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Abstract 

Background: We evaluated the effects of fibronectin, collagen, cadherin, and laminin based ex-
tracellular matrix (ECM) protein mimetics coated with mussel derived adhesive protein (MAP) on 
adhesion and proliferation of chorionic mesenchymal stem cells (cMSCs). 
Methods: Human placental chorionic tissues from term third-trimester pregnancies (n=3) were 
used. The cMSCs were cultured on rationally designed ECM protein mimetics coated with MAP on 
plastic surfaces with the addition of reduced fetal bovine serum (0.5%, 1% FBS). Adhesion capa-
bilities were monitored by a real time cell analysis system (RTCA) utilizing an impedance method. 
Proliferation capabilities were monitored by RTCA and MTS assay.  
Results: Of the ECM protein mimetics tested, GRGDSP(FN) coated surfaces exhibited the 
highest adhesion and proliferation capabilities on RTCA at FBS concentration of 0.5% and 1%. 
When 0.5% FBS was added to ECM protein mimetics during the MTS assay, GRGDSP(FN), 
REDV(FN), and collagen mimetics, GPKGAAGEPGKP(ColI) showed higher cMSCs proliferation 
compared with the control. When 1% FBS was added, GRGDSP(FN) and 
TAIPSCPEGTVPLYS(ColIV) showed significant cMSCs proliferation capacity.  
Conclusions: Fibronectin mimetics, GRGDSP(FN) amino acid sequence showed the highest 
adhesion and proliferation capabilities. In addition, results from RTCA assessment of cell viability 
correlated well with the tetrazolium-based MTS assay. 

Key words: chorionic mesenchymal stem cell, extracellular matrix, protein mimetics, real time cell 
analysis, cell proliferation assay. 

Introduction 
Stem cells are capable of both self-renewal and 

differentiation into diverse types of mature cells [1]. 
These characteristic are associated with organogenesis 
and tissue regeneration, which has attracted wide-
spread interest from clinical researchers [2-4]. Among 
the various types of stem cells, mesenchymal stem 
cells (MSCs) represent a class of progenitor cells ca-

pable of differentiation to several mesenchymal line-
ages including osteoblasts, adipocytes, and chondro-
blasts. Bone marrow (BM) is the primary source of 
MSCs for both experimental and clinical studies, 
though acquiring these cells carries a number risks 
such as complications of general anesthesia, pain, risk 
of viral contamination, and decreasing numbers of 
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MSCs with age [5,6]. In addition, MSCs derived from 
BM have relatively limited proliferative potential. 
MSCs derived from placental tissue, on the other 
hand, may possess greater differentiation capability 
and proliferative potential, and thus have more re-
cently been used to overcome the limitations of MSCs 
obtained from BM. MSCs can be harvested from var-
ious tissues found in the placenta including the am-
nion, amniotic fluid, chorion, cord blood, and umbil-
ical cord tissue (Wharton’s Jelly). Since the placenta is 
typically discarded as medical waste after delivery, 
these tissues can be procured without the use of inva-
sive procedures. In addition, unlike embryonic stem 
cells, the use of MSCs is less ethically controversial 
[4,7].  

MSCs are adherent to plastic surfaces and inter-
act with individual extracellular matrix (ECM) mole-
cules during attachment, growth, migration, and 
apoptosis [8]. ECM is the extracellular portion of an-
imal tissue that provides structural support to cells in 
addition to performing a multitude of other important 
functions. ECM consists of fibronectin (FN), collagens, 
laminins, and a variety of other molecules [9]. Fi-
bronectin, a large glycoprotein found in all verte-
brates, is involved in cell adhesion, growth, migration, 
and differentiation [10,11]. Collagen is a significant 
constituent of the natural ECM which promotes the 
attachment and growth of cells and tissues [12]. 
Laminin is associated with cell differentiation, migra-
tion, and adhesion, as well as phenotype and survival 
[13]. Therefore, understanding the characteristics of 
ECM components and the interaction between the 
ECM and MSCs is important for understanding dif-
ferentiation and proliferation of stem cells. Full-length 
ECM components contain adhesive motifs composed 
of short amino acid sequences that interact specifically 
with integrins. Unlike full length ECM components, 
however, the application of short peptides is feasible 
for surface modification to stimulate differentiation 
and proliferation of MSCs. The advantages of using 
short amino acid sequences include increased stability 
during surface modification and lower production 
costs [14,15]. 

