J Mater Sci: Mater Med (2010) 21:2425-2433
DOI 10.1007/s10856-010-4094-5

Immobilization of type-I collagen and basic fibroblast growth
factor (bFGF) onto poly (HEMA-co-MMA) hydrogel surface

and its cytotoxicity study

Tuo Yan - Rong Sun * Chun Li - Baihua Tan -
Xuan Mao - Ningjian Ao

Received: 25 January 2010/ Accepted: 5 May 2010/ Published online: 26 May 2010

© Springer Science+Business Media, LLC 2010

Abstract Type-I collagen and bFGF were immobilized
onto the surface of poly (HEMA-co-MMA) hydrogel by
grafting and coating methods to improve its cytotoxicity.
The multi-layered structure of the biocompatible layer was
confirmed by FTIR, AFM and static water contact angles.
The layers were stable in body-like environment (pH 7.4).
Human skin fibroblast cells (HSFC) were seeded onto
Col/bFGF-poly (HEMA-co-MMA), Col-poly (HEMA-
co-MMA) and poly (HEMA-co-MMA) films for 1, 3 and
5 day. MTT assay was performed to evaluate the extraction
toxicity of the materials. Results showed that the cell attach-
ment, proliferation and differentiation on Col/bFGF-poly
(HEMA-co-MMA) film were higher than those of the control
group, which indicated the improvement of cell-material
interaction. The extraction toxicity of the modified materials
was also lower than that of the unmodified group. The protein
and bFGF immobilized poly (HEMA-co-MMA) hydrogel
might hold great promise to be a biocompatible material.

1 Introduction

Synthetic hydrogels such as poly (vinyl alcohol) (PVA),
poly (2-hydroxyethyl methacrylate) (PHEMA), and poly
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(acrylamide) (PA) are attractive biomaterials due to their
tissue-like elasticity, high diffusion capability, and high
water content[1-4]. However, they also demonstrate rela-
tively low protein adsorption and cell adhesion. The bio-
logical performance of biomaterials depends largely on
protein adsorption, which subsequently induces responses
such as cell adhesion and proliferation [5, 6]. Hydrogels are
usually difficult to induce cellular responses due to their
weak driving force associated with their hydrophilic sur-
face [7]. Therefore, adequate surface modification
approaches are needed to improve the biocompatibility of
hydrogels.

The surface of hydrogels must be modified to support
protein immobilization before it can be used to promote
cell adhesion [8—10]. Here, two kinds of bimolecules, type-
I collagen and basic fibroblast growth factor (bFGF), were
chosen to modify the hydrogel. Type-I collagen is a robust
fiber protein and the main component of the extracellular
matrix of most tissues. It is commonly immobilized on
different substrates for surface modification of biomaterials
to improve their biocompatibility [11-14]. Cell growth
factors are also necessary to be grafted onto the materials to
enhance the cell growth rate and to adjust the cell func-
tions. bFGF is a potent angiogenic factor in vivo and in
vitro, playing an important role in regulating the prolifer-
ation, differentiation and migration for both fibroblast and
endothelial cell [15].

PHEMA is widely used in many fields, such as: artificial
cornea and cardiac tissue engineering, but it shows poor
mechanical property and its protein adsorption and cell
adhesion are low as well. The mechanical properties of
hydrogels can be modified by co-polymerization. Co-
polymerization with methyl methacrylate (MMA) is a
possible way to improve the strength of PHEMA. In our
previous work, we copolymerized HEMA and MMA with a
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series of contents, the tear resistance increased from 262 to
568 J/cm® when the MMA content rose from 0 to 10%
(v%). However the copolymer still remained a relatively
high hydrophilic [16, 17].

In this study, we co-polymerized HEMA and MMA with
a MMA content of 10 (v%), and type-I collagen was
covalently immobilized onto the copolymer surface by
carbonyldiimidazole (CDI) treatment, which is an easy,
effective, and rapid way for surface modification, with little
effect on the bulk of the materials [18-22]. The grafting
and coating method was adopted to coat the collagen and
bFGF onto the surface of poly (HEMA-co-MMA). The
cytotoxicity was investigated by cell adhesion test and
MTT assay.

