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Abstract 

Bioengineered functional salivary tissues can advance regenerative therapies, preclinical drug 

testing, and fundamental understanding of salivary gland dysfunction. Current salivary tissue 

models are typically Matrigel-based, hydrogel-based or scaffold-free organoid systems, with limited 

physiological relevance or mimicry of cell-cell and cell-extracellular matrix (ECM) interactions. We 

previously developed elastin-alginate cryoelectrospun scaffolds (CES) that resemble the topography 

and viscoelastic properties of healthy salivary ECM, and validated their potential for stromal cell 

culture, delivery, and in vitro fibrosis modeling. Here, we evaluated the utility of CES to support 3D 

cocultures of salivary gland epithelial and mesenchymal cells in vitro. We compared CES with 

honeycomb-like topography (CES-H) to densely packed electrospun nanofibers (NF) and CES with 

fibrous topography (CES-F) for their ability to support SIMS epithelial cell attachment, morphology, 

3D clustering, phenotype and organization into distinct clusters when cocultured with stromal cells. 

Both CES-F and CES-H supported epithelial cell attachment and clustering; in particular, CES-H most 

effectively supported the self-organization of epithelial and stromal cells into distinct 3D clusters 

resembling the structure of native salivary tissue. Stromal cells were essential for maintaining the 

phenotype of epithelial cells cultured on CES-H, laying the foundation for development of in vitro 

tissue models.  

Keywords: cryoelectrospinning; alginate; elastin; extracellular matrix; 3D porous scaffold; 3D 

coculture; epithelial-stromal coculture; salivary gland tissue engineering 

 

1. Introduction 

The salivary gland is essential for oral and digestive health but can be impacted by pathologies, 

leading to salivary gland hypofunction, hyperfunction, and cancer [1]. Current treatment options for 

salivary gland dysfunction are largely palliative [2] and offer minimal relief, highlighting the need 

for curative therapies based on a comprehensive understanding of the fundamental mechanisms 

governing disease pathology.  

Animal models, MatrigelTM or other hydrogel-based in vitro cell culture systems, and organoids 

are currently employed to study both salivary gland development and disease mechanisms [3–23]. 

While mouse models are often employed to study disease pathways and test therapeutic candidates, 

they are expensive, time-consuming, and poorly reflect human physiology, resulting in high failure 

rates of therapeutic candidates in clinical trials [24,25]. Matrigel-based models are relatively easily 
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established, as Matrigel contains a growth factor cocktail that can support most primary cell types, 

including salivary epithelial and stromal cells [5,6,8,11,13,14]. However, its batch-to-batch variability, 

sarcoma tumor-derived and ill-defined composition can skew study results [26,27] and make it 

unsuitable for clinical translation. Several hydrogel-based in vitro salivary gland models have been 

developed to attempt to replace Matrigel-based cultures [16,17]; however, in these systems, the bulk 

hydrogel completely encapsulates salivary epithelial and stromal cells, failing to mimic the porous 

native extracellular matrix (ECM) architecture, and inadequately mimicking salivary ECM 

mechanical properties and cell-ECM interactions. Scaffold-free organoid models avoid the 

complexity of incorporating physiologically relevant biomaterial scaffolds but tend to mimic the early 

gland developmental stages rather than the complexity of adult gland cell-cell interactions and cell-

ECM interactions [28]. While organoids are good candidates to study developmental disorders and 

cancers, they may not mimic other adult human pathologies [28,29]. Thus, there is a need to develop 

physiologically relevant in vitro models that comprehensively mimic the native 3D cell organization, 

cell–cell communication, cell–ECM interactions, and cell phenotypes, for translational preclinical 

research. Such functional 3D tissue models could also serve as platforms for regenerative, 

implantable therapies. 

