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Salivary gland dysfunctions are common conditions variously related to aging, inflammatory players, and any other factor able to
alter their normal physiology. These conditions may significantly impact oral and systemic health, affecting the overall quality of
life. Over time, numerous therapeutic strategies have been explored to regenerate, repair, or replace injured salivary glands, fo-
cusing on those molecular and cellular mechanisms able to be safely translated into a clinical landscape. In this context, stem cells,
tissue engineering, and the novel organoids technology, have gained exciting results, even if such approaches may require some
optimization for their long-term maintenance. Despite extensive research, a composite stem cell population capable of regenerat-
ing functional glandular tissue remains elusive; nonetheless, to overcome these current limitations, recently, the transplantation
of allogeneic stem cells has emerged as a reliable solution. This overview comprehensively examines the salivary glands in the
light of modern biotechnologies, with the aim of better understanding the current state of the art in salivary gland regeneration
and repair by using tissue engineering, biomimetic strategies, target therapies, and three-dimensional (3D) organoids technology.
This work investigates the main salivary gland dysfunctions and their impact on oral and systemic health. It then discusses the
most promising advanced strategies for oral tissue bioengineering, focusing on the potential of stem cells and organoids.
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Introduction to improve the effectiveness of the forthcoming regenera-
tive therapies. Despite advancements in cell therapy and SG
bioengineering, there are still significant gaps in our under-
standing of the complex mechanisms that govern SG devel-
opment, function, and repair. To address these gaps, this re-
view offers a comprehensive examination of human major
SG anatomy, structure, function, and associated dysfunc-
tions. Additionally, we explore critical co-factors in SG
bioengineering, proposing promising strategies, discussing
current challenges, and outlining future directions for the
development of effective therapeutic interventions. This
comprehensive approach aims to contribute to the advance-
ment of regenerative therapies for SG dysfunctions.

Salivary glands (SG) play a crucial role in maintain-
ing oral health, and their dysfunction can significantly af-
fect oral function and overall health-related outcomes [1].
Currently, available therapeutic options for the treatment of
hyposalivation focus primarily on palliative care that pro-
vides only temporary relief of symptoms, without address-
ing the underlying SG dysfunction [2]. This limitation high-
lights the urgent need for innovative strategies to restore
SG function. In this context, a promising avenue is SG
re-engineering, which could potentially lead to permanent
restoration of salivary flow and improved quality of life for
those affected [3]. Several research groups have investi-
gated the potential benefits of combining biomaterials with
various cell types to create an optimal environment for re-
generating the structure and function of various tissues, in-
cluding SG [3-5]. This multidisciplinary approach aims to
replicate both the natural architecture and functions of SG
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Salivary Glands Dysfunction: Challenges and
Solution

Overview of Salivary Glands: Structure and
Function

SG exhibits a complex and diverse anatomical struc-
ture, and its dysfunction can lead to a wide range of patholo-
gies. SG are essentially exocrine secretory structures de-
rived from the epithelial lining of the upper acrodigestive
tract [4]. Their primary physiological function is the se-
cretion of saliva, a vital fluid that plays significant roles
in lubrication, digestion, immunological function, and the
overall maintenance of both oral and systemic health. Ex-
tensive studies have elucidated the anatomy and histology
of SG [2,4], revealing their organization as branched organs
characterized by a highly intricate ductal system. This duc-
tal network culminates in secretory units known as acini,
which comprise serous and mucous acinar cells; each cell
type uniquely contributes to the composition of saliva [5].
Moreover, SG are densely innervated by the autonomic ner-
vous system, highlighting their essential role in regulating
salivary secretion.

SG can be classified into two main categories: major
and minor glands. The terms “major” and “minor” refer to
the anatomical size of the glands and the amount of saliva
they produce. In detail, the major SG are bilaterally paired
structures categorized into three distinct types: the parotid
gland (PG); submandibular gland (SMG); and sublingual
gland (SLG). These major glands consist of poly-lobular
aggregates enclosed in a thin fibrous capsule, allowing for
efficient secretion and drainage of saliva. In addition to
these, hundreds of minor SG are distributed throughout the
oral cavity (OC), particularly in the labial and lingual mu-
cosa, as well as the palate and floor of the mouth [5].

