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Development of biochemistry and engineering allows not only for better reuse of biological
material obtained from the patient but also allows for the development of new materials for bone
replacement. The specific factors contributing to the growing trend of the reconstructive medicine
market are: the growing geriatric population, the increasing number of procedures using bone
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reconstruction methods and the favourable approach of the research financing institutions. Most
reconstruction materials are based on animal derived substances. Materials meeting the criteria
for the use in reconstructive medicine for bone structures are divided into allogeneic, alloplastic
and xenogeneic including xenogenic materials of animal origin. This paper contains a review of
the materials currently used to reconstruct bone defects and materials modifying the existing bone
structure by supporting the processes of bone tissue regeneration.

KEYWORDS: animal-derived bone substitutes / bone replacement materials /
bovine / regeneration

Regenerative medicine is one of the fastest growing branches of medicine. It is
estimated that the value of the regenerative medicine market in 2019 reached the value
of 6.5 million dollars. After blood, which can’t be produced artificially [Roberts et al.
2016], the bone tissue was ranked second in terms of the frequency of transplants
[Sanches et al. 2020]. The bone tissue is used in the orthopaedic and neurosurgical
procedures. Moreover, in recent years, a dynamic growth of reconstruction techniques
in the craniofacial area has been observed [Parisi ef al. 2020]. Undoubtedly, it can be
attributed to the dynamically developing area of the dental implantology techniques
stimulating maxillofacial surgery and periodontology [Aerts et al. 2020].

The variety of materials that can be used to achieve excellent clinical results is
constantly increasing [Li et al. 2020]. Overall, the bone-replacement materials can
be distinguished into 3 groups: allogeneic, synthetic and xenogeneic preparations.
Application of implantological screws, sinus lift or treatment of bone pockets are
today routine procedures. In dental implantology, the choice of materials is very wide,
but due to the specific anatomical area it is not a problem. For instance, it has been
possible to reconstruct damaged and lost jaw bones or periodontal structures [Li et
al. 2020]. However, a significant group of patients qualified for the procedures are
patients with advanced cancer in the craniofacial area [ Yamada et al. 2020]. Every year
there are about 600,000 new cases of head and neck cancer worldwide. Mechanical
injuries, in turn, result from: traffic accidents, robberies, fights, accidents at work or
sports injuries. The extent of cancer or mechanical tissue injury and the duration of the
procedure significantly affects the reduction of the number of patients operated on a
daily basis, which results in a longer waiting time of patients for the surgery, and thus
the progress of the disease [Feng ef al. 2020]. The problem is additionally hindered by
the patient’s condition, as most of the currently diagnosed neoplastic diseases are in an
advanced stage of the disease requiring partial removal of the diseased bone.

For years, reconstruction with the use of the patient’s bone from another part of the
body, such as the forearm or lower leg, has been used [Cohen et al. 2020, Ocak et al.
2017]. However, not all patients are eligible for this type of treatment, and the procedure
of bone collection and preparation lasts from 1.5 to 2 hours. Moreover, in a group of
people who might have performed a bone extraction procedure, 20% of patient do
not consent to its collection. Annually on average 400 maxillo-sitium reconstruction
operations, 100 orbital reconstruction operations, 50 nasal reconstruction operations,
100 anterior cranial fossa reconstruction operations, including the wedge-sit ceiling
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and 300 jaw reconstruction operations are performed globally [Mathew et al. 2020,
Silva et al. 2020].

For such patients, there are very limited possibilities for the choice of bone
reconstruction materials. First of all, it results from the specificity of the region of
action, which is characterized by a very complex anatomical structure, and thus is
characterized by high anatomical variability and details [Shokri e al. 2020]. This
results in the fact that in surgical practice the bone taken from the patient undergoing
treatment is most often used. Such action results in longer surgery time and full
involvement of the operating team, and thus generates high costs such as the cost
of anaesthesia or medications used [Xin et al. 2020]. The collection of bone or flap
of free or bulbous soft tissues for transplantation is an additional 1.5 to 2 hours of
surgery time. Not without significance is also the fact that there is an increased risk of
complications, such as infections, both in the place where the material is collected and
in the place where it is implanted, which increases the risk of death of the implanted
structure, posing further risks to patients health [Xiong et al. 2020]..

In order for the implanted structure to initiate proper tissue regeneration within the
treatment area, it is necessary to meet certain conditions. The presence of osteogenic
cells, osteoinductive signals transmitted by means of growth factors, appropriate
structure and a supply of blood and nutrients [Cheng et al. 2020] is desirable. In
the case of autologous bone implantation, i.e. when the donor and the recipient are
genetically identical, all the above conditions are met. The use of autologous bone
is the most advantageous from both the biological and immunological point of view
and from the legal point of view [Mounir ef al. 2020]. In most cases, this material is
taken from a plate of hip bone or ribs. In surgical practice, the reconstruction of the
craniofacial area after the removal of the tumour requires the performance of bone
extraction operations from, among others, the hip plate, forearm, personalization
of the shape of the collected bone, closure of the wound, i.e. the place where bone
tissue was collected, opening of the new wound, i.e. the place where the tumour was
detected, removal of cancer tissue, implantation of personalized bone tissue and
closure of the wound [Chiapasco et al. 2020]. All these activities are extremely time
and manpower demanding and pose a large risk to the patient’s life. Such a situation
also generates a risk of complications such as infections, hematoma, nerve damage,
chronic postoperative pain at the place of collection and postoperative deformities of
the donor point [Sethi et al. 2020].

