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Abstract 

Salivary gland (SG) dysfunction impairs the life quality of many patients, such as patients with radiation therapy for 
head and neck cancer and patients with Sjögren’s syndrome. Multiple SG engineering strategies have been consid‑
ered for SG regeneration, repair, or whole organ replacement. An in-depth understanding of the development and 
differentiation of epithelial stem and progenitor cells niche during SG branching morphogenesis and signaling path‑
ways involved in cell–cell communication constitute a prerequisite to the development of suitable bioengineering 
solutions. This review summarizes the essential bioengineering features to be considered to fabricate an engineered 
functional SG model using various cell types, biomaterials, active agents, and matrix fabrication methods. Further‑
more, recent innovative and promising approaches to engineering SG models are described. Finally, this review 
discusses the different challenges and future perspectives in SG bioengineering.
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Background
SG fulfills critical roles in oral health, and their dysfunc-
tion can result in extensive deterioration of oral func-
tion and other health manifestations [1]. The parotid, 
submandibular, sublingual, and numerous minor glands 
secrete saliva in response to a wide range of biochemical 
signals and environmental cues [2]. Saliva contains water, 
mucus, antibacterial compounds, electrolytes, and vari-
ous enzymes, which perform various vital functions in 
digestion, speaking, chewing, swallowing, and maintain-
ing teeth and gingival tissues [3]. Irreparable SG damage 
causes hyposalivation manifesting itself by dry mouth 
symptom (xerostomia) in patients suffering from an auto-
immune disease such as Sjögren’s syndrome or treated 
by radiotherapy for head and neck cancers [4]. Sjögren’s 

syndrome, mainly occurring in middle-aged and older 
women, affect between 400,000 and 3.1 million adults 
worldwide [5], and radiotherapy for head and neck can-
cer treatment is given annually to around 1 million new 
patients worldwide [6, 7]. Considering existing treat-
ments for hyposalivation are palliative and temporarily 
alleviate xerostomia [8], re-engineering SG will offer per-
manent and effective solutions to restore salivation [9]. In 
1999, Bruce Baum and colleagues indicated three signifi-
cant ways to re-engineer salivary epithelial cell functions: 
redesigning secretory function, repairing hypofunctional 
SG, and developing artificial SG [10]. Since then, vari-
ous tissue engineering strategies have been conducted 
to restore salivation, and some have led to clinical trials 
[11–19]. Indeed, clinical trials suggest stem cell therapy 
[16, 17, 19] combined with special cell culture meth-
ods such as spontaneous cell aggregation, hanging drop 
and rotating culture vessels [1, 20, 21] or scaffold mate-
rial [22–25] to produce functional secretory epithelial 
organoids, and gene therapy [18] may offer new thera-
peutic options for radiation-induced xerostomia. Due 
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to challenges related to keeping the functionality of SG 
cells, researchers have examined the potential benefit of 
using a combination of different biomaterials [26, 27] and 
cell types to provide the optimal implant material for SG 
tissue engineering applications [28–30]. Nevertheless, 
fabricating a fully formed functional SG replacement in a 
controlled manner remains a challenge [11]. This review 
aims to provide essential features to be considered for the 
bioengineering of an SG model. It provides an overview 
of the existing knowledge on SG anatomy, structure, and 
function; SG diseases and dysfunction; critical elements 
in the tissue engineering approach for SG regeneration; 
strategies and fabrication methods in SG bioengineering; 
as well as the current challenges and perspectives.

Salivary gland anatomy, structure, and function
SG originates from epithelial branching morphogenesis 
[31], which is characterized by three major phases: firstly, 
the development of a relative undifferentiated branched 
structure involving acinar and ductal precursors together 
with the developing vasculature and nerves; secondly, 
the epithelial branching morphogenesis induced by neu-
ral crest-derived mesenchymal growth factors and other 

molecular important cues; and thirdly, the maturation 
process at which stage the glands are fully functional and 
well-differentiated [32, 33]. The innervation and vascu-
larization of the SG advance in parallel with the forma-
tion and maturation of the glands [32, 33]. The intricate 
morphogenic and differentiation processes are controlled 
by multiple signaling networks of cell–cell [32]. Mes-
enchymal cells and epithelial layer provide the stromal 
ECM and basement membrane (BM). During the branch-
ing process, the ECM composition varies from region to 
region and directly regulates the SG maturation process 
[31].

Human SG is made of three pairs of major glands 
known as parotid (PG), submandibular (SMG), and 
sublingual gland (SLG), collectively able to synthesize 
and secrete 90% of the total saliva, as well as compris-
ing around 600–1000 minor glands (MSGs) distributed 
within the oral cavity that produce the remaining 10% of 
secreted saliva [34] (Fig.  1). Major glands share similar 
anatomical architecture: a branching duct with acini at 
one end and an opening to the oral cavity at the other end 
[33] (Fig. 1). The serous acini secrete a watery fluid rich in 
ions and proteins (such as a-amylase), while the mucous 

Fig. 1  Human salivary gland features. A Schematic location of PG, SMG, SLG, and MSG in the oral cavity and the trigeminal nerve spreading 
postganglionic parasympathetic innervation structures of the head. B Schematic structure of one branch of human SGs, classification of different 
types of acini, innervation, blood supply (arteries), main excretory duct cells, and contribution of major and minor glands in resting or stimulating 
saliva flow
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cells secrete a more viscous fluid rich in mucins [33]. The 
SMG and SLG are composed of a mixture of serous and 
mucous acini, unlike the PG exclusively made of serous 
acini [33]. Acini are surrounded by ECM, myoepithelial 
cells, myofibroblasts, immune cells, endothelial cells, 
stromal cells, and nerve fibers [33]. Myoepithelial cell 
contractility is regulated by the autonomic nervous sys-
tem and supports the salivary flow by compressing the 
parenchymal structure and forcing fluid secretion into 
the ductal system [34].

Epithelial cell types can be identified using cell mark-
ers (Fig. 2). Partitioning-defective 1b (Par-1b) is involved 
in myoepithelial cell morphogenesis and differentiation 

during SG development and can be used as a myoepithe-
lial cell marker in addition to SMA [35]. AQP5, a-amyl-
ase, AQP3, TMEM16A, and the transcription factor 
MIST1 are markers of acinar cells [11]. KRT5, KRT14, 
KRT18, KRT19, NHE1, and SLC26C are markers of 
ductal cells. Moreover, MUC1, along with the polarity 
markers Scribble Planar Cell Polarity Protein (SCRIB) 
and PATJ Crumbs Cell Polarity Complex Component, 
identify ductal cells in SG and hS/PCs progenitors [36]. 
Transcription factor P63 is expressed in myoepithelial 
cells and basal duct cells [32].

Once secreted by acinar cells, the primary saliva passes 
through an organized network of intercalated ducts, 

Fig. 2  Schematic of key features for SG bioengineering (Figure drawn using Biorender.com)
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striated ducts, and main excretory ducts (Wharton’s duct 
for SMG; Stensen’s duct for PG; Bartolini duct for SLG; 
Rivinis ducts for MSG) [31, 33]. All major SGs ensure the 
production of daily saliva (0.5-1L per day) [37]. The cap-
illaries diverging from the external carotid artery ensure 
the vascularizing of the PG, while the submental and sub-
lingual arteries guarantee blood supply to the SMG and 
SLG [32]. The anatomical and structural features of SG 
are summarized in Fig. 1.

Saliva secretion is regulated by the interaction of dif-
ferent sensory signals activating afferent fibers of the 
facial (CNVII), glossopharyngeal (CNIX), and trigemi-
nal (CNV) nerves [38]. The facial and glossopharyngeal 
nerves send the interneurons to the salivary centers [38]. 
The glossopharyngeal nerve synapses in the otic gan-
glion, and then the postganglionic parasympathetic fib-
ers spread to the PG via the facial nerve synapsing in the 
submandibular ganglion and carrying on to the SLG and 
SMG [39] (Fig. 1). Sympathetic stimulation mainly results 
in acinar protein-rich secretion, while parasympathetic 
stimulation promotes the production of large volumes 
of saliva [38]. Acetylcholine binding to the muscarinic 
receptor (M3 receptors in PG and M3 and M1 in SMG) 
leads to inositol triphosphate and calcium signaling path-
way activation and saliva secretion, while noradrenaline 
binding to beta1 adrenoreceptors leads to cyclic AMP 
signaling pathway [38]. In addition to these main neu-
rotransmitters, some neuropeptides act as potential co-
transmitters, such as substance P and VIP. Purinergic 
receptors are also involved in the control of SG secre-
tion [40]. Crosstalk between the main neurotransmit-
ter’s signaling pathways amplifies saliva flow and protein 
secretion under normal reflex conditions [34].

Salivary gland diseases and dysfunction
SG dysfunction can lead to quantitative and/or qualita-
tive changes in saliva composition and flow, leading to 
hyposalivation (manifesting as xerostomia) or hyper-
salivation (sialorrhea or hypersialia) [34, 41]. Xerostomia 
affects at least 10% of the adult population, with women 
and older people being more affected [42]. In opposition, 
sialorrhea, also known as drooling, may result from gen-
uine SG alteration (primary sialorrhea), medication side 
effects, or may be associated with neurological disorders 
due to an impairment of voluntary oral motor activity or 
sensory ability (secondary sialorrhea) [34].

