytes,”** and troponin C type-2 (fast, TNNC 2) is reported to
be expressed at the early stage of the cardiac development.
In this study, the expression of TNNT 2 was higher in the
suspension induction than in the monolayer induction, as
shown in Figure 2A. On the other hand, TNNC 1 expression
was generally lower in the suspension induction than in the
monolayer induction (Figure 2B). However, the gene ex-
pression of TNNC 2 was detected only in the suspension
induction and not in the monolayer induction (Figure 2C).
These results indicate that the suppression of TNNC 1 may
have been affected by the expression of TNNC 2 and signify

Monolayer :
induction

Suspension
linduction

FIG. 1. Microscopic image of rMSCs after monolayer or suspension induction and 3 weeks of culture on several types of
dishes. Dashed regions represent the regions of cells with myotube-like shape. rMSC, rat mesenchymal stem cell.
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FIG. 2. Expression levels of (A) TNNT 2, (B) TNNC 1, and

(C) TNNC 2 in cells after monolayer (M) or suspension
induction ([J) and culture on different extracellular ma-
trix proteins or uncoated polystyrene dishes (17=3; bars
represent + standard deviation; *p < 0.01, **p <0.16).

the initial stage of cardiac differentiation, as suggested by
Stoutamyer and Dhoot.?® In addition, the gene expression of
TNNT 2 and TNNC 2 were detected only in rMSCs treated
with inducers and not in the rtMSCs treated without inducers
(Supplemental Fig. S1 available online at www liebertonline
.com). The expression level of TNNC 1 was generally higher
in the treated rMSCs with inducers than in the treated rMSCs
without inducers.

In other experiments, the expression of TNN2 was de-
tected after 2 weeks of differentiation and decreased by
culture time as shown in Figure 3. This observation is pos-
sibly related to the cardiomyocyte differentiation. Besides,
this result shows similarity with that during quail heart
development in 0vo.

TNNC 2
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FIG. 3. The expression of TNNC 2 decreased with culture
period. Data are means = standard deviation; n =3 for each
sample.

Myotube-like cells on ECM substrates show
spontaneous contraction

In general, about 3 weeks are needed to observe sponta-
neous beating of the cells without the addition of any che-
mical reagent, such as acetylcholine.®® Once the beatings
are detected, it takes about another 1 week to enter the
synchronous stage.

Interestingly, the beating cells and colonies were detected
only after they were induced with suspension induction on
ECM protein-coated dishes, but not in monolayer induction.
We carried out these induction experiments 14 times and
found a beating colony only once in monolayer induction on
gelatin-coated dishes. As five dishes were used for each ex-
periment, the average number of beating colonies in one dish
was calculated as 0.75+1.5 (Table 2). However, the real
probability of beating colony appearance was much lower
than this value. A large number of beating colonies (4.5 4 0.6)
with sizes ranging from 400 to 500 pm were found in the five
gelatin-coated dishes, and 1.3 +1.5 beating colonies with a
similar size were found in the five fibronectin-coated and
collagen type-I-coated dishes. No beating cells were detected
in noncoated polystyrene dishes in either form of induction.
Table 2 summarizes the colonies of beating cells. Supple-
mental Video S1 (available online at www liebertonline.com)
shows the beating colonies after 4 weeks of culture on
gelatin-coated dishes.

In some cases, monolayer-treated and suspension-treated
rMSCs were detached from the dishes after 3 weeks of culture.

TABLE 2. AVERAGE NUMBER OF BEATING COLONIES
Founp 1N A DisH (n=5)

Average number of beating colonies per dish

Dish type Monolayer Suspension
Gelatin 0.75+15 4506
Fibronectin 0 13 £1:5
Collagen type I 0 13+15
Polystyrene 0 0

Five 60mm culture dishes were used for calculation of average
beating colony number.



