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ABSTRACT: Regulation of cell migration by cell growth
factors is critical in tissue regeneration such as angiogenesis,
wound healing, and bone formation. In this work, basic
fibroblast growth factor (bFGF) with a density varying between
0 and 295 ng/cm* was conjugated on heparinized glass slides.
The amount of conjugated bFGF was determined by immuno-
fluorescent staining. The mobility of vascular smooth muscle
cells (VSMCs) was largely dominated by the bFGF density,
whereas that of mesenchymal stem cells (MSCs) and
endothelial cells (ECs) was slightly influenced. The migration
rate of VSMCs increased initially and then decreased along with
the increase of bFGF density. The fastest rate (~22 ym/h) was
found on the bFGF surface with a density of 83 ng/cm” The
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intrinsic mechanisms of the diverse migration behaviors of the VSMCs, MSCs, and ECs were revealed by studying the expression of
bFGF receptors and migration-related proteins. The results show that the cell mobility is regulated by complex and synergetic

intracellular signals in a cell type-dependent manner.

Regenerative medicine and tissue engineering aims to
reconstruct living tissues for replacement of damaged or
lost tissues/organs of living orga.nisms.1 For this context, cells are
required to attach, migrate, proliferate, and differentiate on
biomaterials that are often loaded with biosignaling molecules.”™*
The interfacial relationships between biomaterials and cells strongly
influence the success of biological processes during the tissue repair
and regeneration, and thereby should be carefully elucidated.’
During this process, one of the key aspects is cell migration.é
In mammals, cell migration plays a prominent role in physio-
logical processes. For example, when a wound occurs, neutrophils
arrives at the wound site within minutes and provide pro-
inflammatory cytokines to attract fibroblasts and keratinocytes
to invade into the temporarily formed clots.” Afterward, the
epidermal cells proliferate and migrate to cover the surface.® The
programmed process is controlled by the interplay of biosignals.
Also, cell migration is important during tissue engineering. To
achieve the regeneration of tissues or organs using biomaterials
in situ, cells should be recruited from the nearby sites and
undergo proliferation and differentiation in the specific micro-
environment.® Thus, it is of paramount importance to correlate
the cell migration behaviors with the surface properties of
materials, so that the intrinsic mechanism and in turn biomaterial

design can be fulfilled.
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Many surface properties, especially the surface chemistry, are
important for regulating cell migration. In a previous study, we
demonstrated that the surface density of poly(ethylene glycol)
(PEG) brushes dominate cell migration in a biphasic pattern.
The migration rates of vascular smooth muscle cells (VSMCs)
are slower when the surface density of PEG brushes is too low
or too high, while it reaches maximum values at a moderate
density due to the proper adhesion force between cells and sub-
strates. Many other bioactive molecules have been introduced
onto surfaces to modulate cell migration too. For example,
Mann et al. investigated the effects of surface-immobilized
cell adhesion peptides (Arg-Gly-Asp (RGD), Lys-Gln-Ala-Gly-
Asp-Val (KQAGDV), and Val-Ala-Pro-Gly (VAPG)) on the
migration behaviors of VSMCs.'® The cells migrate faster on
surfaces with a peptide density of 0.2 nmol/cm?, but slower on
surfaces with a peptide density of 2.0 nmol/cm?. Wacker et al.
and Guarnieri et al. found that cells prefer to migrate to the areas
with higher RGD densities.""""> Proteins such as fibronectin and
vitronectin have also been found to accelerate cell migration."?
Moreover, the cell migration rate can be increased by patterning
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these proteins in a gradient formation. For example, Smith et al.
reported that bovine aortic endothelial cells migrate faster on a
fibronectin gradient with a larger slope in the range of 0.34 to
1.23 ng Fn/mm>'*" Cai et al. cultured endothelial cells on a
collagen gradient surface and found that endothelial cells on the
areas with low and moderate collagen surface densities display a
stronger motility tendency in paralle] to the gradient. By contrast,
the cells growing on the gradient area with a high collagen density
show a reverse response to the collagen gradient, suggesting that
the cell motility is regulated by the collagen gradient with a
surface-density dependent manner.

