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Abstract

Patient-specific three-dimensional (3D)-printed phantoms and surgical
guides are being utilized more often nowadays to assist diagnosis and
treatment planning for surgery, which are tailored to individual’s unique
needs. 3D printing surgical guides made of temporary materials can be
fabricated to fit the surface of the hard or soft tissue organs by 3D model-
ing of the surgical interface. To date, the value of 3D printing for surgical
planning as a guidance tool has been proven in various hard tissue surgical
applications, such as craniofacial and maxillofacial surgery, spine surgery,
cardiovascular surgery, neurosurgery, pelvic surgery, and visceral surgery.
Craniofacial plastic surgery is one of the medical fields that pioneered the
use of the 3D printing concept. Rapid prototyping technology was intro-
duced to medicine in the 1990s via CAD-CAM (computer-aided design,
computer-aided manufacturing). The medical models or bio-models based
on the 3D printing technique represent 1:1 scale reproductions of the
human anatomical region of interest that can be obtained via 3D medical
imaging. The procedure for the fabrication of medical models comprises
multiple steps: (1) acquisition of high-quality volumetric 3D image data of
the anatomical structure to be modeled, (2) 3D image processing to extract
the region of interest from the surrounding tissues, (3) mathematical sur-
face modeling of the anatomic surfaces, (4) formatting of data for rapid
prototyping, (5) model building, and (6) quality assurance of the model
and its dimensional accuracy. Furthermore, tissue engineers also experi-
ence the advent of a new 3D printing era. The tissue engineering triad
comprises cells, scaffolds, and growth factors. Recently, 3D technology
has become sufficiently evolved to enable printing of living cells. Although
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many challenging issues remain to be resolved for such complex struc-
tures, heart, kidney, and skin regenerations are being investigated using 3D
bioprinting technology. A potential candidate for a clinical success resides
in the regeneration of the major salivary glands, which consist of various
cells encapsulated by a connective tissue membrane.

9.1 Introduction
Three-dimensional (3D) printing is a rapidly
developing technology that is applied worldwide
in various fields, such as business, fashion,
mechanical engineering, and medicine [1, 2]. 3D
printing technology has already been used in the
mock formation of various products including
cellular phones [2], and the extent of its applica-
tions has greatly expanded in medicine as this
technology has evolved in recent years. A major
advantage is that it can generate a unique product
in a short period of time, which is suitable for
individualized medicine where each patient
requires a specific treatment, tailored to a thera-
peutic approach. As opposed to the products gen-
erated by 3D printing, most industrial products
are mass produced, and every unit has the same
dimensions. As one would expect, in the field of
medicine, patients are all different in terms of any
shapes and sizes that require surgical attention.
The 3D printing technique supports the contem-
porary aim of implementing personalized medi-
cine by providing a patient-specific product in a
short period of time at reasonable prices [3].
Therefore, the clinical applications of the 3D
printing technology are expanding more rapidly
in recent years. The affordability and conve-
nience of this technology have spurred its adop-
tion in a variety of medical fields. This
revolutionary technique may ultimately allow the
printing of tissue and organ structures to replace
damaged or missing body parts. Although out-
comes and efficacy of 3D printing require more
scientific research, it is clear that 3D printing
technology is unique and has invaluable innova-
tions in medicine. For example, pediatric cardiac
surgeons use 3D printing-based tactile models
for analyzing and visualizing complex congenital
heart diseases. Urologic surgeons simulate

surgery of complex renal cell carcinomas in
advance of actual surgery using 3D printed tactile
prototype models that include the vessels and
parenchyma of the kidney. Neurosurgeons utilize
similar approaches for neurosurgery of brain can-
cer. These types of efforts allow surgeons in vari-
ous specialties to perform advanced analyses of
the patient’s specific status. In addition, tactile
models with a real intraoperative 1:1 scale refer-
ence can be very useful for preoperative consul-
tations with patients [3-5].

Craniofacial plastic surgery is one of the medi-
cal fields that pioneered the use of the 3D printing
concept. Rapid prototype (RP) technology was
introduced to medicine in the 1990s via computer-
aided design and computer-aided manufacturing
(CAD-CAM). The medical models or bio-models
based on the 3D printing technique represent 1:1
scale reproductions of the human anatomical
region of interest that can be obtained via 3D med-
ical imaging [5]. The procedure for the fabrication
of medical models comprises multiple steps: (1)
acquisition of high-quality volumetric 3D image
data of the anatomical structure to be modeled, (2)
3D image processing to extract the region of inter-
est from the surrounding tissues, (3) mathematical
surface modeling of the anatomic surfaces, (4) for-
matting of data for rapid prototyping, (5) model
building, and (6) quality assurance of the model
and its dimensional accuracy [3, 6].

