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Abstract

Cell adhesion to synthetic biomaterials is a prerequisite for anchorage cell culture and tissue engineering. The current study

investigated utilization of an avidin–biotin binding system in enhancing chondrocyte adhesion to tissue culture polystyrene (TCPS).

Biotinylated chondrocytes adhered to avidin-coated TCPS more quickly than untreated chondrocytes to bare TCPS. Also the

avidin–biotin binding system enhanced cell initial spreading. However, the effects were only transient. The growth of biotinylated

chondrocytes was first decreased during the first 3 days but increased afterwards. The progeny of biotinylated chondrocytes still

maintained the ability in expressing cartilage extracellular matrix proteins such as type II collagen, type IX collagen and aggrecan.

These results show potential for the application of the avidin–biotin binding system to cell culture and tissue engineering.

r 2004 Elsevier Ltd. All rights reserved.
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1. Introduction

Cell attachment to biomaterials is a crucial step in
many biomedical engineering applications such as
implants, tissue engineering, biotechnologies and cell-
based sensors [1–3]. For example, small-diameter
synthetic vascular grafts suffer from occlusion caused
by thrombosis [4]. The patency of small synthetic
vascular grafts could be improved by retention of an
endothelial cell layer in the graft lumen [5,6]. In the field
of tissue engineering, cell adhesion to degradable
scaffolds is a prerequisite for a successful tissue
engineering outcome. The retained cells then proliferate
and secrete extracellular matrix (ECM) macromolecules
to replace gradually degraded scaffolds, and a new tissue
is formed. The event of cell adhesion to substrata
initiates numerous intracellular processes [7–10], which
are critical for a cell’s performance in biomedical
e front matter r 2004 Elsevier Ltd. All rights reserved.
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devices. Therefore, cell attachment to synthetic sub-
strates has been an important topic in many biomedical
studies.
Cells in native tissues adhere to the surrounding ECM

via cell membrane receptors (e.g. integrins [11]) that
specifically bind to ECM adhesion proteins such as
fibronectin, vitronectin and laminin. Since synthetic
biomaterials lack ECM adhesion proteins for specific
interactions, cell attachment to artificial biomaterials is
merely mediated by non-specific interactions such as
ionic attraction, hydrogen bonding and hydrophobic
interaction. As a result, cells may adhere rather poorly
to synthetic biomaterials, subsequently hampering the
effectiveness of a cell-based biomedical device. There-
fore, promoting cell adhesion to biomaterials has long
been the focus of much research.
Several strategies have been applied to improve

affinities between cells and synthetic surfaces. The most
favored method is adsorption or conjugation of ECM
adhesion proteins to biomaterial surfaces. Precoating
artificial substrata with ECM adhesion proteins
greatly enhances cell adhesion [12–14]. Alternatively,
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conjugating peptides containing cell-binding se-
quences (e.g. RGD) has also been shown to improve
cell adhesion to biomaterials [15,16]. The above
approaches are based on the formation of integrin-
mediated bonds between cell adhesion ligands on
substrata and integrin receptors in cell membrane.
Therefore, the efficacy of these approaches will depend
on the availability of cell-membrane receptors. Cells
possessing few functional integrins might not benefit
from the above methods.
This problem could be solved by other approaches.

