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ABSTRACT

Objectives: To examine the influence of different hydrochloric acid (HCI)
demineralization processes on the physicochemical characteristic of the demineralized
tooth matrix (DTM) in the aspect of physicochemical properties, degradation Kinetic,
the amount of bone morphogenetic protein-2 (BMP-2) and cell biocompatibility on
the demineralized tooth matrix scaffold using osteoblastic cells.

Materials and methods: Caries-free permanent teeth were divided and pulp tissue
were removed. The teeth were pulverized into small particles range from 500-1,000
pum. The particles were pooled and assigned to 5 groups with different protocols of HCI
concentration and reaction time [OM/Omin(TM), 0.5M/10min (0.5M/10DTM),
0.5M/20min (0.5M/20DTM), 1M/10min (1M/10DTM) and 1M/20min (1M/20DTM)].
The study was divided into 2 parts, physicochemical properties evaluation, and in vitro
osteoblast cell biocompatibility. In physicochemical characterization, the chemical
compositions were analyzed by X-ray diffraction and X-ray fluorescence spectroscopy.
Structure topography and surface area were evaluated by scanning electron microscopy
and BET analysis respectively. Protein extraction was performed for 24 hrs. Bradford
protein assay was used to quantify total protein and ELISA was used for BMP-2
quantification. For degradation rate assessment, TM and DTM scaffolds were
fabricated using 5% wt/v of polyvinyl alcohol (PVA) as a biding reagent. All groups
were assessed at 60 days using 50 mM Tris-HCI solution (pH 7.4) at 37°c. Base on
the physicochemical properties, DTM group from proper physicochemical properties
and degradation rate was chosen for further study. For cell biocompatibility,
MC3T3-E1 cells were seeded on the scaffolds. The cell-scaffold constructs of each
group were divided for culturing in proliferation medium for evaluating cell viability
and osteogenic induction medium for assessing cell differentiation on day 1, 3, 7, 14,
and day 21. The morphology of the empty scaffolds and cell adherence were examined
using SEM at 1, 7 and 14 days after cell seeding. The data was presented as mean+SD.
The compared means analysis (p<0.05) was used for comparing total protein and
BMP-2 quantification, degradation rate, cell proliferation and cell differentiation.

Results: All tooth particles were white to yellow in color with hard in consistency.
DTM processed with the longer demineralization reaction times revealed less opacity.
From SEM images, 0.5M/20DTM and 1M/20DTM groups exhibited a smooth surface
with larger dentinal tubules and abundant of exposed collagen fibrils. Calcium and
Phosphorous content in all DTM were lower compared to TM group. The lowest
calcium and phosphate content were found in 1M/20DTM group (Ca=3.43%,
P=1.07%) compared to TM (Ca=15.60%, P=8.08%). The Ca/P ratio for TM,
0.5M/10DTM, 0.5M/20DTM, 1M/10DTM and 1M/20DTM were 1.49, 1.97, 2.39, 2.35
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and 2.48 respectively. The XRD confirmed that there was only hydroxyapatite phase.
The crystallinity in TM, 0.5M/10DTM, 0.5M/20DTM, 1M/10DTM and 1M/20DTM
were 63.09%, 62.12%, 56.84%, 61.915% and 54.33% respectively. From BET analysis
demonstrated the average pore distributions from 42.37-68.17A° with the highest in
1M/20DTM group. In contrast to the surface areas range from 1.77-5.43 m2/g with
the lowest in 1M/20m group. The highest total protein (3.53+0.24 pg/ml) and BMP-2
concentration (1,181.53+£193.77 pg/ml) were found in 1M/20DTM group compared to
TM (0.98+0.081 pg/ml, 2.67+£5.34 pg/ml, p=0.000). The degradation at 60 days of
OM/ODTM, 0.5M/10DTM, 0.5M/20DTM, 1M/10DTM, and 1M/20DTM were
6.41+0.30%, 9.19+1.92%, 8.46+0.28%, 19.27+2.74%, 22.90+10.10% respectively
(p<0.05).

From physicochemical characteristics, 0.5M/10DTM and 0.5M/20DTM were selected
for further in vitro study compared to TM as control. SEM analysis of cell-scaffold
construct in TM group demonstrated irregular shape of cells and small size on day 1
and day 7. Contrary to 0.5M/10DTM and 0.5M/20DTM groups that the cells showed
larger size and propagation. At day 14, the cells proliferated to multilayers on
the surface of the scaffolds in all groups. Cell proliferation of all groups increased from
day 1 to day 14 but slightly decreased at day 21. There was a statistically significant
difference between day 1, 14 and day 21 (p<0.05) in TM group. Whereas, in
0.5M/10DTM and 0.5M/20DTM group showed significant difference at day 14
compare to day 1,3 and day 7 (p<0.05). The cell number in 0.5M/10DTM group was
significantly higher than TM group at day 1 and day 3 (p<0.05). The ALP activity of
0.5M/10DTM group showed significantly different increasing at day 14 and 21.
However, there was no significantly different of osteocalcin (OCN) concentration
between 0.5M/10DTM, 0.5M/20DTM and TM group in all time point.

Conclusions: The reaction time of HCI has effect on tooth matrix in aspect of surface
morphology, crystallinity, element components, Ca/P ratio and the quantity BMP-2.
The HCI acid concentration affect degradation rate of the material. The tooth matrix
which demineralized using 0.5M/10min and 0.5M/20min protocol demonstrated
superior physicochemical characteristic and cell biocompatibility compared with
human tooth matrix.

Keywords: biocompatibility, BMP-2 protein, cell adhesion, cell proliferation,
cell differentiation, degradation, demineralized, tooth matrix, physicochemical
properties,
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CHAPTER 1

INTRODUCTION

The autogenous bone graft is mainly used for filling in bone defect
because there is no immunological reaction and provide osteoinduction,
osteoconduction and osteogenesis properties but the disadvantages are donor site
mobility and limited quantities.

Allograft, xenograft and allograft have been proposed as alternatives, but
they have some disadvantages such as risk of transmission diseases, unpredictable
degradation rate and high cost.

A variety of properties bone graft material may be required bioactivity,
biocompatibility, proper porosity, crystallinity, mechanical strength and resorption.
The bone graft must be biocompatible and nontoxic. It is important for the first thing
of medical device investigation such as cell migration, cell adhesion, cell proliferation,
cell differentiation and mineralization. Bone graft resorption and degradation properties
are important in order to allow new bone to occur simultaneously with bone graft
degradation®.

The using tooth as bone graft material for bone regeneration is increase
because the composition of dentin is similar to alveolar bone. The organic part
composes of collagen type I, noncollagenous proteins play role in new matrix
calcification. The osteoinductive property of the demineralized tooth was discovered
since 19672, and it has been demonstrated that demineralized tooth is osteoinduction or
osteoconduction properties®.

For preparing human demineralized tooth matrix (DTM), the procedure
includes long preparation time and get through multiple chemical demineralized
preparation processes that affect the physicochemical as well as the degradability of
the materials and biocompatibility property.

The objective of this study was to evaluate the optimum time and
concentration of demineralization process for demineralizing human tooth matrix
prepared for bone grafting material in the aspect of physicochemical information,
degradation and in vitro biocompatibility of osteoblastic cells.



Review literature
The compositions of bone

Bone is a hard tissue that exhibits the mineralization matrix and cells.
Bone is composed of mineral and organic part*. The organic matrix of bone contains
mainly collagen type | and noncollagenous proteins including bone sialoprotein, bone
morphogenetic proteins (BMPs), fibronectin, osteocalcin, osteonectin, osteopontin, and
growth factors which play role in cell proliferation, cell differentiation, vascularization
and healing process. The inorganic material of bone consists mainly of calcium and
phosphorus. Calcium and phosphate components are major inorganic of bone and their
compositions of human bone are 29.82+2.08% and 12.90+1.21% respectively®.
Calcium and phosphate atomic ratio (Ca/P) between 1.5 and 1.67 are called apatites
such as hydroxyapatite .

Bone graft material for dental implant

A bone graft is a material that promotes bone healing, whether alone or
in combination with other materials’. Properties requirements for an ideal bone graft
material as listed below?®:

- Biocompatibility

- Osteoinduction, osteoconduction and osteoconduction

- Material porosity: macropore, micropore and nanopore

- Resorbability/degradability

- Plasticity of material

- Material Stability

The mechanism of bone graft healing at recipient site occurs following
bone graft characteristics: osteoconduction, osteoinduction, and osteogenesis®.
Osteoconduction is adherence of mesenchymal stem cells and vessels in scaffold
structures and produces new bone formation at bone graft surfaces. Osteoinduction is
the bone graft material supplies growth factors for osteoprogenitor cells differentiation.
Osteogenesis is osteoprogenitor cells that are present in the graft, proliferate and
differentiate to osteoblasts and produce new bone formation.

