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Abstract 

Fibrosis, characterized by aberrant deposition of extracellular matrix (ECM) is a contributor to about 

45% of deaths worldwide. Fibrosis in the salivary gland, caused by Sjogrenôs syndrome, diabetes mellitus, or 

radiation therapy for head and neck cancers, results in salivary hypofunction characterized by reduced saliva 

output or changes in its composition, leading to poor oral and digestive health. Current therapies for salivary 

hypofunction are palliative and inefficient, and regenerative strategies are an appealing therapeutic alternative. 

Mesenchymal stem/stromal cell (MSC) therapy can limit fibrosis but faces translational challenges due to 

transient therapeutic effects. Scaffold-based approaches can improve the efficacy of MSC delivery by localizing 

MSCs near the tissue, improving MSC engraftment and persistence, potentially modulating the in vivo tissue-

resident cells, and promoting tissue regeneration. Ideally, scaffolds should emulate native soft tissue ECM to 

provide key physical, biochemical and mechanical cues that maintain the regenerative potential of MSCs. In 

this work, we address the limitations of current scaffolding technologies, by developing a novel 

cryoelectrospinning process, and exploring scaffold chemistry to fabricate scaffolds that mimic the minimal 

fibrous backbone, porous morphology, and viscoelasticity of decellularized salivary glands (DSG). We used 

elastin and alginate as natural, compliant biomaterials and water as the solvent for cryoelectrospinning 

biocompatible scaffolds. We optimized process parameters to produce a unique honeycomb topography, similar 

to DSG, and optimized collector plate geometries to produce a high throughput yield of >100 scaffolds/run. We 

demonstrated 3D stromal and epithelial growth on our cryoelectrospun scaffolds (CES) and showed that their 

coculture facilitated cell-cell interactions resembling normal tissue structure. We demonstrated the feasibility 

of maintaining MSC-like primary embryonic day 16 (E16) mesenchyme on CES and the ability of CES to 

repress fibrotic activity, similar to DSG. We also determined that FGF2 supplementation improved stromal 

health of primary embryonic mesenchyme on CES. Finally, we demonstrated the antifibrotic properties of CES, 

primary E16 mesenchyme, and FGF2 by the repression of fibrotic activity of myofibroblasts. Overall, in this 

work, we have developed novel scaffolds that mimic soft tissue ECM and show great potential for use in in 

vitro organ models and stromal cell delivery for in vivo regenerative therapy. 
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Chapter 1 - Opportunities and challenges in mimicking soft tissue ECM for salivary gland tissue 

regeneration  

 

1.1 Unmet need for soft tissue ECM mimics 

Tissue engineering strategies have been considered as a promising approach for organ modeling 

and regenerative therapy for several decades. On one hand, in vitro organ models have made great strides 

in the past decade, however, there is still a huge scope for improvement with regard to physiological 

relevance. On the other hand, regenerative therapeutic strategies face several translational challenges1. 

Tissue engineering strategies should ideally emulate the extracellular matrix (ECM) and its interaction with 

cells, cell-cell interaction, and 3D organization of cells for the engineered tissue to mimic the function of 

the native tissue. ECM is a complex and dynamic ecosystem that varies from one organ to another (Table 

1.1), and tissue engineering strategies have struggled to recapitulate this complexity. The ECM provides 

physical, biochemical and mechanical cues, which can be dynamic and modulate the behavior of cells with 

which it interacts. The composition of the ECM includes ~ 300 ECM proteins in addition to ECM-

associated proteins, growth factors and cytokines2,3, which allows for varied, complex and distinct cues 

tailored for different types of cells in each organ4. Broadly, the parenchyma, stroma and vasculature 

experience different cues from the ECM. While epithelial and endothelial cells typically experience 

basement membranes of  > 100 kPa stiffness that are rich in collagen IV and laminins5,6, and grow in mono 

or bilayers, stromal cells typically experience a much softer interstitial ECM of 0.1-10 kPa stiffness, that is 

rich in collagen I, III, elastin and fibronectin and grow in multi-layers in 3D4,7,8.  Further, topographical 

cues, the number of cell attachment sites, and viscoelasticity of ECM vary for different cell types4,9ï11. 

While 3D cell-cell interaction and cell organization have been mimicked in the engineering of certain organ 

models, they do not always congruently mimic the different types of cues offered by the native ECM. 

Hence, it is challenging to engineer an organ niche that includes multiple cell types depicting the 

parenchyma, stroma and vasculature in different 3D cell organization architectures and with different ECM 

cues.  
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Significant headway has been made in the engineering of stiff or hard tissues such as skin, cartilage 

and bone, due to the ease of mimicking stiff and elastic ECM and layered cell growth. Soft tissues such as 

liver, lung, kidney, etc. have not been easily recapitulated due to the increased complexity in 3D 

organization of different cell types, a soft, viscoelastic ECM as opposed to a stiff and elastic ECM, and 

various nanotopographical cues offered by the porous ECM architecture. Fig. 1.1 details the ECM 

topography and Table 1.1 details the whole organ stiffness of various organ types, demonstrating the 

variability in ECM properties between soft and hard tissues and commonality in properties between various 

soft tissue organs. It highlights that soft tissues have a porous ECM architecture with pore sizes less than 

100 µm and stiffness in the sub-low kPa range whereas stiff tissues, with the exception of cancellous bone, 

have fibrous ECM components usually arranged in a lamellar fashion with stiffness in the high kPa ï GPa 

range. Cardiac and muscle tissues fall in between soft and hard tissues and have both porous and fibrous 

ECM architecture with stiffnesses in the mid-kPa range. It is important to note that the stiffnesses reported 

here are whole organ stiffnesses and that the stiffness of the decellularized ECM is almost an order of 

magnitude lower than whole-organ stiffness12. The difficulty in recapitulating soft tissue ECM 

characteristics, the choice of biomaterials, biocompatibility and regulatory concerns have all been an 

impediment for clinical translation1.  
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Fig.  1.1 ECM architecture of tissues and organs based on matrix stiffness. (A-I) Soft tissue organs of 

matrix stiffness < 20 kPa. (J-N) Moderately stiff tissue organs of matrix stiffness between 20 kPa ï 1 MPa. 

(O-S) Stiff tissue organs of matrix stiffness > 1 MPa.  

A) Brain  ï Collagen IV architecture13. Scale bar = 100 µm. Reprinted with permission from Dequach JA, 

Yuan SH, Goldstein LSB, Christman KL. Decellularized porcine brain matrix for cell culture and tissue 

engineering scaffolds. Tissue Eng Part A Tissue Eng. 2011;17(21-22):2583-2593. Copyright © 2011, Mary 

Ann Liebert, Inc.  

B) Lung ï Collagen IV architecture14. Reprinted with permission from Laranger R, Peters-Hall JR, 

Coquelin M, et al. Reconstituting Mouse Lungs with Conditionally Reprogrammed Human Bronchial 

Epithelial Cells. Tissue Eng - Part A. 2018;24(7-8):559-568. Copyright © 2018, Mary Ann Liebert, Inc. 

C) Liver  ï ECM architecture (eosin stain)15. Reprinted with permission from Sabetkish S, Kajbafzadeh AM, 

Sabetkish N, et al. Whole-organ tissue engineering: Decellularization and recellularization of three-

dimensional matrix liver scaffolds. J Biomed Mater Res Part A. 2014;103(4):1498-1508. Copyright © 2014 

Wiley Periodicals, Inc. 

D) Kidney ï Collagen IV architecture16. Scale bar = 20µm. Reprinted with permission from Zhang J, Wang 

Z, Lin K, et al. In vivo regeneration of renal vessels post whole decellularized kidneys transplantation. 

Oncotarget. 2015;6(38). Licensed under a Creative Commons Attribution 3.0 License.  

E) Pancreas ï Collagen IV architecture17. Scale bar = 100µm. Reprinted with permission from Sackett SD, 

Tremmel DM, Ma F, et al. Extracellular matrix scaffold and hydrogel derived from decellularized and 

delipidized human pancreas. Sci Reports 2018 81. 2018;8(1):1-16. Licensed under a Creative Commons 

Attribution 4.0 International License. 

F) Ovary ï ECM architecture (SEM image)18. Scale bar = 100µm. Reprinted with permission from 

Hassanpour A, Talaei-Khozani T, Kargar-Abarghouei E, Razban V, Vojdani Z. Decellularized human 

ovarian scaffold based on a sodium lauryl ester sulfate (SLES)-treated protocol, as a natural three-

dimensional scaffold for construction of bioengineered ovaries. Stem Cell Res Ther. 2018;9(1):252. 

Licensed under a Creative Commons Attribution 4.0 International License. 

G) Lacrimal Gland  ï Collagen IV architecture19. Scale bar = 100µm. Reprinted with permission from 

Spaniol K, Metzger M, Roth M, et al. Engineering of a secretory active three-dimensional lacrimal gland 

construct on the basis of decellularized lacrimal gland tissue. Tissue Eng - Part A. 2015;21(19-20):2605-

2617. Copyright © 2015, Mary Ann Liebert, Inc.  

https://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/


                                Page 9 

 

 

H) Salivary Gland ï Collagen I architecture20. Scale bar = 100µm. Reprinted with permission from Ramesh 

P, Moskwa N, Hanchon Z, et al. Engineering cryoelectrospun elastin-alginate scaffolds to serve as stromal 

extracellular matrices. Biofabrication. 2022;14(3):5. Copyright © 2022 IOP Publishing 

I) Mammary Gland ï Collagen IV(green) architecture21. Scale bar = 20µm. Reprinted with permission 

from Wishart AL, Conner SJ, Guarin JR, et al. Decellularized extracellular matrix scaffolds identify full-

length collagen VI as a driver of breast cancer cell invasion in obesity and metastasis. Sci Adv. 2020;6(43). 

Licensed under Creative Commons Attribution NonCommercial License 4.0 (CC BY-NC). 

J) Heart ï ECM architecture (SEM image)22. Scale bar = 100µm. Reprinted with permission from 

Wainwright JM, Czajka CA, Patel UB, et al. Preparation of Cardiac Extracellular Matrix from an Intact 

Porcine Heart. Tissue Eng - Part C Methods. 2009;16(3):525-532. Copyright 2010, Mary Ann Liebert, Inc. 

K, L) Muscle ï ECM architecture ((K) Alician blue stain, (L) SEM image)23. Scale bar = 75 µm. Reprinted 

with permission from Porzionato A, Sfriso MM, Pontini A, et al. Decellularized Human Skeletal Muscle as 

Biologic Scaffold for Reconstructive Surgery. Int J Mol Sci. 2015;16(7):14808. Licensed under Creative 

Common CC BY license. 

M) Thyroid gland ï ECM architecture (eosin stain)24. Scale bar = 50 µm. Reprinted  with permission from 

Weng J, Chen B, Xie M, et al. Rabbit thyroid extracellular matrix as a 3D bioscaffold for thyroid 

bioengineering: a preliminary in vitro study. Biomed Eng Online. 2021;20(1):1-13. Licensed under 

Creative Commons Attribution 4.0 International License.  

N) Skin ï ECM architecture (Gomori stain)25. Scale bar = 50 µm. Reprinted  with permission from Belviso 

I, Romano V, Sacco AM, et al. Decellularized Human Dermal Matrix as a Biological Scaffold for Cardiac 

Repair and Regeneration. Front Bioeng Biotechnol. 2020;8:229. Copyright © 2020 Belviso, Romano, 

Sacco, Ricci, Massai, Cammarota, Catizone, Schiraldi, Nurzynska, Terzini, Aldieri, Serino, Schonauer, 

Sirico, DôAndrea, Montagnani, Di Meglio and Castaldo. Licensed under Creative Commons Attribution 

License (CC BY) 

O) Cancellous Bone ï ECM architecture (SEM image)26. Scale bar = 1 mm.  Reprinted with permission 

from Guillén T, Ohrndorf A, Tozzi G, Tong J, Christ HJ. Compressive fatigue behavior of bovine cancellous 

bone and bone analogous materials under multi-step loading conditions. Adv Eng Mater. 2012;14(5):199-

207. Copyright © 2012 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim 

P) Cartilage ï ECM architecture (eosin stain)27. Reprinted with permission from Rothrauff BB, Coluccino 

L, Gottardi R, et al. Efficacy of thermoresponsive, photocrosslinkable hydrogels derived from 

decellularized tendon and cartilage extracellular matrix for cartilage tissue engineering. J Tissue Eng 

Regen Med. 2017;12(1):e159-e170. Copyright © 2017 John Wiley & Sons, Ltd. 

Q) Ligament ï ECM architecture (SEM image)28. Scale bar = 1 µm. Reprinted with permission from 

Franchi M, De Pasquale V, Martini D, et al. Contribution of glycosaminoglycans to the microstructural 

integrity of fibrillar and fiber crimps in tendons and ligaments. ScientificWorldJournal. 2010;10:1932-

1940. Licensed under Creative Commons Attribution 4.0 License. 

R) Tendon ï ECM architecture (eosin stain)27. Reprinted with permission from Rothrauff BB, Coluccino 

L, Gottardi R, et al. Efficacy of thermoresponsive, photocrosslinkable hydrogels derived from 

decellularized tendon and cartilage extracellular matrix for cartilage tissue engineering. J Tissue Eng 

Regen Med. 2017;12(1):e159-e170. Copyright © 2017 John Wiley & Sons, Ltd. 

S) Compact Bone ï ECM architecture (SEM image)29. Reprinted with permission from Sommerfeldt D, 

Rubin C. Biology of bone and how it orchestrates the form and function of the skeleton. Eur Spine J. 

2001;10(SUPPL. 2). Licensed under Creative Commons Attribution 4.0 License. 

 

 

 

 

https://creativecommons.org/licenses/by-nc/4.0/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
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Table 1.1.  Mechanical properties of soft and hard/stiff tissue organ ECM  

Organ type Organ/Tissue Whole organ stiffness 

Soft tissues 
< 20 kPa 

Brain Developmental: 300-500 Pa30 
Mature: 650-1500 Pa30 

Salivary glands  Developmental: 100-350 Pa31 
Mature: 1- 4 kPa31 

Mammary glands Mature: 0.2-2 kPa32 

Pancreas Mature: ~ 2.5 kPa33 

Ovary Mature: 1.5 ς 5.5 kPa34 

Lacrimal glands Mature: 5-10 kPa35 

Lungs Mature: 0.6-35 kPa36 

Liver Mature: < 6 kPa37 

Kidney Mature: < 4 kPa38 
Diseased: > 4.32 kPa38 

Moderately stiff tissues 
20 kPa ς 1 MPa 

 
Muscle 

 
Mature: 1-300 kPa39 

Heart Developmental: <200 Pa40 
Mature: >20 kPa40 

Thyroid glands Mature: 65-100 kPa24 

Skin Mature: 420-850 kPa41  

Stiff tissues 
> 1 MPa 

Cancellous Bone Mature: ~ 4-350 MPa42,43 

Cartilage Mature: ~ 10 MPa 

Ligament Mature: ~ 100 ς 400 MPa42 

Tendon Mature: 1-2 GPa44,45 

Compact bone Mature: 1-300 GPa42,46 

 

Currently, there are 394 interventional clinical trials targeting regeneration as listed on 

clinicaltrials.gov47 (generated through keyword search for ñregenerationò and filtering for ñinterventionalò 

studies), of which 213 trials target regeneration of stiffer tissues including bone, cartilage, ligament, tendon, 

dental and dermal regeneration, with only 48 clinical trials being conducted to tackle soft tissue disorders 

of the liver,  kidney, pancreas (only diabetes), brain (only nerve damage) and ovary, and 16 trials being 

conducted targeting tissues of intermediary stiffness including the heart and muscle (Fig.  1.2). Of these 

clinical trials, several trials for stiffer tissues include implant and cell therapy-based regenerative strategies, 

whereas there were only a few cell therapy and no implant-based clinical trials targeting softer tissues 

reported in this dataset. These details underscore the need to engineer physiologically relevant, functional, 

soft tissues and to perform in vitro validation for in vivo translation. 
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Degenerative diseases including fibrosis, cancer, neurodegenerative disorders and musculoskeletal 

degenerative diseases typically require regenerative interventions. Of these diseases, fibrosis has a 

significant disease burden, causing up to 45% of deaths worldwide48. This disease burden is due to the 

ability of fibrosis to impair the function of virtually any organ including the liver, kidney, lung, salivary 

gland, heart, cornea and skin49ï56. Cancer causes the next highest number of deaths, up to 21%57 in the US. 

The remaining degenerative disorders may not significantly contribute to mortality, but they result in 

significantly high disability-adjusted-life-years (DALY). Of the ~1.3 billion cases of musculoskeletal 

disorders reported worldwide between 1990 to 2017, 0.12 million people died from the disorder and 138.7 

million DALYs were lost58. Neurodegenerative diseases have demonstrated an increasing trend in disease 

burden from 1990 to 2017, and Alzheimer disease and dementias have resulted in 2.55 million DALYs59. 

Scaffold-based regenerative strategies have shown potential in remediating fibrosis60,61, neurodegenerative 

diseases62 and musculoskeletal disorders63. For example, the non-topical scaffold-based cell therapy MACI, 

is an autologous cellularized scaffold approved by the FDA for cartilage repair in the knee64,65. The 

extremely high disease burden of degenerative diseases and the potential of scaffold-based regenerative 

Dental, 106

Bone, 77

Cartilage, 17

Ligament and Tendon, 3

Skin, 10

Heart, 9

Muscle, 7

Liver, 21

Kidney, 2
Ovary, 4
Pancreas, 16 Brain, 5

Fig.  1.2 Interventional clini cal trials targeting regeneration of tissues as listed on clinicaltrials.gov 
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therapies to address these diseases underscores the need for physiologically relevant, soft-tissue mimics 

that can fill the technology gap for better therapeutic efficacy. 