Among all the molecules adopted to control the cell migration,
the cell growth factors are regarded as promising candidates
because they play important roles in tissue regeneration. For
example, basic fibroblast growth factor (bFGF) is a paradigm of a
group of nine closely related, multifunctional proteins known as
fibroblast growth factor family (FGFs). The FGFs are heparin-
binding proteins. Their interactions with cell-surface-associated
heparan sulfate proteoglycans have been shown to be essential
for FGF signal transduction. Although the cells are usually
thought to react to soluble FGFs through their receptors on cell
membrane, most of the FGFs present in extracellular matrix
are in an immobilized state in vivo. FGFs induce proliferation,
mitosis, migration, differentiation, and other various biological
responses in most mesoderm and neuroectoderm-derived
cells."” ™" Owing to their powerful bioactivity, the FGFs are
being used to treat surgical, burn, and periodontal tissue wounds,
gastric ulcers, segmental bony defects, and ligament and spinal
cord injury.”® Kawai et al. reported that incorporation of bEFGF
in artificial dermis accelerates fibroblast proliferation and capillary
formation in a dose-dependent manner.”* Katsuno et al. demon-
strated that released bFGF can promote the rapid completion of
pancreaticojejunostomy anastomosis and improve the healing
quality of granulation tissue by accelerating angiogenesis.”>

Although the bFGF has been successfully used in tissue
regeneration, much less attention is paid to elucidate their
influence on cell migration especially after immobilization on
substrates.”* >* One of the main obstacles is maintenance of the
activity of cell growth factors which generally have short half-life
(less than SO min).”® For example, DeLong et al. prepared a
hydrogel with a continuous bFGF density gradient by photo-
polymerization, which inevitably denatures a part of them.**
Heparin, an anionic polysaccharide, can effectively bind and
immobilize FGFs to enhance their stability.””*® Heparin and
bFGF can form a complex even at an ultralow concentration
(~pmol/L). Both the lifetime and the bioactivity of bFGF are
enhanced in the complex. Taking this bioconjugation effect into
consideration, in this work surfaces with different densities of
heparin are first prepared, and then used to conjugate bFGF with
variable densities.

In this study, influence of the surface-anchored bFGF on
the migration behaviors of VSMCs, endothelial cells (ECs),
and mesenchymal stem cells (MSCs) are investigated in vitro.
These cells are essential in regeneration of tissues or organs, in
particular, for angiogenesis. However, up to the present most of
the migration results are based on the qualitative measurement.
Herein, the cell motility as a function of the surface-conjugated
growth factor density is quantitatively studied. The inherent
mechanism is revealed by studying the expression levels of
fibroblast growth factor receptors (FGFR) and some specific
migration-related proteins.
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B MATERIALS AND METHODS

Materials and Regents. Basic fibroblast growth factor
(bFGF, Mn ~ 18.5 kD) was purchased from the Center of
Biotechnology Research and Development, Jinan University,
Guangzhou, China. Heparin sodium (Mn ~ 26 kD) was purchased
from Sinopharm Chemical Reagent Co., Ltd. N-Ethyl-N'-(3-
dimethylaminopropyl) carbodiimide hydrochloride (EDC) and
N-hydroxysuccinimide (NHS) were purchased from Aladdin
Reagent Company. 3-Triethoxysilylpropylamin (APS) and 3-
(trimethoxysilyl)propyl methacrylate (TMSPMA) were purchased
from J&K company. All other chemicals were of analytical grade
and used without further treatment if not otherwise stated. The
water was purified by a Milli-Q water system (Millipore, USA).

Cell Culture. Human vascular smooth muscle cells (VSMCs)
and endothelial cells (ECs) were obtained from the Cell Bank of
Typical Culture Collection of Chinese Academy of Sciences
(Shanghai, China). The VSMCs and ECs were maintained with
regular growth medium consisting of high-glucose DMEM and
RPMI 1640 (Gibco, USA), respectively, which were supplemented
with 10% fetal bovine serum (FBS, Sijigin Inc.,, Hangzhou, China),
100 U/mL penicillin, and 100 pg/mL streptomycin, and cultured
at 37 °C in a 5% CO, humidified environment.

Mesenchymal stem cells (MSCs) were isolated from bone
marrow of young adult male Sprague—Dawley rats as described
previously.”” The procedures were performed in accordance
with the ‘Guidelines for Animal Experimentation’ by the
Institutional Animal Care and Use Committee, Zhejiang
University. Briefly, MSCs were obtained from the femoral
shafts of rats by flushing out with 10 mL of culture medium
(low glucose DMEM supplemented with 10% FBS, 100 U/mL
penicillin, and 100 pg/mL streptomycin). The isolated cells
were collected in two flasks (75 cm? culture flask, Corning Inc.,
USA) containing 15 mL culture medium and incubated in a
humidified atmosphere of 95% air and 5% CO, at 37 °C. After
reaching about 80% confluence, the cells were detached and
serially subcultured. MSCs at passage 2 were used in this study.

