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Abstract

:

Mimicking the complex architecture of salivary glands (SGs) outside their native niche is challenging due their multicellular and highly branched organization. However, significant progress has been made to recapitulate the gland structure and function using several in vitro and ex vivo models. Hydrogels are polymers with the potential to retain a large volume of water inside their three-dimensional structure, thus simulating extracellular matrix properties that are essential for the cell and tissue integrity. Hydrogel-based culture of SG cells has seen a tremendous success in terms of developing platforms for cell expansion, building an artificial gland, and for use in transplantation to rescue loss of SG function. Both natural and synthetic hydrogels have been used widely in SG tissue engineering applications owing to their properties that support the proliferation, reorganization, and polarization of SG epithelial cells. While recent improvements in hydrogel properties are essential to establish more sophisticated models, the emphasis should still be made towards supporting factors such as mechanotransduction and associated signaling cues. In this concise review, we discuss considerations of an ideal hydrogel-based biomaterial for SG engineering and their associated signaling pathways. We also discuss the current advances made in natural and synthetic hydrogels for SG tissue engineering applications.
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1. Introduction


Salivary glands (SGs) are exocrine organs which are responsible for the production and secretion of saliva—a complex, multifunctional, extracellular fluid that helps in the maintenance of oral homeostasis. In humans, SGs are categorized into major and minor glands, which are mainly based on the size of the gland and the volume of saliva they secrete [1]. There are three pairs of major SGs, namely, the parotid (PG), the submandibular (SMG), and the sublingual glands (SLG) [2,3]. The anatomical architecture of all three major SGs is essentially the same, with an arborized ductal system that opens into the oral cavity comprised of secretory end pieces, called the acini, responsible for producing saliva [4]. These three major SGs account for more than 90% of the salivary secretions, and the remaining 10% is complemented by the hundreds of minor SGs present in the upper digestive tract mucosa, such as the lower lip, palate, tongue, cheeks, etc. [5]. Among the major SGs, the SMG and SLG contribute to nearly 80% of ‘unstimulated saliva’ production. The PG being the largest major SG is only responsible for 20% of the unstimulated secretions [6]. Structurally, the SGs consist of parenchymal cells (acinar, ductal, and myoepithelial cells) and the stroma (supporting connective tissues) [3,7]. Depending on the type of major SGs, the acinar cells can be serous or mucous in nature. The PG has serous acini, whereas the SLG and minor SGs consist of mucous type acini, with the SMG comprising both serous and mucous acini. The acinar cells are called the secretory cells in the SGs, as they are chiefly responsible for saliva production. The ductal cells, on the other hand, can be cuboidal cells which form the intercalated ducts or columnar cells with striations forming the striated ducts which finally extend to form the excretory ducts [8]. The myoepithelial cells lie between the basal cell membrane of the acinar and the striated and intercalated ductal cells. They play a crucial role in contracting the acinar cells in response to parasympathetic and sympathetic stimulation to secrete saliva [9]. Apart from these adult epithelial cells, the SG also hosts stem/progenitor cells that are responsible for the self-duplication, renewal, and differentiation into adult cells in response to injury or stress [10]. The stromal component of the SGs is mainly comprised of fibroblasts, collagens, the neurovascular bundle, and the adipocytes [8]. In addition, the non-parenchymal elements are supported by immune cells, such as T-cells, macrophages, monocytes, and lymphocytes, which maintain the overall health of the native SG [8]. Figure 1 depicts a schematic illustration of a normal SG structure indicating the major cell types.



Mimicking the complex architecture of the SGs outside its native niche is quite perplexing. Over the past two decades, significant progress has been made to recapitulate the gland structure and function using several in vitro and ex vivo models [11,12,13,14,15,16,17]. Initial studies aimed at engineering an artificial SG used simple tissue culture plates, which was followed by the use of protein-coated substrates to grow salivary epithelial cells [18,19]. These studies used polymeric substrates such as Poly-L-lactic acid (PLLA), Polyglycolic acid (PGA), Poly lactic-co-glycolic acid (PLGA), either alone or in combination with extracellular matrix (ECM) proteins such as fibronectin, laminins, and collagens, to grow SG cells [20]. Further, the use of transwell filters allowed a compartmentalized culture of polarized SG epithelial cells with the expression of key functional proteins and fluid movement [11]. However, due to the inaccurate representation of the complex SG structure and their limited functionality in two-dimensional (2D) cultures, these approaches were succeeded by use of natural and synthetic matrices and scaffolds to grow SG cells in three dimensional (3D) cultures. Among these available strategies, hydrogel-based culture of SG cells has seen a tremendous success in terms of developing platforms for cell expansion, building an artificial gland, and for use in transplantation to rescue loss of SG function. Hydrogels are polymers with the potential to retain high volumes of water inside of their three-dimensional structure, thus responding to external stimuli by closely simulating the architecture and composition of the ECM. The ECM properties are essential for the cell and tissue integrity and for the maintenance of complex interactions within an organ system [21]. These factors can enhance the hydrogel properties in supporting a fully functional gland.



In this narrative review, we discuss the criteria for tuning an ideal hydrogel-based biomaterial for SG tissue engineering based on our current knowledge of other highly branched organs systems. We mainly discuss the different hydrogel properties, such as their biocompatibility, stiffness, pore size, architecture, etc., that suit specific SG cell functions and their association with key mechanotransduction proteins and pathways. Finally, we oversee the current advances made in natural and synthetic hydrogels including our contributions to SG tissue engineering applications.




2. Tuning Ideal Hydrogel Properties for SG Tissue Engineering


In general, an ideal biomaterial used in SG tissue engineering should: (1) support the cell proliferation and migration within the matrix, (2) maintain the phenotypic characteristics of SG cells, (3) stimulate selective differentiation of SG stem/progenitor cells, (4) enable cell assembly and reorganization (cell polarization and lumen formation), (5) support matrix remodeling (permissible hydrogels), and (6) allow duct expansion (promote branching morphogenesis) (Figure 2). For bioengineering an artificial SG, the biomaterial strategy depends on the type of cells used such as cell lines [22], primary single cells [11,23], cell clusters such as salivary functional units [14], acinar cell clusters and intercalated ducts [15], the tissue derivation (adult or embryonic- epithelium or mesenchyme) [24], and the expected functions of the model. The three main types of SG cells include the acinar, ductal, and myoepithelial cells and, so far, there is no fully characterized description of an ideal biomaterial that can foster all adult epithelial cells simultaneously to fulfil their function or to promote the selective differentiation of available stem/progenitor cells and their organization within a matrix. Most research in this field focusses on the use of either of these cells (mainly primary human or rodent derived) and or stem/progenitor cells with a bioactive scaffold to generate an SG mimetic [17,25,26].



2.1. Hydrogel Biocompatibility


To successfully fulfil the abovementioned criteria, we need to consider two crucial parameters in terms of biomaterial selection: (1) the biochemical/bioactive component and (2) the mechanical-physicochemical properties of the hydrogels. The hydrogels must be biocompatible, stable, and biodegradable and support living cells, biological factors (such as growth factors), and ensure the correct nutrient and oxygen exchange. They should be developed using mild preparation strategy and note should be taken that the hydrogel degradation by-products should not be toxic to cells or microtissues [27].




2.2. Presence of Cell Binding Motifs


The presence of anchorage sites or specific cellular binding motifs within the hydrogel matrix/scaffold are pivotal to support adhesion proteins or junction proteins to ensure the establishment of the subsequent steps in cell biology processes such as proliferation, migration, self-assembling, and, most importantly, polarization. The absence of adhesion sites driving to poor/null cell attachment can potentially lead to anoikis of the cells [28]. SG epithelial cells are characterized by their ability to form cell–cell adherent junctions using cadherins and β-catenins. These proteins reinforces the cell cytoskeleton via actin filaments [29], and, further, they form tight junctions apico-laterally by means of protein complexes such as occludins and claudins. Together, these junctions promote the epithelial cell integrity, apico-basal polarity, and maintenance of ion transport and fluid movement [29]. ECM-derived hydrogels contain these motifs, such as RGD (Arginine-Glycine-Aspartic Acid), DGEA (Aspartic acid-Glycine-Glutamic acid-Alanine), YIGSR (Tyrosine-Isoleucine-Glycine-Serine-Arginine) [30], and heparan sulfate binding domains, which inherently support cell attachment, as opposed to natural bioinert materials such as alginate. So far, limited studies have evaluated the specific benefits of modifying and integrating binding ligands for SG three-dimensional culture [31,32].




