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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 salivaryglandused by Sjogrends ,seryndr o
radiation therapy for head and neck cancersultsin 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 inefficie@indregenerative strategies are an appedherapeuti@alternative.
Mesenchymaktemsétromal cell (MSC) therapycan limit fibrosisbut face translational challenges due to
transientherapeutic effectScaffoldbased approaches can improve the efficacy of MSC deloydincalizing
MSCs nearhe tissueimproving MSC engraftmentaind persistencgotentially modulahg thein vivotissue
resident cellsandpromoing tissue regeneratiotdeally, scaffolé should emulate nativeoft tissueECM to
providekey physical, biochemical and mechanical cieg maintain the regenerative potential of MSI@s
this work, we address the limitations of current scaffolding technologi®g, developing a novel
cryoelectrospinningprocess andexploring scaffold chemisy to fabricate scaffoldghat mimic theminimal
fibrous backbone, porous morphology, aniscoelasticity ofdecellularized salivary glands (D$GVe used
elastin and alginate as natural, compliant biomaterials and water as the solvent for cryoeleicigospinn
biocompatiblescaffolds We optimized pocess parameters to produce a unique honeycomb topography, similar
to DSG and optimized collector plate geometries to produce a high througiefalibf >100 scaffolds/runiVe
demonstrated 3D stromal aegithelial growth on our cryoelectrospun scaffdl@&S)and showed that their
coculture facilitated ceitell interactions resembling normal tissue structure.défaonstratedhe feasibility
of maintaining MS@Gike primary embryonicday 16 (E16)mesenchym onCES and the ability of CES to
repress fibrotic activity, similar to DSGVe alsodetermined that FGF2 supplementation improved stromal
health of primary embryonimesenchyme on CES. Finally, we demonstrated the antifibrotic properties of CES,
primary E16 mesenchyme, and FGB# 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 fanuse in

vitro organ models anstromal cell delivery forn vivoregenerative 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 engineeringtrategiehavebeen considered as a promiseggproactfor organ modeling
andregenerativeherapyfor several decade®n one handn vitro organ models have madeeatstrides
in the past decaddowever,there is still a huge scope for improvemanith regard tophysiological
relevance On the other handegenerativetherapeuticstrategiesace several translational challenges
Tissue engineering strategies shodighillyemulatethe extracellular matrix (ECM) anit$ interactionwith
cells, cell-cell interaction, and 3D organization of cdlis the engineered tissue to mimic the function of
the native tissueECM is a complex and dynamic ecosystem that varies fsamorgan t@nother(Table
1.1), and tissue engineering strategies have struggled to recapitulate this complexisyCM provides
physical,biochemical and mechanical cyasich can be dynamic amdodulatethe behavior of cellwith
which it interacts.The composition of the ECNhcludes~ 300 ECM proteins in addition t&CM-
associated proteingrowth factos and cytoking®?, which allows for vard, complex and distinct cues
tailored for different types focells in each orgah Broadly, the parenchyma, stroma and vasculature
experience differentues from the ECMWhile epithelial and endothelial cells typically experience
basement membranet > 100 kPa stiffnesthat arerich in collagenlV andlaminins®, and grow inmono
or bilayers stromal cellgypically experience a mucbofterinterstitial ECM of 0.1-10 kPastiffness that is
rich in collagen 1, 1] elastinand fibronectinand grow inmulti-layers in 308 Further,topographical
cues the number of cell attachment siteand viscoelasticityof ECM vawy for different cell typed %1%,
While 3D celkcell interaction andell organization have been mimickedlie engineering afertainorgan
models, they do rtaalwayscongruentlymimic the different types ofcuesoffered by the native ECM.
Hence, it is challenging toengineer a organ niche that includes multiple cell typeslepicting the
parenchyma, stroma amdsculaturén different3D cell organization architecturesd with different ECM

cues
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Significant headway has been mad¢heengineeing of stiff or hardtissuesuch askin, cartilage
andbone,due to the ease of mimickirgiff and elastic ECMand layereatell growth. Soft tissue such as
liver, lung, kidney etc. have not been easily recapitulatdde to the increased complexity in 3D
organization of different cell types,saft, viscoelastic ECMasopposed to a stiff and elastic EClhd
various nanotopographical cuegsffered by the porous ECM architectureFig. 1.1 details theECM
topographyand Table 1.1 details th&hole organstiffness of various organ typedemonstrating the
variability in ECM properties between soft and hard tissurescommonality in properties between various
soft tissue organdt highlights thatsoft tissues have a porous ECM architecture pitfe size less than
100um andstiffness in the sulbw kPa range whereas stiff tissyadth the exception of cancellelbone
havefibrousECM components usually arranged in a lamellar fashitm stiffness in the high kPaGPa
range Cardiac and mscle tissues fall in between soft and hésdues andhaveboth porous and fibrous
ECM architecturavith stiffnesses in th midkPa rangelt is important to note that the stiffnesses reported
herearewhole organ stiffnesses and that the stiffness of the decelluld£iZétiis almost an order of
magnitude lower than wholergan stiffnes¥. The difficulty in recapitulating soft tissue ECM
characteristicsthe choice of biomaterigldiocompatibility and regulatory concernsave all been an

impedimentfor clinical translatiof

Pager



Pancreas

Soft tissues

£

3 o & e X g
3¢ \ ; »V}&" L
&2 AN 'Y

i~ . o I/ RS,

3 /; r, :'7‘1

= CIP AR Vim

'n’\
_‘ :" f/'\’i'“f

"A;f” "N
Fig. 1.1 ECM architecture of tissues and organs based on matrix stiffnegé-1) Soft tissue organs of
matrix stiffness < 20 kPa.-N) Moderately stiff tissue organs of matrix stiffness between 20 KPslPa.

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

A) Brain 7 Collagen IV architectufé Scale bar = 100 um. Reprinted with permission fieguach JA,
Yuan SH, Goldstein LSB, Christman Klecellularized porcine brain matrix for cell culture and tissue
engineering scaffolds. Tissue Eng Part A Tissue Eng. 2011:P2)225832593.Copyright© 2011, Mary

Ann Liebert, Inc.

B) Lung 1 Collagen IV architectufé. Reprinted with permission frorharanger R, PetersHall JR,
Coquelin M, et al. Reconstituting Mouse Lungs with Conditionally Reprogrammed Human Bronchial
Epithelial Cells. Tissue EngPart A. 2018;24(78):559-568. Copyright© 2018, Mary Ann Liebert, Inc.

C) Liver T ECM architecture (eosin stath)Reprinted with permissh fromSabetkish S, Kajbafzadeh AM,
Sabetkish N, et al. Wheteggan tissue engineering: Decellularization and recellularization of three
dimensional matrix liver scaffold3 Biomed Mater Res Part 2014;103(4):1498.508 Copyright © 2014
Wiley Periodicals, Inc.

D) Kidney i Collagen IV architectufé Scale bar 20um.Reprinted with permission fro@hang J, Wang

Z, Lin K, et al. In vivo regeneration of renal vessels post whole decellularized kidneys transplantation.
Oncotarget2015;6(38) Licensed undea Creative Commons Attribution 3.0dense

E) Pancreasi Collagen IV architecturé. Scale bar = 100uniReprinted with permission fro®ackett SD,
Tremmel DM, Ma F, et al. Extracellular matrix scaffold and hydrogel derived from decé&kdaand
delipidized human pancreas. Sci Reports 2018 81. 2018;816):llicensed under &reative Commons
Attribution 4.0 International License

F) Ovary i ECM architecture(SEM image)®. Scale bar = 100um. Reprinted with permission from
Hassanpour A, Taladlhozani T, KargatAbarghouei E, Razban V, Vojdani Z. Decellularized human
ovarian scaffold based on a sodium lauryl ester sulfate (StrtE&ed protocol, as a natural three
dimensionalscaffold for construction of bioengineered ovaries. Stem Cell Res Ther. 2018;9(1):252
Licensed under @reative Commons Attribution 4.0 International License

G) Lacrimal Gland i Collagen IV architectuf€ Scale bar = 100unReprinted with permission from
Spaniol K, Metzger M, Roth M, et al. Engineering of a secretory active-dmemsional lacrimal gland
construct on the basis of decellularized lacrimal gland tis$issue Eng Part A 2015;21(1920):2605

2617 Copyright © 2015, Mary Ann Liebert, Inc.
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H) Salivary Gland i Collagen | architectufé Scale bar = 100unReprinted with permission froRamesh

P, Moskwa N, lenchon Z, et al. Engineering cryoelectrospun elaatginate scaffolds to serve as stromal
extracellular matrices. Biofabrication. 2022;14(3)Gopyright© 2022 IOP Publishing

I) Mammary Gland 7 Collagen I\{green)architecturé'. Scale bar =20um. 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 invasiabisity and metastasiSci Adv. 2020;6(43)
Licensed unde€reative Commons Attribution NonCommercial License 4.0 (CCNEY.

J) Heart i ECM architecture(SEM image}. Scale bar = 100um. Reprinted with permission from
Wainwright JM, Czajka CA, Patel UB, et al. Preparation of Cardiac Extracellular Matrix from an Intact
Porcine HeartTissue Eng Part C Methods2009;16(3):525632 Copyright 2010, Mary Ann Liebert, Inc.

K, L) Musclei ECM architecturé(K) Alician blue gain, (L) SEM image}®. Scale bar = 75 pm. Reprinted

with permission fronPorzionato A, Sfriso MM, Pontini A, et al. Decellularized Human Skeletal Muscle as
Biologic Scaffold for Reconstructive Surgelngt. J Mol Sci 2015;16(7):14808Licensed undeCreative
Common CQBY license.

