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Abstract

Introduction—Mesenchymal stem cells (MSCs) are promising
candidates for cell therapy owing to their therapeutic effect in
various diseases. In general, MSCs grow efficiently in serum-
containing culture media, indicating an essential role of
adhesion in their mesenchymal lineage-specific propagation.
Nevertheless, the use of non-human supplements in culture
(xeno-free issue) in addition to the lack of control over
unknown factors in the serum hampers the clinical transition
of MSCs.
Methods—In this study, embryonic stem cell derived mes-
enchymal stem cells (ES-MSCs) were used owing to their
scalable production, and they expressed a series of MSC
markers same as adipose-derived MSCs. The affinity of the
culture matrix was increased by combining fibronectin
coating with its adjuvant peptide, gelatin, or both (FNGP)
on tissue culture polystyrene to compare the regenerative,
therapeutic activities of ES-MSCs with a cell binding plate as
a commercial control.
Results—The FNGP culture plate promoted pivotal thera-
peutic functions of ES-MSCs as evidenced by their increased
stemness as well as anti-inflammatory and proangiogenic
effects in vitro. Indeed, after culturing on the FNGP plates,
ES-MSCs efficiently rescued the necrotic damages in mouse
ischemic hindlimb model.
Conclusions—This study suggests a potential solution by
promoting the surface affinity of culture plates using a
mixture of human fibronectin and its adjuvant PHSRN
peptide in gelatin. The FNGP plate is expected to serve as an

effective alternative for serum-free MSC expansion for bench
to clinical transition.

Keywords—ES-MSC, Serum-free expansion, PHSRN, Fi-

bronectin, Gelatin.

ABBREVIATIONS

MSC Mesenchymal stem cells
ES Embryonic stem cell
ES-MSCs Embryonic stem cell-derived mesenchymal

stem cells
FN Fibronectin
FNG Fibronectin coating with gelatin
FNP Fibronectin coating with adjuvant peptide

PHSRN
FNGP Fibronectin coating with gelatin and adju-

vant peptide PHSRN
TCP Tissue culture plate
TCPS Tissue culture plate polystyrene
CB CellBind�
PHSRN Pro-His-Ser-Arg-Asn
ADSC Adipose derived mesenchymal stem cell
ROS Residual reactive oxygen species
KLF4 Kruppel-like factor 4
NANOG Homeobox protein nanog
SOX2 Sex determining region Y-box 2
APEX1 Apurinic/apyrimidinic endonuclease 1
SENS1 Scalp-ear-nipple syndrome
SOD2 Superoxide dismutase 2
TXN Thioredoxin
HUVEC Human umbilical vein endothelial cells
IL-10 Interleukin 10
IL-6 Interleukin 6

Address correspondence to Hak-Joon Sung, Department of

Medical Engineering, Yonsei University College of Medicine,

Seoul 03722, Republic of Korea; Ki Nam Kim, Cellular Therapeutics

Team, Daewoong Pharmaceutical, Yongin 17028, Gyeonggi-do,

Republic of Korea. Electronic mails: 7107140@daewoong.co.kr and

HJ72SUNG@yuhs.ac
Hye-Seon Kim, Sung Hyun Choi and Ki Nam Kim have con-

tributed equally to this work.

Cellular and Molecular Bioengineering, Vol. 13, No. 1, February 2020 (� 2019) pp. 73–86

https://doi.org/10.1007/s12195-019-00604-0

BIOMEDICAL
ENGINEERING 
SOCIETY

1865-5025/20/0200-0073/0 � 2019 Biomedical Engineering Society

73

http://orcid.org/0000-0003-2312-2484
http://crossmark.crossref.org/dialog/?doi=10.1007/s12195-019-00604-0&amp;domain=pdf


ELISA Enzyme-linked immunosorbent assay
DMEM Dulbecco’s modified Eagle’s medium
FBS Fetal bovine serum
PS Penicillin streptomycin
CCK-8 Cell counting kit-8
qPCR Real time quantitative PCR
GAPDH Glyceraldehyde 3-phosphate dehydroge-