2 Materials and method
2.1 Materials

Type-1 collagen, HEMA, methyl methacrylate (MMA),
CDI, MTT (3-[4,5-dimethylthiazol-2-yl]-2,5-diphenyl tet-
razolium bromide) and bFGF were purchased from Sigma
(St. Louis, MO). Dulbecco’s Modified Eagle Medium
(DMEM) was obtained from Beijing Newsprobe Biotech-
nology Co. Ltd. (China). Fetal bovine serum (FBS), peni-
cillin and streptomycin were supplied by Hangzhou Sijiging

Fig. 1 Reaction scheme for
immobilization collagen and
bFGF onto the poly (HEMA-co- H Y

Bioengineering Material Company (China). All reagents
used in the experiments were analytical grade.

2.2 Preparation of collagen/bFGF-coated poly
(HEMA-co-MMA) film

2.2.1 Preparation of poly (HEMA-co-MMA)

MMA was mixed with HEMA with a content of 10 v%,
and then the photo-initiator benzoin (1.0 g) and the
crosslinking agent divinyl glycol (DVG) (0.2 ml) were
added. The mixture was copolymerized in N, atmosphere
and irradiated with UV light for 90 min. Then the film was
put in an oven at 70°C for 4 h to accomplish the reaction.
Finally, the film was rinsed for 3 times with deionized
water to remove the unreacted monomer.

2.2.2 Poly (HEMA-co-MMA) surface activated by CDI

CDI was dissolved in 1,4-dioxane (20 mM). The poly
(HEMA-co-MMA) sample was rinsed for 3 times with
1,4-dioxane to remove the remained water, and dried under
vacuum before incubated in CDI solution at 37°C for 2.5 h.
The sample was subsequently rinsed with 1,4-dioxane for 3
times to remove the unreacted CDI. The hydroxyl groups
on the surface of the sample were activated by CDI, and an
intermediate compound was formed (see Fig. 1a).
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2.2.3 Preparation of collagen-grafted poly
(HEMA-co-MMA)

The activated film was washed three times with deionized
water to remove the remaining CDI molecule. The colla-
gen-grafted poly (HEMA-co-MMA) film was achieved by
immersing the CDI-activated film in collagen solution
(2.5 mg/ml, in 0.3% acetic acid) for 24 h at 4°C. The
sample was then rinsed with phosphate buffer solution
(PBS) for 3 times to remove the none-grafted (physically
adsorbed) collagen and dried under vacuum. CDI plays a
role as a condensing agent to promote the condensation
between —OH and —NH, to immobilize protein molecules
onto the polymer surface via covalent bonds (see Fig. 1b).
The collagen was chemically grafted onto the surface of
poly (HEMA-co-MMA).

2.2.4 Preparation of collagen/bFGF-poly
(HEMA-co-MMA)

The collagen-grafted poly (HEMA-co-MMA) film were
immersed at 37°C for 4 h in 0.3% acetic acid solution con-
taining both collagen (2.5 mg/ml) and bFGF (1000 U/ml),
and then dried under vacuum. The collagen and bFGF were
physically coated onto the grafted collagen layer due to the
strong hydrogen bonds between each other (see Fig. 1¢). The
only collagen-coated film was also prepared as a contrast by
immersing the collagen-grafted poly (HEMA-co-MMA)
film in collagen solution (2.5 mg/ml, in 0.3% acetic acid) at
the same conditions as the bFGF-containing one.

