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THE LIST OF ABBREVIATIONS

ABBM - anorganic bovine bone mineral

ALP — alkaline phosphatase

ASC — adipose tissue-derived stem cells

BG — bioglass 45S5

Bio-Oss — Geistlich Bio-Oss®

BMA — bone marrow aspirate

BMAC — bone marrow aspirate concentrate

BMP — bone morphogenetic proteins

BMSC — bone marrow-derived mesenchymal stromal cells
CAD/CAM — computer-assisted design and manufacturing
CAF — coronally advanced flap

CCPC — coralline carbonated calcium phosphate cement
CECM - cell-derived extracellular matrix

CT — computed tomography

DBM - demineralized bone matrix

DIW — direct ink writing

DMC - dimethyl carbonate

DPL — digital projection lithography

DPBS — Dulbecco's phosphate-buffered saline

DPSC — dental pulp stem cells

ECM — extracellular matrix

EDTA — ethylenediaminetetraacetic acid

EMD - enamel matrix derivative

FDA — Food and Drug Administration

FDM — fused deposition modelling

FFF — fused filament fabrication
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GAG — glycosaminoglycans

GBR — guided bone regeneration

HA — hydroxyapatite

HME — Hot-melt extrusion

HU — Hounsfield units

IL — interleukin

IMDM — Iscove's Modified Dulbecco's Medium
MDS — melt-deposition system

MSC — mesenchymal stem cells

NECM — natural extracellular matrix

OCN - osteocalcin

P — porosity

PBS — phosphate-buffered saline

PDC — periosteum-derived cells

PDGF-AB — platelet-derived growth factor AB
PEEK - polyether ether ketone

PLA — polylactic acid

PLLA — poly(l-lactide) acid

PLDA - poly(d-lactide) acid

PMMA — polymethylmethacrylate

PPP — acellular plasma layer

PRF — platelet-rich fibrin

PRP — platelet-rich plasma

RBC — red blood cell

rhBMP-2 — recombinant bone morphogenetic proteins-2
RUNX2 — runt-related transcription factor 2
SCTG - subepithelial connective tissue graft

SEM - scanning electron microscopy
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SLS — selective laser sintering

TCP — tricalcium-phosphate

TGF- B — Transforming Growth Factor Beta
VEGF — vascular endothelial growth factor

3D — three-dimensional
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1. INTRODUCTION
1.1. RELEVANCE OF THE STUDY

Nowadays, the number of performed bone augmentation surgeries in
various fields of medicine is growing due to an ageing population, improved
life quality, and the increase in life expectancy 2. Therefore, the need for bone
substitutes and biomaterials is rising in various clinical situations such as
cranioplasty or spinal fusion in neurosurgery, fracture nonunions or foot and
ankle surgeries in orthopaedics, alveolar bone grafting in oral and
maxillofacial surgeries *°.

Bone augmentation is performed by restoring a bone defect with various
bone substitutes, ideally replacing a lost bone volume and structure, providing
good mechanical stability, achieving a graft’s predictable vascularisation, and
subsequently remodelling subject to the augmented site requirements ©.
Although autologous bone grafts have been considered the gold standard and
have shown excellent clinical success, their use is associated with some
significant disadvantages: postoperative discomfort, chronic donor site pain,
fracture, infection, hernia formation, sensory disturbances, bleeding, bruising,
a limited number of donor sites and volume 578, Moreover, existing bone
substitutes (allogenic, xenogenic, alloplastic) fail to match all the ideal bone
graft criteria and are usually characterized by osteoconductive features instead
of osteoinductive ones °°. Therefore, the research and development in bone
augmentation may have played a significant role in accepting tissue
engineering as a feasible treatment choice in medicine and dentistry %2,

One of the most advanced alternatives to bone substitutes is a three-
dimensional (3D) composite scaffold that could control cell
microenvironment, proliferate, and migrate during the development of a new
bone 314, Various organic and inorganic biomaterials may be used alone or in
different combinations to develop an ideal bone scaffold 141°, Moreover, these
osteoconductive scaffolds may be enhanced with various cell- or growth-
factor-based tissue engineering techniques to promote osteogenesis and
enhance scaffolds with osteoinductive features . However, the composition
of materials and scaffold decoration techniques are not the only essential
features for producing a substitute suitable for bone tissue regeneration.
Studies have shown that mechanical properties and biological performance
are strongly affected by the morphology of a scaffold (porosity, pore size,
interconnectivity) . Therefore, fused deposition modelling (FDM) is one of
the most promising, easiest and low-cost technologies, providing good
mechanical properties and highly controllable porosity meeting the
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requirements for a bone graft 1. Currently, such an ideal bone scaffold with
certified clinical indications has not yet been developed %8, Therefore, the
limitations of existing bone grafting procedures and bone substitutes have led
to a strong clinical need to develop and evaluate newly designed biomaterials.

1.2. AIM OF THE STUDY

To develop an innovative topologically-ordered scaffold for bone
regeneration and evaluate its properties in vitro and in vivo.

1.3. OBJECTIVES OF THE RESEARCH

1. To evaluate the morphology, printing accuracy, porosity of 3D
scaffolds printed from industrial polylactic acid (PLA) filaments with
different FDM 3D printers.

2. To produce suitable diameter filaments from PLA particles, composite
filaments from PLA and hydroxyapatite (HA), PLA and bioglass 45S5 (BG)
by hot-melt extrusion.

3. To evaluate the morphology, printing accuracy, and porosity of
produced PLA, PLA/HA and PLA/BG scaffolds and compare the results with
industrial PLA scaffolds.

4. To evaluate bone tissue regeneration in osteoconductive scaffolds (in
vivo stage |) using the Wistar rat critical-size calvarial defect model.

5. To evaluate bone tissue regeneration in innovative osteoinductive 3D
scaffolds from osteoconductive ones enhanced with dental pulp stem cells
(DPSC) or their extracellular matrix (ECM) (in vivo stage I1) using the Wistar
rat critical-size calvarial defect model and compare the obtained results with
the samples of in vivo stage I.

1.4. SIGNIFICANCE OF THE STUDY

Recently, the majority of bone augmentations in clinical practice have
been performed using autogenous, allogeneic, or xenogeneic bone grafts, as
no composite 3D scaffolds that could meet most of the ideal bone substitute
requirements have been developed. In this study, innovative topologically
ordered 3D scaffolds were created using the combination of HME and FDM
technologies. Furthermore, insights and recommendations are provided,
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noting which parameters affect printing accuracy, how these parameters can
be improved by achieving the targeted scaffold morphology parameters.

For the first time, micro-CT and bone histological analysis results of bone
tissue regeneration using various osteoconductive and osteoinductive
scaffolds in the Wistar rat critical-size calvarial defect model were analysed
in the same study. Moreover, the obtained results were compared with one of
the most well-known and widely used xenogeneic materials in clinical practice
— Bio-Oss. The gained knowledge is critical to assess whether the results of
the created scaffolds are comparable to the provided results of the materials
currently used in clinical practice. This study showed that PLA/HA ECM,
PLA/BG, PLA/BG DPSC, PLA/BG ECM positively affected a new bone
formation, while the obtained results were similar to Bio-Oss.

Recent studies have particularly favoured the technology of decorating
osteoconductive frameworks with cells or their ECM. However, the results
obtained in this study showed that there was no statistically significant
difference between the osteoconductive scaffolds and their biodecorated
constructs 8 weeks after surgery, although increased new bone formation was
seen in biodecorated groups. This knowledge is essential for future research,
and further investigation is needed for more extended post-surgery healing
periods, and in large animals. In addition, researchers need to assess whether
these decorating technologies significantly improve bone regeneration and are
worth further development, considering the increased cost of the procedure,
the time required, and new advanced technologies.

The in vitro and in vivo knowledge obtained in this study is essential for
tissue engineering and “OSSEUM 4D artificial bone tissue development.

1.5. STATEMENTS TO DEFEND

1. The morphology and accuracy of 3D printed scaffolds depend on 3D
FDM printing technology and parameters.

2. Composite filaments created with hot-melt extrusion may be used to
print 3D scaffolds with FDM technology resulting in the morphology
and accuracy comparable to those obtained with industrial PLA
filaments.

3. Composite 3D scaffolds positively impact new bone formation in
critical-size defects in rats.

4. 3D scaffolds enhanced by DPSC or their ECM increase the amount of
a newly formed bone in critical-size defects in rats.
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5. The generated innovative topologically-ordered 3D scaffolds are

suitable for bone tissue regeneration and further artificial bone
development.

1.6. APPROBATION OF THE RESEARCH
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2. LITERATURE REVIEW
2.1. NEED FOR BONE SUBSTITUTES

Currently, the number of clinical situations where physiological bone
regeneration is impaired or insufficient 2, and bone grafting procedures are
required, has been increasing. In 2001, over 2 million bone grafting
procedures were performed in the world *%, However, the number of
surgeries done could be even higher due to the rapidly growing market for
dental implants and bone substitutes 22. The global bone grafts and substitutes
market will reach $3.912 million by 2025 2, increasing by 4.8% annually.
Although the dental bone substitutes market is just a part of the global bone
substitutes market, it is one of the fastest growing with an annual rise of 9.8%
22 Bone substitutes are used in various fields of medicine, such as
neurosurgery, orthopaedics, oral, and maxillofacial surgery specialities.

2.1.1. BONE SUBSTITUTES IN NEUROSURGERY

Neurosurgeons diagnose and treat potentially surgical remediable
conditions of central (intracranial and spinal) and peripheral nervous
systems 2*.  Technological advances (image-guidance devices, clinical
neurophysiology  devices,  operating  microscopes, endoscopes,
neuromodulation devices, and miscellaneous) made neurosurgery one of the
most developing surgical specialities #. Leading surgeries using bone
substitutes are cranioplasty and spinal fusion 26. Cranioplasty aims to
reconstruct a cranium reducing contour irregularities and improving function
and aesthetics 3. Mostly, cranioplasty is performed after decompressive
craniectomy or ischemic intracranial complication, as a bone flap replacement
after an osteitis or removal of a tumour-invaded bone flap . In 2010, the
number of performed cranioplasties reached 20-25 per million inhabitants (in
Europe, the Middle East, and Africa) ?’. Spinal fusion aims to permanently
connect two or more vertebrae into one solid bone using bone substitutes or
internal fixation 28, Spinal (cervical and lumbar) fusions are often used to treat
various degenerative conditions, trauma, infection, and neoplasia 2°*°. More
than 200,000 spine fusions are performed each year in the United States, and
this number continues to increase annually 8. The global spinal fusion devices
market is anticipated to reach $7,435 million by 2022 3.

An ideal material used for cranioplasty must entirely close a skull and
maintain mechanical stability and protection for an underlying brain until
sufficient bone regenerates 2632, Then, the physiological environment of the
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brain and intracranial pressure between 5 and 10 mmHg can be maintained .
Moreover, cranioplasty substitutes should be resistant in trauma cases,
especially when a sharp object penetrates into an unprotected area 2.
Furthermore, bone substitutes should be biocompatible, adaptable,
radiolucent, non-toxic, reasonably priced, and ensure an excellent aesthetic
result, mainly when a bone defect is located in a frontal region 2627,
Autologous bone grafts (calvarium, rib), allografts (cadaveric skull, cartilage),
metals  (titanium, vitallium, tantalum, stainless steel mesh),
polymethylmethacrylate (PMMA), ceramics (HA, coralline carbonated
calcium phosphate cement (CCPC), porous polyethylene (Medpore), and
polyether ether ketone (PEEK) may be used for cranioplasty 2. Allografts
and xenografts are a poor choice for cranioplasty and are not widely used due
to the high rate of infection, bone resorption, and reactions to a foreign
substance 343,

Although autologous bone grafts are considered as a gold standard in
cranioplasty, their use may be limited in large cranial defects (>16 cm?) 32,
Moreover, they demonstrate a high resorption rate, mainly when arib is used 3.
Other disadvantages that must be taken into account are subsequent
decrements in strength and aesthetic contour, poor malleability, infection
complication, and variable donor-site morbidity *27. Furthermore, computer-
assisted design and manufacturing (CAD/CAM) prefabricated titanium
implants show positive results when they are used for large cranial defects *¢.
However, titanium implants may potentially break a surrounding bone. Thus,
an overlapping margin should be considered 3. Nevertheless, PMMA is one
of the most frequently used cranial bone graft substitutes because of its similar
strength and biocompatibility to a bone, easy contouring after hardening 2.
However, the use of PMMA is limited in full-thickness defects as it has
exothermic properties and generates large amounts of heat during
hardening *. Other disadvantages of PMMA are post-placement shrinkage,
lack of osseointegration and osteoinductive properties, low resistance to a
traumatic injury directly applied to a plate .

Prefabricated HA implants are among the most promising ceramic
materials for cranioplasty because they have good osteoconduction and
osteoinduction features, no foreign body reaction, good aesthetic results, low
risk of infection, and low posttraumatic fracture rate 26, However, the cost of
patient-specific HA implants is about €8,000, and they are more expensive at
least by €3,945 compared to autologous implants 2. Moreover, high
complication rates of developing seromas, chronic drain fistulas, and
persistent oedema were observed when HA cementum used intraoperatively
contacted sinus mucosa *’. Furthermore, HA cementum is not highly resistant
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to mechanical stress and can easily break *. Another promising material for
cranioplasty is PEEK as it is inert, durable, easily removable, and radiolucent
8. Moreover, PEEK may be CAD/CAM prefabricated, and it has strength and
elasticity similar to a cortical bone 3. Although the success rate of this
material is counted by about 93.7%, and the complication rate is similar to
PMMA, the high cost has to be taken into consideration *. Therefore, further
research is needed to reduce the cost of the alloplastic materials and increase
compatibility and integration in a bone *.

An ideal bone graft for optimum spinal fusion enhancement should be
non-immunogenic, have good osteoinductive, osteoconductive, and stable
biomechanical properties, and promote osteogenesis “*4l, Constantly used
spinal fusion materials are autografts, allografts, allograft stem cells,
demineralized bone matrix (DBM), bone marrow aspirate (BMA), ceramics
(B-Tricalcium phosphate (TCP), HA) and growth factors (bone morphogenetic
proteins (BMP)) 340, Autografts are superior for spinal fusion due to their
excellent osteogenic, osteoinductive, and osteoconductive properties *.
Usually, autografts can be harvested from a local bone (laminectomy bone),
iliac crest, fibula, or ribs %. The biggest disadvantage of the local bone graft
is a small amount of available bone volume #. The iliac crest autograft is
considered a gold standard because of the associated excellent fusion rates as
high as 92% *142, However, a prolonged pain, hypersensitivity, and buttock
anaesthesia are the most common complications at an iliac crest donor
site 2243, Almost all patients feel a postoperative pain in iliac crest donor sites
during the first week “. In addition, muscle weakness, compartment
syndrome, and neurovascular injuries often occur after harvesting from a
fibula 4.

Allografts are highly  osteoconductive, however variably
osteoinductive **. Allografts are often used in conjunction with BMA,
autologous bone, or BMP due to a lack of osteogenic properties *°. Moreover,
pathogen transmission, including human immunodeficiency virus (HIV),
Clostridium difficile, Hepatitis B, and bacterial infections, is a rare but severe
complication “°. DBM shows reasonable fusion rates as high as 86% but they
are lower than those of autografts *4#°. They are commercially available in
various forms, however, lack structural strength and stable biomechanical
properties. Thus, DBM cannot be used alone in spinal fusion *4. BMA contains
pluripotent mesenchymal stem cells (MSC), which release cytokines and
growth factors within an autograft, allograft, ceramics, or DBM “°. The
advantages of BMA are osteoinductive and osteogenic properties, a less
invasive procedure compared to autograft taking, and a lower harvest site
morbidity “. However, the older age of a patient negatively affects the rate of
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colony-forming unit fibroblasts and osteoblast, especially in women 6. TCP
takes shorter time for biodegradation and resorption and has greater
osteoconductive properties than HA because of total porosity and large pores
but lesser mechanical strength 4. Thus, TCP is recommended for cervical
spine fusions, however, the findings for lumbar spine fusion have been still
controversial #.

Recombinant BMP-2 (rhBMP-2) are currently approved by the Food and
Drug Administration (FDA) for anterior lumbar spine fusion *. Moreover,
they show comparable efficacy to the gold standard autologous iliac crest bone
graft in cervical and lumbar spine fusions for adults. Contrarily, there is a lack
of data to support the use of recombinant BMP-2 in pediatric spinal fusion .
Furthermore, rhBMP-2 must be used in conjunction with the carrier matrix,
otherwise, they quickly diffuse from a fusion site 4. However, hematoma
formation, heterotopic ossification, retrograde ejaculation, and a higher risk
of cancer are the complications of rhBMP-2 applications and have to be
considered before use ““¢. In conclusion, the field of various bone graft
materials is expanding and entering the market without providing proper
evidence-based studies 4. Therefore, it is difficult for neurosurgeons to choose
the optimal bone graft material for spinal fusion *. Moreover, none of the
alternative bone graft substitutes has demonstrated better results than iliac
crest autograft, which remains the gold standard for spinal fusion **. New
innovational technologies such as gene therapy and tissue engineering show
promising results in spinal fusion animal models *’. Future studies must
further evaluate the clinical relevance and efficacy of these emerging fields
and investigate the best available options specific to the patient population #°.

2.1.2. BONE SUBSTITUTES IN ORTHOPAEDICS

New surgical techniques, procedures, metal alloy biomaterials, and
orthobiologics have been the leading advancements in orthopaedic surgery
over the last 20 years %%, Orthobiologics are a group of biological materials
and substrates (bone grafts, bone substitutes, growth factors, stem cells) that
promote the healing of a bone, cartilage, ligament, and tendon injuries 5. They
are used to reduce the need for surgery in orthopaedic trauma and improve the
effectiveness of existing orthopaedic implants and surgical techniques “.
Orthobiologics used for bone regeneration and augmentation must be
osteoinductive, osteoconductive, and/or osteogenic 2. The use of particular
material depends on the problem at hand, the properties of a material,
comorbidities and contraindications, country-specific regulations, and a
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cost 51-%3, Bone orthobiologics are often used to treat adult fracture nonunions
or during foot and ankle surgeries 4545,

Nonunion rates of all fractures vary between 1.9 to 10% due to different
anatomic regions, fracture type, soft tissue injury, fracture fixation principles
used for treatment, and patient-dependent factors such as age, nutrition, drug
therapies (NSAID use), congenital bone disorders, and systemic diseases
(e. g., diabetes) %8, This diagnosis is established after a minimum of 9
months following a trauma, with no signs of healing for 3 months .
Nonunions will not heal without additional intervention, regardless of elapsed
time %°. Only a few non-operative treatment strategies (pulsed low-intensity
ultrasound, extended immobilization) are available to treat nonunions €.
Operative treatment depends on the type of nonunions: improved mechanical
stability with internal fixation is used for hypertrophic nonunions, biologic
stimulation (autografts, DBM, allografts, BMAC, BMSC, platelet-rich plasma
(PRP), BMP) and mechanical stability — for atrophic or oligotrophic
nonunions . Although autografts are considered the gold standard against
which all other bone substitutes are measured, the healing success rate is
counted only up to 80% to treat nonunions *’. Some alternatives promoted
commercially consist of an allograft conductor and DBM inductor mixture 52,
However, their success rate is lower than those of autografts, especially in
large defects or when a prior contamination of a tissue bed persisted "¢, The
overall contamination rate of allografts has been reported increasing by up to
10%, and an infection rate of implanted allografts — up to 12.2% °°.

BMA concentrate (BMAC) or bone marrow-derived mesenchymal
stromal cells (BMSC) obtained from iliac crest aspiration is commonly used
to treat delayed union or nonunion due to a decreased number of complications
compared to autografts, easy handling of the procedure for orthopaedic
surgeons 283, The success rate of BMAC for nonunion healing is similar to
this of autografts and counts up to 81% if used alone; the success rate for
BMSC is up to 87% %2. However, BMAC and BMSC independently may be
insufficient for treating nonunions with large bone gaps or long bone
nonunions, and the combination of these techniques with scaffolds should be
considered 572, Another problem with BMAC is that the level of
osteoprogenitor cells in an aspirate is highly variable %. However, BMAC,
PRP, and BMP may be used with percutaneous administration to decrease
morbidity, cost, and hospitalisation time in nonunion treatment 8. Although
platelet concentrations can be achieved as desired, and several studies showed
promising nonunions healing, careful patient selection for this treatment
should be observed %. PRP for non-surgical treatment should be injected in
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less than 11 months in fractures with near-total contact between fracture
fragments 54,

BMP-2 and BMP-7 are the most widely used growth factors for
orthopaedics from the BMP family because they induce ectopic bone
formation %. U.S. FDA approved BMP-7 for treating the tibial nonunion ¢’
with a success rate varying from 75% to 90% . BMP-2 is more effective at
the stem cell level than BMP-7. However, BMP-7 is more effective at
osteoblastic precursors level and better induces osteoporotic mesenchymal
stem cells . Although BMP-7 shows a similar success rate compared to
autogenous grafts, several possible complications need to be considered, such
as surgical site infection, heterotopic ossification, pseudoarthrosis, seroma
formation 6. Furthermore, a surgical site’s irrigation after BMP application
and contact with neurovascular structures should be avoided . The BMP-2
usage in children or pregnant women has not yet been determined, and it is
contraindicated for patients with an active infection at a surgical site .

Orthobiologics in foot and ankle surgery are used for primary arthrodesis
of ankle, hindfoot, and midfoot joints or secondary surgeries when the
nonunions, malunions or secondary trauma occur 7%, The golden standard in
foot and ankle surgery is an autogenous bone block that can be cortical,
cancellous (success rate of 93.7%) or combined (94.2%) depending on the
defect and the type of surgery 2. The most significant disadvantages of
autografts are the limited quantity of graft material, mainly if local donor sites
like calcaneus or distal tibial metaphysis are used . Iliac crest bone can
overgo some limitations. However, some disadvantages must be considered,
such as separate incision requirements, the risk of damaging nerves or vessels
at a harvest site, longer operating time, larger surgical team needed ™.
Therefore, alternative orthobiologics are being sought. Although allografts
have a success rate of 86.9-93.3% for union in foot and ankle surgeries ", they
have only osteoconductive features as during the sterilisation process all live
bone cells are killed and cytokines, BMP are lost "*. One new exciting
technique has been described in the literature — combining allografts with
MSC with a success rate of 81-87% . However, the union rate is not as high
as the one of autografts. Some promising results show BMAC especially
combined with PRP in patients having open wounds with chronic draining
osteomyelitis (diabetic Charcot arthropathy) . The main advantage of
BMAC, PRP, BMP is that it is less invasive compared to autografts. However,
BMP use is not approved by the FDA for foot and ankle applications.
Moreover, there is a lack of evidence-based results that using orthobiologics
gives statistically significant improvement than without them 7. Further
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research is needed to investigate orthobiologics use in foot and ankle
surgeries, compare the materials with controls, and other orthobiologics so
that precise indication for use could be given to surgeons ™.

2.1.3. BONE SUBSTITUTES IN ORAL AND
MAXILLOFACIAL SURGERY

Bone defects in the maxillofacial region occur due to a trauma, congenital
disorders, tumours, odontogenic, nonodontogenic cysts or tooth loss °.
Various studies show that the percentage of edentulous persons aged 65 and
older differs from 20 to 60% in multiple countries "*". One of the most
effective ways of treating tooth loss is by using dental implants. However,
almost every second dental implant surgery needs bone augmentation due to
existing bone deficiencies 6. Therefore, bone substitutes used in maxillofacial
surgery need to regenerate tissues structurally and functionally similar to those
lost, and provide an adequate bone gquantity and quality to allow dental implant
insertion for prosthetic rehabilitation °. Alveolar bone grafting can be divided
into ridge preservation and ridge augmentation (onlay, inlay grafting) 7. In
addition, block grafting, osteoperiosteal flaps, guided bone regeneration
(GBR), maxillar sinus surgery are bone augmentation techniques for large
alveolar bone defects treating with bone substitutes 8. Therefore, these
techniques will be discussed further as they are challenging in clinical practice
due to insufficient blood supply, graft instability, exposure of graft material to
the oral environment and infection .

Block grafting is one of the oldest alveolar ridge horizontal and vertical
augmentation techniques 8. The principle of the method is to fix bone blocks
to recipient ridges with osteosynthesis screws or dental implants 8. It is
recommended to use at least two osteosynthesis screws to fix a graft to prevent
micromovements. Otherwise, an avascular necrosis of the graft may occur due
to malnutrition 8. Block grafting may be done with autogenous, allogeneic,
xenogenous or alloplastic blocks 7. Autogenous bone blocks are considered
the gold standard as they induce bone by the mechanisms of osteogenesis,
osteoinduction, and osteoconduction 7. Autogenous bone grafts may be
trabecular, corticotrabecular or cortical. The trabecular component of grafts
supplies osteogenic cells and osteogenesis 8. The cortical part provides the
majority of BMP, promotes osteogenesis, serves as a barrier to soft tissue
invasion and allows blood vessels to penetrate the graft from the host bone for
an extended time &, The donor sites for block grafts are extraoral such as an
iliac crest, skull vault, fibula, rib and intraoral such as a mandibular ramus,
mental region or coronoid process, maxillary tuberosity, tori and others "%

25



According to the research, an autogenous iliac crest bone should serve as
the gold standard for comparing all forms of alveolar grafts 88!, A graft can
be harvested from an anterior or posterior iliac crest 8. The success rate for
iliac crest grafts for alveolar bone augmentation may be up to 99% 8.
Furthermore, the enormous benefit of this graft is a large amount of bone
available for grafting up to 5x5 cm ""#2, However, the main disadvantages of
this method are a postoperative discomfort, high resorption rate (12-60%)
before an implant placement and after loading, chronic donor site pain,
fracture, infection, or hernia formation >88°. Moreover, some literature
suggests that harvesting from the iliac crest was more painful than an oral
wound possibly leaving a patient upset about a scar 8. Furthermore, some
cautions should be mentioned such as severely osteoporotic individuals,
previous hip replacements, retained hardware from an earlier femur fracture
7. The high resorption rate of the iliac crest graft may be due to the low
cortical to the trabecular ratio in the graft, the memory of
endochondral ossification and different osteoblast mechano-sensing between
donor and recipient sites 8.

Less common extraoral donor sites for alveolar ridge augmentation with
block grafts are cranial vault, fibula, rib, the second metatarsal due to the high
morbidity associated with a donor site or complex surgeries 8. However, a
cranial vault is successfully used for orbital roof and floor reconstruction or
covering cranial defects, while fibula - for large bone defects after tumour
excision, reconstruction of mandibular defects or treating chronic
osteomyelitis 32%%, The advantages of a calvarial graft are mechanical
characteristics, slow resorption rate (cortical bone), and a large amount
(~8x10cm) of bone available for harvesting from a parietal region .
However, possible cautions for use are the risk of a dura injury, surface
deformity at a donor or recipient site, a graft fracture during harvesting, a very
rare intracranial haemorrhage *. Furthermore, one of the major considerations
is the decreased strength of a skull at a cranial donation location. Therefore, it
is recommended to choose another site for grafting . Fibular grafts can
provide a strong capacity for bone remodelling, sufficient blood supply to
combat bony infections, repair mechanical and structural defects . Possible
complications are graft fracture (11.7%), infection (5.6%), ankle deformity
(3.3%), peroneal nerve palsy (7.5%) etc. 8. A proper surgical planning, the
standardization of harvesting protocols are needed to cope with high
postoperative complication rates 8.

Intraoral donor sites are more advantageous in comparison with extraoral
sites due to an easy surgical access, reduced operating time, eliminated need
for hospitalization, the contiguity between donor and recipient sites, the
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absence of skin scars and minimum discomfort to a patient 585, A mandibular
ramus and symphysis are among the most readily accessible sources of
intraoral bone grafts. One of the reasons is that mandible grafts are
membranous, undergo less resorption, and revascularize more rapidly than
endochondral bone %7, Moreover, mandibular grafts represent minor volume
loss and show good integration at a short healing time ®. In addition, the
mandibular ramus has sufficient bone volume to augment up to a 3 or even
4-teeth edentulous site. The maximum dimensions of the available bone graft
from mandibular ramus are 4mm in thickness, 1.5cm in height, and 3cm in
length %, The available bone graft dimensions from mandibular symphysis are
4mm in thickness, 1cm in height and 2cm in length, and may augment a 3-
teeth edentulous site . According to the literature, the postoperative pain of
both bone grafting techniques is classified as slight to moderate. However, a
symphysis graft causes more uncomfortable sensations for patients .
Moreover, temporary (40.5%) and permanent (13.5%) sensory disturbances
are more frequent in harvesting bone graft from mandibular symphysis than
ramus (16.2% and 2.3%, accordingly) . The same is with temporary or
permanent dental sensory alterations resulting in pulp necrosis %. Other
complications such as bleeding, bruising, infection are rare for both bone
grafting sites %. Thus, the mandibular ramus is preferable for bone harvesting
due to a greater possible bone volume and fewer potential complications than
mandibular symphysis.

Alternative intraoral donor sites to the mandibular symphysis and ramus
may be a mandibular coronoid process, zygomatic body, anterior maxillary
sinus wall, alveolar zygomatic buttress, tuberosity, incisive fossa, anterior
nasal spine, palate, or torus ®. The main disadvantage of the alternative donor
sites is low bone quantities . Therefore, these bone grafts are used only for
small bone defect augmentation, usually for single-tooth edentulous site
augmentation . Currently, the tuberosity graft is gaining more attention for
alveolar bone reconstruction, alveolar preservation, periodontal defects
augmentation, and sinus elevation due to an easy clinical access, low
incidence of complications, and high quantity of osteoprogenitor cells ©°.
However, tuberosity graft is type IV bone and provides poor bone quality,
consistency, and structure. In addition, the limitation of available bone volume
is the Schneiderian membrane, and one of the most common complications is
its perforation 8. Another beneficial source of cortical or corticocancellous
bone grafts is a torus, an exostosis occurring at a characteristic site, either in
the midline of a palate or on the lingual surface of a mandible ®. This bone
graft is easy to access and results in a non-anatomical or aesthetic deficiency.
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However, one torus is enough to augment a single-tooth edentulous site, and
possible complications of a surgery may be a lingual nerve damage, infection,
and bleeding *°. Nevertheless, new regenerative techniques are currently
being developed to reduce the quantity of an autogenous bone needed to
regenerate more extensive size defects .

Allografts are a promising alternative to autogenous bone blocks due to
unlimited supply, decreased operative trauma and blood loss, absence of donor
site morbidity 7. Allografts are tissues obtained from human cadavers,
preserving a natural bone tissue architecture and extracellular proteins °.
Allograft blocks may be cortico-cancellous or cancellous with excellent
osteoconductive and integrative properties, good mechanical characteristics
comparable to an autologous bone %. However, the origins of a donor material
are heterogeneous, affecting biological behaviour and the rate of allografts
resorption *3, Furthermore, allografts have variable osteoinductive properties
because of the varying remaining BMP concentration depending on the used
processing technique, and poor osteogenic properties due to the lack of living
cells %, In addition, a different allograft issue poses a risk of disease
transmission or an immunological response after the transplantation of the
same species tissues *4. This issue may be eliminated by removing a tissue’s
cellular component by freeze-dried and fresh-frozen processing “4. Moreover,
successful alveolar ridge augmentation results are described in the literature,
especially for single-tooth edentulous site augmentation comparable to the
results achieved with type II-IV autogenous bone blocks 7°. However,
histologically the results of allogenic grafts are doubtful and show some issues
achieving vascularization of the grafted region 8%, Finally, an ever increasing
shortage of tissue donors are reported each year. In addition, allografts are
often abandoned in clinical practice due to increasing regulatory limitations,
especially in Europe, and the new medical device legislation %.