Allogeneic materials

In the allogeneic transplants the grafted material is allogeneic bone, i.e. the
material which shows identical genetic features between the donor and the recipient.
The challenge of this type of transplant, apart from the possible postoperative
complications described above, is the amount of collected material, which in many
cases is not sufficient to perform a full-fledged procedure of reconstruction of the
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damaged bone fragment [Lago et al. 2020, Francisco et al. 2020]. The solution in this
case is to apply commercial bone replacement materials. The material for allgonene
implants is subject to a strict procedure of collection. The donor’s medical records are
analyzed and serological samples are taken to exclude HIV, HBV, HCV and syphilis.
Only the exclusion of all these diseases allows the collection of material which is
then subjected to radiation sterilisation and low temperatures [D Elia et al. 2020].
This preparation undergoes a freeze-drying process consisting of freezing and drying
the material. What remains afterwards is a material that has the characteristics of a
collagen scaffold with a high hydroxyapatite content and contains growth factors. This
results in two types of cell-free material: demineralized freeze — dried bone allograft
(DFDBA) or demineralized material, called demineralized bone matrix (DBM) and
mineralized form of dried bone allograft (FDBA). Demineralised bone structure due
to earlier processes has exposed collagen fibres and organic proteins and thus has
better osteinductive properties [Laugisch et al. 2019, Kothiwale et al. 2019]. Such
properties are obtained by using NHCL or EDTA material in the chemical preparation
process. As much as 90% of the newly formed material is occupied by type I collagen,
the remaining 10% are non-collagen proteins that determine the osteinductive
potential. The resulting preparations, although deprived of cells, stimulate the process
of remodeling and revascularization, which takes place much slower than in the
autologous bone environment [Zhou ef al. 2018, Fujioka-Koabayashi et al. 2017].

Synthetic materials

The second group of bone-replacement materials consists of alloplastic preparations
described as synthetic. These are materials produced synthetically or from natural
organic sources such as algae or corals or inorganic theses, which include hydroxyapatite
or bioactive glass [Shi e al. 2020]. The oldest known alloplastic material is calcium
sulphate, which is biocompatible and has a resorbability of 30 to 60 days [Hung et
al. 2020, Saha et al. 2019]. Fast rate of its resorption does not allow for a complete
development of a proper bone structure after its surgical introduction. Calcium
sulphate, however, is an excellent carrier of drugs, which allows it to be used as a barrier
membrane and additive to other, more modern preparations [Leventis et al. 2018].

Modern preparations are based on calcium phosphate salts, which can be divided
into ceramics and cements. The differences are due to the different physico-chemical
properties and, consequently, to the different manufacturing processes. Ceramics
are packaged as compact blocks, which can be formed in any way depending on the
defect, which is subject to reconstruction. Cements, on the other hand, are in the form
of powders and pastes, which often harden during implantation after mixing with the
patient’s blood, adapting to the shape of the defect [Cheng et al. 2020].

Osteconductive materials serve as transplants and implants and are an inactive
scaffold supporting the growth of active bone cells in the cavity area. They ensure
appropriate optimal conditions for the growth of bone forming elements within the
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treated lesion. The most popular are ceramic materials, which in turn are divided into
biocompatible materials, i.e. without negative reactions of the organism, and bioactive
materials, where their task is to stimulate the bone formation process [Singh et al.
2020, Cole et al. 2020]. Both in natural and synthetic materials the key role is played
by calcium phosphate or hydroxywapatite. It is an active mineral compound found in
normal human bones. Hydroxyapatite can be obtained in a synthetic form, or it can be
of natural origin. An alternative to often used animal origin biomaterials (for example
of beef origin) is material made from corals. Such material enriched with strontium
and silicon is stronger than synthetic materials. At the same time, it is completely
resorbable and free of the risk of negative reactions with the patient’s tissue [Pountos
etal. 2016]. As the bioceramics of hydroxywapatite is very brittle, it must be combined
with other substances to allow its use in areas particularly exposed to mechanical
stress [Sundarabharathi et al. 2020, Zo et al. 2020]. Tri-calcium phosphate has better
properties than hydroxyapatite, which, being a bioceramic material, has better chemical
solubility. Additionally, it is quickly resorbed and in place of its implementation, due
to dynamic osteoconduction processes, proper bone structures are formed. However,
this material shrinks during the bone formation process, resulting in a smaller final
volume in relation to the amount of material applied. Therefore, this material is used
as an additive to other materials [Suzuki et al. 2020].

Biologically active glasses are a hard and elastic material. Their chemical
composition is based on 4 substances: silicates, sodium oxide, calcium oxide and
phosphorus oxide. These are bioactive compounds, reacting to body fluids. At the
moment of contact with them, as a result of many chemical reactions, hydroxywapatite
is formed, which in turn is a connection with the patient’s bone. Such a system is
characterised by a relatively high mechanical strength [Shymon et al. 2020].