Surface Preparation. Glass or silicon slides were cut into
1 X 1 cm® pieces and were consecutively cleaned in toluene,
acetone, and alcohol under ultrasonication. They were further
incubated in a “piranha” solution (a mixture of 30% hydrogen
peroxide and 70% sulfuric acid (v/v)), thoroughly washed with
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Figure 1. Schematic illustration to show the surface conjugation of
bFGF via covalently immobilized heparin with a controlled density.
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Table 1. N/C and the C—O/C—C Ratios of Silanized and
Heparinized Surfaces Detected by XPS

sample N/C C-0-C/C-C
TMSPMA / 0.33
Heparin+TMSPMA(30 min) 0.053 0.71
Heparin+TMSPMA(20 min) 0.065 0.78
Heparin+ TMSPMA(S min) 0.089 122
Heparin+TMSPMA(3 min) 0.109 1.58
Heparin+TMSPMA(0 min) 0.118 1.64

water, and dried under a nitrogen flow. The silanized surfaces
were prepared according to the procedures described

previously.” Briefly, the slides were first immersed into
TMSPMA toluene solution (25 ng/mL) for a given period of
time at room temperature. After washing with toluene S times,
the slides were reacted with APS (25 ng/mL in toluene solution)
for 30 min at room temperature. The slides were then thoroughly
washed in toluene under ultrasonication, dried under a nitrogen
flow, and finally baked at 50 °C for 4 h.

The silanized slides were immersed in 1 mg/mL heparin
solution containing 5 mg/mL EDC and 5 mg/mL NHS for 4 h
at 37 °C (the amount of heparin is excessive for the reaction to
enable full coverage of the surface). After washing S times in
water on a shaker to remove the physically adsorbed heparin
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Figure 2. (a) XPS results of C1s peaks on heparin+ TMSPMA/APS surfaces with different TMSPMA reaction time as noted in the figure. (b) Heparin
density as a function of N/C ratio on silanized surfaces. (c) bFGF density as a function of heparin density on heparinized surfaces. (d) Relative
fluorescence intensity of the surfaces as a function of bFGF density. (e) Surface energy as a function of heparin and bFGF densities, respectively.
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Figure 3. Migration traces of (a—c) VSMCs, (d—f) MSCs, and (g—i) ECs on surfaces of bFGF with a density of (a, d, g) 0 ng/cm? (b, e, h) 83 ng/cm?,
and (g, f, i) 295 ng/cm® Cells (n > 40) were continuously tracked every 30 min for 12 h (20 traces were randomly chosen to draw this figure). Their

initial positions at the start are defined as the 0 point in the X—Y plan

e.

molecules, the slides were treated with § mg/mL lysine solution
for 1 h at 37 °C to block the remaining reactive groups.

The heparinized slides were sterilized in 75% ethanol for 1 h,
followed with 6 washings in phosphate buffered saline (PBS,
pH 7.4), and then were immersed into S pg/mL bFGF PBS
solution containing 0.1% BSA under aseptic condition for 1 h at
room temperature. Finally, the substrates were gently washed
with PBS S times and used immediately.

Surface Characterization. The chemical compositions of
the surfaces were detected by an X-ray photoelectron spectro-
meter (XPS, Axis Ultra from Kratos Analytical, UK) with a
monochromated Al Ka source at pass energies of 160 eV for
survey spectra and 80 eV for core level spectra. Data were
analyzed with the Kratos Vision Processing and XPS Peak
software. The binding energy was corrected by setting the
lowest binding energy of C 1s peak at 284.6 eV.

The surface grafting processes of heparin and bFGF were
quantitatively monitored by quartz crystal microbalance with
dissipation (QCM-D, Q-sense E4). The mass was calculated
according to the change of resonance frequency. The quartz
crystals with a 50 nm silica layer on the outmost surface were
first cleaned by 1:1:5 mixture of ammonia, hydrogen peroxide,
and water for 1 h and further silanized as described previously.
Then the crystals were mounted into the reaction cells, into
which the heparin/EDC/NHS solution was slowly injected at
a rate of 50 uL/min. The reaction was maintained at 37 °C
for 4 h. Finally, a large amount of water was injected into the
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Figure 4. Migration rates of VSMCs, MSCs, and ECs as a function of
bFGF density. The positions of the cells were continuously tracked
every 30 min for 12 h. * indicates significant difference at p < 0.0S.

reaction cells to wash away the unreacted heparin molecules.
Five mg/mL lysine solution was injected into the cells and
reacted for 1 h and then the reaction cells were thoroughly
washed with water and PBS in sequence. Five ug/mL bFGF/
PBS solution was then injected into the cells, maintained for
1 h, and plenty of PBS was injected into the cells to thoroughly
remove the unconjugated bFGF molecules. The increased mass
was calculated from frequency change using a Sauerbrey model
with Q-tools software.
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Figure 5. CLSM images of bEGFR of (a) VSMCs, (b) MSCs, and (c) ECs cultured for 24 h on surfaces of bFGF with a density of (1) 0 ng/cm?, (2)
83 ng/cm? and (3) 295 ng/cm? respectively. bFGFR and cell nucleus were stained by the monoclonal antibody (green) and DAPI (blue),
respectively. The scale bar is SO ym. (4) Fluorescence intensity ratio of bFGFR calculated from (1) to (3) by IPP software as a function of bFGF
density (relative to glass surface), respectively. * indicates significant difference at p < 0.0S.