As the number of tissue donors decreases each year, xenografts may be
suitable for replacing autografts and allografts due to shorter surgery time,
unlimited availability, lower morbidity, and lower risk of neurosensory
disturbances . Xenografts are mostly inorganic, mineral components of bone
stripped of their protein composition and acting as osteoconductive fillers .
According to the literature, xenograft bone blocks achieved results
comparable to autogenous bone blocks for horizontal alveolar ridge
augmentation in patients with severe atrophic jaws, and even better results for
vertical alveolar ridge augmentation due to a lower resorption rate %.
Moreover, the failure rate of augmented sites, when blocks needed to be
removed, was almost the same as for autogenous blocks, primarily associated
with block dehiscences ®. However, implant survival rate was lower by
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10-20% in augmented sites with xenografts compared to autogenous bone
blocks %. In addition, the critical step in obtaining xenografts is eliminating
all the immunogenic components of donor tissues (e.g. cells or cell remnants)
without impairing their inherent biological characteristics °. However,
independent research has found that histologically xenograft blocks contained
organic / cellular remnants, although the manufacturers of the materials stated
otherwise. These remnants could provoke an undesired immune response
inducing a foreign body reaction °. Therefore, future research is needed to
clarify the manufacturing technology, clinical outcomes and indications of
xenograft block augmentation 10,

An osteoperiosteal flap is an alveolar ridge bone augmentation technique
when a vascularized segmental osteotomy is performed on an alveolar bone 8.
The critical factor for this technique is the maintenance of vascularization in
bone fragments from a periosteum 8. The osteoperiosteal flap is combined with
inlay grafts and is increasingly used for dental implant site development in
atrophic ridges ®. Interpositional grafts are beneficial for a mobilized bone
fragment stabilisation and mechanical support ¢’. Several techniques of
segmental osteotomies are used for bone augmentation: sandwich
osteotomies, alveolar split osteotomies, and island bone flap approaches .
The main advantages of the methods are the preservation of an attached
gingiva and even papillae, crestal bone stability, and a relatively uneventful
recovery 8%, Moreover, vertical ridge augmentation results using osteotomies
are comparable to the effects of distraction osteogenesis & However,
osteotomies for vertical augmentation are surgically sensitive and may result
in a torn pedicle, causing the complete loss of a bone segment and soft
tissue %. Moreover, the sandwich grafting is not a good choice when an
alveolar ridge is thin (4mm or less) 8. However, a successful vertically
approached osteoperiosteal flap gains up to 8-10mm, while a guided bone
regeneration only achieves modest vertical gains °’. Horizontal alveolar ridge
augmentation may be done with alveolar split osteotomy that widens the
alveolar ridge from 2 to 5mm and may be done with simultaneous implant
placement . However, this technique is unsuitable for highly atrophic
alveolar ridges, where 5mm and more gain is needed. In addition, surgeons
should maintain an osseous facial plate thickness of at least 2mm. Otherwise,
the plate may undergo replacement by granulation tissue and resorb away .
Future research is needed to determine which bone substitutes suit best as
interpositional grafts for the osteoperiosteal flaps ¢7%.

Guided bone regeneration (GBR) is used for horizontal and vertical
alveolar ridge augmentation with particulate graft materials separated from
surrounding soft tissues by non-resorbable or resorbable membranes &.
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Membranes are needed to stabilise the graft material, lower graft resorption,
and act as an occlusive barrier to surrounding soft tissue ingrowth 8. Successful
GBR needs a good primary wound closure, proper angiogenesis, space
maintenance and stability of the wound . It is known that minor self-
containing defects may be restored with the graft materials used alone.
However, barrier membranes combined with particulate bone substitutes
result in more predictable clinical outcomes . The main problems associated
with GBR are a high bone graft resorption rate, anatomical limitations for graft
containment, and postsurgical infection 8", In addition, vertical GBR has
shown limited clinical success due to a wound dehiscence, the exposure of a
non-resorbable membrane, and a fibrous tissue ingrowth & Autologous,
allogeneic, xenogeneic, or alloplastic bone substitutes may be used for GBR.

Interestingly, autologous bone blocks show better results for an alveolar
ridge augmentation than GBR with autogenous bone chips and barrier
membranes gaining only maximum of 5.03-5.68mm of a new bone %,
Therefore, various combinations of bone substitutes and barrier membranes
are being searched for a lesser graft resorption rate and more predictable
results for large alveolar ridge defects 1%, The most practiced mixtures are
50:50 autogenous/allogenic bone particles (corticocancellous / cancellous
bone chips sized 100-400um) or 50:50 autogenous / xenogenous bone
particles 1°21%2, Anorganic bovine bone mineral (ABBM) is the most well-
documented xenogenous material for GBR due to cancellous and cortical bone
construction and geometric form closely resembling the bone %2,

Geistlich Bio-Oss® (Geistlich Pharma AG, Wolhusen, Switzerland)
(Bio-Oss) is the most well-known, widely used and reliable ABBM in
dentistry, with positive preclinical and clinical outcomes 3, The graft is made
up of alkaline hydroxyapatite and heat treatment (300°C) to remove organics
from a bone. Bio-Oss was investigated in 1996, and it was discovered that this
material supported bone ingrowth when implanted into a rabbit muscle.
Afterwards, it was found that Bio-Oss resorbed and underwent normal
physiologic bone remodelling after a graft implantation *°4. Furthermore, Bio-
Oss is featured by good biocompatibility and osteoconductivity due to a
porous structure and physical characteristics comparable to a human bone
103105 Therefore, the material facilitates the attachment of bone-forming cells,
supports the formation of a new bone, and maintains the original defect space
103,105 "Various studies confirm that Bio-Oss particles mixed with autogenous
chips for GBR grafting showed good incorporation with a newly formed bone
and predictable results for dental implants osseointegration 2. Moreover,
new studies show that the gained amount of the newly formed bone is
comparable between Bio-Oss alone or with different mixtures of Bio-Oss and
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an autogenous bone, and even with autogenous bone blocks 1%. The most
common complication is postoperative dehiscence that appeared in 57% of
cases augmented with Bio-Oss alone. However, the amount of the newly
formed bone did not seem to be compromised by this complication %,
However, these beneficial results are related with short-term clinical
outcomes. Therefore, long-term clinical and radiographic studies on the final
implant treatment outcome are needed for further conclusions 1%,

The edentulous alveolar ridge of a posterior maxilla is a challenging site
for dental implantation due to insufficient bone quality and low bone volume
caused by ridge resorption and maxillary sinus pneumatization °’. One of the
most predictable ways to restore alveolar ridge volume in the posterior maxilla
is maxillary sinus augmentation with or without bone substitutes /. Bone
substitutes occasionally used for maxillary sinus augmentation are
autogenous, allogenic or xenogenic. Currently, autogenous grafts are not
favoured in open sinus lift surgeries due to donor site morbidity, needs for
general anaesthesia during a surgery and a considerable resorption rate of the
material (up to 40%) %8, Furthermore, allogenic bone grafts are also unpopular
as histologically, a fibrous connective tissue with no evidence of ossification
is found in the centre of a graft even two months after a surgery 1%, However,
if a surgeon decides to use an allograft, small-particle allogenic grafts are
preferred to cover a significantly higher bone area than with large-particles 1%,
On the other hand, xenografts are occasionally used in open sinus lift surgeries
due to a prolonged resorption rate, bone volume stability, and high initial pull-
out forces of dental implants %. Furthermore, many articles showed
comparable results between Bio-Oss xenograft and the mixture of Bio-Oss
and autogenous bone in bone regeneration, dental implants survival rates for
one year, bone-to-implant contact . In addition, histologically, Bio-Oss
showed proper incorporation in a newly formed bone 1%.

Currently, there is an increasing interest in using alloplastic materials,
PRF, or maxillary sinus augmentation without using bone substitutes 1. HA,
B-TCP are among the most common alloplastic materials due to high
biocompatibility and integration rate of particles within a newly formed
bone 1% In addition, animal studies confirmed no significant difference
between HA and the autogenous graft in bone-to-implant contact 1%, PRF has
several advantages: simple, low-cost, low-resource technique, improved
healing period, bone regeneration, promotion of angiogenesis '*. However,
there is no high-quality evidence for using only PRF to augment a sinus floor
or that the achieved new bone volume is comparable to an autologous bone or
other biomaterials *. Furthermore, the addition of PRF to other biomaterials
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provides only several beneficial effects: a slightly higher percentage of a new
bone formation and a lower portion of residual bone substitute material
compared to the biomaterials alone 1. However, no benefits are achieved in
the augmented bone height, percentage of soft tissue area, implant survival
rate, or implant stability 1.

Graftless maxillary sinus elevation with dental implantation is a new
technique based on space-maintaining between dental implants and the
Schneiderian membrane 12, This technique gives space for a stable blood clot
formation, initiating a wound-healing cascade and promoting bone
regeneration 2, However, some precautions should be mentioned such as
primary dental implants stability, low bone quality, and volume 112 In
addition, at least 5mm of a vertical bone height are needed to provide a proper
dental implant stability and successful performance of this technique 2.
Moreover, long-term clinical trials are required to support new strategies and
prepare evident clinical indications 11112, Therefore, there is a high research
demand for clarifying the clinical indications on various bone augmentation
techniques and bone substitutes. Furthermore, considering all different
clinical bone deficiency situations in oral and maxillofacial surgery, future
studies should evaluate newly designed biomaterials or enhance the existing
biomaterials and surgical techniques °.

2.2. BONE STRUCTURE AND MORPHOLOGY

Bone is a mineralized connective tissue consisting of 50-70% mineral,
20-40% organic matrix, 5-10% water, and less than 3% lipids . Bone
extracellular matrix (ECM) is composed of a mineral component, which is
mostly hydroxyapatite [Cal0(PO4)6(OH)2], and an organic matrix. The
organic part of the bone tissue is predominately collagen type |I.
Noncollagenous proteins, including osteocalcin, osteonectin, osteopontin,
fibronectin, growth factors, and bone morphogenetic proteins (BMP),
compose up to 15% of total bone proteins. The organic matrix forms a scaffold
for hydroxyapatite deposition, provides elasticity and flexibility to the bone,
ensures bone homeostasis, and regulates the activity of bone cells. Meanwhile,
the mineral component grants rigidity and the load-bearing strength of the
bone 13114 Multiple cell types are found in the bone: stromal lineage of
osteogenic, adipogenic and chondrogenic derivatives, the hematopoietic
origin of an erythroid, myeloid and lymphoid lineage. Furthermore, the
microenvironment consists of endothelial, perivascular, and neural baseline
cells that collectively maintain skeletal integrity and assist in skeletal repair
following an injury %5,
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Four types of cells can be found in a bone tissue: osteoblasts, osteocytes,
osteoclasts, and bone lining cells. Osteoblasts develop from mesenchymal
stem cells and perform a bone-forming function. The Runx2 gene and BMP
are the critical elements for osteoblast differentiation 6. First, mesenchymal
stem cells differentiate to preosteoblasts, which exhibit alkaline phosphatase
(ALP) activity **'. Afterwards, preosteoblasts mature to osteoblasts leading to
secretion of bone ECM 4 Thus, bone ECM is formed in two stages:
synthesising organic matrix proteins by osteoblasts and a subsequent
mineralization of the matrix ¥4, The expression of alkaline phosphatase and
noncollagenous proteins such as osteocalcin, osteopontin, and bone
sialoprotein, indicates ECM maturation '%. Later, osteoblasts become
osteocytes or bone lining cells, or undergo apoptosis 6. Osteocytes are the
most abundant bone cells 8, They are surrounded by mineralized bone ECM,
detect mechanical loads, and control skeletal adaptation to daily forces.
Therefore, osteocytes are thought to play a significant role in bone
remodelling by affecting the activity of osteoblasts and osteoclasts %,
Osteoclasts differentiate from mononuclear cells of a hematopoietic stem cell
lineage 4 The most studied function of osteoclasts is bone resorption.
However, they also produce cytokines, which regulate osteoblast activity
during bone remodelling and influence hematopoietic stem cells and immune
cells 2%, Bone lining cells reside on surfaces where neither bone resorption
nor bone formation is present. Their functions are not entirely clear but are
thought to be removing bone collagen, which is left after bone resorption by
osteoclasts so that bone formation may begin 2.

In the adult human skeleton, 80% of bone is cortical and 20% is
trabecular 3. The cortical bone surrounds a bone marrow space. It is dense
and exhibits porosity usually less than 5%. The trabecular bone, on the other
hand, is a porous bone with a spongy appearance. The trabecular bone struts
and plates form a scaffold for interspersed bone marrow '3, However, the
trabecular bone is characterized by a high surface to volume ratio, and its
microarchitecture is arranged to withstand a mechanical load transfer. The
trabecular bone has active metabolism and remodelling. Therefore it is less
mineralized than the cortical bone 22, The outer surface of the cortical bone
is covered by fibrous connective tissue — the periosteum. Inside the bone, the
endosteum shields the inner surface of the cortical bone, the trabecular bone,
and blood vessels %,
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2.2.1. Maxilla and mandible morphological features

Substantial differences in structure and bone biology exist between a
maxillary and mandibular bone tissue. The maxillary bone tissue develops
by intramembranous ossification and a mandible by endochondral and
intramembranous ossifications 123, The maxilla consists of a pyramid-shaped
body and alveolar, frontal, zygomatic, and palatine processes. The body of the
maxilla contains maxillary sinuses, and it is a part of the bony orbit, nasal
cavity, and infratemporal fossa. The mandible is the largest and strongest
facial bone. It comprises two major components — the mandible body and two
rami 24, Moreover, the maxilla is highly vascularized, while the mandible
shows more centralized vascularization %,

Microscopically lamellar bone builds up 46% of the bone tissue in the
maxilla and 63% in the mandible. The maxilla is richer in bone marrow
compared to the mandible, 23% and 16%, respectively. The bone marrow in
the anterior segment of the maxilla occupies approximately 4 % 125, Multiple
studies reveal that bone density is more significant in the mandible than in the
maxilla. In addition, the bone in the anterior areas of the jaws is denser than
in the posterior regions. The anterior mandible has the greatest density values
followed by the anterior maxilla, the posterior mandible, and the posterior
maxilla 126127, The densest bone in the anterior parts of the jaws can be
explained by the food-tearing function of the anterior teeth since more bone
support is needed to withstand substantial lateral forces 1%, The cortical crest
is more than twice wider in the mandible than the maxilla, with the widest
point at the mandibular symphysis 12°. Knowledge of the bone density in the
maxillofacial region is essential for dental research and clinical practice. Bone
density in jaws has five main types based on the number of Hounsfield units
(HU) classified by Misch CE, Kircos LT 1?8, This classification is helpful for
dental implant treatment planning, bone augmentation procedures, and
observation of augmented sites, e.g. augmented sites resorption, correlation
between the density of bone block and resorption rate, or orthodontic
treatment planning %,

With age, cortical porosity of the mandible increases, leading to lower
cortical bone mass, however, the mass of the trabecular bone does not
correlate with age *2°. Moreover, bone metabolism is affected by osteoporosis
and other systemic diseases, menopause, smoking, alcohol consumption, and
hormone intake. It had been recently discovered that a moderate or severe
chronic periodontitis significantly decreased the bone density in the mandible
and have some associations with skeletal bone mineral density **. In addition,
after teeth extraction, the mandibular alveolar ridge undergoes greater and
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faster resorption than the maxillary alveolar ridge 1. Moreover, the resorption
of the jaws’ alveolar process is more significant in the horizontal dimension
and occurs mainly on the facial aspect of the ridge followed subsequently by
vertical mid-facial and mid-lingual changes. An average alveolar bone loss of
1.5-2mm (vertical) and 3.8mm (40-50%) (horizontal) was recorded within 6
months after teeth extraction 8%, However, the sites presenting a thick facial
bone plate (>1mm) show less horizontal resorption than those with a thin plate
(€1mm) **2, Thus, bone tissue is characterized by a complex internal and
external structure. Therefore, progressive tissue engineering techniques and
their combinations are needed to create 3D scaffolds with controllable outer
and inner shapes.

2.3. MANUFACTURING METHODS OF TOPOLOGICALLY-ORDERED
POROUS SCAFFOLDS

The repair of maxillofacial region defects often requires custom-made,
personalized and anatomically shaped bone scaffolds 8. Therefore,
topologically-ordered porous scaffolds are a promising treatment strategy in
bone tissue engineering due to distributed, interconnected pores, controlled
porosity and pore size 8. There are two leading 3D fabrication technologies:
conventional and rapid prototyping. The rapid prototyping or additive
manufacturing is overcoming some issues of the conventional technologies
such as limited ability to control outer and inner shapes and geometries, or the
use of organic solvents 8. Therefore, the additive manufacturing or 3D
printing becomes one of the essential tissue engineering methods to produce
scaffolds with orderly-arranged pores. According to different characteristics,
3D printing methods used for porous scaffolds production can be classified
into three categories: powder-, ink-, and polymerization-based 2,

2.3.1. Powder-based 3D printing

The powder-based 3D printing method uses powder bound together in
the required shape by various binder materials (polymer glues or thermal
fusion methods) 3. The remaining unused powder is cleaned off the storage
tank, recycled after the 3D printing is finished and the printed object is
removed. To date, several different powder-based 3D printing techniques can
be distinguished: binder jetting and selective laser sintering (SLS) .

In SLS, a solid scaffold structure is formed by a high-powered laser,
which fuses small powder particles. The laser beam, controlled by a computer-
aided platform, moves according to the scaffold model CAD file. Then a new
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layer of powder is spread on top of the previous layer, and the process is
repeated until the object is completed 3. The broad spectrum of materials
(polymers, ceramics, and metals) can be adapted for SLS 3D printing. This
diversity of the materials makes it possible to manufacture artificial constructs
matching the mechanical properties of a desired tissue / organ. An object’s
mechanical properties and structure can also be controlled by varying other
SLS parameters: powder particle size, scan speed, laser power, etc. Another
advantage of SLS is printing resolution. The diameter of the smallest object
can reach even 5-10um **°. In addition, unused particles beyond the heat-
affected zone can be re-used, resulting in the reduction in the cost of this
method. The main disadvantages of SLS: all materials used for printing should
be in powder form; trapped materials / material leftovers are difficult to
remove from a printed object; printed objects have a rough surface, low
mechanical strength; not compatible with cell bioprinting 1%,

Binder jetting is another powder-based 3D printing method. This 3D
technique was developed at the Massachusetts Institute of Technology and
patented in 1993 by Emanuel Sachs *%¢. The main difference between SLS
and the binder jetting is that in the latter method, powder materials are
selectively joined into the desired layer shape with a binder (typically a
polymeric liquid) instead of a laser beam. The object may then be heated to
cure the binder if needed . However, this method’s accuracy is limited due
to the difficulty to control the size of the binder droplet. Moreover, the binder
materials need to be carefully selected. For the application in the medical area,
the binder should be non-toxic and toxic residue-free when heated 3.

2.3.2. Polymerization-based 3D printing

The polymerization-based technique is based on the projection of direct
light (i.e. UV, laser) on a viscous photosensitive polymer solution to cross-

link it and, thus, promote its solidification. After repeating this process layer
by layer, the final 3D object can be manufactured 8. The oldest but still
widely used version of this technique is SLA. It uses a low-power UV light to
cure photocurable polymers. However, new techniques such as projection
micro-stereolithography, also called digital projection lithography (DPL),
have been developed recently. The main difference of DLP is the use of a
visible light source (such as a liquid crystal display panel and an arc lamp) for
the polymer’s polymerisation induction ¥*. Both polymerization-based
technologies demonstrate high accuracy and precision 4 . However, free
radicals often form during the photopolymerization process. They, in turn, can
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affect cell membrane, protein, and nucleic acids. Therefore, it is essential to
apply a cytocompatible photo-initiator to use SLA or DPL 3D printing method
for tissue engineering *41. Moreover, the uncured photoinitiators are cytotoxic.
Thus, scaffolds prepared by these methods should be thoroughly washed
before use in tissue engineering applications 4°.

2.3.3. Ink-based 3D printing

In the ink-based method, fluidic raw material is ejected by a nozzle (an
extruder) steered through a mechanical or electromagnetic actuator. The
extruded material deposits layer by layer and thus forms a printing object. For
ink-based methods, the layer thickness is critical in the 3D printing process. It
is known that a standard 3D incremental layer with a thickness of 150mm or
less is recommended to minimize vertical z-steps and optimize interlayer
communication in tissue engineering 2. The diameter of the nozzle, in
principle, controls the layer thickness, which represents the upper limit of the
pore strut height. By changing the layer structure from single- to double-layer
printed versions, the direct 3D printing technique can generate scaffolds of
various layer thicknesses 4. It was found that the double-layer printed
scaffolds with smaller layer thickness could produce a higher osteogenic
capacity for a long period of time (8-12 weeks), higher cell density in the
scaffold’s sidewall region, potentially promoting previous and final bone-
forming 4. Two main ink-based 3D printing techniques can be distinguished:
direct ink writing (DIW) and FDM.

In the DIW method, the viscoelastic materials are extruded out of the
nozzle by the pressure from a piston, a screw, or pneumatic force. Thus, DIW
allows the extrusion at low temperatures (e.g. room temperature). This
specific advantage of DIW enables the printing of cells without affecting their
viability, which is impossible when using FDM 4146, As a result, DIW is one
of the most studied techniques in bioceramic scaffolds fabrication. One of the
benefits of this 3D printing method is its versatility to print almost any type of
bioceramics: calcium phosphates, bioactive glasses, calcium silicates, etc.
However, it is challenging to print multi-material structures using DWI as it
often leads to nozzle clogging .

In FDM applications, the material, usually synthetic thermoplastics, is
heated at high temperatures (140-250°C) to the melt state and then extruded
to prepare a 3D structure. The main advantages of the FDM method in tissue
engineering are low cost, ease of use, a variety of biomaterials and additional
solvents. In addition, it provides good mechanical properties and highly
controllable porosity due to the laydown pattern '’. However, the main
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disadvantage is that it cannot be combined with cells inside a filament when
preparing scaffolds due to the high manufacturing temperature **°. Therefore,
one method is insufficient to design 3D bone scaffolds with multiple
components and functions concerning all techniques, weaknesses, and
advantages. Hot-melt extrusion (HME) could be a valuable supportive method
for creating 3D composite scaffolds with FDM technology.

2.3.3.1. Hot-melt extrusion for bone engineering

HME technique has been used in food and plastics industries since 1930.
Joseph Brama invented it for the manufacturing of lead pipes. Since then,
HME has been a great succeess in plastic, rubber, pharmaceutical, and food
industries to produce items ranging from pipes to sheets, bags or even drugs.
In general, HME is a process in which filaments or amorphous solid
dispersions from different materials (by shredding, mixing and melting) are
produced 4. The critical components of the HME technique are: feeder
system for adding materials; barrel and screws for mixing the materials;
heating elements for melting; motor for controlling the screw speed; extruder
for filament / dispersion formation. According to an extruder type, the HME
can be classified into a single-screw extruder and twin-screw extruder. Single-
screw extruders are commonly used for filaments or films production. The
twin-screw extruder is used for amorphous solid dispersions or
pharmaceutical co-crystals 48,

In application areas of this method, artificial bone engineering is no
exception. As an alternative technique, HME is usually used for composite
filament preparation. Filaments for bone scaffold production are
manufactured by mixing various polymers (PLA, PCL, etc.) with different
concentrations of ceramic (HA, TCP, BG, etc.). With the proper selection of
these materials’ formulation and processing conditions, HME can produce
suitable quality thermoplastic composite filaments printed by various FDM
3D printers 9, In summary, HME is a relatively low-cost, fast, and easy to
handle composite filament production method. However, sometimes it is not
easy to obtain a precise, uniform filament’s diameter with HME technology.
According to the studies, it was observed that a varying filament diameter
could further affect scaffold printing quality resulting in its topography
inaccuracies compared to the initial model *°. Still, it remains debatable what
deviations of a filament diameter may affect the 3D printing results.
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2.4. TISSUE ENGINEERING. REQUIREMENTS FOR
AN IDEAL BONE SUBSTITUTE

Tissue engineering refers to the practice of combining scaffolds, cells,
and growth factors into functional tissues *°1. It aims to restore, sustain, or
improve a damaged tissue. Although not all tissue engineering approaches
involve using all three components, a scaffold is necessary to provide the
architectural cues for the regeneration of large bony defects. The ideal scaffold
should be biodegradable with a controllable degradation rate; produce non-
toxic degradation products; be capable of sterilization without loss of
bioactivity; be biocompatible in terms of lack of toxicity and inflammatory
reactions, cell attachment, migration, and proliferation; provide favourable
mechanical properties to bear weight during bone regeneration period and
promote bone cell migration into the scaffold (osteoconductive); be capable
of eluting bioactive molecules, support and promote osteogenic differentiation
(osteoinductive), and have suitable microarchitecture (pore size, pore shape,
interconnected pore network, high porosity) for cell migration, nutrients, and
waste transfer, angiogenesis 2,

Scaffold microarchitecture (porosity, pore size, and interconnected
pores) is essential for achieving cell viability and promoting tissue
regeneration. Porosity promotes cell movement through the scaffold and
increases the surface area available for cell-scaffold binding and tissue
contact. Scaffolds with sufficient total porosity have been shown in multiple
research to facilitate osteogenesis while retaining mechanical properties 12142,
Even so, several recent studies have shown that 30-50% of total scaffold
porosity can achieve better cell proliferation, maintain good mechanical
features and perform equally well in terms of cell proliferation and
osteoconduction as compared to scaffolds with higher porosity %213, Another
important feature of 3D printed scaffolds is the size of the pores. 3D printing
has been used to make scaffolds with custom pore sizes more often than any
other fabrication process . Scaffold vascularization has been shown to
improve with the pore size. In both mathematical and laboratory models, pore
sizes between 160 and 270um resulted in substantial vessel development %,
Pore size affects osteoblast proliferation and migration via scaffolds. Bigger
pores (about 300um and higher) result in larger cell numbers across the
scaffold due to an easy passing for the cells through the length of scaffold
without binding between the cells or the surface-adsorbed proteins 4%,

The impact of pore configuration and geometry on bone regeneration is
also essential. For example, bone cells opt for concave surfaces for migration
and proliferation compared to flat and convex regions of the scaffolds .
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Moreover, cell bridging occurs faster in hexagonal pores than rectangular and
triangular pores due to the higher number of corners and the short distance
between the two arches in the corners %%, Furthermore, scaffolds with
hierarchical porous architectures have recently received a lot of recognition
due to their ability to enhance cell viability, binding, proliferation, and
differentiation °. Apart from the importance of the macro and
microarchitecture of the scaffolds, the materials for the scaffolds must be safe
and biocompatible. Therefore, materials implanted in the human body should
have a medical grade designation, which is earned after the US Pharmacopeial
Convention (USP) or ASTM International testing, or meet the International
Organization for Standardization (ISO) 10993 standard. The most often used
osteoconductive organic and inorganic materials and their various
compositions, osteoinductive materials and cell combinations in bone tissue
engineering are discussed further.

2.4.1. Organic materials used for bone tissue engineering

Biodegradable polymers are materials with physical, chemical, and
mechanical properties similar to biological tissues. These polymers break
down into biologically acceptable molecules by hydrolysis of ester bonds by
biodegradation %1, The degradation time of different polymers varies 62, The
rate of polymer degradation may affect cell proliferation, extracellular matrix
synthesis, and host response %% The most broadly used biodegradable
synthetic polymers are aliphatic polyesters: PLA, poly(glycolic acid) (PGA),
poly(e-caprolactone) (PCL). These polymers have been extensively
investigated for tissue engineering purposes because of their biocompatibility
and biodegradability %*.  Polymers’ physical, mechanical, and thermal
properties differ and depend on chemical structure, molecular weight,
crystallinity, glass transition temperature, etc. Higher glass transition
temperature and a higher degree of crystallinity result in a more rigid and
thermally stable but brittle material. The amorphous regions of a polymer
provide elasticity and impact resistance %, The degradation behaviour of
polymers depends on molecular weight and crystallinity. Lower molecular
weight polyesters are degraded faster than those with higher molecular
weights 1%, The degradation rate also increases with a higher degree of
crystallinity 166,

PLA, PGA, and PCL are all thermoplastic materials that readily soften
when heated and can be easily moulded. Therefore, they are suitable for 3D
printing. The attractiveness of these plastics is also driven by their relatively
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low cost. One of the most beneficial aspects of polyesters is the possibility to
combine them with ceramic materials, tailoring the properties of the scaffold
to fit the specific requirements needed for tissue engineering. These
characteristics make PLA, PGA, and PCL popular choices as scaffold
fabrication materials *°.

2.4.1.1. Polylactic acid. Advantages and disadvantages

PLA is a polymer with a high molecular weight (1.8x105 to 5.3%105). It
was first synthesized in 1932 and later patented by Carothers (DuPont). To
this day, PLA has been recognized by the US Food and Drug Administration
(FDA) and European regulatory authorities as safe for all food packaging
applications and some surgical applications 67168, PLA was initially
introduced for resorbable sutures, resorbable medical plates, and screws,
which were applied in maxillofacial trauma surgery, orthognathic surgery, and
pediatric surgery %, In the late 1980s, Bos et al. demonstrated successful bone
union in 10 patients with zygomatic fracture after fixation with PLLA plates
and screws 0, Further, PLA has been studied for drug delivery applications,
leading to several pharmaceutical products such as vaccines, antagonistic, and
anti-inflammatory treatments 1"%172, Lately, PLA scaffolds are being widely
investigated for musculoskeletal, cardiovascular, nervous, and cutaneous
tissue engineering purposes . Many of these scaffolds have been analysed
in vitro studies and require further evaluation in vivo.

PLA is derived from natural resources such as corn starch, potatoes, and
cassava roots. Therefore, PLA can be produced in an environmentally friendly
manner %%, Usually, PLA is synthesized from lactic acid by polycondensation
or ring-opening polymerization 4. PLA has stereoisomers: poly(l-lactide)
(PLLA), poly(d-lactide) (PDLA), and poly(dl-lactide) 3. The
stereochemistry influences PLA crystallinity and physical properties such as
mechanical, thermal properties, and degradation characteristics '’>. The L
stereoisomer constitutes the main fraction of PLA 1®, In addition, PLLA is
found in most lactic acid, derived from renewable sources 8. PLLA content
higher than 90% tends to be crystalline, which decreases the rate of
degradation 66168, P|_| A tensile modulus (2.7-4.14 GPa) is similar to that of
bone (0.5GPa to 20 GPa), making it an attractive material for bone
regeneration 1175177 P A scaffolds may provide sufficient mechanical
support to facilitate bone regeneration while reducing the stress shielding
effect as well'™®,

After several months of exposure to moisture, PLA biodegrades by
hydrolysis to carbon dioxide and water, excreted during respiration, or
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molecules used in glycogenesis °. The molecular mass of PLA in laboratory
rats is reduced threefold in 32 weeks (from 14,100 g/mol to 4,300 g/mol), and
PLA is fully metabolised in 72 weeks %, PLA degradation time in humans
ranges from 1 to 7 years depending on sterecisomers percentage in the
polymer with an average of 3 years, which provides good stability and allows
complete bone healing %°. PLA melting temperature is between 120-180°C.
Therefore, PLA is one of the most common plastics used for 3D printing 6881,

However, the main limitation of PLA is the formation of acidic by-
products during degradation, which lowers the pH of the extracellular matrix
and induces mild inflammatory and foreign body reactions 13182, Moreover,
PLA is hydrophobic, making it more resistant to hydrolysis, and might
complicate cell adhesion and proliferation 6°8, However, lactic acid has
been shown to have antioxidative properties, which may protect cells from
damage caused by free radicals, naturally produced throughout a cell’s life
cycle #4185 Fyrthermore, sufficient thickness of PLA is required to achieve
favourable mechanical strength, which may cause aesthetical complications in
the maxillofacial area 18,

2.4.1.2. Polyglycolic acid. Advantages and disadvantages

PGA is the first biodegradable synthetic polymer commercially
successful for sutures in medical applications %, PGA has a lower than PLA
molecular weight (2.0x104 to 1.45x105), higher melting temperature (about
224°C), and a high degree of crystallinity %, PGA is synthesized by the
polycondensation process of glycolic acid. PGA exhibits a high rate of
degradation, which leads to rapid mechanical strength loss of about 2-7 weeks
(an insufficient duration to allow complete bone healing) after scaffold
implantation in vivo %, In addition, when used for fracture fixation, PGA
implants were associated with foreign body reactions such as swelling at the
implantation site, fluid accumulation, and sinus formation 7. Due to these
limitations, pure PGA was rarely used in the maxillofacial area.