Type and advantages or limitations/disadvantages of bone graft materials

Other classifications of bone grafts are based on their source.
Autogenous bone, the gold standard of bone graft material is harvested from the same
subject. There is no immunologic response to this bone graft. Autogenous bone
provides all three properties; osteogenesis, osteoinduction, and osteoconduction
properties. The disadvantages of this graft are the additional surgery time and the need
surgery of donor site.

Allograft graft material is taken from donor with same species. Cadavers
are the most common donor sources. This graft is processed to reduce immunologic
response by cellular elimination but there is a chance for transmission disease or
infection from the graft. This graft functions provide main osteoconduction and some
osteoinduction properties.



Xenograft is the bone graft which is collected from different species.
These main disadvantages of this graft are the immunological response potential and
chance for transmission disease. Common sources for xenografts are bovine and
porcine animals. These graft functions mainly provide osteoconduction property only.

Synthetic graft function is mainly osteoconduction. Some grafts have
osteoinductive property. This property may come from free calcium phosphate ion
releasing or adding synthetic proteins which enhance osteoinduction property’.

Incorporation of the bone graft

Graft incorporation or graft remodeling has been summarized into four
stepst! 12, First, hematoma formation in the graft site, the releasing of osteoinduction
factors and cellular recruitment from platelets or neighboring cells. After inflammatory
phase, the development of fibrovascular tissues connect the graft to the adjacent bone.
Neovascular formation occurs inside the graft. Creeping substitution is focal resorption
of the graft which is performed by recruited osteoclasts and created new bone by
osteoblast.

Factors affect bone graft healing
Pore size/ interconnecting pore

A proper porosity of bone graft is between 50-80%?*.
Pore size of material can be divided into two groups: the micropore (<5 pm pore
diameter) and the macropore (>100 pum pore diameter). The Macropore can enhances
role in the osteoconductivity'®. The interconnecting pore, another important factor that
effects to osteoconduction and vascularization. Pore size with 75-100 pm resulted in
attachment of osteoprogenitor cells and pore size with 10-75 um is adhered by fibrous
tissue®,

Particle size of bone graft

Particle size is one of the factors that affect bone graft properties.
Syftestad and Urist™® studied bone grafts in rats and showed new bone formation was
induced by demineralized bone graft particle of 125-250 um and 500-1,000 um, while
new bone formation was not shown in demineralized bone graft particles of
44-75 pm.

Zhang et al'® showed that particulate demineralized bone graft materials
ranging from 500-710 pum showed high level of mineral deposition after the grafts were
implanted in muscle of athymic mice, while particles less than 250 um demonstrated
a low level of mineral deposition.

Dozza B et al'” found particle size of bone graft affected
physicochemical of collagen structure. The particle size with 500-1,000 pum was
the best condition for cytocompatibility in vitro and for osteoinduction in vivo but there
was no collagen alteration found in particles range 1-2 mm and collagen degeneration
found in small particles (< 500 pm).



Sampath and Reddi*® found demineralized bone graft of rat induced new
bone formation only when large particles were used (particle size 74-420 pum), while
osteoinduction was not observed using a fine matrix (size 44-74 pm). They explained that
the fine particles may prematurely degraded and were eliminated by a phagocytic
response.

The degradation rate of bone graft

The in vivo biodegradation of bone graft can be performed by liquid
dissolution or cell-mediated. The cells responsible for graft resorption consists of
osteoclasts and multinucleated cells**. Ideally, bone graft resorption rate is similar to
new bone formation rate but not any faster. Bartee classified the bone graft degradation
into 3 groups; long term bone graft (more than 30 months), transitional bone graft
(6 months-1 years) and short-term bone graft (3-6 months)*.

Mechanical strength of bone graft

The strength and stiffness of bone material relate to mineralization,
porosity, structural factors and the characteristic of collagen fibers which depends on
location of a bone type and site. The demineralized bone graft material was extremely
susceptible to deformation®*. Hamed et al?°, reported the compressive strength of the
demineralized bovine cortical bone matrix block (5x5x7.5 mm) was about 10-15 MPa
and the deproteinized bovine cortical bone was 14-40 MPa. The mechanical strength of
demineralized bone matrix is 40-60% of mineralized bones?'. The compressive strength
of porous hydroxyapatite with 50-80% porosity was found 2-10 MPa. The strength and
porosity relationship that is typical of ceramic bone graft substitutions®4.

Demineralization process of bone graft

Demineralization is the process of removing minerals ions from mineral
material that occure both in nature and in laboratories??. Senn?® was first described
the demineralized ox bone using hydrochloric acid and used these xenograft bone for
repairing skeletal defects.

The acids were utilized for the demineralization such as hydrochloric
acid (HCI), acetic acid, formic acid, nitric acid, and ethylenediamine tetra-acetic
(EDTA). HCl is the most common use for demineralization process because of the most
rapid rates of demineralization with the highest dissociation constant and solubility of
calcium salts?* and the lower risk for nearby tissue inflammation?.

Zhang et al?® used 0.6M of hydrochloric acid with 10-fold volume to
the mass of bone for 8 hours at 4°C for producing the demineralized bone graft matrix.
They found the osteoinduction property of bone graft when culturing with MC3T3-E1
osteoblasts cells in vitro.

Urist et al?’, used demineralized rat dentin matrix in pig models.
The demineralization was performed by using 0.5mol/L HCI acid for 3 hours at room
temp. They found de novo bone formation around the bone graft in experimental
animals and this new bone came from the effect of BMPs protein.



BMPs protein

BMPs are growth factors which role in bone healing process.
The osteogenic property of BMPs in the demineralized bone graft was discovered by
Urist in 1965%. BMP-2 is a member of transforming growth factor beta (TGF-p)
superfamily. BMP-2 has been demonstrated to induce mesenchymal osteoprogenitor
cell differentiate in a variety of cell types?®. Natural BMPs comprise 0.1% of total bone
weight®®. The concentration with 10 ng/ml of BMP-2 stimulates the development of
adipocyte, while the concentration with 100-1000 ng/ml stimulate chondroblast and
osteoblast cells. The rhBMP-2 concentrations with 100-1000 ng/ml stimulate cell
differentiation. The BMP-2 can be found in bone marrow, muscles and brain®. Previous
studies reported the average concentration of BMP-2 protein which was extracted from
demineralized bone matrix range from 3.6+1.20 ng/g of DBM* to 26.7 + 11.4ng/g
of DBM3L,

Tooth as the bone substitute materials

The Tooth and the alveolar bone both develop from the mesenchymal
origin®. Tooth is a hard- connective tissue organ which composes of inorganic
components and organic components. The compositions of tooth and bone are similar.
The enamel of tooth consists of 96% inorganic part, whereas dentin has 65% and 35%
is organic part. Cementum consists of inorganic part 45-50% and organic part 50-55%.
While alveolar bone has inorganic part 65% and organic part3,

From previous study, elastic modulus measurement of human enamel
molar teeth was 87.56+4.5 GPa and the hardness was 3.96+0.3 GPa. The elastic
modulus measurement of human dentin molar teeth was 40-42 GPa and hardness were
0.526+0.24-1.86+0.4 GPa vary age and site of dentin,

The inorganic component of tooth

The assessment of the element compositions of tooth from X-ray
Diffraction (XRD) that found 5 phases of inorganic components; amorphous calcium
phosphate (ACP), dicalcium phosphate dihydrate (DCPD), hydroxyapatite (HA),
octacalcium phosphate (OCP) and tricalcium phosphate (TCP) and. Enamel consists of
hydroxyapatite, which is a high crystallinity and hardness. The crystallinity of dentin
and bone are similar pattern. When using the energy dispersive X-ray spectroscopy
(EDS) for calculating calcium and phosphate ratio. The Ca/P ratio of crown portion is
1.75, root portion is 1.32 and the total tooth is the range of 1.24-1.46. The ratio relates
to degradable properties, more Ca/P ratio less degradation rate*®.

The organic component of tooth

Both human tooth and bone are composed mainly collagen type | (95%),
non-collagenous proteins and growth factors. non-collagenous proteins which include
bone sialoprotein, dentin sialophosphoprotein, dentin matrix protein 1, and osteopontin
are released into the extracellular matrix in the mineralization process. Growth factors
such as BMPs, transforming growth factor-betal, insulin growth factor-1 and insulin



growth factor-11 (TGF-B1, IGF-I and IGF-I1I respectively) are found in tooth and bone
and they are the chemical signaling in new bone formation®® 7.