Further, scaffold-based regenerative therapies have the potential to address the current gap in organ 

transplantation needs. Organ dysfunction and injuries necessitate organ transplantation; however, there is a 

significant shortage in available organs as shown in Fig 1.3. Organ transplants run the risk of transplant 

rejection, life-threatening infections, and require 

the use of life-long immunosuppressants66ï68. 

Non-immunogenic scaffold therapies can not 

only tackle the above-mentioned challenges but 

also have the potential to eliminate the need for 

organ transplants. Soft tissue organs such as 

kidney, liver and lung are some of the major 

organs that could benefit from organ transplant 

therapy, and engineering physiologically relevant, functional, non-immunogenic soft tissues is a promising 

avenue to mitigate the current shortage in transplantable soft tissue organs.  

 

1.2 MSC therapy as a promising therapeutic strategy for degenerative diseases 

Mesenchymal stem/stromal cell (MSC) therapy and research have shown promise in treating many 

cancers69,70, fibrosis71, degenerative disorders72, and recently in COVID-1973. MSC therapy has gained 

significant traction in the past few decades to remediate degeneration of the brain74,75, heart76,77, liver78,79, 

kidney80,81, salivary gland82,83, etc. through regenerative, immunomodulatory, and anti-fibrotic mechanisms. 

While MSC therapies demonstrate potential in repairing organ function, they face multiple translational 

challenges. Current therapeutic strategies for MSC delivery are predominantly systemic, intramuscular or 

transepidermal delivery or direct injection into tissues/organs84,85.   

Fig.  1.3. Organ transplantation gap in 2020.  
Image source: https://www.organdonor.gov/learn/organ-donation-statistics 

https://www.organdonor.gov/learn/organ-donation-statistics
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Fig.  1.4 Common MSC delivery mechanisms. Reprinted with permission from Caplan H, Olson SD, 

Kumar A, et al. Mesenchymal Stromal Cell Therapeutic Delivery: Translational Challenges to Clinical 

Application. Front Immunol. 2019;10(July):164585. Copyright © 2019 Caplan, Olson, Kumar, George, 

Prabhakara, Wenzel, Bedi, Toledano-Furman, Triolo, Kamhieh-Milz, Moll and Cox. Licensed under 

Creative Commons Attribution License (CC BY). 

Systemic delivery of MSCs, either through intravenous or intraarterial routes has been the most 

sought out MSC delivery strategy due to the ease of implementation. However, the clinical translation of 

this therapeutic strategy has faced some severe limitations, including lack of control over the biodistribution 

of MSCs delivered, poor retention of MSCs for over 7 days, poor engraftment of MSCs delivered, formation 

of emboli in organs with microcapillaries, and poor targeting of organs/homing84ï86. Further, the 

biodistribution of MSCs in organs has been shown to be dependant on the age of the organism86, with very 

poor retention in vivo in aged animals; however, the aged population is the main target population for MSC 

therapy to remediate degenerative diseases.  Topical delivery of MSCs through subcutaneous routes has 

demonstrated improved outcomes in burn and chronic cutaneous wounds87,88, and intramuscular routes have 

shown improved retention of MSCs for up to 5 months in mice89; however, these delivery routes may not 

be appropriate to target internal organs. Thus, the full potency of MSC therapy is yet to be explored, and a 

http://creativecommons.org/licenses/by/4.0/


                                Page 14 

 

better delivery strategy is required to improve the retention of MSCs post-implantation for therapeutic 

efficacy. Scaffold-based MSC delivery can address these challenges and improve the efficacy of MSC 

therapy. Further, mechanical cues from scaffolds can modulate the behavior of both delivered cells and 

tissue-resident cells for improved organ repair.  

 

1.3 Salivary gland dysfunction and fibrosis 

The salivary gland is a soft tissue organ critical for maintaining oral and digestive health. Saliva 

contains several enzymes and proteins involved in antimicrobial function, ions that maintain the pH of the 

oral cavity, growth factors that promote remineralization of early cariogenic sites, and digestive enzymes 

to break down starch from the food consumed. Reduced saliva production impairs speech, disrupts oral 

health by increasing the risk of dental erosion, periodontitis, intra-oral infections, and compromises 

digestive health, resulting in halitosis (bad breath), difficulty in mastication, dysgeusia (taste disturbance) 

and dysphagia (difficulty swallowing)90. The estimated occurrence of dry mouth or xerostomia ranges from 

5.5 to 46% of the human population, and xerostomia affects up to 80% of the diabetic population91. Salivary 

hypofunction can be caused by the autoimmune disease Sjögrenôs syndrome, diabetes mellitus, radiation 

therapy in head and neck cancer patients, and medication side effects. The common underlying theme in 

all these etiologies except medication side effects is the occurrence of fibrosis in the salivary gland92ï94. 

Fibrosis is the excessive accumulation and crosslinking of ECM caused by uncontrolled chronic 

inflammatory insult95. The conversion of tissue-resident stromal cells into myofibroblasts is thought to drive 

fibrosis in many organs96. The myofibroblasts produce excess levels of ECM proteins to create a matrix 

that is stiffer and denser than a homeostatic matrix, which contributes to disease progression95,97. This stiffer 

matrix impairs the stromal ability to support the function of parenchymal cells in the organ. In the case of 

salivary gland fibrosis, the secretory function of epithelial cells is impaired, causing low saliva output. 
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Current treatments for salivary hypofunction include topical mucosal lubricants, saliva substitutes, 

sugar-free lozenges, saliva stimulators such as pilocarpine and cevimeline, acupuncture, or transcutaneous 

electrostimulation, all of which are palliative and often produce side effects worse than the symptoms of 

the condition98,99. MSC therapy has improved salivary gland function in patients with radiation therapy-

induced salivary hypofunction by remediation of fibrosis, increase in serous tissue composition, and 

improvement of saliva output82; however, significantly improved outcomes will be required for clinical 

translation.  

 

1.4 Scaffold-based MSC delivery to combat salivary tissue fibrosis 

Scaffold-based cell delivery is a promising strategy to improve targeted delivery, engraftment rate, and 

retention of MSCs. Scaffold-based approaches can improve the efficacy of MSC delivery, enhance the 

long-term persistence of MSCs at the target site and hence, boost the treatment potency. Further, mechanical 

cues derived from scaffolds have been shown to modulate the secretory and regenerative potential of 

Fig.  1.5 Depiction of healthy and fibrotic salivary gland 
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MSCs100ï102. Ideal scaffolds for MSC delivery should preserve the pro-regenerative and anti-inflammatory 

properties of MSCs and prevent their transdifferentiation. Scaffolds could themselves prove therapeutic and 

in combination with MSCs, have the potential to maximize therapeutic efficiency as observed in functional 

motor recovery in spinal cord injury patients103. 

As matrix mechanics drive cell health and disease progression, artificial matrices for salivary tissue 

engineering and remediation must closely emulate the native, healthy salivary ECM to maintain cellular 

function as expected in a healthy salivary gland. Salivary glands are soft tissues31, and MSCs or stromal 

cells typically reside in a soft ECM in vivo4,7,8. Soft tissues have unique ECM compositions that enable 

tightly regulated biochemical and mechanical properties for specific lineage commitment and 

differentiation during organ development and for maintenance of cellular function in adult organs. Healthy 

soft-tissue stromal ECM is composed of an insoluble backbone of ECM proteins and soluble hydrogel-

forming glycosaminoglycans (GAGs) of varying concentrations, depending on the organ. The mechanical 

and biochemical cues from the ECM (e.g., composition, topography, pore size, porosity, viscoelasticity) 

modulate cell viability, growth, homeostasis, migration, and differentiation. For example, the topography, 

pore size, and porosity modulate the amount of ECM backbone material interacting with the cell and thereby 

affect cell viability and growth104,105. The matrix viscoelastic properties and the extent of cell attachment to 

the matrix regulate the cell-generated traction forces and the substrate resistance that these cells experience 

in response, which impact cell phenotype and differentiation106ï111.  

Hence, we hypothesize that compliant scaffolds with stiffnesses less than 1 kPa, an insoluble 

fibrous backbone, soluble hydrogel cushion and porous architecture can facilitate both MSC delivery and 

salivary gland regeneration. Further, scaffolds that mimic the ECM architecture and viscoelasticity of native 

ECM can help maintain MSCs in prime health to potentiate the anti-inflammatory and anti-fibrotic 

properties of MSCs.  Scaffolds can also function as a growth factor release vehicle to additionally modulate 

the function of both delivered cells and tissue-resident cells. Overall, scaffolds offer the potential for a 

multi-pronged combinatorial therapy through both biochemical and mechanical cues as represented in Fig 

1.6.  
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Fig.  1.6 Therapeutic strategy to remediate salivary gland hypofunction 
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1.5 Current  state-of-the-art scaffold candidates for soft tissue regeneration 

Scaffolds for soft tissue engineering, including salivary tissue engineering should ideally have an 

insoluble fibrous backbone, a soluble viscoelastic cushion, stiffness in the sub-kPa range, and porous 

architecture with pore sizes less than 100 µm to mimic soft tissue ECM as shown in Fig. 1.1 and Table 1.1. 

Synthetic scaffolds of various types, including nanofiber mats, sponges, hydrogels, and nanofiber-hydrogel 

composites, have been engineered to simulate various aspects of ECM (Table 1.2) for therapeutic 

applications. Nanofiber mats have fibrous topography, impenetrable pores, and high stiffness, typically in 

the MPa range or above112,113, which make them good candidates for basement membrane mimetics for 

monolayer epithelial or endothelial growth114ï117. They have found excellent use in topical applications for 

treatment of burn injuries118 and diabetic ulcers119. However, they fail to mimic both the 3D topography and 

the stiffness of soft-tissue stromal ECM.  

 

Sponges fabricated by freeze-drying, particulate- or salt-leaching, gas foaming, or phase separation 

have excessive ECM backbone and excessively large pore sizes when stiffness is in the sub-kPa range; 

Table 1.2 Comparison of physical and mechanical properties of current state-of-the-art scaffolds and 

salivary ECM. Hydrogel and hydrogel-nanofiber composite images197 have been reprinted with permission 

from Annabel B, Michelle O. Fracture behaviour of nanofibrous hydrogel composites. Front Bioeng 

Biotechnol. 2016;4. Copyright @A. Butcher and M.L. Oyen, 2016 
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hence, cells attach flush against the backbone, similar to 2D culture106. Hydrogels allow tunable stiffness in 

the kPa range for soft tissue scaffolds. However, bulk hydrogels (e.g., alginate, PEG) lack an insoluble 

fibrous backbone that mechanically supports cells. Their extremely small pore sizes, in the submicron 

range, support molecular movement, but without cell attachment sites, impede cellular movement crucial 

for cell migration and organization. Further, hydrogels have been shown to limit cell clustering120, which is 

an important element that controls the ability of MSCs to secrete factors for paracrine effects100.  

While existing hybrid nanofiber-hydrogel scaffolds reinforce hydrogels with a fibrous backbone, 

they may have an inadequate number and a non-homogenous distribution of cell anchorage points. Hence, 

a new fabrication strategy is necessary to produce scaffolds that concurrently mimic these essential 

properties of soft-tissue stromal ECM, including honeycomb topography, 10-50 m˃ pores15,16,121,122, 

insoluble fibrous backbone, soluble hydrogel cushion, and sub-kPa range stiffness.  

 

1.6 Addressing the current need for ECM-mimicking scaffold-based regenerative therapy 

In this work, we targeted fabricating an ECM-mimicking scaffold that could both address the unmet 

need in engineering physiologically relevant, soft tissues and facilitate stromal cell delivery. We explored 

an emerging technique called cryoelectrospinning to overcome the limitations of the current state-of-the-

art scaffolds. We hypothesized that the physical and mechanical properties of cryoelectrospun scaffolds 

could better mimic soft tissue ECM characteristics, permit 3D growth and phenotype retention of stromal 

cells, and facilitate MSC delivery to remediate fibrosis. We focused on salivary gland fibrosis remediation 

and regeneration and aimed to support healthy stromal growth on the ECM-mimicking cryoelectrospun 

scaffolds, for future applicability in MSC delivery. We also aimed to evaluate the potential of 

cryoelectrospun scaffolds in inhibiting fibrotic phenotype for potential combinatorial therapeutic strategies. 

We envisage that our work could contribute to future anti-fibrotic strategies for remediation of fibrosis in 

several soft tissue organs, helping alleviate the significant disease burden of fibrosis. We also envision that 

our work could have a widespread application in soft tissue regeneration and development of in vitro organ 

models. 
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1.7 Organization of thesis 

In this work, I developed a novel cryoelectrospinning process and fabricated 3D scaffolds that 

mimicked salivary tissue ECM characteristics and permitted the healthy maintenance of MSC-like cells. 

Specifically, I overcame the limitations of current scaffolds for soft tissue regeneration by fabricating 

porous structures with minimal fibrous backbone, enhanced porosity, and sub-kPa stiffness using 

cryoelectrospinning and demonstrated the ability of these cryoelectrospun scaffolds to support 3D viable 

cell growth, promote a healthy stromal phenotype, and inhibit fibrotic phenotype.  

In Chapter 1, I set the premise for this work by explaining the need for better ECM-mimicking 

scaffolds for clinically translatable regenerative strategies, the potential of MSCs in anti-fibrotic and 

regenerative therapy, the need to remediate salivary gland fibrosis, and the potential of scaffold-based MSC 

delivery strategies for improved therapeutic effects. Further, I explain the overarching goals of this work, 

my central hypothesis, and the significance of my work. 

In Chapter 2, I detail the cryoelectrospinning process, our fabrication setup, parameters that affect 

the fabrication process, and how I fabricated unique scaffolds with honeycomb topography as opposed to 

fibrous topography reported in the literature. Further, I detail the characterization of the physical and 

mechanical properties of cryoelectrospun scaffolds and compare them to that of decellularized salivary 

gland ECM. 

In Chapter 3, I establish how cell attachment to cryoelectrospun scaffolds was optimized and 

demonstrate extended viability and maintenance of cells on the cryoelectrospun scaffolds. I also 

demonstrate results for deep infiltration of cells into the scaffold. 

In Chapter 4, I demonstrate the potential of using cryoelectrospun scaffolds with honeycomb 

topography for tissue modeling through the maintenance and organization of stromal and salivary epithelial 

cell monocultures and cocultures and validate the benefit of honeycomb topography over fibrous 

topography in cryoelectrospun scaffolds for tissue organization.  

In Chapter 5, I demonstrate the ability of cryoelectrospun scaffolds to serve as an MSC delivery 

vehicle and its potential to remediate fibrosis.  I determine the ability of cryoelectrospun scaffolds to support 
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the healthy growth of MSC-like primary E16 mesenchyme with repression of fibrotic phenotype 

comparable to decellularized salivary gland matrices. I established in vitro analyses to evaluate the ability 

of FGF2 to improve stromal phenotype and the ability of the scaffold, primary E16 mesenchyme and FGF2 

to remediate the fibrotic phenotype of TGFɓ1-induced myofibroblasts. 

In Chapter 6, I summarize our major accomplishments and findings reported in Chapters 2-5 and 

detail the future directions of this body of work.
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Chapter 2 - Cryoelectrospinning 3D porous matrices that mimic soft tissue ECM 

Adapted from Ramesh P, Moskwa N, Hanchon Z, Koplas A, Nelson D, Mills K, Castracane J, Larsen 

M, Sharfstein S, Xie Y. Engineering cryoelectrospun elastin-alginate scaffolds to serve as stromal extracellular 

matrices. Biofabrication. 2022;14(3):5 

 

2.1 Introduction  

Cryoelectrospinning, also known as cryogenic electrospinning, low temperature electrospinning, and 

cold plate electrospinning, is an emerging technique to fabricate 3D nanofibrous scaffolds with high porosity 

and low bulk stiffness. The cryoelectrospinning process includes a cold collector plate, maintained at a 

temperature less than 0 °C123ï125 (Fig. 2.1), to collect deposited electrospun scaffolds, which are then 

lyophilized, a major difference from traditional electrospinning techniques.  

 

The cryogenically cooled collector plate promotes deposition of atmospheric water vapor as ice crystals 

on the collector plate and between deposited fibers, which can subsequently be lyophilized to produce air pores. 

The nucleation of ice crystals allows scalable 3D growth, increased porosity, and consequentially, reduced 

scaffold density and kPa-range bulk stiffness126. The remainder of the cryoelectrospinning process is similar to 

traditional electrospinning, in which a viscous, long-chain polymer solution becomes electrically charged when 

passed through a needle tip at high voltage (5-20 kV), and the electrostatic repulsion in the charged fluid exceeds 

the forces of surface tension, thereby pulling the charged droplet at the needle tip to the nearest electrical ground. 

Fig.  2.1 Cryoelectrospinning apparatus setup. 
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The chain-chain interactions of the polymer molecules in the charged droplet prevent the droplet from falling 

to the electrically grounded collector plate as a drop and instead pull the droplet as a fiber with micro/nanometer 

diameter to the electrical ground. While the fibers deposit to form a 2.5D nanofiber mat in traditional 

electrospinning, when cryoelectrospun, they form a 3D fibrous scaffold following lyophilization. As shown in 

Table 2.1, cryoelectrospinning has primarily been explored with synthetic polymers (e.g., PLA123,127ï130, 

PLGA125,131, PCL126,129,132,133, PEU131, PF129) dissolved in toxic organic solvents or glacial acetic acid, but natural 

polymers, such as silk fibronin124,132,134, have also been used. Cryoelectrospun scaffolds have been shown to 

exhibit stiffnesses in the kPa or MPa range. While synthetic polymers are easier to manipulate, they do not 

provide biochemical cues that can be recognized by cells and non-biodegradable polymers require further 

chemical modification to be biodegradable135,136. Further, scaffolds fabricated with synthetic polymers face 

regulatory issues from the FDA and biocompatibility and immunogenicity issues during clinical translation1. 

Additionally, organic solvents, even at low residual amounts, can have toxic effects on cells137 and when used 

in combination with natural proteins, may alter the conformation of the proteins.  

The ECM is composed of more than 300 proteins and several proteoglycans and glycosaminoglycans2,3.  

