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Background and Objective: The enhancing effects of chitosan on activation of
platelets and differentiation of osteoprogenitor cells have been demonstrated in
vitro. The purpose of this study was to evaluate the in vivo osteoinductive effect of
chitosan—collagen composites around pure titanium implant surfaces.

Material and Methods: Chitosan—collagen composites containing chitosan of
different molecular weights (450 and 750 kDa) were wrapped onto titanium
implants and embedded into the subcutaneous area on the back of 15 Sprague—
Dawley rats. The control consisted of implants wrapped with plain collagen
type I membranes. Implants and surrounding tissues were retrieved 6 wks after
surgery and identified by Alizarin red and Alcian blue whole mount staining.
The newly formed structures in the test groups were further analyzed by
Toluidine blue and Masson—Goldner trichrome staining, and immunohisto-
chemical staining with osteopontin and alkaline phosphotase. The bone
formation parameters of the new bone in the two test groups were measured
and compared.

Results: New bone formed ectopically in both chitosan—collagen groups, whereas
no bone induction occurred in the negative control group. These newly formed
bone-like structures were further confirmed by immunohistochemical staining.
Comparison of bone parameters of the newly induced bone revealed no statisti-
cally significant differences between the 450 and 750 kDa chitosan—collagen
groups.

Conclusion: Our results demonstrated that chitosan—collagen composites might
induce in vivo new bone formation around pure titanium implant surfaces. Dif-
ferent molecular weights of chitosan did not show significantly different effects on
the osteoinductive potential of the test materials.
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results Nevertheless, further

Osseointegrated implant therapy has
been widely and successfully applied in
dental rehabilitation for more than
a decade with predictable long-term

(1-4).
research is necessary to identify bioma-
terials able to induce alveolar bone for
the purpose of implant placement in

defective alveolar ridges, as well as to
enhance osseointegration in unfavor-
able conditions, such as patients with a
heavy smoking habit or osteoporosis.



Alloplastic bone substitutes, such as
inorganic bone powder, hard tissue
replacement polymer, calcium phos-
phate ceramics, bioactive glass ceramics
and modified forms of hydroxyapatites,
which are composed of natural or syn-
thetic materials, have demonstrated
their various bone regenerative poten-
cies in treatment of osseous and peri-
odontal defects (5,6). However, these
materials can have unpredictable clini-
cal results due to a variable stimulation
of bone formation.

Chitin (poly-N-acetyl-p-glucosamine)
is one of the most common natural
biopolymers and can be retrieved from
shells of invertebrates, such as shrimps
or crabs, cell walls of fungi/yeast, and
endoskeletons of mollusks or exoskel-
etons of arthropods (7). Alkaline
deacetylation of chitin produces chito-
san (poly-D-glucosamine), which is
structurally similar to glycosaminogly-
cans (8). The molecular weight may
range from 50 to 2000 kDa, with a
degree of deacetylation rate from 30 to
98%. In vivo, it is a biocompatible and
biodegradable cationic compound that
would be resorbed at a rate commen-
surate with new bone formation within
a few weeks. Chitosan can be made
into different forms, such as gels,
membranes, powders, flakes or solu-
tions, and its versatility has resulted in
many commercial and biomedical
applications (9).