For example, precoating of biomaterial surfaces with
antibodies against cell-membrane antigens improved cell
adhesion onto biomaterials [17,18]. Another approach
utilizes a pair of molecules which bind to each other.
One molecule is conjugated to cell membrane, and the
other one is immobilized to biomaterial surfaces. The
bond formation between these two molecules could
mediate cell adhesion to biomaterial surfaces. A good
example of binding molecule pairs is avidin–biotin.
Avidin is a glycoprotein found in egg white, and
possesses multiple binding sites for biotin (vitamin H).
A major distinguishing feature of the avidin–biotin
system is its extraordinarily high affinity (the
affinity constant, Ka; is 1013–15 M�1). Avidin–biotin
technology has been extensively applied to biotechnol-
ogy, such as affinity chromatography, histochemistry,
diagnostics, immunoassay and drug delivery [19]. 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
[20]. The biotinylated cells not only adhered to avidin-
coated substrata, but also underwent spreading
which involves rearrangement of the cytoskeleton,
organization 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. Conjugation of biotin molecules to
bovine aortic endothelial cells was used to enhance the
initial cell attachment to avidin-treated surfaces in order
to improve in vivo patency of vascular grafts [21–26].
The high-affinity avidin–biotin binding system increased
initial cell adhesion, cell spreading rate and strength of
cell attachment [23]. Combination of the avidin–biotin
binding system and the intrinsic integrin-dependent
adhesion systems further enhanced initial endothelial
cell adhesion and spreading [22], focal contact area and
resistance to flow [26]. It was suggested that the
avidin–biotin system not only helps cell initial adhesion,
but also brings cell membrane in close proximity to
substrata, which accelerates integrin-mediated linkages
between cell membrane integrins and surface-adsorbed
serum adhesion proteins [23]. Reichert’s studies showed
great promise to establish a viable endothelial cell layer
on polymeric vascular grafts by the high-affinity
avidin–biotin binding system.
The current study explored the possibility of using the

avidin–biotin binding system in cell culture and tissue
engineering. One general procedure for articular carti-
lage tissue engineering starts from expansion of limited
numbers of autologous chondrocytes, and the cells are
then seeded into a degradable scaffold. After being
cultured in vitro for a period of time, the newly formed
cartilage is then used to repair patients’ injured articular
cartilage. During this process, not only cell adhesion to
cell culture vessels or tissue engineering scaffolds is
crucial, but also cell proliferation and phenotype
maintenance. Previous studies regarding the avidin–bio-
tin system only concerned short-term cell adhesion and
adhesion strength, while little attention was paid to the
influence of this system on long-term cell proliferation
and phenotype. In this study we intended to evaluate the
effects of the avidin–biotin system on chondrocyte
adhesion, proliferation and gene expression when cells
were cultured on a model material, tissue culture
polystyrene (TCPS).
2. Materials and methods

2.1. Chondrocyte isolation

Articular cartilage samples were dissected aseptically
from pig (9–10 month old) knee joints which were
obtained from a local abattoir. The articular cartilage
samples were diced into approximately 1mm3 pieces in
autoclaved phosphate-buffered saline (PBS, 137mM

NaCl, 2.7mM KCl, 10mM Na2HPO4 and 1.8mM

KH2PO4) containing 200 mg/ml gentamicin (Gibco, cat.
no. 1570064) and 25 mg/ml fungizone (Gibco, cat. no.
1520018). After rinsed with PBS three times, 1–2 g of the
cartilage slivers were digested in 10ml of DMEM/F12
(Gibco, cat. no. 12400-024) containing 1mg/ml hyalur-
onidase (Sigma, cat. no. H-3506) and 1mg/ml type I
collagenase (Sigma, cat. no. C0130) in a 37 1C, 5% CO2
incubator for 18 h. The digestate was filtered through a
70-mm filter cell strainer (Falcon, cat. no. 352350) to
remove undigested cartilage lumps. The filtrate was then
centrifuged at 200� g for 10min, and the cell pellet was
resuspended in chondrocyte medium (DMEM/F12
supplemented with 2.5mM, L-glutamine, 200 mg/ml
gentamicin, 25 mg/ml fungizone and 10% bovine calf
serum). Cell number and viability were determined using
a hemocytometer with trypan blue exclusion. The
freshly isolated (primary) cells were seeded in a T75
flask, grown to confluence in T75 flasks and then
retrieved by trypsin treatment for 10min. The harvested
cells were used as passage 1 chondrocytes.
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2.2. Biotinylation of chondrocytes

