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ABSTRACT 

Synthetic matrices that are cytocompatible, cell adhesive and cell responsive are 

needed for the engineering of implantable, secretory salivary gland constructs to treat radiation 

induced xerostomia or dry mouth. Here, taking advantage of the bioorthogonality of the 

Michael-type addition reaction, hydrogels with comparable stiffness but varying degrees of 

degradability (100% degradable: 100DEG; 50% degradable: 50DEG; and non-degradable: 

0DEG) by cell-secreted matrix metalloproteases (MMPs) were synthesized using thiolated HA 

(HA-SH), maleimide (MI)-conjugated integrin-binding peptide (RGD-MI) and MI-functionalized 

peptide crosslinkers that are protease degradable (GIW-bisMI) or non-degradable (GIQ-

bisMI). Organized multicellular structures developed readily in all hydrogels from dispersed 

primary human salivary gland stem/progenitor cells (hS/PCs). As the matrix became 

progressively degradable, cells proliferated more readily and the multicellular structures 

became larger, less spherical, and more lobular. Immunocytochemical analysis showed 

positive staining for stem/progenitor cell markers CD44 and keratin 5 (K5) in all three types of 

cultures, and positive staining for the acinar marker α-amylase under 50DEG and 100DEG 

conditions. Quantitatively at the mRNA level, the expression levels of key stem/progenitor 

markers KIT, KRT5, and ETV4/5 were significantly increased in the degradable gels as 

compared to the non-degradable counterparts. Western blot analyses revealed that imparting 

matrix degradation led to >3.8-fold increase in KIT expression by day 15. The MMP-

degradable hydrogels also promoted the development of a secretary phenotype, as evidenced 

by the upregulation of acinar markers α-amylase (AMY), aquaporin-5 (AQP5), and sodium-

potassium-chloride cotransporter 1 (SLC12A2). Collectively, we show that cell-mediated 

matrix remodeling is necessary for the development of regenerative pro-acinar progenitor cells 

from hS/PCs. 
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INTRODUCTION 

Head and neck cancers account for nearly 1.1 million cases worldwide and is the 

seventh most common cancer type.1  In the United States, 54,000 head and neck cases are 

detected every year with more than 11,000 deaths per year.2 Radiation therapy is frequently 

used in the management of head and neck malignancies, either as a stand-alone therapy or 

in combination with surgery and chemotherapy.3 Such treatment improves the disease 

outcome, but is associated with significant treatment-related side effects. Particularly, an 

estimated 50-80% of head and neck cancer patients experience radiation-induced salivary 

gland hypofunction, i.e. xerostomia or dry month.4 Damage to the salivary gland tissue can 

occur with doses as low as 26 Gy, which is less than half the dose typically used to treat head 

and neck cancers.5 Radiation-induced xerostomia is characterized by irreversible damage to 

the saliva-producing acinar cells.6 In salivary glands exposed to radiation, dilated vasculature, 

altered neuronal innervation, and fibrosis are also observed.7-8 Moreover, the innate 

regeneration capabilities are impaired owing to the significant depletion of tissue-resident 

stem/progenitor cells.9 As a result of reduced salivary flow, patients not only have higher rates 

of dental caries, periodontal diseases, and oral infections, but also experience reduced 

general health, nutrition, and quality of life.10 Therapeutic relief can be achieved by 

implantation of an engineered gland derived from autologous salivary gland stem/progenitor 

cells isolated prior to radiation treatment and grown in a customized synthetic matrix.  

The extracellular matrix (ECM) regulates the growth, differentiation, and homeostasis 

of the resident cells.11 When epithelial cells isolated from branched glandular tissues are 

expanded in two-dimensional (2D) cultures, they lose their stemness and exhibit altered gene 

expression patterns.12-13 To mimic key aspects of tissue composition, architecture, and 

mechanics, synthetic matrices with responsive and instructive cues have been used to 

reconstitute the epithelial tissues in vitro. Salivary gland epithelial cells isolated from human 

and rodent tissues have been cultured in hydrogels based on polyethylene glycol (PEG),14, 15 

collagen,16 alginate,17 fibrin,18 and hyaluronic acid (HA).19, 20 As a ubiquitous non-sulphated 

glycosaminoglycan in natural ECM, HA not only modulates tissue viscoelasticity but also binds 
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with cell surface receptors CD44 and RHAMM to activate various cell signalling pathways.21 

Using blank HA gels, we identified the optimal matrix stiffness for the development of acini-

like multicellular spheroids from dispersed primary human salivary gland stem/progenitor cells 

(hS/PCs).22 Incorporation of peptides derived from fibronectin (RGDSP) and perlecan domain 

IV (TWSKV) further accelerated the development of multicellular spheroids expressing key 

progenitor markers keratin 5 (K5) and keratin 14 (K14) and the acinar marker α-amylase 

(AMY).19 Notably, supplementation of RGD cultures with a pharmacological inhibitor of 

transforming growth factor-β (TGF-β) receptor repressed cellular expression of keratin 7 (K7), 

a ductal marker and frequently associated with cellular stress, while maintaining rapid 

expansion of α-amylase-expressing spheroids.19  

From the tissue regeneration perspective, it is important to maintain a pool of 

stem/progenitor cells to ensure self-maintenance and continuous renewal of differentiated 

cells during in vitro culture and after implantation.23-26 In addition to K5/K14, KIT, a receptor 

tyrosine kinase encoded by the oncogene c-KIT, has been shown to mark progenitors in 

developing organs.23 Although K14+ cells activate a multipotency program to give rise to both 

acinar and ductal cell lineages, the main source of replacement acinar cells after tissue 

damage is KIT+ progenitor cells.26 In fact, KIT is expressed by a subset of K14+ progenitors, 

and KIT deficient embryonic day 14 (E14) mouse exhibits reduced epithelial branching. 

Moreover, KIT and FGFR2b signalling are important for the expansion and maintenance of 

the distal progenitors;27 transplantation of KIT+ cells led to the restoration of glandular function 

in mice.24 Unfortunately, our cell isolation and culture protocols gave rise to hS/PCs with 

significantly reduced KIT expression as compared to the parotid gland.20 

In addition to matrix stiffness and ligand density, matrix degradability has been shown 

to have profound effects on stem cell functions.28, 29 Cell-mediated matrix remodeling through 

secreted matrix metalloproteases (MMPs) has been shown to preserve the stemness of neural 

progenitor cells28 and promote the chondrogenesis or osteogenesis of mesenchymal stem 

cells.30 Importantly, degradation-mediated cellular traction directs stem cell fate in covalently 

crosslinked 3D gels.31 Finally, MMP-mediated matrix degradation is necessary for mouse 
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primary submandibular gland cells to maintain their stemness and to differentiate into acinar 

cells.14  

We hypothesize that promoting bi-directional cell-matrix interactions by imparting 

MMP-degradability in our custom RGD-decorated HA gels will lead to the development of 

secretory constructs with regenerative capacities. Here, cell-adhesive HA hydrogels with 

variable degradability were prepared using peptide-based crosslinkers that are susceptible or 

resistant to degradation by MMPs. We examine how cell-mediated matrix degradation 

influences the proliferation, organization, and phenotype of encapsulated hS/PCs employing 

qPCR, immunocytochemistry, and western blotting techniques. We further quantify the 

expression and production of MMPs and TIMPs during culture at different time points. The 

degradable hydrogels stimulate the expansion and growth of pro-acinar stem/progenitor cells, 

with a 50-fold enhancement in KIT expression at the transcript level. Overall, imparting MMP-

degradable crosslinks in covalently crosslinked HA gels enhanced the regenerative potential 

of hS/PCs. 