Due to its composition, saliva plays major role in food 
handling, teeth protection, and defense against microor-
ganisms [43]. Therefore, persistent and severe SG hypo-
function commonly predisposes patients to mucosal 
changes, caries, and other viral and bacterial infec-
tions [42]. The most common cause of SG hypofunc-
tion leading to xerostomia, especially in elderly people, 

is represented by the side effects of various medications 
[44, 45]. However, the adverse effects of drugs on salivary 
secretion are reversible. Numerous diseases and medi-
cal conditions can also affect SG function. SG inflam-
mation, referred to as sialadenitis, can result from SG 
bacterial or viral infection or recurrent inflammatory 
disorders and is more prone to occur with hyposaliva-
tion and/or duct obstruction [46]. An incurable autoim-
mune disease, Sjögren’s syndrome, and radiation therapy 
for the treatment of head and neck cancer affect many 
individuals worldwide. Sjögren’s syndrome is a chronic 
autoimmune disorder and the second most prevalent 
rheumatic disease. It results from autoimmune epithelitis 
leading to partial destruction of exocrine glands due to a 
lymphoplasmacytic infiltration of the parenchyma [8, 47, 
48]. The disease affects 0.1–4.8% of the population, with 
a female to male ratio of 9:1 [8]. The disease manifests 
as dry mouth (xerostomia) and dry eye (keratoconjunc-
tivitis sicca) [8]. Currently, no efficient treatment exists 
for Sjögren’s syndrome, and only a number of tailor-
made treatments are available to relieve the symptoms 
[8]. Radiation therapy is the most common or comple-
mentary lifesaving treatment for head and neck tumors, 
which can lead to irreversibly radiation-induced damage 
of SG [49]. Head and neck cancers usually begin in the 
squamous cells that cover the mucosal surfaces of the 
head and neck (the upper aerodigestive tract, paranasal 
sinuses, salivary, and thyroid gland) [49]. The most nota-
ble side effect of local irradiation is a reduction of saliva 
secretion due to an alteration of SG functionality. Recent 
study suggests the retained SG regenerative potential fol-
lowing radiation therapy may offer new avenues for ther-
apeutic intervention [50].

The currently available treatments for xerostomia 
(stimulant medications or secretagogues, salivary sub-
stitutes, or artificial saliva) only provide temporary relief 
without offering a permanent solution [41]. Therefore, in 
search for potential and promising ways to permanently 
restore SG secretory function in patients with SG hypo-
function, three main avenues have been considered: gene 
therapy [18, 51], stem cell therapies [16, 17, 19, 45, 52], 
and SG bioengineered models [9, 33, 53].

Key features in bioengineering a SG model
A fully functional SG will require complex interactions 
among multiple cell types such as acinar, ductal, and 
myoepithelial cells in a branching structure, incorporat-
ing with the gland’s microenvironment that supplies it 
with vascular fluids and neural network. Consequently, 
an engineered SG must possess unique components and 
capabilities. An in-depth understanding of the mecha-
nism regulating SG branching, SG cell polarity and 
secretion, innervation, and vascularization will provide 
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valuable guidelines for engineering an SG model in vitro. 
Figure  2 shows the essential features that can be con-
sidered for proper functionality in SG bioengineered 
models.

Branching morphogenesis
Branching morphogenesis is a critical process in SG for-
mation [54]. The mechanical force generated by ECM, 
cell–cell interaction, and different growth factors in 
cell niche play essential roles in SG branching morpho-
genesis. These elements could provide structural guid-
ance cues to help the gland keep its desired shape and 
organization.

Condensation or stretching of bundles of ECM fibrils 
by mesenchymal cells [55] and mesenchyme-generated 
traction forces [56] induced mechanical force capable of 
inducing branching morphogenesis. Although mechani-
cal forces play a vital role in modulating branching struc-
tures, the underlying regulating mechanism is unclear. 
It remains necessary to deepen our understanding of 
the intracellular and extracellular forces involved in cell 
shape and morphogenesis [57]. Measuring the precise 
mechanical forces between cells and their microenvi-
ronment niche (ECM and neighbor cells) remains chal-
lenging. Biomechanics, mathematical modeling, and 
microfabricated techniques could provide an opportunity 
to evaluate cell mechanics in branching morphogenesis 
[58–60]. One of the next generations of advances in SG 
tissue engineering relies on the complete characteriza-
tion of these forces to help design hydrogels with the 
appropriate stiffness and mechanical properties to con-
trol morphogenesis. Table  1 shows the ranges of some 
physical/mechanical parameters which can be applied to 
foster branching morphogenesis [60, 61].

Several ECM proteins accumulating in the clefs, 
such as collagen, laminin, and perlecan (located at the 
BM lining the mesenchymal-epithelial junction) are 

supposed to play a critical role in branching morpho-
genesis [55, 62]. Fibronectin and proteoglycans were 
shown to behave respectively as the putative cleft 
initiator [63] and inducer of branching morphogen-
esis through the release of fibroblast growth factor 10 
(FGF10) [64]. The size and sulfation patterns of heparan 
sulfate present in proteoglycans modulate the biologi-
cal activity of FGF10 and thereby epithelial branching 
morphogenesis [65]. Moreover, the ECM is extensively 
remodeled by matrix metalloproteinase (MMP) cleav-
age during branching morphogenesis [66]. Due to the 
vital role of the ECM in initiating and maintaining 
branching morphogenesis, numerous research studies 
have focused on designing hydrogels to grow salivary 
structures using material composition reproducing 
native ECM-cell interactions to support branching 
morphogenesis and cellular polarity [13, 63, 67–69], as 
well as appropriate chemical and physical cues promot-
ing branching and reorganizing salivary structures with 
the proper orientation in 2D, 2.5D (monolayers on 3D 
substrates), and 3D-engineered models [15, 25, 69–73].

As mentioned above, changes in structure and cel-
lular organization during branching morphogenesis 
could be guided by mechanical forces and dynamic 
interactions between neighboring cells. Epithelial (E)-
cadherin plays a crucial role in cell–cell adhesion and 
increases significantly during SG development [54]. 
E-cadherin interacts via its C-terminus with various 
proteins such as β-catenin and forms homotypic inter-
actions with other E-cadherin molecules on neigh-
boring cells to mediate adhesive cell–cell interactions 
[74]. E-cadherin also plays an essential role in the cell 
self-organizing process since function-blocking anti-
E-cadherin antibodies inhibit the process. Further, 
this protein is necessary for acinar differentiation and 
integrity of SG epithelial surfaces [75]. Despite consti-
tutive epithelial E-cadherin expression throughout all 
stages of SG development, other critical cell–cell junc-
tional proteins such as desmoplakins I/II and zonula 
occludens-1 (ZO-1) are rapidly lost [76]. It was there-
fore hypothesized that E-cadherin might act in place of 
other junctional proteins to stabilize external epithelial 
surfaces, which is significantly more robust between 
cell junctions of outer bud epithelial cells than those 
between the inner bud cells [63, 77]. Though, when a 
cleft forms to interrupt this layer of outer epithelial 
cells, E-cadherin localization and expression diminish 
as cell interactions shift from cell–cell to cell–matrix 
adhesion [63]. Although the exact role of E-cadherin in 
SG development remains vague at a mechanistic level, 
E-cadherin is crucially needed to regulate or mediate 
SG epithelial self-organization, branching, and acinus 
formation. Hence, analyzing E-cadherin expression in 

Table 1  Expected ranges of some physical/mechanical 
parameters in branching morphogenesis

Parameter Unit Range

Epithelial viscosity Kg m−1 s−1 = poise 104–106

Mesenchymal viscosity Kg m−1 s−1 = poise 104–106

Epithelial surface tension Kg s−2 = N/m 10–3–10–2

Clefting force Kg m s−2 = N 10–7–10–6

Size of branching rudiment m 10–4

The time scale of branching morpho‑
genesis

s 104–105

The viscosity of embedding gel Kg m−1 s−1 = poise 100–106

Cellular traction force Kg m s−2 = N 10–10–10–9

ECM deformation length scale m 10–9–10–6
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an SG artificial model can be helpful in evaluating cell–
cell interaction for controlling morphogenesis.

