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Abstract
 
Bone regeneration in dentistry is often mandatory in order 
to provide edentulous patients with implant-supported re-
habilitations, in the presence of alveolar bone defects. Bone 
reconstruction and alveolar ridge preservation procedures 
are often challenging and the use of grafting biomaterials 
of various origin has become very popular among clinicians. 
Autogenous bone graft is still considered the gold standard 
material in many situations due to its osteogenic, osteocon-
ductive, and osteoinductive properties, but the limited avail-
ability and the need for a harvesting site, which increase 
patient discomfort, represent some disadvantages. In order 
to address such drawbacks, over the years, many types of 
bone substitutes (allografts, xenografts, alloplasts, and vari-
ous combinations) have been used. They all have osteocon-
ductive features but lack osteogenic property, and only al-
lografts were claimed to be slightly osteoinductive, due to 
the presence of BMPs. In addition, the degradation rate of 
the various bone substitutes (which in turn determines the 
rate of graft replacement with newly formed bone) can be 
highly variable, with bovine-derived xenograft able to per-
sist for many years within the grafted site. Among the latest 
products on the market, a device called Tooth Transformer® 
has been developed, which is able to process the teeth ex-
tracted from the patient, transforming them into partially de-
calcified dentin/enamel granules (“tooth graft”), which can 
be used as a self-derived bone substitute. The advantages 
of this material are the total biocompatibility (being of autol-
ogous origin), the osteoinduction property (due to the pres-
ence of BMPs in the tooth graft matrix), and the proportion of 
collagen and hydroxyapatite very similar to the bone tissue. 

Furthermore, the teeth that need to be extracted become a 
valuable resource instead of being wasted, as often happens.

This system has proved effective, allowing the patient to ob-
tain very good bone regeneration. Furthermore, it is possible 
to use the tooth graft together with other bone substitutes 
already present on the market, in the case of large defects 
that require a large amount of graft volume. In this regard, it 
is useful to know whether the addition of other bone substi-
tutes alters bone regeneration for better or worse.

To answer this question, it was decided to carry out this proj-
ect, which involves the histomorphometric analysis of bone 
samples regenerated with tooth graft alone (obtained with 
the Tooth Transformer®) and tooth graft combined with other 
bone substitutes. 

Specifically, the histomorphometric analysis will examine the 
following points: 
• Amount of newly formed bone 
• Amount of residual tooth graft 
• Size of the residual tooth graft granules 
• Amount of residual bone substitute 
• Size of the granules of the bone substitute 
• Presence and quantification of bone-bone substitute spaces 
• Quantification of trabecular spaces

The data collected will allow us to assess: 
• The bone regeneration process in particular, in which they 
will be able to give an estimate of the quality of the bone in 
terms of absolute quantity and compactness, and whether 
there is a difference depending on the biomaterial used in 
combination with the tooth graft. 
• The structural integrity and mechanical properties, since 
the presence of spaces between the bone substitute and the 
newly formed bone can be associated with a lower resistance 
of the newly formed tissue. 

These analyses will be performed on two groups of samples 
each: one group represented by biopsies of bone re gen-
erated using only tooth graft (control) and a second group 
regenerated with tooth graft in combination with a sec-
ond bone substitute (test). The most common bone substi-
tute that will be investigated in this study is deproteinized



bovine bone mineral (DBBM). All biopsies will be obtained 
after a healing period of 4 to 6 months. If possible, results 
obtained at different healing times will be compared. 

The hypothesis is that the addition of DBBM will increase the 
total volume of bone (newly formed bone+residual DBBM 
graft), but will decrease the amount of newly formed bone.
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1 Introduction

1.1 Thesis statement and starting point 

Approximately 2 years ago, I watched a speech by Paul 
Sharpe, who is the head of the center for craniofacial & re-
generative biology at the dentistry department of King’s Col-
lege London. His speech was focused on Bio-tooth which 
means whole tooth replacement, and I found it very inter-
esting, and it was the starting point of this dissertation. So, I 
started to connect with their department to do my thesis, but 
in that period of time there were some limitations regarding 
COVID.19 and it was not possible for me to change my loca-
tion for approximately one year. By considering these points, 
I started to discover more in this area and tried to find a de-
partment to collaborate with them. I found the Department 
of Biomedical, Surgical, and Dental Sciences at the Universi-
ty of Milan. I found Prof. Del Fabro and Prof. Taschieri. They 
suggested I skip my interest in  Bio-tooth since it takes a long 
time and it seems impossible to do such research in a short 
period of time. So, we decided to work on bone regenera-
tion in dentistry. In this case, I had the opportunity to get fa-
miliar with this area and, most importantly, do practical work 
in the laboratory. Also, I knew that many bone defects are 
usually caused by tumor resection, congenital malformation, 
trauma, fractures, surgery, or periodontitis in dentistry, and it 
was interesting for me to play my own role and take a small 
step in an enormous world of regenerative medicine.  Finally, 
we decided to work on applying biomaterials as a graft and 
evaluate the process of altering bone regeneration. 

All in all, these experiences and information convinced me to 
follow this way. I believe that, in general, regenerative medi-
cine has the potential to impact the whole spectrum of health
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care, and what is more important than health and how does 
it affect our lives? This reality is a hundred times more im-
portant when we consider patients with special conditions. 
Generally speaking, by considering all the challenges in this 
field, I believe that such investigating in this area will change 
the quality of life. As a young researcher in this huge world, I 
hope this thesis will be a small step and solve a problem.

1.2 COVID Pandemic Situation

Each activity in each context can face some obstacles. Some 
of the obstacles can be more challenging and others less. 
In my case, I started working on my thesis in October 2020 
and it lasted about 10 months, while at the beginning of the 
process, the world still suffered from COVID.19. During that 
time, most of the activities and all the academic spaces, such 
as universities and laboratories, were temporarily closed. Es-
pecially because I worked in the histology laboratory at Ga-
leazzi hospital. I cannot neglect the effects of this pandem-
ic on my daily routine life and also the process of my thesis 
since I was forced to postpone some procedures. Of course, 
this pandemic seriously affected our lives, but I deeply be-
lieve, according to Kobayashi Issa: 

A world of grief and pain, 
Flowers bloom, 

Even then

1.3 Thesis Structure

This dissertation is divided into six chapters. The first chapter, 
titled “Introduction”, presents the starting points and struc-
ture of this dissertation. The second chapter, “Literature re-
views”, states a conceptual framework for this research and 
the previous study which is done. The third chapter, “Scope 
of work”, discusses the aims and problems that are going to 
be tackled by this research and also expresses the main ques-
tion that forms the thesis. The fourth chapter, titled “Method-
ology and Data Production”, which represents the laboratory 
and analyzing process. The fifth chapter, “Results and Con-
clusion”, presents the result of this study along with answers 
to the main questions. Moreover, presents some summariz-
ing remarks and identifies directions for further research.  

Thesis statements and starting point
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Chapters sixth “ Refrences” and seventh “List of figures and 
tables”  provides the refrences plus list of figures and tables 
which were used for this study.

Introduction Thesis Structure



20 21

2 Literature Review

2.1 Introduction to Tissue Engineering 

Tissue and organ failure due to disease, trauma and devel-
opmental disorders have been a significant economic and 
health problem. The use of donated tissues and organs is 
now a clinical procedure to resolve this problem. However, 
because of the lack of organ donors, the number of patients 
on the transplant waiting lists and the ever-growing aging 
population, relying on donated tissues and organs is not a 
realistic solution. In addition, due to extreme logistical limita-
tions, many organs from donors cannot be paired, transport-
ed and safely transplanted to the recipient within the reason-
ably short time available. 

Tissue engineering (TE) has been introduced to fulfill this 
critical medical requirements. in fact to developing therapies 
and products for the reconstruction or replacement of dam-
aged tissues and organs we use TE and regenerative medi-
cine (RM) which are multidisciplinary domains by integrating 
information and technology from a variety of fields, such as 
biology, engineering, chemistry, pharmacy, medicinal and 
material science [1].

Generally speaking TE is a rapidly developing multidisci-
plinary area in which the concepts of biological sciences and 
bioengineering such as material science, polymer chemistry, 
cell biology, and tissue transplantation are combined to cre-
ate new three-dimensional (3D) biological replacements that 
simulate the nature of human tissue in order to enhance, re-
store, or maintain their functions. 

The preliminary tissue engineering model involves removing 
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specific cells from patients through a small biopsy, growing 
them on a 3D biomimetic scaffold under precisely controlled 
culture conditions, transporting the structure to the anticipat-
ed location in the patient’s body, and assisting in the forming 
of new tissue onto the scaffold, which degrades biologically 
over time [2].

The general scheme of tissue Engineering is represented in 
Fig. 2-1 [3].

2.2 Engineering the architecture of tissue scaffolds 

Thanks to two major technologies the ability to create com-
pletely controlled 3D architectures for tissue engineering has 
been significant progress. These technologies are:  
1. programmed modular self-assembly 
2. 3D bioprinting. 
The use of programmed modular self-assembly allows for 
the quick development of sophisticated synthetic architec-
tures. It’s important to know that by u sing DNA strands with 
sequence complementarity that pair under suitable physical 
conditions, we can create self-organizing structures. A sim-
ilar idea has been applied to the macroscale, where bio-
material and tissue building blocks attached with specially 
engineered programmable DNA glues may be induced to 
assemble over various length scales ranging from a few hun-
dred  micrometers to centimeters. Similarly, degradable DNA 
glues is compound to single cells to achieve engineered tis-
sue assembly, which can then be degraded using DNase to 
release the assembled tissue. While nondegradable DNAs 
allow long-term assembly of biomaterial building blocks into 
ideal tissue architectures, degradable DNAs are best suited 
for cases in which living cells can actively fuse into an integral 
piece after assembly without the need for additional DNA to 
stabilize the structures [3].

Biofabrication methods such as 3D bioprinting, an extension 
of existing 3D printing, provide unprecedented flexibility in 
modifying cells and biomolecules (e.g., proteins and ECMs) 
with detailed control over composition and spatial distribu-
tion to recapitulate the fine form, structure, and design of na-
tive tissues [3].

Three-dimensional (3D) printing (or additive manufacturing

Introduction to Tissue Engineering 

Fig. 2-1 It represents the progression in tissue 
engineering in terms of cell type growth
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(AM)) can create scaffolds customized to the needs of the pa-
tient. Bioprinting utilizes additive manufacturing methods to 
construct 3D structures made up of living cells, biomaterials, 
and active biomolecules. The homogeneous distribution of 
cells is one of the key benefits of Bioprinting [4]. 

Bioprinting is defined as the positioning of biochemicals, bi-
ological materials, and living cells for the generation of bio-
engineered structures of biological and biologically relevant 
materials with the use of computer-aided transfer and build-
up processes. Generally Bioprinting is known as the place-
ment of biochemicals, biological materials, and living cells 
for the generation of bioengineered structures of biological 
and biologically related materials by using computer-aided 
transfer and build-up processes. A general overview of 3D 
printing processes is shown in Fig. 2-2 [5].

There are four  bioprinting techniques such as Extru-
sion-Based 3D Cell Printing, Inkjet-Based 3D Cell Printing, 
Laser-Assisted 3D Cell Printing, and Stereolithography.

2.2.1 Extrusion-Based 3D Cell Printing

In this method to dispense bioinks, extrusion printing imple-
ments either an air-force pump or a mechanical screw plung-

Literature Review

Imagining of organ or segment of interest (ie.. CT, MRI)

Selection of appropriate 3D (bio) printer

Selection of material(s) for the 3D fabrication of the object

Segmentation-creation of 3D geometry of the area of the 
interest

Creation of 3D printed object, post-processing and testing of 
object’s surface, properties etc. 

Transformation of 3D geometry-shape to a fill ready for 
printing

Fig. 2-2 General overview of 3D (bio) printing processes

er (Fig. 2-3 a). Extrusion uses a continuous force, allowing for 
the printing of continuous cylindrical lines rather than a sin-
gle bioink droplet [7].

This method is the most popular printing method. Also, it’s 
important to know that Ink is extruded into a printhead layer 
by layer to create a 3D shape. Extrusion bioprinting is operate 
by Piston, screw, or pneumatic pressure mechanism. In or-
der to print highly viscous bioinks, Micro-nozzle sizes can be 
used. By use of this technology the control over cell deposi-
tion, cell distribution rate, and the speed of the process have 
significantly improved for scaffold fabrication [4].

2.2.2 Inkjet-Based 3D Cell Printing 

The inkjet-based printing technique was initially used for tis-
sue engineering and is somewhat close to traditional 2D ink-
jet printing [8]. In the ink cartridge, a hydrogel prepolymer 
solution encapsulating cells (i.e., bioink) is filled. After that, 
the cartridge is connected to a printing head. The printing 
head is exerted by a thermal or piezoelectric actuator during 
the printing process, which could print the bioink while pro-
ducing controllable droplets in terms of size (Fig. 2-3 b).