We previously developed 3D cryoelectrospun scaffolds (CES) with fibrous (CES-F) and 

honeycomb-like (CES-H) topographies and showed that CES-H mimics the porosity, pore size, and 

viscoelasticity of native salivary ECM [30,31]. CES-H supported the maintenance of mesenchymal 

stromal cells (MSC), preserving their innate phenotype [31,32].  MSCs on CES-H exerted therapeutic, 

anti-fibrotic effects on fibrotic myofibroblasts in a preclinical in vitro model [32], ameliorating fibrosis, 

the underlying pathology in salivary gland hypofunction. Additionally, we demonstrated that MSC-

CES-H implants were biocompatible, eliciting neither inflammatory nor fibrotic effects in mice [32].  

In this study, we address some of the limitations of current in vitro salivary tissue models by 

applying CES for salivary tissue engineering. We explored whether CES can support salivary 

epithelial monoculture and epithelial-stromal coculture. In vivo, epithelial cells reside on fibrous 

basement membranes, which regulate their function and phenotype. In vitro, epithelial cells are 

difficult to grow on tissue culture plastic due to limited expansion potential, senescence, and 

transdifferentiation, necessitating growth in Matrigel and/or with special media formulations 

containing specific growth factors or small molecules [33–35]. Here, we evaluate the role of scaffold 

topography on epithelial cell phenotype and cell organization in 3D salivary epithelial cultures by 

comparing honeycomb-like CES-H with densely packed electrospun nanofibers (NF) and fibrous 

CES-F. Since stromal cells serve as a key player in regulating epithelial cell health in the salivary 

gland and in vitro salivary gland culture systems [36,37], we also evaluate the role of stromal 

fibroblast cells in combination with scaffold topography (CES-F vs. CES-H) in regulating epithelial 

phenotype and 3D epithelial and stromal cell organization. Overall, we assess the potential of CES to 

bioengineer 3D salivary epithelial-stromal cocultures towards functional salivary tissue engineering 

for preclinical research and regenerative medicine strategies.  

2. Results 

2.1. Characterization of Scaffold Topography Prior to Cell Seeding 

Scaffold topography critically influences cell attachment and the number of activated adhesion 

sites, regulating downstream mechanotransduction pathways that shape cell phenotype. Epithelial 

cells typically reside on densely packed nanofibrous basement membranes with kPa-MPa stiffness 

[38,39], whereas stromal cells reside in loosely packed, viscoelastic, reticulated, porous matrices with 

sub-kPa to low kPa stiffness [40–42]. We hypothesized that 3D matrices integrating features of both 

basement membrane and stromal ECM would facilitate the growth of 3D epithelial–stromal 

cocultures. To test this hypothesis, we fabricated electrospun nanofiber (NF) mats and 

cryoelectrospun scaffolds with fibrous (CES-F) or honeycomb (CES-H) topography from elastin–

alginate biopolymers to mimic the compliant nature of stromal ECM and/or fibrous topography of 

epithelial basement membranes as previously described [30,31,43]. NF mats were fabricated to 
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resemble the densely packed, fibrous nature of basement membranes. CES-F were designed to mirror 

the fibrous topography of basement membranes and loosely packed nature of stromal ECM; whereas, 

CES-H were designed to resemble the porous and loosely packed nature of stromal ECM. Scanning 

electron microscopy (SEM) revealed that nanofiber (NF) mats were composed of densely packed, 

~200 nm ± 5 nm-diameter nanofibers with < 2 µm pores (Table 1), forming a 2.5D mat (Figure 1A, D). 

CES-F showed loosely packed ~178 nm ± 80 nm-diameter nanofibers with < 5 µm pores (Table 1), 

forming a taller 3D structure (Figure 1B, E). In contrast, CES-H displayed a honeycomb-like, 

reticulated topography (Figure 1C, F, G), with larger backbones (~4.72 ± 3.86 µm width) and pores 

(~15-25 µm diameter) (Table 1), forming a 3D scaffold similar in height to CES-F (Figure 1B, C).  