Biotinylation of porcine chondrocytes was performed
according to a method using water-soluble N-hydro-
xysulfosuccinimidobiotin (3-Sulfo-NHS-Biotin, Sigma,
cat. no. B5161) [27]. The NHS moiety 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 in PBS) to a ratio of 1mg/106 cells. The
mixture was incubated in ice for 30min and then washed
with PBS twice by repeating centrifugation and resus-
pension.
The biotinylated chondrocytes (B-chondrocytes) was

visualized by fluorescence microscopy after incubation
with avidin-FITC (1mg/ml, Sigma, A-2901) for 5min.
The extent of biotinylation was determined using the
HABA (40-hydroxyazobenzene-2-carbocylic acid) assay
as described previously [22]. This assay is based on that
fact that HABA dye binds to avidin and forms a
complex which absorbs strongly at 500 nm. When
HABA–avidin complex is incubated with biotin, high-
affinity biotin will replace HABA from avidin binding
sites, resulting in a decrease in absorbance of HABA–a-
vidin [28]. Briefly, B-chondrocytes were incubated in
avidin–HABA reagent (10mg of avidin and 600 ml of
10mM HABA in 10mM 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 biotin molecules on cell membrane.

2.3. Adhesion of biotinylated chondrocytes

TCPS plates were purchased from Costar (12-well,
cat. no. 3513) and used as received. Each TCPS well was
incubated with 0.3ml of avidin solution (0.1mg/ml in
PBS) at room temperature for 1 h. After the avidin-
coated TCPS was rinsed with PBS twice, 4� 104 B-
chondrocytes in the serum-free chondrocyte medium
were seeded. As the control, untreated chondrocytes in
the serum-contained chondrocyte medium were seeded
to bare TCPS. At different time points, cell morphology
was taken by a phase-contrast microscope and the
number of adherent cells was determined by a Hoechst
33258 assay [29]. The adherent chondrocytes were lysed
by 10mM 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 1ml
of Hoechst 33258 solution (0.05 mg/ml H2O) and then
the fluorescence at 456 nm was measured at the
excitation wavelength 348 nm. A series of known
numbers of chondrocytes (determined by a hemocyt-
ometer) was used to generate a calibration curve and the
numbers of adherent cells were determined by inter-
polation. The microscopic images were analyzed by
using Image J (NIH) to determine cell spread area.
In the trypsin treatment experiment, primary chon-

drocytes were incubated with 0.25% trypsin–EDTA
(GIBCO BRL 25200-072) for 10 or 20min. Chondro-
cyte biotinylation was performed after trypsin treat-
ment. Cell adhesion condition was the same as above.

2.4. Cell growth and gene expression

The experimental conditions for cell seeding in growth
studies were similar to those in cell adhesion experi-
ments except that the cell seeding density was half
(2� 104 cells/well) and only passage 1 chondrocytes were
used. After 24 h, unattached cells were rinsed away with
PBS thrice, and the wells were filled with fresh
chondrocyte medium. Chondrocyte medium was chan-
ged every 2 or 3 days. Cell number was determined by
the Hoechst 33258 method as described above.
After 7-day culture, expression of b-actin, type I

collagen, type II collagen, type IX collagen and
aggrecan genes was analyzed by RT-PCR (reverse
transcriptase–polymerase chain reaction) analysis. Total
RNA was extracted by using a single-step method
modified from an acid guanidinium-thiocyanate-phenol-
chloroform extract procedure [30]. Briefly, chondrocytes
were lysed in 1ml of REzolTM C&T reagent (PROtech
Technology Ent. Co., Taipei, Taiwan) and total RNA
was subsequently isolated according to the manufac-
turer’s instructions. Complementary DNA (cDNA) was
synthesized from 1 mg of total RNA by SUPER-
SCRIPTTM II, RNase H� Reverse Transcriptase (cat.
no. 18064-014, Invitrogen) using oligo-(dT) priming
after incubation at 42 1C for 50min. The cDNA was
then used as templates for PCR amplification. The
primer sequences and the expected length of PCR
products for b-actin, type I collagen, type II collagen,
type IX collagen and aggrecan are listed in Table 1.
Amplification was performed in a Gene Amp PCR
System 9600 thermocycler for 35 cycles of 95 1C/1min
denaturation, 55 1C/1min annealing and 72 1C/1min
extension, using recombinant Taq DNA polymerase
(cat. no. M1861, Promega). The PCR products were
analyzed by electrophoresis in a 1% agarose gel. After
staining with ethium bromide, images of resulting bands
were taken under UV transillumination using a Kodak
Digital Science DC120 camera.