Low cost, high printing speed and resolution, and relatively 
high cell viability (usually 80–90%) are the main advantages 
of inkjet printing method [9]. However, as the new printing 
heads are built on microelectromechanical systems (MEMs), 
thermal or piezoelectric actuation at the opening of the pis-
ton produce comparatively minor deformations. Therefore, 
there is a problem in high-viscosity material that the printing 
heads cannot squeeze out these materials. In addition, such 
small deformation does not support high cell density, since 
high cell density enhance the average viscosity of bioinks 
and finally leads to clogging of the nozzle. So, the biological 
materials must also be in a liquid form to permit the forma-
tion of low-viscosity droplets [7].

One typical disadvantage is that 3D solid constructs cannot 
be easily stacked without immediate cross-link processes, so 
that rapid cross-linkage, such as chemical or ultraviolet mech-
anisms, are necessary immediately after deposition. To un-
derstand this issue, Biomaterials must be chemically altered 
and reduced viability and functionally characteristics are 

Engineering the architecture of tissue 
scaffolds
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needed to do this. Another drawback in inkjet printing called 
the settling effect was concentrated in recent work [10].

2.2.3 Laser-Assisted 3D Cell Printing 

Laser printing is a promising approach for tissue engineering 
which is developed by Laser induced forward transfer (LIFT) 
technology (Fig. 2-3 c)[11]. It is necessary to mention that La-
ser induced forward transfer (LIFT) is a revolutionary alterna-
tive to the existing method such as ink jet printing, since it 
can deposit and position picoliter droplets in a precise way 
while remaining gentle enough to maintain sensitive struc-
tures in the ink [12]. It has significant advantages in the mat-
ter of bioprinting and is also called laser-assisted bioprinting 
(LAB). In general, LIFT assisted printer or LAB has three main 
components: (1) a pulsating laser source, (2) a donor-slide, 
to support and propel the printing material, and (3) a receiv-
ing substrate to collect and support the printed material. The 
technology depends on the vaporization of a thin layer of 
gold/titanium which covers the donor slide caused by the la-
ser. A bubble that propels precursor material on a receiver 
slide is formed during vaporization. This technique can pro-
duce prints in excellent resolution (>20 μm) and cell viability 
when applying for bioprinting. The precursor is a hydrogel 
that needs a medium-range viscosity for this process. This 
technique has been shown to provide precise, multicellular 
positioning. Receiver Slides can be either natural (biopapers) 
or synthetic. Also self-assembled cell sheets use for biopa-
pers [4].

2.2.4 Stereolithography

Stereolithography uses UV radiation from the light source 
(i.e. LASER, Digital Light Processing (DLP)) to cause a photo-
sensitive polymer layer to cross-link. 

This method is use for the creation of ceramic composites 
in polymer matrix (i.e. green ceramics) while it is one of the 
indirect additive manufacturing (AM) techniques. The advan-
tages of this method generally regarded as the highest reso-
lution and printable freedom technology. Also, beside these 
benefits, there will also be a drawback. In this case, to allow 
certain curing depth, the optical characteristics of the pow-
der should match those of the resin. The lateral resolution of
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the printed piece is necessarily reduced if the powder is re-
flected in UV light. The handling of high-viscosity slurries 
used as feedstock is another disadvantage of the stereoli-
thography for ceramics [13]. The schematic of this method is 
represented in (Fig. 2-3 d) [11]. 

2.3 In vitro control of tissue development 

There is a challenging problem in functional tissue engineer-
ing, which is the optimizing in vitro culture environment in 
order to create three-dimensional (3D) implants that can 
overcome the in vivo milieu. In particular, in vitro culture con-
ditions can be accurately defined and monitored in order to 
optimize the structure, composition, and mechanical charac-
teristics of the engineered tissue.  In vitro culture conditions 
include scaffold systems, bioreactors, growth factors, and 
mechanical conditioning would all have an impact on the de-
velopment and efficiency of engineered tissues (Fig. 2-4) [14]. 

Fig. 2-3 Different 3D printing methods [11]

Engineering the architecture of tissue 
scaffolds

Fig. 2-4 In vetro strategy for engineering functional tissues. Cells, scaffolds, bioreactors, and growth 
factors used as tool to create functional engineered tissues [14]

a: Extrusion b: Injekt

d: Stereolithographyc: Laser-Assisted 3D cell
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Scaffolds are three-dimensional (3D) porous, fibrous or per-
meable biomaterials considered to permit the following 
functions: 
1. Enhance the interaction of cell-biomaterials, cell adhesion, 
and extracellular matrix (ECM) deposition. 
2. Cell survival, proliferation and differentiation by allowing 
transport of enough gases, nutrient and regulatory factors. 
3. Biodegrade at a controllable rate approximating the tissue 
regeneration rate in desired culture conditions. 
4. Stimulate minimum inflammation or toxicity in vivo [15]. 

3D scaffolds as tissue models can simulate the structural 
complexity of living tissues. This point emphasizes the impor-
tance of not just the biomaterial used, but also the scaffolds’ 
macro-, micro-, and Nano-architectures. Biomaterials used 
for 3D scaffolds are categorized as ceramics, glass-ceramics, 
metals, natural and synthetic polymers, and composites. Bio-
degradable biomaterials that do not need to be explanted 
from the organism have recently received considerable at-
tention.  

Furthermore, to transport therapeutic agents such as growth 
factors, proteins, drugs and other substances biomaterial 
scaffolds are used, and the anchorage of these substances to 
the scaffold is essential for loading [16]. Bioreactors are con-
sidered as in vitro steps of tissue engineering by developing 
the formation and growth of viable tissues and organs [17]. 

Bioreactors are laboratory instruments that perform the fol-
lowing tasks: 
1. Control cell distribution on 3D scaffolds at the start 
2. During in vitro cultivation, efficient mass transferring of 
gases, nutrients, and growth factors to tissue-engineered 
constructs. 
3. Enable developing constructs to be exposed to convective 
mixing, perfusion, and/or mechanical, electrical, or other bio-
physical factors in a controlled way [18]. 

It’s necessary to say that bioreactors are divided into two 
groups: macrobioreactors and microbioreactors. The first is 
used mainly to grow functional tissues for implantation, while 
the second is primarily utilized for testing of drugs, cell re-
sponse optimization under different stimulations and models 
of disease [19]. Mechanical conditioning can be defined as
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in-vitro application of dynamic mechanical loads (i.e. ten-
sion, stress, pressure and/or shear) to cells, tissues or 3D 
engineered tissue by means of specially designed systems.   
These basic in vitro culture parameters can be adjusted indi-
vidually or in combination to satisfy the needs of the specific 
tissue to be engineered [20]. 

2.3.1 Mechanobiology

It is a biological field which studies the creation and response 
of cells or tissues to mechanical signals. This field includes 
how the cells produce mechanical forces to interact with their 
environment or their neighbors, and also the mass of cellular 
responses to mechanical signals. Biology, physics, and engi-
neering have the junction in which mechanobiology helps us 
to better understand both the development of medical ap-
plications such as implants, wound regeneration control, and 
tissue engineering and also biological phenomena such as 
morphogenesis, tissue regeneration and cancer metastasis.

2.3.1.1 Mechanobiology in tissue engineering; Bone implant  
          design 

Artificial implants ca be used for recapitulation of bone and 
joint activity in dentistry and orthopedics. These implants are 
also composed of hard metals (e.g. pure titanium or titani-
um alloys) attached to native bone. After implantation, im-
plant stability is defined by the body’s capability, in a process 
known as osseointegration, in which expanding and main-
tains natural bone structure around the implant. 

Bone implants osseointegration need both formation and re-
sorption of bone. The same mechanical cues for the recon-
struction of native bone are also used to stabilize artificial 
bone implants. During moving, the native bone is exposed 
to compression cycles that allow bone formation and bone 
resorption to increase by osteoblasts and osteoclasts respec-
tively. 

Various osseointegration techniques have been developed, 
such as the covering of the metal surface with hydroxyapa-
tite, which is the bone’s main chemical ingredient. Direct cy-
clic implant loading and loading of the whole bone implants 
have been shown to greatly increase bone formation at the

In vitro control of tissue development
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implant interface meaning that to enhance osseointegration, 
combination of common pharmacological therapies with 
mechanical cues can be useful. The metals used in these im-
plants are currently stiffer than the bones they are intended 
to replace. Furthermore, the implants do not have the same 
stiffness differences as native bone architecture. These differ-
ences lead to different mechanical conditions between bone 
structures surrounding the implant and those seen in native 
bones, which is leading to abnormal patterns of bone forma-
tion and resorption and weakening of the bone around the 
implant. To reduce these effects, implants are designed based 
on comparable architecture and stiffness to native bones. 
Also, it’s necessary to say that decreasing stiffness causes 
increasing interfacial stress between the bone and implant, 
which leads to bone resorption. Implants should present the 
same pattern and magnitude of mechanical signals to the 
surrounding tissue as native bone in order to make implants 
more stable over time and increase osseointegration [21].

2.4 In vivo synthesis of tissue and organs 

The in vitro mechanism of engineering tissues is well known, 
but reproducing organ cellular and structural complexity by 
using techniques in conventional tissue engineering is ex-
tremely difficult. Furthermore, innervation and vasculariza-
tion are necessary for proper physiological outcomes and 
both of them cannot be repeated ex vivo. To solve the prob-
lems of conventional tissue engineering, an approach was 
developed to engineer organs and tissue in vivo without ex-
ogenous input in the form of cells or growth factors. This ap-
proach called the “in vivo bioreactor” (IVB)and it is based on 
the assumption that providing a single abundant biochemi-
cal or biophysical signal, through a simple intervention, in a 
physically defined environment which can dominate biolog-
ical noise and invoke intrinsic mechanisms of regeneration 
and repair [22]. The IVB principle is that biological systems are 
basically noisy, and thus a single, but suitable signal will to-
tally change the signaling landscape. Though signals known 
to be important in biology are of biological origin  (growth 
factors, proteins, enzymes, RNA, microRNA, virus), the source 
of signal in the IVB paradigm may be biophysical in nature 
or can pair to the cellular microenvironment by mechano-
sensing elements to start a mechanobiology paradigm and 
is represent from the outside into the cellular environment. 
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For the IVB paradigm to be operational and viable, the four 
conditions mentioned below are necessary (Fig. 2-5):  
1. Defining an intrinsic source of plurial or multipotent cells 
or progenitor cells in the body. 
2. Creating a special microenvironment with exception 
of other cell populations. 
3. Presenting a single biophysical or soluble cue to solve the 
stochastic biological noise. 
4. Defining a volume for regenerative process [22].

2.5 Biomaterials in tissue Engineering 

The first definition of Biomaterials was develop in the 1980’s 
as “any substance, other than a drug, or a combination of 
substances, synthetic or natural in origin, which can be used 
for any period of time, as a whole or as a part of a system, 
which treats, augments or replaces any tissue, organ or func-
tion of the body” [23]. Natural and synthetic biomaterials are 
a key component of regenerative and tissue engineering 
techniques. Different types of scaffold are produced from a 
variety of biomaterials with several manufacturing process-
es, but the major problem for tissue engineering is choosing 
suitable materials for the construction of scaffolds. For this 
purpose, various kinds of biomaterials such as natural or syn-
thetic polymers, ceramics, metals, composites and hydrogels 
are currently used [24]. There are a range of important factors 
must be considered to design or determine the suitability of 
tissue engineering scaffold:

2.5.1 Biocompatibility

The first requirement of scaffold for tissue engineering is that 
it must be biologically compatible; it must stick to the sur-
face, work normally, and finally migrate through the scaffold,  

Fig. 2-5 Different main elements of the IVB paradigm and their major roles in ensuring optimum organ 
or tissue engineering [22]
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beginning to proliferate until a new matrix is determined. The 
scaffold or tissue engineered structure after implantation has 
to evoke a negligible immune response to avoid a strong in-
flammatory reaction that can limit healing or cause rejection 
by the body. 

2.5.2 Biodegradability

Tissue engineering allows the body’s own cells to replace the 
tissue engineered construction by passing time. Scaffolds 
and construction are not considered as permanent implants. 
Consequently, the scaffold should be biodegradable so that 
cells can create their extracellular matrix. The by-products 
should therefore be non-toxic and should be free to leave 
the body without interference with other organs. A combina-
tion of inflammatory reaction and controlled infusion of such 
cells as macrophages is essential for degradation to occur in 
conjunction with tissue formation [25].

