
Mussel adhesive protein fused with cell adhesion recognition motif
triggers integrin-mediated adhesion and signaling for enhanced cell
spreading, proliferation, and survival

Bum Jin Kim,1* Yoo Seong Choi,2* Bong-Hyuk Choi,2 Seonghye Lim,2 Young Hoon Song,2

Hyung Joon Cha1,2

1School of Interdisciplinary Bioscience and Bioengineering, Pohang University of Science and Technology,

Pohang 790-784, Korea
2Department of Chemical Engineering, Pohang University of Science and Technology, Pohang 790-784, Korea

Received 31 October 2009; accepted 4 January 2010

Published online 24 March 2010 in Wiley InterScience (www.interscience.wiley.com). DOI: 10.1002/jbm.a.32768

Abstract: Adhesion of cells to a surface is a basic and impor-

tant requirement in the fields of cell culture and tissue engi-

neering. Previously, we constructed the cell adhesive, fp-151-

RGD, by fusion of the hybrid mussel adhesive protein, fp-

151, and GRGDSP peptide, one of the major cell adhesion

recognition motifs; fp-151-RGD efficiently immobilized cells

on coated culture surfaces with no protein and surface modi-

fications, and apparently enhanced cell adhesion, prolifera-

tion, and spreading abilities. In the present study, we

investigated the potential use of fp-151-RGD as a biomimetic

extracellular matrix material at the molecular level by eluci-

dating its substantial effects on integrin-mediated adhesion

and signaling. Apoptosis derived from serum deprivation

was significantly suppressed on the fp-151-RGD-coated sur-

face, indicating that RGD-induced activation of integrin-medi-

ated signaling triggers the pathway for cell survival. Analysis

of the phosphorylation of focal adhesion kinase clearly dem-

onstrated activation of focal adhesion kinase, a well-estab-

lished indicator of integrin-mediated signaling, on the fp-151-

RGD-coated surface, leading to significantly enhanced cell

behaviors, including proliferation, spreading and survival,

and consequently, more efficient cell culture. VC 2010 Wiley

Periodicals, Inc. J Biomed Mater Res Part A: 94A: 886–892, 2010.
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INTRODUCTION

Extracellular matrix (ECM) interactions play an important role
in complex biological processes of cells and tissues. Cellular
responses through specific signals are initially regulated by re-
ceptor binding of several ligands from the ECM environment.
These signals are integrated by intracellular signaling path-
ways, leading to regulation of gene expression, and finally
determine tissue formation or regeneration and cell fate proc-
esses, such as proliferation, migration, differentiation, and apo-
ptosis.1–3 Integrins, major cell surface receptors for the signals,
interact with ECM proteins, such as fibronectin, laminin, and
vitronectin, and activate several intracellular signaling path-
ways to control cellular processes.4 In particular, the RGD
(Arg-Gly-Asp) peptide forms an essential recognition site for
integrins in many ECM proteins. As integrins bind to specific
peptides, they form clusters in the cell membrane and reorgan-
ize actin filaments into larger stress fibers. Integrin clustering
results in the association of a signaling complex that regulates
cell proliferation and spreading, and prevents detachment-
induced apoptosis.5,6 Extensive analysis of the RGD sequence
has revealed a potential role in integrin-mediated cellular

interactions with ECM proteins and supported its use as a
coating material for biomimetic ECM matrices in tissue
engineering.7,8

Specific short peptides, including the RGD sequence, pro-
mote cell adhesion upon immobilization onto a surface,
whereas free peptides in solution prevent cell adhesion.7

Thus, various methods have been introduced to attach the
receptor binding motifs onto surfaces via mainly chemical
modifications, including covalent immobilization onto a
well-defined surfaces9–11 and incorporation into hydrogels,
nanofiber mesh, polymer surfaces, and polyelectrolyte multi-
layers.12–16 In addition, ECM proteins can be directly
attached to surfaces due to the presence of complementary
or modulatory domains for further enhancement of cell sur-
face interactions. However, this method has a number of
limitations, such as random folding on adsorption to the
biomaterial surface and uneconomical production.8,17,18

Marine mussels produce a mixture of adhesive proteins
that function in the aqueous environment.19–21 Mussel adhe-
sive proteins (MAPs) form strong bonds with various surfaces,
including glass and plastic.20,22 Diverse applications of MAPs
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have been suggested, including cell and tissue adhesion. How-
ever, natural extraction is limited to the available amounts, and
the practical production of recombinant MAPs is yet to be
achieved. Previously, we designed a hybrid MAP, fp-151, for
use as a practical bioadhesive.23 However, despite superior ad-
hesion ability,23,24 the potential application of recombinant fp-
151 as a cell adhesive material was severely limited owing to
ineffective cell spreading and proliferation.25 Subsequently, we
generated an efficient cell adhesive protein, fp-151-RGD, a
fusion of recombinant MAP, fp-151 and the GRGDSP peptide at
the C-terminus.25 RGD motif-coated surfaces facilely prepared
using fp-151-RGD with no protein or surface modifications dis-
played effective cell adhesion, proliferation, and spreading
properties. However, in the previous work, we only compared
apparent cell behaviors on the coated surfaces.