2.4.1.3. Polycaprolactone. Advantages and disadvantages

PCL is a semi-crystalline polymer with molecular weight varying from
5.3x105 to 6.3x105 8, The PCL degree of crystallinity is up to 69%,
resulting in high elongation at break as its amorphous parts are in the rubbery
state 18, PCL glass transition temperature is —60°C, melting point range
58-65°C 1. Therefore, it is one of the softest aliphatic polyesters at room
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temperature, making PCL convenient for 3D printing. There are two main
pathways to produce PCL. The first one is the polycondensation of
6-hydroxyhexanoic acid under vacuum conditions. However, the preferred
method is ring-opening polymerisation as it gives a polymer with a higher
molecular weight 8 1 PCL is FDA-approved for tissue engineering
applications 1%, Being a biocompatible and chemically inert material, PCL has
been successfully used for sutures, wound dressing, cardiovascular, neural,
and bone tissue engineering ¢

Among the polyesters, PCL is characterized by the slowest
degradation °1, Slow scaffold degradation causes a less acidic environment,
resulting in greater cell viability 2. The PCL-based polymer scaffold’s
degradation took about 3-4 years in rabbits and rats . In humans, PCL
degrades during a two-phase hydrolysis process that takes more than 4 years.
During the first phase of degradation, lasting for about 3 years, the implant’s
mass and volume remain unchanged and interfere with bone formation %, The
limitation of PCL is its hydrophobicity and absence of functional groups,
which causes poor cell attachment and proliferation %, In addition, PCL
exhibits lower than PLA tensile strength and might lack the mechanical
properties needed for bone regeneration %,

2.4.2. Inorganic materials used for bone tissue engineering

The primary constituent of bone is an inorganic component. Bone
consists of up to 65% calcium-phosphate minerals, specifically,
hydroxyapatite /. Therefore some calcium-phosphate formulations, which
are sintered to form a ceramic, have been developed and investigated for their
bioactivity: tricalcium-phosphate (TCP), synthetic HA. Due to their similarity
to natural bone mineral CaP based ceramics possess excellent
osteoconductivity %1%° However, these ceramics differ in their chemical
formula and the Ca/P ratio, which impact the material rate of resorption and
osteoconductivity. In addition, bioglass is another type of osteoconductive
material capable of forming direct bonding with bone. However, the major
limitation of inorganic materials is their brittleness, which prevents their use
in the regeneration of large bone defects ®°. Nowadays, various forms of HA
and B-TCP (putties, granules, porous scaffolds) make up the majority of the
synthetic bone graft substitutes available commercially for dental and
orthopaedic applications.
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2.4.2.1. Tricalcium phosphate. Advantages and disadvantages

There are two forms of TCP: B-TCP (B-tricalcium phosphate,
B-Ca3(P0O4)2) and a-TCP (a-tricalcium phosphate, a-Ca3(P0O4)2). a-TCP is
usually obtained from B-TCP by heating above 1125°C. Both TCPs have the
same chemical composition but a different crystallographic structure, which
affects solubility 2. B-TCP is more stable and less soluble than a-TCP 2%,
Pure a-TCP has a quick resorption rate, limiting its application for bone
regeneration purposes 2. On the contrary, B-TCP has been broadly studied
since its biocompatibility was reported a century ago. In 1920, it was described
for the first time as a bone graft in a rabbit’s radius 2. Later, B-TCP was
commercialized as a bone substitute, metallic prosthesis coating, cement,
composite material, and polishing agent in toothpastes.

B-TCP can be prepared by bone calcination or using chemical preparation
routes, usually by thermal conversion of amorphous calcium phosphate or
calcium-deficient hydroxyapatite 2°32%, B-TCP has a Ca/P ratio of 1.5;
therefore, it has a high dissolution rate that accelerates its resorption 2%,
B-TCP’s 0.7-1.4mm particles are almost entirely resorbed over 8 weeks after
implantation in intraosseous defects in minipigs 2°7. The resorption of 8mm
diameter and 13mm length cylinders of B-TCP was shown to take over 24
weeks after the implantation in the cancellous sheep bone 2%, B-TCP is
resorbed by osteoclastic cell-mediated degradation, and part of the calcium
ions released during resorption is used for bone formation 2°°2%°, During the
degradation, surfaces of the implants become rough, and the bone grows into
surface irregularities causing mechanical interlocking between the bone and
implant. However, no apatite layer is present at the interface of B-TCP 21,
Nevertheless, B-TCP possesses osteoconductive properties and might even
show higher bone-bonding strength than HA #2213 Studies have shown
B-TCP to be highly osteoinductive and have similar performance to
autologous bone regarding bone formation %4, Although fast degradation is
beneficial for osteoinduction, a stable surface is required for bone formation
to occur. This obstacle can be overcome by combining 3-TCP with polymers.

2.4.2.2. Hydroxyapatite. Advantages and disadvantages

Since its introduction in the mid-1980s, hydroxyapatite with a general
formula of CalO(PO4)6(OH)2 has been widely used as a biomedical
material 2°. Due to its similarity to the inorganic part of bone and teeth, HA
particles have been widely used in orthopaedics and oral surgery for bone
defect filling, bioactive coating for titanium implants, and as particles in the
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toothpaste. It has also been studied for drug delivery, cell targeting, and
diagnosis 21527, HA may be derived from natural sources such as corals,
eggshells, seashells, mussel shells, mammalian bones (bovine, camel, horse,
pig), fish bones or scales, limestones, fruit peels, wood 28, The usage of HA
from natural sources can be considered environmentally friendly, sustainable,
and positively contributing to the economy since these materials are available
in large quantities 28, However, such HA has different characteristics: particle
sizes ranging from 5 um to 10.4 pm, low or high crystallinity (depending on
the method of extraction), different Ca/P ratio or presence of trace elements
(Mg, Na, Zn, Sr, Ba, Fe, Al, K, Zn) 28 In addition, HA may be produced
synthetically using calcium and phosphate precursor salts with different wet
(precipitation, hydrothermal synthesis, sol-gel, ultrasonic synthesis,
microemulsion) or dry (solid-state reaction) methods 29220, The benefit of
synthetic HA is the crystalline phase, which is similar to natural HA found in
bones 22,

HA crystals can be easily sintered to HA ceramics to enhance mechanical
properties 2?2, Moreover, HA can be prepared as a nanoscale powder to
combine with other biomaterials, including polymers 223, The pure HA Ca/P
molar ratio is 1.67, making it the most stable calcium phosphate salt at room
temperature and under physiological pH 2. HA possesses excellent
biocompatibility, and no adverse local, systemic toxicity, or foreign body
reaction has been reported 25, When HA comes into contact with the blood
serum or hematoma at the early stages of healing shortly after implantation,
Ha creates carbonated HA on the surface, which is the central aspect of the
bioactivity 221, After the implantation, the regenerating bone binds directly to
HA through a carbonated calcium-deficient apatite layer followed by cell
adhesion and migration %3225, Moreover, HA has positive effects on the
differentiation of osteoblasts and exhibits osteoconductive properties 22,
Because of its low solubility, the osteoinductive properties of HA are
debatable. While some studies claim HA to be osteoinductive, others believe
the osteoinductive properties highly depend on the microporosity and
geometry of the scaffold 226227, Therefore it is usually called intrinsically
osteoinductive 2%,

The major weakness of HA is insufficient mechanical strength and
brittleness when used in load-bearing locations 2%, However, the mechanical
properties of HA scaffolds are superior to B-TCP scaffolds prepared by the
same method and with the same porosity 2%, Artificial HA ceramics are
slightly soluble, thus challenging to resorb and even being regarded as non-
degradable, as their degradation takes decades 2°2'5. Various approaches,
such as synthesis of calcium-deficient or calcium-rich HA, amorphous HA,
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poorly crystalline HA, or adding other calcium-based materials, are studied to
increase the degradation rate of HA 230-234,

2.4.2.3. Bioglass. Advantages and disadvantages

There are several types of bioactive glass: silicates, phosphate-based
glasses, and borate-based glasses. Phosphate-based and borate-based glasses
exhibit fast dissolution and are studied for soft tissue healing 2. The
conventional silicate bioactive glasses are amorphous and compound of
different proportions of Si02, Ca02, P205, and Na20 ¢, The composition
of the bioactive glasses determines their bioactivity and bonding to bone or
soft tissue. The original bioactive glass composition, 45S5 Bioglass (BG)
(45wt% Si02, 24.5wt% CaO, 24.5wt% Na20, and six wt% P205) was
discovered in 1969 by Hench 2%. The first bioactive glass-based product
received FDA approval in 1985. Since then, several commercially available
bone substitutes based on bioactive glass such as NovaBone or S53P4
Bioglass BonAlive %82%° have been proposed and showed promising results
comparable to autogenous bone 240,

Bioactive glasses are biocompatible and do not induce inflammatory or
toxic responses upon implantation 2%, In addition, they have antibacterial
properties against clinically essential bacteria species, e.g.,Streptococcus spp
attributed to the pH increase caused by cation release during degradation 24,
Within an hour of the implantation of bioactive glasses, its surface precipitates
hydroxycarbonate apatite crystals, which form a bond with bone collagen
fibres 243, In fact, within 6 weeks after implantation, the bond between
bioactive glass and bone gets stronger than the host bone itself 244, The
hydroxycarbonate apatite crystals layer absorbs extracellular matrix proteins
and facilitates osteoblast attachment and bone matrix deposition 2*°, Bioactive
glass can also bond to soft tissues; therefore, it has been used for middle ear
replacement prostheses 46,

BG is considered an A class bioactive material, which means it possesses
osteoconductive and osteoinductive properties 2*’. When implanted, BG
releases soluble silica and calcium ions in a controllable manner having
positive intracellular effects on bone tissue proliferation 2. Consequently,
within 48 hours after implantation, several families of genes are upregulated,
and the synthesis of growth factors, which affect the osteoblasts’ cell cycle, is
initiated 7. For example, the expression of insulin-like growth factor Il (IGF-
I1), which aids in osteoblasts proliferation, is increased by up to 320% 24,
Particles of BG have also been suggested to induce osteogenic differentiation
of bone-marrow-derived mesenchymal stem cells into osteoblast-like cells 2%°.
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Moreover, silicic acid released from BG stimulates collagen production by
osteoblasts 2*°, Because of these effects, BG can induce ectopic bone
formation %, Studies have also shown that BG can stimulate fibroblasts to
secrete vascular endothelial growth factor (VEGF), which induces
angiogenesis 22, However, it is speculated that the potent bioactivity of BG
can cause soft tissue calcification. More studies are needed to investigate this
issue 23,

The limitation of bioactive glasses is the difficulty of producing porous
scaffolds 2°*, Scaffolds must be sintered to fuse glass particles, making them
crystallize. This structure transformation from amorphous to crystalline
reduces the bioactivity of the glass 4. Various modifications of bioactive
glass composition that prevent crystallization during sintering, e.g. adding
magnesium, are being studied *®°. Sintering is also required to fuse bioactive
glass particles with a polymer template. The polymer template improves the
porous scaffold’s mechanical properties compensating for bioactive glass
brittleness 25,

2.4.3. Composite materials. Advantages and processing strategies

Bone is a mineralized connective tissue . From a material science
perspective, the bone matrix is a heterogeneous composite substance
composed of a polymer-ceramic lamellar fibre-matrix 27, Therefore, two or
more biocompatible materials can be combined into a composite to fulfil
multiple requirements for the ideal scaffold for bone regeneration 34,
Organic-inorganic composites combine the ductility of a polymer phase with
the stiffness and strength of an inorganic component to have mechanical
properties similar to native bone and improve tissue interaction .
Furthermore, the addition of polymers facilitates the production and control
of the microarchitecture of the porous scaffold. In turn, bioceramics such as
hydroxyapatite and bioactive glass enhance the scaffold’s osteoconductive
and osteoinductive properties, counteract the acidic degradation of
biodegradable polymers, increase the hydrophilicity and water absorption of
the hydrophobic polymer matrix 4. In addition, a targeted degradation rate of
the scaffold can be achieved by modifying the percentage of organic-inorganic
parts. Usually, the percentage of inorganic materials in the porous scaffolds’
ranges are 10-50 wt. % for HA, 10-50 wt. % for BG, and 10-40 wt. % for
TCP . Although there are various possible combinations of organic and
inorganic materials in the scaffolds, the PLA/HA and PLA/BG combinations
will be discussed further. These composites are suitable for the FDM
technique and are the main focus of the research.
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2.4.3.1. PLA/HA composite material

PLA/HA composites have been studied as the scaffolds for bone
regeneration, carriers for drug delivery into the host, and commercially
available bone fixation devices 2226, Stimulation of stem cells to differentiate
into the osteoblasts, a better stem cell attachment, proliferation, and migration
may be achieved when a new composite PLA/HA material is created 26262,
One of the advantages of combining PLA and HA is the neutralization of the
acidity degradation products of PLA by the alkalinity catabolite of HA 261263,
Regular activity of osteoblasts is achieved during PLA/HA biodegradation as
the degradation products of the composite do not change the media’s pH value
263, The composition of the PLA/HA composite strongly affects its rate of
biodegradation. The degradation is more pronounced in scaffolds with higher
HA percentages due to enhanced wettability and the dissolution of the smaller
amount of polymer between the HA particles in the in vitro studies 264265,

Although PLA/HA composites exhibit better mechanical properties than
PLA, the percentage of HA in the PLA/HA biocomposites, PLA molecular
weight, and HA’s dispersion within the PLA matrix influence the composite’s
mechanical properties. 266257, In some studies, HA concentration of 40 wt% in
the PLA/HA composites increased the bending strength, 15 wt% of HA
improved the crack resistance of PLA during cyclic loading 2. In addition,
HA content of 20 wt% demonstrated better mechanical performance and
thermal stability than 10 or 30 wt% of HA under the same experimental
conditions (tensile strength 48.3 MPa, tensile modulus 3.44 GPa) %%, The
composite’s thermal stability is improved as the thermal energy is efficiently
distributed over several bonds 2. However, poor dispersion and incorporation
of HA within the PLA matrix may lead to undesirable premature failure at the
PLA/HA composite interface and lower mechanical properties. This uneven
dispersion of HA was discovered in the PLA/HA composite with 20 wt% of
HA 2%7_ 1t was found that 10 wt% of HA increased the mean stiffness of the
composite PLA/HA scaffold, tensile strength and tensile modulus were
improved by about 18-25%, flexural strength and flexural modulus were
increased by about 20% compared to PLA scaffolds %’. However, to achieve
the scaffold’s higher elastic modulus, which can be statistically comparable to
human cortical bone, HA content ranging 70-85 is required with better HA
and interfacial adhesion 264267:268,

Regarding biocompatibility studies, HA concentration of 10 wt%
improved osteogenic potential, with no measurable changes to cellular
compatibility or the mechanical shear strength of the composite 2°. PLA/HA
scaffold with 15 wt% of HA showed better results than pure PLA scaffolds in
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cell viability, significantly higher initial cell attachment, and proliferation on
the scaffolds 27°. Moreover, the expression of alkaline phosphatase in 7 days
of culturing was significantly higher on the PLA/HA composite than on the
pure PLA, confirming HA significance in the bone regeneration 2°. Wan et
al. confirmed that PLA/HA composites exhibit biocompatibility toward a
wide range of cell lines, including L929 fibroblasts and MC3T3-El
osteoblasts, and induce expression of osteocalcin, a bone-specific marker 2%,
Zhang et al. have chosen a melt-deposition system (MDS) method to produce
PLA (85 wt%) and HA (15 wt%) composite scaffolds and compared them to
the demineralized bone matrix (DBM) and B-TCP. They found no significant
difference in local cellular inflammatory reaction between all experimental
groups and control. The expression of osteogenic-related genes was
upregulated on PLA/HA scaffolds compared to B-TCP scaffolds but lower
than DBM scaffolds. However, the relative newly formed bone area in
PLA/HA scaffolds was greater than in the DBM scaffolds group, however,
lower than the B-TCP group in 4 and 8 weeks after implantation 2,

2.4.3.2. PLA/BG composite material

BG was combined with metals, ceramics, and polymers for hard and soft
tissue engineering to produce highly bioactive materials and overcome its
inherent brittleness and low strength 2*. BG can be incorporated in PLA
scaffolds by the melt-deposition system or polymer dissolution in chloroform,
1,4-dioxane or dimethyl carbonate (DMC) 22277, Recent studies using
additive manufacturing methods, combining BG with high elastic modulus
polymers (PLA), have shown the composite scaffolds’ improved compressive
strength and repairing ability in critical-size defects in load sites 2’8, PLA in
composite scaffolds reduces the effective load on the BG and limits the
initiation or growth of cracks 2’8, Another research has confirmed the increase
of the tensile strength of the composites from 56.7 MPa (pure PLA) to 69.2
MPa by loading PLA scaffolds with 4 wt% of BG 2’°. Moreover, it is known
that an addition of 5 wt% BG to PLA scaffolds enhances the compressive
strength of the scaffolds roughly 1.5 times 277, Eldesoqi et al. studied larger
BG concentration impact on discs’ mechanical properties consisting of PLA
and 20 wt% BG, or PLA and 40 wt% BG. Three points bending test showed
an increased ultimate load of scaffolds with BG particles 2®. Zhang et al.
compared 9 and 29 wt% BG PLA/BG scaffolds. Mechanical tests revealed the
elastic modulus increase with increasing BG content, however, tensile
strength and break strain decreased 2. They also showed that
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3-aminopropyltrimethoxysilane pretreatment might enhance elastic modulus
and prevent the decrease in tensile strength with larger glass content 273,

Multiple in vitro biodegradability studies demonstrated that PLA/BG
composites induce the formation of an apatite layer on the scaffold surfaces
212.213.215,217.219280  The presence of BG particles was found to decrease the
composite’s degradation rate compared to pure PLA 27227, During the first
2 weeks of in vitro degradation, PLA/BG scaffold weight loss was higher than
pure PLA scaffold, followed by a decrease in degradation rate between weeks
4 and 6. PLA scaffold weight loss, on the other hand, began within 2 weeks
and progressed more quickly than PLA/BG at 8 weeks, reaching 8% (versus
4.5% weight loss of PLA/BG) 2’7. Human adipose-derived stem cells, bovine
annulus fibrosus cells, fetal osteoblasts, and human BMSC have been utilized
to assess the biocompatibility and bioactivity of PLA/BG composites
containing different BG percentages from 0 to 40 wt% 274281283 p|_ A/BG
composites have been shown to support cell attachment, growth, proliferation,
and osteogenic differentiation, confirmed by increased alkaline phosphatase
(ALP) activity and osteocalcin protein synthesis 262283, However, Yang et al.
found that 5 wt% BG concentration was more effective in enhancing cell
differentiation than 40 wt% BG. They suggested that higher BG
concentrations increase and prolong ion release, which might cause medium
alkalinisation, cytotoxic to osteoblasts 8. In another study, 30 wt% PLA/BG
foams stimulated collagen and sulphated glycosaminoglycans (sGAG)
production by bovine annulus fibrosus cells 2%, Moreover, it was found that
5 wt% and 40 wt% PLA/BG composites significantly increased extracellular
matrix mineralization compared to pure PLA 282,

In vivo study in rats suggests excellent biocompatibility of PLA, PLA/BG
20 wt%, and PLA/BG 40 wt% scaffolds. These scaffolds did not cause any
behavioural changes, visible signs of neurological toxicity, organ damage,
long-term systemic inflammatory reactions, or tumour formation during a
3-month observation period 2. The presence of BG in the composite implant
promoted bone formation in a rat skull critical size bone defect at the contact
area of the implant and the skull and towards the centrum of the defect 276,
5 wt% and 40 wt% PLA/BG composites have also been shown to induce
ectopic bone formation, confirming BG osteoinductive properties 2. The
vascularization pattern of PLA/BG composites with BG content of 5, 10 and
20 wt% and pure PLA has been studied in vitro ?®*. Vascular endothelial
growth factor secreted by human fibroblasts in contact with scaffolds was
recorded to be 5 times bigger with 20 wt% PLA/BG composites than pure
PLA 284 A rat model was chosen to analyse the vascularisation of the
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scaffolds in vivo. PLA/BG scaffolds with 5 wt% of BG demonstrated greater
vascularisation than PLA scaffolds in 8 weeks after implantation 277,

2.4.4. Osteoinductive materials in bone tissue engineering

Over the last few decades, a lot of research has been conducted on
osteoinductive bone grafting materials. Osteoinduction has historically been
described as the mechanism by which one tissue, or a substance extracted from
it, causes a second undifferentiated tissue to differentiate into bone due to
physicochemical effect or contact with another tissue 2”2, One of the first
osteoinductive proteins regulating chemotaxis, mitosis, differentiation, callus,
and bone formation was found in 1971 and called BMP 2. It is known that
BMP induce bone-forming via an endochondral pathway, while biomaterials
are intramembranous *. Although the exact mechanism of osteoinduction by
biomaterials is unknown, osteoinductive properties depend on their
macrostructure, microstructure, and chemical composition *. The osteogenic
differentiation in vitro of undifferentiated mesenchymal stem cells or
osteoprogenitor cells in contact with new materials can show the
osteoinductive potential before in vivo investigation 2%, However, injecting
the agent or placing the biomaterials into non-osseous sites (muscle pouch) is
the safest way to demonstrate osteoinduction properties and differentiate them
from osteoconduction . So far, two main strategies for adding
osteoinductivity to bone grafting materials have been developed: adding
osteoinductive agents (various growth factors, BMP, PRP, Emdogain) and
seeding scaffolds with stem cells to create bone tissue-engineered
constructs 2,

2.4.4.1. Emdogain

Emdogain is composed of enamel matrix derivative (EMD), a family of
hydrophobic proteins secreted by Hertwig’s epithelial root sheet. The purified
fraction of the proteins is derived from the enamel layer of porcine unerupted
tooth buds. Hammarstrom et al. was the first research group to find that EMD
induced periodontal regeneration 2, They compared the healing of surgically
created recession defects in the animal model treated with either coronally
advanced flap (CAF) alone or with EMD. After 8 weeks, the histological
evaluation revealed the formation of acellular cementum, periodontal
ligament, and alveolar bone formation in all EMD group defects. In
comparison, healing by forming a long junctional epithelium occurred in the
CAF alone group . The basis of EMD’s biological effect is thought to be
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through mimicking odontogenesis by stimulating local growth factor secretion
and cytokine expression, influencing mesenchymal cell differentiation,
stimulating migration and viability of osteoblasts 20292, Over 20 years of
research, more than 60 randomized clinical trials of EDM use were carried
out. No studies reported any adverse events or patient allergic reactions 2%,
However, concerns have been raised regarding EDM use for patients with
premalignant or malignant mucosal lesions 2%,

One of the EMD applications is root coverage procedures. Treatment of
root recessions with CAF combined with EDM led from 12% to 15%
improvements than CAF alone 2%, However, subepithelial connective tissue
graft (SCTG) provided significantly superior long-term outcomes than CAF
combined with EDM. Treatment with SCTG resulted in the development of a
long junctional epithelium, while the formation of new cementum, alveolar
bone, and periodontal ligament occurred in EMD procedures 2*°. Moreover,
oral mucosa wound healing might be improved by EDM application. In rats,
EMD treatment significantly increased the number of blood vessels and the
collagen fibres in the connective tissue by enhancing the expression of various
growth factors 2°. Furthermore, EMD application for pulp regeneration and
healing of replanted teeth has been evaluated. However, recent systematic
reviews found EMD application results in endodontic treatments highly
variable %7, In most cases, EMD treatment promoted an ingrowth of hard
tissues into a root canal space and induced the formation of a cementum-like
tissue at the apical region of the root’s external surface 2,

A meta-analysis showed that EMD treated sites for the treatment of
intrabony defects displayed statistically significant probing attachment level
improvements and pocket depth reductions compared to placebo or control-
treated sites 2°°. However, a high degree of heterogeneity was observed among
trials. Comparing EDM with guided bone regeneration (GBR), significantly
more postoperative complications occurred in the GBR group. The review
concluded that the actual clinical advantages of using EMD are unknown 3%,
Moreover, various studies looked at whether EMD promotes bone
regeneration alone or in combination with other biomaterials. Many in vivo
studies agreed that EMD has more osteopromotive properties than
osteoinductive 2% and that EMD shows a lack of osteoregenerative
potential in critical-size bone defects **. The main problems are the gelatinous
nature of EMD as it is ineffective in preserving the space for new bone
formation and low concentrations of amelogenins with osteogenic potential
292302 Fyrthermore, EMD was combined with various osteoconductive
materials or membranes to maintain the space for bone regeneration. Most of
these studies show slight but insignificant improvement of combined
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techniques compared to biomaterials alone 2°2%02393  However, EMD
combined with biomaterials seems to be more effective in periodontal
regenerative therapy than bone regeneration alone as it positively affects
cementum and periodontal fibres 2°2391.302 Fyrthermore, it is essential to
mention that EMD positively affects bone formation over 36 months after its
use. However, most in vivo studies expect for the bone regeneration results
earlier with the healing process not yet completed 32,

2.4.4.2. Bone morphogenetic proteins

BMP are osteoinductive proteins from the transforming growth factor-
beta (TGF-B) family that induce endochondral bone development from
mesenchymal cells in situ ***. BMP enhance chemotaxis, mesenchymal and
osteoprogenitor cell proliferation and differentiation, angiogenesis, and
mediated extracellular matrix synthesis 3%. There are more than 20 human
BMP identified . Based on a detailed review, BMP-2/-6/-9 of the 14 forms
of BMP molecules were described as the most influential factors inducing
MSC differentiation into osteoblasts. Another study confirmed that BMP
heterodimers, such as BMP-4/-7 and BMP-2/-7, have better osteoinductive
activity and more effectively control the differentiation and proliferation of
MSC towards osteoblasts in vitro and in vivo . Moreover, the FDA has
licensed BMP-2 in single-level anterior lumbar interbody fusion, tibial
nonunions, and oral and maxillofacial reconstructions 3%¢3%° On the other
hand, the BMP-related side effects in animal studies include induction of
inflammation %1%, Moreover, these proteins can stimulate bone formation in
many other non-osseous tissues, have short half-lives, and remain a costly
procedure with a relatively limited outcome 3!*. Also, a low concentration of
BMP will stimulate MSC to differentiate into adipocytes instead of
osteoblasts 3. As a result, BMP are only used as the ultimate treatment
option %8, They often require a transportation system (e.g. collagen sponge)
to hold them sequestered, and the appropriate concentration, species-specific
for bone osteoinduction 3%,

After FDA approval, BMP-2 with 1.5 mg/ml concentrations are among
the most often clinically used osteoinductors and alternatives to autografts 2°.
The research showed that BMP-2 result in shorter operating times (25 min)
and shorter hospital stays (0.75 days) than autografts in single-level
degenerative disk disease patients 312, However, some bias was reported in the
initial industry-sponsored publications with no clear advantages of BMP-2 use
compared to the iliac crest bone graft 38, Up to date, studies have shown that
higher concentrations (1.5 mg/ml) of BMP-2 are more effective in bone
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healing in humans, as it is revealed in extraction socket augmentation in terms
of extraction socket thickness and implant positions than the concentration of
0.75 mg/ml 3%, Furthermore, in vivo research confirmed that higher
concentrations of the BMP-2 group had the most successful bone regeneration
in the calvarial defects and showed near-complete healing 3. Unfortunately,
side effects are often associated with the higher dosages of BMP 3%,

Moreover, BMP-2 are one of the primary inductors of the signalling
cascade that start periosteal progenitor proliferation and differentiation during
bone repair and regeneration 3. In vivo studies revealed that periosteal
progenitors would remain quiescent, and healing would not be initiated in the
absence of BMP-2 3, In vitro study showed that BMP-2 improved cell
adhesion and proliferation with no signs of significant cytotoxicity or
apoptosis/necrosis *!°. However, some adverse effects or complications that
range from 20% to 70% of clinically treated patients need to be mentioned 38,
Animal studies revealed the elevation of various cytokines and chemokines,
including IL-1, IL-6, I1L-10, IL-18, TNF-0, when treated with high doses of
BMP-2 3 Several reports have demonstrated that BMP-2 stimulate
osteoclastic activity in vitro and in vivo by activating receptor activators of
nuclear factor-kb ligands that promote osteoclastic development 31637, The
main complications in spinal fusions are an increased risk for implant
displacement, subsidence, infection, urogenital events, radiculitis, ectopic
bone formation, and osteolysis. BMP-2 in cervical spine fusion is prohibited
due to the risk of cervical swelling and corresponding dyspnea, dysphagia 3%,
Moreover, the exact effect on cancer risk or proper indications for application
in pediatric population are still unknown 3%, However, despite these concerns,
no suitable alternative has been found similar or superior to the BMP-2 in
terms of osteoinduction 38,

2.4.4.3. Platelet concentrates

Recent research has focused on platelet concentrates on bone
osteoinduction. Platelet concentrates are produced from an autologous platelet
suspension derived from a patient’s blood using centrifugation techniques 38,
Platelets have osteoinductive properties due to their high concentration of
growth factors. Platelet alpha granules explicitly produce and release a variety
of growth factors: platelet-derived growth factor AB (PDGF-AB), TGF-B,
vascular endothelial growth factor (VEGF), epidermal growth factor,
fibroblast growth factor, and insulin-like growth factor 1, which can promote
cell migration, proliferation, matrix remodelling, and angiogenesis 3831, In
addition, the dense granules of platelets contain bioactive factors: serotonin,
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histamine, dopamine, calcium, and adenosine, which can increase membrane
permeability and modulate inflammation 3%, Blood plasma is made up not
only of water. It also contains from 8% to 9% of solids: coagulants
(fibrinogen), various plasma proteins (albumin, globulin), electrolytes
(sodium, potassium, bicarbonate, chloride, calcium), immunoglobulins,
enzymes, hormones, and vitamins 32, Platelet-rich plasma (PRP) is prepared
from extracted blood with an anticoagulant. It is immediately or within an
hour centrifuged to separate whole blood into 3 layers: a top acellular plasma
layer (PPP), middle leukocyte and platelet layer, and bottom red blood cell
(RBC) layer 322, The aim is to collect a concentrate of platelets and discard the
RBC and the PPP layers 22, Platelet-rich fibrin (PRF) concentrates obtained
by centrifugation without anticoagulants are exclusively autologous 32%. Four
main platelet preparations depend on their cell content and architecture: pure
or leukocyte-poor PRP (P-PRP), leukocyte-rich PRP (L-PRP), pure or
leukocyte-poor PRF, and leukocyte-rich PRF (L-PRF) 3°,

P-PRP is the standard platelet concentrate used in orthopaedics and has
demonstrated promising effects in bone regeneration 3?2, P-PRP combined
with autografts has been used extensively to restore craniofacial deformities
facilitating quicker maturation of autologous bone grafts and improving new
bone development in mandibular defects 3°. Animal studies confirmed that
too high (more than 30%) platelet concentration has inhibitory and even
cytotoxic effects on osteoblasts. A significant increase in osteoblasts
proliferation was achieved with platelet concentrations ranging from 1% to
5% 31°. However, the benefits of P-PRP in osteogenesis are debatable, and
some experiments have shown that when P-PRP is used, bone maturation fails
325 Moreover, P-PRP use is limited in oral and maxillofacial surgery due to
complicated handling (liquid), the need to be used with other biomaterials, and
quick release of growth factors 325, The leucocytes in L-PRP played an
essential role in the early stages of inflammation and influenced bone wound
healing effectiveness 3%. However, the effect on osteogenesis tended to be
more harmful than positive due to the suppression of BMP-2 and increasing
TGF-B1 activity 3. In vivo study demonstrated that bone defects in rats
treated with L-PRP had lower new bone deposition than autograft or no
grafting material groups, resulting in appendicular bone with thinner
trabeculae and an expanded medullary region consisting of adipose cells 7.

According to the literature, the P-PRF method is very unpopular - firstly
P-PRP should be created, and then CaCl, added. This kind of PRF preparation
remains challenging and is expensive in daily practice %2, Other problems
identified in the literature are poorly described preparation protocols and
results of PRP or PRF, without specifying they are pure or containing
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leucocytes %28, Despite the gaining of different platelet concentrations, the
vitality of the cells is essential. Evidence in the literature shows that some
centrifuges produced PRF-like materials with a damaged and almost
destroyed cell population using the standard protocols 3°. The speed and
angulation of the tubes are critical factors when choosing a centrifuge 3%°.
L-PRF is more manageable, more cost reasonable to prepare than PRP or
P-PRF as it does not require direct activation with external factors (e.g. bovine
thrombin or extrinsic anticoagulants) 3%, L-PRF stores cytokines and growth
factors in a 3D fibrin scaffold achieving better cell attachment, migration due
to its fibrous nature 3°. In vivo, L-PRF breaks down more slowly than PRP,
creating a rigid fibrin matrix that slowly remodels in the manner of a blood
clot. Platelets and cytokines are effectively stored and progressively released
over a 10-day cycle, allowing migration and proliferation of the stem cells to
be more effective for the duration of their growth cycle 3%, It must be
mentioned that L-PRF cannot be used as allograft material as it is donor-
specific due to antigenic plasmatic molecules and immune cells 3°. The
literature confirms that L-PRF can stimulate the proliferation of most cell
types (fibroblasts, keratinocytes, pre-adipocytes, osteoblasts, BMSC) and the
differentiation of stem cells (e.g. DPSC) towards osteoblasts 32232°,

L-PRF showed promising results in bone regeneration, especially in the
early stages of healing, and combined with various osteoconductive materials,
e.g. polylactic-co-glycolic acid, B-TCP scaffolds, or bone substitutes 31933,
L-PRF combined with TCP showed better results than TCP/BMP-2 mixture
in sinus lift augmentation 31 Moreover, L-PRF combined with
osteoconductive materials shortened the healing time and showed promising
healing in periodontal intrabony defects, alveolar cleft reconstructions 3%°.
Although L-PRF combined with bone substitutes may result in volume
reduction, several advantages like angiogenesis, stem cell attraction, and
migration of osteoprogenitor cells to the centre of the graft are induced 3%°.
The use of L-PRF improves bone healing, reduces infection better than
covering post-extraction sites with the membranes 3. Further research is
needed to compare BMP-2 with L-PRF in clinical trials. Low cost, autologous
source, and easy handling make L-PRF ideal biomaterial worth further
investigation across various surgical procedures *2°.