2.5.3 Mechanical properties

The ideal scaffolds should have mechanical properties which 
are in accordance with the anatomical site it is to be implant-
ed and should be durable enough from a functional point of 
view to enable surgical handling during implantation. While 
this is important for all tissue, it create few problems espe-
cially for cardiovascular and orthopedic applications. The 
first one is about manufacture scaffolds with sufficient me-
chanical properties for engineering bone or cartilage. The 
implanted scaffold must have adequate mechanical integ-
rity for these tissues to operate from the time the tissue is 
implanted to its completion of the remodeling process. The 
second problem is that healing rates depend on the age; 
for instance, fractures usually recover in about 6 weeks for 
a young person with full mechanical integrity not returning 
about one year after fracture, but slower recovery rates for 
the elderly. This issue must be included in the construction 
of orthopedic scaffolds. However, as the area progressed, so 
much attention could be given to the creation of bone and 
cartilage scaffolds with similar mechanical properties. Many 
materials have been developed with great mechanical prop-
erties but with high porosity, and many materials with in vitro 
potential have failed because of inadequate vascularization 
capability when implanted in vivo. It is clear that a combina-
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tion between mechanical and porous architectures is enough 
to enable cell infiltration while vascularization is critical for 
any successful scaffold [26].

2.5.4 Scaffold architecture

The challenge of core degradation due to lack of vasculariza-
tion and waste removal from the center of tissue engineered 
construct is the major challenge in this field. The medium 
pore size of the scaffold is another main factor. The cells in-
teract mainly with scaffolds on the material surface through 
chemical groups (ligands). The ligands are normally used in 
the form of Arg-Asp (RGD) binding sequences in the scaffolds 
synthesized with the base of natural extracellular matrix (for 
example collagen), but in the scaffolds with the base of syn-
thetic materials, deliberate incorporation of these ligands is 
required, for example protein adsorption. The ligand density 
depends on the surface area, such as the surface of the pores 
that cells can stick to, while this depends on medium pore 
size in the scaffold. The pores must therefore be sufficiently 
large to permit cells to migrate into the structure, which final-
ly links with ligands inside the scaffold, but small sufficiently 
to create a particular surface which leads to a minimum of li-
gand densities, so the critical number of cells may effectively 
bond with the scaffold. So, for any scaffold, an essential num-
ber of pores in terms of size are available which depends on 
the cell type used and the tissue to be engineered [26].

2.5.5 Manufacturing technology

To be clinically and commercially viable, specific scaffolds 
and tissue engineered constructs must first be economical 
and then capable of scaling from one at a time in a labora-
tory to a small group of production. Another important point 
is defining how a product can be delivered and accessible 
to clinicians. This would define how the scaffold or tissue en-
gineered construct is stored. Clinicians usually choose off-
the-shelf availability without the need for additional surgi-
cal procedures to extract cells a few weeks ago from in vitro 
culture before implantation but for certain tissue types, this 
is not possible, which will need in vitro engineering prior to 
implantation [26].

2.6 Biomaterials for tissue engineering and  

Biomaterials in tissue EngineeringBiomaterials in tissue Engineering



32 33

     regenerative medicine

2.6.1 Natural Biomaterials

Natural biomaterials have a wide range of abilities because 
of their excellent biocompatibility, biodegradability, and 
remodeling capacity. These features let them to be used in 
repairing and replacing of injured tissues and organs inside 
the body. Furthermore, natural biomaterials enhance cell mi-
gration, proliferation, differentiation, and adhesion. These 
properties are critical for tissue engineering because natu-
rally derived biomaterials facilitate cell attachment and mi-
gration from the surrounding environment, thus promoting 
tissue regeneration but these natural biomaterials can also 
present problems [27;28]. A limitation of natural biomaterials 
is the immunogenic reaction that can occur after implanta-
tion. Another disadvantage, especially for natural polymers, 
is their decomposing at temperatures lower than their melt-
ing point. Natural biomaterials lack the flexibility to create a 
wide range of shapes and sizes and this limits their use in 
implants [31]. Several natural biomaterials will be discussed 
in the following section.

2.6.1.1 Collagen 

Collagen is the most common natural polymer present in 
the body and it is a suitable material for tissue regeneration 
due to its mechanical properties, biocompatibility, and com-
patibility with other polymers. Collagen’s ability to conduct 
electricity makes it suitable for a variety of tissue engineering 
applications. The higher the conductivity of a polymer, the 
greater cell attachment and proliferation on the scaffold [29]. 
Collagen’s conductivity can be increased by mixing it with 
other polymers to enhance its tissue engineering function-
ality [30]. Collagen is created by fibroblast cells, which are 
gained from pluripotent adventitial cells. The most popular 
collagen sources for biomedical applications are bovine skin 
and tendons, porcine skin, and rat tail [32]. Collagen derived 
from decellularized ECM is also used as a scaffolding mate-
rial in tissue engineering, and Acellular ECM derived from 
human/porcine dermis, swine intestine, and bladder submu-
cosa is used in biomedical applications [33]. Collagen-based 
biomaterials are extremely important because they are both 
compatible and versatile with body tissues, making them 
suitable for repairing and replacing body tissues such as ten-
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don, heart valves, skin, vascular grafts, dental, and bones [32]. 

2.6.1.2 Alginate 

Alginate is known as a natural polymer that originates from 
brown seaweed with high water absorbance potential that 
promotes cell growth while Alginate has the same construc-
tion as extracellular matrix (ECM) which supports cell adhe-
sion with chemical modification [34]. Tissue engineering, 
wound healing and drug delivery are areas which Alginate 
is usually used [35]. Generally, Alginate is very biocompat-
ible and it has less or no immunogenic response but since 
Alginate derived from natural sources it gains many impu-
rities from the environment and it’s necessary to know that 
highly purified alginate represent no immunogenic response 
while only the purified one can be used in the body [36].  In 
practice, Alginate has been combined with hydroxyapatite to 
provide a scaffold for bone regeneration while for creating 
porous microspheres, the combination of Alginate with hy-
droxyapatite is necessary and a porous scaffold allows great-
er cell integration and a much more resistant bone structure 
when materials decay [37]. Because of its gelling ability, algi-
nate is widely used in drug delivery, and hydrogels are sim-
ply dissolvable, enabling them to release drugs predictably. 
Moreover, alginate is used as a neuro-bridge to treat spinal 
cord injury by enriching the polymer with two growth factors 
considered to improve spinal cord repair, so the alginate 
scaffold released these growth factors and help in repairing 
spinal cord [38].

2.6.1.3 Chitosan 

The polysaccharide polymer chitin can be discovered in the 
skeleton and internal structures of invertebrates, such as the 
shellfish exoskeleton and Chitosan is the main derivative of 
it. Chitosan is a nontoxic, naturally abundant, and renewable 
biomaterial with valuable properties such as biocompatibili-
ty and biodegradability. It also has high biological efficiency 
and degrades into easily absorbed products [36]. Since chi-
tosan has a hydrophilic structure, it carries some advantages 
like proliferation, cell adhesion and differentiation in various 
kinds of cell. Also, for use in tissue engineering and regener-
ative medicine, it can be design in different forms such as hy-
drogels, sponges, fibers, sheets, films, etc. [39]. Chitosan as a 
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scaffold material, can be easily transformed into porous scaf-
folds, films, and beads. Chitosan has a range of applications, 
including bone tissue, the central nervous system, and artic-
ular cartilage. Furthermore, depending on the application, 
composites are developed to enhance biomaterial proper-
ties, such as bone tissue engineering, in which a microporous 
chitosan-calcium phosphate composite scaffold demonstrat-
ed good osteoblast attachment, increasing scaffold strength 
and keeping biocompatibility or a chitosan-glycosaminogly-
can (GAG) composite is also used effectively to repair artic-
ular cartilage [40]. Also in terms of wound healing, Chitosan 
has been considered since it stimulates the homeostasis and 
improve tissue regeneration.

2.6.1.4 Silk 

Silk is a natural protein fiber, and its protein fiber is primarily 
composed of fibroin, which is formed by some insect larvae 
to form cocoons. Silkworm silk is used in biomedical applica-
tions since it has reliable features such as mechanical prop-
erties, biocompatibility and the possibility of manufacturing 
easily. The elasticity, strength and biocompatibility of silk 
make it a good candidate for use in tissue engineering and 
natural fibers can be made into different forms like hydro-
gels, lyophilized powders, porous scaffolds, native silk mats, 
and silk microparticles [41]. Silk scaffolds have a wide range 
of applications in dentistry, including tissue engineering of 
oral mucosa, dentine, dental pulp, dentine–pulp complex, 
periodontal ligament/periodontal complex, jaw bone, and 
TMJ cartilage [42]. In addition, silk-based scaffolds are used 
in hard tissue engineering, soft tissue engineering, and or-
gan tissue engineering, resulting in different types of tissues 
(Fig. 2-6) [43].

2.6.1.5 Cellulose 

Cellulose is a great biomaterial since it has tunable chemical, 
physical, and mechanical properties. Since the source mate-
rial is widely available in nature and easily obtainable, cellu-
lose-based materials are cost-effective for tissue engineering. 
Biocompatibility, bioactivity, and biomechanics are essential 
conditions for any biomaterial, and cellulose-based bioma-
terials meet all of them [44]. In general, cellulose-based ma-
terials can be naturally or synthetically derived, and both nat-

Fig. 2-6 Application of silk based scaffolds in 
engineering [43]
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urally derived (such as bacterial and plant-based scaffolds) 
and synthetic materials can be used as biomaterials [45]. In 
humans, cellulose is not biodegradable. As a result, the re-
generated new tissue cannot replace the cellulose. So, one 
potential disadvantage is that the cellulose occupies space 
that the tissue cannot while the use of this long-lasting mate-
rial may have the advantage of providing constant structural 
support. [45]. Cellulose biomaterials have a variety of uses, 
including artificial skin and wound dressings, bone tissue, 
blood vessels, etc. [45]. Furthermore, because of their adjust-
able surface chemistry and mechanical or physical proper-
ties, cellulose scaffolds are an ideal material for 3D nerve cell 
proliferation and differentiation[46]. 

2.6.1.6 Fibrin 

Fibrin is a fibrillar biopolymer that is produced normally 
during blood clotting. While the main function of fibrin is he-
mostasis, it also serves as a provisional matrix during wound 
healing, and it has properties that make it ideal for use in re-
generative medicine; it can transport matrix proteins such as 
fibronectin and growth factors [47]. Fibrin is very biocompat-
ible since it is a natural polymer in the human body and it de-
fends the body against materials that are not biocompatible 
[36]. Also, fibrin can use for making cell instructive scaffolds 
and is often used for stem cell differentiation, stem cell de-
livery, and angiogenesis induction [48]. Other applications 
of fibrin include tissue engineering and drug delivery and 
also as sealants and adhesives in a diverse variety of surgical 
operations, including neural, vascular, urological, and intesti-
nal procedures [49]. Also, a mixture of fibrin sealants and hy-
droxyapatite has been used to promote bone regeneration 
in reconstructive, maxillofacial, and dental surgery; hydroxy-
apatite is included in these mixtures due to its osteoconduc-
tive characteristics [50].

2.6.1.7 Gelatin 

Gelatin is a natural polymer produced from the hydrolysis of 
collagen. These scaffold materials are cheap, easily acces-
sible, and dispersed very well in aqueous solutions [51]. As 
previously stated, gelatin is easily available and may be de-
rived from a variety of sources, including cow bones, fish, pig 
skins, and certain insects. Several research on the biocompat-
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ibility of gelatin indicated that gelatin, in general, does not 
induce toxicity, antigenicity, or other unfavorable effects on 
human cells. Despite that, gelatin has certain drawbacks for 
biomaterial applications. The major disadvantage of utilizing 
gelatin is that gelatin-based products have weak mechani-
cal characteristics, lack heat stability, and have a short deg-
radation rate [52]. Gelatin-based materials may not sustain 
research that needs a longer duration of time, such as cell 
differentiation, controlled drug release, and wound healing. 
Furthermore, as compared to collagen, gelatin is very sen-
sitive to a variety of proteases, which may result in fast deg-
radation [53]. These drawbacks, however, can be solved by 
altering gelatin and creating gelatin-composites to improve 
mechanical stability, biocompatibility, and bioactivity [52]. 
Applications in drug delivery system, bioink, transdermal 
treatment, wound healing and tissue regeneration might be 
found for gelatin-based hydrogels [54]. Also, Collagen/gel-
atin hydrogel contains fibronectin doses which are believed 
to be a promising bio-material for regeneration of the dental 
pulp [55].

2.6.2 Synthetic Biomaterials 

Synthetic biomaterials do not come from natural origins and 
they are synthesized for desired goals. These biomaterials 
show advantages for example, they are highly reproducible, 
they are easily available, and they are tunable in terms of 
changing different characteristics, such as mechanical prop-
erties, rate of degradation, and composition of synthetic bio-
materials. On the other hand, they face some disadvantages, 
like loss of sites for cell adhesion, which limits their regen-
eration capability in vivo, and the difference between them 
and natural biomaterials can affect their biocompatibility and 
ability to promote tissue remodeling. These biomaterials are 
not natural as said previously thus they can pose the risks, 
such as immune response and toxicity, but still contain many 
synthetic biomaterials that are biocompatible and adaptable 
to the body [56]. 