Focusing on the major SG, their anatomical architec-
ture reveals remarkable similarities. The PG, for instance, is
predominantly composed of serous acini that secrete saliva
rich in a-amylase, an enzyme crucial for carbohydrate di-
gestion. In contrast, the SLG produced a mucous secretion,
a viscous solution rich in mucins. The SMG, on the other
hand, contains a mixture of both mucous and serous acini,
allowing it to produce a more balanced saliva composition
[6]. The average daily salivary volume secreted by these
glands ranges from approximately 1.0 to 1.5 litres; how-
ever, this production is not constant. Salivary flow varies
quantitatively: it is lowest during sleep, increases during
speech, and peaks during meals. These fluctuations are in-
tricately regulated by the autonomic nervous system, par-
ticularly its parasympathetic component, which stimulates
salivary secretion in response to various stimuli. Addition-
ally, salivary secretion is heterogeneous, with significant
variability depending on the specific gland and its anatom-
ical location. Notably, in humans, over 90% of the total

daily saliva production is attributed to the three major pairs
of SG, while the remaining 10% is secreted by the numer-
ous minor SG dispersed throughout the OC [4].

The Impact of SG Dysfunction on Oral and Systemic
Health

SG dysfunction can lead to both quantitative and qual-
itative alterations in salivary composition and flow, re-
sulting in conditions such as hyposalivation (manifesting
as “xerostomia”, often perceived by the patient as a “dry
mouth” sensation) or hypersalivation (sialorrhea or hyper-
sialia) [7,8]. These changes can significantly affect the pa-
tient’s quality of life, leading to direct functional impair-
ments and an increased susceptibility to various patholog-
ical conditions [8]. The actiology of SG dysfunction is
multifactorial, encompassing autoimmune disorders, can-
cer, infections, and the effects of radiation therapy (RT)
[7,8]. A prominent example is Sjogren’s syndrome, an au-
toimmune disorder characterized by exocrine gland dys-
function, which can severely impact a patient’s quality of
life through debilitating xerostomia.

SG hypofunction exacerbates both oral and systemic
diseases, disrupts the oral microbiome, and adversely im-
pacts digestion [8]. Additionally, certain pharmaceuti-
cal agents can induce SG dysfunction by influencing sali-
vary flow rates and composition. Drugs targeting the ner-
vous, cardiovascular, genitourinary, musculoskeletal, res-
piratory, and digestive systems are particularly associated
with these effects [9]. Furthermore, SG dysfunction and ir-
reversible hyposalivation are significant side effects of RT
treatment for head and neck cancer (HNC) [8].

In response to these challenges, several research
groups are actively investigating methods to repair or regen-
erate SG, exploring innovative and promising strategies for
the near future. In this perspective, regenerative medicine
holds the potential to replace or regenerate exocrine or-
gans such as the SG, thereby restoring their essential func-
tions. A major goal of these regenerative strategies is to en-
hance the secretory function of damaged SG and increase
saliva production. Given the limitations of current treat-
ments (e.g., stimulant medications, salivary substitutes, and
artificial saliva), three promising avenues for advancing re-
generative therapies have been identified: (i) gene therapy;
(ii) cell therapy; and (iii) bioengineered SG models [10], as
illustrated in Fig. 1.

The Complexity of Oncological Aspects in the
Salivary Glands

HNC encompasses a diverse group of malignant neo-
plasms that can arise in various locations within the up-
per aerodigestive tract, including the SG, nasopharynx,
nasal cavities, and paranasal sinuses. SG tumours repre-
sent a particularly heterogeneous subset of these neoplasms,
characterized by their rarity, with an incidence of 0.6 to
1.4 per 100,000 individuals [11]. These tumours account
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Fig. 1. Potential therapeutic approaches for salivary glands (SG)’s dysfunction. The use of gene therapy, cell therapy and bio-

engineering has improved the potentialities to obtain replacing of healthy tissues. The SG spheroids or organoids are strategic tools for

future personalized therapies. MSCs, mesenchymal stem cells (figure drawn with Microsoft-Powerpoint 2021, Microsoft Corporation,

Redmond, WA, USA).

for approximately 1% of all neoplasms and 3% to 6% of
all HNCs, predominantly affecting the major SG: the PG
(75%), the SMG (7% to 11%), and the SLG (1%) [12] with
a slight male predominance [6]. The development of SG
neoplasms is multifactorial, involving complex interactions
between genetic and environmental factors. Autoimmune
disorders, viral infections, obesity, and chemical exposure
have also been implicated in their aetiology [13]. Addition-
ally, SG can harbour metastatic cells from other primary
cancers, particularly skin cancers [6].

