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Abstract
Craniofacial (CF) tissue is an architecturally céemgtissue consisting of both bone and soft tissuis
significant patient specific variations. Conditiopiscongenital abnormalities, tumor resection stiege
and traumatic injuries of the CF skeleton can tasumajor deficits of bone tissue. Despite advarice
surgical reconstruction techniques, managementFofo€seous deficits remains a challenge. Due its
inherent versatility, bioprinting offers a promigisolution to address these issues. In this rewesv,
present and analyze the current state of biopgrifrbone tissue and highlight how these techniquig
be adapted to serve regenerative therapies forp@kcations.
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1 Introduction

The complex craniofacial (CF) anatomy includesaarework of bone, cartilage, muscles, skin
and ligaments, supported by blood vessels and sem@engenital anomalies, cleft palate defects,
traumatic injuries, infections, tumors and cystg #ne major etiologies of CF disease, which togeth
account for a large number of deformities annudllytologous vascularized free fibular flap has bten
traditional gold standard for treatment of the migjoof these pathologies. Limitations of volumedan
quality of donor tissue available and associatessickerations of surgical time, cost, discomfort and
associated post-surgical complications have driaféorts to search for better treatment options.sthe
efforts include biomaterial and tissue engineesingtegies to fabricate a load bearing matrix eddsfect
site while also providing a bioactive scaffold fll adhesion, proliferation, differentiation ariglstie
formation. Allografts, prosthetic metals, and pogmn have all being suggested as alternatives to
autografts with varying clinical results (Visschetr al., 2016). Allografts may elicit an immunogenic
response and have an inherent risk of disease niissisn whereas the non-biologic materials
demonstrate low wear resistance (metals), britdengcalcium phosphates), and bacterial
adhesion/infection risk (polymers). Previous expece has demonstrated that the fibular grafts and

various biomaterials utilized for osseous recormsion are unable to recapitulate the complex hétpro



three-dimensional (3D) architectonics of bone witllie CF region along with the location-specific
heterocellular interactions, mechanical anisotrogoyd necessary spatial patterning of growth factors
(Nyberg et al., 2017). Controlling the dynamicstbése processes will enable the development of
predictable therapeutic modalities for treatmenCéf injuries. Limitations of current solutions inde

the inability to customize variables in the defsize and surgical environmentsd,, due to irradiation
and infection). In the last decade, bioprinting lea®lved as a scalable approach for fabrication of
constructs.

Bioprinting is an additive manufacturing technidaewhich biological materials (i.e., cells) can
be deposited precisely in accordance with a comqmsieerated pattern. Bioprinting offers unique
advantages for direct, precise and on-demand patteof multiple cell types and biomaterials as per
defined design, which can be obtained from the oadinages of the defect area of each patient (lazbo
et al., 2017), as schematically representdeigare 1. The ability to directly print cells and extra-cahr
matrix (ECM) components under physiological cormfiti allows for closer recapitulation of cell-ceida
cell-matrix interactions found in vivo. To date, ceassful bioprinting has generated thin, non-
vascularized tissues while fabrication of vascuakdi scalable tissue is in progress. Bioprinting of
clinically-relevant tissues has been limited; hogrein-vivo andin-vitro bioprinting studies demonstrate
this to be a promising translational approach tdress the complexities encountered in surgical
reconstruction of CF tissues.

2. I mage acquisition and bio-modelling:

A key advancement in clinical bioprinting of CFslies is the integration of computer aided
design (CAD) workstation, where medical images @eguby computed tomography (CT), magnetic
resonance imaging (MRI), positron emission tomolyya{’ET) and ultrasonography. Acquired images
can be directly fed into a processor, which candtgproduce the design through image reconstractio
algorithms. This step involves image segmentatimh mesh generation followed by mesh optimization
re-creating highly intricate irregular geometric dets. The mesh is then converted into a path pan f

bioprinting which can be directly fed into a biapter. These designs would be patient-specific with



respect to not only the geometry of implant bubale level of tissue insufficiency and the anatarfiy
the composite tissue as well as the vascular nktv8averal advances in tissue segmentation algasith
from different imaging modalities have recently egesl that may eventually be used for bioprinting of
composite vascularized tissues (Zhang and Churigg)20
3. Bioink Consideration