Modern synthetic preparations are polymers. Polylactide or polysulphone are
one of the many examples that have found application in bone tissue regeneration.
Polymers are not subject to corrosion caused by the biological environment, they are
lightweight and resistant to mechanical deformation. The main application was in
reconstruction techniques within the craniofacial area. Polymers, depending on their
composition, may be resorbed in different ranges, but they have a disadvantage, which
is a periodic change in properties. This is the so-called ageing process of polymers
during which their mechanical strength is significantly reduced [Yao et al. 2020,
Rufino et al. 2020]. Other modern materials such as titanium, aluminium oxide, water
glass, zirconium oxide or porous ceramics are also used as bone substitutes [Moest et
al. 2020, Beckmann et al. 2020].

Xenogeneic materials of animal origin

The third group of bone-replacement materials consists of xenogeneic preparations
which are made from compact or spongy bone of animal origin, often of bovine,
porcine, sheep, rabbit and ostrich origin [Linde ez al. 1989, Thoma et al. 2010, Cooper
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et al. 2008, Jiang et al. 2015, Leventis et al. 2018, Moest et al. 2020]. They are
considered to be biocompatible with human recipients and have osteoconductive
properties [Sheikh et al. 2015]. This material has been divided into two groups: de-
inflated bone and de-mineralized bone [Mendoza -Azpur et al. 2019].

The de-inflated part is a scaffold with a structure similar to human bone. The initial
material is subjected to strict physico-chemical processes. It is treated with strong-
base baths, high temperature and radiation. As a result of the temperature, the material
can be divided into un-sintered and sintered. Such preparations are available in form
of granules and blocks showing only osteoconductive activity, also without greater
mechanical strength, which disqualifies the preparation for use in places exposed to
increased loads. However, these preparations make a significant contribution to bone
density at the site of administration [Moussa et al. 2020]. The preparation obtained
is almost pH-neutral, which in turn supports bone formation processes in the initial
stage of development. In the past, bovine xenografts had failed due to graft rejection
[Melcher et al. 1963], which was probably due to chemical detergent extraction
techniques that left residual proteins and hence produced adverse reactions [Emmings
et al. 1974]. An advantage of these graft materials is the higher osteoconductive
potential compared with synthetically derived materials. Bovine-derived bone grafts
(particulate and blocks) have successfully been used for the treatment of human
intrabony defects and ridge augmentation [Valentini ef al. 1997, Thoma et al. 2010 ].

Animal origin preparations made from porcine tissues are a biocompatible
material with a structure similar to that of human bone [Linde ez al. 1989]. Remaining
organic components must be removed by heat treatment at high temperatures. Such
a technological process produces a higher crystal structure and a significantly larger
hydroxyapatite crystal [Gao et al. 2006, Nazirkar ef al. 2014]. A comparison was made
of the material produced from pig cells and the material made of the mineral part of
bones of Australian cattle. The porcine product has been shown to offer a similar
cellular response and bone regeneration as the bovine bone product. The micro-rough
surfaces of both preparations are believed to promote the adhesion and proliferation of
osteogenic cells [Eun-Bin ez al. 2019]. The possibilities of using mesenchymal stem
cells derived from equine synovial fluid (SFMSC) were also investigated [Cucchiarini
et al. 2014]. It has been shown that SFMSC implantation is less aggressive compared
to other techniques. Further research is planned [Zayed et al. 2018].

For material collected from sheep, a good biocompatibility has been demonstrated
when tested in vivo with the New Zealand white rabbit. No toxicity, pyrogenic
reaction, irritation or cytotoxicity of the materials was found [Xu et al. 2011]. The
surface structure is important in the assisted bone formation techniques. In case of
smooth surfaces, fibrin fibres with connective tissue and preosteoblasts may break
away. This will lead to the formation of the bone structure at a certain distance from
the implant. If the surface is rough enough, it will provide the newly formed structures
with a sufficiently strong adhesion [Wang ef al. 2020]. Thus, the bone will be formed
on the surface of the implant. This phenomenon is used in dental implantology, where
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the implant surface is shaped in a strictly defined way to create cavities of a size
suitable for newly formed bone structures, thus ensuring optimal conditions for tissue
growth [Park et al. 2020].

Stem cells and blood

Inorderto optimize and accelerate the processes of bone formation and regeneration
of bone structures, stem cells and growth factors isolated from blood are used [Huang
etal.2020]. The therapy is based on both embryonic and non-embryonic cells [ Yamada
et al. 2020]. Embryonic stem cells are separated from the pulp of milk teeth and
umbilical cord blood. The method based on the separation of platelet growth factors
from the blood of an adult patient is becoming popular. The obtained platelet mass
in ambulatory conditions is added to materials used in controlled tissue regeneration.
In recent years, menzenchymal stem cells of fat tissue and bone marrow have gained
significant importance [Wang et al. 2020]. Mesenchymal stem cells produce an anti-
inflammatory local environment, thus inhibiting intensive proliferation of T and B
lymphocytes, thus stimulating the body to rebuild damaged tissue structures. These
cells also have the ability to induce the process of production of new bone structures
by accelerating the proliferation of osteoblasts and mineralization of the produced
bone matrix [Dompe et al. 2020].