Mussels secrete a substance called mussel adhe-
sive protein (MAP) that aids in attachment to surfaces 
upon which they reside [16]. MAP allows for adher-
ence to wet surfaces, and the adhesion strength is 
sufficient to secure mussels in place in a rough marine 
environment [17]. MAP is a polyphenolic protein rich 
in 3,4-dihydroxyphenylalanine (DOPA) and lysine, 
which is non-toxic to the human body, biodegradable, 
and is non-immunogenic [18-20]. These properties 
make MAP highly attractive for use in a variety of 
medical, biological, and industrial applications [21]. In 
cell culture, the strong adhesion ability facilitates effi-

cient coating of ECM components on surfaces without 
protein or surface modifications. ECM protein com-
ponents can then efficiently promote cellular pro-
cesses including adhesion, spread, proliferation, dif-
ferentiation, and survival [8]. 

For in vitro cell expansion, ECM components of 
fetal bovine serum (FBS) as well as other materials of 
animal origin are required for cell culture. Because of 
critical safety issues, use of animal-derived reagents in 
clinical applications is not ideal [22,23]. Therefore 
animal serum-free culture conditions have been de-
veloped which use ECM protein mimetics comprised 
of short peptides. One adhesion-promoting peptide 
that is commonly used is RGD, which is composed of 
a tri-amino acid sequence (Arg-Gly-Asp) [24]. Many 
types of biomaterials have been modified using RGD, 
and in vitro studies have consistently suggested that 
RGD-modified surfaces promote better cell attach-
ment compared to that of unmodified surfaces [25]. 

Recently, ECM protein mimetics comprised of 
short amino acid sequences attached to plastic sur-
faces with the aid of MAP have been developed. In 
this study, we evaluated the use of this tool in cul-
turing placenta-derived chorionic MSCs with various 
ECM protein mimetics. In addition, by utilizing a real 
time cell analysis system with real time monitoring of 
cell viability, the adhesion and proliferation capabili-
ties of placenta derived cMSCs were measured. 

Materials and Methods 
Ethics statement 

Human term third trimester placentas were ob-
tained after receiving written informed consent. All 
experiments were in accordance with the institutional 
review board guidelines at our medical center (IRB 
No. KC09WZZZ0173). 

Isolation of MSCs from the chorion and culture 
conditions [26] 

Human chorion (n=3) was obtained from pla-
centas from term third-trimester pregnancies follow-
ing delivery at Seoul St. Mary’s Hospital. The chori-
onic tissue was washed in Dulbecco’s phos-
phate-buffered saline (DPBS; Gibco, Grand Island, 
NY, USA) and cut into small pieces (2ⅹ2 cm). The 
tissue was then incubated with 0.3% collagenase type 
I (Gibco) at 37 ℃ for 15-30 min. The digested tissue 
was subsequently passed through a 100 µm cell 
strainer (BD Falcon, Bedford, MA, USA) and the fil-
tered cells were collected by centrifugation at 2500 
rpm for 5 min. The cells were resuspended in 
α-modified minimum essential medium (α-MEM; 
Gibco), supplemented with 16.5% fetal bovine serum 
(FBS; Hyclone, Logan, UT, USA) and 1% penicil-
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lin-streptomycin (Gibco, Grand Island, NY, USA), and 
cultured in T25 flasks (Nunc, Roskilde, Denmark) at 
37 ℃ in 5% CO2. This medium was changed twice 
weekly. When the primary cells (passage 0; P0) 
reached 70% confluency, they were trypsinized with 
0.5% trypsin-EDTA (Gibco) and resuspended in T75 
flasks (SPL, Pocheon, Kyounggi, Korea). The cells 
were subcultured repeatedly and were deemed ready 
for experimental use after passage 3. 

ECM protein mimetics and coating of the 
plastic culture dish 

After passage 3, cultured cMSCs were used for 
functional studies. Untreated polystyrene culture 
plates were coated with various ECM protein mimet-
ics using MAP (MAPTrix®, Kollodis BioSciences, 
Malden, MA, USA). The cMSCs were cultured on 
various ECM protein mimetics as listed in Table 1. 
Recombinant MAP without ECM protein mimetics 
was used as a negative control. The coating materials 
(0.1 mg/mL) were used at a volume appropriate for a 
125 uL/cm2 well area. After incubating for 2 hrs at 37 
℃, the wells were washed with the same volume of 
distilled water and serum-free media.  