2.5. Statistics

Statistical assessment of significant variations was
performed by GraphPad Instats 3.00 (GraphPad
Software Inc.). Welch-corrected unpaired t-test was
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Table 1

Primer sequences for b-actin, type I collagen, type II collagen, type IX collagen and aggrecan for RT-PCR analysis and predicted length of their PCR
products

Encoded protein Primer sequences Length (bp)

b-actin 50–AACGGCTCCGGCATGTGC–30 543

50–GGATCTTCATGAGGTAGTCAGTC–30

Type I collagen 50–GCTGGCCAACTATGCCTC–30 318

50–GAAACAGACTGGGCCAATG–30

Type II collagen 50–TGCCTACCTGGACGAAGC–30 449

50–CCCAGTTCAGGCTCTTAG–30

Type IX collagen 50–TCAGGATTGGCCAAGATGAC–30 352

50–GTCATCTTGGCCAATCCTGA–30

Aggrecan 50–CTGTTACCGCCACTTCCC–30 441

50–GGTGCGGTACCAGTGCAC–30

W.-B. Tsai, M.-C. Wang / Biomaterials 26 (2005) 3141–31513144
conducted to determine p values. All data were reported
as mean7SD.
Fig. 1. Phase contrast microphotograph (A) and fluorescent micro-

photograph (B) of biotinylated passage 1 chondrocytes. The fluor-

escent image was taken immediately after incubation with avidin-FITC

(1mg/ml) for 5min. The bars in the photograph represent 50 mm.
3. Results

3.1. Biotinylation of chondrocytes

After incubation with avidin-FITC, all B-chondro-
cytes showed a green appearance under a fluorescence
microscope (Figs. 1A and B) and the control untreated
cells did not show any fluorescence (images not shown).
The extent of biotinylation was determined to be
3.3870.46� 109 biotin molecules per cell (n=10). The
viability of B-chondrocytes was beyond 95% (deter-
mined by trypan blue exclusion).

3.2. B-chondrocyte adhesion to the avidin-coated TCPS

Chondrocytes at two different stages were investi-
gated in this study: (i) primary chondrocytes, which
were dissociated from cartilage tissues after 18-h
collagenase and hyaluronidase digestion, and (ii) pas-
sage 1 chondrocytes, which were harvested by trypsin
treatment from confluent cell culture.
Adhesion of B-chondrocytes to avidin-coated TCPS

in the serum-free medium was first compared to that of
normal chondrocytes to bare TCPS in the serum-
contained medium. The results indicated that no matter
which stages of cells were used, B-chondrocytes adhered
better than normal cells in the first hour (Figs. 2A and B,
po0:01). Adhesion of B-chondrocytes reached a plateau
in 4 h and little increase was observed afterwards (square
symbols in Fig. 2A and B). More than 70% of B-
chondrocyte adhesion to the avidin-coated surface
happened within the first hour (83.2% for the primary
cells and 71.5% for the passage 1 cells). In contrast,
adhesion of normal chondrocytes was slow but in-
creased steadily with time at least until 24 h (diamond
symbols in Fig. 2A and B). Only approximately 32% of
normal chondrocyte adhesion occurred during the first
hour. In spite of low initial adhesion (1 h), the number of
adhered normal primary chondrocytes caught up with
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Fig. 2. Adhesion of B-chondrocytes to avidin-adsorbed TCPS in

serum-free media (square symbols) and that of normal chondrocytes to

untreated TCPS in the serum-contained media (diamond symbols) at

the indicated time points. (A) Primary chondrocytes; (B) passage 1

chondrocytes. Cell seeding density was 1� 104 cells/cm2 (n=3).

