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Background: Considering the structural and functional complexity of the craniofacial tissues, 3D bioprinting can
be a valuable tool to design and create functional 3D tissues or organs in situ for in vivo applications. This review
aims to explore the various aspects of this emerging 3D bioprinting technology and its application in the cra-
niofacial bone or cartilage regeneration.

Method: Electronic database searches were undertaken on pubmed, google scholar, medline, embase, and sci-
ence direct for english language literature, published for 3D bioprinting in craniofacial regeneration. The search
items used were ‘craniofacial regeneration’ OR 'jaw regeneration' OR 'maxillofacial regeneration' AND ‘3D
bioprinting’ OR 'three dimensional bioprinting' OR 'Additive manufacturing' OR 'rapid prototyping' OR 'patient
specific bioprinting'. Reviews and duplicates were excluded.

Results: Search with above described criteria yielded 476 articles, which reduced to 108 after excluding reviews.
Further screening of individual articles led to 77 articles to which 9 additional articles were included from
references, and 18 duplicate articles were excluded. Finally we were left with 68 articles to be included in the
review.

Conclusion: Craniofacial tissue and organ regeneration has been reported a success using bioink with different
biomaterial and incorporated stem cells in 3D bioprinters. Though several attempts have been made to fabricate

craniofacial bone and cartilage, the strive to achieve desired outcome still continues.

1. Introduction

The craniofacial tissues are well arranged in a complex 3-dimen-
sional (3D) architecture comprising 14 facial and 8 cranial bones that
provide essential structural support and projection for the overlying soft
tissues. Histologically these bones consist of an inorganic/organic ma-
trix and are formed either by intramembranous or endochondral ossi-
fication. Mature bone is osteonal with haversian systems having con-
centric lamellae of matrix containing osteocytic lacunae. The
cartilaginous part on the contrary, is formed from chondroblasts and
has chondrocytes. '+

Mimicking this 3D complexity and its multicellular interactions, is
one of the greatest challenges, especially for functional reconstruction
of the craniofacial defects. Although autogenous grafts have served the
gold standard, their limited availability is a major drawback.
Biofabrication implies manufacturing of tissues and/or organs em-
ploying living cells, molecules, extracellular matrices and biomaterials,
using bioprinters and may serve as a good solution.

Bioprinting is simultaneous writing of living cells and biomaterial
with layer-by-layer stacking using a computer-aided fabrication of

bioengineered constructs.” 3D bioprinting is still in its infancy, and is
being used mainly in research than in clinical application, because of its
ability to produce simple homogenous tissues only. However, it does
have the potential to fabricate heterogenous tissues as well.

The aim of this review is to explore the various aspects of this
emerging 3D-bioprinting technology and its application in the cranio-
facial reconstruction.

Method: Electronic database searches were undertaken on pubmed,
google scholar, medline, embase, and science direct for english lan-
guage literature, published for 3D bioprinting in craniofacial re-
generation. The search items used were ‘craniofacial regeneration’ OR
'jaw regeneration' OR 'maxillofacial regeneration' AND ‘3D bioprinting’
OR 'three dimensional bioprinting' OR 'Additive manufacturing' OR
'rapid prototyping' OR 'patient specific bioprinting'. Reviews and du-
plicates were excluded.

Results: Search with above described criteria yielded 476 articles,
which reduced to 108 after excluding reviews. Further screening of
individual articles led to 77 articles to which 9 additional articles were
included from references, and 18 duplicate articles were excluded.
Finally we were left with 68 articles to be included in the review
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Fig. 1. Prisma flowchart detailing the database searches, the number of abstracts screened and the full texts retrieved.

(Fig. 1).

2. 3 D bioprinting: Applications and advantages

3D bioprinting technology can be applied in tissue engineering and
regenerative medicine, tissue or organ transplantation sciences,
screening of drugs and cancer research.”® 3D bioprinting of various
tissues like epithelial, connective, muscular and nervous tissues has
been attempted in labs, using cell laden scaffolds and constructs which
closely mimic the anatomy.”

The advantages of 3D bioprinting include capacity to modulate in-
ternal and external 3D architecture of scaffold systems, ease in fabri-
cation, high precision patient matched scaffolds, potential to print
multiple materials for fabrication of scaffolds, and capability of con-
trolling cell behavior and mechanical response of the construct by
predefining the scaffold architecture.®°

3D bioprinting overcomes the shortcomings of the traditional 3D
printers due to its ability to precisely place the cells in desired patterns
and allow fabrication of native-like tissues of heterogenous origin. In
vivo implantation of 3D bioprinted tissues to various sites has been
documented.'’ As human trials for transplantation are still awaiting
approvals, the progress is being made in advances in biomaterials and
cells, as well as technology of transplantation. Hence, the transition of
3D bioprinting into clinical practice from bench to bedside is still
awaited. However, its use in drug and pharmaceutics is quite popular,
and is being used for fabrication of tissues for drug testing and high-
throughput assays. 3D bioprinted tissue models of liver have been
fabricated by incorporating multiple cell types and appropriate phy-
siological environment, and are being used for drug screening.'’ In the
field of cancer research 3D bioprinting has been used for development
of in vitro cancer models as well as personalized medicines focused on
hydrogels and therapeutic implants.'”