We hypothesized that cryoelectrospinning of natural biomaterials, comprising ECM proteins and hydrogel 

materials with water as the solvent could yield biocompatible scaffolds that mimic the topography and 

viscoelasticity of soft-tissue ECM. In this study, we used the salivary gland as our model soft tissue organ and 

compared the topography and viscoelastic properties of the cryoelectrospun scaffold to a decellularized adult 

salivary gland. We developed cryoelectrospinning methods to fabricate scaffolds that are similar to the natural 

ECM found in adult submandibular salivary glands. We focused on fabricating a pliable environment for 

morphogenesis and hence, used a hydrogel material, alginate, and the insoluble ECM protein, elastin, as key 

components of the scaffold to mimic the elastic and gelling ECM composition of soft tissues. We refrained 

from using collagen as a component of the scaffold since collagen levels are tightly regulated in in vivo 

microenvironments and excessive collagen can trigger a fibrotic response in stromal cells138. To adopt a green 

chemistry approach, the chosen biomaterials were electrospun using water as the solvent rather than organic 

solvents. We explored the effects of solvent and process parameters on the topography and growth of 
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cryoelectrospun scaffolds, establishing conditions that produce scaffolds with a unique honeycomb topography, 

replicating not only the salivary gland ECM but also the ECM structure of other soft tissues15,16,121, which has 

not been previously reported with the cryoelectrospinning technique.  

 

Table 2.1: Current state-of-the-art of cryoelectrospun scaffolds (CES) fabrication and their properties     

Materials Solvent 
Key 

Parameters 
Scaffold Properties Purpose Reference 

PLGA, 

PEU 

Chloroform CT: -50°C to 

-70°C  

RH: >30% 

Topography: Loosely packed fibers 

Stiffness: Breaking lengths of 0.5 km 

for PLGA, 0.2 km for PEU scaffolds 

Generation of 

porous scaffold 

Simonet 

et al., 

2007 

PLA HFIP CT: -30°C 

RH: 25-50% 

Topography: Loosely packed fibers 

Stiffness: Tensile strength of ~0.04 

MPa 

Cell growth in 

CES  

Leong et 

al., 2009 

PLA HFIP CT: -30°C 

RH: 50% 

Topography: Loosely packed fibers 

layered with dense fibrous mat 

Stiffness: n.d. 

Cocultured cell 

growth in a bi-

layered CES  

Leong et 

al., 2010 

PLA HFIP CT: -35°C 

RH: 50% 

Topography: Loosely packed fibers 

Stiffness: n.d. 

Skin tissue 

modeling 

Leong et 

al., 2013 

Bombyx 

mori SF 

HFIP CT: <0°C 

RH: Not 

controlled 

Topography: Loosely packed fibers 

Stiffness: Modulus of ~ 75 MPa  

Mucosal tissues 

modeling 

Bulysehv

a et al, 

2014 

PLA, PCL, 

PF 

Chloroform CT: -70°C 

RH: 4070% 

Topography: Loosely packed fibers 

Stiffness: Tangent moduli of ~200 kPa 

for PLA, <100 kPa for PCL 

Demonstrating 

control over CES 

properties 

Simonet 

et al., 

2014 

PLGA HFIP, 

acetone, 

(THF/DMF) 

CT: <0°C 

RH: ñHighò, 

not 

measured 

Topography: Loosely packed fibers 

Stiffness: n.d. 

Exploration of 

effect of varying 

solvent vapor 

pressure on CES 

Kim et 

al., 2014 

 

 

SF, PEO Water CT: -90°C 

RH: Not 

controlled 

Topography: Loosely packed fibers 

Stiffness: n.d. 

Skin tissue 

modeling 

Sheikh et 

al., 2015 

PCL, SF THF/DMF CT: -90°C 

RH: Not 

controlled 

Topography Loosely packed fibers 

Stiffness: n.d. 

Skin tissue 

modeling 

Lee et 

al., 2016 

PCL Chloroform/

Dichloromet

hane with 

ethanol 

CT: -78°C 

RH: 50% 

Topography: Loosely packed fibers 

Stiffness: 450-5000 Pa (fibers 

immersed in alginate or alginate 

sulfate hydrogels) 

Cartilage tissue 

modeling 

Formica 

et al., 

2016 

PLA HFIP CT: -78°C 

RH: Not 

controlled 

Topography: Loosely packed fibers 

Stiffness: Youngôs modulus from 

0.57-1.31 MPa. Tensile strength of 

0.87 MPa 

Kidney tissue 

modeling 

Burton et 

al., 2018 

PCL GAA CT: -3.6°C 

RH: Not 

controlled 

Topography: Loosely packed fibers 

Stiffness: n.d. 

Exploring a 

hybrid CE 

technique 

Li et al, 

2019 
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2.2 Materials and Methods 

2.2.1 Materials 

Scaffolds were fabricated using a soluble form of bovine neck elastin (ES12) from Elastin Products 

Company (Owensville, MI), alginate, and polyethylene oxide with a molecular weight of 400 kD (PEG-400kD) 

from Sigma-Aldrich (St. Louis, MO), 85:15 poly(lactic-co-glycolic acid) (PLGA) (Cat. No. B6006-1) from 

DURECT Corporation (Cupertino, CA), and hexafluoroisopropanol (HFIP) from Sigma Aldrich. The reagents 

for crosslinking the scaffold were N-hydroxysuccinimide (NHS) from Thermo Fisher Scientific (Waltham, 

MA), ethyl dimethylaminopropyl carbodiimide (EDC), and calcium chloride dihydrate from Sigma-Aldrich. 

Salivary glands were decellularized using Triton X-100 (Sigma-Aldrich), NH4OH (Thermo Fisher Scientific), 

and DNase I (StemCell Technologies, Vancouver, CA). 

 

2.2.2 Animals 

Mice used to source salivary glands were either CD-1 strain from Charles River Laboratories 

(Wilmington, MA) or C57B6 strain from Jackson Laboratories (Bar Harbor, ME). The care and handling of 

mice and tissue collection conformed to the requirements of and was approved by the Institutional Animal Care 

Use Committee (IACUC) of University at Albany, State University of New York.  

 

2.2.3 Decellularization of salivary glands 

Whole organs were resected from adult female CD-1 or C57Bl/6 mice. A pair of salivary glands were 

rotated via inversion at 4 °C in 40 mL sterile distilled water for 2 days in a 50 mL conical tube with water 

removal and replacement after one day. After water-induced lysis was complete, the water was replaced with 

40 mL clearing solution (0.5% Triton X-100, 0.05% NH4OH) and tumbled for one additional day at 4 °C. 

Decellularized samples were washed three times in 1X phosphate buffered saline, pH 7.4 (PBS). DNA was 

removed from these samples using 0.5 mg/mL DNase I in PBS for 30 minutes. These decellularized salivary 
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glands were stored at 4 °C in preservation medium composed of DMEM/F12, 10% fetal bovine serum, and 1% 

penicillin-streptomycin (10,000 U/mL). 

 

2.2.4 Immunofluorescent staining and imaging of decellularized glands 

Whole decellularized salivary glands were immunostained for collagen I, collagen IV, and perlecan 

using 500 µL of diluted antibody solution/gland (Table 2.2). All primary antibodies were incubated overnight 

at 4 °C, followed by three washes using PBS. Secondary antibody incubations were at least 4 hours at room 

temperature. DAPI was used for nuclei staining. Immunostained glands were imaged in 50 mm glass bottom 

dishes. Imaging was performed using an EVOS® FL Cell Imaging System (Thermo Fisher Scientific) with the 

same exposures and/or laser configurations for all samples within an experiment. 

 

2.2.5 Scanning electron microscopy (SEM)  

Decellularized salivary glands were fixed with 4% paraformaldehyde-0.25% glutaraldehyde in 5% 

(w/v) sucrose and 0.6X PBS for 4 hours and 20 minutes, respectively, followed by 3% glutaraldehyde in 0.1 M 

sucrose-0.1M phosphate buffer (pH 7.4) for 2 hours. Samples were then washed in 0.1 M sucrose0.1M 

phosphate buffer three times for 10 minutes each. Samples were dehydrated in graded ethanol series incubation 

of 25, 50, 70, 80, 95, 100, 100% for 15 minutes at each ethanol concentration. Samples were subsequently 

Table 2.2 Antibodies used for immunocytochemistry analysis of decellularized salivary glands 

  

Primary Antibody  Host Species Company Catalog No. Lot No. Dilution  

Anti-Perlecan Rat 
Santa Cruz 

Biotechnologies 
sc-33707  F2111  1:200 

Anti-Collagen I Rabbit MilliporeSigma AB765P  2328311  1:200 

Anti-Collagen IV Goat MilliporeSigma AB769   2626764 1:200 

Secondary Antibody Species Company Catalog No. Lot No. Dilution  

Alexa Fluor® 647 

AffiniPure F(ab')  

Fragment IgG  

Host: Donkey 

Target: Anti-Rat 

Jackson 

ImmunoResearch 
712-176-150 89484 1:250 

Alexa Fluor® 488 

AffiniPure F(ab')  

Fragment IgG 

Host: Donkey 

Target: Anti-Rabbit 

Jackson 

ImmunoResearch 
711-226-152 132511 1:250 

CyÊ3 AffiniPure IgG 
Host: Donkey 

Target: Anti-Goat 

Jackson 

ImmunoResearch 
707-166-147 88398 1:250 
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chemically dried at 3:1, 1:1, and 1:3 ethanol: HMDS for 15 min each and then in 100% HMDS thrice for 15 

minutes each time. Samples were allowed to air dry overnight. Chemically dried biological samples and 

lyophilized scaffolds were sputter-coated with iridium-palladium for imaging. SEM imaging was performed 

using a Zeiss Leo 1550 field emission scanning electron microscope (Zeiss Leo Electron Microscopy Ltd., 

Cambridge, UK).  

 

2.2.6 Scaffold fabrication and modification 

Cryoelectrospinning was performed using protein-polymer solutions of 1% elastin, 1.5% alginate, and 

3% PEG-400kD in deionized water or 4% elastin and 4% PLGA in HFIP. The protein-polymer solution of 

choice was loaded into a 3-mL syringe. The syringe was connected to non-conductive perfluoroalkoxy tubing, 

which was, in turn, connected to a 25G needle. The collector plate was placed in a Styrofoam box and 

surrounded by adequate amounts of dry ice and ice to reach specific collector plate temperatures. The Styrofoam 

box was placed inside a repurposed cell culture incubator at 25 °C with a water pan to maintain humidity levels 

inside the chamber. The 25G needle was connected to a high voltage power source (Gamma High Voltage 

Research, Ormond Beach, FL) and the collector plate to the electrical ground. The fabrication was conducted 

at 17 kV needle voltage, 10 ˃L/min syringe flow rate, and 15 cm needle tip-to-collector spacing for 1 hour. 

After 1 hour, the collector plate with the scaffold was immediately transferred to a lyophilizer (FreeZone freeze 

drier, Labconco, Kansas City, MI) and lyophilized for 2-3 hours. 

The lyophilized elastin-alginate-PEG scaffolds were individually crosslinked in a 96-well plate with 

EDC and NHS crosslinking solution to crosslink the elastin and alginate chains, respectively. PEG-400kD does 

not have pendant groups that can be crosslinked and dissolves away in water. The crosslinking solution was 

prepared by dissolving 1.48 mg EDC and 1.78 mg NHS per 100 L˃ of 95% ethanol per scaffold. Scaffolds were 

rocked in crosslinking solution at 45 rpm for 2 hours, followed by a series of graded ethanol washes with 95, 

70, 50, and 0% ethanol with 1.5% CaCl2 for 15 min each to wash away residual EDC and NHS, and 
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simultaneously ionically crosslink the alginate chains. The scaffolds were then frozen at -80 °C and lyophilized 

for 4 hours.  

Elastin-alginate nanofiber (NF) mats were fabricated by traditional electrospinning using 1% elastin, 

1.5% alginate, and 3% PEG-400kD in deionized water in a process similar to the cryoelectrospinning process 

described above, except that the collector plate was maintained at room temperature, and the relative humidity 

levels were maintained below 35% using dehumidified air input. The nanofiber mats were crosslinked by EDC-

NHS chemistry and 0.59 mg NHS per 100 ɛL of 95% ethanol per scaffold) by rocking the scaffolds at 45 rpm 

for 30 min, followed by a series of graded ethanol washes with 95, 70, 50, and 0% ethanol in the presence of 

1.5% CaCl2 for 5 min each to wash away residual EDC and NHS, and simultaneously ionically crosslink the 

alginate chains. 

Elastin-alginate freeze-dried scaffolds were fabricated using a 1% elastin1.5% alginate solution in 

deionized water. 50 ɛL of the solution was added to each well of a 96-well plate and frozen at -80 °C overnight. 

The frozen scaffolds were lyophilized for 4 hours. The lyophilized scaffolds were crosslinked, following a 

similar procedure to that of cryoelectrospun scaffolds as described above. 

All  scaffolds were UV sterilized, soaked in 70% ethanol for 30 min, washed with 0.9% NaCl for 10 

min and then hydrated in cell culture medium with 10% fetal bovine serum (FBS) and 5% Antibiotic-

Antimycotic Solution (penicillin-streptomycin-amphotericin B) overnight before cell culture.  

 

2.2.7 Indentation testing 

Mechanical properties including indentation modulus and sample viscoelastic relaxation time were 

determined using a micro-indentation tester (CellScale Biomaterials Testing, Ontario, Canada) as described 

previously139. Briefly, samples were glued to a glass slide, immersed in a PBS bath, and then indented/loaded 

using a 3-mm spherical bead attached to a cantilever. Samples were deformed at a constant displacement rate 

of 4 µm/s. Upon reaching an indentation depth of 10% of the initial sample height, samples were held in their 

deformed state for up to 350 s (hold phase) and then allowed to relax by removal of the indentation force. Force 
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(F) and displacement (‏ of the cantilever tip were measured as a function of time. The indentation modulus 

was determined as the elastic modulus (Ὁ) from the Hertz model by fitting the data from the loading region of 

the force-displacement curve measured by indentation to the Hertz contact equation for a spherical indenter 

(Ὂ  Here, R is the radius of the spherical indenter (1.5 mm) and ὺ is the Poisson ratio of the sample .(‏

(set at 0.49 to represent elastic, almost incompressible hydrogel materials140). The matrix relaxation half time 

is a measure of the viscoelastic nature of a sample and is evaluated by its stress relaxation response. The stress 

relaxation response is observed during the hold phase of the force-time curve where the sample relaxes towards 

an equilibrium state, and the loading force required to maintain a constant strain reduces and reaches a steady-

state value. The relaxation half time was computed from the stress relaxation response of the samples as the 

amount of time required for the stress/loading force to reach half of its peak value while maintaining a constant 

strain equal to 10% of the initial sample height.  

 

2.2.8 Scaffold pore size analysis using ImageJ 

SEM images of cryoelectrospun scaffolds and fluorescence microscopy images of decellularized 

salivary glands were analyzed for pore size using ImageJôs óanalyze particlesô feature. The threshold for each 

image was adjusted (Image>Adjust>Threshold) to identify the pores from the scaffold background. Under the 

óAnalyzeô, óSet Measurementsô menu, the ófit ellipseô feature was selected to identify the major and minor axis 

diameter of the pores. Pore size was analyzed by using the óanalyze particlesô feature by setting the particle size 

range to 10-3000 µm2, circularity to ó0-1ô, and excluding particles on edges. 

 

2.2.9 Statistical Analysis 

Data are presented as mean ± standard deviation. All in vitro cell culture and material characterization 

experiments were performed in triplicate, unless otherwise indicated. One-way ANOVA followed by Tukeyôs 

post hoc test was performed using GraphPad Prism 9.2.0. p < 0.05 was considered significant. 
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2.3 Results 

2.3.1 Characterization of topography of decellularized salivary glands 

To fabricate matrices with 

physiologically relevant ECM topography, 

we first examined the native ECM 

topography in decellularized female adult 

mouse submandibular salivary glands. We 

decellularized adult mouse submandibular 

salivary glands following a modified 

decellularization protocol developed for the 

lung, a similarly structured organ141. An 

additional DNase treatment was necessary to 

remove lingering DNA adhering to the ECM 

(Fig. 2.2). SEM imaging of the decellularized 

salivary glands (Fig. 2.3A) showed a fibrous 

basement membrane folded as lobes to 

support acinar epithelium (Fig. 2.3B), fibers 

or fiber bundles supporting ductal epithelium (Fig. 2.3C), and tethering adjacent acinar epithelium (Fig. 2.3D). 

Stromal ECM is expected to surround epithelial basement membrane; however, it was not abundantly visible, 

possibly due to removal of GAGs, the predominant soluble ECM components, during the decellularization 

process (Fig. 2.3E). Further, stromal content is higher during morphogenesis but is significantly reduced in 

adult tissue142. To further illustrate the organization of specific ECM proteins, we immunostained the 

decellularized salivary glands for predominant ECM proteins collagen I, collagen IV, and heparan sulfate 

proteoglycan (perlecan) and viewed their arrangement by fluorescence microscopy. The ECM proteins were 

generally arranged in a honeycomb pattern, forming 10-30 ˃ m pores with delicate winding fibers (Fig. 2.3F). 

Fig 2.2 Images of mouse adult salivary glands before and 

after decellularization. Bench top images of salivary glands 

(A) pre-decellularization and (B) post-decellularization. (C) 

Decellularized salivary glands and (D) decellularized salivary 

glands treated with DNase and both stained with DAPI (blue) 

revealing that (C) residual DNA sticks to the matrix and (D) 

DNase treatment effectively removes any residual DNA from 

the matrix. (A, B) Scale bar = 10 mm. (C, D) Scale bar = 100 

µm. 

This figure has been reproduced with permission from Dr. 