Metals, ceramics, nonbiodegradable polymers and biode-
gradable polymers are examples of synthetic biomaterials. 
They are used in clinical settings for treatments such as metal 
hip implants, intraocular plastic lenses, and many more med-
ical applications [28]. The next part will discuss various types
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of synthetic biomaterials and their uses in biomedical areas.

2.6.2.1 Polyglycolic Acid 

Polyglycolic acid (PGA) was one of the earliest biomedical 
polymers investigated. PGA has been utilized since the 1970s 
as a degradable suture. In different applications of tissue en-
gineering, like bone, tendon, cartilage, tooth and backbone 
regeneration, it is commonly integrated into scaffolds. PGA 
has disadvantages as it is rapidly degraded and may result 
in an unwanted inflammatory reaction owing to the resulting 
glycolic acid rise [57]. PGA was utilized to improve regenera-
tion of the facial nerves. This has been done when the bone 
marrow stem cells were placed in a PGA tube and observed 
for the effect of neural regeneration. Since PGA is absorb-
able, it is suitable for neural regeneration and has FDA ap-
proval for nerve grafting [58].

PGA is also used in wound healing and adhesives. Polygly-
colic acid sheets, for example, were utilized in dentistry as 
an open wound healing material for soft tissues and bone 
surfaces during oral surgery in combination with fibrin glue 
spray and it’s necessary to know that the PGA and fibrin com-
bination produced a considerably stronger sealant than any 
other biomaterial combination [59].

2.6.2.2 Polylactic Acid 

Lactic acid is a naturally occurring organic acid which may be 
created by chemical synthesis and usually this procedure is 
related to the hydrolysis of lacronitrile by the help of strong 
acids [36]. One of the features of PLA is that it is thermoplas-
tic and can be formed into different shapes and can also be 
used in 3D printing [60]. It is very biocompatible and can ab-
sorbed quickly by the body. PLA-based materials have been 
widely used in orthopaedic and dental applications. For 
example, in fixation devices such as screws, pins, washers, 
darts, and arrows in reconstructive surgeries such as those of 
the mandibular joint; facelifts; thoracic, hand, leg, finger, and 
toe fractures; ligament reconstruction procedures; soft and 
hard tissue fixations; alignment of osteochondral and bone 
fragments; repair of meniscus and hyaline cartilage fixation 
[61]. These kinds of biomaterials are also used in bioresorb-
able suture threads, stent coatings and also their usage in 
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nanomedicine has been considered as a new potential ap-
plication for the production of nanocarriers for the targeted 
delivery of hydrophobic drugs [62].

2.6.2.3 Poly Lactic-co-Glycolic Acid 

Copolymer of polylactic acid (PLA) and polyglycolic acid 
(PGA) is known as poly lactic-co-glycolic acid (PLGA). It is one 
of the common materials for biomedical applications since 
it can be easily optimized for a variety of uses. PLGA can be 
changed in terms of form, size, degradation rate, and me-
chanical characteristics [63]. These biomaterials have advan-
tages like biocompatibility, biodegradability and low toxicity 
but, their degradation products could create inflammatory 
and foreign body responses when implanted. In terms of ap-
plication, it can be used for delivering vaccines, chemothera-
peutics, antibiotics, painkillers, siRNA and anti-inflammatory 
drugs, and also for controlled administration of drugs, pro-
teins, and peptides [57]. Moreover, these types of biomateri-
als have different applications in dentistry. For example, they 
can be used for bone fixation, treating periodontal patho-
gens for better local administration of antibiotics in order to 
reduce systemic side effects of general antibiotic delivery 
in the form of PLGA implants, disks, and dental film [64]. It 
can also be used in buccal mucosa producing and in direct 
pulp-capping procedures [65].

2.6.2.4 Polycaprolactone 

PCL is a polyester that has been used mostly in the tissue 
engineering area due to its availability, low cost, and adapt-
ability. Its chemical and biological characteristics, physico-
chemical state, degradability, and mechanical strength are all 
modified, allowing it to be utilized under severe mechanical, 
physical, and chemical environments without important loss 
of features. Because PCL has a relatively long degradation 
time, it is mostly employed in the replacement of hard tissues 
in the body, where recovery also takes time. It is also utilized 
to increase the stiffness of load-bearing tissues in the body 
[66]. PCL Biomaterials are utilized in drug delivery systems, 
and there are several types of PCL and PCL-based delivery 
systems available, including electrospun mats, nanoparticles, 
microparticles, films, and scaffolds. Biodegradable polymer-
ic films are utilized in dental, vascular, skin, and tendon tissue 
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engineering applications that require an active surface to act 
as a replacement for lost tissue or to form a patch for healing. 
Since pure PCL films are very hydrophobic, they don’t have 
the required properties, but the surface may be changed by 
creating composites, blends, or copolymers to achieve the 
desired property [66].

2.6.2.5 Polyetheretherketone 

PEEK was originally utilized in the medical area as a frac-
ture fixing material, and it is still used for that purpose to-
day. Despite the technological developments, PEEK remains 
one of the most popular biomaterials on the market due to 
its versatility [67]. Its modulus of elasticity is approximately 
equal to that of cortical bone, making it an excellent option 
for an interbody device in vertebral fusion applications. Also, 
PEEK is highly resistant to gamma and electron beam radia-
tion, making its sterilization simple. PEEK is also radiolucent, 
so the doctor can check that the implant is appropriately po-
sitioned for optimum recovery. For the medical applications 
of PEEK, there are numerous examples, such as dental and 
cranial reconstruction, tooth replacement, 3D scaffolds, ver-
tebral body replacement, bone reconstruction, and hip im-
plants [36]. 

2.6.2.6 Polyethylene Glycol 

PEG is a linear or branching polyether with a general struc-
ture ending with hydroxyl groups that has several properties 
that make it appropriate for usage in biomedical applications, 
such as solubility in water and organic solvents, non-toxicity, 
and hospitable to biological materials [68]. Since it is a non-
toxic polymer and creates nonimmunogenicity and nonan-
tigenicity, it can not cause immunogenic responses when 
brought into the body. PEG is often used in the form of hy-
drogels which are cross-linked polymer networks that have 
the capacity to absorb and hold water inside their structure. 
Because its physical characteristics are comparable to soft 
tissues, the water content of a hydrogel makes it excellent for 
tissue engineering applications [36]. In terms of application, 
PEG is widely used for surface coating of materials which are 
used for developing artificial implants and the goal is to cre-
ate a biocompatible interface between the fluids of the body 
and materials such as ceramics, polymers, and metals, so PEG
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is a suitable candidate due to its biocompatibility and water 
solubility [69]. PEG is also commonly used in drug delivery, 
cancer diagnosis, wound healing, tissue scaffolding models, 
cell culture, and tissue regeneration.

2.6.2.7 Polymethyl Methacrylate 

PMMA is a lightweight, synthetic polymer which is a cost-ef-
fective alternative to polycarbonate when high strength is 
not required. One advantage is that PMMA does not include 
potentially hazardous components such as bisphenol-A, 
which is found in polycarbonate. Furthermore, the synthetic 
polymer is easier to handle, process, and is less costly than 
polycarbonate. In practice, PMMA is usually used to repair 
craniofacial tissue problems such as skin and dentures [70]. 
PMMA is known by its low toxicity and excellent mechanical 
properties. PMMA is utilized in a variety of biomaterial appli-
cations, including bone cement, lenses, bone replacements, 
and drug delivery systems. It is also applied to permanently 
erase wrinkles and scars from skin tissue and such biomate-
rials are used to replace lost dental roots in dental implants 
[36]. 

2.7 Regenerative Dentistry

Tissues like bone marrow, epithelia, bone and connective tis-
sue are continually renewed in the human body. The regen-
eration ability after injury differs greatly, from tissues with an 
excellent regeneration capacity like the liver to sensory cells 
that provide the special senses of hearing and vision that 
do not regenerate when damaged. In consideration of the 
response of inflammatory disorders, traumas and malignan-
cies, the desired result is always true regeneration rather than 
repairing with scarring. How much each tissue can be actual-
ly repaired or regenerate is based on the number and type of 
presented cells, especially stem cells which can differentiate 
to replace missing tissues.   In certain parts of the oral cavity, 
there is a limited number of cells with a high regenerative 
potential due to the minimal tissue volume. For example in 
the dental pulp, decrease in the pulp chamber by age to the 
volume of tens of microliters [71].

Enamel is a unique tissue since the forming cells known as 
the ameloblasts are no longer present by the time the tooth
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is erupting into the oral cavity. This makes dental enamel a 
unique tissue in that it sits at the interface of hard and soft 
tissues and depend completely on chemical repair by remin-
eralization from ions in the saliva [71].

When considering the bone, the size and shape of trauma-re-
lated defects can be outside the body’s ability to repair. These 
“critical-sized” bone defects cannot be repaired on their own. 
However, in these conditions, therapeutic intervention may 
assist the cells in regenerating. In this case, an inductive ma-
terial and scaffold should be used to enhance the homing 
of endogenous bone-forming cells and their following differ-
entiation. On the other hand, stem cells can be transplanted 
into the treatment site. Such therapeutic methods use tissue 
engineering concepts to restore the function and structure of 
a given tissue or organ [71].

Regenerative dentistry, which focuses on regeneration of 
oral and dental tissues, is one branch of regenerative den-
tistry. It also joins the conceptual triad of tissue engineering, 
including cells, scaffolds, and bioactive molecules. The cells 
can come from any number of stem cell sources, including 
embryonic stem cells, adult stem cells, and induced plurip-
otent stem cells. The cell type chosen is in parallel with the 
therapeutic goals. Scaffolds can be designed to move suit-
able cells, and to deliver signaling molecules to arrange tis-
sue healing. Scaffolds may also be used as a carrier or sup-
port for ex vivo cell culturing before the differentiated tissue 
is surgically transplanted into the defect site. Bioactive mol-
ecules like growth factors, genes, and drugs can either be 
released by the scaffold or delivered separately [71]. It is es-
sential that the scaffold stimulates the features of the target 
tissue such as biological activity, mechanical integrity, and 
functionality. To obtain this, the optimum design for regen-
erative treatments will vary, based on the target tissue. For 
instance, the requirements of a scaffold for pulpal tissue re-
generation are totally different from the one used for alveolar 
bone augmentation for dental implant placement. The fea-
tures must meet the regenerative demands as defined from 
the target site, and then be optimized to achieve the best 
outcomes [71].

2.7.1 Stem cells used in dental regeneration: classification and 
       properties
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Autogenous bone transplantation is now the gold standard 
procedure for bone defects. It is the preferred method for 
dental prostheses, periodontal therapy, and dental implants. 
However, the use of autogenous bone transplantation is sig-
nificantly restricted due to source restrictions, graft harvest 
complexity, and donor site morbidity. Furthermore, current 
treatments for oral diseases can only enhance clinical diag-
nosis criteria and postpone disease development, but they 
do not restore lost tissue. As a result, modern innovations are 
in high demand in order to ensure excellent bone and dental 
tissue regeneration [72]. 

Mesenchymal stem cells (MSCs) can be isolated from so 
many tissues and play an important role in organ develop-
ment and postnatal repair since they have the capacity to 
self-renew and differentiate. They also have a potential for 
differentiation into osteoblasts or odontoblasts and to mod-
ulate systematic immunity, and lack of ethical discussion [30]. 
Both endogenous and exogenous MSCs considered as a 
big guarantee in regenerative medicine for bone and tooth, 
among which bone marrow MSCs (BMMSCs) considered 
more important. In addition, adipose-derived MSCs (ADM-
SCs) and dental stem cells (DSCs) [72].

2.7.1.1 BMMSCs 

Bone marrow mesenchymal stem cells are stem cells with the 
ability of multidirectional differentiation, can migrate to areas 
of inflammation and damage while have regulatory effects 
at these sites to help local recovery and healing. The activity 
of osteoblasts and osteoclasts can be regulated by BMMSCs 
using several secreted proteins, transcription factors, miR-
NAs and other unknown processes [73]. To explain more, 
maintenance of bone-homoeostasis during adulthood main-
ly depends on the balance of formation and resorption of the 
bone. At the cellular level it is strongly balanced BMMSCs by 
osteoblast differentiation and controlling the activity of the 
osteoclasts. BMMSC dysfunction was pathologically found to 
be a key mechanism of cells that is a significant cause of dif-
ferent bone disorders, especially osteoporosis [72].