Clinically, chitosan has been applied
as a hemostatic agent (10,11) and as a
controlled-release drug carrier (12). It
has been reported to have effects such
as an enhancement of wound healing
and inhibition of bacterial growth and
inflammation (13). Previous studies
have shown that chitosan can be used
as a scaffold material for osteocon-
duction (14,15). In an animal model,
with surgically created bone defects,
a modified chitosan carrying covalently
linked imidazole groups was used to
stimulate bone formation. The surgical
defect was occluded with a trabecular
bone structure in the peripheral area of
the lesion and a mineralized nodule
in the central part in association with
a fibrous component (14). Histological
evidence of periodontal regeneration
has also been shown in surgically
created one-wall intrabony defects in
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beagle dogs (15). However, whether
chitosan has ability in osteoinduction
is unclear. An in vitro study evaluating
the effect of chitosan on bone forma-
tion at the cellular level has suggested
that it may enhance the differentiation
of osteoprogenitor cells and promote
new bone formation (16). The results
of subperiosteal placement of chitosan
membranes demonstrated their ability
to enhance osteogenesis at the site
of their implantation with an early
mild to severe inflammatory reaction
(17).  Other animal studies have
reported beneficial results when chito-
san-based biomaterials were used alone
or in combination with tricalcium
phosphate, osteoprogenitor cells or
platelet-derived growth factors
(18-20). In human studies, favorable
clinical results were reported using
chitosan in promoting the healing of
periodontal pockets, palatal wounds
and extraction sites (21-23). Implant-
related in vitro studies have shown that
placing chitosan on titanium implant
surfaces decreased the wettability of
the surfaces but increased the protein
adsorption and osteoblast and mesen-
chymal cell attachment, and thus sup-
ported osseointegration of titanium
implant fixtures (24-26). Our group
has recently reported that chitosan not
only enhanced platelet aggregation and
activation, but also promoted sub-
sequent release of growth factors, such
as epidermal growth factor, platelet-
derived growth factor (PDGF)-AB and
transforming growth factor-p1 (TGF-
B1; 27,28). Chitosan has proved to be a
superior and versatile biomaterial with
great potential in tissue regeneration.
Collagen is another commonly used
biomaterial. A combination of chito-
san and collagen may provide further
advantages for engineering
(29-31). Type I collagen can form an
ionic bond to chitosan and increase the
structural strength and biophysiologi-
cal stability of the materials in the form
of  chitosan—collagen = composites
(32,33). However, none of the previous
studies has examined the effect of
chitosan—collagen composites on de
novo bone formation around titanium
implant surfaces. In addition, molecu-
lar weight is one of the important
factors in affecting not only the physi-

tissue
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cochemical properties of chitosan, such
as tensile strength, chemical bonding,
solubility and degradability, but also
its biological properties, such as bio-
degradation and  biocompatibility
(34,35). Previous studies have investi-
gated the influence of molecular weight
on in vitro interaction of chitosan with
cells and in vivo effectiveness of chito-
san (36-38). The aim of the present
study was therefore to evaluate the in
vivo effects of chitosan—collagen com-
posites on ectopic bone formation
around titanium implant surfaces. In
addition, further histomorphometric
analyses were used to test whether the
molecular weight of chitosan within
the composites affected the amount of
induced bone formation.

Material and methods

Two types of chitosan (Primex ingredi-
ents AS, Avaldenes, Norway) were
used, with molecular weights of 450 and
750 kDa and with deacetylation degree
> 90%,. The freshly prepared solvent
consisted of a vitamin C solution
(Merck, Darmsatadt, Germany) with a
concentration of 20 mg/mL in de-ion-
ized distilled water. Fifteen milligrams
of chitosan powder was dissolved in
10 mL of the vitamin C solution to
make a 0.15% chitosan solution. Ten
microlitres of each chitosan solution
were absorbed onto collagen type I
(Col-I) membranes (BioMend®; Integra
Life Sciences, Carlsbad, CA, USA) of
approximate size 3 mm X 5mm, which
were then wrapped around titanium
mini-implants (1.6 mm diameter and
3 mm length; Biodent, Tokyo, Japan).
Each experimental group included
15 implants wrapped with Col-I mem-
brane containing either 450 or 750 kDa
chitosan. The negative control group
consisted of 15 implants wrapped
with plain Col-I membrane wet with
vitamin C solution. These wrapped
implants were immediately inserted
into the subcutaneous area on the back
of 15 5-wk-old male Sprague-Dawley
rats in a nonrandomized positioning
pattern under general anesthesia using
an intramuscular injection of a com-
bination of fentanyl citrate (0.315 mg/
mL) and fluanisone (10 mg/mL) at a
dose of 0.01 mL/100 g body weight.
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Five rats were randomly selected from
these 15 rats for whole mount staining
for preliminarily identification of the
possibility of new bone formation
under the induction of test materials.
All rats were killed with a CO, over-
dose 6 wks after implant insertion.
Implants and surrounding tissues were
identified, retrieved and fixed in 95%
ethanol.