Demineralization process of the tooth bone graft

The demineralization process of the tooth bone graft is performed by
soaking the tooth particles or blocks in a variety of strong and/or weak acids® 3¢,
The most frequently chemical using is also hydrochloric acid solution®®.

In the demineralization process, the crystallinity of tooth will decrease
but the bioavailability of collagen, non-collagenous proteins and growth factors will
increase®. From previous, they found new bone formation in rabbit muscle at 4 weeks
in the demineralized dentin bone graft group, while mineralized dentin formed new
bone in muscle at 8 weeks after bone graft implantation. They confirmed
the osteoinductive property of demineralized dentin matrix*°.

Park et al*, produced deciduous demineralized tooth particles by
crushing tooth into powders of 800-1,000 um. The demineralization was performed by
using 0.6 mol/L HCI for 10, 15, 20, 25, 30, 60, and 90 minutes then washed by
phosphate buffered saline (PBS), peracetic acid and ethanol solution. They found
the particles were demineralized for 10 minutes revealed dentinal tubules with a
compact mineralized surface and dense collagen matrix. While demineralization
reached to 30 minutes, the tooth surface developed a crater and porous surface because
of excessive loss of mineralized components. The grafts revealed in total collapse of
collagen and the dentinal tubules could not be found when the time exceeding
30 minutes.

Park et al*?, reported the amount of calcium decreased when
demineralization increased and this decline occurred mostly between 10 and 30
minutes.

To our knowledge, there is no previous study using different HCI acid
concentrations and demineralization for preparation of the demineralized bone or tooth
matrix has been reported but the proper timing may be between 10-30 minutes for tooth
particle.

in vitro, in vivo and clinical studies using tooth as grafting materials

There are many studies related to the human demineralized tooth and
bone regeneration. Bono et al*® studied the demineralized dentin and enamel matrices
by using a demineralized agent with material: solution ratio 1:20 (g:mL). They found
this process could preserve the collagen content, increasing BMP-2 releasing and
exhibited biocompatibility.

Li et al** compared of the biocompatibility and bioactivity between
EDTA demineralized dentin matrix with HA/TCP scaffold. They reported human
demineralized dentin scaffolds showed better biocompatibility and has bioactivity
effect when comparison to control group.



Liu et al* showed that the 18-140 pum particle size of the demineralized
dentin matrix bone graft (DDM) induced odontoblast differentiation of dental pulp stem
cells.

Kang et al*® compared of biocompatibility and bioactivity between
demineralized dentin matrix with HA/TCP scaffold. The osteoinduction potential of
demineralized dentin bone graft on the human dental pulp stem cells was higher than
that of HA-TCP.

Kim*' subcutaneously implanted human demineralized dentin matrix,
which prepared from Korean tooth bank into the dorsal portion of nude mice. The result
showed that the demineralized tooth bone graft induced new cartilage and bone in soft
tissue at 2, 4, and 8 weeks.

Lee et al*®, spent more than 120 minutes for demineralization and
preparation process of demineralized tooth particles in a clinical study. They found
bone formation with no immunologic reaction.

Park et al*!, used deciduous demineralized tooth particles by using
0.6 mol/L HCI for 15 minutes in cranial bone defects of Sprague-Dawley rat models.
They found the exhibited new bone formation in the grafted sites.

Asfour et al*® evaluated the healing of the human demineralized dentin
onlay bone grafts in the rabbit tibia. The human demineralized dentin was fabricated
as a cylindrical dentin block grafts in diameter 5 mm and 2-mm thickness.
The dentin blocks were soaked in chlorhexidine for 60 minutes to reduce bacterial
growth, rinsed with saline and demineralized by using 24% EDTA with pH7 for
12 hours. They found the demineralized dentin graft and bone block graft were fused
to host bone, resorbed and replaced by new bone.

Pang et al®® compared demineralized dentin bone graft with
deproteinized bovine bone for alveolar bone augmentation. They found using
autogenous demineralized dentin bone graft for the bone augmentation was as effective
as using anorganic bovine bone.

Minamizato et al®® reported the use of autogenous partially
demineralized dentin matrix (APDDM) prepared onsite in one visit. The APDDM was
used for clinical application in simultaneous implant placement with guided bone
regeneration, alveolar ridge preservation, alveolar bone augmentation, and maxillary
sinus augmentation.



Table 1 in vitro, in vivo and clinical studies of using demineralized tooth matrix as

the bone graft material

e 0.6 mol/L HCI 90
mins

e Peracetic + ethanol
10 mins

Study Type of Demineralization Result
study
LiR.etal |invitro e EDTA Human treated demineralized human
2011 dentin matrix dentin scaffolds showed
e Human DFCs better biocompatibility
LiuG. etal | invitro e Human demineralized Demineralized dentin
2016 dentin matrix matrix induced
e Dental pulp stem cells odontoblast
(DPSCs) from pig differentiation of DPSCs
Bono N. et | invitro e Demineralized enamel The demineralization
al 2017 Particle process of dentin
e Demineralized dentin allowed increasing the
particle BMP-2 releasing more
[material: solution ratio=1:20 | than the demineralized
(g: mL)] enamel. Both groups
) ) exhibited
e Osteoblastic cell line biocompatibility
Kangetal |invitro e Demineralized dentin Osteoinduction property
2017 in Vivo matrix of DDM was higher than
e Human dental pulp stem | HA-TCP group
cells however, in vivo bone
e Immunocompromised formation was similar
Nude Mice
Kim K.W. [ invivo e Human demineralized The demineralized bone
2014 dentin bone graft graft induced cartilage
e Muscle of nude mice and new bone formation
in soft tissues
Lee E.Y. et | clinical Human demineralized tooth | They found Bone
al 2014 study particles formation with no

immunologic reaction.




Table 1 (continued)

Study Type of Demineralization Result
study
Park M. et | invitro Human demineralized in vitro: increasing
al 2015 in vivo deciduous teeth demineralization time,
e Size 800-1,000 um the tooth surface
e 0.6N HCI for 0, 10, developed a crater and
15, 20, 25. 30, 60, porous surface
and 90 minutes in vivo: exhibited new
in vivo bone formation in the
grafted sites.
e 0.6N HCl for 15
minutes
e Sprague-Dawley rats
Asfour in vivo Human demineralized dentin | Demineralized dentin
AA. onlay grafts using rabbit and bone block graft
etal 2017 tibia model were fused to host bone,
e Cylindrical dentin block resorbed, and replacgd
grafts in diameter 5 mm | DY Pone and connective
and 2-mm tissue.
e Chlorhexidine for 60
minutes
e Demineralized using
24% EDTA neutral, pH7,
for 12 hours.
Pang K. M. | Clinical ¢ Human demineralized Demineralized dentin
etal 2017 | study dentin bone graft, matrix was as effective
(Korean Tooth Bank) as using anorganic
e Anorganic bovine bone bovine bone.
Minamizato | Clinical Autogenous partially APDDM showed the
T. etal study demineralized dentin matrix | efficacy and safety for
2017 prepared onsite in one visit
e Implant placement
e Size 400-800 pum with GBR
e 2% HNO3 with pH 1.0 e Socket preservation
for 10 min e Alveolar ridge
augmentation
e Maxillary sinus
augmentation
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Poly Vinyl Alcohol (PVA) hydrogel characteristic

Hydrogel is a hydrophilic polymer. It demonstrates good tissue
compatibility. Hydrogels are composed of synthetic and natural materials. Synthetic
hydrogels such as poly(hydroxyethyl methacrylate), poly(vinyl alcohol), poly(ethylene
glycol dimethacrylate), poly(ethylene oxide), poly(propylene furmarate-co-ethylene
glycol), polypeptides and poly(acrylic acid).Whereas natural hydrogels include
agarose, alginate, chitosan, collagen, gelatin, fibrin, hyaluronic acid®2.

Poly vinyl alcohol (PVA) is water-soluble polymer. It has been used as
a binding supporting material for tissue engineering applications. It shows mechanical
strength and non-toxicity, biocompatibility, swelling property in aqueous with high
similarity to those of human tissues and anabolic effect on bone formation®2.

Wei et al 2012 studied material biodegradability characteristic of
PVA/collagen/hydroxyapatite (PVA/Col/HA) hydrogel scaffold by seeding MC3T
cells in the scaffold. They found that this scaffold demonstrated increased cell adhesion,
proliferation, and differentiation.

Biocompatibility tests for dental materials

The biomaterials which contact the cells and tissues require good
physicochemical properties and must have good biocompatibility. An international

standard for medical devices (ISO 10993) is used for biological assessment in the aspect
Of 54-56_

Physicochemical and material compositions,
Surface topography; macro, micro and nano
Crystallinity

Porosity

Surface energy, surface electrical property
Cytotoxicity, genotoxicity, carcinogenicity
Hemocompatibility

Sensitization

Material-mediated pyrogenicity

Acute, subacute, subchronic and chronic toxicity
Implantation

Reproductive/developmental toxicity
Biodegradation

The cytotoxicity test is an important and preferred as a screen test for the
evaluation of medical devices. This test uses cells to observes cell adhesion, cell
growth, proliferation and differentiation by the medical materials®.