 

EXPERIMENTAL SECTION 

Synthesis of Hydrogel Precursors 

Thiolated HA (HA-SH), with a 60% thiol incorporation as determined by 1H NMR 

(Figure S1), was synthesized following our reported protocols.19, 32 Cell adhesive peptide 

(RGD, GGGRGDSPG), and MMP-degradable (GIW, GKRDGPQG↓IWGQDRKG) and non-

degradable (GIQ, GKRDGIQQWGGPDRKG) peptides were prepared using a CEM liberty 

blue peptide synthesizer (CEM Corporation, Mathews, NC) employing standard Fmoc-based 

solid phase synthesis protocol on Rink Amide AM resin (AAPPTec, Louisville, KY) at a 0.25 

mmol scale. Maleimide was conjugated to RGD on resin through the N-terminal amine via the 

reaction with 4-maleimidobutyric acid, as previously described.19 Separately, maleimide was 

introduced to GIW/GIQ on resin via the lysine amines. For selective protection of the lysine 

amine, Nα-Fmoc-Nε-(4-methyltrityl) L-lysine was used. After acetylation of the N-terminal 

amine with acetic anhydride in dimethylformamide (DMF) with N,N-diisopropylethylamine 
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(DIPEA), lysine amines were selectively deprotected with 3% (v/v) trifluoroacetic acid (TFA) 

in dichloromethane (DCM). The resin was subsequently mixed with 4-maleimidobutyric acid 

(8×) for 2 h with O-benzotriazole-N,N,N′,N′-tetramethyluronium hexafluorophosphate (HBTU, 

8×) and DIPEA (8×) in DMF. Peptides were cleaved from the resin by a 3 h treatment with 

TFA/triisopropylsilane (TIPS)/H2O (95:2.5:2.5, v/v) cocktail. The crude product was 

precipitated in cold diethyl ether. Purification was carried out using reverse-phase high-

performance liquid chromatography (RP-HPLC) with a mobile phase of acetonitrile/water with 

0.1% TFA. Peptide purity and mass (Figure S2-S7) were verified using a Waters UPLC LC-

MS/MS system equipped with an ESI source (Xevo G2-S QTof) and a Shimadzu HPLC 

(Shimadzu Corporation, Kyoto, Japan), respectively. Products were stored as a lyophilized 

powder at −20 °C.   

 

Hydrogel Preparation 

HA-SH was dissolved in DI water at 2 wt% and the pH was adjusted to 6.4 using citrate 

phosphate buffer. Stock solutions of RGD-MI and GIW-bisMI and/or GIQ-bisMI buffered at pH 

6.4 were added to HA-SH at 4°C (thiol/MI molar ratio of 1:1) to establish crosslinked gel disks. 

Gelation time was determined by monitoring the viscosity of  the reaction mixture over time33 

using a TA Instruments (New Castle, DE) AR-G2 rheometer (Figure S8). Hydrogels with 

variable degradability (Table 1) were made by adjusting the molar ratio of GIW-bisMI / GIQ-

bisMI while maintaining the concentrations of HA-SH, bisMI crosslinkers, and RGD-MI 

constant.  

Table 1: Formulations of HA hydrogels with varying susceptibility to MMP-mediated 
degradation. 

Gel 
component 

Non-degradable 
(0DEG) 

50% degradable 
(50DEG) 

100% degradable 
(100DEG) 

HA-SH 0.65 wt% 0.65 wt% 0.65 wt% 

RGD-MI 3 mM 3 mM 3 mM 

GIW-bisMI 0 mM 1.5 mM 3 mM 

GIQ-bisMI 3 mM 1.5 mM 0 mM 

 

Hydrogel Characterization 
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Hydrogel stiffness was determined using a TA Instruments DHR-3 rheometer with a 

20-mm cone-and-plate geometry at 25°C. Promptly after mixing on ice, the precursor mixture 

was loaded on the plate, and mineral oil was applied around the geometry to prevent 

evaporation. A time sweep was performed with 0.1% strain at 1 Hz and a frequency sweep 

(Figure S9) from 0.1 to 10 Hz was performed at 0.1% strain. Measurements were conducted 

in triplicate, and the average storage (G′) and loss (G″) moduli are reported. Fully crosslinked 

hydrogel disks were incubated in PBS for 30 min, which was then replaced with 100 U/mL of 

collagenase IV in a 5 mM calcium chloride solution. Every 30 min, the hydrogel mass was 

recorded, and the collagenase IV solution was refreshed. Hydrogel degradation was 

monitored gravimetrically until the 100DEG sample was completely degraded. The mass of 

the remaining gel was normalized to that of the swollen gel. Measurements were conducted 

with three repeats for each time point.  

 

3D Culture of hS/PCs 

Following our reported procedures,19, 34, 35 hS/PCs were isolated from normal human 

parotid tissues obtained from consenting patients undergoing parotidectomy with approved 

protocols by Christiana Care and the University of Delaware. The tissue was first washed with 

F-12 media (Invitrogen, Carlsbad, CA) containing 1% (v/v) Betadine solution. Next, blood 

vessels and connecting tissues were removed, and the remaining tissue was finely minced in 

1 mL HepatoSTIM media (Corning Inc., Corning, NY) to a slurry. After diluting with additional 

media to a final volume of 12 mL, the slurry was aliquoted to a 6-well plate at 2 mL per well. 

hS/PCs were maintained in HepatoSTIM medium supplemented with penicillin-streptomycin 

(100 U/mL), amphotericin B (1%, v/v), and epidermal growth factor (EGF, 10 ng/mL, Corning 

Inc.). At 70-80% confluence, cells were treated with trypsin-EDTA (0.05%, w/v) for 3 min. After 

the residual trypsin was neutralized with a trypsin soybean inhibitor (Sigma Aldrich, Burlington, 

MA), cells were passaged for subculture. Experiments were conducted with cells isolated from 

a 25-year-old female donor at passages between 3-6. Additional experiments were conducted 

with cells isolated from a 70-year-old male. To establish 3D cell-laden gel constructs, hS/PCs 
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were suspended in HBSS and reconstituted in 2 wt% sterile HA-SH before bisMI crosslinkers 

and the RGD-MI solutions were added. The final hS/PC concentration in all constructs was 

3 106 cells/mL. The HepatoSTIM media was added 5 min after the gel was formed. Media 

was refreshed every two days. 