nase
RGD Arg-Gly-Asp
RFP Red fluorescent protein
EB Embryonic body

INTRODUCTION

The growth and differentiation of mesenchymal
stem cells (MSCs) are regulated by surface adhesive-
ness of the culture plates. Emerging evidence suggests
that this structure–function relationship is governed by
several crucial factors such as fibronectin concentra-
tion, integrin type and spacing, and cytoskeleton
behavior.6 The spreading of adhesive MSCs to a large
area triggers osteogenic differentiation of MSCs,
whereas non-spreading, less adhesive morphologies are
dominant during their adipogenic differentiation. Al-
though there has been continuous progress in the
research regarding this field, MSC type-specific infor-
mation has not yet been fully elucidated. Moreover,
MSCs spontaneously differentiate to unexpected lin-
eages,33 and maintaining the native phenotype of
MSCs via cell–material interaction has been relatively
underexplored compared to their directed differentia-
tion. Collectively, MSC type-specific study on the
adhesiveness in culture is required to preserve their
in vivo characteristics, and thus the development of
culture substrates that maintain stemness (i.e., the
ability of a stem cell to both self-renew and differen-
tiate) is crucial for the successful clinical applications
of MSCs. Nevertheless, few recent studies have inves-
tigated the changes in human MSC (hMSC) stemness
in response to material and biochemical cues and have
suggested substrates that can maintain an undifferen-
tiated state of hMSCs with high therapeutic poten-
tial.10,24

hMSCs were subjected to several clinical trials to
evaluate their therapeutic efficacy for various applica-
tions.22 However, their clinical potential has been
limited, in part, because exhaustive in vitro expansion
of hMSCs to achieve transplantable numbers causes
cell senescence-associated abnormalities. Recent stud-
ies suggest embryonic stem cell (ES) as a potential cell
source to provide infinite MSCs because ES-derived
MSCs (ES-MSCs) possess similar characteristics to

bone marrow-derived MSCs with respect to differen-
tiation potential, immunomodulatory function, and
proangiogenic activity.8,9 Three of the most popular
methods9 to derive MSCs from ES are (i) the use of
embryonic body (EB) in a form of cell aggregate with
addition of special culture medium and growth factors;
(ii) the use of feeder cell layer; and (iii) the use of
adhesive ECM components. Among others, this study
focused on the third method owing to the commercial
availability of cell binding plates, lower production of
heterogenous cell populations than those produced
using EB, and the reduced labor and easier processes
during production compared to the feeder cell method.
Considering the use of cell aggregates in a hanging-
drop status for ES culture, the use of adhesive culture
plates for MSC culture indicates a key role of matrix
affinity in maintaining the MSC characteristics.

For clinical trials in early 2000s, the use of fetal calf
serum for hMSC culture was approved by FDA.19,31

However, xeno-source serum caused mycoplasma
infection. Microbial infection and immune rejection
when hMSCs were transplanted. The use of non-hu-
man supplements in culture in addition to the lack of
control over unknown factors in the serum hampers
the clinical transition of MSCs.21,26,32 Hence, xeno-free
culture of hMSCs in GMP facilities has been tried due
to the reduced complication rate. In this study, as cell
adhesion plays an essential role in mesenchymal lin-
eage-specific propagation of ESCs, the affinity of the
culture matrix was increased by combining fibronectin
(FN) coating with its adjuvant peptide (FNP), gelatin
(FNG), or both (FNGP) on tissue culture polystyrene
(TCP) to compare the MSC-EC behavior with a cell
binding plate (CB) as a commercial control. CB plate
(Corning CellBind� surface product, Corning Co.,
Ltd) is produced by treating atmospheric/vacuum
plasma to the surface of tissue culture vessel. As a re-
sult, the amount of aromatic group decreases whereas
the number of reactive groups (C–O–C, C=O,
COOH/R) increases in the polystyrene backbone. The
functional groups increased wettability and
hydrophilicity, thereby promoting protein adsorption
and cell attachment.1 These test groups were selected
because RGD(Arg-Gly-Asp) played a pivotal role in
FN affinity, and the copresence of RGD and PHSRN
(Pro-His-Ser-Arg-Asn) adjuvant peptides increased the
ECM affinity compared to RGD alone.3 In addition,
gelatin served as a coating mixture bed for the affinity
components. ES-MSCs were cultured post-deposition
of human FN and/or human sequence PHSRN in ge-
latin without using any animal serum.

After culturing on the test culture plates, the adhe-
sion/growth, stemness, and proangiogenic/anti-in-
flammatory activities of ES-MSCs were determined.
The results suggest FNGP as a promising candidate to
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improve their therapeutic potential. Importantly, when
these groups were implanted into the damage sites in
mouse ischemic hindlimbs, the FNGP group promoted
blood perfusion, thereby regenerating the necrotic tis-
sues.

MATERIALS AND METHODS

Culture of ADSC and ES-MSC

ADSCs (5 9 105 cells/mL) were purchased from
PromoCell (Heidelberg, Germany) and propagated on
150p tissue culture plate polystyrene (TCPS) in low-
glucose Dulbecco’s modified Eagle’s medium (DMEM,
Gibco, USA) supplemented with 10% fetal bovine
serum (FBS, Gibco, USA) and 1% penicillin–strepto-
mycin (PS, Gibco, USA). Human embryonic stem
cell-derived mesenchymal stem cells (ES-MSCs,
5 9 105cells/mL) were provided by Daewoong Phar-
maceutical Co., Ltd. (Republic of Korea). The transi-
tion for ES to MSC was confirmed, and ES-MSCs
were used by propagating serially until passage 8 on
175T CellBind� (CB) plate in a StemPro� MSC SFM
XenoFree (Gibco, USA) supplemented with 1% L-
glutamine (Gibco, USA). All cell cultures were incu-
bated with 7.5% CO2 at 37 �C.