Reconstruction materials — challenges and opportunities

Reconstructive procedures and especially those in the craniofacial area, due to its
complex anatomical character, are subject to a particularly high risk. Despite many
materials available in modern surgery, there is a lack of materials that can be used for
reconstruction of the craniofacial area. There are risks associated with bone collection
and implantation for the patient to restore the defect: infection, death of the transplanted
lobe or bone, which destroys the work of surgeons and causes additional patient’s
suffer, deformation of the tissue in the area of its collection, visible deformation of the
patient’s face, which affects the perception of his person in society and the psyche,
resulting in both a deterioration in health, but also a decrease in productivity and well-
being. Reconstructions also generate large treatment costs for patients affected by
cancer hospitalized due to craniofacial injury.

The increasing use of 3D printing technology is creating new opportunities.
Until recently reserved for the precision industry, it now offers the possibility to print
physiologically active tissue structures [Negreisros et al. 2020]. Currently, there
are many material solutions available on the market that can be used in 3D printing
technology [Wu et al. 2018]. The following systems should be mentioned here: FDM
based on biodegradable and non-biodegradable materials such as ABS, PC, PC-ABS,
PLA, nylon; SLS/SLM based on powders: metals (titanium alloys), ceramics and
polymer (polyamide P12); SLM based on: metal powders; 3SP based on: resins; as
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well as bioplotters based on: collagen, chondroitin sulphate, alginates [Liu ez al. 2020].
Printing even the most complex shapes is possible with the use of SLS technology,
however, the market lacks biodegradable and non-biodegradable materials that would
be used in the area of SLS print [Li ef al. 2018].

Since the medical market aims to be able to print highly accurate shapes from
biodegradable and non-biodegradable materials that can accurately reproduce the
resulting tissue loss, one of the main streams of current work is to focus on the
development of powders from biodegradable and non-biodegradable composite
materials suitable for SLS printing. The use of 3D printing technology for medical
applications is very attractive. Acquisition of tissue scaffolding characterized by:
high accuracy, proper porosity and physicochemical properties on which bone tissue
(biodegradable materials) or tissue (non-biodegradable materials) will grow after
implantation in combination with shape personalization is available thanks to the SLS
technology [Doustkhah et al. 2019].

Currently, work is underway to develop a technology for obtaining personalized
tissue scaffolding for use in reconstructive surgery [Wu et al. 2018]. The use of
such a product will depend on the clinical case and the choice of the combination of
project results will be made by the surgeon. The overarching result of the developed
technology will be the creation of a completely new technology for the treatment of
patients, consisting of the supply of both biodegradable and non-biodegradable tissue
scaffolds to clinics, personalized in terms of their shape, which will be able to settle
with the patient’s target cells (osteoblasts) formed from the output cells: bone marrow
stem cells (as a result of differentiation) or fat cells (as a result of transdifferentiation).
As a result, the surgeon will have access to personalized tissue scaffolding in the
operating room before the surgery, which will significantly accelerate the recovery of
the patient. This will allow the surgeon to avoid the surgery of collecting the patient’s
bone tissue in order to supplement the defect formed after the resection of the area
which was disintegrated as a result of the disease.

REFERENCES

1. AERTSE.,LIJ, VAN STEENBERGEN M.J., DEGRANDE T.,JANSEN J.A., WALBOOMERS
X.F., 2020 — Porous titanium fiber mesh with tailored elasticity and its effect on stromal cells. Journal
Biomedical Materials Research Part B Applied Biomaterials 108(5), 2180-2191. doi: 10.1002/
jbm.b.34556.

2. BECKMANN N.A, BITSCH R.G., SCHONHOFF M., SIEBENROCK K.A., SCHWARZE M.,
JAEGER S., 2020 — Comparison of the primary stability of porous tantalum and titanium acetabular
revision constructs. Materials (Basel). 13(7), 1783. doi: 10.3390/mal13071783.

3. CHEN X., GAO C., JIANG J., WU Y., ZHU P., CHEN G., 2019 — 3D printed porous PLA/nHA
composite scaffolds with enhanced osteogenesis and osteoconductivity in vivo for bone regeneration.
Biomedical Materials 9, 14 (6), 065003. doi: 10.1088/1748-605X/ab388d.

4. CHENG W., DING Z., ZHENG X., LU Q., KONG X., ZHOU X., LU G., KAPLAN D.L., 2020
— Injectable hydrogel systems with multiple biophysical and biochemical cues for bone regeneration.
Biomaterials Science 6, §(9), 2537-2548. doi: 10.1039/d0bm00104;.

242



Modern bone substitutes in reconstructive medicine

11.

13.

14.

15.

16.

17.

CHIAPASCO M., TOMMASATO G., PALOMBO D., DEL FABBRO M., 2020 — A retrospective
10-year mean follow-up of implants placed in ridges grafted using autogenous mandibular blocks
covered with bovine bone mineral and collagen membrane. Clinical Oral Implants Research 31(4),
328-340. doi: 10.1111/cIr.13571.

COHEN D.J., SCOTT K.M., KULKARNI A.N., WAYNE J.S., BOYAN B.D., SCHWARTZ
Z., 2020 — Acellular mineralized allogenic block bone graft does not remodel during the 10 weeks
following concurrent implant placement in a rabbit femoral model. Clinical Oral Implants Research
31, 1, 37-48. doi: 10.1111/clr.13544.

