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Abstract:

Objective:

Collagen  hydrogel  scaffold  exhibits  bio-safe  properties  and  facilitates  periodontal  wound  healing.  However,  regenerated  tissue
volume is insufficient. Fibroblast growth factor-2 (FGF2) up-regulates cell behaviors and subsequent wound healing. We evaluated
whether periodontal wound healing is promoted by application of collagen hydrogel scaffold in combination with FGF2 in furcation
defects in beagle dogs.

Methods:

Collagen hydrogel was fabricated from bovine type I collagen with an ascorbate-copper ion cross-linking system. Collagen hydrogel
was  mingled  with  FGF2  and  injected  into  sponge-form  collagen.  Subsequently,  FGF2  (50  µg)/collagen  hydrogel  scaffold  and
collagen hydrogel scaffold alone were implanted into class II furcation defects in dogs. In addition, no implantation was performed as
a control. Histometric parameters were assessed at 10 days and 4 weeks after surgery.

Result:

FGF2  application  to  scaffold  promoted  considerable  cell  and  tissue  ingrowth  containing  numerous  cells  and  blood  vessel-like
structure at  day 10.  At  4 weeks,  reconstruction of  alveolar  bone was stimulated by implantation of  scaffold loaded with FGF2.
Furthermore, periodontal attachment, consisting of cementum-like tissue, periodontal ligament-like tissue and Sharpey’s fibers, was
also repaired, indicating that FGF2-loaded scaffold guided self-assembly and then re-established the function of periodontal organs.
Aberrant healing, such as ankylosis and root resorption, was not observed.

Conclusion:

FGF2-loaded collagen hydrogel scaffold possessed excellent biocompatibility and strongly promoted periodontal tissue engineering,
including periodontal attachment re-organization.

Keywords: Alveolar Bone Regeneration, Biomaterial, Periodontal Attachment, Periodontal Tissue Engineering.

INTRODUCTION

In tissue engineering strategies for periodontitis, cellular proliferation and differentiation should be facilitated in
order to regenerate alveolar bone and functional periodontal attachment [1 - 3]. Scaffold implantation therapy plays a
significant role in  repopulation  and  differentiation  of stem cells  and extracellular matrices  when periodontal  surgery
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is  performed,  resulting  in  a  periodontal  regenerative  effect.  Hydrogels  generally  consist  of  synthetic  and  naturally
hydrated polymers, and exhibit physical and biological properties [4]. A range of hydrogel scaffolds, such as alginate
[5], hyaluronic acid [6], chitosan [7], collagen [8] and gelatin [9] have been used in recent studies. After implantation of
these substrates into the body, good tissue compatibility and degradability were frequently shown. Hydrogel scaffolds
show promise for use in periodontal tissue engineering.

Recently,  type I  collagen hydrogel was prepared by an ascorbate-copper ion system [10] and its  bio-safety was
confirmed  in  animals  [11].  In  particular,  cell  ingrowth  and  subsequent  self-assembly  organization  were  frequently
demonstrated on collagen hydrogel application. Kosen et al. [12] and Kato et al. [13] revealed that implantation of a
three-dimensional scaffold, composed of collagen hydrogel and sponge form, facilitated periodontal healing, including
reconstruction  of  the  periodontal  attachment  apparatus.  Consistently,  periodontal  adverse  effects,  namely,  root
resorption  and ankylosis,  were  not  observed with  collagen hydrogel  therapy.  However,  the  volume of  regenerative
periodontal tissue was about half of the experimental defect. Thus, a combinatorial approach for tissue engineering is
needed to stimulate periodontal reconstruction.

