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bone regeneration.

Abstract
Backgorund: Composite bone substitute materials have
been raising more interest as an alternative for

Materials and methods: For this purpose, a self-setting

autologous transplants and pure xenogenic materials in

composite consisting of chitosan/tricalcium phosphate

oral surgery for last few years. These not immunogenic

microparticles and sodium alginate was formulated. The

and completely resorbable biomaterials may become the

obtained

basis for complete and predictable guided bone

microsphere,

regeneration. In the majority of cases the deciding factor

microstructure are concerned. Physical properties

is ease of application of the material by a surgeon.

relating to setting time and mechanical properties were

material

was

characterized

agglomerates

as

morphology

far

as
and

precisely investigated. Our material was evaluated
Objectives: The main objective of our project was to

according to EN ISO 10993 Biological evaluation of

design and fabricate an osteoconductive, injectable and

medical devices. Then, the implantation tests on small

well tolerated by human tissues biomaterial for guided

and big animal model were performed.
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development and pre-clinical assessment of material

Results: The tested material showed high degree of

which is biodegradable and well tolerated by tissues,

cytocompatibility, fulfilled the requirements of the

which could be used for guided bone regeneration, with

International Standards, confirmed its osteoconductivity

shape, size and setting time easily modifiable depending

after implantation and seems to be a “user friendly”

on planned application, also allowing for incorporation

material for oral, orthopedics and neurosurgeons.

of active substances: signal particles of the healing
process and stem or differentiated cells. The basis for

Conclusions: On the basis of positive in vitro and in

this biocomposite is an organic substance- chitosan, and

vivo test results an attempt at introducing new

a non-organic one- tricalcium phosphate. The ability to

biotechnology was made.

combine

them

with

other

osteoconductive

and

osteoinductive substances allows the synthesis of

Keywords: Chitosan; Beta tricalcium phosphate;

biomaterial with required properties, whose high

Alginate; Guided bone regeneration

potential for bone reconstruction would go hand in hand
with the security of application in humans.

1. Introduction
Modern dentistry, orthopedics and neurosurgery are an

2. Materials and Methods

area of medicine which, to a large extent, is based on

The structure of the material was developed in

new material technologies, and in the field of

cooperation with Biomedical Engineering Laboratory of

implantology special requirements have to be fulfilled

the Faculty of Chemical and Process Engineering. This

for bone substitute materials. Although autologous bone

material is based on the biphasic system of chitosan

has always been the gold standard, the most biologically

(CH) and ß- tricalcium phosphate (TCP) with sodium

viable material, its harvesting is a challenge [1,2]. Most

alginate (Alg). This system comprises of a solid phase-

likely for these reasons synthetic bone substitute

the CH/TCP composite and a liquid, gel phase, which

materials attract more attention as an alternative for

acts as a carrier and facilitates in vivo application.

autologic transplants and xenogenic materials in oral

Chitosan (~95% degree of deacetylation) was purchased

surgery over

Those non-

from Medical Heppe GmbH, β-tri-calcium phosphate

immunogenic and resorbable materials may provide the

from Sigma Aldrich and alginic acid sodium salt from

basis for complete, predictable and repetitive bone

brown algae was purchased from Fluka [5,6]. Chitosan/

regeneration [3,4]. Materials of this type should be

β-tri-calcium phosphate beads were prepared by

designed to allow blood vessel penetration and

hydrodynamic formulation of CH/TCP slurry at a drop

attachment of bone-forming cells. In such case there is

forming rate and were collected into a precipitation bath

no risk of a residual immunological and infection

consisting of a NaOH solution. Chitosan/ β-TCP

process, as it occurs with materials of biological origin.

solution was prepared by suspending TCP powder in a

These can be completely biocompatible and be

2% chitosan in 2% acetic acid solution [5,6]. The

manufactured with precisely defined physical and

material is supposed to be injectable and after a couple

crystalline properties with consistent batch quality.

