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Introduction

In the field of tissue engineering, scaffolds play a role like

extracellular matrix (ECM) in natural tissues, which sup-

port cell attachment, proliferation, differentiation, and

migration. The architectural design of scaffolds, mimicking

ECM, is usually a highly porous and three-dimensional

structure that allows enough cells to accommodate and

grow inside, and organizes cells to form a tissue.[1] Cell

attachment to a scaffold is a prerequisite for a successful

tissue engineering outcome.[1] The retained cells then pro-

liferate and secrete ECM macromolecules to replace the

gradually degraded scaffold. A new tissue is formed after

the scaffold disappears.

A biodegradable synthetic polymer has been one of

favorable materials used for fabricating scaffolds. The

advantages of synthetic biodegradable polymers include

controllable degradation rate, high reproducibility, and easy

fabrication into specific shapes.[2] A variety of synthetic

biodegradable materials has been explored to fabricate as

scaffolding for cartilage tissue engineering, including poly-

esters like poly(L-lactic acid) (PLLA), poly(glycolic acid)

(PGA), their copolymer (PLGA), and polycaprolactone

(PCL).

In native tissues, cells attach to their surrounding ECM

via membrane receptors (e.g., integrins[3]) that specifically

bind to ECM adhesion proteins such as fibronectin, vitro-

nectin, and laminin. ECM adhesion proteins possess cell

Summary: Cell adhesion to a scaffold is a prerequisite for
tissue engineering. Many studies have been focused on en-
hancing cell adhesion to synthetic materials that are used for
scaffold fabrication. In this study, we applied an avidin-biotin
binding system to enhance chondrocyte adhesion to biode-
gradable polymers. Biotin molecules were conjugated to the
cell membrane of chondrocytes, and mediated cell adhesion
to avidin-coated surfaces.We demonstrated that immobiliza-
tion of biotin molecules to chondrocyte surfaces enhanced
cell adhesion to avidin-coated biodegradable polymers such
as poly(L-lactic acid), poly(D,L-lactic acid), and polycapro-
lactone, compared to the adhesion of normal chondrocytes to
the same type of biodegradable polymer. The biotinylated
chondrocytes still maintained their proliferation ability. This
study showed the promise of applying the avidin-biotin sys-
tem in cartilage tissue engineering.

The adhesion of B-chondrocytes to avidin-adsorbed surfaces
(PDLLA) in serum-free medium (^) and that of normal
chondrocytes to untreated surfaces in the serum-containing
media (&) (control: adhesion of normal chondrocytes to
untreated TCPS in the serum-containing medium (~)).
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binding domain peptide sequences such as RGD and

YIGSR, which bind specifically to cell membrane recep-

tors.[4] However, synthetic biomaterials lackECMadhesion

proteins or peptides for specific interactions with cell mem-

brane receptors, so cell attachment to artificial biomaterials

is merely mediated by non-specific interactions such as

ionic attraction, hydrogen bonding, and hydrophobic inter-

action between cell membrane components and substrata.

As a result, cells may adhere poorly to synthetic bioma-

terials, subsequently hampering the outcome of tissue

engineering products. Therefore promoting cell adhesion to

synthetic biomaterials has long been the focus of much

research.

Several strategies improve affinities between cells and

synthetic surfaces. The most favored method is to physi-

cally adsorb or chemically conjugate ECM adhesion

proteins to biomaterial surfaces.[5–7] Alternatively, conju-

gating peptides containing cell-binding sequences (e.g.,

RGD) also improve cell adhesion to biomaterials.[8–10] The

above approaches are based on the formation of integrin-

mediated bonds between cell adhesion molecules on sub-

strata and integrin receptors in cell membrane. Therefore,

the efficacy of these approaches will depend on the avail-

ability of cell-membrane receptors. Cells possessing few

functional integrins might not benefit from the above

methods.