COLE K.A., FUNK G.A., RAHAMAN M.N., MCIFF T.E., 2020 — Characterization of the
conversion of bone cement and borate bioactive glass composites. Journal of Biomedical Materials
Research part B Applied Biomaterials. 108(4), 1580-159. doi: 10.1002/jbm.b.34505.

COOPER R.G., NARANOWICZ H., MALISZEWSKA E., TENNETT A., HORBANCZUK
J.0., 2008 — Sex-based comparison of limb segmentation in ostriches aged 14 months with and
without tibiotarsal rotation. Journal of the South African Veterinary Assosiation 79, 3, 142-144.
D’ELIAN.L., RIAL SILVA R., SARTUQUI J., ERCOLI D., RUSO J., MESSINA P., MESTRES
G., 2020 — Development and characterisation of bilayered periosteum-inspired composite membranes
based on sodium alginate-hydroxyapatite nanoparticles. Journal of Colloid and Interface Science
572, 408-420. doi: 10.1016/j.jcis.2020.03.086.

. DOMPE C., JANOWICZ K., HUTCHINGS G., MONCRIEFF L., JANKOWSKI M.,

NAWROCKI M.J., JOZKOWIAK M., MOZDZIAK P. PETITTE J., SHIBLI J.A.,
DYSZKIEWICZ-KONWINSKA M., BRUSKA M., PIOTROWSKA-KEMPISTY H.,,
KEMPISTY B., NOWICKI M., 2020 — Epigenetic research in stem cell bioengineering-anti-cancer
therapy, regenerative and reconstructive medicine in human clinical trials. Cancers (Basel). 12(4),
1016. doi: 10.3390/cancers12041016.

DOUSTKHAHE., NAJAFIZARER.,YAMAUCHIY.,TAHERI-KAFRANIA., MOHTASHAM
H., ESMAT M., IDE Y., FUKATA N., ROSTAMNIA S., SADEGHI M.H., ASSADI M.H.N.,
2019 — Template-oriented synthesis of hydroxyapatite nanoplates for 3D bone printing. Journal of
Materials Chemistry B. 7(45), 7228-7234. doi: 10.1039/c9tb01436e.

. EMMINGS F.G.,1974 — Chemically modified osseous material for the restoration of bone defects.

Journal of Periodontology 45, 385-390.

EUN-BIN BAE, HA-JIN KIM, JONG-JU AHN, HYUN-YOUNG BAE, HYUNG-JOON KIM,
JUNG-BO HUH., 2019 — Comparison of bone regeneration between porcine-derived and bovine-
derived xenografts in rat calvarial defects: a non-inferiority study. Materials (Basel). 12(20), 3412.
doi: 10.3390/ma12203412.

FENG P, NIU M., GAO C., PENG S., SHUAI C., 2014 — A novel two-step sintering for nano-
hydroxyapatite scaffolds for bone tissue engineering. Scientific Reports 4, 5599. doi: 10.1038/
srep05599.

FRANCISCO I., FERNANDES M.H., VALE F.,2020 — Platelet-rich fibrin in bone regenerative
strategies in orthodontics: a systematic review. Materials (Basel) 13(8), 1866. doi: 10.3390/
mal3081866.

FUJIOKA-KOBAYASHI M., SCHALLER B., ZHANG Y., KANDALAM U., HERNANDEZ
M., MIRON R.J., 2017 — Recombinant human bone morphogenetic protein (thBMP)9 induces
osteoblast differentiation when combined with demineralized freeze-dried bone allografts (DFDBAs)
or biphasic calcium phosphate (BCP). Clinical Oral Investigations 21(5), 1883-1893. doi: 10.1007/
s00784-016-1983-0.

GAO Y., CAO W.-L.,, WANG X.-Y., GONG Y.-D., TIAN J.-M., ZHAO N.-M., ZHANG X.-
F., 2006 — Characterization and osteoblast-like cell compatibility of porous scaffolds: Bovine
hydroxyapatite and novel hydroxyapatite artificial bone. Journal of Materials Science Materials in
Medicine 17(9), 815-23. doi: 10.1007/s10856-006-9840-3.

243



J. Adamczyk et al.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

244

HUANG T, YU Z., YU Q., WANG Y., JIANG Z., WANG H., YANG G., 2020 — Inhibition
of osteogenic and adipogenic potential in bone marrow-derived mesenchymal stem cells under
osteoporosis. Biochemical and Biophysical Research Communication 525(4), 902-908. doi:
10.1016/j.bbrc.2020.03.035.

HUNG C.C.,,FUE.,CHIU H.C., LIANG H.C., 2020 — Bone formation following sinus grafting with
an alloplastic biphasic calcium phosphate in Lanyu Taiwanese mini-pigs. Journal of Periodontology
91(1), 93-101. doi: 10.1002/JPER.17-0748.

JIANG W., WANG P, WAN Y., XIN D., FAN M., 2015 — A simple method for establishing an
ostrich model of femoral heag osteonecrosis and collapse. Journal of Orthopedic Surgey and
Research 10, 74. doi: https://doi.org/10.1186/s13018-015-0218-4.