2.4.5. Stem cells in bone regeneration

Stem cells are undifferentiated cells capable of proliferation, self-
renewal, and possess proliferation and multilineage differentiation 33, Adult
stem cells are found in bone marrow, periosteum, muscle, adipose tissue,
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brain, and skin. Studies have shown that these cells’ differentiation ability and
plasticity might be higher than only one tissue where the stem cells are found
12331 \arious growth factors or osteoinductive biomaterials can be used to
achieve osteogenic differentiation in vitro 332, However, several recent studies
have shown that stem cells may spontaneously differentiate from osteoblasts
due to the appropriate 3D surface morphology 333334  Cell-based tissue
regeneration relies on a patient stem cells’ isolation, expansion, and seeding
on the scaffolds to produce an extracellular matrix in vitro 2. Finally, the
scaffolds with differentiated cells or decellularized scaffolds are implanted to
patient bone defects 3%, The disadvantages of these tissue regeneration
techniques are the need for two surgical procedures, an increased risk of
scaffold contamination when cells are cultured ex vivo, and the necessity of
rigorous sterilization techniques 2. The main groups of stem cells used for
bone regeneration are bone marrow, periosteum-derived, adipose tissue, and
dental pulp stem cells. In addition, new sources (periodontal ligament,
periapical cyst, the apical papilla, the dental follicle) of the stem cells are
investigated and show some promising results for bone regeneration. Still,
more preclinical evidence is needed 3% 338,

2.4.5.1. Bone marrow stem cells

BMSC are pluripotent cells found in the bone marrow, which can
differentiate into mesenchymal origin cells 2. These cells can be obtained
from the patient by a bone marrow aspiration, isolated and expanded in
culture, and induced in vitro to form bone, cartilage, tendon, muscle, fat, skin,
and other mesenchymal origin tissues 33934, Another essential advantage of
BMSC is the ability to be cultured in vitro for many passages without
spontaneous differentiation 1. However, some studies report that BMSC may
lose their bone-forming efficiency after multiple passages 3#2. Furthermore,
hundreds of clinical trials use human BMSC in vivo *° Besides BMSC
differentiation potential, they secrete bioactive molecules, promoting new
tissue formation, and modulating a host’s immune response 34343, In addition,
BMSC cells injected in the diseased or injured sites secrete bioactive factors
that are immunomodulatory and trophic (regenerative) and stimulate a
patient’s site-specific and tissue-specific resident stem cells to construct the
new tissue 3*°. Moreover, BMSC can support the survival of the surrounding
tissue through the release of the paracrine factors. Moreover, the newly-
formed bone expresses significantly higher bone differentiation markers (e.g.
alkaline phosphatase, RUNX2 (runt-related transcription factor 2), and OCN
(osteocalcin)) 103115,
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A recent systematic review has found that BMSC are among the most
used cell types in bone tissue regeneration studies 3#4. The main treatment
strategies to regenerate the bone are endogenous activation of BMSC through
bioactive molecules or scaffolds/hydrogels and exogenous BMSC delivery
systemically or locally with or without the scaffolds **°. The main challenges
of the endogenous BMSC activation and direction to the injured site are a short
half-life and high expenditure of directly injected factors 3%. This treatment
technique’s main target is to create more specific biomaterial designs and
incorporate the selected homing factors in the constructs 4. On the other
hand, exogenous BMSC delivery by injection of cell suspensions directly into
the injured site has several disadvantages: insufficient cell supply, poor
engraftment, the spread of injected cells to surrounding healthy tissue, and
loss of cell fate control 3. Therefore, most new studies focus on new bone
formation in vivo through enhancement by combining different scaffolds with
BMSC and applying them locally 1*°. This technique showed better results in
bone regeneration than scaffolds alone 10311534 However, several limitations
associated with painful collection methods, donor site damage, and lower
proliferation / differentiation capacities with advancing donor age should be
considered in clinical practice 1%,

Clinical trials in the maxillofacial region use BMSC for alveolar socket
preservation, lateral ridge augmentation, and sinus augmentation 3%, A
randomised clinical trial stage I/ll has shown that transplanted BMSC for
alveolar socket preservation accelerated the regeneration of the osseous tissue
and significantly reduced the need for secondary bone grafting at the time of
oral implant placement compared to GBR-treated sites 34¢. Moreover, a few
clinical trials used bone marrow aspirate to aid lateral ridge augmentation 347-
%9 The combination of BMSC and allogeneic bone grafts resulted in higher
alveolar bone gain and density in the graft’s peripheral regions than allografts
alone 379 The researchers suggested that an autologous bone marrow
aspirate can increase allografts' regenerative potential in patients with severe
alveolar ridge volume deficiency in the anterior maxilla 3473, A combination
of BMSC and xenograft showed an increased mineralization trend in the
anterior maxilla yet similar healing results as the xenograft alone 34, A meta-
analysis revealed that cell-based therapies resulted in higher alveolar bone
gain than control groups with considerable heterogeneity between the
results 3. Another clinical trial did not find statistically significant
differences in new bone formation between BMSC with xenograft and
autogenous bone and xenograft mixture for maxillary sinus augmentation
procedure 9, Although in vitro and in vivo studies show promising BMSC
use in bone regeneration, long-term clinical trials are needed *°.
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2.4.5.2. Periosteum-derived cells

The periosteum is a specialized, highly vascularized connective tissue
that envelopes bone surfaces 314, It is composed of 2 layers: an external fibrous
layer containing elastic fibres and microvessels and an inner layer where
periosteum-derived cells (PDC), fibroblasts, and sympathetic nerves reside
%1 Periosteum plays an essential role in bone elongation and modelling, bone
fracture healing, and callus formation '?*%°2 due to PDC capability to
differentiate to osteoblasts and chondrocytes 353354, These cells have a higher
proliferation rate following injury and proliferate faster than BMSC in a cell
culture 123341 pDC potential for proliferation and differentiation might persist
throughout life as studies show that PDC grafted from the elderly show
comparable results to cells obtained from younger patients 35535, One reason
why PDC keep their potential to proliferate and differentiate could be good
telomeres stability and telomerase activity, e. g. telomere lengths after 24
population doublings similar to the parental population 34, Animal trials
report PDC' ability to induce new bone formation at heterotopic sites with a
greater newly formed bone percentage than BMSC or alveolar bone cells
37,358 However, the newly formed bone area in dogs’ peri-implant defects was
similar in groups treated with PDC and BMSC with carriers %,

One of the unique PDC features is the initiation of endochondral bone
formation, maintained even when cells have been expanded ex vivo 1,
Therefore, the autologous periosteum graft has been used in orthopaedic
surgeries as a covering layer in autologous chondrocyte transplantation to treat
nonunion fractures as a graft to reconstruct the patellar articulation 3%,
Although PDC show promising results in treating non-healing and previously
resistant nonunions, bone fractures, and large bone defects, several limitations
should be considered 4% The regenerative potential of PDC may be
affected by a harvest site, donor conditions, resection methods (the use of
forceps), and cell isolation procedure 2. It is known that loadbearing bones
have a more osteogenic periosteum than flat bones . Even if the PDC
regenerative features are maintained, several disadvantages are surgery-
related such as donor site morbidity, seroma, transient paraesthesia, or
iatrogenic femoral fracture 3. Preoperative CT angiography could help avoid
the complications and provide valuable information on the 3D assessment of
the defect and vasculature surrounding. However, it cannot be used routinely
due to radiation exposure, and plain radiographs used by most surgeons 3,

Craniofacial bone tissue ages more slowly and has higher levels of
osteoblastic markers than appendicular skeletal bone tissue 2. PDC can be
obtained from the upper vestibule, lower vestibule, and hard palate in the
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maxillofacial region, allowing rapid in situ engraftment 3%¢. However,
different anatomical sources affect the transcriptomic signature of PDC and in
vivo differentiation 2. A couple of clinical trials used autogenous PDC for
alveolar ridge augmentation and maxillary sinus lift 0% n these studies,
PDC were mixed with autogenous bone and platelet-rich plasma. No adverse
events were reported. The addition of PDC boosted bone anabolic activity,
and increased augmented bone density. Therefore, the insertion torque during
implant placement was increased compared to autogenous bone and platelet-
rich plasma alone. The authors concluded that PDC could improve dental
implants> primary fixation 3!, Besides, PDC promoted faster autogenous
cortical bone remodelling, suggesting that the waiting time for implant
placement could be reduced when using PDC 3¢°. Although PDC harvested
from the jaws are a promising source for bone tissue engineering, harvest
morbidity, subsequent characterization, and patient acceptance should be
considered before choosing the appropriate cell source 34,

2.4.5.3. Adipose tissue stem cells

Adipose tissue is another source of multipotent stem cells. Adipose
tissue-derived stem cells (ASC) can be isolated from human subcutaneous
lipoaspirate, peritoneal, omentum, and inguinal fat pads, allowing safer and
easier stem cell isolation %623, The high abundance of adipose tissue within
the body lets obtain a much higher ASC than MSC %*, The number of stem
cell progenitors isolated from adipose tissue is tenfold higher than from bone
marrow of equivalent amount %5, When cultured in specific culture media,
ASC can differentiate into osteoblast, chondrocyte, adipocyte, neuronal, and
myocyte lineages 3%. The proliferation rate of isolated ASC is by one-third
faster than MSC, which may decrease ex vivo culturing time ¢, Research
shows that ASC can secrete cytokines such as interleukin-6 (IL-6) and
transforming growth factor-p (TGF-f) 1, suggesting the immunomodulatory
effects of ASC. Further, a lower amount of ASC has been shown to achieve
the same level of immunomodulation as MSC and can be a promising
alternative for immunomodulatory therapy 3¢,

Lee et al. were the first to isolate ASC, differentiate them into osteoblasts
in vitro, and aid in bone formation implanted subcutaneously into Lewis rats
%8, Further studies used ASC seeded on apatite-coated poly(lactic-co-glycolic
acid) scaffolds to test its effect on healing critical-size mouse calvariae
defects. After 12 weeks, a complete bony bridging was seen by X-ray analysis,
bone histological analysis, and live macromolecular imaging *%°. A couple of

60



studies compared the osteogenic potential of MSC, PDC, and ASC 37037,
Stockmann et al. reported no statistically significant differences among test
groups in volume and mineralization of a newly formed bone in monocortical
calvarial bone defects in domestic pigs 3*. However, when Hayashi et al.
implanted a composite of hydroxyapatite ceramics with different stem cells
subcutaneously into laboratory rats, only new bone formation in composites
seeded with MSC and PDC but not with ASC was detected *7°. A split-mouth
design clinical study applied a stromal vascular fraction of adipose tissue with
calcium phosphate ceramics to increase maxillary bone height for dental
implants. No adverse reactions were reported in 3 and more year follow-up.
Micro-CT or histomorphometric evaluations reported higher bone volumes in
the test group 372, The research concludes that ASC may be a promising and
possibly more effective alternative to MSC %4,

2.4.5.4. Dental pulp stem cells

The dental pulp of human exfoliated deciduous and permanent teeth is
another promising source of stem cells. In 2000, Gronthos et al. were the first
group to isolate, characterize, and explore the differentiation potential of
dental pulp stem cells (DPSC) 7. The authors concluded that DPSC are
highly proliferative, clonogenic, forming ectopic dentin and associated pulp
tissue. Later, the same research group showed that DPSC could differentiate
into adipocytes and neural-like cells 3. DPSC originate from the neural crest
during embryo development. Therefore, DPSC secrete neuroprotective
growth factors and are broadly investigated for neural regeneration 34, Further
studies revealed DPSC' ability to differentiate to odontoblasts, neural
progenitors, osteoblasts, chondrocytes, and adipocytes 35376, Along with stem
cells from other sources, DPSC possess immune-suppressive properties by
secreting anti-inflammatory cytokines such as Interleukin-8 (IL-8), IL-6,
TGF-B 7. DPSC also express angiogenic genes, secret vascular endothelial
growth factor, and platelet-derived growth factor A 38, Furthermore, DPSC
also secret osteogenic markers such as alkaline phosphatase, collagen type I,
osteocalcin, and osteopontin °. Moreover, DPSC can survive in vitro longer
than BMSC, exhibit a higher growth rate, and produce an extracellular matrix
with less immunosuppressive activity 1. Besides the characteristics
mentioned above, easy accessibility from dental tissues of both adults
(wisdom teeth extraction) and children, ex vivo expansion of DPSC make them
an attractive source of mesenchymal stem cells for tissue regeneration 1%337°,
Stem cells from human exfoliated deciduous teeth (SHED) exhibit a higher
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proliferation rate than DPSC with good osteoinduction properties in vivo but
fail to induce a dentin-pulp complex formation 3.

A recent systematic review has analysed the studies that employed DPSC
for in vivo bone regeneration 3°, They found 52 animal studies and 4 human
studies for DPSC or SHED evaluation for bone tissue regeneration.
Subcutaneous implantation of DPSC or SHED with an osteoconductive
scaffold showed ectopic bone formation 37, de Mendonga Costa et al. were
the first research group to investigate new bone formation when DPSC with
collagen scaffolds were implanted in critical-size cranial bone defects &,
They found DPSC’s ability to contribute to more mature bone formation in
1 month after surgery. Afterwards, various preclinical studies’ evidence has
shown the positive effect of DPSC combined with synthetic bone scaffolds
superior to scaffolds alone for bone defect reconstruction and craniofacial
bone regeneration 1332 However, although DPSC with the scaffolds
significantly increased bone formation compared to the scaffolds alone, the
autogenous bone group at all time points was superior to test groups 3,
Furthermore, it must be mentioned that the optimal number of DPSC, 3D
structures with specific ECM components are essential for successful cell
transplantation 3%, It is known that TCP enhances the differentiation of DPSC
into osteoblast-like cells, and HA improves DPSC adhesion, proliferation, and
differentiation toward the osteogenic lineage 3.

DPSC with collagen sponges were used to fill in an injury site after
extracting mandibular third molars in humans 3. On 3-month examination,
alveolar bone has gained optimal vertical height, and a complete restoration
of periodontal tissue was observed. Moreover, DPSC resulted in a more
mature and cortical bone gain, as revealed by a histology analysis 3°. The
same patients were assessed 3 years after the procedure. The bone was entirely
compact in DPSC and collagen group; bone volume and vertical height were
superior to the collagen alone group 4. Another research found that DPSC
seeded on collagen-polyvinylpyrrolidone sponges in a patient’s left lower
premolar region with the periodontal disease increased bone density and
decreased tooth mobility, periodontal pocket depth, and the bone defect area
838, Moreover, the combination of DPSC with hydroxyapatite-collagen
scaffolds resulted in satisfactory bone regeneration of the alveolar defects for
cleft lip and palate patients 33, Despite the remaining challenges, the
encouraging effectiveness of early new bone formation in animal models and
promising results in humans should be considered for innovative bone defect
treatment protocols in future trials on human models %2,
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2.4.6. Extracellular matrix in bone regeneration

The ECM is a non-cellular component of every human organ or tissue
composed of water, proteins, and polysaccharides 3. The ECM proteins may
be structural (collagens, elastin, fibronectin) or non-structural (laminin,
tenascin, various growth factors, matrix metalloproteinases) %°. Mainly,
collagens are responsible for a tissue’s tensile strength, cell adhesion, and
migration 38538 _|n addition, different fibril arrangement of collagens assures
to withstand different required mechanical stresses such as tension, shear, and
pressure 3%, Thus, the main functions of ECM are anchorage, migration
barrier, migration track, a signal reservoir of growth factors and matrix
metalloproteinases, low-affinity  co-receptor, signal presenter, and
biomechanical force *®. These functions are essential to support tissue
morphogenesis, differentiation, and homeostasis **7. Furthermore, each tissue
has tissue-specific ECM with a unique physical, topological, and biochemical
composition and topology generated during tissue development 386,

Bone tissue ECM has compact and rigid fibril-forming collagen-matrix
due to many intra- and intermolecular cross-links 7. Moreover, bone ECM
is rich in BMP and angiogenic growth factors such as VEGF released in a
controlled manner 38, However, the predominant difference between bone
ECM and other connective tissues is mineralization capacity. Bone ECM
contains 99% of body calcium, mainly in the shape of HA crystals *¥’. The
prominent functions of bone ECM are skeletal development and repair /
regeneration after the bone injury (trauma, tumours, skeletal deformities) 7.
Therefore, the use of ECM in bone tissue engineering could lead to
osteoinductive materials superior to single osteoinductive molecules due to
their multi-component structure with various cell-activating ligands %°. Two
main techniques developed in ECM have enhanced bone tissue engineering:
obtaining ECM from tissue in vivo or producing it by autologous cells in vitro
combined with decellularization 388 The decellularisation technique
minimizes the risk of transmission of infections and ensures low
immunogenicity of scaffolds 3%°3%, Interestingly, the remaining proteins and
associated factors in ECM could be well-conserved even across species 32,

Natural ECM (nECM) can be collected from a donor, a cadaver, or
animal bones. However, any cellular material must be removed from the
obtained nECM to reduce the risk of disease transmission %39 The main
advantage of such nECM is a perfect structure and architecture matching the
bone biophysical requirements and making an adequate template for host
cells *, Various methods have been proposed to decellularize ECM.
However, maximal removal of cellular components without damaging EMC
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architecture remains a challenge 3%. Currently, demineralization is used in
most bone decellularisation techniques 3%, Demineralised nECM is called
DBM and is used in clinical practice as powders or granules to fill in bone
cavities as it does not provide structural support ®¢ Moreover, the
osteoinductive properties of DBM are highly variable and depend on a donor
species, site, and sterilization technique 38 One way to overcome
demineralized nECM limits is combining it with 3D-printed scaffolds and
producing composite scaffolds *°*. A recent study showed that the composite
scaffold of DBM with PCL/B-TCP scaffolds successfully induced stem cell
proliferation and osteogenic differentiation in vitro and new bone formation
in vivo 3%, Moreover, micro-CT evaluation revealed that Hounsfield Units
(HU) values of newly regenerated bone in the PCL/B-TCP/DBM group were
similar to those of cortical bone %, Another advanced attempt is to produce
NECM from a non-bone tissue 3. One study combined decellularized human
adipose tissue hydrogel with adipose-derived stem cells, resulting in higher
new bone formation compared to the negative control group in critical-size
defects 3%, However, all advantages gained from nECM rely on the successful
preservation of bioactive factors derived from a donor. Even then, they may
not match the set of instructive signals required to induce de novo bone
formation 3%,

One of the most progressive tissue engineering treatment strategies is
creating cell-derived decellularized ECM (cECM)-ornamented natural or
synthetic 3D scaffolds in vitro 3. This technique can lead to osteoinductive
scaffolds with favourable mechanical properties 3. However, ECM structure
and functions depend on the specific stem cell cultures used to produce
ECM 3%, Several research groups have combined organic-inorganic scaffolds
with cECM to address in vitro stem cells differentiation and in vivo new bone
formation. Pati et al. used PCL, PLGA, and B-TCP scaffolds with cECM
formed by human nasal inferior turbinate tissue-derived mesenchymal stromal
cells. The scaffolds supported newly seeded stem cells osteoblastic
differentiation in vitro by upregulating osteoblastic genes. After ectopic
implantation in rats, scaffolds ornamented with cECM induced more
accomplished bone formation than bare scaffolds 262, Another research group
examined a PLGA/PLA mesh scaffold coated with cECM formed by human
umbilical cord blood-derived mesenchymal stem cells 3%, In vitro results
revealed stem cell proliferation and osteogenic differentiation with high
alkaline phosphatase (ALP) activity and expression of osteogenic markers.
They concluded that scaffolds with cECM provide a better microenvironment
for osteogenesis 397, Another study showed excellent biocompatibility and
enhanced cellular adhesion, proliferation, and differentiation of stem cells in
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vitro and more new bone formation with no apparent inflammation in vivo in
the 3D printed calcium silicate, PCL/CECM from MG63 cells scaffolds 3%,
Although these studies reveal promising results that cECM may enhance
osteogenic differentiation of stem cells without additional exogenous growth
factors and increase bone regeneration in vivo, further research is needed to
find the best scaffolds and stem cell culture combinations in bone tissue
engineering.

65



3. MATERIALS AND METHODS
3.1. RAW MATERIALS

Materials used for the fabrication of the scaffolds: PLAL filament (PLA
filament; DR3D Filament Ltd, UK, natural, diameter 2.85 mm), PLA2
filament (PLA filament; DR3D Filament Ltd, UK, natural, diameter
1.75 mm). The raw materials used for the preparation of the filaments created
with HME equipment were PLA beads (STP Chem Solutions Co., Ltd.,
Thailand) having a particle size of 100-800 um and a molecular weight of
42,700 (g/mol), 50 um size HA particles (Riga Technical University,
Latvia %), and Bioactive Glass 45S5 (XL Sci-Tech, Inc., USA) having a
particle size of 38-75 pum. Geistlich Bio-Oss® (Geistlisch Pharmaceutical,
Wolhusen, Switzerland) granules 0.25-1 mm in diameter were used as a
positive control for in vivo investigation.

Materials used for cell research: Iscove's Modified Dulbecco's Medium
(IMDM) (Gibco); Penicillin and streptomycin (Gibco); Phosphate-Buffered
Saline (PBS) (Gibco); Ethylenediaminetetraacetic acid (EDTA) (Sigma-
Aldrich Co.); Trypsin (Gibco); Dexamethasone (Sigma-Aldrich Co.); B-
Glycerophosphate (Sigma-Aldrich Co.); L-Ascorbic acid-2-phosphate
(Sigma-Aldrich Co.); Ethanol 96 % (Vilniaus Degtin¢); Ammonium
hydroxide solution ~10 % in H20 (Sigma-Aldrich Co.); Collagenase, Type |
(Sigma-Aldrich Co.); Hyaluronidase (Sigma-Aldrich Co.); BSA (AppliChem
GmbH); Dulbecco's phosphate-buffered saline (DPBS) (10x) (Gibco); Goat
Anti-Mouse IgG coated Magnetic Beads (New England Biolabs, Inc.);
primary mouse antibodies to CD45, CD54, CD14, CD90 (Merck Millipore),
CD44 (Cell Signaling Technology), CD13 (Santa Cruz Biotechnology, Inc.),
CD31 (Abcam, Inc.); Goat anti-Mouse 1gG Secondary Antibody, RPE
conjugated (Invitrogen); Mouse IgG2a Isotype Control (Abcam, Inc.). All
materials were used as received.

3.2. PREPARATION OF THE FILAMENTS

A desktop extruder (Filabot Original, Filabot HQ, Barre VT, USA)
equipped with a 1.75 mm nozzle was used to fabricate the filaments. Pure PLA
filament was produced from PLA beads. The composite materials were
acquired by thoroughly mixing the PLA and HA powders or PLA and BG
powders at a ratio of 9:1. Before extrusion, the mixtures were stored in a sealed
bag with silica gel pellets to absorb all the moisture from the materials.
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Otherwise, the extrusion process was hard to control due to bubble formation
in the filaments. Then the extruder was pre-heated to 140°C for the preparation
of PLA filament, 145°C for creating PLA/HA filament, and 142°C for the
preparation of PLA/BG filament. Afterwards, the composite materials or pure
PLA beads were poured inside the hopper, and the feed screw was turned on.
A self-made spooler with adjustable spooling speed was used to wind the
filament onto the reel. During the extrusion process, the extruder's temperature
was manually adjusted to 140°C for PLA filament creation, in the range of
140-145°C for PLA/HA filament creation and 137-142°C for PLA/BG
filament creation. As a result, the PLA filament diameter varied from 1.67 to
1.75 mm, the composite PLA/HA filament varied from 1.28 to 1.45 mm, and
the PLA/BG filament diameter — from 1.6 to 1.75 mm.

3.3. THERMOGRAVIMETRIC ANALYSIS OF PLA/HA FILAMENTS

Additional investigation is performed for the evaluation of HA
concentration in the composite filament. Alumina crucibles heated until
constant weight four times at 1000°C for 5 hours at a heating rate of 5°C/min.
Ten PLA/HA mixture samples were placed in crucibles and heated at 800°C
for 5 hours at a heating rate of 1°C/min.

3.4. FABRICATION OF SCAFFOLDS

Five scaffold groups from different materials were included in the study:
PLA, PLA1, PLA2, PLA/HA, and PLA/BG scaffolds. PLAL scaffolds were
printed with a FDM 3D printer (Ultimaker Original, Ultimaker, USA). The
printing head was computer-controlled in three axes of delta mode (x, y, z with
an xyz speed of 50 mm/s). A gear system guided the filaments into the printing
head, which was heated at a temperature above the melting point of PLA (the
temperature near the nozzle was 210°C). The melted PLA filaments were
extruded through a brass nozzle with a diameter of 0.4 mm onto a printing
plate heated at 50°C. STL file for Ultimaker Original printer was sliced with
Ultimaker Cura 3.6 (Ultimaker, USA).

PLA, PLA2, PLA/HA, and PLA/BG composite scaffolds were fabricated
with a FDM 3D printer (Pharaoh XD 20, Mass Portal, Latvia). The printing
head was computer-controlled in three axes of delta mode (X, y, z with an xyz
speed of 35 mm/s). Other parameters were the same as described earlier. Slicer
software used to prepare the STL file for Pharaoh XD 20 printer was open-
source Slic3r 1.2.8 software.
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According to the STL production file, all scaffolds were designed with
an average pore size of 450 um, with total porosity of 48 %. The width and
height of the logs were 0.4 and 0.2 mm, respectively, and there were eight
layers of logs (Fig. 1 A and B).
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Fig. 1. The morphology of the scaffolds from the STL file: A — the scaffold from the
side; B — the diameter of the woodpiles; C — the top view of the scaffold: micro-logs
are rotated 60° angle, 5.5 mm circular cutting zone.

The geometry of the scaffolds was composed of 3D micro-structured
woodpiles with threads rotated at an angle of 60° in respect to the two ones of
the previous layer to create a hexagonal inner geometry (Fig. 1 C). Dimensions
of the scaffolds were 3 cmx3 ¢cmx0.16 cm for the in vitro study. Necessary
5.5 mm circles for the in vivo study were formed with laser light filament
fabrication (Fig.1 C).
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3.5. SCANNING ELECTRON MICROSCOPY ANALYSIS

A Hitachi TM-1000 tabletop scanning electron microscope (SEM) was
used to evaluate the printing accuracy and morphology of five independent
samples from the scaffold groups: PLA, PLAL, PLA2, PLA/HA, and
PLA/BG. The sides of the prepared scaffolds (3 cmx3 cmx0.16 cm) were cut
out from a rectangular woodpile (Fig. 2) with laser light filament fabrication
technology 10 mm away from the sides.

1 mm 7T mm :

1 mm 1 mm

Fig. 2. Side views of the scaffolds obtained with SEM: A — PLA, B — PLA1, C —
PLA2, D — PLA/HA, E - PLA/BG.

Scaffolds were scanned edgewise (5 images from each sample, 25 images
in total for each group). The height of layers (LH), the distance between
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threads (TD), and the height of scaffolds (HS) were measured using ImageJ
1.8.0_112 image analysis software “°1,

3.6. TOTAL POROSITY: GRAVIMETRIC METHOD

The total porosity (P) of PLAL, PLA2, and PLA/HA scaffolds were
determined by the gravimetric method using the bulk and true density of the
material. The gravimetric method is a simple and fast method, where pmaterial
is the density of the material, which can be determined by the Archimedes
method. The volume of scaffolds was calculated by measuring the length,
width, and height of the samples. A rough estimation of the porosity of
specimens was carried out by using the following equations:

mass

Pscaffold = volume

Total porosity =1 - Pscaffold

Pmaterial

3.7. OPEN POROSITY: LIQUID DISPLACEMENT METHOD

The porosity of PLA1, PLA2, and PLA/HA scaffolds was also measured
using a displacement liquid that is not a solvent of the polymers, for example,
ethanol, which can penetrate the pores easily but does not cause shrinking or
swelling of the material being tested. Open porosity can be calculated using
the following equation:

i, — V17U3
Porosity = m—
where V1 is the known volume of ethanol used to submerge the scaffold, V-
is the volume of the ethanol and ethanol-impregnated scaffold, and V3 is the
remaining ethanol volume when the ethanol-impregnated scaffold is removed.
The liquid displacement method is another simple technique that can be

performed easily, but it is an indirect way of measuring porosity 42,

3.8. MICRO-CT ANALYSIS AND SUPERIMPOSITION IN VITRO

PLAL, PLA2, and PLA/HA scaffolds were scanned with a micro-CT
Skyscan 1178 (Bruker microCT, Belgium). X-ray tube potential was 65 kV,
and the tube current was 615 pA. The scanning mode was slow (80 um pixels,
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82 mm FOV). The acquired dimensions of image XY were 1024x1024 with
about 400-500 slices in direction Z. Scaffolds sizes in image pixels were
approximately 360x360x20. Due to the low scanning resolution (voxel size —
0.08495x0.08495x0.08495 mm) compared to the dimensions of the scaffold
structure (approximately 5 pixels for one layer), micro-CT scan images were
additionally processed using digital image processing methods to get sharper
images. Image segmentation was also performed to get surface STL models
to compare with the original 3D printing model. For this, a Fiji image
processing software package based on ImageJ 1, MeshLab %3, and Geomagic
Control X software packages (3D Systems, Canada) was used.

Deconvolution of the images was performed to improve the quality of the
CT scan. The point spread function of the micro-CT system was determined
to be Gaussian, and its size was chosen to be 17x17x17 with sigma equal to
3 as estimated from the sharp edges of the scans. For the deconvolution, the
Richardson-Lucy algorithm with total variation regularization “** was chosen.
The parameters of the algorithm were set at seven iterations and a
regularization factor of 2-10-3. The Deconvlab2 software plugin “® for Fiji
was used for deconvolution. Fig. 3 shows the deconvolution and segmentation
process of the micro-CT scan.

For 3D segmentation, a method based on global thresholding was chosen.
Due to the high variability of scaffold samples, the segmentation of the
intensities of the CT scan image was performed using statistically computed
thresholds for each scan. Thresholds were calculated using a method that
preserved the statistical moments of image stacks “®®. Then 3D segmentation
was performed using the computed threshold and converted to STL format

(Fig. 3).
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Deconvolution

Segmentation

Fig. 3. The deconvolution and segmentation process of micro-CT scan.

To estimate the deviation between the reference scaffold model and the
segmentations of the obtained micro-CT scans, 3D Geomagic Control X
(3D Systems, USA) software was used. The superimposition of reference and
tomographic models was done with transform alignment using a manual
N points method followed by best-fit alignment.
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3.9. STEM CELL ISOLATION

DPSC were isolated from the dental pulp of incisors of 3 months old three
Wistar rats (n = 4 pulp samples in each extraction). Cell isolation and
characterization were performed, as previously described . Briefly, dental
pulp samples were washed several times with IMDM supplemented with 100
ug/mL Primocin and mechanically minced into <1 mm? fragments, which
were transferred to the digestive solution (0.5 % collagenase type 1, 0.3 %
hyaluronidase, 0.25 % trypsin, and 0.02 % EDTA) and were shaken for 30—
45 min at 37°C. Later on, IMDM supplemented with 10 % PBS and antibiotic:
(penicillin — 100 U/mL, streptomycin 100 mg/mL), referred as growth
medium (GM), was added and centrifuged twice at 1500 rpm for 10 min
(CL10 centrifuge Thermo Scientific). The supernatant was removed, and the
cells were seeded in GM. When cell monolayers reached 70-80 % confluence,
it was dispersed and CD44-positive cells were extracted using magnetic beads
coated with antibodies against the CD44 antigen. This separation procedure
was performed according to BioLab's magnetic beads recommendations using
the KingFisher™ mL (Thermo Scientific) purification system. Cells used in
the experiments were up to 12 passages. Cells were cultivated in IMDM
supplemented with 10 % FBS and antibiotics: penicillin — 100 U/mL,
streptomycin 100 mg/mL at 37°C, 5 % CO2 environment.