2.3. Hydrogel Stiffness


Appropriate hydrogel stiffness is a key aspect which regulates all cell activities and functions including cell phenotype maintenance [33], proliferation [34], differentiation [35], and stemness [36]. The cell–ECM interactions are regulated based on the substrate/ECM stiffness, which provides instructions to the mechanosensors, such as focal adhesions kinases (FAKs), integrins, stress fibers, etc. [37,38]. In SG modelling, this property of hydrogel plays a key role in the cytoskeleton contractility of the cells. The cytoskeletal properties are variable in different SG cell types and can be evaluated by monitoring actin stress fibers, integrins, and focal adhesion (FA) complexes. The cytoskeleton response to stiffness will be different for a pyramidal acinar cell than a tall columnar ductal cell or a stellate-shaped myoepithelial cell. These cell mechanosensors take part in a cascade of signaling pathways in response to varying stiffness, which eventually dictates the cell fate and function. In SG ex vivo cultures, especially for embryogenic tissues, it has been observed that softer gels/substrates promote phenotypic retention and differentiation of the cells [24].



A variety of signaling cascades are activated in response to mechanical stimuli from the ECM, of which the most important pathways that might determine the hydrogel characteristics for SG engineering include the FAK, Rho Kinase (ROCK), Yes Associated Protein (YAP), and Wnt/β-catenin signaling. Sequeira et al. isolated and cultured embryonic SMGs on PLGA nanofibers and evaluated branching morphogenesis, epithelial proliferation, and FA protein expression [39]. They found extensive budding and ductal outgrowth from the organ explants, with strong expressions of FAKs, talin, p-paxillin, and vinculin in the basal membranes. However, the expression of these FA proteins was low for adult fully differentiated acinar cells growing on PLGA nanofiber scaffolds [39]. It is well established that ROCK signaling is essential for SG morphogenesis during development [40], and it also plays a critical role in delaying senescence and promoting epithelial cell proliferation in SG cultures [41]. Supporting this evidence, Koslow et al. tested the effect of ROCK inhibitors on adult SG organoid cultures. The authors found an increment in proacinar markers such as Kit and Mist-1 and the maintenance of the SG progenitor population [42]. Several other groups have shown that higher ECM stiffness leads to cell spreading and higher FA generation in progenitor cells [43], causing the accumulation and clustering of integrins. The overexpression of FA proteins drives a loss in basal polarity and challenges in lumen formation and acinar reorganization in three-dimensional SG cultures. This phenomenon is analogous to mammary gland tumors, where tumor progression occurs due to the activation of FAK and ROCK pathways as a consequence of the increased cell generated forces in response to high stiffness in the tumor microenvironment [44]. However, while these robust cell–ECM interactions might affect cell–cell interactions supported by adherent and tight junctions, it is important to note that recent results from single cell RNA sequencing on embryonic SG cells suggest the need for a higher integrin mediated interaction, rather than only E–cadherin junctions. The weak cell–cell and strong cell–ECM interactions are essential for inducing surface expansion and branching morphogenesis in SG three-dimensional cultures [45].



YAP is a key protein involved in tissue regeneration in various organs [46]. Ectopic YAP expression has been shown to induce progenitor/stem cell expansion and dedifferentiation of adult epithelial cells in branched organs such as mammary glands and the pancreas [47]. YAP activation plays a crucial role in SG development. The deletion of the YAP gene in mice resulted in a lack of epithelial patterning in the developing gland [48]. Rocchi et al. reported that YAP overexpression resulted in the stem/progenitor cell mediated SG organoid expansion in three-dimensional cultures [49]. They also reported that translocation of YAP to the nucleus can induce activation of new ductal cells, which can be utilized for SG regeneration after severe radiation injuries [49]. It is noted by other researchers that this cytoplasm-to-nuclear translocation of YAP occurs in response to an increment in the ECM stiffness, leading to the proliferation of different cell types such as fibroblasts [50].



Similarly, the Wnt/β-catenin signaling is a well-studied pathway in SG biology and is known to play a crucial role in SG stem cell maintenance and long term expansion in vitro [51]. In this regard, it has been shown that β-catenin translocation to cell nuclei is promoted in response to higher matrix stiffness [52]. While each of these mechanotransduction pathways are involved in different SG development roles/steps, it should be noted that stiffness-associated cell functions and their signaling cascades on a hydrogel-coated surface (such as 2.5D/on top cultures) are different from three-dimensional ECM hydrogels. To successfully utilize these mechanical stimuli and convert them into biological signals, it is essential to promote selective stiffness, depending on cell types (fully differentiated adult epithelial cells versus proacinar/stem/progenitor cells) and the platform used.




2.4. Hydrogel Pore Size


The ability to fabricate hydrogels with varying pore sizes constitutes another reason for their use as cell scaffolds and three-dimensional culture platforms. Three-dimensional matrix pore size is determinant in multicellular organization, migration, and transport of nutrients and soluble cues within its three-dimensional architecture [53]. This is especially important in the SG organ system where the cells vary in shape and size. Having a uniform pore size might limit the cell migration and reorganization inside a three-dimensional structure, driving the activation or inactivation of crucial signaling pathways that play a role in SG development. It has been reported that an increment in the matrix pore size influence the cell membrane protein based force transmission and cytoskeleton rearrangement [54]. This instigates the need to develop hydrogels with more permissible matrices allowing ECM remodeling. In this context, Ozdemir et al. described the use of thiolated and acrylated hyaluronic acid (HA) based hydrogels to create a molecular weight mismatch and thus a covalently crosslinked permissible HA matrix to support multicellular spheroid formation of SG stem/progenitor cells [55].



Generally, smaller hydrogel pore sizes have been shown to cause diffusion of FA complexes and proteins into cell cytoplasm, as opposed to into the cell membrane [56]. A similar behavior is seen with the translocation of mechanosensing protein YAP within the cell cytoplasm. Spatial confinement due to small pore sizes can lead to YAP retention in the cell cytoplasm, which can potentially affect the SG stem/progenitor cell expansion, recruitment, and can inhibit the dedifferentiation of adult epithelial cells [49,57]. The nuclear morphology is different among various SG cell types. It is well established that cell cytoskeleton and nuclear morphology are closely regulated by ECM forces based on both their stiffness and geometry [58]. The ECM forces acting on the cell cytoskeleton is further transmitted to the nucleus of the cell, thus remodeling the nucleoskeleton, which affects the cell chromosome and chromatin dynamics [59]. Understanding these dynamics is essential for SG cell migration within the hydrogels, as the nuclear size often becomes the limiting factor. Makhija et al. evaluated the changes in nuclear deformability and telomere dynamics by altering the cell cytoskeleton organization using a fibroblast cell line. The results revealed that the nuclei of the cells with a constrained isotropic geometry are more deformable than cells with an elongated and polarized geometry [60]. These results point towards important considerations in defining how polarizable SG epithelial cells migrate within the hydrogel matrix. For example, elongated columnar ductal cells might not be able to squeeze through the hydrogel matrix pores and migrate at the rate similar to the smaller cuboidal cells, whereas myoepithelial or progenitor cells with shorter and rounded cell skeletons can. This challenge is also supported by the observation that adult SG primary epithelial cells, when dispersed as single cells, fail to migrate and form acinar-like clusters if the hydrogels are densely crosslinked [61]. In a nutshell, hydrogel pore size plays a major role in determining not only the specialized cell fate, but the genomic stability due to cytoskeleton induced nuclear deformations, which can affect cell functions such as DNA damage response and telomere function [62]. These factors should be kept in mind while designing hydrogel networks for SG three-dimensional culture to study diseases such as radiation response and for drug screening applications.