Immunochemistry was adopted to quantitatively characterize
the surface-tethered bFGF. The slides with bFGF were first
blocked in 1% BSA/PBS solution for 1 h, and then were treated
with a rabbit monoclonal antibody against human recombinant
bFGF (Beyotime, China) for 1 h at 37 °C. After washing 3
times with PBS, the slides were incubated with fluorescein
isothiocyanate (FITC)-labeled goat anti-rabbit IgG (Beyotime,
China) for 1.5 h at room temperature, followed by S washings
in PBS. The slides were observed under fluorescence micro-
scopy (IX81, Olympus) and their relative fluorescence intensity
was analyzed by Image] software.

The static contact angles of water and diiodomethane were
measured by a sessile-drop method on a DSA 100 contact angle
measuring system (Kriiss, Germany). The volume of each solvent
droplet was 2 pL. The results were averaged from 5 independent
measurements. Surface energy was calculated based on these data
using an Owens-Wendt-Rabel-Kaelble method.

Cell Migration. The cells were seeded onto different
surfaces at a density of S X 10° cells/cm® in order to minimize
the influence of cell—cell interactions. Approximately 8 h post
cell plating in 0.4% FBS DMEM, the cell migration behaviors
were in situ recorded using a time-lapse phase-contrast micro-
scope (IX81, Olympus) equipped with an incubation chamber
(37 °C and 5% CO, humidified atmosphere) over a period of
12 h. Here the low concentration of FBS was used to minimize
the potential influences of functional proteins in serum.

The cell trajectories were reconstructed from the center
positions of individual cells over the whole observation time.
The cell migration distance S was calculated by an Image pro
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Plus software according to the following equation at 0.5 h time
intervals over the observation time of 12 h (¢t = 12).

§= z \/(xx - %)’ + 0 - X—l)z
=~ (1)

At least forty cells were calculated for each sample. The cell
migration rates (1) are thus obtained by v = S/t.

Cellular Expression of FGF Receptor (FGFR) and
Migration-Related Proteins. Staining of bFGFR and
migration-related proteins Cdc 42, Myosin IIA, Racl, and
RhoA was performed. Briefly, after the cells were cultured in
the medium containing 0.4% FBS for 24 h, they were carefully
washed with PBS 3 times, and then were fixed with 4%
paraformaldehyde at 37 °C for 30 min, followed by 3 washings
in PBS. The cells were further treated in 0.5% (v/v) Triton
X-100/PBS at 4 °C for 10 min to enhance the permeability of
the cell membrane. After rinsing 3 times with PBS, they were
incubated in 1% BSA/PBS at 37 °C for 30 min to block the
nonspecific interactions. The samples were first incubated with
a monoclonal antibody against bFGFR, Cdc 42, Myosin IIA,
Racl, and RhoA (Abcam), respectively. After washing twice in
1% BSA/PBS, they were incubated with corresponding FITC-
labeled IgG (Beyotime, China) and DAPI for 1 h at room
temperature. After thoroughly washing against PBS, the cells
were observed under a fluorescent microscope (CLSM, SP S,
Leica) and the relative fluorescence intensity was analyzed by
an IPP software. At least twenty cells were measured for each
protein expression.

dx.doi.org/10.1021/bc300670t | Bioconjugate Chem. 2013, 24, 13021313
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Figure 6. CLSM images of Cdc42 of (a) VSMCs, (b) MSCs, and (c) ECs cultured for 24 h on surfaces of bFGF with a density of (1) 0 ng/cm?, (2)
83 ng/cm?, and (3) 295 ng/cm?, respectively. Cdc42 and cell nucleus were stained by the monoclonal antibody (green) and DAPI, respectively. The
scale bar is SO ym. (4) Fluorescence intensity ratio of Cdc42 calculated from (1) to (3) by IPP software as a function of bFGF density (relative to
glass surface), respectively. * indicates significant difference at p < 0.0S.

Statistic Analysis. The data are expressed as mean =+
standard deviation (SD). The statistical significance between
groups is determined by one-way analysis of variance (ANOVA)
in the Origin software. The Tukey Means Comparison method
is performed and the statistical significance is set as p < 0.05.