The above issue could be solved by using a binding

mechanism irrelevant to the integrin-binding system. For

example, precoating of biomaterial surfaces with anti-

bodies against cell membrane antigens improved cell

adhesion onto biomaterials.[11,12] Another approach utilizes

a pair ofmolecules, which bind to each other. One of them is

conjugated to cell membrane, and the other one is immo-

bilized to biomaterial surfaces. The bond formation be-

tween these two molecules could mediate cell adhesion to

biomaterial surfaces. A good example of binding molecule

pairs is avidin and biotin. Avidin is a glycoprotein found in

eggwhite, and hasmultiple binding sites for biotin (vitamin

H). A major distinguishing feature for the avidin-biotin

system is its extraordinarily high affinity (the affinity

constant Ka 10
13–15

M
�1).[13] Avidin-biotin technology has

been extensively applied to biotechnology, such as affinity

chromatography, histochemistry, diagnostics, immunoas-

say, and drug delivery.[14] The feasibility of introducing an

avidin-biotin binding system for increasing cell attachment

has been verified previously. A non-adhesive cell line

Ehrilich ascites carcinoma was converted to anchorage-

dependent cells by conjugation of biotin molecules on cell

membrane.[15] The biotinylated cells not only adhered to

avidin-coated substrata, but also underwent spreading

which involves rearrangement of the cytoskeleton, organi-

zation of focal contacts, and attainment of cell morphology.

Reichert’s group at Duke University has explored the

application of the avidin-biotin binding system to a real

biomedical problem. Synthetic vascular grafts with small

diameters suffer from occlusion caused by thrombosis.[16]

The patency of small synthetic vascular grafts could be

improved by the retention of an endothelial cell layer in the

graft lumen.[17,18] Reichert’s group showed that conjuga-

tion of biotin molecules to bovine aortic endothelial cells

enhanced initial cell attachment to avidin-treated sur-

faces,[19–24] cell spreading rate, and the strength of cell

attachment.[21] It was suggested that the avidin-biotin

system not only helps cell adhesion directly, but also brings

cell membrane in close proximity to substrata, which acce-

lerates integrin-mediated linkages between cell membrane

integrins and surface-adsorbed serum adhesion proteins.[21]

Reichert’s studies showed great promise to establish a

viable endothelial cell layer in polymeric vascular grafts by

the high affinity avidin-biotin binding system.

The aimof the current studywas to explore the possibility

of using the avidin-biotin binding system in tissue

engineering application. One general procedure for articu-

lar cartilage tissue engineering starts from the expansion of

autologous chondrocytes, and the cells are then seeded into

a biodegradable scaffold. After cultured in vitro for a period

of time, the newly formed cartilage is used to repair the

patient’s injured articular cartilage. In this study, we intend-

ed to utilize the avidin-biotin binding system in enhancing

chondrocyte adhesion to several types of synthetic biode-

gradable polymers, which is commonly used in fabricating

scaffolds. Cell adhesion and cell proliferation were

evaluated in this study.

Experimental Part

Biodegradable Polymers

Poly(lactide-co-glycolide) 85:15 w/w (PLGA) and poly(D,L-
lactide) (PDLLA) were synthesized via ring-opening poly-
merization in bulk. 0.01% Lauryl alcohol and 0.03% stannous
octoate were applied as a chain control agent and catalyst,
respectively. Polymerization was carried out for 6 h at 180 8C.
Themolecular weights of PLGA and PDLLAwere determined
by GPC (Thermo Separation system P1000, U.S.) using
tetrahydrofuran as eluent and polystyrene as calibration stan-
dards. For PLGA, the determined molecular weights wereMn

10 723 andMw 30 986; for PDLLA, they wereMn 88 341 and
Mw 131 140. PLLA (I.V. 8.41 dl � g�1) were purchased from
PURAC, Inc. PCLwas obtained fromAldrich (Cat. no. 44074-
4,Mn ¼ 80 000).

Each polymer was dissolved in dichloromethane to a
25 mg �ml�1 solution and 100 ml per well of polymer solution
was added to poly(propylene) 96-well plates (Cat. no. 3364,
Corning, USA). Polymer films were formed after dichloro-
methane evaporation in a fume hood overnight, and the
residual solvent was further removed in a vacuum oven. The
polymer-coated wells were ready for experiments after steri-
lized with 70% ethanol and exposed to UVovernight.