Active agents are other cues controlling branch-
ing morphogenesis and thereby represent critical ele-
ments in tissue engineering approaches. Some growth 
factors are recognized as regulators for essential func-
tions throughout all phases of embryonic develop-
ment. The two most crucial growth factors for SG 
development are the epidermal growth factor (EGF) 
and the fibroblast growth factor (FGF). EGF promoted 
bud formation [78], while FGF7 and FGF10 differ-
entially stimulated epithelial bud development and 
bud/duct elongation, respectively [79]. In addition, 
ex  vivo studies reported that branching morphogen-
esis involves FGF receptor (FGFR) signaling [78, 80, 
81] and EGF receptor (EGFR) signaling [82–84]. Other 
signaling pathways are also essential for SG branching 
morphogenesis, such as phospholipase Cγ1 (PLCγ1), 
mitogen-activated protein kinases (ERK-1/2), and 
phosphatidyl- inositol-3-kinase (PI3K) [79, 82, 85, 86]. 
These three signaling pathways employ multiple com-
mon downstream effectors during SG development that 
are crossregulated by other growth factor receptor sys-
tems. It was suggested that ERK-1/2 (stimulated by EGF 
and FGF7) is essential for bud formation, while PLCγ1 
(stimulated by FGF7 and FGF10) may be important for 
bud/duct elongation [54]. Upstream regulators of FGFR 
signaling include the platelet-derived growth factor 
(PDGF) receptor signaling pathway that leads to the 
up-regulated FGF expression involved in SG branching 
morphogenesis [87]. These findings indicated the capa-
bility of growth factors to regulate complex arrays of 
interconnected signaling pathways to control morpho-
genesis. However, it is essential to continue evaluating 
how these factors and other different receptor-medi-
ated signal transduction pathways communicate and 
how the ECM and cell–cell interactions control these 
signaling pathways and lead to the formation of a func-
tional gland. Physical interactions between growth fac-
tors and ECM molecules also need to be considered in 
establishing morphogen gradients guiding SG branch-
ing morphogenesis [88, 89]. As such varying levels of 
growth factors matrix components might play a basic 
and unpredictable role in instructively patterning of 
various cellular functions, including differentiation, 
growth, and cell death. Moreover, osmotic gradient via 
ECM swelling and aquaporin water transport activity 
is another physical features that can induce dome for-
mation to control the branching morphogenesis [89]. 
Understanding how morphogen gradients are created 
within ECM and their interplay with cellular and tissue 
level functions is one of the key gap knowledge limiting 
advancements in SG bioengineering.

SG cell polarity
SG consists of tightly packed, polarized secretory acinar 
and absorptive ductal cells surrounded by myoepithe-
lial cells, which are presumed to have contractile forces 
to ensure the proper unidirectional secretion of saliva. 
Therefore, obtaining polarized cells with accurate api-
cal-basolateral positioning is essential for engineering a 
functional SG producing saliva. Epithelial cell polarity 
depends on different cues such as extracellular signals 
via BM components, cell–cell binding of asymmetrically 
distributed cadherins, and tight junctional components 
on lateral membranes. BM aids in cell sorting by sepa-
rating epithelial cells from the surrounding stromal cells 
and managing them into a highly interconnected polar-
ized cell monolayer [66]. In the salivary epithelium, tight 
junctions (TJs) and anchoring junctions such as adherens 
junctions and desmosomes control cell–cell interactions. 
TJs are located in the uppermost region of the lateral 
plasma membrane and include transmembrane pro-
teins such as claudins, occludins, and anchoring protein 
ZO-1 [90, 91]. Adherens junctions provide the gland with 
mechanical support by connecting the actin cytoskel-
eton of neighboring epithelial cells. These junctions are 
located below tight TJs on the lateral plasma membrane 
and contain the transmembrane protein E-cadherin and 
anchoring proteins catenins, α-actinin, and vinculin. 
The intermembrane barrier created by TJs provides cell 
polarity. It prevents the lateral diffusion of membrane 
proteins between the apical and basolateral membrane 
domains and maintains the transepithelial ion gradients 
by prohibiting the free movement of ions through the 
paracellular space [90–93].

Cell polarization involves E-cadherin dimerization of 
two adjacent epithelial cells, followed by the subsequent 
enrollment of adherens junction, TJ, and cell polar-
ity proteins, such as the partitioning defective (PAR) 
complex and the activation of Rho GTPases needed for 
downstream signaling [94, 95]. Cell polarity is regulated 
and controlled by the PAR complex, Crumbs complex, 
and scribble complex, irregularly localized to specific cell 
membrane areas.

BM components stimulate cell polarity by providing 
binding sites for cell surface receptor β1-integrin, lead-
ing to the activation of Rho GTPase RAC1 [96]. The four 
key components of the BM are laminin, type IV collagen, 
nidogen/entactin, and heparan sulfate proteoglycan (per-
lecan/HSPG2) [97]. BM proteins (i.e., laminin, collagen 
type IV, perlecan, and nidogen) present in Matrigel® are 
needed to establish acinar polarity of human SMG cells 
(attested by ZO-1, claudins1-5, and occluding expres-
sion), [98]. Similarly, hydrogels containing some BM 
components activate the expression of one or more TJ 
proteins [72, 99, 100]. Human stem/progenitor cells 
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encapsulated in HA-based hydrogels containing a pep-
tide from perlecan expressed ZO-1 and differentiated 
into acini [72, 101]. Further, HA-based hydrogels allowed 
acinar cells to express aquaporin 5 (AQP5) [72, 101], an 
apical acinar cell marker [47, 102, 103]. The limited cell 
polarity of mouse SMG cell clusters encapsulated into 
fibrin-based hydrogels was improved when laminin pep-
tides were cross-linked to fibrin [25]. Synthetic hydrogels 
made from poly(ethylene glycol) (PEG) [27, 69, 104] or 
poly(lactic-co-glycolic acid) (PLGA) are other candidate 
materials for keeping cell polarity within the hydrogel 
[105]. When combined with MMP-cleavable sequences, 
these hydrogels promoted the localization of NKCC1, 
ZO-1, and AQP5 in mouse SMG cells [27]. Enzymatically 
degradable materials allow SG cells to undergo dynamic 
morphogenesis during their growth and proliferation and 
promote cell polarization by clearing a path in the hydro-
gel. Accordingly, in  vitro models of ECM for SG tissue 
would provide practical tools to study the effect of differ-
ent cues on salivary cells’ polarity and help to understand 
the impact of various parameters on cell polarity.

SG cells functionality
Saliva secretion is one of the primary functions of SGs 
and involves several cell types. As mentioned in previ-
ous sections, SGs mainly contain three different cell 
types: acinar cells, ductal cells, and myoepithelial cells. 
The acinar cells are specialized secretory cells that can 
be either serous or mucous [106]. TJ proteins seal aci-
nar cells and form a barrier to the movement of large 
solutes between the apical/luminal and basal/stromal 
sides, ensuring no backflow of proteins secreted in saliva 
[107]. In response to nerve stimulation, the activation of 
Ca2+-regulated K+ and Cl− channels induces an accu-
mulation of Cl− in the acinar lumen leading to subse-
quent Na+ movement from the interstitium into the 
acinar lumen to maintain electroneutrality. As a result 
of the formation of an osmotic gradient, water move to 
the apical lumen through the presence of AQP5. After 
that, saliva composition is modified via the reabsorption 
of sodium chloride and secretion of potassium bicarbo-
nate in the ductal network. Final hypotonic saliva then 
enters the mouth [108, 109]. Acinar cells also secrete 
many proteins, including α-amylase (used as an acinar 
cell marker), salivary peroxidase, phosphatases, hydro-
lases, dehydrogenases, arginase, esterases, proline-rich, 
histatin-rich, and tyrosine-rich proteins playing a role in 
food breakdown and oral health maintenance [110, 111]. 
As acinar cells play a crucial role in saliva secretion, the 
repopulation and regeneration of SG acinar cells repre-
sent significant challenges for tissue engineering. Stud-
ies suggest that acinar cell markers are downregulated 
when acinar cells undergo cellular stress or injury [73]. 

Work is ongoing to identify cues and molecular pathways 
that encourage acinar cells to regenerate [112]. In native 
tissue, acinar cells tend to be repopulated through self-
duplication [113], but ex vivo acinar cell proliferation and 
maintenance of differentiation have been challenging to 
achieve to date [14, 114]. The modification of substrate or 
hydrogels in which acinar cells are grown or encapsulated 
could provide some solutions to this problem. Under-
standing the role played by ECM in acinar cell prolifera-
tion, and differentiation allowed researchers to partially 
overcome this challenge [68, 115]. Results indicated that 
MMP-cleavable hydrogels are the most successful mate-
rial in maintaining acinar cells phenotype, proliferation, 
and function [27]. However, acinar cells often lose their 
polarity and phenotype in long-term culture, which is 
indicated by a reduction in the expression of acinar cell 
markers such as MIST1 and AQP5 [104]. The expression 
of SOX2 is required to replace secretory cells in mouse 
models [116]. In addition, the proliferation of SOX2-pos-
itive cells could be promoted by acetylcholine, suggesting 
that acinar cell proliferation can be controlled by incor-
porating neural signals [112]. A detailed understanding 
of these interactions requires the development of bio-
mimetic model hydrogel systems in which various cell 
types, including acinar cells, ductal cells, myoepithelial, 
and neuronal cells, can be co-cultured.

Many hydrogel formulations such as Matrigel® [98, 
117], hyaluronic acid (HA)-based hydrogels [13, 111], 
and enzymatically degradable PEG-based hydrogels [27] 
have been reported as suitable candidate materials to 
maintain α-amylase secretion in acinar cells. Functional 
responses of acinar cells can also be evaluated by meas-
uring calcium oscillations occurring upon stimulation 
with β-adrenergic or muscarinic agonists [118, 119]. Such 
functional response was evaluated in acinar-like cells 
grown in HA gels [13].

To bioengineer a functional SG producing suitable 
saliva formulation, it may be necessary to integrate ductal 
cells as they are essential to change the salivary compo-
sition [11, 120] and may overcome protein accumulation 
within acini lumen that may hinder organoid systems. 
Engineering an acini-like structure interconnected with a 
ductal network to transport saliva and secreted proteins 
to an exterior port represent a major hurdle to overcome 
in the future.