KOTHIWALE S., BHIMANI R., KADERI M., AJBANI J., 2019 — Comparative study of DFDBA
and FDBA block grafts in combination with chorion membrane for the treatment of periodontal intra-
bony defects at 12 months post surgery. Cell and Tissue Banking doi: 10.1007/s10561-018-09744-5.
LAGO E.S., FERREIRA S., GARCIA L.R. JR, OKAMOTO R., MARIANO R.C., 2020 —
Improvement of bone repair with 1-PRF and bovine bone in calvaria of rats. histometric and
immunohistochemical study. Clinical Oral Investigations 24(5), 1637-1650. doi: 10.1007/s00784-
019-03018-4.

LAUGISCH O., COSGAREA R., NIKOU G., NIKOLIDAKIS D., DONOS N., SALVI G.E.,
STAVROPOULOS A., JEPSEN S., SCULEAN A., 2019 — Histologic evidence of periodontal
regeneration in furcation defects: a systematic review. Clinical Oral Investigation 2019 23(7), 2861-
2906. doi: 10.1007/s00784-019-02964-3.

LEVENTIS M., FAIRBAIRN P, MANGHAM C., GALANOS A., VASILIADIS O.,
PAPAVASILEIOU D., HOROWITZ R., 2018 — Bone healing in rabbit calvaria defects using a
synthetic bone substitute: a histological and micro-ct comparative study. Materials (Basel) 11(10),
2004. doi: 10.3390/mal1102004.

LI X.,, WANG Y., WANG Z., QI Y, LI L., ZHANG P., CHEN X., HUANG Y., 2018 —
Composite PLA/PEG/nHA/dexamethasone scaffold prepared by 3D printing for bone regeneration.
Macromolecular Bioscience 18(6), ¢1800068. doi: 10.1002/mabi.201800068.

LIY, LI Q. LI H, XU X., FU X., PAN J., WANG H., FUH J.Y.H., BAI Y., WEI S., 2020 — An
effective dual-factor modified 3D-printed PCL scaffold for bone defect repair. Journal of Biomedical
Materials Research Part B Applied Biomaterials 108(5), 2167-2179. doi: 10.1002/jbm.b.34555.
LINDE F., HVID 1., PONGSOIPETCH B., 1989 — Energy absorptive properties of human
trabecular bone specimens during axial compression. Journal Orthopaedic Research 7(3), 432-9.
doi: 10.1002/jor.1100070316.

LIU Y., LIN Y., DI P., 2020 — A modified implant abutment holder fabricated with fused deposition
modeling to improve the transfer process for implant-supported restorations. The Journal Prosthetic
Dentistry S0022-3913(20)30098-6. doi: 10.1016/j.prosdent.2020.01.029.

MATHEW N., GANDHI S., SINGH I., SOLANKI M., BEDI N.S., 2020 — 3D models
revolutionizing surgical outcomes in oral and maxillofacial surgery: experience at our center. Journal
of Maxillofacial Oral Surgery 19(2), 208-216. doi: 10.1007/s12663-019-01275-0.

MELCHER A.H., DENT H.D., 1962 — The use of heterogenous anorganic bone as an implant
material in oral procedures. Oral Surgery Oral Medicine, Oral Pathology and Oral Radiology 15,
996-1000.

MENDOZA-AZPUR G., DE LA FUENTE A., CHAVEZ E., VALDIVIA E., KHOULY I., 2019
— Horizontal ridge augmentation with guided bone regeneration using particulate xenogenic bone
substitutes with or without autogenous block grafts: A randomized controlled trial. Clinical Implant
Dentistry and Related Research 21(4), 521-530. doi: 10.1111/cid.12740.



Modern bone substitutes in reconstructive medicine

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

45.

46.

MOEST T., SCHLEGEL K.A., KESTING M., FENNER M., LUTZ R., BECK D.M., NKENKE
E., VON WILMOWSKY C.A., 2020 — New standardized critical size bone defect model in the pig
forehead for comparative testing of bone regeneration materials. Clinical Oral Investigations 24(5),
1651-1661. doi: 10.1007/s00784-019-03020-w.

MOUNIR S., MOUNIR M., GIBALY A., 2020 — Full-staged digital and prosthetic guided protocol
for the insertion of dental implants in autogenous free bone grafts after reconstruction of segmental
mandibular defects. Oral and Maxillofacial Surgery 24(2), 189-201. doi: 10.1007/s10006-020-
00839-6.

MOUSSA N.T., DYM H., 2020 — Maxillofacial Bone Grafting Materials. Dental Clinics of North
America 64(2), 473-490. doi: 10.1016/j.cden.2019.12.011.

NEGREIROS W.M., JAMJOOM F.Z., GALLUCCI G., HAMILTON A., 2020 — Designing a
complete-arch digital trial tooth arrangement for completely edentulous patients by using an open-
source CAD software program: A dental technique. The Journal of Prosthetic Dentistry S0022-
3913(20)30106-2. doi: 10.1016/j.prosdent.2020.01.036.

NAZIRKAR G., SINGH S., DOLE V., NIKAM A., 2014 — Effortless effort in bone regeneration:
A review. Journal of International Oral Health 6(3), 120-4.