M) Thyroid gland i ECM architecture (eosin staffi)Scale bar = 50 unReprintedwith permission from
Weng J, Chen B, Xie M, et al. Rabbit thyroid extracellular matrix as a 3D bioscaffold for thyroid
bioergineering: a preliminary in vitro study. Biomed Eng Online. 2021;20¢1B81Licensed under
Creative Commons Attribution 4.0 International License

N) Skin T ECM architecturéGomoristainy®. Scale bar = 50 uniReprinted with permission froBelviso

I, Romano V, Sacco AM, et al. Decellularized Human Dermal Matrix as a Biological Scaffold-fiacCa
Repair and Regeneration. Front Bioeng Biotechnol. 2020;8:22fhyright © 2020 Belviso, Romano,
Sacco, Ricci, Massai, Cammarota, Catizone, Schiraldi, Nurzynska, Terzini, Aldieri, Serino, Schonauer,
Sirico, D6ANdr ea, Mo nt a.dineased undefeaativeVieoprnonoAttridbution Ca st a
License (CC BY)
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from Guillén T, Ohrndorf A, Tozzi G, Tong J, Christ HJ. Compressive fatigue behavior of bovine cancellous
bone and bone analogous materials under ratép loading conditions. Adv Eng Mater. 2012;14(5):199
207.Copyright © 2012 WILEY¥VCH VerlagGmbH & Co. KGaA, Weinheim

P) Cartilage i ECM architecturdeosin stairyy. Reprinted with permission frofothrauff BB, Coluccino
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Table 1.1. Mechanical properties ofsoft and hard/stiff tissue organECM

Organ type Organ/Tissue Whole organ stiffness
Softtissues Brain Developmental: 30600 P&
< 20 kPa Mature: 6561500 P&

Moderately stiff tissues
20 kPag 1 MPa

Stiff tissues
> 1 MPa

Salivary glands

Mammaryglands
Pancreas
Ovary
Lacrimal glands
Lungs
Liver
Kidney

Muscle
Heart

Thyroid glands
Skin
Cancellous Bone
Cartilage
Ligament
Tendon
Compact bone

Developmental: 10650 P&t
Mature: 1- 4 kP&

Mature: 0.22 kP&

Mature: ~ 2.5 kP4

Mature: 1.5¢ 5.5 kP&
Mature: 510 kP&

Mature: 0.635 kP&°
Mature: < 6 kPH

Mature: < 4 kP&

Diseased: > 4.32 kPa

Mature: 1-300 kP&
Developmental: <200 Pa
Mature: >20 kPR
Mature: 65100 kP&
Mature: 420850 kP&
Mature: ~ 4350 MP4243
Mature: ~ 10 MPa
Mature: ~ 100; 400 MP&?
Mature: 1-2 GP&4°
Mature: 1-300 GP#&46

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

clinicaltrials.gov’ (generated througkeywordsearchfofir egenamat f ohd er i ngo f or

studie$, of which213trials targetegeneration dftiffer tissues includingone, cartilagdigament tendon,

dental and dermal regenerationith only 48 clinical trialsbeing conductetb tackle softtissuedisorders

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

conductedargeting tissues of intermediary stiffness including the heart and n(&sglel.2). Of these

clinical trials, several trials for stiffer tissues inclunglantand cell therapypased regenerative strategies,

whereastherewere only a few cell therapy and no implapdésed clinical trialdargeting softer tissues

reported in thiglatasetThesedetailsunderscore theeedto engineer physiologically relevamiinctional

soft tissuegndto performin vitro validation forin vivotranslation
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Fig. 1.2 Interventional clini cal trials targeting regeneration of tissues as listed odlinicaltrials.gov

Degenerative diseasegluding fibrosis, cancer, neurodegenerative disordersrmumuloskeletal
degenerative diseases typicallgquire regenerative intervention®f these diseases, fibrosis has a
significant disease burdeoausingup to 45%of deaths worldwid®. This disease burdeis due to the
ability of fibrosis toimpair the function of virtually any organcluding the liver, kidney,ung, salivary
gland, heart, cornea dskin®*® %6, Cancer causes the next highest number of dagthe21%’ in the US.
The remainingdegeneative disordersmay not significantly contribute tmortality, but theyresult in
significanty high disability-adjustedife-years (DALY). Of the ~1.3 billion cases of musculoskeletal
disordergeportedworldwide between 199to 2017,0.12 millionpeopledied from the disordeand 138.7
million DALYs werelost®®. Neuradegenerativeliseasefiave demonstrated amcreasing trend in disease
burden from 1990 to 201and Alzheimediseasenddementiadave resulted in 2.55 million DALY®.
Scaffoldbased regenerative strategies have shown potentahiediating fibrosf-%1 neurodegenerative
diseas€® and musculoskeletal disord&t$-orexamplethenontopicalscaffoldbased cell thepy MACI,
is an autologous cellularized scaffol@pprovedby the FDAfor cartilage repair in the kn&&®° The

extremely high disease burdehdegenerative diseasasad the potential of scaffoldased regenerative
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therapieso addresshese diseasamdersores the need fguhysiologically relevantsoft-tissue mimics
that carfill the technology gajor bettertherapeut efficacy.

Further scaffoldbased regenerative therapies have the potential to addressrér@ gap in organ
transplantation need®rgan dysfunction anithjuries necessitate organ transplantgtimwever there is a
significant shortagén available organs as shown in Fi@.10rgan transplastrun the risk of transplant
rejection Jife-threatening infections, amdquire

Patients on the Waiting List vs. Transplants Performed

RERESeE the use oflife-long immunosuppressafise.

100000 — . . .
Norrimmunogenic scaffold therapies can not
80000

60000 only tackle the ab@rmentioned challenges but

40000

— alsohave the potential to eliminate the need for

0

Kidney Liver Heart ooy Other* organ transplantsSoft tissue organs such as
M Needed M Received
*Qther includes allograft transplants like face, hands, and abdominal wall. k|dney, liver and Iung aresome ofthe major

Fig. 1.3. Organ transplantation gap in 2020.
Image sourcehttps:/www.organdonor.gov/learn/orgatonationstatistics ~ organs thatould benefit from orgarransplant

therapy andengineeringhysiologicallyrelevant functional nonimmunogenicsoft tissuess a promising

avenudo mitigate the current shortage in transplantalbli tissueorgans

1.2 MSC therapy as a promising therapeutic strategyor degenerative diseases

Mesenchymal stem/stromal cell (MSC) therapy and research have shown praneiggrigmany
cancer® 0 fibrosis’?, degenerative disordéfsand recently in COVIEL9"3. MSC therapyhas gained
significanttraction in the past few decadesrémnediate degeneration of the bfafy heart®””, liver’®’
kidney?°8L salivary glan&8 etc. through regenerative, immunomodulatory, andfdomtitic mechanisms.
While MSC therapes demonstrate potential in repairing organ function, they faakiple translational
challengesCurrent therapeutic strategies for MSC deljvare predominantly systemic, intramuscudar

transepidermal delivery or direct injection into tissues/orj&hs
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MSC Routes of Administration

Systemic Delivery 1[

Local Delivery

2
& "%,
&> &
'Dé/ N o{
NGy
(\ \(/\‘}/ \'ff/
Vein Artery

Limitations

« |A delivery for stroke has the potential risk of cerebral
infarcts cause by emboli of cells in the cerebral
microvasculature.

« Efficacy of IA MSC delivery is still not established.

+ Considerations specific to IV administration concerns
about cells generating emboli or thrombi.

. Transepi/transendo-
_Topical cardial

Wound o‘)\?} ~<;,<é:%”
o RN
&o ¢ g? 4\% Heart
& N

Muscle

Limitations

» Direct differentiation and replacement of host tissue by
MSCs has been challenged.

+ Direct injection can prohibit interactions between MSC
and potential secondary signaling systems

+ Delivering sufficient cells to the target tissue can require
significant clinical risk due to required surgeries.

+ IV delivery likely facilitates the rapid removal of MSC by
innate host immune cells.

Fig. 1.4 Common MSC delivery mechanismsReprinted with permission frol@aplan H, Olson SD,
Kumar A, et al. Mesenchymal Stron@ll Therapeutic Delivery: Translational Challenges to Clinical
Application. Front Immunol. 2019;10(July):1685Copyright © 2019 Caplan, Olson, Kumar, George,
Prabhakara, Wenzel, Bedi, ToledaRarman, Triolo, KamhietMilz, Moll and Cox.Licensed under
Creative Commons Attribution License (CO)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 implementhiiovever, the clinical translation of
this therapeutic strategy has faced some severtatianis including lack of control ovethe 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/h&fiingrurther, the
biodistribution of MSCs in organs has been shown to be dependant on the age of the Grgdtiisrery
poor retentionn vivoin aged animaldhowever theaged population ihe 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 Wd§radwl intramuscular routes have
shown improved retention of MSCs for up to 5 months in #ite®wever, these delivery routes may not
be appropriate to target internal organs. Thus, the full potency of MSC therapy is yet to baleaphbee
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better delivery strategy is required to imprdhe retention of MS@ postimplantation for therapeutic
efficacy. Scaffoldbased MSC delivery can address these challenges and improve the efficacy of MSC
therapy Further,mechanical cues from scaffls can modulate the behavior of both delivered cells and

tissueresident cells for improved organ repair.