For instance, because patients requiring cranio-
facial surgery tend to have very specific malforma-
tions or deformities, mostly in the bone, a 3D
printing prototype model can greatly assist with
preoperative evaluation and intraoperative proce-
dures. Medical modeling in craniofacial surgery
based on 3D printing has mainly been developed
over the last 15 years. It can incorporate (1) aiding
in the production of surgical implants, (2)
improving surgical planning, (3) acting as an
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orientation aid during surgery, (4) enhancing diag-
nostic quality, (5) assisting preoperative simulation,
(6) obtaining a patient’s consent prior to surgery,
and (7) preparing a template for resection for sur-
geons as well as providing an educational tool for
medical students and residents [3, 5, 7].
Meanwhile, tissue engineers also experience
the advent of a new 3D printing era. The tissue
engineering triad comprises cells, scaffolds, and
growth factors. Recently, 3D technology has
become sufficiently evolved to enable printing of
living cells. Although many obstacles need to be
overcome, 3D bioprinting provides bioengineers
with a new modality such as 3D cell culture on
scaffolds that might be superior to conventional
cell culture systems. Bioprinting is an emerging
technology that is expected to eventually regener-
ate biological tissues and even solid organs. As a
combination of techniques, a nonliving scaffold
could be constructed using 3D technology, while
bioprinting simultaneously adds a living tissue [1,
8—12]. More specifically, tissue-compatible scaf-
folds are generated with bioprinting, and living
cells are incorporated into them, along with vari-
ous growth factors, depending on the application.
Heart, kidney, and skin regenerations are being
investigated using 3D bioprinting technology,
although many challenging issues remain to be
resolved for such complex structures. The regen-
eration of the major salivary glands, which consist
of various cells encapsulated by connective tissue
membrane, certainly requires further investigation
and attention for a clinical success of 3D bioprint-
ing. In this book chapter, the current status of 3D
printing technology and its clinical applications in
craniofacial surgery are reviewed. A potential
application of 3D bioprinting for salivary gland
regeneration is discussed at the end of the chapter.

Review of Current 3D
Printing in Craniofacial
Surgery (Reproduced
from Ref. [28])

9.2

3D printing technology can be categorized
by the techniques, the materials, or the aimed
deposition process. The classification based on

the techniques includes stereolithography (SL),
selective laser sintering (SLS), 3D printing
(3D printer-based SLS: 3DP), fused deposition
modeling (FDM), direct metal laser sinter-
ing (DMLS), laminated object manufacturing
(LOM), and electron beam melting (EBM). The
materials used for the 3D printing technology
include thermoplastic, metal powder, ceramic
powder, eutectic metals, alloy metal, photo-
polymer, paper, foil, plastic film, and titanium
alloys. The 3D technology can be classified by
the aimed deposition process. PolyJet model-
ing and 3D plotting technology are based on
drop-on-drop deposition. 3D printing is based
on drop-on-powder deposition. Fused deposition
modeling is based on continuous deposition. The
most frequently used representative methods are
reviewed and summarized in Table 9.1 [3].

9.2.1 Liquid-Based 3D Printing

Technology

9.2.1.1 Stereolithography (SL or SLA)
Stereolithography (SL) has been the most widely
used 3D printing technique for craniofacial sur-
gery since it was first applied for grafting a skull
defect in 1994 [13]. The SL RP system consists
of a bath of photosensitive resin, a model-building
platform, and an ultraviolet (UV) laser for curing
the resin. A mirror is used to guide the laser focus
onto the surface of the resin; the resin becomes
cured when exposed to the UV radiation. The
mirror is computer controlled and is guided to
cure the resin on a slice-by-slice basis. These
slice data are fed into the RP machine that directs
the exposure path of the UV laser onto the sur-
face of the resin. The layers are cured sequen-
tially and bind together to form a solid object,
beginning from the bottom of the model and
building upward. Each new layer of resin is
wiped across the surface of the previous layer
using a wiper blade before being exposed and
cured. The model is then removed from the bath
and cured for an additional period of time in a
UV cabinet. [14].

Generally, SL is considered to provide the
greatest accuracy and best surface finish of any
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Table 9.1 A comparison of current 3D printing technologies

3D printing technology Materials Aimed deposition process
Liquid base SL (Stereolithography) Photopolymer
Polyjet or Multijet Printing ABS, Acryl Drop-on-drop
deposition
Powder base SLS (Selective Laser Sintering) Thermoplastics

Metal powder

3DP (3D printing)

Plastic powder Drop-on-powder

deposition

DMLS (Direct Metal Laser Sintering)

Alloy metal

Ceramic powder

EBM (Electron beam melting)

Titanium alloys

Solid base FDM (Fused Deposition Modeling)

Thermoplastics Continuous deposition

Eutectic metals

ABS

LOM (Laminated object manufacturing)

Paper

Foil

Plastic film

Reprinted from ref [18]. ABS, acrylonitrile butadiene styrene

RP technology. The model material is robust,
slightly brittle, and relatively light [15]. SL
accuracy is 1.2 mm (range, 0—4.8 mm) for skull
base measures, 1.6 mm (range, 0-5.8 mm) for
midface measures, 1.9 mm (range, 0-7.9 mm)
for maxilla measures, and 1.5 mm (range,
0-5.7 mm) for orbital measures. The mean dif-
ferences in defect dimensions are 1.9 mm (range,
0.1-5.7 mm) for unilateral maxillectomy,
0.8 mm (range, 0.2—1.5 mm) for bilateral maxil-
lectomy, and 2.5 mm (range, 0.2-7.0 mm) for
orbitomaxillectomy defects [16]. Midface SL
models may be more prone to error than those of
other craniofacial regions because of the pres-
ence of thin walls and small projections. Choi
et al. [29] found that the absolute mean deviation
between an original dry skull and an SL RP
model over 16 linear measurements was 0.62 +
0.5 mm (0.56 + 0.39 %) [15, 17]. The accuracy
of computed tomography (CT) and SL models
was compared. The accuracy for SL models
expressed as the arithmetic mean of the relative
deviations ranged from 0.8 to 5.4 %, with an
overall mean deviation of 2.2 %. The mean devi-
ations of the investigated anatomical structures
ranged from 0.8 to 3.2 mm. An overall mean
deviation (comprising all structures) of 2.5 mm
was found.