W.-B. Tsai, M.-C. Wang / Biomaterials 26 (2005) 3141–3151 3145
that of B-chondrocytes after 24 h (Fig. 2A). On the other
hand, adhesion of normal passage 1 chondrocytes was
still much poorer than that of B-chondrocytes after 24 h
(Fig. 2B, po0:001).
Figs. 3A–F show the morphology of adhered passage

1 cells at different time points. After 1-h adhesion many
adhered B-chondrocytes already showed a spreading
morphology (Fig. 3A), while adherent normal chon-
drocytes did not spread up to 4 h (Fig. 3D), although
most of the cells did after 1 day (Fig. 3F). Figs. 4A and
B show histograms for the calculated cell spread areas
after 4- and 24-h incubation. After 4-h adhesion,
more than 50% of the adherent B-chondrocytes
were larger than 1000 mm2, but most of the adherent
normal chondrocytes were less than 500 mm2. The
average areas of the adherent B-chondrocytes
were apparently larger than that of the normal
chondrocytes (1213.57744.0 mm2 for B-chondrocytes
vs. 350.07170.7 mm2 for normal cells, po0:01). After
24-h incubation, the average area of B-chondrocytes
decreased significantly (651.87282.2 mm2, po0:001 vs.
4-h B-chondrocytes). In contrast, the average area of
normal chondrocyte increased greatly during the same
period (936.67444.7 mm2, po0:001 vs. 4-h normal
chondrocytes) and larger than that of B-chondrocytes
(po0:001).
Adhesion of B-chondrocytes to bare TCPS in 1 h was

comparable to that of normal chondrocytes (comparing
the rightmost two bars in Figs. 5A and B). The adhesion
of B-chondrocytes to the avidin-bound surfaces was
higher than the adhesion of normal chondrocytes to the
bare TCPS no matter whether the culture media
contained serum or not (Figs. 5A and B). It is interesting
to note that adhesion of primary B-chondrocytes
was slightly higher in the serum-contained medium
than that in the serum-free medium, while the opposite
trend was found on passage 1 B-chondrocytes (compar-
ing the leftmost two bars in Figs. 5A and B). Never-
theless, the difference in both cases was not significant
(p40:05).
Since adhesion of passage 1 chondrocytes was found

to be lower than that of primary chondrocytes
(comparing diamond symbols in Figs. 5A and B), we
speculated that trypsin treatment might damage the
adhesive ability of chondrocytes. Fig. 6A shows that
trypsin-treatment significantly decreased adhesion of
primary chondrocytes (po0:05). The trypsin treatment
also decreased adhesion of B-chondrocytes to the
avidin-bound surfaces no matter whether chondrocyte
media contained serum or not (Fig. 6B).

3.3. B-chondrocyte growth and gene expression

The influence of biotinylation on growth of passage 1
chondrocytes and gene expression was next evaluated in
the current study. The number of adherent passage 1 B-
chondrocytes was initially higher than that of normal
chondrocytes on Day 1 (Fig. 7). However, the number
of B-chondrocytes on the avidin-coated surfaces was
decreased during the first 3 days, but the B-cells resumed
growing afterwards (doubling time 18.7 h from Day 3
and Day 7). In contrast, the number of normal cells had
been steadily increased with time since the first day
(doubling time 23.5 h from Day 1 and Day 3, and 34.0 h
from Day 3 to Day 7). On Day 7, the number of normal
chondrocytes was higher than that of B-chondrocytes.
Furthermore, we found that many adherent B-chon-
drocytes already lost the surface biotin moiety on Day 1
(Figs. 8A and B), and after Day 3 almost none of
adherent B-chondrocytes showed any fluorescence
(images not shown).
RT-PCR analysis indicated that the progeny of B-

chondrocytes still expressed the characteristic markers
for functional chondrocytes, such as type II collagen,
type IX collagen and aggrecan (Fig. 9). Both B-
chondrocytes and normal chondrocytes showed a sign
of de-differentiation, i.e. expression of type I collagen.
The expression of type IX collagen gene was higher in B-
chondrocytes than in normal chondrocytes.
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Fig. 3. Phase contrast microphotographs of adherent passage 1 B-chondrocytes (A, C, E) and normal chondrocytes (B, D, F) at different time points.