Flow Cytometry

ADSC (passage 2) and ES-MSC (passage 10 and 11)
were detached and washed with PBS (Phosphate-Buf-
fered Saline, Welgene, Republic of Korea) thrice, fol-
lowed by Flow cytometry analysis using human MSC
analysis kit (BD Bioscience, USA), according to the
manufacturer’s instruction. Cells were reacted with
antibodies of CD73APC, CD44PE, or negative cock-
tailPE (mixture of CD34, CD11b, CD19, CD45, and
HLA-DR) for 1 h at room temperature (RT) using a
360� reverse rotator and were then centrifuged for
3 min at 1300 rpm. The pellets were suspended in
1 mL PBS and then run into Flow Cytometer (BD
FACSTM, BD Bioscience) via data analysis using
CellQuest-Pro (BD Bioscience).

Test Culture Plates

Porcine skin derived gelatin powder (Sigma-Aldrich,
USA) was dissolved in sterile PBS (1% w/v) and fil-
tered using a tube top vacuum filter (0.22 lm pore size,
Corning, USA).23 Human fibronectin (Gibco, USA)
and PHSRN (Lugen Sci Co., Ltd., Republic of Korea)
were diluted in sterile PBS to 5 lg/mL and 100 lM,17

respectively. Either mixture solution of gelatin and fi-
bronectin (1:1) or fibronectin only was coated into

TCPS by incubating for 2 h at 37 �C, followed by PBS
washing and further coating with PHSRN solution for
2 h at 37 �C. The test culture plates include fibronectin
only (FN), fibronectin with gelatin (FNG), fibronectin
with PHSRN (FNP), FNG with PHSRN (FNGP), and
cell bind (CB) plate (a commercial control).

Cell Morphology and Proliferation

ES-MSC(5 9 103cells/mL) were propagated on
CellBind� 24 well clear multiple plate and FNGP
coated 24 well culture plate. Attached cell morpholo-
gies were visualized by actin staining. Cells were fixed
in a 4% paraformaldehyde solution and were perme-
abilized with 0.3% triton X-100 (Sigma-Aldrich) for
10 min. Cells were then washed with PBS and treated
with Phalloidin 594 (1:1000, Abcam, UK) for 1 h at
RT with nucleus counterstaining in NucBlue Fixed
Cell ReadyProbes Reagent (Thermo Fisher Scientific,
USA). Samples were subjected to fluorescence imaging
(Leica, Germany). Cell proliferation was determined
on Days 1, 4, and 7 post-seeding by incubating ES-
MSC (5 9 103 cell/well in a 24-well plate) with cell
counting kit-8 solution (CCK-8, Gibco) in serum free
medium for 1 h at 37 �C, according to the manufac-
turer’s instruction (n = 3), followed by absorption
measurement at 450 nm in ELISA microplate reader
(BioTek, Republic of Korea). The values were nor-
malized to that of the corresponding CB group on Day
1.

Real Time Quantitative PCR and Immunocytochemistry

Total RNA was extracted from ES-MSCs by Trizol
(Ambion, USA), following the manufacturer’s
instruction (n = 3), and the concentration was deter-
mined in NanoDropTM 2000c Spectrophotometer
(Thermo Fisher Scientific). cDNA was then produced
by reverse-transcription with AccuPower CycleScript
RT Premix (Bioneer, Republic of Korea), according to
the manufacturer’s instructions. Real time quantitative
PCR (qPCR) in StepOne Plus Real Time PCR System
(Applied Biosystems) was run using SYBR Green PCR
mix (10 lL, Thermo Fisher Scientific), cDNA (50 ng/
20 lL) and primer set (10 pmol) at 60 �C for annealing
(n = 3), followed by melting curve analysis and
GAPDH normalization. The values were analyzed by

the relative quantification 2�DDCt method and were
further normalized to that of the corresponding CB
group to present the fold changes. Stemness markers
include Kruppel-like factor 4 (KLF4), c-Myc, sex
determining region Y-box 2 (SOX2), and homeobox
protein nanog (NANOG). Antioxidative activity
markers include apurinic/apyrimidinic endonuclease 1
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(APEX1), scalp-ear-nipple syndrome (SENS1), super-
oxide dismutase 2 (SOD2), and thioredoxin (TXN).
Primer sequences are listed in Table 1.