1.3 Salivary gland dysfunction andfibrosis

The slivary gland is a soft tissue orgaritical for maintaining aal and digestive healtlsaliva
contdns 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 aitésligestive enzymes
to break down starch from the food consumed. Reduced saliva prodinctiains speechdisrupts oral
health by increasinghe risk of dental erosion, periodontitis, irto@al infections and compromises
digestive healthresulting n halitosis (bad breath), difficulty in mastication, dysgeusia (taste disturbance)
and dysphagia (difficulty swallowingf) Theestimatedccurrence ofiry mouth oixerostomia rangefsom
5.5 to 46% ofhehuman populatiorandxerostomiaffects up to 80% dhe diabetic populatidh Salivary
hypofunction carbe caused byhe autonmune disease& r enés syndr ome, di abetes
therapy in head and neck cancer patiegmsl medication side effectBhe common underlying theme in
all these etiologiesxcept medication side effedssthe occurrence offrosis in the salivary glafd#é®.

Fibrosis is the excessive accumulation and crosslinking of ECM causaacbwtrolled chronic
inflammatory irsult®. Theconversion of tissueesident stromal cells into myofibroblasts is thought to drive
fibrosis in many orgai% The myofibroblasts produce excess levels of ECM proteins to create a matrix
that is stifer and denser than a homeostatic matrix, which contributes to disease pro¢ft&s3iuis stiffer
matrix impairs the somd ability to support the function of parenchymal cells in the orgrathe case of

salivary glandibrosis, the secretory functiasf epithelial cellds impaired causing low saliva output.
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Fig. 1.5 Depiction of healthy and fibrotic salivary gland

Current treatments for salivary hypofunction include topical mucosal lubricants, saliva substitutes,
sugarfree lozenges, saliva stimulatansch agpilocarpine ad cevimeline, acupuncture, or transcutaneous
electrostimulation, all of which are palliative and often produce side effects worse than the symptoms of
the conditio®®. 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 outptit however, significarty improved outcomeswill be required for clinical

translation

1.4 Scaffold-based MSC deliveryto combat salivary tissue fibrosis

Scaffoldbased cell delivery is a promising strategy to improve targeted delivery, engraftment rate, and
retention of MSCsScaffoldbased approaches can irope the efficacy oMSC delivery, enhance the
long-term persigince of MSCs at the target s#trd hencgboostthetreatmenpotency Further, mechanical

cues derived from scaffolds have been shown to modulate the secretory and regenerative potential of
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MSCg%1%2 |deal scaffolds for MSC delivery should preserve tleerpgenerative and aritiflammatory
properties of MSCs and prevent their transdifferentia@affoldscould themselves prove therapeutic and
in combination with MSCs, have the potential to maximize therapeutic efficiency as observed in functional
mota recovery in spinal cord injury patiefts

As matrk mechanics drive cell health and disease progresaitificial matrices fosalivary tissue
engineering andemediationmust closely emulate the natjygealthysalivaryECM to maintaincellular
function as expected in a healtbglivary gland Salivaryglands are soft tissu&sandMSCs or stromal
cells typically reside in a soft ECl vivd""® Soft tissus have unique ECM compositions that enable
tightly regulated biochemical and mechanical properties for specific lineage commitment and
differentiation during organ development dodmaintenane of cellular function in adult orgardealthy
softtissuestromalECM is composed of an insoluble backbone of ECM proteins and sdiytiegel
forming glycosaminoglycans (GAGSs) of varying concentrations, depending on the Dhgamechanical
and bioclemical cues from the ECM (e.g., compositidopography, pore size, porosityiscoelasticity
modulate ell viability, growth, homeostasis, migration, and differentiatiéor example,thte topography,
pore size, and porosity modwddihe amount of ECM b&bone material interacting with the cefid thereby
affect cell viability and growt*1% The matrix viscoelastic propertiaad the extent of cell attachment to
the matrix regulate the calleneratd traction forces and the substrate resistirat¢hesecells experience
in response, which impact cell phenotype and differentigfioH.

Hence,we hypothesize thatompliantscaffoldswith stiffnesses less than 1 kPan insoluble
fibrous backbongsoluble hydrogel cushioand porous architectumanfacilitate bothMSC delivery and
salivary gland regeneratiofrurther, scaffolds that mimic the ECM architecture and viscoelasticity of native
ECM can help maintain MSCs in prime heatth potentiate theantrinflammatory and aribrotic
propertieof MSCs Scaffolds can also functiors @ growth factor release vehitbeadditionally modulate
the function of both delivered cells and tissasident cellsOverall, scaffolds offer the potential for a
multi-pronged combinatorial therapy through both biochemical and mechanicasctegsesented irig
16.
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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 forsoft tissue regeneration

Scaffolds for soft tissue engineerjrigcluding salivary tissue engineeriagoutl ideally havean
insoluble fibrous backbone, a solatviscoelasticcushion stiffnessin the subkPa rangeand porous
architecture wittpore sizes less than 100 prmtdmic soft tissue ECMas shown irig. 1.1and Table 1.1
Synthetic scaffolds ofarious types, including nanofiber mats, sponges, hydrogels, and naiyfilvegel
composites, have been engineered to simulate various aspects of(EbM 1.2)for therapeutic
applications Nanofiber mats have fibrous topography, impenetrable porédjigh stiffness, typically in
the MPa range aabové!?!2 which make them good candidates for basement membrane mimetics for
monolayer epithelial or endothelial gro#tfh!l’. They have found excellent usetapical applications for
treatment of burn injurié¥ anddiabetic ulcers®. Howeves they fail to mimic both the 3D topography and

the stiffness of softissue stromal ECM.

Table 1.2 Comparison of physical and mechanical properties of currestate-of-the-art scaffolds anc
salivary ECM. Hydrogel and hydrogehanofiber composite imagé€have been reprinted wiglermissiol
from Annabel B, Michelle O. Fracture behaviour of nanofibrous hydrogel composites. Front
Biotechnol. 2016;4Copyright @A. Butcher and M.L. Oyen, 2016

Hydrogel- Decellularized
Nanofibers Sponges Hydrogels Nanofiber Salivary gland
composites ECM

Topography

1%

~1 um

100-250 pm

oY Rl

Pore size ~30 um
lnsolsbie Too much Too much Too little Yes Yes
backbone
Soluble gel Yes Yes Yes Yes Yes
el Too few/
anchorage Too many Too many Too few T Yes
: 00 many
points
Stiffness ~ MPa-GPa ~ 1-30 kPa ~0.5-30kPa ~kPa-MPa ~120 Pa

Sponges fabricated by freedeying, particulateor saltleaching, gas foaming, or phase separation

have excessive ECM backbone and excessively large pore sieesstiffness is in the sthiPa range;
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hence, cells attach flush against the backbone, similar to 2D étfitttedrogels allow tunable stiffness in
the kPa range for soft tissue scaffolds. However, bulk hydrogels (e.g., al§E&i®,lack an insoluble
fibrous backbone that mechanically supports cells. Their extremely small pore sizes, in the submicron
range, support molecular movemgdmit without cell attachment sites, impede cellular movement crucial
for cell migration and orgamation.Further, hydrogels have been shown to limit cell clustéfinghich is
an important element that controls #tglity of MSCs to secrete factors fparacrine effect’.

While existing hybrid nanofibelnydrogel scaffolds reinforce hydrogels with a fibrous backbone,
they may have an inadequate number and éhoomgenous distribution of cell anchorage points. Hence,
a new fabrication strategy is necessary to produce sdaftblat concurrently mimic these essential
properties of softissue stromal ECM, including honeycomb topography500>m pores>16.121.122

insoluble fibrous backbone, soluble hydrogel cushion, an&kBalrange stiffness.

1.6 Addressing the current needor ECM-mimicking scaffold-based regenerative therapy

In this work, weargeted fabricatingreECM-mimicking s@ffold that ould bothaddress the unmet
need in engineering physiologically releviastft tissues andiacilitate stromal cell deliveryWe explored
an emerging technigue called cryoelectrospinningvercome the limitations of the current state¢he-
art scaffolds We hypothesized that the physical and mechanical properties of cryoelectrospun scaffolds
could better mimic soft tissue ECtharacteristicspermit 3D growth and phenotype retention of stromal
cells,andfacilitate MSC delivery to remediate fibrosisVe focused orsalivary glandibrosis remediation
andregeneratiorand aimed tasupport healthy stromal growtin the EGA-mimicking cryoelectrospun
scaffolds for future applicability in MSC delivery. We also aimed to evaluate the potential of
cryoelectrospun scaffolds in inhibitififprotic phenotype for potential combinatorial therapeutic strategies.
We envisagehat our work couldontribut to future antiibrotic strategies foremediation of fibrosign
several soft tissue orgatieelpng alleviate the significant disease burdsriibrosis.We also envision that
ourwork could haveawidespread application soft tissue regenerati@nddevelopment oin vitro organ
models
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1.7 Organization of thesis

In this work, | developed a novel cryoelectrospinning procasd fabricatel 3D scaffolds that
mimicked salivary tissue ECMharacteristics angermittedthe healthy maintenance of MSike cells
Specifically, | overcamethe limitations of current scaffold®r soft tissie regeneratioy fabricating
porous structures with minimal fibrous backbgnenhanced porosityand sukkPa stiffnessusing
cryoelectrospinning and demonsedtthe ability ofthese cryoelectrospun scaffolds to sup@®tviable
cell growth,promotea healthy stromal phenotypand inhibit fibrotic phenotype.