Innervation and vascularization
Parasympathetic and sympathetic innervation plays a role 
in the control of saliva secretion by inducing fluid-rich 
and protein-rich secretion [109]. Both β-adrenergic and 
muscarinic agonists can modulate the epithelial struc-
tures and function in engineered SG microstructure [13]. 
Further, neurotrophic factors such as Neurturin (NRTN) 
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can control parasympathetic submandibular ganglion 
(PSG) function, promote neurite outgrowth and viability, 
and influence SG branching morphogenesis [121–123]. 
On the other hand, vascularization in SG requires inte-
grated sympathetic, parasympathetic, and sensory input 
[118]. Accordingly, artificially engineered implants must 
provide the capacity to involve local innervation, either 
by direct secretion of neurotrophic growth factors or by 
supplementing 3D scaffolds with selected neurotrophins. 
Recently, transplantation of 3D culture of SG functional 
organoids and human dental pulp stem cells generated by 
magnetic 3D bioassembly promoted epithelial and neu-
ronal growth in damaged irradiated mouse SG [22]. The 
combination of neuronal signaling cues, nanomaterials, 
and advanced microfabrication methods will open new 
avenues in SG tissue engineering.

SGs are also surrounded by a dense network of blood 
vessels that delivers oxygen to salivary cells, removes 
cellular waste, and provides the gland with an ample 
supply of fluid needed for saliva formation [118]. SGs 
are vascularized through the proliferation and migra-
tion of endothelial cells from preformed arteries [124]. 
Several soluble/paracrine strategies have been used 
to promote angiogenesis: release of vascular endothe-
lial growth factor (VEGF) and platelet-derived growth 
factor-BB (PDGF-BB) from biodegradable PLGA scaf-
fold [125], immobilization of ephrin A1 conjugated to 
PEG diacrylate hydrogels [126], covalent immobilization 
of PDGF-BB and FGF-2 to scaffolds [127–129]. Mesen-
chymal stem cells (MSCs) also improved tissue vascu-
larization by forming spheroid aggregates that increased 
VEGF and FGF-2 [130, 131]. Layer-by-layer (LbL) cell 
coating method allowed the preparation of in  vitro oral 
mucosa models in which the blood vessels were made 
from human umbilical vein endothelial cells [132]. How-
ever, the ability to construct large vasculature networks 
to develop more complex SGs requires proper ECM 
proteins [133]. Incorporating these vascular networks 
into existing or peptide-modified hydrogels might be 
beneficial for SG tissue engineering [133]. Furthermore, 
the nervous and vascular systems are two critical fea-
tures in regulating outcomes of transferring approach 
for any artificial model in SG regeneration [134]. Despite 
advancing knowledge regarding the cues and mecha-
nisms involved in SG innervation and vascularization, 
the development of innervated and vascularized SG 
remains an open challenge.

Tissue engineering approach in salivary gland 
regeneration
Cells, bioactive factors, and biomaterials are three critical 
cues that need to be used in an optimized combination 
to engineer whole organs and tissues. The combination 

of these different elements for preparing a SG bioengi-
neered model is summarized in Fig. 3. All utilized cells, 
biochemical factors, and materials reported for SG tis-
sue engineering applications are outlined below. Dif-
ferent scaffold design and fabrication strategies are 
discussed in "Strategies and fabrication methods in SG 
bioengineering".

Cell sources
Cells represent the central aspects of SG regeneration via 
cell therapy approaches or the tissue engineering para-
digm. Single cells [135] or cells retaining their 3D in vivo 
spatial organization can be obtained following SG dis-
sociation [136]. Single cells can be sorted into specific 
parenchymal and stromal subpopulations using flow 
cytometry and/or selective enhancement during in vitro 
culture [53]. The challenge lies in assembling implantable 
and secretory tissue models by mixing stem/progenitor 
cells from adult SG with a biocompatible and biodegrad-
able 3D scaffold. Also, establishing the efficacy of cell 
sheets or cell-seeded matrix in SG regeneration requires 
demonstration that the cells survive and are functional 
for a clinically-relevant duration, which still is a long-
standing challenge in SG tissue bioengineering [137].

Salivary gland progenitor and adult stem cells
Defining and distinguishing the difference between 
progenitor and stem cells is critical since, despite the 
ambiguous definitions, they are not equivalent and show 
distinct properties. Progenitor cells can divide and dif-
ferentiate only into specific types of cells for a limited 
number of times and cannot self-renew, while stem cells 
can replicate indefinitely, giving rise to both undifferen-
tiated and differentiated progeny [138]. Both the embry-
onic and adult SG show multiple progenitor populations 
characterized by the expression of nuclear, cytoplas-
mic, and cell surface markers [122]. SG progenitor cells 
express the receptor tyrosine kinase c-Kit as a selec-
tive marker for regenerating damaged SMG in a mouse 
model [139]. A combination of four surface markers 
(Lin-CD24 + c-Kit + Sca1+) characterizes a subset of 
SMG progenitor cells that showed the highest spheroid-
forming efficiency in culture and a robust multilineage 
regenerative ability when transplanted into irradiated 
mouse SMG [140]. The peripheral epithelial endbud 
cells express Keratin 14 (K14) in addition to c-Kit. The 
Kit + K14 + cells are involved in ductal morphogenesis. 
They establish a communication with the surrounding 
neuronal niche and proximal keratin 5 (K5) + epithe-
lial progenitors thanks to the release of NRTN promot-
ing parasympathetic nerve survival and axon extension 
that support the K5 + progenitors and sustains their 
ductal differentiation together with EGFR signaling [122]. 
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Genetic lineage tracing has shown that K14+ cells are a 
multipotent epithelial progenitor population within SMG 
as they give rise to acinar, myoepithelial, and ductal cells, 
as well as K5 + -expressing cells [20, 122].

Sox-2 is an essential transcription factor for the main-
tenance of cell self-renewal and pluripotency and is 
involved in the formation of several tissues during devel-
opment. Sox-2 + cells are stem/progenitor cells in the 
adult sublingual gland [116].

AcsI3 is another transcription factor expressed by adult 
progenitor cells. Genetic lineage tracing studies showed 
that AcsI3 + cells could generate a subset of the adult 

ductal and acinar cell descendants [122, 141]. While K14, 
K5, and c-Kit trace the lineage-restricted progenitors and 
can be expressed by different cell types within the ductal 
compartment, lineage-tracing studies have identified 
Acta2 (alpha-smooth muscle actin; also abbreviated as 
SMA) as myoepithelial cells marker proving the main-
taining through self-duplication [142].

Different data are present in the scientific literature 
concerning the reproducibility of cell characteristics in 
engineered SG tissue. SG cells can form epithelial-like 
isolated clusters on plastic. On Matrigel-coated surfaces, 
SG can self-assemble into 3D acinar-like structures, 

Fig. 3  Schematic diagram of the essential cues for salivary glands tissue engineering (figure drawn using Biorender.com)
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expressing TJ proteins (i.e., occludin, claudin proteins, 
JAM-A, and ZO-1) as well as AQP5 [71, 143]. SG cell 
culture on microwell culture systems (hydrogel micropat-
terning and nanofibrous scaffold) led to acinar-like sphe-
roids formation that showed a high expression of the 
acinar, ductal cell, and TJ markers, the ability to secrete 
α-amylase and response to adrenergic or cholinergic ago-
nists (increase in intracellular calcium) [1, 144]. Further-
more, the myoepithelial cells had the functional ability to 
respond to neuronal signals, spread throughout collagen 
hydrogels and contract the surrounding hydrogel, and 
ensure the maintenance of spheroid organization to wrap 
around the spheroids [11, 145].

Despite slow SG cell turnover (> 60 days) and the lack 
of proof of the existence of a multipotent SG stem cell, 
studies have shown a regenerative potential of the gland 
[146]. Moreover, SG is characterized by a potential 
“absence” of a single and spatially segregated quiescent 
multipotent stem cell population, otherwise exhibit-
ing the existence of multiple populations of proliferative 
stem/progenitor-like cells. In adult SG, MSC expressing 
surface antigens such as CD44, CD49f (integrin), CD90, 
and CD105 have been identified. SG stem cells can gen-
erate acinar, duct, and myoepithelial cell types. Poten-
tially, stem cell populations can change their phenotype 
properties in response to the surrounding microenviron-
ment exhibiting the plasticity to transition to intermedi-
ate, dedifferentiated, or alternated cell types [138]. MSC 
culture in Matrigel generates branched and aggregated 
structures resembling native SG acini and ducts [138, 
147, 148].

Non salivary gland cells
Different cell therapy approaches involve using non-
SG and/or non-epithelial cells to activate regenerative 
mechanisms in irradiated SGs. These reports include 
Bone Marrow (BM)-derived MSCs [149], BM-derived 
cells [150], human adipose-derived MSCs [151], SG-
derived MSC-like cells [152], induced pluripotent stem 
cells (iPSC) [153], amniotic cells [154], embryonic stem 
cells (ESC) [155]. Among them, adipose-derived MSCs 
reduced cell apoptosis and tissue fibrosis, and both BM-
MSC and SG-derived mesenchymal-like cells exerted 
immunosuppressive actions. In addition, BM-derived 
cells improved saliva secretion and microvessel density 
by inducing epithelial repair. Their positive effects may be 
mediated via paracrine pro-survival/proliferative actions 
on surrounding stem/progenitor cells. The paracrine 
effects of adipose and BM-derived cells are ensured by 
the released bioactive components (e.g., KGF, VEGF, IL6, 
and IGF1), also called “soup” [156–161], supporting anti-
apoptotic and pro-proliferative actions. The presence 
of neurotrophic factors in the “soup” remains unclear. 