of minutes following implantation, undergoes in situ

However, the materials currently available on the

networking. The functioning of the material would be

market hardly meet all the surgical and biological

based on combining chitosan granulation with βTCP

requirements. The aim of our project was the

which has been saturated with CaCl2 solution (which

the last

few

years.
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forms a stable gel with ions of calcium), mixing it with

intradermal reactivity and skin sensitization according

sodium alginate and placing the mixture on the cavity,

to ISO 10993-10:2009 as well as systemic toxicity

so that the material undergoes networking on the site of

according to ISO 10993-11: 2009. Implantation tests on

implantation. Sodium alginate is supposed to be the

small animal model were to evaluate the dynamics of

carrier not only for the granules, but it also creates the

bone formation in rats’ skulls after implantation of the

possibility to introduce growth factors or morphogenetic

new chitosan/ tricalcium phosphate/ alginate biomaterial

cells. The concept also assumes quick sodium alginate

in comparison to the commercially available synthetic

degradation, as a result of which the porous structure of

bone graft [7]. The Local Committee of the Animal

the material can be exposed enabling the growth of the

Experimentation Ethics Commission, Poland approved

new bone tissue. Sodium alginate gels have been proven

the research protocol. 45 adult male rats weighing 300-

to be carriers of cells and proteins that promote

400g were used for the study. The 85mm-diameter

regeneration of mineralized tissues.

defects in calvaria bone were prepared with a trephine
bur, and then filled with the bone substitute materials.

2.1 In vitro tests

The material was evaluated in comparison with that

The tested CH/TCP/Alg biomaterial was evaluated

available on the market, injectable alloplastic bone

according to European / Polish Standard PN-EN ISO

substitute

10993 Biological evaluation of medical devices.The

Switzerland), consisting of βTCP and a PLA biolinker,

evaluation

tested

histopathologically and with the application of computer

biomaterials was carried out on the basis of the

microtomography, after 1 and 3 months from the

reference Ames test according to PN-EN ISO 10993-

application to the prepared cavity in the calvaria.

3:2009 Biological evaluation of medical devices.

Although the results of performed in vitro and in vivo

Results

and

tests of the CH/TCP/Alg material proved to be

reproductive toxicity tests were published in 2012 [7].

favorable, guided by extreme care in future patients,

The tests were performed within a research project No

analyzing literature and recommendations of the Office

3.83 at the National Medicines Institute [5]. After the

for Registration of Medicinal Products, Medical

normative in vitro tests, cytotoxicity assessment of the

Devices and Biocidal Products concerning marketing

CH/TCP/Alg material on mouse fibroblasts, L929 was

medical devices it was decided to expand pre-clinical

extended and additional tests with MTT method on

evaluation [8]. The last stage of the research consisted

human osteoblasts and osteosarcoma cells were

of the assessment of osteogenic properties on a big

performed. Commercially available, synthetic material

animal model- the Polish lowland sheep (breed BCP).

was selected as the positive control (4Bone®,

The in vivo performance of CH/TCP/Alg material was

Biomatlante, France) [6]. Tests for in vitro cytotoxicity

evaluated in an implantation test, in 12 sheep. BioOss

of evaluated biomaterial was also performed according

Collagen (Geistlich AG, Switzerland) was chosen as a

to the European / Polish Standard PN-EN ISO 10993-5.

reference material and a positive control.

Tests for in vitro cytotoxicity.

experimental material was also combined with the stem

of

of

the

mutagenic

genotoxicity,

action

of

carcinogenicity

(easy-graft®,

Degradable

Solutions,

The

cells isolated from the subcutaneous adipose tissue from
2.2 In vivo evaluation

the base of the tail. The biomaterials were implanted

In tests on animals, the following features were

into mechanically created defects in a sheep's maxilla

assessed: skin irritation after epidermic application,

(Figure 1). The selection of three different control
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materials at the each stage of evaluation was determined

research. The tests were performed in four consecutive

by their disadvantageous results at the first steps of

years.