 

Table 1. ECM protein mimetics investigated in this study. 

ECM mimetics  
Fibronectin mimetics KNNQKSEPLIGRKKT(FN) 
 SPPRRARVT(FN)  
 GRGDSP(FN) 
 REDV(FN) 
  
Collagen I mimetics GPKGAAGEPGKP(ColI) 
  
Collagen IV mimetics GEFYFDLRLKGDK(ColIV) 
 TAIPSCPEGTVPLYS(ColIV)  
  
Cadherin mimetics LFSHAVSSNG(CAD) 
  
Laminin mimetics KAFDITYVRLKF(LAM) 
 IKVAV(LAM) 

 
 

Immunophenotyping of cMSCs cultured on 
ECM protein mimetics 

The presence of cMSCs cultured in 16.5% FBS 
was confirmed by immunophenotyping. In addition, 
cells cultured on GRGDSP(FN) coated surfaces were 
confirmed by immunophenotyping using anti-CD105 
PE, CD73 PE, CD90 PE, CD45 PE, CD34 PE, CD11b 
PE, CD79a PE, HLA-DR, HLA-DP, and HLA-DQ 
FITC [27]. The cMSCs in complete culture media 
containing 0.5% FBS were pipetted onto a 
GRGDSP(FN) coated 100 mm culture dish (SPL). 
When 70% confluency was reached, all trypsinized 

cells were diluted to a concentration 1×106 cells/mL in 
phosphate-buffered saline (PBS; Gibco). The cells 
were labeled with 10 uL of antibodies. For negative 
controls, cells were labeled with IgG1 and IgG2 isotype 
controls. The samples were fixed using fixation buffer 
(BD Biosciences) and analyzed by LSR Fortessa (Bec-
ton Dickinson, Franklin Lakes, NJ, USA). A total of 
12,000 events were acquired and analyzed using 
WinMDI 2.9 software. 

Differentiation and immunocytochemical 
staining 

The cMSCs in complete culture media containing 
0.5% FBS were pipetted onto a GRGDSP(FN) coated 
100mm culture dish (SPL). When 70% confluency was 
reached, all trypsinized cells were pipetted onto a 
6-well culture plate (Nunc, Roskilde, Denmark) at a 
concentration of 1×105 cells/well. When 70% conflu-
ency was reached in the growth medium, the cells 
were placed in a differentiation medium and incu-
bated at 37 ℃ for 21d. The differentiation medium was 
replaced twice weekly. Osteogenic differentiation was 
performed according to the manufacturer’s instruc-
tions using an Osteogenesis Differentiation Kit (Gib-
co), and calcium deposits were subsequently visual-
ized using the Von Kossa Method. Cells were fixed 
with 4% paraformaldehyde, placed in a 3% silver ni-
trate solution, and exposed to UV light for 60 min. 
After rinsing with distilled water 3 times, they were 
then placed in 5% sodium thiosulfate for 2 min.  

Chondrogenic differentiation was performed 
according to the manufacturer’s instructions using a 
Chondrogenesis Differentiation Kit (Gibco). Chon-
drogenic differentiation was visualized by measuring 
metachromatic matrix using Alcian blue staining. 
Cells were fixed with 4% paraformaldehyde and 
placed in 1% Alcian blue solution for 30 min at room 
temperature. After rinsing twice with distilled water, 
the nuclei were stained using Nuclear Fast Red for 5 
min. 

Measurement of cell adhesion and 
proliferation capacity via real time cell 
analyzer 

The real time cell analyzer and E-plate 16 (RTCA; 
xCELLigence, Roche, San Diego, CA, USA) system 
allows for label-free, real time, noninvasive monitor-
ing of the viability of cultured cells using impedance 
[28]. This platform uses gold electrodes at the bottom 
of microplate wells as sensors to which an alternating 
current is applied. Cells are adherently grown in 
monolayers on top of the electrodes, which influences 
the alternating current at the electrodes by changing 
the electrical impedance (denoted as cell index). The 
cell index values are proportionate to the area of cells 
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attached and the total number of cells, which are de-
termined by cell proliferation, cytotoxicity, cytopro-
tection, cell growth inhibition, and apoptosis [29-33]. 
The cell index is a relative values calculated by ana-
lyzer, the cell index values of control was used as 
baseline values of experiments. The cell index values 
divided by control were utilized as cell index ratio. 