According to the developmental
biology protocols, Alcian blue and
Alizarin red stain were used to visualize
the tissues undergoing chondrogenesis
and osteogenesis around the titanium
implant surfaces in all four groups.
Once the bony structures were identi-
fied with whole mount stain in the two
chitosan—collagen composite groups,
further histomorphological verification
of these induced bony structures was
carried out in the other 10 animals.
Bone markers, Alizarin red (0.2 mg/
100 g body weight) and calcein (0.3 mg/
100 g body weight), were injected
intraperitoneally 4 and 1 d, respectively
before the rats were killed. After the
animals were killed 6 wks after implant
insertion, the surrounding tissues were
dissected from the implants, immedi-
ately fixed in 10% buffered formalin,
and processed by paraffin embedding
and serial sectioning at 5 pm thickness
with a rotary microtome (MICROM
HM310; Thermo Fisher Scientific,
Waldolf, Germany). The sections were
stained with either Toluidine blue
or Masson-Goldner Trichrome or
they underwent immunohistochemical
staining for osteopontin and alkaline
phosphatase, to evaluate bone forma-
tion. In detail, every fifth section was
deparaffinized and rehydrated through
graded ethanol to distilled water.
Endogenous peroxidase was removed
by incubation in 3% H,O, for 15 min.
The sections were rinsed in distilled
water and processed for antigen
retrieval by placing into 0.01 m citric
acid in a water bath at 100°C for
40 min. After rinsing, sections were
incubated with 3% bovine serum albu-
min for 10 min to reduce nonspecific
antibody binding. Sections were then
incubated overnight at 4°C with the
primary antibody, anti-osteopontin or
anti-alkaline phosphatase (Abcam,
Cambridge, UK). Titers were checked,

and final dilutions were 1:200 and
1:1000, respectively. Negative controls
were run by substituting the primary
antibody with bovine serum albumin.
Biotinylated secondary antibody and
subsequently streptavidin peroxidase
conjugate were added onto the slides
at room temperature for 20 min. The
reaction was visualized using a strep-
tavidin—biotin-immunoperoxidase sys-
tem with 3-amino-9-ethylcarbizole
as chromogen (Dako LSAB® 2 Sys-
tem; Dako, Carpinteria, CA, USA). All

sections were counterstained with
hematoxylin and mounted with
aqueous mounting medium. After

qualitative analysis of the two chito-
san—collagen composite groups (450
and 750 kDa), we carried out a quan-
titative comparison of the osseoinduc-
tive ability by histomorphometric
analyses with a microscope at x200
magnification for the following
parameters: (i) trabecular bone surface,
measured by counting the number of
cutting points (this is the area of tra-
becular surface per unit volume of bone
tissue, Sv, in mm?/mm?); (ii) trabecular
bone volume, measured by counting the
number of hits (this is the volume
occupied by trabecular bone expressed
as a fraction of the volume occupied by
marrow plus trabecular bone, BV/TV,
in mm*/mm?); and (iii) mean wall
thickness, determined by measuring the
mean thickness of new bone formed at
bone-forming sites when the formation
phase was complete, or the mean dis-
tance between cement lines and the
trabecular surfaces of completed struc-
tural units MWT, in pm; 39,40).

A semicircular graticule/linear grat-
icule was superimposed on the histo-
logical sections to calculate Sv, BV/TV
and MWT (39,40). Mean and standard
deviation within each group were
calculated and were statistically ana-
lyzed using Student’s paired z-test, with
the significant difference level set at
p < 0.05.

Results

Whole mount staining

The peri-implant tissues from five rats
processed by whole mount staining
showed a strong Alizarin red staining in

both the 450 and the 750 kDa chito-
san—collagen group (Fig. 1A,B). The
surrounding tissues from the implant
surfaces of the negative control group
wrapped with plain Col-I membrane
did not show any Alizarin red staining
(Fig. 1C). These results strongly sug-
gested that there were ‘calcified struc-
tures’ in the chitosan—collagen group.
However, Alcian blue staining showed
no sign of chondrogenesis at 6 wks
after grafting in both chitosan—collagen
groups and the negative control group.
The numbers of implants showing
positive staining in each group are lis-
ted in Table 1.

Histological analysis

While the results for the collagen con-
trol group showed negative findings, the
nature of the calcified structures in the
test groups was investigated using his-
tomorphological approaches, including
Toluidine blue stain, Masson—-Goldner
trichrome stain and immunohisto-
chemical staining with osteopontin and
alkaline phosphatase stain.