2.5. Viscoelasticity and Hydrogel Architecture


Tunable viscoelastic properties are necessary to support and harbor the cells to promote spreading, proliferation, and differentiation [63,64]. The stress relaxation in these hydrogels is needed to support cell-induced matrix remodeling, which is a decisive attribute in cells reorganizing into SG acinar-like clusters in three-dimensional matrices. Stress relaxation is also fundamental for the accumulation of cell binding sites and, thereby, recruitment of β-integrins, FA formation, and further YAP localization [64,65].



Hydrogel architecture plays an essential role in defining how the cell self-assembles into a regulated functional, complex three-dimensional structures in cultures [66]. SG epithelial cells vary their phenotypic characteristics in response to different physicochemical stimuli, such as matrix-mediated cell forces, supplements (such as serum), or growth factors. It has been observed that cells growing on aligned or microfibrous scaffolds have a tendency to spindle up, as opposed to the ones grown on nanofibers or non-aligned matrices where cells attain a more rounded phenotype [66]. In addition, the non-aligned fibers also seem to promote a faster cell migration than the former [67]. The aligned fibers (microfibers 1–4 um) seem to create a massive FA complex formation and subsequent FAK activation [68]. These findings have been previously confirmed by Sequeira et al., wherein they observed that nanofibrous PLGA (250 nm) scaffolds, unlike microfibrous (1200 nm) PLGA, lead to decreased FAK activation and talin expression in acinar and ductal SG epithelial cells. These results were concurrent with the native adult SG physiology and cellular reorganization pattern [39]. The same group further advanced the use of PLGA nanofibers to coat micropatterned craters on poly dimethyl siloxane wafers to utilize their low FA complex formation, leading to cell reorganization with better apico-basal polarization and tight junction formation [69]. The results indicate the nature of SG epithelial cells to migrate faster and reorganize into acinar cell clusters as a result of less FA complexes formed with nanofiber scaffolds. As opposed to this, in microfibrous scaffolds, the architecture of the matrix may cause higher transmission force to the SG cells. These forces could lead to formation of a larger actin network, preventing the cells from easily migrating within the scaffolds. The limited cell movement can further lead to an increase in the local FA production, thereby strengthening cell–ECM adhesion, thus limiting cell reorganization. In general, hydrogel fiber dimensions, along with other parameters and their signaling pathways, can play a significant role in SG cell modulation, migration, and reorganization (Figure 3). The hydrogels/ECM should be designed by keeping in mind the expected application of these hydrogel-derived SG structures and their end point evaluation strategies [70].





3. Advances in Hydrogel Systems for Building an Artificial SG


Several biomaterials have been used to culture mammalian cells for tissue engineering and regenerative applications. There are more comprehensive reviews about different types of hydrogels and their applications in tissue engineering using different cell types, such as breast cancer cells, neuronal cells, pancreatic tissue, etc. [21,30,75,76,77]. However, hydrogels for bioengineering artificial SG models are still under development, limiting the information regarding the usage of biomaterials as three-dimensional scaffolds for SG cells. In this section, we will outline recent advances in natural and synthetic hydrogel-based platforms for culturing SG cells.



3.1. Naturally Derived Hydrogels


Matrigel is a commonly used biomaterial in 3D culture. In the SG field, Matrigel plays a critical role in SG development and morphogenesis [78], promoting primary SG cell attachment and differentiation in either 2.5D or three-dimensional culture [12,79]. Studies show that Matrigel promotes the assembly of acinar-like structures in 3D culture while expressing key SG proteins such as AQP-5 and amylase and maintains tight junction-associated proteins specific to SG epithelial cells. The low stiffness of Matrigel, when used in lower concentrations (e.g., 2 mg/mL), drives the cell differentiation and phenotypic maintenance. Even when Matrigel has been used widely in 3D culture, it represents several limitations for tissue engineering applications, such as poor mechanical properties and variability batch-to-batch leading to differences in mechanical attributes and biological composition [80]. Additionally, Matrigel, for being an animal derivative material, cannot be used for clinical translation due to negative immunological response from the host. Also, the numerous basement membrane (BM) proteins present in Matrigel make it difficult to understand the specific effects of each component in regulating SG cell behavior.



Other BM-derived peptides, such as laminin in combination with fibrin hydrogels, have shown to promote SG spheroid formation, branching, and functionality [81]. Fibrin gels are made by combining fibrinogen and thrombin at 37 °C, thus creating mechanically tunable gels by modifying the ratio of these components. On the other hand, laminin is generally incorporated into synthetic materials to improve cell attachment [82]. Laminin peptides chemically conjugated with fibrin gels allow the formation of acinar-like clusters showing polarization, lumen formation, and calcium signaling. The studies conducted in vivo using this system also show an increment in acinar differentiation markers and the restoration of the salivary flow rate in mice [83]. However, it has been found that certain sequences in the laminin-1 peptide can lead to tumorigenesis and immunogenic responses, thus hindering its use in clinical applications.



Other naturally occurring protein-derived hydrogels, such as collagen, fibrin gel, or their combination, have been used to culture SG cells to form acinar- or ductal-like structures [84,85]. Even if these materials support SG cell cluster formation and the expression of SG specific markers, maintaining a differentiated cell state and further promoting branching morphogenesis require additional growth factors. The lack of tunability of collagen-based materials, in addition to their weak mechanical strength during cell traction, limit their use in long-term SG culture systems.



Chicken egg derivatives have been used to create hydrogels for SG culture as an accessible, low-cost alternative to current three-dimensional hydrogel-based platforms. Our lab has tested egg yolk plasma (EYP) and egg white material (EW) to grow immortalized human SG acinar cells (NS-SV-AC) and human SG fibroblasts inside of EYP gels. Cells mixed within EYP showed high viability, while the NS-SV-AC reorganized as a spheroid-like structure while fibroblasts formed sheet-like structures within the EYP gel. Mixing both EYP and EW also promoted the proliferation of three-dimensional SG spheroids. However, using EYP as a gel for SG culture is not ideal for imaging and spheroid tracking due to the opacity of the gel [86,87]. Further studies were performed using EW and alginate as composites to grow SG cells in 2.5D platforms. By modifying the concentration of alginate in the final blend, it is possible to control the size of the SG spheroids formed, which show high viability and proliferation and exhibit spheroid sizes comparable to the ones growing in Matrigel [88]. These results position the egg-derived hydrogels as an affordable, reproducible SG platform for future tissue engineering applications.



Gelatin, a product derived from the partial hydrolysis of collagen, is a suitable material for biomedical applications due to its biodegradability, biocompatibility, and reabsorption by the host. The viscoelastic property of this polymer allows cell-mediated stromal remodeling (such as in SG acinar assembly) by deposition of ECM proteins. The limited temperature window for its sol–gel transition makes its manipulation difficult and limits its use in bioprinting when large, complex three-dimensional models are built up at room temperature. Combining gelatin with other polymers allows one to improve their mechanical properties, such as the use of crosslinkers such as genipin or the addition of methacrylate. Gelatin-methacrylamide (GelMA), with other combinations such as polycaprolactone (PCL), silver ink, or alginate, has been used widely in tissue engineering applications. Cells grown in GelMA composites have shown the ability to proliferate, maintain viability, differentiate, and perform key cell functions [30].



Alginate is another naturally occurring bioinert material used in several tissue engineering applications. This carbohydrate enables mechanical reinforcement that allows the development of gels with controlled stiffness via ionic crosslinking using divalent ions (such as calcium). This reaction is reversible by applying highly coordinated divalent ions chelators (such as citrates or EDTA), allowing the recovery of pure three-dimensional spheroids/organoids for future tissue engineering applications [89]. The crosslinking reaction also produces nanopore structures which mimic BM and thus have the potential to support cell spreading and migration [90]. Besides, the use of low molecular weight alginate, or variations in the final concentrations on the polymer, allows one to tune the viscoelastic properties and stress relaxation time, which makes an ideal material to induce cell contraction-based ECM remodeling in three-dimensional SG culture. Unfortunately, alginate lacks cell adhesion moieties and thus lacks crucial cell adhesion, attachment, and migration when used alone. This limits its application in promoting SG cell–cell interactions, which are mainly mediated by tight junction proteins [91]. To overcome this, alginate has been used either with chemical modifications to contain adherent peptide motif sequences (e.g., RGD) or in combination with other natural biomaterials such as gelatin and collagen [92,93]. These modifications provide cellular binding sites, which are necessary for cell–cell and cell–matrix adhesions.