2.3 Surface characterization

FTIR spectra of the collagen, poly (HEMA-co-MMA),
Col/bFGF-poly (HEMA-co-MMA) were obtained with an
FTIR spectrophotometer (EQUINOXSS, Germany). Sur-
faces morphology was investigated using an atomic force
microscope (AFM, CP-Research) in contact mode in air. The
scanning range of AFM scanner was 4 pum x 4 pm, and the
images were flattened with the software (Proscan Image
Processing Software Version2.1) to eliminate low-frequency
background noise in scanning direction. The material of
tip is UL20B doped Si and the resonance frequency is
255-315 kHz. The wettability of the films was characterized
by static water contact angles (Cam-plus LR9224). The
values of contact angle were obtained by averaging the
results of 10—12 measurements on each sample. At least five
samples were tested in each group.

2.4 Stability of grafted and coated collagen layers

The word ‘stable’ was used to express that the immobilized
biocompatible layers adhered rather tightly on the films and

were not easy to elute from the film surface. A good stability
of the layers was crucial to perform its biological functions.
The stability of collagen layer in PBS (pH 7.4) and acetic
acid (4%, w/v) solutions was studied respectively. Five
samples were adopted in each group. The samples were cut
into 1 cm X 1 cm, and immersed in the two solutions
above at 4°C for different periods, and the amount of the
collagen remained on the sample was quantified by coo-
massie brilliant blue method [23, 24]. To 0.1 ml mixture,
5 ml Coomassie brilliant blue solution was added and stood
for 10 min. The absorbance of the solution was measured at
595 nm (Asgs) with a UV-vis spectrophotometer. The
standard curve was obtained using bovine serum albumin
(BSA) as the control protein. A series of BSA solutions with
the final concentrations of 0, 2, 4, 6 and 8 pg/ml, respec-
tively, were mixed with 5 ml Coomassie brilliant blue
solution. Relational equation (Eq. 1) was obtained by linear
regression calculation, and the regression coefficient (R%
was 99.8% (Fig. 2). According to Eq. 1, the amount of
collagen immobilized on the surface could be calculated.

Asos = 0.00441 C (1)

2.5 Cell culture

Human skin fibroblast cells (HSFC) were supplied by the
Medical department of Jinan University (Guangzhou,
510632). The cells were cultured in DMEM medium sup-
plemented with 10% FBS and 100 U/cm® penicillin and
streptomycin. The cultured medium was changed each
second day. When cell confluence was achieved, the cells
were detached by incubation with 0.25% trypsin/EDTA.

2.6 Cell adhesion assay

The Col/bFGF-poly (HEMA-co-MMA), Col-poly (HEMA-
co-MMA) and poly (HEMA-co-MMA) films were placed
in the bottom of tissue culture plate (24-well). The cell
suspension with a density of 6 x 10* cells/well was
immediately seeded onto each sample, and incubated at
37°C and 5% CO, The cell attachment and morphology
were characterized at 1, 3 and 5 days respectively by a
phase contrast light microscope. The numbers of the cells
attached on each samples were counted under a haemacy-
tometer after harvesting the adhered cell by trypsinization.
Three samples were counted in each group.

2.7 MTT assay

MTT assay was carried out to evaluate the extraction
toxicity of modified and unmodified materials. The films
with a surface area/extracting vehicle ratio of 6 cm*/ml,
were extracted according to the ISO 10993 guideline. The
extraction was performed in DMEM culture medium at
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37 & 2°C for 24 4+ 2 h. The extract solutions, after filtra-
tion to eliminate any contamination, were stored at —20°C
less than a week. The cells were adjusted to a density of
3 x 10* cells/ml. 100 pl cell suspensions were added into
each well (96-well plates). After cells adhered to the plates,
the culture medium was replaced with the extract solutions
of modified and unmodified groups, and the TCPS group
replaced with fresh DMEM culture medium as control.
After incubated for 3, 6 and 9 days, 20 pl MTT was added
at a concentration of 0.5 mg/ml, and incubated at 37°C for
4 h. Then 100 pl 10% SDS was added into each well.
Optical densities (OD) were measured at 492 nm using a
plate reader (Multiskan Mk3). Mean values were obtained
from five wells per group.