Figure 1: Surgical procedure of the evaluation on sheep- big animal model. A. bone perforation with the trephine
drill; B. 11mm bone defect in the maxilla; C. biomaterial on the place; D. wound suturing [8].

2.3 Statistical analysis

histopathological results of in vivo testing were

The Medistat System (microcomputer statistical system

presented in a descriptive and semi-quantative manner

for medicinal purposes, version 2.1; 1992) was used to

for each animal or group of animals.

check the statistical significance of the results of in vitro
evaluation (P<0.05). Experimental data were expressed

3. Results

as mean ± standard deviation (SD) from at least 8

3.1 In vitro tests

experiments. Data were analyzed using SigmaPlot

As was shown by the qualitative morphological

version 11 software. Statistical analysis was performed

evaluation of the cell cultures after 48-hr exposure to

using the one-way ANOVA. Values of P<0.05 were

the extract of the tested material or after 24-hour direct

considered to be statistically significant. Just in the case

contact with it, also confirmed in agar diffusion test, no

of the Ames

malformed or degenerated cells were observed. The

test mean ± standard deviation (SD)

and t-Student test were used for analysis. The
Dental Research and Oral Health
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Reduction of cell growth or lysis was not noted

lines unquestionably proved the cytotoxicity of MIS

throughout all culture areas in each of the tests. The

4Bone®

results of all the tests based on PN-EN ISO 10993-

CH/TCP/Alg

5:2009 showed a lack of cytotoxicity of the tested

proliferation of osteoblasts. Although it has been

material [5]. Mutagenicity of the material was assessed

repeatedly reported that biocompatibility of tricalcium

in the Ames test, micronucleus test and comet assay. On

phosphate ceramic materials is high, this research

the basis of the results obtained from the Ames test it

showed important and significant diversification of two

could be stated that the material extract, in the tested

materials of similar chemical composition.

(Biomatlante,
showed

France).
stimulative

In

addition,

properties

for

range of concentrations, does not show any mutagenic
properties. No relation between his+ revertants on the

3.2 In vivo evaluation

plate and the increase in concentration of the tested

Encouraging results were also observed in vivo. The

extract was found. In the tested samples no doubled

saline extract of the bone substitute material produced

numbers of his+ revertants in relation to the level in

no irritant effects when injected intradermally to rabbits

spontaneous version were found. On the basis of the

(no. of 3). The difference between the reaction to the

results obtained from the micronucleus test no

tested sample and the reaction to the control sample was

genotoxic activity was found in the case of the tested

less than “1”. Likewise, no topical reaction was seen

medical device. The results obtained from the comet

following direct application of the solid bone substitute

assay showed that the CH/TCP/Alg material does not

to intact skin. Since rabbit skin is more sensitive than

induce DNA damage in L929 cells and in CHO cells,

human skin to chemical irritants, the likelihood of local

for which the value of relative tail moment, in

irritation from this material in humans is negligible

comparison to control cells, is statistically insignificant.

[5,6]. The CH/TCP/Alg material did not show any

The test results obtained from the comet assay were

sensitizing effects in 18 guinea pigs, so the risk for

compliant with the results obtained from the Ames test

allergic reaction in humans should be considered

and micronucleus test [5,6]. The results obtained in

unlikely. There were also no differences seen in mice

additional cytotoxicity tests [6] clearly proved lack of

(no. of 10) appearance and behaviour, as well as in

cytotoxicity of the experimental material and clear,

animal weight gains between the tested and the control

negative influence on survival outcomes in the MG-63

groups indicating that the bone substitute material does

and hFOB1.19 cells, thorough commercial material -

not produce systemic toxicity. The number of animals

positive control. According to PN-EN ISO 10993-

were according to EN ISO 10993 Standard and the

5:2009 requirements the control material 4Bone®

research protocol was approved by the Local Ethical

(Biomatlante, France) (consisted of HA and TCP) was

Commision for Animal Experimentation in Warsaw.