Toluidine blue stain and Masson—Goldner
trichrome stain — Bone formation was
evident in tissues from all rats treated
with both forms of chitosan—collagen
composites. Toluidine blue staining on
all tissue sections showed a bony struc-
ture with osteocytes trapped within cal-
cified bone and osteoblasts aligned on
the surfaces of calcified bone for both the
450 (Fig. 2A,B) and the 750 kDa chito-
san—collagen group (Fig. 2C,D). These
bony structures were further confirmed
by Masson—Goldner trichrome stain
(blue) in both groups (Fig. 2E,F).

Immunohistochemical stain — The expr-
ession of osteoblast-related proteins
(osteopontin and alkaline phosphatase)
was verified on the histologically
observed new bone. The osteopontin
staining indicated early bone formation
activity, while alkaline phosphatase
staining represented the calcification
process of bone formation. The results
showed a strong osteopontin positive
staining widely distributed on the sec-
tions from both the chitosan—collagen
compositegroups(Fig. 3A,B). Likewise,
positive alkaline phosphatase staining
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Fig. 1. Positive whole mount staining of calcified tissue on implant surfaces in 450(A) and
750 kDa chitosan—collagen composite group (B) and negative staining on implant surfaces in
negative control group (C) with plain Col-I membrane (Alizarin red stain).

was widely distributed on the sections
from both test groups (Fig. 3C,D). The
presence of bone marker proteins (os-
teopontin and alkaline phosphatase)
proved that the previously observed cal-
cified structures were truly new bone.

Histomorphometric analysis of bone
parameters

After confirmation of bone formation in
the 450 and 750 kDa chitosan—collagen

composite groups by the histomorpho-
logical analysis, a further quantitative
evaluation was carried out by histo-
morphometrical measurement of the
trabecular bone surface (Sv, in mm?/
mm?), trabecular bone volume (BV/TV,
in mm®/mm?) and mean wall thickness
(MWT, in um). The results of histo-
morphometric analysis showed that the
mean values of all three bone parame-
ters were slightly higher in the 750
compared with the 450 kDa chitosan—
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collagen composite group. Neverthe-
less, there were no statistically signifi-
cant differences between these two
groups in all parameters, including tra-
becular bone surface (Sv: 1.36 + 0.39
vs. 1.41 + 0.59 mm?/mm?), trabecular
bone volume (BV/TV: 1.36 £ 0.39
vs. 8.34 + 2.87 mm’/mm?) and mean
(trabecular) wall thickness bone
(MWT: 1.54 £ 0.60vs.1.72 + 0.80 pm;
Table 2).

Discussion

In the present study, chitosan—type I
collagen composite showed the ability
to enhance new bone formation on
titanium implant surfaces, while the
negative control group with collagen
only showed negative results. The
studies of Bumgardener er al. illus-
trated that chitosan-coated titanium
increased albumin and fibronectin
adsorption and cell attachment when
using either an osteoblast precursor
cell line or osteoblast cells. They
showed that chitosan coating sup-
ported osseointegration of titanium
implant devices (24,26). The present
study further demonstrates heterotopic
(extraskeletal) de novo bone formation
induced by chitosan—collagen compos-
ite around titanium implants in the
subcutaneous region of rats. This
result demonstrates the osteoinductive
potential of chitosan—collagen com-
posite in vivo and supports previous in
vitro cell culture research (16,41).
Work by Klokkevold et al. (16) sug-
gested that chitosan facilitated ‘selec-
tive tissue regeneration’ when applied
to mesenchymal stem cells and there-
fore enhanced the potential for
osteoblast differentiation and bone
formation. Seol et al. (41) used chito-
san sponges to support proliferation of
rat calvarial osteoblasts in in vitro new
bone formation. In the present in vivo
animal experiment, chitosan—collagen
composite was shown to be an osteo-
inductive material based on the fol-
lowing evidence: (i) the formation of
calcified structures was verified by
Alizarin red whole mount stain; (ii)
the histomorphological tissue profile
of the osseous structure was charac-
terized by Toluidine blue staining;
and (iii) osteoblast-secreted proteins,
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Table 1. The fraction of samples showing positive whole mount staining results in each

group
Fraction of samples with positive staining
results (positive/total)