9.2.1.2 PolyJet Modeling

PolyJet modeling is performed by jetting state-of-
the-art photopolymer materials in ultrathin layers
(16 pm) onto a build tray layer by layer until the
model is completed. Each photopolymer layer is
cured by UV light immediately after it is jetted,
producing fully cured models that can be handled
and used immediately without post-curing. The
gel-like support material used, which is specially
designed to support complicated geometries, is
easily removed by hand and water jetting [14]. At
present, this technique is too time-consuming and
expensive to be used in craniofacial surgery clini-
cal applications. Ibrahim et al. reported a dimen-
sional error of 2.14 % in reproducing a dry
mandible when using this technique [18].

9.2.2 Powder-Based 3D Printing
Technology

9.2.2.1 Selective Laser Sintering (SLS)

The selective laser sintering (SLS) technique uses
a CO, laser beam to selectively fabricate models in
consecutive layers. First, the laser beam scans over
a thin layer of powder previously deposited on the
build tray and leveled with a roller. The laser heats
the powder particles, fusing them to form a solid
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layer, and then moves along the x- and y-axes to
design the structures according to the CAD data.
After the first layer fuses, the build tray moves
downward, and a new layer of powder is deposited
and sintered, and the process is repeated until the
object is completed. The prototype surface is fin-
ished by sandblasting [14]. The SLS prototype is
opaque, and its surface is abrasive and porous.
Prototype fabrication time is 15 h. The accuracy of
the SLS model is relatively high, with maximum
standard errors of 0.1-0.6 mm. This accuracy
depends on the thickness of the CT scans used,
which should be as thin as possible (1-2 mm is a
good compromise for a skull study). Because of
the high cost of the materials, several parts are fab-
ricated simultaneously. The long fabrication time
for the SLS technique (16 h) is close to the time
required for fabrication with the SL system [19].

9.2.2.2 3D Printer-Based SLS
(3D Printing)

The 3D printing system uses a print head to selec-
tively disperse a binder onto powder layers. This
technology has a lower cost than similar tech-
niques. First, a thin layer of powder is spread over
a tray using a roller similar to that used in the SLS
system. The print head scans the powder tray and
delivers a continuous jet of a solution that binds
the powder particles as it touches them. No sup-
port structures are required while the prototype is
being fabricated because the surrounding powder
supports the unconnected parts. When the process
is complete, the surrounding powder is aspirated.
In the finishing process, the prototype surfaces are
infiltrated with a cyanoacrylate-based material to
harden the structure [19]. The printing technique
enables the formation of complex geometrical
structures, such as hanging partitions inside the
cavities, without artificial support structures [14].

After the CT scan, the rendering of the DICOM
data and transformation into STL data files take a
maximum of 30 min, and the printing and infiltra-
tion process takes approximately 4—-6 h. Simpler
models can be purchased for as little as $300-$400
[19]. The 3D printers used in this process are
relatively inexpensive ($2500-$3000), have fast
build times (4 h for a full skull), and are easy to
maintain. Additionally, 3D printers are cost-effective,

associated with low waste, and accurate (+ 0.1 mm
in the Z plane, + 0.2 mm in the X and Y planes),
and they can make hard, soft, or flexible models.
These printers can also be used to identify differ-
ent types of body tissue depending on the pre-
defined threshold setting selected. Silva et al.
reported a mean dimensional error of 2.67 % in
prototypes produced using 3D printing technolo-
gies in comparison with a dry human skull [19].

9.2.3 Solid-Based 3D Printing
Technology

9.2.3.1 Fused Deposition Modeling

Fused deposition modeling (FDM) uses a similar
principle to SL in that it builds models on a layer-
by-layer basis. The main difference is that the lay-
ers are deposited as a thermoplastic that is extruded
from a fine nozzle. A commonly used material for
this procedure is acrylonitrile butadiene styrene
(ABS). The 3D model is constructed by extruding
the heated thermoplastic material onto a foam sur-
face along a path indicated by the model data. Once
a layer has been deposited, the nozzle is raised
between 0.278 and 0.356 mm, and the next layer is
deposited on top of the previous layer. This process
is repeated until the model is completed [14]. As
with SL, support structures are required for FDM
models because time is needed for the thermoplas-
tic to harden and the layers to bond together [20].