Bioprinting human bone tissue depends on the dpusdnit of biocompatible inks which can be
transformed from a flowable, liquid to a gel stwret in conditions conducive to cell viability,
proliferation, maturation and bioactivity. Result$ investigations involving cell-based therapies,
biomaterials and use of proteins, cytokines or @gnofactors (such as bone morphogenic proteins
(BMPs)) in bulk scaffolds are useful resources detecting bioinks for effective regeneration of CF
defects. Bone marrow derived mesenchymal stem (BN&SCs), adipose-derived mesenchymal stem
cells (ADSCs) and chondrocytes have been the ppahciell sources for the bioinks to date. BMSCs are
multipotent cells that can be co-administered withically-available osteogenic cytokines such &4/
2 and -7, fibroblast growth factor-2 (FGF-2), vdaciendothelial growth factor (VEGF) and platelet-
derived growth factor (PDGF), allowing more robdsferentiation into osteoblast cells for bone gtiow
The inability to control the temporal and spatifiket of these cytokines and growth factors remains
challenge. Chemokine or ionic tethering and cotedblrelease strategies are being developed to
overcome some of these issues. Genetic enginestratggies to induce secretion of intracellulartgins
resulting in successful bone healing can also lEi@rad in bioprinting-aided regenerative medicifiee
efficiency and safety of non-viral and viral ve&eequire more extensive standardization for |agple
clinical applications. It must be noted that cellestion is critical and should be determined wlith size
of the constructs required for regeneration in miflge hydrogel component of the bioink is also @luc
to the success of bioprinting. Commonly utilizeddiogel bioinks include collagen, alginate, gelatin
methacrylate (GelMA) while ceramic bioinks composédhydroxyapatite (HA) have also been explored
(Hospodiuk et al., 2017). Nanoceramics can bezetiliin bioink and mimic the role of HA in bone

regeneration. The use of hydrogels is associatéd seiveral limitations including the lack of structl



support to the printed construct as well as poaaéribxicity of the hydrogel crosslinking agents.
Craniofacial bone is mechanically resilient tissuth both polymer and ceramic phases present ichwhi
HA crystals are responsible for providing the neaeg strength. Composite scaffolds may better mimic
these phasic mechanical properties. To date, litpg of bone has mostly employed scaffold-based
approaches. Alginate and its crosslinker solutemesgenerally required for bioprinting to be coraded
to allow for the ionic gelation. GelMA and othemrgated hydrogels like polyethylene glycoldiacrgat
(PEGDA) can be easily crosslinked post bioprintivith UV radiation, but exposure to light may reduce
cell viability. Combining polyethylene glycol (PE®)ith GelMA as bioink renders mechanically more
robust constructs while acrylated Arg-Gly-Asp (RG&)d acrylated matrix metalloproteinase (MMP)
sensitive peptides can be added into the bioinknfmrove cell viability and reduce printhead cloggin
(Gao et al., 2015). For the purposes of bone hitipg, scaffold-based approaches allow for more
favorable initial mechanical properties of the peth construct. The polymer scaffolds and their
hydrolytic breakdown products have been shown toyb@toxic and may pose significant problems with
biological incorporation, proliferation and growtkyond a specific period of time. Another advantage
the use of scaffolds in bioprinting is the abilitycontrol gradient porosity properties, a propseggn in
native bone. Decellularized ECM has been usedbésiiak carrier material for bioprinting various gise
constructs that allow cellular differentiation irgpecific lineages; to date, this has not beenrtegdor
bone. In addition to the cytotoxicity of the crasking mechanism, additional bioink considerations
include compatibility with the selected bioprintipgocess, viscosity, the ability to mimic bone tiss
properties, resolution, cost-effectiveness, sclifgbinechanical integrity of the constructs, timeguired
to achieve structural integrity post-bioprintingaturation times, degradability, immunogenicity and
involvement of multiple cell types (Hospodiuk et, &017).