Group Alizarin red Alcian blue

Negative control 0/5 0/5

450 kDa chitosan—collagen 5/5 0/5

750 kDa chitosan—collagen 5/5 0/5

Fig. 2. (A) Tissue section from 450 kDa group showing calcified structures (arrows).
(B) Higher magnification view of section shown in (A) illustrates the osteocytes (thin arrow)
laid within the calcified bone and osteoblasts (thick arrow) aligned on the bone surfaces.
(O)Tissue section from 750 kDa group showed calcified structures (arrows). (D) Higher
magnification view of section shown in (C) illustrates the osteocytes (thin arrow) lying within
the calcified bone and osteoblasts (thick arrow) aligned on the bone surfaces. Histological
sections of the 450 (E) and the 750 kDa group (F) show calcified bony structures (stained
blue) formed within surrounding connective tissue (A-D, Toluidine blue stain; E and F,

Masson—Goldner trichrome stain).

osteopontin and alkaline phosphotase,
were identified by immunohistochemi-
cal staining.

It is speculated that chitosan may be
acting not only as a scaffold material,
but may also involved in inducing
new bone formation. By definition,
osteoinduction is the process of

transformation of local undifferenti-
ated cells into bone-forming cells.
Recombinant human bone morpho-
genic protein 2 (thBMP2) is one of the
most notable examples of an osteoin-
ductive substance and has historically
been assayed using subcutaneous or
intramuscular implantation in animal

models (42,43). In our study, chitosan
was dissolved and adsorbed onto a
collagen membrane. It was able to
stimulate ectopic bone formation in a
subcutaneous area, similar to the effect
of rhBMP2. Therefore, the term
osteoinduction was used. It has been
postulated that chitosan, with its
N-acetylglucosamine units, can bind to
fibroblast growth factors and therefore
stimulate angiogenesis and osteoblast-
like cell proliferation (44). Moreover, it
is known that chitosan can enhance
platelet adhesion and aggregation,
which is beneficial for blood coagula-
tion (11). Platelets are enriched with
PDGF and TGF-B. High concentra-
tions of platelets or platelet-rich plas-
ma release high levels of PDGF and
TGF-B (45). Researchers in our labo-
ratory have shown that chitosan can
stimulate platelets to release these
growth factors (28). These growth
factors are capable of regulating osse-
ous-related activities, such as fracture
repair (46). Platelets can also stimulate
the mitogenic activity of bone cells,
thereby contributing to the regenera-
tion of mineralized tissue (47,48). It is
our hypothesis that chitosan can
attract platelets and other osteopro-
genitor cells from circulating blood in
surrounding tissues. The subsequent
activation of platelets in the graft sites
promotes the release of platelet-derived
growth factors, such as TGF-p,
PDGTF, insulin-like growth factor and
endothelial cell growth factor, which
are valuable for new bone formation.
This in turn activates the cascade of
wound healing and osteogenesis. It is
possible that heterotopic bone forma-
tion involves differentiation of local
mesenchymal cells in connective tissue
cells into bone-forming cells under the
influence of platelets and related
growth hormones, is was enhanced by
the presence of chitosan. In addition,
collagen is a bioactive polymer, but did
not induce any detectable ectopic bone
formation by itself as a negative con-
trol in this study. However, it cannot
be completely excluded that the chito-
san—collagen composite may have
synergistic effects on osteoinduction
when the separate polymers are
combined together. A combination of
collagen and glycoaminoglycan-like
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Fig. 3. Immunohistochemical staining of osteopontin showed strong positive staining
(brown) widely distributed in the 450 (A) and 750 kDa groups (B). Immunohistochemical
staining of alkaline phosphatase showed strong orange positive staining widely distributed in

the 450 and (C) 750 kDa groups (D).

Table 2. The mean (standard deviation) of bone parameters in the two chitosan—collagen

groups

Molecular weight of chitosan

Bone parameters 450 kDa 750 kDa p-value

Trabecular bone surface (Sv; mm?/mm?) 1.36 (0.39) 1.41 (0.59) Not significant
Mean wall thickness (MWT; um) 7.87 (1.94) 8.34 (2.87) Not significant
Trabecular bone volume (BV/TV; mm?*/mm?®)  1.54 (0.60) 1.72 (0.80)  Not significant

Student’s paired r-test with a significant level of p < 0.05.

materials may provide a more advan-
tageous environment, mimicking the
natural extracellular matrix, for bone
regeneration (29). Titanium implants
have been used as vehicles to carry the
chitosan—collagen composites because
of the excellent mechanical properties
and the bone compatibility of titanium
(49). However, the lack of an active
role of the titanium implants them-
selves in bone formation was excluded
by the negative results of the control
group. Its synergistic effect in the
whole delivered material was not
assessed in this study.