SG are highly differentiated and slowly proliferating
tissues; however, they are particularly susceptible to the ef-
fects of RT. It is estimated that over 70% of patients with
HNC who undergo RT will experience xerostomia and SG’s
dysfunction [14]. The adverse effects of RT on SG are both
immediate and long-lasting, occurring during or shortly af-
ter treatment [15]. RT-induced SG dysfunction includes
hyposalivation, xerostomia, oral infections, and functional
impairments such as dysphagia, difficulties in chewing and
swallowing, loss of taste, and also dental problems [16].
Notably, salivary secretion declines rapidly in the first week
after RT, followed by a significant decrease over the next
three months. Other aspects of saliva, such as salivary elec-
trolyte levels, antibacterial capabilities, and buffering ca-
pacity, are also adversely affected. For instance, the pH
of saliva decreases from 7.0 to 5.0, while concentrations of
inorganic salts (such as calcium, sodium, and chloride) and
organic molecules (including lysozyme) increase [17].

Intriguingly, ionizing radiation (IR) is a recognized
risk factor for SG damage, particularly affecting the PG,
during both RT and radiological examinations [18]. While
IR-induced SG damage is clinically significant, the precise
mechanisms underlying this damage remain not completely
understood [19]. The side effects of IR are both time- and
dose-dependent, with parenchymal damage being particu-
larly severe when tissues are directly exposed to the radia-
tion field [20]. A prominent consequence of late irradiation-
induced SG damage is the development of chronic inflam-
mation and fibrosis, leading to tissue dysfunction and atro-
phy. Evidence suggests that serous acinar cells are more
radiosensitive than mucous acinar cells, indicating that PG,
consisting entirely of serous acinar cells, may be more sus-
ceptible to radiation damage than SMG or SLG [20].

Significant advancements have been made in the field
of RT, primarily aimed at minimizing damage to surround-
ing tissues. This has been achieved through modified treat-
ment protocols, technological enhancements, and the devel-
opment of new radiation sources. In this context, intensity-
modulated radiotherapy (IMRT) is considered a more ef-
fective strategy than conventional RT. IMRT can reduce
the severity of SG hypofunction and xerostomia while en-
abling more precise delivery of radiation doses and provid-
ing greater protection to surrounding healthy tissues [21].
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Advanced Strategies for Oral Tissue
Bioengineering: Focus on Stem Cells and
Engineered Organoids

Main Approaches in Oral Regeneration and Repair

Oral tissue bioengineering has emerged as a promis-
ing alternative to conventional biomaterials for the recon-
struction of tissues and organs in the oral and craniofacial
region. However, it faces limitations related to the body’s
natural regenerative capacity and the current materials and
methods available [22]. Functional SG development re-
quires complex interactions between ductal, acinar and my-
oepithelial cells within a branched structure. Recent tech-
nological advancements have facilitated the exploration of
molecular and cellular mechanisms underlying SG function
[18]. Notably, three-dimensional (3D) cell cultures, which
mimic the architecture of glandular organs, can replicate SG
behaviour under both physiological and pathological condi-
tions [23].

In this context, tissue engineering is driven by the need
to repair and regenerate various damaged tissues (e.g., ep-
ithelial, vascular, nerve, bone, cartilage, glandular, etc.) in
patients suffering from severe trauma or injury. Ongoing
scientific research aims to optimize conditions for aesthetic
and functional rehabilitation through cell cluster implants
or whole organ replacement [24,25]. Recent studies have
demonstrated the potential of tissue engineering for SG re-
generation [23]. Both preclinical and clinical investigations
have highlighted the significant role of mesenchymal stem
cells (MSCs) in tissue homeostasis and their promising ap-
plications in tissue engineering and regenerative medicine
[24,25]. MSCs are particularly attractive candidates for
treating various pathologies due to their ability to modu-
late inflammation, enhance angiogenesis, reduce tissue fi-
brosis, and mediate immunosuppressive effects [26]. Fur-
thermore, their multipotential differentiation capacity, self-
renewal ability, and migratory properties make them highly
suitable for clinical applications [25,27].

Clinical Insights and Translational Impact of SG
Regeneration

Major clinical trials investigating stem cell therapies
for SG dysfunction are summarized in Table 1 (Ref. [18,
26,28-31]). Despite the slow turnover of SG tissue, several
studies on SG injury have revealed significant regenerative
potential, varying depending on the nature and extent of the
damage. Moreover, a complex network of molecular path-
ways is required for the full functionality of SG [32].

Given this complexity, numerous molecular signalling
pathways have been studied, some of which are discussed
below and summarized in Table 2 (Ref. [33—41]). Notably,
previous research has highlighted the expression of neurofi-
bromin, a protein encoded by the NF/ gene, in the ducts
of SG [33]. Scientific evidence suggests that alterations
in neurofibromin, resulting from NF'/ gene mutations, may

impair SG function. In light of these findings, researchers
investigated neurofibromin expression in acinar and duc-
tal cells of both major and minor SG in individuals without
neurofibromatosis 1 (NF1) [34]. The results revealed that
neurofibromin was expressed in both serous and mucous
acinar cells, with higher expression in ductal cells. How-
ever, the precise role of neurofibromin in adult human SG
development, morphology, and functionality remains un-
clear, necessitating further research.