3.10. PRODUCTION OF CELLULARIZED AND
DECELLULARIZED SCAFFOLDS

The production of cellularized and decellularized scaffolds was
prepared according to a previous in vitro study “%. For the production of
scaffolds, DPSC were seeded on PLA, PLA/HA, and PLA/BG scaffolds at a
density of 4000 cells/cm? and grown in an osteogenesis-inducing medium
composed of GM enriched with 50 nM dexamethasone, 25 pug/mL ascorbic
acid, and 10 mM B-glycerophosphate. The medium was changed every
second/third day for 21 days (Fig. 4).
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Fig. 4. The typical findings of osteogenically differentiated DPSC grown on the
scaffolds for 21 days. Red colour depicts calcium deposits in cells formed ECM
(stained with Alizarin Red S): A — PLA scaffold; B — PLA/HA scaffold; C — PLA/BG
scaffold.

After this differentiation period, cellularized scaffolds were directly used
for Wistar rats' bone defect regeneration. Decellularized scaffolds were
produced from cellularized ones. For this purpose, cells grown on scaffolds
were washed twice with PBS and then frozen at —80°C. Afterwards, scaffolds
were allowed to defrost and washed with deionized water, then frozen again.
In summary, 5 freeze-thaw cycles with deionized water washing were
performed. Then scaffolds were incubated in 25 mM NH.OH for 20 min to
wash out any remaining DNA. Finally, scaffolds were washed six times with
deionized water, and then they were ready for use in surgery.
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3.11. ANIMALS

Forty-eight four months old Wistar rats (approximate weight 300 g) were
used in the research. Approval of the Ethics Committee and permission for the
experimentation were received from the State Food and Veterinary Service of
Lithuania, No G2-40, 2016-03-18 (S 1). Wistar rats were obtained by
inbreeding from the Department of Biological Models at Vilnius University,
Life Sciences Center, Institute of Biochemistry (Vilnius, Lithuania). The
animal experiments were carried out on the same premises. The sample size
was calculated with the Gpower software (one-way ANOVA test with a priori
analysis: o —0.05, power 0.8, effect size f —0.75). There were four female and
four male animals in each group (8 animals per group). During the whole
experimental period, the rats were kept in a monitored environment (21°C;
12:12 h light cycle) and received a standardized diet and water ad libitum.

The in vivo study was performed in two stages. First of all, the influence
of the six samples of different materials on new bone formation in a critical-
sized defect model was investigated (Fig. 5). Negative and positive (Bio-Oss)
controls were allocated to the first group, PLA and PLA/HA scaffolds —to the
second, PLA2 and PLA/BG - to the third.

IN VIVO STUDY DESIGN

+ Evaluation of the samples on bone regeneration in a
critical-size defect model

» | goup: Negative control and Bio-Oss
* |l group: PLA and PLA/HA scaffolds
« 1l group: PLA2 and PLA/BG scaffolds

Evaluation of the bone regeneration in a critical-size defect
model after the enhancement of the scaffolds with DPSC
and their ECM

* IV goup: PLADPSC and PLAECM
* V group: PLA/HADPSC and PLA/HA ECM
* VI group: PLA/BG DPSC and PLA/BG ECM

L%

Fig. 5. The explanation of the two stages of the in vivo research.

Afterwards, PLA, PLA/HA, and PLA/BG scaffolds were enhanced with
DPSC, and their produced ECM and their influence on bone regeneration was
evaluated. PLA cellularized with DPSC, and PLA ECM scaffolds formed the
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fourth group, PLA/HA DPSC and PLA/HA ECM - the fifth, and PLA/BG
DPSC and PLA/BG ECM - the sixth group.

3.12. SURGICAL PROCEDURES

Animals were anaesthetized with an intraperitoneal injection of
Ketamine hydrochloride (100 mg/mL; Rotex Medica GMBH, Tritau,
Germany) 2.4 mL/kg and Xylazine (2 %; Alfasan, Woerden, The Netherlands)
5 mg/kg. The dorsal part of the cranium was shaved and aseptically prepared
with Octenidine dihydrochloride (Octenisept, Schiilke & Mayr GmbH,
Germany). Local anaesthesia was done by injecting 0.25 mL of 2 % lidocaine
(20 mg/mL; Baxter Holding B.V., Utrecht, the Netherlands) subcutaneously
along the sagittal midline of the skull. One vertical incision was made in the
middle of the posterior part of the cranium, and a full-thickness flap was
reflected to expose the parietal and frontal bones (Fig. 6 A). The 5.5 mm
circular critical size defects (2 per animal) with at least 1.5 mm bone bridge
between them were made with a calibrated trephine burr (Hager & Meisinger
GmbH, Germany) mounted on a contra-angle and irrigated with saline
solution (Fig. 6 B). Scaffolds were randomly implanted as inlay-onlay grafts
at the defect sites in all groups (Fig. 6 C, E). After implantation, the flap was
closed, and the periosteum and skin were sutured with resorbable sutures
(Vicryl 5/0, Ethicon®, Johnson&Johnson, Amersfoort, the Netherlands)
(Fig. 6 D).
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|:> Placement of
the samples in
the group
g | 2
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Fig. 6. Surgical procedure: A — surgical site; B — two 5.5 mm circular defects; C —
implanted PLA and PLA/HA scaffolds; D — sutured wound; E — scheme of sample
position variation in the skull of one group. A and B mean the identification of the
samples in the group. | group: A — negative control, B — Bio-Oss; Il group: A — PLA,
B —PLA/HA; Il group: A—PLA2, B —PLA/BG scaffolds; IV group: A—PLA DPSC,
B — PLA ECM; V group: A — PLA/HA DPSC, B — PLA/HA ECM,; VI group: A —
PLA/BG DPSC, B — PLA/BG ECM.

After the surgery, the rats were transferred to the cages and housed singly
for eight weeks. The first dose of Buprenorphine HCI 0.01 mg/kg (0.3 mg/mL,;
Richter Pharma AG, Wels, Austria) was given 3 hours after the surgery
subcutaneously and then two times per day, three days for postoperative
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analgesia. After eight weeks, specimens were harvested and were immediately
fixed in 10 % (v/v) neutral buffered formalin. The defects were evaluated by
micro-computed tomography and histological analysis.

3.13. MICRO-CT ANALYSIS IN VIVO

Micro-CT analysis in vivo was carried out in the Prof. K. Barsauskas
Ultrasound Research Institute, Kaunas University of Technology (Kaunas,
Lithuania). X-ray 3D computer tomography device RayScan 250 E (RayScan
Technologies GmbH, Germany) with 10 — 230 kV microfocus X-ray source
was used to evaluate bone defect regeneration. In order to collect 3D data of
investigated objects, the X-ray source irradiates the test object with the cone
beam, and a 2D image at the flat panel detector with 2048x2048 pixels is
recorded (Fig. 7). During each measurement, the object was rotated, and 1800
projections were acquired at a 100 kV voltage and 200 pA current with the
666 ms integration time. As a result, a voxel size of 20 um was achieved.

Computer x-ray computed Data acquisition

tomograph RaySc
<::> mograph RayScan <

Manipulator

Test object

Rotation

230kV x-ray source Detector

Fig. 7. The experimental set-up for X-ray computed tomography

The dimensional analysis was carried out with Avizo for Industrial
Inspection 9.70 (FEI-SAS, Thermo Fischer Scientific Inc.) software. A special
algorithm was developed for the regenerated bone volume calculation from
the CT data. Regenerated skull bone calculation algorithm includes finding
the perpendicular vector to the trepanation zone plane. Then parallel to this
vector, the 5.5 mm diameter zone is cut using a cylindrical template, and later
for analysis, only the material limited inside this cylinder was used. It includes
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soft tissues, new bone, and artificial implants used to improve the bone
regeneration process. These three material groups differed by their density and
were separated using this parameter. Soft tissue and PLA grey values lay up
to 20 000, new bone values are from 20 000 to 44 000, and Bio-Oss, HA, and
BG values are above 44 000. Knowing these values allows the calculation of
voxel count. According to their value, voxels were attributed to one of three
groups. Later, each group's voxel sum is multiplied by the voxel volume,
which produces the cut region's overall material volume. Based on the micro-
CT results, bone volume (mm?) of the regenerated bone was calculated.

3.14. BONE HISTOLOGICAL ANALYSIS

After micro-CT analysis, bone specimens were decalcified in 10 %
EDTA — 10 % formalin solution, pH 7.0 — 7.4 (Laboratory of National Center
of Pathology, Vilnius, Lithuania) for two weeks. Slices were obtained from
the central part, 1.3 mm and 2.6 mm apart from the centre of each healed bone
defect, embedded in paraffin, sectioned longitudinally into five histological
sections (3 pum thick) and stained with hematoxylin and eosin stains. The
stained preparations were examined under a light microscope (Olympus
BX41TF, Olympus Optical Co. LTD, Japan), and the entire section was
evaluated for qualitative analysis: new bone, connective tissue, presence of
lymphocytes, foreign body reaction. Images were obtained of each section
with ScanScope XT (Aperio, USA). The new bone area in the defect site was
determined as the bony area (mm?) using the software Aperio ImageScope
(Leica Biosystems Imaging, USA).

3.15. STATISTICAL ANALYSIS

For data analysis and presentation, RStudio 1.1.453 statistical analysis
software (RStudio, USA) was used. Five independent samples were used for
SEM experiments and 22 for micro-CT in vitro experiments. The Shapiro-
Wilk test and Levene’s test were first performed to check the normality and
equal variance assumptions of the data. Data are presented as mean =+ standard
deviation. One-way ANOVA parametric statistical analysis was used for the
evaluation of in vitro results. Differences between groups were evaluated by
performing the Tukey post hoc test. Statistically significant differences in vivo
between the gender groups were determined using a t-test, between the sample
groups — one-way analysis of variance (ANOVA) and Tukey post-hoc test.
Differences were considered statistically significant when the p-value was
<0.05.
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4. RESULTS
4.1. OVERALL

PLA filament was created from PLA beads, and composite filaments
were prepared by mixing PLA beads with HA or BG at a ratio of 9:1 using a
desktop extruder (Filabot Original). The research used two FFF 3D printers —
Ultimaker Original and Pharaoh XD 20 to print the same STL files. 3D micro-
structured weaves with threads rotated at an angle of 60° were printed
(Fig. 8).

1 mm 1 mm

1 mm

1 mm 1 mm

Fig. 8. The top views of the 3D printed scaffolds obtained with SEM, threads are
rotated at 60° angle: A — PLA, B —PLA1, C—-PLA2, D - PLA/HA, E - PLA/BG.
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Thermogravimetric analysis revealed that the mean amount of HA in the
composite PLA/HA filament was 10.43 % =+ 0.03 (data not shown). PLA,
PLA/HA, PLA/BG scaffolds cellularized with DPSC and PLA ECM,
PLA/HA ECM, PLA/BG ECM scaffolds were prepared according to a
previous in vitro study “®. All animals survived for the duration of the study
without complications. There were no clinical signs of infection, hematoma,
or necrosis at the defect sites at eight weeks. The scaffolds were stable and did
not move from the created defects.

4.2. IN VITRO RESULTS

4.2.1. Scanning electron microscopy evaluation

Printed scaffolds were analyzed with SEM. Several dimensions were
evaluated: the height of layers, the distance between the threads, and scaffold
height. The heights of scaffold layers made with the Ultimaker Original 3D
printer varied the most. The means and deviations of the thickness of each
layer in different groups are represented in Fig. 9.
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Fig. 9. Box plot of heights of scaffold layers. The black horizontal line marks the
theoretical dimension of the prepared layer — 400 um. *, ** and *** mark the
statistically significant differences between the groups: p < 0.05, p < 0.01 and
p < 0.001 respectively.
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The bottom layers of PLAL scaffolds were compressed, ranging from 250
to 400 um (layers 3 and 4), and the top ones were more dispersed, ranging
from 500 to 600 um (layers 1 and 2). The Pharaoh XD20 3D printer
compressed only the fourth layer (ranging from 270 to 370 um) of the PLA
scaffolds and dispersed the rest of the layers. However, this effect wasn’t seen
in the PLA2 and composite scaffolds. The evenest layers were printed with
the Pharaoh XD20 3D printer from the PLA/BG filament. There was no
statistically significant difference between the printed layers in the PLA/BG
scaffolds.

The means of the distances between the threads in PLA (328 um) and
PLA1 (335 um) groups were lower than 400 pm (Fig. 10).
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Fig. 10. Box plot of distance between scaffold threads. The black horizontal line
marks the theoretical dimension of the distance between scaffold threads — 400 um.
* ** and *** mark the statistically significant differences between the groups:
p <0.05, p<0.01 and p < 0.001 respectively.

The distances between the threads of these two groups statistically
significantly differed from the PLA2, PLA/HA, PLA/BG scaffolds, and
theoretical distance between the threads gained from the STL file. The
Pharaoh XD20 printer laid threads more accurately in PLA2 and PLA/HA
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scaffolds. However, there was a statistically significant difference between
PLA/BG and the rest of the scaffolds and the theoretical distance between the
threads gained from the STL file. Interestingly, composite filaments affected
the distance between threads that deviated from the STL model more than in
the group of scaffolds printed with PLA filament (PLA2).

Despite the considerable variation in layer heights, both the
Ultimaker Original and Pharaoh XD 3D printers produced similar heights of
scaffolds while printing with PLA, PLAL, and PLA2 filaments (Fig. 11).
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Fig. 11. Scaffolds heights. The black horizontal line marks the theoretical dimension
of the scaffold height — 1600 pm. *, ** and *** mark the statistically significant
differences between the groups: p < 0.05, p < 0.01 and p < 0.001 respectively.

PLA/HA and PLA/BG scaffolds' height significantly differed from PLA,
PLAL, and PLAZ scaffolds. Nonetheless, the height of PLA/HA and PLA/BG
scaffolds deviated the least from the STL model. Thus, SEM results indicate
that the Pharaoh XD20 3D printer was more accurate while printing composite
scaffolds in separate layers and the overall height of the scaffolds.
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4.2.2. Porosity evaluation

The theoretical assessment of P (total porosity) was 48 %. Gravimetric
and liquid displacement methods showed that the average P of printed

PLA/HA scaffolds had the closest value to the original STL model: 48.15

% + 0.01 and 50.6 % + 0.06 accordingly (Fig. 12).
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Fig. 12. The average total porosity of the scaffolds (%) for different analysis
techniques compared with theoretical porosity — 48 %.

Although P of PLA1 and PLA2 scaffolds deviated more from the STL
file, there were no statistically significant differences found between scaffold

groups (p > 0.05) or between the porosity of scaffolds and the porosity of the
original STL file (p =0.64 and p = 0.31).

4.2.3. Micro-ct evaluation in vitro

The material volume of the original STL file was calculated to be 753.23
mm?3. Micro-CT and superimposition analysis showed that the mean volume
was 1057.32 + 87.46 mm?® in the PLAL group, 956.37 + 34.21 mm?3 in the
PLA2 group, 960.19 + 114.54 mm?® in the PLA/HA group (Fig. 13).
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Fig. 13. The volume of the scaffolds (mm?3) micro-CT and superimposition results.
The black horizontal line marks the theoretical dimension of the volume of the
scaffolds — 753.23 mm3. *, ** and *** mark the statistically significant differences
between the groups: p < 0.05, p < 0.01 and p < 0.001 respectively.

The means of all scaffold groups differed from the volume of the original
STL file (p <0.05). The difference in volume was statistically significant
between the PLAL and PLA2 (p < 0.001) groups and the PLAL and PLA/HA
groups (p < 0.01). Onthe other hand, no statistically significant difference was
found between the PLA2 and PLA/HA scaffold groups (p > 0.05).

4.3. IN VIVO RESULTS
4.3.1. Micro-ct evaluation in vivo

The acquired micro-CT data was processed using a developed algorithm
to determine the volume of bone formation in the regions of interest. The
images from the micro-CT after eight weeks of healing are shown in Fig. 14
and 15.
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Fig. 14. Processed micro-CT images of stage 1 groups were taken with an X-ray 3D
Computer tomograph RayScan 250E. A, B — Negative control (purple) and Geistlich
Bi0o-Oss® (blue). C, D — PLA (blue) and PLA/HA (purple) scaffolds. E, F — PLA/BG
(blue) and PLAZ2 scaffolds (purple).
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Fig. 15. Processed micro-CT images of stage 2 groups were taken with an X-ray 3D
Computer tomograph RayScan 250E. A, B — PLA DPSC (purple) and PLA ECM
(blue). C, D — PLA/HA ECM (blue) and PLA/HA DPSC (purple) scaffolds. E, F —
PLA/BG ECM (blue) and PLA/BG DPSC scaffolds (purple).

Micro-CT evaluation showed that the best results were achieved with
PLA/BG (6.27 + 1.58 mm?®) and PLA/BG ECM (5,34 £+ 0.59 mm?®) groups
(Fig.16).
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Fig. 16. In vivo micro-CT results. Box plots representing newly formed bone volume
(BV, mm?), according to sample groups. *, ** and *** mark the statistically
significant differences between the groups at p < 0.05, p < 0.01 and p < 0.001,
respectively.
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Micro-CT evaluation showed a statistically significant difference
between PLA/BG and all other tested samples, except PLA/BG ECM group.
There was no statistically significant difference between PLA/BG ECM,
PLA/HA ECM, and PLA ECM groups (p > 0.05). However, PLA/BG ECM
showed statistically significantly better results than Negative control, PLA2,
PLA, PLA/HA, PLA/HA DPSC, and almost PLA DPSC (p = 0.09). PLA and
PLA/HA scaffolds improved with DPSC, or their produced ECM showed an
improvement in gained new BV; however, no statistically significant
difference was found.

Further results were analysed according to the in vivo stages, comparing
the results between the groups in genders and between the genders (Fig. 17
and 18).
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Fig. 17. Stage 1 micro-CT results. Box plots representing newly formed bone volume
(BV, mmd), according to sample groups and gender. *, ** and *** mark the
statistically significant differences between the groups at p < 0.05, p < 0.01 and p <
0.001, respectively. #, ## and ### mark the statistically significant differences
between the gender in the same sample group at p < 0.05, p < 0.01, and p < 0.001,
respectively.

A statistically significant gender-specific difference was detected only in
the PLA2 group (p < 0.001) (Fig. 17). New bone volume formed in the created
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critical-size defects of the PLA/BG group was statistically higher than all
other sample groups in Stage 1 in both genders. A statistically significant
difference was found between the Bio-Oss group and all other sample groups,
except PLA/BG group in females.

A statistically significant gender-specific difference was detected in the
PLA DPSC and PLA/HA DPSC groups (p <0.05) in Stage 2 investigation
(Fig. 18). More new BV was statistically significantly gained in males in these
two groups. PLA/BG ECM gained the most significant new bone volume in
Stage 2 investigation compared to PLA DPSC, PLA/HA DPSC, and PLA/HA
ECM groups in females. There was no statistically significant difference
between the tested groups in Stage 2 in males. Scaffolds improved with ECM
showed better results than scaffolds improved with DPSC, except the PLA
group in males. However, no statistically significant differences were found
between the same scaffold DPSC and ECM groups.
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Fig. 18. Stage 2 micro-CT results. Box plots representing newly formed bone volume
(BV, mmd), according to sample groups and gender. *, ** and *** mark the
statistically significant differences between the groups at p < 0.05, p < 0.01 and
p < 0.001, respectively. #, ## and ### mark the statistically significant differences
between the gender in the same sample group at p < 0.05, p < 0.01, and p < 0.001,
respectively.
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4.3.2. Qualitative bone histological analysis

The histological slides were obtained in cooperation with researchers from
the National Center of Pathology, Affiliate of Vilnius University Hospital
Santaros Klinikos, Lithuania. The histological slides for all groups after eight
weeks of healing are shown in Fig. 19 and 20.

Fig. 19. Histological sections of the calvarial bone at the eighth week of healing
(hematoxylin and eosin staining). The sections are taken at the centre of the defect
(5.5 mm). The left sides of the sections are shown for the typical findings of the
samples for both genders in Stage 1 groups. NB — newly formed bone, B — Bio-Oss,
C — connective tissue, S — scaffold (original magnification 2x). A — Negative control;
B — Bio-Oss particles. C — PLA2 group; D — PLA group; E — PLA/HA; F — PLA/BG
scaffolds.
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Fig. 20. Histological sections of the calvarial bone at the eighth week of healing
(hematoxylin and eosin staining). The sections are taken at the center of the defect
(5.5 mm). The left sides of the sections are shown for the typical findings of the
samples for both genders in Stage 2 groups. NB — newly formed bone, C — connective
tissue, S — scaffold (original magnification 2x). A — PLA DPSC; B — PLA ECM; C -
PLA/HA DPSC; D — PLA/HA ECM; E - PLA/BG DPSC; F — PLA/BG ECM
scaffolds.
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Histologically, the analysed biopsy contained connective tissue, residual
grafting material, and newly-formed bone. None of the defects of all groups
was wholly healed after eight weeks (Fig. 19 and 20). The formation of thin
connective tissue was observed up to 0.3 mm in the negative control group
(Fig. 19 A). The connective tissue thickness varied from 1.0 mm to 2.0 mm
in the other sample groups of both stages (Fig. 19 B — F, 20). Lymphocytes
were found mainly in the PLA and PLA2 groups (Fig. 19 C, D). More new
bone was forming towards the centre of the defect in the negative control
group than in other sample groups (Fig. 19 A). However, the layer of the new
bone was thinner, varying in thickness from 0.1 to 0.3 mm. The new bone
formed a thicker layer ranging from 0.3 mm to 1.0 mm in the other sample
groups, but it was less developed towards the centre of the created defects
(Fig. 19 B — F, 20). Some sections of PLA/BG, PLA/HA DPSC, PLA/HA
ECM, PLA/BG DPSC, and PLA/BG ECM scaffolds showed bridged new
bone formation from one side to another with ingrowth between the scaffold
layers (Fig. 19 F, 20 C — F). Furthermore, the new bone islands were found in
the centre of defects of the Bio-Oss, PLA/HA ECM, PLA/BG ECM scaffolds.
(Fig. 19 B, Fig. 20 D, F). These new bone islands formed separately from the
newly formed bone at the defect edges.

4.3.3. Quantitative bone histological analysis

Histological evaluation showed that the best results were achieved with
Bio-Oss (3.75 = 0.6 mm?), PLA/BG DPSC (3.9 +0.34 mm? and PLA/BG
ECM (3.86 + 0.27 mm?) groups (Fig. 21). Statistically significant difference
was found between those three groups and Negative control, PLA2, PLA,
PLA DPSC, PLA ECM, and PLA/HA groups. PLA/BG (3.60 + 0.31 mm?)
showed a statistically significant difference with the sample groups mentioned
earlier, except PLA/ECM scaffold group. PLA/HA ECM showed statistically
significantly better results than Negative control, PLA2, PLA, PLA DPSC,
and PLA/HA groups.
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Fig. 21. Quantitative bone histological analysis results of the area (mm?) of newly
formed bone according to sample groups. *, ** and *** mark the statistically
significant differences between the groups at p < 0.05, p < 0.01 and p < 0.001,
respectively. #, ## and ### mark the statistically significant differences between the
gender in the same sample group at p < 0.05, p < 0.01 and p < 0.001, respectively.
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Further results were analysed according to the in vivo stages, comparing
the results between the groups in genders and between the genders (Fig. 22
and 23).
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Fig. 22. Stage 1 quantitative bone histological analysis results of the area (mm?) of
newly formed bone according to sample groups and gender. *, ** and *** mark the
statistically significant differences between the groups at p < 0.05, p < 0.01 and p <
0.001, respectively. #, ## and ### mark the statistically significant differences
between the gender in the same sample group at p < 0.05, p < 0.01, and p < 0.001,
respectively.

Histological evaluation showed no significant gender-specific
differences in new bone formation of negative control and Bio-Oss groups
(p > 0.05) (Fig. 22). However, gender-specific differences were found in all
experimental groups. Moreover, Bio-Oss and PLA/BG showed statistically
significantly more new bone areas than all other tested groups in females. On
the other hand, there was no statistically significant difference between
PLA/BG and PLA/HA groups in males.
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Fig. 23. Stage 2 quantitative bone histological analysis results of the area (mm?) of
newly formed bone according to sample groups and gender. *, ** and *** mark the
statistically significant differences between the groups at p < 0.05, p < 0.01 and p <
0.001, respectively. #, ## and ### mark the statistically significant differences
between the gender in the same sample group at p < 0.05, p < 0.01, and p < 0.001,
respectively.

Histological evaluation showed no significant gender-specific
differences in new bone formation of PLA DPSC and PLA ECM groups
(p>0.05) (Fig. 23). However, gender-specific differences were found in
PLA/HA, and PLA/BG scaffold groups improved with DPSC and ECM.
Although no statistically significant differences were found between the
sample groups in females, some results were close to significance.
PLA/HA ECM, PLA/BG DPSC, and PLA/BG ECM showed statistically
significantly more new bone areas than PLA DPSC and PLA ECM groups in
males. In addition, PLA/HA DPSC group showed statistically significantly
more new bone area than the PLA DPSC group in males.
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5. DISCUSSION
5.1. IN VITRO RESULTS

The restoration of bone defects remains one of the most challenging bone
grafting surgeries in various fields of medicine: neurosurgery, orthopaedics,
oral and maxillofacial surgery specialities . However, bone tissue
engineering is a new and promising treatment strategy 2%2. Bone is a
mineralized connective tissue 4 with a highly specialised organic-inorganic
architecture classified as micro and nanocomposite tissue 2%, It is known that
the mechanical properties of bone depend on its composition (porosity,
mineralization, etc.) and structural organization (trabecular or cortical bone
architecture, collagen fibre orientation, fatigue damage, etc.) 2. It is,
therefore, essential to mimic these bone properties when creating scaffolds for
bone regeneration or replacement. Various bone augmentation techniques are
based on understanding how the bone heals and regenerates after injury. Direct
bone healing occurs if a correct anatomical reduction of the fracture ends and
a stable fixation %7, If the gap between bone ends is less than 0.01 mm and
interfragmentary strain is less than 2 %, the fracture unites by so-called contact
healing. Gap healing occurs if the gap is less than 800 pm to 1 mm 477,
Therefore, the accuracy of the 3D printing of bone scaffolds is critical since
the scaffold needs to match the defect's shape closely.

First of all, two FDM 3D printers were chosen for this research: an
Ultimaker Original and a Pharaoh XD 20. According to the specifications,
both printers are compatible with PLA filaments. The ultimate layer resolution
of the Ultimaker Original printer is 20 to 200 um “%®, Filaments with a
2.85 mm diameter are used with this printer. The ultimate layer resolution of
the Pharaoh XD 20 printer is 100 um “%®, and it uses 1.75 mm diameter
filaments for printing. Therefore, we decided to check the printing accuracy
of these two 3D printers using the same printing parameters from the same
company‘s filaments before fabrication of custom-made filaments. The
printing accuracy and morphology of the scaffolds were assessed by SEM,
gravimetric and liquid displacement methods, and micro-CT evaluation. SEM
results showed that it was challenging to produce even layers at 400 um with
an Ultimaker Original printer. On the other hand, the Pharaoh XD 20 printer
laid threads with industrial PLA filament (PLAZ2 group) more accurately than
the Ultimaker Original (PLA1 group). Moreover, the distance between the
threads was maintained more accurately to original STL file dimensions in the
PLA2 group and statistically significantly differed from the PLAL group.
Although the total porosity of the scaffolds showed no statistically significant
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difference between the two groups or compared to original STL file porosity,
PLAZ2 scaffolds showed more considerable porosity. Furthermore, micro-CT
evaluation showed a statistically significant difference in volume between the
PLAL and PLAZ2 groups.

These statistically significant differences between two FDM 3D printers
could have occurred due to different hardware or software. Moreover, the
Pharaoh XD printer had an automatic calibration for keeping a more accurate
distance between the printing head and bed. It is known that automatic
levelling improves bed adhesion and printing accuracy. However, some
manual adjustments sometimes need to be done #°, Slicer 1.2.8 software was
used with the Pharaoh XD 20 printer and Ultimaker Cura 3.6 software with
the Ultimaker Original printer. Although there is no statistically significant
evidence among the two software used in the research, there is evidence that
different slicer software can generate different results from the exact initial
specifications “!*. According to the results of this study, it was decided to
create custom-made 1.75 mm diameter filaments with HME and print the
experimental scaffolds with the Pharaoh XD 20 printer.

HME is one of the most widely applied processing technologies in the
plastic, rubber, food, and pharmaceutical industries 2. This method was
recently introduced as an alternative technique for filament preparation in
bone regeneration applications “2. The Filabot Original extruder system
produced composite filaments from PLA with approximately 10 % HA or
10 % BG concentrations. The distributions of the HA and BG in the composite
filaments were controlled through thorough manual mixing and selecting the
similar size of HA or BG and PLA particles. 10 % concentrations of inorganic
materials in the composite filaments were chosen because lower
concentrations of HA can be considered too low to have measurable effects
on the outcome with the cell cultures in vitro or bone regeneration in vivo.
According to the literature, a 10 % concentration of HA improves new bone
formation in vitro and in vivo 2, Although a concentration of 5 % BG in the
composite filaments showed ectopic bone formation 2%, positive effect on
vascularisation 277, or extracellular matrix mineralization 28, it was believed
that 10 % of BG might increase these effects. Moreover, higher concentrations
(15 %, 20 %) were also produced in this research. However, they resulted in
a less controllable extrusion process, and the filaments turned out to be too
brittle for fabrication with FDM 3D printers. In addition, the diameters of the
prepared filaments through all their lengths varied (PLA —from 1.67 to 1.75
mm, PLA/HA — from 1.28 to 1.45 mm, PLA/BG — from 1.6 to 1.75 mm). It
was observed that the middle portions of the created filaments resulted in
having minor deviations in diameter and were adequate to produce the
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experimental specimens. However, according to the literature, varying
filament diameters can cause severe complications during extrusion. Still, it
remains debatable whether minor deviations in diameter can affect the 3D
printing result and the morphology of the created scaffolds *°.

The PLA group was printed first and evaluated with SEM. It was noticed
that uneven layers were laid, and the results were similar to the PLA1 group.
According to the achieved results, the Pharaoh XD 20 printer parameters (bed
levelling, first layer height) were adjusted before printing the scaffolds from
PLA/HA and PLA/BG filaments. Afterwards, the evaluation with SEM was
done to compare the composite scaffolds with PLA groups. According to SEM
results, scaffolds printed from PLA/HA and PLA/BG filaments showed equal
or even better accuracy in printing layers and scaffold heights than all PLA
groups. Interestingly, SEM images showed that PLA/BG scaffolds laid the
evenest threads with no statistically significant difference between the layers.
Possibly, this effect helped to maintain the most extended distances between
threads in PLA/BG scaffolds. Moreover, theoretical porosity could be counted
for PLA/BG scaffolds because it displayed the threads evenly, and the
deviation of distance between threads was minimal. For this reason,
gravimetric and liquid displacement methods, micro-CT evaluation were not
performed for PLA/BG scaffolds.

The further morphological analysis compared PLA/HA scaffolds with
the PLA2 group because PLA/HA scaffolds were the most difficult to print
due to the filament brittleness and most varying diameter. Moreover, SEM
images showed statistically significant differences between the different
layers of the PLA/HA scaffolds. Therefore, it was essential to find the total
porosity and volume of PLA/HA scaffolds because it could affect the results
in vivo. Despite the difficulties in printing the scaffolds, porosity evaluation
showed that PLA/HA scaffolds achieved 48 —50 % of the average total
porosity and showed the closest values to the original STL model compared
to the PLAZ2 group. The research in the literature confirms that 50 % porosity
in the scaffolds induces cell proliferation and migration and positively
influences bone regeneration %2, Additionally, micro-CT results showed that
PLA2 and PLA/HA scaffolds printed with the Pharaoh XD 20 printer
displayed accurate 3D morphology. However, the volumes of the scaffold
groups were not equal to the volumes of the original STL files.