3. 3 D bioprinting tools

Bioprinting, although a relatively new technology, demonstrates
appreciable reproducibility and automated precise control over fabri-
cated constructs. Although the term 3D printing, also referred as ad-
ditive manufacturing or rapid prototyping, is often used inter-
changeably with 3D bioprinting, they differ in material used and
printing potential. 3D printed inert or bioactive scaffolds lack living
cells and are known as acellular scaffolds,"® whereas 3D bioprinting
includes cell-laden biomaterial, with printing of both cells and scaffold
or scaffold free dense aggregates of cells.®

3.1. Bioink

The process of 3D bioprinting incorporates bioink, a solution or a
blend/mixture of biomaterial preferably hydrogel that encapsulates the
desired cell types, and creates tissue constructs. The bioink is stabilized
or crosslinked either during the process of bioprinting or immediately
post-printing to provide accurate structural shape and architecture to
the construct designed.

Appropriate chemical, mechanical, rheological and biological
properties are desired in an ideal bioink to ensure functional and
structural accuracy in bioprinted tissues and organs.'* This biomaterial
may be natural, synthetic, or hybrid and are the potential alternatives
to the standard autologous/allogenic grafts to attain clinically effica-
cious bone regeneration. Cell aggregates without any biomaterial can
also be used as a bioink.

3.2. Cellular component for the bioink

The major sources of stem cells that are most commonly used in
bioink for tissue engineering include embryonic, mesenchymal and
induced pluripotent stem cells.

Embryonic stem cells (ESC) - exhibit optimal degree of multipotency
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but difficulty in procurement, ethical issues, and issues with im-
munogenicity.'®

Mesenchymal stem cells (MSC) - easy to obtain, stimulate im-
munotolerance in target tissue, but degree of multipotency is much
inferior to ESCs."®

g 1.
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The laser bioprinting technology has emerged from LIFT (Laser in-
duced forward transfer) technology as a promising method for tissue
engineering. Though less popular, this technique has prominent ad-
vantages. The major components of LaAB include: (1) A pulsed laser
source, (2) Target in the form of a transparent glass slide or ribbon that
serves as a support for the bioprinting material and (3) Substrate that
receives or collects the material. The bioprinting procedure initiates
when a focused laser pulse stimulates a small area on the target, which
comprises of an energy-absorbing layer on the surface and bioink so-
lution underneath followed by evaporation of a portion of the energy-
absorbing layer resulting in the formation of a droplet that is collected
by the receiving substrate to be cross-linked thereafter.*>*° (Fig. 2a).

Laser-assisted bioprinters do not have nozzles, as observed in inkjet
bioprinters thus abstaining the direct contact between the bioink and
dispenser, and also material/cells clogging is prevented. Therefore

Extrusion of components via multiple mixing  Can be used with wider range and forms of material for creation

nozzles, exposing each layer to UV light or

Material fuses together at room temperature
heat

Pressure change in the upstream of nozzle
Results in a downstream droplet ejection.
after leaving the nozzle.

Laser pulse stimulates a small area of the

Basic Principle Involved
target.

Description of various techniques of 3D Bioprinting.
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LaABs have demonstrated high-resolution products and are compatible %0 é §
with several high viscosity material, (1-300 mPa/s), have a capability § & §
to maintain > 95% cell viability.”” These benefits render laser-assisted 2 3w g % g
bioprinting technology to be used for tissue engineering with reason- 2 Es % é -g ’g K E
able assurance. — R B 3 il

Selective laser sintering (SLS), stereolithography (SLA) and LIFT are = 5 E % * L E
among the few popular variations of laser-assisted 3D bioprinting. SLS & - -
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Fig. 2. Different 3D bioprinting modalities. a).
Laser Assisted Bioprinting- A focused laser pulse
stimulates an area on the target, comprising an
energy-absorbing surface layer and bioink solution
underneath followed by evaporation of a portion of
the energy-absorbing layer resulting in the forma-
tion of a droplet that is collected by the receiving
substrate to be cross-linked. b). Inkjet/Droplet
Bioprinting- Volume change occurring upstream in
the nozzle, creates pressure change causing down-
stream droplet ejection. c¢) Extrusion Based
Bioprinting- Thermoplastic polymer filament gets
melted at the nozzle into a semi-fluid state and
then extruded on a platform which after solidifi-
cation fuses together to create a continuous struc-

8%

Cell Laden layer ?

ture. d) Multiple Deposition System- Multiple car-

LASER ASSISTED
BIOPRI

\%
5
2 c 5
© 2 =
[s) ~ (=) —
(5] [ = @
£ S e
: 3
c = X axis
(-

INKJET/DROPLET
BIOPR

Pneumatic
pressure

tridges mounted in XYZ stage along with regulation
of pressure and temperature. Pneumatic or me-
chanical pressure causes extrusion of viscous ma-
terial from the cartridge nozzle onto the platform.