Additionally, inorganic nitrate, abundant in plant
foods, has been shown to mitigate damage caused by re-
active oxygen species (ROS)-induced oxidative stress. Re-
search suggests that nitrate inhibits the Nod-Like Recep-
tor Protein 3 (NLPR3) inflammasome-mediated pyroptosis
and reduces ROS levels, thereby maintaining mitochondrial
homeostasis. Furthermore, inorganic nitrate may promote
SG cell regeneration and reduce apoptosis by increasing
Sialin levels [35] (Fig. 2).

Currently, two primary methods are employed for de-
livering cells for SG regeneration: systemic intravenous in-
jection and percutaneous direct injection into the SG with
ultrasound guidance. While effective, these methods have
complications, including potential side effects in other or-
gans and an increased risk of infection. To address these
issues, catheter-based cell delivery has been proposed [42].
However, the risk of uncontrolled proliferation of trans-
planted cells poses a significant concern for carcinogene-
sis. Therefore, researchers have increasingly focused on
paracrine factors, such as conditioned media, secretomes,
and exosomes [43].

Interestingly, numerous studies have highlighted the
potential of SG stem/progenitor cells as a novel therapeu-
tic strategy for treating SG dysfunction [16]. Recent ap-
proaches emphasize the use of cell lines instead of primary
cells, yielding promising preliminary results. Nevertheless,
no existing cell line fully recapitulates the morphology and
functionality of SG [6]. Advancements in 3D cell culture
biotechnologies have recently led to the development of
customized techniques that could represent a reliable and
translational strategy to repair SG; these techniques include
the formation of:

(1) spheroids, which consist of aggregations of cells
derived from a single cell or a mixture of cells [44];

(i) organoids, which are generated three-
dimensionally in plates from single stem cells (including
tissue-specific stem cells and pluripotent stem cells) and
retain physiological functions similar to those of the
original organs or tissues [45];

and, (iii) tumoroids, which can be described as
“tumour-like organoids”, typically derived from primary tu-
mours [46]. The use of spheroids has demonstrated efficacy
in overcoming the limitations inherent to conventional in
vitro cell culture methodologies. In particular, spheroids
can more accurately mimic solid tumours, thereby pro-
viding detailed insights into the tumour microenvironment
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Table 1. Major clinical trials investigating stem cell therapies in SG’s dysfunction.

Transplantation

NCT number  Cell type Delivery method Outcomes Recruitment status ~ Start date References
source
NCT02513238 HAd-MSCs  Autologous Intraglandular Safety and efficacy Completed 2015 [30]
NCTO03743155 BM-MSCs  Autologous Intraglandular Safety and efficacy Completed 2018 [18]
NCTO03874572  ADSCs Allogeneic Intraglandular Safety and efficacy Active, not recruiting 2019 [29]
NCT04007081 BM-MSCs  Autologous Intraglandular Safety and efficacy Completed 2019 [28]
NCTO04593589 SG-MSCs  Autologous Intraglandular Safety and feasibility Recruiting 2022 [26]
Injection int
NCTO05820711 BM-MSCs  Autologous WECHOMINO Safety and feasibility ~ Recruiting 2023 [31]

23

submandibular glands

HAd-MSCs, human adipose tissue-derived mesenchymal stem cells; BM-MSCs, Bone marrow-derived mesenchymal stem cells; ADSCs,
adipose-derived mesenchymal stem cells; SG-MSCs, salivary gland mesenchymal stem cells; NCT, National Clinical Trial.
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Fig. 2. Network of molecular signalling pathways required for the functionality of SG. The figure emphasizes the intricate interplay
of various factors and signalling pathways in salivary gland development, function, and regeneration. The top left corner focuses on fac-
tors crucial for SG development. Bone morphogenetic protein 4 (BMP4) and Fibroblast growth factor 2 (FGF-2): induce oral ectoderm
differentiation, the precursor to SG tissue. SRY-box transcription factor 9 (SOX9) and Forkhead box protein C1 (Focl): essential tran-
scription factors for SG development. FGF-7 and FGF-10: promote branching morphogenesis, guiding the formation of buds (FGF-7)
and ductal elongation (FGF-10). The central part of the figure highlights pathways involved in SG function and regeneration. Neu-
rofibromatosis 1 (NF1): a protein expressed in adult human SG, potentially influencing its function. Neurotrophin 4 (NT-4): increases
amylase levels, a key enzyme in saliva. Neuregulin 1 (NRG-1): promotes branching and retention of acinar cells. Neurturin (NRTN):
induces branching and innervation of the SG. Cevimeline: a drug that influences Aquaporin 5 (AQP-5) localization (water channels),
salivary flow, and potentially regeneration. The right side of the figure focuses on cellular processes and signaling. Reactive oxygen
species (ROS): they are often implicated in cell damage. Nitrate (NO3-): can mitigate ROS-induced damage, promoting mitochondrial
homeostasis. Sialin: involved in SG cell regeneration and apoptosis reduction. Epiregulin (EREG) and Epidermal growth factor recep-
tor (EGFR): epiregulin and its receptor, are involved in cell proliferation and survival through the Extracellular signal-regulated kinase
(ERK) and Protein kinase B (AKT) pathways (figure drawn with Microsoft-Powerpoint 2021, Microsoft Corporation, Redmond, WA,
USA).