When considering mechanical properties, it mushbd that human trabecular bone has an
elastic modulus of 120-450 MPa in the mandibulardgte while in the region of mandibular midline to
ramus these values are in the range of 112-910(MBlister et al., 2005). Hydrogels, on the othand,

have a modulus of 300-350 kPa indicating that meiclah properties of bioprinted constructs require



substantial improvement. In addition, several othieink properties are vital for bone tissue biafrig.
These include optimized rheology (i.e., shear timgrand rheopectic properties for EBB and DBB,
respectively) for bioprintability at cell densitidisat allow cell-cell interactions post-bioprintiagd the
ability to solidify rapidly under physiological cditions to maintain structural stability and shéipelity
of the constructs. A list of bioink materials uged CF applications is presented in Table 1.
4, Bioprinting process consider ations

Bioprinting is performed with coordinated, contemllmovement of a bioprinter, simultaneously
depositing the bioink with living cells and utiligd one of three bioprinting modalities i.e. extasi
based bioprinting (EBB), droplet-based bioprint{BdB) or laser-assisted bioprinting (LBB) (Ozbodat
al., 2017). EBB involves pneumatic-driven or pistlriven extrusion of bioink through a nozzle while
DBB employs electrostatic, thermal, piezoelectradye-based or acoustic actuation to deposit dtsjole
cell suspensions in a specific pattern. LBB expltdiser energy absorption by photoactive matetials
transfer bioinks from a donor slide to a colledabstrate according to the design. Both LBB and DBB
are able to achieve very high resolution while EBBults in structurally and mechanically robust
constructs. EBB is preferred for bone tissue biprg as it has the potential to create high ihitia
mechanical strength constructs utilizing a rangei@ihks. Using EBB, bioprinting can be integrateith
the printing of mechanically robust polymeric frameks, such as polycaprolactone (PCL) (Bégure
2) (Kang et al., 2016). In such constructs, the-lkeelen hydrogel (Bioink) supports growth and
proliferation of stem cells, and the PCL framewstlpports the structural integrity of the constructs
Other 3D printing techniques, such as electrohygirachic jet printing, can be used to potentiallyuesl
the scaffold material volume in the construct, theducing the negative impact of slow degradatibn o
PCL on bone tissue regeneration.
5. Bioreactor Considerations

Along with cells, scaffolds and growth factors, fifigsical forces in the form of external stimuli
(i.e. mechanical or biochemical), have become airgly useful for successful fabrication of tissuls

discussed previously, the mechanical propertigsiafrinted constructs, especially those printeahaisi



DBB and LBB, are not well suited for initial loacedring; however, mechanical properties of the
constructs can be improved after allowing the aoe$s to mature in bioreactors. A bioreactor can be
defined as a vessel in which specific biologicaigasses (i.e., tissue maturation) are accomplishedr
controlled operational conditions. Initially, bi@a&tors were employed for engineering scale-up coctst
and ensuring proper mass transfer of nutrientsingatb more homogenous distribution of cells.
However, as the role of different external stiminli directing cell differentiation became evident,
bioreactors proved to be the most facile platfoomédxposing cells to such stimuli in a consisterd a
reproducible manner.

In a bioreactor culture, bioprinted cells depasibstantial ECM and improve the construct
strength prior to implantation. Mechanical stimidat can also be applied which accelerates
differentiation process by several mechanotransolugtathways (Rauh et al., 2011). Recent data shows
that differential mechanical stimuli can lead tffatientiation of stem cells into various lineagests as
osteocytes, chondrocytes, etc. The mechanical btoan be applied in several ways including acasti
fluidic shear or cyclic compressive loadings. Fraraple, MSCs embedded within an alginate/collagen
sponge will be induced to osteogenic and chondiiodareages when subjected to differential dynamic
compressive loading (Michalopoulos et al., 2011hrébver, several mechanical studies have revealed
how fluid turbulence-induced shear stress stimalatgteoblast function through mediation of kinase-
dependent pathways, intracellular ®Caelease in vascular endothelial cells (ECs), vaagifamily
(WNT) signal transduction, and BMPs. In order togmte functional bone tissue to be used clinicélly
is also necessary to consider certain factorsitiflaence cell growth within bioprinted bone consts.
The most common bioreactors used for bone tissgmegring are the spinner flasks and rotating wall
vessels, which rely on convection mechanism toeiase mixing, as well as perfusion bioreactors
(Sladkova and de Peppo, 2014). Range of shearssimegerfusion bioreactor are relatively low for
driving robust osteogenesis but can be adaptetdtarocellular cultures thus making them a systém o
choice for restorative applications in thin bonégstitutes or bone patches (Rauh et al., 2011; 8ladk

and de Peppo, 2014).