A sequence of safety studies of new medical materials is in vitro studies,
followed by investigations in animals, and clinical studies®’. Li et al** studied the in
vitro cytotoxicity of human demineralized tooth bone graft. They used the relative
growth rate (RGR) for cytotoxicity analyzing which calculated following the 1SO
10993 as %RGR = (absorbance of test group/absorbance of blank group) x100%
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In vitro biodegradation test

There are many buffer solutions for degradation testing. Tris-HCI
solution is used for ceramics material degradation testing follow I1SO 10993-14
requirement. SBF and PBS can occur crystal precipitation on surface of material®® %,

Tris (hydroxymethyl) methylamine (Tris) has been increasingly used as
a buffering agent in biological experiments. Tris can soluble in water, inert in many
enzymatic systems and no reaction with other components especially bicarbonate®°.

Wu S.C. et al®® studied the degradability of calcium-phosphate porous
microsphere materials were soaked in distilled water (pH7.4) at 37 °C. for 3, 7, 14, and
28 days.

Kirste G. et al®? studied Tris buffer solution affected ion release and
apatite precipitation of bioactive glass, by soaking bioactive glass powder form in Tris-
HCI (pH7.4) solution for 7 days.

Guarino V. et al®® studied the degradability of a PCL scaffold with HA
particles in PBS pH 7.5, NaOH and simulating body fluid solution pH 7.5 for 56 days.
They reported the scaffold in NaOH solution had weight loss more than PBS pH 7.5.
Moreover, they found the scaffold in simulating body fluid solution had bioactivity
property by performing precipitation of appetite on material surface, which corresponds
to a weight gain.

Juraski A.D. et al® studied in vitro degradability property of glass
ceramic scaffold. They immersed Glass-ceramic material in the Tris-HCI solution
(pH 7.4, 37 °C) for 21 days.

Zhong Q. et al®® studied the degradation of porous calcium carbonate
and hydroxyapatite microspheres materials. They soaked the material in Tris-HCI
solution (pH 7.4, 37 °C) for 12 weeks.

From the previous studies, the tooth can be a bone graft material in
alveolar bone repair and regeneration. Moreover, the difference in demineralization
processes leads to question about the effects of demineralized tooth matrix (DTM)
preparation on physicochemical properties, degradation kinetic, BMP-2 quantification,
and biocompatibility of human demineralized tooth matrix.
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Research question

How does the demineralized agent of demineralization process affect
physicochemical information, BMP-2 protein quantification and osteoblastic cell
biocompatibility of human demineralized tooth matrix (DTM)?

Research objectives

e To examine the influence of 5 different protocols of hydrochloric
acid [1) OM, Omin 2) 0.5M, 10min, 3) 0.5M, 20min, 4) 1M, 10min,
and 5) 1M, 20min) on physicochemical properties of demineralized
tooth matrix (DTM) in aspect of

o Surface morphology and porosity

o Crystallinity

o Calcium and phosphate contents and ratio
o Degradation kinetic

e To quantify the amount of the Bone morphogenetic protein-2 (BMP-
2) protein in the tooth matrix after 5 different demineralization
processes.

e To evaluate cell biocompatibility property on demineralized tooth
matrix scaffold using osteoblastic cells in the aspect of

o Cell adhesion
o Cell proliferation
o Cell differentiation

Hypothesis

A reaction time and different concentrations of hydrochloric acid in
demineralization process affect physicochemical properties, BMP-2 quantification and
osteoblastic cell biocompatibility of human demineralized tooth matrix (DTM).



CHAPTER 2

MATERIALS AND METHODS

Samples

This experimental research was performed at the oral surgery clinic,
Faculty of Dentistry, Prince of Songkla University. Caries-free third molar or premolar
permanent teeth from healthy patients undergoing surgical removal or extracted for
orthodontic treatment were included in this study but the teeth were excluded
if they presented any pathology/anomaly of tooth structure.

Methods

The teeth were divided into crown and root portion by high-speed
rotating diamond burs, whereas pulp tissue was removed by handed endodontic files
(Fig.1A, B) and washed in 0.9%NSS. The teeth were crushed into small particles by
mixer ball mill machine (Mixer Mill M301, Retsch GmbH, Haan, Germany). Sievers
with filter aperture 500 and 1,000 um (Endecotts, Endecotts Ltd, London, UK) were
used for selecting particle size (Fig.1C-1).

Figure 1 Demonstration of the human teeth milling process; tooth section (A-C),
tooth milling (C-G) and particle size selection (H, 1)

The tooth particles were pooled and devided into 5 groups (Table 1).
The demineralization process was performed by using hydrochloric acid (HCI) at 25°C.
and the ratio of material: demineralized solution was 1:10 (g/ml)

After demineralization process, the tooth particles were washed using
distilled water with 3 folds of demineralized solution and second washing with PBS
was performed respectively (3 folds of demineralized solution) for 10 minutes (Fig.2).
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Table 2 The groups of tooth particles for demineralization process

Group HCI concentration Deminera_lization time
(mol/L) (minute)
TM(control) 0 0
0.5M/10DTM 0.5 10
1M/10DTM 1.0 10
0.5M/20DTM 0.5 20
1M/20DTM 1.0 20
Distilled
water
control control

Figure 2 Demonstration of all groups after demineralization process

This experimental study was divided into 2 parts. The physicochemical
properties evaluation: to evaluated and compared the effect of hydrochloric acid from
demineralization on physicochemical characteristics, BMP-2 quantifications, and
in vitro degradation rate of the materials. The most appropriate demineralization
protocol which defined from physicochemical properties and degradation rate of
samples was chosen for further study. Then, cell proliferation and cell differentiation
assay were evaluated cell biocompatibility on selected demineralized tooth matrix
scaffolds.

Part 1: Physicochemical characteristic
The surface characteristics of particles

The surface characteristics of human tooth particle in TM group and
4 experimental groups were evaluated by the scanning electron microscope (SEM;
Quanta 400, FEI, Oregon, USA) with 500x, 7,000x and 20,000x magnifications
(n=1/group).

BET analysis

Brunauer-Emmett-Teller (BET) analysis is used to evaluate surface
characteristics and average pore diameter. The BET Analysis (ASAP2460,
Micromeritics, USA), nitrogen gas was used for surface area and average pore diameter
calculation by gas adsorption in the materials (n= 1/group).
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Analysis of crystallinity

To examine the crystallinity percentage of elemental component and
phase of calcium phosphate compound, the samples (n= 1/per group) were assessed by
X-Ray Diffractometer (XRD) (X’Pert MPD, PHILIPS, Netherlands).

Analysis of inorganic components

To determine the amount of elemental compositions especially calcium
and phosphorous contents, all sample groups (n= 1/group) were assessed by X-Ray
Fluorescence Spectrometer (XRF) (PW 2400, PHILIPS, Netherlands).

The Ca/P ratio

The percentages of calcium and phosphorus were calculated for Ca/P
ratio. The stoichiometric Ca/P ratio was calculated by using the following formula:
Ca (mol)/P (mol) = [Ca (Wt%)/40.08 (g/mol)]/ [P (wt%)/ 30.97 (g/mol)]

Quantification of bone morphogenetic protein (BMP-2)
The extraction of BMP-2

The Guanidine HCI/EDTA method protein extraction was performed®®.
A 100 mg of all groups was put in 5 ml Eppendorf tubes and 1.9 ml buffer solution
(4M Guanidine HCI in 1,668.2 pL of 20mM Tris-HCI solution, 190 pyL of 5mM
Benzamidine, 38 pL of 1mM phenylmethylsulfonyl and 3.8 pL of 0.1mM
aminocaproic acid) was added to the tube. The samples were shaken at 4°C for 24 hrs.
The solution supernatant, collected each day, was conserved at 4°C for total protein
assay and ELISA test (n= 3 per group).

Total protein assay

The total protein assay [Pierce Coomassie Plus (Bradford) Assay Kit;
ThermoFisher Scientific, MA, USA] was measured on the sample solutions to quantify
total proteins according to manufacturer protocol.

