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Abstract

The generation of three-dimensional (3D) organoids can allow researchers to
resemble in vitro distinct types of cellular compartments within specific organs,
including exocrine glands. The development of salivary gland organoids can
entail the use of biomaterial substrates (usually hydrogel- or Matrigel-based) or
can be substrate-free to allow cells to produce their own extracellular matrix
molecules. Our research strategies focus on the latter and use innovative
biofabrication platforms via 3D bioassembly of salivary gland primary cells or
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oral stem cells using magnetic nanoparticles. These magnetic nanoparticles can
tag these cells and spatially arrange these either at the bottom of a culture well
(magnetic 3D bioprinting) or at the air-media interface (magnetic 3D levitation)
with specific magnetic fields. In this chapter, we discuss how epithelial compart-
ments can be formed within these organoids with different 3D culture platforms
and the importance of the presence of a neuronal network to make them achieve a
functional status. A neuronal network that responds to parasympathetic and
sympathetic neurotransmitters is crucial for testing saliva secretion arising from
the epithelia compartment. These neuroepithelial organoids will support the
discovery and cytotoxicity screening of novel drugs for dry mouth syndrome or
xerostomia. The advantages and limitations of both magnetic bioassembly plat-
forms will be discussed to optimize these salivary gland-like organoids.

1 Introduction

Exocrine glands, such as mammary, prostate, thyroid, pancreas, lacrimal, and sali-
vary glands, are organs frequently targeted by cancer or autoimmune disorders
(Stewart and Wild 2018; Lombaert et al. 2017). Functional damage in these glands
usually occurs after conventional cancer therapies are delivered, thereby impairing
the health of patients. In the salivary gland (SG), following radiotherapy for head and
neck cancers, up to 60% of the secretory epithelia can be irreversibly damaged, and
saliva secretion is severely compromised in those cases. No pharmacological or
medical interventions exist to fully rescue the saliva production in these cancer
patients. Immunosuppression-free gland transplants are currently not available for
gland replacement. Organoid bioprinting has been emerging as a promising 3D
biofabrication strategy toward (1) the development an in vitro and “off-the-shelf”
gland transplant from patient’s own cryopreserved cells (Mironov et al. 2009a; Groll
et al. 2016); or (2) the discovery of new saliva stimulants (sialogogues) or drugs in in
vitro organoid platforms (Adine et al. 2018; Ferreira et al. 2019). To avoid immu-
nological incompatibilities and potential cytotoxicity from scaffold biomaterials in
the long-term, our group generated a scaffold-free culture platform to promptly
produce 3D functional salivary gland-like organoids using magnetic nanoparticles
(Adine et al. 2018; Ferreira et al. 2019). This biofabrication process induces cellular
spatial arrangement in 3D and scalable organoid production within 24h. In addition,
this process facilitates organoid handling and transfer as well as high-throughput
analysis and imaging. A magnetic nanoparticle solution, consisting of gold, iron
oxide, and poly-L-lysine, is used in this 3D bioassembly process. These nano-
particles support cell proliferation and metabolism, without increasing deleterious
processes such as inflammation and oxidative stress (Tseng et al. 2015). In addition,
negligible immune response after transplantation is reported in animal models (Lin
et al. 2016).

Thus, in this chapter, we will discuss the development secretory neuroepithelial
organoids similar to the native SG using stem cells and two 3D bioassembly
platforms in vitro. The overall objective was to generate a scalable SG organoid
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with innervation and bio-functional properties upon neurostimulation to overcome
current limitations in stem cell therapies for dry mouth or xerostomia.

2 Organotypic Three-Dimensional (3D) Cell Culture System

2.1 Overview of 3D Cell Culture Systems

In this last decade, the organotypic three-dimensional (3D) cell culture system has
been utilized as a promising strategy for the ex vivo generation of robust 3D
organoids or miniature glands for transplantation in patients suffering from
xerostomia (Ferreira et al. 2016). Also, 3D cell culture models serve as an auspicious
and feasible model for the study of the molecular and cellular mechanisms underly-
ing diseases as well as for drug discovery (Langhans 2018; Hagemann et al. 2017).

The 3D cell culture system is rapidly prevailing over the two-dimensional (2D)
culture system and in vivo models, because better mimics physiologic conditions
and maintains the cellular and tissue function by establishing appropriate cell-
signaling pathways and extracellular matrix interactions (Campbell and Watson
2009). These unique properties enable it to overcome many of the shortcomings
associated with both in vivo animal experimentation and two-dimensional (2D)
tissue culture. In vivo transgenic animal models, while undoubtedly representing
the gold standard for basic molecular studies and diagnostic work, are expensive to
produce and are subject to stringent regulation, resulting in studies utilizing low
replicate numbers, with consequences for scientific rigor (Campbell and Watson
2009).

2.2 Spheroid 3D Culture Systems

Scaffold-based tissue engineering faces some challenges including (i) immunoge-
nicity, (ii) acute and long-term inflammatory response resulting from the host
response to the scaffold and its biodegradation products, (iii) mechanical mismatch
with the surrounding tissue, (iv) difficulties in incorporating high numbers of cells
uniformly distributed within the scaffold, and (v) limitations in introducing multiple
cell types with positional specificity (Jakab et al. 2010). In contrast, in scaffold-free
spheroids culture, cellular cross talk proceeds naturally (Jakab et al. 2010).