Cells were fixed with 4% paraformaldehyde (Sigma-
Aldrich), permeabilized and blocked using 0.3% Tri-
ton X-100 (Sigma-Aldrich) and 5% bovine serum
albumin (Sigma-Aldrich) in PBS for 1 h at RT. Sam-
ples were treated with primary antibodies of CD146
(1:250, Abcam) in the blocking solution for 4 h at RT
and then with the secondary antibodies of Rabbit Ig-
GPE (1:100, Abcam) for 1 h at RT, followed by
counterstaining of actin and nuclei with phalloidin 488
(1:1000, Abcam) and NucBlue Fixed Cell ReadyProbes
Reagent (Thermo Fisher Scientific), respectively.
Samples were imaged by LSM700 confocal microscopy
(Carl Zeiss, Germany).

In Vitro Tube Formation on Matrigel
and Anti-inflammatory Activity

ES-MSCs were cultured on CB or FNGP for
4 days, and in vitro tubular formation of red fluores-
cent protein (RFP)-expressing human umbilical vein
endothelial cells (HUVECrfp, 5x) was determined on
Matrigel at Day 7 in co-culture with ES-MSC (1:1
seeding ratio with 5 9 105cells/mL of each cell type)
(n = 3), followed by imaging with fluorescence and
light microscopy.

Anti-inflammatory activities of ES-MSCs post on
CB or FNGP were determined against the activated
macrophages (Raw 264.7). Raw cells without coculture
(raw only) were used as a negative control. Raw 264.7
cells (1 9 105 cell/mL) were cultured at the bottom of
trans-well plate for 1 day, followed by LPS treatment
for 1 day. ES-MSCs (5 9 105 cell/mL) were cultured
on CB plate and FNGP for 4 days. Then, ES-MSCs
(1 9 104 cell/mL) was transferred in trans-well and
attached for 1 day, followed by co-culture placement
of ES-MSCs into the corresponding trans-well for
4 days. Gene expression of anti-(IL-10) and pro-(IL-6)
inflammatory cytokines was assessed via qPCR.
Secretion of these cytokines into the culture media was
measured on Days 1 and 4 post-coculture using an
ELISA kit (Abcam), according to the manufacturer’s
instructions.

Rescue of Mouse Hindlimb Ischemia by ES-MSCs

All procedures were approved under IACUC of
Yonsei University College of Medicine. BALB/c nude
mice (7-week old female) with 24–26 g were purchased
from Orient-bio (Republic of Korea) and anesthetized
by an intraperitoneal injection of zoletil and rompun.
Their proximal and deep femoral artery and vein were
tied with a 6–0 silk suture (Ethicon Inc., USA), and the
blood vessels between the knots were completely cut to
prevent the blood flow, thereby inducing tissue ische-
mia (n = 5).14 ES-MSCs were embedded in 5.5% ge-
latin hydrogels (Diameter = 5 mm) post-culture on
CB or FNGP for 4 days and implanted into femoral
muscle under ischemia. Sham (on surgery) and vehicle
(gelatin only) groups served as controls. The animals
were maintained for 2 weeks until euthanasia by CO2

inhalation.
Blood flow patency in ischemic and normal hin-

dlimbs was visualized by Laser Doppler Perfusion
imaging (Moor instrument, USA) by capturing images
of limbs on Days 0, 7, and 14 post-surgery with
implantation, followed by computing the ratio of
blood flow in ischemia(left) to normal(right). Histo-
logical examination of harvested hindlimbs was con-
ducted by fixing with 10% formalin (Biosesang,
Republic of Korea); embedding in paraffin wax; sec-
tioning into 4 lm thick slices; and staining with Ma-
son’s Trichrome, followed by imaging with light
microscope (Leica).

Statistical Analysis

The quantitative data were expressed as the
mean ± standard deviation (SD). Statistical compar-
isons were made using two-way analysis of variance
(ANOVA) with Bonferroni’s post hoc analysis when
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TABLE 1. Lists of primer sequences.

Primer sequence (5¢–3¢)