Quantification of growth factors using ELISA

The quantification of BMP-2 of all groups were measured with human
BMP-2 Quantikine ELISA Kit (R&D Systems, Minnesota, USA). Briefly, a diluent
reagent was added to standard and sample solutions. The solution was incubated for
2 hours at room temperature. Then the solution was removed and the wells were washed
by buffer. After the last wash, BMP-2 conjugate solution was added to each well and
incubated for 2 hours at room temperature on the shaker. Then, a substrate solution was
added to each well and incubated for 30 minutes at room temperature with light
protection. Finally, a stop solution was added to each well. The optical density by using
a microplate reader set to 540 nm or 570 nm wavelength.
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Preparation of the TM/PVA and DTM/PVA scaffolds

PVA (MW 145,000 Da; hydrolysis; Merck, Germany) was used to
fabricate scaffold using hydrogel solution as binding material.

PV A solutions (compositions: 5% wt/v) were modified from the method
of Gupta et al®’. Briefly, PVA powders were dissolved in distilled water, heated at 80°C
and constantly stirred respectively. The PVA solutions were kept at room temperature
for the cooling and air bubbles were removed.

To fabricate the TM/PVA and DTM/PVA scaffolds, a 200 mg of TM of
DTM particles were added into 100 pl of 5% wt/v of PVA solutions (mg/ul) and poured
into a container (diameter of 11 mm and height of 3 mm). Then the scaffolds were
subjected to repeated freeze-thawing cycles at temperatures of -20+2 °C (freezing) and
25+2 °C (thawing) for 3 days. The scaffolds were stored at —20 °C and sterilized by
hydrogen peroxide (H202) gas before use.

Degradation of TM and DTM scaffold

Tooth Matrix (TM)/PVA and all groups of DTM/PVA were immersed
in 1 mL of 50mM Tris-HCI solution (pH 7.4) at 37°C for 60 days. The weight of all
scaffolds was examined at day 0, 1, 3, 5, 7, 14, 21, 30, 45, and 60 (n= 3 per group).
The percentage of degradation was calculated by the following equation:

Degradation rate (%) =100 x (W0 —Wt)/WO0, where WO was the initial
weight of materials and Wt was the weight after time t treatment®®.

Part 2: The in vitro biocompatibility of TM and DTM scaffold
Preparation of cell-scaffold construct

MC3T3-E1 immortalized osteoblast lining cells were seeded onto the
surface of TM/PVA and DTM/PVA scaffolds at a cell density of 5 x 10*/ml in 24-well
plates (@=10 mm). The cell-scaffolds constructs were cultured in basal medium or
osteogenic medium according to the experiment.

Surface characteristic and cell morphology on scaffolds

The morphology of the empty scaffolds were detected with a scanning
electron microscope by using Field Emission Scanning Electron Microscope (Apreo,
ThermoFisher Scientific, Waltham, MA, USA) (n=1per group).

The scaffolds seeded with MC3T3-EL1 cells were incubated in 1 ml basal
medium consisted of a-modified Eagle medium (a-MEM) supplemented with 10% fetal
bovine serum (Gibco, ThermoFisher Scientific, MA, USA), 0.1% of fungizone and
1% of penicillin-streptomycin solution (Gibco, ThermoFisher Scientific, MA, USA)
The constructs were cultured at 37°C with 5% CO2 for 3 days and the culture medium
was changed every two days.

The cell adherence was examined at 1, 7 and 14 days after culturing on
the scaffolds by scanning electron microscopy. For SEM evaluation, the cells-scaffold
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constructs were fixed using 10% formaldehyde with PBS for both the DTM and control
scaffold materials for 2 hours, freeze dry all scaffolds were performed respectively
(n=1per group).

Cell proliferation assay

A cell proliferation reagent (PrestoBlue® cell viability reagent,
Invitrogen, ThermoFisher Scientific, MA, USA) was used to quantify MC3T3E1 cells
viability and proliferation at day 1, 3, 7, 14 and day 21 (n=5 per group).

PrestoBlue® is a cell permeable resazurin-based solution that functions
as a cell viability indicator by using the metabolic activity of living cells to measure
the proliferation of cells. Resazurin is a nonfluorescent blue dye that is irreversibly
reduced to a highly fluorescent pink to red dye, resorufin environment of metabolically
active cells. The color change can be detected by using fluorescence or absorbance
measurements with good sensitivity. Resazurin-based assays can be used without any
cellular lysis or washing steps. Stained cells can be further used in a multiplexed assay
format. The reagent can be removed from the cells and replaced with growth medium
for further proliferation®®.

Briefly, 100 pL of PrestoBlue Reagent was added to 900 pL of culture
medium directly to cells and incubated at 37 °C for 90 minutes according to
the manufacturer’s protocols. The optical density of the solution was measured at 570
and 600 nm using microplate reader.

Cell differentiation assay

The cell-scaffold constructs were incubated in 1 ml of osteogenic
medium; basal medium a-modified Eagle medium (a-MEM) with 50 pg/ml of ascorbic
acid, 10mM of beta-glycerophosphate and 10 nM dexamethasone (Sigma, St Louis,
MO, USA). All cell-scaffolds were cultured in incubator with 5% CO; and 37°C
temperature for 21 days and the medium were changed every 2 days.

For cell differentiation assay, solution samples were collected at day
1, 7, 14, and day 21. PBS was used for washing the scaffolds. Scaffolds were added
with 200 pL of 1%Triton X with PBS and crushed. The cells on scaffolds were lysed
by freeze-thaw technique (—20°C 15 minutes and room temperature for 15 min) for
3 times. The solutions in wells were moved to microtubes and centrifuged at 2,000g for
10 minutes. The clear supernatant in microtube was collected. The quantification of
protein in solution was processed following to the manufacturer’s instruction (Bio-Rad
protein assay, Bio-Rad, California, USA). The light absorbance at 450 nm was
evaluated using the microplate reader machine.

The alkaline phosphatase (ALP) activitiy were calculated following to
instruction using Alkaline Phosphatase, AMP Buffer commercial kit (Hu-man,
Germany) [(U/L)/ug protein]. The quantification of osteocalcin (OCN) protein was
calculated following to the instruction using Osteocalcin ELISA commercial kit
(Biomedical Technologies Inc., USA). The solutions were read at 450 nm by the
microplate reader, and their concentrations were calculated with the serial diluted
standard solution (ng/ml).



Table 3 Measurement tools of DTM properties
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Test No. Tools Measurement
sample
n=1 SEM surface characteristics
n=1 BET analysis Percentage of s_urface are% and
i i average pore diameter (A°)
Physicochemical
properties of the _ X-Ray .
araft particles n=1 Diffractometer Percentage of crystallinity
X-Ray Percentage of inorganic
n=1 Fluorescence component
Spectrometer Ca/P ratio
Surface
characteristic of n=1 SEM Surface characteristic
scaffolds
Morphology of _
cell attachment n=1 SEM Morphology of cell attachment
Degradation of _ 1 mL of 50mM .
scaffolds n=3 Tris-HCI (pH 7.4) Degradation rate
The total protein n=3 Bradford Assay Kit The concentration of total
concentration protein
Quantification n=3 BMP-2 ELISA kit | The concentration of BMP-2
of BMP-2
o n=5 PrestoBlue® Cell proliferation
in vitro
biocompatibility =5 ALP AMP Buffer Cell differentiation

osteocalcin ELISA

Statistical analysis

The data analysis was calculated by using software IBM SPSS statistics
version 23. The data was present as mean+SD. Compare means analysis (p<0.05) was
used for comparing total protein and BMP-2 quantification, degradation rate of
material, cell proliferation and cell differentiation.
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CHAPTER 3

RESULTS

The teeth were collected and pooled together. All 125 teeth weighting
220 grams were pulverized into particle, divided into 5 groups before demineralized
with HCI acid according to the assigned protocols.

Particle characterization

The particles of TM and DTM were like a sand particle with hard in
consistency. The color of TM particles was opaquer than all DTM groups. 1.0/20DTM
group showed the most yellowish in color. The particle sizes in all groups were between
500-1,000 pum (Fig.3).

Tooth matrix 0.5 M 10 min 1M 10 min 0.5 M 20 min 1M 20 min

Figure 3 The characteristic of the particles of tooth matrix and demineralized tooth
matrix from 5 different protocols.

SEM analysis

At x500 magnification, TM group showed inorganic irregular surface.
When the demineralized time increased, 0.5/10DTM group showed a smooth surface
with some dentinal tubule, while the other DTM groups showed a smooth surface with
numerous dentinal tubules.

At x7,000 magnification, the lateral surface of TM and 0.5M/10DTM
group showed inorganic irregular surface. Contrary to DTM that presented some
dentinal tubule. While 1M/10DTM, 0.5/20DTM and 1M/20DTM showed collagen
fiber exposure on the surface, the 1M/20DTM presented the smoothest surface.