HA is a hydrophilic non sulphated glycosaminoglycan (GAG) which is found in the ECM, especially surrounding the mesenchyme. HA is bioactive with several cell binding sites for different cell surface receptors which direct cell adhesion, migrations, and morphogenesis [94]. CD44, a cell surface glycoprotein, acts as a receptor for HA and allows for cell binding using these moieties. Our group has previously shown that the CD44 protein localizes to the serous acinar cells in normal human SGs tissues [95]. This principle was applied by another research group where they used HA-based hydrogels with an elastic modulus of 60–100 Pa to encapsulate human SG primary cells which showed self-assembly into acinar-like clusters. These clusters were determined to be functionally active by amylase activity and calcium stimulation [17]. However, the molecular weight (MW) of HA is an important factor in designing hydrogels due to the inconsistent CD44 clustering, and it has been shown that high MW HA can inhibit angiogenesis and inflammatory responses [96]. Several groups have utilized the highly permissible nature of chemically modified HA hydrogels to create SG mimetics in three dimensions [16,55,97,98].




3.2. Synthetic Hydrogels


While naturally derived hydrogels provide inherent biological properties, such as bioactivity, biocompatibility, biodegradability, and cell signaling properties leading to cell survival and performance, their batch-to-batch variability and the presence of various endogenous epitopes and cues within these biomaterials largely affect cell function. Synthetic biomaterials with an exact known composition with high tunability and reproducibility have been used for SG tissue engineering.



PLGA and PEG (polyethelene glycol) have been tested as synthetic biomaterials in SG engineering [39,61,99]. PLGA has been shown to support embryonic SG by promoting branching morphogenesis in dissected embryonic glandular tissue and in adult epithelial cells to express acinar-specific markers such as AQP-5. These are important characteristics in modelling an artificial SG. However, it has also been observed that the SG structures within these hydrogels become disorganized once they are highly confluent. While PLGA can be processed into any shape or size and encapsulate growth factors, its degradation products are acidic in nature and difficult to remove from the human body, thus limiting its use in the clinical transplantation of artificial SG [100].



Polymerized PEG, using methacrylate, has been shown to induce significant loss of submandibular gland cell viability. This challenge was overcome by thiol-ene polymerization, which led to better SG cell encapsulation. Still, both types of hydrogels failed to re-organize primary single cells into SG cell clusters or organized acini [61]. PEG has also been used in combination with HA to encapsulate and culture primary human SG cells. These cells were able to reorganize into acini-like structures and further the introduction of PlnDIV (domain IV of perlecan) peptide promoted lumen formation in these SG three-dimensional cultures [16]. Hydrophobic polymers such as PVDF (poly vinylidene fluoride) and silk fibroin used as porous scaffolds have also shown results supportive of cell growth and phenotype retention [101]. However, there is limited evidence of their use in long-term SG three-dimensional culture for clinical translation.



Polycaprolactone (PCL) is another synthetic material used as a scaffold in periodontal and bone tissue engineering due to its high mechanical strength [82]. A robust and functional acinar-like organoids three-dimensional culture system was established by using PEG-micropatterned PCL nanofibrous microwells. Human parotid epithelial cells grown on PEG/PCL microwells self-assembled as three-dimensional structures, expressing higher levels of SG epithelial markers (α-amylase and AQP5), tight junction proteins (ZO-1 and occludins), adherence junction protein (E-cadherin), and α-amylase secretion and intracellular calcium concentration compared to Matrigel [102]. However, the hydrolytic degradation of PCL under in vivo conditions is considerably slow, representing a disadvantage in future clinical applications where polymer degradation and elimination needs to be much quicker.



Other strategies employed in SG engineering are the use of well defined SG acinar spheroids derived from one of these above-mentioned hydrogels and their transfer into micro- or nano-fabricated templates. A seminal work using matrix metalloproteases (MMP) degradable PEG hydrogels with micro bubble (MB) array technology was recently reported [15]. This bubble architecture was shown to maintain the SG acinar niche and allowed long term culture of primary SG cells for use in high content screening. Although the platform supports functional characteristics of SG cells, it relies mainly on the acinus secretory unity with a few myoepithelial and ductal components. There is still a lack in addressing the multicellular SG milieu with appropriate ECM to support vascular and neural stimuli, in addition to soluble cues and growth factors for their maintenance.





4. Conclusions and Future Directions


To conclude, to successfully devise a hydrogel for the purpose of developing a fully functional multicellular SG, it is essential to consider several key factors. These include, but are not limited to, the hydrogel composition, preparation, availability of binding sites, stiffness, pore size, stress relaxation, and matrix architectural features. Most hydrogel-based matrix/scaffold development focuses on successfully creating functional SG organoids or spheroids by self-reorganization of epithelial cells or progenitor cells, exploiting low FA-mediated interactions with ECM and high cell–cell interactions forming adherent and tight junctions. However, recently published results from single-cell RNA sequencing of embryonic SGs shines evidence on the need for maintaining a low cell–cell interaction and robust cell–matrix integrin mediated signaling to promote budding and branching morphogenesis. Combined, these findings suggest that no one single hydrogel composition can attain all the canonical physicochemical interactions necessary to replicate each stage of SG morphogenesis. It is fundamental to independently study and understand the mechanical cues required by each SG cell type, following their subsequent interaction with the ECM microenvironment to regulate cell function and fate. Utilizing our current knowledge of cell modulation via mechanotransduction from other branched, multicellular organ systems, combined with advances in three-dimensional SG culture, their associated signaling pathways, and soluble cues, could potentially progress our ultimate goal of engineering a SG. Additionally, a combination of hydrogel platforms could be useful to first construct separately a secretory acinar and ductal branching units with their respective niche associated progenitor/stem cell markers. These structures can then be re-adapted by providing adequate mechanosignalling for each outcome desired, which can be combined using the recent advances in multicellular-multimaterial three-dimensional bioprinting and integrated chip systems to develop a fully functional SG.
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Abbreviations




	2D
	Two-dimensional



	2.5D
	Two-point-five-dimensional



	3D
	Three-dimensional



	Akt
	Protein kinase B (PKB)



	APC
	Adenomatous polyposis coli



	AQP-5
	Aquaporin 5



	BM
	Basement membrane proteins



	CD44
	Cluster of Differentiation 44



	DGEA
	Aspartic acid-glycine-glutamic acid-alanine



	ECM
	Extracellular matrix



	EDTA
	Ethylenediaminetetraacetic acid



	EW
	Egg White



	EYP
	Egg Yolk Plasma



	FA
	Focal adhesion



	FAKs
	Focal adhesion kinases



	GelMA
	Gelatin-methacrylamide



	GSK3β
	Glycogen synthase kinase 3 beta



	HA
	Hyaluronic acid



	Kit
	Tyrosine-protein kinase (CD117)



	Lasts 1/2
	Large tumor suppressor 1 and 2



	Mist-1
	Muscle, intestine and stomach expression 1



	MLCK
	Myosin light-chain kinase



	Mst 1/2
	Mammalian sterile 20-like kinase 1 and 2



	MW
	Molecular weight



	NF2
	Neurofibromatosis type 2



	NS-SV-AC
	Normal human SG-simian virus 40-acinar cells



	PCL
	Polycaprolactone



	PEG
	Polyethelene glycol



	PG
	Parotid gland



	PGA
	Polyglycolic acid



	PI3K
	Phosphatidylinositol-3-kinase



	PLLA
	Poly-l-lactic acid



	PLGA
	Poly-l-lactic-co-glycolic acid



	RGD
	Arginine-glycine-aspartic acid



	RhoA
	Transforming protein RhoA



	ROCK
	Rho kinases



	SGs
	Salivary glands



	SLG
	Sublingual gland



	SMG
	Submandibular gland



	SRC
	Proto-oncogene tyrosine-protein kinase



	TAZ
	Transcriptional co-activator with PDZ-binding motif



	YAP
	Yes Associated Protein



	YIGSR
	Tyrosine-isoleucine-glycine-serine-arginine



	ZO-1
	Zonula occludens-1







References


	