hGAPDH F-AACGAACGAGACTCTGGCAT

R-ACCCGCACTTACTGGGAATT

hKLF4 F-TGTATTGAAGGATGGGAACCG

R-AGTTCGTCTTTTCCTGGGC

h c-Myc F-ATGCCCCTCAACGTTAGCTT

R-TGCTGCTGCTGGTAGAAGT

hSOX2 F-AACCAAGACGCTCATGAAGA

R-GCGAGTAGGACATGCTGTAG

hNANOG F-ATAGCAATGGTGTGACGCAG

R-GATTGTTCCAGGATTGGGTG

hAPEX1 F-CAATACTGGTCAGCTCCTTC

R-CAAATTCAGCCACAATCACC

hSENS1 F-AGATGAGGCAGTTACAGGAA

R-ATGACGAGATACAGCTCTTG

hSOD2 F-CCTGGAACCTCACATCAACG

R-GCTATCTGGGCTGTAACATC

hTXN F-CGTGGCTGAGAAGTCAACTA

R-ATCCATTTCCATCGGTCCTT

ms-GAPDH F-ATGTGTCCGTGGATCTGA

R-TGCCTGCTTCACCACCTTCT

ms IL-10 F-CTCCTTGATTTCTGGGCCAT

R-ACTGGCATGAGGATCAGCAG

ms IL-6 F-AAGTGCATCATCGTTGTTCATACA

R-CAGGATACCACTCCCAACAGACC

ms IL-1b F-GCCACCTTTTGACAGTGACAGTGATGAG

R-ATCAGGACAGCCCAGGTCAA
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groups were compared with respect to more than one
measurement factor and more than two nominal fac-
tors (SPSS 15.0; SPSS Inc.). One-way ANOVA was
used when two or more groups were compared with
respect to one measurement factor and one nominal
factor (SPSS 15.0; SPSS Inc.). When only two groups
were compared, the two-sample t test was used (SPSS
15.0; SPSS Inc.). p values were considered to indicate
minimum statistical significance as shown in fig-
ures and legends.

RESULTS AND DISCUSSION

Characterization of ES-MSCs

Human adipose-derived mesenchymal stem cells
(ADSCs, passage 2) and ES-MSCs (passage 10 and 11)
were cultured on TCPS and CB, respectively, and they
presented similar morphologies with adherent spread-
ing and sporadic clustering, indicating typical MSC
characteristics (Fig. 1). This result was supported by

flow cytometry analysis as the expression of MSC-
positive markers (CD44 and CD73) was greater than
90% in both MSC types; whereas, the negative mark-
ers (CD34, CD11b, CD19, CD45 and HLA-DR) col-
lectively were below 2% in both cell types.

Since fetal bovine serum (FBS) cannot be used for
clinical trials owing to the risk of immune response,13

the CB plate was used to culture ES-MSCs. Never-
theless, this plate is expensive and unscalable for mass
production as well as untunable for cell type-specific
customization. Hence, this study aims to address this
issue by affirming the enhanced therapeutic potential
of ES-MSCs post-culture on a new coating alternative,
thereby enabling mass production and serum-free
process for clinical translation. We confirmed similar
characteristics during expression of MSC markers with
adhesion morphologies between ADSCs and ES-MSCs
as the commencing point. ADSCs were selected as a
control MSC type because of easy isolation in larger
amounts,4 and thus, are considered as a preferred
model for comparison with ES-MSCs. Moreover,
ADSCs shared therapeutic properties with bone mar-
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FIGURE 1. Characterization of human ES-MSC compared with human ADSC on Day 4 after cell seeding. Phase contrast images
with magnification in the boxes (top left) and surface marker analysis via flow cytometry. No visible difference in adhesion and
population of (a) ADSCs (passage 2), (b) ES-MSCs (passage 10) and (c) ES-MSCs (passage 11). (d) All MSC types are positive to
CD44 (> 98%) and CD73 (> 99%), and negative (< 2%) to the combination of CD34, CD11b, CD19, and CD45.
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row-derived MSCs in terms of anti-inflammatory and
proangiogenic functions through paracrine effects.2

Cell Growth and Stemness on Test Coating Plates

The test coating plates were designed to enhance the
cell binding affinity comparable to the commercial CB
plate by combining fibronectin (FN) coating with
PHSRN (FNP), gelatin (FNG), or both (FNGP) on
tissue culture polystyrene (TCP). When ES-MSCs were
cultured on the test coating plates for 7 days, the
FNGP group revealed the most progressive increase in
the cell population and spread with least cell clustering
compared to the other groups (Fig. 2a). This result was
supported by more detailed visualization by staining of
actin cytoskeleton and nuclei. Cell aggregation and
empty plate space were barely observed in the FNGP
owing to uniform filling in contrast to the cell spindle
and clustering morphologies of the other test groups
accompanying progressive increases of empty plate
spaces (Fig. 2b). These results indicate the synergistic
affinity effect of FN and PHSRN on the efficient
growth of ES-MSCs. Indeed, proliferation of MSC-
ESCs was supported most effectively by the FNGP
group for 7 days although ES-MSCs grew progres-
sively from day 1 to 7 regardless of the test groups
(Fig. 2c). In this study, FN was chosen after the use of
PHSRN was planned following a previous study 3