6. Recent achievementsin bioprinting of bonetissue for CF reconstruction

Bioprinting using DBB: Several attempts have been made to engineer kLiegge tfor
craniofacial reconstructions. Herberg et al. dertrated the use of DBB technology to pattern growth
factors (including BMP-2, the transforming growthcfor-beta 1 (TGPB1) and stromal cell-derived
factor- 1 beta (SDFf)) on 5-mm-diameter acellular DermaMatrix (ADM) clis which were then
implanted into calvarial defects in mice (Herbet@le, 2014). Their results revealed that co-dejivef
BMP-2 and SDF-1 resulted in significant bone regatien compared to BMP-2-only and SO--only
groups (se€igure 3). In a series of studies to develop bone tissom tioprinted MSCs, Gao et al have
demonstrated the role of the bioink in bone fororaiiGao et al., 2015). Bioactive ceramics have know
osteoinduction properties and have been used alipiand surgically for bone regeneration for saver
decades. Bioactive glass and HA (in nanopartictenfovere co-printed with human BMSCs suspended
in poly(ethylene glycol) dimethacrylate (PEGDMA).olilification by photopolymerization after
deposition ensured maintenance of high fidelityhef bioprinted constructs. MSCs co-printed with nHA
produced scaffolds with Young’'s modulus values o2 MPa and produced substantial bone tissue
formation. Though the authors primarily focused @asteochondral joints regeneration, their results
provide useful information for bioprinting consttsidor CF region. Further improvements in osteogeni
remodeling and biomineralization properties of bioged MSCs were obtained by combining collagen
type | with thermo-responsive agarose hydrogelsnkioThe organotypic combinations with high-
collagen ratios can optimize mechanical stiffnesguired for differentiation as well as provide psec
contours for the constructs (Duarte Campos et 2016). These studies represent significant
advancements in bioprinting capabilities for creatiof heterogeneous constructs for CF tissue
engineering as such injuries often involve losskif, muscle or cartilage along with bone tissue.

Bioprinting using LBB: LBB was used to directly print nano-hydroxyapafielA) biomaterials
into cranial tissue defect sites in mice (Kerigekhl., 2010). Direcin vivo applications of 3D printing
have been explored for formation of bone tissuayewer, it was difficult to print mechanically strgn

robust constructs. Similar to DBB, LBB also genesahigh resolution structures and is an orifice-fre



technology minimizing shear stress-induced cell aigen However, this bioprinting modality has
limitations for CF bioprinting due to its complieat set up and limited strength and thickness of the
bioprinted constructs.

Bioprinting using EBB: Recently, Das et al. demonstrated osteogenic diffeation of human
nasal inferior turbinate origin progenitor cellcapsulated in silk fibroin—gelatin, which was ctodsed
either by the enzyme tyrosinase during bioprintorgby sonication post-bioprinting. EBB produced
clinically-relevant (centimeter scale) analoguestissue replacement (Das et al., 2015). Morea¥es,
work demonstrated that by changing the culture mmadiprogenitor cells could be differentiated into
chondrocytes revealing the potential of this mettoogield heterogeneous tissue constructs witlediffy
mechanical properties and functions. In osteoctadrtéisue engineering, many CF defects such as clef
palate defects, periodontitis and edentulism wdeldefit from generation of tissue constructs. Eitm-
based bioprinting has been applied in coaxial dépasof mechanically-strong core-shell constructs
made of calcium-deficient hydroxyapatite (CDHA) aalginate laden with pre-osteoblast MC3T3-E1
cells (seeFigures 4A1-A4) (Raja and Yun, 2016). The composite tissoastructs retained high cell
viability over time and reached a compressive maslwf 7.01+ 0.82 MPa, whereas alginate-only
constructs possessed a compressive modulus oft 00303 MPa demonstrating the possibility of
generating core-shell structures for CF bone regéio®. Bioprinting of alginate with multipotent
stromal cells, calcium phosphate and plasmid-DNBNBA) encoding BMP has been also reported to
form porous constructs (Loozen et al., 2013).Taehhigue improved the efficiency of transduction of
cells by pDNA, resulting in their differentiatiors &videnced by BMP-2 and ALP production. This work
demonstrated how bioprinting can be used in gelieedg-enhanced bone tissue formation as shown in
Figures 4B1-B4. Despitdan vitro bone formation, subcutaneous implantation of thestructs was not
successful in inducing ectopic bone formation. feor drawbacks of this study resulted from theafse
alginate as it does not readily undergo degradatieivo and lacks inherent osteogenic or osteoinductive