 

Cell Morphology  

Cellular constructs were inspected regularly with Nikon Eclipse Ti series microscope 

in brightfield view. Separately, constructs were fixed with 4% paraformaldehyde (PFA, Sigma 

Aldrich) in PBS for 1 h at room temperature, washed with PBS three times (10 min each), 

permeabilized with 0.1% Triton for 30 min and blocked with 3% (w/v) bovine serum albumin 

(BSA) overnight at room temperature. Samples were then incubated with Alexa Fluor 568 

Phalloidin (1:400 dilution, Life Technologies, Carlsbad, CA) for 16 h at room temperature, 

followed by three PBS washes (10 min each). Next, samples were incubated with Hoechst 

33342 (1:1000 dilution, Life Technologies) for 30 min at room temperature. Three PBS washes 

were performed (10 min each). Confocal imaging was performed using a Zeiss LSM 880 

equipped with an Airyscan detector in Fast Airyscan mode. Images were captured as z-stacks 

of 101.18 μm and maximum intensity projection was performed (Figure S10). Feret’s diameter 

and circularity were quantified with ImageJ software. 

 

Cell Viability and Proliferation  

Cell viability was analyzed by LIVE/DEAD assay (Thermo Fisher Scientific, Waltham, 

MA). Calcein AM (1:1000), ethidium homodimer 1 (EthD-1, 1:2000), and Hoechst 33342 

(1:1000) were diluted in PBS and incubated with cell-laden gels for 30 min at 37°C. Confocal 

images were captured on Zeiss LSM 880 microscope equipped with an Airyscan detector 

using a 10xC-Apochromat 0.45 NA water immersion objective. Z-stack images of 101.18 μm 

were obtained and maximum intensity projection was performed (Figure S11). Cell viability 

was calculated using ImageJ software by counting cells stained by Hoechst (total cells, Figure 

S12) and EthD-1 (dead cells). Cell proliferation was determined as the fold change in the 
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number of viable cells on a given day relative to that for day 1. Spheroids were defined as 

structures with three or more cells labelled with Hoechst and calcein. Spheroid forming 

efficiency is defined as the number of spheroids found on a given day divided by the total 

number of cells present on day 1. 

 

RNA Extraction 

Cellular constructs were snap-frozen on an isopropanol/dry ice mixture and crushed 

with a pestle. The gel slurry was allowed to dissociate in 1 mL Trizol solution (Invitrogen, 

Carlsbad, CA). After mixing with 200 μL chloroform, the solution was centrifuged at 12,000 ×g 

at 4°C for 15 min and the aqueous layer was collected. An equal amount of 100% ethanol was 

subsequently added, and the aqueous solution was transferred to an RNA extraction column 

(Zymo Research, Irvine, CA) and centrifuged at 16,000 ×g for 30 s at room temperature. Next, 

400 μL of RNA prep buffer (Zymo Research) was added and the column was centrifuged at 

16,000 ×g for 30 s. The column was then repeatedly (3 times) cleaned with the wash solution 

(Zymo Research) and centrifuged. Finally, 12 μL nuclease free DEPC-treated water was 

added and the column was centrifuged at 16,000 ×g for 2 min. The aqueous eluents were 

pooled, and RNA quantification and purity were assessed using a NanoDrop 2000 

Spectrophotometer (Nanodrop Technologies, Wilmington, DE). This technique yielded high-

purity RNA with absorbance ratios at  of 260/280 nm >2.01 and 260/230 >1.95. 

 

Quantitative Polymerase Chain Reaction (qPCR) 

RNA was reverse transcribed using the QuantiTect Reverse Transcription Kit 

(QIAGEN, Hilden, Germany) following the manufacturer's protocol. Sequence-specific 

amplification and detection were performed on an Applied Biosystems 7300 real-time PCR 

machine, with a thermal cycling profile of 1 cycle at 95 °C for 10 min, followed by 40 cycles of 

95 °C for 15 s and 60 °C for 1 min. PCR reactions were prepared in 96 well formats at 20 μL 

by combining Power SYBR™ green PCR master mix (Applied Biosystems), cDNA, and target-

specific primers. Primers were synthesized by Integrated DNA Technologies (Coralville, IA), 
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and the complete primer sequences are available in Table S1. Glyceraldehyde 3-phosphate 

dehydrogenase (GAPDH) was used as the reference gene. Cycle threshold values were 

generated using 7300 System SDS RQ Study software version 1.4 (Applied Biosystems). The 

obtained CT values were normalized to GAPDH, and the fold changes were calculated using 

the ΔΔCT method. Three biological replicates are reported from three technical replicates 

measured in duplicate. 

 

Immunofluorescence 

The cell-laden hydrogels were fixed with 4% PFA for 1 h, then blocked with 3% (w/v) 

BSA with desired permeabilizing agents for 16 h at room temperature. Permeabilization was 

carried out with 0.2% Triton for K5 and α-Amylase and with 0.05% saponin for c-KIT, CD44, 

and β-catenin. Constructs were incubated in primary antibody solutions prepared according 

to Table S2 for 24 h at room temperature, washed with PBS twice (5 min each), and incubated 

in PBS for an additional 16 h. Samples were subsequently treated with secondary antibodies 

at 1:200 dilution with 3% BSA and the respective permeabilizing agents for 48 h at room 

temperature. Constructs were washed thrice with PBS (15 min each).  Fluorescent microscopy 

was performed using a Zeiss LSM 880 equipped with an Airyscan detector in Fast Airyscan 

mode. Images were captured as a single slice. 

 

Enzyme-Linked Immunosorbent Assay (ELISA) and EnzcheckTM Assay 

Secretion of MMP1 and MMP2 was assessed using Human Total MMP1 DuoSet 

ELISA and Human Total MMP2 DuoSet ELISA (R&D Systems, Minneapolis, MN), 

respectively. Secretion of α-amylase was quantified using Human Salivary Amylase Alpha 

ELISA Kit (Novus Biologicals, Littleton, CO). Enzcheck gelatinase/collagenase assay (Thermo 

Fisher Scientific) and EnzChek Ultra Amylase Assay (Thermo Fisher Scientific) were also 

performed on the media collected from day 1 and day 15. All assays were performed following 

the manufacturer's protocols, and measurements were made using a SpectraMax i3x Multi-
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Mode Microplate Reader (Molecular Devices, San Jose, CA). Protein levels were normalized 

to the number of cells at each time point based on Hoechst staining. 

 

Protein Extraction 

To prepare the extraction buffer, 1/10 volume of 30× dithiothreitol (DTT) reducing 

buffer (Cell Signaling Technology, Danvers, MA) was added to 1 volume of 3× sodium dodecyl 

sulfate (SDS) loading buffer (Cell Signaling Technology, Danvers, MA). This buffer was diluted 

three times with DI water to obtain the final 1× SDS buffer. In a 1.5 mL Eppendorf tube with 

500 μL 1× SDS buffer, the construct was crushed and sonicated three times (1 min each). The 

mixture was centrifuged at 400 ×g for 5 min and the supernatant was collected as the cell 

lysate. The protein concentration was quantified using a Micro BCA™ Protein Assay Kit 

(Thermo Fisher Scientific) following the manufacturer's protocol, and the measurements were 

obtained using SpectraMax® i3x Multi-Mode Microplate Reader. 