In the present study, we investigated the substantial effects
of fp-151-RGD on integrin-mediated adhesion and signaling at
the molecular level, in order to elucidate the utility of fp-151-
RGD as a biomimetic ECM material for cell culture and tissue
engineering. We examined apoptotic cell death, phosphoryla-
tion of focal adhesion kinase (FAK), and aspects of cell behav-
ior, including adhesion, proliferation, and spreading, using
mouse fibroblast NIH/3T3 cells as a model system. Serum de-
privation induces apoptosis via cell detachment in NIH/3T3
fibroblasts where integrin-mediated signaling suppresses apo-
ptotic processes via activation of intracellular signaling path-
ways for cell adhesion and survival.26,27 Activation of signaling
can be monitored by analyzing tyrosine 397 FAK phosphoryla-
tion (pTyr-397 FAK).28,29

MATERIALS AND METHODS

Production and purification of fp-151-RGD
fp-151-RGD [Fig. 1(A)] was produced in Escherichia coli as
described previously.25 In brief, recombinant E. coli cells
were cultured in 7 L Luria-Bertani (LB) medium supple-
mented with 50 lg/mL ampicillin (Sigma, St. Louis, MO)

within a 10 L bioreactor (KoBiotech, Incheon, Korea) at 37�C
and 250 rpm. At optical density (OD600) of 0.2–0.5, 1 mM
(final concentration) isopropyl-b-D-thiogalactopyranoside
(IPTG; Sigma) was added to the broth to induce fp-151-
RGD expression, and cultured for 8 h at 37�C and 250
rpm. After centrifugation of culture broth at 18,000g for
10 min at 4�C, cell pellets were stored at �80�C for fur-
ther analysis. Harvested cell pellets containing hybrid fp-
151 were resuspended in 5 mL lysis buffer (10 mM Tris-
HCl, 100 mM sodium phosphate, pH 8.0) per gram wet
weight. Samples were lysed with constant cell-disruption
systems (Constant Systems, Northants, England) at 20
kpsi. Lysates were centrifuged at 18,000 g for 20 min at
4�C and the cell debris was collected for purification. The
cell lysate pellet was resuspended in 25% (v/v) acetic
acid to extract fp-151-RGD. The extraction solution was
centrifuged at 18,000 g for 20 min at 4�C, and the super-
natant was collected and freeze dried [Fig. 1(B)].

Coating of culture surfaces
Untreated polystyrene 6- or 24-well culture plates (SPL Life
Science, Pocheon, Korea) were coated with coating materi-
als. Cell-Tak (BD Biosciences Pharmingen, San Diego, CA)
and poly-L-lysine (PLL; Sigma) was used as positive controls
and uncoated wells were used as negative controls. The
amount of coating material used was 3.5 lg per cm2 of well
area. Cell-Tak- and PLL-coated wells were prepared accord-
ing to the manufacturer’s instructions. For fp-151-RGD,
coated wells were prepared based on the Cell-Tak manufac-
turer’s instruction using sodium bicarbonate.

Cell culture
Mouse fibroblast NIH/3T3 cells (#CRL-1658, ATCC, Mana-
ssas, VA) were maintained in Dulbecco’s modified Eagle’s
Media (DMEM; Hyclone, Logan, UT) supplemented with
10% fetal bovine serum (FBS; Hyclone) and penicillin/strep-
tomycin antibiotics (Invitrogen, Carlsbad, CA) at 37�C in a
humidified atmosphere of 5% CO2 and 95% air. All cells for
experiments were collected by trypsinization, washed twice
in PBS, and diluted to a concentration of approximately 1 �
105 cells per 1 mL of DMEM medium.