Surface hydrolysis of PDLLA or PLLA samples was carried
out by incubating samples in a 0.05 M sodium hydroxide
solution for 15min. Subsequently each samplewas rinsed with
MilliQ water several times.
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Chondrocyte Isolation

Articular cartilage samples were dissected aseptically from pig
(nine to ten months old) knee joints, which were obtained from
a local abattoir. The articular cartilage samples were diced into
approximate 1 mm3 pieces in autoclaved PBS (phosphate
buffered saline, 137 mM NaCl, 2.7 mM KCl, 10 mM Na2HPO4,
and 1.8 mM KH2PO4) containing 200 mg �ml�1 gentamicin
(Gibco, Cat. no. 1570064) and 25 mg �ml�1 fungizone (Gibco,
Cat. no. 1520018). After rinsed with PBS three times, 1�2 g of
the cartilage slivers were digested in 10 ml of DMEM/F12
(Gibco, Cat. no. 12400-024) containing 1 mg �ml�1 hyalu-
ronidase (Sigma, Cat. no. H-3506) and 1 mg �ml�1 type I
collagenase (Sigma, Cat. no. C0130) in a 37 8C, 5% CO2 incu-
bator for 18 h. The digestate was filtered through a 70-mmfilter
cell strainer (Falcon, Cat. no. 352350) to remove undigested
cartilage lumps. The filtrate was then centrifuged at 200 g for
10 min, and the cell pellet was resuspended in chondrocyte
medium (DMEM/F12 supplemented with 2.5mM L-glutamine,
200 mg �ml�1 gentamicin, 25 mg �ml�1 fungizone, and 10%
bovine calf serum). Cell number and viability were determined
using a hemocytometer with trypan blue exclusion. The
freshly-isolated cells were seeded in T75 flask, grown to
confluence, and then retrieved using trypsin treatment. Chon-
drocytes at passage one were used in this study.

Biotinylation of Chondrocytes

Biotinylation of porcine chondrocytes was performed accord-
ing to a method using water soluble N-hydroxysulfosuccini-
midobiotin (3-Sulfo-NHS-Biotin, Sigma, Cat. no. B5161).[25]

The NHSmoiety will react with primary amino groups (-NH2)
to form stable amide bonds, so biotin molecules could be
conjugated to cell membrane proteins via the amide bonds
formed between NHS and free amine groups, primarily the
epsilon amine group of lysine residue in proteins. Briefly,
3-Sulfo-NHS-Biotin was added to chondrocyte solution
(106 cells �ml�1 in PBS) to a ratio of 1 mg per 106 cells. The
mixture was incubated in ice for 30 min and then washed
twice with PBS by repeating centrifugation and re-suspension.
The biotinylated chondrocytes (B-chondrocytes) was visua-
lized by fluorescence microscopy after incubated with
1 mg �ml�1 avidin-FITC (Sigma, A-2901) for 5 min. The
extent of biotinylation was determined using the 40-hydro-
xyazobenzene-2-carbocylic acid (HABA) assay as described
previously.[20] Briefly, B-chondrocytes were incubated in
avidin-HABA reagent (10 mg of avidin and 600 ml of 10 mM

HABA (Cat. no. 28010, Pierce) in 10 mM NaOH added to
19.4ml of PBS) for 5min. After centrifugation, the absorbance
of the supernatant at 490 nm was measured. A series of known
amounts of biotin solution was used to prepare a calibration
curve for determining the unknown amount of biotinmolecules
on cell membrane.