 

Western Blotting 

The cell lysate was diluted to the required protein amount using the cell lysis buffer (1× 

SDS loading buffer and 1× DTT reducing buffer). The solution was heated at 95 °C for 10 min 

and vortexed for 30 s before centrifuging at 15,000 ×g for 2 min at room temperature. SDS-

polyacrylamide gel electrophoresis (SDS-PAGE) was carried out using 4–20% Mini-

PROTEAN TGX Stain-Free Protein Gels (Bio-Rad Laboratories, Hercules, CA) incubated with 

Tris-Glycine-SDS buffer (Bio-Rad Laboratories). Sample lysate was loaded at 30 μg per lane 

and a 40-volt current was applied for 30 min, followed by 200 volts for 40 min at 4 °C. Samples 

were transferred to nitrocellulose membranes (Cell Signaling Technology, Danvers, MA) at 4 

°C for 2 h at 70 volts. For protein lane normalization, the nitrocellulose membranes were 

treated with Revert 700 Total Protein Stain (LI-COR Biosciences, Lincoln, NE) according to 

the manufacturer's protocol and imaged using an iBright FL1500 Imaging System (Invitrogen). 

Membranes were blocked with 5% (w/v) skim milk in tris-buffered saline containing 0.1% 

Tween 20 (Cell Signalling Technology) for 1 h at room temperature. Membranes were 
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incubated for 24 h at 4 °C with the c-KIT primary antibody (Cell Signaling Technology) diluted 

at 1:1000 in 5% BSA in TBST. Membranes were next washed three times with 1× TBST at 

room temperature and incubated with HRP-linked secondary antibody (Cell Signalling 

Technology) diluted at 1:2000 in 5% skim milk in TBST for 1 h at room temperature before 

being washed with TBST three times at room temperature. The membranes were then treated 

with ECL substrate (R&D Systems) and the chemiluminescence was visualized using an 

iBright FL1500 Imaging System. The density of each band was quantified with ImageJ. Total 

protein was used as the internal control to normalize each protein lane since the expression 

level of housekeeping proteins can vary depending on samples and the experimental 

conditions.36 Total protein was stained using Revert 700 total protein stain. The c-KIT band 

was normalized to the total protein stain in every condition.  

 

Statistical Analysis 

Significance was analysed by performing one-way ANOVA with a p value less than 

0.05. Comparisons between pairs were made using Tukey's HSD post hoc. Statistical analysis 

was conducted using JMP Pro 15 (SAS Institute Inc.). Error bars represent the standard error 

of the mean. 

 

RESULTS 

Thiol-Maleimide Click Reaction Yields Hydrogels with Variable Degradability. 

The synthetic matrices were fabricated using modular building blocks derived from HA 

and synthetic peptides employing an efficient thiol-maleimide ‘click’ reaction (Figure 1A). The 

crosslinking reaction was pH and temperature-dependent (Figure S8); gelation was 

instantaneous at pH 7 at ambient temperature, and gels formed under this condition were 

heterogeneous.37 To ensure reproducible synthesis of the hydrogel networks and 

homogeneous distribution of hS/PCs in 3D, hydrogels were prepared at pH 6.4 at 4°C. The 

same chemistry was used to immobilize cell adhesive RGD peptide to the network as dangling 

side chains with maximized integrin binding capacity. HPLC analysis of the PBS solution in 
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contact with the synthesized hydrogel for 24 h did not show any detectable unconjugated free 

RGD peptide.19  

To prepare hydrogels with different degradability, GIW-bisMI and GIQ-bisMI were 

introduced at a molar ratio of 0:1 (non-degradable, 0DEG), 1:1 (50% degradable, 50DEG) and 

1:0 (100% degradable, 100DEG). In all formulations, the concentration of RGD and 

(GIW+GIQ) was maintained constant at 3 mM. Examination via oscillatory rheometry revealed 

that these gels exhibited comparable mechanical properties (Figure 1B), with 0DEG, 50DEG, 

and 100DEG having average storage (G’) / loss (G”) moduli of 202 ± 21 Pa / 0.35 ± 0.03 Pa, 

170 ± 35 Pa / 0.19 ± 0.04 Pa, and 175 ± 28 Pa / 0.25 ± 0.08 Pa, respectively. No statistical 

significance was detected in gel stiffness across the three types of gels. Representative 

frequency sweep results are shown in Figure S9. The hydrogels swelled rapidly in PBS buffer, 

reaching an equilibrium swelling ratio of 49.7 ± 3.2.  

Hydrogels were immersed in PBS with 100 U/mL collagenase type IV and the gel mass 

was measured gravimetrically every 30 min (Figure 1C). No significant decrease in gel mass 

was detected for 0DEG over the course of 270 min, while no gel mass remained for 100DEG 

after 270 min. Hydrogel degradability was found to directly correlate with the relative amount 

of GIW-bisMI crosslinker used; the more GIW-bisMI used, the faster the gel degraded. Taken 

together, the bioorthogonal approach enabled the development of hydrogels with consistent 

mechanical properties and RGD ligand density, but variable susceptibility to protease 

cleavage. 

 

Matrix Degradation Mediates the 3D Growth and Assembly of hS/PCs. 

hS/PCs were encapsulated in HA-based hydrogels of varying degradability and 

cultured for 15 days in HepatoStim media. At day 1, hS/PCs remained as rounded single cells 

homogeneously distributed throughout the network (Figure 2B). Some multicellular structures 

were developed as early as day 3 (Figure 2C), and by day 7, spheroids were abundant in all 

three types of matrices, irrespective of gel degradability. Thereafter, spheroids continued to 

increase in size until day 15, when the experiments were terminated. The Feret’s diameter of 
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the spheroids increased with the culture time in all three types of gels (Figure 2C), although 

structures grown in 100DEG gels were significantly larger than those found in 50DEG and 

0DEG gels on day 6, day 9, day 12, and day 15 (p < 0.05 and 0.001). By day 15, the average 

Feret’s diameter for the multicellular assemblies established in 0DEG, 50DEG, and 100DEG 

was 55.8 ± 1.5 µm, 86.5 ± 3.5 µm, and 96.9 ± 3.8 µm, respectively. Day 15 spheroids found 

in 0DEG gels were morphologically and dimensionally similar to those grown in non-

degradable HA hydrogels prepared with HA-SH, RGD-MI, and acrylated HA.19  

Examination of the 3D cultures by confocal microscope revealed that structures 

developed in 0DEG gels were more compact than those found in 50DEG and 100DEG gels 

(Figure 2B). Quantitative assessment based on circularity confirmed the above observations 

(Figure 2D). With an increase in the matrix degradability, spheroid circularity progressively 

decreased. Spheroid circularity did not significantly deviate from 1.0 in 0DEG constructs over 

15 days of culture. On the other hand, spheroid circularity decreased significantly from 0.9 ± 

0.01 on day 3 to 0.43 ± 0.08 on day 15 in 100DEG cultures. By day 15, spheroids circularity 

across the three types of gel constructs was significantly different (p < 0.05 and 0.0001), with 