In Chapter 1] set the premise for this wolky explaining the need for better E@&imicking
scaffolds for clinically translatableegenerative strategiethe potential ofMSCs in antifibrotic and
regenerativéherapy the needo remediatesalivary gland fibrosisand the potential afcaffoldbasedVSC
delivery strategiegor improvedtherapeutic effectdzurther,| explain the overarching gaabf this wak,
my centralhypothesisandthe significance oimy work.

In Chapter 2| detail the cryoelectrospinning proceesy fabrication setugarameterghat affect
the fabrication procesandhow | fabricated unique scaffolds with honeycomb topography assmubto
fibrous topography reported in the literatukarther,| detail the characterization of the physical and
mechanical properties of cryoelectrospun scaffeldd compare them to that of decellularized salivary
gland ECM.

In Chapter 3] establish how cell attachment to cryoelectrospun scaffolds was optimized and
demonstrateextendedviability and maintenance of cells on the cryoelectrospun scaffoldsso
demonstrate results fateepinfiltration of cellsinto the scaffold.

In Chapter 4,1 demonstrateghe potential of using cryoelectrospun scaffolds with honeycomb
topography for tissue modeling throuthie maintenancand organizationf stromal andalivaryepithelial
cell monaultures and coculturesand validate the benefiof honeycomb topography ovdibrous
topographyin cryoelectrospun scaffolder tissue organization

In Chapter 5] demonstrate the ability of cryoelectrospun scaffolds to serva BES& delivery
vehicle and its potential to remediate fibi | determine the ability of cryoelectrospun scaffolds to support
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the healthy growth of MSC-like primary E16 mesenchymwith repression offibrotic phenotype
comparable talecellularized salivary gland matricé®stablishedn vitro analyses to evaluate the ability
of FGF2 to improve stromal phenotype and the ability of the scaffold, primary E16 mesenchyme and FGF2
to remedi ate t he f i-ifducedtmyaforoaste not ype of TGFb1

In Chapter 6] summarizeour majoraccomplishments and findingsportedin Chapters 25 and

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

Adapted fromRamesh P, Moskwa N, Hanchonkoplas ANelson D, Mills K, Castracane J, Larsen
M, Sharfstein S, Xie.¥Engineering cryoelectrospun elastiginate scaffolds to serve as stromal extracellular
matrices. Biofabrication. 2022;14(3):5

2.1 Introduction

Cryoelectrospinningalso known as cryogenic electrospinnitayv temperature electrospinning, and
cold plate electrospinning, is an emerging technique to fabricate 3D nanofibrous scaffolds with high porosity
and low bulk stiffnessThe cryoelectrospinning process includes a cold collector piadntained at a
temperature less than @C'%31%5 (Fig. 2.1), to collect deposited electrospun scaffolds, which are then
lyophilized, a majodifferencefrom traditional electrospinninggchniques

e > Syringe pumMp ====eeeee— e ————————

_—====> Humidity controller

r====> \/iscous solution .

—<=_, Needle connected to high
e voltage probe

'}» Thermal insulation = ccem----
chamber

Electrically grounded
collector plate at < 0°C

_____________________ - High voltage generator

Fig. 2.1 Cryoelectrospinning apparatus setup.

The cryogenically cooled collector plate promatepositiorof 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 consequesttiadbd
scaffold density and kPange bulk stiffnedg®. The remainder of the cryoelectrospinning process is similar to
traditional electrospinningn whicha viscouslong-chain polymer solutiobecomes electrically chargedhen
passed through a needle tip at high voltageQkV),and the electrostatic repulsion in the charged #xictbeds

theforces ofsurface tensiarthereby pulling the charged droplet at the needle tipe nearest eleatal ground.
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The chainchain interactios of the polymer molecules the charged dropleprevent the droplet frorfalling
to the electrically grounded collector plate as a dirmghinstead pull the droplas a fiber with micro/nanometer
diameterto the éectrical ground. While the fibers deposit to form a 2.5D nanofiber mat in traditional
electrospinning, when cryoelectrospun, they form a 3D fibrous scaffold following lyophilizAsashown in
Table 2.1, ayoelectrospinning hagrimarily been explored ith synthetic polymerge.g., PLAZ3127130
PLGA%:131 pC|126.129132.133pE | J31 PP29) dissolved in toxic organic solverdsglacial acetic acid, but natural
polymers, such as silk fibror#t3213¢ have also been used. Cryoelectrospun scaffolds have been shown to
exhibit stiffnesses in the kPa or MPa range.il&/bynthetic polymers are easier to manipulate, they do not
provide biochemical cues that can be recognized by cells antiodegradable polymers require further
chemical modification to be biodegradaBté® Further,scaffolds fabricated with synthetic polymdese
regulatory issues from the FDA and biocompatibility and immunogenicity issues during clinical trahslation
Additionally, organic solvents, even at loasidual amounts, can have toxic effects on €é&ksd when used
in combination with natural proteins, may alter the conformation of the proteins.

The ECM is composed of more than 300 prataimd several proteoglycans and glycosaminoglycans
We hypothesized that cryoelectrospinning of natural biomaterials, comprising fE@®INs and hydrogel
materials with water as the solvent couyliéld biocompatible scaffolds thahimic the topography and
viscoelasticity of softissue ECMIn this study, we used the salivary gland as our model soft tissue organ and
compared the topegphy 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. ¥eused on fabricating a pliable environment for
morphogenesis and hence, usdtydrogel materialalginate and the insoluble ECM proteielastin, as key
components of the scaffold mimic theelasticand gellingECM compositionof soft tissus. We rdrained
from using collageras a component of the scaffaihce collagen levels are tightly regulated iim vivo
microenvironments and excessi@lagencan trigger a fibrotic response in stromal défisTo adopt agreen
chemistryapproachthe chosen biomaterials were electrospun usiager as the solvemather than organic
solvents We explored the effects of solvent and process parameters on the topography andofrowth
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cryoelectrospun scaffolds, establishing conditions that produce seaffitida unique honeycomb topography,

replicating not only the salivary gland ECM but also the ECM structure of other soft ¥¥8di&swhich has

not been previously reported with the cryoelectrospinning technique.

Table 2.1: Current state-of-the-art of cryoelectrospun scaffolds (CESjabrication and their properties

Materials Solvent ‘ Key Scaffold Properties Purpose ‘ Reference
Parameters

PLGA, Chloroform | CT:-50°C to | Topography: Looselpacked fibers Generation of Simonet

PEU -70°C Stiffness: Breaking lengths of 0.5 ki porous scaffold | et al.,
RH: >30% | for PLGA, 0.2 km for PEU scaffolds 2007

PLA HFIP CT:-30°C Topography: Loosely packed fibers | Cell growth in Leong et
RH: 2550% | Stiffness: Tensile strength of ~0.04 | CES al., 2009

MPa

PLA HFIP CT:-30°C Topography: Loosely packed fibers | Cocultured cell | Leong et

RH: 50% layered with dense fibrous mat growth in a bi al., 2010
Stiffness: n.d. layered CES

PLA HFIP CT:-35°C Topography: Loosely packed fibers | Skin tissue Leong et
RH: 50% Stiffness: n.d. modeling al., 2013

Bombyx HFIP CT: <0°C Topography: Loosely packed fibers | Mucosal tissues | Bulysehv

mori SF RH: Not Stiffness: Modulus of ~ 75 MPa modeling aetal,
controlled 2014

PLA, PCL, | Chloroform | CT:-70°C Topography: Loosely packed fibers | Demonstrating | Simonet

PF RH: 4070% | Stiffness: Tangent moduli of ~200 kR control over CES| et al.,

for PLA, <100 kPa for PCL properties 2014
PLGA HFIP, CT: <0°C Topography: Loosely packed fibers | Exploration of Kim et
acetone, RH: fi H| Stiffness: n.d. effect of varying | al., 2014
(THF/DMF) | not solvent vapor
measured pressure on CES

SF, PEO | Water CT:-90°C Topography: Loosely packdibers Skin tissue Sheikh et
RH: Not Stiffness: n.d. modeling al., 2015
controlled

PCL, SF THF/DMF CT:-90°C Topography Loosely packed fibers | Skin tissue Lee et
RH: Not Stiffness: n.d. modeling al., 2016
controlled

PCL Chloroform/ | CT:-78°C Topography: Loosely packed fibers | Cartilage tissue | Formica

Dichloromet | RH: 50% Stiffness: 4566000 Pa (fibers modeling etal.,
hane with immersed in alginate or alginate 2016
ethanol sulfate hydrogels)

PLA HFIP CT:-78°C Topography: Loosely packed fibers | Kidney tissue Burton et
RH: Not Stiffness: Youn g/ modeling al., 2018
controlled 0.57-1.31 MPa. Tensile strength of

0.87 MPa

PCL GAA CT:-3.6°C | Topography: Loosely packed fibers | Exploring a Li et al,
RH: Not Stiffness: n.d. hybrid CE 2019
controlled technique
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2.2 Materials and Methods
2.2.1 Materials