Table 1 summarizes the most common 3D spheroid culture techniques currently
employed. All these techniques have their own advantages and challenges (Lombaert
et al. 2017; Ferreira et al. 2016; Achilli et al. 2012; Fennema et al. 2013). A few of 3D
bioengineering systems have effectively shown the capability of primary SG epithelial
cells to self-assemble and display polarization properties on engineered scaffolds
incorporating SG basement membrane molecules such as Matrigel as well as other
natural polymers (chitosan) and synthetic polymers (PEG, PLGA). However, some of
these matrices (Matrigel) contain xenogeneic materials and thus limit its application in
vivo (Ferreira et al. 2016). Other polymers may degrade too fast before epithelial cells
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self-assemble and tight junctions can form (Sfakis et al. 2018). In contrast, scaffold-
free bioengineered platforms can facilitate a rapid cell clustering in 3D as well as cell-
cell interactions to allow the generation of a tightly packed epithelium to finally
become a functional organ. Scaffold-free or spheroid culture can be efficiently pro-
duced through seeding cells in nonadherent surfaces and suspension culture. However,
these methods will form nonuniform spheroids, and the size of the spheroids cannot be
controlled for proper mass transfer and nutrition (Ferreira et al. 2016; Achilli et al.
2012; Fennema et al. 2013).

Table 1 Advantages and challenges of 3D spheroid culture systems. HTS: high-throughput
screening

Techniques Advantages Limitations

Hanging drop Compatible with HTS
Requires a few step

Cell aggregation depends on cell
seeding numbers and cell line
Spheroid size not uniform for
particular cell lines
Sample handling
Slow spheroid formation (>24 h)

Nonadherent
surface methods

User-friendly in 1-step
Allow HTS
Able to scale up

Nonuniform spheroid size
Spheroid formation depends on cell
seeding numbers
Slow spheroid formation

Suspension culture

Spinner flask Enable massive production Shear forces can modify cell
function
Nonuniform spheroid size

Bioreactor Reduces shear force on cells Nonuniform spheroid size
Requires specialized equipment

Scaffolds-based

Natural
biomaterials

The maximum resemblance to the
in vivo conditions

May contain xenogeneic substrates
Batch-to-batch variation

Hydrogels
(synthetic/
granular)

Reproducible mechanical and
physical properties
Comprises micron-sized pores
Microinvasive injectability

Unable to generate larger, clinically
viable tissue or organ replacement

3D bioassembly
(magnetic
bioprinting)

Rapid spheroid formation (24 h)
Spheroids form intrinsic ECM
Millimeter size range spheroid

Potentially increases oxidative stress
with high concentration of magnetic
particles

3D Bioprinting

Scaffold-
assisted
Spheroid-
based

Enabling the reproduction of
complex in vivo structures
Useful for disease modeling and
drug screening

Requires specialized equipment
Cost, cell density capacity, cell
viability
Increased resolution, printing speed,
biocompatibility, and scaling-up
Regulatory and safety issues
Lacks an universal bioink

Microfluidic and
microchip
methods

Control of the fluid shear stresses
and the concentration of soluble
factors

Requires specialized equipment
Difficulty collecting cells for
analysis
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In contrast, cell patterning techniques offer uniformly formed spheroids. Cell
patterning arranges cells into desired patterns mimicking the real tissue by applied
external guiding or manipulation. In general, cell patterning can be classified as
passively and actively direct cell patterning. Passive cell patterning requires a cell-
adhesive ECM protein-coated onto regions defined by photoresistance or applied by
a micro-fabricated stamp, leaving other uncoated regions unfavorable for cell adhe-
sion. The seeded cells attach and occupy ECM-coated regions and hence form a
clean-cut pattern (Fukuda et al. 2006; Fu et al. 2011).

Despite promising results, the effectiveness of passive cell patterning is limited by
the natural cell adhesion process, which is slow, irregular, and divergent from cell
type to cell type. In contrast, active cell patterning employs techniques that apply
force to actively direct cells to desired positions (Table 1).

Similar to the in vivo environment, cells in a 3D spheroid are free to assemble
without constraint. They establish 3D gradients of nutrients, metabolites, and cell
signals as well as barriers to the transport of molecules (Achilli et al. 2012). In
addition to gradients, spheroids create an in vivo-like microenvironment by
forming more complex cell-to-cell interactions and cell-to-ECM adhesions. They
maximize cell-to-cell contact, form numerous adhesions between surface adhesion
molecules, and even form direct cell couplings such as gap junctions (Fennema
et al. 2013).

Thus, spheroids from adult stem cells bioprinted onto the 3D printed scaffold are
a fascinating approach for future clinical trials, since they can form larger, complex,
and functional autologous tissues and mini-organs (Fennema et al. 2013).

In summary, there are several advantages of using spheroids as building blocks
for organoid development (Achilli et al. 2012; Fennema et al. 2013; Parfenov
et al. 2018a; Mironov et al. 2009b). First, spheroids have the highest theoretically
possible cell density equivalent to native tissue. Second, spheroids have a com-
pact rounded shape, which is ideally suitable for their handling, manipulation,
transfer, processing, and bioprinting. Third, they have a complex internal struc-
ture, multicellular composition and lumens and can be pre-vascularized. Finally,
when the spheroids are closely placed and touching each other, they inherently
begin to fuse and producing complex 3D tissue constructs. This phenomenon
was found during fetal development and organogenesis, and it is a funda-
mental principle of bioprinting and biofabrication technologies (Mironov et al.
2009b).