9.3  Patient-Specific Modeling
and Its Clinical Application
Using 3D Printing
Technology

9.3.1 Patient-Specific Modeling

from Medical Images
and Computer-Aided Design

As depicted in Fig. 9.1, after patient scanning with
CT and/or MRI, the DICOM data can be trans-
ferred and processed into STL data files or other
3D file formats by using segmentation, surface
extraction, and 3D model post-processing. Less
than a 1-mm CT slice thickness and voxel with iso-
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Process of 3D printer

3D model design
on the computer

a print head to selectively
disperse a binder onto
powder layers

Fig. 9.1 The overall process of 3D printing in craniofa-
cial surgery. After the patient is scanned via CT, DICOM
files should be exported. Less than a 1-mm CT slice
thickness is recommended. DICOM data are imported
and converted to stereolithography (STL) files. Rendering
of CT scan DICOM data into STL data files takes about
30 min. Converted 3D files are uploaded into the 3D

cubic spacing are recommended. The time required
mainly rests on the clinical application. In particu-
lar, segmentation is a critical procedure for improv-
ing the overall accuracy and needs considerable
time. No satisfactory fully automated medical
image segmentation algorithms have been estab-
lished. Therefore, manual or semiautomated seg-
mentation algorithms have generally been used,
which have enhanced the importance of operator
experience. After segmentation, a surface model
should be produced by a marching cube [21, 22] or
other 3D contour extraction algorithms [23]. For
medical visualization, these kinds of shaded sur-
face display techniques are well established.
However, this 3D model by itself is not good
enough for 3DP, due to, for example, too many
mesh units and incomplete topological soundness.
Therefore, topological correction [24], decimation
[25], Laplacian smoothing [26], and local smooth-
ing [27] are required to make a 3D model for 3DP. In
addition, virtual simulation, including determination
of the entry point and direction of the screw and
surgical line, is accomplished for patient-specific

Platform moved according to
the movement of nozzle

3D printer

')I./:;}Hl l

In the finishing process, the
prototype surfaces are infiltrated
with a cyanoacrylate-based
material to be harden the structure

\ 2R 4

The print head scans the
powder tray and delivers a
continuous jet of a solution that
binds the powder particles

printer. Rapid prototyping (RP) uses layer-by-layer ste-
reolithographic accumulation. The RP model is then fab-
ricated on plaster via jetting of a material that consists of
plaster (<90 %), vinyl polymer (<20 %), and carbohy-
drate (<10 %). The printing and infiltration process takes
about 4-6 h. Finally, unsintered sections are removed
(Reprinted from Ref. [18])

surgical planning. Based on this planning, surgical
guides are designed by computer-aided design
(CAD) software. After the generation of a 3D
model, the most suitable 3D printer for their appli-
cations is selected among various kinds of 3DP
techniques. The 3D model file is uploaded into the
3D printer. The 3D printer uses layer-by-layer STL
accumulation to fabricate the 3D physical model.

9.3.2 Applications for Personalized
Treatment

9.3.2.1 Surgical Planning and Guidance
Tools

Patient-specific 3D printed phantoms and surgi-
cal guides are being used more often to aid diag-
nosis and treatment planning for surgery, which
allow individual customization. 3D printing sur-
gical guides made of temporary materials can be
fabricated to fit the surface of the hard or soft tis-
sue organs by 3D modeling of the surgical inter-
face. To date, the value of 3D printing for surgical
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planning as a guidance tool has been proven in
various hard tissue surgical applications, such as
craniofacial and maxillofacial surgery [28-33],
spine surgery [34], cardiovascular surgery [35,
36], neurosurgery [37, 38], pelvic surgery [39,
40], and visceral surgery [41].

Recent advances in 3D printable materials have
increased the level of realism of the 3D phantoms
used for surgical planning. Improved diversity due
to better transparency, color, and softness facilitates
better understanding of complex 3D anatomical
structures and guidance functions for soft tissues
[42]. Yang et al. [43] used a full-colored and flexi-
ble 3D printed phantom as a preplanning simulator
for extended septal myectomy. From the cardiac
CT data, a myocardial 3D model was made by in-
house software (A-view Cardiac; Asan Medical
Center, Seoul, Republic of Korea). Using a 3D
printer (Connex3 Objet500; Stratasys Corporation,
Rehovot, Israel), the left ventricular (LV) myocar-
dium, papillary muscle, and intraventricular muscle
band (including the accessory papillary muscle)
were fabricated with differently colored materials,
whose flexibility could be controlled by adding a

rubberlike and transparent material (Fig. 9.1). The
3D printed phantom provided invaluable informa-
tion on the LV geometry. It is known that the softest
3D printable materials cannot be directly used as
surgical simulators because they are still too hard
for scalpel incision and suturing. Therefore, addi-
tional post-processing using gelatin or silicone
molding techniques or a novel 3D printing system
that can directly jet a variety of silicone materials
needs to be developed.

9.3.2.2 Implantable Devices

3D printing techniques are also used in implant
design to make patient-specific prosthetics, out-
side the standard range of ready-made commer-
cial implants (Fig. 9.2). In addition, this approach
has improved surgical performance by enabling
the creation of patient-specific anatomy-based
implants. For hard tissue structures, metal
implants have, in particular, been successfully
used in various applications [44, 45], which were
mostly FDA cleared, such as mandible [33] and
dental [46] restoration and hip [47], femoral [48],
and hemi-knee joint reconstruction [44, 45]. In

Fig. 9.2 Large cranial defect reconstructed with 3D
printed titanium implant. Top panels: The contralateral
normal cranium was mirrored and the 3D printed titanium
implant was inserted for the correction of the calvarial

bone defect (Modified from Ref. [18]). Bottom panel:
Computer-simulated skull defect images before (leff) and
after (right) titanium implant was inserted
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addition, the biocompatible ceramic hydroxyapa-
tite [49] and the biodegradable polymer polycap-
rolactone [S0]havebeen usedin 3D printing-based
applications to substitute hard tissues with cus-
tomized implants.