 

Figure 1. Benchtop photos and SEM images depicting the scaffold dimensions and topography. (A, D) 

Electrospun nanofibers (NF). (B, E) Cryoelectrospun scaffolds with fibrous topography (CES-F). (C, F, G) 

Cryoelectrospun scaffolds with honeycomb topography (CES-H). (A – C) Benchtop photos. Scale bar = 5 mm. (D 

– G) SEM images. Scale bar = 10 µm. 

Table 1. Summary of scaffold topographical features. 

Scaffold 

type 

Minimum fiber diameter 

or backbone width 

Maximum fiber diameter 

or backbone width 

Average fiber diameter 

or backbone width 

 Pore size 

NF 108 nm 329 nm 200 nm ± 54 nm  < 2 µm 

CES-F 62 nm 363 nm 178 nm ± 80 nm   < 5 µm 

CES-H 980 nm 28 µm 4.72 ± 3.86 µm  15-25 µm 

2.2. Cryoelectrospun Scaffolds with Honeycomb and Fibrous Topography Promote Clustered Salivary 

Epithelial Cell Growth 

Cell–cell adhesion and morphology are key determinants of epithelial phenotype and function 

[44]. To assess how scaffold topography affects epithelial attachment and clustering, SIMS cells, an 

established submandibular salivary gland ductal epithelial line [45], were cultured on NF, CES-F, 

and CES-H scaffolds. After 1 day of culture, the SIMS cells on scaffolds were imaged using SEM. On 

NF mats, epithelial cells remained rounded (Figure 2A), whereas on CES-F and CES-H scaffolds they 

exhibited distinct cell bodies and formed cell clusters (Figures 2B, C). 
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Figure 2. Effects of scaffold topography on SIMS epithelial cell morphology and clustering. SEM images 

showed that SIMS epithelial cells remained isolated and rounded on conventionally electrospun nanofibers (NF) 

(A) and formed cell clusters on cryoelectrospun scaffolds with fibrous topography (CES-F) (B) and honeycomb 

topography (CES-H) (C) after 1 day in culture. Arrows denote cells. Scale bar = 25 µm. 

2.3. Cryoelectrospun Scaffolds with Honeycomb Topography Enable Deep Penetration of 3D Salivary 

Epithelial Cell Clusters and Distinct 3D Epithelial-Stromal Organization in Cocultures 

3D culture enhances expression of genes linked to epithelial function, in comparison to 2D 

culture [46]. Stromal–epithelial interactions further regulate epithelial phenotype and function 

[36,47,48]. To assess how scaffold architecture affects 3D growth and penetration of epithelial cell 

clusters and maintenance of epithelial cell morphology, SIMS epithelial cells (monoculture) were 

cultured on NF, CES-F, and CES-H scaffolds for 4 days (Figure 3A). To examine scaffold-topography-

dependent stromal–epithelial organization, SIMS cells were cocultured with NIH 3T3 fibroblasts, a 

stromal model [49], on each scaffold type. We anticipated that appropriate topography would result 

in distinct 3D cell clusters, similar to stromal and parenchymal compartmentalization observed in 

vivo [50]. NIH 3T3 fibroblasts were seeded first and allowed to expand for 2 days to act as stromal 

support for SIMS cells, which were subsequently seeded and cocultured with the fibroblasts for 4 

additional days (Figure 3B).  

SIMS cells were identified by immunostaining for intercellular epithelial junction markers, E-

cadherin and Zona occludin-1 (ZO-1) [51], while NIH 3T3 cells were identified by immunostaining 

for vimentin, a mesenchymal phenotype marker [52]. 4′,6-diamidino-2-phenylindole (DAPI) was 

used for nuclear staining for both cell types. NF mats showed poor cell attachment in both SIMS 

monocultures and SIMS–NIH 3T3 cocultures (Figures 3A, B, left panels). On CES-F, SIMS 

monocultures formed thin epithelial sheets (Figure 3A, middle panel), whereas on CES-H, they 

penetrated the scaffold, forming deep 3D clusters (Figure 3A, right panel). In cocultures, CES-F 

showed random cell attachment (Figure 3B, middle panel), whereas CES-H supported the self-

organization of epithelial and stromal cells into distinct clusters (Figure 3B, right panel). 

