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Effect of seeding using an avidin-biotin binding
system on the attachment of periodontal ligament
fibroblasts to nanohydroxyapatite scaffolds:
three-dimensional culture
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Purpose: For periodontal tissue engineering, it is a primary requisite and a challenge to select the optimum types of cells,
properties of scaffold, and growth factor combination to reconstruct a specific tissue in its natural form and with the appropri-
ate function. Owing to fundamental disadvantages associated with using a two-dimensional substrate, several methods of
seeding cells into three-dimensional scaffolds have been reported and the authors have asserted its usefulness and effective-
ness. In this study, we explore the cell attachment of periodontal ligament fibroblasts on nanohydroxyapatite (n-HA) scaffold
using avidin biotin binding system (ABBS).

Methods: Human periodontal ligament fibroblasts were isolated from the health tooth extracted for the purpose of orth-
odontic procedure. HA nanoparticles were prepared and Ca(NO;),-4H.O and (OC.H,),P were selected as precursors of HA sol.
The final scaffold was 8 mm in diameter and 3 mm in height disk with porosity value of 81.55%. 1x10° periodontal ligament fi-
broblasts were applied to each scaffold. The cells were seeded into scaffolds by static, agitating and ABBS seeding method.
Results: The number of periodontal ligament fibroblasts attached was greater for ABBS seeding method than for static or ag-
itating method (P<o.05). No meaningful difference has been observed among seeding methods with scanning electron mi-
croscopy images. However, increased strength of cell attachment of ABBS could be deduced from the high affinity between
avidin and biotin (Kd=10" M).

Conclusions: The high-affinity ABBS enhances the ability of periodontal ligament fibroblasts to attach to three-dimensional-
ly constructed n-HA scaffolds.
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INTRODUCTION although many techniques have been advocated for achiev-
ing true regeneration, clinical results are often unpredictable,

Once tissue destruction has occurred, one of the major goals  and functional restoration of periodontal tissues remains a
of periodontal treatment is to regenerate the affected tissue,  challenge. Recent progress in the understanding of the mo-
reproducing the original architecture and function. However,  lecular processes associated with tissue repair and regenera-
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tion has led to the development of periodontal tissue engi-
neering as an improved method for achieving periodontal
regeneration. Periodontal tissue engineering involves the
application of the principles of molecular and cell biology,
developmental biology, and tissue engineering [1].

Tissue engineering is understanding the principles of tis-
sue growth, and applying this to produce functional replace-
ment tissue for clinical use which requires external regenera-
tive resources that include cells, scaffolds, and growth factors,
either in combination or singly; these are known as the triad
of tissue engineering [2]. Selection of the optimum types of
cell, the scaffold properties, and the growth factor combina-
tion are fundamental requisite to reconstruct lost tissue close
to native one.

The periodontal ligament is composed of a complex vascu-
lar and highly cellular connective tissue [3]. Previous studies
have demonstrated the importance of the periodontal liga-
ment in periodontal regeneration [4,5]. They suggest that a
new attachment can be achieved using cells originating from
the periodontal ligament. More recently, some studies have
examined the use of periodontal ligament cells in the field of
periodontal regeneration. Seo et al. [6] concluded that human
periodontal ligament stem cells can be induced to form min-
eralized deposits in vitro, and form organized, functional tis-
sues following implantation in vivo.

In the body, nearly all tissue cells reside in an extracellular
matrix (ECM) comprising a complex three-dimensional net-
work. However, we commonly rely on two-dimensional cell-
culture systems that do not accurately replicate the structure,
function, or physiology of living tissues. In the field of tissue
engineering, three-dimensionally reconstructed scaffolds play
a role similar to that of the ECM in natural tissues, support-
ing cell attachment, proliferation, differentiation, and migra-
tion [7].

It has been established that scaffolds require the following
properties [2]: 1) a three-dimensional environment similar to
the in vivo condition, 2) an ability to activate cell function, 3)
biodegradability, and 4) sufficient mechanical strength for a
clinical application. The ECMs of hard tissue are composed
of organic and inorganic phases, with the inorganic phase
consisting mainly of nanohydroxyapatite (n-HA) crystals, and
the organic phase consisting primarily of type I collagen and
a small amount of ground substance [8]. Thus, n-HA scaffolds
have been developed for use in bone-tissue engineering [g)].