Beyond the hard tissue applications, custom-
ized implants created using 3D printing have
recently been used in the interventional field.
Amerini et al. [51] revealed the feasibility of a per-
sonalized interventional treatment for tricuspid

regurgitation using a braided stent in an animal
study. From the cardiac CT data, the 3D recon-
structed model of the right-sided cardiac cavities
of a pig was obtained (OsiriX® Imaging Software;
Pixmeo, Switzerland). A solid Alumide® mold
was manufactured using a 3D printing system, and
then a personalized compressible nitinol stent was
subsequently produced and fitted onto the 3D
printing mold (Fig. 9.3). This customized stent
was almost completely fitted onto the right atrium,
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and an additional tubular stent component contain-
ing a tissue valve prosthesis was established. In the
feasibility study performed in animals, they found
that the 3D printing-based stent could stabilize the
biological valve prostheses by force transmission
from the annulus to the atrial wall and the adjacent
vena cava.

In this book chapter, only clinical applica-
tions with previously developed 3D printing
technologies were discussed. However, other
approaches for personalized implants have been
proposed, including bioprinting of tissues and
organs [52-54] and the organ-on-a-chip tech-
nique [55, 56].

Fig. 9.4 In silico tridimensional reconstruction of the
right-sided cardiac cavities of a female pig. (a) CT-based
primary 3D reconstruction. (b) 3D reconstructed model of
main structural parts. (¢) 3D printed phantom mold of the
main structural parts with alumide material. (d) A personal-
ized stent with nitinol material. (¢) An equipped state of the

<

developed stent in an introducer. (f, g) Two different types
of the prototype equipped with a self-expanding biopros-
thetic valve. (h, j) Study results [S1] showing implantation
of the developed stent. Postmortem autopsy (h, i) and CT
fluoroscopy (j) both revealed accurate positioning of the
valve prostheses (Reproduced from Ref. [51])

Fig. 9.3 A cardiac three-chamber CT image and 3D
printing of the heart. (a) CT imaging demonstrating a
hypertrophied interventricular septum (asterisks), poste-
rior papillary muscle (P), and intraventricular muscle
band or accessory papillary muscles (arrowhead). (b) A
bull’s-eye map generated by using the end-diastolic
phase of the CT imaging shows the extent of the hyper-
trophied myocardium (red area, >15 mm in thickness).
(¢) 3D reconstructed model. (d—f) 3D printed phantom of

the myocardium showing the geometric relationship
among the hypertrophied septum (asterisks), papillary
muscle (A anterior, P posterior), and intraventricular
muscle band (asterisks). (g) Intraoperative photography
via the apical approach shows the limited visual field of
the LV cavity. The base of the anterior papillary muscle is
exposed after excision of the muscle band (not shown)
near the anterior papillary muscle. LV left ventricle
(Reprinted from Ref. [43])
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Fig. 9.5 Extrusion-based bioprinting systems: (a) pneu- ing piston (BI) and screw-driven (B2) and (¢) solenoid
matic micro-extrusion including valve-free (A7) and valve  micro-extrusion (Reprinted from Ref. [71])
based (A2) and (b) motor-driven micro-extrusion includ-
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Fig.9.6 Extrusion bioprinting with tissue originated bioinks. Biodegradable synthetic polymer scaffold is coextruded
side by side to hydrogel bioink to maintain 3D architecture of printed objects (Reprinted from Ref. [70])
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Fig. 9.7 Salivary gland regeneration with microsphere 3D bioprinting (Reproduced from Refs. [82, 88])

9.4 3D Bioprinting and Salivary
Gland Regeneration
9.4.1 3D Bioprinting Considerations

An increasing number of publications for 3D
bioprinting report significant progress and suc-
cesses in vitro and in vivo. The three major
components of tissue engineering include cells,
scaffolds, and biological factors that facilitate

tissue growth and organization. Similarly, key
elements of bioprinting consist of cells, bio-
printer, bioink, and the bioreactor system. The
choice of cells for tissue reconstruction depends
on the types of cells in the target tissues and
organs. For example, vascular endothelial cells
and smooth muscle cells would be appropriate
for blood vessel printing and fibroblasts for
connective tissues. Stem cells are frequently
considered as a potential source of cells as well.
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The selection of cell types has been widely
investigated in the tissue engineering literature
[57-61]. Therefore, it will not be explained fur-
ther here. Bioreactors can be employed for the
maturation of printed tissue constructs into
functional tissue units and organs [62-64].
Generally, bioprinted three-dimensional tissue
constructs are formed layer by layer by printing
bioinks that contain living cells. Current 3D
bioprinting research mainly focuses on the
printing device and material compositions. The
two most widely employed bioprinting
mechanisms would be the inkjet printing and
extrusion printing [65].