 

Figure 3. Confocal images showing effects of scaffold topography on 3D organization of SIMS epithelial cells in 

monoculture and coculture with NIH 3T3 fibroblasts. (A) SIMS monoculture on scaffolds. (B) SIMS epithelial 

cells cocultured with NIH 3T3 fibroblasts on scaffolds. Cells grown on NF mats (left panel), CES with fibrous 

topography (CES-F) (middle panel), and CES with honeycomb topography (CES-H) (right panel) were 

immunostained with epithelial junction markers (E-cadherin in red and ZO-1 in cyan) and mesenchymal marker 

(vimentin in green) along with DAPI-stained nuclei (in bluish purple) on day 4. SIMS monocultures penetrated 
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CES-H, forming deep 3D clusters (top right) whereas they remained on the surface of CES-F, forming thin cell 

sheets (top middle). SIMS and NIH 3T3 cocultures showed distinct organization of cells into separate clusters 

on CES-H (bottom right), reminiscent of tissues in vivo, but remained random on CES-F (bottom middle). Very 

few cells attached and grew on NF; blue fluorescence observed is primarily autofluorescence (left panels). Scale 

bar = 25 µm. 

2.4. Stromal Cells on Cryoelectrospun Scaffolds with Honeycomb Topography Facilitate Phenotypic 

Maintenance of Salivary Epithelial Cells 

Since CES-H promoted stromal–epithelial organization into distinct 3D clusters (Figure 3B, right 

panel), we examined whether stromal cells influence epithelial phenotype over 1, 4, and 7 days of 

culture. SIMS epithelial cells were cultured alone or cocultured with NIH 3T3 fibroblasts on CES-H 

scaffolds. Using confocal microscopy, epithelial phenotype was assessed by E-cadherin and ZO-1 

expression and localization, as E-cadherin assembled at cell membranes is indicative of formation of 

adherens junctions and ZO-1 of tight junctions between epithelial cells [51]. Stromal cells were 

identified by vimentin immunostaining; all nuclei were counterstained with DAPI. In monoculture, 

SIMS cells on CES-H showed expression of E-cadherin by day 4 but little ZO-1 (Figure 4A). In 

coculture with NIH 3T3 cells on CES-H, SIMS cells formed robust 3D clusters with strong membrane 

localization of both epithelial markers from day 4 to 7 (Figure 4B). These findings demonstrate that 

stromal cells cultured on CES-H play a critical role in enhancing epithelial cell phenotype and 

polarization compared to epithelial monocultures. 

 

Figure 4. Confocal images showing effects of stromal support on epithelial cell phenotype on cryoelectrospun 

scaffolds with honeycomb topography. (A) SIMS epithelial monoculture on CES-H demonstrated 3D cell growth 

with membrane-localized expression of E-cadherin but not ZO-1. (B) Coculture of SIMS epithelial cells with NIH 

3T3 fibroblasts promotes membrane-localized expression of both epithelial markers, ZO-1 and E-cadherin. 

Monocultures of SIMS salivary epithelial cells were immunostained for E-cadherin (red) and ZO-1 (cyan). 

Cocultures of SIMS epithelial cells and NIH 3T3 fibroblasts were stained for stained for vimentin (green), E-

cadherin (red) and ZO-1 (cyan) along with DAPI stain of nuclei (bluish purple). (Left three panels) Cells cultured 

on CES-H on days 1, 4, and 7. (Right panel) Enlarged view of cells cultured on CES-H on day 7. Arrowheads 

point to membrane-localized expression of E-cadherin and/or ZO-1. Scale bar = 25 µm. 