Adhesion of B-Chondrocytes

The substrates were coated with 50 ml per well of 0.1 mg �ml�1

avidin solution in PBS and incubated at room temperature for
1 h. After the avidin-coated surfaces were rinsed with PBS
twice, B-chondrocytes were seeded in serum-free medium,

while normal chondrocytes were seeded to untreated surfaces
in serum-containing medium. As a control, normal chondro-
cytes were seeded to TCPS in serum-containing medium. At
different time points, the number of adherent cells was
determined by a Hoechst 33258 assay.[26] Briefly, the adherent
chondrocytes were lysed by 10 mM EDTA in deionized water
(pH 12.0) and then neutralized with 1 N KH2PO4 solution
(pH 4.0). One hundred microliters of cell lysate were mixed
with 1 ml of 50 mg �ml�1 Hoechst 33258 solution in H2O and
then the fluorescence at 456 nmwasmeasured at the excitation
wavelength 348 nm. A series of known numbers of chondro-
cytes (determined by a hemocytometer) was used to generate a
calibration curve, and the numbers of adherent cells were
determined by interpolation.

Cell Growth

Twenty-four hours after cell seeding, unattached cells were
rinsed away with PBS for thrice, and the wells were filled with
fresh serum-containing chondrocyte medium. Chondrocyte
medium was changed every 2 or 3 d. Cell number after 3 or 7 d
incubation was determined by the Hoechst 33258 method as
described above. Cell doubling time was calculated by the
following equation: Nt¼N0� 2t/d, where Nt is the cell number
on time t, N0 is the initial cell number, and d is the doubling
time.

Statistics

Statistical assessment of significant variations was performed
by GraphPad Instat1 3.00 (GraphPad Software, Inc.). Welch
corrected unpaired t-test was conducted to determine p-values.
All data were reported as mean�SD.

Results

Chondrocyte Biotinylation

After biotinylation, B-chondrocytes were immediately

incubated with avidin-FITC. All B-chondrocytes had green

appearance under afluorescencemicroscope (Figure 1A,B),

while the control untreated cells did not show any

fluorescence (images not shown). The binding of avidin-

FITC to B-chondrocytes indicated the success of biotinyla-

tion. The extent of biotinylation was determined to be

3.21� 0.68� 109 biotin molecules per cell (n¼ 10). The

viability of B-chondrocytes was beyond 95%.

Effect of Partial Hydrolysis of PDLLA or
PLLA Surface on Cell Adhesion

Partial hydrolysis of polyester surfaces changes surface

hydrophilicity, and in turn influences protein adsorption and

cell attachment.[27] Therefore, we first evaluated the effect

of NaOH treatment to PDLLA and PLLA surfaces on cell

adhesion before studying the adhesion of B-chondrocytes.

Figure 2 shows that the incubation of PDLLA or PLLA in
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NaOH solution did not influence the adhesion of untreated

chondrocytes or B-chondrocytes (P> 0.05). Therefore, in

the following experiments, biodegradable polymer surfaces

were not pre-treated with NaOH solution.

Effect of Seeding Conditions on the Adhesion of
B-Chondrocytes to PDLLA and PLLA

Figure 3 shows the 2-h adhesion of normal chondrocytes

or B-chondrocytes to PDLLA (Figure 3A) or PLLA

(Figure 3B) at various conditions. It is generally thought

that adsorption of serum adhesion proteins, such as fibro-

nectin and vitronectin, to synthetic substrates enhances cell

adhesion. However, we found that the 2-h adhesion of

normal chondrocyteswashigher in serum-freemedium than

in the serum-containingmedium (comparing bars 1 and 2 in

Figure 3A or B, P< 0.01). We suspect that adsorption of

serum passive proteins such as albumin might inhibit cell

adhesion. In the presence of serum, the adhesion of B-

chondrocytes and normal chondrocytes to the surfaces

untreated with avidin was comparable (comparing bars 2

and 3 in Figure 3A or B,P> 0.05). Therewas no significant

Figure 1. Phase contrast microphotograph (A) and fluorescent
microphotograph (B) of biotinylated chondrocytes (B-chondro-
cytes) immediately after biotinylation (200�). The fluorescent
image was taken immediately after incubation with avidin-FITC
(1 mg �ml�1) for 5 min.