B RESULTS AND DISCUSSION

Preparation and Characterization of Heparin and
bFGF Surfaces. The preparation method and processes of
surface-grafted heparin and bFGF brushes are illustrated in
Figure 1. As reported previously, the density of amino groups
on the silanized surfaces could be adjusted by controlling the
reaction time of TMSPMA,” which can then determine the
grafting density of heparin brushes via an EDC/NHS coupling
reaction. Consequently, the density of bFGF is controlled
due to the specific bioconjugation effect between heparin and
bFGF, enabling good control over both the quality of samples
in different batches and the maintenance of natural activity of
the growth factor. It is worth mentioning that the introduced
ethylene groups render the possibility of immobilizing other
functional molecules by methods such as Michael addition.
However, this will not be the focus of the present study.

XPS detection found that the atomic ratio of nitrogen to
carbon (N/C ratio), which is proportional to the relative
content of —NH, groups, increased when the reaction time
of TMSPMA decreased, implying the variation of —NH,
densities.” After grafting of heparin, the N/C ratio was further
increased (Table 1) compared to the respective silanized
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surface, suggesting the successful immobilization of heparin
(the N/C ratio in heparin is ~0.11). Further evidence is
provided by analysis of the ether groups (C—O—C bonds with
Cls peak at 286 eV in XPS spectra) which exist exclusively in
the heparin molecule (Figure 2a). The ratio of C—-O—C/C—C
(C1s peak at 284.6 eV) reflects the relative content of heparin
on the surface. Table 1 shows that this ratio increased along
with the decrease of TMSPMA reaction time, suggesting the
stepwise adjustment of the density of heparin brushes.

The mass of heparin was further quantified by QCM-D.
As shown in Figure 2b, the density of heparin increased almost
linearly along with the N/C ratio on the silanized surfaces,
which is in good accordance of the XPS results.

The structure of bEGF is a f trefoil fold which consists of
four-stranded f sheets. The basic amino acid residues in the
loop between f strands 10 and 11 form the interaction sites to
heparin.*”*! Thus, heparin binds to bEGF with a high degree of
specificity and keeps the bioactivity of bFGF.*” The conjugating
process of bFGF was also monitored by QCM-D. The bFGF
density linearly increased along with the heparin density, with a
mass ratio of ~1.6 between bFGF and heparin (Figure 2c).
Considering the molecular weights, the molecular ratio between
bFGF and heparin was calculated to be 2.2. Lam et al.*?
suggested a model complex between heparin and bFGF, and
indicated that a heparin molecule bridges to two monomeric
bFGF molecules based on the high stability and specific orienta-
tion of the dimeric complex. The ratio of bFGF and heparin
obtained from QCM-D was very close to this value, lending

dx.doi.org/10.1021/bc300670t | Bioconjugate Chem. 2013, 24, 13021313



Bioconjugate Chemistry

4 *
£ *
z,| ——
Z
=
2
g
217
=
"]
e
u - | — > ey
2
b4 *
2
z —_—k
£z *
o
£ 1]
E
-
B
5
9
-
0
3
cd,
-
':.
Z
3
=
=
=

83 295

0
bFGF density (ng/cm®)

Figure 7. CLSM images of Racl in (a) VSMCs, (b) MSCs, and (c) ECs cultured for 24 h on surfaces of bEGF with a density of (1) 0 ng/cm? (2)
83 ng/cm’ and (3) 295 ng/cm?, respectively. Racl and cell nucleus were stained by the monoclonal antibody (green) and DAPI (blue). respectively.
The scale bar is S0 ym. (4) Fluorescence intensity ratio of Racl calculated from (1) to (3) by IPP software as a function of bFGF density (relative to
glass surface), respectively. * indicates significant difference at p < 0.0S.

support to the bFGF—heparin binding model suggested by
Lam et al.*?

Some technologies have been developed to prolong the half-
life of growth factors when they are introduced onto the matrix.
Conjugation with heparin or hexuronyl hexosaminoglygan
sulfate (HHS-4) is helpful for sustaining the biological activity
of bEGF molecules.>® Besides, dextran sulfate also can protect
bFGF from inactivation.>* In the present work, the relative
amount of bFGF was analyzed by an immunofluorescence
technology (Figure 2d). As shown in Figure 2d, the fluores-
cence intensity increased linearly along with the bFGF density,
indicating the successful preparation of surfaces with tunable
density of immobilized bFGF. Although the presence of
antibody binding domain does not necessarily lead to the
bioactivity of the bFGF, it somehow provides evidence that the
structure of bFGF is largely retained after surface immobiliza-
tion, which is highly related to the protein functions.