properties (Hospodiuk et al., 2017)



Genetic engineering and gene therapy may imprawg-ferm expression of osteogenic markers,
as well as spatiotemporal control of this expressibhere remain safety concerns with use of viral
vectors for gene therapy as well as concerns wikequate transfection efficiency with viral andino
viral vectors. Investigators have utilized sacii#fichydrogels to create porosity in the construat&ey
requirement foin vivo integration of bioprinted tissues as cell survivayond 100-20Qm thickness is
jeopardized due to limited diffusion of nutrienfBhe incorporation of micro-channels in bioprinted
constructs is critical to allow access of nutrietisthe cells (Kang et al., 2016). Key investigatio
demonstrate that such approaches can be particulseful for CF defects involving damage to more
than one tissue type. One of the concerns in EBBaishigh shear forces can cause significant rteatuc
in cell viabilities. However, EBB bioprinting offemumerous advantages for bioprinting of CF bore as
wide range of bioink (with high viscosities) can pecessed, which is desirable for fabrication of
mechanically-robust constructs.

Scaffold-free approaches obviate many of the litinites arising out of use of scaffolds including
the biomaterial toxicity and their degradation proig. Moreover, scaffold-free bioprinting allows fo
better cell-cell interactions, more robust depositof ECM, as well as longer preservation of cell
phenotype and function. Scaffold-free bioprintingshbeen illustrated using ADSCs and/or ECs
bioprinted into multi-well plates with the NovoGenBioprinting platform, wherein osteopontin- and
ALP-positive cells were observed after five daysstpbioprinting. Osteogenesis was confirmed by
measuring several biochemical markers of bone refimay including IL-Xi, IL-6, IL-8, CCL2 and
CXCL1 (Evinger AJ et al.,, 2013). A concern of a fiad-free approach is the initial time-zero
biomechanical strength of the constructs as condp@rscaffold-based bioprinting.

Building upon this early success in bioprintinglifh bone substitutes or patches, ongoing efforts
have been made toward the fabrication of scaladigposite constructs containing muscle, skin, cayél
and nerves. Recently, successful bioprinting of posite tissues has been demonstrated using intelgrat
bioprinting systems, which are capable of fabriwatmandible bone with open channels (to facilitate

vascularization and perfusion) and osteochondsalié constructs (Kang et al., 2016).



7. Future Outlook

Current bioprinting modalities are able to produissue constructs conforming to required
geometry and architecture for reconstruction puepoMechanical properties of these constructstidre s
inferior to native bone and require more extengivestigations; thus, new bioinks and hybrid canss
with partial structural scaffolds are required. Hgtbioprinting systems where the resolution, s&gi
and viability of LBB or DBB can be combined withghi mechanical strengths of EBB may also be a
promising future direction. Strict standardizatanmd quality control will be paramount to the precasd
progress. Tissue constructs can be fabricatedanility within a clinical establishment under nesary
surgical grade manufacturing practices and condiiticonstructs can then be transferred directihé¢o
surgery suite for implantation. Such a real-timedality containing imaging, bioprinting, operative
planning and surgical execution can increase tleageutic and logistical benefits as well as cost
efficiency for CF regeneration. Advances made wphinting with respect to new methods and bioink
formulations must be accompanied by consideratidradinical translation including the allied legahd
regulatory frameworks. This will require investigeg to address specific challenges of bioprinting
compared to non-biological 3D printing, as it elstdiigher levels of material, cellular and techhica
complexities especially as related to the cond#ioequired for living cells and their post biopitgg
behaviors. In addition to bioprinting, 3D printimgmedicine is still growing and evolving with achaes
and utilization in surgical models and guides adl we implants for CF reconstruction and dental
applications. Specifically, 3D printing enables rfahtion of drill guides, anatomical models and
customized implants.
Acknowledgement