0, 50, and 100DEG gels having spheroids with an average circularity of 0.95 ± 0.01, 0.71 ± 

0.03, and 0.43 ± 0.08, respectively. 

hS/PC cultures were further inspected for viability and proliferation (Figure 3). Cell 

viability remained high (> 87% viable) throughout the culture period across different gel 

formulations (Figure 3A, B). hS/PCs proliferated more in 50DEG and 100DEG gels than in the 

non-degradable counterpart (Figure 3C). By day 15, cells proliferated by 1.9 ± 0.3, 2.2 ± 0.5, 

and 2.4 ± 0.5 folds in 0DEG, 50DEG, and 100DEG gels, respectively. There was significantly 

more cell proliferation (p < 0.05) in 50DEG and 100DEG gels as compared to the 0DEG 

counterparts on day 15. When encapsulated in synthetic matrices as dispersed single cells, 

the survival and function of epithelial cells are critically dependent on the establishment of 

close cell-cell contacts. Spheroid-forming efficiency (SFE), defined as the number of spheroids 

normalized to the number of cells in the matrix on day 1, was used to quantify the effectiveness 

of the hydrogels in promoting clonal expansion and self-assembly of hS/PCs. While 
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multicellular spheroids were observed in all the hydrogels, the SFE values differed significantly 

depending on the matrix composition (Figure 3D). SFE for 0DEG gels increased from 36.0 ± 

5.5% on day 7 to 50.0 ± 5.8% on day 15. Under 50DEG conditions, SFE increased from 41.0 

± 3.0% on day 7 to 59.0 ± 4.2% on day 15, and for 100DEG constructs, SFE increased from 

48.8 ± 5.4% on day 7 to 64.5 ± 3.2% on day 15. Overall, SFE increased with culture time and 

matrix degradation. 

Cell adhesion molecules regulate the growth and differentiation of epithelial cells and 

play a key role in maintaining their structural integrity.38, 39 The predominant way in which cell-

cell adhesion is realized is through the cadherin/catenin adhesion complexes. Here, we 

characterized the cell-cell interactions by immunofluorescence targeting β-catenin (Figure 4), 

which localizes to epithelial adherens junctions.40 In 0DEG cultures, β-catenin expression was 

presented predominantly at the border of the spheroids interfacing with the surrounding ECM; 

staining between neighboring cells within the spheroid was weak. β-catenin expression in 

MMP-degradation matrices was distinct and strong. In 50DEG cultures, both the spheroid 

border and the cell-cell junctions were positively stained. β-catenin presentation in 100DEG 

cultures was highly localized to the apical and lateral membranes of neighboring cells. 

Collectively, MMP-degradable hydrogels promote the development of multicellular assemblies 

with β-catenin presented homogeneously in an anatomically correct fashion.41, 42 

 

Degradable Matrix Promotes Cellular Secretion of Proteases  

MMPs play a vital role in the remodeling of the native ECM,43 contributing to the 

development of functional tissues, the maintenance of tissue homeostasis, and the 

establishment of pathological conditions.44 Because the peptide crosslink (GIW) used here is 

the substrate for multiple MMPs,45 we queried whether MMP expression, secretion, and 

activation are dependent on the degradability of the extracellular microenvironment. At the 

transcript level by day 15 (Figure 5A), MMP1 expression did not vary significantly among 

0DEG, 50DEG, and 100DEG conditions. 50DEG cultures promoted a significant (2.8 ± 0.1 

folds, p < 0.05) increase in the expression of MMP2 as compared to 0DEG cultures. MMP2 
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expression was increased significantly by 2.05 ± 0.03 folds in 100DEG cultures relative to the 

0DEG counterparts (p < 0.05). A similar trend was observed for MMP14 (i.e. MT1-MMP). On 

the other hand, cellular expression of tissue inhibitors of metalloproteinases, TIMP1 and 2, 

was not strongly affected by matrix composition, although TIMP3 expression was significantly 

higher in 100DEG (1.96 ± 0.2 folds, p < 0.05) and 50DEG (1.70 ± 0.06 folds, p < 0.05) than 

the non-degradable controls.  

To quantify active collagenase secreted by hS/PCs maintained in various hydrogels, 

Enzchek assay was performed on media collected on day 1 and day 15 (Figure 5B). While the 

secretion level on day 1 was low under all three culture conditions, the amount of collagenase 

detected in day 15 cultures varied significantly; as the matrix became progressively more 

degradable, collagenase secretion increased accordingly. ELISA was conducted to quantify 

the temporal release of MMPs into the cell culture media. While MMP9 and MMP14 were not 

detectable, on a per cell basis, hS/PCs secreted a higher amount of MMP1 (up to 4 pg/cell) 

than MMP2 (up to 0.1 pg/cell). MMP1 secretion was low on day 0 but reached a steady level 

after day 3. MMP1 secretion was significantly greater in 100DEG cultures as compared to 

50DEG and 0DEG on days 6, 9, 12, and 15 (Figure 5C). Additionally, 50DEG cultures had 

significantly more MMP1 secretion than 0DEG controls on days 0, 3, 6, 9, 12, and 15. Similarly, 

MMP2 secretion was low on day 0, increased steadily from days 3-6, and then decreased 

moderately from days 9-15 (Figure 5D). MMP2 secretion was not strongly dependent on matrix 

composition throughout the 15-day culture period, although cells in 100DEG and 50DEG gels 

secreted significantly (p < 0.05) higher amounts of MMP2 on day 3 as compared to 0DEG 

controls. Collectively, MMP-degradable hydrogels enhance matrix remodeling by stimulating 

cellular expression and secretion of matrix-degrading enzymes. 

 

Degradable Matrix Stimulates the Expression of Stem Markers  

Successful engineering of a functional salivary gland requires tissue-specific 

stem/progenitor cells with self-renewal capabilities. At the mRNA level by qPCR (Figure 6A), 

KRT5 expression in 50DEG cultures increased 2.05 ± 0.12 folds by day 15 as compared to 
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the control 0DEG cultures. Further increase in matrix degradability from 50% to 100%, 

however, led to a significant decrease in KRT5 expression, to a level that is slightly higher 

than 0DEG but is not statistically significant. There is no significant change in the gene 

expressions of KRT14, CD44, and MYC across different matrix compositions. Levels of the 

transcripts encoding ETV4 and ETV5, transcription factors required for progenitor cell 

maintenance, varied significantly across different culture conditions. Increasing gel 

degradability increased ETV4 expression. Compared to 0DEG cultures, the 100DEG condition 

induced a significant increase in ETV4 expression (1.98 ± 0.33 folds, p < 0.01) and the 50DEG 

condition showed a significant increase of 1.75 ± 0.28 folds (p < 0.05). On the other hand, 

ETV5 expression was significantly upregulated under 100DEG conditions as compared to 

0DEG and 50DEG. Immunocytochemical analysis showed positive staining for CD44 and K5 

across different culture conditions (Figure 6B, C). CD44 signals were localized on the cell 

surface between neighbouring cells in all three types of cultures. On the other hand, K5 signals 

were more localized in the cytoplasm. In 100DEG cultures, K5 signals were diffuse, with some 

strong patchy staining in the outer layer of cells.  