At x20,000 magnification, the collagen fiber exposure was seen in all
DTM groups but hardly to identify in TM group. The diameter of dentinal tubule in TM
group was 1 um with irregular inorganic surface. In DTM group, the dentinal tubule
ranged from 0.5- 3 um. As demineralization time increased, the size of dentinal tubule
was increased. 1M/20DTM group showed the smoothest surface, collagen fiber
exposed, and the diameter of dentinal tubule was 2-3 um (Fig.4).



20

™ 0.5M/10DTM  0.5M/20DTM  IM/10DTM  1M/20DTM

Figure 4 Showing SEM image of TM and DTM groups at 500x, 7,000x, 20,000x
magnification. The DTM group demonstrated smooth surface with collagen
fibrils and wider dentinal tubules

At x30,000 magnification, a crack line on the surface of 0.5M/20DTM
and 1M/20DTM groups were observed (Fig.5).

0.5M20min 1M20min

Figure 5 Showing exposed collagen fibrils and small crack lines on particle surface of
0.5M/20DTM and 1M/20DTM groups at 30,000x magnification

XRF analysis

The elemental components in TM and DTM groups were shown from
XRF analysis. The amount of inorganic elemental components (calcium and
phosphorus) tended to decrease while that of organic elements components (carbon,
oxygen, and nitrogen) tended to increase. The DTM groups demonstrated lower
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percentages of calcium and phosphorous compared to TM group. The lowest
percentages of calcium and phosphorous was 1M/20DTM group.

The Ca/P ratio of TM group was 1.49 and the ratio was increase when
concentration and demineralization time increasing. The highest Ca/P ratio was
1M/20DTM group (2.47). The metal elements were found in all groups with small
percentage but Iron element (Fe) was found only in 1M/20DTM group (Table 4).

Table 4 The percentages of element components and Ca/P ratio in TM and DTM groups
from XRF analysis

% element (% by weight)

Ca/P

Groups ratio
Ca| P S | Mg | Na | CI K Zn Fe

™ 156 {8.08 | 0.04 | 0.42|0.50|0.08| 0.01 [<0.01| O |1.492

0.5M/10DTM | 11 |4.32|0.15|0.13|0.16 | 0.15 | <0.01 | <0.01 0 1.968

1M/10DTM | 8.25|2.71|0.19 | 0.01 | 0.15| 0.17 | <0.01 | <0.01 0 |2352

0.5M/20DTM | 8.17 | 2.64 | 0.21 | 0.07 | 0.12 | 0.01 | <0.01 | <0.01 0 |2391

1M/20DTM | 3.43 | 1.07 | 0.25 | 0.05 | 0.08 | 0.2 | <0.01 | <0.01 | <0.01 | 2.477

XRD analysis

According to numbers of peak and peak compatible patterns in XRD
graph, Calcium and Phosphate minerals in all groups were found only in hydroxyapatite
phase (Fig. 6). When concentration of HCI acid and demineralization time increased,
the percentages of crystallinity decreased. The highest percentage of crystallinity was
presented in TM group (63.09%) and the lowest was presented in 1M/20DTM group
(54.33%) (Table 5).

Table 5 Showing percentages of crystalinity and phase of Calcium phosphate
component from XRD analysis

Groups % Crystallinity Phase of Ca-P
™ 63.09 Hydroxyapatite
0.5M/10DTM 62.12 Hydroxyapatite
1M/10DTM 61.91 Hydroxyapatite
0.5M/20DTM 56.84 Hydroxyapatite
1M/20DTM 54.33 Hydroxyapatite
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Figure 6 The numbers of peak patterns in XRD analysis graph showed calcium
phosphate minerals in all groups were found only in hydroxyapatite phase

BET analysis

When the concentration of hydrochloric acid and demineralization time
increased, the BET surface area decreased relatively with surface characteristic of
particles but the average pore diameter was increase. The most average pore diameter
was 1M/20DTM group (68.17A°) (Fig. 7).

100
” OBET Surface area (m2/g)
80 B Adsorption average pore diameter (A°)
70 66.07 68.17
60
S
50 47.36
42.37
40
30
20
10
4.78 4.86 4.01 177
0
0.5M/10DTM IM/10DTM 0.5M/20DTM 1IM/20DTM

Figure 7 The bar chart of BET analysis demonstrated surface area and Adsorption
average pore diameter of all groups
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BMP-2 quantification

The cumulative total protein demonstrated the highest concentration in
1M/20DTM group (3,526.250+£238.410 pg/ml) with a significant difference to other
groups (p=0.000) (Table 6). The ELISA measurements of cumulative BMP-2 released
from TM and DTM groups showed the highest concentration in 1M/20DTM group
(1,181.529+£193.766 pg/ml/100mgDTM) with a significant difference between
the other groups (p=0.000) (Table 6). The BMP-2/total protein presented the highest
ratio from 1M/20DTM group (0.336+0.060 pg/ug/100mgDTM) with a significant
difference between TM group, 0.5M/10DTM group and 1M/10DTM group (p=0.000)
(Table 6).

Table 6 The protein and BMP-2 concentration from TM and DTM groups. The asterisk
(*) is significant different using post hoc tukey test (p<0.05)

Groups Total protein BMP2 BMP2/total protein
(Hg/ml) (pg/ml) (Pg/Hg)
™ 975.00+80.85* 2.67+5.34* 0.002+0.005*
0.5/10DTM 1,166.88+307.66* 111.54+6.68* 0.101+0.029*

1M/10DTM 1,843.13+105.54* | 309.72+237.10* 0.167+0.132*

0.5M/20DTM 1,876.88+105.88* | 528.36+154.78* 0.278+0.070

1M/20DTM 3,526.25+238.41 1,181.53+193.77 0.336+0.060

Surface characteristic of DTM/PVA scaffolds

All scaffold-constructs in cylindical form, presented hard in consistency
but brittle with interconnecting pore between particle. The color of TM group was
opaquer than tooth color of DTM groups (Fig.8).
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Figure 8 The characteristic of tooth matrix and Demineralized tooth matrix scaffolds

Degradation of TM and DTM scaffold

During material degradation test, the tooth particles in 1.0/10DTM and
1.0/20DTM groups dislodged from the scaffold since day 7 and the were progress with
time (Fig.9).
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Figre 9 Shoing all of TM and DTM scaffold groups after soaking in Tris-HCI
solution at day 60. The Scaffolds of 1M/10DTM and 1M/20DTM groups
showed some particle dislodgement

The TM group and all DTM groups degraded with time (fig.10).
The degradation rate at day 60 of LM/10DTM and 1M/20DTM groups were statistically
significant difference higher than other groups (Table 7) (p=0.033, 0.006).

Table 7 The degradation rate of TM and DTM groups at day 60. The asterisk (*) is
significant statistical different in using post hoc tukey test when compare to all

groups (p<0.05
Groups N Degradation rate day 60 (%) Sig
™ 3 6.405+£0.302
0.5M/10DTM 3 9.194+1.916 0.966
0.5M/20DTM 3 8.462+0.279 0.991
1M/10DTM 3 19.273+2.743 0.033*
1M/20DTM 3 22.897+10.091 0.006*
35
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Figure 10 Line chart demonstrated degradation rate of TM and all DTM groups
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From the physicochemical characteristic analysis, all demineralized
groups showed wider dentinal tubule diameter, decreasing calcium and phosphate
element, decreasing crystallinity and increasing BMP-2 releasing relate with
demineralization time and concentration. 0.5M/10DTM, 0.5M/20DTM groups had
slow degradation rate compared to human tooth. Therefore, two groups of 0.5M HCI
DTM were chosen for in vitro biocompatibility test.

Cell biocompatibility Assay
Morphology of cell attachment assay

From SEM, TM, 0.5/10DTM and 0.5/20DTM scaffold groups
demonstrated PVA hydrogel coating on the surface of materials at low power
magnification. In high power magnification, TM groups demonstrated irregular surface
of inorganic structure with small diameter of dentinal tubules. Contrariwise,
0.5M/10DTM and 0.5M/20DTM showed larger dentinal tubules and smooth surface
(Fig.11).

Base on cell-scaffold construct, the morphology of cell attachment at day
1 on TM scaffold showed irregular shape with small size. The loose attachment of cells
on scaffolds were observed. Contrast with 0.5M/10DTM and 0.5M/20DTM groups,
the cells showed larger size and propagated on graft surface with a flat shape and
extended pseudopodia periphery through the dentinal tubules.

At day 7, the cells were increased in number and size in all groups.
The loose attachment of cells on TM scaffolds were still observed. The cells on
0.5/10DTM and 0.5M/20DTM groups demonstrated spreading over a material surface.
At day 14, the cells proliferated to multilayers on the surface of the scaffolds in
all groups. The size of cells were increase. It was difficult to see dentinal tubules or
the material surface in this day. (Fig.12).