3. Discussion 

Matrix topography, architecture, composition and mechanical properties govern cell–matrix 

interactions and, together with cell–cell communication, regulate cell function in health and disease 
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[40,53–55]. Replicating these cues is essential for developing physiologically relevant tissues for 

preclinical research or regenerative therapy. In vitro cell culture systems, aiming to recapitulate the 

epithelial lining or epithelial-stromal interface, typically grow epithelial cells on dense basement 

membrane-like matrices or encapsulate epithelial and stromal cells in hydrogels [56–60]. While stiff 

nanofiber mats composed of water-insoluble biomaterials support robust epithelial cell growth [56–

58,61], we hypothesized that matrices incorporating both epithelial and stromal ECM properties 

would better support epithelial–stromal cocultures. We therefore compared three scaffold types 

representing distinct epithelial and/or stromal ECM properties. 

Densely packed electrospun nanofibers (NF) fabricated from an elastin-alginate solution 

resembled the structural architecture of epithelial basement membranes, and the compliant nature of 

stromal ECM but poorly supported epithelial cell attachment in both monocultures and epithelial-

stromal cocultures (Figures 2A, 3A-B left panels). This result was consistent with our prior work with 

NIH 3T3 stromal cells, where the alginate in these NF scaffolds swelled to form a unified hydrogel 

layer [30], limiting cell adhesion and viability. Therefore, densely packed nanofibers may be suitable 

for epithelial culture, only when composed of insoluble, stiff biomaterials that preserve the 

nanofibrous topography upon hydration.  

Loosely packed cryoelectrospun scaffolds (CES-F) combining the fibrous nature of basement 

membranes, and the loosely packed, compliant 3D structure of stromal ECM supported epithelial cell 

attachment and morphology (Figures 2B, 3A-B middle panels). Unlike NF mats, CES-F retained 

topography upon hydration, permitting cell adhesion and clustering. However, its fibrous mesh 

limited vertical cell penetration, leading to horizontal 1 to 3-layer thick cell sheets in both mono- and 

cocultures (Figure 3A-B middle panels), and a random mix of epithelial and stromal cells in 

cocultures rather than distinct 3D clusters. Thus, CES-F supports epithelial attachment but not 3D 

epithelial–stromal organization.  

Cryoelectrospun scaffolds with a honeycomb-like, reticulated topography (CES-H) supported 

epithelial attachment, clustering, and at least 50 µm-deep penetration (Figures 2C, 3A right panel). 

However, CES-H alone only maintained E-cadherin expression and localization, and not ZO-1 

expression (Figure 4A), possibly because CES-H does not mimic the structure or complex 

composition of epithelial basement membranes. Stromal coculture on CES-H restored membrane-

localized E-cadherin and ZO-1 expression (Figure 4B) in SIMS cells, highlighting the necessity of 

stromal support for maintaining epithelial phenotypes on CES-H. We previously demonstrated that 

CES-H recapitulates the viscoelastic and topographical properties of native salivary ECM [30] and 

supports stromal cells while suppressing fibrotic differentiation [32]. Furthermore, we showed that 

CES-H suppressed the fibrotic phenotype in myofibroblasts in vitro [32]. The physical and mechanical 

properties of CES-H might be best suited for optimal stromal culture, which likely enabled NIH 3T3 

fibroblasts to sustain the epithelial phenotype of SIMS cells through paracrine signaling or ECM 

deposition. Stromal cells regulate salivary epithelial function via growth factors (e.g., fibroblast 

growth factors, bone morphogenetic proteins and macrophage colony stimulating factor), ECM 

modulation and direct epithelial–stromal interactions [36,37,62–65]. However, the specific 

mechanisms by which stromal cells on CES-H promote the epithelial phenotype remain to be 

investigated. CES-H also promoted the most physiologically relevant 3D organization of stromal and 

epithelial clusters (Figure 3A–B middle vs. right panels). The larger (~15–25 µm) pores likely enabled 

deeper penetration and spatial segregation of clusters, mimicking native stromal–parenchymal 

architecture.  