Nicholas Moskwa from Larsen lab at University at Albany. 
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To evaluate existing scaffolds as suitable scaffolds to support mesenchymal or stromal cells, we compared the 

topography of the decellularized salivary gland ECM with current ECM mimics including nanofiber mats, 

sponges, hydrogels, or hydrogel-nanofiber composites, as shown in Table 1.2. None of these currently available 

ECM-mimetic scaffolds truly recapitulate the topography and stiffness of the native ECM of adult mouse 

salivary glands.  

 

 

Fig. 2.3. Salivary gland ECM topography analyses. (A-E) Scanning electron microscopy images of a 

cross-section of decellularized adult mouse salivary gland. Scale bar = 20 ɛm. A) Zoomed out image of 

overall cross-section depicting the acinar and ductal regions. B) Basement membrane of acinar epithelium. 

C) acinar clusters. D) Interstitial region between lobes. E) Stromal region. F) Immunocytochemistry of ECM 

protein expression in decellularized adult mouse salivary gland matrices showing honeycomb arrangement 

of ECM. Decellularized ECM immunostained with collagen I (COL-I, green),  Collagen IV (COL-IV, red), 

and perlecan (grey) and merged (yellow). Scale bar = 20 ɛm. 

The image in panel F has been reproduced with permission from Dr. Nicholas Moskwa from Larsen lab at 

University at Albany. 
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2.3.2 Development and optimization of cryoelectrospinning setup 

Cryoelectrospinning is a process that relies on ice-crystal nucleation in between the deposited scaffold 

fibers for increased porosity and low bulk stiffness. Hence, regulating the humidity and temperature of the air, 

and the temperature of the collector plate is essential to modulate the cryoelectrospinning process. We 

experimented with different setups (Fig 2.4) to identify the setup that best permitted control over process 

parameters to identify threshold values that facilitate cryoelectrospinning 3D elastin-alginate scaffolds. This 

work was accomplished in collaboration with Mr. Zachary Hanchon and Mr. Adam Koplas, undergraduate 

students at SUNY Polytechnic institute. 

 

 

We tested different mechanisms for cooling the collector plate and the air, humidifying the air, and 

insulating the process chamber. We tested three different methods to cool the collector plate ï liquid nitrogen-

cooled plate (Fig 2.4A, B), liquid nitrogen-cooled air (Fig 2.4C) and dry ice and ice cooling (Fig 2.4D). All 

Fig.  2.4 Cryoelectrospinning setups to modulate humidity, air temperature and collector temperature 

A) Setup with liquid nitrogen cooled plate for cooling the collector and inner styrofoam chamber inside 

outer PVC enclosure for humidity and air temperature control. B) Setup with liquid nitrogen cooled plate 

for cooling the collector and inner polycarbonate chamber inside outer PVC enclosure for humidity and air 

temperature control. C) Setup with liquid nitrogen cooled air cooling the collector and a single metal 

enclosure for humidity and air temperature control. C1) Exterior of setup. C2) Interior of setup showing 

collector plate. D) A) Setup with dry ice-ice cooling the collector and inner styrofoam chamber inside outer 

incubator enclosure for humidity and air temperature control. D1) Exterior of setup. D2) Interior of setup 

showing collector plate. 
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three methods successfully cooled the collector to temperatures below 0 °C, up to -45 °C and allowed 

modulation of collector temperature. However, each of these methods had different effects on air temperature. 

In the setups with the liquid nitrogen-cooled collector plate (Fig 2.4A, B), the air temperature was at room 

temperature while the collector temperature was held at sub-zero temperatures. The high air temperatures in 

this setup prevented ice nucleation and hence, the 3D growth of scaffolds. In the setup with liquid nitrogen-

cooled air that cooled the collector (Fig 2.4C), the air temperature was at sub-zero temperatures. However, in 

this setup, a high-speed fan was used to circulate cooled air inside the chamber, which disturbed deposition of 

electrospun material, inhibiting 3D growth of scaffolds. The setup with the dry ice and ice-cooled collector 

plate allowed low air temperatures of 0-10 °C, which favored ice nucleation and cryoelectrospinning.  Varying 

the proportion of dry ice and ice allowed modulation of collector plate temperature. Further, the presence of ice 

favored the creation of a humidified environment necessary for ice nucleation. 

Early on we realized that we needed both air temperature and humidity control for ice nucleation. Since 

the setup in Fig. 2.4C with a single enclosure did not favor cryoelectrospinning due to its cooling mechanism, 

we tested two insulating chambers, an inner chamber for air temperature control and an outer chamber for 

humidity control. This was necessary because the inner chamber required openings for input of needle, voltage 

probes and humidity and temperature sensor probes, which allowed exchange of air between the chamber and 

the environment. With exchange of air, we lost control over humidity which necessitated a second larger 

humidity-controlled insulating chamber. We tested Styrofoam and polycarbonate enclosures as inner insulating 

chambers and a large polycarbonate enclosure and incubator enclosure as outer insulating chambers. Styrofoam 

enclosures provided better thermal insulation and retention of humidified air than polycarbonate enclosures. 

Also, the incubator enclosures provided better humidity control over the large polycarbonate enclosure due to 

the ability to set a constant temperature inside the incubator. Overall, the setup in Fig. 2.4D provided the best 

control over collector plate temperature, air temperature and humidity for cryoelectrospinning as shown in Fig. 

2.5. 
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Fig.  2.5 Control over humidity, air temperature and collector plate temperature established in setup 

with dry ice-ice cooling, inner Styrofoam enclosure and outer incubator enclosure.  
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2.3.3 Effect of solvent and process parameters on the 3D growth and topography of scaffolds  

2.3.3.1 Cryoelectrospinning of elastin-alginate with water as solvent produces 3D fibrous porous scaffolds 

The choice of ECM proteins for scaffold fabrication is crucial since there are ~300 ECM core proteins2, 

each providing unique biochemical and/or mechanical triggers to cells in the matrix. Of the 300 ECM proteins, 

collagen, elastin, and fibronectin have well-characterized functions in soft tissue ECM4. Since morphogenetic 

environments require a pliable matrix for constant remodeling, and excess collagen increases the stiffness of 

the matrix, triggering a fibrotic phenotype in cells138, we used only elastin, a compliant protein, and alginate, a 

viscous hydrogel as the biomaterials for fabrication, to emulate the viscoelastic nature of soft tissue ECM. We 

relied on serum in the cell culture medium for our fibronectin source.  To eliminate the use of toxic solvents for 

fabrication, we used water as the solvent, as both alginate and elastin can be dissolved in water. To delineate 

the effects of aqueous solvent on cryoelectrospinning, we compared cryoelectrospun scaffolds fabricated using 

an aqueous or an organic solvent. Our prior studies showed that traditional electrospinning of 4% elastin-4% 

PLGA in the organic solvent HFIP produced 2.5D mats with nanofibrous topography and improved elasticity 

over PLGA alone143ï145. Solutions for electrospinning require long-chain polymers to facilitate chain 

entanglement, which permits the deposition of fibers instead of microdroplets146ï148. While we used PLGA for 

this purpose in our previous work, PLGA also increases the stiffness of the scaffolds into the MPa range. Hence, 

we instead included PEG-400 kD to the 1% elastin-1.5% alginate solution at a concentration of 3% wt/v in 

water, to both facilitate chain entanglement and maintain the stiffness of the scaffolds low in the sub-kPa range. 

While we did not explore comprehensive material and solvent combinations for cryoelectrospinning, we 

compared cryoelectrospun scaffolds fabricated using 4% elastin-4% PLGA in the organic solvent HFIP with 

ones fabricated using 1% elastin-1.5% alginate-3% PEG in water, to analyze the effects of an aqueous solvent. 

Our results showed that the elastin-PLGA cryoelectrospun scaffolds were very dense (Fig. 2.6A, B), and did 

not emulate the honeycomb-like, porous topography of salivary gland ECM (Fig. 2.3F). In contrast, we 

observed that cryoelectrospinning of elastin-alginate-PEG in water produced a taller, more porous, 3D scaffold 

when compared with elastin-PLGA electrospun in HFIP for the same fabrication duration (Fig. 2.6C vs. 2.6A). 

Further, we observed that at specific process conditions (detailed in Section 2.3.3.2), the aqueous solvent 
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facilitated the fabrication of scaffolds with honeycomb topography 

and a minimal fibrous backbone (Fig. 2.6D, 2.6E top left panel). The 

backbone of the cryoelectrospun scaffolds with honeycomb 

topography had some inherent surface roughness (Fig. 2.7) that could 

facilitate cell attachment. We attempted to functionalize PEG-400 kD 

with carboxyl groups for crosslinking since PEG is a widely used 

hydrogel material; however, the length of the PEG polymer was a 

deterrent and prevented functionalization (data not shown). 

Therefore, PEG-400 kD was used solely for the purpose of increasing 

the electrospinnability of elastin-alginate solution. The PEG-400D 

dissolved away in water post EDC/NHS crosslinking due to the lack 

of cross-linkable pendant groups, yielding an elastin-alginate 

scaffold. 

 

Fig. 2.6. Effects of solvent on topography and 3D growth of cryoelectrospun scaffolds.  

A,B) 2.5D Elastin-PLGA nanofibers fabricated with organic solvent HFIP. C,D) 3D Elastin-Alginate-PEG 

cryoelectrospun sponges fabricated with water as solvent. Water as solvent allowing 3D growth of 

cryogenically electrospun scaffolds with honeycomb topography, higher porosity, and microscale 

interconnected pores. A,C) Bench top photos. Scale bar = 5 mm. B,D) SEM images. Scale bar = 10 µm. E) 

Effect of process parameters on scaffold topography. Scale bar =10 µm. Humidity > 35% and air 

temperature < 2 °C promoting honeycomb topography (top left panel). Other combinations promoting 

fibrous topography. Collector plate temperatures between ï35 and -10 °C promoting homogenous growth 

in X,Y, and Z dimensions. 

Fig. 2.7. Elastin-alginate 

cryoelectrospun scaffolds with 

honeycomb topography (CES-

H) possess inherent surface 

roughness. Scanning electron 

microscopy reveals surface 

roughness of the backbone of 

CES-H.  Scale bar = 2 µm. 
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2.3.3.2 High humidity and low air temperatures promote honeycomb topography in cryoelectrospun scaffolds 

To delineate the effects of collector plate 

temperature, chamber relative humidity, and air 

temperature on CES topography, we maintained 

two parameters constant, while modulating the 

third parameter. Atmospheric conditions had a 

substantial impact on the topography of the 

scaffolds by altering ice nucleation based on 

relative humidity levels in the electrospinning 

chamber. Collector plate temperature could also potentially impact scaffold growth and topography by affecting 

the rate of ice nucleation. We independently modulated the air temperature and humidity levels at collector 

plate temperatures above -35 °C. We observed that collector plate temperatures between -35 and -10 °C 

permitted homogenous scaffold growth (Fig. 2.6E), whereas air temperature and humidity affected the 

topography of these scaffolds. At collector plate temperatures ranging between -35 and -10 °C, when the air 

temperature was > 2 °C, irrespective of the relative humidity levels, the resulting scaffolds had fibrous 

topography (fibrous CES) (Fig. 2.6E, right panels), whereas when the air temperature was between -10 and 2 

°C and relative humidity levels > 35%, the scaffolds had honeycomb topography (honeycomb CES) (Fig. 2.6E, 

top left panel). Temperatures lower than -35 °C resulted in increased ice nucleation in the Z dimension instead 

of homogenous growth in the X, Y, and Z dimensions, frequently causing the scaffold to collapse onto itself 

(Fig. 2.8A) and showing heterogeneous scaffold growth (Fig. 2.8B). Therefore, we defined optimal conditions 

as higher collector plate temperatures (between -35 and -10 °C), air temperatures between -10 and 2 °C, and 

relative humidity > 35%. 

 

Fig. 2.8 Scaffolds cryoelectrospun at collector plate 

temperature < -35 °C. The scaffolds having heterogeneous 

growth in X,Y,Z dimensions, often growing only in Z 

dimension, and collapsing upon lyophilization. A) Bench 

top image of collapsed scaffold. B) SEM image of scaffold 

with heterogeneous growth. Scale bar = 20 µm. 
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2.3.4 Optimizing collector geometry for homogenous scaffold growth  

Reproducibility and yield of a fabrication process are important factors affecting the scalability of 

scaffold production in future applications. To obtain homogenous, distributed scaffold growth, we explored 

different collector plate geometries. We hypothesized that homogenous distribution of the electric field over 

the collector plate could increase the yield of cryoelectrospun scaffolds. Hence, we designed a metallic probe-

array collector plate, which increases the surface area in contact with the electrical ground, and compared 

scaffold growth on metallic probe-arrays with 3-mm (Fig. 2.9) and 5-mm probe distancing (Fig. 2.10A) with 

that on a flat metal plate (Fig. 2.10B). Using COMSOL Multiphysics software, we simulated the electric field 

potential on the surface of the two types of collector plates used and observed the electric field potential to be 

focused on the probes (Fig. 2.10C) and to be approximately uniform over all the probes with a value of ~800 V 

(Fig. 2.10E), whereas the electric field potential was distributed over the flat plate (Fig. 2.10D) and varied 

across the working surface area from ~300 to ~800 V (Fig. 2.10F). This uniform potential over the probe-array 

collector plate allowed similar sized scaffolds with the same topography to grow over most of the probes and 

hence, an overall homogenous scaffold growth over the probes (Fig. 2.10G) compared to that over the surface 

of the flat collector (Fig. 2.10H). Furthermore, the 5-mm probe array permitted a consistent yield of ~100 

scaffolds/run. The surface topography of these scaffolds remained relatively unaffected between the flat plate 

and 5-mm probe-array collector upon cryoelectrospinning at similar process parameters (Fig 2.10I, J), 

demonstrating the capacity of the probe-array collector plate to homogenously generate 3D elastin-alginate 

scaffolds with a high yield. While the 3-mm probe-array collector allowed relatively homogenous growth of 

scaffolds in comparison with the flat collector, these scaffolds were too small to handle and difficult to remove 

Fig. 2.9 Cryoelectrospinning on the 3 mm probe-array collector. A) 3 mm probe-array collector. B) 

Cryoelectrospun scaffolds deposited on the 3 mm probe-array collector. C, D) SEM images of scaffolds 

growing on 3 mm probe-array collector. C) Scale bar = 20 µm. (D) Scale bar = 2 µm. 
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from the collector. Furthermore, scaffolds fabricated on the 3-mm probe-array collector had mostly fibrous 

topography instead of honeycomb topography under similar process parameters (Fig. 2.9 C, D). Hence, to 

homogenously fabricate honeycomb cryoelectrospun scaffolds, we chose the 5-mm probe-array collector. 

 

2.3.5 Comparison of physical and mechanical properties of cryoelectrospun scaffolds and 

decellularized salivary gland sections.  

To evaluate the ability of honeycomb CES (CES-H) to emulate salivary gland ECM, we compared their 

topography and viscoelastic properties with that of decellularized adult salivary gland matrix (DSG) by SEM 

and indentation testing, respectively. The honeycomb CES and the DSG exhibited similar honeycomb 

topography and pores of ~ 10-25 ɛm (Fig. 2.11A-C). We further determined the indentation modulus and 

relaxation half time of honeycomb CES and DSG by micro-indentation testing. Honeycomb CES and DSG had 

very low indentation moduli of ~ 120 Pa, whereas elastin-alginate freeze-dried sponges (FS) fabricated with the 

same material composition (1% elastin-1.5% alginate) and crosslinked with the same materials (EDC/NHS) as 

honeycomb CES exhibited a significantly higher indentation modulus of ~ 850 Pa (Fig. 2.11D). Further, we 

Fig. 2.10. Effect of collector plate geometry on scaffold growth in X, Y, Z dimensions. A,B) Bench 

top photos of the collector plate. C,D) COMSOL simulation demonstrating the electric field lines 

distribution over the collector plate. E,F) COMSOL simulation demonstrating the electric potential 

distribution over the collector plate. G,H) Bench top photos and I,J) SEM images of scaffolds grown on 

a metallic probe-array collector having 5 mm probe spacing and flat collector, respectively. Scale bar = 

20 µm. Metallic probe-array promoting distributed individual scaffold growth and increased growth in 

the Z dimension due to reduced electrical surface area in the X and Y dimensions. (A,C,E,G,I) Metallic 

probe-array collector plate. (B,D,F,H,J) Flat collector plate. 
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observed that both FS and honeycomb CES demonstrated similar relaxation dynamics as DSG (Fig. 2.11E) 

despite the differences in observed stiffness/indentation modulus. 

 

 

 

Fig. 2.11. Elastin-alginate cryoelectrospun scaffolds with honeycomb topography (CES-H) mimicking 

decellularized adult salivary gland ECM in topographic and viscoelastic properties. A) SEM image of 

CES-H and B) fluorescence image of decellularized adult salivary gland matrix (DSG) showing topographical 

similarities. Scale bar = 20 µm. C) Pore size analysis using ImageJ. Comparison of D) compression modulus 

and E) relaxation half time of 1% elastin-1.5% alginate freeze-dried sponges (FS), 1% elastin-1.5% alginate-

3% PEG CES-H and DSG showing that CES-H exhibited viscoelastic properties similar to DSG. ***, 

P<0.0001; ns, not significant. 
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2.4 Discussion 

Several pathologies arise in the human body due to an imbalance in the biochemical and mechanical 

cues delivered by the ECM to cells in organs149ï154. Hence, in addition to cell engineering strategies for 

regenerative medicine and in vitro culture purposes, scaffold engineering strategies are also critical. There is a 

pronounced need to engineer tissues that mimic not only the biochemical cues but also the physical and 

mechanical cues of healthy ECM106ï110. In this work, we developed a novel fabrication strategy to produce 3D 

scaffolds (Fig. 2.6C) that closely mimic the honeycomb topography, porosity, and pore size of endogenous 

salivary gland ECM (Fig. 2.11A-C)  and potentially other soft tissues, e.g., lung, liver15,16,121. The use of water 

as the solvent is key to generating honeycomb topography using cryoelectrospinning. The aqueous solvent, in 

combination with the atmospheric water deposition, increased ice nucleation and improved the 3D growth and 

porosity of the scaffold (Fig. 2.6A, C). The increased water content and water solubility of solutes might have 

allowed for phase separation of the materials and the unique honeycomb topography (Fig. 2.6D), which has not 

been previously reported with cryoelectrospinning.     