Figure 2. The effect of NaOH treatment to poly(D,L-lactide)
(PDLLA) and poly(L-lactic acid) (PLLA) on chondrocyte
adhesion for 2 h. 1. Normal chondrocytesþNaOH untreated
surface; (2) normal chondrocytesþNaOH treated surface; (3)
B-chondrocytesþNaOH untreated surface; (4) B-chondrocy-
tesþNaOH treated surface. n¼ 4.

Figure 3. The effect of seeding conditions on the adhesion of
B-chondrocytes. To PDLLA (A) and PLLA (B) for 2 h. Cell,
normal chondrocytes; B-cell, biotinylated chondrocytes; S,
serum-containing medium; A, avidin-coated surface. n¼ 4.
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difference between B-chondrocyte adhesion to avidin-

coated or -uncoated surfaces in the presence of serum

(comparing bars 3 and 4 in Figure 3A or B, P> 0.05). In

contrast, B-chondrocytes adhered to the avidin-coated sur-

faces significantly better in the absence of serum than in the

presence of serum (comparing bars 4 and 5 in Figure 3A or

B, P< 0.01). B-chondrocyte adhesion to the avidin-coated

surfaces in the absence of serum was also significantly

better than normal chondrocyte adhesion to the untreated

substrates, either in the presence of serum (comparing bars

2 and 5 in Figure 3A or B, P< 0.05) or in the absence of

serum (only on PLLA, comparing bars 1 and 5 in Figure 3B,

P< 0.01).

Chondrocyte Adhesion and Growth

First of all, we studied the adhesion of B-chondrocytes in a

short time course (4 h). The adhesion of B-chondrocytes to

PDLLA (Figure 4A) or PLLA (Figure 4B)was significantly

higher than that of untreated chondrocytes during thewhole

period (P< 0.001). The initial adhesion of B-chondrocytes

(half or 1 h)was compared to that of untreated chondrocytes

to TCPS surfaces. However, B-chondrocytes adhesion

reached a plateau very quickly. B-chondrocytes adhesion

was not increased after 1 h. In contrast, cell adhesion to

TCPS was increased with time (the triangle symbols in

Figure 4A and B). Figure 5 shows adhesion of B-chondro-

cytes to two other kinds of biodegradable polymers: PLGA

and PCL. Generally, the biotinylation strategy also enhanc-

ed chondrocyte adhesion to these two surfaces. However,

the enhancement in cell adhesion to PLGAwas significant

only at the 2-h point (P< 0.05, Figure 5A). On the other

hand, biotinylation enhanced cell adhesion to PCL

significantly (P< 0.05, Figure 5B).

Cell growth was evaluated by determining cell number

on day 1, day 3, and day 7. First, we found that even though

the cell number of adherent B-chondrocytes was signifi-

cantly higher than that of untreated chondrocytes 4 h after

adhesion on PDLLA (Figure 4A) or PLLA (Figure 4B),

after 24 h the difference in cell number was not significant

(comparing the diamond and the square symbols in

Figure 6A or B, P> 0.05). Secondly, B-chondrocytes grew

faster than untreated chondrocytes. On day 7, the number of

adherent B-chondrocytes was significantly higher than that

of untreated chondrocytes (Figure 6A and B, P< 0.001).

The doubling times for B-chondrocytes and untreated

chondrocytes on PDLLA and PLLA, and untreated chon-

drocytes on TCPS are listed in Table 1. On PDLLA, the

growth rate of B-chondrocytes was higher than that of

untreated chondrocytes, while on PLLA, the growth rates

for the two types of cells were comparable.

The cultured B-chondrocytes were incubated with

avidin-FITC on day 1, day 3, and day 7 to trace the mem-

brane-bound biotin molecules. Many adherent B-chondro-

cytes already lost their surface biotin moieties on day 1

(Figure 7A and B), and after day 3 almost none of the

adherent B-chondrocytes showed any fluorescence (images

not shown).