These foundational studies demonstrate that matrices that support stromal cell growth and 

phenotype maintenance might best facilitate healthy stromal–epithelial cocultures. While densely 

packed nanofiber mats or loosely packed fibrous meshes fabricated with stiff insoluble biomaterials 

(e.g., collagen, laminin) may enable cell attachment and growth of epithelial and stromal cells, they 

risk inducing stromal fibrosis and thereby, epithelial to mesenchymal transition [66–69]. Such stiff 

scaffolds may be better suited for modeling diseased or fibrotic tissue, but not healthy tissue. 
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Further work is necessary to validate the utility of CES-H to support more physiologically 

relevant parenchymal-stromal cocultures, using primary or stem cell-derived epithelial and stromal 

cells, to evaluate acinar differentiation and secretory function, as softer matrices promote salivary 

morphogenesis [70]. Given the soft ECM-like properties of CES-H, it may also be adaptable for 

stromal–parenchymal cocultures of other soft tissues such as lung, liver, and pancreas, building on 

these foundational studies.  

4. Conclusions 

Cryoelectrospun scaffolds with honeycomb topography supported 3D growth and organization 

of SIMS epithelial cells in both monocultures and cocultures with NIH 3T3 fibroblasts. Cells 

penetrated the CES-H scaffolds and self-organized into tissue-like structures with characteristic 

epithelial-like organization. These findings provide a foundation for future applications of CES-H 

scaffolds for in vitro organ modeling and in vivo soft tissue regeneration. 

5. Materials and Methods 

5.1. Materials 

Scaffolds were fabricated using soluble bovine neck elastin (ES12; Elastin Products Co., 

Owensville, MI), alginate, and 400 kD polyethylene oxide (PEG-400kD) from Sigma-Aldrich (St. 

Louis, MO). Scaffold-crosslinking reagents were N-hydroxysuccinimide (NHS; Thermo Fisher 

Scientific, Waltham, MA), ethyl dimethylaminopropyl carbodiimide (EDC), and calcium chloride 

dihydrate (both from Sigma-Aldrich). Cell culture reagents were high-glucose Dulbecco’s Modified 

Eagle’s Medium (DMEM), heat-inactivated fetal bovine serum (FBS), Penicillin-Streptomycin (10,000 

U/mL penicillin and 10,000 µg/mL streptomycin) all from Thermo Fisher Scientific, or Antibiotic-

Antimycotic Solution (10,000 U/mL penicillin, 10,000 µg/mL streptomycin and 25 µg/mL 

amphotericin B; R&D Systems, Minneapolis, Minnesota). Multi-well, cell culture plates were coated 

with the ultra-low adhesion polymer Lipidure (Amsbio; Cambridge, MA). For scanning electron 

microscopy (SEM) sample preparation, glutaraldehyde, sucrose, phosphate buffer, and 

hexamethyldisilazane (HMDS) were obtained from Sigma-Aldrich, and ethanol was obtained from 

Decon Labs (King of Prussia, PA). Primary antibodies used for immunocytochemistry analysis 

included mouse anti-vimentin (µ-chain specific; clone LN-6; Cat. No. V2258; Sigma-Aldrich), rabbit 

anti-ZO-1 (Cat. No. 402200; Thermo Fisher Scientific), and mouse anti-E-cadherin (Cat. No. 610182; 

BD Biosciences, San Jose, CA). Secondary antibodies (Jackson ImmunoResearch Laboratories, West 

Grove, PA) used were donkey anti-rabbit Cyanine Cy3 AffiniPure IgG (Cat. No. 711-165-152) for ZO-

1, Alexa Fluor-488 AffiniPure F(ab')₂ Fragment IgM (Cat. No. 715-546-020) for vimentin, and donkey 

anti-rabbit Alexa Fluor-647 AffiniPure F(ab’)2 fragment (Cat. No. 715-606-150) for E-cadherin. Other 

reagents used for immunocytochemistry analysis included paraformaldehyde, Tween 20, bovine 

serum albumin, glutaraldehyde, Triton X-100, sodium chloride, and DAPI (all from Sigma-Aldrich), 

normal donkey serum (Cat. No. 017-000-121; Jackson ImmunoResearch Laboratories), and Fluoro-

Gel mounting medium (Electron Microscopy Sciences; Hatfield, PA).  