The surface energy of heparin and bFGF surfaces was
calculated based on the results of water and diiodine methane
contact angles (Figure 2e). The surface energy rapidly increased
from 65 to 77 mN/m along with the increase of heparin density
before 65 ng/ cm? and then leveled off, revealing the sufficient
coverage of hydrophilic heparin molecules. By contrast, the
surface energy gradually decreased to 54 mN/m along with the
increase of density of relatively hydrophobic bFGF. This
alteration in wettability further supports the observation using
other characterization techniques.

Cell Migration. bFGF is widely incorporated into bio-
materials to accelerate tissue regeneration, such as amgiogenesis,}5
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osteogenesis,*® and wound healing.>” However, no attempt has
been carried out to evaluate their influence on cell migration
quantitatively, let alone the intrinsic mechanism.

ECs constitute the inner layer of blood vessel, and VSMCs
are the main component of the media layer.*® The migration of
ECs and VSMCs is important during the regeneration of many
tissues including blood vessel, wound healing, and myocardium.
On the other hand, MSCs are cells originated from bone
marrow and are frequently used in tissue regeneration due to
their potential to differentiate into a variety of cell types. Indeed,
MSCs can largely promote tissue regeneration, e.g., angiogenesis
in vivo and in vitro.”® Therefore, the mobility of these three types
of cells on the bFGF surfaces was investigated.

In order to avoid cell—cell interactions, the cells were seeded
at a low density. In this case, the mobility of cells is influenced
by the cell-substrate interactions, which are determined by the
bEGF density and the type of cells. The cells were monitored
in vitro for 12 h and their representative migration trajectories
on the bFGF surfaces were obtained (Figure 3). The three
kinds of cells migrated randomly on all the surfaces without a
preferable direction. This is reasonable since the cells would
not directionally polarize in a uniform environment without
directional chemical and/or physical cues. Compared with the
VSMCs, the ECs and MSCs only migrated a shorter distance
on the surfaces of the same bFGF density (Figure 3d—i).
Moreover, on the TMSPMA surface (Figure 3a) and the
surface with the highest bFGF density (Figure 3c), the VSMCs
only migrated for a very limited distance too. By contrast, the

dx.doi.org/10.1021/bc300670t | Bioconjugate Chem. 2013, 24, 13021313
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Figure 8. CLSM images of RhoA in (a) VSMCs, (b) MSCs, and (c) ECs cultured for 24 h on surfaces of bFGF with a density of (1) 0 ng/cm?, (2)
83 ng/cm?, and (3) 295 ng/cm’, respectively. RhoA and cell nucleus were stained by the monoclonal antibody (green) and DAPI (blue),
respectively. The scale bar is 50 ym. (4) Fluorescence intensity ratio of RhoA calculated from (1) to (3) by IPP software as a function of bFGF
density (relative to glass surface), respectively. * indicates significant difference at p < 0.0S.

VSMCs traveled a longer distance on the surfaces with a
moderate bFGF density (Figure 3b).

The average migration rates of VSMCs, ECs, and MSCs on
different surfaces were summarized in Figure 4. The VSMCs,
ECs, and MSCs have a comparable migration rate (5—8 ym/h)
on the TMSPMA surface. The bFGF density has no significant
influence on the mobility of MSCs and ECs, but influences the
migration rate of VSMCs apparently.** The migration rate of
VSMCs initially increased along with the increase of bFGF
density and reached the highest value (21.5 ym/h) with a
bFGF density of 83 ng/cm? and then slightly decreased and
leveled off with still higher densities of bEGF (>130 ng/cm?).
By contrast, along with the increase of heparin density the cell
migration rate was monotonously accelerated within a smaller
extent (Figure S3), reflecting the weak effect of heparin
molecules on cell migration.* All the results suggest that the
bEGF density on the substrates dominates the cell mobility in a
cell type and density-dependent manner.

Molecular Mechanism of Cell Mobility on bFGF
Surfaces. It is well recognized that the cell motility can be
controlled by the surface properties. For example, we found
previously that the cell migration is dominated by the PEG
grafting density on the surface due to the alternation of cell
adhesion force.” In this study, the surface bEGF density can
dominate the cell mobility in a cell type and density-dependent
manner. However, the cell adhesion force of VSMCs was not
significantly influenced by the surface bEGF density (Figure S1b),
suggesting a more complicated mechanism comes into play.*
In order to unveil the molecular mechanism that regulates the cell
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migration by the surface-tethered bFGF molecules and the
intrinsic reason why different cells respond diversely to the bFGF
density, the expression levels of several key signaling proteins of
different cells as a function of surface bFGF density were analyzed
(Figures 5—9).