Scaffolds were fabricated usirgsoluble form of bovine neck elastin (ES#2)m Elastin Products
Company Owensville,MI), alginateand polyethylene oxide withamolecular weight of 400 kD (PE@O0kD)
from SigmaAldrich (St. Louis, MO) 85:15poly(lactic-co-glycolic acid) (PLGA)(Cat. No. B6006L) from
DURECT CorporatiorfCupertino, CA, andhexafluoroisopropanol (HFIP) fro®igma Aldrich The reagents
for crosslinking the scaffold were-hydroxysuccinimidg(NHS) from Thermo Fisher Scientific (Waltham,
MA), ethyl dimethylaminopropyl carbodiimide (EDC), and calcium chloride dihydrata SigmaAldrich.
Salivary glandsvere decellularized usingriton X-100 (SigmaAldrich), NHsOH (ThermoFisher Scientific),

andDNase I(StemCell Technologied/ancouver, CA

2.2.2 Animals
Mice used to source salivary glands were either-1CBtrain from Charles River Laboratories
(Wilmington, MA) or C57B6 strain from Jackson LaboratoriBan Harbor, ME. The are and handling of

miceand tissue collectioconformed to the requirementsarfd was approved blié InstitutionalAnimal Care

Use Committe¢lACUC) of University at AlbanyState University of New York

2.2.3 Decellularization of salivary glands

Whole orgas were resected from adult female-Cr C578/6 mice. A pair of salivary glands were
rotated via inversiomt 4 °C in 40 mL sterile distilled water for 2 days in a 50 mL conical tube wéter
removal and replacemeatfter one day. After waténducedlysis was completethe water was replaced with
40 mL clearingsolution (0.5% Triton %100, 0.05% NHOH) and tumbled for one additional day af@.
Decellularized samples were washed three times in 1X phosphate buffereddalind (PBS). DNA was

removed from these samhes using 0.5 mg/mL DNase | in PBS for 30 minutes. These decellularized salivary
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glands were stored at’€ in preservation medium composed of DMEM/F12, 10% fetal bovine serum, and 1%
penicillin-streptomycin (10,000 AthL).

2.2.4 Immunofluorescent staining and imaging of decellularized glands

Whole decellularized salivary glands wénemuncstainedfor collagen |, collagen IV, and perlecan
using 500uL of diluted antibody solutidigland (Table2.2). All primary antibodies werincubatedovernight

at 4°C, followed by three washes using PER:condary antibgdincubations were at least 4 hours at room
temperatureDAPI was used for nuclei stainingnmunostained lgnds werémaged in 50nm glass bottom
dishes. Imaging was perfoed usinganEVOS® FL Cell Imaging SysteifThermo Fisher Scientifiayith the
sameexposures and/daser configurations for all samples within an experiment.

Table 2.2 Antibodiesused for immunocytochemistry analysiof decellularized salivary glands

Primary Antibody Host Species Company Catalog No. | Lot No. Dilution
Anti-Perlecan Rat Santa Cruz . sc¢33707 F2111 1:200
Biotechnologies

Anti-Collagen | 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 Host: Donke Jackson

AffiniPure F - JOnKey 712176150 | 89484 1:250
Target: AntiRat ImmunoResearch

Fragment IgG

Alexa Fluor® 488 }

Affinipure g HostDonkey ) Jackson 711226152 | 132511 |  1:250
Target: AntiRabbit ImmunoResearck

Fragment IgG

- . . Host: Donkey Jackson )
CyeEs AffiniP Target: AntiGoat ImmunoResearch 707166147 88398 1:250

2.2.5 Scanning electron microscopy (SEM)

Decellularizedsalivary glandswere fixed with 4%paraformaldehyd®.25% glutaraldehyddan 5%
(w/v) sucrose and 0.6X PBS for 4 hours and 20 minuspectively, followed by 3%lutaraldehydén 0.1 M
sucrose0.1M phosphate buffefpH 7.4) for 2 hours. Samples were then washed in 0.1 M sudddEd
phosphate buffer three times for 10 minutes each. Samples were dehydrated in gradeskeitsnmatbation

of 25, 50, 70, 80, 95, 100, 100% for 15 minutes at each ethanol concentration. Samples were subsequently
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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 allowedair dry overnight. Chemically dried biological samples and
lyophilized scaffolds were sputtepated withiridium-palladium for imaging. SEM imaging was performed
usinga ZeissLeo 1550 field emission scanning electron microscapeissLeo Electron Micoscopy Ltd.,

Cambridge, UK)

2.2.6 Scaffold fabrication and modification

Cryoelectrospinningvas performed usingrotein-polymer solutions of 1%lastin, 1.5%salginate and
3% PEG400kD in deionized watenr 4% elastinand4% PLGA in HFIP. Theroteinpolymer solution of
choicewas loaded into a-B1L syringe. The syringas connected to netonductiveperfluoroalkoxytubing,
which was in turn, connected to #5G needle. The collector plate was placed in a Styrofoam box and
surrounded badequate amounts of dry ice and ice to reach specific collector plate temperatures. The Styrofoam
box was placed inside a repurposed cell culture incubator°& @fth a waér pan to maintain humidity levels
insidethe chamber. The 25G needle was connected to a high velager source Gamma High Voltage
Research, Ormond Beach, JFind the collector plate to the electrical ground. The fabrication was conducted
at 17 kV neeld voltage, 10>L/min syringe flow rateand 15 cm needle tifw-collector spacing for 1 hour.
After 1 hour, the collector plate with the scaffold was immediately transferred to a lyopthiieeZone freeze
drier, Labconco, Kansas City, Mind lyophilizd for 23 hours.

The lyophilized elastialginatePEG scaffolds were individually crosslinked in a\9éll plate with
EDC and NHS crosslinking solution to crosslink the elastin and alginate chains, respeeBée#400kD does
not have pendant groups tlan be crosslinked and dissolves away in wdtee. aosslinking solution was
prepared by dissolving 1.48 mg EDC and 1.78 mg NHS perll@D95% ethanol per scaffold. Scaffolds were
rocked in crosslinking solution at 45 rpm for 2 hours, followed sgies ofgraded ethanol washesth 95,

70, 5Q and 0% ethanol with 1.5% CaClor 15 min each to wash away residual EDC and N&i8i
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simultaneously ionically crosslink the alginate chains. The scaffolds were then fre@8fiGand lyophilized
for 4 hous.

Elastinalginate nanofiber (NF) mats were fabricated by traditional electrospinning 1¥ietastin,
1.5%alginate and 3% PEGIOOKD in deionized watén a process similar tthe 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 iffhé.nanofiber mats were crosslinked by EDC
NHSclemi stry and 0.59 mg NHS per 100 €L of 95% et ha
for 30 min, followed by a series of graded ethanol washes with 95, 70, 50, and 0% ethanol in the presence of
1.5% Cadl for 5 min each to wash away resid&DC and NHS, and simultaneously ionically crosslink the
alginate chains.

Elastinalginate freezalried scaffolds were fabricated using a 1% eladtbo alginate solution in
deionized water. 50 L of t h-wellglaeladfrozen at80WCowernightl d e d t
The frozen scaffolds were lyophilized for 4 hours. The lyophilized scaffolds were crossliokading a
similar procedure to that of cryoelectrospun scaffolds as described above.

All scaffolds were UV sterilizedsoaked in70% ethanol for 30 min, washed with 0.9% NacCl for 10
min and thenhydratedin cell culture medium with 10%etal bovine serum (FBSand 5% Antibiotic-

Antimycotic Solution(penicillin-streptomyciramphotericin Bpvernight before cell culture.

2.2.7 Indentatio testing

Mechanical properties includingdentationmodulus andsampleviscoelastic relaxation timeere
determined using micro-indentation testeCellScale Biomaterials Testin@ntario, Canada) as described
previously*°. Briefly, samples were glued to a glass slide, immersed in a PBS bath, and then indented/loaded
using a 3mm spherical bead attached to a cantilever. Samples were deformed at a constant displacement rate
of 4 um/s. Upon reaching an indentation depth of 10% ofttiti@lisample 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 displacemerit ( of the cantilever tip were measured as a function of tirhe.indertation modulus
wasdetermineds the elastic modulu®{ from the Hertz modeby fitting the data from thkading region of

the forcedisplacement curve measured by indentatmthe Hertz contagtquationfor a spherical indenter

(O ——_°| 7). Here, R is the radius of the spherical indenter (1.5 mm} anthe Poisson ratio of the sample

(set at 0.49 to represent elastic, almost incompressible hydrogel m#®rigke matrix relaxation half time
is a measure of théscoelastic nature of a sample and is evaluated by its stress relaxation reEpessess
relaxationresponsés observeduringthehold phaseof theforcetime curvewherethe samplerelaxesowards
anequilibrium state andtheloadingforce requiredto maintaina constanstrainreducesandreaches steady
statevalue. The relaxationhalf time was computedirom the stressrelaxationresponsef the samplesasthe
amountof time requiredfor the stress/loadindprceto reachhalf of its peakvaluewhile maintainng a constant

strainequalto 10%of theinitial sampleheight.