5.2. Scaffold Fabrication and Modification 

Cryoelectrospinning was performed using 1% elastin, 1.5% alginate, and 3% PEG-400kD in 

deionized water as previously described [30]. The solution was electrospun at 17 kV (needle voltage), 

10 µL/min (flow rate), through a 25G needle with a 15 cm tip-to-collector distance onto a custom 

probe-array collector maintained at −15 to −20 °C for 1 h. The entire setup was maintained at relative 

humidity (RH) > 35%, and air temperature was modulated to < 2 °C to fabricate CES-H and > 2 °C to 

fabricate CES-F. After cryoelectrospinning, the collector with the scaffolds was immediately 

lyophilized (FreeZone, Labconco, Kansas City, MI) for 2–3 h. 

Lyophilized elastin-alginate-PEG scaffolds were individually crosslinked in a 96-well plate 

using EDC and NHS (1.48 mg EDC + 1.78 mg NHS per 100 µL 95% ethanol per scaffold) to covalently 

link elastin and alginate chains. PEG-400kD does not have pendant groups that can be crosslinked 
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and dissolves away in water in the subsequent wash steps. Scaffolds were rocked at 45 rpm for 2 h, 

then washed sequentially in 95%, 70%, 50%, and 0% ethanol containing 1.5% CaCl₂ for 15 min each 

to remove residual EDC and NHS and ionically crosslink alginate chains. Finally, scaffolds were 

frozen at −80 °C and lyophilized for 4 h. 

Elastin-alginate nanofiber (NF) mats were fabricated by conventional electrospinning of the 

same 1% elastin/1.5% alginate/3% PEG-400kD solution, using identical parameters except that the 

collector was maintained at room temperature and RH < 35% with dehumidified air. 

All scaffolds were UV-sterilized, soaked in 70% ethanol + 50 mM CaCl2 for 30 min, rinsed with 

0.9% NaCl + 50 mM CaCl2 for 10 min, and hydrated overnight in culture medium (10% FBS, 5% 

Antibiotic-Antimycotic Solution, 50 mM CaCl2) prior to cell seeding. 

5.3. Scanning Electron Microscopy (SEM) 

5.3.1. SEM of Scaffolds 

Electrospun NF mats and lyophilized cryoelectrospun CES-H and CES-F scaffolds were 

prepared for SEM imaging before crosslinking to prevent hydration. Scaffolds were sputter-coated 

with iridium-palladium and imaged using a Zeiss Leo 1550 field emission scanning electron 

microscope (Zeiss Leo Electron Microscopy Ltd., Cambridge, UK). 

5.3.2. SEM of Scaffolds with Cells 

Scaffolds seeded with cells were fixed with 4% paraformaldehyde-0.25% glutaraldehyde in 5% 

(w/v) sucrose and 0.6X phosphate buffered saline (PBS) for 20 minutes, followed by 3% 

glutaraldehyde in 0.1 M sucrose-0.1M phosphate buffer (pH 7.4) for 2 hours. Fixed samples were 

washed three times (10 minutes each) in 0.1 M sucrose-0.1M phosphate buffer, dehydrated through 

graded ethanol (25%, 50%, 70%, 80%, 95%, 100%, and 100%) for 15 minutes per step, and chemically 

dried in ethanol/HMDS mixtures (3:1, 1:1, and 1:3 ethanol: HMDS) for 15 min each, followed by three 

rinses in 100% HMDS (15 min each). Samples were air-dried overnight, sputter-coated with iridium-

palladium and imaged using a Zeiss Leo 1550 field emission SEM. 

5.4. Image Analysis of Scaffold Topographical Features  

SEM images of NF, CES-H and CES-F scaffolds were analyzed in ImageJ to quantify fiber 

diameter or backbone width and pore size. Measurements were taken from 50–100 features per image 

using the ‘Analyze > Measure’ tool.  