To further evaluate the cytotoxicity, cell proliferation
inhibition index (CPII) was determined using the following
equation:

Tested culture OD4gonm
TCPS culture OD497nm

CPII = 100% — x 100% (2)

2.8 Statistical analysis

Data from all studies were analyzed by SPSS software.
Statistical comparisons were made by one-way analysis of
variance (ANOVA) (T-test) to determine whether there

were any statistically significant differences. P-values <
0.05 were considered statistically significant.

3 Results and discussion

3.1 Characterization of modified films

FTIR spectra of poly (HEMA-co-MMA), Col/bFGF-poly
(HEMA-co-MMA), and collagen were shown in Fig. 3.
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Fig. 3 FTIR spectra of (a) poly (HEMA-co-MMA), (b) Col/bFGF-
poly (HEMA-co-MMA), and (c) collagen

The broad adsorption in the range of 3250-3500 cm ™' was
assigned to the stretching vibration of O-H or N-H from —
NH,, -CONH,, —OH or -COOH group in poly (HEMA-co-
MMA) or collagen. The adsorption at 1580.44 cm™',
assigned to the amide groups in collagen, can be observed
in the spectra of Col/bFGF-poly (HEMA-co-MMA), but
not in the poly (HEMA-co-MMA), which indicated that the
collagen was successfully immobilized onto the surface of
the poly (HEMA-co-MMA) film.

It was shown by AFM images that the coated collagen
fibrils were attached in a flattened state to the surface of
Col/bFGF-poly (HEMA-co-MMA). A mass of fibrils could
be seen, and many fibrils were also self-assembled to form
massive fibrils (Fig. 4)

Figure 5 showed the water contact angle of unmodified
and modified poly (HEMA-co-MMA) film. The modified
poly (HEMA-co-MMA) film exhibits a higher water con-
tact angle (about 84°) than the unmodified one (about 70°)
does, which indicated a slight decrease in hydrophilicity of
Col/bFGF-poly (HEMA-co-MMA) film [25]. It is probably
because PHEMA hydrogels are more hydrophilic than
collagen.

3.2 Stability of the collagen layers

Figure 6 showed the significant difference of collagen
amount after being immersed in two different solutions
(*P < 0.05), which had a close relationship with the spe-
cial biocompatible two-layered structure.

After being immersed in PBS, the outmost layer of
collagen was washed into PBS solution, so a slightly
weight loss was detected at initial hours, but no significant
weight loss was observed in the following periods. The
results suggested that the physically coated collagen was
rather stable in body-like environment, and not apt to
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Fig. 4 AFM images of Col/bFGF-poly (HEMA-co-MMA) surface: (a) Topography and (b) Error signal morphology
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Fig. 5 Water contact angle of unmodified and modified films

detach from the surface of the polymer, which was sig-
nificant for implantation materials.

Collagen is insoluble in PBS (pH 7.4), but soluble in
acetic acid solution. Since the physically coated collagen
could be dissolved by acetic acid solution, the amount of
collagen continuously declined while being immersed in
acetic acid solution. Until the coated collagen was com-
pletely dissolved, only the chemical grafted collagen was
left, the amount reached a very low constant amount after
24 h. Therefore, the amount of the coated collagen could
be obtained from Eq. 3:

M physical coated collagen = M initial amount collagen

-M chemical grafted collagen - (3)

Minitial amount collagen and Mchemical grafted collagen could be
obtained from the vaules of the samples immersed in acetic
acid solution for 0 and 30 h respectively. From the datas of
Fig. 6, we could easily found that the Misjsial amount collagen
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Fig. 6 The amount of collagen after the materials being immersed in
PBS and acetic acid in different time periods

was about 34 ug/cmz, and Mcpemical grafted collagen Was about
6.5 ug/cmzv SO Mphysica.l coated collagen Was about 27.5 ug/
cm? (Fig. 6)