0.5M 10min DTM  0.5M 20

min DT

3000x

10000x

Figure 11 SEM image of empty scaffold with PVA of TM and DTM groups at 300x,
3,000x and 10,000x magnification
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Figure 12 SEM image of cell morphology and cell attachment on TM and DTM
scaffolds at day 1,7 and day 14 with 300x, 1,500x and 3,000x magnification
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Cell proliferation assay

The result showed cell proliferation of all groups were increase from
day 1 to day 14 but slightly decreased at day 21 (Table 8 and fig.13). In TM group,
there was statistically significant difference of the cell number between day 1 and day
14 (p=0.020), and day21(p=0.013). In 0.5/10DTM and 0.5/20DTM group, the number
were increased significantly on day 14 compared to day 1 (p=0.000, p=0.000), day 3
(p=0.004, p=0.003) and day7 (p=0.028, p=0.015).

When compared between TM and DTM groups, the cell number was
higher in 0.5/10DTM group compared to TM group at day 1(p=0.039), and day3
(p=0.033)

Table 8 The cell proliferation of TM and experimental groups. The “a” is significant
different when compare with 0.5M/10DTM group (p<0.05). The “b” is
significant different when compare to day 1 (p<0.05). The “c” is significant
different when compare to day 14.

Cell number (mean+SD)
Dayl Day3 Day7 Dayl4 Day21
™ 8,960+ 19,346.67+ 23,333.33+ 33,300+ 36,950+
1,089.85(a) | 3,526.42(a) 5,878.99 9,246.09(b) | 20,935.70(b)

0.5M/ 13,200+ 27,026.67+ 30,173.33+ 41,290+ 38,840+
10DTM | 2,343.81(c) | 3,896.40(c) 2,140.86(c) 1,608.60 6,822.23
0.5M/ 10,280+ 25,666.67+ 28,813.33+ 44,250+ 41,120+
20DTM | 846.36(c) | 3,708.33(c) 2,746.05(c) 4,648.28 9,426.70

Cell differentiation assay

The ALP activity was shown in Figure 14 and Table 19. The TM group
presented the lowest level of ALP over the observation period. In 0.5/10DTM group,
the ALP increased to the hightest level on day 21. In 0.5M/20DTM, the highest level
of ALP was detected on day 1, the slightly decreassed over time.

Table 9 Alkaline phosphatase activity of three groups. “(a)” was a significant
difference when compare with 0.5M/20DTM group (p<0.05).“(b)” was
a significant difference when compared with day 1 (p<0.05).

ALP/Total protein (U/L/ug protein)
Dayl Day7 Dayl4 Day21
™ 0.12+0.1 (a) 0.19+0.10 0.6+0.01 0.2+0.08
0.5M/10DTM 0.18+0.14 0.20+0.13 1.5+0.83 2.0x1.7
0.5M/20DTM | 0.61+0.17 | 0.15+0.06 (b) | 0.7+0.03 (b) | 0.1+0.05 (b)
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Figure 14 Bar chart of Alkaline phosphatase activity at day 1, 7, 14 and 21. * ** were
significant different when compare with 0.5M/20DTM group (p<0.05).
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The concentration of OCN protein was demonstrated on Figure 15 and

Table 10. In TM group, the OCN level was stable during the observation period.
The level of OCN in 0.5M/10DTM and 0.5M/20DTM were increase on day 14 and
decreased to the lowest on day 21. However, the OCN level of all group was not

statistically different.

Table 10 Osteocalcin concentration of TM and DTM groups at day 1, 7, 14 and day 21.

OCN (ng/ml)
Dayl Day7/ Dayl4 Day21
™ 7.50+1.58 8.00+4.80 7.00+3.26 6.88+1.25
0.5M/10DTM 8.00+0.94 6.50+2.85 11.00+8.02 6.00+4.20
0.5M/20DTM 8.50+0.61 6.00+4.18 10.50+5.42 6.00+2.85
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Figure 15 Bar chart of Osteocalcin concentration (OCN) of TM and DTM groups at
day 1, 7, 14 and 21.
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CHAPTER 4

DISCUSSIONS

The demineralization process is the most important factor affecting
the physicochemical property of the graft material. Various protocols have been
performed to fabricate tooth-derived bone graft material and the results showed new
bone formation and different degradation rate of the graft. In the present study,
the different demineralization time and HCI concentration for preparing tooth-derived
bone graft were examined and compared with an attempt to preserve the structure of
the tooth as the osteoconduction, while facilitate the osteoinduction property by
removing some inorganic content to expose organic components which are collagen
fibril and BMP-2. The result demonstrated that the demineralized process decreases
inorganic content and change the surface morphology of the materials. In particular,
increasing the reaction time of hydrochloric acid resulted in lowering the crystallinity,
and the surface area. While increasing the HCI concentration result in increasing
degradation rate and the quantity of BMP-2.

The demineralization process affects physicochemical and BMP-2
releasing of tooth and bone. In the demineralization process, acid dissolves
the inorganic of bone (hydroxyapatite) so the crystallinity of tooth decreases but
the bioavailability of collagen, non-collagenous proteins and growth factors increase®.
In the present study, SEM analysis at high magnification (20,000x), showed wider
diameter of dentinal tubules with collagen fibers orientation. The exposed fiber pattern
was also reported on the surface of the dentin block graft from previous study®°that
showed increasing the demineralization time could increase the diameter of dentinal
tubules, as well as exposed collagen fiber and crack lines on dentin block with
ultrasonic demineralization. The dentinal tubules and crack lines can increase
the effective porous volume because of increasing in the body fluid contact surface area
and growth factor releasing®.

In the present study, demineralization time increased but the percentages
of crystallinity decreased. Similar to previous study®® they demonstrated tooth would
lose their crystallinity of hydroxyapatite structure and became amorphous after 10 and
30 minutes of ultrasonic demineralization process. XRD graph pattern also suggested
that the main phase in all group was HA.

XRF analysis demonstrated lower amount of calcium and phosphorous
in DTM group than in TM group that like previous studies’. Park et al*?, reported that
increasing demineralization time, inorganic materials (calcium and phosphate) were
decreased, while organic materials (carbon, oxygen, nitrogen) were increased. When
inorganic materials decrease, this can imply the mechanical strength of graft will
decrease® 14,

From the literature, the Ca/P molar ratios for HA phase of calcium
phosphate were 1.6772, in this study the Ca/P ratio of TM group is 1.49 which was
slightly decreased from the depletion of calcium and phosphate from demineralization
process’2.The Ca/P ratio has been both lower or close to stoichiometric HA (1.67).
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However, Ca/P ratio which more than 1.67 has been reported.” The strength of HA
increases as Ca/P ratio increases to the ratio is 1.67 and decrease suddenly when
the ratio is more than 1.6774.

The higher calculated Ca/P molar ratio in this study suggests that in
addition to apatite calcium phosphate. DTM may consist of either amorphous calcium
phosphate or unstable calcium phosphate ions such as Ca2*, HPO4?", CO3?, octacalcium
phosphate (OCP) or dicalcium phosphate dihydrate (DCPD) which can release free ions
in liquid environment and may enhance their osteoinduction®. So, calcium ion and
phosphate free ion should be investigated in the further study.

The metal elements in this study which are found in TM and DTM
groups are basic ions which form the tooth tissue structures. The elements such as Cu,
Fe, Mg, Mn, Pb, Sr and Zn can present in enamel layer’.

From BET analysis, when concentration of hydrochloric acid and
reaction time increased, the BET surface area decreased. Contrast with previous study**
that they reported the increasing of BET surface area in deciduous teeth relate
demineralization time in ultrasonic demineralization process. This evidence confirmed
that demineralization process affects the surface area of the material. The average pore
diameter in this study was increased relate to demineralization time that may be affected
from increasing size of dentinal tubule and crack line in the surface of materials.
Previous report suggested that more porous results may increase protein and liquid
opportunity in the materials which enhance for protein adhesion as well as ion exchange
in apatite formation**.

Tris-HCI was used in the material degradation assay follow ISO 10993
recommendation. Xin and Chu®® found the OH™~ from material and H-0 reaction could
bond hydrogen ion in Tris—=HCI and the precipitation of the materials were inhibited.
Contrast with SBF solution, hydrocarbonate and hydrophosphate in SBF could react
with OH™ and degradation of material was interfered by phosphate and carbonate
precipitate on the surface.