Cell adhesion and proliferation assays
A total of 5 � 104 cells (more than 95% of which were via-
ble) in serum-free or serum-containing medium was placed
in each sample-coated 24-well plate. For cell adhesion assay,
the cells were allowed to adhere to the coated well surfaces
for 1 h in a serum-free condition. After rinsing unattached
cells by PBS, attached cells were quantitatively determined
by 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bro-
mide (MTT; Sigma) assay. A total of 300 lL of MTT was
added into the wells to allow formation of formazan crystals
for 2 h. After dissolving formazan with dimethyl sulfoxide
(DMSO), the absorbance was measured at 570 nm using a
microplate reader (Perkin Elmer, Waltham, MA). Each MTT
assay was performed in triplicate. For cell proliferation
assay, the cells were cultured for 72 h in a serum-containing

FIGURE 1. (A) Schematic structure and (B) powder sample of

recombinant MAP fp-151-RGD. C, Coomassie-blue-stained SDS-PAGE

analysis of purified fp-151-RGD. Lanes: MW, protein molecular weight

marker; AE, fraction extracted with 25% (v/v) acetic acid. A 15% (w/v)

SDS-PAGE gel was used for the analysis.
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condition. Every 24 h, the media were aspirated and cell
growing was also monitored by the MTT assay.

Acquisition of cell morphological images
Cells were incubated in serum-free medium overnight. A
total of 1 � 104 cells were placed in sample-coated 24-well
plates, and incubated in serum-free conditions for 15 h at
37�C for observation of morphological changes. To obtain
cell images, actin was labeled with fluorescein isothiocya-
nate (FITC)-conjugated phalloidin (Sigma) and nuclei
stained using 40,6-diamidino-2-phenylindole (DAPI) after fix-
ation with 4% formaldehyde and permeabilization with
0.5% Triton X-100. Specimens were analyzed using fluores-
cence microscopy (Olympus, Tokyo, Japan).

Apoptotic cell death analysis
An aliquot of cells (3 � 105) was cultured in serum-free condi-
tions for 72 h in sample-coated 6-well plates. Every 24 h, cells
were harvested using the following steps. First, media were col-
lected to isolate floating cells that may have been detached fol-
lowing apoptosis. Next, the remaining attached cells were trypsi-
nized and carefully resuspended in complete medium. Cells
collected using both procedures were centrifuged at 600 g for 5
min. The supernatant fraction was aspirated and the pellet resus-
pended in Annexin V binding buffer, followed by staining with
FITC-conjugated Annexin V and propidium iodide (FITC Annexin
V Apoptosis Detection Kit 1; BD Biosciences Pharmingen). Wild-
type cells were used as the negative control in each experiment.
Control cells were stained with FITC-conjugated Annexin V or
propidium iodide to set the basal fluorescence level before run-
ning experimental samples. All samples were evaluated using a
fluorescent-activated cell sorter (FACSCalibur; BD Biosciences
Pharmingen), and data analyzed with WinMDI 2.8 software.

FAK phosphorylation analysis
In total, 3 � 105 cells were cultured in serum-free medium
in sample-coated 6-well plates. After incubation for 24 h,
cells were lysed in RIPA buffer (150 mM NaCl, 50 mM Tris-
HCl (pH 8.0), 1% Triton X-100, 0.5% sodium deoxycholate,
0.1% SDS, protease inhibitor cocktail (Sigma), 1 mM sodium
orthovanadate), harvested by scraping, and incubated for 30
min on ice. Samples were centrifuged at 10,000g for 15
min, and the total protein content in the supernatant frac-
tions quantified using the Bradford assay (Bio-Rad, Hercu-
les, CA). Equal amounts of protein samples were boiled for
5 min in Laemmli buffer, separated by SDS-PAGE on an 8%
(w/v) gel, transferred to nitrocellulose membranes (She-
leicher & Schuell BioScience, Dassel, Germany), and blocked
with 5% non-fat dry milk overnight at 4�C. Membranes
were gently rocked with antibodies against FAK (BD Bio-
sciences Pharmingen), pTyr-397 FAK (Sigma), and b-tubulin
(Sigma) for 1 h. After washing with TBS-Tween 20, alkaline
phosphatase-conjugated secondary antibodies (Sigma) were
added to the membranes and incubated for 1 h. Immunore-
activity was assessed colorimetrically with 5-bromo-4-
chloro-30-indolyphosphate p-toluidine salt (BCIP; Roche,
Basel, Schweiz) and nitroblue tetrazolium (NBT; Roche), and

band intensity quantified using GelPro Analyzer software
(Media Cybernetics, Bethesda, MD).

