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The Effects of Co-Immobilization of Epidermal

Growth Factor and Adhesion Factor on the

Proliferation of Ligament Cell
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Jung-Keug Park2

Summary: The epidermal growth factor and cell adhesion factor were co-immobilized

on a tissue culture plate to allow the proliferation of human ligament cells. The

co-immobilized surfaces were prepared by irradiating a photo-reactive polypeptide

containing azidophenyl-derivatized side-chains with UV. The immobilized cell

adhesion factor induced initial cell adhesion on the surfaces, and the immobilized

cell growth factor appeared to induce cell proliferation. The ligament cells proliferat-

ed on the EGF-immobilized plate until 10 days post-culture. The co-immobilization

of the epidermal growth factor appears to be an effective method for healing an

anterior cruciate ligament through the rapid proliferation of ligament cells.
Keywords: adhesion factor; co-immobilization; epidermal growth factor; ligament;

photo-immobilization; proliferation
Introduction

Compared with an injured medial collateral

ligament (MCL), an injured anterior cruci-

ate ligament (ACL) has a very poor healing

potential, which can result in knee instabil-

ity, meniscal damage, and osteoarthritis.

Although the fibrinous hematome plays

important role in the healing process it

cannot act satisfactorily due to its dilution

by the joint fluid. Other etiological factors

associated with the poor healing potential

of the ACL include intrinsic biochemical

and biomedical differences, the synovial

effect and inadequate blood supply.[1–3] For

these reasons, the prognosis for a simple

cast or primary suture treatment of a

ruptured ACL is poor.
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On the other hand, reconstructive sur-

gery using a patellar tendon (autografts or

allografts) or semitendinous tendon is the

preferred treatment.[4] However, problems

associated with an autograft include the

lengthy rehabilitation as well as the persis-

tent patellar pain. Allografts also carry the

risk of disease transmission, and their

procurement is often difficult and costly.

Furthermore, additional surgery on a

reconstructed ACL are often needed

because differences in the surgical results

according to the technique or the rehabi-

litaion methods can make the ligament

unstable.[6–8] Permanent synthetic ACL

prosthesis including Gore-Tex prosthesis,

Stryker-Dacron ligament, and Kennedy

ligament augmentation device can be used,

and may show satisfactory performance in

the short term but they tend to deteriorate

and fail in the long term.[9–11] In addition,

a prosthesis-induced disturbance in the

release of cytokine by lymphocytes can

cause defects in the host defense against a

bacterial infection.[12,13]

Many studies aimed at enhancing the

healing potential of an injured ACL using
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various growth factors have been reported.

Recent studies have shown that various

growth factors play important roles in

stimulating fibroblast proliferation and

may influence ligament healing.[14–17] How-

ever, if native cytokines or growth factors

are infused directly into an injured site,

then continuous supplementation will be

needed for healing because a part of them

can bind to the receptor of the target cells.

The remainder of these cytokines is

released into the circulation.

Typically, a cell can grow in the presence

of serum. However, proliferation without

serum, which was achieved by immobilizing

growth factor onto polymer substrate, has

been reported.[18] The authors reported

that cell growth could be enhanced by

immobilizing the epidermal growth factor

(EGF) under serum-free conditions. There-

fore, in this study, EGF and two types of

adhesion factors were co-immobilized onto

a tissue culture plate using the photo-

reactive polypeptide. The effects of the

co-immobilized EGF and adhesion factor

on the viability and proliferation of liga-

ment cells of the ACL under serum-free

conditions were investigated.
Experimental Part

Synthesis of Poly(aspartic acid)

Poly(aspartic acid) (PAsp) was synthesized

according to the method described ear-

lier.[19] Poly succinimde (PSI) was synthe-

sized by the polycondensation of L-aspartic

acid in the presence of an acid catalyst as

o-phosphoric acid. A light-brown colored

PSI was obtained (Yield: 18.94 g, 94%). PSI

(14.0 g, 0.144 mol) was added to 100 mL of

an aqueous sodium hydroxide solution

(0.144 mol), and the mixture was stirred

with cooling. After the mixture had been

stirred for 3 h at room temperature, 35%

aqueous hydrochloric acid was added to the

solution until a neutral solution was

obtained. The solution was then poured

intomethanol (300mL), and the precipitate

was filtered and dried overnight at 50 8C
under a reduced pressure.
Copyright � 2007 WILEY-VCH Verlag GmbH & Co. KGaA
The synthesized polymers were charac-

terized using Fourier Transform 1H NMR

and 13C NMR (FT-NMR 11.75T, Oxford

superconducting magnet 500MHz, Oxford

Instrument, UK). The average molecular

weight (Mw) of the PAsp was analyzed

using a HPLC system (Dynamax SD-200,

Rainin, USA) with a gel permeation

chromatography column (Ultrahydrogel

250 and 2000, Waters, USA) and with a

refractive index detector (Dynamax RI-1,

Rainin, USA). A calibration curve was

obtained using commercial poly(ethylene

oxide) of a known molecular weight.