2.3 Potential Cell Sources for Salivary Gland Tissue Engineering

The ideal cell source for SG tissue engineering should entail cell types such as
primary, progenitor, or stem cells isolated from autologous tissue (Lombaert et al.
2017). These cells can be isolated from the patient’s SG prior to radiotherapy (RT),
grown and expanded in the laboratory, and transplanted into the gland after RT has
been completed. Autologous SG cells would be accepted by the host with no risk of
immune rejection. Although studies on SG epithelial transplants from digested tissue
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have demonstrated potential, most reveal a partial capability of transplanted cells to
restore SG function. Isolated primary SG cells rapidly dedifferentiate and undergo
structural changes as a result of the loss of extracellular and intercellular communi-
cations (Nelson et al. 2013). Unfortunately, harvesting such cells generally causes
great patient discomfort and morbidity, and thus such cell lines are not widely
available. Furthermore, these cells do not grow efficiently in vitro (Nelson et al.
2013) as they become apoptotic when dissociated into single-cell suspensions and
difficult to achieve acinar formation (Szlavik et al. 2008). Differentiation of human
submandibular gland (HSG) intercalated duct-like cell lines toward the acinar
phenotype is possible on a substrate containing laminin-1 or Matrigel (Nelson
et al. 2013). However, the lack of tight junctions (TJs) crucial for the development
of polarized epithelia and unidirectional secretion has become a major limitation of
this cell line. Moreover, transfection of tight junction proteins did not improve HSG
polarity and form weak epithelial resistance (Aframian et al. 2002). Therefore, this
cell line is not suitable for tissue engineering of SG epithelia. Currently, no primary
cell line fully recapitulates the morphological and functional features of the native
salivary acinar cells (Hegde et al. 2014).

Other potential cell sources are embryonic stem cells (ESC) and induced plurip-
otent stem cells (iPSC). These are considered pluripotent stem cells because they can
differentiate into all cell types from all three germinal layers. A few studies have
differentiated ESC into SG tissues. Mouse ESC was shown to successfully differ-
entiate into SG-like cells through direct co-culture with human SG cells (Kawakami
et al. 2013) or in the presence of mouse fetal rudiments by induction of Sox9 and
Foxc1 transcription factors (Tanaka et al. 2018). However, the translation of these
ESC mouse studies into human ESC is still far for becoming a reality due to the
tumorigenicity of these cells lines and rudiments. Moreover, multiple studies have
reported the generation of iPSC from various dental tissues, but very few targeted the
SG (Hynes et al. 2015). In the scarce literature, mouse iPSC has been shown to
support SG differentiation (Ono et al. 2015) and is capable to partially regenerate
damaged SG (Alaa El-Din et al. 2018). iPSC differentiation into SG-like cells still
warrants further investigation. Despite the preliminary promising results, both stem
cells (ESC, iPSC) have technical and moral obstacles. In addition, these cells are not
easy to control, due to their genomic instability and propensity to form tumor (Hynes
et al. 2015).

In contrast, adult stem cells become a very attractive cell source because they
are widely available and have multi-lineage differentiation capacity. Adult stem
cells (somatic stem cells) are undifferentiated cells in the body after a multiplica-
tion process during its development when the cells will eventually cease to exist or
are damaged. Stem cells are generally considered to be more “primitive” and are
the precursors of progenitor cells, which are more lineage-committed, have less
capacity to self-renew, and maybe organ-specific. Multiple groups have been
evaluating the potential of different stem cell sources for SG repair or regeneration
which will be discussed in the following section. Furthermore, there are four
clinical trials evaluating the effectiveness of adult stem cells to alleviate
xerostomia, listed in Table 2.
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2.3.1 Salivary Gland Stem/Progenitor Cells
As stem cells might be organ-specific, it is therefore obvious to explore the potential
of stem cells derived from the SG to repair or regenerate the damaged gland. Earlier
on, the SG organ was thought to have a slow cellular turnover, and therefore the
presence of stem cells was seen unlikely. However, ductal ligation experiments in rat
parotid and submandibular glands identified proliferating cells with regenerative
capabilities. These cells emerged upon deligation and were labeled stem/progenitor
cells, and gland atrophy was reversed with the appearance of new acinar cells
(Burford-Mason et al. 1993; Takahashi et al. 2004). These and other studies have
shown that SG stem/progenitors cells are present among the differentiated cells, and
therefore, it is necessary to have an effective isolation methodology to test their
regenerative potential.

Nanduri et al. (Nanduri et al. 2013a) have shown that isolation with the c-Kit
marker was enough to restore morphology and functionality of irradiated salivary
glands. Salisphere derived c-Kit+ cells expressing CD24 and/or CD49f markers,
successfully restored tissue homeostasis in the submandibular gland of irradiated
mice. However, the population of c-Kit+ is very limited (<1%) in the human SG and
greatly diminishes in aging patients (Pringle et al. 2016).

Furthermore, Jeong et al. (Jeong et al. 2013) develop a method to efficiently isolate
SG progenitor without cell surface marker selection but repeated subculturing over
five passages. These cells exhibited MSC-like characteristics and successfully differ-
entiated into amylase-secreting cells in vitro. More importantly, these cells were able to
ameliorate hyposalivation and rescued SG morphology in irradiated rat SG.

In addition, an interesting study by Mishima et al. (Mishima et al. 2012) has
identified and isolated side population (SP) cells from mouse SG via cell sorting.
This cell population was able to recover the radiotherapy-induced hypofunction of
salivary and lacrimal glands, although cell reconstitution was not observed in vivo.

Table 3 summarizes studies of SG-derived stem/progenitor cells (SGSC) isolation
and evaluation of their regenerative capacity, especially for radiotherapy-induced
xerostomia. Although studies have shown that origin-specific stem cells are favorable
for treatment of the tissue origin, SGSC has its own limitations. The treatment is heavily
dependent on residual endogenous acinar cell, and therefore it is not suitable for severe
cases. Hence it is worthwhile to explore the use of other sources of adult stem cells.

2.3.2 Bone Marrow-Derived Mesenchymal Stem Cells (BM-MSC)
Several groups have reported the potential of bone marrow-derived cells (BMC) for
salivary gland regeneration (Sumita et al. 2011; Lombaert et al. 2006; Lin et al.