Characterization of KIT expression was conducted at the mRNA level by qPCR (Figure 

7A) and at the protein level by immunofluorescence (Figure 7B) and western blot (Figure 7C, 

Figure S14). At the transcript level, the introduction of MMP-degradable crosslinks led to a 

significant (p < 0.005, Figure 7A) upregulation of KIT expression. Compared to 0DEG cultures, 

KIT expression increased by 50.9 ± 1.6 and 48.2 ± 1.7 folds for 50DEG and 10DEG, 

respectively. A similar trend was observed using cells isolated from a 70-year-old male (Figure 

S15). Spheroids grown in 0DEG gels were stained positive for KIT; however, those found in 

50DEG and 100DEG were staining more intensely. Results from western blotting (Figure 7C) 

depict a higher KIT expression in the degradable gels as compared to 0DEG gels, in 

agreement with the qPCR observation. Quantification of the band intensity via densitometry 

revealed that, compared to the control 0DEG cultures, 50DEG and 100DEG gels promoted a 

4.5 ± 0.8 and 3.8 ± 0.7-fold increase in KIT expression. 
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Degradable Matrices Enhanced the Expression of Acinar Markers 

We quantitatively analyzed transcripts encoding markers of differentiated cell 

phenotypes (Figure 8A). The highest expression of acinar markers AMY, AQP5, AQP3, and 

SLC12A2 was found in 50DEG cultures. Compared to the 0DEG controls, 50DEG cultures 

significantly increased the expression of AMY (p < 0.01), AQP5 (p < 0.05), and SLC12A2 (p 

< 0.05) by 2.9 ± 0.3, 1.5 ± 0.4, and 1.6 ± 0.1 folds, respectively. Further increase in matrix 

degradability from 50DEG to 100DEG resulted in a decrease in the expression of these genes, 

although the transcript level for AMY in 100DEG cultures was still significantly higher (1.9 ± 

0.4, p < 0.01) than that in the 0DEG counterpart. The expression of AQP5 in 100DEG dropped 

below the level for 0DEG, although the difference was not statistically significant. The 

expression of SLC12A2 followed a similar trend. The expression of AQP3 was not strongly 

dependent on matrix degradability. The expression of ductal marker MUC1 did not change 

significantly across different matrix compositions. The increase in KRT7 expression in 50DEG 

was not significant as compared to the 0DEG counterparts. There was a significant decrease 

in the KRT7 gene expression in 100DEG condition when compared to 0DEG and 50DEG 

conditions.  

α-Amylase expression was further characterized at the protein level by ELISA (Figure 

8B) and immunocytochemistry (Figure 8C). As the culture time extended, cells secreted more 

α-amylase for all three culture conditions. For all time points examined, degradable matrices 

(50DEG and 100DEG) stimulated the production of amylase at a significantly higher level 

(p<0.05 and p<0.01) than the non-degradable counterparts. Analysis of media aliquots for 

amylase activity via EnzCheck assay showed a similar trend (Figure S16). On day 1, active 

amylase content in the media was similarly low for all three types of culture conditions. By day 

15, active amylase content in 50DEG and 100DEG cultures was comparable and significantly 

higher (p < 0.05) than the 0DEG controls. α-Amylase was not detectable by 

immunofluorescence (Figure 8C) in 0DEG cultures. By contrast, amylase was abundant 

throughout the spheroid developed in 50DEG and 100DEG gels. Collectively, MMP-

degradable hydrogels promote the development of pro-acinar cells. 
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DISCUSSION 

Radiotherapy results in relatively high survival rates for patients with head and neck 

cancers. However, an inevitable side effect of such a treatment is hyposalivation, i.e. severe 

reduction in saliva production, which significantly compromises the quality of life for cancer 

patients.46 We propose a tissue engineering strategy to restore salivary gland function using 

primary epithelial cells isolated from the patient prior to radiation treatment and cell-permissive 

and cell-instructive synthetic matrices.47 We have successfully isolated hS/PCs from human 

parotid glands; these cells can be readily expanded in culture. Compared to the parent tissue, 

hS/PCs exhibit increased expression of progenitor markers (KRT5, KRT14, MYC, ETV4, 

ETV5) and decreased expression of differentiation markers (acinar: MIST1/BHLHA15 and 

AMY1A; ductal: KRT19 and TFCP2L1).20 Previously, we reported a 3D culture of hS/PCs in 

HA gels with or without integrin binding peptides, but not MMP-degradable.19, 20, 22  A requisite 

for the growth and 3D self-assembly of hS/PCs is the usage of soft and compliant matrices 

with G’ of 35-104 Pa. Multicellular structures evolved in these gels are spherical and tight; 

although cells expressed certain progenitor markers, KIT level was low.  

In this work, we took advantage of the Michael-type addition reaction between thiol 

and maleimide to fabricate HA hydrogels with a consistent display of the integrin-binding 

peptide (RGDSP), comparable mechanical properties, but varying susceptibility to MMP-

mediated degradation. The hydrogel matrix has a stiffness comparable to that of murine 

embryonic salivary glands.48 Over the course of the 15 days, all three types of gel constructs 

remained structurally sound; we did not see obvious gel fragmentation and a significant 

increase in fluidicity. hS/PCs encapsulated in the HA hydrogels are viable and proliferative, 

forming multicellular spheroids as early as day 3. 0DEG gels promoted the formation of circular 

and tight hS/PCs assemblies. Incorporating protease degradability promoted the development 

of irregularly shaped structures.  

To form multicellular structures in a non-degradable nano-porous matrix, hS/PCs must 

push away the HA chains to accommodate their increasing volume.19 As a result of this 
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displacement, the HA matrix reciprocally increases a compressive, YAP-deactivating pressure 

against the cells. Under this condition, a sphere is the most energetically favourable shape.49, 

50 When encapsulated in a MMP-degradable matrix, hS/PCs can expand and assemble freely 

as the surrounding covalent cage is partially loosened by cell-secreted enzymes. As a result, 

these matrices permit more intimate cell-matrix interactions, thereby stimulating the rapid 

expansion of structures that deviate from the perfect spherical shape. It is reported that an 

imbalance in cell-cell and cell-matrix forces promotes salivary gland branching 

morphogenesis.51 The non-spherical structures observed in the 50/100DEG hydrogels could 

arise from the build-up of dissimilar cell-matrix tension along the spheroids as MMP-mediated 

degradation began weakening areas of the hydrogel near the spheroids. In agreement with 

prior report,14 hS/PCs in degradable matrices also proliferated more than those in non-

degradable controls.  