(TME); nonetheless, spheroids still face limitations regard-
ing self-assembly and regeneration [47].

Importantly, stem cell and organoid based regenera-
tive therapies for salivary glands hold great promise but
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Table 2. Major clinical trials investigating stem cell therapies in SG’s dysfunction.

Markers Action References
- Regeneration of innervated grape
Cevimeline - Maintenance of salivary secretion (via M3 muscarinic receptors) [36]
- Influence on the localisation of AQP-5
NF1 - Potential expression in adult human SG (acini e ducts) [33,34]
NT-4 - Increases amylase levels [37]
NRTN - Initiates branching and innervation [38]
NRG-1 - Promotes branching and retention of acinar-like cells [39]
BMP4, FGF-2 - Oral ectodermal differentiation [40]
- Essential for the development of these structures
SOX9, Focl, FGF-10, FGF-7 . . . [41]
- FGF-7 promotes trailing bud formation and FGF-10 promotes duct elongation
- Inhibits NLPR3 inflammasome-mediated pyroptosis
Inorganic nitrate - Reduces ROS levels to maintain mitochondrial homeostasis [35]

- Promotes salivary gland cell regeneration and reduces apoptosis

NLPR3, Nod-Like Receptor Protein 3.

also come with potential risks and complications; one
such concern is the risk of tumour formation due to un-
controlled proliferation of transplanted stem cells or cells
within organoids which necessitates rigorous characteriza-
tion and purification of cell populations. Moreover, im-
mune rejection is another challenge, particularly with al-
logeneic transplantation where cells or organoids from a
donor are used, which might require immunosuppressive
therapies with their own potential side effects; on the other
hand, autologous transplantation using the patient’s own
cells can minimize this risk [36,44—47].

Advanced Strategies for Regenerating SG after
Tissue Damage

Currently, only a few studies have directly investi-
gated the regeneration of damaged glandular acinar cells.
Several regenerative strategies strive to preserve the exist-
ing acinar cells through the temporary inhibition of cell
apoptosis and senescence, and restoring damaged tissues
with cell-based approaches. Undoubtedly, the main interest
of SG regeneration is the restoration of glandular functions,
reduced or lost because of different types of tissue dam-
age [21]. Interestingly, some muscarinic receptor agonists,
such as cevimeline and pilocarpine, have been used to treat
hyposalivation [48]. A recent study demonstrated that pro-
longed local administration of cevimeline can effectively
treat SG damage following ionizing radiations (IR). It was,
in fact, demonstrated that mimicking a prolonged choliner-
gic muscarinic input, through the administration of a hydro-
gel formulation of cevimeline and alginate, may facilitate
the regeneration of innervated acini, also ensuring physi-
ological salivary secretion levels, comparable to those ob-
served in non-irradiated glands for more than 3 months [36].
Aquaporins (AQP) are a family of small, integral membrane
proteins that act as channels for water and, in some cases,
small solutes, to pass through cell membranes; the cevime-

line seems to influence the salivary composition through a
slight regulatory effect on AQP-5 localisation, also recruit-
ing AQP-1 to rapidly enhance salivary secretion and func-
tion [49].