3.3 Adhesion and proliferation of cells on materials

The response of cells to different surfaces was obviously
different (Fig. 7). The uncoated poly (HEMA-co-MMA)
could not promote the cell attachment and proliferation
during the culturing period. The cell attachment of collagen
coated surface (Col-poly (HEMA-co-MMA) and Col/bFGF-
poly (HEMA-co-MMA)) was relatively higher than that of
the uncoated surface after 1 day, which indicated that the
coated collagen functionalized to improve cell attachment of
polymer surface. After 3 days, a large number of cells began
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Fig. 7 Representative micrographs of HSFC cultured on poly (HEMA-co-MMA) for (a) 1 day; (b) 3 day, (c¢) 5 day; Col-poly (HEMA-co-
MMA) for (d) 1 day, (e) 3 day, (f) 5 day; and Col/bFGF-poly (HEMA-co-MMA) for (g) 1 day, (h) 3 day, (i) 5 day
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Fig. 8 MTT viability of cells cultured on control and modified films

to spread and proliferate on the surface of Col-poly (HEMA-
co-MMA) and Col/bFGF-poly (HEMA-co-MMA). The
proliferation rate of cells cultured on Col/bFGF-poly
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(HEMA-co-MMA) was higher compared to the other
groups. After 5 days, more cells were found on the surface of
Col/bFGF-poly (HEMA-co-MMA) and the cells exhibited a
more spindle-like morphology, compared to those on the
Col-poly (HEMA-co-MMA) films, which demonstrated that
the coated bFGF, introduced by grafting and coating meth-
ods, maintained a high bioactivity, and further promoted the
proliferation and differentiation of cell cultured on Col/
bFGF-poly (HEMA-co-MMA) films.

3.4 Extraction toxicity of materials

Figure 8 showed the extraction toxicity of poly (HEMA-
co-MMA) and Col/bFGF-poly (HEMA-co-MMA) films.
After 3 days’ culture, a higher value of optical density
was observed for Col/bFGF-poly (HEMA-co-MMA) in
comparison with poly (HEMA-co-MMA). After 6 and
9 days’culture, the difference in optical density was
significant (*P < 0.05), which indicated that the extrac-
tion toxicity of Col/bFGF-poly (HEMA-co-MMA) was
obviously lower compared to that of the unmodified

group.
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Fig. 9 Cell proliferation inhibition index (CPII) after 3, 6 and 9 days
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Commonly, the high value of CPII indicated the
extraction cytotoxicity of the materials. Figure 9 showed
the CPII values of Col/bFGF-poly (HEMA-co-MMA) and
poly (HEMA-co-MMA) after culturing for 3, 6 and 9 days.
It was clearly that the CPII values of poly (HEMA-co-
MMA) hydrogel were constantly higher than those of Col/
bFGF-poly (HEMA-co-MMA) hydrogels (P < 0.05), i.e.,
the Col/bFGF-poly (HEMA-co-MMA) films had lower
extraction cytotoxicity than the unmodified ones.

4 Discussion

Once cells contact with the materials, the initial and
primary step was the adhesion of the cells onto the surface.

To improve the biocompatibility of biomaterials, the
improvement of their cell adhesion rate is the first issue to
be considered. The adhesion process is highly complicated,
which includes two steps [26, 27]: (i) cells attach to the
surface via pseudopod; (ii) cells adhere to the surface via
focal contact. The two steps both depend on the interaction
between protein ligands from the surface and the mem-
brane receptors from the cells. Therefore, the adsorption of
specific proteins onto the material is the precondition of the
cell adhesion. As for poly (HEMA-co-MMA) hydrogels,
their low protein adsorption often leads to poor cell adhe-
sion. So it is necessary to engineer specific protein to the
surface of the material, to control the interactions between
the ligands and the receptors, and to provide good cell
adhesion for longer tissue integration.

Type-I collagen is one of the component proteins of
human extracellular matrix (ECM). The peptide chain of
type-I collagen comprised some short functional peptide
sequence, such as RGD and DGEA peptides [28], which
act as ligands in the cell adhesion process. Thus, the
immobilization of type-I collagen may be able to control
the ligands and receptors interactions when the cells attach
to the material.