In addition to cell-ECM interactions, the establishment of cell-cell adhesions is critical 

to the maintenance of epithelial functions.52 We demonstrate that β-catenin is localized to the 

cell-cell junctions under various culture conditions. Moreover, in 50DEG hydrogels, we 

observed strong β-catenin staining on the basal side. In 0DEG gels, some spheroids showed 

basal staining for β-catenin. The presence of β-catenin facing the ECM may indicate the 

polarization of spheroids,53, 54  which is necessary for epithelial morphogenesis.55 E-cadherin 

recruits β-catenin and helps anchor it to the basolateral membrane. Previous studies suggest 

that MMP/TIMP activity affects E-cadherin and β-catenin stability.56, 57 Matrix degradation 

alters cell-matrix interaction, thus can affect pathways involved in β-catenin regulation and 

basal localization of β-catenin. However, we performed immunocytochemistry for GM130 (a 

polarity marker) and did not observe the apical localization of GM130 in either of the hydrogels, 

suggesting the spheroids were not correctly polarized (Figure S17). Future studies will identify 

necessary ECM cues to promote hS/PC polarization. 

The irregularly shaped structures developed in 100DEG gels implies active matrix 

remodeling. IVIS imaging of cellular constructs made using fluorescently labelled hydrogels 

unambiguously confirmed matrix degradation in 50DEG and 100DEG during in vitro culture 
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(Figure S18). The GIW crosslinker used here is susceptible to degradation by MMP1,45 

MMP2,45 MMP9,45 and MMP14.58 In response, cellular secretion of MMP1 and active 

collagenase, as well as the expression of TIMP3, correlate positively with matrix degradability. 

It is known that TIMP1 inhibits MMP1, TIMP2 inhibits MMP2 better than TIMP1,59 and TIMP3 

inhibits all MMPs.60 Because a proper balance between MMPs and TIMPs is necessary for 

tissue morphogenesis,60, 61 it is not surprising that gain or loss-of-function of MMPs and TIMPs 

results in defects in branched organs.43, 62  The ECM at the end bud tip is thinner than the cleft 

region and ducts, indicating that MMPs are needed to cleave the ECM at the invasive front so 

that cells can proliferate, migrate, and invade the surrounding mesenchyme.63  

Our tissue engineering approach aims to reconstitute and expand the stem/progenitor 

cell population in 3D in a tissue-mimetic configuration. Here, we show that the susceptibility of 

the HA gels to MMP degradation regulates the expression of key salivary gland stem cell 

markers. KRT5 and KRT14 are intermediate filaments,64 and KRT5/KRT14+ progenitor cells 

contribute to specialized  acinar, ductal, and myoepithelial cells in the gland.27, 65 Salivary gland 

growth and regeneration also require CD44+ stem cells.66, 67 Although the gene expression of 

KRT14 did not change significantly across different hydrogel conditions, KRT5 expression was 

sensitive to matrix composition, with the highest level detected in 50DEG cultures. CD44 

expression was maintained consistently in 0DEG, 50DEG, and 100DEG hydrogels, both at 

the mRNA and protein levels.  

Another key stem cell marker for the salivary gland is KIT. KIT, along with FGFR2b 

signaling, is reported to regulate progenitor expansion during salivary gland organogenesis.27 

KIT is found in the initial endbud formed in the embryonic salivary gland.27 Its expression 

increased in the distal end bud as the branching morphogenesis occurred and the endbud and 

ducts increased in number.27 KIT+ cells are among the most potent stem cells in the salivary 

gland, and as few as 500 KIT+ human salivary gland cells have been shown to improve 

salivary gland function following radiation in a mouse model.25 However, the number of KIT+ 

cells diminishes with age, thus, the regenerative capacity of adult salivary gland is limited.68, 

69 
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Previously, we show that KIT expression was significantly diminished in tissue-derived 

hS/PCs.20 Although culturing hS/PCs in non-degradable HA hydrogel led to an increase in KIT 

expression, the level was still significantly lower compared to the human parotid gland.20 Here, 

we discovered that hydrogels engineered with protease degradability enhanced the 

development of KIT+ cells. Incorporating MMP degradability resulted in up to 50- and 5-fold 

increase in KIT expression at the gene and the protein level, respectively. Our findings are 

robust and applicable to cells derived from donors of varying ages. This is a critical discovery 

as in previous studies, KIT-positive cells were difficult to maintain in vitro.24 Additionally, we 

found that protease degradability increased the expression of the stem cell markers ETV4 and 

ETV5. Our findings are supported by previous literature reporting that MAPK-ETV signaling 

supports the expansion of KIT progenitors in the mouse submandibular gland.70 While we did 

not conduct mechanistic investigations, we speculate that hydrogel proteolytic degradation 

may help to sustain ETV signaling upstream of KIT. Taken together, our results indicate that 

the maintenance of the salivary gland stem/progenitor cells requires the synthetic matrices to 

be susceptible to MMP degradation.  

Because radiation treatment irreversibly damages the differentiated acinar cells, our 

bioengineering approach further targets the enrichment of pro-acinar progenitor cells with 

secretory capabilities. Because the differentiation of the precursor cell is influenced by the 

changes in the extracellular microenvironment, we inquired whether MMP-mediated matrix 

remodeling triggers lineage commitment. In our 3D cultures, we observe a significant increase 

in amylase expression, both at the gene and the protein levels, when the synthetic matrices 

were MMP degradable. The expression of AQP5, AQP3, and SLC12A2 was the highest in 

50DEG cultures, although a significant difference was only detected for AQP5 and SLC12A2. 

In agreement with observations, using mouse salivary gland cells, Shubin et al. showed that 

hydrogel degradability regulates the expression of acinar markers.14  

In summary, we cultured hS/PCs in HA-based hydrogels with full (100DEG), partial 

(50DEG), or zero (0DEG) MMP degradability. While 0DEG gels promoted the development of 

tight spheroids, the degradable counterparts facilitated the establishment of multicellular 
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structures that are larger, irregularly shaped, and occasionally lobular. When cultured in 

50DEG and 100DEG gels, hS/PCs expressed higher levels of stem/progenitor markers, as 

well as differentiated acinar markers. Future studies will aim to assess if hS/PCs cultured in 

gels with protease degradability have increased regenerative ability in appropriate animal 

models.  

 

CONCLUSION 

To develop an implantable salivary gland construct for the treatment of radiation-

induced xerostomia, we cultured primary hS/PCs in RGD-conjugated HA hydrogels with 

comparable stiffness but a variable degree of proteolytic degradability. At the transcript level, 

we observed a significant increase in the expression of stem/progenitor markers KIT and 

KRT5, as well as acinar markers AMY, SLC12A2, and AQP5 in 50DEG and 100DEG gels. 

Western blot analyses confirmed a significant increase in KIT expression in 50DEG and 

100DEG hydrogels on day 15. Characterization by immunocytochemistry showed positive 

staining for stem cell markers KIT, K5, and CD44 in all the hydrogels, and positive staining for 

acinar marker α-amylase in 50DEG and 100DEG matrices. Collectively, we show that cell-

mediated matrix degradability is necessary for the maintenance of a pro-acinar progenitor 

phenotype. This work represents a first step toward developing an engineered salivary gland. 