Collagen hydrogels reportedly possess water absorption properties [10]; therefore, collagen hydrogel scaffolds may
serve as a carrier of aqueous signaling molecules. Fibroblast growth factor-2 (FGF2) stimulates proliferation of vascular
endothelial  cells  [14]  and  fibroblasts  [15],  promoting  wound  healing  [16].  In  addition,  FGF2  positively  modulates
osteoblast  differentiation [17],  bone formation [18]  and periodontal  healing [19,  20].  Thus,  we hypothesized that  a
combination of FGF2 and collagen hydrogel scaffold dramatically improved the biological effects for periodontal tissue
engineering.  Accordingly,  we  investigated  whether  FGF2-loaded  collagen  hydrogel  scaffold  promoted  periodontal
tissue healing. Scaffolds were implanted into dog class II furcation defects as preclinical tests to assess the biological
effects of collagen hydrogel and FGF-2 application.

MATERIALS AND METHODS

FGF2 Implant Preparation and Morphological Analysis

Collagen hydrogel with a concentration of 1.5% (Fig. 1A) was fabricated using atelocollagen powder from calf skin
(Koken, Tokyo, Japan), as described previously [12]. Atelocollagen was dissolved in 1 M HCl, and was stirred for 3
days.  Subsequently,  crosslinking was performed by adding 1 mM L(+)-ascorbic acid and 0.1 mM CuCl2.  Next,  the
collagen hydrogel (100 µl) was injected into a sponge form of collagen (5 × 3 × 3 mm, porosity of 97%; Terudermis®;
Olympus Terumo Biomaterials, Tokyo, Japan; (Fig. 1B) under vacuum.

Fig. (1). (A) Collagen hydrogel. (B) Sponge form of collagen. (C) Collagen hydrogel scaffold. (D) Thin-sliced sections of collagen
hydrogel scaffold. Penetration of hydrogel (light-stained area) was observed in the sponge form of collagen. Staining: hematoxylin
and eosin. (Scale bars represent 5 mm (B, C) and 100 µm (D)).

Some  scaffolds  received  FGF2  (50  µg,  Fiblast  spray  500;  Kaken  Pharmaceutical,  Tokyo,  Japan),  as  described
previously [21]. FGF2 was added to collagen hydrogel (100 µl), and the collagen sponge was then infused with the
admixture (Fig. 1C). To observe the morphology of hydrogel penetration, sponges injected with collagen hydrogel were
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embedded in paraffin wax in accordance with conventional methods, then cut into 6-µm sections. Sections were stained
with hematoxylin-eosin (HE), and were observed using light microscopy.

Surgical Procedure

The Animal Research Committee of Hokkaido University approved the experimental protocols (approval number:
8-255).  Six  female  beagle  dogs,  aged  approximately  14  months  and  weighing  approximately  10  kg,  received
intramuscular anesthesia with medetomidine hydrochloride (0.1 ml/kg, Domitor; Nippon Zenyaku Kogyo, Koriyama,
Japan) and butorphanol tartrate (0.1 ml/kg, Vetorphale; Meiji Seika, Tokyo, Japan). Local anesthesia was induced with
lidocaine hydrochloride (2% with 1:80,000 epinephrine, Xylocaine; Dentsply-sankin, Tokyo, Japan).

After reflecting the buccal partial-thickness flap, soft tissue including periosteum was scraped from alveolar bone.
The creation of artificial buccal class II furcation defects (5 mm in height, 3 mm horizontally) was carried out on the
mandibular second, third and fourth premolars (Fig. 2A). After removing cementum using a scaler, bone defect notches
were fabricated and the root surface was treated with EDTA (24%, pH 7.0) to remove debris. Thirty-six defects were
randomly divided into the three groups. Subsequently, defects were filled with FGF2-loaded or unloaded scaffolds (Fig.
2B) and the repositioned flap was sutured (Fig. 2C). No implantation was performed in the control group. All dogs
received  postoperative  treatment  with  ampicillin  sodium  (300  mg/kg,  Viccillin;  Meiji  Seika,  Tokyo,  Japan)
administration for 3 days and plaque control with chlorhexidine (0.5%, Hibitane; Sumitomo Dainippon Pharma, Tokyo,
Japan) twice weekly.

Fig. (2). (A) Class II furcation periodontal defects (5 mm in height, 3 mm horizontally). (B) Implantation of scaffold. (C) Post-
surgery. (Scale bars represent 5 mm).