Overall, HME was confirmed to be a valuable tool to create custom-made
composite filaments. However, further research is needed to improve the
uniformity of the diameter of the filaments. This goal could be achieved by
employing smart filament extruders with online diameter control, which
measures the filament diameter and adjusts the extrusion parameters
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accordingly (temperature, speed, etc.). It is difficult to say which of these
parameters (varying diameter or filament composition) had a more significant
effect on the final morphology of the scaffolds. We think composite filaments
had a higher specific heat capacity and cooled slower because of the HA and
BG. The viscosity of the composite filaments was also higher. Presumably,
this allowed to lay the threads more evenly and get more accurate volumetric
dimensions (better representing the production STL file) than the PLA groups.
Furthermore, we suggest that 10 wt% of HA and BG could increase
mechanical properties and enhance dimensional stability before setting the
material. This effect was reported with 15 wt% of HA added in PLA/HA
filament *4. In the literature, a positive effect of 10 wt% of HA on the
stiffness, tensile strength and modulus, flexural strength, and modulus was
also confirmed %7. Additionally, various studies confirmed the positive
outcome of the BG in the composite scaffolds on compressive strength 277278,
tensile strength with 4 wt% of BG 27, ultimate loading with 20 wt% of BG 26,
elastic modulus with 9 wt% of BG 2,

Several techniques (SEM, gravimetric and liquid displacement methods,
micro-CT) were obtained to get more accurate imaging of the scaffolds in this
research. SEM enables qualitative assessment of the scaffolds’ surface
morphology but not an internal structure 6. Thus, other techniques to assess
3D morphology are also needed. In addition, total porosity was analysed with
gravimetric and liquid displacement methods. According to the literature, the
interconnected porosity of the scaffold and pore size are essential to measure
for reproducible and predictable scaffold properties and optimal scaffold
functions, such as mechanical support, the transportation of nutrients and
oxygen, cell growth and proliferation, and the removal of waste 262492,
Furthermore, studies show that micro-CT could improve the efficiency of in
vitro testing because numerous parameters like pore shape, pore size, layer
thickness, even closed pores, scaffold volume could be counted. However, the
recommended micro-CT scanning resolution should vary from 1 to 50 pum 6,
Since the Skyscan 1178 micro-CT had a relatively low scanning resolution,
the micro-CT scan images were additionally processed using digital image
processing methods to get sharper images. Low scanning resolution could
affect the precision of volume measurement, but it was a valuable tool to
compare the 3D morphology of different scaffolds.

The results achieved from assessing the scaffolds' accuracy and
morphology helped better understand the 3D printing process. The critical
message based on this study is that the dimensions and morphology of the 3D
printed scaffolds can differ from the original STL file. Thus, it may be very
important in medical applications, e.g.,visual-tactile aids for surgery
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preplanning, anatomically-matched surgical guides, or patient-specific
implants %°, Therefore, we recommend checking the first-time 3D printed
product's measurements and final morphology and comparing the results with
the original STL file. If differences in the measurements occur, an STL file
should be adopted to get a more accurate final product, especially for medical
applications 47

5.2. INVIVO RESULTS

Bone regeneration is a complex process where new biomaterials play a
pivotal role in filling bone defects and restoring the bone's functions *.
Recently, several studies showed that 3D printed composite bone scaffolds are
among the most promising bone grafting strategies *'4. However, their
efficiency should be evaluated through reliable and comparable methods
before adopting them in clinical practise 6. In addition, some standardised
assessments of biomaterials like cytotoxicity, biocompatibility, biological
activity, the immunogenicity of specific compounds, mechanical and
morphological properties may be successfully evaluated in vitro 7418, In this
study, after successfully printing PLA, PLA/HA and PLA/BG scaffolds,
further evaluation with cell cultures in vitro was done by Milda Alksne 334400,
When the screening of the biomaterials in vitro was finished, promising
candidates were further evaluated in vivo to assess the material/host
interaction and the regenerative efficacy.

The rodent models are well described in the literature, highly
reproducible and broadly used in similar studies studying bone healing and
regeneration *'7. In this study, Wistar rats were chosen and obtained by
inbreeding because they were relatively inexpensive, easy to house and
manipulate. Inbred animals are genetically similar and respond to external and
internal stimuli similarly, allowing for a more reliable evaluation of new bone
regeneration strategies “*’. Additionally, the usage of homozygous animals
reduced the number of rats for DPSC isolation and production of cellularized
and decellularized scaffolds. Furthermore, bone regeneration was estimated
equally in male and female rats in this study. Literature showed that female
rats have lower regenerative capacity than males due to lower mesenchymal
stem cell numbers found in their bone marrow ##. Equality of the animal
gender in the sample groups is also crucial because males become larger than
females in neurocranial length and width measurements at 120 days “°. Thus,
the results of bone regeneration could be affected because of different animal
growth.
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The femora, spine, mandible and calvarium of the rodents are the most
often used anatomical sites to investigate bone regeneration %°, The primary
goal of this research was to evaluate the bone regenerative potential of the
created scaffolds for the treatment of oral and maxillofacial region bone
defects. Therefore, the mandible and calvarium critical-size defect models
were of interest in this study because they were suitable for investigating
intramembranous bone formation 4°, Although the mandibular defect model
showed the potential to be used in this research, significant disadvantages of
this defect model were poor visibility, complex handling during surgical
procedures, the risk to damage important adjacent anatomical structures (nasal
bones, sinus, veins, and arteries) “?*. Moreover, studies showed that the
operated animals might be in severe pain and unable to feed after the surgery,
significantly affecting the healing results .

Meanwhile, the calvarial critical-size defect model allows researchers to
test the bioactivity of different materials (granular, bulk or scaffold) and
compare the results with existing data “’. This aspect was essential for
choosing a calvarial site in this study because Bio-Oss was a granular bone
substitute and the created samples were scaffolds. Furthermore, calvarial
surgery is easy to perform, as there is no need for external fixation of the
biomaterials. The evaluation of the healing process is done by micro-CT and
bone histological analysis . On the other hand, it is impossible to test the
performance of the biomaterial under physiological mechanical loads or
interactions with implant surfaces “?2. However, considering all advantages
and disadvantages of the models, the calvarial model was suitable for in vivo
investigation of bone regeneration for craniomaxillofacial reasons 4%,

Controversial data of critical-size defects in the calvarial rat model exist
considering 8.0 mm or 5.0 mm to be critical size #*"4?, In the current study,
circular 5.5 mm calvarial defects were made with at least a 1.5 mm bone
bridge between them. In the pilot study, we have found that a smaller bridge
between the two defects may be resorbed and affect the healing results.
Furthermore, the defects were created in an oblique line because the thickness
of the calvarial bones is the biggest in the sagittal suture and more
homogenous laterally 4°. Therefore, a more prominent bone bridge between
the created defects could be achieved. In addition, the samples were placed
equally in upper and lower defects in male and female rats to minimise the
source of bias in the study. Moreover, none of the created defects throughout
the study healed spontaneously, so the term “critical-size defect” can be used
424 This surgical technique was beneficial because the samples were analysed
in the critical-size defect model. The number of animals was reduced,
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remaining more consistent with the 3Rs concept (refinement, reduction,
replacement).

The euthanasia term varies among studies “?2. In this study, the evaluation
of bone regeneration using micro-CT and bone histological analysis were done
eight weeks after the surgery because it is the best time to investigate new
bone formation in the rat model %%, If the defects had been left for a longer
healing time, it would have been possible that more significant differences
could have occurred between the PLA2, PLA, PLA/DPSC, PLA/ECM and all
PLA/HA, PLA/BG and Bio-Oss groups due to PLA biodegradation products
261 According to the literature, both inorganic components in the created
composite scaffolds decrease the degradation rate of the scaffolds and
neutralise the acidity of PLA degradation products 261263272277 ‘Moreover, it is
possible that biodecorated constructs with DPSC or their ECM would have
shown better results through longer healing time in critical-size bone defect
regeneration than scaffolds alone due to their osteoinductive features 3%,

It is a well-known fact that scaffold architecture is of critical importance
for bone regeneration. The optimal pore size, ranging from 200 to 500 um, is
ideal for bone regeneration and vascularisation *°. In this study, the scaffolds
were designed with macropores having the average theoretical pore size of
450 um. In consonance with the literature, the macropores of the scaffolds
cannot be smaller than 350 um because the space is needed for the cell
migration to the site of the defect and bone production %415 Moreover,
created macropores of the scaffolds in this study were also suitable for
vascularisation **. The pore configuration and geometry are also essential for
bone cell migration and proliferation . Therefore, the scaffold threads
should form hexagonal or octagonal shapes or be composed with an angle of
60° to each other %8, Such an internal structure was adopted in our created
scaffolds. The thickness of the average rat calvarial bones was about 1 mm,
so the scaffolds were implanted into the defects using the “over-inlay” surgical
technique. Therefore, it was possible to create the 3D structure to satisfy the
requirements of the bone scaffold architecture.

Bio-Oss is one of the most commonly used inorganic bovine bone
xenografts in regenerative bone procedures due to its adequate new bone
formation, low reabsorption rate, osteoconductive characteristics, and
compensation for the natural bone resorption caused by remodelling 6. In
addition, recent research in bone regeneration of the oral and maxillofacial
region showed that Bio-Oss induced new bone formation comparably to
autogenous bone blocks that are considered to be ,,the golden standard* 1,
Therefore, Bio-Oss was chosen as the material for positive control in this
study because it was essential to understand whether the results of the created
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scaffolds are competitive compared to the provided results of the materials
currently used in clinical practice. In this study, micro-CT and histological
results revealed that only Bio-Oss and negative control groups showed no
significant gender-specific differences in new bone formation. Interestingly,
during the first stage of in vivo evaluation, histological results showed that all
experimental sample groups had gender-specific differences. Therefore, we
hypothesised that it might be due to lower mesenchymal stem cell numbers
found in females bone marrow 48, PLA, PLA/HA and PLA/BG scaffolds were
decorated with DPSC or their ECM, respectively, hoping to improve the
healing process. However, biodecoration failed to improve new bone
formation between genders in the same group. Gender-specific differences
were identified in new bone formation of all stage Il in vivo experimental
groups® results obtained from either micro-CT or quantitative bone
histological analysis.

According to the literature, another possible gender-specific reason for
lower bone regeneration properties in females may be differences in sex or
growth hormones levels found in animal and human studies 2. Therefore,
further research is needed to analyse these effects in bone regeneration and the
interaction between the host and the biomaterials. Furthermore, the universal
scaffold composition was not found in this study because the created scaffolds
didn‘t improve critical-size bone defect healing in both genders. Therefore,
further research is needed to improve the osteoconductivity of the created
scaffolds by using more advanced printing technologies and achieving more
inorganic materials in the composite scaffolds. The osteoinductive properties
of the scaffolds could also be improved with osteoinductive materials like
BMP or PRF 1. However, this information could have been missed if only
male animals had been included in the research. Then PLA/BG and their
biodecorated constructs, PLA/HA biodecorated constructs would have shown
better results than even the Bio-Oss group. Therefore, the results would be
misinterpreted and distorted, as the gender effect would not be evaluated.
Moreover, there is an ongoing discussion in the literature that research
involving only male animals can't represent the actual outcome in particular
species *?7. Unfortunately, even 80 % of the articles include only males in the
research, and only 1 % of papers analyzed results by sex for surgical research
in rodents #¥’. Therefore, it is essential to have an equal number of males and
females per study group.

Despite the achieved gender-specific differences in new bone formation
of the experimental groups, when the results were counted in total, micro-CT
results revealed that the best bone regeneration abilities were demonstrated by
PLA/BG and PLA/BG ECM groups. Furthermore, PLA/BG scaffolds showed
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statistically significantly better new bone formation than all other groups from
stage | and stage Il in vivo investigation, except PLA/BG ECM group in males.
The possible reason for such a great result could be that BG is very active from
the first contact with the host bone defect. BG surface precipitates
hydroxycarbonate apatite crystals within an hour of the implantation 24,
Furthermore, within 48 hours after implantation, the synthesis of growth
factors is initiated, affecting the osteoblast proliferation 27248, Various in vivo
studies showed that PLA/BG scaffolds were superior to pure PLA in inducing
bone regeneration 276, ectopic bone formation 28, vascularization 27728 eight
weeks after implantation.

However, some controversial results exist in the literature that Bio-Oss
and BG (Biogran) in the GBR model gained less bone than the negative
control and arrested bone formation 2. These results should be carefully
interpreted because the skeletal bones of rats continue remodelling throughout
the whole life of the animal. Thus, bone formation might be higher in negative
controls of rodents than other animal species “°422, Moreover, different
surgical techniques influence bone defect healing, and critical-size defect
models are more relevant because spontaneous bone healing through all the
defects won‘t occur “*’. Moreover, if the materials' chemical properties
(molecular weight, particle size, etc.) are changed, their degradation,
mechanical and bone regeneration properties may change accordingly *%.
Thus, the results of Biogran can‘t be compared to the PLA/BG scaffolds used
in this study. Furthermore, long term in vivo experiments are needed in large
animal bone regeneration models for further PLA/BG scaffolds investigation,
evaluation of bone regeneration, the interaction between biomaterial and
hormones, growth factors and host answer.

Histologically, PLA/HA ECM, PLA/BG, PLA/BG DPSC, PLA/BG
ECM scaffolds showed the best results in new bone formation in this study.
The obtained results were comparable to Bio-Oss with no statistically
significant difference between the groups. Moreover, qualitative histology
showed that the new bone islands were found in the centre of the defects only
in Bio-Oss, PLA/BG ECM and PLA/HA ECM groups. ECM-coated scaffolds
have increased interest in bone tissue regeneration due to retained native
biological molecules, which enhance cellular adhesion, proliferation,
migration, and differentiation but reduce inflammation 3. The
decellularisation procedure used in the current study was sufficient, and an
evenly dispersed ECM network remained on the PLA, PLA/HA, and PLA/BG
ECM scaffolds. Histologically, ECM-coated scaffolds showed better bone
regeneration results than cellularized scaffolds and scaffolds alone. However,
no statistically significant differences were observed between the
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osteoconductive scaffolds and their biodecorated constructs eight weeks after
the surgery. A possible reason could be that residual host bone stem cells had
difficulties migrating into the centre of the bone defect because different fibril
arrangements of collagen left after the decellularization process could work as
the anchorage and migration barrier %%, Further research should focus on the
scaffold morphology and ECM interactions and long term in vivo
investigations of bone regeneration.

In this study, the decellularized scaffolds showed slightly better results
in bone regeneration than cellularized constructs, although cellularized
scaffolds also had the remaining ECM. Possible reasons for the differences in
the cellularized scaffolds’ osteoconductivity could be due to the onset of
DPSC death at the centre of the scaffolds because of malnutrition “%.
Moreover, some stem cells could have died during the implantation because
of mechanical injury during the operation procedure “3*. Stem cells could also
have been lost due to bleeding or insufficient blood circulation in bone
defects #32. Moreover, even if the stem cells survive transplantation, their
viability still decreased significantly 432, Thus, in most cases, usually, the cell
death process occurs. While the cells are dying, the cellular materials (DNA,
signalling molecules, etc.) are released into the extracellular fluid and promote
inflammatory response “3*. Moreover, the released materials may even migrate
to other organs of the body and cause side effects 4%, Thus, it leads to worse
osteoconductivity results of the scaffolds with live cells than decellularized
ones. However, many details in these processes are still unknown and require
further research to characterise the role and the fate of grafted cells and how
they interplay with resident cells at the edges of the bone defects 1%, Also,
researchers need to assess whether the improved results of bone regeneration
are worth the increased cost and time of the procedure.

Finally, in the current study, pure PLA scaffolds showed the most
negligible effect on new bone formation in the created bone defects. The
possible reason could be the pronounced inflammation reaction seen in the
qualitative bone histological analysis and confirmed by other authors %8, PLA
biodegradation products could also be acidifying the microenvironment and
causing additional stress to the healing tissue. HA and BG included in the
composite scaffolds had a positive effect on prolonging PLA degradation, thus
reducing the acidity of the biodegrading scaffold and increasing
osteoconductivity of the created scaffolds 261263272277 |t js known that
PLA/HA and PLA/BG scaffolds with a ratio of 9:1 have a positive effect on
new bone formation in vitro and in vivo 26276, However, an increase of
inorganic concentration can be expected to provide better osteoconductive
potential and be associated with higher levels of new bone formation %372,
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Further studies should investigate the exact characterisation of ECM from
DPSC, improve the morphology of the scaffolds and composition of the
materials. Moreover, the mechanical properties and resorption rate of 3D
printed materials should be evaluated in future research to increase the
biologic outcomes of the 3D printed scaffolds.
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6. CONCLUSIONS

Considering study limitations, the following conclusions can be drawn:

1.

Based on SEM, micro-CT, and porosity evaluation methods, industrial
PLA scaffolds printed with a Pharaoh XD printer were statistically
significantly more accurate in layer height, the distance between the
threads, scaffold height, volume, and had bigger total porosity than
industrial PLA scaffolds printed with Ultimaker Original printer. 3D
printer settings affect the morphology and accuracy of 3D scaffolds.
Filaments from PLA microbeads, composite filaments from PLA/HA
and PLA/BG at a ratio of 9:1 may be created with hot-melt extrusion.
The diameters of the produced filaments were not uniform and ranged
from 1.28 to 1.75 mm, but were suitable for producing 3D scaffolds
with the FDM 3D printer.

The achieved morphological parameters of the printed composite
PLA/BG, and PLA/HA scaffolds at a ratio of 9:1 were similar to the
STL model and just as accurate or even more accurate than industrial
PLA scaffolds printed with the Pharaoh XD 20 printer.

The evaluation of the micro-CT results in both animal genders showed
that statistically significantly more new bone formed in PLA/BG group
than all other in vivo stage | groups. In addition, the quantitative bone
histological analysis evaluation showed comparable results between
PLA/BG and Bio-Oss on new bone formation in a rat calvarial critical-
size defect 8 weeks after surgery. However, statistically significant
gender-specific differences of new bone formation were found in all
experimental groups.

The evaluation of the micro-CT and quantitative bone histological
analysis results of in vivo stage Il groups showed that PLA/HA ECM,
PLA/BG DPSC, and PLA/BG ECM groups had a positive influence on
new bone formation in a rat calvarial critical-size defect 8 weeks after
surgery. In addition, the obtained bone regeneration results were
comparable to Bio-Oss and PLA/BG according to the bone quantitative
histological analysis. However, statistically significant gender-specific
differences of new bone formation were found in the composite groups
enhanced with DPSC or their ECM. Furthermore, based on qualitative
bone histological analysis, only Bio-Oss, PLA/HA ECM, and PLA/BG
ECM groups showed new bone islands formation separately from the
newly formed bone at the defect edges. The results of micro-CT and
guantitative bone histological analysis showed that there were no
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statistically significant differences between the osteoconductive
scaffolds and their biodecorated constructs. However, slightly greater
new bone formation was seen in ECM-coated scaffolds in rat calvarial
critical-size defects.

7. PRACTICAL RECOMMENDATIONS AND FUTURE
PERSPECTIVES

1. We recommend checking the first-time 3D printed product's
measurements and final morphology and comparing the results with
the original STL file. If differences in the measurements occur, an
STL file should be adopted to get a more accurate final product,
especially for medical applications.

2. Further in vivo studies should be performed on animals of both
genders to avoid misinterpretation of the results.

3. The results of this study are essential for the further development and
improvement of 3D artificial bone tissue ,,OSSEUM 4D*,
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bandomuyjy gyviny naudojimo etikos komisijos prie Valstybinés maisto ir veterinarijos

tamybos 2016-03-14 i§vada Nr. 2 ,,Dél leidimo atlikti bandymus su gyvinais®,
leidziama

Vilniaus universiteto Biochemijos institutui,

(ukio subjekto (-y), kuriam (-iems) 15duotas leidimas atli andymo su gyvunais procedury projekta,

Universiteto g. 3, Vilnius, 211950810,

atlikti bandymo su gyviinais procediiry projekta

~Kompozitiniy karkasy, skirty kaulo regeneracijai, kirimas, jy biosuderinamm umo
bei efektyvumo ‘vertinimas in vivo®,

(bandymo su gywiinais procedury projekto pavadinimas, vadovas, naudojaimi gyvanal)

projekto vadové Virginija Bukelskiené, naudojant 61 Ziurke, 20 triusiy,

Vilniaus universiteto Biochemijos institute, Universiteto g. 3, Vilnius.
andymo su gyvunais procedury projekio atlikimo vietos pavadinimas, adresas)

Leidimas atlikti bandymo su gyviinais procediiry projekta galioja iki 2018 m. gruodzio
31d.

Direktoriaus paivaauotoj as, y
pavaduojantis direktoriy o Virginijus Jauga
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1. IVADAS
1.1. TYRIMO AKTUALUMAS

Pastaraisiais metais dél pageréjusios gyvenimo kokybés ir pailgéjusios
gyvenimo trukmeés didéja kaulinio audinio priauginimo operacijy poreikis
jvairiose medicinos sritysel?. Vienos i§ dazniausiy procediiry, kurioms
reikalingi kauliniai pakaitalai ir bioaktyvios medziagos, yra: kranioplastikos
ar stuburo fiksacijos neurochirurgijoje, luziy nesugijimai ar pédos ir kulk$nies
operacijos ortopedijoje-traumatologijoje, zandikauliy alveoliniy ataugy kaulo
priauginimo operacijos burnos, veido ir zandikauliy chirurgijoje 3.

Siuo metu klinikingje praktikoje kaulo priauginimas yra atlickamas
naudojant jvairius kaulo pakaitalus. Siekiama, kad jie uzpildyty kaulinio
audinio defekto tarj ir struktiira, uztikrinty gera kaulo mechaninj stabilumg ir
skatinty reikiama naujai besiformuojancio kaulo kraujagysliy tinklo
formavimagsi (vaskuliarizacijg)®. lki $iol tokio tipo operacijy auksiniu
standartu yra autologiniai transplantai. Taciau Sie natiiraltis kaulinio audinio
pakaitalai turi nemazai truokumy: pooperacinis diskomfortas, létinis donorinés
vietos skausmas, liiziai, infekcija, i§varzos susidarymas, jutimo sutrikimai,
kraujavimas, kraujosruvos, ribotas tiiris ir donoriniy viety skaicius®’®,
Klinikingje praktikoje pazeistiems kauliniams defektams uzpildyti yra
naudojami alogeniniai, ksenogeniniai ir aloplastiniai kaulo pakaitalai, taciau
ir jie neatitinka visy idealiam kaulo transplantui keliamy reikalavimy. Jie
pasizymi tik osteokonduktyvumu, bet neuZtikrina osteoinduktyvumo °%°.
Todél visame pasaulyje kauly priauginimo srityje yra vykdomi aktyvis
moksliniai tyrimai, kuriy metu pasitelkiant pagrindinius audiniy inzinerijos
principus siekiama sukurti naujus kaulinio audinio pakaitalus, tenkinanc¢ius
visus idealiam kaulo transplantui keliamus reikalavimus2,

Viena i§ pazangiausiy iki Siol sukurty kaulo pakaitaly
alternatyvy — trimatis (3D) kompozitinis karkasas. Jo déka sukuriama
mikroaplinka, kuri yra patraukli naujg kaulinj audinj formuojanciy lasteliy
gyvenimui, dauginimuisi ir migracijai**!*. Tokiy karkasy gamybai yra
naudojamos jvarios organinés ir neorganinés medziagos ar jy misiniai*®,
Karkasy osteoindukcinéms savybéms pagerinti jie papildomi / dekoruojami
jvairiomis Igstelémis ar augimo veiksniais!. Taciau ne vien karkasy gamybai
naudojamos medziagos ir pasirinktos jy pavirSiaus dekoravimo technikos yra
svarbios norint pagaminti kaulinio audinio regeneracijai tinkamg produktg.
Tyrimy parodyta, kad karkasy mechaninés savybés, nulemtos jy morfologijos
(porétumo, pory dydzio, susisiekiamumo), taip pat moduliuoja jy
osteoregeneracinj pajéguma’®. Manoma, kad lydyto nusédimo modeliavimo
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(LNM) 3D spausdinimo technologija yra viena i§ perspektyviausiy, norint
salygiskai lengvai, greitai ir pigiai pagaminti karkasus, kuriy morfologija ir
mechaninés savybés tenkins kaulo transplantui keliamus reikalavimus®’.
Taciau iki Siol idealaus, turinCio sertifikuotas klinikines indikacijas ir kaulo
regeneracijai tinkamo karkaso vis dar néra sukurta 58, Manome, kad ir toliau
turi buiti aktyviai vystomi moksliniai tyrimai, vertinantys karkasy gamybai
tinkamas naujas biomedziagas, inovatyvius gamybos metodus ir skirtingas
karkasy pavirSiy dekoravimo technologijas.

1.2. TYRIMO TIKSLAS

Sukurti inovatyvy tvarky karkasg kaulo regeneravimui ir jvertinti jo
savybes in vitro ir in vivo salygomis.

1.3. TYRIMO UZDAVINIAI

1. Jvertinti karkasy, atspausdinty skirtingais 3D spausdintuvais i$
gamykliniy PLR filamenty, morfologija, spausdinimo tiksluma ir porétuma.

2. Pagaminti tinkamo skersmens filamentus i§ PLR mikrogranuliy,
kompozitinius filamentus i§ PLR ir hidroksiapatito (HA) bei PLR ir biostiklo
4585 (BS) karsto lydymosi ekstruzijos biidu.

3. Ivertinti sukurty PLR, PLR/HA ir PLR/BS karkasy morfologija,
spausdinimo tikslumg, porétumg ir palyginti rezultatus su karkasais,
pagamintais i§ gamykliniy PLR filamenty.

4. Pirmuoju in vivo etapu nustatyti inovatyviy osteokondukciniy karkasy
indukuojamg kaulinio audinio regeneracijag Wistar ziurkiy kaukoliy kritinio
dydzio defektuose.

5. Antruoju in vivo etapu jvertinti inovatyviy konstrukty, pagaminty i$
osteokondukciniy karkasy, papildyty danty pulpos kamieninémis lgstelémis
(DPKL) ar jy isskirtu tarplasteliniu uzpildu (TU), indukuojamag kaulinio
audinio regeneracija Wistar ziurkiy kaukoliy kritinio dydzio defektuose.
Palyginti gautus osteoindukcinés grupés rezultatus su pirmojo in vivo etapo
meéginiais.

1.4. TYRIMO AKTUALUMAS

Dauguma kaulo priauginimo operacijy klinikingje praktikoje yra

atliekamos naudojant autogeninius, alogeninius ar ksenogeninius kaulinius

pakaitalus, nes vis dar néra sukurto tvarkaus 3D spausdinto karkaso, kuris
galéty atitikti dauguma idealiam kauliniam pakaitalui keliamy reikalavimy.
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Sio tyrimo metu sukurti inovatyviis tvarkiis 3D karkasai buvo atspausdinti
naudojant LNM technologija, derinama su kar$to lydymosi ekstruzijos (KLE)
metodu. Pateikta jzvalgy ir rekomendacijy, kuriose atkreipiama démesio,
kokie parametrai turi jtakos spausdinimo tikslumui, kaip buty galima ji
patobulinti ir gauti norimus karkasy morfologijos parametrus.

Tyrime pirmg kartg palyginti skirtingy 3D spausdinty osteokondukciniy
karkasy ir ty paciy medziagy biodekoruoty konstrukty indukuojamos kaulinio
audinio regeneracijos mikrokompiuterinés tomografijos (mikroKT) ir
kaulinio audinio histologinio i$tyrimo rezultatai kritinio dydzio Wistar Ziurkiy
kaukoliy defektuose su viena i§ labiausiai zinomy ir klinikinéje praktikoje
naudojamy ksenogeniniy medziagy — Geistlich Bio-Oss® (Bio-Oss). Sios
zinios yra svarbios siekiant jvertinti, ar tiriamyjy karkasy rezultatai yra
konkurencingi dabar klinikingje praktikoje naudojamoms medziagoms. Rasta,
kad PLR/HA TU, PLR/BS, PLR/BS DPKL, PLR/BS TU turi teigiama jtaka
naujo kaulo formavimuisi kritinio dydzio defektuose ir gaunami rezultatai yra
panasiis ] Bio-Oss grupés rezultatus.

Naujausiuose tyrimuose ypac palankiai yra vertinama osteokondukciniy
karkasy dekoravimo technologija latelémis ar jy TU, tac¢iau mes nustatéme,
kad praéjus 8 savaitéms po operacijos nebuvo statisti§kai reik§mingo skirtumo
tarp tos pacios medziagos osteokondukcinio karkaso ir biodekoruoty
konstrukty mikroKT ir kaulinio audinio histologinio iStyrimo rezultaty.
Taciau buvo matomas intensyvesnis naujo kaulo formavimasis kritinio dydzio
defektuose biodekoruoty konstrukty grupése. Sios Zinios yra svarbios ateities
tyrimams, nes mokslininkai turi jvertinti, ar Sios dekoravimo technologijos
pakankamai reikSmingai pagerina kaulo regeneracijos rezultatus ir yra verta
toliau tobulinti inovatyvius karkasus §ia kryptimi, atsizvelgiant j padidéjusias
procediiros islaidas, laika, technologijas. Reikia tolesniy tyrimy, kad bty
galima vertinti 3D spausdinty karkasy jtaka kaulo regeneravimui praéjus
ilgesniam laikotarpiui po operacijos ir su stambesniais gyvunais.

Sio tyrimo metu gautos in Vitro ir in vivo Zinios yra svarbios audiniy
inzinerijos pazangai ir dirbtiniam kauliniam audiniui ,,OSSEUM 4D kurti ir
tobulinti.

1.5. GINAMIEJI TEIGINIAI

1. 3D karkasy morfologija ir tikslumas priklauso nuo 3D LNM
technologijos ir parinkty spausdinimo parametry.

2. Karsto lydymosi ekstruzijos biidu pagamintais kompozitiniais
filamentais galima atspausdinti 3D karkasus, morfologija ir tikslumu
prilygstancius gamykliniy PRL karkasy rezultatams.
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3. Biokompozitiniai 3D karkasai teigiamai veikia naujo kaulo
formavimasi ziurkiy kritinio dydzio defektuose.

4. 3D konstruktai, biodekoruoti DPKL ar jy TU, padidina naujo
susiformavusio kaulo ttrj ziurkiy kritinio dydzio defektuose.

5. Sukurti 3D karkasai yra tinkami kaulinio audinio regeneracijai ir toliau
kuriant dirbtinj kaula.

2. MEDZIAGOS IR METODAI
2.1. MEDZIAGOS

Medziagos naudotos 3D karkasams kurti ir spausdinti: PLR1 filamentas
(PLR filamentas; DR3D Filament Ltd, skersmuo 2,85 mm), PLR2 filamentas
(PLR filamentas; DR3D Filament Ltd, skersmuo 1,75 mm). Kompozitiniy
filamenty gamybai kar$to lydymosi ekstruzijos badu buvo naudotos 100-800
um dydzio, 42,700 g/mol molekulinés masés PLR granulés (STP Chem
Solutions Co., Ltd.), 50 um dydzio hidroksiapatito (HA; Riga Technical
University 3°) milteliai bei 38— 75 pm biostiklo 45S5 (BS; XL Sci-Tech, Inc.)
dalelés. Geistlich Bio-Oss® (Geistlisch Pharmaceutical, Wolhusen,
Sveicarija) 0,25-1 mm granulés buvo naudotos kaip teigiama kontrolé in vivo
tyrime.