Edgar, W.M. Saliva and dental health. Clinical implications of saliva: Report of a consensus meeting. Br. Dent. J. 1990, 169, 96–98. [Google Scholar] [CrossRef] [PubMed]

	



Ferreira, J.N.; Hoffman, M.P. Interactions between developing nerves and salivary glands. Organogenesis 2013, 9, 199–205. [Google Scholar] [CrossRef] [PubMed]

	



Humphrey, S.P.; Williamson, R.T. A review of saliva: Normal composition, flow, and function. J. Prosthet. Dent. 2001, 85, 162–169. [Google Scholar] [CrossRef] [PubMed]

	



Holmberg, K.V.; Hoffman, M.P. Anatomy, biogenesis and regeneration of salivary glands. Saliva Secret. Funct. 2014, 24, 1–13. [Google Scholar]

	



Roth, G.; Calmes, R. Salivary Glands and Saliva. In Oral Biology; CV Mosby: St. Louis, MO, USA, 1981; pp. 196–236. [Google Scholar]

	



Nanci, A. Ten Cate’s Oral Histology-e-Book: Development, Structure, and Function; Elsevier Health Sciences: Amsterdam, The Netherlands, 2017. [Google Scholar]

	



Aure, M.; Arany, S.; Ovitt, C. Salivary glands: Stem cells, self-duplication, or both? J. Dent. Res. 2015, 94, 1502–1507. [Google Scholar] [CrossRef]

	



Harrison, J.D. Salivary Gland Histology, in Surgery of the Salivary Glands; Elsevier: Amsterdam, The Netherlands, 2021; pp. 37–42. [Google Scholar]

	



Brazen, B.; Dyer, J. Histology, Salivary Glands; StatPearls: Treasure Island, FL, USA, 2019. [Google Scholar]

	



Rocchi, C.; Barazzuol, L.; Coppes, R.P. The evolving definition of salivary gland stem cells. NPJ Regen. Med. 2021, 6, 4. [Google Scholar] [CrossRef]

	



Tran, S.; Wang, J.; Bandyopadhyay, B.; Redman, R.; Dutra, A.; Pak, E.; Swaim, W.; Gerstenhaber, J.; Bryant, J.; Zheng, C. Primary culture of polarized human salivary epithelial cells for use in developing an artificial salivary gland. Tissue Eng. 2005, 11, 172–181. [Google Scholar] [CrossRef]

	



Maria, O.M.; Zeitouni, A.; Gologan, O.; Tran, S.D. Matrigel improves functional properties of primary human salivary gland cells. Tissue Eng. Part A 2011, 17, 1229–1238. [Google Scholar] [CrossRef]

	



Su, X.; Fang, D.; Liu, Y.; Ramamoorthi, M.; Zeitouni, A.; Chen, W.; Tran, S. Three-dimensional organotypic culture of human salivary glands: The slice culture model. Oral Dis. 2016, 22, 639–648. [Google Scholar] [CrossRef]

	



Seo, Y.J.; Lilliu, M.A.; Abu Elghanam, G.; Nguyen, T.T.; Liu, Y.; Lee, J.C.; Presley, J.F.; Zeitouni, A.; El-Hakim, M.; Tran, S.D. Cell culture of differentiated human salivary epithelial cells in a serum-free and scalable suspension system: The salivary functional units model. J. Tissue Eng. Regen. Med. 2019, 13, 1559–1570. [Google Scholar] [CrossRef]

	



Song, Y.; Uchida, H.; Sharipol, A.; Piraino, L.; Mereness, J.A.; Ingalls, M.H.; Rebhahn, J.; Newlands, S.D.; DeLouise, L.A.; Ovitt, C.E. Development of a functional salivary gland tissue chip with potential for high-content drug screening. Commun. Biol. 2021, 4, 361. [Google Scholar] [CrossRef]

	



Pradhan, S.; Liu, C.; Zhang, C.; Jia, X.; Farach-Carson, M.C.; Witt, R.L. Lumen formation in three-dimensional cultures of salivary acinar cells. Otolaryngol.—Head Neck Surg. 2010, 142, 191–195. [Google Scholar] [CrossRef] [PubMed]

	



Pradhan-Bhatt, S.; Harrington, D.A.; Duncan, R.L.; Jia, X.; Witt, R.L.; Farach-Carson, M.C. Implantable three-dimensional salivary spheroid assemblies demonstrate fluid and protein secretory responses to neurotransmitters. Tissue Eng. Part A 2013, 19, 1610–1620. [Google Scholar] [CrossRef] [PubMed]

	



Baum, J.B.; Tran, S.D. Synergy between genetic and tissue engineering: Creating an artificial salivary gland. Periodontology 2006, 41, 218–223. [Google Scholar] [CrossRef]

	



Nguyen, T.T.; Mui, B.; Mehrabzadeh, M.; Chea, Y.; Chaudhry, Z.; Chaudhry, K.; Tran, S.D. Regeneration of tissues of the oral complex: Current. J. Can. Dent. Assoc. 2013, 79, d1. [Google Scholar]

	



Aframian, J.D.; Cukierman, E.; Nikolovski, J.; Mooney, D.J.; Yamada, K.M.; Baum, B.J. The growth and morphological behavior of salivary epithelial cells on matrix protein-coated biodegradable substrata. Tissue Eng. 2000, 6, 209–216. [Google Scholar] [CrossRef]

	



Mantha, S.; Pillai, S.; Khayambashi, P.; Upadhyay, A.; Zhang, Y.; Tao, O.; Pham, H.M.; Tran, S.D. Smart hydrogels in tissue engineering and regenerative medicine. Materials 2019, 12, 3323. [Google Scholar] [CrossRef]

	



Maria, M.O.; Maria, O.; Liu, Y.; Komarova, S.V.; Tran, S.D. Matrigel improves functional properties of human submandibular salivary gland cell line. Int. J. Biochem. Cell Biol. 2011, 43, 622–631. [Google Scholar] [CrossRef] [PubMed]

	



Su, X.; Pillai, S.; Liu, Y.; Tran, S.D. Isolation, Culture, and Characterization of Primary Salivary Gland Cells. Curr. Protoc. 2022, 2, e479. [Google Scholar] [CrossRef] [PubMed]

	



Miyajima, H.; Matsumoto, T.; Sakai, T.; Yamaguchi, S.; An, S.H.; Abe, M.; Wakisaka, S.; Lee, K.Y.; Egusa, H.; Imazato, S. Hydrogel-based biomimetic environment for in vitro modulation of branching morphogenesis. Biomaterials 2011, 32, 6754–6763. [Google Scholar] [CrossRef]

	



Aframian, J.D.; Redman, R.; Yamano, S.; Nikolovski, J.; Cukierman, E.; Yamada, K.M.; Kriete, M.; Swaim, W.; Mooney, D.J.; Baum, B.J. Tissue compatibility of two biodegradable tubular scaffolds implanted adjacent to skin or buccal mucosa in mice. Tissue Eng. 2002, 8, 649–659. [Google Scholar] [CrossRef] [PubMed]

	



Ozdemir, T.; Srinivasan, P.P.; Zakheim, D.R.; Harrington, D.A.; Witt, R.L.; Farach-Carson, M.C.; Jia, X.; Pradhan-Bhatt, S. Bottom-up assembly of salivary gland microtissues for assessing myoepithelial cell function. Biomaterials 2017, 142, 124–135. [Google Scholar] [CrossRef] [PubMed]

	



Naahidi, S.; Jafari, M.; Logan, M.; Wang, Y.; Yuan, Y.; Bae, H.; Dixon, B.; Chen, P. Biocompatibility of hydrogel-based scaffolds for tissue engineering applications. Biotechnol. Adv. 2017, 35, 530–544. [Google Scholar] [CrossRef]

	



Rago, P.A.; Napolitano, A.P.; Dean, D.M.; Chai, P.R.; Morgan, J.R. Miniaturization of an Anoikis assay using non-adhesive micromolded hydrogels. Cytotechnology 2008, 56, 81–90. [Google Scholar] [CrossRef] [PubMed]

	



Sisto, M.; Ribatti, D.; Lisi, S. E-Cadherin Signaling in Salivary Gland Development and Autoimmunity. J. Clin. Med. 2022, 11, 2241. [Google Scholar] [CrossRef]

	