Preparation of Photo-Reactive PAsp

(PAsp-Az)

A PBS solution (10 ml) containing PAsp

(1.0 g) and 4-azidoaniline (70 mg) was

stirred until it was completely dissolved.

The water-soluble carbodiimide (200 mg)

was added to this solution in ice-bath. The

solution was stirred continuously under

4 8C for 24 h, and then at room temperature

for 24 h. The dark brown solution obtained

was filtered using molecular a weight

cut-off filter (Ultra filter unit, cut-off below

10,000, Advantec Co.) to eliminate the

unreacted reagents. The azidophenyl

groups from 4-azidoanilin were reacted

with the carboxyl groups on the PAsp side

chains. The content of the bound azido-

phenyl group in PAsp was determined from

the absorbance at 260 nm.

Photo Immobilization

Figure 1 shows a schematic diagram of the

of the immobilization method used in this

study. Various aqueous solutions (100 ml)

containing PAsp-Az, EGF (Sigma Chemi-

cal CO., MO) and fibronectin (FN)/col-

lagen (COL) (Sigma Chemical CO., MO)

were cast on a 24-well tissue culture plate.

The cast plates were air-dried under light-

tight conditions for 24 hours. After drying,

the plates were irradiated for 30 s with aUV

lamp (200 W) from a distance of 5 cm. The

plates were then rinsed several times with

distilled water until the absorbance of

azidophenyl group in the washing liquid

at 280 nm became undetectable.
, Weinheim www.ms-journal.de
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Figure 1.

Photo-immobilization of azidophenyl-derivatized PAsp (PAsp-Az) containing EGF and the adhesion factors.
Human ACL Cell Culture

The normal ACL explants were obtained

from a patient, who underwent thigh

amputation surgery and provided informed

consent. The human ACL cells were

isolated using Collagenase IA (C-9891,

Collagenase IA 500 mg, Sigma-Aldrich,

St. Louis, MO). Dulbecco’s Modified

Eagle’s Medium (DMEM, Gibco BRL,

Gaithersburg, MD) containing 10% FBS,

nonessential amino acids (0.1 mM), L-

glutamine (4 mM), penicillin (100 U/ml),

streptomycin (100 g/ml) and fungi zone

(0.25 g/ml) was used to culture the cells at

37 8C in an atmosphere containing 5%CO2,

and produce a cell suspension (1� 105 cells/

ml). The subcultured ligament cells were

harvested by incubation with PBS contain-

ing EDTA and trypsin at 37 8C for 5 min.

The ligament cells were washed once with

DMEM and then suspended in DMEM for

1� 105 cells/mL before use.

Cell Culture and Assay Methods

The prepared cellular suspension (100 ml)

was added to each immobilized culture

plate containing 900 ml of the prepared

media. The ligament cells were incubated in

the immobilized 24-well tissue culture plate

under a 5% CO2 atmosphere at 37 8C for

72 h. All the cell cultures on the immobi-

lized plates were examined under serum-

free conditions to observe the the immo-

bilized EGF and/or adhesion factor effect

only. The serum-free cultured cells were

observed daily for any behavioral changes

and the proliferation rates in each group

were calculated at the certain times post-
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culture using phase contrast microscopy

(CK40, Olympus, Tokyo, Japan).

The cell viability was determined using

a 3-[4,5-dimethylthiazol-2-yl]-2,5-diphenyl

tetrazolium bromide (MTT, Sigma) assay.

For theMTT assay, serum-freeDMEMwas

added to each cell cultured well, supple-

mented with MTT (0.33 mg/ml) and then

incubated in the dark at 37 8C in an

atmosphere containing 5% CO2 for 2 h.