2.7.1.2 ADMSCs

Adipose-derived mesenchymal stem cells display continuo-
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us growth kinetics in in vitro and can be differentiated into 
numerous categories of cells, including osteocytes, chondro-
cytes and adipocytes. Also, ADMSCs are often more appro-
priate than BMMSCs due to the prevalence of lipoaspirates 
and less morbidity in host within procurement. These are be-
cause of their simple accessibility and sufficient availability. 
Furthermore, unlike BMMSCs, which are susceptible to bone 
pathological factors, ADMSCs demonstrate functional main-
tenance in multiple bone pathological conditions, as evi-
denced by the preservation of cell viability, differentiation ca-
pability, and, more significantly, therapeutic efficacy. Recent 
research has shown that ADMSCs are effective in restoring 
critical-sized bone defects, optimizing osteopenia, and con-
structing engineered bone grafts and have a faster prolifera-
tion rate than BMMSCs and a greater capacity to retain stem 
cell characteristics such as self-renewal, proliferation, and dif-
ferentiation potential, while these cells have been proposed 
as an excellent alternative to BMMSCs [72; 74].

2.7.1.3 DSCs 

Dental stem cells (DSCs) are a valuable source of mesenchy-
mal stem cells for cell therapy and regenerative medicine, 
even neurodegenerative diseases [75].  DSCs divided in sev-
eral groups as dental pulp stem cells (DPSCs), periodontal 
ligament stem cells (PDLSCs), stem cells from human exfoliat-
ed deciduous teeth (SHED), stem cells from the apical papilla 
(SCAP), dental follicle stem cells (DFSCs), gingival mesenchy-
mal stem cells (GMSC) and human natal dental pulp stem 
cells (NDPSC) have emerged as attractive cell sources for 
bone and dental regeneration due to their ease of accessi-
bility and relative abundance [76]. Fig.2-7 represents these 
types of cells.

Fig. 2-7 Available human dental mesenchymal stem cells [77] 

Regenerative Dentistry
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2.7.1.4 DPSCs 

Dental pulp stem cells (DPSCs) are known as a heteroge-
neous group of cells derived from human permanent third 
molar pulp. The main difference between them and MSCs 
is that DPSCs can differentiate into dentin that form odonto-
blast-like cells. DPSCs have high levels of proliferation, are 
clonogenic and contain all stem cell properties. They can 
differentiate between dental and pulp complex tissue and 
potentially can be used for treatment of pulp tissue in case 
of injury or infection. DPSCs are multipotent and can be dif-
ferentiated by microenvironmental factors including growth 
factors and signaling molecules into adipocyte, odontoblast, 
neurocyte, etc. DPSCs play a key role in lesions and pulp 
damage by maintaining the equilibrium between inflam-
mation and tissue repair. DPSCs can differentiate into the 
components of human teeth, including enamel, pulp tissue, 
dentin, and cementum. This opens the door for bio-tooth to 
become a reality [78].

2.7.1.5 PDLSCs 

Periodontal ligament stem cells are a source of MSCs from 
dental tissue capable of regenerating periodontal tissues. 
They can be differentiated into mesenchymal cell lineages 
like fibroblasts, osteoblasts, adipocytes, cementoblasts, and 
certain neuronal precursors [78]. In fact PDL is a type of spe-
cialized connective tissue fiber that attaches a tooth to the 
alveolar bone to support it and PDLSCs are a stem cell sub-
population which was first discovered from PDL. With respect 
to periodontal defects, PDLSCs are locally transplanted while 
migrating to PDL and repairing defects with the potential of 
PDLSCs in periodontal tissue regeneration [72].

2.7.1.6 SHED 

A possible non-invasive source of stem cells was provided 
by SHEDs derived from exfoliated deciduous teeth. SHED 
shows relatively fast in vitro expansion and distribution. 
They can differentiate into several cells such as the neural, 
adipocyte and odontoblast.  SHEDs can cause the forming of 
the bone, create dentin when transplanted in vivo [79]. Like 
DPSCs, SHEDs are both multidifferentiable and self-renewal, 
but SHEDs are more proliferated than DPSCs and have been 
used for dental implant osteointegration alongside hydroxy-
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patite crystal coating because of their bone forming capabil-
ities [78].

2.7.1.7 SCAP 

Stem cells from apical papillary (SCAP) can be separated from 
the adult immature tooth. It means that they are isolated from 
papilla tissue found in the apical root of teeth. They have a 
high capacity for migration and proliferation, while produc-
ing neural markers without neurogenic stimuli because of 
specific embryonic origins [80]. Also, SCAPs secrete consid-
erably higher amounts of chemokines, neurotrophins and 
regenerative growth factors than BMSCs and have immuno-
regulatory properties [80]. These cells can be implanted in 
the alveolar socket with PDLSCs which results in forming a 
bio-root that is able to support a porcelain crown and normal 
tooth functioning. In addition, these cells are highly prolifer-
ative and can be used for different regenerative treatments, 
especially for the formation of root dentin [78].

2.7.1.8 DFSCs 

Dental follicle stem cells (DFSCs) can be isolated from the 
dental follicle, which is a kind of soft tissue that surrounds the 
developing tooth germ. They have the ability to form peri-
odontal tissues and have similar properties to that of normal 
MSCs. DFSCs have the potential to differentiate into peri-
odontal ligament, alveolar bone, osteoblasts and cemento-
blasts and play an essential role in the developing of tooth 
[78]. In suitable conditions, DFSCs were shown to have an 
osteogenic differentiation ability. They have also shown their 
neural differentiation ability [79].

2.7.1.9 GMSCs

Gingival mesenchymal stem cells are a subpopulation of 
gingival fibroblasts known as known as immunomodulating 
sources which are easily available with the ability of differen-
tiating, self-renewal and also anti-inflammatory features [81]. 
In particular conditions, GMSCs can differentiate into mature 
osteoblasts, chondrocytes and adipocytes expressing rela-
tive cell lineage markers, phenotype and activities. GMSCs 
often have higher proliferation, which is ideally suited for 
regenerative medicine and tissue engineering procedures 



46 47

such as easy to separate while the patients are able to under-
go surgical biopsy without concerns about delayed healing 
[82]. 

2.7.1.10 NDPSCs

Human natal dental pulp stem cells were reported to have 
shown abilities for trilineage differentiation, and in compari-
son to SHED and DPSC, their proliferation activity was higher. 
The capability of self-renewal and multilineage differentia-
tion potential of SCs are essential in SC therapy. The findings 
showed that hNDP-SCs can be differentiated into adipogen-
ic, chondrogenic, and osteogenic lineages. Also, hNDP-SCs 
have also been shown to produce myogenic and neurogen-
ic markers, as well as the ability to differentiate into mature 
myoblasts and neuroglial cells, demonstrating the complex 
immunophenotypic characteristics of MSCs [83].

2.8  Tissue and biomaterial sources of bone 
       substitutes grafts used in dental and 
       maxillofacial application 

In order to form bone and promote wound healing, bone 
grafts are known as a filler and scaffold to facilitate this pro-
cess and make new bones. These grafts are bioresorbable 
and there is no risk of antigen-antibody reactions. Ridge ab-
normalities can be caused by surgery, trauma, infection, or 
congenital anomalies.  Bone replacement is suggested to 
maintain shape, remove dead space, and decrease postop-
erative infection, finally improving bone and soft tissue recov-
ery. The low quantity of bone is caused by tooth loss, which 
causes fast degradation of alveolar bone due to a lack of in-
traosseous stimulation by periodontal ligament (PDL) fibers. 

Bone grafting is a surgical technique that replaces missing 
bone with material from the patient’s own body, as well as an 
artificial, synthetic, or natural substitute [84]. 

These grafts are suitable candidate since they contain im-
portant features like osteogenic, osteoinductive, and/or os-
teoconductive properties [85]. 

In this section we discussed about different types of available 
tissue and biomaterial bone replacement graft options.
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2.8.1 Autograft 

Autologous or autogenous bone grafting includes using 
bone from the same person who is receiving the graft. Non-
essential bones, such as the iliac crest, mandibular symphy-
sis, and anterior mandibular ramus, can be harvested for 
bone. When doing a block transplant, autogenous bone is 
recommended since there is a reduced chance of graft re-
jection because the graft is derived from the patient’s own 
body. This form of grafting has the benefit of being osteoin-
ductive, osteogenic, and osteoconductive. The disadvantage 
of autologous grafts is that an extra surgical site is necessary, 
which adds to the possibility of postoperative pain and issues 
[84]. Regarding to the Table 2-1 Autografts used for dental 
grafting applications may be of extraoral or intraoral origin.

2.8.2 Allografts 

Allograft is obtained from humans, and the most common 
source is a bone bank. The difference is that the allograft is

Tissue and biomaterial sources of 
bone substitutes grafts used in dental 

and maxillofacial application

Table 2-1 Bone substitutes grafts
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taken from someone other than the person receiving the 
graft. It can be collected from living donors or nonliving one. 
There are three kinds of bone allograft: 
• Fresh or fresh-frozen bone 
• FDBA (mineralized freeze-dried bone allograft) 
• DFDBA (demineralized freeze-dried bone allograft) 

The use of allografts for bone regeneration frequently 
needs sterilization and the deactivation of proteins present 
in healthy bone. The extracellular matrix of bone tissue is 
full with bone growth factors, proteins, and other bioactive 
materials required for osteoinduction and successful bone 
healing; the desired factors and proteins are extracted from 
the mineralized tissue using a demineralizing agent such as 
hydrochloric acid. The mineral composition of the bone de-
grades, and the osteoinductive agents persist in a demineral-
ized bone matrix (DBM). As a result, it has a negative impact 
on bone mechanical properties [84]. Fresh and/or frozen 
cancellous bone shows the maximum level of osteoconduc-
tive and osteoinductive potential in comparison with other 
allografts [86]. FDBA graft tissues are mineralized and used 
for the treatment of periodontal defects while DFDBA which 
is demineralized and use alone or in combination with FDBA 
and autografts [85]. 

2.8.3 Xenograft 

The origin of xenograft bone substitute is from species oth-
er than human. Bovine or porcine bone are examples in this 
case and they can be freeze dried or demineralized and 
deproteinized. Using xenotransplantation has several bio-
logical problems, including an immunological reaction of 
the host tissue after implantation [87], the possibility of dis-
ease transmission (e.g., prions and retroviruses), a shortage 
of viable cells, and decreased osteoinductive characteristics 
owing to manufacturing procedures [88].

The most commonly used xenograft in periodontal regen-
eration is deproteinized bovine bone mineral, also known 
as Bio-Oss, which is originally bovine bone that has been 
processed to give natural bone mineral without the organic 
components [85].

However, Bio-oss is perfectly safe since it is much purified
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bone, and allergic responses are quite rare because these 
types of materials go through a carefully regulated sterilizing 
process while precise tests are performed to ensure sterility 
and purity, so they meet high safety requirements.

2.8.4 Alloplast 

Alloplasic grafts developed for overcoming the drawbacks 
of autografts. Since mentioned before the main mineral 
component of the bone is HA and this kind of graft is made 
from hydroxyapatite or maybe bioactive glass or marine-de-
rived biomaterials [89]. Among other types of synthetic bone 
graft, hydroxyapatite is the one used more often because of 
its osteoconduction, hardness, and acceptability by bone. 
Currently, the combination of hydroxyapatit with tricalcium 
phosphate is used, which shows osteoconduction and re-
sorbability [84]. The examples of alloplastic grafts are poly-
mers, calcium phospates (hydroxyapatite, tricalcium phos-
phates, dicalcium phosphates), bioactive glasses, calcium 
polyphosphates, glass ionomers, calcium sulphate and mag-
nesium-based biodegradable materials [85].

2.9 Tools and procedures for processing bone 
      substitute from dental origin 

First of all it is necessary to know that there are several proce-
dures to make the tooth as a graft material. Below we discuss 
about some procedures and their drawbacks used by previ-
ous researcher: 

In a study done by Hussain and colleagues, the bovine teeth 
were used and the enamel was removed by diamond burs. 
After that they inserted into defects on rabbit calvaria. The 
teeth were grind into small pieces by using pestle. Then the 
pieces were boiled in water for about 2 hours and after that 
soak in isopropyl alcohol again for 2 hours, then rinsed them 
with sterile distilled water, finally they dried at 100 celsius de-
gree at the last stage the remnant were smashed by high-
speed blender and sterilized by gamma irradiation [90]. 

This procedure face some problems like we face a long and 
complex procedures, but it is necessary to eliminate the an-
tigenicity of allogenic tissue and it needs crushing with pes-
tle. So there is a problem of denaturation of proteins due to

Tissue and biomaterial sources of 
bone substitutes grafts used in dental 
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mechanical trauma and for sure boiling at high tempreture 
will cause losing of protein component. 