Jiang, T.; Munguia-Lopez, J.G.; Flores-Torres, S.; Kort-Mascort, J.; Kinsella, J.M. Extrusion bioprinting of soft materials: An emerging technique for biological model fabrication. Appl. Phys. Rev. 2019, 6, 011310. [Google Scholar] [CrossRef]

	



Martinez, M.; Witt, R.L.; Farach-Carson, M.C.; Harrington, D.A. Functionalized biomimetic hydrogels enhance salivary stem/progenitor cell organization. bioRxiv 2021. [Google Scholar]

	



Fowler, W.E.; Ravikrishnan, A.; Witt, R.L.; Pradhan-Bhatt, S.; Jia, X. RGDSP-Decorated Hyaluronate Hydrogels Facilitate Rapid 3D Expansion of Amylase-Expressing Salivary Gland Progenitor Cells. ACS Biomater. Sci. Eng. 2021, 7, 5749–5761. [Google Scholar] [CrossRef]

	



Yeung, T.; Georges, P.C.; Flanagan, L.A.; Marg, B.; Ortiz, M.; Funaki, M.; Zahir, N.; Ming, W.; Weaver, V.; Janmey, P.A. Effects of substrate stiffness on cell morphology, cytoskeletal structure, and adhesion. Cell Motil. Cytoskelet. 2005, 60, 24–34. [Google Scholar] [CrossRef]

	



d’Angelo, M.; Benedetti, E.; Tupone, M.G.; Catanesi, M.; Castelli, V.; Antonosante, A.; Cimini, A. The role of stiffness in cell reprogramming: A potential role for biomaterials in inducing tissue regeneration. Cells 2019, 8, 1036. [Google Scholar] [CrossRef]

	



Žigon-Branc, S.; Markovic, M.; van Hoorick, J.; van Vlierberghe, S.; Dubruel, P.; Zerobin, E.; Baudis, S.; Ovsianikov, A. Impact of hydrogel stiffness on differentiation of human adipose-derived stem cell microspheroids. Tissue Eng. Part A 2019, 25, 1369–1380. [Google Scholar] [CrossRef] [PubMed]

	



Li, J.; Zhang, Y.; Enhe, J.; Yao, B.; Wang, Y.; Zhu, D.; Li, Z.; Song, W.; Duan, X.; Yuan, X. Bioactive nanoparticle reinforced alginate/gelatin bioink for the maintenance of stem cell stemness. Mater. Sci. Eng. C 2021, 126, 112193. [Google Scholar] [CrossRef]

	



Sun, Z.; Guo, S.S.; Fässler, R. Integrin-mediated mechanotransduction. J. Cell Biol. 2016, 215, 445–456. [Google Scholar] [CrossRef] [PubMed]

	



Zhou, J.; Aponte-Santamaría, C.; Sturm, S.; Bullerjahn, J.T.; Bronowska, A.; Gräter, F. Mechanism of focal adhesion kinase mechanosensing. PLoS Comput. Biol. 2015, 11, e1004593. [Google Scholar] [CrossRef] [PubMed]

	



Sequeira, J.S.; Soscia, D.A.; Oztan, B.; Mosier, A.P.; Jean-Gilles, R.; Gadre, A.; Cady, N.C.; Yener, B.; Castracane, J.; Larsen, M. The regulation of focal adhesion complex formation and salivary gland epithelial cell organization by nanofibrous PLGA scaffolds. Biomaterials 2012, 33, 3175–3186. [Google Scholar] [CrossRef]

	



Daley, P.W.; Gervais, E.M.; Centanni, S.W.; Gulfo, K.M.; Nelson, D.A.; Larsen, M. ROCK1-directed basement membrane positioning coordinates epithelial tissue polarity. Development 2012, 139, 411–422. [Google Scholar] [CrossRef]

	



Han, C.; An, G.H.; Woo, D.-H.; Kim, J.-H.; Park, H.-K. Rho-associated kinase inhibitor enhances the culture condition of isolated mouse salivary gland cells in vitro. Tissue Cell 2018, 54, 20–25. [Google Scholar] [CrossRef] [PubMed]

	



Koslow, M.; O’Keefe, K.J.; Hosseini, Z.F.; Nelson, D.A.; Larsen, M. ROCK inhibitor increases proacinar cells in adult salivary gland organoids. Stem Cell Res. 2019, 41, 101608. [Google Scholar] [CrossRef]

	



Melica, E.M.; La Regina, G.; Parri, M.; Peired, A.J.; Romagnani, P.; Lasagni, L. Substrate stiffness modulates renal progenitor cell properties via a ROCK-mediated mechanotransduction mechanism. Cells 2019, 8, 1561. [Google Scholar] [CrossRef]

	



Jaalouk, E.D.; Lammerding, J. Mechanotransduction gone awry. Nat. Rev. Mol. Cell Biol. 2009, 10, 63–73. [Google Scholar] [CrossRef]

	



Wang, S.; Matsumoto, K.; Lish, S.R.; Cartagena-Rivera, A.X.; Yamada, K.M. Budding epithelial morphogenesis driven by cell-matrix versus cell-cell adhesion. Cell 2021, 184, 3702–3716.e30. [Google Scholar] [CrossRef] [PubMed]

	



Yui, S.; Azzolin, L.; Maimets, M.; Pedersen, M.T.; Fordham, R.P.; Hansen, S.L.; Larsen, H.L.; Guiu, J.; Alves, M.R.; Rundsten, C.F. YAP/TAZ-dependent reprogramming of colonic epithelium links ECM remodeling to tissue regeneration. Cell Stem Cell 2018, 22, 35–49.e7. [Google Scholar] [CrossRef] [PubMed]

	



Panciera, T.; Azzolin, L.; Fujimura, A.; di Biagio, D.; Frasson, C.; Bresolin, S.; Soligo, S.; Basso, G.; Bicciato, S.; Rosato, A. Induction of expandable tissue-specific stem/progenitor cells through transient expression of YAP/TAZ. Cell Stem Cell 2016, 19, 725–737. [Google Scholar] [CrossRef] [PubMed]

	



Szymaniak, D.A.; Mi, R.; McCarthy, S.E.; Gower, A.C.; Reynolds, T.L.; Mingueneau, M.; Kukuruzinska, M.; Varelas, X. The Hippo pathway effector YAP is an essential regulator of ductal progenitor patterning in the mouse submandibular gland. Elife 2017, 6, e23499. [Google Scholar] [CrossRef]

	



Rocchi, C.; Cinat, D.; Martinez, P.S.; Bruin, A.L.J.-d.; Baanstra, M.; Brouwer, U.; Zuivre, C.d.; Schepers, H.; van Os, R.; Barazzuol, L. The Hippo signaling pathway effector YAP promotes salivary gland regeneration after injury. Sci. Signal. 2021, 14, eabk0599. [Google Scholar] [CrossRef]

	



Dupont, S.; Morsut, L.; Aragona, M.; Enzo, E.; Giulitti, S.; Cordenonsi, M.; Zanconato, F.; Le Digabel, J.; Forcato, M.; Bicciato, S. Role of YAP/TAZ in mechanotransduction. Nature 2011, 474, 179–183. [Google Scholar] [CrossRef]

	



Maimets, M.; Rocchi, C.; Bron, R.; Pringle, S.; Kuipers, J.; Giepmans, B.N.; Vries, R.G.; Clevers, H.; de Haan, G.; van Os, R. Long-term in vitro expansion of salivary gland stem cells driven by Wnt signals. Stem Cell Rep. 2016, 6, 150–162. [Google Scholar] [CrossRef]

	



Du, J.; Zu, Y.; Li, J.; Du, S.; Xu, Y.; Zhang, L.; Jiang, L.; Wang, Z.; Chien, S.; Yang, C. Extracellular matrix stiffness dictates Wnt expression through integrin pathway. Sci. Rep. 2016, 6, 20395. [Google Scholar] [CrossRef]

	



Hung, -C.W.; Chen, S.-H.; Paul, C.D.; Stroka, K.M.; Lo, Y.-C.; Yang, J.T.; Konstantopoulos, K. Distinct signaling mechanisms regulate migration in unconfined versus confined spaces. J. Cell Biol. 2013, 202, 807–824. [Google Scholar] [CrossRef]