In addition, intravenous administration of “soup” may 
improve saliva production in rodent irradiated SG, whose 
clinical success directly depends on the remaining cells 
responding to paracrine action [162].

Pluripotent stem cells (PSCs), such as embryonic 
stem cells (ESCs) and induced pluripotent stem cells 
(iPSCs), have been used for SG regeneration. Success-
ful SG regeneration has been achieved through ortho-
topic transplantation of a self-organized organ rudiment 
generated from PSCs in mice with defective parotids, in 
which some transcription factors (i.e., Sox9 and Foxc1) 
played some key roles in SG development [30]. Our find-
ing that coculture of salivary glands cells with iPS cells 
formed differentiated salivary glands is significant, and 
future elucidation of the mechanism could lead to viable 
regeneration therapy of functional organs using iPS cells. 
Our study provides new insights for future research into 
the regeneration of organs, such as salivary glands.

iPS cells have also proved to be a promising treat-
ment for SG cancer in  vitro and in  vivo in rats [163]. 
Co-culture of embryonic SG cells could form differen-
tiated SG in  vitro and in  vivo in mouse SG, suggesting 
the iPS cell niche affects SG development and regenera-
tion [153]. Furthermore, human SMG stem/progenitor 
cells (hSMGepiS/PCs)- formed SG organoids in  vitro 
in response to FGF10 and generated an SG in  vivo by 
responding to the mouse mesenchyme niche [164].

Bioactive factors
Tissue-engineered scaffolds are intended to create and 
preserve differentiated cell phenotype, ensure basic 
functional units, and induce branching [71]. These func-
tions rely on the use of specific bioactive factors added 
to the media or scaffolds. Cell culture media supplements 
include fetal bovine serum, glutamine, and antibiotics. In 
addition, conditioned media (containing released bioac-
tive molecules) can increase the long-term expansion of 
salivary stem cells in  vitro, showing increased popula-
tion doubling and sphere-form efficiency. In fact, MSC-
conditioned media induced an increment of acinar-like 
structures and AQP5 and K14 expression in the presence 
of laminin-111 [165]. As detailed above, soluble growth 
factors are fundamental in SG development, branch-
ing morphogenesis and end bud formation, cell prolif-
eration, cell differentiation, initiation of innervation, and 
angiogenesis [166]. Chemical agents modulating specific 
signaling pathways can promote cell proliferation, motil-
ity, secretion, and proper cell shape. For example, ROCK 
inhibitors enhance cell growth, survival, proliferation, 
and α-amylase and Met protooncogene (c-Met) expres-
sion in SG culture [53, 167]. Moreover, soluble ECM pro-
teins have primarily been used as supporting scaffolds to 
SG cells, promoting cell-ECM and cell–cell interactions. 
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Fibronectin induced branching and ductal elongation. 
SG ECM extracts induced 3-D sphere-shaped structures 
and acinar markers, such as AQP5 and Muc-1 expression 
(53). Figure 4 summarizes the most common soluble cues 
for improving cultured cells’ morphogenesis, function-
ality, polarity, and promoting innervation in SG tissue 
engineering.

Scaffolds materials
The nature of scaffold material plays a key role in mim-
icking natural tissues’ mechanical, physiochemical, 
and biological features. Hence, in recent years, various 
scaffold materials have been investigated for SG tissue 
engineering, which can be sorted into three categories: 
naturally-derived biomaterials, synthetic polymers, and 
hybrid scaffolds materials.

Naturally derived biomaterials
Matrigel is one of the frequently used biomaterials for 
SG tissue engineering applications [98, 143], promoting 
cell attachment and differentiation in  vitro [168, 169]. 
However, it is not an appropriate material for clinical 
translation due to its animal origin, and it is not easy to 
study the effect of its specific protein component on cell 
behavior. Therefore, using limited numbers of precisely 
defined BM components helps to identify a relation-
ship between the activity of cells and a particular ECM 

constituent. For instance, Laminin, the major compo-
nent of Matrigel, plays a critical role in SG development 
and morphogenesis [165], but the entire Laminin-1 
sequence can cause unwanted side effects, such as tumo-
rigenesis, degradation, and immune reactions, making 
it unsuitable for clinical applications [170]. Thus, pep-
tides derived from ECM components are other natural 
components that can be incorporated into scaffolds to 
support cell–matrix attachment and cell–cell adhesion. 
Some laminin-derived peptides can promote human SG 
spheroids formation, branching morphogenesis, and SG 
functionality [25, 171]. Primary human salivary stem/
progenitor cells grown on a scaffold containing a peptide 
from domain IV of perlecan/ heparan sulfate proteogly-
can (HSPG2) formed acini-like spheroids [100, 172]. In 
addition, human-derived hydrogels based on fibronec-
tin and placenta BM extracts stimulated morphologi-
cal and functional differentiation of primary human SG 
epithelial cells to create polarized salivary acinar-like 
structures [173]. Also, fibronectin-derived RGD peptides 
and collagen I-derived MMP-sensitive (PQ) peptides are 
commonly used as cleavable crosslinkers that can be inte-
grated into a synthetic polymer network to aid in thiol-
ene polymerizations of PEG hydrogels [104].

The whole decellularized SG ECM can also be used as 
another naturally-based biomaterial. Indeed, repopula-
tion of decellularized rat SMG with SG cells indicated 

Fig. 4  Soluble factors to improve cultured cell function in SG tissue engineering. (Figure drawn using Biorender.com)
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significant cellular adhesion, differentiation, and gland-
like tissue formation in vitro [174]. Decellularized ECM 
prepared from human SMG biopsies is also used as a 
substrate for seeding and growing human epithelial cells 
and fibroblasts [175]. However, biomaterials derived 
from animal or human tissues lack tunability and repro-
ducibility and increase the risk of tumorigenic or immu-
nogenic reactions [71].

Scaffolds can also be made up of biologically-derived 
polysaccharides and proteins [176]. HA is one of the 
popular hydrogel biomaterials in tissue engineering. 
Recently, HA-based hydrogels allowed a 3D culture of SG 
spheroids using primary salivary human stem/progenitor 
cells [26]. Moreover, arginine-glycine-aspartic acid-mod-
ified alginate-based hydrogels and chitin/chitosan-based 
scaffolds provided a suitable environment for enhancing 
SMG bud expansion and cleft formation as well as SG 
branch formation to produce essential ECM [177–181]. 
Collagen type I, fibrin, fibronectin, and silk fibroin pro-
teins are other standard biomaterials that have been used 
for SG tissue engineering applications and reported to 
promote SG epithelial cell growth, aggregate formation, 
and differentiation as well as matrix formation [11, 71, 
182] . Recently, a combination of egg components such as 
egg white and egg yolk plasma proved to be a biocompat-
ible and cost-effective material for 3D SG mesenchymal 
and epithelial cell survival [183]. Nevertheless, for all nat-
ural polymers, due to their solubility in water and poor 
mechanical properties, some chemical modification and 
crosslinking strategies are necessary for their use as scaf-
fold biomaterials [183].

Synthetic polymers
Compared with natural polymers, synthetic biomateri-
als provide adjustable physicochemical and mechani-
cal properties, two crucial environmental cues for cell 
growth and differentiation [71], and can be produced in 
large amounts without any limitation of scalability and 
extraction process. Moreover, synthetic materials can 
provide a chemically defined, xenogenic-free environ-
ment that can be modified for desired outcomes and pro-
vide reproducible results, which can be an alternative to 
Matrigel and other natural source materials [184]. The 
most common synthetic polymers for SG tissue engi-
neering applications are PLGA [185] and PEG [27, 104]. 
Most commercially available synthetic materials are pro-
duced by ring-opening polymerization. The use of meth-
acrylate-based polymerization of PEG-based hydrogels 
induces a significant loss in SMG cell viability. In con-
trast, the use of thiol–ene polymerization of PEG-based 
hydrogels is more favorable to submandibular cell encap-
sulation [104]. Nevertheless, the encapsulated single cells 
in both hydrogels failed to form organized SG structures 

[104]. Encapsulation of pre-assembled multicellular 
spheroids in these types of hydrogels could enhance cell 
viability stimulate cell proliferation, as well as promote 
and preserve cell–cell contacts [104]. In addition, poly-
acrylamide gels, utilized to assess the effect of the sub-
strate modulus on SMG regeneration, are physiologically 
compliant gels (0.48 kPa) as they allow higher SG branch-
ing morphogenesis than stiffer gels (20 kPa) [186]. Also, 
it was reported that PVDF compare to different synthetic 
biomaterials, including polyvinyl alcohol (PVA), ethyl-
ene vinyl alcohol (EVAL), polycarbonate (PC), promoted 
branching morphogenesis in serum-free in vitro culture 
[187, 188].