This work has been supported by National Scienaséation Awards # 1600118. The authors
also acknowledge Department of Science and Tecbpol@overnment of India, INSPIRE Faculty
Award to P.D. The authors are grateful to Intenal Postdoctoral Research Scholarship Program
(BIDEP 2219) of the Scientific and TechnologicalsBarch Council of Turkey for providing scholarship

to V. O and the support from the Turkish Ministry Mational Education for providing graduate



scholarship to B. A. The authors also thank Donosn8ski from the Pennsylvania State University for

her assistance with the typesettifitne authors confirm that there are no known conflicts of interest

associated with this publication and there has been no significant financial support for this work that
could have influenced its outcome.
References

Carlier A, Skvortsov GA, Hafezi F, Ferraris E, Rasbn J, Ko¢ B, Van Oosterwyck H. 2016.
Computational model-informed design and bioprintifigell-patterned constructs for bone tissue
engineeringBiofabrication 8:25009. http://stacks.iop.org/1758-
5090/8/i=2/a=0250097key=crossref.adb076e95c69565a8Idc5a9ae5.

Das S, Pati F, Choi YJ, Rijal G, Shim JH, Kim SWayR\R, Cho DW, Ghosh S. 2015. Bioprintable, cell-
laden silk fibroin-gelatin hydrogel supporting nilitieage differentiation of stem cells for
fabrication of three-dimensional tissue constru&tsa Biomater. 11:233—246.
http://dx.doi.org/10.1016/j.actbio.2014.09.023.

Duarte Campos DF, Blaeser A, Buellesbach K, SenX¥®, W, Tillmann W, Fischer H. 2016.
Bioprinting Organotypic Hydrogels with Improved Meshymal Stem Cell Remodeling and
Mineralization Properties for Bone Tissue Enginegridv. Healthc. Mater. 5:1336-1345.
http://dx.doi.org/10.1002/adhm.201501033.

Evinger AJ, Jeyakumar JM, Hook LA, Choo Y, ShepHaR] Presnell SC. 2013. Osteogenic
Differentiation of Mesenchymal Stem/Stromal Cellgh 3D Bioprinted Neotissue§ASEB J.
27:193.2. http://www.fasebj.org/content/27/1_Supplatid3.2.abstract.

Gao G, Yonezawa T, Hubbell K, Dai G, Cui X. 201fkjét-bioprinted acrylated peptides and PEG
hydrogel with human mesenchymal stem cells prormaitast bone and cartilage formation with
minimal printhead cloggindsiotechnol. J. 10:1568-1577.
http://dx.doi.org/10.1002/biot.201400635.

Herberg S, Kondrikova G, Periyasamy-Thandavan Sviel&®N, Elsalanty ME, Weiss L, Campbell P,

Hill WD, Cray JJ. 2014. Inkjet-based biopatternagfdsDF-13 augments BMP-2-induced repair of



critical size calvarial bone defects in miGane 67:95-103. doi: 10.1016/j.bone.2014.07.007.

Hollister SJ, Lin CY, Saito E, Lin CY, Schek RD,bicas JM, Williams JM, Partee B, Flanagan CL,
Diggs A, Wilke EN, Van Lenthe GH, Muller R, Wirtz, Das S, Feinberg SE, Krebsbach PH. 2005.
Engineering craniofacial scaffold®rthod. Craniofac. Res. 8:162—-173. doi: 10.1111/j.1601-
6343.2005.00329.x.

Hospodiuk M, Dey M, Sosnoski D, Ozbolat IT. 201heTbioink: A comprehensive review on
bioprintable materialsBiotechnol. Adv. 35:217-239. doi: 10.1016/j.biotechadv.2016.12.006.

Kang H-W, Lee SJ, Ko IK, Kengla C, Yoo JJ, Atala2®16. A 3D bioprinting system to produce
human-scale tissue constructs with structural nitied\at. Biotechnol. 34:312-319.
http://dx.doi.org/10.1038/nbt.3413.