The effects of ECM protein mimetics on cMSCs 
adhesion and proliferation were monitored using 
RTCA as previously reported [34]. A total of 50 uL of 
cell culture media was added to various ECM protein 
mimetic coated E-plates. After incubation at room 
temperature for 15 min, the background intensity was 
measured. Adhesion capacity of cMSCs, which was 
visualized in increments of the cell index, was deter-
mined as per the manufacturer’s instructions. In brief, 
15,000 cells were suspended in 100 uL of se-
rum-reduced culture medium (0, 0.1, 1, 5, 10, 16.5% 
FBS) and seeded into each well. Immediately, an 
E-plate was installed into the RTCA system, and the 
cell index was measured every minute. To evaluate 
proliferation capacity, 5,000 cMSCs were suspended 
in 100 uL of serum-reduced culture medium (0.5%, 
1%, 5% FBS) and seeded into each well. Immediately, 
an E-plate was installed into the RTCA system, and 
the cell index was measured every 10 min.  

Determining cell proliferation using the MTS 
assay 

The cell proliferation capabilities of cMSCs on 
ECM protein mimetics were measured using a 
CellTiter 96 Aqueous One Solution Cell Proliferation 
Assay Kit (Promega, Madison, WI, USA). A total of 

5,000 cells per well were seeded onto various ECM 
protein mimetics coated onto a 96-well cell culture 
plate (SPL). After 72 hrs, a tetrazolium compound 
[3-(4,5-dimethylthiazol-2-yl)-5-(3-carboxymethoxyphe
nyl)-2-(4-sulfophenyl)-2H-tetrazolium, tinner salt] 
which was bioreduced by cells into a formazan 
product, was added and incubated at 37℃ for 2-3 hrs. 
The amount of formazan product, which was propor-
tional to the number of living cells, was measured at 
an absorbance of 490nm by an Absorbance Microplate 
Reader (VersaMax; Molecular Devices, USA). The 
proliferation rates of the cells were calculated using 
the absorbance of cMSCs cultured on various ECM 
protein mimetics divided by the absorbance of control 
MSCs. These rates are expressed as a ratio. 

Results 
Characteristics of human cMSCs 

The cMSCs (n=3) attached and proliferated on 
plastic tissue culture plates, and subsequently pre-
sented with a fibroblast-like morphology 7 days after 
seeding. As the passage number was increased, the 
cMSCs exhibited a typical triangular shape that be-
came elongated and thinner compared to the first day 
after seeding. The morphology of cMSCs was ob-
served until passage 3, at which time they were used 
in the experiment (Fig. 1). The cMSCs which were 
cultured in 16.5% FBS on a GRGDSP(FN) coated sur-
face, showed that ≥95% of the population expressed 
CD105, CD73, and CD90, and ≤2% of the population 
expressed CD45, CD34, CD11b, CD79a, or HLA-DR 
(Fig. 2). 

 

 
Figure 1. Morphology of human chorionic mesenchymal stem cells after passage 3. Cells were observed to have the typical morphology of fibroblast-like 
cells on phase contrast microscopy (A: magnification=50x, B:100x). 
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Figure 2. Immunophenotypic characterization of chorionic mesenchymal stem cells. The expression of surface antigens was confirmed by immuno-
phenotyping. Cultured chorionic mesenchymal stem cells on GRGDSP(FN) coated surfaces were positive for typical mesenchymal stem cell surface 
markers including CD105, CD73 and CD90, but not hematopoietic markers including CD45, CD34, CD79a, or HLA-DR. Colored histogram: isotype 
control. Open histogram: signal for each specific Ab. 

 
Differentiation of cMSCs 

Standard differentiation assays were performed 
to confirm stemness of cMSCs. Cells cultured in 16.5% 
FBS on a GRGDSP(FN) coated surface differentiated 
into osteoblasts and chondroblasts. After 3 weeks of 
culture in osteogenic induction medium, cMSCs cul-
tured under both conditions were able to undergo 
osteogenic differentiation as demonstrated by the 
development of positive Von Kossa staining. 
Dark-brown calcium deposits were also observed 
using silver nitrate solution (Fig. 3A). Likewise, after 3 
weeks of culture in chondrogenic induction medium, 
cMSCs were able to undergo chondrogenic differen-
tiation as demonstrated by the development of posi-
tive Alcian blue staining. In these cases, the meta-
chromatic matrix was stained blue in color, and nuclei 
were stained red by Nuclear Fast Red stain (Fig. 3B). 