Discussion

Compared to TCPS, which is routinely used in cell culture

laboratories, synthetic biodegradable polymers, such as

PLLA, PDLLA, PLGA, or PCL, did not support chondro-

cyte adhesion well (e.g., comparing the triangle and the

square symbols in Figure 4A and B). We demonstrated that

conjugation of biotinmolecules to cell membrane enhanced

cell adhesion to the avidin-coated PDLLA, PLLA, and

PCL (comparing the diamond and the square symbols in

Figure 4A, 4B, and 5B). However, the enhancement in cell

adhesion was not significant on PLGA (Figure 5A), sug-

gesting that the effect of biotinylation on cell adhesion is

dependent on surface type. The adhesion ofB-chondrocytes

to avidin-coated surfaceswas comparable to the adhesion of

Figure 4. The adhesion of B-chondrocytes to avidin-adsorbed
surfaces in serum-free medium (^) and that of normal
chondrocytes to untreated surfaces in the serum-containing
media (&) at the indicated time points. The control was the
adhesion of normal chondrocytes to untreated TCPS in the
serum-containing medium (~). A: PDLLA; (B) PLLA. n¼ 4.
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untreated chondrocytes to TCPS during short adhesion time

(<1 h) (Figure 4A, 4B, 5A, and 5B).

Conjugation of biotin molecules to cell membrane pro-

teins provides an effective mechanism for cell adhesion to

avidin-coated surfaces, which is contributed by high bind-

ing affinity between avidin and biotin. The affinity constant

for the avidin-biotin binding (Ka¼ 1013–15 M�1) is several

orders higher than the typical affinity constant between

integrin receptors and ECM adhesive proteins (Ka¼
106–9 M�1).[28] Cell adhesion strength has been suggested

to be related to the log of the affinity constant.[29] Therefore,

the avidin-biotin binding system would increase cell adhe-

sion strength by several folds over typical integrin binding

systems for the same amount of bonds. It was reported that

the adhesion strength of biotinylated endothelial cells was

significantly higher than that of non-modified cells.[21] The

high affinity avidin-biotin binding system increased initial

cell adhesion, cell spreading rate, and strength of cell

attachment.[21]

However, we found that the impetus of the avidin-biotin

binding system in mediating cell adhesion did not seem

long lasting in this study. In the 4-h adhesion experiments,

B-chondrocyte adhesion was not increased after 1 h

Figure 5. The adhesion of B-chondrocytes to avidin-adsorbed
surfaces in serum-free medium (^) and that of normal
chondrocytes to untreated surfaces in the serum-containing
media (&) at the indicated time points. The control was the
adhesion of normal chondrocytes to untreated TCPS in the
serum-containing medium (~). A: Poly(lactide-co-glycolide)
(PLGA); (B) polycaprolactone (PCL). n¼ 4.

Figure 6. The growth curves for B-chondrocytes (^) that were
seeded to avidin-coated surfaces in serum-free media, and
normal chondrocytes (&) that were seeded to bare surfaces in
serum-containing media. The control was normal chondro-
cytes that were seeded to untreated TCPS in the serum-
containing medium (~). The next day all media were replaced
with fresh serum-containing media. Chondrocyte media were
then changed every 2 or 3 d. A: PDLLA; (B) PLLA. n¼ 4.

Table 1. The doubling time for normal chondrocytes and
biotinylated chondrocytes (B-chondrocytes) on poly(D,L-lactide)
(PDLLA), poly(L-lactic acid) (PLLA), and TCPS.

Doubling times

d

Day 1–day 3 Day 3–day 7

PDLLA Normal chondrocytes 10.55 8.20
B-chondrocytes 3.47 3.24

PLLA Normal chondrocytes 2.19 5.18
B-chondrocytes 2.35 2.64

TCPS (normal chondrocytes) 1.55 6.81

Effects of an Avidin-Biotin Binding System on Chondrocyte Adhesion and Growth on Biodegradable Polymers 219

Macromol. Biosci. 2005, 5, 214–221 www.mbs-journal.de � 2005 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim



(PDLLA and PLLA) or 2 h (PLGA and PCL). In contrast,

the adhesion of untreated cells to TCPS was increased with

time during the whole 4-h period (square or triangle sym-

bols in Figure 4A, 4B, 5A, and 5B). The results indicated

that the efficacy of the avidin-biotin binding system in

enhancing cell adhesion was only transient, while the inte-

grin-dependent binding system provided a long-term

mechanism for cell adhesion. The transient effects of the

avidin-biotin system in mediating cell adhesion might be

contributed to the endocytosis of biotin molecules. It has

been reported that fluorescein-labeled avidin bound

throughout the biotinylated cells, but shifted to cell interior

in 24 h.[25] We also found that the biotin moieties on

B-chondrocyte membrane was greatly decreased after

1-day incubation (Figure 7B) and was not detectable on

day 3. Endocytosis of biotin molecules deprives the avail-

ability of biotin molecules on cell membrane and limits

bond formation with surface-bound avidin. To further

improve the efficacy of the avidin-biotin binding system,

delay of biotin internalization might be a good strategy.

One rationale in using the avidin-biotin binding system is

based on the premise that the biotin-conjugated cells will

not be changed significantly in their intrinsic biological and

physicochemical properties, such as cell attachment via the

integrin-dependent mechanism, and cell proliferation. By

comparing the bars 1 and 2 in Figure 3A or B, B-chon-

drocyte adhesion to bare substrate in the serum-containing

medium was comparable to that of normal chondrocytes,

suggesting that conjugation of small biotin molecules to

cell-membrane proteins did not influence their intrinsic

ability in mediating cell adhesion. Therefore, B-chondro-

cyte adhesion to avidin-coated substrates might be further

increased with the assistance of serum adhesion proteins.

Previously, Reichert’s group showed that combination of

the avidin-biotin binding system and the intrinsic integrin-

dependent adhesion systems further enhanced initial endo-

thelial cell adhesion and spreading,[20] focal contact area,

and resistance to flow.[24] Therefore, we would expect that

B-chondrocyte adhesion to avidin-coated surfaces should

be enhanced in serum-containing medium compared to

serum-free medium. Surprisingly, B-chondrocyte adhesion

to avidin-coated surfaces was much lower in serum-

containing condition than in serum-free condition (compar-

ing bars 4 and 5 in Figure 3A and B, P< 0.01). One

explanation is that sugar moieties on avidin molecules may

lead to non-specific or other undesired interactions with

serum proteins.[30] Non-specific binding of serum proteins

(especially passive proteins) to surface-bound avidin might

hinder B-chondrocyte adhesion. Nevertheless, the avidin-

biotin binding system provides a good tool in cell seeding at

serum-free seeding condition when long-term serum-free

culture is desired, a topic of interest in tissue engineering

applications.

Another concern in using the avidin-biotin binding sys-

tem in tissue engineering application is if B-chondrocytes

still sustain proliferation ability.We showed that the growth

rates of B-chondrocytes were comparable to those of un-

treated cells (Table 1). Although the surface was coated

with avidin and the progeny of B-chondrocytes did not

possess surface-bound biotin, the cells still adapted to the

surfaces very well. It is possible that the avidin-adsorbed

surfaces might be modulated by serum proteins or cell-

secreted proteins, and then suitable for cell growth.

The study demonstrated the potential of the avidin-biotin

binding system in enhancing cell adhesion in tissue en-

gineering application. Currently, the utilization of this

system in cell seeding and culture in 3-D scaffolds is under

investigation in our laboratory. The results will be the

subject of a separate report.

Conclusion

The high-affinity avidin-biotin binding system enhanced

initial chondrocyte adhesion to biodegradable polymers

such as PDLLA, PLLA, and PCL. Biotinylated cells still

maintained proliferation ability. In conclusion, the current

study demonstrated the applicability of the avidin-biotin

system in cartilage tissue engineering.

Figure 7. Phase contrast microphotograph (A) and fluorescent
microphotograph (B) of adherent B-chondrocytes on day 1
(200�). The fluorescent image was taken after incubation with
avidin-FITC (1 mg �ml�1) for 5 min.
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