bFGEFR, the cell-surface receptor of bFGF, is able to bind
with bFGF. It is activated and involved in multiple signal
transduction processes, and regulates an extensive scale of
cellular processes, including proliferation and migration.***
The recognition and binding of bFGF by bFGFR is the earliest
stage for cells to react to bFGF, and then triggers a series of
downstream signaling pathways. It has been reported that
FGFR activation on cells can promote the cell migration.*>™*
As shown in Figure 5, the expression level of bFGFR is
significantly enhanced by the presence of bFGF molecules
regardless of the cell type and bFGF surface density. Thus,
conjugation of bFGF onto the substrate does contribute to the
enhanced mobility of VSMCs. However, the enhanced expres-
sion of bFGFR (Figure Sb,c), which suggests greater interaction
between bFGFR and bFGF in MSCs and ECs too, did not result
in higher mobility. This might be attributed to the different signal
transduction processes in different types of cells. Thus, the
expression levels of several key intracellular migration-related
proteins were further investigated.

Cdc42, Racl, and RhoA are members of Rho family of
guanosine triphosphatases (Rho-GTPase) that transduce extra-
cellular signals from G-coupled protein receptors (GPCR),
integrins, and growth factor receptors to modulate signaling
pathways.** Cdc42 is a master regulator of cell polarity in
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eukaryotic organisms ranging from yeast to humans, which is
the prerequisite of cell migration.”” Racl is a member of the
Rac subfamily, which regulates the cytoskeletal remodeling and
membrane ruffling.>® RhoA plays an important role during the
formation of focal adhesion and the generation of contrac-
tion.>’ Both Racl and RhoA are involved in cell dynamic
locomotion process. Myosins comprise a family of adenosine
triphosphate (ATP)-dependent motor proteins, and are best
known for their role in muscle contraction and their involve-
ment in a wide range of other eukaryotic motility processes.
Myosin IIA is a member of the subfamily responsible for
producing contraction force from the interaction with actin
filaments.>>

Herein these four migration-related proteins secreted by cells
on different surfaces were investigated by immunofluorescence
staining (Figures 6—9) and the relative fluorescence intensity
was quantified. The cellular expression of Cdc42 (Figure 6a)
and Racl (Figure 7a) of the VSMCs was significantly enhanced,
and that of RhoA and myosin IIA was significantly reduced on
the bFGF surfaces. These proteins control signal transduction
pathways by recurrently switching from a guanosine diphos-
phate (GDP)-bound form to a guanosine triphosphate (GTP)-
bound form.>* Once activated, they interact with cellular target
proteins to generate multiple complex downstream responses
(Figure 10).>* Briefly, the Rac activation stimulates phospha-
tidylinositol 3-kinase (PI 3-kinase) and leads to the production
of phosphatidylinositol-(3,4,5)-triphosphate (P1(3,4,5)P5),
which is required for cell chemotaxis and actin polymerization
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at the front.>® The specific activation of partitioning-defective 6
(Par6) and protein kinase C{ (PKC() by Cdc42 at cell leading
edge is essential for establishing polarization and determining
cell direction.® Besides, the Ser/Thr kinase p6SPAK is also
activated upon either Rac or Cdc42 activation which is important
in regulating focal adhesion circular turnover.>” Therefore, the
increasing level of Rac and Cdc42 monotonically accelerates the
cell migration. The decline of Rho function with the increase of
bFEGF density is attributed to the activated Rac.’® Rho acts via
Rho-associated kinases (ROCKs) and myosin regulatory light
chain (MLC) which acts in concert to regulate cell contractil-
ity.>*~®" The effect of Rho on cell migration rate depends on
the cell type.> For those adherent cells with high level of stress
fibers, i.e., VSMCs, the Rho-induced attachment is suppressed by
reducing Rho which turns out to accelerate cell migration.*®
Myosin, usually in association with actin filament, is respon-
sible for F-actin antero§rade flow and retrograde flow in the
lamella in the cell body.* It participates in activities like cellular
contractility, focal adhesions, actin stress fiber organization, and
tail retraction.’® Sandquist et al. found that the absence of
myosin IIA enhances the migration of cancer cells with high
rate of wound closure, but suppresses the mobility of single
cell® Nevertheless, Ram et al. found that the myosin IIA-
knockout cells exhibit 2—3-fold increase in mobility and display
extensive ruffling structures.”” Thus, myosin IIA has a biphasic
effect on cell migration and this was proven in our finding. With
the increase of surface-conjugated bFGF density, myosin IIA
was suppressed and the cell migration rate increased. But on
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Figure 10. Schematic illustration of cellular signaling pathways of
migration-related proteins that control the cell migration. Rac activation
stimulates actin polymerization at the front. Cdc42 is essential for
establishing polarization and Rac is important in regulating focal
adhesion circular turnover. Therefore, the increasing level of Rac and
Cdc42 accelerates monotonically the cell migration. The decline of Rho
function with the increase of bFGF density is attributed to the activated
Rac. For those adherent cells with high level of stress fibers, i.e.,
VSMCs, the Rho-induced attachment suppresses cell migration.

the surface with high density of bFGF, the cell migration was
significantly decreased with further reduced myosin IIA.