because the combination of PHRSN with RGD
increased the FN affinity drastically compared to
RGD alone. Other ECM molecules such as collagen
and laminin also rely on RGD dominantly to maintain
their affinity. Hence, FN served as a model component
representing an adhesive RGD partner with PHSRN
rather than the exclusive selection among others. A
future study will investigate other ECM components to
determine the affinity effect in the copresence with
PHSRN and to compare with that of FN. A previous
study5 demonstrated cell adhesion decreased signifi-
cantly when a partner integrin was blocked using anti-
integrin alpha 5 or anti-integrin beta 1 antibody in the
copresence with PHSRN. This study also confirmed
cells did not attach or spread when a scrambled pep-
tide (HRPSN) was used instead of PHSRN. The re-
sults of this previous study indicate the RGD-specific
integrin-dependent and the PHSRN sequence-specific
mechanisms of the affinity effect. Gelatin was used as a
coating bed to mix the affinity components because it
helps regain PHSRN peptide and FN like an ECM
function to deposit paracrine factors over the culture
period.

Healthy, undifferentiated stem cells maintain high
stemness, and there is a consensus that proliferating
stem cells minimize differentiation and vice versa to
pour their energy into one action. The expression levels

of stemness marker genes (KFL4, c-Myc, and NA-
NOG) were highest in the FNGP group among the test
groups on the 4th day of culture (Fig. 3a). Compared
to the FNP and FNG groups, the CB group presented
higher expression levels of c-Myc and NANOG, indi-
cating its second efficient position in maintaining
stemness during culture. Interestingly, SOX2 expres-
sion was highest in the FN group and even higher in
the CB group compared to the FNP, FNG, and FNGP
groups. SOX2 is a marker of pluripotency,35 and thus,
the results indicate that the FNGP supported the
transition of pluripotency to multipotency of ES-
MSCs while effectively maintaining other MSC-speci-
fic characteristics among the test groups.

Residual reactive oxygen species (ROS) are accu-
mulated in unhealthy stem cells and damage the
intracellular functions (‘‘oxidative stress’’), resulting in
cell senescence.11,20 In contrast, healthy stem cells
activate the antioxidative mechanisms against oxida-
tive stress, thereby maintaining their stemness. APEX,
SENS1, SOD2, and TXN are representative enzymes
that involve ROS metabolism. Their expression levels
were higher in the FNGP group compared to the CB
group, indicating efficient support of FNGP to main-
tain a young, healthy status of ES-MSCs (Fig. 3b).
Since the FNGP and CB groups were highly efficient in
maintaining the expression of stemness markers, only
these two groups were compared by excluding the
other test groups. This result was supported by the
expression of CD146 protein, that is, a marker of
antioxidative activity and stemness (Fig. 3c).12

Collectively, the results proved the efficacy of
FNGP over the commercial control, justifying a need
to investigate the culture effect on the therapeutic
functions of ES-MSCs as presented in the following
experiments. The results also indicate a possibility to
promote spontaneous differentiation of ES to MSC by
controlling the matrix affinity as evidenced by the re-
duced expression of pluripotency marker with preser-
vation of MSC characteristics and adhesive growth,
which requires extensive further studies. This study
adds a clear value to the filed by demonstrating a case
to customize the affinity of culture plate and thereby to
enhance stemness of target cell type. In this way, a new
type of scalable culture platform can be produced with
improved cost-efficiency in the future.

In Vitro Proangiogenic and Anti-inflammatory Effects

Since the proangiogenic and anti-inflammatory
functions of MSCs have been well elucidated, these
aspects of ES-MSC function were investigated. Tube
formation of red fluorescent human umbilical vein
endothelial cells (HUVECsrfp) was determined on
Matrigel for 7 days by coculturing with ES-MSCs on

BIOMEDICAL
ENGINEERING 
SOCIETY

KIM et al.78



BIOMEDICAL
ENGINEERING 
SOCIETY

FIGURE 2. Spreading and proliferation of ES-MSC at Days 1, 4, and 7 post-culture on CellBind� (CB) in comparison to coating the
tissue culture plate polystyrene (TCPS) with fibronectin only (FN), fibronectin and gelatin (FNG), fibronectin and PHSRN (FNP), and
fibronectin, gelatin, and PHSRN (FNGP). (a) Phase contrast images of cell spreading morphologies, (b) fluorescent images of
phalloidin (red) actin structures with counter nucleus (DAPI: blue) staining, and (c) analysis of progressive changes in cell
proliferation. Graphs are presented in means 6 standard deviation (SD). *p < 0.05 Day1/4 vs. Day 7; and $p < 0.05 the other groups
vs. FNGP group in both one-way and two-way ANOVA tests (n = 3).
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Day 4 post-culture on CB (MSCCB) vs. FNGP
(MSCFNGP; Fig. 4). The HUVEC group (without
coculture) served as a control. The results from early
tube formation at 3, 6, and 12 h post-seeding and late
tube formation at 1, 4, and 7 days post-seeding were
visualized via phase contrast and confocal fluorescence
imaging. During early time period, the HUVEC group
maintained a typical pattern in tube formation,
whereas the coculture groups appeared to promote
tube thickness with cell clustering at branch points

(Fig. 4a). The HUVEC group pattern prolonged to the
late time period, and more tube formation (white ar-
rows) points were observed in the MSCFNGP group
compared to the MSCCB group (Fig. 4b), indicating an
enhanced proangiogenic activity by culturing ES-
MSCs on FNGP over CB, which agrees to the afore-
mentioned results.