The degradation rate of the bioceramic materials depends on cation and
anion in calcium phosphate component, particle size, porosity of material. Increasing
porosity may affect mechanical strength and surface area which contact environment
fluids and leads to faster degradation rate. Moreover, degradation is dependent on
acidity and temperature of environment.®

Bartee® classified bone graft material degradation into 3 groups: long
term bone graft, transitional bone graft and short term bone graft. The degradation rate
of 0.5M/10DTM and 0.5M/20DTM over 60 days were 9.19+1.92% and 8.46+0.28%
respectively which were sorted as transitional resorption rate. This degradation rate was
similar to previous clinical studies® 5!, Minamizato et al,>* found the autogenous
demineralized dentin matrix remaining in the specimens after 4-6 months socket
preservation. Pang et al,> there was 8.95+6.15% of residual autogenous demineralized
tooth bone graft in the specimen after 6 months socket preservation. Base on the
degradation rate, 0.5M/10DTM and 0.5M/20DTM may suitable to be used as the bone
material for socket preservation in early or delay implant placement and for guide bone
regeneration in small peri-implant defect. However, in vivo study should be evaluated
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degradation of material which effect from extracellular liquid, enzymes and cell-
mediated resorption.®

Cell adhesion on biomaterial is a process that can be divided into
4 phases. First, a cell can physically light contact with the substrate. Then, the cell
adheres passively and starts sensing the substrate. Third, cell reshape and initial cell
propagation. Forth, focal adhesion is formed by connecting between the extracellular
matrix macromolecular complexes and the cytoskeleton’’.

From this study, the cell biocompatibility on day 1 demonstrated lower
amount of cell proliferation in all groups especially TM group. Similar previous study,
Li et al*, reported cell morphology and cell proliferation of dental follicle cells on
human tooth dentin matrix treated with EDTA and untreated human tooth were low on
day 1. However, the polygonal shape of cells which was characteristic of cell viability
adhesion. They discussed that demineralization protocol must be optimized.
They found insufficient demineralization revealed a less bone graft scaffold property,
while excessive demineralization process could destroy the structure of dentin.
Same with previous study, Liu et al”® showed that demineralized dentin matrix (DDM)
slightly inhibited proliferation of dental pulp stem cells in the DDM group only on day
3 but cell proliferation result was increase by time to day 7. They concluded that
a number of porosity surface, wettability, surface charge from solubilities of Ca/P ions
and binding proteins releasing after demineralization were effect on cell adhesion
process.”’

Liu et al’® explained that cell adhesion, cell expansion and cell
proliferation were key factors of cell biocompatibility. Cell-biomaterial interactions
were crucial for cell differentiation and tissue formation such as such as BMP-2 and
TGF-B1.

Base on the present study, it is suggested that the slightly reduction of
cell proliferation at day 21 was not attributed from the toxicity of the DTM material but
might be due to the insufficient space of the scaffold, because the control group (TM)
also exhibited the same pattern.

BMP-2, an osteoinductive growth factor which is one of transforming
growth factor beta (TGF-b) superfamily. BMP-2 has been demonstrated to induce
osteoblast cell differentiation into a various of cell types.?® BMP-2 is a highly soluble
protein and degraded in vivo study with 7-16 minutes of half-life?® so the scaffolds are
used to keep BMPs for staying at the grafted site. In this situation, scaffold should act
as a carrier and should slow release growth factors®. Therefore, the organic matrix of
DTM in this study may functions as a container for BMP-2.

BMP-2 was also quantified in other biological materials. The content
varies from tissue to tissue. Demineralized bone matrix (DBM), the BMP-2
concentration were range from 3.6+1.20% to 26.7 + 11.4 ng/g DBM?L. The BMP-2 in
DTM was comparable to those in DBM. BMP-2 in dental pulp tissue was
77.4+8.8 pg/mg of dental pulp tissue’”®. BMP-2 content in deciduous tooth was
0.42 = 0.3 ng of BMP-2 per gram of tooth particles and demineralized deciduous tooth
matrix contained was 1.2 + 0.3 ng of BMP-2 per gram of particles®®. BMP-2 with
100-1,000 ng/ml can induce the differentiation of cells and the development of mineral
matrix. From this present study, 24 hours extracted BMP-2 of DTM groups were
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111.538+6.679 to 1,181.529+193.766 pg/ml of 100 mg of DTM. It can imply DTM has
a sustained release carrier property and BMP-2 of one gram human tooth may be
extracted 1.11-11.8 ng/ml for 24 hours.

The demineralization process may affect to BMP-2 quantification
if excessive demineralization. Pietrzak et al®! reported that extensive demineralization
with 0.5M hydrochloric acid more than 90 minutes may induce BMPs depletion in
demineralized bone matrix.

From cell differentiation analysis, alkaline phosphatase (ALP),
bone morphogenetic protein-2, osteonectin (ON), Runx-2 and transforming growth
factor-beta 1 are early markers of osteogenic cell differentiation, whereas osteocalcin
and osteopontin  (OPN) are expressed later in cell differentiation process®.
Casagrande et al®, reported BMP-2 are necessary to induce cell differentiation
from human exfolicle of deciduous teeth into odontoblast cells. Bono et al®°, reported
the BMP-2 content found in demineralized tooth graft could enhanced ALP activity.

The exposure of collagen may affect to BMP-2 releasing and enable to
cell differentiation. 0.5M/20DTM group showed higher ALP level on day 1 and
decreased over time. This finding may come from higher level of BMP-2 which ready
to release from the material. While in 0.5M/10DTM, the BMP-2 may be entrapped
inside the inorganic matrix and released later after period of time. From this study,
the decreasing of late cell differentiation on day 21 may affect from pH condition of
the graft and BMP-2 quantification®,

Further study should be performed to investigate the surface wettability,
calcium and phosphate free ion, as well as the in vivo degradation profile.
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CHAPTER 5

CONCLUSION

The reaction time and the concentration of HCI affected differently on
the demineralized materials. While the reaction time of HCI has effect on tooth matrix
in aspect of surface morphology, crystallinity, element components, Ca/P ratio and
the quantity BMP-2. HCI concentration has effect on degradation rate of the material.
The demineralized process enhanced physicochemical properties of the tooth matrix by
exposing the collagen fibrils, growth factors releasing, increasing the porosity and
surface area without disturbing the inorganic component.

The demineralized process which using 0.5M HCI acid for 10 minutes
demonstrated the most suitable protocol for fabricating DTM as the evidence from
the degradation rate, cell proliferation and cell differentiation and may have
the potential for further clinical application.

Further study, surface wettability, material porosity, calcium and
phosphate free ion, pH of the material, enzyme related degradation and BMP-2
releasing profile should be investigated.
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The Effect of Demineralization Process on Physicochemical Properties, BMP-2

Releasing of Human Demineralized Tooth Matrix

Anupong JEERACHAIPANSAKUL and Srisurang SUTTAPREYASRI

Department of Oral and Maxillofacial Surgery, Faculty of Dentistry, Prince of Songkla University, Hat Yai, Songkhla, Thailand

Background: Demineralized tooth matrix has been considered a grafting material. However, various demineralization
procedures may result in products with different properties.

Objectives: To examine the influence of the demineralization process of human tooth using 4 different preparation
protocols of hydrochloric acid on the physicochemical characteristic, degradation rate and BMP-2 protein
quantification.

Methods: Caries-free permanent teeth were pulverized into particles range from 500-1,000 um. Tooth particles
were assigned to 5 groups with different protocols of demineralization (mineralized tooth;TM, 0.5M/10DTM,
0.5M/20DTM, 1M/10DTM and 1M/20DTM). Chemical compositions were analyzed by x-ray diffraction and x-ray
fluorescence spectroscopy. Surface morphology was evaluated by scanning electron microscopy and
Brunauer-Emmett-Teller analysis. Bradford protein assay was used to quantify total protein and human ELISA
was used for BMP-2 quantification. Degradation behaviors were assessed over 60 days using 50 mM Tris-HCI
solution (pH 7.4) at 37°c.

Results: Increasing reaction time led to more collagen exposed on smooth dentin surface, larger size of dentinal
tubule and average pore diameter, less crystallinity, and less Ca/P ratio. The highest total protein (3.53+0.24 pg/
ml) and BMP-2 concentration (1,181.53+193.77 pg/ml) were found in IM/20DTM group compared to TM group
(0.98+0.081 pg/ml, 2.67+5.34 pg/ml, p=0.000). The degradation at 60 days of TM, 0.5M/10DTM, 0.5M/20DTM,
IM/10DTM, and 1M/20DTM were 6.41+0.30%, 9.19+1.92%, 8.46+0.28%, 19.27+2.74%, 22.90+£10.10%
respectively (p<0.05). |

Conclusion: The reaction time of HCI has greater effect on human tooth particles in aspect of surface morphology,
crystallinity, element components, Ca/P ratio, the quantity of total protein and BMP-2 releasing. While increasing

the concentration leads to more degradation of the human tooth matrix.

Keywords: BMP-Z,‘Bone graft, Ca/P, Degradation, Demineralization, Tooth
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