2.2.8 Scaffold pore size analysis using ImageJ

SEM images of cryoelectrospun scaffolds and fluorescence microscopy images of decellularized
salivaryglnmds were analyzed for pore size using | mageld:
image was adjusted (Image>Adjust>Threshold) to identify the pores from the scaffold background. Under the
6Anal yzeb, 6Set Me a s uerbe nfeenattsubr emewnaus, stehlee cotfeidt teol liid
di ameter of the pores. Pore size was analyzed by

rangeto 1B000unt, ci rcuflari apdtexdé60bDuding particles on ed:q

2.2.9 Statistical Analysis
Data are presented as mean * standard deviatiom witro cell culture and material characterization
experiments were performed in triplicate, unless otherwise indicatedw@ng A NOVA f ol | owed

post hoc test was perforeh@singGraphPad Prisr.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 topographyr

topography in decellularized female adt
mouse submandibular saliyaglands. We

decellularized adult mouse submandibul
salivary glands following a maodifiec
decellularization protocol developed for tr

lung, a similarly structured org&h An

P g N — % R e
Fig 2.2 Images of mouse adult salivary glands before a
after decellularization. Bench top images of salivary glau
(A) pre-decellularization and (B) postecellularization. (C
Decellularized salivary glands and (D) decellularized sal
glands treated with DNase and both stained with DAPI (
revealing that (C) residual DNAisks to the matrix and (I
DNase treatment effectively removes any residual DNA
the matrix. (A, B) Scale bar = 10 mm. (C, D) Scale bar =
pm.
This figure has been reproduced with permission fron
Nicholas Moskwa from Larsen lab @niversity at Albany.

additional DNase treatment was necessary
remove lingering DNA adhering to ti&CM
(Fig. 2.2). SEM imaging of the decellularize«
salivary glands (Fig2.3A) showed a fibrous
basement membrane folded as lobes
support acinar epithelium (Fig@.3B), fibers
or fiber bundles supporting ductal epithelium (RAgC), and tethering adjant acinar epithelium (Fi@.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 (Fig2.3E). Further, stromal content is higher during morphogenesis but is significantly reduced in
adult tissu&2 To further illustrate the organization of specific ECM proteimge immunostainedthe
decellularized salivary glands for predominant ECM proteins collagen |, collagen 1V, and heparan sulfate
proteoglycan (perlecan) and viewed their arrangement by fluorescence microscopy. The ECM proteins were

generally arranged in a honeycomb pattésming 1630 >m pores with delicate winding fibers (Fi#.3F).
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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 mimicsdimgjunanofiber mats,
sponges, hydrogels, or hydrogelnofiber composites, as shown in TabR Blone of these currently available
ECM-mimetic scaffoldstruly recapitulate the topography and stiffness of the native ECM of adult mouse

salivary glands.

Fig. 2.3.Salivary gland ECM topography analyses. (AE) Scanning electron microscopy images of
crosssection of decellularized adult mouse salivary glandcale bar = 2@m. A) Zoomed out image o
overall crosssection depicting the acinar and ductalioaeg. B) Basement membrane of acinar epithelit
C) acinar clusters. D) Interstitial region between lobes. E) Stromal region. F) Immunocytochemistry ¢
protein expression in decellularized adult mouse salivary gland matrices showing honeycomb antai
of ECM. Decellularized ECM immunostained with collagen | (CIOgreen), Collagen IV (COLV, red),
and perlecan (grey) and merged (yellow). Scale baren20

The image in panel F has been reproduced with permission from Dr. Nicholas Moskwa fromlalarse
University at Albany.
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2.3.2 Development andoptimization of cryoelectrospinning setup

Cryoelectrospinning is a process that relies ofcigstal nucleation in between the deposited scaffold

fibersfor increased porositgnd low bulk stiffnesgdence regulatingthe humidity and temperature of the air,

and the temperature of the collector pl&eessential tomodulate the cryoelectrospinning process. We

experimented with different setugfBig 24) to identify the setuphat best permittedontrol over process

parametergo identify threshold valuethat facilitate cryoelectrospinning 3&lastiralginatescaffolds This

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

students at SUNY Polytechnic institute.

9

NounpwNeR

8.

Components

Power supply

High voltage connection
Ground connection
Humidifier

Syringe pump

Electrospinning solution
Humidity and air temperature
sensor

Collector temperature sensor
Insulating enclosure

10. Dry ice-ice cooling

11. Liquid Nitrogen cooled plate
12. Liquid Nitrogen cooled air
13. Collector plate

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
outer PVC enclosure for humidity and air temperature control. B) Setup with liquid nitrogen coole:
for cooling the collector and inner polycartad@ chamber inside outer PVC enclosure for humidity anc
temperature control. C) Setup with liquid nitrogen cooled air cooling the collector and a single
enclosure for humidity and air temperature control. C1) Exterior of setup. C2) Interidupfssmwing
collector plate. D) A) Setup with dry idee cooling the collector and inner styrofoam chamber inside ¢
incubator enclosure for humidity and air temperature control. D1) Exterior of setup. D2) Interior ol

showing collector plate.

We tested different mechanisms for cooling the collector m@atéthe air, humidifying the ajrand

insulating the process chamb@re tested three different methods to cool the collector plidgid nitrogen

cooled platgFig 2.4A, B), liquid nitrogencooled air(Fig 2.4C) and dry ice and ice coolingrig 2.4D). All
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three methods successfully cooldte collector totemperatures below €C, up to -45 °C and allowed
modulation of collector temperatutdowever, each of these methods had different effactir temperature.
In the setupsvith the liquid nitrogencooled collector platéFig 2.4A, B), the air temperature was at room
temperaturevhile the collector temperature was held at-zsalo temperatres. The high air temperatures in
this setup prevented ice nucleation and hetie 3D growth of scaffolddn the setup with liquid nitrogen
cooled airthatcooledthe collector(Fig 2.4C), the air temperature was at stdro temperatureslowever, in
this sety, a highspeed fan was used to circulate cooled air inside the chawtlieh disturbedleposition of
electrospun material, inhibiting 3D growth of scaffol@ibe setup wittthe dry ice and icecooled collector
plateallowedlow air temperatures of-00 °C, which favored ice nucleation and cryoelectrospinnivgrying
the proportion ofiry iceand iceallowed modulation of collector plate temperatuferther, the presence of ice
favored the creation of a humidified envirommee@ssary for ice nucleation

Early on we realized that we needsathair temperature and humidity control for ice nucleation. Since
the setupn Fig. 2.4C with a single enclosure did not favayoelectrospinning due its cooling mechanism,
we testedtwo 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 antemperature sensor probes, which allowed exchange of air between the chamber and
the environment. With exchange of ,aive lost control over humidity which necessitated a second larger
humidity-controlled insulating chamber. We tesgigirofoamandpolycarbonateenclosures as inner insulating
chambers and a large polycarborexrielosure and incubator enclosure as outer insulating char8bgrfoam
enclosures provided better thermal insulatom retention of humidified aithan polycarbonate enclosures
Also, the incubator enclosures providaetter humidity control over the large polycarbonate enclatueego
the ability to set a constant temperatungde the incubatoOverall, the setup in Fi®.4D provided the best
control over collector plate temperatuag, temperature and humidity for cryoelectrospinrasghown in ig.

2.5
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Fig. 2.5 Control over humidity, air temperature and collector plate temperature established in sett
with dry ice-ice cooling, inner Styrofoam enclosure and outer incubator enclosure.
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2.3.3 Effect of solvent and process parametersn the 3D growth and topography of scaffolds
2.3.3.1 Cryoelectrospinning of elastialginate with water as solvent produces 3D fibrous poroufalda

The doice of ECM proteins fascaffoldfabricationis crucial since there are ~300 ECM core proteins
each providing unique biochemical andfoechanical triggesto cells in the matrix. Of the 300 ECM proteins,
collagen, elastin, and fibronectin hawell-characterized functioria soft tissue ECK¥ Since morphogenetic
environments require a pliable matrix for constantadeling,andexcessollagenincreases the stiffness of
the matrix triggeiing afibrotic phenotype in cell$® we usedonly elastin a compliant proteirand alginatea
viscous hydrogehs the biomaterials for fabrication,émulate the viscoelastic naguof soft tissue ECMWe
relied on serum in the cell culture medium for our fibronectin souroeeliminate the use of toxic solvents for
fabrication, we used water as the solyerst both alginate and elastin can be dissolved in widedelineate
theeffects of aqueous solvent on cryoelectrospinning, we compared cryoelectrospun scaffolds fabricated using
an aqueous or an organic solvediir prior studiesshowedthattraditionalelectrospinningf 4% elastin4%
PLGA in the organic solvent HFIP produc2déD matswith nanofibrous topography and improved elasticity
over PLGA alon&31%, Solutions for electrospinning require lenbain polymes to facilitate chain
entanglementwhich permitsthe deposition of fibers instead of microdropl&st#é While we used PLGA for
this purpose in our previougrk, PLGA also increases the stiffness of the scaffolds into the MPa raemym H
we insteadincluded PE&100 KD to the 1% elastil.5% alginate solutioat a concentration &% wt/vin
water, to both facilitate chain entanglement and maintain ttieestef of the scaffolds low in the skBa range
While we did not explore comprehensive material and solvent combinations for cryoelectrospivining
compared cryoelectrospun scaffolds fabricated uétgelastinrd% PLGA inthe organic solvent HFIRvith
ones fabricated using% elastinl.5% alginate3% PEGIn water, to analyze the effects of an aqueous solvent.
Our results showed that the elagihGA cryoelectrospun scaffolds werery dense (Fig2.6A, B), and did
not emulate the honeycordlike, porous tpography of salivary gland ECNFig. 2.3F). In contrast, &
observed that cryoelectrospinning of elastiginatePEG in water produced a taller, more por@i3 scaffold
when compared witklastinPLGA electrospun in HFIRr the same fabricatioturation(Fig. 2.6C vs.2.6A).
Further, we observed that at specific process conditions (detail8ection 2.3.3.2), the aqueous solvent
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2.5D Nanofibers 3D Fibrous Sponges Air Temperature
E <2°C >2°C