RESULTS AND DISCUSSION

Effects on cell adhesion, proliferation, and spreading
The effects of fp-151-RGD (�93% purity; [Fig. 1(C)]) on cell
adhesion, growth, and spreading abilities were compara-
tively assessed in mouse fibroblast NIH/3T3 cells with Cell-
Tak and PLL as positive controls and the uncoated surface
as a negative control. Cell-Tak, a cell and tissue adhesive, is
a MAP mixture naturally extracted from mussel feet, and
possibly contains collagens that improve cell behavior.30,31

PLL is a widely used cell adhesion material due to its eco-
nomical production, despite non-specific adhesion, cytotoxic-
ity, and abnormal cell spreading.32 Consistent with data
from a previous study by our group examining the effects of
fp-151-RGD on three other epithelial cell types (human
HeLa, human 293T and hamster CHO)25 and reports on
enhancing the effects of ECM biomaterials on general cell
behavior,8,17 fibroblast NIH/3T3 cells on the fp-151-RGD-
coated surface showed superior adhesion to those on untreated
culture surfaces under serum-free conditions [Fig. 2(A)]. In

FIGURE 2. (A) Cell adhesion in serum-free medium and (B) prolifera-

tion in serum-containing medium of NIH/3T3 cells on (l) uncoated (NC),

(!) fp-151-RGD (151-RGD)-, (n) Cell-Tak (CT)-, and (^) PLL-coated poly-

styrene surfaces. Bare polystyrene surfaces were coated (3.5 lg/cm2)

with each sample and 5 � 104 cells (more than 95% of which were

viable) were added to each coated well. Each value and error bar repre-

sents the mean of triplicate samples and its standard deviation.
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addition, fp-151-RGD displayed comparative adhesion behav-
ior as Cell-Tak, but was slightly stronger than PLL [Fig. 2(A)].
NIH/3T3 cells on the fp-151-RGD-coated surface showed sig-
nificantly higher proliferation than those on untreated surfa-
ces [Fig. 2(B)]. Notably, NIH/3T3 cells exhibited relatively
similar adhesion ability on the surfaces of fp-151-RGD, Cell-
Tak, and PLL, but distinct proliferation behavior. Higher levels
of growth were observed in cells on fp-151-RGD- and Cell-
Tak-coated surfaces, compared to those on the PLL-coated
surface. We propose that biochemical interactions between
integrin receptor and signal molecules on fp-151-RGD and
Cell-Tak surfaces possibly enhance adhesion and proliferation.

When cells with round morphology spread on a surface,
they become longer and larger. We additionally confirmed
that fp-151-RGD promoted superior spreading and attached
morphology of cells, compared to the other materials exam-
ined (Fig. 3). Differences in spreading and formation of the
cytoskeleton in fibroblast cell morphology, also observed in
epithelial cells,25 may be attributed to the effect of integrin-
mediated signaling. Specifically, the RGD sequence acts as a
molecular switch to trigger intracellular signaling that leads
to activation of the Ras homolog gene family member A
(RhoA) for full cell spreading,33 whereas fibroblast NIH/3T3
cells in serum-free medium become round and lose contact
with the surface, which are typical morphological changes
of apoptosis.26 Superior cell morphology in the initial adhe-
sion step on fp-151-RGD-coated surface should further
enhance other cell behaviors, including proliferation and

survival, because cell spreading is closely linked to growth
and survival.34

Effects on apoptotic cell death
Apoptotic cell death via serum withdrawal was analyzed to
assess cellular responses on the fp-151-RGD-coated surface.
Serum deprivation promotes detachment of fibroblast NIH/
3T3 cells from the surface and apoptosis via morphological
changes in attached cells.26,27 We monitored apoptotic cell
death on sample-coated surfaces using Annexin V staining
[Fig. 4(A)]. Externalization of phosphatidylserine of the
inner cell membrane is an early event of apoptosis, and apo-
ptotic cells can be detected using binding events of Annexin
V to phosphatidylserine.35 Because apoptotic cells detach
from the surface during incubation in a serum-free environ-
ment, total cell numbers on the surface and within the me-
dium were analyzed. In our experiments, about two thirds
of NIH/3T3 cells were apoptotic on the untreated surfaces
within 1 day under a serum-free environment (Fig. 4).
Importantly, the fp-151-RGD-coated surface contained a sig-
nificantly lower number of dead cells (about one third of
the total cell population) after 1 day of incubation, with a
similar apoptotic level to that observed on the Cell-Tak-
coated surface. During all incubation times, considerably
lower levels of apoptotic cells were estimated on fp-151-
RGD and Cell-Tak-coated surfaces, compared to untreated
and PLL-treated surfaces, indicating inhibitory effects on