OCAK H., KUTUK N., DEMETOGLU U., BALCIOGLU E., OZDAMAR S.,ALKAN A., 2017
— Comparison of bovine bone-autogenic bone mixture versus platelet-rich fibrin for maxillary sinus
grafting: histologic and histomorphologic study. The Jornal of Oral Implantology 43(3), 194-201.
doi: 10.1563/aaid-joi-D-16-00104.

ORTH P, REY-RICO A., VENKATESAN JK., MADRY H., CUCCHIARINI M., 2014 — Current
perspectives in stem cell research for knee cartilage repair. Stem Cells Cloning 7, 1-17. doi: 10.2147/
SCCAA.S42880.

PARISI L., TOFFOLI A., GHEZZI B., MOZZONI B., LUMETTI S., MACALUSO G.M.,
2020 — A glance on the role of fibronectin in controlling cell response at biomaterial interface. The
Japanese Dental Science Review 56(1), 50-55. doi: 10.1016/j.jdsr.2019.11.002.

PARK M.G., CHOE H.C., 2020 — Corrosion Behaviors of Zn, Si, and Mn-Doped Hydroxyapatite
Coatings Formed on the Ti-6Al1-4V Alloy by Plasma Electrolytic Oxidation. Journal of Nanoscience
Nanotechnology 20(9), 5618-5624. doi: 10.1166/jnn.2020.17662.

POUNTOS I., GIANNOUDIS P.V,, 2016 — Is there a role of coral bone substitutes in bone repair?
Injury 47(12), 2606-2613. doi: 10.1016/j.injury.2016.10.025.

ROBERTS D.J., FIELD S., DELANEY M., BATES 1., 2016 — Problems and Approaches
for Blood Transfusion in the Developing Countries. Hematology/Oncology Clinics of North
America 30(2), 477-95. doi: 10.1016/j.hoc.2015.11.011.

RUFINO SENRA M., VIEIRA MARQUES M.F., 2020 — Thermal and mechanical behavior of
ultra-high molecular weight polyethylene/collagen blends. Journal of the Mechanical Behavior and
Biomedical Materials 103, 103577. doi: 10.1016/j.jmbbm.2019.103577.

SAHA AK. SAMADDAR S., KUMAR A., CHAKRABORTY A., DEB B.A., 2019 -
Comparative study of orbital blow out fracture repair, using autogenous bone graft and alloplastic
materials. Indian Journal of Otolaryngology and Head and Neck Surgery 71(4), 542-549. doi:
10.1007/s12070-019-01724-9.

SANCHEZ-GARCES M.A., CAMPS-FONT O., ESCODA-FRANCOLI J., MUNOZ-
GUZON F., TOLEDANO-SERRABONA J., GAY-ESCODA C., 2020 — Short time guided bone
regeneration using beta-tricalcium phosphate with and without fibronectin - an experimental study in
rats. Medicina Oral Patologia Oral y Cirugia Bucal 25(4), ¢532-¢540. doi: 10.4317/medoral.23564.
SETHIA., KAUS T., CAWOOD J.I., PLAHA H., BOSCOE M., SOCHOR P., 2020 — Onlay bone
grafts from iliac crest: a retrospective analysis. International Journal of Oral and Maxillofacial
Surgery 49(2), 264-271. doi: 10.1016/j.{jom.2019.07.001.

245



J. Adamczyk et al.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

246

Sheikh Z., Sima C., Glogauer M., 2015 — Bone replacement materials and techniques used for
achieving vertical alveolar bone augmentation. Materials 8(6), 2953-2993.

SHI Y., PAN T., ZHU W., YAN C., XIA Z., 2020 — Artificial bone scaffolds of coral imitation
prepared by selective laser sintering. Journal of Mechanical Behavior and Biomedical Materials
104, 103664. doi: 10.1016/j.jmbbm.2020.103664.

SHOKRI T., WANG W., COHN J.E., KADAKIA S., DUCIC Y., 2020 — Premaxillary Deficiency:
Techniques in Augmentation and Reconstruction. Seminars in Plastic Surgery 34(2), 92-98. doi:
10.1055/s-0040-1709175.

SHYMON V., ASHUKINA N., MALTSEVA V., ALFELDIY S., SHYMON M., SAVVOVA O.,
NIKOLCHENKO O., 2020 — Bone repair after the glass-ceramics implantation into the rats’ femur
defect. Georgian Medical News 300, 105-111.

SILVAH.F., GOULARTD.R.,SVERZUTA.T.,OLATE S., DE MORAES M., 2020 — Comparison
of two anorganic bovine bone in maxillary sinus lift: a split-mouth study with clinical, radiographical,
and histomorphometrical analysis. International Journal of Implant Dentistry 2020 6(1), 17. doi:
10.1186/s40729-020-00214-w.

SINGH B.N., VEERESH V., MALLICK S.P,, SINHA S., RASTOGI A., SRIVASTAVA P., 2020
— Generation of scaffold incorporated with nanobioglass encapsulated in chitosan/chondroitin sulfate
complex for bone tissue engineering. International Journal of Biological Macromolecules 153,
1-16. doi: 10.1016/j.ijbiomac.2020.02.173.

SINGLETON C., MANCHELLA S., NASTRI A., 2019 — Operative management of equine-
related maxillofacial trauma presenting to a Melbourne level-one trauma centre over a six-year
period. The British Journal of Oral & Maxillofacial Surgery 57(10), 1126-1130. doi: 10.1016/].
bjoms.2019.10.301.