Optical Table |

EXTRUSION BASED
BIOPRI

technology was first developed by Carl Deckard in 1989, who used
high-powered carbon dioxide laser beam to create structures on the
basis of sectional data from CAD by fusing the powder layer-by-layer
with the underlying powder as support. After creation of one layer, the
powder bed recedes and subsequent layer is rolled over it. Such process
is repeated until the scaffold is completed. Since then SLS has been
extensively used for regeneration of complex anatomical tissue like
craniofacial bone or cartilage.’**°A variety of powder material can be
employed by SLS bioprinters to produce tissue engineering scaffolds
like metals, bio-ceramics, and synthetic polymers like polylactic acid
(PLA), polycaprolactone (PCL), poly-ethyl-ether-ketone (PEEK), and
polyether-ketone-ketone (PEKK). Incorporation of HA powders in the
polymers have demonstrated increased osteo-induction in bone scaf-
folds."°~** However, in SLS high temperature generated by the laser
during bioprinting, limits the use of natural polymers in blended scaf-
folds.

Of all the synthetic polymers, PCL is successfully and ad-
vantageously used in SLS bioprinters due to its low melting (59-64 °C)
and glass-transition temperatures (—60 °C) that facilitates the proto-
typing process. SLS-printed PCL scaffolds have demonstrated bio-
compatibility and adequate strength in periodontal repair, craniofacial
bone, or osteochondral defects.”**® Another polymer popularly used in
SLS bioprinting is PEEK, added in the category of high-performance
polymers. Though the manufacturing strategy does not differ much
from that of PCL scaffolds, PEEK exhibits improved mechanical strength

MULTI-HEAD DEPOSITION
BASED BI

particularly compressive strength than PCL,"" and has exhibited suc-
cessful application in the craniofacial region.*”>°

Considering the efficiency of fabrication, flexibility and complexity
of the 3D constructs prepared, none of other bioprinting technology can
compete with the SLS. However, complicated control of laser bio-
printing system hinders further advancement of laser-assisted technol-
ogies. Also laser exposure induced side effects cannot be overlooked.

5.1. Inkjet bioprinting

In inkjet or droplet bioprinting, a small volume change is introduced
upstream of the nozzle, which creates a pressure change causing
downstream droplet ejection. The droplet ejection is performed by ei-
ther piezo-electrically induced inkjet head system or thermally induced
system. Piezoelectric heads induce change in the volume of a piezo-
electric biomaterial by applying a voltage pulse. In thermal induced
heads, current is passed through a resistor that vaporizes the fluid in
contact to form a bubble that subsequently expands in the reservoir to
cause increase in pressure. The increased pressure causes droplet ejec-
tion through the nozzle.”'->* Several powder biomaterials can be pro-
cessed using inkjet or droplet ejection technology such as polymers,
ceramics, proteins, and cells. However, to avoid continuous flow of the
material or high ejection pressures, the ink's viscosity is limited to range
of 5-20 Pa. Apart from high-speed printability and low cost, the feasi-
bility to encapsulate cells in the biomaterial is the chief advantage of
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this technique.” (Fig. 2b).

Cooper et al. demonstrated calvarial bone formation by using inkjet-
based biopattern demonstrating osteoblast differentiation controlled by
bone morphogenetic protein-2 (BMP-2). Microporous scaffolds made
from dermamatrix, containing extracellular molecules such as collagen
and fibronectin incorporating BMP-2, showed in vitro cell differentia-
tion and subsequent tissue formation in-vivo.”* Inzana et al. demon-
strated fabrication of composite calcium phosphate and collagen scaf-
folds using inkjet bioprinting, where calcium phosphate scaffold was
coated with collagen. The resultant implanted scaffolds were biode-
gradable and exhibited appreciable osteo-conductivity.*"

5.2. Extrusion-based bioprinting

Extrusion based bioprinters are also known as fused deposition
modeling (FDM) printers and are the most popular. There is a ther-
moplastic polymer in the form of continuous filament that gets melted
at the nozzle into a semi-fluid state and is extruded either on a platform
or over the initially deposited layer. After solidification at room tem-
perature, the material fuses together to create a continuous structure.
Alterations in the bioprinting speed, thickness of layer and orientation
of the construct can bring about the desired modification in the quality
of printing the tissue construct.”” (Fig. 2c).

Compared to other bioprinters, extrusion 3D bioprinters are able to
rapidly fabricate large-scale constructs, can be tailored to dispense a
variety of material with proven osteo-inductive capacity, such as cal-
cium phosphate injectable pastes, ceramic bases, cell-laden hydrogel, or
PCL.'*** Moreover, cost efficacy and the potential to print multiple
material simultaneously with a multi-nozzle bioprinter are the major
advantages.