cytotoxic after 72hrs of exposition of extract to the

Favorable in vitro and in vivo test results allowed the

tested cells, and CH/TCP/Alg proved not to be cytotoxic

commencement of direct implantation to bone in a small

in all the time points of the exposition (Figures 2 and 3)

animal model- Wistar rats. Diverse results were

[6]. The results of the tests performed on the MG-63

obtained, confirming high bone substitute potential of

and hFOB1.19 cell lines were quite differentiated for

the

CH/TCP/Alg and control, commercial biomaterial. Both

inflammatory reactions around the control material

cell lines were not negatively affected by the extracts of

(Figure 4). Around all the samples of the CH/TCP/Alg

CH/TCP/Alg. On the contrary, response of both cell

material, development of woven bone was observed
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after just a month. In 85% of cases there were no signs

left without biomaterial just with a blood clot, most

of purulent inflammation with neutrophils infiltration as

often the features of passive hyperaemia and reactive

well as granulomatosis with infiltration of giant and

fibrosis around small bone structures as well as fibrosis

epithelioid cells. Observation under a light microscope,

of perivascular parenchyma without traits of ossification

after three months, showed that around the biomaterial,

were observed [8]. What is more, a combination of the

trabecular bone developed without significant signs of

experimental material with stem cells in the amount

inflammation. There was no granulomatosis, which

possible to obtain from a few grams of adipose tissue

could be noticed easily after 3 months in specimens

did not significantly improve the bone formation and

with the control material assessed. The CH/TCP/Alg

requires further research. The research was approved by

material proved its osteogenic properties also in

the

immunohistochemical

Experimentation in Lublin.

evaluation

(Figure

5).

Its

Local

Ethical

Commision

for

Animal

advantage over the positive control material was
particularly visible after a month [7]. The positive

4. Discussion

control material, commercially available easy-graft®,

Chitosan is a naturally occurring polysaccharide which

showed osteogenic potential after three months which is

is used in numerous fields of medicine and food

similar to the experimental one, however, presence of

industry. Its bioactivity is the result of a number of

neutrophils - markers of an acute inflammation were

processes and phenomena such as biodegradation,

revealed. Presence of macrophages and giant cells after

membrane

1 month proved, on the other hand, a foreign body

stimulation of organism immunity. It has been applied

inflammatory response. It was proven that development

to the production of various medical devices, e.g.

of new bone was inhibited at that time. A significant

sponges for staunching blood flow, blood vessel

number of neutrophils and lymphoid cells were also

prostheses, plasmapheresis membranes, foils for burns,

found. The results of this experiment prove to be

bandages, developing porous structures in tissue

contrary

engineering, implants for releasing medicines into blood

to

the

producer's

declarations

on

biocompatibility of this medical device [7]. The results

interactions,

polycationic

character

or

[9,10].

of implantation on big animal model were also
satisfying. Samples of sheep’s maxillas taken 4 months

In this project the most important and desired property

after implantation were histopathologically assessed. In

of chitin and its derivates is their capability to form

vivo tests gave the results that confirmed favorable

three-dimensional scaffoldings for guided bone and

osteogenic properties of both evaluated biomaterials:

tissue regeneration, which has been described frequently

BioOss Collagen (Geistlich AG, Switzerland) and

in literature [11-17]. When searching the proper

CH/TCP/Alg. In the histopathological evaluation the

material for this purpose we should take into

following were observed: visible bone remodeling area

consideration its porous structure enabling tissue in-

with an active presence of osteoblasts and single

growth, capability to create reabsorbable matrix,

osteoclasts on its verges. In the sites of mesenchymal

biodegradation and lack of toxic substances released

remodeling there were ossification areas with active

during lysis. Chitosan seems to have those desired

participation of osteoblasts. It should be stressed that

properties both in biological and physicochemical areas.