Table 2 Types of stem cells used in NIH-reported clinical trials for xerostomia conditions

MSC location Origin Xerostomia condition Clinical trial

Bone marrow Autologous Radiotherapy-induced NCT03743155

Adipose Autologous Radiotherapy-induced NCT02513238

Umbilical cord Allogeneic Sjögren’s syndrome NCT00953485

Lip and cheek Autologous Sjögren’s syndrome NCT00023491
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Table 3 Studies on SG-derived stem cells/progenitor (SGSC) in vitro culture systems with in vivo
SG regenerative outcomes

Refs.
Cell
source

Selected cell
population SG markers

Culture
system

In vivo
methods/
outcomes

Lombaert
et al.
(2008a)

C57BL/
6
mouse

c-Kit+ Sca-1
c-Kit
Musashi-1

Salisphere IG: 300
cells*
"SFR, GW,
AC, Amy
"proliferation

Nanduri
et al.
(2011)

CD133+ c-Kit
CD133
CD24
CD29
CD49f

Salisphere IG: 1x104

cells*
"SFR, GW,
AC, Amy
"proliferation

Nanduri
et al.
(2014)

CD24hi/CD49fhi

Old vs. young
– Salisphere IG: 5000

cells*
"SFR, AC

Nanduri
et al.
(2013b)

c-Kit+/
CD24+/
CD49f+

– Salisphere IG: 400
cells*
"SFR, AC
#fibrosis

Xiao et al.
(2014)

Lin�/CD24+/
c-Kit+/Sca1+

c-Kit
KRT5
KRT14
Vimentin

Salisphere IG: 300–
1000 cells*
"SFR, AC

Maimets
et al.
(2016)

Wnt3a+
R-spondin 1
stimulation

Ductal
epithelia
EpCam+

Salisphere IG: 10-1x104

cells*
"SFR, AC

Mishima
et al.
(2012)

C57BL/
6
mouse

SP (FACS) clusterin
stimulation

CD31 2D IG: 1x104

cells
"SFR

Jeong et al.
(2013)

Human Long-term culture in
collagen type I
substrate

CD44
CD49f
CD90
CD105

2D IG: 5x105

cells
"SFR, GW,
AC
#apoptosis

Yi et al.
(2016)

Human Modified
subfractionation
culture method

LGR5
MSC-like
markers

2D IG: 1x105

cells
"SFR, Amy,
engraft

Pringle
et al.
(2016)

Human c-Kit+ SG-like
markers

Salisphere IG: 1200
cells*
"SFR

SP, side population; FACS, fluorescence-activated cell sorting; MSC, mesenchymal stem cells;
RIX, radiotherapy-induced xerostomia; IG, intraglandular injection, SFR; salivary flow rate, GW;
gland weight, AC; acinar cells, SAC; saliva secreting acinar cells, # in vivo rescue in the secondary
recipient. NA, not applicable. *cells dissociated from salisphere
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2011). These studies used very heterogeneous stem cell populations, which may
produce different functional effects when transplanted in vivo. In order to address
this, Lim et al. utilized a subfractionation culturing method to obtain highly homog-
enous MSC cell lines (Lim et al. 2013a). The intraglandular injection of these MSC
restored the morphology and function of the submandibular gland after radiation
injury. The paracrine effect appears to induce functional restoration through the
survival of epithelial secretory cells, mobilization of host progenitor cells, and
vascularization.

To further investigate this matter, Tran et al. (Tran et al. 2013) evaluated the
paracrine effect of BM-MSC. These researchers extracted and lysed the crude bone
marrow cells and its soluble intracellular content (termed BM soup) and then
injected into irradiated mice. Injection of BM soup was as effective as the trans-
plantation of BM cells in restoring the function of irradiated salivary glands,
highlighting the importance of paracrine effects in salivary gland regeneration.
The utilization of cell extract treatment strategies can definitely overcome the issues
related to immune rejection after allogeneic transplantation of MSC or other adult
stem/progenitor cells.

Table 4 displays the studies evaluating BMC and BM-MSC for SG regeneration.
Multiple research groups have also identified several reprogramming factors that

can lead to transdifferentiation to SG-like epithelial cell types and/or SG regenera-
tion. These reprogramming factors include ankyrin repeat domain-containing pro-
tein 56 (ANKRD56), high mobility group protein 20B (HMG20B), transcription
factor E2a (TCF3), pancreas-specific transcription factor 1a (PTF1α), muscle, intes-
tine, and stomach expression-1 (MIST-1), achaete-scute complex homolog 3
(ASCL3), bone morphogenetic protein 6 (BMP-6), interleukin-6 (IL-6), and/or
CCAAT enhancer-binding protein beta (CEBPB).

2.3.3 Adipose-Derived Stem Cells
Although BM-derived cells hold a relevant potential for SG tissue regeneration,
autologous or allogeneic cell harvesting from BM or transplantation may not be
possible for a variety of reasons (compromised immunity, abnormal hematopoiesis,
hip morbidity, lack of patient acceptance, etc.). Alternatively, researchers explored
other sources of mesenchymal stem cells (MSC). Studies have shown that one can
have a high yield of MSC from adult adipose tissues, and fat tissue biopsies are
easier to perform when compared to bone marrow biopsies and produce less
morbidity (Konno et al. 2013).