The following behaviors of cell-material interactions are
cell proliferation, migration, and differentiation. FGF, one
of the components of ECM, which plays an important role
in controlling biological functions of cells, is also required
to provide more bioactive substrate.

Until now, various technologies have been explored to
immobilize collagen and bFGF onto the polymeric surface.
For example, Li et al.[29] successfully attched collagen
onto PU surface via oxygen plasma treatment; Hong
et al.[30] immobilized bFGF onto PLGA surface by CO,
plasma treatment; Ma et al. [31] grafed collagen on the
PLLA surface by photo-oxidization method; Solitaire et al.
[32] combined bFGF with PEG hydrogel by chemical
grafting method. The results in these articles demonstrated
that the immobilized collagen and bFGF could improve the
adhesion, growth and migration of the cells on the surface.
The materials modified by either collagen or bFGF showed
better cytocompatibility than the unmodified groups.

However, the methods reported always resulted in very
few amounts (less than 10 pg/cm?) of successfully-grafted
collagen [33, 34]. The efficiency of the immobilization was
very low. On the other hand, few methods could immobi-
lize collagen and bFGF on the polymer surface simulta-
neously were reported. In order to solve those problems,
the grafting and coating methods were both adopted in our
work. By the two-stepped grafting and coating methods,
the collagen-grafted layer was formed firstly on the surface
of the polymer, and then the collagen and bFGF mixed-
layer was subsequently coated onto the grafted layer via
strong hydrogen bonds between the grafted and the coated
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collagen molecules. bFGF were coated on the material
surface along with the immobilization of type-I collagen.
The results of the stability test demonstrated that the effi-
ciency of the immobilization and the stability of the
physically-coated collagen layer were improved simulta-
neously by grafting and coating method, compared to those
only through either chemical grafting method or directly
coating method.

After the fibroblasts were seeded on the materials for
1 day, the numbers of cells adhered on collagen modified
groups became much higher than those on the unmodified
group (see Fig. 10). After 5 days, the proliferation rate of
the cells cultured on collagen/bFGF modified material was
higher than those of the groups only modified by collagen
and the unmodified ones (see Fig. 10). The results proved
that the immobilized collagen, which provided more
ligands, could attract more cells to adhere onto the mate-
rials, and successfully improved the adhesion rate of the
cells; bFGF, as a signal molecule, further promoted the
adhered cells to grow, differentiate, and migrate on the
polymer. Both of the proteins coated on the material
functioned as signal transduction intermediate at the
interface of the material and the biological system. The
signals from outside of the cell film transmitted into the
cytoplasmic components or DNA to induce cell response or
gene expression.

The novel hydrogel is promising for artificial cornea due
to its good cytocompatibility. The ‘core-and-skirt structure
with a porous skirt was the most commonly and compar-
atively successful style of artificial cornea. Porous skirt
could allow host tissue growing into the skirt and thus
provide long-term implantation. A good biocompatibility
of skirt material for the host keratocytes is required. The
novel Col/bFGF-p (HEMA-co-MMA) hydrogel has shown
much better cytocompatibility than unmodified one and
may hold a great promise in this field.

5 Conclusions

In this study, collagen and bFGF were successfully immo-
bilized onto the surface of poly (HEMA-co-MMA) hydro-
gel. With specific grafting and coating methods, a collagen-
coated layer containing bFGF was obtained. The existence
of the biocompatible layer was confirmed by FTIR and
AFM. The amount of collagen attached only decreased
slightly in PBS (pH 7.4), while an obvious decrease
occurred in acetic acid. It indicated that the layer was rather
stable in weak alkaline, similar to human body environ-
ment. Cell assay also demonstrated that HSFC exhibited
better attachment, proliferation and differentiation on the
surface of Col/bFGF-poly (HEMA-co-MMA) than that of
Col-poly (HEMA-co-MMA) and poly (HEMA-co-MMA),
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which suggested the cooperative improvement of both
collagen and bFGF on the cytotoxicity of materials. In a
word, Col/bFGF-poly (HEMA-co-MMA) is an ideal and
potential material for artificial organ.
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