Assessment of adhesion of cMSCs to ECM 
protein mimetic coated surfaces using RTCA 

The effects of FBS on proliferation of cMSCs 
were evaluated in this study. The addition of 0% and 
0.1% FBS concentrations to the medium elicited no 
change in cell index values compared to the initial 
value, which indicates growth failure. FBS concentra-
tions of 1.0%, 5.0%, 10.0%, and 16.5% induced pro-
portionate changes in the cell index (Fig. 4). The ad-
hesion capabilities of cMSCs on surfaces coated with 
various ECM protein mimetics were observed for 3 

hrs. We found that cMSCs neither attached nor pro-
liferated in 0% FBS on ECM protein mimetics. cMSCs 
attached, but did not proliferate, in media containing 
0.1% FBS along with any of the tested ECM protein 
mimetic coated surfaces. The cell indices of cMSCs in 
media containing 0.1% FBS along with various ECM 
protein mimetic coated surfaces were higher than 
those containing MAP (without mimetics) coated 
surfaces, which were regarded as the negative control. 
As a result, GRGDSP (FN) coated surface provided 
the best condition for cell adhesion (Figure 5).  

Assessment of proliferation of cMSCs on ECM 
protein mimetic coated surfaces using RTCA 

Chorionic MSC proliferation on ECM protein 
mimetic coated surfaces was studied for 72 hrs using 
RTCA. Proliferation assays were carried out under 
serum-reduced conditions to evaluate the effects of 
ECM protein mimetics. cMSCs were cultured in two 
groups of media, each of which contained a low con-
centration of FBS (0.5%, 1%). The cMSCs in 0.5% and 
1% without protein mimetics were regarded as base-
line control. In 0% FBS along with ECM protein mi-
metics, cMSC proliferation was not observed. In 0.5% 
FBS, all ECM protein mimetics showed an increased 
cell index ratio, which is indicative of cMSCs prolif-
eration capacity. Among them, cMSCs cultured on 
GRGDSP(FN) coated surfaces showed the highest cell 
index which was 3.49, 3.13, 2.71, 2.28, 2.12 and 2.19 at 
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9, 16, 24, 36, 48 and 72 hour respectively (Figure 6A, 
C1, C2). With the addition of 1% FBS, all the ECM 
mimetics except for IKVAV (LAM) supported greater 
MSC proliferation compared to the control (Figure 6B, 
D1, D2). From 48 hrs, IKVAV (LAM) showed lower 

cell index ratio compared to control. Regardless of 
different FBS concentration, cMSCs cultured on 
GRGDSP (FN) coated surfaces showed the greatest 
proliferation capability. 

 
Figure 3. cMSCs incubated in osteogenic and chondrogenic differentiation media for 21 days. (A) Osteogenic differentiation was detected immunologically 
by von Kossa staining and (B) chondrogenic differentiation was detected by Alcian blue staining (x200). 

 
Figure 4. Proliferation capacity of chorionic MSCs in various FBS concentrations continuously monitored by RTCA for 72 hrs (A) and plotted by cell index 
ratio which was obtained by value divided by control cell index (B). cMSCs in 0.1% to 16.5% FBS are shown. Abbreviations: 1, 16.5% FBS, 2; 10.0% FBS; 
3, 5.0% FBS; 4, 1.0%FBS; 5, 0.1% FBS. 
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Figure 5. Adhesion capacity of MSCs in 0.1% FBS containing medium. Cell index of cMSCs in 0.1% FBS with ECM protein mimetic coated surfaces are 
monitored by RTCA (A) and plotted by cell index ratio which was obtained by value divided by control cell index (B). The cMSCs in 0.1% FBS were regarded 
as the baseline control group. Abbreviations: 1, Control (0.1% FBS); 2, GRGDSP(FN); 3, KNNQKSEPLIGRKT(FN); 4, GPKGAAGEPGKP (ColI); 5, REDV 
(FN); 6, GEFYFDLRLKGDK (ColIV); 7, SPPRRARVT(FN); 8, TAIPSCPEGTVPLYS(ColIV); 9, IKVAV(LAM); 10, LFSHAVSSNG (CAD); 11, 
KAFDITYVRLKF(LAM). 
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Figure 6. Cell index of cMSCs proliferation in (A) 0.5% FBS, (B) 1% FBS. Impedances for each group are shown as follows: baseline control group, green; 
up-level control group, cyan; GRGDSP(FN), blue; KNNQKSEPLIGRKKT(FN), blue violet; GPKGAAGEPGKP(ColI), olive; REDV(FN), slate blue; 
SPPRRARVT(FN), red; GEFYFDLRLKGDK(ColIV), yellow-green; TAIPSCPE-GTVPLYS(ColIV), magenta; LFSHAVSSNG(CAD), coral; 
KAFDITYVRLKF(LAM), dark cyan; IKVAV(LAM), dark magenta. Impedance profiles were recorded in quadruplicate continuously over 72 hrs using the 
RTCA system (A, B) and plotted by cell index ratio which was obtained by value divided by control cell index (C, 0.5%FBS; D, 1%FBS). Abbreviations: 1, 
Control (0.1% FBS); 2, Up level control; 3, GRGDSP(FN); 4, KNNQKSEPLIGRKT(FN); 5, GPKGAAGEPGKP(ColI); 6, REDV(FN); 7, SPPRRARVT(FN); 8, 
GEFYFDLRLKGDK (ColIV); 9, TAIPSCPEGTVPLYS(ColIV); 10, LFSHAVSSNG (CAD); 11, KAFDITYVRLKF(LAM); 12, IKVAV(LAM). 
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Assessment of proliferation of cMSCs on ECM 
protein mimetic coated surfaces using an MTS 
assay  