For FDM printing, the biomaterial must exhibit low melting points
such as polycarbonate (PC), acrylonitrile butadiene styrene (ABS), PCL,
or PLA.°° Hence only thermoplastic material can be used with this
technology. Since the melting temperature of thermoplastic biomater-
ials > 37 °C, the cells become nonviable limiting the cell incorporation
within the material.

Kim et al. implanted FDM bioprinted anatomically shaped molar
scaffolds composed of PCL and hydroxyapatite (HA) with 200-um dia-
meter interconnecting microchannels perfused with stromal-derived
factor-1 (SDF1) and BMP-7 in rats. Increase in endogenous cells and
subsequent angiogenesis was observed in the experimental group as
compared to control group.”” Li et al. implanted PCL scaffolds in rats
along with freeze-dried platelet-rich plasma and exhibited osteogenic
differentiation of dental pulp stem cells with subsequent induction of
bone formation.”®

5.3. Multi-head deposition systems (MHDS)

Another technique resembling FDM to a great extent is the 3D
plotting technique or the multi-head deposition system. It comprises of
multiple cartridges mounted in an XYZ stage such that the position of
each cartridge, pressure and temperature of the biomaterial can be
regulated. Pneumatic or mechanical pressure causes the viscous mate-
rial from the cartridge to extrude out from the nozzle on a specific place
on the platform.”® Similar to FDM, the MHDS technique also allows
multi material printing of heterogeneous structures. For bioprinting and
curing of the material, extrusion of the reactive components occurs via
mixing the nozzles, followed by exposure of individual layer to UV light
or by heating the stage to stabilize the material post printing resulting
in the desired heterogenous construct.”” (Fig. 2d).

The major advantage of this technique is the wide range of flex-
ibility in the material ranging from hydrogel, plastics, pastes, to solu-
tions. These biocompatible material allow cell encapsulation prior to
bioprinting. The major disadvantage of this method is the low resolu-
tion and speed as compared to FDM technique.

For bone tissue regeneration, multiple bioinks suitable for MHDS
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technique have been proposed. Ma et al. used bioink comprising of
different ratios of gelatin methacrylate (Gel MA) and poly-ethylene
glycol (PEG) dimethacrylate with encapsulated periodontal cells.®’
Wenz et al. used methacrylate gel and HA modified methacrylated
hyaluronic acid as bioink along with encapsulate human adipose-de-
rived stem cells.®’

5.4. 4D bioprinting

Now a “four-dimensional (4D) bioprinting” technology is emerging
wherein the designed and bioprinted constructs can change form and
function post-printing in response to an environmental stimuli, thus
possessing capability for performance-driven applications. This tech-
nology is dependent on evolution of novel biomaterials that interact
with the environmental factors (e.g., humidity, temperature, or che-
micals) that may cause change in their form and function post fabri-
cation,®*®*

Miao and colleagues developed renewable soyabean oil epoxidized
acrylate liquid resin to be used in multidimensional SLA for fabrication
of scaffolds for biomedical regeneration. The scaffolds exhibited ex-
cellent shape memory dependent on the glass transition temperature
(GTT) of the polymerized acrylate resin. When the
temperature < GTT, cross-linker became frozen and shape of construct
got fixed. When the temperature > GTT, the scaffold recovered to its
original shape.®”

To date, 4D bioprinting of scaffolds is mainly based on use of
polymers with few attempts of ceramic-based functionally graded ma-
terial.°°”’° However limited applications in fabrication of scaffolds for
bone tissue engineering have been demonstrated. In future, 4D bio-
printing might generate geometrically programmable implantable
scaffolds for bone regeneration.

6. 3D bioprinting process

The basic process behind 3D bioprinting can be classified as pre-
bioprinting, bioprinting, and post-bioprinting.’®”* (Fig. 3).

6.1. Pre-bioprinting

Pre-bioprinting is the process of creating a CAD model of the desired
tissue and choosing appropriate biomaterial. Computed tomography
(CT) or cone beam CT in Digital Imaging and Communications in
Medicine (DICOM) format and magnetic resonance imaging of the de-
sired tissue is obtained and fed to the bioprinter in Standard Triangle
Language (STL) format.”"”*

However, before initiating the bioprinting, isolation and multi-
plication of desired cells is done. These cells are mixed with growth
media containing growth factors like FGF (Fibroblast growth Factor),
PDGF (Platelet derived Growth Factor), BMP (Bone morphogenetic
proteins), IGF (Insulin-like growth factor), TGFb (Transforming growth
factor beta), VEGF (Vascular endothelial growth factor) along with
other substances like antioxidants, dexamethasone, ascorbic acid, and
rosiglitazone, and nutrients to maintain and improve the viability of
cells.”? Sometimes cell aggregates without scaffolds are used wherein
the cells are encapsulated in cellular spheroids about 500 ym in dia-
meter.””