Histological Procedure

Animals  were  euthanized with  sodium pentobarbital  (0.5  ml/kg,  Somnopentyl;  Kyoritsu,  Tokyo,  Japan).  Tissue
blocks, including teeth, bone and soft tissue were collected from the wound at 10 days (N=3) and 4 weeks (N=9) after
surgery.  Following  fixation  in  10%  buffered  formalin  and  decalcification  in  10%  formic  acid,  specimens  were
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embedded in paraffin wax in accordance with conventional methods. We then prepared serial 6-μm sections along the
mesio-distal plane and applied HE and Masson’s trichrome staining.

Histomorphometric Analysis

Histomorphometric  measurements  of  4-week  samples,  including  area  of  defect  and  bone,  and  length  of  defect,
periodontal ligament-like tissue, cementum-like tissue and epithelial tissue, and exposed root surface (Fig. 3), were
performed on five stained sections; center and every 120 µm in the buccal direction, using a software package (Image J
1.41, National Institute of Health, Bethesda, MD).

Sections were also evaluated in order to determine the composition of cementum-like tissue (cellular/acellular) and
the density of periodontal ligament-like tissue (0 = no fibrous connective tissue; 1 = low-density fibrous connective
tissue layer; 2 = high-density fibrous connective tissue layer), using a modified method from the protocol described by
Kim et al. [22].

Fig. (3). Histomorphometric measurements. A) Defect area (1) and defect length (2). B) Higher magnification of furcation: area of
bone (3), length of periodontal ligament-like tissue (4), length of cementum-like tissue (5), length of epithelial tissue and exposed
root surface (6). Each parameter was calculated as a percentage in relation to defect area and length. N: notch.

Statistical Analysis

Means and standard deviations of each parameter were calculated for each group. Scheffé’s test was performed for
statistical analysis using a software package (IBM SPSS 11.0; IBM SPSS Japan, Tokyo, Japan). P-values of <0.05 were
considered to be statistically significant.

RESULTS

HE-stained collagen hydrogel scaffold sections are shown in Fig. (1D). Collagen hydrogel was found to penetrate
into the sponge form as an amorphous structure.

Clinical Observations of Periodontal Healing

The postoperative healing process appeared to be favorable in all dogs. At 4 weeks, macroscopic findings showed
evidence of gingival recession in the control group. FGF2 increased radiopacity in the bone defect (Fig. 4).

Histological Observations at 10 Days

In control specimens, marked formation of inflammatory granulation tissue was noted in the defect. Furcation fornix
was  frequently  exposed  to  the  mouth  and  infected  by  dental  plaque  accumulation.  Alveolar  bone  and  periodontal
attachment formation was rarely demonstrated. Epithelial tissue was particularly detected in the coronal portion of the
defect (Fig. 5).
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Fig. (4). Radiographic images at 10 days and 4 weeks, and macroscopic findings at 4 weeks post-surgery. (A), (B), (C) Images of
control group. (D), (E), (F) Images of collagen hydrogel scaffold group. (G), (H), (I) Images of FGF2-loaded collagen hydrogel
scaffold  group.  Ctrl,  Col  and  FGF  indicate  control,  collagen  hydrogel  scaffold,  and  FGF2-loaded  collagen  hydrogel  scaffold,
respectively. (Scale bars represent 5 mm).

Fig. (5). Histological findings in furcation defect at 10 days for control group. (A) Slight alveolar bone formation was observed on
the bottom of the defect. (B) Higher magnification image of the framed area (1) in (A). Invasion of epithelial tissue was detected. (C)
Higher magnification image of the framed area (2) in (A). Inflammatory granulation tissue was frequently observed at the furcation
area. CT, connective tissue; PB, preexisting bone; NB, new bone; EP, epithelial tissue; IT, inflammatory granulation tissue; R, root;
arrowheads, apical notches. Staining: hematoxylin and eosin. (Scale bars represent 1 mm (A) and 100 µm (B, C)).
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In the hydrogel scaffold-treated group at 10 days, the scaffold remained in the furcation defect and cell-rich tissue
containing numerous cells and blood vessel-like structures apparently infiltrated into the scaffold. Some alveolar bone
formed close to pre-existing bone in the apical portion of the defect. Epithelial tissue invasion was not observed in
specimens at either the center or buccal sites (Fig. 6).