The cMSCs proliferation capabilities on ECM 
protein mimetic coated surfaces were investigated 
using an MTS assay. When 0% FBS was added to ECM 
protein mimetics, cMSCs proliferation was not ob-
served. After 0.5% FBS was added to ECM protein 
mimetics, GRGDSP(FN), REDV(FN), and 
GPKGAAGEPGKP(ColI) showed higher cMSCs pro-
liferation compared to the control [GRGDSP(FN), 
119%±13.12%, p=0.008; REDV(FN), 118%±17.19%, 
p=0.020; GPKGAAGEPGKP(ColI), 114%±11.44%, 
p=0.013) (Fig. 7A). After 1% FBS was added, GRGDSP 
(FN) and TAIPSCPEGTVPLYS (ColIV) showed sig-
nificantly higher ratios compared to the control 
[GRGDSP (FN), 112%±9.10%, p=0.013; 
TAIPSCPEGTVPLYS (ColIV), 109%±9.78%, p=0.029) 
(Fig. 7B). After 5% FBS was added to the ECM protein 
mimetics, the proliferation capacity was not signifi-
cantly different from that of the control (Fig. 7C).  

 

 
Figure 7. Various ECM protein mimetics used for cMSCs proliferation. 
cMSCs were seeded on ECM protein mimetic coated 96-well plates and 
cultured for 72 hrs in a culture medium containing (A) 0.5% FBS, (B) 1% 
FBS, or (C) 5% FBS. The cells were quantified by MTS assay. Each bar 
represents the mean value of each quadruplicate. Results are reported as a 
percentage compared to the control. Means ± SD are shown; * p-value 
<0.05. 

 
 

Discussion 
The human placenta, which is typically dis-

carded after delivery, has emerged as a source of 
MSCs with greater differentiation capacity than that 
of adult bone marrow derived MSCs [4,35,36]. The 
placenta is an important source of progenitor cells 
including amniotic epithelial, amniotic mesenchymal, 
chorionic mesenchymal and chorionic trophoblastic 
cells [4]. Of these, MSCs derived from chorionic 

mesenchymal tissue in particular are known to pos-
sess expansion and multilineage differentiation capa-
bilities [26].  

Previous studies have reported that ECM com-
ponents modulate MSC adhesion, migration, prolif-
eration, and osteogenic differentiation. The utilization 
of specific short peptides originating from the ECM 
coated by MAP [8] has been shown to simulate in vivo 
local micro-environments which affect cell attach-
ment, migration, proliferation, differentiation, and 
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secretion of factors [14]. Among these sequences, the 
RGD peptide is composed of a tri-amino acid se-
quence (Arg-Gly-Asp) and is one of the most wide-
ly-studied adhesion-promoting peptides [24]. Many 
types of biomaterials have been modified using RGD, 
and in vitro studies consistently suggest that 
RGD-modified surfaces promote better cell attach-
ment compared to that of unmodified surfaces [25,37]. 
For this study, short ECM protein mimetics were de-
signed and coated with MAP on plastic surfaces.  