 

SUPPORTING INFORMATION:  

Chromatography/spectroscopy characterization of hydrogel precursors; Analysis of 

gelation kinetics and hydrogel stiffness; Fluorescent images of constructs treated with 

secondary antibody only; Individual stacks used to construct maximum intensity projections 

for day 15 images in Figure 2B and 3A; Hoechst 33342 staining for determining cell numbers; 

IVIS imaging of cell-laden hydrogels at day 1 and day 15; Original Western blot results, KIT 

expression by cells isolated from a 70-year-old patient; Quantification of amylase content; 

Immunofluorescence showing the distribution of polarity marker GM130; List of qPCR primers. 
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Figure 1. Synthesis and characterization of RGD-decorated HA gels with varying susceptibility 

to MMP-mediated degradation. (A) Hydrogels were established via Michael-type addition 

reaction using thiolated HA (HA-SH), maleimide-functionalized cell adhesive peptide (RGD-

MI), and bis-maleimide crosslinkers that are MMP-degradable (GIW-bisMI) or non-degradable 

(GIQ-bisMI). (B) Representative oscillatory shear rheometry results showing elastic modulus 

(G’) as a function of time. Hydrogels prepared using varying amounts of GIW/GIQ-bisMI 

crosslinkers exhibited comparable G’. Analysis across three biological replicas did not reveal 

any significant differences in G’ across the three hydrogel formulations. (C) Gravimetric 

characterization of hydrogel degradation by collagenase IV (100 U/mL). Collagenase IV 

solution was added at 30 min. 
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Figure 2. Characterization of the size and shape of multicellular hS/PC structures. (A) 3D 

growth of hS/PCs in gels with varying degradability as monitored using a brightfield 

microscope. Scale bar: 100 μm. (B) Representative maximum intensity projection of confocal 

z-stack (101.18 μm) images of hS/PC cultures on days 3-15. Cell nuclei were stained blue 

with Hoechst and F-actin was stained red by phalloidin. Scale bar: 50 μm. (C-D) 

Characterization of spheroid size and shape as Feret’s diameter (C) and circularity (D). 

Analyses were performed using Hoechst/F-actin-stained confocal images. Error bars 

represent SEM in all cases. One-way ANOVA, followed by post hoc Tukey’s test. * indicates 

p < 0.05, ** indicates p < 0.01, *** indicates p < 0.005, **** indicates p < 0.001, ***** indicates 

p < 0.0001 between 0DEG, 50DEG, and 100DEG at the same time point.  
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Figure 3. Effects of matrix degradability on cell viability (A), proliferation (B) and spheroid 

forming efficiency (SFE, C). (A) Representative confocal images of hS/PCs after live/dead 

staining. Live cells were stained green by calcein and dead cells were stained red by EthD-1. 

Scale bar: 100 μm. (B) Percent viable cells as a function of culture time and gel composition. 

Using ImageJ software, viability was determined by subtracting dead cells stained by EthD-1 

from the total number of cells stained by Hoechst. (C) Effects of culture time and gel 

composition on hS/PC proliferation. Proliferation, as fold change, was determined by 

comparing the total number of viable cells on a given day to the total number of cells on day 
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1. (D) Effects of culture time and conditions on spheroid forming efficiency. Cell number on 

day 1 was determined from the Hoechst nuclear labeling. Spheroids were defined as 

structures with three or more calcein and Hoechst-stained cells that were close to each other. 

SFE is defined as the number of spheroids found at day 7 or 15 relative to the day 1 cell 

number. Error bars represent SEM in all cases. One-way ANOVAs were performed on (B-D) 

data sets, followed by post hoc Tukey’s test. * indicates p < 0.05, ** indicates p < 0.01 between 

0DEG, 50DEG, and 100DEG at the same time point.  
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Figure 4. Characterization of β-catenin expression by day 15 hS/PC cultures by 

immunofluorescence. Hydrogel-derived hS/PC multicellular spheroids maintain cell-cell 

contacts as depicted by β-catenin staining. Scale bar: 20 μm. 
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Figure 5. Characterization of protease expression by qPCR (A), Enzcheck assay (B), and 

ELISA (C-D). (A) qPCR analyses for the expression of MMPs and TIMPs by day 15 of cultures. 

GAPDH was used as the house keeping gene. (B) Active collagenase content in 0DEG, 

50DEG, and 100DEG cultures on day 1 and day 15. (C-D) Cellular secretion of MMP1 (C) and 

2 (D) on days 0 (5 h after encapsulation), 3, 6, 9, 12, 15 as quantified by ELISA. Error bars 

represent SEM in all cases. One-way ANOVAs were performed on all the data sets, followed 

by post hoc Tukey’s test. * indicates p < 0.05, ** indicates p < 0.01, *** indicates p < 0.005, 

**** indicates p < 0.001 between 0DEG, 50DEG, and 100DEG at the same time point.  
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Figure 6. Characterization of the expression of stem/progenitor markers by qPCR (A) and 

immunofluorescence (B, C). (A) qPCR analyses of day 15 constructs for the expression of 

salivary gland progenitor (KRT5, KRT14), and stem cell markers (CD44, MYC, EVT4/5). 

GAPDH was used as the house keeping gene. Error bars represent SEM in all cases. One-

way ANOVA, followed by post hoc Tukey’s test. * indicates p < 0.05, ** indicates p < 0.01, *** 

indicates p < 0.005, **** indicates p < 0.001 between 0DEG, 50DEG, and 100DEG at the same 

time point. (B) Confocal images of day 15 constructs stained for CD44 (green), F-actin (red), 

and nuclei (blue). (C) Confocal images of day 15 constructs stained for K5 (white), F-actin 

(red), and nuclei (blue). Scale bar: 20 μm. 
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Figure 7. Characterization of KIT expression by day 15 constructs by qPCR (A), 

immunofluorescence (B), and western blotting (C). (A) qPCR analysis of the mRNA levels of 

KIT. GAPDH was used as the house keeping gene. Error bars represent SEM in all cases. 

One-way ANOVA, followed by Tukey’s multiple comparison test. * indicates p < 0.05, ** 

indicates p < 0.01, *** indicates p < 0.005 between 0DEG, 50DEG, and 100DEG at the same 

time point. (B) Immunocytochemistry shows the presence of c-KIT+ (green) cells in 0DEG, 

50DEG, and 100DEG cultures. Scale bar: 20 μm. (C) Western blot analyses of 3D cultures for 
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the expression of KIT. Quantitative analysis was performed by densitometry and the bar graph 

represents the data from the three biological replicates. Error bars represent SEM in all cases. 

One-way ANOVA, followed by post hoc Tukey’s test. * indicates p < 0.05, ** indicates p < 0.01.  
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Figure 8. Characterization of the expression of differentiated markers by qPCR (A), ELISA 

(B), and immunofluorescence (C).  (A) qPCR analysis of the mRNA levels of acinar (AMY, 

AQP5, AQP3, SLC12A2) and ductal (MUC1, KRT7) markers. GAPDH was used as the house 

keeping gene. (B) Quantification of α-amylase secretion in the media at days 3, 6, 9, 12, and 

15. Error bars represent SEM in all the cases. One-way ANOVA were performed on data sets 

for (A) and (B), followed by post hoc Tukey’s test. * indicates p < 0.05, ** indicates p < 0.01. 

(C) Immunofluorescence showing the distribution of amylase (yellow) in 0DEG, 50DEG, and 

100DEG cultures. Scale bar: 20 μm. 

 