	



Doolin, T.M.; Stroka, K.M. P hysical confinement alters cytoskeletal contributions towards human mesenchymal stem cell migration. Cytoskeleton 2018, 75, 103–117. [Google Scholar] [CrossRef]

	



Ozdemir, T.; Fowler, E.W.; Liu, S.; Harrington, D.A.; Witt, R.L.; Farach-Carson, M.C.; Pradhan-Bhatt, S.; Jia, X. Tuning hydrogel properties to promote the assembly of salivary gland spheroids in 3D. ACS Biomater. Sci. Eng. 2016, 2, 2217–2230. [Google Scholar] [CrossRef] [PubMed]

	



Fraley, I.S.; Feng, Y.; Krishnamurthy, R.; Kim, D.-H.; Celedon, A.; Longmore, G.D.; Wirtz, D. A distinctive role for focal adhesion proteins in three-dimensional cell motility. Nat. Cell Biol. 2010, 12, 598–604. [Google Scholar] [CrossRef] [PubMed]

	



Elosegui-Artola, A.; Andreu, I.; Beedle, A.E.; Lezamiz, A.; Uroz, M.; Kosmalska, A.J.; Oria, R.; Kechagia, J.Z.; Rico-Lastres, P.; Le Roux, A.-L.; et al. Force triggers YAP nuclear entry by regulating transport across nuclear pores. Cell 2017, 171, 1397–1410.e14. [Google Scholar] [CrossRef] [PubMed]

	



Li, Q.; Kumar, A.; Makhija, E.; Shivashankar, G. The regulation of dynamic mechanical coupling between actin cytoskeleton and nucleus by matrix geometry. Biomaterials 2014, 35, 961–969. [Google Scholar] [CrossRef] [PubMed]

	



Poh, -C.Y.; Shevtsov, S.P.; Chowdhury, F.; Wu, D.C.; Na, S.; Dundr, M.; Wang, N. Dynamic force-induced direct dissociation of protein complexes in a nuclear body in living cells. Nat. Commun. 2012, 3, 866. [Google Scholar] [CrossRef]

	



Makhija, E.; Jokhun, D.; Shivashankar, G. Nuclear deformability and telomere dynamics are regulated by cell geometric constraints. Proc. Natl. Acad. Sci. USA 2016, 113, E32–E40. [Google Scholar] [CrossRef]

	



Shubin, D.A.; Felong, T.J.; Graunke, D.; Ovitt, C.E.; Benoit, D.S. Development of poly (ethylene glycol) hydrogels for salivary gland tissue engineering applications. Tissue Eng. Part A 2015, 21, 1733–1751. [Google Scholar] [CrossRef]

	



Blackburn, E.H. Switching and signaling at the telomere. Cell 2001, 106, 661–673. [Google Scholar] [CrossRef]

	



Dey, K.; Agnelli, S.; Sartore, L. Dynamic freedom: Substrate stress relaxation stimulates cell responses. Biomater. Sci. 2019, 7, 836–842. [Google Scholar] [CrossRef]

	



Chaudhuri, O.; Gu, L.; Klumpers, D.; Darnell, M.; Bencherif, S.A.; Weaver, J.C.; Huebsch, N.; Lee, H.-p.; Lippens, E.; Duda, G.N. Hydrogels with tunable stress relaxation regulate stem cell fate and activity. Nat. Mater. 2016, 15, 326–334. [Google Scholar] [CrossRef]

	



Wisdom, M.K.; Adebowale, K.; Chang, J.; Lee, J.Y.; Nam, S.; Desai, R.; Rossen, N.S.; Rafat, M.; West, R.B.; Hodgson, L. Matrix mechanical plasticity regulates cancer cell migration through confining microenvironments. Nat. Commun. 2018, 9, 4144. [Google Scholar] [CrossRef] [PubMed]

	



Lee, S.; Kim, H.S.; Yoo, H.S. Electrospun nanofibrils embedded hydrogel composites for cell cultivation in a biomimetic environment. RSC Adv. 2017, 7, 54246–54253. [Google Scholar] [CrossRef]

	



Meehan, S.; Nain, A.S. Role of suspended fiber structural stiffness and curvature on single-cell migration, nucleus shape, and focal-adhesion-cluster length. Biophys. J. 2014, 107, 2604–2611. [Google Scholar] [CrossRef]

	



Chaurey, V.; Block, F.; Su, Y.-H.; Chiang, P.-C.; Botchwey, E.; Chou, C.-F.; Swami, N.S. Nanofiber size-dependent sensitivity of fibroblast directionality to the methodology for scaffold alignment. Acta Biomater. 2012, 8, 3982–3990. [Google Scholar] [CrossRef] [PubMed]

	



Soscia, A.D.; Sequeira, S.J.; Schramm, R.A.; Jayarathanam, K.; Cantara, S.I.; Larsen, M.; Castracane, J. Salivary gland cell differentiation and organization on micropatterned PLGA nanofiber craters. Biomaterials 2013, 34, 6773–6784. [Google Scholar] [CrossRef]

	



Cao, H.; Duan, L.; Zhang, Y.; Cao, J.; Zhang, K. Current hydrogel advances in physicochemical and biological response-driven biomedical application diversity. Signal Transduct. Target. Ther. 2021, 6, 426. [Google Scholar] [CrossRef]

	



Mendonsa, M.A.; Na, T.-Y.; Gumbiner, B.M. E-cadherin in contact inhibition and cancer. Oncogene 2018, 37, 4769–4780. [Google Scholar] [CrossRef]

	



Kim, -G.N.; Koh, E.; Chen, X.; Gumbiner, B.M. E-cadherin mediates contact inhibition of proliferation through Hippo signaling-pathway components. Proc. Natl. Acad. Sci. USA 2011, 108, 11930–11935. [Google Scholar] [CrossRef]

	



Hastings, F.J.; Skhinas, J.N.; Fey, D.; Croucher, D.R.; Cox, T.R. The extracellular matrix as a key regulator of intracellular signalling networks. Br. J. Pharmacol. 2019, 176, 82–92. [Google Scholar] [CrossRef]

	



Urciuoli, E.; Peruzzi, B. Involvement of the FAK network in pathologies related to altered mechanotransduction. Int. J. Mol. Sci. 2020, 21, 9426. [Google Scholar] [CrossRef]

	



Unagolla, M.J.; Jayasuriya, A.C. Hydrogel-based 3D bioprinting: A comprehensive review on cell-laden hydrogels, bioink formulations, and future perspectives. Appl. Mater. Today 2020, 18, 100479. [Google Scholar] [CrossRef] [PubMed]

	



Soleymani Eil Bakhtiari, S.; Bakhsheshi-Rad, H.R.; Karbasi, S.; Razzaghi, M.; Tavakoli, M.; Ismail, A.F.; Sharif, S.; RamaKrishna, S.; Chen, X.; Berto, F. 3-Dimensional Printing of Hydrogel-Based Nanocomposites: A Comprehensive Review on the Technology Description, Properties, and Applications. Adv. Eng. Mater. 2021, 23, 2100477. [Google Scholar] [CrossRef]

	



Chang, -Y.C.; Lin, C.-C. Hydrogel models with stiffness gradients for interrogating pancreatic cancer cell fate. Bioengineering 2021, 8, 37. [Google Scholar] [CrossRef]

	



Moskwa, N.; Mahmood, A.; Nelson, D.A.; Altrieth, A.L.; Forni, P.E.; Larsen, M. Single-cell RNA sequencing reveals PDFGRα+ stromal cell subpopulations that promote proacinar cell differentiation in embryonic salivary gland organoids. Development 2022, 149, dev200167. [Google Scholar] [CrossRef]

	



Baker, J.O.; Schulz, D.J.; Camden, J.M.; Liao, Z.; Peterson, T.S.; Seye, C.I.; Petris, M.J.; Weisman, G.A. Rat parotid gland cell differentiation in three-dimensional culture. Tissue Eng. Part C Methods 2010, 16, 1135–1144. [Google Scholar] [CrossRef]

	



Aisenbrey, A.E.; Murphy, W.L. Synthetic alternatives to Matrigel. Nat. Rev. Mater. 2020, 5, 539–551. [Google Scholar] [CrossRef] [PubMed]