Osteoinductive biomaterials, usually
containing families of bone initiator—
bone morphogenic proteins and osteo-
genic proteins, can induce de novo
endochondral bone formation in vivo
(50,51). However, the concept of
‘intrinsic osteoinduction’ by the use of

biomimetic biomaterials (smart materi-
als) that can induce specific responses
from the host tissues without the addi-
tion of exogenously applied human
bone morphogenic proteins and osteo-
genic proteins was proposed by Ripa-
monti’s group (52,53). They suggested
that the initiation of bone formation
was a secondary response, because a
porous hydroxyapatite graft acted as a
solid stratum for the adsorption, stor-
age and controlled release of endoge-
nously produced or circulating bone
morphogenic proteins and osteogenic
proteins (51). Furthermore, the intrinsic
osteoinduction mechanism lacks a
chondrongenic phase that is present in
the process of bone formation induced
by bone morphogenic proteins (52,54).
Our study showed that at the sixth week,
there was no sign of chondrogenesis
after induction by chitosan—collagen
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composite. This might suggest that
chitosan of different molecular weights
carried by collagen induced new bone
formation via a nonchondrogenic ossi-
fication process, possibly similar to the
intrinsic osteoinduction mechanism of
the porous hydroxyapatite. However,
we will need to carry out further studies
at earlier and different stages to confirm
the lack of chondrogenesis throughout
the process of osteoinduction.
Autogenous bone has proven to be
the gold standard for bone augmenta-
tion materials (55). However, it poses
specific problems, such as limited sup-
ply, donor site morbidity and occa-
sional difficulties in shaping and
adaptation (56). Other grafting mate-
rials, such as allografts, xenografts and
synthetic materials, suffer from in-
creased susceptibility to infection and
immunological reactions, uncertain
long-term host—graft interactions or
undesirable slow resorption or nonre-
sorption after implantation (57). Bar-
rier membranes were shown in several
studies to have a promising bone-pro-
moting effect, and the guided bone
regeneration technique has been
used extensively for bone reconstruc-
tive procedures in implant dentistry
(58). However, the complications with
membrane exposure, infection and
membrane collapse have also been
reported to affect the final results of
implant success (59,60). The material
that we used in the present study,
chitosan, is a nontoxic, nonimmuno-
reactive and nonmembranous material
that would be resorbed at a rate com-
mensurate with new bone formation
within a few weeks (8). Likewise, the
full resorption time for the collagen
membrane used is about 6-8 wks. This
study evaluated whether different
molecular weights of chitosan in the
chitosan—collagen composites may lead
to different rates of bone formation.
The  histomorphometric  analysis
showed that the bone parameters in the
750 kDa chitosan—collagen composite
group were slightly higher than those
in the 450 kDa group. However, the
differences were not statistically sig-
nificant. This might be caused by
low sample numbers or, indeed, it is
possible that the high degree of de-
acetylation of the chitosan used in this
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study played a more dominant effect
than the molecular weight of chitosan
on the results of new bone formation.
One study has shown that the degree of
deacetylation of chitosan rather than
the molecular weight played a crucial
role in cell morphology and activities
of osteoblasts in vitro (61). Further
studies will be concentrated on not
only verifying the proposed mechanism
of osteoinduction by chitosan—collagen
composites, but also their clinical
application for enhancing bone for-
mation and osseointegration in com-
promised medical conditions or sites.

Conclusions

The results of the present study showed
that chitosan—collagen composites
might be capable of inducing new bone
formation around pure titanium
implants in the subcutaneous tissues of
rats. There was no significant differ-
ence in bone parameters when results
from two types of chitosan with
molecular weights of 450 and 750 kDa
were compared. Future application of
chitosan—collagen = composites  for
enhancing bone formation and osseo-
integration of implants in compro-
mised conditions seems promising.
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