Therefore, several studies using adipose-derived stem cells are currently regis-
tered in clinical trial databases (Table 2). Direct administration of adipose-derived
stromal cells into the SG can improve saliva production by stimulating vasculariza-
tion within salivary gland tissues, since transplanted ASC differentiate into endo-
thelial cells as well as ductal epithelial cells (Kojima et al. 2011). However, the
secretory acinar compartment did not display prominent signs of regeneration. Later,
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Lim et al. (Lim et al. 2013b) administered systemically human adipose-derived MSC
(hAd-MSC) to subdue radiotherapy-induced SG damage. This strategy improved
salivary gland function and epithelial proliferation, and suppressed cellular apopto-
sis. Furthermore, like BM-MSC studies, a limited number of adipose-derived MSC
transdifferentiate into epithelial secretory cells. These findings may suggest that
MSC, regardless of their source, have a paracrine effect rather than a trans-
differentiation effect.

A phase 1/2 clinical trial evaluating the safety and efficacy of autologous hAd-
MSC in 15 subjects with radiotherapy-induced xerostomia was recently reported
(NCT02513238) (Gronhoj et al. 2018). At 4 months, this clinical trial reported 50%
improvement in saliva secretion and no major adverse events. Thus, ASC treatment
was safe and exhibited promising efficacy in a short-term follow-up on both objec-
tive and patient-reported outcomes. It would be interesting to assess if these clinical
outcomes can be maintained or improved beyond 4 months.

Table 4 Studies evaluating the therapeutic potential of bone marrow-derived cell transplantation
for xerostomia

Refs.
Cell
type Disease model Transplantation method In vivo outcomes

Lombaert et al.
(2006)

BMC RIX IV: Cells+G-CSF "GW, AC

Lombaert et al.
(2008b)

BMC RIX IV: 3x106 cells +
Flt-3 L/SCF/G-CSF

"VA, proliferation

Yuan et al.
(2013)

BMC RIX Tail vein: 5x106 cells "AQP5, KRT19,
αSMA

Sumita et al.
(2011)

BMC RIX Tail vein: 1x � 107 cells,
2x/wk. for 6 wks

"GW, AC, VA,
proliferation
#apoptosis

Lim et al.
(2013a)

BM-
MSCa

RIX IG: 1x105 cells "AC, VA,
proliferation
#apoptosis

Lin et al. (2011) BM-
MSCb

RIX IG: 1x106 cells "GW, AC, Amy

Elsaadany et al.
(2017)

BM-
MSC

RIX Tail vein: 1x107 cells "VA
#apoptosis,
mucositis

Xu et al. (2012) BM-
MSC

SS Tail vein: 1x105 cells "SFR
#inflammation

Khalili et al.
(2010, 2012,
2014)

BM-
MSC

SS Tail vein: 1 � 107 cells,
2x/wk. for 2 or 6 wks

"SFR
#inflammation

Almansoori et al.
(2019)

BM-
MSC

Allogeneic
transplantation

Marginal ear vein: 2x106

cells/kg wt
#atrophy
"SG survival rate

Legend: apurified
bBM-MSC is labeled with iron oxide. BMC, bone marrow-derived cells; BM-MSC, bone marrow
mesenchymal stem cell; SCID, Severe Combined Immunodeficiency’ RIX, radiotherapy-induced
xerostomia; SS, Sjögren’s syndrome; IG, intraglandular; GW, gland weight; AC, acinar cells; SFR,
saliva flow rates; VA, vascularization; NA, SFR was not evaluated
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2.3.4 Dental Pulp Stem Cells
Dental pulp stem cells (DPSC) arise from the neural crest-derived mesenchyme
surrounding the oral primitive ectoderm during craniofacial morphogenesis. These
cells possess several MSC-like markers and share a common mesenchymal embry-
onic origin with the salivary gland stroma (Adine et al. 2018). Therefore, DPSC can
be part of regeneration strategies for the SG epithelia (severely damaged in radio-
therapy-induced xerostomia), the stroma compartment, and the neuronal network
(neurons are derived from neural crest mesenchymal lineages).

In 2D cultures, Janebodin et al. (Janebodin and Reyes 2012) co-cultured DPSC
with a human submandibular gland cell line (HSG) in Matrigel which increased the
number of secretory epithelial cells in vitro. In vivo subcutaneous co-transplantation
of HSG and DPSC with hyaluronic acid (HA) substrate led to an increase of SG
epithelial tissue, innervation, and vascularization. Yamamura et al. (Yamamura et al.
2013) successfully differentiated DPSC into endothelial cells (DPECs) and demon-
strated that radiotherapy-induced SG hypofunction was partially reverted following
in vivo transplantation of DPECs.

Recently, our laboratory was able to differentiate human DPSC in 3D culture
platform toward SG-like cells that express epithelial acinar and ductal markers as
well as neuronal markers in the presence of FGF10 (Adine et al. 2018). This 3D
cellular assembly created the first innervated SG epithelial organoid via 3D
bioprinting.

3 Incorporating Different Biomaterials for Salivary Gland
Bioengineering

A recent advancement in SG regenerative medicine showed that a bioengineered
gland made from embryonic epithelium and mesenchyme can be transplanted into an
adult mouse to produce a whole functional SG (Ogawa et al. 2013). This
bioengineered SG was composed of a variety of progenitor and stem cells, including
cell from epithelial, mesenchymal, endothelial, and neuronal origins. More interest-
ingly, the SG reconnected with the existing ductal system and possessed functional
activity. The new SG was able to secrete saliva, protect the oral cavity from bacteria,
and restore swallowing functions.

Hence, future research may translate these bioengineering strategies to animal
models with salivary glands that have more morphological and functional similar-
ities to the human SG. Further studies may also focus on the usage of stem cells or
adult salivary progenitors with high expansion capabilities in 3D scaffolds in order
to form a bioengineered construct that grows into a functional gland in the adult
microenvironment.