	



Nam, K.; Wang, C.-S.; Maruyama, C.; Lei, P.; Andreadis, S.; Baker, O. L1 peptide–conjugated fibrin hydrogels promote salivary gland regeneration. J. Dent. Res. 2017, 96, 798–806. [Google Scholar] [CrossRef] [PubMed]

	



Wu, T.D.; Munguia-Lopez, J.G.; Cho, Y.W.; Ma, X.; Song, V.; Zhu, Z.; Tran, S.D. Polymeric scaffolds for dental, oral, and craniofacial regenerative medicine. Molecules 2021, 26, 7043. [Google Scholar] [CrossRef]

	



Santos, D.H.; Nam, K.; Brown, C.; Dean, S.; Lewis, S.; Pfeifer, C.; Lei, P.; Petris, M.; Andreadis, S.; Baker, O. Trimers conjugated to fibrin hydrogels promote salivary gland function. J. Dent. Res. 2021, 100, 268–275. [Google Scholar] [CrossRef] [PubMed]

	



McCall, D.A.; Nelson, J.W.; Leigh, N.J.; Duffey, M.E.; Lei, P.; Andreadis, S.T.; Baker, O.J. Growth factors polymerized within fibrin hydrogel promote amylase production in parotid cells. Tissue Eng. Part A 2013, 19, 2215–2225. [Google Scholar] [CrossRef]

	



Joraku, A.; Sullivan, C.A.; Yoo, J.; Atala, A. In-vitro reconstitution of three-dimensional human salivary gland tissue structures. Differentiation 2007, 75, 318–324. [Google Scholar] [CrossRef] [PubMed]

	



Charbonneau, M.A.; Tran, S.D. 3D Cell Culture of Human Salivary Glands Using Nature-Inspired Functional Biomaterials: The Egg Yolk Plasma and Egg White. Materials 2020, 13, 4807. [Google Scholar] [CrossRef] [PubMed]

	



Zhang, Y.; Pham, H.M.; Munguia-Lopez, J.G.; Kinsella, J.M.; Tran, S.D. The optimization of a novel hydrogel—Egg white-alginate for 2.5 D tissue engineering of salivary spheroid-like structure. Molecules 2020, 25, 5751. [Google Scholar] [CrossRef]

	



Pham, M.H.; Zhang, Y.; Munguia-Lopez, J.G.; Tran, S.D. Egg White Alginate as a Novel Scaffold Biomaterial for 3D Salivary Cell Culturing. Biomimetics 2021, 7, 5. [Google Scholar] [CrossRef] [PubMed]

	



Flores-Torres, S.; Peza-Chavez, O.; Kuasne, H.; Munguia-Lopez, J.G.; Kort-Mascort, J.; Ferri, L.; Jiang, T.; Rajadurai, C.V.; Park, M.; Sangwan, V. Alginate–gelatin–Matrigel hydrogels enable the development and multigenerational passaging of patient-derived 3D bioprinted cancer spheroid models. Biofabrication 2021, 13, 025001. [Google Scholar] [CrossRef]

	



Hogrebe, J.N.; Reinhardt, J.W.; Gooch, K.J. Biomaterial microarchitecture: A potent regulator of individual cell behavior and multicellular organization. J. Biomed. Mater. Res. Part A 2017, 105, 640–661. [Google Scholar] [CrossRef]

	



Di Giuseppe, M.; Law, N.; Webb, B.; Macrae, R.A.; Liew, L.J.; Sercombe, T.B.; Dilley, R.J.; Doyle, B.J. Mechanical behaviour of alginate-gelatin hydrogels for 3D bioprinting. J. Mech. Behav. Biomed. Mater. 2018, 79, 150–157. [Google Scholar] [CrossRef]

	



Yang, X.; Lu, Z.; Wu, H.; Li, W.; Zheng, L.; Zhao, J. Collagen-alginate as bioink for three-dimensional (3D) cell printing based cartilage tissue engineering. Mater. Sci. Eng. C 2018, 83, 195–201. [Google Scholar] [CrossRef]

	



Jiang, T.; Munguia-Lopez, J.G.; Flores-Torres, S.; Grant, J.; Vijayakumar, S.; Leon-Rodriguez, A.D.; Kinsella, J.M. Directing the self-assembly of tumour spheroids by bioprinting cellular heterogeneous models within alginate/gelatin hydrogels. Sci. Rep. 2017, 7, 4575. [Google Scholar] [CrossRef]

	



Garg, G.H.; Hales, C.A. Chemistry and Biology of Hyaluronan; Elsevier: Amsterdam, The Netherlands, 2004. [Google Scholar]

	



Maria, O.; Maria, A.; Cai, Y.; Tran, S. Cell surface markers CD44 and CD166 localized specific populations of salivary acinar cells. Oral Dis. 2012, 18, 162–168. [Google Scholar] [CrossRef]

	



Yang, C.; Cao, M.; Liu, H.; He, Y.; Xu, J.; Du, Y.; Liu, Y.; Wang, W.; Cui, L.; Hu, J. The high and low molecular weight forms of hyaluronan have distinct effects on CD44 clustering. J. Biol. Chem. 2012, 287, 43094–43107. [Google Scholar] [CrossRef] [PubMed]

	



Lee, S.; Ryu, J.H.; Do, M.J.; Namkoong, E.; Lee, H.; Park, K. NiCHE platform: Nature-inspired catechol-conjugated hyaluronic acid environment platform for salivary gland tissue engineering. ACS Appl. Mater. Interfaces 2020, 12, 4285–4294. [Google Scholar] [CrossRef] [PubMed]

	



Srinivasan, P.P.; Patel, V.N.; Liu, S.; Harrington, D.A.; Hoffman, M.P.; Jia, X.; Witt, R.L.; Farach-Carson, M.C.; Pradhan-Bhatt, S. Primary salivary human stem/progenitor cells undergo microenvironment-driven acinar-like differentiation in hyaluronate hydrogel culture. Stem Cells Transl. Med. 2017, 6, 110–120. [Google Scholar] [CrossRef] [PubMed]

	



Shubin, D.A.; Felong, T.J.; Schutrum, B.E.; Joe, D.S.; Ovitt, C.E.; Benoit, D.S. Encapsulation of primary salivary gland cells in enzymatically degradable poly (ethylene glycol) hydrogels promotes acinar cell characteristics. Acta Biomater. 2017, 50, 437–449. [Google Scholar] [CrossRef]

	



Kerimoglu, O.; Alarçin, E. Poly (lactic-co-glycolic acid) based drug delivery devices for tissue engineering and regenerative medicine. Ankem Derg 2012, 26, 86–98. [Google Scholar] [CrossRef]

	



Zhang, -X.B.; Zhang, Z.-L.; Lin, A.L.; Wang, H.; Pilia, M.; Ong, J.L.; Dean, D.D.; Chen, X.-D.; Yeh, C.-K. Silk fibroin scaffolds promote formation of the ex vivo niche for salivary gland epithelial cell growth, matrix formation, and retention of differentiated function. Tissue Eng. Part A 2015, 21, 1611–1620. [Google Scholar] [CrossRef]

	



Shin, -S.H.; Kook, Y.-M.; Hong, H.J.; Kim, Y.-M.; Koh, W.-G.; Lim, J.-Y. Functional spheroid organization of human salivary gland cells cultured on hydrogel-micropatterned nanofibrous microwells. Acta Biomater. 2016, 45, 121–132. [Google Scholar] [CrossRef]








[image: Gels 08 00730 g001 550] 





Figure 1. Schematic diagram of a salivary gland structure showing the secretory end pieces made of mucous and serous acini, supported by overlying myoepithelial cells. The secretory units extend to form the intercalated, striated, and excretory ducts through which saliva passes into the oral cavity. 
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Figure 2. Schematic illustration of different types of SG cells within a hydrogel matrix describing the key hydrogel properties to be considered to adequately regulate cell functions for SG tissue engineering applications. 
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Figure 3. Schematic map of the key signaling pathways to be considered while designing hydrogel properties (binding sites, stiffness, pore size, architecture, etc.) for SG tissue engineering and their association with the cell fate and function [70,71,72,73,74]. 
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