Subsequently, the supernatant was aspi-

rated. Isopropyl alcohol (1.0 ml) was added

and the well-plate was shaken slowly for

15 min. The absorption was measured at

504 nm.

Statistical Analysis

The proliferation rates in each group were

analyzed using a paired t-test to obtain

the statistical significance of the time-

dependent cellular growth rates. The

results from each group were compared

using ANOVA Scheffe’s test. A p value

<0.05 was considered significant.
Results and Discussion

PAsp was synthesized by the hydrolysis of

PSI, which that had been synthesized by the

polycondensation of aspartic acid in the

presence of o-phosphoric acid as the acid

catalyst, with mesitylene and sulfolane as

the co-solvent. The 1H-NMR spectrum of

PAsp in D2O indicated methyne protons at

4.5 and 4.7 ppm. The methylene protons

were observed as methylene at 2.7 and

2.8 ppm. The area ratio between the a-form
, Weinheim www.ms-journal.de
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and b-form of the methylene protons was

1:3. The 13C NMR spectrum shows that the

carbonyl carbons of the amide groups and

carboxyl groups in the 170–185 ppm region.

The methyne and methylene carbons were

also observed at 50–55 ppm and 35–40 ppm,

respectively (data not shown). The weight-

average molecular weight (Mw) of the

obtained PAsp was approximately 52,000

(DP¼ about 520), and the molecular

weight distribution was 1.7.

The UV spectrum of the PAsp-Az

aqueous solution showed a peak derived

from the azidophenyl groups at 280 nm.

After UV irradiation, the PAsp-Az formed

a hydrogel that was insoluble in water. This

means that the azidophenyl groups were

attached to the PAsp side-chains and could

react after UV irradiation. Indeed, approxi-

mately 5% of the carboxyl groups in PAsp

were bound with azidophenyl groups.

The coating layer containing PAsp-Az,

EGF or the adhesion factors on the plate

surface formed a hydrated layer through

the irradiation of UV-light. Once formed,

the hydrated layer did not detach from the

plate again. The immobilized EGF, which

was bound with the FITC-conjugated

anti-human IgG antibody, is expressed as

a fluorescence in the green-colored back-

ground by the immunostain. The lumines-

cence was observed on the surface of the

culture plate after the immobilization of

EGF (data not shown).

The ACL cells were cultured on a

PAsp-immoblized plate. Figure 2 shows

the phase-contrast micrographs of the ACL
Figure 2.

Photographs of the ACL cells cultured on a PAsp-immob

cultured without serum.
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cells after 6 h and 4 days culture. The ACL

cells were attached and spread well over

the PAsp-immobilized plate. In addition,

the ACL cells cultured on the PAsp-

immobilized surface showed the typical

morphology of fibroblasts. This indicates

that PAsp do not affect the viability of ACL

cells during culture.

Table 1 shows the cell densities of the

ACL cells after 6 h and 10 days cultured

without serum on the FN- or COL-

immobilized plate. The ACL cells adhered

well to the plate in the short term.However,

no ACL cell growth was observed at any

loaded concentration. An immobilized cell

adhesion factor such as FN and COL

accelerated the initial cell adhesion on

the surfaces but did not induce cell

proliferation.

On the other hand, ACL cell growth was

observed on the EGF-immobilized plate

containing either FN or COL. Table 2

shows the cell densities on the EGF/FN-

and EGF/COL-immobilized plate after 6 h

and 10 days incubation. In the case of the

control and PAsp-immobilized plate, there

were no significant changes compared with

the previous extent 10 days post-culture.

However, the cell densities on the EGF

co-immobilized plate increased remark-

ably. The cell densities on the EGF/

adhesion factor-immobilized plates were

higher (approximately 40% higher) than

the non-immobilized or PAsp-immobilized

plates. The paired t-test and ANOVA

Scheffe’s test showed that the differences

were significant.
ilized plate after 6 h (a), and 4 days (b). The cells were

, Weinheim www.ms-journal.de
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Table 1.
The cell densities of the ACL cells on the
FN-immobilized plate, and COL-immobilized plate
after culturing for 6 h and 10 days.