In 2013, Jianan Li and collegues [91] used human demin-
eralized dentin matrix produced by a company. They pre-
pare granules with the size of 10-140μm and mixed with 
porcine collagen, then frozen and dried anf after that keep 
in 100 celius degree to form a collagen composite. At last 
stage they were irradiated with cobalt 60 at 5KGy. So this 
method is also face drawbacks and it is related to the pos-
sibility of it only in industrial level, not in clinical one. Also 
as ethical point of view the main question in about mixing 
the tooth (consist of collagen type I) with porcine collagen 
which means that using heterologous teeth for develop-
ing human teeth market. Moreover, there is also the prob-
lem of protein denature and losing osteoinductive poten-
tial of the tooth due to the treatment at 100 celius degree. 

In 2017, Kim and Murata [92] worked on a study related to 
the use of allogenic teeth. Firstly, the tooth was extracted and 
chilled with ethyl alcohol, and the pulp and ligament residues 
were cleaned by using retrograde rotation to make particles 
with a size of 300-800μm and then the process of deminer-
alizing was done with 0.6M HCL and dehydrated with ethyl 
alcohol. After The grains are put in distilled water for rinsing 
and then freeze-dried for 3-5 hours. The important point in 
this study is the use of allogenic teeth(from the donor) but as 
mentioned before in the study of Jianan et al [91] , theres is 
the problem regarding ethical aspect of tooth donation.

Another study, also in 2017, by Minimizato and colleagues 
[93], worked on 16 patients to evaluate the possibility of cre-
ating an autologous demineralized onside dentin particles. 
In this study, both vital and non-vital teeth were cleaned and 
soaked in saline buffer solution and then broken up with ice 
cubes in a high-speed device made up of ceramic blades. 
Then, the particles with a size of 400-800μm were produced 
and washed with 1.0M sodium chloride and somewhat de-
mineralized for 10 minutes with 2% nitric acid (PH 1).

In 2010, Murata [94] suggested a method related to the us-
age of high speed device around 12000 rmp for grinding 
teeth. It was made up of Zirconium oxide blades with the 
ability of producing dental particle (0.5 and 5mm). The teeth
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kept in freezer at -80 celius degree then cut in pieces, place 
ice blocks of Saline together, then kept in Nitric acid solu-
tion(2%) with PH1 for 20 minutes and finally freeze-dried and 
filtered. At final stage, the granules were putted into subcuta-
neous pocket of mice inorder to assess the bone production-
after 4 weeks and the overall result was positive.

In 2009, a tooth bank was built in Korea in which the extract-
ed tooth sent there and firstly they processed by the bank, 
secondly, putted in Ethylene Oxide so it makes them sterile 
for sure over the time [95].

Although this method is guarantee the qualitative treatment 
for each patient but contain a limitation about using flamma-
ble gas like Ethylene Oxide which is dangerous and require 
consideration in terms of safety during the procedure. 

In general, these methods bring costs, and the material is 
only available for a limited period after extraction, thus all 
immediate regeneration procedures are excluded. Further-
more, the use of teeth must be aimed at generating a ma-
terial with excellent properties compared to other materials 
on the market, but the particulated tooth which produced by 
these procedure explained above is treated in the same way 
as any other grafting material.

2.9.1 Devices on the market 

There have been four devices available on the market for 
using teeth as grafting material. There are Bon Maker, Vac-
uasonic, Kometabio, and Toot Transformer. We used a tooth 
transformer in the practical part of this study, and all of the 
laboratory procedures were done with this device. All of 
these devices are divided into three steps, which are detailed 
below; 
Step1: Tooth cleaning 
Step2: Tooth grinding 
Step3: Treatment by devices

2.9.1.1 Tooth cleaning 

First of all, the tooth must be cleaned after extraction of any 
remaining quantity like caries, soft tissues, and restorations 
(Fig. 2-8). In order to avoid the presence of resins or other

Tools and procedures for processing 
bone substitute from dental origin 

Fig. 2-8 Tooth Cleaning 
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components in the regeneration material, it is important to 
eliminate any filling material, even excessive cleaning of the 
dental tissue on which the reconstruction is positioned. Simi-
larly, the prosthetic and cement are also cleaned. In the Tooth 
Transformer device, it is required to cut the tooth for grind-
ing (Fig. 2-9). It is advised to clean the root canal treatment 
residues during the sectioning step, which allows for easier 
cleaning of small sections that are easily visible under optical 
magnification (Fig. 2-10).

2.9.1.2 Tooth grinding

The tooth must be crushed in this stage. Tooth transformers 
employ a multi-use sterilizable system that operates at a low 
speed that does not allow pulverized dental substances to 
be lost. Furthermore, the tooth transformer does not enable 
the insertion of an entire tooth into the grinder, so the sam-
ple must be sectioned within dimensions before insertion 
(Fig. 2-11).

2.9.1.3 Treatment by devices 

After being inserted into the grinder (Fig. 2-12), the sec-
tioned and cleaned tooth is closed and placed in the device 
(Fig. 2-13). The disposable part includes a liquid cartridge 
and a cylinder with a cup for collecting the grains (Fig. 2-14). 
Both are placed into their corresponding slots in the device, 
the cartridge is operated by piercing (Fig. 2-15), and the 
procedure begins once the door is closed and the button is 
pressed. All of the processes are automated. The granules fall 
into the collecting basket during the initial step of low-speed 
grinding. After the automated piercing of the cartridge’s 
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Fig. 2-9 Sectioning of a tooth with disk

Fig. 2-10 Cleaning of root canal treatment 
residues using a rotary drill

Fig. 2-11 Low speed grinder

lower membrane, the six liquids inside the cartridge tank will 
fall by gravity and the procedure will begin. Since the pro-
teins denature at around 47 celius degree, the granules are 
exposed to UVA radiation and ultrasonic vibrations as tem-
peratures that never exceed 43 celius degree. The consumed 
and polluted liquids remain in the cylindrical container at the 
end of the operation and may be thrown away. The liquids 
are made up of 10% hydrogen peroxide, 0.1 M hydrochloric 
acid, and demineralized water.

Tools and procedures for processing 
bone substitute from dental origin 

Fig. 2-12 Sectioned tooth inside low speed 
grinder  

Fig. 2-13 Insertion of grinder into tooth trans-
former device 

Fig. 2-14 Disposable tooth transformer 

Fig. 2-15 Piercing of the liquid tank of tooth 
transformer device 
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3 Scope Of Work

3.1 Problem Statements 

As mentioned in the previous chapters, there are various 
types of bone substitutes for bone regeneration procedures, 
but they face some problems that we will discuss in this sec-
tion (Table 3-1). 

As an example, in autogenous bone grafts, there is a neces-
sity for additional discomfort due to operative pain at the do-
nor site which leads to loss of blood and also the risk of injury 
to nearby blood vessels and other tissues, including nerves. 
In addition, there is a limited amount of available bone tis-
sue, which can be an issue, especially for large defects. Fur-
thermore, the resorption rate of autogenous grafts can be 
relatively high. In allograft, the drawbacks can be defined as 
immune rejection, possibility of disease transmission, vari-
able rates of resorption etc. In the case of xenografts, there 
are problems regarding absence of osteogenicity and os-
teoinduction, immune response, financial cost, and ethical 
concerns. Furthermore, the resorption rate is generally very 
slow, and this can hinder complete substitution of xenografts 
with autogenous, newly formed bone. In alloplasts, there is a 
concern regarding the immune response. Moreover, the os-
teoinductive potential and costs are debatable. 

Among the many bone substitutes which are used for bone 
regeneration procedures and discussed before, xenografts 
are the most popular, but as mentioned before, xenografts 
face some disadvantages, while among them, deproteinized 
bovine bone matrix (DBBM, commercial name Bio-Oss®), is 
the most frequently used because of its similarity to human 
bone (Fig. 3-1) This product in human applications shows
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a very slow resorption rate and, therefore, a long-term me-
chanical support, especially for implant dentistry rehabilita-
tions. Furthermore, there are no known issues regarding bio-
compatibility and safety, and there is a large availability, too. 
However, there are some drawbacks related to the product: 

Autograft  Allograft 
Osteogenic  Osteoinductive 

Osteoinductive  Osteoconductive 
Osteoconductive  No morbidity at donor site 

Biocompatible  High availability

Sufficient mechanical properties 

No immune response 
Xenograft  Alloplast 

Osteoinductive  Usually osteoconductive 
Osteoconductive  Low morbidity 

No morbidity at donor site  Enough availability 
Cost effective  No risk of cross infection 

More available 
Autograft  Allograft 

Additional surgical phase to obtain 
autograft 

No osteogenicity 

Donor site pain and morbidity  Delayed incorporation 
Limited bone tissue for harvesting  Low availability of healthy grafts 
Increased operative time and cost  Immune response and graft rejection 

High resorption rate  Risk of disease transmission 
Ethical concern 

High cost 
Xenograft  Alloplast 

Limit osteogenicity 
No osteoinductive nor 
osteogenic properties 

Delayed incorporation  Risk of immune response 
Availability of healthy grafts  High cost 

Immune response and rejection of 
the graft 

Ethical concern

Ad
va
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Table 3-1 Advantages and Disadvantages of bone substitutes grafts

Fig. 3-1 Left: Geistlich bio-oss; Right: Human bone
Based on: https://www.geistlich.it/it/dental/sostituti-ossei/bio-oss/vantaggi/
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First of all, the financial cost, which increases the overall cost 
of regeneration procedures for the patient. In addition, Bio-
Oss granules, which are used to fill bone defects, often re-
quire the use of a covering membrane in order to avoid gran-
ule dispersion, which further increases the cost.

Also, we discussed that from a biological point of view, a xe-
nogeneic graft that will not be completely replaced by newly 
formed autogenous bone, will represent a potential target 
of future infection, because the vascularization, and conse-
quently the immune defense, will not be as efficient as in 
autogenous bone tissue. Several case reports (especially 
patients that underwent maxillary sinus augmentation and 
ridge augmentation procedures) describe a fast spreading 
of infection once xenograft becomes exposed and contam-
inated. Furthermore, xenografts have only osteoconductive 
properties, and graft maturation requires osteogenic cells 
and osteoinductive and growth factors to be provided by the 
host to solve this problem. In the case of Bio-Oss®, which was 
used in this study, it is important to know that the ultra-porous 
surface of the Bio-Oss® particles enables interactions that 
promote bone formation (Fig. 3-2).  Many clinicians still pre-
fer to use autogenous bone due to the fact that it possesses 
all properties required for tissue regeneration, but this often 
requires a second surgical site for harvesting bone to be used 
as a graft tissue (one of the major drawbacks of autogenous). 
Another drawback of autogenous bone is its high resorption 
rate, much higher than DBBM, which may reduce the long-

Scope of work

Fig. 3-2 The ultra-porous surface of bio-oss particles which allows interactions leads to bone formation
Based on: https://www.geistlich.it/it/dental/sostituti-ossei/bio-oss/vantaggi/

term support in some cases. So, sometimes DBBM may be 
the preferred option. In order to minimize the morbidity, 
DBBM can be associated with a smaller amount of autoge-
nous bone, but this means both a certain degree of morbidi-
ty, and an increased financial cost.

Alveolar bone defects are often a consequence of tooth ex-
traction. In fact, alveolar socket healing implies a physiologi-
cal resorption and shrinkage as a result of bone remodeling 
after tooth extraction, which is a very common procedure. 
Alveolar ridge preservation with any type of grafting mate-
rials is often performed to limit the dimensional reduction 
of alveolar bone, before placement of an implant to support 
prosthetic rehabilitation. One concern of the clinicians, and 
another reason that led us to do this research, is the wast-
ing of extracted teeth. We wanted to prevent throwing away 
the teeth. Since the extracted teeth contain small amounts of 
blood, saliva, or tissue residue, they are considered poten-
tially infectious. In this case, the dentists are forced to throw 
them away, but it needs a long and complex process which is 
done by medical waste management companies. They gath-
er teeth and burn them up, but if the teeth contain amalgam, 
the process is more difficult, because in this case, the teeth 
must be cleaned in licensed recycling centres dedicated to 
metal processing. Also, amalgam is made up of mercury, and 
it can release this hazardous metal into the air, which is a crit-
ical issue for the environment and the people who work with 
these substances. In addition, the relocations made in this 
process are more costly and time consuming.

Recently, a graft material composed of extracted tooth ma-
trix has been successfully used for bone regeneration pro-
cedures. Dentin, in fact, has a composition very similar to 
human bone, possesses a certain number of osteoinductive 
factors (bone morphogenetic proteins), and is progressive-
ly replaced by newly formed bone, demonstrating a high 
regeneration potential. In this way, tooth graft appears as 
a very promising material, because it is totally autogenous, 
with a very small morbidity, recycles waste tissue (the ex-
tracted teeth are not thrashed away), and has a minimal cost, 
only due to the tooth processing by the dedicated machine 
which is known as Tooth transformer® in a safe place  and 
prevents additional displacements. So we prevent the inva-
sive process to have availability of autologous graft material. 