Fig. (6). Histological findings in furcation defect at 10 days for collagen scaffold-treated group. (A) The defect was fully filled with
collagen hydrogel scaffold. (B) Higher magnification image of the framed area (1) in (A). Cellular ingrowth into the scaffold was
marked. (C) Higher magnification image of the framed area (2) in (A). Alveolar bone was slightly formed in the defect. Col, collagen
hydrogel scaffold; PB, preexisting bone; NB, new bone; R, root; arrowheads, apical notches. Staining: hematoxylin and eosin. (Scale
bars represent 1 mm (A) and 100 µm (B, C)).

Fig. (7). Histological findings in furcation defect at 10 days for FGF2-loaded collagen scaffold group. (A) The furcation defect was
occupied  with  collagen  scaffold.  Alveolar  bone  induction  was  frequently  demonstrated.  (B)  Higher  magnification  image  of  the
framed area (1) in (A). Infiltration of cell and blood vessel-like tissue were apparent in the FGF2-loaded collagen hydrogel scaffold.
(C) Higher magnification image of the framed area (2) in (A). Newly formed bone involved many osteoblastic cells and osteocyte-
like  cell.  Col,  collagen  hydrogel  scaffold;  PB,  preexisting  bone;  NB,  new  bone;  R.  root;  arrowheads,  apical  notches.  Staining:
hematoxylin and eosin. (Scale bars represent 1 mm (A), 100 µm (B, C)).
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The FGF2-treated group clearly showed ingrowth of numerous cells and vessel-like structures in the scaffold. In
particular,  formation  of  woven bone was  promoted when compared with  the  control  and collagen hydrogel-treated
groups. Alveolar bone was continuous with apical pre-existing bone and included many osteoblastic cells. Blood vessel-
like tissue formation frequently occurred when compared with the control and scaffold alone groups. Although new
periodontal attachment was not observed on the root surface, fibrous tissue was accumulated on the root surface. In
addition, epithelial tissue infiltration was inhibited, thus suggesting that collagen hydrogel implantation would maintain
the regenerative space (Fig. 7).

Histological Observations at 4 Weeks

In control specimens, connective tissue was mainly formed in the defect. Repair of alveolar bone and periodontal
attachment  were  limited  to  the  root  surface.  Cementum-like  tissue  and  periodontal  ligament-like  tissue  were  not
observed on the coronal root surface (Fig. 8).

Fig. (8). Histological findings in furcation defect at 4 weeks for control group. (A) Alveolar bone was slightly formed at the bottom
of the defect. In contrast, connective tissue mainly formed in the defect. (B) Higher magnification image of the framed area (1) in
(A). Periodontal ligament-like tissue was rebuilt in the apical area along with new alveolar bone. (C) Higher magnification image of
the framed area (2) in (A). Cementum-like tissue was slightly formed in the notch. CT, connective tissue; PB, preexisting bone; NB,
new  bone;  NC,  new  cementum-like  tissue;  PL,  periodontal  ligament-like  tissue;  R,  root;  arrowheads,  apical  notches.  Staining:
hematoxylin and eosin (A, C) and Masson’s trichrome (B). (Scale bars represent 1 mm (A) and 100 µm (B, C)).

In the scaffold-treated group, new bone was generated, in contrast to the control group, and occupied about half the
area of the furcation defect. Periodontal attachment continuous with the original periodontal organs, including fiber
structures resembling Sharpey’s fibers, was reformed on the instrumented root surface. The interspace for periodontal
ligament showed rich extracellular matrix and stained perpendicular fibers. Down-growth of the epithelial tissue was
rarely noted. In addition, ankylosis and root resorption were not evident (Fig. 9).