The fabrication strategy we developed incorporates ECM proteins and hydrogel materials in one step, 

in contrast to other fabrication strategies, where fibrous components are fabricated and subsequently embedded 

into hydrogel materials126,140,155 before crosslinking. The technique reported here should allow for 

electrospinning of any water-soluble, ECM protein-hydrogel material combination with a long-chain polymer, 

such as PEG-400kD, to ensure the electrical conductivity, viscosity, and chain entanglement required for 

electrospinning. Our chosen biomaterials of 1% elastin-1.5% alginate composition mimicked the elastic 

modulus and relaxation properties of native salivary ECM (Fig. 2.11D, E) and can be supplemented with 

additional ECM components to engineer custom microenvironments. Embryonic microenvironments are pliable 

and have a low elastic modulus of 50-300 Pa156, to facilitate morphogenesis, cell expansion, and migration. 

Hence, the low elastic modulus of the elastin-alginate honeycomb CES at ~120 Pa makes them promising 

candidates for biomimetic matrices to regenerate or model a range of soft tissues. 

The complex effects of process parameters on the cryoelectrospinning process generate a need for 

reproducible and homogenous scaffold growth. We improved the scaffold consistency, homogeneity, and yield 
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by establishing thresholds for process parameters and evaluating alternative collector plate geometries. We 

successfully confirmed our hypothesis that electric field homogenization would improve scaffold homogeneity 

and yield through COMSOL simulation and fabrication optimization (Fig. 2.10). The homogeneous electric 

field and the geometry of the metallic probe array regulated individual scaffold growth, scaffold distribution 

and size, and increased the scaffold yield of each cryoelectrospinning run to > 100 scaffolds. While probe-array 

collector plates have been used in traditional electrospinning to improve the scaffold porosity157ï159, they have 

not been previously used for cryoelectrospinning for distributed and homogenous growth. Further, delineation 

of the effects of solvent, air temperature, relative humidity and collector plate temperature on the 

cryoelectrospun scaffold topography (Fig. 2.6E) allowed us to determine the boundary conditions for these 

parameters to reproducibly produce scaffolds with honeycomb topography. 

 

2.5 Conclusions 

Overall, we developed a novel high-throughput cryoelectrospinning process to bioengineer a 3D porous 

matrix with minimal backbone and interconnected pores. The bulk honeycomb topography, in combination 

with the biomaterials chosen, yielded a scaffold with physical and mechanical properties similar to native 

salivary gland ECM.   
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Chapter 3 - Optimization of cell culture on cryoelectrospun scaffolds 

Partially adapted from Ramesh P, Moskwa N, Hanchon Z, Koplas A, Nelson D, Mills K, Castracane J, 

Larsen M, Sharfstein S, Xie Y. Engineering cryoelectrospun elastin-alginate scaffolds to serve as stromal 

extracellular matrices. Biofabrication. 2022;14(3):5 

 

3.1. Introduction  

MSCs are available in low cell numbers and are extremely expensive, which is a limiting factor in the 

clinical translation of this therapeutic approach for a large patient base160. Hence, scaffold-based delivery 

strategies should aim at economical use of MSCs. This necessitates the optimization and enhancement of cell 

attachment to scaffolds. The heterogenous response of cells to oxygen and nutrient gradients similar to in vivo 

tissues161, is beneficial for triggering basic cellular processes and paracrine signaling effects. However, limited 

availability of oxygen and nutrients in 3D cultures can create a necrotic core, and necrotic cells in 3D culture 

secrete toxic waste that impairs the function of healthy cells162. Further, necrotic cells leak plasma proteins, and 

the delivery of necrotic cells in vivo can trigger an inflammatory cascade upon implantation163. Hence, scaffold-

based cell delivery strategies should ideally minimize cell death due to necrosis. Cell culture strategies that 

maximize cell viability are essential for functionally relevant in vitro cell assays as well. Further, determination 

of cell seeding densities, cell attachment, maintenance of cell viability for long term culture without significant 

cell loss and the 3D growth of cells on scaffolds is important before analyzing cell function and phenotype on 

scaffolds, in order to determine modifications if necessary to improve cell attachment and viability. In this 

chapter, we optimize cell seeding, attachment and culture strategies for viable 3D cell growth and maintenance 

on cryoelectrospun scaffolds.  

 

3.2 Materials and Methods 

3.2.1 Materials 

Regents for the fabrication of scaffolds are listed in Section 2.2.1. For conventional Matrigel culture, 

cells were grown in Matrigel (Cat. No. 356234, Corning Inc., Corning, NY) on Nuclepore Whatman filters 

(Cat. No. 0930051, Cytiva, Marlborough, MA) in 50 mm glass-bottom MatTek dishes (P50G-1.5-14F, MatTek 
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Corporation, Ashland, MA). The reagents for cell culture were DMEM (high glucose), fetal bovine serum (heat-

inactivated), Penicillin-Streptomycin (10,000 units/mL of penicillin and 10,000 µg/mL of streptomycin) from 

Thermo Fisher Scientific, or Antibiotic-Antimycotic Solution (10,000 units/mL penicillin, 10,000 µg/mL 

streptomycin and 25 µg/mL amphotericin B) from R&D Systems. Primary embryonic day 16 (E16) 

mesenchyme cells were isolated using collagenase/hyaluronidase (Cat. No. 7912) from StemCell Technologies, 

dispase II (Cat. No. 17105041), phosphate buffered saline (PBS), DMEM/F12 (Cat. No. 11039047), fetal 

bovine serum (FBS) (Cat. No. 10082147), and penicillin-streptomycin from Thermo Fisher Scientific, 70 ɛm 

cell strainers (Cat. No. 087712) from Corning (Corning, NY) and 40 ɛm cell strainers (Cat. No. 22363547) 

from Thermo Fisher Scientific. Well-plates were coated with ultra-low adhesion polymer LIPIDURE from 

AMSBIO (Cambridge, MA). Cell viability assays were performed with calcein-AM and ethidium homodimer 

from Sigma-Aldrich. Cell proliferation assays were performed using Cell Titer Glo-3D reagent from Promega 

(Madison, WI). Reagents for decellularization of salivary glands are listed in Section 2.2.1. Vibratome blade 

(Cat. No. 72003-01, Electron Microscope Sciences, Hatfield, PA) was used to section the decellularized salivary 

glands. 

 

3.2.2 Animals 

Mice used to source salivary glands were either CD-1 strain from Charles River Laboratories 

(Wilmington, MA) or C57B6 strain from Jackson Laboratories (Bar Harbor, ME). The care and handling of 

mice and tissue collection conformed to the requirements of and was approved by the Institutional Animal Care 

Use Committee (IACUC) of University at Albany, State University of New York.  

 

3.2.3 Cell culture 

Mouse embryonic NIH 3T3 fibroblasts164 of passage 12-17 were maintained in DMEM (High Glucose) 

medium containing 10% FBS and 1% penicillin-streptomycin. The NIH 3T3 fibroblasts were subcultured on 

day 3 or 4 when they were 70-80% confluent. Cells were incubated in a 37 °C, 5% CO2 humidiýed incubator. 



 Page 45 

 

Primary mesenchyme were isolated from embryonic day 16 (E16) submandibular salivary glands 

dissected from timed-pregnant CD-1 female Mus musculus ordered from Charles River Laboratories, as 

described previously165,166. The primary E16 mesenchyme was separated away from the primary epithelium 

using enzymatic digestion in 1X collagenase/hyaluronidase and 1.6 U/ml of dispase II diluted in 1X PBS at 37 

°C for 30 minutes. After digestion, the mesenchyme and epithelium were separated using gravity sedimentation. 

The epithelium was further strained away from the mesenchymal fraction using centrifugation at 10g for 1 

minute then filtered through 70 ɛm and 40 ɛm cell strainers. The enriched E16 mesenchyme was pelleted at 

300g for 8 minutes and the buffer was replaced using DMEM/F12 containing 10% FBS, 1% penicillin-

streptomycin. Isolation of primary E16 mesenchyme was performed by Dr. Nicholas Moskwa from Larsen lab, 

University at Albany. The isolated primary E16 mesenchyme cells were cultured in DMEM/F12 medium 

supplemented with 10% FBS and 1% penicillin-streptomycin and incubated in a 37 ÁC, 5% CO2 humidiýed 

incubator for 3-4 days until 90-95% confluent. The primary E16 mesenchyme cells were subcultured for 1 or 2 

passages.  

 

3.2.4 LIPIDURE (ultra-low adhesion polymer) coating of well plate 

To improve cell attachment efficiency and prevent cells from attaching to the well bottom after cell 

seeding, well-plates were coated with the ultra-low adhesion polymer LIPIDURE. Flat bottom 96 wells were 

used for nanofiber scaffolds and round bottom 96 wells were used for bulk hydrogel, cryoelectrospun scaffolds 

and decellularized salivary gland matrices. Each well was coated thrice by adding 75 µL of 0.64% LIPIDURE 

in 96% ethanol to each well, aspirating after 1 minute and air-drying for 15 minutes. After the third coating, the 

well plate was UV sterilized for 1 hour and air-dried overnight before placing scaffolds for cell culture. 

 

3.2.5 Scaffold fabrication and modification 

Elastin-alginate nanofiber mats (NF) and cryoelectrospun scaffolds with honeycomb topography (CES-

H) were fabricated using 1% elastin, 1.5% alginate and 3% PEG-400kD solution in deionized water as described 

previously in Section 2.2.6.  
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Elastin-alginate bulk hydrogels (BH) were fabricated by preparing 2% elastin and 3% alginate solutions 

in sterile deionized water and by mixing it in equal parts with the cell suspension for a final material composition 

of 1% elastin and 1.5% alginate that matches elastin-alginate nanofibers or cryoelectrospun scaffolds. 10 µL of 

the hydrogel-cell suspension solution was incubated in 100 µL of cell culture medium with 100 mM s2 for 30 

min to crosslink the hydrogel and form hydrogel-cell constructs and thereafter switched to cell culture medium 

with 25 mM CaCl2. 

Decellularized salivary gland matrices (DSG) were obtained from the decellularization of whole organs 

as described in Section 2.2.3. The decellularized salivary gland was sectioned under a dissecting microscope 

on a stage sterilized by 70% ethanol.  The decellularized salivary gland was stabilized using forceps and sliced 

into sections using a vibratome blade into equally sized pieces.  These decellularized salivary gland matrices 

were stored at 4 °C in medium composed of DMEM/F12, 10% fetal bovine serum, and 1% PenStrep. 

Decellularization of whole glands and sectioning was performed by Dr. Nicholas Moskwa from Larsen lab, 

University at Albany. 

Matrigel scaffolds were prepared by mixing 5 µL each of Matrigel and cell suspension (10,000 

cells/µL).  10 µL of the Matrigel-cell suspension solution was pipetted onto a 0.1 µm Nuclepore polycarbonate 

filter. The filter was floated on cell culture media (DMEM/F12, 10% fetal bovine serum, and 1% PenStrep) in 

50 mm glass-bottom dishes and incubated at 37°C in a humidified tissue culture incubator with 5% CO2. 

Nanofibers, cryoelectrospun scaffolds, and decellularized salivary gland matrices were soaked in 70% 

ethanol for 30 min, washed with 0.9% NaCl for 10 min, and then hydrated in cell culture medium and 4% 

penicillin-streptomycin-amphotericin B (R&D Systems) overnight prior to cell seeding for culture. 

 

3.2.6 Cell culture on scaffolds 

Mouse embryonic NIH 3T3 fibroblasts164 were seeded on cryoelectrospun scaffolds at 30,000 cells, 

50,000 cells, 60,000 cells, 75,000 cells, 100,000 cells,  150,000 cells/scaffold in 25 ˃ L DMEM (high glucose) 

medium containing 10% FBS, 1% penicillin -streptomycin, and 25 mM CaCl2 to determine the effects of cell 

seeding density on cell attachment. Primary E16 mesenchyme cells were seeded in a similar fashion to 
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cryoelectrospun scaffolds in DMEM/F12 medium supplemented with 10% FBS, 1% penicillin-streptomycin, 

and 25 mM CaCl2. Cell culture media were supplemented with 25 mM CaCl2, a concentration at which cell 

culture was not negatively impacted, to prevent rapid disintegration of the scaffold. After two hours, each well 

was supplemented with 175 ˃L of fresh medium, and the well plate was incubated with and without rotary 

shaking at 30 rpm for 24 hours to evaluate the effects of rotary culture. For extended culture of cells for up to 

7 days, well plates were transferred onto a static surface 24 hours after cell seeding. Cell culture media were 

replenished every day by removing 150 µL of spent media from each well and replenishing it with 200 µL of 

fresh media to avoid nutrient depletion and to retain certain amount of the conditioned medium. 

Cells were seeded and cultured on decellularized salivary gland matrices similar to cryoelectrospun 

scaffolds. Cells on nanofiber mats (5000 cells/200 µL medium), bulk hydrogels and Matrigel were grown in 

static culture because the cells attach to a 2D surface for nanofibers and the cells are in a crosslinked suspension 

for bulk hydrogels and Matrigel, not requiring enhanced cell attachment. All scaffolds were incubated in a 

humidified incubator at 37 °C and 5% CO2.  

 

3.2.7 LIVE/DEAD assay 

Cell-scaffold constructs were incubated with 2 µM calcein-AM and 4 µM ethidium homodimer for 25 

min at 37 ̄C and imaged using Leica SP5 confocal laser scanning microscope (Leica Microsystems, Mannheim, 

Germany) to reveal live cells in green and dead cells in red fluorescence. Quantitative analysis of live and dead 

cells was performed using ImageJ167. The images were opened in ImageJ, and two separate images were 

obtained for live and dead cells by using the óSplit Channelsô feature in Image>Color menu. The threshold of 

each image was adjusted. The numbers of live and dead cells were quantified by using the óanalyze particlesô 

feature under the Analyze menu, setting the particle size range to 10-3000 µm2, circularity to ó0-1ô, and 

excluding particles on edges. 

 

3.2.8 Cell attachment efficiency analysis 
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Cells were seeded at a set concentration and allowed to attach for 24 hours. After 24 hours, unattached cells 

were aspirated by gently pipetting. The scaffold was rinsed gently in cell culture media to collect any remaining 

unattached cells. The scaffold was moved to a new well and any cells attached to the bottom of the well were 

trypsinized, neutralized and added to the suspension of cells not attached to the scaffold. The cell suspension 

was centrifuged at 450g for 5 minutes, resuspended in cell culture media and the number of cells were counted. 

Cell attachment efficiency was determined by subtracting the number of cells not attached to the scaffold from 

the number of cells seeded by using the formula  

ὅὩὰὰ ὥὸὸὥὧὬάὩὲὸ ὩὪὪὭὧὭὩὲὧώ
Ȣ   Ȣ    

Ȣ   
ρzππ. 

 

3.2.9 Cell proliferation assay 

Cell-Titer Glo® 3D Viability Assay was performed to evaluate cell proliferation at 1, 4, and 7 days 

after cell seeding onto scaffolds per manufacturerôs instruction. Briefly, cell-scaffold constructs in the 96-well 

plate and Cell-Titer Glo® 3D Viability Assay reagent were equilibrated to room temperature for 30 min. After 

samples were gently washed with 1X PBS, 75 L˃ of cell culture media and 75 ˃L of CellTiter-Glo 3D reagent 

was added. The contents of the well were vigorously pipetted up and down to disintegrate the scaffold and 

release the cells. The well plate was then shaken on a rotary shaker at 120 rpm, at 37 °C for 15 min, and then 

incubated at room temperature for 30 min to stabilize the reaction. 50 L˃ of the reaction mixture from each well 

was transferred into a 96-well white luminescence plate, diluted with 50 ˃ L of cell culture media, and mixed 

well. Luminescence was determined using a Tecan Infinite 200 plate reader (Tecan US, Morrisville, NC). 

 

3.2.10 Statistical analysis 

Data are presented as mean ± standard deviation. All in vitro cell culture and material characterization 

experiments were performed in triplicate, unless otherwise indicated. One-way ANOVA followed by Tukeyôs 

post hoc test was performed using GraphPad Prism 9.2.0. p < 0.05 was considered significant. 
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3.3 Results and Discussion 

3.3.1 Ultra -low adhesion round bottom 96 well plates improve cell attachment to scaffold 

To investigate the best-suited culture dish for improved cell attachment to honeycomb CES, we 

compared attachment of NIH 3T3 cells to scaffolds in ultra-low adhesion round bottom well plates and tissue-

culture treated flat bottom well plates. To observe viable cell attachment to the scaffold, we stained the cells 

with Live/Dead staining 24 hours after cell seeding. We observed that in tissue culture-treated flat bottom well 

plate, a majority of the cells attached to the bottom of the well (Fig. 3.1A), and the few cells that attached to the 

scaffolds were single cells (Fig. 3.1C). However, in ultra-low adhesion well plates, far fewer cells attached to 

the well bottom (Fig. 3.1B), and many cells attached as clusters to the cryoelectrospun scaffold (Fig. 3.1D). 

While ultra-low adhesion wells improved cell attachment to the scaffold, cell clusters or spheroids were also 

present in suspension in the media. Hence, further strategies to maximize cell attachment needed to be explored. 