(A and B) 1 h; (C and D) 4 h; (E and F) 24 h. First-passage chondrocytes were used. The bars in the photograph represent 50mm.

W.-B. Tsai, M.-C. Wang / Biomaterials 26 (2005) 3141–31513146
4. Discussion

The methods for cell biotinylation and for avidin
immobilization used in the current study were slightly
different from those in Reichert’s studies [22]. First, in
Reichert’s studies, adherent cells were biotinylated in
cell culture flasks and the biotinylated cells were later
detached from the substrata by trypsin digestion. Their
approach may limit the extent of biotin conjugation on
cell membranes, since (i) when cells are adherent on
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substrata, membrane proteins on the basal side might
not be accessible for biotinylation, and (ii) trypsin
treatment following biotinylation might remove bioti-
nylated membrane proteins. In contrast, suspended cells
underwent biotinylation in the current study. We tested
these two methods and found that the numbers of
membrane-bound biotin molecules were much higher
using our method than Reichert’s method (3.4� 109 bio-
tin molecules/cell vs. 2.5� 108 biotin molecules/cell).
Secondly, avidin was adsorbed to TCPS directly in

this study, whereas Reichert’s group used an indirect
adsorption method—i.e. pre-adsorption of biotinylated
bovine serum albumin (b-BSA) to substrates prior to
avidin adsorption. We compared these two approaches
by the following method. Fluorescently labeled avidin-
FITC (0.1mg/ml) was adsorbed to bare TCPS or b-BSA
pre-adsorbed TCPS (1mg/ml BSA). The concentration
of unbound avidin-FITC was determined by a fluor-
ophotometer. The total amount of bound avidin-FITC
was calculated by subtracting the amount of unbound
avidin-FITC from that of the total avidin-FITC added.
More avidin-FITC molecules were immobilized using
the direct adsorption method than using the indirect
adsorption one (0.545 mg/cm2 vs. 0.289 mg/cm2). How-
ever, it should be noted that the affinity of FITC-labeled
avidin is not the same as that of unlabeled avidin. We
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found that the affinity of unlabeled avidin to TCPS was
at least twice that of labeled avidin by comparing
adsorption of labeled and unlabeled avidin mixture with
a series of ratios. Therefore, the above adsorption values
may only represent the relative adsorption by the two
methods, but not the absolute values.
We suggest that increasing cell membrane biotin

concentration and avidin surface density could benefit
cell adhesion mediated by avidin–biotin binding. There-
fore, the methods described here were used for cell
biotinylation and avidin immobilization.
The avidin–biotin binding systems greatly enhanced

the initial cell adhesion (1 h) to the avidin-coated
surfaces (Figs. 2A and B). The high-affinity binding
between avidin and biotin provides a mechanism for
quick adhesion of B-chondrocytes. It was reported that
adhesion strength of biotinylated endothelial cells was
significantly higher than that of non-modified cells [23].
Cell adhesion strength has been suggested to be
related to the log of the affinity constant [31]. Therefore,
the binding affinity between avidin and biotin
(Ka=10

13–15
M
�1) would increase cell adhesion

strength by a factor of 2–3 over typical bond affinities
of integrin receptors with serum adhesive protein
(Ka=10