high compatibility of both materials was observed in

Its great ability to gel and to create various porous

nearly all cases. In the case of negative control- defects

structures obtained during thermally induced separation
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method allows for the wide application in biomedical

materials, especially as researchers embrace the doctrine

field. It should be mentioned that some authors [13,17],

of animal reduction.

suggest

that

chitosan

has

osteoconductive

and

osteoinductive properties when it is used as a material

These tests should be used principally as a first stage

for scaffoldings in tissue engineering. Pure phase beta-

test for acute toxicity and cytocompatibility to avoid

tricalcium phosphate - βTCP (tricalcium phosphate

unnecessary use of animals in the evaluation of

according to IUPAC) is also non-immunogenic and

cytologically inappropriate materials [23]. However, in

completely resorbable. When combined with chitosan

vitro evaluation is not able to demonstrate the tissue

they are materials that can be used for complete,

response to biomaterials, being confined to the response

predictable and repetitive bone regeneration. βTCP is

of individual cell lines. Sometimes in vitro tests may

supposed to take the function of osteoconductive factor,

also overestimate the level of material toxicity [22]. One

facilitating the development of bone tissue through

major limitation to bone culture is also the lack of

chemical copying of natural bone [3,18,19]. The design

controlled physiological loading [23]. When considering

of CH/TCP/Alg particle was in attempt to allow

the small animal model as one of the three steps of a

complete biodegradation after serving as a scaffold for

novel biomaterial’s in vivo evaluation, rat seems to be

the bone tissue. This may help to avoid any potential

the proper species, as many researchers confirmed [25-

adverse reactions as opposed to xenogenic materials

27], despite its dissimilarity with human bone and size

[3,20]. The priority was to obtain a material fully

of the bones making rats unsuitable for testing multiple

substituted by the own bone of a recipient. Therefore

implants

beta tricalcium phosphate, not hydroxyapatite was

implantation tests were undoubtedly encouraging. The

chosen as one of the components. After completing the

histological evaluation revealed the presence of newly

engineering part of our research, further evaluation

formed bone tissue around the experimental biomaterial

moved on to in vitro and in vivo testing. Cell cultures

without significant acute and chronic inflammatory

and bacterial strains provide a convenient, controllable

responses. There were clear signs of bone formation at 4

and repetitive instrument for a preliminary evaluation of

and

the biological response. Cytotoxicity and genotoxicity

immunohistochemical evaluation. It was indicated that

are

systemic

in specimens at both 4 and 12 weeks following

compatibility of an implantable material. In general,

implantation, the graft particles of CH/TCP/Alg were in

cytotoxicity in vitro is a simulation of the biological

direct proximity to the sites exhibiting signs of de novo

response to the material through the exposition of the

bone formation. The osteoclasts and osteoblasts are

cell cultures to the extracts or direct contact to the

suggested to be attracted by the surface of the graft

material.

life-threatening

particles [7]. Unfortunately the chosen positive control

consequences these tests are gaining increasing public

(EG) acted like a negative control, but this was not our

interest [19-23]. The reference research and the need for

intention and should be undoubtedly investigated in

verifying normative recommendations led us to widen

future. The presence of multinucleated giant cells and a

in vitro tests. More sensitive and susceptible for extracts

foreign body-type inflammatory reaction are known to

of bone substitute materials cell lines were chosen for

markedly inhibit new bone formation [28]. Some of the

further evaluation [22,24]. In vitro testing is the most

graft material particles were disintegrated and replaced

popular method for the characterization of bone grafting

by mesenchymal and inflammatory cells at 4 weeks. At

important

Due

factors

to

affecting

serious

and
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12 weeks bone formation was observed only in some of

material on the basis of 4 month study [8]. The fact of

them. In fact these evident results were surprising for us

initial disintegration of the particles is somehow

and are not consistent with data published by the

promising. Our intention was to design a completely

manufacturer. In case of control material a cell based

resorbable material which stimulates the bone formation

resorption of the material occurred inside the particles

and is replaced by autogenous bone without remnants.