 

3.3.2 Rotary shaking improves cell attachment to scaffold 

To further improve cell attachment to the scaffold in ultra-low adhesion wells, we attempted rotary 

culture. Rotary culture is a popular choice for improving cell attachment to matrices and cell viability168. We 

chose a low rotational speed of 30 rpm to facilitate gentle rotation that can aid attachment of cells to the scaffold 

and to prevent shear-effects on cell phenotype and function. We compared cell attachment rates with that of 

Fig. 3.1. Cell attachment to scaffold in tissue culture treated flat bottom 96 well plate vs ultra-low 

adhesion (lipidure-coated) round bottom 96 well plate 
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static culture at different cell seeding densities of 50,000 cells, 100,000 cells and 150,000 cells per scaffold. We 

observed that higher cell seeding densities permitted better attachment to scaffolds in both static and rotary 

culture, however, the variability in attachment rate was much lower with rotary culture (Fig. 3.3).  Overall, cell 

attachment rates were marginally higher in rotary culture compared to static culture, however, the differences 

were not statistically different. Since less variable cell attachment was observed with rotary culture, it was 

chosen as the cell culture strategy for the cell culture experiments. 

 

3.3.3 Honeycomb CES promote viable 3D growth and cell survival of NIH 3T3 fibroblasts 

To investigate the ability of elastin-alginate honeycomb CES to support viable 3D stromal growth, NIH 

3T3 fibroblasts, a well-established model mesenchymal cell line, were grown on honeycomb CES for 24 hours 

followed by Live/Dead staining to determine the viability of attached cells. The majority of the cells (89% ± 

2%) attached to honeycomb CES were viable after 24 hours (Fig. 3.4A, B). The cells on the honeycomb CES 

formed 3D clusters (Fig. 3.4A) with penetration depths ranging between ~250 to 450 µm, with an average of 

359 ± 96.48 µm (Fig. 3.4C). Furthermore, CellTiter Glo-3D viability assay was performed to evaluate cell 

growth on CES-H. The time course of cell growth showed the trend of slightly (but not significantly) increasing 

Fig. 3.3 Rotary culture of cells for the first 24 hours at 30 rpm improves cell attachment 
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cell number of NIH 3T3 fibroblasts attached to the scaffold from day 1 to 4 and then leveling off, confirming 

cell survival on the honeycomb scaffolds for 7 days (Fig. 3.4D). 

 

 

3.3.4 Determination of cell seeding density for optimal attachment to scaffolds  

To investigate the effect of cell seeding density on cell attachment, we seeded NIH 3T3 cells at 30,000 

cells, 60,000 cells. 100,000 cells, 150,000 cells and 200,000 cells per scaffold in 25 µL of cell culture medium 

in ultra-low adhesion round-bottom wells to facilitate cell attachment in the first two hours. 175 µL of cell 

culture medium was added after 2 hours to each scaffold to ensure supply of nutrients. Cells on scaffolds were 

grown for 24 hours and stained with Live/Dead stain to reveal both cell attachment and the viability of attached 

cells. We observed that at 30,000 cells per scaffold, the cells attached as single cells to the scaffolds and few 

cells seemed to attach to the scaffold (Fig. 3.2A). At 60,000 cells per scaffold, the cells attached as single cells 

or small clusters to the scaffolds almost evenly distributed over the surface area of the scaffold (Fig. 3.2B). At 

100,000 cells, 150,000 cells and 200,000 cells per scaffold, the cells attached as large clusters to the scaffolds, 

with most of the surface area of the scaffold covered with cells (Fig. 3.2C, D, E). Large clusters attached to the 

Fig. 3.4. Elastin-alginate cryoelectrospun scaffolds with honeycomb topography (CES-H) promote 

viable 3D cell penetration and growth. A) Confocal images of Live/Dead stained NIH 3T3 fibroblasts on 

CES-H showing that majority of attached cells are viable and penetrate deep into the scaffold to form 3D 

clusters. B) Quantification of cell viability on CES-H after 24 hours using ImageJ. C) Quantification of cell 

penetration revealing that NIH 3T3 cells infiltrate into CES-H with depths ranging between 250 to 450 µm 

and have an average infiltration depth of 359 ± 96.48 µm. D) Time course of NIH 3T3 fibroblast growth on 

CES-H using Cell Titer-Glo® 3D Cell Viability Assay. 
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scaffold result in heterogenous effects since a vast majority of cells would only experience cell-cell effects and 

a few cells that are part of the cluster and attached to the scaffold would experience both cell-cell and cell-

matrix interaction effects. At 60,000 cells per scaffold, the smaller clusters had the space to spread out into the 

scaffold for more homogenous cell-cell and cell-matrix interaction. Hence, moving forward, cells were seeded 

at 50,000 to 75,000 cells/scaffold concentrations for cell culture experiments. 

 

 

3.3.5 Honeycomb CES promote viable 3D growth of primary E16 mesenchyme comparable to 

decellularized salivary gland matrices in extended 7-day cultures in 24-well plate culture 

To test the feasibility of using elastin-alginate cryoelectrospun scaffolds as a stromal cell delivery 

vehicle that permits viable long-term stromal cell growth and maintenance for delivery in vivo, we first 

examined its ability to retain stromal cell viability. We chose to use MSC-like, primary E16 mesenchyme cells 

since they retain stemness169 and are available in large quantities after one passage to satisfy the sheer number 

of cells required for our elaborate experiments. We grew primary E16 mesenchyme cells for 7 days on elastin-

alginate nanofibers (NF), bulk hydrogel (BH), and cryoelectrospun scaffolds (CES) and compared cell viability 

with decellularized salivary gland matrices (DSG) for physiological relevance and with Matrigel, a standardized 

in vitro cell culture matrix for stem cells and organoids.  

We seeded cells on the scaffolds as per the strategy detailed in Table 3.1 to maximize cell attachment 

based on the findings reported in Sections 3.3.1 to 3.3.3. After cell attachment in the first 24 hours, all scaffolds 

were transferred to static culture. 

Fig.  3.2. Effect of cell seeding density on cell attachment 
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Since elastin-alginate honeycomb CES mimics the native physical and mechanical properties of ECM 

as determined in Chapter 2 (Section 2.3.5), we fabricated NF and BH scaffolds made of the same composition 

(1% elastin and 1.5% alginate) as CES and compared their ability to retain viable primary E16 mesenchyme for 

up to 7 days. To ensure high cell attachment efficiency, primary E16 mesenchyme in CES and DSG were grown 

with mild rotary shaking of 30 rpm for the first 24 hours in ultra-low adhesion polymer-coated, round-bottom 

wells in a 96-well plate, which improved cell attachment efficiency and reduced the variability in cell 

attachment compared to static culture (Fig. 3.3). After the first 24 hours of cell seeding on the scaffolds (BH, 

CES and DSG), cell scaffold constructs were transferred to a 24-well plate with 300 µL media in each well for 

improved oxygen diffusion and cell viability. We did not choose a 48-well plate for 3D cell culture since it only 

permitted cell viability of about 50% (Fig. 3.5), much lower than in Matrigel where cells formed cell sheets. 

We observed that the primary E16 mesenchyme cells barely attached to NF and negligible numbers of cells 

remained on the scaffold on day 7 (Fig. 3.6). As shown in Fig. 3.7, only 53 ± 7 % of the cells encapsulated in 

the BH were viable, while 15 ± 4.7 % were dying (stained for both calcein-AM in green and ethidium 

homodimer in red) and 32 ± 4.8 % were dead, showing no improvement in 24-well plates. Cell viabilities on 

the CES and DSG improved considerably in 24-well plates and were comparable at 87 ± 5.7 % and 82 ± 3 %, 

Table 3.1. Cell seeding and culture strategy for improved cell attachment and viability  

Scaffold  Cells seeded 

Cell attachment (first 24 hours) 

Culture dish 
Culture 

strategy 

Nanofibers 5000 cells/200 µL media 
Flat-bottom LIPIDURE-

coated 96 well plate 

Static 

culture 

Bulk Hydrogel 
10000 cells/20 µL hydrogel-cell 

suspension in 200 µL media 

Round-bottom 

LIPIDURE-coated 96 well 

plate 

Static 

culture 

Cryoelectrospun 

scaffolds 
50,000 cells/25 µL media 

Round-bottom 

LIPIDURE-coated 96 well 

plate 

Rotary 

culture 

Decellularized 

salivary gland matrix 
50,000 cells/25 µL media 

Round-bottom 

LIPIDURE-coated 96 well 

plate 

Rotary 

culture 

Matrigel  
50,000 cells/10 µL matrigel-cell 

suspension in 180 µL media 

0.1 µm Nuclepore filter in 

Mattek dish 

Static 

culture 
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respectively. Cells on Matrigel showed the highest viability at 98 ± 1.4 % possibly due to better nutrient transfer 

to cell sheets than the 3D cell growth observed in BH, CES and DSG. 
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Fig. 3.5. Viability of prima ry E16 mesenchymal cells grown for up 

to 7 days in 48 well plate format. Quantification of cell viability on 

bulk hydrogels (BH), cryoelectrospun scaffolds (CES), decellularized 

salivary gland matrices (DSG) and Matrigel after 7 days of cell growth 

using ImageJ reveals that cells on CES but not BH have viability levels 

comparable to DSG. 
 

Fig. 3.6. Live/Dead stained cells 

reveal low attachment to 

nanofibers. Negligible number 

of cells remain on nanofibers on 

Day 7. Green, live cells; Red, 

dead cells. 



 Page 55 

 

 

Fig. 3.7. Cryoelectrospun scaffolds support viable 3D cell growth for up to 7 days. Confocal microscopy 

images of LIVE/DEAD stained primary E16 mesenchyme cells grown in A) elastin-alginate bulk hydrogels 

(BH), B) elastin-alginate cryoelectrospun scaffolds (CES), C) decellularized salivary gland matrices (DSG), 

and D) Matrigel. Green, live cells; Red, dead cells. Scale bar = 100 µm. (E) Quantification of cell viability after 

7 days of 3D cell growth reveals that cells on cryoelectrospun scaffolds (CES) but not bulk hydrogel (BH) have 

viability levels comparable to decellularized salivary gland matrices (DSG). 
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3.4 Conclusions 

In this chapter, we determined cell culture strategies to improve cell attachment to scaffolds and 

improve the viability of cells grown in 3D for extended cultures. Ultra-low adhesion round-bottom 96-well 

plates and rotary cell culture improved cell attachment to the 3D scaffolds and 24-well plates improved long-

term viability and maintenance of attached cells. Cryoelectrospun scaffolds supported long-term viable 3D cell 

growth comparable to decellularized salivary gland matrices. 
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Chapter 4 - Stromal and epithelial cell line growth on cryoelectrospun scaffolds 

Partially adapted from Ramesh P, Moskwa N, Hanchon Z, Koplas A, Nelson D, Mills K, Castracane J, 

Larsen M, Sharfstein S, Xie Y. Engineering cryoelectrospun elastin-alginate scaffolds to serve as stromal 

extracellular matrices. Biofabrication. 2022;14(3):5 

 

 

4.1 Introduction  

Scaffolds for soft tissue engineering must support the healthy growth of multiple cell types and their 

coculture for the formation of functional tissues. 3D cell organization, cell-cell communication and cell-matrix 

interaction play important roles in the engineering of functional soft tissues161,170. In this chapter, we evaluated 

the ability of elastin-alginate cryoelectrospun scaffolds (CES) to maintain stromal and parenchymal cell 

populations, by analyzing mesenchymal and epithelial cell growth, phenotype, self-organization, and function, 

focusing on the potential of CES to support the mesenchymal phenotype and prevent the myofibroblast 

phenotype, and the potential of mesenchyme cultured on honeycomb CES to facilitate epithelial cell function. 

 

4.2 Materials and Methods 

4.2.1. Materials  

Regents for the fabrication of scaffolds are listed in Section 2.2.1. Reagents for cell culture are listed in 

Section 3.2.1. Primary antibodies used for immunocytochemistry are detailed in Table 4.1, including vimentin 

(clone LN-6) from Sigma-Aldrich, Zona Occludin-1 (ZO-1) from Thermo Fisher Scientific, and E-cadherin 

from BD Biosciences (San Jose, CA) for cell culture samples. Antibodies against collagen I and collagen IV 

from MilliporeSigma (Burlington, MA), and perlecan from Santa Cruz Biotechnology (Dallas, TX) were used 

for immunohistochemistry of decellularized salivary gland. Secondary antibodies used were Cyanine Cy3 

AffiniPure IgG, Alexa Fluor-488 AffiniPure F(ab')  Fragment IgM, and Alexa Fluor-647 AffiniPure F(abô)2 

fragment from Jackson ImmunoResearch Laboratories (West Grove, PA). Other reagents used for 

immunocytochemistry include paraformaldehyde, Tween 20, bovine serum albumin, and phalloidin-rhodamine 

from Thermo Fisher Scientific, glutaraldehyde, Triton X-100, sodium chloride, and 4ǋ,6-diamidino-2-

phenylindole (DAPI) from Sigma-Aldrich, normal donkey serum (Cat. No. 017-000-121) from Jackson 
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ImmunoResearch Laboratories, and Fluoro-Gel mounting medium from Electron Microscopy Sciences 

(Hatfield, PA). Triton X-100 from Sigma-Aldrich, NH4OH from Thermo Fisher Scientific, and DNase I from 

StemCell Technologies (Vancouver, CA) were used in preparation of decellularized salivary glands for 

immunohistochemistry. Confocal imaging of decellularized salivary glands was performed using 50 mm glass-

bottom dishes (Cat. No. P50G-1.5-14F) from MatTek (Ashland, MA).  Reagents used for the preparation of 

cell culture samples and decellularized salivary glands for scanning electron microscope (SEM) imaging 

include glutaraldehyde, sucrose, phosphate buffer, and hexamethyldisilazane (HMDS) from Sigma-Aldrich, 

and ethanol from Decon Labs (King of Prussia, PA).  

Table 4.1. Antibodies used for immunocytochemistry analysis of NIH 3T3 fibroblasts and SIMS salivary 

ductal epithelial cells 

For SIMS salivary ductal epithelial cells 

Primary Antibody  Host Species Company Catalog No. Lot No. Dilution  

Anti-Zona Occludin-1 (ZO-

1) 
Rabbit 

ThermoFisher 

Scientific 
402200 1574917A 1:400 

Anti-E-Cadherin Mouse BD Biosciences 610182 2307882 1:400 

Secondary Antibody Species Company Catalog No. Lot No. Dilution  

CyÊ3 AffiniPure IgG 
Host: Donkey 

Target: Anti-Rabbit 

Jackson 

ImmunoResearch 
711-165-152 130437 1:300 

Alexa Fluor® 647 

AffiniPure F(ab')  

Fragment IgG 

Host: Donkey 

Target: Anti-Mouse 

Jackson 

ImmunoResearch 
715-606-150 121469 1:300 

For NIH 3T3 fibroblasts 

Primary Antibody  Host Species Company Catalog No. Lot No. Dilution  

Anti-Vimentin Mouse-ɛ chain specific 
ThermoFisher 

Scientific 
V2258 044M4772 1:400 

Anti-Ŭ-Smooth Muscle 

Actin 
Mouse Millipore Sigma A5228 074M4814V  1:400 

Secondary Antibody Species Company Catalog No. Lot No. Dilution  

Alexa Fluor® 488 

AffiniPureF(ab')  Fragment 

IgM, µ chain specific 

Host: Donkey 

Target: Anti-Mouse 

Jackson 

ImmunoResearch 
715-546-020 116970 1:400 

Alexa Fluor® 647 

AffiniPure F(ab')  

Fragment IgG 

Host: Donkey 

Target: Anti-Mouse 

Jackson 

ImmunoResearch 
715-606-150 121469 1:1000 

For coculture of SIMS salivary ductal epithelial cells and NIH 3T3 fibroblasts 

Primary Antibody  Host Species Company Catalog No. Lot No. Dilution  

Anti-Zona Occludin-1 (ZO-

1) 
Rabbit 

ThermoFisher 

Scientific 
402200 1574917A 1:300 

Anti-E-Cadherin Mouse BD Biosciences 610182 2307882 1:300 

Anti-Vimentin Mouse-ɛ chain specific 
ThermoFisher 

Scientific 
V2258 044M4772 1:400 
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4.2.2. Scaffold fabrication and modification 

Elastin-alginate nanofiber mats (NF) and cryoelectrospun scaffolds with honeycomb topography (CES-

H) were fabricated using 1% elastin, 1.5% alginate and 3% PEG-400kD solution in deionized water as described 

previously in Sections 2.2.6 and 3.2.5. 

 

4.2.3. Cell culture  

Mouse embryonic NIH 3T3 fibroblasts164 of passage 12-17 were maintained in DMEM (High Glucose) 

medium containing 10% FBS and 1% penicillin-streptomycin. The NIH 3T3 fibroblasts were subcultured on 

day 3 or 4 when they were 70-80% confluent. Salivary gland ductal epithelial SIMS cells171 were maintained 

in DMEM (high glucose) medium containing 10% FBS and 1% penicillin-streptomycin. SIMS cells were 

subcultured every 2 or 3 days when they were 80-95% confluent. Cells were incubated in a 37 °C, 5% CO2 

humidiýed incubator. 

 

4.2.4.  Cell culture on scaffolds 

Mouse embryonic NIH 3T3 fibroblasts164 and salivary gland ductal epithelial SIMS cells171 were seeded 

at 75,000 cells/scaffold in 25 ˃L DMEM (high glucose) medium containing 10% FBS, 1% penicillin -

streptomycin, and 25 mM CaCl2 in ultra-low adhesion, polymer-coated, round-bottom, 96-well plates and 

incubated on a rotary shaker at 30 rpm for 2 hours to facilitate cell attachment to the scaffolds. Cell culture 

media were supplemented with 25 mM CaCl2, a concentration at which cell culture was not negatively impacted, 

to prevent rapid disintegration of the scaffold. After two hours, each well was supplemented with 175 L˃ of 

Secondary Antibody Species Company Catalog No. Lot No. Dilution  

CyÊ3 AffiniPure IgG 
Host: Donkey 

Target: Anti-Rabbit 

Jackson 

ImmunoResearch 
711-165-152 130437 1:400 

Alexa Fluor® 647 

AffiniPure F(ab')  

Fragment IgG 

Host: Donkey 

Target: Anti-Mouse 

Jackson 

ImmunoResearch 
715-606-150 121469 1:400 

Alexa Fluor® 488 

AffiniPure F(ab')  

Fragment IgM, µ chain 

specific 

Host: Donkey 

Target: Anti-Mouse-ɛ 

chain specific 

Jackson 

ImmunoResearch 
715-546-020 116970 1:400 
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fresh medium, and the well plate was incubated with rotary shaking for another 22 hours to increase the cell 

attachment efficiency. Well plates were transferred onto a static surface 24 hours after cell seeding. Cells were 

cultured on scaffolds for up to 7 days. For coculture of SIMS and NIH 3T3 fibroblasts on scaffolds, 50,000 NIH 

3T3 cells were first seeded on the scaffold in a similar fashion as described above and grown for 2 days to 

provide stromal support and then 50,000 SIMS cells were seeded in a similar fashion as described above. 