>35%

Relative Humidity

<35%

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

A,B) 2.5DElastinPLGA nanofibes fabricated with organic solvent HFI®,D) 3D ElastirAlginate PEG
cryoelectrospun sponges fabricated with water as solvent. Water as solvent allowing 3D grc
cryogenically electrospun scaffolds with honeycomb topography, higher porosity, and micr
interconnected pores. A,C) Bench top faso Scale bar =5 mm. B,D) SEM images. Scale bar = 10 pr
Effect of process parameters on scaffold topography. Scale bapmlMHumidity > 35% and air
temperature < 2 °C promoting honeycomb topography (top left panel). Other combinations pro
fibrous topography. Collector plate temperatures betw88rand-10 °C promoting homogenous grow
in X,Y, and Z dimensions.

facilitated the fabrication of scaffolds with honeycomb topograph
andaminimal fibrous backbone (Fig.6eD, 2.6E top left pangl The
backbone of the cryoelectrospun scaffolds with honeyca
topography had some inherent surface roughnessA#ghat could
facilitate cell attachment. We attempted to functionalize BBGkD
with carboxyl groups for crosslinking since PEG is a widesed

hydrogel material; however, the length of the PEG polymer we "<&,

deterrent and prevented functionalization (data not sho”

) :
Therefore, PEGIO0 kD was used solely for the purpose of increas‘ NS ‘
Fig. 2.7.  Elastin-alginate
the electrospinnability of elast@ginate solution. ThH@EG400D cryoelectrospun scaffolds witl
honeycomb topography (CEE
dissolved away in water poBDC/NHS crosslinking due to the lackH) possess inherent surfac
roughness Scanning electrc
of crosslinkable pendant groups, vyielding an elastiginate microscopy reveals  surfe
roughness of the backbone
scaffold. CESH. Scale bar =2 pm.
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2.3.3.2 High humidity and low air temperatures promote honeycomb topography in cryoelectrospun scaffolds
To delineataheeffects of collector plate

temperature, chamber relative humidity, and |

temperature o®€EStopography, we maintagd

two parameters constant, while modulating t
third parameter. Atmospheric conditions had o gt Tiokx soroteome v R
Fig. 2.8 Scaffolds cryoelectrospun at collector pla
substantial impact on the topography of themperature <-35 °C.The scaffolds having heterogene
growth in X,Y,Z dimensions, often growing only in
scaffolds by altering ice nucleation based dimension, and collapsing upon lyophilization. A) Be
top image of collapsed scaffold. B) SEMage of scaffol
relative humiditylevels in the electrospinningyith heterogeneous growth. Scale bar = 20 pm.

chamber. Collector platemperature could also potentially impact scaffold growth and topography by affecting
the rate of ice nucleation. We independently moeudl#te air temperature and humidity levels at collector
plate temperatures abov@5 °C. We observed that collector gtle temperatures betweeBb and -10 °C
permitted homogenouscaffold growth (Fig 2.6E), whereas air temperature and humidity affected the
topography of thee scaffolds. At collector plate temperatures ranging betw@gmand-10 °C, whenthe air
temperatire was > 2 °C, irrespective of the relative humidity levels, rdsilting scaffolds had fibrous
topography(fibrous CES (Fig. 2.6E, right panels)whereas whethe air temperature was betweelD and 2

°C and relative humidity levels 35%, the scaffold had honeycomimpography ifoneycomb CESFig. 2.6E,

top left panel) Temperatures lower thaB5 °C resulted in increased ice nucleation in the Z dimension instead
of homogenous growth in the X, Y, anddimensionsfrequently causg the scaffold to collapse onto itself
(Fig. 2.8A) and showing heterogeneous scaffold growth (EigB). Therefore, we defined optimal conditions
as higher collector plate temperatures (betw&enand-10 °C), air temperatures betweeh0 and 2°C, and

relative humidity> 35%.
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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 applicatis. To obtain homogenouslistributedscaffold growth, we explored
different collector plate geometried/e hypothesized that homogenous distribution of the electric field over
the collector plate could increase the yield of cryoelectrospun scaffoldse Hea designed a metallic prebe
array collector plate, which increases the surface area in contact with the electrical ground, and compared
scaffold growth on metallic proka&rrayswith 3-mm (Fig.2.9) and 5mm probe distancing=g. 2.10A) with
that on dlat metal platgFig. 2.1(B). Using COMSOL Multiphysicsoftware we simulated the electric field

potential on the surface of the two types of collector plasesland observed the electric field potent@mbe
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Fig. 2.9 Cryoelectrospinning on the 3 mm probarray collector. A) 3 mm probearray collector. E
Cryoelectrospun scaffolds deposited on the 3 mm paokay collector C, D) SEM images of scaffol
growing on 3 mm probarray collector. C) Scale bar = 20 um. (D) Scale bar = 2 um.

focused on the probes (F@10C) and tdoe approximatelyniform over all the probewith a value of ~800 V

(Fig. 2.1(E), whereas thelectric field potential was distributealer the flat plate (Fig. 2.10D) and varied
acrosgheworking surface arefiom ~300 to ~800 \(Fig. 2.10F). Thisuniform potentiabver the probarray
collector plateallowedsimilar sized scaffolds with the same topography to grow over most of the probes and
hence, an overaiomogenouscaffoldgrowth over the probg$ig. 2.10G) compared tdhat overthe surface

of the flat collector (Fig2.1(H). Furthermore, the-Bnm probe array permitted @nsistent yield of ~100
scaffolds/run. The surface topography ofseagcaffolds remained relatively unaffected between the filate

and 5-mm probearray collector upon cryoelectrospinnirag similar process parameters (F&1d, J),
demonstrating the capacity of the predreay collector plate to homogenously generate 3D elaldinate
scaffolds with a high yield. While ther®m probearray collector allowed relatively homogenous growth of

scaffolds in comparison with the flat taitor, these scaffolds were too small to handle and difficult to remove
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from the collector. Furthermore, scaffolds fabricated on then8probearray collector had mostly fibrous
topography instead of honeycomb topography under similar process parafRigte?s9 C, D). Hence, to

homogenously fabricate honeycomb cryoelectrospun scaffolds, we chosmthg@gobearray collector.

Probe array collector plate

Flat collector plate

A v 2
Gy Pl

Fig. 2.10. Effect of collector plate geometry on scaffold growth in X, Y, Z dimension4,B) Bench
top photos of the collector plate. C,D) COMSOL simulation demonstrating the electric field
distribution over the collectoplate. E,F) COMSOL simulation demonstrating the electric potel
distribution over the collector plate. G,Bgnch top photos and 1,J) SEM imagesadffolds grown on
a metallic probearray collector having 5 mm probe spacing and flat collector, cégply. Scale bar =
20 um. Metallic probarray promoting distributed individual scaffold growth and increased grow
the Z dimension due to reduced electrical surface area in the X and Y dimensions. (A,C,E,G,I) !
probearray collector plate. (B,F,H,J) Flat collector plate.

2.3.5 Comparison of physical and mechanical properties of cryoelectrospun scaffolds and
decellularized salivary gland sections.
To evaluate the ability of honeycomb CES (GHSo0 emulate salivary gland ECM, we compared their
topography and viscoelastic properties with that of decellularized adult salivary gland D&@xlly SEM
and indentation testing, respectively. The hooeye CES and thédSG exhibited similar honeycomb
topography and pores of ~-P05 & m 2.11&-C)gWe further determined the indentation modulus and
relaxation half time of honeycomb CES dD8Gby microindentation testing. Honeycomb CES anaGhad
verylow indentation moduli of ~ 120 Pa, whereas elaslginate freezelried sponges (FS) fabricated with the
same material compositioh% elastinl.5% alginatejpnd crosslinked with the same materials (EDC/NHS) as

honeycomb CES exhibited a significantly nég indentation modulus of ~ 850 Pa (R2gl1D). Further, we
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observed that both FS and honeycomb CES demonstrated similar relaxation dynad$€3 (&g3. 2.11E)

despite the differences in observed stiffness/indentation modulus.
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Fig. 2.11. Elastiralginate cryoelectrospun scaffolds with honeycomb topography (CEB) mimicking
decellularized adult salivary gland ECM in topographic and viscoelastic propertiesA) SEM image ¢
CESH and B) fluorescence image of decellularized adlikay gland matrix (DSG) showing topograph
similarities. Scale bar = 20 um. C) Pore size analysis using ImageJ. Comparison of D) compressiot
and E) relaxation half time of 1% elastirb% alginate freezdried sponges (FS), 1% elasfitb% algnate
3% PEG CESH and DSG showinthat CESH exhibited viscoelastic properties similar to DSG.