6.2. Bioprinting

It is the bioprinting process per se, wherein the bioink comprising
cells, matrix, and nutrients is put in the printer cartridge and is used to
print the image following a layer by layer approach.”” For maturation
of tissues the bioprinted cell based pre-tissue is transferred to an in-
cubator.”® The cells are then dispensed over or within the biocompa-
tible scaffold using a successive layer-by-layer approach to generate
tissue-like three-dimensional biological constructs.””
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Fig. 3. Basic processes behind 3D bioprinting.

6.3. Post-bioprinting

In order to create a stable structure and maintain the mechanical
integrity and function of the 3D construct, proper post-bioprinting
process is necessary.”' The mechanical and chemical stimulations send
signals to the cells to control the remodeling and growth of tissues thus
responsible for maintenance of the construct.

Latest advancements include bioreactors that possess ability for
better survival of transplants and also aid in rapid maturation and
vascularization of tissues.'””® Bioreactors work on different modules
such as providing convective nutrient transport, creating microgravity
environments, changing the pressure causing solution to flow through
the cells, or add compression for dynamic or static loading. For carti-
laginous tissues, compression bioreactors are considered ideal.”®

6.4. Biomaterial for 3D bioprinting of craniofacial tissues

3D bioprinters are technically designed to fabricate bony and car-
tilaginous scaffolds customized according to the specific defects with
high fidelity.*° High incidence of bone loss due to trauma, osteoporosis,
tumors etc renders bone to be one of the most frequently transplanted
tissue apart from cartilage. For such replacements to be a success, the
biomaterial should be biocompatible, printable, osteo-conductive,
osteo-inductive, and possess comparable mechanical properties; such as
bio-ceramics, polymers, their composites and hydrogel.®’

6.5. Bio-ceramics

Bio-ceramic composed of calcium and phosphate mineral phases are
the most commonly selected biomaterial. These include HA, p-tri-
calcium phosphate (TCP), or bioactive glasses (BGs). 3D bioprinted
ceramics have been demonstrated to promote osteogenesis by creating a
bioactive ion-rich cellular micro-environment and promote cell pro-
liferation by close cell-cell interactions.®” Saijo and colleagues de-
monstrated that the bio-ceramic scaffolds implanted in load bearing
areas of the craniofacial region were too brittle for implantation. Spe-
cifically in the maxilla-mandibular defects, HA/aTCP composite scaf-
folds lacked the strength and dimensional stability.®® Shao found that
the flexural strength of ~10% Mg-substituted wollastonite was much

655

higher (~31MPa) than BTCP and other bioceramics containing cal-
cium-silicate. Kargozar observed that by addition of metallic ions like
Cu®* and Co®™ into BGs, the angiogenic activity can be initiated in-
vivo, which can aid in rapid wound healing.***° Additionally, addition
of bio-ceramics enhances the osteogenesis and osteo-inductivity.

6.6. Polymers

Superior printability and efficient promotion of osteogenesis makes
polymers as material of choice for bioprinting craniofacial tissues.
However, they lack adequate stiffness and exhibit poor cellular inter-
action. Though quite popular earlier, PLA and PGA (Polyglycolic acid)
due to their low compressive strength and osteo-conductivity, are rarely
the material of choice for bone scaffolds. However, co-polymer PLGA
was found to exhibit remarkable osteo-conductivity and better me-
chanical properties. Another polymer PCL has demonstrated more fre-
quent use in bone tissue engineering for its easy availability, cost effi-
cacy and suitability for modification ie. adjustable physio-chemical
state, biological properties and mechanical strength. This imparts PCL
capability to withstand physical, chemical and mechanical insults
without significant loss of properties. Also since its rate of degradation
is quite low subsequently denser tissues can be generated using PCL.
The low melting points (62 °C) renders PCL to be a material of choice
for bone scaffolds in extrusion-based 3D-bioprinting/FDM.

The newer SLS 3D bioprinters are more precise and can therefore
control the porosity desired for growth and proliferation of the cell. A
spectrum of thermoplastic materials including high performance plas-
tics are now available for SLS technique. Nyberg and colleagues fabri-
cated PCL scaffolds by SLS and observed the stiffness of PCL scaffolds
(range ~15-300 MPa), was much superior to conventional 3D poly-
mers but still lower than human trabecular bone within the condyle
(120-450 MPa) or mandibular body (112-910MPa). On the other
hand, metal-based scaffolds exhibit enough stiffness but possess a
higher Young's modulus, which leads to stress shielding causing implant
failure.””