9.4.1.1 Inkjet Printing

Inkjet printing has a mechanism which is very
similar to conventional office inkjet printers, with
serial deposition of cell-containing bioink drop-
lets. Piezoelectric actuators, heat-assisted bubble
jet actuators, and pneumatic pressurization with
solenoid valves are examples of inkjet printing
techniques used to generate droplets [66—68].
The electronic control system of inkjet bioprint-
ers enables relatively precise cell positioning,
which can be used for drug testing or small-scale
tissue unit fabrication.

9.4.1.2 Extrusion Printing

Extrusion-based printing is the most widely used
bioprinting system [57, 69, 70]. Cell-containing
material (bioink) is extruded from a reservoir to
the printing bed through printer nozzles as shown
in Fig. 9.5. The driving mechanism of extrusion
can be pneumatic pressure or motor-driven
syringe plunger movement [70, 71].

9.4.1.3 Bioinks

Cell behaviors including adhesion, migration,
proliferation, differentiation, and tissue formation
are influenced by the extracellular microenviron-
ments, both in vivo and in vitro. After printing,
cells are encapsulated in the bioink, and cell
behavior is mainly affected by the biophysico-
chemical properties of the bioink, such as stiff-
ness, molecular structure, cytokines or growth
factors, degradability, and permeability [71-73].

The first consideration of materials as a bio-
ink is printability. An appropriate shape holding
mechanism is necessary to maintain 3D configu-
ration of printed objects. The transition of bio-
inks from liquid to solid (semisolid) should be
shorter than significant shape change. The stabil-
ity of bioprinted constructs mainly depends on
the viscosity of the bioinks after printing.

Liquid phase bioinks out of the printer nozzle
are subject to surface tension and gravitational
force. These external forces affect shape change
of printed bioinks until possessing high enough
viscosity.

From the viscosity point of view, materials
with short cross-linking time can be a first con-
sideration as bioink candidates. Bioink materials
modified to have a short gelling time are widely
used in 3D bioprinting. Hydrogels with short
cross-linking time are widely employed as bio-
inks because these materials have dimensional
stability in a relatively short time after printing
[65, 66, 69, 74, 75].

Another approach for high viscosity is
employing thixotropic materials to improve the
stability of printed 3D constructs during cross-
linking. Thixotropic materials are usually semi-
solid and have a shear thinning property
(thixotropic means “shear thinning”). During
bioink printing through the printer nozzle, shear
forces induce a lowering of the viscosity, and bio-
inks have low flow resistance, with minimal
harmful effect to the suspended cells. After exit-
ing the nozzle, the thixotropic materials regain
their high viscosity, and shape changes are mini-
mized [76]. This prevents the collapse of printed
3D constructs.

One additional advantage of thixotropic bio-
ink is the absence of cell sedimentation in the
reservoir during the printing process. As the spe-
cific gravity of a cell is slightly higher than
water, suspended cells tend to localize on the
bottom of a reservoir. This effect is significant
when cells are suspended in a low viscosity lig-
uid. In thixotropic bioinks, suspended cells may
show no or negligible displacement. As printing
time is proportionally increased with the volume
of an object, inhomogeneous cell distribution
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would be a significant defect in human-sized
organs made with non-thixotropic aqueous bio-
inks. While extruding with thixotropic bioinks,
care must be taken to keep the proper shear stress
range to avoid lowering suspended cell viability.
In side-by-side polymer printing the nonporous
structure of each layer can be employed as a sup-
porting structure to improve dimensional stabil-
ity of constructs during 3D bioprinting as shown
in Fig. 9.6 [57, 70, 77, 78].

Hydrogels can provide cells with a minimum
damage environment during the bioprinting pro-
cess. Hydrogels are widely used as a bioink mate-
rial with a cell compatible pH and appropriate
osmolarity. Examples of biomaterials with natural
origins are alginate, fibrin, gelatin, hyaluronic
acid, and collagen, and synthetic biomaterials are
polyethylene glycol and Pluronic® F-127 [70,
72-74, 78]. Mixtures of these materials are also
used with optimized printability, low cell damage,
and higher 3D printed construct stability.

The cross-linking mechanism depends on
hydrogels’ intrinsic characteristics. Alginate
has ionically cross-linking, and simple contact
of alginate solution with divalent cationic solu-
tions, such as calcium, barium, and strontium,
can generate cross-linked hydrogel. Due to its
low cost and simple cross-linking process, algi-
nate is often employed as an initial test material
for various bioprinters. Collagen and decellular-
ized extracellular matrix (dECM) have pH- and
temperature-dependent  cross-linking manner
[57,70, 74, 77]. Under the physiologic pH condi-
tion and temperature (pH 7.4 and 37 °C, respec-
tively), these materials cross-link to form stable
hydrogel matrix. Further, with high cytocompat-
ibility, cells in collagen and dECM show high
tissue formation superior to alginate. However,
relatively long cross-linking time (~30 min under
37 °C) hampers widespread use of these materials
as bioink [57, 75]. Fibrin has enzyme-activated
cross-linking mechanism. By mixing fibrinogen
solution with thrombin solution, a stable fibrin
hydrogel forms. Fibrinogen is a blood coagu-
lation protein and has high cytocompatibility
but still has relatively longer cross-linking time
(0.5~10 min) than alginate (0.5~5 s).