Medziagos lasteliy tyrimams: Iskovo modifikuota Dulbeco terpé
(IMDM; Gibco); fetalinis verSelio serumas (FVS; Gibco); antibiotiky
penicilino ir streptomicino (atitinkamai 100,000 vnt./ml ir 100,000 pg/ml)
misinys (Gibco); fosfatinis buferis (FB; Gibco); etilendiamintetraacto riigstis
(EDTA; Sigma-Aldrich Co.); tripsinas (Gibco); deksametazonas (Sigma-
Aldrich Co.); B-glicerofosfatas (Sigma-Aldrich Co.); L-Askorbo riigsties
2- fosfatas (Sigma-Aldrich Co.); 96 proc. etanolis (Vilniaus degtiné); 10 proc.
vandeninis amonio hidroksido tirpalas (Sigma-Aldrich Co.); I tipo kolagenazé
(Sigma-Aldrich Co.); hialuronidazé (Sigma-Aldrich Co.); jaucio serumo
albuminai (JSA; AppliChem GmbH); Dulbeco fosfatinio buferio tirpalas
(DFB; Gibco); magnetinés dalelés, padengtos ozkos IgG antriniais antiktinais,
atpazjstanCiais pelés antikino Fc domeng (New England Biolabs, Inc.);
pirminiai pelés antiktinai, atpazjstantys CD45, CD54, CD14, CD90 (Merck
Millipore), CD44 (Cell Signaling Technology), CD13 (Santa Cruz
Biotechnology, Inc.), CD31 (Abcam, Inc.); ozkos IgG antriniai antikiinai,
atpazjstantys pelés antikiino Fc domena, konjuguoti su RPE (Invitrogen);
pelés IgG2a izotipiné kontrolé (Abcam, Inc.). Visos medziagos tyrime
naudotos kaip gautos.
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2.2. FILAMENTO PARUOSIMAS

Kompozitiniams filamentams gaminti masés santykiu 9:1 tarpusavyje
buvo maiSomos PLR ir HA arba PLR ir BS granulés. Grynos PLR filamentui
gaminti naudoti tik PLR milteliai. Drégmei panaikinti medziagy miSiniai buvo
laikomi uzdaruose maiseliuose su silicio gelio granulémis. Filamentas buvo
ruoSiamas kars§to lydymosi ekstruzijos biidu naudojant stalinj ekstruderj su
1,75 mm antgaliu (Filabot Original, Filabot HQ). Prie§ naudojima ekstruderis
buvo jkaitinamas iki 140-145 °C. Medziagy miSinys jpiltas j talpa, filamento
ekstruzijos metu buvo palaikoma 137—145 °C temperatiira. Gautas filamentas
buvo susuktas j rit¢ naudojant savadarbj reguliuojamo grei¢io suktuka.
Proceso metu ekstruderio temperatiira buvo rankiniu budu sureguliuota iki
140 °C PLR filamentui, 140-145 °C PLR/HA gijoms ir 137 — 142 °C PLR/BS
gijoms kurti. Gauto PLR filamento skersmuo svyravo nuo 1,67 iki 1,75 mm,
kompozitiniy PLR/HA gijy — nuo 1,28 iki 1,45 mm, o PLR/BS gijy skersmuo
—nuo 1,6 iki 1,75 mm.

2.3. TERMOGRAVIMETRINE PLR/HA FILAMENTU ANALIZE

Papildomas  tyrimas skirtas HA  koncentracijai  sukurtame
kompozitiniame filamente jvertinti. Aliuminio oksido tigliai buvo kaitinami
iki pastovaus svorio 4x5 val. 1000 °C temperatiiroje, kaitinimo greitis —
5 °C/min. 10 PLR/HA filamento méginiy buvo dedama j tiglius ir 5 val.
kaitinama 800 °C temperattiroje, kaitinimo greitis — 1 °C/min.

2.4. KARKASU GAMYBA

Darbe tirty karkasy struktiiros buvo sukurtos naudojant AutoCAD 2017
programinj paketa, modeliai iSsaugoti STL formatu. Karkasy pory dydis buvo
450 um, porétumas 58 proc. Kiekvieng karkasa sudaré 8 gijy sluoksniai,
kiekvienos gijos plotis 0,4 mm, aukstis 0,2 mm (1 A ir B pav.).
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1 pav. Karkaso modelis: A — karkaso vaizdas i§ Sono; B — gijy skersmenys;
C — karkaso vaizdas i$ virSaus: kiekvieno sluoksnio gijos susikirsdamos sudarydavo
60° kampa, 5,5 mm apvali in vivo méginiy i§pjovimo sritis

Karkasy mikroarchitektiira buvo sudaryta rotuojant kiekvieng karkaso
sluoksnj, kad jie susikirsdami suformuoty 60° kampa. Tokiu biidu gaunamos
SesSiakampio formos poros (1 C pav). Atspausdinty karkasy dydis buvo 3 cm
X 3 ¢cm x 0,16 c¢cm, jie naudoti in vitro tyrimuose. Naudojant lazerio §viesos
filamenty fabrikacijos technologija, iSpjauti 5,5 mm skersmens apvalis
karkasai (1 C pav.), kurie naudoti in vivo tyrimams. Darbe naudotos i$
skirtingy medZziagy pagamintos penkios tokiy karkasy grupés: PLR, PLRI1,
PLR2, PLR/HA ir PLR/BS.

PLR1 karkasai buvo gaminami naudojant LNM 3D spausdintuva
,Ultimaker Original* (Ultimaker, JAV). Spausdinimo parametrai: ekstruderio
skersmuo 0,4 mm; 200 — 210 °C temperatira; 50 mm/s greitis; Sildomo
pagrindo temperatira 50 °C. STL formato modeliai 3D spausdintuvo
programingje jrangoje Ultimaker Cura 3.6 (Ultimaker, JAV) konvertuoti | g
koda.
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PLR, PLR2, PLR/HA ir PLR/BS karkasai buvo gaminami naudojant
LNM 3D spausdintuva ,,Pharaoh XD 20 (Mass Portal, Latvija). Spausdinimo
parametrai: ekstruderio skersmuo 0,4 mm, 200-210 °C temperatiira ir
35 mm/s greitis. STL formato modeliai j g koda konvertuoti atviros prieigos
programa Slic3r 1.2.8.

2.5. SKENUOJANCIO ELEKTRONINIO MIKROSKOPO ANALIZE

Spausdinimo tikslumo ir karkasy morfologijos analizé (naudojant penkis
nepriklausomus méginius i§ kiekvienos tiriamosios karkasy grupés: PLR,
PLR1, PLR2, PLR/HA ir PLG/BS) buvo atlikta naudojant skenuojantj
elektroninj mikroskopa (SEM) (Hitachi TM-1000). Karkasy (3 cmx3
cmx0,16 cm) Soniniai pjliviai (2 pav.) atlikti naudojant lazerio Sviesos pluosto
technologija, pjauta 10 mm atstumu nuo karkaso krasto.

1 mm mm

1 mm

1 mm

2 pav. Karkasy Soniniy pjaviy vaizdai: A —PLR; B—PLR1; C—PLR2; D — PLR/HA;
E - PLR/BS
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Karkasy nuotraukos gautos skenuojant méginio Song (i$ viso buvo gautos
25 kiekvienos karkasy grupés nuotraukos, kiekvieng karkasg fotografuojant
po 5 kartus). Naudojant programg Image] (Image] 1.8.0 11 “%?) gautose
nuotraukose buvo iSmatuotas karkasy aukstis (KA), sluoksnio aukstis (SA) ir
atstumas tarp gijy (GA)

2.6. PORETUMO VERTINIMAS GRAVIMETRINIU METODU

PLRI1, PLR2 ir PLR/HA karkasy porétumas (P) buvo vertinamas
gravimetriniu metodu, skai¢iavimams naudojant karkasy tiirj ir tankj. Méginio
tankis (p karkaso) apskaiciuotas Archimedo metodu. Karkasy tiiris gautas
iSmatavus jy ilgj, plotj ir aukstj. Porétumo vertinimas buvo atliktas naudojant
Sias formules:

mase

Porétumas karkaso — ———
taris

Porétumas = 1 - -2karkaso

Pmedziagos

2.7. SUSISIEKIANCIO PORETUMO VERTINIMAS SKYSCIO
ISSTUMIMO METODU

Susisiekiantis PLR1, PLR2 ir PLR/HA karkasy porétumas buvo
vertinamas skysCiy i$stimimo metodu naudojant etanolj. Karkasai buvo
panardinami j zinomga etanolio kiekj, paskui i§ jo iStraukiami. Vertintas
etanolio tiirio pokytis. Porétumui apskai¢iuoti naudota formulé:
Susisiekiantis porétumas = ket e
V2—V3

V1 — Zinomas etanolio tiiris, ] kurj buvo panardinamas méginys; Vo —
etanolio ir | ji jmerkto méginio tiiris; Vi —méginj iStraukus likusio etanolio
taris.

2.8. MIKROKOMPIUTERINES TOMOGRAFIJOS IR
SUPERIMPOZICIJOS IN VITRO ANALIZE

PLRI1, PLR2 ir PLR/HA karkasy grupiy mikroKT tyrimai atlikti
mikrokompiuteriniu tomografu ,,Skyscan 1178 (Bruker microCT, Belgija).
Matavimai atlikti naudojant 65 kV jtampos ir 615 pA srovés rentgeno
spinduliy $altinj. Naudotas 1étas skenavimo rezimas — 80 um pikseliai, 82 mm
FOV. Gauto atvaizdo dimensijos: 1024x1024 XY aSyje su 400-500 Z asies
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pjuviy. Kiekvieno karkaso dydis pikseliais buvo 360x360x20. Dél Zemos
skenavimo raiskos (vokselio dydis — 0,08495x0,08495x0,08495 mm) lyginant
su karkasy struktiiry matmenimis (~ 5 pikselius vienam sluoksniui) gauti
mikroKT vaizdai buvo papildomai skaitmeniSkai apdoroti. Naudojant Fiji
programga, paremtg ImageJ*?, MeshLab*? ir Geomagic Control X (3D
Systems, Kanada) programomis buvo atliekama gauty atvaizdy
dekonvuliacija ir segmentacija (3 pav.). Atlikus §iuos zingsnius mikroKT
analizés metu gauti vaizdai buvo konvertuoti j STL formata, dél to juos buvo
galima palyginti su originaliais, 3D spausdinti sukurtais modeliais.

Dekonvoliucija

Segmentacija

3 pav. MikroKT atvaizdo dekonvuliacija ir segmentacija

Véliau naudojant 3D Geomagic Control X (3D Systems, Kanada)
programa buvo vertinami skirtumai tarp originaliy, 3D spausdinti sukurty
karkasy STL modeliy bei mikroKT analizés metu gauty 3D karkasy STL
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vaizdy. Siy modeliy superimpozicija buvo atlikta rankiniu N tasky metodu,
siekiant geriausios vaizdy atitikties.

2.9. KAMIENINIU LASTELIU ISSKYRIMAS

Eksperimentiniam darbui, kuriame naudoti bandomieji gyviinai, buvo
gautas Lietuvos Respublikos valstybinés maisto ir veterinarijos tarnybos
Etikos komisijos leidimas Nr. G2-40, 2016-03-18.

DPKL buvo i$skirtos i§ 3 mén. amziaus Wistar klono bandomuyjy ziurkiy
priekiniy kandziy pulpy (n = 4 pulpos méginiai kiekvieno skyrimo metu).
Detali Iasteliy iSskyrimo procediira apraSyta Alksne ir kt. straipsnyje3.
Pulpos méginiai buvo keleta karty iSplauti IMDM terpe, praturtinta 100
pg/mL primocino, paskui buvo mechaniskai sukarpyti j <I mm® gabalélius.
Ant susmulkinty audinio gabaléliy buvo pilama fermenty misinio (0,5 proc. I
tipo kolagenazés, 0,3 proc. hialuronidazés, 0,25 proc. tripsino ir 0,02 proc.
EDTA), inkubuota 30-45 min. 37 °C temperatiiroje, purtant 300 aps./min.
greiéiu (Eppendorf Thermomixer comfort). Praéjus numatytam laikui,
misinys iki 10 ml buvo praskiedziamas auginimo terpe (IMDM praturtinta
10 proc. FVS, 100 VV/ml penicilinu ir 100 pug/ml streptomicinu). Po to
méginiai centrifuguoti 10 min. 1500 rpm greiciu (CL10 Centrifuge Thermo
Scientific). Supernatantas nupiltas, lastelés dar karta plautos 10 ml auginimo
terpe ir centrifuguotos 10 min. 1500 rpm greiciu. PaSalinus supernatantg, ant
nuosédy uZzpilta nauja auginimo terpé, lasteliu suspensija kartu su likusiais
audiniy fragmentais perkelta j auginimo flakonus.

Lasteléms suformavus 70—80 proc. monosluoksnj, jos buvo papildomai
gryninamos naudojant magnetines daleles, dengtas ozkos antikiinais,
gebanciais jungtis prie pelés pirminiy antikiiny, atitinkamai atpazjstanciy
lasteliy pavirSiuje esantj CD44 Zymenj. Gryninimo procediira buvo vykdyta
naudojant prietaisg KingFisher™ mL (Thermo Scientific). Visi gryninimo
zingsniai atlikti pagal magnetiniy daleliy gamintojo BioLab's rekomendacijas.
Véliau lastelés augintos 37 °C temperatiiroje, aplinkoje esant 5 proc. COo.
Eksperimentams naudotos ne didesnio kaip 12 pasazo lastelés.

2.10. BIODEKORUOTUY KONSTRUKTU GAMYBA

Detali karkasy gamyba apraSyta Alksne ir kt. straipsnyje’®. 4000
cells/cm? DPKL suspensija buvo séjama ant PLR, PLR/HA ir PLR/BS
karkasy. Po 24 val. nuo lgsteliy i$séjimo augimo terpé buvo pakeista
osteogening diferenciacija indukuojancia terpe (augimo terpé papildyta S0 nM
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deksametazonu, 25 pg/ml L-Askorbo ragsties 2-fosfatu ir 10 mM
B-glicerofosfatu), inkubuota 21 diena, puse¢ terpés tiirio pakeiCiant kas 2—3
dienas (4 pav.).

4 pav. Osteogenine kryptimi diferencijuotos DPKL Igstelés ant karkasy augintos 21
dieng. Raudona spalva rodo kalcio sankaupas, susidariusias DPKL suformuotame
mineralizuotame TU (dazyta Alizarin Red S dazu): A — PLR karkasas; B — PLR/HA
karkasas; C — PLR/BS karkasas

Po numatyto laiko dalis karkasy buvo tiesiogiai naudojami in vivo
eksperimentuose (Iastelémis padengty karkasy grupé). Like méginiai buvo du
kartus plauti FB ir uzsaldomi —80 ° C saldiklyje. [§émus i$ Saldiklio karkasams
buvo leista atsilti, jie iSplauti dejonizuotu vandeniu ir vél uzsaldyti. Tokie
Saldymo-Sildymo ciklai buvo kartoti 5 kartus. Paskui méginiai 20 min.
inkubuoti 25 mM amonio hidroksido tirpale bei $esis kartus plauti dejonizuotu
vandeniu. Taip paruo$ti méginiai buvo naudojami in vivo eksperimentuose
kaip TU baltymais padengti karkasai.
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2.11. GYVUNAI

Tyrimui leidima iSdavé Gyviiny tyrimy etikos komitetas, licencijos Nr.
G2-40, 2016-03-18 (1 priedas). Wistar klono bandomosios ziurkés buvo
veistos ir chirurginé procedra atlikta Vilniaus universiteto Gyvybés moksly
centro Biochemijos institute Biologiniy modeliy skyriuje.

Tiriamoji imtis — 48 Wistar klono bandomosios ziurkés (amzius 4 mén.,
vidutinis svoris 300 g). Tiriamoji imtis buvo apskai¢iuota a-priori, naudojant
Gpower programg (vieno faktoriaus ANOVA, a — 0,05, galingumas — 0,8,
efekto dydis f— 0,75). Kiekvieng tiriamaja grupe sudaré 8 gyvinai (n = 8), i§
kuriy buvo 4 patelés ir 4 patinéliai. Viso eksperimento metu gyviinai buvo
laikomi kontroliuojamoje aplinkoje (21 °C; 12:12 valandy S$viesos cikle),
maitinami standartizuotu pasaru, vandens gavo ad libitum.

In vivo tyrimas buvo iSskirtas j dvi stadijas. Pirmojoje stadijoje buvo
tiriamas 6 skirtingy medziagy poveikis naujo kaulinio audinio formavimuisi
kritinio dydzio defektuose (5 pav). Neigiama ir teigiama (Bio-Oss) kontrolés
sudaré pirmg grupg, PLR ir PLR/HA karkasai — antrajg, PLR2 ir PLR/BS
méginiai — tre¢igja.

IN VIVO TYRIMO SCHEMA

+ Kaulinio audinio regeneracijos jvertinimas taikant kritinio dydzio
defekty modelj

« | grupé: Neigiama kontrolé ir Bio-Oss
Il grupe: PLR ir PLR/HA karkasai
Ill grupé: PLR2 ir PLR/BS karkasai

« Kaulinio audinio regeneracijos jvertinimas, atlikus 3D karkasy
biodekoravimg DPKL ar jy TU

IV grupé: PLR DPKL ir PLRTU
V grupé: PLR/HADPKL ir PLR/HATU
* VI grupé: PLR/BS DPKL ir PLR/BS TU

5 pav. In vivo tyrimo schema

Antrojo etapo metu PLR, PLR/HA ir PLR/BS karkasai buvo praturtinami
DPKL arba jy suformuotu TU bei vertinamas jy poveikis naujo kaulo
formavimuisi. PLR karkasai su Igstelémis (PLR DPKL) ir PLR méginiai su
DPKL suformuotu TU (PLR TU) buvo priskirti ketvirtai grupei, PLR/HA
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DPKL ir PLR/HA TU — penktai, 0 PLR/BS DPKL ir PLR/BS TU [J $estai
tyrimo grupéms.

2.12. CHIRURGINE OPERACIJA

Gyvinams buvo atlikta bendroji anestezija | pilvaplévés ertme
suleidZiant ketamino hidrochlorido 2,4 ml/kg (100 mg/ml; Rotex Medica
GMBH, Tritau) ir ksilazino 5 mg/kg (2 proc.; Alfasan, Woerden). Ziurkiy
skalpo kailis buvo nuskustas, operaciné vieta dezinfekuota oktanidino
dihidrochloridu (Octenisept, Schiilke & Mayr GmbH). Atlikta vietiné
aplikaciné ir infiltraciné nejautra, iSilgai sagitalinés vidurinés kaukolés linijos,
po oda, suleidziant 2 proc. lidokaino tirpalo (20 mg/ml; Baxter Holding B.V.,
Utrecht). Toliau buvo padarytas 1,5 cm ilgio pjuvis per oda, paod], antkaulj
iSilgai sagitalinés siiilés nuo nosikauliy iki lambdinés siiilés. Ties pjuvio
krastais atlikti 0,5 cm ilgio atpalaiduojantys horizontaliis pjiiviai. Atkeltas
odos — antkaulio lopas (6 A pav.). Suformuoti du kritinio dydzio defektai
ziurkés kaukoléje naudojant 5,5 mm iSorinio skersmens trepang (Hager &
Meisinger GmbH) 800 apsisukimy per minut¢ greiiu, ausinant steriliu
fiziologiniu tirpalu (1 laSas per 1 sekunde). Tarp kiekvieno defekto buvo
paliekamas bent 1,5 mm tarpas. Sukurtas kaulinis defektas iSplautas steriliu
fiziologiniu tirpalu, pasalinti kauliniai fragmentai, atplaiSos (6 B pav.).
Kaulinis pakaitalas arba tiriamieji karkasai jdéti j defektus atsitiktiniu budu.
Neigiamos kontrolés grupéje defektas buvo paliktas tuscias (6 C, E pav.). Po
implantacijos antkaulis ir oda buvo susiiiti pasluoksniui pavienémis sitilémis
besirezorbuojanciu  sitlu (Viceryl 5/0 Ethicon®, Johnson & Johnson,
Amersfoort) (6 D pav.).

169



Méginiy
implantavimo
schema
vienoje grupéje
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6 pav. Chirurginé operacija: A — atkeltas odos — antkaulio lopas; B — suformuoti du
5,5 mm skersmens kauliniai defektai; C — defektai uzpildyti PLR ir PLR/HA
karkasais; D — susitita zaizda; E — vienos grupés méginiy isdéstymo kaukoléje schema.
I grupé: A — neigiama kontrolé, B — Bi0-0ss; Il grupé: A — PLR, B — PLR/HA
karkasai; III grupé: A — PLR2, B — PLR/BS karkasai; IV grupé: A — PLR DPKL, B —
PLR TU karkasai; V grupé: A—PLR/HA DPKL, B — PLR/HA TU Karkasai; VI
grupé: A — PLR/BS DPKL, B — PLR/BS TU karkasai.

Pooperaciné priezitra: ziurkés laikytos atskiruose narveliuose, kur
laisvai galéjo pasiekti vandens ir maisto. Praéjus 3 val. po operacijos ir kitas
tris dienas du kartus per dieng po oda buvo leidziami Buprenorphine HCI
0,01 mg/kg (0,3 mg/mL; Richter Pharma AG, Wels) nesteroidiniai
prieSuzdegiminiai vaistai. Gyvinai eutanazuoti po 8 sav., i§imti méginiai i$
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karto buvo perkeliami j 10 proc. (v/v) formalino tirpala. Toliau defektai buvo
vertinami mikroKT ir histologinés analizés metodais.

2.13. MIKROKT ANALIZE IN VIVO

MikroKT tyrimai buvo atlikti bendradarbiaujant su Kauno technologijos
universiteto Prof. K. BarSausko ultragarso mokslo instituto mokslo
darbuotojais, panaudojus 3D mikrokompiuterinj tomografg RayScan 250 E
(RayScan Technologies GmbH). Tomografijai atlikti buvo pasirinktas 10-230
kV mikrofokusinis rentgeno spinduliy S$altinis ir plokscias 2048x2048
pikseliy detektorius. Naudoti pastoviis parametrai: 100 kV jtampa, 200 mA
srové, 666 ms integracijos laikas, vieno vokselio dydis 20 pm. Kiekvieno
skenavimo metu atlikta 1800 projekcijy (7 pav).

Kompiuteris Mikrokompiuterinis Duomeny

<::> tomografas RayScan surinkimas |

I

Manipuliatorius

Tiriamasis meginys

Sukimasis

230kV rentgeno $altinis Detektorius

7 pav. MikroKT atlikimo schema in vivo

Naujo kaulo tiris (mm®) buvo apskai¢iuotas naudojant Avizo 3D for
Industrial Inspection 9.70 (FEI-SAS, Thermo Fischer Scientific Inc.)
programg. Naujai susiformavusio kaulo kiekiui apskaiciuoti buvo sukurtas
specialus algoritmas. Operacijos metu suformuoto kaulinio defekto vieta buvo
apibréziama 5,5 mm skersmens apskritimu. Apskritimo centre kaukolés
plokstumoje bréziami statmeni vektoriai, pagal kuriuos skai¢iuojamas naujai
susidariusio kaulo kiekis. Minkstieji audiniai, kaulo pakaitaly granulés ir
karkasai nuo regeneravusio kaulo buvo atskiriami atsizvelgiant j skirtingus
pilkumo skalés (angl. grey values) parametrus. Minkstyjy audiniy ir PLR
pilkumo skalés parametrai buvo < 20 000; naujai susiformavusio
kaulo — 20 000-44 000; karkasuose naudoty keramiky tankis — > 44 000.
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2.14. KAULINIO AUDINIO HISTOLOGINIS ISTYRIMAS

Atlikus  mikroKT analizg, kaulo méginiai dvi savaites buvo
dekalcifikuojami 10 proc. EDTA — 10 proc. formalino tirpale (pH 7,0-7,4).
Tada kiekvienas méginys buvo padalytas j 5 dalis: per centra, nuo centro j abi
puses nutolus per 1,3 mm ir 2,6 mm, po to padalytos dalys buvo jtvirtintos
parafine. Kiekviename tiriamosios medziagos segmente buvo atlikti 3 pm
storio 5 iSilginiai pjtviai. Tiriamieji méginiai nudazyti hematoksilino ir eozino
dazy miSiniu. Gauti pjlviai analizuoti Sviesiniu mikroskopu ,,Olympus
BX41TF*“ (Olympus Optical Co. LTD). Kokybinés analizés metu buvo
vertintas kaulinis defektas, naujo kaulo formavimasis, jungiamojo audinio
formavimasis, uzdegimo pozymiai. Kiekybiné analizé buvo atlikta Aperio
ImageScope (Leica Biosystems Imaging) programa, apskai¢iuojant naujai
susiformavusio kaulo plotg (mm?).

2.15. STATISTINE ANALIZE

Duomeny analizé buvo atlikta naudojant R programy paketa (RStudio
v1.1.442). Eksperimentuose, kuriuose buvo naudojama SEM analizé, tyrimai
atlikti su 5 nepriklausomais méginiais. In vitro mikroKT analizei buvo naudoti
22 méginiai. Gauty duomeny normalumas ir variacija buvo vertinti naudojant
Shapiro-Wilk bei Levene’s testus. Duomenys pateikti kaip vidurkis =+
standartiné paklaida. In vitro rezultatai buvo vertinami atliekant vieno
faktoriaus ANOVA testg. StatistiSkai patikimi rezultaty skirtumai buvo
nustatomi naudojant Tukey HSD testg. StatistiSkai patikimi in vivo rezultaty
skirtumai tarp skirtingy gyviny ly¢iy buvo nustatyti naudojant Student t testa,
o tarp skirtingy grupiy — vieno faktoriaus ANOVA bei Tukey HSD testus.
Manyta, kad tarp duomeny yra statistiskai patikimas skirtumas, kai p < 0,05.

3. REZULTATAI IR JU APTARIMAS

3.1. IN VITRO REZULTATAI

TN W =

medicinos Sakose: neurochirurgijoje, ortopedijoje ir traumatologijoje ar
burnos, veido ir Zandikauliy chirurgijoje!®. Remiantis Siuolaikinémis
technologijomis tikimasi, kad tokius pazeidimus greitai bus galima gydyti
taikant daug Zadancius, audiniy inZinerijos principais sukurtus kaulinio
audinio pakaitalus®®?. Kaulas yra mineralizuotas jungiamasis audinys4,
kuriam btidinga specializuota organiné-neorganiné struktiira. Tokj kaulinj
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audinj galima suprasti kaip mikro- ir nanokompozitinj junginj?’. Biitent tokia
audinio struktiira ir sudétis (porétumas, trabekuliné ir kortikaliné audinio
architektiira, kolageno fibriliy i§sidéstymas, TU mineralizacija ir kt.) nulemia
kaulo mechanines savybes®®’. Kuriant karkasus, skirtus kaulo regeneracijai,
stengiamasi kuo labiau atkartoti natiiralig kaulinio audinio sandara.

Ivairiis kaulinio audinio priauginimo operacijy budai yra pagristi
natiraliais, po paZeidimo vykstanciais kaulo gijimo ir regeneracijos procesais.
Po traumos kaulo gijimas prasideda ir visiska kaulo regeneracija yra galima
tik tuo atveju, jei yra teisinga lizio galy anatominé pozicija ir stabili jy
fiksacija®”’. Jei tarpas tarp ltzusio kaulo galy yra mazesnis nei 0,01 mm,
vyksta kontaktinis gijimas. Jei tarpas tarp kaulo galy yra mazesnis nei 0,8-1
mm, taciau yra stabili kaulo galy fiksacija, kaulinis audinys dar geba
regeneruoti tokj defekta savaime*”’. Taigi, norint dirbtinio kaulinio audinio
gamybai naudoti 3D spausdintus karkasus, svarbu uztikrinti naudojamos
spausdinimo technologijos tiksluma, nes pagamintas konstruktas turi kuo
labiau atitikti paciento kaulo defekta.

Visy pirma Siam darbui buvo pasirinkti du LNM 3D spausdintuvai —
,, Ultimaker Original“ ir ,,Pharaoh XD 20“. Pagal nurodytus techninius
parametrus spausdinti struktiiras abu gali naudojant PLR filamentus.
,Ultimaker Original* spausdintuvas naudoja 2,85 mm skersmens filamentus
spausdinti ir jo didZiausia sluoksnio skiriamoji geba yra nuo 20 iki 200 um*,
,,Pharaoh XD 20 spausdintuvo sluoksnio skiriamoji geba yra 100 um“®, o
spausdinti naudojami 1,75 mm skersmens filamentai. Siekiant sukonstruoti
struktiirg, skirtg dirbtiniam kaului konstruoti, buvo nuspresta jvertinti, ar LNM
spausdintuvy parametrai turi jtakos spausdinimo tikslumui, kai yra
spausdinami méginiai naudojant tos pacios jmonés, tos pacios medziagos
filamentus. PLRI1 karkasai buvo pagaminti spausdintuvu ,,Ultimaker
Original®“, PLR2 — ,Pharaoh XD 20“. Buvo vertinama, kaip tiksliai abu
jrenginiai atspausdina tame paciame STL faile esant] 3D mikrostrukttirizuota
karkaso modeli SEM, gravimetriniu ir skyscio i$stimimo metodais, mikroKT.

Atlikus SEM matavimy analiz¢ nustatyta, kad i§ gamyklinio PLR
polimero tiksliau karkasy sluoksnius atspausdino spausdintuvas ,,Pharaoh
XD* (PLR2 méginiai), palyginti su ,,Ultimaker Original“ atspausdintais
méginiais (PLR1) (8 pav).
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8 pav. Karkasy sluoksniy aukstis. Juoda horizontali linija Zymi teorinj sluoksnio
aukstj — 400 pm. StatistiSkai reik§mingi skirtumai tarp grupiy pazyméti kaip ,,*, kai
p <0,05, ,,** kai p <0,01, ir ,,*** kai p <0,001.

Reikia pazyméti, kad su spausdintuvu ,,Ultimaker Original“ buvo
sudétinga atspausdinti sluoksnius, kuriy aukstis buvo net 20 karty didesnis
(400 um) nei minimali jo skiriamoji geba (20 um). Atstumas tarp gijy buvo
taip pat tiksliau iSlaikytas PLR2 grupéje, kurios matmenys maZziau nukrypo
nuo STL failo nei PLR1 grupés. Rastas statistiskai reikSmingas skirtumas tarp
PLR1 ir PLR2 grupiy (9 pav.).
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9 pav. Atstumas tarp karkasy gijy. Juoda horizontali linija Zymi teorinj atstuma tarp
gijy — 400 um. StatistiSkai reik§mingi skirtumai tarp grupiy pazyméti kaip ,,**, kai
p <0,05,,,** kai p <0,01, ir ,,***“ kai p <0,001.

Nepaisant dideliy sluoksniy auksciy skirtumy tarp PLR1 ir PLR2 grupiy,
,Ultimaker Original® ir ,,Pharaoh XD* spausdintuvai pagamino panaSaus
auk§Cio karkasus, tarp kuriy nebuvo statistiSkai reik§mingo skirtumo
(10 pav.).
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10 pav. Karkasy aukstis. StatistiSkai reikSmingi skirtumai tarp grupiy pazymeéti kaip
¥ kail p < 0,001

Ivertinus gautus gravimetrinio ir skys¢io i§stimimo metody duomenis,
nerasta statistiSkai reik§mingo skirtumo tarp PLR1 ir PLR2 karkasy, taip pat
ir su teoriniu karkasy porétumu (11 pav.). Taciau PLR2 grupés vidutinis
porétumas buvo didesnis nei PLR1, o tai lemia geresnes karkaso savybes
kaulo regeneracijai.
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11 pav. Skirtingy tyrimy vidutinis karkasy porétumas (proc.). Juoda linija Zymi teorinj
porétumg — 48 proc.