A major limitation of using PCL alone is its relative bio-inertness. It
is suggested that a composite scaffold containing bio-inert PCL frame-
work with biological active components like TCP, HA, de-cellularized
trabecular bone, or growth factors should be incorporated into 3D



Journal of Oral Biology and Craniofacial Research 10 (2020) 650-659

R. Dwivedi and D. Mehrotra

9[osSnuW [e19[3Ys pue d3e[NILd QUOq [BLIBA[RD PUE S[IPURW JO UOTIEILIQRJ [NJSSIIINS onia uf ‘SP[OJBIS [RLIBA[RD D[qIPURW }ONNSUOD 03 S[P30IpAY uspe] [[3D  (9107) Te 30 Suey 4
*DdAS JO UOTIRNUAIAIP 21u23031S0
M Suore anjenasea 10y SUTISIXD YIIM UOTIRISIIUI ‘0414 Ul PUR 0414 U]l UOTJEULIOJ [SSSAOIDIA NIN yurolq [9801pAY uspel-(DAAS) 1[92 PRALISP AAS PUB VH/TOd JO SIonnsuod suog . (L10Z) Te 39 sSm] 1
ONILNIYdOIF dsvd NOISNYLXA
‘uoneidjijoid pue 3urpeaids Ie[n[Ed padueyUS JOYIINJ uneod 3ureaurdus anss1) [BIPUOYD03)s0 10J Juneod YH YIIM Uesoyd “IDd Suisn [Apuod
amede a3 pue ‘spjojeds ay) ul AIIqeia pood pamoys (DSINE) S[[27 [EWONS MOLIRW duog onia uf JIe[NQIPUBW UBWNY JIWIW 0} S[PUURYD P3JOoUUOIIBIUI [BUOSOULIO YIM SPOJRdS WwolsnD . (€10T) T8 19 991 ¥
0014 Ul UoljenULILfIp ‘epowt 45(0102)
J1I58[q031S0 JO sasuodsar paureijed Ym d[qeredurod SI9M 0Ald Ul UOTIRULIOJ SUOQ JO SUIdNed QOIN  199J9Pp [LIBA[ED JOJ ZJINE YIM SIONIISUOD Poyyeds Jye1do[[e uewny XINeA BULIDQ IB[NIID ‘Te 39 12doo) €
‘U39S SBM SINSST) SUO] ISOY PUB SIUO] [RIOYIIE JU) USIMII] UOTUN [eIIR] ueuwny ‘SOTIULIOOP [RIORJO[[IXBW 10§ splogyeds opmod areydsoyd wnprest-eydry  ,(6002) ‘e 32 oftes H4
‘uo18ai 1[[1a ur A[renuaisjord maid ‘ATuriojiun spogyeds ol paydene [[od [erPy3ide [eunsajug oa-up VH/1Dd jo splojjeas ewo84z padeys A[edrwojeuny , (S00%) e 32 991 1
DNILNI¥dOId LITdO¥A/LAMNINI
*9UO[e SP[OJJeds MM 10 SDSIN-ISY PIdnpur-A[[esruadoalso
M Papaas YA 0) parediod UIYM dUOq PIULIO] A[MIU JO JUNOUIR ) IDIM) OAlA-U] $109J9p AUOq PIZIS-[EINTID
YA uo 21ua309150 19M pue ‘pajerdjijoid ‘paydeie sOSIN-ASY ‘oa14-uf s1qqey [eLIRATRD 10] (SDSIN-4SY) SDSIN PINJJ [eIAOUAS UewnH YIIm Suofe spjojeds ydd paiutd-ag ,<(6102) 'Te 32 ur] L
‘UOTIONIISUODAI Je[nqIpueur 199J9p IenqIpueur 0, (£102)
JI9)Je UOTIEDIISBUI JO S3DI0J 0 dIURISISAI PIseaIdul pue ddejrajur juedwr-auoq pasoiduy s1qqey PIZIS-[EONILID UT S[[9D W)S PIALIDP-2s0dIpy YIIM PIuIquIOd SP[oyeds Y)Ad paiunid-qe ‘Te 19 san{soy 9
'syuejdwr punoe ansded sNoIqy B QUOq PauLIO] A[MAU )M UOBIIUSIDYIP J1ua809)s0 $109J9p [BLIBATED ++(9102)
PUB §3MOI3 DOUISYPE PYqIYXe pue d[qredwod-01q pue -034d 919Mm SP[Oeds MU dE doays ur sDSIN deays pue suewny M Suole sp[ojgeds A dnsejdounay) soueurioyiad Y3y ‘Te 19 yAzwepy S
PpIoyeds jo satrepunoq oY) undadsar yamoid snourdenied Surreadde aaneu pamoys
Sp[oyJeds Jo sisA[eue d130[01SIY 0.714-U] "YImoi13ur anssn 1jos 319[dwod pue adueIeadde Jua([@dXy aumIog SP[OJjeds [eseu pue Je[ndLne D snosuemndqns . (9102) ‘e 30 ydoz 4
2(S102)
*UOTIINIISUODDI J9)Je AIDA0DI [RUOTIOUNJ PUE SYNSIY d1IdyIsae pasoidury ueUNH '$109J9p U0 [RIOBJO[[IXRUIOTURID Jof sjuerdull [eIdYNIe dIdTew )e[A1de aprxodsa,/vH ‘Te 19 Sueyz €
*U99s P[OJJLIS ) 0) JOLIDIXS PUB IOLIDIUT YIMOIS SUOQ MU JURIYIUSIS "UONRULIO] ,(£002)
9NSST) SNOSSO JUBIIQNXD YIIM dkJIns Sunenonie 3y} Suofe uoneIauadar anssn snourdenie) s31d *LdING UIIM UOTIONIISUOIDI [IALL I0J P[OJJEds JIun snurel Je[Apuod paseq TDd ‘Te 39 s z
*'PIAISSQO 0AlA-U] UOTIRULIO] +(5002)
auog ‘BJIN 2'€—0'C ‘BdIN £9 01 S wolj paduel sanfea 33uails P[AIA pue snnpouw aAissaiduio) s81d PloJjeds S[Apuod Ie[nqrpuel TDJ SN0Ioq ‘Te 39 SWeIIM 1
QwIodNQ  pasn [9POIN 1on1su0d jo adAy, Aq parpmis  ON S