Hybrid materials
Hybrid scaffold biomaterials containing synthetic and 
natural polymers have been developed to improve the 
bioactivity of the polymer surface to enhance cell attach-
ment and differentiation. When comparing the effects 
of several biodegradable polymer-based substrates (i.e., 
poly-l-lactic acid (PLLA), polyglycolic acid (PGA)) and 
their copolymers (PLGA) coated with different ECM pro-
teins (i.e., collagen I, collagen IV, laminin, fibronectin, 
and gelatin), SG cells only attached to polymer disks with 
preabsorbed proteins and behaved similarly on PLLA and 
PGA [189]. Another study revealed that coating of PEG-
terephthalate/poly (butylene terephthalate) scaffolds with 
Matrigel improved SG epithelial cell growth and mor-
phology [190]. Also, it was reported that chitosan and 
laminin-coated PLGA nanofibers enhanced the prolifera-
tion of SG acinar and ductal cell lines [191].

Strategies and fabrication methods in SG 
bioengineering
Generally, the bioengineering approach to restoring SG 
function can be divided into two main categories: cell-
based techniques and cell-material-based strategies 
[192]. Recently, due to the importance of ECM and BM 
in SG structure and function, such as branching mor-
phogenesis, polarity, and secretion, most recent studies 
have focused on using the second approach for SG tissue 
engineering purposes [71]. Indeed, biomaterials act as an 
ECM to prepare a suitable niche for cell attachment, pro-
liferation, and differentiation [193]. Another classification 
in SG bioengineering is based on the in vitro cell culture 
dimensional model, which can be classified into two main 
groups. First, the 2D model when cells are seeded on the 
flat tissue culture plate surface (TCPS) or biocompatible 
polymers to create a polarized epithelial cell monolayer 
with the capability of unidirectional fluid secretion [71, 
189]. Second, the 3D model, when cells form spheroid or 
are encapsulated and cultured in 3D matrices to prolif-
erate, reconstitute the polarization and secretory acinar 
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structures [13]. Studies related to these two model strate-
gies are summarized in the following sections.

2D models
Several efforts have been made to develop suitable bio-
material scaffolds promoting the proliferation and differ-
entiation of SG progenitor cells [71]. Porous membranes 
or scaffolds better support cell growth [194] and pheno-
type retention [182] than flat substrates. Human PG and 
SMG cells seeded onto Matrigel®-coated or uncoated 
TCPS promoted expressing α-amylase and AQP5 in 3D 
acinar-like units and forming ductal cell monolayers with 
TJs, respectively [98]. Primary human SG cells seeded on 
TCPS coated with perlecan domain IV peptide (PlnDIV) 
or Matrigel formed 3D acini-like salivary units express-
ing α-amylase [101]. Mimicking ECM and BM nano-
structure showed that immortalized adult mouse or rat 
SG cell lines (SIMS, ductal; Par-C10, acinar) had more 
rounded and clustered morphology, as well as a reduced 
and more diffuse expression of focal adhesion proteins 
on fibrous scaffolds [185]. In addition, cell proliferation 
and polarization strongly depended on the surface coat-
ing of the nanofiber scaffolds [191]. To further mimic the 
architecture of the BM in SG epithelial cell niche, arrays 
of “craters” in polydimethylsiloxane (PDMS) lined with 
electrospun PLGA nanofibers were fabricated [195]. 
Increased crater curvature enhanced the average height 
of the SIMS cell monolayer, cell polarization, AQP5 
expression (in both SIMS and Par-C10 cells), and TJ pro-
tein expression (occludin) in Par-C10 cells [195]. When 
human parotid epithelial cells were cultured on Matrigel, 
PEG, and micropatterned PEG hydrogel in the presence 
of an electrospun poly-caprolactone (PCL) nanofibrous 
microwells, the expression of salivary epithelial mark-
ers, TJ proteins, E-cadherin, and F-actin was increased in 
micropatterned hydrogel [196]. Recent studies related to 
the fabrication of fibrous and hydrogel scaffolds to evalu-
ate some critical features in 2D salivary bioengineered 
models and related markers are summarized in Table 2.

Although 2D cell models have been considered a reli-
able method for studying the in  vitro characteristics of 
various cells, they cannot practically simulate the cell 
niche to provide appropriate cellular functions such as 
cell differentiation, proliferation, motility, and metabo-
lism. Indeed, the 2D model cannot reproduce the in vivo 
interactions of cells or cells with the ECM.

3D models
Considering the inherent limitations of 2D cell models, 
3D cell models have become predominant in mimicking 
physiological conditions and maintain cellular and tis-
sue function by establishing proper cell signaling path-
ways and ECM interactions [204]. Various 3D culture 

methods can be used to form cell spheroids, such as 
spontaneous cell aggregation, hanging drop, magnetic 
3D bioassembly, and rotating culture vessels [183, 205]. 
These 3D culture methods allow cell–cell interactions, 
cell polarity, and differentiation and recapitulate the 
ECM properties. Though, in these culture methods, 
there is no control in spheroid size which causes cell 
necrosis to occur in the core of the cell aggregates [1]. 
Following partial SG digestion, cells grown in a serum-
free culture media form functional spheroids, with cells 
retaining their native ECM and expressing markers of 
cell polarization, acinar cell, and TJ [136]. However, 
after ten days, cell apoptosis started due to the uncon-
trollable increase in spheroid size, limitation in nutri-
ents, and oxygen diffusion rate, an possible toxic effect 
of accumulated proteins within the core of the formed 
acini units [137]. But, culturing salivary spheroids in a 
3D ECM-derived matrix can preserve their structural 
integrity over ten days [136, 175]. When organoids 
were produced by seeding cells into BM substrate like 
hydrogel matrix, they displayed better size uniform-
ity, cell polarization, and cell–cell interactions than the 
abovementioned method. [206]. However, the main 
limitations of this method are the presence of xenoge-
neic components, uncontrollable degradation of the 
biomaterials, and a lack of mechanical stimulation [183, 
207]. Therefore, human fibronectin and BM extracts, 
utilized as alternative hydrogel materials, promoted the 
differentiation of human SG cells into acinar-like struc-
tures [173, 208]. Further, recycled human tissue ECM 
(obtained by collecting the residual connective tissue 
that remained like a gelatinous mass) promoted the 
growth of epithelial cells exhibiting comparable mor-
phology and proteins composition to the native SG tis-
sue [175].

Recently, evaluating different physicochemical and 
mechanical effects of biomaterials on cells’ behavior 
opened a new 3D culture modality as a scaffold-based 
culture method [1]. In this method, the SG cells are 
seeded in the gel and form spheroids that can differen-
tiate into acinar-like structures expressing TJ proteins 
(like occludin) and AQP5 [71, 98, 143]. Common hydro-
gel materials used in this method are tissue-extracted 
proteins like collagen, fibrin, and Matrigel [71]. Purified 
acinar cells seeded in a 2.5D HA-based hydrogel contain-
ing PlnDIV showed self-assembling into acini-like struc-
tures with cell junctions and a central lumen [72]. Similar 
results were reported with a 3D HA-based hydrogel cul-
ture system but fostered and maintained the growth and 
differentiation of functional, neurotransmitter-responsive 
acini-like spheroids for over 100  days [13]. Egg white-
alginate blend 2.5D hydrogel is a cost-effective, and suit-
able material for SG tissue engineering applications as SG 
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Table 2  2D scaffold-based strategies for SG tissue engineering

A acinar, AC acinar cells, AL alginate, CA cell attachment, CP cell polarization, CH chitosan, CL crosslinking, D ductal, DC ductal cells, EnC endothelial cell, ECM 
extracellular matrix, ELS elctrospinning, G4RGDS Gly-Gly-Gly-Gly-Arg-Gly-Asp, HA hyaluronic acid, hDFs human dermal fibroblasts, hPECs human primary parotid 
epithelial cells, hPG human parotid gland, hPGAC​ human primary parotid gland acinar cells, hSG human submandibular gland ductal epithelial cell line, hSGSC human 
single clonal salivary gland stem cells, KRT7 keratin 7, KRT18 keratin 18, M myoepithelial, MC myoepithelial cell, mSMG ex vivo mouse submandibular gland cells, N 
neuronal, NIH3T3 NIH 3T3 fibroblasts, PA polyacrylamide, Par-C10 immortalized rat parotid gland acinar epithelial cell line, PC polycarbonate, PCL polycaprolactone, 
PEG poly(ethylene glycol), PGS poly glycerol sebacate, PLGA poly (lactic-co-glycolic acid), PVA polyvinyl alcohol, SIMS immortalized adult mouse submandibular 
salivary gland ductal epithelial cell line, SMA smooth muscle α-actin, SMG-C10 immortalized rat submandibular gland acinar epithelial cell line, SVEC4-10 immortalized 
mouse lymphoid endothelial cells, SC stem cell, V vascular

Material Fabrication Cell/tissue
DCa, ACb

Evaluated marker/protein Evaluated/obtained SG 
compartment

Refs.