SUNDARABHARATHI L., CHINNASWAMY M., PONNAMMA D., PARANGUSAN H.,AL-
MAADEED M.A.A., 2020 — La3+/Sr2+ Dual-Substituted Hydroxyapatite Nanoparticles as Bone
Substitutes: Synthesis, Characterization, In Vitro Bioactivity and Cytocompatibility. Journal of
Nanoscience and Nanotechnology 20(10), 6344-6353. doi: 10.1166/jnn.2020.18577.

SUZUKI O., SHIWAKU Y., HAMAI R., 2020 — Octacalcium phosphate bone substitute materials:
Comparison between properties of biomaterials and other calcium phosphate materials. Dental
Materials Journal 39(2), 187-199. doi: 10.4012/dmj.2020-001.

THOMA D.S., JONES A., YAMASHITA M., EDMUNDS R., NEVINS M., COCHRAN D.L.,
2010 — Ridge augmentation using recombinant bone morphogenetic protein-2 techniques: An
experimental study in the canine. Journal of Periodontology 81, 1829-1838.

VALENTINI P., ABENSUR D., 1997 — Maxillary sinus floor elevation for implant placement
with demineralized freeze-dried bone and bovine bone (bio-oss): A clinical study of 20 patients.
International Journal of Periodontics and Restorative Dentistry 17, 232-241.

WANG L., L1 Y., ZHANG M., HUANG K., PENG S., XIAO J., 2020 — Application of
Nanomaterials in Regulating the Fate of Adipose-derived Stem Cells. Current Stem Cell Research
and Therapy doi: 10.2174/1574888X15666200502000343.

WANG W., WANG Z., FU Y., DUNNE N., LIANG C., LUO X., LIU K., LI X., PANG X., LU K.,
2020 — Improved osteogenic differentiation of human amniotic mesenchymal stem cells on gradient
nanostructured Ti surface. Journal of Biomedical Materials Research Part A. 108(9), 1824-1833.
doi: 10.1002/jbm.a.36948.

Wu S., Xiao Z., Song J., Li M., Li W,, 2018 — Evaluation of BMP-2 enhances the osteoblast
differentiation of human smnion mesenchymal stem cells seeded on nano-hydroxyapatite/
collagen/poly(l-lactide). International Journal of Molecular Science 19(8), 2171. doi: 10.3390/
ijms19082171.



Modern bone substitutes in reconstructive medicine

61.

62.

63.

64.

65.

66.

67.

68.

XIONG Y., HUANGJ,,FUL.,REN H,, LI S., XIAW., YAN Y., 2020 — Enhancement of osteoblast
cells osteogenic differentiation and bone regeneration by hydroxyapatite/phosphoester modified
poly(amino acid). Materials Science and Engineering. C, Materials of Biological Applications
111,110769. doi: 10.1016/j.msec.2020.110769.

XU H.-F.,, HE H.-Y., TANG X.-X., CUI J, 2011 — Biocompatibility of xenogeneic bone materials
prepared by different ways. Journal of Clinical Rehabilitative Tissue Engineering Research 15(47),
8749-8752. doi: 10.3969/j.issn.1673-8225.2011.47.003

YAMADAY., NAKAMURA-YAMADA S., KONOKI R., BABA S., 2020 — Promising advances
in clinical trials of dental tissue-derived cell-based regenerative medicine. Stem Cell Research and
Therapy 11(1), 175. doi: 10.1186/s13287-020-01683-x.

YAO J., FANG W., GUO J., JIAO D., CHEN S., IFUKU S., WANG H., WALTHER A., 2020 —
Highly mineralized biomimetic polysaccharide nanofiber materials using enzymatic mineralization.
Biomacromolecules 21(6), 2176-2186. doi: 10.1021/acs.biomac.0c00160.
YINX.,YANL.,JUNHAOD. LIUS.,YANGM.,HE B.,LIU Z., 2020 — Calcium alginate template-
mineral substituted hydroxyapatite hydrogel coated titanium implant for tibia bone regeneration.
International Journal of Pharmaceutics 582, 119303. doi: 10.1016/j.ijpharm.2020.119303.
ZAYED M., NEWBY S., MISK N., DONNELL R., DHAR M., 2018 — Xenogenic implantation of
equine synovial fluid-derived mesenchymal stem cells leads to articular cartilage regeneration. Stem
Cells International 2018, 1073705. doi: 10.1155/2018/1073705.

ZHOU S., SUN C, HUANG S., WU X., ZHAO Y., PAN C., WANG H., LIU J,, LT Q., KOU
Y., 2018 — Efficacy of adjunctive bioactive materials in the treatment of periodontal intrabony
defects: a systematic review and meta-analysis. BioMed Research International 2018:8670832. doi:
10.1155/2018/8670832.

ZO S., CHOI S., KIM H., SHIN E., HAN S., 2020 — Synthesis and characterization of
carboxymethyl chitosan scaffolds grafted with waterborne polyurethane. Journal of Nanoscience
and Nanotechnology 20(8), 5014-5018. doi: 10.1166/jnn.2020.17844.

247