ONILLNIYdOId d4.LSISSV ddSV'T

‘saIpnis

uewny pue sjewrue ut EOUNMOEUMOH Teroejoruerd I0J pasn S}oNIsuod jo EOEQEUmUQ
T ?1qeL

656



R. Dwivedi and D. Mehrotra

bioprinting system.'***%¢"%% Other limitations in using PCL include its

hydrophobic nature and acidic environment caused by its degradation.
To overcome this, hydrophilic polymers like PEG may be added or a
surface coating of natural polymers like chitosan can be beneficial.***°

High-performance polymers like Polyaryletherketones (PEAKSs) are
gaining popularity as craniofacial tissue substitutes since their Young's
modulus is comparable and compatible to natural bone, as desired for
load bearing bone and craniofacial implants. In PEAK family, PEKK has
more remarkable performance in terms of mechanical strength and
biocompatibility. Adamzyk and colleagues fabricated implants for cra-
niofacial bone defect model using PEKK in SLS bioprinters. They ex-
hibited improved mechanical strength, biocompatibility and appreci-
able osteointegration in-vivo. Similar findings were observed by Lin
et al. wherein mesenchymal stem cells derived from TMJ synovial fluid
were used. "0

6.7. Hydrogel

Hydrogel exhibit capability to synthesize extracellular matrix.
Fabrication of hydrogel encapsulating chondrocytes or MSCs involves
micro-extrusion technique. The spectrum of cell-laden hydrogels in-
cludes natural polymers like alginate, collagen and synthetic like Gel
MA, polyethylene glycol dimethacrylate (PEGDMA).”"-%*

The basic challenge associated with the use of hydrogel is the di-
lemma of using appropriate polymer concentration. Higher polymer
concentration is desirable to improve the mechanical properties, and
viscosity of the construct. While for proliferation of cells and their
chondrogenic differentiation, lower polymer concentration is more ef-
fective.

To address this issue, Lee suggested employing stiff thermoplastic
polymer such as PCL to cell-laden hydrogels via hybrid strategies. PCL
acts as a frame to reinforce the constructs by modifying the polymer
percentage, attain equilibrium of the compressive modulus as desired
for fabrication of articular cartilage.”>”* However, slower rate of de-
gradation of PCL is a potential limitation because the residual filaments
cause hindrance by acting as a barrier to tissue formation. To overcome
this, polymers with higher degradation rate like poly hydro-
xymethylglycolide-co-caprolactone (PHMGCL) or PLGA are employed
in multicomponent biomaterial. Yet the acidic by-products of PLGA
causing adverse inflammatory response, still makes it a concern for its
future applications.”®

A region-variant TMJ disc scaffold was fabricated comprising spe-
cifically-aligned PCL along with PLGA microspheres encapsulating
TGFP3. Upon seeding with MSCs, multiphase fibrocartilaginous tissues
were formed. This resulted in significant improvement of the healing
process of the perforated disc and restoration of the dynamic function
with no arthritic changes on the condyle four weeks post-implanta-
tion.”>"” Visser demonstrated yet another way of reducing the residual
PCL material by increasing its porosity using melt-electro writing
(MEW) technique. This technique was similar to FDM but comprised of
a voltage gated nozzle tip. Thus very thin (diameter apporox. 0.8 pm)
PCL could be fabricated by MEW with 93-98% porosity along with
stiffness and yielding strains comparable to native cartilage.”®

Kang et al., demonstrated fabrication of 3D bioprinted multi-typic
tissue construct with cell-laden hydrogel for regeneration of large
mandibular bone defect. The resultant scaffold had well gauged por-
osity to stimulate new vasculature formation.” Another example in-
cludes 3D bioprinted scaffolds using medical-grade PCL with TCP
combined with rhBMP-7, for bone regeneration of a 30 mm long bone
defect in a sheep model. Post-surgical evaluation by biomechanical and
microcomputed tomography analyses after 12 months revealed sig-
nificantly greater bone formation with better quality of bone formed.
Thus bridging of the gap by regenerated bone was more remarkable
than the autologous bone.””