Developing innovative strategies to restore SG func-
tion in HNC patients is a major clinical challenge [21]. Re-
cent research has focused on a deeper understanding of the
molecular and cellular mechanisms underlying the SG can-
cer development, so as to better customize innovative in
vitro study models, such as “organ-on-chip” and organoids,
which can be considered as the forefront of biomedical re-
search [6]. In this scenario, the regenerative potential of
stem cell-based therapy has been extensively investigated,
demonstrating the safety and efficacy of MSC therapy for
SG dysfunction in HNC patients, especially those patients
undergoing RT [50]. Scientific evidence has demonstrated
that transplanting allogeneic SG-stem cells can restore SG
function in irradiated mice [49], suggesting the enormous
potential benefits for several clinical issues, such as xe-
rostomia. However, a definitive stem cell population ca-
pable of regenerating the entire complex structure of SG
remains unclear [28]; in fact, substantial gaps still persist
between preclinical studies and the clinical application of
MSC-based therapies for SG damage repair. Addressing
these challenges is crucial for translating research findings
into effective treatments [29]. Engineered organoids could
be able to bridge the gap between in vitro and in vivo models
[51-54]. Recently, human organoids have been utilized to
create customized models of several human diseases [55],
exhibiting organ-like architecture and functionality in vivo
[56,57], thus making them a useful tool in diagnostics, drug
screening [58,59], and personalised medicine [60,61].

The development of organoids is primarily dependent
on the self-organization of various stem cell types, which
are regulated by fundamental signaling pathways. Stem
cells are essential for maintaining tissue homeostasis, and
replacing damaged cells, thus restoring the functionality of
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injured tissues. The use of adult stem cells (ASCs) [62],
or human pluripotent stem cells (PSCs) [63], are safely
used for in vitro regenerative studies on organoid mod-
els; nonetheless, adipose-derived mesenchymal stem cells
(ADSCs) have recently demonstrated success and safety in
phase I/II clinical studies on damaged SG, reporting an in-
creased salivary flow from 30 to 50% in 1 to 4 months
following treatment with autologous or allogeneic ADSCs
[30]. Building on previous studies, dental pulp stem cells
(DPSCs) may offer promising avenues for innovative ap-
proaches to SG repair [64]. Unfortunately, the development
of SG organoids holds issues regarding our understanding
of the behaviour of SG-derived cells, following the regener-
ative stimuli [65]. These limitations, however, should not
be considered insurmountable, given the considerable ad-
vantages in using organoid platforms, which can reduce an-
imal testing and enable large-scale drug toxicity screening
and functional testing, paving the way for new discoveries
in biomedical research [66].

Up to date, the two principal approaches for creating
in vitro SG organoids have been the following:

(1) incubating SG-derived stem/progenitor cells in a
3D culture system to replicate the gland’s structure by mim-
icking the in vivo regenerative processes [67]; and

(i1) inducing PSCs to generate embryonic SG, thereby
simulating the physiological developmental process [68].

Scaffolds play a crucial role in tissue engineering, act-
ing as extracellular matrix (ECM) to which cells can ad-
here, proliferate, and differentiate. However, current ma-
terials used in scaffold design often exhibit inadequate me-
chanical stiffness and morphology, complicating organoid
generation. In this context, the most used scaffold, able
to ensure cell culturing in a clinical-grade environment, is
Matrigel, a well-known biomimetic, biocompatible, bioac-
tive, and biodegradable scaffold, widely used for generat-
ing organoids able to reproduce both hard [69] and soft oral
tissues [70-73].

Table 3 (Ref. [74-78]) presents a comprehensive
overview of studies investigating the potential of human
stem cell transplantation for SG regeneration, both in vivo
and ex vivo, following tissue damage. More in detail, RT
is a quite common therapeutic approach in head and neck
cancer, often resulting in damage to salivary glands, lead-
ing to xerostomia severely impacting quality of life. Sumita
et al. [74] demonstrated that bone marrow-derived cells
improved salivary flow in irradiated mice. This suggests
the potential of these cells to be used in generating sali-
vary gland organoids for transplantation. Lim ez al. [75] re-
ported similar findings using human adipose-derived mes-
enchymal stem cells in a rat model. The accessibility and
ease of isolation of these cells make them attractive candi-
dates for organoid development. Importantly, Pringle et al.
[76] provided evidence that human salivary gland stem cells
can functionally restore damaged glands. Organoids de-
rived from these cells could, thus, provide a patient-specific
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approach to salivary gland regeneration. Elsaadany et al.
[77] further confirmed the therapeutic potential of bone
marrow-derived mesenchymal stem cells in a rat model,
supporting their potential for organoid generation and ap-
plication. Finally, Al-Serwi et al. [78] showed that human
dental pulp stem cells mitigated salivary gland injury in a
rat model of diabetes. This highlights the potential of these
readily accessible cells to be used for developing salivary
gland organoids.

These findings underscore the potential of different
stem cell populations to regenerate salivary gland function
after SG tissue damage, paving the way for future clini-
cal applications using organoid technology to improve the
quality of life for head and neck cancer survivors.