Furthermore, anti-inflammatory activities of ES-
MSCs were determined post-culture on CB or FNGP
considering the regulatory cytokine production of
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FIGURE 3. Expression of stemness and antioxidative activity markers on Day 4 post-culture of ES-MSCs on CB, FN, FNG, FNP,
and FNGP. Gene expression of (a) stemness markers (Klf4, c-Myc, SOX2, and NANOG) and (b) antioxidant activity markers (APEX,
SENS1, SOD2, and TXN) by real time qPCR. Samples were normalized to GAPDH expression (house-keeping gene). At least three
independent experiments were performed in triplicates. Graphs are presented as average 6 SD. *p < 0.05, **p < 0.01 and
***p < 0.001 between the line connected groups in one-way and two-way ANOVA tests or t test (n = 3). (c) CD146 immunostaining
evaluates both stemness and antioxidative activity.
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activated macrophages (Raw 264.7; Fig. 5). Raw 264.7
mouse macrophages were activated by 1 day LPS
treatment after preculturing at the bottom of a trans-
well plate for 1 day and were then subjected to cocul-
ture placement of ES-MSCs into the corresponding
trans-well for 4 days (Fig. 5a). The activated macro-
phage group without coculture (raw only) was used as
a negative control. The gene expression levels of anti-
inflammatory cytokine (IL-10) in both coculture
groups significantly increased from Days 4–7, and the
level of CB group was higher than those of FNGP and
raw only groups at both time periods (Fig. 5b-i). In
contrast, compared to the raw only group, the gene
expression levels of pro-(IL-6) inflammatory cytokines

in both coculture groups were lower on Day 4 and
increased to the higher levels on Day 7. The level of
FNGP group was significantly lower than that of the
CB group on Day 7 (Fig. 5b-ii), suggesting FNGP as a
culture matrix candidate to reduce detrimental proin-
flammatory actions.

As the IL-10 gene was expressed more in the CB
group than the FNGP group, the release of both
cytokines was determined by ELISA using a culture
media (Fig. 5c). Only FNGP group revealed a signifi-
cant increase in the anti-inflammatory IL-10 secretion
from Days 4–7, and their levels were maintained higher
than those of CB and raw only groups (Fig. 5c-i). The
secretion level of proinflammatory IL-6 significantly
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FIGURE 4. Tube formation of HUVECrfp (red) on Matrigel for 7 days in coculture with ES-MSCs on Day 4 post-culture on CB
(MSCCB) vs. FNGP (MSCFNGP). HUVEC group (without coculture) served as a control. (a) Early tube formation at 3, 6, and 12 h post-
seeding and (b) late tube formation at 1, 4, and 7 days post-seeding were visualized via phase contrast and confocal fluorescence
imaging.
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decreased in the FNGP group from Day 1 to 4 as in
contrast to the CB group. On Day 4, the level of
FNGP group was significantly lower compared to the
raw only and CB groups (Fig. 5c-ii).

These results support the FNGP in improving the
therapeutic function of ES-MSCs via enhancement of
proangiogenic and anti-inflammatory activities. The
FNGP serves as a promising platform for treating is-
chemic diseases by promoting vascular perfusion and
by attenuating detrimental macrophage behavior.15,16

Moreover, the patterns of cytokine production suggest
an underlying mechanism to induce the proangiogenic
M2 phenotype (IL-10) of macrophages while reducing
the detrimental M1 phenotype (IL-6), although pro-

filing a wider range of cytokine release is required to
reach this conclusion through further studies.