A D M V N

PLGA ELS SIMSa – ✓ [105]

PLGA/CH laminin-111 ELS, coating SIMSa, SMG-C10b AC marker: AQP5
CP markers: β-Actin, Occlu‑
din, ZO-1
CA marker: integrin-α6

✓ ✓ [191]

PLGA ELS SIMSa, mSMGa,b

Par-C10b
CA markers: FAK, Paxillin, 
Talin, Vinculin

✓ ✓ [185]

PLGA ELS, Photolithography SIMSa, Par-C10b AC marker: AQP5
CP markers: E-cadherin, 
F-Actin, Occludin

✓ ✓ [195]

PLGA/Elastin ELS, covalent conjugation SIMSa CP markers: β-Actin, F-Actin, 
Occludin, ZO-1

✓ [197]

PLGA/PGS core/shell ELS SIMSa, NIH3T3 CP markers: F-Actin, ZO-1 ✓ [198]

PVA/CH/PC Mold Casting, Evaporation mSMGa,b ECM markers: Collagen type 
I, III

✓ [180]

AL/G4RGDS Mold casting, Ionic CL mSMGa,b – ✓ [199]

PLGA Mold casting hPGAC​b AC markers: α-amylase, AQP5
CP markers: β-Actin, 
E-cadherin, ZO-1
CA markers: FAK, ILK, Snail, 
Vinculin

✓ [200]

Agarose/laminin peptides Mold casting hSG, SVEC4-10, hDFs Cell attachment marker: FAK ✓ ✓ ✓ [201]

PA/Human plasma fibronec‑
tin

Photo CL mSMGa,b AC marker: AQP5
MC marker: SMA
ECM marker: collagen IV

✓ ✓ ✓ [186]

PEG Micropatterning, ELS hPECsa,b AC markers: α-amylase, AQP5
DC markers: KRT7, KRT18
CP markers: β-actin, 
E-cadherin, F-actin, Occludin, 
ZO-1

✓ ✓ [196]

PEG Photopatterning, ELS hSGSCs AC markers: α-amylase, AQP5
DC markers: KRT5, KRT7, 
KRT18, NHE1, SLC26C
MC marker: KRT5
CP markers: E-cadherin, ZO-1
SC markers: CD90, HAS, 
ITGB1, KRT5, LGR5, NANOG, 
OCT4, POU5F1, SOX2, THY1

✓ ✓ [144]

Fibrin/Laminin-111 peptides Solidification Par-C10b CP marker: ZO-1 ✓ [171]

Fibrin/Laminin-111 peptides Solidification Par-C10b AC markers: AQP5, TMEM16A
DC markers: KRT7
CP markers: F-actin, Na+/
K+-ATPase, ZO-1

✓ ✓ [202]

PC/Agarose/PCL/HA—cat‑
echol

Mold casting, Evaporation, 
3D printing

mSMGa,b AC marker: AQP5
MC marker: SMA
EnC markers: CD31
SC marker: c-Kit, CD44

✓ ✓ ✓ [203]
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spheroid-like structure formation could be controlled by 
regulating alginate concentrations in the blend polymer 
solution [209].

Microwells of micropatterning and nanofibrous hydro-
gel scaffold have been used to promote more uniformed 
acinar-like spheroids [196]. Compared to 2D and 3D cul-
ture systems, the spheroids obtained with these microw-
ell culture systems showed higher expression of acinar, 
ductal, and TJ markers as well as a significant amount 
of α-amylase secretion and intracellular calcium levels 
in response to adrenergic or cholinergic agonists [144]. 
It was shown that the formation of uniform spheroids 
needed a niche independent culture system within a 
serum-free culture medium [144, 196]. Recently, the 
3D co-culture of NIH 3T3 fibroblasts and SIMS ductal 
SG epithelial cells in alginate microtubes via needle-to-
needle microfluidic technique also represent a promising 
co-culture method for further understanding of epithe-
lial and mesenchymal interaction during tissue morpho-
genesis and future practical applications in regenerative 
medicine [210].

Bioprinting technologies combined with other technol-
ogy such as magnetic nanomaterials are alternative meth-
ods for adjusting the physical structure of the 3D culture 
model [211, 212]. There are two strategies for bioprinting 
via using magnetic forces. The first method is a label-free 
cell approach in which cells are suspended in paramag-
netic liquid containing gadolinium (Gd3 +). The magnet-
ized fluid is stimulated by applying a magnetic field and 
displacing cells toward regions with a low magnetic gra-
dient [211]. This process can control the cell patterning 
and is a nozzle-free method that provides a rapid print 
of multicellular spheroids. But the major concern over 
this technology is the usage of cytotoxic paramagnetic 
suspending media and high concentrations of Gd3 + that 
could be toxic for tissue spheroids and increase the risk of 
imbalance osmotic pressure due to excessive use of ions 
in the paramagnetic medium [213]. The second mag-
netic-based bioprinting technology requires cell labeling 
with magnetic nanoparticles [6, 214]. In this method, the 
cells can be easily directed using mild magnetic forces, 
and spatial patterning of the 3D cell assembly into the 
desired morphological structure can be regulated by 
altering the magnetic field’s shape or configuration. 
Besides, the size of the spheroids can be adjusted by tun-
ing magnetic nanoparticle concentration, the number of 
cells, and magnet size [23, 214]. However, the require-
ment for specialized equipment and the risk of toxicity 
for cells limit its application [23]. Accordingly, another 
group proposed using gel egg yolk plasma (GEYP) as a 
more abundant, biocompatible, cost-effective material for 
tissue engineering applications. They showed that GEYP 
was successfully 3D printed with controlled geometrics 

[215]. However, they mentioned that bioprinting of SG 
cells is still in progress and needs more optimizations.

Recent studies related to the fabrication of a 3D scaf-
fold-based model for salivary tissue engineering and eval-
uated markers are summarized in Table 3. Moreover, the 
pros and cons of 2D and 3D scaffold fabrication methods 
are listed in Table 4.

Current challenges and future perspective
Despite the recent progress in SG tissue engineering, 
there are some challenges in bioengineered strategies 
related to the appropriate secretory function, vasculari-
zation, and innervation of the SG tissue models, as well 
as the risk of adverse host tissue response to the trans-
ferred biomaterials [33, 221]. In recent decades, advances 
in cellular and molecular biology opened a new vista to 
identify which type of cells, genes, and signaling path-
ways are playing critical roles in the morphogenesis and 
functionality of SG to develop new biomaterials and fab-
rication methods [222–225]. However, many questions 
related to understanding mechanotransduction mecha-
nisms, branching patterns, and biochemical signaling 
during SG development still remain [226].

Cell-based strategies, especially using stem cells and 
cell-biomaterial-based techniques to prepare in vitro SG 
culture models, have revealed some new opportunities 
in SG bioengineering [1, 9, 71]. Nevertheless, it has not 
been clear how long the applied cells can maintain their 
viability and functionality after transferring them in vivo. 
It is also ambiguous how long it takes for some of these 
biomaterials to degrade in  vivo and how they react in 
contact with blood flow, biochemical cues, and immune 
system, especially in patients with Sjögren’s Syndrome 
[11]. Although personalized medicine recently could 
help reduce immune cell penetration in implanted bio-
materials, a multidisciplinary approach to engineer the 
desirable scaffold biomaterials for SG regeneration with 
optimal cell responses is still required. Moreover, one of 
the significant challenges in the translation of experimen-
tal therapies to clinical implementation is the selection 
of appropriate animal models for preclinical testing. In 
most cases, a large animal model is required to mimic as 
closely as possible the load and weight-bearing character-
istics of the human body [227].

Further, despite the suitable polarization maintained 
by matrix mimetics, the secretory function of SG cells 
is limited [11]. Hence, incorporating combinatory 
approaches and increasing the complexity of models 
by introducing different cell types will offer proper SG 
cell functionality and secretion in artificial models. Few 
groups have currently tried to prepare a more complex 
SG model, but optimization of combined culture media 
and matrix in these models has not yet been achieved 
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Table 3  3D scaffold-based strategies for SG tissue engineering

Material Fabrication Cell/tissue
DCa; ACb

Evaluated markers/proteins Evaluated/obtained SG 
compartment

Refs.