 

4.2.5. Scanning electron microscopy (SEM) 

Scaffolds seeded with cells were prepared and imaged as described in Section 2.2.5. 

 

4.2.6. Immunocytochemistry and confocal imaging of cell culture samples 

Samples 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 1X 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, incubated with primary antibodies at 4 °C overnight, followed by incubation with DAPI and 

secondary antibodies at room temperature for 2 hours. NIH 3T3 cells were immunostained for vimentin and -h

SMA and SIMS cells were stained for E-cadherin and ZO-1. All cells were co-stained with DAPI to reveal the 

nuclei within the total cell population. Rhodamine-phalloidin was used to reveal cytoskeletal F-actin. Antibody 

combinations and concentrations used are detailed in Table S2. Samples were then mounted with Fluoro-Gel 

mounting medium for imaging. Confocal imaging was performed using a Leica SP5 confocal laser scanning 

microscope (Leica Microsystems, Mannheim, Germany). 

 

4.3 Results 

4.3.1 Honeycomb CES promote typical adherent fibroblast morphology of NIH 3T3 fibroblasts 

To evaluate the ability of elastin-alginate cryoelectrospun scaffolds to support typical adherent 

morphology, we cultured NIH 3T3 fibroblasts on traditionally electrospun elastin-alginate nanofiber (NF) mats, 

honeycomb CES (CES-H), and fibrous CES (CES-F) (Fig. 4.1). To analyze adherent cell morphology, NIH 
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3T3 cells were cultured on the scaffolds for 1 day followed by SEM imaging. NIH 3T3 fibroblasts remained 

rounded on NF mats (Fig. 4.1A, top panel); however, they demonstrated a spread-out, fibroblast morphology 

on both honeycomb CES (Fig. 4.1A, middle panel) and fibrous CES (Fig. 4.1A, bottom panel). The maintenance 

of characteristic adherent morphology of NIH 3T3 fibroblasts grown on honeycomb CES (Fig. 4.1B, middle 

panel) and fibrous CES (Fig. 4.1B, bottom panel) was confirmed by the distribution of cytoskeletal F-actin (in 

red) and vimentin (in green). However, very few cells attached and grew on NF mats (Fig. 4.2, Fig. 4.3 top 

panel), or exhibited elongated F-actin stress fibers (red) (Fig. 4.1B top panel). NIH 3T3 fibroblasts formed 3D 

clusters with notable infiltration in honeycomb CES (Fig. 4.1C, middle panel), but only a cell sheet on fibrous 

CES (Fig. 4.1C bottom panel), demonstrating that the honeycomb topography of the cryoelectrospun scaffolds 

is essential for infiltrated cell growth and 3D cell distribution. 

To determine if honeycomb CES inhibit myofibroblast transition, NIH 3T3 fibroblasts were cultured 

on honeycomb CES for 1, 4, and 7 days and assayed for expression of the myofibroblast marker Ŭ-smooth 

muscle actin (Ŭ-SMA)172ï175. Maintenance of vimentin (in green) and reduction in Ŭ-SMA (in red) was observed 

on honeycomb CES over the course of 7 days (Fig. 4.1D), confirming that the honeycomb CES prevent 

myofibroblast transition. 



 Page 62 

 

 

 

Fig. 4.1. Effects of scaffold properties on morphology, 3D organization, and marker expression of NIH 

3T3 fibroblasts. A) SEM images showing the effect of scaffold topography on NIH 3T3 cell morphology. 

NIH 3T3 fibroblasts maintaining spread-out morphology on cryoelectrospun scaffolds with fibrous (CES-

F) and honeycomb topography (CES-H)  but remaining isolated and rounded on traditionally electrospun 

nanofibers (NF) on day 1. Arrows denoting individual cells. Scale bar = 25 ɛm. B,C) Confocal images of 

top view (B) and side view (C) of F-actin cytoskeleton organization and vimentin expression showing the 

effect of scaffold topography on attachment and infiltration of NIH 3T3 fibroblasts as well as mesenchymal 

marker expression on day 4.  D) Confocal images showing maintenance of expression of mesenchymal 

marker vimentin (in green) and loss of myofibroblast marker Ŭ-SMA (in red) over 7 days when NIH 3T3 

fibroblasts growing on CES-H. Scale bar = 25 ɛm. 
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Fig. 4.2. Conventionally electrospun nanofiber (NF) mats for cell growth. A) SEM images showed 

nanofibers formed a unified hydrogel layer post-hydration with medium. B) Quantification of LIVE/DEAD 

assay showed viability of NIH 3T3 fibroblasts were severely impeded on nanofibers 

Fig. 4.3. Cell attachment on conventionally electrospun nanofiber (NF) mats.  

Confocal images of immunochemistry of monocultured and cocultured NIH 3T3 fibroblasts and SIMS cells 

demonstrated poor cell attachment and growth on elastin-alginate nanofibers (for up to 7 days). For NIH 3T3s, 

Red: Ŭ-SMA, Green: Vimentin. For SIMS, Red: E-cadherin, Cyan: ZO-1. For SIMS and NIH 3T3 coculture, 

Red: E-cadherin, Cyan: ZO-1, Green: Vimentin. Blue: DAPI-stained cell nuclei. Scale bar = 25 µm. 
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4.3.2 NIH 3T3 fibroblasts grown on honeycomb CES scaffolds support maintenance of salivary 

epithelial morphology  

To evaluate the ability of CES to support epithelial cell morphology, we cultured SIMS cells, an 

established salivary gland ductal epithelial cell line171, on honeycomb CES, fibrous CES, and traditionally 

electrospun NF mats (Fig. 4.4). To analyze epithelial cell morphology, SIMS cells were cultured on scaffolds 

for 1 day followed by SEM imaging. The epithelial cells remained rounded on NF mats (Fig. 4.4A, top panel) 

and clustered together on both honeycomb CES (Fig. 4.4A, middle panel) and fibrous CES (Fig. 4.4A, bottom 

panel). To evaluate the ability of honeycomb CES to support 3D epithelial cell growth and morphology, and 

the possible need for stromal support, SIMS epithelial cells were cultured alone (SIMS monoculture) or 

cocultured with NIH 3T3 fibroblasts on NF mats, honeycomb CES, and fibrous CES for 7 days. For stromal-

epithelial cocultures, NIH 3T3 cells were seeded and allowed to expand for 2 days to act as stromal support for 

the SIMS cells that were subsequently seeded. To both visualize the cells in monocultures and distinguish 

between cell types in cocultures, SIMS cells were immunostained for E-cadherin and ZO-1, tight junction 

epithelial markers, along with DAPI stain to reveal the nuclei of the total cell population, while NIH 3T3 cells 

were identified by immunostaining for vimentin, a mesenchymal cell marker. Conventional electrospun NF 

mats did not support adequate cell attachment for either SIMS monocultures or SIMS and NIH 3T3 coculture 

(Fig. 4.4B top panel, Fig. 4.3 middle and bottom panel). However, similar to NIH 3T3 fibroblasts grown on 

honeycomb CES, monocultures of SIMS cells formed deep 3D clusters on honeycomb CES (Fig. 4.4B, middle 

left panel) and formed thin cell sheets on fibrous CES (Fig. 4.4B, bottom left panel). Further, the cocultured 

cells on honeycomb CES organized into distinct clusters, whereas the cells were randomly attached on fibrous 

CES (Fig. 4.4B, middle and bottom right panel). While monocultured SIMS salivary epithelial cells attached 

and grew as clusters in honeycomb CES and exhibited membrane-localized expression of E-cadherin by day 4, 

they did not show membrane-localized ZO-1 (Fig. 4.4C). However, in cocultures with NIH 3T3 cells grown on 

honeycomb CES as a stromal support, the SIMS epithelium formed more robust 3D clusters with improved 

membrane localization of both E-cadherin and ZO-1 (Fig 4.4D) by day 4 through day 7, highlighting the ability 

of stromal cells grown on honeycomb CES to better support the epithelial cell phenotype than monoculture. 
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Fig. 4.4. Effects of scaffold properties on morphology and 3D organization of SIMS epithelial cells.  

A) SEM images showing the effect of scaffold topography on SIMS epithelial cell morphology. SIMS cells 

forming cell clusters on cryoelectrospun scaffolds with fibrous (CES-F) and honeycomb topography (CES-

H) but remaining isolated and rounded on traditionally electrospun nanofibers (NF) on day 1. Arrows 

denoteing cells. B) Confocal images of SIMS monoculture (left panel) or SIMS epithelial cells cocultured 

with NIH 3T3 fibroblasts on scaffolds being immunostained with epithelial markers (E-cadherin in red and 

ZO-1 in cyan) and mesenchymal marker (vimentin in green) along with DAPI-stained nuclei (in purple) on 

day 4. SIMS monoculture forming deep 3D clusters in CES-H and thin cell sheets on CES-F. SIMS and NIH 

3T3 coculture showing distinct organization of cells into separate clusters on CES-H reminiscent of tissues 

in vivo but remaining random on CES-F. Very few cells attaching and growing on NF. C) Confocal images 

of SIMS monoculture on CES-H demonstrating 3D growth of cells with membrane-localized expression of 

E-cadherin but not ZO-1. D) Coculture of SIMS with NIH 3T3 cells allowing membrane-localized 

expression of both epithelial markers, ZO-1 and E-cadherin. Monocultures of SIMS salivary epithelial cells 

being immunostained for E-cadherin (red) and ZO-1 (cyan). Cocultures of SIMS and NIH 3T3 being 

immunostained for vimentin (green), E-cadherin (red), and ZO-1 (cyan) along with DAPI stain of nuclei 

(purple). Scale bar = 25 ɛm. 
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4.4 Discussion 

To demonstrate cell growth, and phenotype maintenance on honeycomb CES, we cultured stromal 

mesenchyme NIH 3T3 fibroblasts and salivary ductal epithelial SIMS cells on honeycomb CES, fibrous CES, 

and conventional electrospun NF mats. We determined that honeycomb CES and fibrous CES topography 

allowed both stromal fibroblasts and salivary epithelial cells to maintain their characteristic morphology, while 

NF mats did not (Fig. 4.1A, 4.4A, 4.3), emphasizing the role of scaffold architecture on 3D cell growth. The 

high porosity of honeycomb CES and fibrous CES may have maintained scaffold topography despite the 

alginate swelling, which could have, in turn, permitted cell attachment, growth, and cell-cell interaction in 

contrast to NF mats (Fig. 4.2A, B). Further, we observed that the honeycomb CES backbone possessed surface 

roughness (Fig. 2.7A) and hypothesize that the inherent surface roughness of the honeycomb CES backbone 

improved cell attachment on honeycomb CES, despite the lack of cell adhesion motifs in alginate. Therefore, 

even though honeycomb CES, fibrous CES, and NF mats were fabricated using the same material composition 

(1% elastin, 1.5% alginate, and 3% PEG-400kD), cryoelectrospun scaffolds such as honeycomb CES and 

fibrous CES offered a topographical advantage for cell attachment and maintenance of cell morphology over 

traditional electrospinning.  

One of the key factors influencing cell phenotype in vivo is cell communication through cell-cell 

contacts in 3D. We demonstrated that honeycomb CES, but not NF mats or fibrous CES, permitted 3D cell 

cluster growth and the organization of cells of different types into separate clusters, reminiscent of cellular 

organization and interaction in vivo (Fig. 4.4B). Though fibrous CES favored cell attachment and maintenance 

of cell morphology, cells were randomly attached and grew as mono- or bilayers (Fig. 4.4B bottom panel). 

Furthermore, in the coculture experiment condition, the fibroblasts and epithelium organized themselves into 

distinct clusters on honeycomb CES; however, no distinct organization was observed on fibrous CES. 

Honeycomb CES supported cell growth in all orientations, deep into the scaffold; however, fibrous CES favored 

the growth of cells only in the horizontal orientation and as cell sheets. Hence, the topography of honeycomb 

CES facilitates cell-cell interactions similar to tissues in vivo by promoting cell growth in random orientations 

and grouping of cells of different types into separate clusters.  
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We also demonstrated that honeycomb CES not only maintained the adherent morphology of NIH 3T3 

fibroblasts but also limited the expression of -hSMA (Fig. 4.1D), a protein reported to be expressed by 

myofibroblasts, which are derived from fibroblasts and other cells that undergo a maladaptive differentiation in 

a stiff or fibrotic microenvironments176. The similar viscoelastic properties between honeycomb CES and 

healthy, native ECM might be the primary contributing factor for the reduced fibrotic phenotype of the NIH 

3T3 cells grown on the honeycomb CES scaffolds.  We also observed that honeycomb CES promoted 3D 

growth of epithelial clusters; in particular, the presence of mesenchyme in the honeycomb CES matrix permitted 

retention of epithelial phenotype (Fig. 4.4D). This behavior might be due to the fact that honeycomb CES better 

mimics the bulk properties of ECM rather than that of basement membranes that underlie the epithelium in vivo. 

Hence, even though honeycomb CES supported the viable growth of epithelial clusters, the presence of stromal 

cells on honeycomb CES might have enabled an in vivo-like stromal-epithelial interaction, which facilitated the 

retention of epithelial phenotype. These results demonstrate the feasibility of using honeycomb CES to support 

healthy stromal growth and function for multi-cellular salivary tissue engineering and lay the foundation for 

further exploratory work with other soft tissues/organs. 

 

4.5 Conclusion 

In this chapter, we validated the potential of honeycomb CES to enable in vitro organ modeling and in 

vivo regeneration for a range of soft tissues by demonstrating stromal and parenchymal cell growth and 

organization. Honeycomb CES facilitated better organization of stromal and parenchymal cells into distinct 

clusters similar to in vivo tissues in comparison to fibrous CES, highlighting the importance of topography of 

3D scaffolds in enabling 3D cell organization. NIH 3T3 fibroblasts attached to honeycomb CES and maintained 

their mesenchymal phenotype and NIH 3T3 fibroblasts on honeycomb CES supported salivary gland epithelial 

cell growth and organization. 
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Chapter 5 - Anti -fibrotic properties of cryoelectrospun scaffolds modulating MSC phenotype 

5.1 Introduction  

Many pathologies in the human body are promoted by a diseased stroma177ï179 and are accompanied and/or 

caused by ECM stiffening, including fibrotic diseases and cancer180,181.  In advanced stages of many fibrotic 

diseases, a fibrotic stroma ultimately leads to loss of organ function. The conversion of tissue-resident stromal 

cells into myofibroblasts is thought to drive fibrosis in many organs96. The myofibroblasts produce excess levels 

of ECM proteins to create a matrix that is stiffer and denser than a homeostatic matrix, which contributes to 

disease progression95,97. Preventing or reversing the conversion of tissue-resident stromal cells into 

myofibroblasts is one possible strategy for therapeutic remediation of fibrotic diseases. The delivery of MSCs 

into diseased organs in mice has shown promise in preventing myofibroblast conversion, remediating disease, 

and improving organ function96.  

In this chapter, we examined the potential of using elastin-alginate cryoelectrospun scaffolds with 

honeycomb topography for stromal cell delivery targeting fibrosis remediation. Using primary embryonic day 

16 (E16) mesenchyme as MSC-like cells, we compared the ability of cryoelectrospun scaffolds to support 

stromal cell maintenance with that of traditionally electrospun elastin-alginate nanofiber mats and bulk 

hydrogels. Decellularized salivary gland matrices, which recapitulate the in vivo microenvironment, and 

Matrigel, which is the conventional vehicle for salivary gland organoid culture, were used as positive controls 

for comparison. We examined the expression of healthy stromal markers and myofibroblast markers, to 

determine the scaffold best suited for MSC delivery. We established in vitro analyses to evaluate the ability of 

FGF2 to improve stromal phenotype and the ability of the scaffold, primary E16 mesenchyme and FGF2 to 

remediate the fibrotic phenotype of TGFɓ1-induced myofibroblasts.  
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5.2 Materials and Methods 

5.2.1 Materials 

Reagents for the fabrication of scaffolds are listed in Section 2.2.1. Reagents for cell culture are listed 

in Section 3.2.1. Other reagents for cell culture include recombinant human TGFɓ1 (Cat. No. 240-B) from R&D 

Systems, and recombinant mouse FGF2 (Cat. No. Z200015) from Applied Biological Materials (Vancouver, 

CA). Primary antibodies used for immunocytochemistry (ICC) of cell culture samples are detailed in Table 5.1, 

including CD140a from R&D Biosystems, CD140b and Calponin 1 from abcam (Cambridge, UK), vimentin 

from Cell Signaling Technology (Danver, MA), and Ŭ-SMA from Sigma-Aldrich. Secondary antibodies include 

Cyanine Cy3 AffiniPure IgG, Alexa Fluor-488 AffiniPure F(ab')  Fragment IgM, and Alexa Fluor-647 

AffiniPure F(abô)2 fragment from Jackson ImmunoResearch Laboratories (West Grove, PA).  