Thus, the VSMCs have the lowest mobility on the TMSPMA
surface due to the high expression of RhoA, which blocks
the dissociation of cell adhesion, and low expression of Cdc42
and Racl, which are able to induce cell polarization and
cytoskeleton remodeling. On the bFGF surfaces, the cells have
higher mobility due to the lower expression of RhoA and higher
expression of Cdc42 and Racl. However, on the surfaces with
the highest bFGF density (295 ng/cm?®) the expression of
Myosin IIA which contributes to the contraction of cellular
microfilament®® was also decreased, leading to the slower cell
migration. Governed by the interplay of all these migration-
related proteins, the cells have the highest mobility on the
surface with a medium bEGF density (83 ng/cm?).

The MSCs showed enhanced expression of Cdc42 (Figure 6b)
but reduced expression of RhoA (Figure 8b) and myosin IIA
(Figure 9b) on the bFGF surfaces, which are favorable for cell
migration. However, the expression level of Racl of the MSCs
(Figure 7b) was reduced significantly on the bFGF surfaces,
implying that the cell polarization is blocked. Taking all the
factors into consideration, the mobility of the MSCs was not
obviously enhanced on the bFGF surfaces. The expression level
of Cdc 42 (Figure 6¢) and Racl (Figure 7c) of the ECs was not
significantly altered on the bFGF surfaces. However, the
expression level of RhoA (Figure 8c) was enhanced and that
of myosin IIA (Figure 9c) was reduced on the bFGF surfaces.
These contradictory effects of bFGF result in the similar mobility
of ECs on the different surfaces. All the results suggest that the
diverse influence of bFGF surface on the cell migration is
attributed to the different signaling pathways in different types of
cells.

Although previous research also revealed the effect of chemo-
attractants such as epidermal growth factor (EGF), colla§ens
(types II, 11T, and V), and laminin on cell migrationfu’6 no
attempt has been made to disclose the mechanism on a
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molecular level. bFGF is a chemoattractant and motigen which
mediates a variety of signaling pathways in different types of
cells.” It is suggested that cells are not able to sense the spatial
rise and fall of high enough concentration of bFGF, leading to
reduction of cell mobility.”>”" Our results confirm that the
migration of different types of cells is mainly governed by the
synergistic effect of the migration-related signals rather than the
adhesion force in a cell-type dependent manner.

B CONCLUSION

The study of cell migration behaviors on surfaces with different
density of growth factors is of paramount importance because
it can disclose many physiological and pathological events,
and eventually guide the design of biomaterials with better
performance in tissue regeneration. In this work, the bFGF
molecules of different density were successfully prepared by
bioconjugation technology. The bFGF density dominated the
mobility of VSMCs but had no significant influence on that of
ECs and MSCs. The migration rate of VSMCs increased initially
along with the increase of bFGF density and reached the
maximum value (~22 ym/h) at a moderate density (83 ng/cm?),
and then decreased when the bFGF density further increased.

Immunofluorescent staining was used to study the bFGFR
and migration-related proteins of the different types of cells.
The expression of bFGFR in all types of cells was significantly
enhanced on the bFGF surfaces. For VSMCs, the expression of
Cdc42 and Racl was upregulated significantly and that of RhoA
and Myosin IIA was downregulated significantly on the surfaces
with a moderate bFGF density, which explains the fastest cell
mobility. By contrast, although a part of migration-related
proteins in the MSCs and the ECs were also activated on the
bEGF surfaces, the downregulation of Racl expression in the
MSCs and the upregulation of RhoA expression in the ECs are
not favorable for cell migration, leading to the slower mobility
of these two types of cells compared with the VSMCs.

In summary, the present strategy of bFGF gradient prepara-
tion is proven to be chemically simple under mild conditions.
The surface density of heparin and bFGF can be easily tuned.
Moreover, the two step strategy avoids the direct chemical
reaction with vulnerable bFGF and thereby maximally
maintains the bioactivity of tethered bFGF. It is demonstrated
that the density of surface-conjugated bFGF molecules plays
a primary role on migration of VSMCs, but has no effect on
the MSCs and ECs. This surface immobilization strategy also
provides a useful approach to enhance the understanding of
bFGF-induced cell migration at a fundamental level, providing
design criteria for advanced biomaterials for regenerative
medicine.
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