A D M V N

HA, PlnDIV Photo CL hPECsa,b AC marker: α-amylase
CP marker: ZO-1

✓ [72]

HA Thiol/acrylate CL hPG
AC

SC marker: CD44, CD168 ✓ [216]

HA Thiol/acrylate CL hPG
AC

AC marker: α-amylase, β1 
adrenergic, β2 adrenergic, M3 
muscarinic
CP markers: β-catenin, Clau‑
din-1, E-cadherin, ZO-1

✓ [13]

HA Thiol/acrylate CL hS/PCs DC marker: KRT5
MC marker: KRT14
CP markers:  β-catenin, F-actin, 
Occludin
ECM markers: collagen IV, 
laminin
SC markers: CD44, KRT5, KRT14

✓ [26]

HA, BM peptides Thiol/acrylate CL hS/PCs AC markers: α-amylase, AQP5, 
HTN1, MIST1, MUC7, PIP, PSP, 
STATH
DC markers: KRT5, KRT19, 
TFCP2L1
MC marker: KRT14
SC markers: c-Kit, ETV4, ETV5, 
KRT5, KRT14, MYC

✓ ✓ [111]

HA, Peptides Mold casting, photo CL hS/PCs AC markers: α-amylase
DC marker: KRT5, KRT19
MC marker: KRT14, SMA
CA markers: integrin α1, integ‑
rin α5, integrin β1, integrin β4
ECM markers: fibronectin; 
laminin
SC markers: KRT5, KRT14

✓ ✓ ✓ [217]

HA, RGDSP Thiol/acrylate CL hS/PCs AC markers: α-amylase, NKCC1
DC markers: KRT7, KRT19, 
TFCP2L1
CP markers: β-catenin; F-actin
CA markers: CTGF, CYR61, GDF-
15, SERPINE1, TGF-ß1, YAP,
ECM markers: fibronectin, 
laminin
SC markers: IGF2, KRT5, KRT14

✓ ✓ [218]

Fibrin, GFRMG Solidification, CL mPGa,b, Par-C10b AC marker: α-amylase
CP markers: F-actin, ZO-1

✓ [117]

PEG, peptide Thiol/acrylate CL mSMGa,b AC marker: Mist1, NKCC1
DC marker: KRT5
SC marker: KRT5

✓ ✓ [104]

PEG, MMP-degradable peptide Thiol-ene polymerization mSMGa,b AC markers: AQP5, IP3R3, 
MIST1, NKCC1, PIP
DC marker: KRT5
CP marker: ZO-1
ECM markers: Collagen IV, 
Laminin
SC marker: KRT5

✓ ✓ ✓ [27]
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AC acinar cells, BM basement membrane, c-Met met proto oncogene, CA cell attachment, CP cell polarization, CL crosslinking, D ductal, DC ductal cell, dECM 
decellularized extracellular matrix, ECM extracellular matrix, GFRMG growth factor reduced Matrigel, HA hyaluronic acid, hDPSc human dental pulp stem cell, 
hPECs human parotid epithelial cells, hPG human parotid gland, hS/PCs primary salivary human stem/progenitor cells, mPG mouse primary parotid gland cells, 
M myoepithelial, MC myoepithelial cell, N neuronal, NC neuronal cell, NP nanoparticles, NS-SV-AC immortalized acinar cell from human salivary gland, Par-C10 
immortalized rat parotid gland acinar epithelial cell line, PG parotid gland, PLL poly l-lysin, RGDSP integrin-binding peptide, PlnDIV peptide derived from domain IV 
of perlecan, rSGECs rat primary salivary gland epithelial cells, rSGSCs rat SG stem/progenitor cells, SF silk fibroin, SG salivary gland, SC stem cell, SMG submandibular 
salivary gland, V vascular

Table 3  (continued)

Material Fabrication Cell/tissue
DCa; ACb

Evaluated markers/proteins Evaluated/obtained SG 
compartment

Refs.

A D M V N

PEG, MMP-degradable peptide Photo CL, Microbubble tech‑
nology

mSMGa,b

hPECa,b
AC markers: α-amylase, AQP5, 
Cst3, Cst10, IP3R3, Lyz2, MIST1, 
M3R, Muc5b, NKCC1, PIP, P2X7, 
P2Y2; Smr3a
DC markers: KRT5, KRT7
MC marker: SMA
CP markers: ZO-1
SC markers: KRT5

✓ ✓ [219]

SF Casting method lyophilization rSGECs (SMG, PG) AC marker: α-amylase
ECM marker: collagen IV

✓ ✓ [182]

PLL, Au3+/Fe3+ magnetic NPs Magnetic 3D Bioprinting hDPSC AC markers: α-amylase, AQP5
DC marker: KRT5
MC marker: KRT14
SC markers: CD24, CD29, CD90, 
C-kit, KRT5, KRT14, SOX2
NC marker: ß-tubulin

✓ ✓ ✓ ✓ [22]

dECM Freeze drying rSGSCs AC markers: α-amylase
DC marker: KRT5, KRT18
CP markers: Claudin-1, Clau‑
din-3, E-cadherin,
SC markers: CD44 c-Kit, c-Met, 
KRT5

✓ ✓ [220]

Table 4  Comparison of scaffold fabrication techniques in SG tissue engineering

Fabrication methods Advantage Challenge and disadvantage

Cast molding for hydrogel Straightforward method, compatible with different materi‑
als, inexpensive, able to be scaled up

Lack of simulating micro and nanostructure of natural ECM

Electrospinning Suitable to prepare a 2D sheet with nanostructure, able to 
be scaled up

limitation in choosing materials and solvents for fabrication, 
lack of 3D structure

Magnetic printing Easy for organizing cells in unified order, Toxic effect of nanomagnetic materials in high concentra‑
tion for cells, high cost for preparing specific equipment, 
probability of imbalance osmotic pressure for cells. limitation 
to be scaled up, limitation in choosing materials for printing 
(viscosity, printability)

Bioprinting Suitable to make a complex structure, suitable to provide a 
3D environment for cells,

Limitations in using materials for printing (viscosity, printabil‑
ity, and crosslinking methods), Limitations to be scaled up, 
challenges related to control and characterizing cell polarity, 
self-organization, and functionality, difficulty in preparing a 
homogeneous mixture of cells and bioink

Micropatterning Suitable to mimic the ECM microenvironment both in 2D 
and 3D scaffolds

Difficulties in designing very complicated microstructure, 
high cost, difficulty in scale-up

Microfluidic device Easy to handle, compatible for single-cell study, controlling 
biochemical signals and characterizing cell functional‑
ity and behavior; compatible to be combined with other 
advanced technology such as 3D printing and nano‑
technologies to mimic fluid flow in natural cell niche and 
simulate nano and microenvironment of natural tissue, 
compatible for different cells co-culture or multi-culture

Difficulties to design, high cost, difficulty in scale-up for com‑
plicated models, limitations in using materials due to their 
crosslinking method and fabrication process, 
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[53]. For example, the use of additive manufacturing 
methods such as bioprinting and microfluidic proposed 
that a combination of specific cell lines and growth fac-
tors could be a suitable method for achieving innervation 
and vascularization [6, 53, 207, 228, 229]. However, bio-
printed tissue models are still restricted to millimeter size 
and constructed with only immature vascular networks 
that cannot support epithelial tissues’ long-term culture 
and morphogenesis. Microfluidic chips are also compli-
cated to fabricate and operate for cell culture and are not 
yet standardized [228, 229].

So, combining different additive manufacturing meth-
ods such as bioprinting and microfluidic with employing 
endothelial cells, neural cells, growth factors, and multi-
functional biomaterials with suitable mechanical and bio-
logical properties to promote selective differentiation and 
organization of multiple cell types will be an objective for 
future studies [71]. It seems that tunable stimuli-respon-
sive materials with dynamic mechanical properties may 
provide opportunities to manipulate the properties of 
engineered ECMs over appropriate time and length 
scales in future works [230–233]. Furthermore, DNA-
cross-linked biomaterials with reversible control of 
matrix stiffness may offer an opportunity to understand 
the role of dynamic stiffness changes in epithelial mor-
phogenesis [234]. Also, it seems that a combination of 
stem cell/gene therapy with 3D organotypic cell-based 
strategies will become the next generation of biomedi-
cal therapies to either restore a damaged SG or develop 
an in vitro SG model for transplantation in humans suf-
fering from xerostomia [6, 235–237]. For instance, SG 
organoids derived from genetically modified induced 
pluripotent stem cells (iPSC) can be considered for fab-
ricating SG models [2]. And all cell types present in the 
gland can be generated via programmed differentiation 
[115, 238, 239].

Conclusion
Although significant progress in SG regenerative medi-
cine, such as stem cell/gene therapy, has been reported 
over the past decade [41, 45, 240, 241], a conclusive 
approach to build a fully functional SG model based on 
cell-material-based strategies as a substitute for this 
exocrine organ remains a challenge [11, 242]. Future 
strategies will have to overcome the challenge of obtain-
ing acinar-like structures surrounded by myoepithelial 
cells, interconnected in 3D with a network of ducts that 
will transport saliva to an exterior port, innervated and 
vascularized. Recently, different material and fabrica-
tion methods have been evaluated to prepare 2D and 
3D SG models; however, the performance of these mate-
rials in  vivo and the long-term functionality of the pre-
pared models need to be studied further. Moreover, it 

remains unclear how long it will take for some of these 
materials to degrade and how stiff they need to stay 
intact long enough to support gland regeneration. Even 
though micro/nanofabrication techniques have provided 
an opportunity to simulate the cell microenvironment, 
the lack of fully understating the biomechanics and bio-
chemistry of the natural SG tissue is one of the limita-
tions to forming a complete practical SG model. Hence, 
developing a fully functional gland requires combined 
multidisciplinary efforts from various fields such as biol-
ogy, genetics, biomaterials, engineering, and medicine 
to identify and mimic microenvironmental signals that 
are responsible for cell plasticity and functionality in 
SG tissue [240]. Translating ex vivo and in vitro findings 
obtained in rodents to human organoids derived from 
human progenitors remains a major hurdle due to the 
lower level of knowledge of the human SG morphogen-
esis and difficulties related to the availability of human 
cell sources. As SG development involves the interac-
tion of various cells and neuronal signaling plays a vital 
role in its morphogenesis and functionality, innervation 
and vascularization, as well as co/multi-culture strategies 
in preparing 3D SG models, are anticipated to become 
promising approaches in SG tissue engineering.
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