8
M
�1) for the same amount of bonds. The

avidin-binding system also initiated fast cell spreading
(comparing Fig 3A to Fig 3B, and Fig 3C to Fig 3D;
Fig. 4A).
However, the impetus of the avidin–biotin binding

system in mediating cell adhesion did not last long.
More than 70% of B-chondrocytes adhered in the first
hour and no obvious B-chondrocyte adhesion was
observed after 4 h (square symbols in Figs. 2A and B).
The reason may be due to internalization of membrane
biotin molecules, which is discussed in detail later. On
the other hand, the integrin-dependent binding system
provided a slow but long-term mechanism for normal
chondrocyte adhesion. Less than 32% of adhesion
occurred during the first hour and cells continued to
adhesion at least until 24 h (Figs. 2A and B). Although
adhesion of normal chondrocyte to TCPS was initially
lower than B-chondrocyte adhesion, after 24 h adhesion
of primary normal chondrocytes was higher than that of
B-chondrocytes (Fig. 2A). However, 24-h adhesion of
passage 1 normal chondrocytes was still much lower
than that of B-chondrocytes (Fig. 2B). Together with
the observation that primary chondrocytes adhered
much better than passage 1 cells (comparing the
diamond symbols in Figs. 2A and B), it suggested that
adhesivity of passage 1 chondrocytes seemed poorer
than primary cells.
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Fig. 9. RT-PCR analysis of the genes encoding b-actin, type I

collagen, type II collagen, type IX collagen and aggrecan in

chondrocytes cultured for 7 days. Line 1: B-chondrocytes; line 2:

normal chondrocytes.
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The discrepancy in cell adhesivity might be due to the
isolation method. Passage 1 cells were retrieved from cell
culture flasks by using trypsin, which might damage
membrane-associated integrins. It was reported that the
prolonged exposure of cells to active trypsin might
damage cell viability [32]. On the other hand, primary
chondrocytes was harvested by using collagenase and
hyaluronidase, which only digest ECM collagens and
hyaluronic acid but not cell membrane proteins. There-
fore, low adhesivity in passage 1 chondrocytes might be
due to trypsin treatment. The above speculation was
confirmed by the result that trypsin-treated primary
chondrocytes was decreased in cell adhesivity (Fig. 6A).
Our study indicated that the avidin–biotin system is
especially useful in enhancing adhesion of cells with
poor adhesivity.
By comparing the rightmost two bars in Fig. 5A or B,

B-chondrocytes adhered to bare TCPS in the serum-
contained medium similar to 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-chondrocyte adhesion to the avidin-coated TCPS
might be further increased by the presence of serum.
Combination of the avidin–biotin system and the
integrin-mediated system (via serum adhesion proteins)
slightly enhanced adhesion of primary B-chondrocytes
(comparing the leftmost two bars in Fig. 5A), but tended
to decrease adhesion of passage 1 chondrocytes (com-
paring the leftmost two bars in Fig. 5B). One of the
explanations is that low adhesivity of first-passage
normal chondrocytes did not support integrin-mediated
adhesion very well. Besides, sugar moieties on avidin
molecules may lead to non-specific or other undesired
interactions with serum proteins [33]. Non-specific
binding of serum proteins (especially passive proteins)
to surface-bound avidin might influence binding be-
tween avidin and cell-membrane biotin.
Enhancement of cell adhesion to synthetic materials is

only an initial step for applying the avidin–biotin system
to cell culture and tissue engineering. The next step is to
ensure that adherent B-cells can proliferate and perform
their normal functions. This attempt was first discour-
aged by the fact that the number of B-chondrocytes was
decreased during the first 3 days although increased
afterwards (diamond symbols in Fig. 7). Our first
supposition was that the biotinylation process might
induce cell apoptosis although the viability of B-
chondrocytes immediately after biotinylation still re-
tained more than 95%. This assumption was tested by
incubation of Day 2 B-chondrocytes with BCECF-AM
(20,70-bis-(2-carboxyethyl)-5(6)-carboxyfluorescein acet-
oxymethylester, for staining live cells) and propidium
iodide (for staining apoptotic cells). No sign of apoptosis
in B-chondrocytes was found. Therefore, decrease in cell
number was not likely due to cell apoptosis.
Another possibility might be due to internalization of