Salivary gland tissue engineering requires three essential components: (1) the
stem/progenitor cells that retain epithelial progenitor biomarkers typical of the native
salivary gland (SG); (2) the extracellular matrix (ECM) proteins that can orchestrate
the differentiation of progenitor cells into functional structures; and (3) a biocom-
patible and biodegradable three-dimensional (3D) scaffold that can hold these
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components together to recreate the microenvironment found in the native SG
(Aframian and Palmon 2008).

Since dynamic cell-ECM interactions are essential in processes such as epithelial
ductal formation/branching, a recent strategy has been to engineer scaffolds that
structurally and functionally resemble native ECM architecture. Three-dimensional
(3D) collagen matrices have been used for homing salisphere stem/progenitor cells
which form epithelial ductal structures with mucin-positive acini, indicating their
capability to differentiate in response to the ECM environment (Nanduri et al. 2014).
Various biomaterials such as collagen type I, Matrigel, and other animal-derived
products have been showing promising results in the differentiation and organization
of human SG cells (Nanduri et al. 2014; Maria et al. 2011; Pradhan et al. 2009);
nevertheless, these biomaterials are not human-compatible. Thus, tissue engineer-
ing-based research is gearing toward the creation of xeno-free biomaterials, which
can eventually be transplanted into humans.

In 2010, researchers have started to utilize the soft hyaluronic acid (HA)
hydrogels, which are human-compatible, as biocompatible substrates for SG tissue
engineering (Pradhan et al. 2010). When encapsulated in HA hydrogels, human SG
cells can grow into organized spheroid structures that merge and proliferate to form
larger acini-like structures with a central lumen and are maintained for long-term in
these gels in vitro (Pradhan et al. 2010). These in vitro 3D acini-like structures also
secrete α-amylase, express β-adrenergic and muscarinic receptors that activate
protein transport, and induce calcium oscillations upon treatment with cholinergic
stimulants. Furthermore, these 3D spheroids continue to secrete α-amylase when
hydrogels were implanted in vivo in an athymic rat model (Pradhan-Bhatt et al.
2013). However, these latter 3D structures have reversed polarity suggesting that
further environmental cues from the ECM and the myoepithelial cells may be needed
to reverse inside out acini and correct the polarity. Culture of salivary gland
progenitor cells on human perlecan domain IV peptide has been shown to support
the formation of 3D acini-like salivary units that express α-amylase (Pradhan et al.
2009). It will be useful to incorporate the perlecan IV domain peptide into bioma-
terial scaffolds to mediate differentiation, correct polarity, and directional secretion
of the 3D salivary gland cell cultures in the future.

Other research groups have used poly(lactic)-co-glycolic acid (PLGA), an FDA
approved constituent in implantable dental and orthopedic devices, as a synthetic
material to show that it can support the attachment, proliferation, and survival of
salivary gland epithelial cells (Jean-Gilles et al. 2010). The same group further
shows that nanofiber PLGA scaffolds can support development and morphogenesis
of intact fetal SMG organ cultures and promote natural self-organization of dissoci-
ated SMG cells into branched SG-like structures (Sequeira et al. 2012). However,
adult SG cells grown on flat polymeric substrates fail to form a complex 3D
branching structure and are unable to assemble tight junctions that are needed for
unidirectional flow of saliva. To overcome this, recent studies generated lithograph-
ically based micropatterning curved “craters” that mimic the physical structure of the
basement membrane, which have increased both the surface area and allowed
apicobasal polarization and differentiation of salivary gland epithelial cells
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(Soscia et al. 2013). An increase in aquaporin-5, a water channel protein marking
acinar differentiation, was also detected in SG cells cultured on higher curvature
scaffolds. Further studies with PLGA nanofibers coupled with laminin-111 and
chitosan showed that laminin-111 promotes the formation of mature epithelial
tight junctions and apicobasal polarization, and, on the other hand, the chitosan
antagonizes this phenomenon (Pradhan-Bhatt et al. 2013).

Taken together, current cell-based therapies and tissue engineering studies have
provided a promising outlook to regenerate SG and restore the saliva secretory
function. However, in order to test these techniques in humans, several hurdles
need to be surpassed. To overcome these hurdles, further research steps should
include (1) the elimination of xenogeneic elements from transplants for feasible
human use to comply with good manufacturing practices; (2) a thorough assessment
of histocompatibility barriers; (3) an evaluation of long-term transplant survival and
saliva secretion in larger animal models with a better SG human resemblance (i.e.,
pigs); and (4) an assessment of tumor sensitivity to bioengineered transplants in SG
cancer models.

4 3D Bioprinting

One of the major challenges for tissue engineering is to produce a large volume of
tissues or organs and to scale them up for clinical applications. The use of 3D
bioprinting in regenerative medicine is to address this need for tissues and organs
suitable for transplantation. Bioprinting and bioassembly constitute the two major
biofabrication setups. Bioprinting allows the precise spatial organization (patterning)
of living cells, biomaterials, and bioactive molecules layer by layer, whereas
bioassembly facilitates the automated assembly of cell-containing building blocks
via cell-driven self-organization or through the preparation of hybrid cell-material
building blocks (Moroni et al. 2018).

Only magnetic-based bioprinting and bioassembly have been recently tested for
the generation of secretory epithelia in salivary glands (Adine et al. 2018; Ferreira
et al. 2019).