Among the ECM protein mimetics studied, 
GRGDSP(FN) coated surfaces showed the highest cell 
index ratio and mean cell proliferation ratio. There-
fore, cMSCs expanded on GRGDSP(FN) coated sur-
faces were tested for immunophenotype and differ-
entiation capability. These cMSCs were positive for 
CD105, CD73, and CD90, but negative for CD45, 
CD34, CD11b, CD79a, and HLA-DR, which is similar 
to that seen in BM MSCs. Low HLA-DR expression in 
particular indicates that cMSCs have an im-
mune-privileged status, and that their immunosup-
pressive effects may allow for use as a source of stem 
cells for transplantation [7,38,39]. The multilineage 
capability of human cMSCs was shown by successful 
osteogenic and chondrogenic differentiation. 

Since the number of MSCs available from BM or 
placentas is small, MSC expansion in vivo is necessary 
for clinical applications. In vivo culture of MSCs re-
quires the addition of FBS in short term culture pro-
tocols, which is known to stimulate immune reac-
tions. Therefore, FBS-free or reduced methods are 
ideal [40]. Previous studies have described an 
FBS-free method using fresh frozen plasma/plasma 
with platelet lysate [41]. The use of ECM protein mi-
metics could be an alternative to using FBS, as shown 
in this study. However, ECM protein mimetics by 
themselves failed to support the growth of MSCs, as a 
minimum of 0.5% FBS was required for growth. Fur-
ther studies will be necessary to explore the possibil-
ity of substituting platelet lysate, FFP, or another me-
dium for 0.5% FBS. 

Monitoring growth and viability of cells without 
labeling was performed using the RTCA xCELLigence 
system. The impedance measurements, which are 
displayed as cell index values, provide quantitative 
information about the biological status of the cells 
including cell number, viability, and morphology [28]. 
Continuous monitoring of proliferation of cells and 
presentation of result by real time could enhance an-
alytical accuracy. The cell index is known to correlate 
well with cell number and WST-1, which is a tetrazo-
lium salt used for measurement of cell viability [28]. 
In this study, results from xCELLigence and MTS as-
says also showed correlations. After the addition of 
0.5%, all ECM protein mimetics showed higher 

growth kinetics compared to the control, with the 
highest cell index belonging to GRGDSP(FN). Like-
wise in the MTS assay, the mean proliferation ratio of 
ECM protein mimetics was higher compared to the 
control, with GRGDSP(FN) showing the highest ratio. 
In this study, fibronectin-based ECM protein mimetics 
exhibited the highest proliferation ratio on MTS as-
says. The p-values from comparisons between ECM 
protein mimetics including fibronectin, cadherin, and 
laminin along with 0.5%, 1.0% or 5.0% FBS were 
p=0.02, p=0.006, and p=0.01, respectively. Fibronectin 
based ECM protein mimetics showed higher prolifer-
ation rates than other protein mimetics. Unexpected-
ly, cadherin and laminin based ECM protein mimetics 
in 0.5% and 5.0% FBS conditions showed similar or 
lower ratios compared to the control, which may in-
dicate a suppressive effect. However, Previous liter-
atures reported that the adhesion of MSC cultured at 
0.1% fetal calf serum (FCS) and proliferation capabil-
ity cultured at 1% FCS with different ECM compo-
nents showed that the laminin-1 was the lowest ca-
pabilities compared to collagen and fibronectin [14]. 
Others reported that colony forming efficacy of MSC 
at 20% FBS with vitronectin, fibronectin, laminin 
showed increased capability [42]. Unlike RGD peptide 
containing fibronectin, effect of laminin on MSC ad-
hesion and proliferation was incoherent depending 
on culture condition [14, 42] and different amino acid 
sequence as in this study.  

 Since ECM protein mimetics coated by MAP 
supported the growth of cMSCs, these strategies 
could possibly be applied to clinical therapy. Mussel 
protein is known to be non-toxic to the human body 
and does not impose immunogenicity [17]. Therefore, 
ECM protein mimetics coated by MAP could support 
the local healing process on prostheses or large bone 
defects by facilitating growth and differentiation of 
MSCs.  

Conclusion 
Of the ECM protein mimetics used in this study, 

fibronectin protein mimetics, GRGDSP(FN) coated 
with MAP elicited the greatest adhesion and prolifer-
ation capabilities of MSCs. In addition, data regarding 
cell viability obtained using the real time cell analysis 
system correlated well with the Tetrazolium based 
MTS assay. 
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