The majority of cell-culture studies have been performed
on two-dimensional surfaces such as microwell plates and
petri dishes because of their convenience and the established
high cell viability of two-dimensional cultures. Although these
conventional cell-culture systems have notably improved the
understanding of basic cell biology, in the field of tissue en-
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gineering, there are fundamental disadvantages associated
with using a two-dimensional substrate.

Several methods of seeding cells into three-dimensional
scaffolds have been reported, such as dynamic perfusion
seeding [10], centrifugal seeding [11], agitation seeding [12],
and rotating seeding [13]. These authors have asserted the
usefulness and effectiveness of each of these methods. Fur-
thermore, several strategies using chemical bonding strength
have been applied to improve the affinity between cells and
the scaffold surfaces, the most favored being the conjugation
of ECM adhesion proteins to synthetic surfaces [14]. Alterna-
tively, precoating the scaffold surface with antibodies against
cell membrane antigens can improve cell adhesion to bio-
materials [15].

Another approach involves the application of a pair of mol-
ecules that bind to each other [16], wherein one molecule is
bound to the cell membrane, and the other to the scaffold
surface. A good example of a binding molecule pair is avidin
and biotin. Avidin is a glycoprotein found in egg white that
can strongly bind biotin, which is known as a small-molecule
vitamin. The avidin-biotin binding system (ABBS) is distin-
guishable by the extraordinarily high affinity of avidin for bi-
otin, and it has been applied extensively in the field of bio-
technology [16].

In the present study we evaluated the ability of periodontal
ligament fibroblasts to attach to three-dimensionally con-
structed n-HA scaffolds using various cell-seeding methods,
thus enabling exploration of the cell attachments associated
with the ABBS.

MATERIALS AND METHODS

Cell culture: periodontal ligament fibroblasts

Human periodontal ligament fibroblasts were isolated from
healthy teeth extracted for orthodontic reasons. After wash-
ing with a-minimum essential medium (a-MEM, Gibco,
Grand Island, NY, USA) containing 100 U/mL penicillin and
100 pg/mL streptomycin (Gibco), periodontal ligament tissue
was collected by scraping the root surface from the middle
one-third to the apex. The collected tissues were attached to
the bottom of T75 cell culture flasks with o.-MEM containing
15% fetal calf serum (Gibco), 100 mol/L ascorbic acid 2-phos-
phate (Gibco), 2 mmol/L L-glutamine (Gibco), 100 U/mL pen-
icillin, and 100 pg/mL streptomycin. The flask was initially
kept upright and incubated at 37°C in 5% CO, for 4 hours,
and then laid on its side after confirming the rigid attach-
ment of tissue onto the floor of the flask. The culture medi-
um was exchanged every 3 to 4 days, and when the dishes be-
came subconfluent, the periodontal ligament fibroblasts
were detached by applying 0.25% trypsin-ethylenediamine-
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tetraacetic acid (EDTA) solution for 3 minutes at 37°C. Third-
passage periodontal ligament fibroblasts were used in this
experiment.

This study was approved by the Ethics Committee of Clini-
cal Experiments, Yonsei University Dental Hospital (IRB
number 2-2008-0014).

Fabrication of the n-HA scaffold

A simple porous scaffold was produced according to pub-
lished methods [17]. Hydroxyapatite nanoparticles were pre-
pared using the sol-gel process. Ca(NO,),-4H.O (99%; Sigma-
Aldrich Co.,, St. Louis, MO, USA) and (OC.H;),P (97%; Sigma-
Aldrich Co.) were selected as precursors of the HA sol. The
Ca precursor was dissolved in methyl alcohol at a stoichio-
metric Ca:P ratio of 1.67. The solution was then dehydrated at
180°C after solvent evaporation and was refluxed in methyl
alcohol in an atmosphere of Ar. The P precursor was prehy-
drolyzed for 10 hours; HCl and H.O were added as catalysts
before the reaction with the Ca precursor. The hydroxyapa-
tite sol was prepared by the reaction of the two precursors,
and then dried at 950°C. The finished scaffold was an 8-mm-
diameter and 3-mm-high disk with 81.55% porosity, 31.25
mm?*/mm? of specific surface, 140.14 mm of strut thickness,
and 523.12 mm of strut spacing. Scanning electron microsco-
py (SEM) (S-3000N, Hitachi, Ibaraki, Japan) was used to ex-
amine the microstructure of the n-HA scaffolds.