FGF2  application  strongly  promoted  periodontal  healing.  The  furcation  defect  was  mostly  occupied  by  newly
formed  bone.  Serial  sections  showed  that  alveolar  bone  was  formed  at  the  buccal  area  of  the  furcation  defect.
Periodontal attachment apparatus was clearly observed at every part of furcation. Sharpey’s fibers were well-developed
at  the  interface  of  periodontal  ligament-like  tissue,  indicating  that  the  re-establishment  of  functionally  periodontal
attachment was stimulated. Scaffold loaded with FGF2 suppressed epithelial down-growth and did not induce aberrant
healing, such as ankylosis and root resorption (Fig. 10).
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Fig. (9). Histological findings in furcation defect at 4 weeks for collagen scaffold-treated group. (A) Formation of new bone was
marked when compared with control group. (B) Higher magnification image of the framed area (1) in (A). Periodontal ligament-like
tissue  was  identified  between  the  newly  formed  cementum-like  tissue  on  the  root  surface  and  new  alveolar  bone.  (C)  Higher
magnification image of framed area (2) in (A). Periodontal ligament-like tissue, including oriented fibers was detected along with
root surface. CT, connective tissue; PB, preexisting bone; NB, new bone; NC, new cementum-like tissue; PL, periodontal ligament-
like tissue; R, root; arrowheads, apical notches. Staining: hematoxylin and eosin (A, B) and Masson’s trichrome (C). (Scale bars
represent 1 mm (A) and 100 µm (B, C)).

Fig. (10). Histological findings in furcation defect at 4 weeks for collagen hydrogel scaffold loaded with FGF2. (A) A large amount
of regenerated bone was observed in the defect. (B) Higher magnification image of the framed area (1) in (A). Periodontal ligament-
like  tissue  showed  a  fiber-rich  layer.  (C)  Higher  magnification  image  of  the  framed  area  (2)  in  (A).  Cementum-like  tissue,
resembling acellular cementum, was detected on the root surface. CT, connective tissue; PB, preexisting bone; NB, new bone; NC,
new cementum-like tissue; PL, periodontal ligament-like tissue; R, root; arrowheads, apical notches. Staining: hematoxylin and eosin
(A, C) and Masson’s trichrome (B). (Scale bars represent 1 mm (A) and 100 µm (B, C)).

Histomorphometric Analysis

The degree of periodontal healing is shown in Fig. (11). The FGF2-loaded group showed the most active bone and
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periodontal  attachment  forming  effects  among  the  three  groups.  The  mean  value  of  new  bone  area  of  the  FGF2
receiving  group  was  approximately  2-fold  greater  than  in  the  control  group.  In  addition,  reforming  of  periodontal
ligament-like  tissue  and  cementum-like  tissue  was  significantly  stimulated  by  FGF2  application.  Down-growth  of
epithelial tissue was observed in all furcation defects in the control group, but was rarely seen in the hydrogel scaffold-
treated  and  FGF2-treated  groups.  Therefore,  collagen  hydrogel  scaffold  prevented  epithelial  tissue  invasion.  At  4
weeks, the collagen scaffold was completely degraded in all groups. Implanted substrate was considered to be quickly
replaced by regenerative tissue.

Fig. (11). Histomorphometric analysis at 4 weeks (N = 9, mean ± standard deviation). (A) Area of bone. (B) Length of periodontal
ligament-like tissue. (C) Length of cementum-like tissue. (D) Length of epithelial tissue. Ctrl, Col and FGF indicate control, collagen
hydrogel scaffold and FGF2-loaded collagen hydrogel scaffold, respectively. * P < 0.05.

In addition, two sections (the central plane and 480 µm away from the central plane) were selected for histometric
assessment  (Fig.  12).  In  the  buccal  section,  bone,  periodontal  ligament-like  tissue  and  cementum-like  tissue  were
reformed in  all  groups,  and these  parameters  were  consistently  decreased when compared with  the  central  section.
Periodontal tissue reformation in the mid-section was thought to be facilitated by the positive effects of residual lingual
wall in the furcation defects. However, implantation of FGF2-loaded scaffold resulted in 70% of periodontal tissue
reconstruction, even in the buccal section. In contrast, the buccal section in the control group frequently showed down-
growth of epithelial tissue.