Table 5.1. Antibodies used for immunocytochemistry analysis of primary E16 mesenchyme cells and 

myofibroblasts  

 

 

Other reagents used for ICC include rabbit serum from Jackson ImmunoResearch Laboratories and 

reagents listed in Section 4.2.1. Reagents for decellularization and sectioning of salivary glands are included in 

Sections 2.2.1 and 3.2.1. Qiagen RNeasy Plus Micro kit (Qiagen, Germantown, MD) was used for isolation of 

RNA for PCR. QubitTM high sensitivity (HS) assay kit used to measure RNA concentration, Maxima H minus 

First Strand cDNA synthesis kit used to synthesize cDNA from isolated RNA, QubitÊ dsDNA HS assay kit 

Primary Antibody  Host Species Company Catalog No. Lot No. Dilution  

Anti ï CD140a Rat 
ThermoFisher 

Scientific 
14-1401-81 2015727 1:100 

Anti ï CD140b Rabbit Abcam ab32570 GR3241180-2 1:200 

AF-488 conjugated Anti ï 

Vimentin 
Rabbit 

Cell Signaling 

Technology 
9854S 12 1:200 

Anti ï Calponin 1 Rabbit Abcam ab46794 - 1:600 

Anti ï Ŭ-SMA Mouse Sigma Aldrich A5228 - 1:1000 

Secondary Antibody Species Company Catalog No. Lot No. Dilution  

Alexa Fluor® 488 AffiniPure 

F(ab')  Fragment IgG 

Host: Donkey 

Target: Anti-Rabbit 

Jackson 

ImmunoResearch 
711-226-152 132511 1:250 

CyÊ3 AffiniPure F(ab')  

Fragment IgG (H+L) 

Host: Donkey 

Target: Anti-Rat 

Jackson 

ImmunoResearch 
712-166-153 139421 1:250 

Alexa Fluor® 647 AffiniPure 

F(ab') Fragment IgM, µ 

chain specific 

Host: Donkey 

Target: Anti-Mouse-

ɛ chain specific 

Jackson 

ImmunoResearch 
715-606-020 135520 1:250 
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used to measure cDNA concentration, and SYBRÊ Green PCR Master Mix used for Polymerase Chain 

Reaction (PCR) analysis were purchased from Thermo Fisher Scientific. Primers used for PCR analysis are 

detailed in Table 5.2, including UBC (Ubiquitin C), PDGFRŬ (platelet-derived growth factor receptor Ŭ, 

or CD140a), PDGFRɓ (platelet-derived growth factor receptor ɓ, or CD140b), vimentin, and Ŭ-SMA from 

Integrated DNA Technologies (Coralville, IA).  

Table 5.2. Primers used for PCR analysis 

Primer Direction Gene Sequence 

UBC Forward ACAGACGTACCTTCCTCACCA 

Reverse CCCCATCACACCCAAGAACAA 

Vimentin Forward CGCCCTCATTCCCTTGTTGC 

Reverse GGTAGGAGGACGAGGACACAG 

aSMA Forward AATGTCCCCGCCATGTATGT 

Reverse TTTCGTGGATGCCCGCTG 

CNN1 Forward CGGCGTCACCTCTATGATCC 

Reverse GCTCCTAAACAACTGGCCCC 

PDGFRŬ Forward CACAATAACGGGAGGCTGGT 

Reverse CACCTCCACCACGAACTCTC 

PDGFRɓ Forward TTCGAGGCTTATCCGATGCC 

Reverse AGTCGTAAGGCAACTGCACA 
 

5.2.2 Animals 

Mice used to source salivary glands were either CD-1 strain from Charles River Laboratories (Wilmington, 

MA) or C57B6 strain from Jackson Laboratories (Bar Harbor, ME). The care and handling of mice and tissue 

collection were carried out in accordance with the National Institutes of Health Guide for the Care and Use of 

Laboratory Animals and conformed to the requirements of and was approved by the Institutional Animal Care 

Use Committee (IACUC) of the University at Albany.  

 

5.2.3 Cell culture 

Primary E16 mesenchyme were cultured as detailed in Section 3.2.3. Myofibroblasts were differentiated from 

the primary E16 mesenchyme cells by subculturing them for 4 or 5 passages and then treating them with 5 

ng/mL of TGFɓ1 for 1 or 2 passages until exhibiting myofibroblast morphology, determined by an increase in 

cell surface area and the number of podia. 
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5.2.4 Scaffold preparation 

Scaffolds were prepared as detailed in Section 3.2.5. 

 

5.2.5 Cell culture on scaffolds 

5.2.5.1 Stromal cell culture on scaffolds 

Primary E16 mesenchyme cells in DMEM/F12 medium containing 10% FBS, 1% PenStrep were 

seeded at concentrations as detailed in Table 3.1 for immunocytochemistry experiments. The cell culture 

medium was supplemented with 25 mM CaCl2, a concentration at which cell culture was not negatively 

impacted for the nanofiber, bulk hydrogel and cryoelectrospun scaffolds, to maintain the alginate in its 

crosslinked form and prevent rapid disintegration of the scaffold. Cryoelectrospun scaffolds and decellularized 

salivary gland matrices were incubated on a rotary shaker at 30 rpm for 2 hours, to enhance cell attachment to 

the 3D scaffolds. After two hours, each well was supplemented with 175 L˃ of fresh medium, and the well plate 

was incubated with rotary shaking for another 22 hours to increase the cell attachment efficiency.  

Cells on nanofiber mats, bulk hydrogels and Matrigel were grown in static culture because the cells 

attach to a 2D surface for nanofibers and the cells are in a crosslinked suspension for bulk hydrogels and 

Matrigel, not requiring enhanced cell attachment. All scaffolds were incubated in a humidified incubator at 37 

°C and 5% CO2. For PCR analysis, the number of cells seeded was increased to 75,000 cells/scaffold for 

cryoelectrospun scaffolds, decellularized salivary gland matrices and Matrigel for increased mRNA yield. After 

24 hours, the cell-scaffold constructs, except Matrigel were transferred into wells of a 24-well plate that were 

coated with LIPIDURE (AMSBIO, Cambridge, MA) and grown in 300 µL media for improved oxygen-mass 

transfer and cell viability while incubating without rotary shaking. For experiments requiring treatment with 

FGF2 and TGFɓ1, the growth factors were added to the medium at a final concentration of 100 ng/ml FGF2 

and 5 ng/ml TGFɓ1, respectively, 1 day after cell seeding, to allow these cells to first acclimate to the new 

environment. Cell culture media were replenished every day by removing 150 µL of spent media from each 



 Page 72 

 

well and replenishing it with 200 µL of fresh media to avoid nutrient depletion and to retain certain amount of 

the conditioned media. Cells were cultured on scaffolds for up to 7 days after growth factor addition. 

 

5.2.5.2 Coculture of primary E16 mesenchyme cells and myofibroblasts on scaffolds 

To mimic stromal cell delivery to a fibrotic microenvironment, 50,000 primary E16 mesenchymal cells 

were first seeded on the scaffold as described in supplementary materials and grown for 4 days as described 

above, mimicking preparation for scaffold-based cell delivery. Subsequently, 50,000 myofibroblasts were 

seeded as described above to mimic their interaction post-implantation. Cells were cultured on scaffolds in the 

absence or presence of growth factors (100 ng/ml FGF2 and/or 5 ng/ml TGFɓ1) for up to 7 days after growth 

factor addition. Media were changed as described above. 

 

5.2.6 Immunocytochemistry and confocal imaging 

Immunocytochemistry on cell-scaffold constructs was performed as detailed in Section 4.2.6. Primary 

E16 mesenchyme were immunostained for PDGFRŬ/CD140a, PDGFRɓ/CD140b, vimentin, calponin1, and h -

SMA while myofibroblast alone or coculture of myofibroblast and primary mesenchyme cells were stained for 

PDGFRŬ, calponin, and -hSMA. Antibody details and concentrations used are detailed in Table 5.1. A two-

step staining protocol was used to immunostain samples requiring both vimentin and PDGFRɓ staining since 

they were both rabbit antibodies. Samples to be co-stained for PDGFRŬ, PDGFRɓ, vimentin were first stained 

with PDGFRŬ, PDGFRɓ antibodies primary antibodies and their respective secondary antibodies as per the 

protocol detailed in Section 4.2.6. Afterwards, the samples were blocked with 20% rabbit serum-3% bovine 

serum albumin in wash buffer (0.9% NaCl-50mM CaCl2 in deionized water) for 2 hours at room temperature, 

and then incubated with AF488-vimentin direct conjugate antibody with gentle rocking at 45 rpm at room 

temperature for 2 hours. All cells were co-stained with DAPI (Sigma-Aldrich) to reveal the nuclei within the 

total cell population. Samples were then mounted using a glycerol-based mounting medium182 for imaging. 
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Confocal imaging was performed using a Leica SP5 confocal laser scanning microscope (Leica Microsystems, 

Mannheim, Germany). 

 

5.2.7 qPCR analysis 

Primary E16 mesenchyme cells were grown on cryoelectrospun scaffolds, decellularized salivary gland 

matrices, and Matrigel with and without TGFɓ1 and/or FGF2 for 1 or 7 days. Three or four samples of each 

scaffold type and experimental condition were pooled together to extract enough RNA using RNeasy Micro kit 

(Qiagen, Germantown, MD) for PCR analysis. Lysis buffer was added to samples, followed by vigorous 

pipetting and vortexing to break apart the scaffold and lyse all cells. RNA was then isolated as per the protocol 

specified by Qiagen. RNA was measured by the QubitTM fluorometer (Invitrogen, Waltham, MA) and cDNA 

synthesized using Maxima H minus First Strand cDNA synthesis kit (Thermo Fisher Scientific). The 

concentration of the synthesized cDNA was measured on the QubitTM fluorometer as well. Primers (Table S2) 

for housekeeping gene (UBC), mesenchymal markers (PDGFRŬ, PDGFRɓ, and vimentin), and myofibroblast 

marker (Ŭ-SMA) from Integrated DNA Technologies (Coralville, IA), cDNA, and SYBR Green PCR master 

mix(Thermo Fisher Scientific) were added to the respective wells of a 0.1 mL 96 well PCR plate and assayed 

on the StepOne Plus Real-Time PCR system (Applied Biosystems, Waltham, MA). 

 

5.2.8 Intensity quantification of 3D images using IMARIS 

3D images (z-stacks) in ó.lifô format obtained from confocal imaging on the Leica SP5 confocal 

microscope were converted to ó.imsô files on the IMARIS software. The number of nuclei in the 3D image was 

quantified by opening the file in surpass view, creating a new surface, setting the smoothing surface grain size 

to ~0.6 µm, selecting background subtraction, and manually setting the threshold value to select all nuclei. 

Artifacts that were not cell nuclei were excluded by using the filter option and filtering based on quality, area, 

or sphericity. The individual nuclei were viewed in a grid pattern in the vantage view using the ógalleryô option 

to count the number of nuclei. Merged nuclei were either segmented in the surpass view by enabling ósplit 

touching objectsô and setting the seeding diameter to > 8 Õm, or manually counting merged nuclei based on the 
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number of merged nuclei. To quantify the sum of the intensity of each voxel for each channel in the region of 

interest (ROI), a new surface was created again in surpass view. The channel which had the most robust protein 

expression was used to identify the ROI for intensity sum calculation. The smoothing surface grain size was set 

to ~1.5 µm and the threshold value was manually adjusted to select the ROI. Artifacts that were not to be 

included in the ROI were excluded by using the filter option and filtering based on quality and area. The 

intensity sum values for each channel in the ROI were exported to an excel file in the vantage view. The protein 

expression levels in each image were quantified by normalizing the intensity sum for each channel to the number 

of nuclei in the 3D image (Fig. 5.1). Fold changes of protein expression levels were determined by normalizing 

expression levels on day 7 to day 1.  

 

 

5.2.9 Statistical analysis 

Data are presented as mean ± standard deviation. All in vitro cell culture experiments were performed 

in triplicate unless otherwise indicated. One-way ANOVA followed by Tukeyôs post hoc test was performed 

using GraphPad Prism 9.3.0. p < 0.05 was considered significant. 

 

Fig. 5.1. Schematic diagram detailing the methodology for quantification of protein expression/cell. 
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5.3 Results 

5.3.1 Cryoelectrospun scaffolds promote preferential healthy stromal phenotype in primary E16 

mesenchyme cells 

To test the feasibility of using elastin-alginate CES for MSC delivery, we compared their ability to 

maintain healthy stromal phenotype with BH, DSG and the accepted standard for organoid culture, Matrigel. 

We grew primary E16 mesenchyme cells for up to 7 days on the scaffolds and evaluated stromal health through 

expression of CD140a (PDGFRŬ), CD140b (PDGFRɓ), and vimentin by immunostaining and confocal 

imaging. PDGFRŬ and PDGFRɓ are membrane receptors of the PDGFR family that are expressed in stromal 

cells in the salivary gland during the organogenesis phase183. We have demonstrated in our previous work184 

that PDGFRŬ+ stromal cell subpopulations regulate secretory epithelial phenotype. Vimentin is a standard 

mesenchymal marker that is up-regulated in fibrotic conditions185. We observed that the stromal cells remained 

rounded on BH (Fig. 5.2) but had characteristic spread-out fibroblast morphology on cryoelectrospun scaffolds, 

decellularized salivary gland matrices, and Matrigel (Fig. 5.3).  

 

 

 

 

 

 

Further, the expression of PDGFRŬ and PDGFRɓ was the highest in primary E16 cells grown in CES 

for 7 days (Fig. 5.3B), compared to DSG (Fig. 5.3C), BH (Fig. 5.3A), and Matrigel (Fig. 5.3D), highlighting 

the potential of CES to maintain stromal cells in prime health to support secretory epithelial function in vivo. 

The expression of vimentin in all scaffold types except BH confirms the maintenance of fibroblast phenotype 

(Fig. 5.3B, C, D).  

Analysis of gene expression confirmed that PDGFRŬ expression was higher in CES (Fig. 5.4A), 

whereas PDGFRɓ (Fig. 5.4B) and vimentin (Fig. 5.4C) expression were relatively lower in CES compared to 

Fig. 5.2. Brightness-contrast adjusted confocal microscopy images of elastin-

alginate bulk hydrogels reveal rounded cell morphology of primary E16 

mesenchyme in bulk hydrogels 
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DSG, contradicting the observed protein expression levels (Fig. 5.3B, C). BH were excluded from gene 

expression analysis due to poor cell viability (Fig. 3.7 A, E) and rounded cell morphology (Fig. 5.3A). Further, 

gene expression levels of PDGFRŬ and PDGFRɓ were much higher in primary E16 cells grown in Matrigel 

than in CES and DSG, contradictory to the protein expression levels, indicating translational regulation. 

Vimentin gene expression levels were slightly lower in Matrigel, agreeing with the trend observed with protein 

expression. The analysis of gene expression confirms the maintenance of the above-mentioned stromal markers 

in primary E16 mesenchyme grown on CES comparable to or even to a greater degree than in DSG, validating 

the ability of CES to promote a healthy stromal phenotype. 
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Fig. 5.3. Cryoelectrospun scaffolds promote the maintenance of healthy stromal marker expression at the 

protein level. Confocal microscopy images showing expression of PDGFRŬ (red), PDGFRɓ (white), vimentin 

(green) in primary E16 mesenchyme cells grown in A) bulk hydrogel, B) cryoelectrospun scaffolds, C) 

decellularized salivary gland matrices, and D) Matrigel for 1 and 7 days. Scale bar = 20 µm. Quantification of 

protein level expression of E) PDGFRŬ, G) PDGFRɓ, and F) vimentin. Cryoelectrospun scaffolds support better 

stromal marker expression in  primary E16 mesenchyme cells for up to 7 days than bulk hydrogels (BH) or 

Matrigel, comparable to decellularized salivary gland matrices (DSG). 
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5.3.2 Cryoelectrospun scaffolds repress myofibroblast marker expression in primary E16 mesenchyme  

To probe the ability of cryoelectrospun scaffolds to repress any fibrotic activity in healthy stroma that 

were expanded on tissue culture-treated plates, or prevent the differentiation of healthy stroma to 

myofibroblasts, we grew primary E16 mesenchyme cells for up to 7 days in BH, CES, DSG, and Matrigel and 

examined expression of myofibroblast markers, Ŭ-SMA and calponin-1 (CNN1) by immunostaining and 

confocal imaging. Ŭ-SMA and CNN1 are cytoskeletal proteins that are up-regulated in fibrotic conditions and 

indicate myofibroblast activity173,186. Lower levels of the myofibroblast markers were observed after 7 day 

culture in bulk hydrogels (Fig. 5.5A bottom panel), cryoelectrospun scaffolds (Fig. 5.5B bottom panel) and 

Fig. 5.4. Gene expression analysis of stromal and myofibroblast markers in 3D cultured primary E16 

mesenchyme cells on CES, DSG and Matrigel.  mRNA level expression of A) PDGFRŬ, B) PDGFRɓ and C) 

vimentin confirms maintenance of healthy stromal phenotype in cryoelectrospun scaffolds (CES) comparable 

to decellularized salivary gland matrices (DSG). D) mRNA level expression of Ŭ-SMA corroborates the 

repression of fibrotic markers in CES comparable to DSG.   
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decellularized salivary gland matrices (Fig. 5.5C bottom panel) compared to Matrigel (Fig. 5.5D bottom panel). 

However, because cells were less viable with rounded cell morphology in bulk hydrogels they were excluded 

from protein and gene expression analysis. Gene expression analysis of Ŭ-SMA (Fig. 5.4D) in cryoelectrospun 

scaffolds (CES), decellularized salivary gland matrices (DSG), and Matrigel revealed that Ŭ-SMA expression 

was even lower in CES compared to DSG and Matrigel, agreeing with the trend observed with protein 

expression and confirming cryoelectrospun scaffoldôs potential to maintain healthy stroma without 

differentiation to myofibroblasts.  
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Fig. 5.5. Cryoelectrospun scaffolds demonstrate time-dependant repression of fibrotic marker expression 

comparable to decellularized salivary gland matrices.  

Confocal microscopy images showing expression of CNN1 (green) and Ŭ-SMA (red) in primary E16 

mesenchyme cells grown in A) bulk hydrogel, B) cryoelectrospun scaffolds, C) decellularized salivary gland 

matrices, and D) Matrigel for 7 days. Scale bar = 20 µm.  
 
































