4.1 Magnetic-Based Bioprinting

There are two technologies for bioprinting utilizing magnetic forces. The first mode
involved suspending cells in paramagnetic liquid via the addition of gadolinium
(Gd3+)-based solution which termed as a label-free approach (Turker and Arslan-
Yildiz 2018; Abdel Fattah et al. 2016). When a magnetic field is applied, the
magnetized fluid is attracted to regions of high-magnetic field gradient, displacing
the cells toward regions with a low gradient, a process called as diamagnetophoresis
(Abdel Fattah et al. 2016). Since cell patterning through diamagnetophoresis can be
controlled and it is nozzle-free, this technique is convenient to rapidly print multi-
cellular spheroids. The technology has been reported to assemble epithelial breast
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cancer cell lines and can be modified to print multiple cell types (Turker and Arslan-
Yildiz 2018). Despite promising results, the major concern over this technology
relates to the usage of cytotoxic paramagnetic suspending media. The high concen-
trations of Gd3+ could be potentially toxic for tissue spheroids, and a certain risk
exists for osmotic pressure imbalance due to excessive use of ions in the paramag-
netic medium (Parfenov et al. 2018b). Further, this label-free levitation magnetic
assembly technology is currently only able to fabricate soft small living blocks due
to the size of the magnets underneath each well. Therefore, it is necessary to use
either superconducting magnets or apply a higher concentration of the paramagnetic
solution to fabricate a larger size of tissue-engineered constructs (Parfenov et al.
2018b).

The second magnetic-based bioprinting technology requires cell labeling with
magnetic nanoparticles. Souza et al. (Souza et al. 2010) developed a magnetizing
solution consisting of poly-L-lysine, iron oxide, and gold nanoparticles named
NanoShuttle™ for 3D cell culture formation (Souza et al. 2010; Tseng et al. 2013;
Haisler et al. 2013; Timm et al. 2013). Upon magnetic nanoparticle (MNPs) uptake,
the cells can be easily directed using mild magnetic forces. Spatial patterning of the
3D cell assembly into the desired morphology is controlled through varying the
shape or configuration of the magnetic field. Furthermore, the culture platform can
consistently control the size of the spheroids by tuning the following variables:
MNP’s concentration, number of cells, and the magnet size. Upon removal of the
magnetic field, spheroids rapidly contract in size due to cell rearrangement to reach
an equilibrium size and simultaneously produce their own extracellular matrix. This
system has already been validated in various cell lines (Souza et al. 2010; Tseng et al.
2013; Haisler et al. 2013; Timm et al. 2013). Furthermore, the developed magnetic
3D cell culture platform has been used in disease modeling of epithelial tissues such
as breast cancer (Jaganathan et al. 2014). Given the spheroids contrast with media
due to their brown color imparted by the MNPs, the change in size can be imaged at
programmed intervals using a mobile device (Timm et al. 2013). As a result,
spheroids can be imaged simultaneously in a multi-well plate, thereby improving
imaging throughput and efficiency. Due to magnetized spheroids, adding and
removing solutions is made easy by the use of magnetic forces to hold down
spheroids during aspiration, limiting spheroid loss. Spheroids can also be picked
up and transferred between vessels using magnetic tools such as the MagPen™.
NanoShuttle™ and magnetic field have been shown to have no compromising effect
on cell proliferation, viability, and metabolism as reported in previous publications.
Therefore, this technology offers reproducible spheroid formation, scalable, ease of
imaging, no specialized equipment or media required, biocompatible, and ready for
automation (Timm et al. 2013).

Epithelial cells from the salivary gland are known tightly become packed in the
presence of tight junction proteins and exhibit polarization properties (Varghese
et al. 2019). However, the majority of the bioengineering studies do not support the
development of a neuronal network within the epithelial tissues. Innervation is
deemed crucial to maintain and repair SG epithelial cells after radiotherapy
damage (Knox et al. 2010). In collaboration with Souza and colleagues, our
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research team has recently produced innervated and bio-functional SG-like epi-
thelial organoids using the NanoShuttle™ MNPs and its magnetic 3D bioprinting
(M3DB) platform (Fig. 1) (Adine et al. 2018). Our first study indicated that M3DB
supported the metabolic activity of human dental pulp stem cells (hDPSC) and did
not inflicted any cytotoxicity to the cells. Further, M3DB was capable of
maintaining hDPSC stemness during a 3-day expansion culture to assemble the
cells. Next, our team showed that retinoic acid and FGF10 induced SG epithelial
differentiation and created a neuronal network in 11 days of culture. The final 3D
bioprinted tissue had not only amylase-secreting secretory epithelia but also
functional and responsive neurons in vitro, mimicking the normal SG. Such
innervated secretory epithelia secreted salivary amylase and were responsive to
both cholinergic (parasympathetic) and β-adrenergic (sympathetic) neurotransmit-
ters. Furthermore, our study showed the bioengineered organoids exhibited tight
junction and transepithelial resistance, required for unidirectional saliva flow. This
3D tissue was therefore termed as SG-like organoid as per the above SG features.
To determine the regenerative potential, an injured mouse SG model was
established after RT damage was induced. SG-like organoids were able to restore
branching morphogenesis following transplantation into damaged SG, and neuron
integration was established with the native SG neuronal network (Adine et al.
2018). The millimeter-level organoids generated in our study are remarkable but
can pose technical challenges in terms of nutrient and oxygen diffusion and upon
analyzing or imaging biological mechanisms as a 3D SG in vitro model. Confocal
and multiphoton microscopy with multiple detector systems through the spheroid
allowed us to provide more biological assessments into the inner cellular core of
the organoid. Several proliferative cell compartments were present in both the
center and periphery of SG-like organoids after transplantation. With about 1 to 1.2
millimeter in size, vascularization in the organoid is necessary for nutrient and
oxygen exchange. Despite this, an apicobasal polarization was challenging to
determine due to tightly packed epithelial cells, and vascularization was limited
in the developed epithelial organoids. We reported that our organoids have a
limited vascular network partially because of the low hematopoietic population
of DPSC capable of generating CD31+ cells.