Problem Statements
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Moreover, the psychological effect on the patients was con-
sidered, since they are aware that no foreign materials are 
inserted inside their body. Some clinicians, however, believe 
that, being autogenous, tooth graft might not provide the 
same support as xenografts, due to a hypothetically high-
er resorption rate. Therefore, they recommend combining 
DBBM and autogenous tooth graft for a better result. 

The hypothesis of the present study was that comparing 
grafts composed of autogenous tooth matrix alone and au-
togenous tooth matrix combined with DBBM (1:1) there are 
no differences in terms of mechanical support (that is, the to-
tal hard tissue % measured histomorphometrically), while it 
is expected that there would be higher new bone formation 
with autogenous tooth matrix alone, which would confer a 
higher protection of the regenerated tissue against future in-
fections as compared with the combined graft.

3.2 Objectives of the study

The main focus of this study is to perform histomorphomet-
ric analysis of bone samples from bone defects which have 
been regenerated with tooth graft alone (processed by Tooth 
transformer®), versus defects regenerated with the tooth 
graft in combination with DBBM. This type of analysis and the 
results are used to evaluate: 
• The amount of newly formed bone  
• The amount of residual tooth graft  
• The amount of residual bone substitute  
• The size of the residual tooth graft granules 
• The presence of bone-bone substitute spaces and their 
quantification 
• Quantification of trabecular spaces  

This data allows us to evaluate features such as bone quality, 
structural integrity, and mechanical properties. 
3.2.1 Evaluate the quality of bone

The regeneration process in bone and the possibility to as-
sess the quality of the bone by calculating the quantity and 
compactness and whether there is any difference depending 
on the biomaterial used in combination with tooth graft.

Scope of work

3.2.2 Evaluate the integrity of structures and their mechanical 
        properties

Knowing the presence of any spaces between bone substi-
tutes and newly formed bone may correlate with lower me-
chanical resistance of newly formed tissue. 

Objectives of the study
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In this chapter, we will discuss the practical stage of this 
study, which leads to obtaining the data. All of these practi-
cal parts have been done at Galeazzi Hospital in Milan. This 
step of the study gives information about how we did the 
histological process in terms of preparing the samples, stain-
ing, microscopic analysis, and finally samples’ measurement 
by a Java-based image processing program. Since we had to 
prepare the samples, first of all, it is necessary to start with the 
tissue processing steps.

4.1 Tissue processing

The term ‘tissue processing’ refers to the steps for transfer-
ring an animal or human tissue from fixation to the point that 
it is totally infiltrated with an appropriate histological wax and 
ready for section cutting on the microtome. Tissue process-
ing can be accomplished manually or by a tissue processing 
machine, which is more efficient. 

The tissue processing steps for hard tissues and soft tissues 
are the same. The only difference is that we have one more 
step for hard tissues (such as teeth and bone) which is known 
as decalcification. Obviously, we follow the way related to the 
hard tissue for the purpose of this study. The overall scheme 
of these steps is represented in (Fig. 4-1).

4.1.1 Fixation

Since the tissues after coming out of the body will decom-
pose for several reasons like lack of oxygen and blood sup-
plies, accumulation of products due to the activity of autolytic 
enzymes or decay by bacteria, we decided to do the fixation

4 Methodology and Data Production
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step to treat tissue which cause hardening and preserve the 
tissue to protect them. We used Formalin as a fixative by com-
bining 40% Formaldehyde gas with 100% distilled water so, 
the resulting mixture was completely composed of Formalin. 
Since we wanted to use 10% of formalin, we combined 10 mL 
of 100% formalin with 90 mL of purified water. The aim of this 
process is about making the cross-links between amino acids 
in proteins to make them insoluble.

4.1.2 Decalcification

As mentioned above, the step of decalcification is for pro-
cessing the hard tissues which is the materials of this study. 
The aim of this step is to remove calcium salts from the sam-
ples. There are various types of agents and techniques used 
for decalcification such as: strong mineral acids such as Nitric 
acid and Hydrochloric acid, organic acids such as Formic and 
Acetic acid, Picric acid, Citric acid, EDTA and electrolysis. We 
used EDTA and leave the samples inside decalcifying solu-
tion. Since all of our samples were taken from jawbone we 
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Fig. 4-1 Overal scheme of tissue processing
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had to wait around 1 week for each group of samples to be 
decalcified completely. This procedure was carried out un-
der close supervision while we changed the solution day by 
day (Fig. 4-2).

4.1.3 Dehydration

After that, we put all of the samples into alcohol (ethanol) and 
we increased the concentration of alcohol step by step, as 
mentioned below. We did that process since molten paraffin 
wax is hydrophobic and it is necessary to separate water from 
the samples before we apply wax. As it is clear, ethanol is 
soluble in water and water inside the samples is replaced by 
ethanol in each step till we reach the pure samples without 
water. 

The percentage of alcohol concentration and the duration is 
as below:  
- 70% ethanol      15 min 
- 90% ethanol      15 min 
- 100% ethanol    15 min 
- 100% ethanol    15 min 
- 100% ethanol    30 min 
- 100% ethanol    45 min

4.1.4 Clearing

Although the samples are water free now but it is not possible 
to put them in paraffin because paraffin and ethanol are com-
pletely insoluble. So, we used a solvent which is soluble with 
both ethanol and paraffin wax. Then, this solvent is replaced 
with the ethanol inside the tissues and then substitute with 
paraffin wax. Also, the Xylene agent was used to clear any fat 
from the tissues to make them suitable for putting in wax just 
because the fats in tissues can act as a barrier for inserting 
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Fig. 4-2 Decalcification Process

samples in paraffin. The duration of putting samples in Xy-
lene is mentioned below: 
- Xylene   20 min 
- Xylene   20 min  
- Xylene   45 min

4.1.5 Wax infiltration

Finally, the tissues were put into wax with a temperature of 
around 60°C, which is the appropriate temperature for per-
meating into tissue. There are different kinds of reagents 
used for this step, but we also used the most common one, 
which is the paraffin wax-based histological wax. Then, we 
chilled samples till they reached 20°C to make them harder 
and prepare them for cutting in a continuous way by micro-
tome. The properties of the wax allow tissues to be cut under 
the microtome in such narrow strips and keep their elasticity 
to float in the water when we put them in a warm water bath. 

The following is the duration of wax infiltration in our prac-
tice: 
- Wax      30 min 
- Wax      30 min 
- Wax      45 min

4.1.6 Embedding or blocking out

Then we molded all of the samples that contained wax into 
the block. This is necessary because in the next step we have 
to embed the samples into the microtome for cutting. To do 
this, we filled the molds with melted wax and the samples 
were put inside them. Then we needed a cold plate after put-
ting the cassettes on top of the molds to make them harder 
and solid. Then the blocks, which contain the cassette, re-
moved from the mold.

These sections are then floated in the warm water bath to be-
come flat and then we put them on microscope slides. After 
drying, they are ready for the next step, which is known as 
staining.

4.2 Sectioning

We prepared very thin slices like narrow strip or ribbon in

Tissue processing
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this step from our samples. Since we analyzed our samples 
with light microscope we made slices around 5-10µm. These 
sections are then floated in the warm water bath to become 
flat and then we put them on microscope slides. After drying, 
they are ready for the next step, which is known as staining 
(Fig. 4-3).

4.3 Staining

In the second part of the methodology, before examining 
specimens under the microscope, we worked on staining ap-
proach for our samples since most of the original cells and 
microorganisms do not have color and contrast under the 
microscope, and we face a problem determining the cellu-
lar structures. So, to solve this problem, we have to do some 
modification on the specimens to allow us to determine im-
portant cellular structures and their characteristics. There 
are several types of staining techniques but we used H&E or 
he-matoxylin and eosin.

In this method cell nuclei are stained blue, and cytoplasm 
or extracellular components are represented pinkish. We ac-
complished the procedure of H&E staining by the following 
steps: 

- Dewaxing:
First of all, after making paraffin sections, we tried to dissolve 
all of the wax with Xylene. After preparing paraffin sections, all 
of the components in terms of cells and tissues are enclosed 
by paraffin wax, which is hydrophobic. As mentioned be-
fore, most of the cells and tissue components do not contain
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Fig. 4-3 Sectioning Process

color and are invisible. 

- Hydration: 
In the next step, we put microscopic slides inside different 
concentrations of alcohol to separate Xylene, then rinsed 
them in water. So we obtained hydrated samples, which allow 
aqueous reagents to penetrate the cells and tissue elements. 

- Hematoxylin:
Then applying the Hematoxylin nuclear stain was done. The 
slides were stained with a nuclear stain, known as Harris He-
matoxylin. Hematoxylin has a blue-purple color and stains 
nucleic acids. In a normal tissue, the nuclei are stained blue, 
but the cytoplasm and extracellular matrix are pinkish with 
different shades. It’s necessary to mention that we preferred 
to use regressive staining rather than the progressive one. 
Just because we obtain better color on our slides. So in this 
case, we also had to do a differentiation step to remove ex-
cess background stains. 

- Bluing: 
The aim of this step is to change the soluble red component 
of Hematoxylin into an insoluble blue. So, we again rinsed  
the slides in water and then made them blue by applying a 
weak Alkaline solution. After that, we observed that the col-
or of Hematoxylin became dark blue. Then we washed them 
again and evaluated the quality of the nuclei color and its 
contrast. 

- Differentiation: 
As mentioned above, we used regressive staining with Harris 
Hematoxylin, so a differentiation or destaining step is nec-
essary to remove non-specific background staining and im-
prove contrast. In this case, we used a mild acid alcohol. Then 
we repeat the bluing and washing process again. 

- Eosin: 
Then we applied Eosin counterstain to stain the slides with 
an Eosin aqueous or alcoholic solution. So, many nonnuclear 
elements are colored in different colors of pink. It means that 
we can now distinguish between the nuclei and cytoplasm of 
the cell. 

- Rinse, Dehydrate, Clear and Mount (Apply Cover Glass): 

Staining
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After Eosin step, the slide was entered in different concen-
trations of alcohol respectively to remove all effects of water. 
Then washed in number of Xylene bath, which makes the tis-
sue transparent and clear. After applying a small coating of 
polystyrene mountant, a glass coverslip was placed (Fig. 4-4).

In all steps of staining for microscopic slides, we paid atten-
tion to creating the right balance of the dyes and preventing 
overstaining with hematoxylin or eosin, which causes some 
problems in appearance, like understaining eosin or lighter 
hematoxylin, respectively. Also, we considered the duration 
of each step of the process, as mentioned in the Table (4-1):

Methodology and Data Production

Fig. 4-4 Apply cover glass process

Table 4-1 Duration for each step in E&H staining method

Finally, the pictures represented below show the process of 
H&E staining method that we were done at Galeazzi histolo-
gy lab, Milan (Fig. 4-5) (Fig. 4-6).

4.4 Microscopic Analysis and Measurement

At the next stage of methodology, we analyzed all of the 
samples under a light microscope and captured the images 
to make micrographs. Then we put the scale bars on all of the 
micrographs, which allows us to estimate the size of struc-
tures appearing in the images and also calculate the total 
magnification. So after that, all of the images were ready for 
analysis by a Java-based image processing program called 
ImageJ.

As mentioned before, in this study, we worked on 2 groups 
by dedicating 10 samples to each group. One group, rep-
resented by biopsies of bone regenerated using only tooth 
graft (control), and the second group regenerated with tooth 
graft in combination with a second bone substitute known as 
Bio-Oss (test). Moreover, it should be noted that all biopsies 
were obtained after a healing period of 4-6 months. So, in the 
first step of analyzing by ImageJ, we tried to separate bone, 
dentin, and Bio-Oss areas in each sample using ImageJ and 
measuring their occupied areas. Then we put all the data nu-
meration into excel files.

In the following pages, you will find the pictures and data 
regarding to the each sample in a table.