According to the existing literature on SG regener-
ation, the selection of materials for in vitro 3D organoid
growth remains a topic of considerable debate. Exten-
sive scientific evidence indicates that the exclusive use of
natural materials to reproduce biomimetic environments
presents several drawbacks, including (i) inadequate me-
chanical performance and (ii) limited resistance to fluctu-
ations in physical conditions (pH and temperature) [79].
These limitations have prompted the development of scaf-
folds incorporating synthetic and biocompatible polymeric
materials, such as Poly Lactic Acid (PLA), Poly Capro-
Lactone Acid (PLC) and Poly Lactic-co-Glycolic Acid
(PLGA) [80,81]. Unfortunately, also these synthetic op-
tions exhibit uncontrolled degradation rates and a lack of
bioactive sites, which restrict their application in organoid
generation [82]. The third-generation biomaterials used
in scaffolds for organoid production must be bioactive,
biomimetic, and selectively resorbable [83]. A modified,
biomimetic surface can serve as an artificial ECM, offering
appropriate biological stimuli to facilitate tissue repair and
regeneration [84]. Biomimetic scaffolds designed to sup-
port SG tissue regeneration are complex materials with mul-
tifunctional properties; the design of optimal scaffolds is
commonly influenced by the manufacturing methods used:
additive manufacturing (AM) is the ideal technique, which
allows for the transformation of 3D digital models into
solid clinical models through layer-by-layer printing [85].
Within this context, bioprinting has emerged as a promising
AM technique for the generation of SG organoids. Adine
et al. [86] developed a magnetic 3D bioprinting platform,
wherein the surface membrane of human DPSCs (HDPSCs)
was labeled with magnetic nanoparticles and subsequently
seeded in 96-well plates to facilitate cell aggregation. Fol-
lowing incubation, the 3D spheroids grew up at obtaining
3D SG organoids with enhanced neuronal compartments
and excellent secretory functions [86]. This model may be
particularly useful for studying cell adhesion and the molec-
ular and mechanical changes occurring within a precisely
regulated environment. Future studies could be directed to-
wards some novel techniques, like microfluidics, to accel-
erate the advancement of biomaterials for regenerative ap-
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Table 3. Human-derived stem cell transplantation therapies for in vivo and ex vivo SG regeneration after tissue damages.

Cell type Mode of administration Functional outcomes References
Intravenous injections of cells (2 x/week - Enhanced salivary flow rate

BMDCS . , o . [74]
for 6 weeks) in female mouse SG after IR - Differentiate into SG epithelial cells
Intravenous injections of cells (1 x/week - Enhanced salivary flow rate (~2 times greater)

HAd-MSCs . . o . (73]
for 3 weeks) in mouse SG after IR - Differentiate into SG epithelial cells

HSGSC Intraglandular transplantation of cells (single - Normal SG morphology was replaced [76]

s

dose) in mice 1 month after IR - Secretory function rescue (~64%)
Intraglandular transplantation of cells (single - Preserving SG morphology and function

BM-MSCs ganet P . (sing ene OPno o8 o (771
dose) in albino rats immediately after IR - Minimizing the side effects of radiation

. . - Decreased blood glucose

Intravenous transplantation on parotid gland . .
L . - Improved parotid gland weight

HDPSCs injury in rat model of streptozocin [78]

- Differentiate into SG acinar, ductal, and myoepithelial cells

(STZ)-induced type I diabetes

- Enhanced salivary flow rate

IR, ionising radiation; BMDCs, Bone marrow-derived cells; HSGSCs, human salivary gland stem/progenitor cells; BM-MSCs, Bone

marrow-derived mesenchymal stem cells; HDPSCs, human dental pulp stem cells.

plications, as well as for creating high-precision miniatur-
ized bioreactors for a smart production of mini-organoids
[86,87].

Discussion

The construction of engineered oral and maxillofacial
organoids is gaining significant traction and is poised to
lead to breakthroughs in global healthcare and dentistry.
Regenerative medicine has attracted the attention and com-
mitment of scientists and medical engineers for decades, to
replace or guide the regeneration of damaged tissues. Al-
though organoid technology has emerged recently, it re-
quires further optimization for long-term maintenance. No-
tably, SG organoids have demonstrated considerable poten-
tial as a radical solution for xerostomia and have also exhib-
ited the capacity to restore the functionality of radiation-
damaged glands [28].