5.5. Cell Culture 

Mouse embryonic NIH 3T3 fibroblasts [49] (passage 12-17) and SIMS mouse submandibular 

salivary gland ductal epithelial cells were cultured in DMEM containing 10% FBS and 1% penicillin-

streptomycin at 37 °C, in a 5% CO2 humidified incubator. NIH 3T3 fibroblasts were subcultured on 

day 3 or 4 at 70-80% confluence and SIMS cells every 2 or 3 days at 80-95% confluence.  

5.6. Cell Culture on Scaffolds 

NIH 3T3 fibroblasts and SIMS cells were seeded at 75,000 cells/scaffold in 25 µL DMEM (10% 

FBS, 1% penicillin-streptomycin, and 25 mM CaCl2) in ultra-low adhesion, Lipidure polymer-coated, 

round-bottom, 96-well plates. Plates were incubated on a rotary shaker at 30 rpm for 2 hours to 

promote cell attachment to the scaffolds. 25 mM CaCl2 supplementation was used to prevent rapid 

disintegration of the scaffold, a concentration at which cell health was not negatively impacted 

[17,30,32]. After 2 hours, 175 µL of fresh medium was added to each well and rotary shaking 

continued for an additional 22 hours to increase the cell attachment efficiency. After 24 hours, 

constructs were transferred to Lipidure-coated 24-well plates with 200 µL fresh medium to enhance 

oxygen transfer and cell viability [30]. Cells were maintained in static culture for 7 days with daily 

partial media changes (100 µL removed, 150 µL added) to retain conditioned medium while 

replenishing nutrients and compensating for evaporative losses. 
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For SIMS/NIH 3T3 cocultures, 50,000 NIH 3T3 cells were first seeded on the scaffold as described 

above and grown for 2 days to provide stromal support before adding 50,000 SIMS cells in the same 

manner.  

5.7. Immunochemistry Analysis and Confocal Imaging of Cell-Scaffold Constructs 

Cell-scaffold constructs were fixed in 4% paraformaldehyde-0.25% glutaraldehyde in 5% (w/v) 

sucrose, 0.6X PBS for 15 minutes, permeabilized with 0.1% Triton X-100 in 1× PBS for 15 min, blocked 

with 20% donkey serum-3% bovine serum albumin in wash buffer (0.9% NaCl-50mM CaCl2 in 

deionized water) for 2 hours at room temperature. Samples were incubated overnight at 4 °C with 

primary antibodies, mouse µ-chain specific anti-vimentin (clone LN-6), rabbit polyclonal anti-ZO-1 

and mouse monoclonal anti-E-cadherin followed by 2-hour, room-temperature incubation with 

DAPI and secondary antibodies, donkey anti-rabbit Cyanine Cy3 (to reveal ZO-1), donkey anti-

mouse IgM Alexa Fluor-488 (to reveal vimentin), and donkey anti-mouse IgG Alexa Fluor-647 (to 

reveal E-cadherin). NIH 3T3 fibroblasts were immunostained for vimentin and SIMS epithelial cells 

were stained for E-cadherin and ZO-1. All samples were counterstained with DAPI and mounted in 

Fluoro-Gel mounting medium for confocal imaging using a Leica SP5 confocal laser scanning 

microscope (Leica Microsystems, Mannheim, Germany).  
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Abbreviations 

The following abbreviations are used in this manuscript: 

CES Elastin-alginate cryoelectrospun scaffolds 

CES-F Elastin-alginate cryoelectrospun scaffolds with fibrous topography 

CES-H Elastin-alginate cryoelectrospun scaffolds with honeycomb topography 

DAPI Diamidino-2-phenylindole 

DMEM Dulbecco’s modified eagle medium 

ECM Extracellular matrix 

FBS Fetal bovine serum 
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HMDS Hexamethyldisilazane  

MSC Mesenchymal stromal cells 

NF Conventionally electrospun nanofibers 

PBS Phosphate buffered saline  

PEG Poly(ethylene glycol) 

SEM Scanning electron microscopy  

ZO-1 Zona occludin-1 
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