Apskaiciavus vidutinj karkasy tiirj pagal mikroKT duomenis, rastas
statistiSkai reikSmingas skirtumas tarp PLR1 ir PLR2 grupiy (12 pav.).
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12 pav. Karkasy tiiris (mm®) pagal mikroKT ir superimpozicijg. Juoda horizontali
linija Zymi teorinj karkaso tiirj — 753,23 mm?®. Statisti¥kai reikimingi skirtumai tarp
grupiy pazyméti kaip ,,*, kai p < 0,05, ,,**“, kai p < 0,01, ir ,,***, kai p < 0,001

Apibendrinant ,,Ultimaker Original“ ir ,,Pharaoh XD 20 spausdinimo
tikslumo rezultatus, galima teigti, kad tikslesnis yra jrenginys ,,Pharaoh XD
20¢. Skirtumy tarp abiejy 3D spausdintuvy spausdinimo kokybeés galgjo
atsirasti dél skirtingos jy aparatinés ir programinés jrangos. ,,Pharaoh XD
spausdintuvas turéjo automatinj kalibravima, kuris padéjo islaikyti tikslesnj
atstuma tarp spausdinimo galvutés ir pavirSiaus pagrindo, ant kurio buvo
spausdinamas karkasas. Yra zinoma, kad automatinis kalibravimas pagerina
spausdinimo tikslumg*®. Be to, su ,,Pharaoh XD 20% spausdintuvu buvo
naudojama ,,Slicer 1.2.8“ programiné jranga, o su ,,Ultimaker Original
spausdintuvu — ,,Ultimaker Cura 3.6, Nors literatiiroje néra duomeny, kad
Sios programinés jrangos skirtysi, taciau yra zinoma, kad naudojant skirtingas
pjaustymo programas tokiam paciam modeliui sukurti, po jo gamybos
proceso gaunamas skirtingas rezultatas*'!. Remiantis $io tyrimo rezultatais,
abu tirti spausdintuvai gebéjo atspausdinti karkasus taip tiksliai, kad pakakty
uztikrinti kaulinio audinio regeneracija. Taciau tolesniems darbams buvo
pasirinktas geresnius rezultatus parodgs ,,Pharaoh XD 20 spausdintuvas ir
KLE biidu buvo gaminami 1,75 mm skersmens filamentai.
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Plastiko, gumos, maisto ir farmacijos pramongje viena i§ placiausiai
naudojamy gamybos technologijy yra KLE #*2. Neseniai §] metodg imta
taikyti ir filamenty, skirty kaulinio audinio karkasams 3D  spausdinti,
gamybai*’®. Siame darbe, taikant KLE technologija, buvo gaminami
kompozitiniai PLR ir 10 proc. HA bei PLR ir 10 proc. BS filamentai.
Filamenty gamybai naudota Filabot Original KLE sistema. Tolygus HA ir BS
daleliy pasiskirstymas kompozitiniame filamente buvo uZtikrinamas
pasirenkant vienodo dydzio PLR bei HA arba BS granules, kurios tarpusavyje
buvo nuolat maiSomos. Literatiros duomenimis, 5 proc. BS koncentracijos
pakanka sékmingam naujo kaulinio audinio®, kraujotakos 2”7  bei
mineralizuoto TU formavimuisi?®? in vivo. Be to, manoma, kad didesné BS
koncentracija gali pagerinti minétas savybes?®?, HA atveju, norint uztikrinti
osteogeniniy procesy iniciacija lastelése bei aktyvinti sékmingg kaulo
regeneracijg in Vvivo, reikia didesnés Sios medziagos koncentracijos
kompozite — bent 10 proc. Remiantis literatiroje pateiktomis aptarty
medZziagy savybémis, Siame darbe buvo pasirinkta tirti kompozitus, turincius
10 proc. neorganiniy komponenty (HA arba BS). Kartu su kompozitiniais
filamentais buvo gaminami ir kontroliniai — grynos PLR méginiai.
Pagaminus skirtingus filamentus buvo matuojami jy skersmenys.
Priklausomai nuo medziagos rusies gauty filamenty skersmenys buvo
skirtingi: PLR — 1,67-1,75 mm, PLR/HA - 1,28-1,45 mm, PLR/BS — 1,6—
1,75 mm. Tyrimo metu buvo pastebéta, kad vidurinés sukurty filamenty dalys
turéjo maziausius skersmens nuokrypius ir buvo gana tolygios
eksperimentiniams méginiams gaminti. Tac¢iau, remiantis literatiira, kintamas
filamenty skersmuo gali sukelti netolygumus iSstimimo i§ spausdintuvo
galvutés metu, taciau diskutuotina, ar nedideli skersmens nuokrypiai gali
turéti jtakos 3D spausdinimo tikslumui ir sukurty karkasy morfologijai®®C.

Toliau vertinome, ar KLE technologija pagaminti (PLR, PLR/HA arba
PLR/BS) filamentai nekeicia ,,Pharaoh XD 20 spausdinimo tikslumo. Visy
pirma i$ pasiruosto PLR filamento spausdintuvu buvo pagaminti PLR
karkasai, naudojant tokj patj karkaso modelio STL failg kaip ir anks¢iau
jvertintose grupése. Kaip ir LNM technologijos tikslumo vertinimo
eksperimentuose, atspausdinti meéginiai buvo fotografuojami SEM ir
vertinamas bendras karkaso aukstis, kiekvieno jo sluoksnio aukstis ir atstumas
tarp sluoksnj sudaranciy gijy. Ivertinus visus PLR grupés SEM rezultatus (8—
10 pav.), buvo pastebéta, kad yra liejami netolygiis sluoksniai, o SEM
rezultatai buvo panasis | PLR1 grupés. Remiantis pasiektais rezultatais, pries
spausdinant karkasus i§ PLR/HA ir PLR/BS gijy, rankiniu budu buvo
papildomai sureguliuoti ,,Pharaoh XD 20 spausdintuvo parametrai (atstumas
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tarp spausdintuvo galvutés ir spausdinamo objekto, pirmojo sluoksnio
aukstis).

Véliau atspausdinti kompozitiniai PLR/HA ir PLR/BS karkasai buvo
vertinti SEM ir jy rezultatai palyginti su visy anksciau spausdinty PLR grupiy
rezultatais. Remiantis SEM rezultatais, kompozitiniai karkasai, atspausdinti i$
PLR/HA ir PLR/BS gijy, turéjo tokius pacius ar net tikslesnius sluoksniy
(8 pav.) ir karkasy auks¢ius (10 pav.) nei visos PLR grupés. [domu , kad SEM
vaizdai parodé, jog PLR/BS karkasy grupéje sluoksniai buvo atspausdinti
tolygiausiai. Sioje vieninteléje grupéje nebuvo statistiskai reik§mingo
skirtumo tarp sluoksniy (8 pav). Galbut $is efektas pad¢jo iSlaikyti ir
didziausius atstumus tarp gijy PLR/BS karkasuose (9 pav.). Sie pasiekti
PLR/BS karkasy spausdinimo parametrai lémé, kad buvo galima apskaiciuoti
§ios grupés teorinj porétuma, todél Siy karkasy nebuvo atlikti gravimetriniai
ir skyséiy i§sttmimo vertinimo metodai, mikro-KT jvertinimas.

Tolesné morfologijos analizé buvo atlikta vertinant PLR/HA karkasy
rezultatus, kurie buvo palyginti su PLR2 grupés rezultatais.
PLR/HA karkasus buvo sunkiausia atspausdinti dél gijy trapumo ir labiausiai
besiskiriancio filamento skersmens. Be to, SEM vaizdai parodé¢ statistiskai
reikSmingus skirtumus tarp skirtingy PLR/HA karkasy sluoksniy. Jdomu, kad,
nepaisant PLR/HA karkasy spausdinimo sunkumy, porétumo jvertinimas
skirtingais budais parodé artimiausias vertes (48 ir 50 proc.) originaliam STL
modelio porétumui, palyginti su PLR2 grupe (11 pav.). Literatiiroje atlikti
tyrimai patvirtina, kad 50 proc. karkasy porétumas skatina Iasteliy
dauginimgsi ir migracija bei teigiamai veikia kaulo regeneracijg'®? taigi
PLR/HA karkasy porétumas yra tinkamas kurti dirbtinj kaulinj audinj.
Ivertinus mikroKT rezultatus, rasta, kad §iy grupiy PLR2 ir PLR/HA karkasy
tariai buvo panasis , ta¢iau neatitiko teorinio STL failo tario (12 pav.).

Apibendrinus tikslumo rezultatus, galima patvirtinti, kad KLE yra
vertinga priemoné individualiems kompozitiniams filamentams kurti, taciau
reikia tolesniy tyrimy, kaip pagerinti kuriamy filamenty skersmens tolyguma.
Manome, kad §j tikslag biity galima pasiekti naudojant iSmaniuosius gijy
ekstruderius su internetiniu filamento skersmens valdymu, kuris matuoja
kaitinamojo filamento skersmenj ir atitinkamai koreguoja ekstruzijos
parametrus (temperatiirg, greitj ir kt.). Kita vertus, sunku pasakyti, kuris i$ iy
parametry (netolygus skersmuo ar filamenty sudétis) turé¢jo didesnj poveikj
galutinei karkasy morfologijai. Manome, kad dél HA ar BS daleliy
kompozitiniai filamentai turéjo aukStesn¢ savitaja Siluming talpg ir 1éciau
véso. Kompozitinio filamento klampa taip pat buvo didesné nei grynos PLR.
Tikriausiai tai ir nulémé, kad PLR/HA ir PLR/BS méginiuose sluoksniy gijos
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buvo atspausdintos lygiau, o bendri tiiriniai karkasy matmenys buvo tikslesni
(labiau atitiko STL faile esantj model;).

Sio tyrimo rezultatai yra svarbiis norint geriau suprasti 3D spausdinimo
procesa. Svarbi Zinia, pagrista §io tyrimo rezultatais, yra ta, kad 3D spausdinty
karkasy matmenys ir morfologija gali skirtis nuo pradinio STL failo. Tokie
skirtumai yra ypa¢ svarblis gaminant medicinos reikmenis — chirurginius
gidus, individualius pacientui skirtus implantus ir kt. %3, Rekomenduojame
pirmg karta spausdinant 3D objektus, skirtus kaulinei regeneracijai ar
reikalaujancius ypatingo spausdinimo tikslumo, jvertinti atspausdinty 3D
objekty parametrus ir palyginti su originaliomis STL failo vertémis. Esant
statistiSkai reikSmingy skirtumy, reikéty pritaikyti STL modelj norimam
pasiekti rezultatui, ypa¢ medicinos reikméms*"’.

3.2. IN VIVO REZULTATAI

Kauly regeneracija yra sudétingas procesas, kurio metu naujos
bioaktyvios medziagos padeda uZpildyti kaulinius defektus ir atkurti prarastas
ar sutrikusias kaulinio audinio funkcijas'!. Pastaruoju metu manoma, kad 3D
spausdinti kompozitiniai kauly karkasai yra viena i§ perspektyviausiy kauly
persodinimo strategijy*® . Taciau jy veiksmingumas turéty biiti jvertintas
patikimais ir palyginamais metodais pries perkeliant juos naudoti klinikinéje
praktikoje*'®. Nemazai 3D spausdinty karkasy savybiy galima jvertinti in vitro
esamais metodais*' " #!8, Taciau norint geriau suprasti Seimininko atsakg j tam
tikra bioaktyvia medziagg bei jvertinti regeneracinj efektyvuma, biitini tyrimai
in vivo.

Grauziky modeliai yra vieni i§ populiariausiy ir geriausiai aprasyty kauly
regeneracija ir gijima tirianéiy modeliy literatiiroje*’. Siame tyrime buvo
pasirinktos Wistar klono ziurkés, kurios yra genetiskai panaSios, dél to |
iSorinius ir vidinius stimulus reaguoja panaSiai, o tai leidzia patikimiau
jvertinti naujas kaulo regeneracijos strategijas*!’. Be to, tokiy beveik identisky
gyviiny naudojimas leido sumazinti reikiama ziurkiy skai¢iy DPKL isskirti
bei karkasy su lgstelémis ar jy TU gamybai. Svarbu paminéti, kad Siame
tyrime kaulo regeneracijos galimybés buvo jvertintos abiejy lyCiy gyviny
organizme. Yra zZinoma, kad Ziurkiy pateliy regeneracinis pajégumas yra
mazesnis nei patiny, nes jy kauly ciulpuose yra maziau mezenchiminiy
kamieniniy lgsteliy*®. Vienodas gyviiny skai¢ius pagal lytis méginiy grupése
taip pat yra labai svarbus, nes patinéliai, matuojant neurokranijinj ilgj ir plotj,
auga greiciau nei patelés ir nuo 120 gyvenimo dienos $is skirtumas tik
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didéja*’®. Neislaikant vienodo gyviiny skaiciaus pagal lytj grupése, tyrimo
rezultatai galéjo biti paveikti ir netikslis dél skirtingo gyviiny augimo.

Siame darbe kaulo regeneracijai jvertinti buvo pasirinktas Ziurkiy
kaukolés skliauto kritinio dydZio defekto modelis. Sios anatominés srities
pasirinkima Iémé tai, kad yra daug duomeny literatiiroje, su kuriais galima
palyginti gautus rezultatus*'’. Sis modelis yra tinkamas tirti intramembraninj
naujo kaulo formavimgsi*®. Nereikia papildomos bioaktyviy medziagy
fiksacijos, nesudétinga atlikti chirurging operacijg*'’. Sukurtuose defektuose
galima tirti jvairios konsistencijos medziagas (birias, karkasus) ir lyginti
gautus rezultatus*'’. Sis aspektas buvo labai svarbus renkantis tyrimo modelj,
nes teigiamai kontrolei naudota medziaga Bio-Oss yra biri, 0 tiriamosios
medziagos — karkasai. Svarbu paminéti, kad literatiiroje yra prieStaravimy,
kokio skersmens defektas yra kritinio dydzio Ziurkiy kaukolése. Vieni Saltiniai
teigia, kad 5 mm, kiti — 8 mm*742, Sjame tyrime buvo atlikti maksimaliai
dideli 5,5 mm skersmens kauliniai defektai, palickant bent 1,5 mm kaulin; tilta
tarp jy. Remiantis bandomojo tyrimo duomenimis, mazesnis nei 1,5 mm
kaulinis tiltas turéjo neigiama jtaka kaulo regeneracijai. Buvo nuspresta atlikti
5,5 mm skersmens defektus, nes noréta vienoje ziurkés kaukoléje talpinti du
defektus, taip sumazinti reikalinga gyviny skaiciy ir labiau atitikti 3Rs
taisykle. Jprasta, kad kritinio dydzio defekto terming*?® galima vartoti, jei
suformuotas defektas nesugijo savaime per tiriamajj laikotarpj.

Gyviny eutanazijos atlikimo laikas, kuris rodo transplanto buvimo
organizme trukme, jvairiuose tyrimuose skiriasi’?. Siame darbe kaulo
regeneracija buvo vertinta mikroKT ir kaulinio audinio histologinio tyrimais
praéjus astuonioms savaitéms po operacijos, nes tai yra geriausias laikas istirti
naujg kaulo formavimgsi ziurkés modelyje*®. Jei biitume kaulinius defektus
palike ilgesniam pooperaciniam gijimui, tikétina, kad dél besikaupianc¢iy PLR
degradavimo produkty?®® biity isryskéje statistidkai reik§mingy skirtumy tarp
visy PLR grupiy ir kompozitiniy arba Bio-Oss. Remiantis literatiira, abu
neorganiniai komponentai (HA ir BS) sukurtuose kompozitiniuose karkasuose
sumazina karkasy skilimo greitj ir neutralizuoja PLR degradavimo produkty
riig8tingumg?1.263272277  Be to, tikétina, kad biodekoruoti konstruktai su
DPKL arba jy TU bity parod¢ geresnius gijimo rezultatus nei gryni
kompozitiniai karkasai dél §iy medziagy osteoinduktyvumo®3,

Bi0-Oss yra vienas i§ dazniausiai naudojamy gyviininés kilmés kauliniy
pakaitaly kaulo priauginimo operacijose dél puikiy osteokondukciniy savybiy,
mazo rezorbcijos greidio ir pakaitinés laipsninés kaulo remodeliacijos®®®. Be
to, neseniai atliktas tyrimas vertinant kaulo regeneracinj potencialg burnos,
veido ir zandikauliy srityje parodé, kad Bio-Oss teigiamai veikia naujo kaulo
formavimasi, prilygstant] autogeninio transplanto, kuris laikomas auksiniu
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standartu, naujo kaulo indukavimui sukurtuose kauliniuose defektuose!®. D¢l
$iy Bio-Oss savybiy jis buvo pasirinktas teigiama kontrole Siame tyrime. Buvo
svarbu i$siaiskinti, ar kuriami 3D karkasai yra konkurencingi $iuo metu
klinikingje praktikoje naudojamoms medZiagoms. Remiantis $io tyrimo
kaulinio audinio histologinio iStyrimo ir mikroKT rezultatais nustatyta, kad
tik Bio-Oss ir neigiamos kontrolés grupése nebuvo statistiskai reikSmingo
skirtumo tarp abiejy ly¢iy, vertinant naujo kaulo formavimosi intensyvuma
(13'ir 14 pav.).
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13 pav. In vivo I etapo mikroKT rezultatai, pavaizduoti histograma su pasikliautiniy
intervaly grafiniu vaizdu naujai susiformavusiam kaulo tiiriui (mm?®) pagal méginiy
grupes ir gyviny lytj. *, ** ir *** rodo statistiskai reikSmingus grupiy skirtumus,
atitinkamai p < 0,05, p< 0,01 ir p <0,001. #, ## ir ### zymi statistiSkai reikSmingus
skirtumus tarp lyCiy toje pacioje imties grupégje, atitinkamai p < 0,05, p < 0,01 ir
p <0,001.
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14 pav. In vivo I etapo kiekybinio kaulinio audinio histologinio iStyrimo rezultatai
naujai suformuotam kaulo plotui (mm?) pagal méginiy grupes ir gyviny lytj. *, ** ir
*** rodo statistiskai reik§mingus grupiy skirtumus, atitinkamai p < 0,05, p < 0,01 ir
p <0,001. #, ## ir ### zymi statistiSkai reikSmingus skirtumus tarp ly¢iy toje pacioje
imties grupéje, atitinkamai p < 0,05, p < 0,01 ir p < 0,001

Idomu, kad remiantis kiekybinio kaulinio audinio histologinio iStyrimo
I etapo rezultatais, visose eksperimentinése grupése buvo rasta statistiskai
reik§mingy skirtumy tarp abiejy ly¢iy kauliniame audinyje naujai suformuoto
kaulo ploto. Buvo padaryta prielaida, kad Siuos skirtumus tarp abiejy lyCiy
kauliniame audinyje naujai suformuoty kauly ploty dazniausiai 1émé mazesnis
mezenchiminiy kamieniniy lasteliy skaic¢ius moteriskos lyties ziurkiy kauly
Ciulpuose®®. Dél to buvo nuspresta pagerinti osteoindukcines eksperimentiniy
karkasy (PLR, PLR/HA ir PLR/BS) savybes DPKL ar jy TU. Taciau remiantis
Il etapo rezultatais statistiSkai reikSmingi skirtumai tarp abiejy lyCiy
kauliniame audinyje naujai suformuoto kaulo ploto iSliko visose
eksperimentinése grupése, iSskyrus PLR/DPKL ir PLR/TU grupes (p = 0,07).
(15ir 16 pav.).
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15 pav. In vivo II etapo mikroKT rezultatai, pavaizduoti histograma su pasikliautiniy
intervaly grafiniu vaizdu naujai susiformavusiam kaulo tiiriui (mm?®) pagal méginiy
grupes ir gyviny lytj. *, ** ir *** rodo statistiskai reik§mingus grupiy skirtumus,
atitinkamai p < 0,05, p< 0,01 irp <0,001. #, ## ir ### zymi statistiSkai reik§mingus
skirtumus tarp ly¢iy toje pacioje imties grupéje, atitinkamai p < 0,05, p < 0,01 ir
p <0,001
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16 pav. In vivo II etapo kiekybinio kaulinio audinio histologinio i§tyrimo rezultatai
naujai suformuotam kaulo plotui (mm?) pagal méginiy grupes ir gyviiny lytis. *, ** ir
*** rodo statistiskai reikSmingus grupiy skirtumus, atitinkamai p < 0,05, p <0,01 ir p
<0 ,001. #, ## ir ### zymi statistiskai reik§mingus skirtumus tarp ly¢iy toje pacioje
imties grupéje, atitinkamai p < 0,05, p <0,01 ir p < 0,001

Literatiiroje yra duomeny, kurie rodo, kad lytiniy ir augimo hormony
kiekio skirtumai taip pat gali lemti moteriSskos lyties Zmoniy ir gyviiny
silpnesne kaulo regeneracija*®. Reikia tolesniy tyrimy, vertinant Siy
priezas¢iy poveikj Seimininko ir bioaktyviy medziagy saveikai bei kaulo
regeneracijai, naudojant kaulinius pakaitalus. Siame darbe nebuvo sukurta
universalaus kaulo karkaso, vienodai gerai veikian¢io naujo kaulo
formavimasi kritinio dydzio defektuose abiejy ly¢iy ziurkiy organizmuose.
Taciau pasiektus rezultatus biity galima pagerinti padidinus neorganiniy
medziagy procenting dalj 3D karkasuose osteokondukcinéms savybéms
pagerinti ar praturtinant 3D karkasus kitomis osteoindukcinémis
medziagomis, pavyzdziui, trombocity papildyta plazma ar kaulo
morfogenetiniais baltymais®. Si svarbi informacija apie skirtingg kaulo
regeneracinj potencialg kritinio dydzio defektuose skirtingy ly¢iy ziurkiy
organzime biity praleista, jei Siame tyrime nebuty jtraukti abiejy lycCiy
gyvinai, tada PLR/BS ir PLR/HA karkasai bei jy konstruktai buty parode
labai konkurencingus ar net geresnius rezultatus nei Bio-Oss grupés rezultatai
(17 ir 18 pav.).
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17 pav. In vivo mikroKT rezultatai naujai susiformavusio kaulo tiriui (mm?) pagal
meéginiy grupes. *, ** ir *** rodo statistiskai reikSmingus grupiy skirtumus,
atitinkamai p < 0,05, p < 0,01 ir p < 0,001
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18 pav. Kiekybinio kaulinio audinio histologinio iStyrimo rezultatai naujai
susiformavusio kaulo plotui (mm?) pagal méginiy grupes. *, ** ir *** rodo statistiskai
reik§mingus grupiy skirtumus, atitinkamai p < 0,05, p <0,01 ir p < 0,001.
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Literattroje taip pat diskutuojama, kad duomenys, kurie gauti tyrimy
metu tik vertinant vyriskosios lyties gyvinus, negali atspindéti tam tikry
gyviiny riisiy tikro rezultato®?’. Deja, net 80 proc. visy moksliniy straipsniy
tiriami tik vyriSkosios lyties gyviinai ir tik 1 proc. straipsniy analizuoja
rezultatus pagal lytj gyviiny chirurginiuose modeliuose*?’. Remdamiesi miisy
gautais rezultatais, taip pat rekomenduojame atlikti tyrimus kaulo
regeneracijai vertinti kritinio dydZzio grauziky modeliuose abiejy lyiy i§laikant
vienoda skai¢iy grupése.

Nepaisant gauty statistiSkai reikSmingy skirtumy tos pacios imties
grupés, indukuojancios kaulo regeneracija, gyviiny ly¢iy skirtumy, kartu
apskaiciuoti [ ir II in vivo etapy mikroKT duomenys parodé, kad geriausius
kauly regeneracijos sugebéjimus parodé PLR/BS ir PLR/BS TU grupés
(17 pav.). Naujo kaulo statistiskai reikSmingai daugiau susiformavo PLR/BS
karkasy grupéje ne tik pavienuose 3D osteokondukciniuose karkausuose
(13 pav.), bet ir sukurtuose PLR/BS konstruktuose (15 pav.), isskyrus II etapo
vyriskos lyties gyviiny organizme. Tikétina, kad PLR/BS grupéje gauti tokie
geri nauja kaulinj audinj indukuojantys rezultatai, nes BS yra labai aktyvus
nuo pirmojo kontakto su recipientinio kaulo defektu. BS pavirsius pritraukia
hidroksikarbonato apatito kristalus per pirma valanda po implantacijos?*.
Antra valanda po implantacijos BS suzadina augimo faktoriy, kurie skatina
osteoblasty proliferacijg, gamybg®"?%_ [vairais in vivo tyrimai, vertinantys
grauziky kaulo regeneracija po skirtingy karkasy implantacijos, taip pat
parodé¢ PLR/BS pranasumus PLR atzvilgiu. PLR/BS grupiy buvo geresni
rezultatai ne tik vertinant kauly regeneracija®’®, bet ir ektopinio kaulo
formavimasi?®®, vaskuliarizacija?’" 284, Tolesni moksliniai tyrimai turéty biiti
atliekami siekiant jvertinti kauly regeneracijg, bioaktyvios medziagos ir
hormony saveika, augimo faktoriy ir recipientinio kaulinio defekto atsaka
ilgalaikiuose in vivo stambiyjy gyviiny kauly regeneracijos modeliuose.

Remiantis Siame tyrime gautais kaulinio audinio histologinio iStyrimo
duomenimis (18 pav.), geriausius naujy kauly formavimosi indukavimo
rezultatus parodé PLR/HA TU, PLR/BS, PLR/BS DPKL, PLR/BS TU
karkasy grupés. Siy grupiy pasiekti rezultatai buvo panasiis j Bio-Oss grupés
ir nebuvo rasta statistiSkai reikSmingy skirtumy tarp minéty grupiy. Karkasai,
dekoruoti TU, sulaukia vis didéjanCio susidoméjimo kaulinio audinio
regeneracijoje ir audiniy inZinerijoje dél geb¢jimo iSsaugoti natiiralias
biologiskai aktyvias molekules, kurios pagerina lasteliy sukibima,
proliferacija, migracijg ir diferenciacija®®®. Histologiskai TU padengty karkasy
kauly regeneracija buvo geresné nei gryny 3D karkasy ar 3D karkasy su DPKL
grupése. Taciau statistiSkai reik§mingy skirtumy tarp osteokondukcinémis
savybémis pasizymin¢iy karkasy ir jy biologiskai dekoruoty konstrukty,
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vertinant naujo kaulo formavimasi kritinio dydzio kauliniuose defektuose
pra¢jus aStuonioms savaitéms po operacijos, nebuvo. Manome, kad
kamieninéms lasteléms, esanCioms kaulo defekto krastuose, buvo sunku
migruoti | karkasy centra dél po nulgstelinimo proceso likusio kolageno
skaiduly tinklo karkasy viduje, kuris galé¢jo veikti kaip prisitvirtinimg
skatinantis, bet migracijg stabdantis barjeras®®. Tolesni tyrimai tuéty biiti
atliekami keiciant karkasy morfologija (porétuma, pory dydj, forma) ir stebint,
kaip tai veikia TU formavimgsi bei ieSkant tinkamiausios 3D karkasy
morfologijos ir TU saveikos su osteokondukciniais karkasais kaulo
regeneracijai skatinti.

Siame tyrime TU konstruktai buvo $iek tiek geresni nei tos pacios
medziagos 3D karkasai su DPKL, nors teoriSkai implantacijos metu 3D
karkasai su DPKL turéjo labai panasy TU. Kaulo regeneracijos skirtumy
galéjo atsirasti déel DPKL zities, kurig 1émé nepakankama mityba karkasy
viduje**?, mechaninis DPKL paZeidimas implantacijos metu®®. Yra Zinoma,
kad Iasteliy zuties metu atpalaiduotos bioaktyvios medziagos skatina
uzdegimo procesus gretimuose audiniuose, o tai létina kaulo regeneracijg**°.
Taciau dar daugelis kamieniniy Igsteliy transplantacijos dalyky yra nezinoma,
pavyzdziui, implantuoty ir recipientiniy kamieniniy Igsteliy, esanciy
pazeidimo krastuose, tarpusavio sgveika. Taip pat tyréjai turéty jvertinti,
kurias i§ biodekoravimo technologijy yra verta toliau tobulinti, atsizvelgiant
1 padidéjusias procedros iSlaidas, laika, reikalingas technologijas.

Siame tyrime gryni PLR karkasai buvo pras¢iausi naujo kaulo
formavimuisi sukurtuose kritinio dydzio kauly defektuose dél rugstiniy
produkty, kurie i$siskyré PLR degradacijos metu®®8, Tuo tarpu HA ir BS, kurie
buvo jvesti j kompozitinius filamentus, Iémé didesnj naujo kaulo formavimasi,
nes yra geri buferiai, neleidziantys riig§téti aplinkiniams audiniams PLR
skilimo metu ir didinantys karkasy osteokondukcines savybes?61263272277,
Nors literatiiroje yra tyrimy, patvirtinanciy, kad kompozitiniai PLR/HA ir
PLR/BS 3D karkasai santykiu 9:1 turi teigiamg jtakg kauly regeneracijos
tyrimuose in vitro ir invivo®¥?’ tagiau yra manoma, kad padidinus
neorganinés dalies procenting dalj kompozitiniuose karkasuose, karkasy
osteokondukcinés savybés biity pagerintos, indukuojant spartesnj naujo kaulo
formavimasi kritinio dydZio defektuose®***2, Tolesni tyrimai turéty jvertinti
tikslig DPKL TU charakteristika, pagerinti karkasy morfologija ir medziagy
sudétj, istirti 3D spausdinty karkasy mechanines savybes ir rezorbcijos greit;.
Tai padety atsakyti j Sio tyrimo metu rastus neapibréztumus ir prisidéty prie
audiniy inzinerijos pazangos bei dirbtinio kaulinio audinio kiirimo ir
tobulinimo.
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4. ISVADOS

1. Remiantis SEM, mikroKT ir porétumo nustatymo metody rezultatais,
gamykliniai PLR karkasai, atspausdinti ,,Pharaoh XD*, pasizyméjo statistiskai
reikSmingai didesniu tikslumu spausdinant skirtingus karkaso sluoksnius,
i8laikant tikslesnius tarpus tarp gijy ir bendrg karkaso aukstj, tikslesnj ttrj ir
didesnj porétuma nei PLR karkasai, atspausdinti ,,Ultimaker Original®. 3D
spausdintuvo parametrai turi jtakos 3D PLR karkasy morfologijai ir tikslumui.

2. Karsto lydymosi ekstruzijos biidu galima pagaminti filamentus i§ PLR
mikrogranuliy, kompozitinius filamentus (9:1 santykiu) i§ PLR ir HA, PLR ir
BS mikrogranuliy. Pagaminty filamenty skersmenys buvo netolygis ir
svyravo nuo 1,28 iki 1,75 mm, taciau buvo tinkami 3D karkasams gaminti
LNM 3D technologija.

3. Kompozitiniy 9:1 PLR/BS ir PLR/HA karkasy morfologiniai
parametrai statistiSkai patikimai nesiskyré nuo teoriniy STL modelio
duomeny ir buvo tiek pat tiksliis ar net tikslesni uz gamykliniy PLR karkasy,
atspausdinty ,,Pharaoh XD 20

4. Remiantis mikroKT rezultatais, PLR/BS karkasy grupéje susiformavo
statistiSkai reikSmingai daugiau naujo kaulo abiejy lyCiy gyviinuose nei kitose
I etapo tiriamosiose grupése. Kiekybinés histologijos rezultatai parodé, kad
PLR/BS ir Bio-Oss grupés turi teigiamg  jtakg naujo kaulo formavimuisi,
gaunami $iy grupiy rezultatai yra panasis ir statistiSkai reikSmingo skirtumo
néra. Taciau naujai susiformavusio kaulo plotas statistiSkai reikSmingai
besiskiria tarp lyCiy visose I etapo tiriamosiose grupése.

5. Ivertinus mikroKT ir kaulinio audinio histologinio iStyrimo rezultatus
II etapo tiriamosiose grupése, nustatyta, kad PLR/HA TU, PLR/BS DPKL,
PLR/BS TU turi teigiamg jtaka naujo kaulo formavimuisi kritinio dydzio
defektuose. Gaunami rezultatai yra panasis j Bio-Oss ir PLR/BS. Kiekybinio
kaulinio audinio histologinio iStyrimo rezultatai parodé, kad naujai
susiformavusio kaulo plotas statistiskai reikSmingai besiskiria tarp lyciy
kompozitiniuose karkasuose, biodekoruotuose DPKL ar jy TU. Remiantis
kokybinio kaulinio audinio histologinio iStyrimo duomenimis, tik Bio-Oss,
PLR/HA TU ir PLR/BS TU grupése buvo matomos besiformuojancios
atskiros kaulinés salelés, nesusijusios su defekty krastais. MikroKT ir
kiekybinio kaulinio audinio histologinio iStyrimo rezultatai parodé, kad néra
statistiSkai reik§mingo skirtumo tarp tos pacios medziagos osteokondukcinio
karkaso ir biodekoruoty konstrukty, nors matomas didesnis naujo kaulo
formavimasis kritinio dydzio defektuose.
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5. PRAKTINES REKOMENDACIJOS IR ATEITIES
PERSPEKTYVOS

1. Spausdinant 3D karkasus, skirtus kaulinei regeneracijai, yra svarbu
jvertinti, kiek gautas karkasas pagal dimensijas ir porétumo parametrus
atitinka gamybinj (pvz., STL) failg ir, esant statistiskai reikSmingy skirtumy
nuo originaliy parametry, pritaikyti STL modelj, atsizvelgiant j dimensines
neatitiktis.

2. Tolesni in vivo tyrimai turéty bati atlickami su abiejy ly¢iy gyvinais,
norint i§vengti klaidingo rezultaty interpretavimo.

3. Sio tyrimo rezultatai yra svarbiis kurti ir tobulinti 3D dirbtinj kaulinj
audinj ,,OSSEUM 4D*.
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