Advances in genetic manipulation have facilitated the
creation of more sophisticated oral organoids. Gene edit-
ing techniques, particularly the Clustered Regularly Inter-
spaced Short Palindromic Repeats (CRISPR/Cas9) system,
have transformed biomedical and oncological research, en-
abling precise, efficient, and cost-effective genome modi-
fications. A key advantage of this system is its ability to
correct defective genes “in situ”, maintaining physiologi-
cal regulation and ensuring normal expression. Despite its
recent emergence and rapid evolution, CRISPR/Cas9 has
already demonstrated utility in both theoretical and applied
research, with applications ranging from rare genetic dis-
eases to cancer [88]. Recent studies have also investigated
the potential applications of optogenetics in various fields,
including ophthalmology, bone repair, heart failure recov-
ery, stroke rehabilitation, tissue engineering and regenera-
tive medicine. This innovative approach could facilitate the
precise regulation of the spatial-temporal self-organization
of stem cells [89].

While promising results have been achieved in repair-
ing and regenerating damaged SG, future research should
focus on optimizing organoid size and functionality [90].
Modulating cultures may be beneficial for ensuring glandu-
lar and cellular diversity of the SG. Previous studies have
highlighted the importance of several neurotrophic factors,
such as: (i) Neuregulin-1, which promotes stem cell dif-
ferentiation and prevents single-cell dissociation, thereby
facilitating the development of organoids with stable cell
diversity [90]; (ii) Neurotrophin-4 (NT-4), which increases
amylase levels [37]; and (iii) Neurturin (NRTN) which in-
duces branching and innervation of the SG [38].

More recently, human “organs-on-a-chip”, also
known as micro-physiological systems, have emerged
as a potential new approach to accurately replicate the
physiology of organs and tissues, surpassing traditional
two-dimensional (2D) cultures and animal models. De-
rived from human cells, these models exhibit human-like
metabolic processes and cellular turnover. A growing num-
ber of research groups have successfully constructed a va-
riety of human organs on microfluidic chips, including the
liver, lung, intestine, blood vessels, heart, and multi-organ
chips. These encouraging results suggest that SG chips may
be developed in the near future. However, numerous tech-
nological challenges remain to be addressed to fully meet
the needs of the research community. While these models
present a significant opportunity, it is crucial to consider the
ethical issues that may arise from their clinical use [31,91].

Conclusions

SG play a pivotal role in maintaining oral homeosta-
sis. Understanding these glands and their functions can en-
hance our comprehension of the underlying mechanisms
of various diseases, including cancer, inflammation, and
wound healing. Recently, several innovative technologi-
cal approaches have been developed to investigate the cel-
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lular and molecular dynamics that govern homeostasis and
maintenance within the oral cavity, particularly concerning
SG structure and function. Promising therapeutic strate-
gies for regenerating damaged SG include cell therapies,
secretomes, gene therapies, and 3D organoids. Importantly,
SG organoids can provide a distinctive platform for in-
vestigating the development, biology, and pathogenesis of
these glands; in fact, the novel organoids are exceptionally
biomimetic, effectively recapitulating the SG function and
structure of in vitro. Nonetheless, further molecular and
functional characterization of SG tissues is essential to de-
velop more accurate regenerative procedures.

The concepts of tissue regeneration, repair, and re-
placing represent a spectrum of various approaches in ad-
dressing salivary gland dysfunction and degeneration. In
this review, the SG regeneration has been summarized,
describing the most effective approaches to generate and
differentiate new salivary gland components; additionally,
three-dimensional organoids, mimicking the natural archi-
tecture of salivary glands, are also crucial in promoting SG
regeneration by providing a scaffold for cell growth and dif-
ferentiation gene therapy and the use of growth factors like
Neuregulin-1, Neurotrophin-4, and Neurturin further con-
tributes to the regenerative process, by influencing cell be-
haviour and tissue development.

On the other hand, the SG dysfunction often leads to
tissue degeneration that needs to be opportunely repaired.
SG repair often involves mitigating the effects of injury or
disease and promoting the self-healing mechanisms of the
salivary glands: drug therapy using muscarinic receptor ag-
onists like cevimeline can stimulate salivary secretion and
potentially repair damaged tissue inorganic nitrate with its
ability to reduce oxidative stress and promote cell regener-
ation also plays a role in the repair process.

Importantly, these concepts are not mutually exclusive
and can be employed in combination to achieve optimal out-
comes. Current research is actively exploring these avenues
to develop effective treatments for salivary gland dysfunc-
tion with the ultimate goal of improving quality of life for
patients suffering from conditions like xerostomia or SG
carcinoma.

Looking ahead, the integration of microfluidic sys-
tems and the application of biomaterials could significantly
enhance the physiological relevance of SG organoids, mak-
ing them more suitable for biomedical applications. Mod-
ern biotechnologies hold great possibilities in future ad-
vancing of research and clinical procedures: organoids are
the main platform where to develop the most impacting
studies, taking advantage from their high biomimetics and
their perfect transferability from bench to bedside.
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