Photo-cross-linking polymers are also being
widely investigated as bioinks. Hydrogel
precursors, including methacrylated gelatin
(GelMA), star poly(ethylene glycol-co-lactide)-
acrylate (SPELA), poly(ethylene glycol)
dimethacrylate (PEGDMA), and polyethylene
glycol) diacrylate (PEGDA), can be cross-
linked using UV light [73, 79, 80]. A brief sum-
mary of bioinks currently used are listed in
Table 9.2. Bioink materials that support cell
viability and proliferation and have short cross-
linking time are still needed to be developed for
employing 3D bioprinting process for tissue
regeneration. Bioprinters should have appropri-
ate design compatible to bioink’s cross-linking
mechanism. Dual or multiple mixing nozzle
configuration is required for mixing precursor
solutions. Cooling or heating temperature con-
trol should be considered for temperature-
induced cross-linking materials [80, 81].

9.4.2 Salivary Gland Regeneration
by 3D Bioprinting

The ultimate goal of 3D bioprinting is to provide
vascularized functional living organs, which can
be applied to the replacement of missing or dis-
abled tissues and organs. Observations and lessons
from developmental biology can provide funda-
mental and practical ideas for tissue engineering
approaches. Specific tissues or organs at different
stages of development will have varying structural
requirements. The essential morphogenetic steps
and events of organogenesis during developmental
stage can provide insights for salivary gland regen-
eration through 3D bioprinting [82].

Salivary glands consist of saliva-secreting
acinar cells and various other types of cells.
Tissue engineering of salivary glands was tried
with several different approaches with hydrogel
material for tissue regeneration [8§3—85]. Tissue
spheroids, which have been used as an in vitro
3D model system in biomedical and tumor
research for several decades, may be a useful
candidate in salivary gland regeneration with 3D
bioprinting technology (Fig. 9.7) [77, 82].



JW. Choietal.

186

Apqeund

q94d payuly
‘sonodoid [esrueyoow
MO[ ‘A1oWO0d3

Ky1onse[

wnIpauw ‘Ayrpeagoiur pood
‘uone[a3 jsej ‘(esuodsar
Alojewrureur sasned)

UoISNINXa-0Io1t

(OIANH
‘SV) S[190 parensdeous

[01U0D 01 INOYJIT s1souaSorSue ojowoIg onewnaug - onewizug IO SPIOJJeIs IR[N[[0dY urqrj
UOIIEIIPOU JNOYIIM payIpows uaym
Anpigeys pue sonredoxd | Sunresur3ud anssn ur pasn (S[190 [ennSIAIUL
[eoTURYOAW YEAM ATopIm ‘Oruagounuiiuou sjuagde QATeA om0 Qurotod
‘UOISAYPE [[90 MO[ “oiqnedwosorq UOISNIIXI-0IOTU JUS[BAOD 10 1O S[[9D WIS MOLIRW
‘orer uonerejijord mo ‘fiqera 109 1oddng onewnaug - ‘TeorsAyd ‘oruoy | Quoq) s[eo pajernsdeouy 0Oad
uonesyIpowt
noym jurid
puE IpnINX2 03 SANI[Iqe
MO[ pue arnyeroduwo)
[eor3ojorsAyd je SrueSounwuuou UOISNI)XI-0I0TW (DIAS ‘sise[qoiqy
sanaadoad peorueyoouwr ‘orquedwooolq onewrnaud ‘so)koojeday ‘gndoyH)
Jeom ‘o[iSer) ‘o[qeisun QUAIAYPE [[0D puB [BOTURYOIN + [ewIay I, s[1990 pare[nsdeouyg ure[en
Srua3ounwIwIuou (SHV ‘DSIN ‘S[122
‘soninqe Sunurdorq pue [eInau Jel ‘s)se[qoIqy
9[qeIsun ‘uone[dS | UOISNIIXd POOT ‘Ioonpsuer) ‘sa1koourieray ‘s[[ed
mors ‘sontodoxd eusis ‘uonerajijord UOISNI)XI-0I0TW [eWIAY) | [BI[OYIOPUD O1IOB JUIAOQ)
[eOoTURYOAW J00] 9jowoid ‘yuaraype [[9D onewnaug - 10 pajerpawr Hd S[[e0 paje[nsdeouy 1 2d£y uaSer0n
SruaSounuuIuou
500 MO[ ‘AJ1onserd (sa1k00AworpIed
wnpaur JonIsuod ‘s91K001pUOyd
pajutid jo KpesSajur 2dD DSV
[9801pAy | pue AjfIqels poos ‘uone[es DSIN “DINS DSINE
JO uonedyIpOUr jsey ‘Knqiqeiuridorq 1opordoiq pue ‘S)SB[QOAW [BID[YS)
noym Surpeaids pue AIqepnnx UOISNI)XI-0I0TW S[[eo pajernsdeous
pUB UOTISAYPE [[20 MO poo3 ‘Ayniquedwosorg onewnauj - o1uoy ‘surayoid ‘sa1eSa1S3y JreuIS|y
sa3ejuBApeSI( sagejueApy | woisAs Junuridoiq K)[1QISIoAQl Sunundorq yurorg ad£y [9501pAH
uoISnIXHg uonedyIpIoS UoISNIXd