Moreover, our work showed that neurons, as well as SOX2+ cells, are also
diminished in the irradiated SG, suggesting that tissue degeneration is due to loss
of progenitors and their regulators (Adine et al. 2018). Emmerson et al. (Emmerson
et al. 2018) also found that SOX2+ stem cell population is essential for acinar cell
maintenance and is capable of replenishing acini after radiotherapy-induced damage.
The maintenance of parasympathetic nerves was required to host the SOX2+
population. In our study, SG-like organoid exhibited significant increase in the
SOX2+ population in mice ex vivo submandibular glands (Adine et al. 2018).
Therefore, we hypothesize that the rescue of epithelial bud growth was due to the
survival of SOX2+ cells and the presence of a neuronal (parasympathetic) network
in the organoid. In future clinical studies, autologous human DPSC may be isolated
from the patient’s impacted tooth, differentiated into SG-like organoids in vitro, and
transplanted back to regenerate or repair the damaged SG.
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Fig. 1 Flow diagram with the methodological steps to generate epithelial-like SG organoids with
magnetic-based bioprinting
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4.2 Magnetic Levitation and 3D Bioassembly

Starting in 2016, our research team developed a user-friendly and reproducible
magnetic-based levitation methodology (M3DL) with NanoShuttle™ MNPs for
the generation of organoids mimicking native SG cellular compartments and the
neuroepithelial communication and secretory function (Ferreira et al. 2019). The
M3DL platform used porcine SG primary cells, which supported the formation of
epithelial tissue spheres from 24 hours up to 7 days with viable and proliferating
cells at both the center and periphery. A 200–250 μm diameter aggregate can be
developed after 7 days with a consistent sphere-like shape. More importantly,
M3DL-formed organoids did exhibit SG-like secretory functions upon muscarinic
stimulation because intracellular calcium activity and salivary amylase secretion
were swiftly amplified. This rapid stimulation of the organoid’s secretory activity
is an advantage because it is crucial to obtain a clinically relevant saliva secretion in
the shortest time possible in patients with dry mouth (Ferreira et al. 2019). These
functional mini-glands can potentially be translated to humanized models and be
applied in the repair or regeneration of damaged secretory SG epithelia in hypo-
salivation and dry mouth medical conditions. There is also ongoing works to use
these mini-glands as an early in vitro screening tool for drug toxicity or to create in
vitro dry mouth models induced by radiotherapy.

In addition, future magnetic levitation studies may need to address phenotypic
differences between porcine and human primary cells extracted using various SG
cell isolation methodologies, as well as evaluate the effectiveness of these cells in
generating functional organoids.

4.3 Scaffold-Assisted Bioprinting

Despite promising progresses, scaffold-assisted bioprinting faces several chal-
lenges when laying biomaterials together with cells in a 3D spatial arrangement.
This technology is biomaterial-dependent and energy-intensive, making it poorly
compatible with some of the intended biological applications. The biomaterial
needs to be supportive of both cells and the challenges of the bioprinting process.
Thus, a universal biomaterial is required because often each cell type needs to be
embedded in a different hydrogel (Kang et al. 2016). More importantly, the
common printing methods are intrinsically stressful to live cells, by exposing
them to high shear stress, overheating, and/or toxic compounds generated even
from initially cell-friendly materials (Nair et al. 2009). If the printing process slows
down, then printing large amount of cells may become time-consuming. Also,
when epithelial cells from exocrine glands are encapsulated within the bioink, the
cells need to both dissolve their biomaterial scaffold and to proliferate to the point
where they must contact and produce tight junctions for epithelial polarization and
proper fluid secretion. These are among the reasons and challenges of using
scaffold-assisted bioprinting techniques in SG epithelial regeneration and organoid
development.
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At the moment, the future of SG biofabrication may benefit more from the use of a
scaffold-free 3D bioprinting or bioassembly approaches until better bioinks are devel-
oped to promote epithelial viability and proper epithelial spatial arrangement and
polarization. The ideal properties for a SG epithelial-supportive bioink would include
printability (viscosity, gelation method, rheology), biocompatibility and material
biomimicry, fast degradation kinetics, and nontoxic byproducts, with mechanical/struc-
tural properties similar to SG basement membrane molecules (e.g., perlecan). The other
important desirable features of a bioink include industrial scalability, availability, short
post-printing time for maturation, permeability to oxygen and nutrient transport, and
ability to eliminate metabolic waste generated by cells. Hopefully, the emerging 4D
bioprinting strategies may be able to overcome the challenges related with the lack of a
universal bioink compatible with epithelial organs like the SG.

5 Conclusions

The use of tissue engineering and bioprinting approaches of human tissues or organs
for transplantation has developed substantially over the past decade. Many studies
have demonstrated promising in vitro and in vivo results to overcome the challenges of
achieving innervation, vascularization, and functionalization in bioprinted tissues or
organs. Bioengineering the epithelia of the salivary gland is now possible with
scaffold-free or with different proteoglycans/hydrogels (e.g., hyaluronic acid, perlecan
domain IV, hyaluronic acid, etc.), and innervation can be achieved with a combination
of specific cell lines, growth factors (e.g., FGF10, Neurturin, etc.), and bioprinting
techniques. However, bioprinted tissues are still restricted to millimeter size constructs
with only immature vascular networks. Combining different bioprinting techniques
can potentially facilitate the biofabrication of vascularized tissues together with the
support of endothelial cells, novel biomaterials, and growth factors. The pathway from
organ bioprinting to implantation into a human must be performed within a reasonable
amount of time; thus standardized protocols involving patient-specific design, fabri-
cation techniques, maturation processes, surgical operations, and postoperative care
are essential for customized functional organ fabrication.
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