Sample of
immobilized
plate (loading
amount; mg)

Cell density (10�4 cells/ml)�

6 h
post-culture

10 days
post-culture

Control 1.42� 0.2 1.40� 0.3
PAsp-Az 1.52� 0.2 1.50� 0.2
FN (1) 1.53� 0.3 1.35� 0.4
FN (5) 1.55� 0.2 1.45� 0.3
FN (10) 1.48� 0.1 1.46� 0.3
FN (25) 1.49� 0.1 1.34� 0.4
FN (50) 1.49� 0.3 1.30� 0.4
COL (1) 1.59� 0.3 1.35� 0.4
COL (5) 1.57� 0.5 1.36� 0.5
COL (10) 1.56� 0.4 1.40� 0.4
COL (25) 1.55� 0.3 1.39� 0.5
COL (50) 1.50� 0.4 1.45� 0.4

� The p value was <0.05.
However, although cell proliferation

was observed, there were no obvious effects

of the loading amount on proliferation.

Chen et al.[18] reported that 130 ng/cm2 of

the immobilized EGF had produced a

single layer of cell proliferation on the

surface and the cells grew continuously

grown until they reached that concentra-

tion. At higher concentrations, the cells did

not proliferate to any large extent. In our

case, the loading amount did not influence
Table 2.
The cell densities of the ACL cells on the EGF/FN- and
EGF/COL-immobilized plate after incubation for 6 h
and 10 days.

Sample of Immobilized
plate (loading
amount; mg)

Cell density
(10�4 cells/ml)�

6 h
post-culture

10 days
post-culture

Control 1.42� 0.2 1.40� 0.3
PAsp-Az 1.52� 0.2 1.50� 0.2
EGF(20) 1.49� 0.3 2.08� 0.4
EGF (1)/FN (2) 1.52� 0.4 2.05� 0.4
EGF (5)/FN (2) 1.48� 0.2 2.10� 0.2
EGF (10)/FN (2) 1.50� 0.3 2.17� 0.4
EGF (20)/FN (2) 1.52� 0.2 2.13� 0.5
EGF (1)/COL (2) 1.58� 0.3 2.09� 0.3
EGF (5)/COL (2) 1.56� 0.2 2.17� 0.3
EGF (10)/COL (2) 1.57� 0.2 2.19� 0.2
EGF (20)/COL (2) 1.58� 0.2 2.15� 0.4

� The p value was <0.05.
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cell proliferation because it would be much

higher than necessary.

Figure 3 shows images of ACL cells

cultured on EGF/COL-immobilized plate

(EGF10-COL2) after 3 h (Figure 3a) and

10 days cultured (Figure 3b). At 3 h post-

culture, the cells formed a round-shape.

However, after 10 days incubation, the cells

had proliferated on the co-immobilized

plate.

Generally, a cytokine such as EGF binds

the specific cell-surface receptor of the

target cells through endocrine, paracrine or

autocrine signaling. Subsequent intracellu-

lar signaling cascades control the various

cellular functions.[20] This may include the

downregulation of several genes and their

transcription factors, which in turn causes

an decrease in the number of surface

receptors.

It was reported that membrane-ancho-

red EGF, unlike other cytokines, func-

tioned by juxtacrine stimulation, which

maintained the combined status on the

cellular membrane of the target cell.[21,22]

An artificial model also showed that once

the cytokines had been immobilized on the

surface of the polymer substrate and the

cell cultures were performed, the immobi-

lized cytokines would continue to function

without exhausting the cytokines, com-

pared with the native cytokines.[18,23–25]

This is because they did not internalize into

the cell as a result of immobilization.

In this study, the ACL cells were

cultured under the serum-free condition

to exclude the effect of other cytokines that

were present in serum. Inoue et al reported

that it was possible to carry out a serum-free

culture for up to 10 days, and cell growth

would decrease in 2-4 days post-culture.[26]

However, in this case, the primary cultured

ACL cells underwent necrosis on the

typical culture plate after few days under

serum-free condition. On the other hand,

the ACL cells proliferated on the EGF-

immobilized plate until 10 days post-culture

even if the ACL cells had proliferated

slowly. This suggests that the immobilized

EGF can enhance cell proliferation in

the knee joint, which is a poor environment
, Weinheim www.ms-journal.de
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Figure 3.

Phase-contrast micrographs of ACL cells on the EGF/FN-immobilized plate (loading amount; EGF¼ 10 mg and

COL¼ 2 mg) after 3 h (a) and 10 days cultured (b).
for cell proliferation. The application of

an immobilized EGF/adhesion factor

enhances the healing potential of the

ACL and it has possible clinical applica-

tions in the treatment of a ruptured

ligament.
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