The frequency of the composition of cementum-like tissue and density of periodontal ligament-like tissue are shown
in Table 1. Cementum-like tissue frequently appeared to be acellular cementum and received Sharpey’s fiber insertions.
Reformed  periodontal  ligament-like  tissue  exhibited  fiber-rich  connective  tissue  layer  after  trichrome  staining.  In
particular, periodontal ligament-like tissue was well-developed in the FGF2-treated group.

Table 1. Frequency of histological observations at 4 weeks after surgery (N = 9, mean ± standard deviation).

    Ctrl Col FGF
Composition of cementum-like tissue Acellular 15.3±4.7 26.7±6.2 47.6±11.6

Cellular 2.8±1.7 8.3±15.6 8.3±2.9
Density of periodontal ligament-like tissue 1.2 ± 0.4 1.6 ± 0.5 1.9 ± 0.3
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Fig. (12). Histomorphometric analysis of the central and buccal sections (480 μm away from center) at 4 weeks after surgery (N = 9,
mean ± standard deviation). (A) Area of bone. (B) Length of periodontal ligament-like tissue. (C) Length of cementum-like tissue.
(D) Length of epithelial tissue. Ctrl, Col, and FGF indicate control, collagen hydrogel scaffold, and FGF2-loaded collagen hydrogel
scaffold, respectively. * P < 0.05.

DISCUSSION

On histological observation at 10 days, cell ingrowth into the scaffold was frequently detected after implantation of
collagen hydrogel scaffold. Further addition of FGF2 strongly promoted cell and tissue ingrowth and subsequent bone
formation. Therefore, the combination of FGF2 and collagen hydrogel scaffold intensely enhanced bioactivities for
periodontal wound healing. It has been reported that fibroblast proliferation and migration associated with the wound
healing process is up-regulated by FGF2 application [23, 24]. Furthermore, FGF2 facilitated the healing of osseous
tissue including the osteoblast proliferative process and bone repair [17, 25]. Collagen hydrogel is able to absorb and
retain significant amounts of water [10]; therefore, FGF2 in aqueous solution would be possessed by collagen hydrogel
and released via diffusion and scaffold degradation, resulting in bio-effects of FGF2 in periodontal cells and tissues. On
the  other  hand,  collagen  hydrogel  was  composed  of  type  I  collagen,  which  is  available  for  the  reconstruction  of
extracellular matrix and connective tissue. Numerous investigators have discussed the potential of type I collagen in cell
proliferation and participation in tissue repair [26, 27].  In the present study, ingrowth of periodontal cells was also
observed at an early stage with single use of collagen hydrogel, similarly to previous in vivo studies using collagen
hydrogel [12].  Thus, FGF2 and collagen hydrogel show promise as new periodontal therapeutic approaches in bio-
effective tissue engineering.

Four-week specimens of the FGF2-treated group showed that formation of alveolar bone in furcation defects was
consistently  advanced  when  compared  with  other  groups.  In  the  10-day  specimens,  alveolar  bone  formation  was
observed when compared with the control and scaffold alone groups. These results suggest that early bone induction
and remodeling are promoted by FGF2 effects. It was reported that FGF2 increased proliferation of vascular endothelial
cells  and  rebuilding  of  the  blood vessel  network  [28].  In  addition,  vascular  endothelial  growth  factor  (VEGF)  was
secreted from periodontal ligament cells on FGF2 stimulation [29]. Early ingrowth of blood vessel-like structures was
frequently observed in the scaffold containing FGF2 when compared with the group lacking FGF2. We speculated that
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the FGF2 effect on blood vessel formation would up-regulate bone tissue remodeling. In general, vascularization played
a significant role in providing nutrition factors for wound healing and tissue remodeling [30]. Further, mesenchymal
stem cells accumulated in the wound via blood vessels in tissue regeneration. Accordingly, supply of vascular elements
would be advantageous for bone tissue engineering. Fujimura et al. revealed that higher oxygen partial pressure could
enhance  bone  regeneration  [31].  Therefore,  construction  of  the  neovascular  network  at  the  FGF2 implantation  site
would enhance cell differentiation of osteoblasts, resulting in new bone induction.