FIGURE 3. Morphology of NIH/3T3 cells on (A) uncoated (NC), (B) fp-151-RGD (151-RGD)-, (C) Cell-Tak (CT)-, and (D) PLL-coated polystyrene

surfaces. Bare polystryene surfaces were coated (3.5 lg/cm2) with each sample and 5 � 104 cells (more than 95% of which were viable) in se-

rum-free medium added to each coated well and incubated for 15 h. Actin filaments stained with phalloidin-FITC are presented in green, and

nuclei stained with DAPI are blue. The scale bar is 50 lm. [Color figure can be viewed in the online issue, which is available at

www.interscience.wiley.com.]
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FIGURE 4. Apoptotic rate of NIH/3T3 cells on uncoated (NC), fp-151-RGD (151-RGD)-, Cell-Tak (CT)-, and PLL-coated polystyrene surfaces. Bare

polystyrene surfaces were coated (3.5 lg/cm2) with each sample and 5 � 104 cells (more than 95% of which were viable) in serum-free medium

added to each coated well and incubated for 72 h. Flow cytometry analysis with (A) FITC-conjugated Annexin V histogram and (B) vertical bar

plot of the apoptotic cell rate. The FITC-conjugated Annexin V-positive cell population was calculated from the fixed M1 region, which is drawn

according to the wild-type cell population area. Each value and error bar represents the mean of duplicate samples and its standard deviation.
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serum deprivation-induced cell death. Remarkably, cells on
the PLL-coated surface showed similar low survival ability
as those on untreated surfaces (Fig. 4), although PLL
increased cell adhesion and proliferation compared to the
untreated case (Fig. 2). The relatively high cell survival in
the serum-free environment may be explained by the find-
ing that RGD-induced activation of integrin triggers the in-
tracellular signaling pathways associated with cell cycle and
growth regulation, such as the mitogen-activated protein ki-
nase (MAPK) pathway,6 and the polyphenolic protein
extract, Cell-Tak, may contain some ECM-like materials.30,31

It was reported that ECM molecules, including the RGD pep-
tide, promote cell survival through activation of FAK, which
may regulate the downstream signal via inactivation of the
proapoptotic proteins, Bad and cysteine-aspartic acid pro-
teases (caspase-9).36–38

Effects on FAK phosphorylation
FAK is a major regulator acting as an integral component of
the integrin-mediated signaling pathway, and pTyr-397 of
FAK functions as a key marker for activation of integrin-
mediated signaling that is important for cell proliferation,

spreading, migration, and survival.6,28,29,39 Specifically, FAK
interacts with the cytoplasmic tail of integrin b subunits
through the cytoskeletal proteins, talin and paxillin, and is
recruited for focal adhesion. Tyrosine 397 of FAK is auto-
phosphorylated via activation of integrin-mediated signaling,
which creates a binding site for Src homology 2 (SH2) do-
main-containing proteins, such as Src family kinases (SFK),
phosphatidylinositol 3-kinase (PI3K), and phospholipase Cc
(PLCc). Subsequently, SFKs phosphorylate additional tyro-
sines of the catalytic domain and the carboxy-terminal
region of FAK, which, in turn, promote gene expression
associated with cell proliferation, spreading, and survival.
For direct assessment of FAK activation by integrin signaling
in NIH/3T3 cells on the fp-151-RGD-coated surface, pTyr-
397 levels were analyzed using Western blotting [Fig. 5(A)].
The level of pTyr-397 FAK was the highest on the fp-151-
RGD-coated surface, although expression levels of FAK were
comparable on all tested surfaces, with b-tubulin as the
loading control. Interestingly, the phosphorylation level on
fp-151-RGD was higher (1.5-fold) than that on Cell-Tak and
about 7 times higher than that on the untreated surface
[Fig. 5(B)]. Our results collectively indicate that pTyr-397
FAK is induced following interactions between fp-151-RGD
and integrin of the cell membrane, leading to enhancement
of integrin-mediated cell behaviors, such as proliferation,
spreading, and survival.

CONCLUSIONS

Here, we elucidated the significant substantial effects of fp-
151-RGD as a biomimetic ECM material on integrin-medi-
ated signaling as well as cell adhesion, proliferation, and
spreading abilities. The RGD sequence fused to recombinant
MAP fp-151 functions as an effective essential recognition
site for integrins in serum deprivation experiments, as
assessed from apoptotic cell death and FAK phosphoryla-
tion. We propose that fp-151-RGD is an efficient cell immo-
bilization material for cell culture and tissue engineering, in
view of the strong adhesion properties and improved cell
signaling behavior. Moreover, other specific ECM peptides
derived from laminin, vitronectin, and collagen can be func-
tionally fused to recombinant MAP for successful use as bio-
mimetic ECM materials.
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