Keriquel V, Guillemot F, Arnault I, Guillotin B, Maux S, Amédée J, Fricain J-C, Catros S. 2010ivim v
bioprinting for computer- and robotic-assisted niatlintervention: preliminary study in mice.
Biofabrication 2:14101. http://stacks.iop.org/1758-5090/2/i=1/a=004

Loozen LD, Wegman F, Oner FC, Dhert WJA, AlblaQIL3. Porous bioprinted constructs in BMP-2
non-viral gene therapy for bone tissue engineeftlniglater. Chem. B 1:6619-6626.
http://dx.doi.org/10.1039/C3TB21093F.

Michalopoulos E, Knight RL, Korossis S, Kearney Hisher J, Ingham E. 2011. Development of
Methods for Studying the Differentiation of Humares&nchymal Stem Cells Under Cyclic
Compressive Strairmissue Eng. Part C Methods 18:252—-262.
https://doi.org/10.1089/ten.tec.2011.0347.

Nyberg EL, Farris AL, Hung BP, Dias M, Garcia JRyrBfshar AH, Grayson WL. 2017. 3D-Printing
Technologies for Craniofacial Rehabilitation, Restoaction, and Regeneratiofyan. Biomed. Eng.
45:45-57. http://dx.doi.org/10.1007/s10439-016-1668-5

Ozbolat IT, Moncal KK, Gudapati H. 2017. Evaluatioibioprinter technologie#\ddit. Manuf. 13:179—
200. http://www.sciencedirect.com/science/artidl£$2214860416301312.

Raja N, Yun H. 2016. A simultaneous 3D printinggess for the fabrication of bioceramic and celelad



hydrogel core/shell scaffolds with potential apation in bone tissue regeneratidnMater. Chem.
B 4:4707-4716. doi: 10.1039/C6TB00849F.

Rauh J, Milan F, Glnther K-P, Stiehler M. 2011.Baxtor systems for bone tissue engineeiiggue
Eng. Part B. Rev. 17:263-280. doi: 10.1089/ten.teb.2010.0612.

Sladkova M, de Peppo MG. 2014. Bioreactor Systemsifiman Bone Tissue Engineerifyocesses
2:494-525. doi: 10.3390/pr2020494.

Temple JP, Hutton DL, Hung BP, Huri PY, Cook CA,riflbagunta R, Jia X, Grayson WL. 2014.
Engineering anatomically shaped vascularized boaftsgwith hASCs and 3D-printed PCL
scaffolds.J. Biomed. Mater. Res. - Part A 102:4317-4325. doi: 10.1002/jbm.a.35107.

Visscher DO, Farre-Guasch E, Helder MN, Gibbs So&panfar T, van Zuijlen PP, Wolff J. 2016.
Advances in Bioprinting Technologies for CraniotdReconstructionlrends Biotechnol. 34:700-
710. doi: 10.1016/j.tibtech.2016.04.001.

Zhang Q, Chung ACS. 2016. 3D Vessel SegmentatiagmglRandom Walker with Oriented Flux
Analysis and Direction Coherence. In: Zheng, Gol.id, Jannin, P, Cattin, P, Lee, S-L, editors.
Med. Imaging Augment. Real. 7th Int. Conf. MIAR 2016, Bern, Switzerland, August 24-26, 2016,
Proc. Cham: Springer International Publishing, pp. 2&8-ttp://dx.doi.org/10.1007/978-3-319-

43775-0_25.

List of Figures

Figure 1. Schematic representation of bioprinting proces<6 bone regeneration. (A)
Medical images can be suitably processed by algustto generate models of surgical regions
required; (B1-B2) Medical imaging data can be cotectto mesh files including soft and hard
tissues (B1) mesh model was reproduced from Ndtiosttutes of Health 3D PrintExchange,
(B2) was reproduced/adapted with permission fromn@et al., 2016)); (C) Different
bioprinting modalities used in biofabrication offt@tissue including extrusion-, droplet- and
laser-based bioprinting (organ bioprinting condegrges was reproduced from
www.explainingthefuture.com); (D) the bioprintedhstructs can be further matured in
bioreactors; (E1-E2) Bioprinted constructs are thansplanted into patients ((E1) reproduced