Ur WSTUBYOW
SunyuI-sso1)

Sunuudolq paseq-uoisnixa ur pasn s[P30IpAH  Z°6 @|qel



187

9 3D Printing Technology in Craniofacial Surgery and Salivary Gland Regeneration

[12] 309 wouxy poyuridoy

Jrqelsun
‘eIpau 9In)no [0
UOWWOD UO dANISUIS SreSounuwuiuou UuoIsnIxd pareIpowt $0)K00IpUOYd
‘Kqeiutidorq mo ‘Kqeiunid ySTH | -OIOTW [BOTUBYIA Hd ‘Teuwoyy, pajensdeouy ENG BRI IR
uonedyIpow
noynm Afigels SruaounwwIuou
Mo pue sontadoid ‘Kqeyunidorq pooS UOTSNI}XI-0I0TUX (s181901qY ‘VED
[eorueyoow 1ood | ‘uone[ad jsej ‘sisouadorue [eoTuRyOW sjuagde ‘zodoy ‘se1ko01puoyd)

‘uoneperdop prdey

pue uoneojrjoid sjowolq

pue onewnaUg

JUATBAOD *DTUO]

s[[eo parernsdeoury

proe oruoanfeAH

Sunundorq uorsnixe
10J wo)sAs Juneay
axnnbar ‘uonepeidop

(zodoH

pider ‘uone[o3 mo[s SrueSounwuIuou UOISNI)XQ-0I0TW *DSING ‘sIse[qoIqy
‘sonrodoid ermonns ‘Snqeyunidorq [eorIUBRYOAW Arewnd uvewny)
pUE [BOIURYOW JOO] poo3 ‘Snqiqeiunid ySy pue onewnaug [ewoy ], s[109 paje[nsdeouy LT1-d @duoin[g
9Jel1 uone[d3 MOo[s SrueSounwuIIuou (DdD ‘DSIN “s1190
‘uonedyIpouw JNOYIIM ‘Knnqeyund J0jtuagord a3e[nIed)
sonxadoxd Aqiqers wnipaw ‘fesunjnue UOTISNIIXI-0I0TW sjuage S[[20 paje[nsdeoud
PUE [BOTURYOIW YBIA pue [eLID)ORQNUY onewnaug JUS[BAOD 10 OIUO] ‘Sp[0JJeoS Je[N[[Q0Y uesoyD
Srud3ounwwIuou
Sunundorq ‘Kyeadaiur poos s0d
uoIsnNX? 10J wAsAs | mof ‘uondiospe urjoid 10y UOISNI)XI-0I0TW (DSIN ‘s1192
Suneoy axmboar ‘opidery | jueysisar ‘o[qeys ‘sonradord [eoIUBYOW BUWODIBS0)SO SOSINE)
‘UOISAYPE [[90 MO] [edrueyoow Y31y pue onewmaud [ewLoy ], s[12d pae[nsdeouy asorely
SuL109uI3Ud 9NSST) ORIPILD
aAarsuadxa J10J Afrenonted o[qeyns
‘Sunuudorq uorsnnxo Aysy ‘Apgeutidorq
10J wo)sAs urjood poo3 ‘Kjpiqera
saxnbar ‘Kyipiqess 1199 110ddns 9onnsuod (D443
[eOTURYOAW S109)Je JO uonezire[noseA pue UOISNIX3-0I0TW ‘ISINSB ‘SOSING ‘ZOdoH)
[OIyMm ‘Uone[a8 MO[S | UOIBIUAIIJIP [[90 JOWO0I] onewnaug [ewIay ], S[[99 pajernsdeouy [oS eI




188

JW. Choietal.

Bioprinting, or robotic additive biomanufac-
turing, could be implemented by a precise layer-
by-layer placement of self-assembled tissue
spheroids in advanced hydrogels. The rapid pro-
cess of tissue spheroids to self-assemble and to
form mature tissue in a relatively short time
scale may provide the versatility needed for suc-
cessful 3D bioprinting. Advancement of the tis-
sue spheroids-based approach demands the
synthesis of sophisticated soft biomaterials and
extracellular matrices, such as bio-processible
and biomimetic stimuli-sensitive functional
hydrogels as bioink materials [71].

Salivary gland regeneration is also possible
using 3D bioprinting with cells and hydrogels.
Cells in the duct close to the acini are believed to
provide all the cell types required for the formation
of acini and ducts. In vitro cultured salivary cells
could be assembled into three-dimensional acinar
and ductal structures in the presence of collagen
and Matrigel® [86]. Bioprinting of three-dimen-
sional salivary gland structures may be guided by
present experience with 3D bioprinting of vascular
branch formation [72, 87]. Advancement in 3D
bioprinting technology, in combination with a fun-
damental understanding of the molecular mecha-
nisms of development, provides a novel strategy
for salivary gland regeneration.

Conclusions

3D printing technology enables more effec-
tive patient consultations, increases diagnos-
tic quality, improves surgical planning, acts
as an orientation aid during surgery, and pro-
vides a template for surgical resection. In
addition, as bioprinting technology further
evolves, tissues or organs might one day be
made with patient-specific shapes and dimen-
sions, thus substantializing the goal of indi-
vidualized medicine.
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