Biotinylation of periodontal ligament fibroblasts

Cells were biotinylated with a commercially available re-
agent, EZ-Link Sulfo-NHS-LC-Biotin (Pierce Chemical Co.,
Rockford, IL, USA) according to the manufacturer’s instruc-
tions. After detachment from the culture dishes with 0.25%
trypsin-EDTA, the suspension of periodontal ligament fibro-
blasts was collected in a 50-mL tube by centrifugation for g5
minutes at 1,500 rpm (260 g). A biotinylation reagent was ap-
plied to the cell suspension for 30 minutes at room tempera-
ture. The cells were then washed with 100 mM glycine in
phosphate-buffered saline (PBS) and used for subsequent as-
says.

Cell culture method

Eight n-HA scaffolds were prepared for each of the seeding
procedures. The n-HA scaffolds were prepared as follows for
the static and agitating cell-seeding procedures. Each scaf-
fold was placed into a cryotube. Prior to cell seeding, the
scaffolds were pre-wet with culture medium for 30 minutes,
and then the cells were loaded onto them. The procedure
was the same for cells seeded using the ABBS, except that
prior to their use, the n-HA scaffolds were preabsorbed with
avidin (Sigma-Aldrich Co.) for 2 hours, and then the modified
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surface was observed using SEM. In the case of the static and
ABBS cell-seeding procedures, cells were incubated with their
respective n-HA scaffolds (i.e., unmodified and avidin-modi-
fied) for 6 hours at room temperature. For the agitating cell-
seeding procedure, the cells were incubated on an orbital
shaker at room temperature for 6 hours, and for rotating cell
seeding, the culture plate was set down onto an orbital shak-
er and agitated at 100 rpm for 6 hours. Regardless of the
seeding method, after incubation of the scaffolds with the
cells, any unattached cells were removed by flushing with
PBS. The degree of cell attachment was determined by WST-
1 assay. The periodontal ligament fibroblasts attached to the
disks were observed using SEM.

Evaluation methods
Cell attachment: WST-1 assay

The cell proliferation reagent WST-1 was used to assess the
degree of attachment of live cells on the n-HA scaffolds. For
evaluation of viable cells, the cell-seeded n-HA scaffolds were
placed into 48-well microtiter plates, each well containing
1,000 pL of culture medium and 100 pL of WST-1. The reac-
tants were then treated with the test articles at 37°C in a hu-
midified 5% CO,/95% air incubator for 4 hours. The absor-
bance of the samples relative to a background control (medi-
um alone) as a blank was measured at 480 nm using a mi-
crotiter plate (ELISA) reader.

Scanning electron microscopy

The following observations were made by SEM:

1) the n-HA scaffold.

2) the avidin modified n-HA scaffold.

3) attached periodontal ligament fibroblasts associated with
static cell seeding.

4) attached periodontal ligament fibroblasts associated with
agitating cell seeding.

5) attached periodontal ligament fibroblasts associated with
ABBS cell seeding.

Statistical analysis

Statistical assessment of significant variations was per-
formed using SPSS software (SPSS Inc., Chicago, IL, USA).
Mean and standard deviation (SD) values were calculated for
each of the three groups. The significance of any differences
was determined using the Kruskal-Wallis test, and the level
of statistical significance was set at P<0.05.

RESULTS

Cell attachment
Fig. 1 shows the WST-1 results. The WST-1 value, which is a
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Figure 1. WST-1 values. Each value reflects a ratio of attached living
cells. ¥Significant difference between the static and avidin biotin
binding system (ABBS) groups, P<o0.05. "Significant difference be-
tween the agitating and ABBS groups, P<0.05.

Figure 2. Nanohydroxyapatite
scaffold (x 50).

ratio of attached living cells, did not differ significantly be-
tween the agitating cell-seeding method (2.24+0.16, mean +
SD) and the static cell-seeding method (2.05+ 0.11, mean + SD),
but it did differ significantly between the ABBS (3.16 +0.19,
mean=+SD) and both the static and agitating cell-seeding
methods (P<0.05).

SEM photomicroscopic observation

Typical examples of SEM images are shown in Figs. 2-4.
Smooth surfaces with some elevations and depressions were
observed on the scaffolds. There were no significant differ-
ences between the appearances of the n-HA and the avidin-
modified n-HA scaffold (Figs. 2 and 3). They both appear to
be macroporous and have a high degree of interconnectivity.
Furthermore, the carbon-bead-derived micropores are visi-
ble.