Rescue of Mouse Ischemic Hindlimb

Since culturing ES-MSCs on FNGP promoted
proangiogenic and anti-inflammatory activities, these
therapeutic functions were tested in a mouse model
with hindlimb ischemia. After culturing on FNGP or
CB for 4 days, ES-MSCs were embedded in gelatin
hydrogels (1 9 106 cells/20 lL of 5.5% gelatin), which
were then intramuscularly implanted into femoral
muscle of the ischemic hind-limb for 2 weeks (Fig. 6).
Sham (on surgery) and vehicle (gelatin only) groups
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FIGURE 5. Anti-inflammatory activity of ES-MSCs on CB or FNGP against activated macrophages (Raw 264.7). Raw cells without
coculture (raw only) were used as a control. (a) Schematic illustration of experimental procedure for 1 day treatment of LPS to Raw
264.7 mouse macrophages after preculturing at the bottom of trans-well plate for 1 day, followed by coculture placement of ES-
MSCs into the corresponding trans-well for 4 days. (b) Gene expression and (c) protein secretion of anti-(IL-10) and pro-(IL-6)
inflammatory cytokines by qPCR and ELISA, respectively. All results are presented as means 6 SD. The qPCR results were
normalized to GAPDH gene expression. *p < 0.05 vs. raw only; and $p < 0.05 vs. CB in both one-way and two-way ANOVA tests
(n = 3).
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FIGURE 6. Rescue of mouse ischemic hindlimbs by implantation of gelatin hydrogels with ES-MSCs post-culture on CB or FNGP.
(a) The laser doppler (right) and optic (left) images on Days 0, 7, and 14 post-surgery with implantation. Color scale indicates blood
perfusion range from minimum (blue) to maximum (red). (b) Quantitative analysis of LDPI results by computing the ratio of blood
flow in ischemia (left) to normal (right). #p < 0.05 vs. FNGP; and *p < 0.05 vs. 0 w within the same group in both one-way and two-
way ANOVA tests (n = 5). (c) Masson’s trichrome staining of ischemic muscle on Day 14 post-surgery with implantation (black
arrow: blood vessel).
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served as controls. Laser Doppler images of sham and
vehicle groups presented gradual limb loss, eventually
to severe degrees from days 0–14, indicating successful
modeling of hindlimb ischemia in mice (Fig. 6a). In
contrast, the CB and FNGP groups rescued the limb
loss visibly due to the recovered patency of blood
perfusion up to about 56% of the normal limb
(Fig. 6b). The FNGP group presented accelerated and
full perfusion patency throughout the limb including
the extreme distal part, whereas only proximal perfu-
sion with slower recovery was observed in the CB
group.

Moreover, the images of Masson’s trichrome
staining presented blood vessels (black arrows),
inflammatory cell invasion (dark purple dots), and
tissue fibrosis (sky blue) (Fig. 6c). More fibrotic tissue
formation and inflammatory cell invasion were present
in the sham and vehicle groups presumably owing to
the lack of blood vessels compared to the normal, CB,
and FNGP groups. The FNGP group exhibited visibly
limited formation of fibrotic tissues with abundant
presence of blood cells as an evidence of rich vessel
formation in contrast to the spreading signals of fi-
brotic tissue with a relatively small population of blood
cells in the CB group. These results prove the
promising therapeutic function of FNGP group in
rescuing the damaged tissues of mouse ischemic limb.

Preservation of high stemness with minimum
spontaneous differentiation has been crucial in
propagating stem cells to attain a clinical dose.
Moreover, commercial plates are neither tunable nor
scalable for stem cell type-specific customization.
This study suggests a promising solution to address
these issues by simply tuning the affinity of culture
plate. As a result, FNGP played a key role in pro-
moting the value of ES-MSCs as an alternative of
adult MSCs from bench to clinical transition.
Proangiogenic27 and anti-inflammatory7 functions
were improved by culturing ES-MSCs on FNGP,
and thus their therapeutic potential to rescue is-
chemic hindlimbs was affirmed in vivo. The thera-
peutic potential of MSCs was well studied,25,30 and
their paracrine effects were recognized as the main
mechanism.28,29 Nevertheless, further studies are
required to prove this point because therapeutic ac-
tions of MSCs are dependent on their tissue of ori-
gin. Their main mechanisms to promote blood vessel
formation include paracrine effects,20 endothelial
differentiation,18 and pericyte function34; however,
MSC type-dependent alternation of these mecha-
nisms remains unclear. Hence, the next study is
underway to investigate a regenerative mechanism of
ES-MSCs.

CONCLUSION

The use of animal serum as common supplements
for the expansion of MSCs has been issued for clinical
studies due to the safety concerns involved. Ideal cul-
ture of MSCs should allow for achieving the clinically
relevant cell number by supporting efficient prolifera-
tion with minimum passage numbers, thereby reducing
cell senescence and relevant abnormalities during
ex vivo expansion. Significance of this study lies in the
fact that the FNGP template can serve as an alterna-
tive of the commercial plate with essential benefits
including cost efficiency, tunable adhesiveness, xeno-
freeness, and scalable coating. More importantly, the
idea to promote the therapeutic potential of ES-MSCs
while culturing adds a clear value to the relevant
research fields by addressing the long-standing issue
during exhausted expansions.
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