followed by new bone formation, which is consistent

At this point it is also impossible to legitimate the

with results published by Chazono et al and Araujo et al

beneficial influence of the adipose derived stem cells in

[29,30]. On the basis of implementation character of the

obtained amount composed with graft material for the

research we decided to widen preclinical in vivo

bone formation. It seems like the number of cells

evaluation [5]. According to many authors a dog is the

isolated per gram of the sheep adipose tissue (1,1-

most suitable model for human bone from a biological

2,32x105 cells) and the amount of 2g of the collected

point of view [20,23,30]. However, an adult sheep is

tissue does not enhance the bone formation and that

more similar in terms of weight and bone dimensions,

requires the further testing. The evaluation of using

which

human

stem cells in oral surgery is carried out by numerous

endoprostheses [31]. We also have in mind the negative

research centers. Our results may confirm the need for

ethical implications of using companion animals for

culturing preosteoblasts in vitro before colonizing the

medical research. Another indication for using sheep is

grafts [39]. Unfortunately still only autogenous grafts

the fact that we may choose animals which are

have capacity to activate all basic mechanisms of bone

approaching the end of their breeding cycle The animals

regeneration: osteogenic activity, osteoinduction and

are not sacrificed just for the research but are utilized

osteoconduction [39,40]. However significant progress

for goods commonly obtained from sheep breeding. In

in tissue engineering may provide to the medics

order to design and carry out this experiment we

composite biomaterials with desirable properties in near

managed to start with the cooperation of the department

future [39]. This research project seems to be a

of

Agricultural

noticeable part of search for highly biocompatible bone

Advisory at the University of Life Sciences in Lublin.

substitutes which may be the carriers for medicinal

Here we must acknowledge that the results of

products. Our biomaterial was carefully evaluated in the

implantation tests on big animal model were not as

broad spectrum of tests. Its biocompatibility and bone

variable and evident as on rats. The essential outcome of

regeneration potential was affirmed, its safety and the

the study was the lack of significant difference between

method of manufacturing was detailed [5-8]. On the

the experimental biomaterial and the positive control-

basis of positive results an attempt at introducing new

BioOss Collagen (Geistlich AG, Switzerland). BioOss®

biotechnology was made [19]. The patent application

is unquestionable a material with proven clinical

no. P-395212 pertaining to the described biomaterial

efficacy [32-38].

was accepted by the Polish Patent Office. In the near

allows

Small

for

implantation

Ruminants

of

Breeding and

e.g.

future we plan to file an application to the Bioethical
It is unarguably difficult to extrapolate the long-rage

Commission for clinical testing.

osteogenic potential of our experimental allogenic
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Figure 2: The cytotoxic effects of the leachable products from tested materials: CH/TCP/Alg and 4Bone®
(Biomatlante, France) (HA/TCP). Survival of human osteosarcoma cells [15]. Each point represents the mean ± S.D.
(n≥8), asterisks indicate significance at P<0.05, for comparison with HA/TCP [6].

Figure 3: Survival of human osteoblasts cells. Each point represents the mean ± S.D. (n≥8), asterisks indicate
significance at P<0.05, for comparison with HA/TCP [6].
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Figure 4: Histological evaluation after 4 and 12 weeks after implantation; a, b, c- CH/TCP/Alg biomaterial, dcontrol; a,b- woven bone tissue around the graft observed after 4 weeks, c- new bone formation and degradation of
the graft after 12 weeks, d- slight bone formation and inflammatory response around the commercially available
bone substitute material [7].

Figure 5: Immunohistochemistry (Formalin/PFA-fixed paraffin-embedded sections)- Sp7/Osterix antibody
(ab22552). The image shows Osterix staining in bone at 4 and 12 week after implantation of CH/TCP/Alg [7].
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