Fig. 4 shows the SEM morphology of periodontal ligament
fibroblasts adhered to scaffolds after static cell seeding (Fig.
4A), agitating cell seeding (Fig. 4B), and ABBS cell seeding
(Fig. 4C and D). In the statically seeded group, it appears as if
previously attached cells have become detached from the
scaffold. No meaningful difference was observed between
the morphology of these cells after agitating and ABBS seed-

ing.
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Figure 3. Avidin-modified
nanohydroxyapatite scaffold
(x50).
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Figure 4. Scanning electron micrographs of periodontal ligament
fibroblasts attached to an nanohydroxyapatite scaffold. No mean-
ingful difference was observed among the seeding methods: static
cell seeding (A), agitating cell seeding (B), and avidin biotin binding
system cell seeding (C, D) (x2,000).

DISCUSSION

Efficient cell attachment is an important first step for tissue
reconstruction using appropriated organ-derived cells and
three-dimensionally constructed biodegradable scaffolds.
This study has demonstrated the enhanced attachment of
periodontal ligament-derived fibroblasts to highly porous
three-dimensional n-HA surfaces using an ABBS.

Several scaffold parameters play a significant role in tissue-
engineering applications. We designed a porous n-HA scaf-
fold with a porosity value of 81.55%. Compared to the back-
ground controls, WST-1 results confirm the presence of cells
on all n-HA scaffolds, suggesting successful loading of the
cells and indicating that the n-HA has good cytocompatibili-
ty with periodontal ligament fibroblasts.

While the initial loading was almost equal for the three test
groups, the rate of cell attachment varied among the tests.
The ABBS demonstrated WST-1 values superior to the other
two methods, implying a more effective cell attachment with
that method. The effectiveness of ABBS for cell attachment
has been demonstrated previously [16]. We also found that
conjugation of the biotin molecule to periodontal ligament
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fibroblast cell membranes enhanced the cell attachment to
the avidin-modified n-HA scaffold.

Various seeding methods have been tested to investigate
cell attachment to various scaffolds; we used the agitating
technique as a control [12]. Takahashi and Tabata [12] argued
that the agitating cell-seeding method was an improvement
over the traditional cell-seeding protocol for attaching cells
to scaffolds. However, although the results in the present
study showed that the agitating method did induce cell at-
tachment, the differences between the traditional method
and agitating method were not statistically significant. The
difference between the findings of our study and that of
Takahashi and Tabata may be attributable to the cells and
scaffolds used and differences in seeding conditions, such as
the volume of cell suspension used, the rotating speed, and
the culture time.

The dissociation constant for the ABBS (Ky=107 M) [18] is
several times smaller than the typical dissociation constant
of other biospecific cell-attachment reactions, such as be-
tween integrin and fibronectin (Ks=10" M) [19] and between
integrin and laminin (Ki=10 M) [20]. In spite of a lack of a
meaningful distinction among the SEM images, a higher
strength of cell attachment associated with the ABBS could
be deduced from the high affinity between avidin and biotin.
Furthermore, this high affinity would increase the initial cell
adhesion and strength of the cell attachment in conditions
under which the cell-to-surface contact times are much
shorter than when using static conditions or when a limited
number of cells is prepared.

In particular, it is likely that biotinylation can denature cell-
surface receptor molecules for hormones or cytokines. How-
ever, Kojima et al. [21] found that biotinylation of cells did not
severely inhibit cell proliferation and functions or signal trans-
fer via transmembrane receptors. Therefore, we can assume
that the application of periodontal ligament fibroblasts on
n-HA scaffolds via the ABBS potentially induced the forma-
tion of cementum or periodontal ligament-like structure.
However, further studies are required to evaluate this as-
sumption.

Previous studies have shown that periodontal ligament cells
can be transplanted into periodontal defects without any ad-
verse immunologic or inflammatory consequences [22]. In
general, for proper periodontal regeneration, implanted cells
should be positioned correctly via chemotactic events. The
high affinity of avidin for biotin may inhibit this chemotactic
event. This limitation should be borne in mind when carry-
ing out the research required to further develop this method
for in vivo applications.

In conclusion, a high-affinity ABBS enhances the ability of
periodontal ligament fibroblasts to attach to three-dimen-
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sionally constructed n-HA scaffolds. We have demonstrated
herein the applicability of the ABBS to periodontal tissue en-
gineering.
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