Microscopic Analysis and 
Measurement

Fig. 4-5 A part of H&E Staining process Fig. 4-6 A part of H&E Staining process 
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4.5 Samples of Control Group

Sample A

Fig. 4-7 Sample A with its measurments

Methodology and Data Production Samples of control group
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Sample B

Fig. 4-8 Sample B with its measurments

Methodology and Data Production Samples of control group
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Sample C

Fig. 4-9 Sample C with its measurments

Methodology and Data Production Samples of control group
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Sample D

Fig. 4-10 Sample D with its measurments

Methodology and Data Production Samples of control group
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Sample E

Fig. 4-11 Sample E with its measurments

Methodology and Data Production Samples of control group
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Sample F

Fig. 4-12 Sample F with its measurments

Methodology and Data Production Samples of control group
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Sample G

Fig. 4-13 Sample G with its measurments

Methodology and Data Production Samples of control group
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Sample H

Fig. 4-14 Sample H with its measurments

Methodology and Data Production Samples of control group
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Sample I

Fig. 4-15 Sample I with its measurments

Methodology and Data Production Samples of control group
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4.6 Samples of Test Group

Sample 1

Total area Bone area Dentin area Bio oss area Sup Cal total % Bone % Dentin % Bio oss % Cal tot % Partial bone % Partial dentin % Partial bio oss 1% Total area
1000.163 246.551 26.405 186.771 459.727 24.651 2.640 18.674 45.965 53.630 5.744 40.627 0.099983703

4.59727
0.217520398

100

Fig. 4-16 Sample 1 with its measurments

Methodology and Data Production Samples of Test group
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Sample 2

Total area Bone area Dentin area Bio oss area Sup Cal total % Bone % Dentin % Bio oss % Cal tot % Partial bone % Partial dentin % Partial bio oss 1% Total area
453.57 198.399 30.256 9.535 238.19 43.742 6.671 2.102 52.514 83.294 12.702 4.003 0.220473135

2.3819
0.419832907

100

Fig. 4-17 Sample 2 with its measurments

Methodology and Data Production Samples of Test group
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Sample 3

Total area Bone area Dentin area Bio oss area Sup Cal total % Bone % Dentin % Bio oss % Cal tot % Partial bone % Partial dentin % Partial bio oss 1% Total area
1921.11 369.753 9.339 133.029 512.121 19.247 0.486 6.925 26.658 72.200 1.824 25.976 0.05205324

5.12121
0.195266353

100

Fig. 4-18 Sample 3 with its measurments

Methodology and Data Production Samples of Test group
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Sample 4

Total area Bone area Dentin area Bio oss area Sup Cal total % Bone % Dentin % Bio oss % Cal tot % Partial bone % Partial dentin % Partial bio oss 1% Total area
797.628375 183.958 49.042125 243.814125 476.81425 23.42750582 5.972672 30.07099528 59.4711731 39.46080927 10.01913332 50.52005741 100 0.165938402

4.7681425
0.209725276

100

Fig. 4-19 Sample 4 with its measurments

Methodology and Data Production Samples of Test group
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Sample 5

Total area Bone area Dentin area Bio oss area Sup Cal total % Bone % Dentin % Bio oss % Cal tot % Partial bone % Partial dentin % Partial bio oss 1% Total area
1744.506 860.138 26.874 32.089 919.101 49.306 1.540 1.839 52.685 93.585 2.924 3.491 0.057322818

9.19101
0.108801971

100

Fig. 4-20 Sample 5 with its measurments

Methodology and Data Production Samples of Test group
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Sample 6

Total area Bone area Dentin area Bio oss area Sup Cal total % Bone % Dentin % Bio oss % Cal tot % Partial bone % Partial dentin % Partial bio oss 1% Total area
525.467 146.788 5.922 44.224 196.934 27.935 1.127 8.416 37.478 74.537 3.007 22.456 0.190306908

1.96934
0.507784334

100

Fig. 4-21 Sample 6 with its measurments

Methodology and Data Production Samples of Test group
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Sample 7

Total area Bone area Dentin area Bio oss area Sup Cal total % Bone % Dentin % Bio oss % Cal tot % Partial bone % Partial dentin % Partial bio oss 1% Total area
589.566 164.491 39.771 22.611 226.873 27.900 6.746 3.835 38.481 72.504 17.530 9.966 0.169616294

2.26873
0.440775235

100

Fig. 4-22 Sample 7 with its measurments

Methodology and Data Production Samples of Test group
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Sample 8

Total area Bone area Dentin area Bio oss area Sup Cal total % Bone % Dentin % Bio oss % Cal tot % Partial bone % Partial dentin % Partial bio oss 1% Total area
800.844 273.945 136.199 55.294 465.438 34.207 17.007 6.904 58.118 58.857 29.263 11.880 0.124868264

4.65438
0.214851387

100

Fig. 4-23 Sample 8 with its measurments

Methodology and Data Production Samples of Test group
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5.1 Results of this study

A total of 17 samples from the test group and control group 
were analyzed. First of all, we calculated the amount of total 
mineralized tissue by adding the amount of bone area (mm), 
dentin area and Bio-Oss® area. Then we divided the area of 
the bone by the total area and multiplied the values by 100 
to get the percentage of bone. And the same procedure 
for the percentages of dentin, Bio-Oss® and calcium total. 
Then, in order to determine the mineralized tissue fractions, 
the percentage of partial bone was calculated by division of 
bone area with total mineralized tissue multiple in 100 and 
the same procedures for the percentage of partial dentin 
and partial Bio-Oss® were done. (Table 5-1)  As a statistical 
point of view, the mean, standard deviation (SD) and 95% 
confidence intervals were calculated for each experimental 
group. As mentioned before, one of the objectives of this 
study is to evaluate the amount of newly formed bone. So, by 
comparing the existing data, it is necessary to mention that 
the amount of newly formed bone was greater in the autoge-
nous tooth matrix alone (control group) in comparison with 
the autogenous tooth matrix combined with Bio-Oss® (test 
group). (Table5-2).

5 Results and Conclusion

Results and Conclusion

Mean Standard Deviation
Control group  1456,64  691,91 

Test group  305,50  235,29 

Mean Standard Deviation
Control group  36,33  5,63 

Test group  31,30  10,43 

Table 5-1 Amount of Bone Area (mm)

Table 5-2 Amount of Bone Area (%)

Then we compared the amount of newly formed bone in per-
centage by creating a box and whiskers plot to know the dis-
tribution of data in terms of its median and quartiles in both 
groups. Before undertaking comparisons, the normality of 
all the distributions was tested with the Kolmogorov-Smirn-
ov test, and the results were not significantly different from 
a normal distribution in all cases. Therefore, it was justified 
to use parametric tests like the unpaired Student’s t-test for 
comparisons. A probability value P=0.05 was considered as 
the significance threshold.

From the box plot in (Fig 5-1) we can find that the amounts for 
the control group tend to be higher than for the test group. 
However, significance was not achieved (P=0.23), likely due 
to the relatively small sample size.

The distribution of data in both groups is not symmetrical, 
while the amount of new bone in the control group shows 
a higher median in comparison to the test group. The be-
tween-group comparison of total mineralized tissue and re-
sidual dentin was also performed. For the mineralized tissue 
(Fig. 5-2), the distribution of data in both groups is asymmet-
rical. The test group displayed a higher variability of miner-
alized tissue than the control group, as one can see on the 
whisker’s plot. Also, the mean value for mineralized tissue 
in the test group shows a higher amount than in the control 
group. This is due to the residual presence of Bio-Oss that 
did not undergo resorption. However, also in this case, sig-
nificance was not achieved (P=0.57). For residual dentin plot 
(Fig. 5-3), it is obvious that again in both groups there is a 
skewed distribution, but the control group displayed a high-
er median in comparison with the test group. This can be due 

Result of this study

Fig. 5-1 Comparison of newly formed bone in Control and Test Groups
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to the fact that a greater amount of dentin was placed in the 
defect site at surgery in the control group, as compared to 
the test, in which only 50% of the graft was dentin and the 
other 50% Bio-Oss®. Therefore, considering a similar resorp-
tion time of dentin in the two groups, a higher amount and % 
of dentin in the control group was expected.

In the next step we tried to evaluate the quality of the bone 
by analyzing the trabecular spaces (mm) in each sample. The 

Fig. 5-2 Comparison of mineralized tissue in Control and Test Groups

Fig. 5-3 Comparison of residual dentin in Control and Test Groups

Fig. 5-4 Micrograph of test (a) and control (b) group
Yellow lines represent the random lines in soft tissue area 

(a) (b)

Result of this study

total trabecular space was calculated on ImageJ by consid-
ering 40 random lines in the soft tissue space between the 
bone, dentin, and Bio-Oss® areas in each sample (Fig. 5-4).
After calculating the mean and standard deviation in each 
group, we found that in both groups there is not any variant 
in the data since SD is less than the mean value in both cases 
(Table 5-2). The between-group comparison gave a non-sig-
nificant result (P=0.38). So, the compactness and quality of 
the bone tissue were found to be similar for the two groups. 
The lower number of trabecular spaces in the test group may 
also depend on the fact that 10% of the volume is still occu-
pied by Bio-Oss.

In terms of comparison among mineralized data, we found 
the following data, which indicates that generally the bone 
areas in the control group are higher than in the test group, 
but there is not a significant difference between them. The 
total amount of autogenous mineralized tissue (new bone + 
dentin) was higher in the control group (43.87±6.11%) com-
pared to the test group (36.58±12.48%), but the difference 
was not significant (P=0.14). Even if not statistically signifi-
cant, there was a trend for greater new bone formation when 
using dentin graft alone as compared to the composite graft

Mean Standard Deviation
Control group  1.463111111  0.433379004 

Test group  1.23275  0.621469169 

%Bone %Dentin  % Bio-Oss®  %Auto hard tissue 
Test group  31,30  5,27  9,85  36,58 

Control group  36,33  7,54  0  43,87 
SD	Test	group 10,43  5,39  9,76 
SD	Control	group 5,63  4,75  0 

Table 5-3 Comparison of Trabecular space data (mm)

Mean Standard Deviation
Control group  1.463111111  0.433379004 

Test group  1.23275  0.621469169 

%Bone %Dentin  % Bio-Oss®  %Auto hard tissue 
Test group  31,30  5,27  9,85  36,58 

Control group  36,33  7,54  0  43,87 
SD	Test	group 10,43  5,39  9,76 
SD	Control	group 5,63  4,75  0 

Table 5-4 Comparison among mineralized fractions

Fig. 5-5 Comparison among mineralized fractions



106 107Results and Conclusion

(36.33% vs. 31.30%), and a much reduced variability in re-
sults (standard deviation in the control group was about half 
that of the test group) (Table 5-4)(Fig.5-5).

5.2 Conclusion

Regarding the objectives of this study, we compare the 
amount of newly formed bone, mineralized tissue, residual 
dentin and the quality of bone in both groups. The amount 
of newly formed bone was greater in the autogenous tooth 
matrix alone (control group) in comparison with the autoge-
nous tooth matrix combined with Bio-Oss® (test group). The 
interesting point in this case is that the control group shows 
a much smaller variation, as compared to the test group, 
meaning that the result can be more predictable when using 
tooth graft alone.

In the case of mineralized tissue, the mean value for mineral-
ized tissue in the test group shows a higher amount than in 
the control group. This is because of the residual presence of 
Bio-Oss, which does not undergo resorption.

Moreover, residual dentin in the control group displayed a 
higher median in comparison with the test group due to the 
fact that a greater amount of dentin was placed in the defect 
site at surgery in the control group.

Analyzing the quality of the bone by analyzing the trabecular 
spaces (mm) allows us to know the compactness and qual-
ity of the bone tissue were found to be similar for the two 
groups. The lower trabecular spaces in the test group are 
due to the Bio-Oss, which occupied 10% of the volume.
The comparison among mineralized data shows that the to-
tal amount of autogenous mineralized tissue (new bone + 
dentin) was higher in the control group, but the difference 
was not significant. It is necessary to mention this fact that 
the non-significant difference in total mineralized tissues be-
tween the two groups is a positive result for the dentin graft. 
In fact, this would mean that using autogenous graft tissue 
alone would allow the patient to achieve similar mechanical 
support (e.g. in view of a future implant insertion) as using 
a mixture of dentin and Bio-Oss®, thereby reducing the fi-
nancial cost for the patient and using a totally autogenous 
graft material. As mentioned before, even if not statistically 

Result of this study

significant, there was a trend for greater new bone formation 
when using dentin graft alone as compared to the composite 
graft (36.33% vs. 31.30%), and a much reduced variability in 
results (SD in the control group was half of the test group). 
These too are positive results for dentin graft. The presence 
of two components in the graft, each with a different rate and 
mechanism of resorption, including a different angiogenesis 
pattern, may be a reason for the increased variability in stim-
ulating the synthesis of new bone tissue. 

5.3 Future work

Generally speaking, we discussed a lot of the problems re-
garding bone loss and related musculoskeletal problems 
that are created due to surgery or another reason, and it is 
obvious that many grafting substitutes have grown to over-
come this challenge. While choosing an ideal material as a 
bone substitute is a difficult process, generally it is a fast and 
broad field for investigation. There is a possibility to over-
come the limitations of the autologous bone grafting meth-
od by using bone tissue engineering, although choosing 
an optimized combination of the cells and scaffolds is still 
a challenge in this area. So, it is really important to choose 
an ideal material in terms of characteristics like mechanical 
properties, degradation rate, etc. Also, paying attention to the 
cost-effective and safe materials that lead to bone formation 
after bone graft implantation is a priority. According to the 
discussion, we believe that there are several potential ways 
to extend the aims of such a project. The suggestion in this 
case could be histomorphometric evaluation of autogenous 
grafts composed of only dentin versus different proportions 
of enamel and dentin, or doing a study to confirm tooth graft 
potential in different clinical applications, and finally, evaluat-
ing radiologically the long-term resorption of tooth grafts as 
compared to combined grafts or bio-oss alone.
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