from www.explainingthefuture.com, (E2) reproduceldjated with permission from (Kang et al.,
ﬁ%t??a)z 3D printing of supporting frame for fabricationsifucturally stable hydrogel-laden constructs:
(A1-A3) 3D printing of PCL frame with cell-laden disogels and fugitive hydrogel using an integrated
organ printing system depicting osteogenic difféegion of human stem cells by Alizarin Red S sitajn
(reproduced/adapted with permission from (Kang let 2016)); (B1-B2) An immunostaining image
showing capillary formation in fibrin gel infusedto PCL frame under vascular conditions on Day 14,
CD3L1 (green, endotheliallSMA (red, perivascular), NG2 (blue, perivasculagale bars represent 250
pum), (B3-B4) van Kossa staining of fabricated camgs showing mineral (black) deposition under
osteogenic conditions (scale bars represent 100(jmmages were reproduced/adapted with permission
from (Temple et al., 2014).

Figure 3. The effect of bioprinting of different growth factpatterns, including (A1) control (no growth
factor treatment), (A2) BMP-2, (A3) SDH31(A4) BMP-2+ SDF-,0n promoting bone regeneration on
critical size cranial defects. (B1-B4) In-vitro esgenic differentiation of MC3T3-E1 cells also sleow
differences in Alizarin Red staining (reproducedfateéd from (Herberg, 2014)).

Figured. (A1-A3) Coaxial bioprinting of ceramic-polymercposite structures for bone tissue
engineering using CDHA and cell-laden alginatetfar core and shell, respectively. (A4) Florescence
microscopy revealed substantial number of live dgje cells (scale bars represent 1 mm)
(reproduced/adapted with permission from (Raja ¥uod, 2016)); (B1-B2) Macroscopic appearance of
porous bioprinted constructs containing MSCs, cérgrarticles with plasmid DNA encoding BMP-2
(scale bars in (B1) and (B2) correspond to 500 mah B00 um, respectively); (B3-B4) Osteogenic
differentiation inside porous constructs (scale:Xz0 um) (reproduced/adapted with permission from

(Loozen et al., 2013)).

Table 1: Different bioinks and bioprinters suitafde craniofacial reconstruction and their
comparative analysis.



Bioink Cell Type Bioprinting | Strengths and Limitations Reference
Modality
BMP-2, TGF$2, | Acellular DBB Controlled osteogenesis due |t(Herberg
SDFf1, growth factors; ability to patterpet al.,
Acellular Dermal in high spatial resolution; inferigr2014)
Matrix mechanical properties;
amenability to print cell not
studied.
Nano- Direct LBB Osteoinductive bioink; ability to (Keriquel
hydroxyapatite | printing over print in clinic; slurry| et al.,
defect site, ng compositions may be too viscou2010)
cells. for processing of cell laden
bioinks.
Silk fibroin, | Human nasal| EBB Silk fibroin-EBB combination (Das et al.,
gelatin turbinate provides constructs with high2015)
progenitor strengths; Availability of the
cells nasal turbinate cells in scale-up
guantities may not be feasible.
Collagen type 1| Mesenchymal| EBB Collagen is a biomimetic material(Duarte
agarose stem cells and a composite with agarose geCampos et
improve the strength. Collageral., 2016)
bioink is expensive and difficult
to isolate and process in cell
friendly solvents.
Bioactive Glass| BMSC, DBB Osteogenic bioink is used but th(Gao et
hydroxyapatite, mechanical strengths neeal., 2015)
PEGDMA improvement.
Calcium MC3T3-E1, | EBB Osteogenic bioink with (Raja and
Deficient acceptable mechanical propertieYun,
Hydroxyapatite, is used but MC3T3-E1 cells haye2016)
alginate toxicity concerns.
Calcium Multipotent EBB The use of DNA bioink result in(Loozen et
phosphate, stromal cells, stable expressions but theial., 2013)
pDNA-BMP pDNA toxicity concerns remain.
encoding Bioscaffolder printer requires to
BMP. be more cost effective for clinical
translation applications.
Scaffold-free ADSC, EC EBB Scaffold-free approach yieldec(Evinger
limited time-zero mechanicalAJ etal.,
strength. 2013)
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