Recently Anada et al. developed a 3D hydrogel based bone scaffold
with cells loaded within it. A two-step digital light processing technique
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employing Gel MA hydrogels, octa-calcium phosphate and cell ag-
gregates of human umbilical vein endothelial cells in the form of
spheroids was attempted. It was observed osteoblastic differentiation of
mesenchymal stem cells was stimulated with formation of capillary-like
structures.%°

When a customized PCL scaffold was 3D-printed as per the re-
quirements of the defect to prevent its mechanical failure, and ensure
integration, Zamani et al. found that their mechanical properties dif-
fered in scaffold building direction compared with the side direction.'®"

Atala et al. also demonstrated fabrication of soft hydrogel scaffolds
with incorporated firm polymers and stem cells using an “integrated
tissue-organ bioprinter”. For bone bioprinting, a bio-ink comprising
gelatin and hyaluronic acid along with TCP was used.”'’*

Description of constructs used for craniofacial regeneration in ani-
mals and human studies are provided in Table 2.

7. 3D bioprinting: Limitations

The major limitations can be assembled into three groups pertaining
to material, manufacturing or vascularity. The most crucial aspect for
satisfactory bioprinting of clinically useful tissue construct is selection
of appropriate biomaterial. Many of the traditionally used biomaterial
are biologically active enough to cause undesired cellular interactions
and therefore cause premature or unwanted stem cell differentiation.'%°
The novel biopolymers and hydrogel lack the structural integrity and
are unfit for conventional bioprinting methods despite close nanos-
tructural resemblance with native tissue and similarity in ECM and
other components."%”

Hence it is recommended to combine two different biomaterial to
harness their benefits and obtain a firm scaffold with better mechanical
properties and use a softer substance exhibiting better proliferative and
cytocompatible effects on the construct.

Other drawbacks include large time span required for bioprinting,
inability to consistently deliver the number of cells needed for tissue
regeneration, alteration in cellular geometry or even cell death. Hence
the overall efficiency of the bioprinting process needs to be im-
proved.'%®

The other greatest challenge in bioprinting functional tissues in-
volves the formulation of vasculature needed for survival of the tissue.
In-vivo growth of tissues beyond 100-200 um, requires a vascular net-
work as oxygen can diffuse within this limit only.'’’ In absence of
vasculature the newly formed tissue constructs lack nutrients leading to
incomplete tissue formation or necrosis.’'’ It is noteworthy that the
vasculature must develop at an early developmental stage so as to
prevent tissue death and for attachment and growth of endothelium.
Later the vasculature needs to take over all the functions like main-
tenance of a selective barrier for waste products, inflammatory func-
tions, coagulation and other homeostatic functions occurring during
normal development.'"’

Bioprinting of vasculature is challenging because of the limitations
in printing resolution in the current bioprinters. The desired resolution
is 3um diameter for capillaries but the highest resolution obtained by
laser-based bioprinters is 20 um. To overcome these challenges, in-
corporation of angiogenic growth factors is suggested within the bioink
to restore growth of host vasculature after in-vivo implantation. Also
vascular networks of synthetic origin can be used. Bioprinting of larger
diameter vessels has been successful, however in small-caliber vascular
grafts (< 5mm) patency rates are quite poor. Accomplishment of
functional vasculature in the construct for supporting the development
of tissue and preventing tissue death is still to be achieved.

8. Future perspectives
Various 3D bioprinting techniques have been attempted to fabricate

tissues and organs of varied origin. Though literature review cites few
examples of 4D bioprinted grafts, the actual endeavor lies in
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development of smart polymers that could change their form and
function like change in volume or other properties post printing in re-
sponse to environmental stimuli such as pH, temperature, or magnetic
field for fabrication of new generation smart or programmable tissue
constructs.' ' Also, miRNAs could be spatially incorporated into 3D
bioprinted constructs that may potentially initiate or regulate vascu-
larization and bone formation in 3D bioprinted bone tissue con-
structs.''?

Scaffolds can also incorporate anti-bacterial or anti-cancer drugs for
improved treatment of infection/bone tumor resection-induced de-
fects.''* However, the use of these materials for bone tissue engineering
requires more evidence of success for future applications. In view of the
exponential research on the latest 3D bioprinting technologies, bio-
printed patient specific surgical implants for craniofacial reconstruc-
tion, can be vascularized and rapidly integrated with supporting host
tissue. Replicating different microniches in bone with the cell types,
bioprinted constructs may encourage normal balance between osteo-
genesis and remodeling.''® Biofabricated tissue scaffolds could be
transferred directly to the surgical table for implantation, thereby in-
creasing the therapeutic and logistical benefits for craniofacial re-
generation.''® Suitable bio-inks exhibiting viscoelasticity and nonlinear
behavior, similar to native cartilage of the temporo-mandibular joint
disc, auricular or nasal cartilage may also be bioprinted.

9. Conclusion

Various 3D bioprinting techniques have been attempted to fabricate
different tissues and organs in the craniofacial region using advanced
engineered composite biomaterial incorporated with stem cells in the
bioink. Though several studies reporting success exist in the literature,
however considering either of these materials as an ideal for craniofa-
cial bone or cartilage tissue engineering requires more evidence of
success for future applications.
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