membrane-conjugated biotin molecules. It has been
reported that fluorescein-labeled avidin bound through-
out biotinylated cells, but shifted to the cell interior in
24 h [27]. Our result also shows that the biotin moiety on
B-chondrocyte membrane was greatly decreased after 1
day incubation (Fig. 8) and not detectable on Day 3.
Endocytosis of biotin molecules deprives the availability
of biotin molecules on cell membrane and limits bond
formation with surface-bound avidin. This is one
explanation for the transient ability of the avidin–biotin
binding system in mediating cell adhesion. The decrease
in B-chondrocyte spread area with time (Fig. 4) suggests
that even the biotin molecules which already bind to
surface avidin might be internalized as well. Therefore,
B-chondrocytes might detach from avidin-coated sur-
faces. Furthermore, progeny of B-chondrocytes should
not have any biotin molecules on the membrane, so they
might not be able to stick on avidin-coated surfaces.
Nevertheless, B-chondrocytes proliferated on the avidin-
coated surfaces very well after Day 3 (Fig. 7). The
possible reason may be that the surface-bound avidin
was replaced by serum proteins or cell-secreted adhesion
proteins. Therefore, the avidin-adsorbed surfaces were
modulated and suitable for cell growth after Day 3.
Biotin internalization undermines utilization of the
avidin–biotin system in long-term cell attachment and
cell culture. Strategies to solve this problem may include
inhibition of biotin internalization, and co-adsorption of
avidin and adhesion proteins to surfaces.
Another crucial issue regarding application of the

avidin–biotin system in chondrocyte culture or cartilage
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tissue engineering is whether cell-membrane biotinyla-
tion or biotin internalization alters chondrocyte pheno-
type. Chondrocyte de-differentiation is a well-known
problem in chondrocyte expansion in vitro, especially in
monolayer culture. Cultured chondrocytes quickly
transform their characteristically round shape into a
fibroblast-like morphology [34], stop secreting type II
collagen and aggrecan, and secrete type I collagen
[35–37]. De-differentiated chondrocytes cannot form
hyaline cartilage but mechanically inferior fibrocarti-
lage. Several studies showed that chondrocytes with
round shape is associated with synthesis of type II
collagen and cartilage-specific proteoglycans [34,38,39].
In contrast, flattened fibroblast-like chondrocytes were
shown with decreased synthesis of type II collagen and
aggrecan, and with increased synthesis of type I collagen
[38,40]. The initial quick spread of B-chondrocytes
caused a concern about early cell de-differentiation.
RT-PCR analysis indicated that the gene expression
pattern in B-chondrocytes was similar to that in normal
chondrocytes (Fig. 9). The expression levels of type II
collagen and type IX collagen in cultured B-chondro-
cytes were higher than those in the untreated cells. Since
RT-PCR is not a quantitative method for gene
expression, it cannot be concluded that cultured B-
chondrocytes are more like functional chondrocytes
than untreated cells are. However, at least we can
conclude that biotinylation was not a reason for
chondrocyte de-differentiation.
5. Conclusion

The high-affinity avidin–biotin binding system in-
creased initial attachment of chondrocytes to TCPS,
especially for passage 1 chondrocytes with low adhesiv-
ity. Biotinylated cells were still able to proliferate.
Compared to gene expression in normal chondrocytes,
biotinylation did not induce chondrocytes toward de-
differentiation. However, internalization of membrane-
bound biotin may result in detachment of B-chondro-
cyte from avidin-coated surfaces. Problems caused by
biotin internalization need to be resolved before the
avidin–biotin system can be applied to cell culture and
tissue engineering. In conclusion, the current study
provides an insight into applicability of the avidin–bio-
tin system in cell culture and tissue engineering. We
believe that this system can be a powerful tool when
applied to cells with low adhesivity.
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