It is very important in periodontal tissue engineering to reproduce the periodontal attachment apparatus and alveolar
bone  simultaneously.  In  this  experiment,  periodontal  attachment  including  periodontal  ligament-like  tissue  and
cementum-like tissue was well-formed by implantation of FGF2-loaded scaffold. Although alveolar bone was formed in
the furcation defect, there was no ankylotic union on the treated root surface. A previous study reported that the use of
FGF2 promoted the growth of periodontal stem cells in vitro [32]. It seems likely that proliferation of periodontal stem
cells was promoted by FGF2, and then reconstruction of periodontal attachment was selectively guided along the root
surface by interaction between the extracellular matrix and dentin. With regard to FGF2 application, ankylosis was
rarely seen in an animal study on periodontal tissue engineering [19, 20]. In contrast, osteogenic growth factor, or bone
morphogenetic protein, could be applied for alveolar bone formation [33 - 35]; however, they frequently resulted in
ankylosis  or  poor  organized  periodontal  ligament  [13].  The  self-assembling  effect  of  FGF2  would  be  highly
advantageous  for  periodontal  tissue  engineering.  On  the  other  hand,  Kosen  et  al.  [12]  demonstrated  that  hydrogel
scaffold  prevented  epithelial  invasion  in  dog  furcation  defects.  We  also  noted  similar  observations  in  the  present
examination.  The  rate  of  epithelial  down-growth  in  the  hydrogel  scaffold-treated  group  was  less  than  in  controls,
regardless  of  FGF2 loading.  The  collagen hydrogel  scaffold  likely  forms a  fibrous  barrier  against  epithelial  down-
growth and results in predictable periodontal healing.

Collagen hydrogel exhibited high fluidity; however, the combination with collagen sponge form could hold large
amounts of hydrogel in the periodontal defect. In addition, severe inflammation was rarely seen following implantation
of the collagen scaffold. Normally, collagen substrate should undergo crosslinking to improve its mechanical strength.
In  this  study,  we  selected  a  bio-safe  system  using  the  ascorbate-copper  ion  reaction  as  the  hydrogel  cross-linking
method [36],  thus ensuring that the gel form collagen maintained good biocompatibility.  Furthermore, the collagen
sponge  consisted  of  bio-suitable  atelocollagen  and  is  widely  applied  as  artificial  skin  [37,  38].  Low  degradable
biomaterial remains in periodontal tissue long-term after surgery, increasing the risk of infection or prevention of repair
[39].  Histological  specimens  showed  that  collagen  implants  were  mostly  degraded  at  4  weeks  post-surgery.
Interestingly, Matsui et al.  [40] reported that bovine collagen composed of collagen sponge was degraded and then
reused for dermal tissue formation in a rat subcutaneous tissue test.  Accordingly, collagen scaffold may supply the
forming material for reconstruction of periodontal tissue composed chiefly of collagen. This is a significant point for
periodontal tissue engineering, but further studies are needed to clarify these biological effects.

CONCLUSION

We evaluated the effects of collagen hydrogel scaffold in combination with FGF2 on periodontal wound healing
using a class II furcation defect model. The results showed that healing of alveolar bone and periodontal attachment was
strongly  promoted  by  scaffold  implantation.  In  addition,  FGF2-loaded  hydrogel  scaffold  consistently  suppressed
aberrant  healing,  such  as  epithelial  down-growth,  ankylosis  and  root  resorption.  The  FGF2-loaded  scaffold  was
bioeffective in periodontal tissue engineering.
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