P<0.0001; ns, not significant.
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2.4 Discussion

Several pathologies arige the human bodgue to an imbalance in th@ochemical and mechanical
cues deliveed bythe ECM to cells in orgast*®®% Hence, in addition to cell engineering strategies for
regenerative medicine amavitro 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 EG¥I'C. In this work, wedeveloped a novel fabrication strategy to prodaide
scaffolds(Fig. 26C) that closely mimic thénoneycombtopograply, porosity, and pore size of endogenous
salivary gland ECM (Fig2.11A-C) and potentially other soft tissues, elgng, liver>1612! The use of water
as the solvent is key to generating honeycomb topography using cryoelectrospinning. The aqueous solvent, in
combination with the atmospheric wateposition, increased ice nucleation and imprelve8D growth and
porosity of the scaffold (Fid2.6A, C). The increased water content and water solubility of solutes might have
allowed for phase separation of the materials and the unique honeyqagtamhy (Fig. D), 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 coemtsmre fabricated and subsequently embedded
into hydrogel materialg®14015 pefore crosslinking. The technique reported here should allow for
electrospinning of anwatersoluble, ECM proteithydrogel materialconmbination with a lonechain polymey
such asPEG400kD, to ensurethe electrical conductivity viscosity, and chain entanglemengéquired for
electrospinning.Our chosen biomaterialef 1% elastinl.5% alginatecomposition mimicked the elastic
modulusand relaxation mperties of native salivary ECM (Fi@.11D, E) and can be supplemented with
additional ECM components to engineer custom microenvironniEmtsyonic microenvironments are pliable
and have a low elastic modslwf 56300 P&, to facilitate morphogenesis, cell expansion, and migration.
Hence,the low elastic modulus of the elastfginate honeycomb CES at ~120 Pa makes theymising
candidates fobiomimetic matrtesto 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 parametersewaaldiating 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 (Eit0). The homogeneouslectric

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. Whider@yobe
collector plates havieeen used in traditional electrospinning to improve the scaffold pofdsity 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 (FigeE) allowed us to determine the boundary conditions for these

parameters to reproducibly produce scaffolds with hooeyp topography.

2.5 Conclusions

Overall,we developed novelhightthroughputcryoelectrospinning processtimengineea 3D porous
matrix with minimal backbone and interconnected pores. The bulk honeycomb topography, in combination
with the biomaterials asen, yielded acaffold with physical and mechanical properties similar to native

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

Partially adapted frorRamesh P, Moskwa N, HanchorKoplas A, Nelson D, Mills K, Castracane J,
Larsen M, Sharfstein S, Xie ¥Engineering cryoelectrospun elastifginate scaffolds to serve as stromal
extracellular matrices. Biofabrication. 2022;14(3):5
3.1. Introduction

MSCsare available in low cell numbers and are extremely expemnshieh is a limiting factor irthe
clinical translation of this therapeutic approdoh a large patient ba¥€ Hence scaffoldbased delivery
strategies should aim at economical us#8iCs This necessitates tloptimization and enhancement of cell
attachment to scaffoddThe hetrogenous rgsonse of cell$o oxygen andhutrient gradiergsimilar toin vivo
tissue$®, is beneficialfor triggeiing basic cellular processesdparacrine signalingffects. However, limited
availability of oxygen and nutrients in 3D culturean create a necrotic coandnecroic cells in 3D culture
secrete toxic waste that impairs the function of healthy*6&lurther, necrotic cells leak plasma protearsd
the delivery of necrotic celia vivocan trigger an inflammatory cascade upon implant#tiddence scaffold
based cell delivery strategies should ideally minindek death due to necrosi€ell culture strategies that
maximize cell viabilityareessentiafor functionally relevanin vitro cell assayss well Further, étermination
of cell seeding densities, cell attachmemaintenance of cell viability for long term culture without significant
cell loss and the 3D grdtv of cellson scaffolds is importariteforeanalyzing cell function and phenotype on
scaffolds, in order to determine modifications if necessary to improve cell attachment and viabiliiy.
chapter, weptimize cellseedingattachment and culture strategies for viable 3D cell grawthmaintenance

on cryoelectrospun scaffolds

3.2 Materials and Methods
3.2.1 Materials

Regents fothefabrication of scaffoldsrelisted inSection 2.2.1For conventionaMatrigel culture,
cells weregrown in Matrigel(Cat. No. 356234CorningInc., Corning, NY) on Nuclepore Whatman filters

(Cat. No. 0930051Cytiva, Marlborough, MA) in 50 mm glasisottom MatTek disheg?50G 1.5 14F, MatTek
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CorporationAshland, MA) The reagents for cell culture weadMEM (high glucosg, fetal bovine serum (heat
inactivated) Penicillin-Streptomycin(10,000 units/mL of penicillin and 10,000 pg/mL of streptomyéiom
Thermo FisherScientific or Antibiotic-Antimycotic Solution (10,000 units/mL penicillin, 10,00Qg/mL
streptomycin and 25 pg/mL amphotericin Bpm R&D Systems Primary embryonic day 16 (E16)
mesenchyme cells were isolated usiolagenase/hyaluronida@gat. No.7912 from StemCell Technologies
dispase ll(Cat. No.1710504), phosphatebuffered saline (PBS) DMEM/F12 (Cat. No. 11039047), fetal
bovine serum (FBS) (Cat. No. 1008214and penicillin-streptomycin fronThermo FisheScientific 7 0 € m
cell strainerf Ca't . No. 087712) from Corning (Corninyg, NY
from Thermo Fisher ScientifidVell-plates were coated with ulttaw adhesion polymeLIPIDURE from
AMSBIO (Cambridge, MA) Cell viability assag were performed withcalceirAM and ethidium homodimer
from SigmaAldrich. Cell proliferation assawereperformed using Cell Titer GI8D reagent from Promega
(Madison, WI).Reagents for decellularization of salivary glamagslistedin Section 2.2.1Vibratome blade
(Cat. N0.7200301, Electron Microscope Sciencédatfield, PA was used to section thecellularized salivary

glands.

3.2.2 Animals

Mice used to source salivary glands were eitherICBtrain from Charles River Laboratories
(Wilmington, MA) or C57B6 strain from Jackson LaboratoriBsu( Harbor, MB. The care and handling of
miceand tissue collectioconformed to the requirementsarfd was approved blid InstitutionalAnimal Care

Use Committe¢lACUC) of University at AlbanyState University of New York

3.2.3 Cell culture
Mouse embryonic NIH 3T3 fibtuast$%4 of passage 127 were maintained in DMEM (High Glucose)
medium containing 10% FBS and 1% penicilineptomycin. The NIH 3T3 fibroblasts wesabcultured on

day 3 or 4 when they were -BD% confluent. Cells were incubated ina 37 °C,5% Q@ mi di yed i ncu
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Primary mesenchyme were isolated from embryonic day 16 (E16) submandibular salivary glands
dissected from time@regnant CBL female Musmusculus ordered from Charles River Laboratories, as
described previousKP1% The primary E16 mesenchyme was separated &waythe primary epithelium
using enzymatic digestion in 1X collagenase/hyaluronidase and 1.6 U/ml of dispase Il diluted in 1X PBS at 37
°C for 30 minutes. After digestion, the mesenchyme and epithelium were separated using gravity sedimentation.
The epitlelium was further strained away from the mesenchymal fraction using centrifugation at 10g for 1
mi nute then filtered through 70 em and 40 em cell
300g for 8 minutes and the buffer was replaced usingeBINF12 containing 10% FBS, 1% penicilin
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 ith 10% FBS and 1% penicilis t r e pt omyci n and i ncubated in
incubator for 34 days until 9685% confluent. The primary E16 mesenchyme cells were subcultured for 1 or 2

passages.

3.2.4 LIPIDURE (ultra-low adhesion polymegoatingof well plate

To improve cell attachment efficiency and prevent cells from attaching to the well bottom after cell
seeding, welplates were coated with the uliav adhesion polymeklPIDURE. Flat bottom 96 wells were
used for nanofiber scaffolds and round bottom 88smvere used for bulk hydrogel, cryoelectrospun scaffolds
and decellularized salivary gland matrices. Each well was coated thrice by adding 75 pL oL [REIURE
in 96% ethanol to each well, aspirating after 1 minute andrging for 15 minutes. Aftethe third coating, the

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

3.2.5 Scaffold fabrication and modification

Elastinalginate nanofibemats(NF) andcryoelectrospun scaffolds with honeycombdgmphy (CES
H) were fabricatedsing 1% elastin, 1.5% alginate and 3% PHIBKD solution in deionized water as described
previouslyin Section2.2.6
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Elastinalginatebulk hydroges (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 eladgiimate nanofibersr cryoelectrospun scaffolds. 10 pL of
the hydrogekell suspension solution was incubated in 100 pL of cell culture medium with 108 foM30
min to crosslink the hydrogel and form hydrogell constructs and thereafter switched to cell culture mediu
with 25 mM CaCl.

Decellularized salivary gland matés(DSG)were obtainefrom thedecellularization of Wwole organs
as described isection2.2.3 The decellularized salivary gland was sectioned under a dissecting microscope
on a stage sterilized 0% 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, 1@%l foovine serum, and 1% PenStrep.
Decellularizationof whole glands and sectioning was performed by Dr. Nicholas Mo$iona Larsen lab,
University at Albany.

Matrigel scaffolds were prepared by mixing 5 pL each of Matrigel and supension(10,000
cells/ul). 10 pL of the Matrigekcell suspension solution was pipetted onto a 0.1 um Nuclepore polycarbonate
filter. The filter was floated on cell culture media (DMEM/E-1D% fetal bovine serum, and 1% PenStrep) in
50 mm glassottom dishes and incubated at 37°C in a humidified tissue culture incubator with 5% CO2.

Nanofibers cryoelectrospun scaffoldanddecellularized salivary gland matricesre soaked in 70%
ethanolfor 30 min, washed with 0.9% NaCl for 10 min, and then hydrated in cell culture mediud%and

penicillin-streptomyciramphotericin BR&D System3 overnight prior to cell seeding for culture.

3.2.6 Cell culture on scaffolds

Mouse embryonic NIH 3T3 fibrobladté were seededn cryoelectrospun scaffoldg 30,000 cells,
50,000cells, 60,000 cells¥5,000 cells100,000 cells 150,000 cellscaffold in 25>L DMEM (high glucose)
medium containing 10% FBS, 1fpencillin -strepomycin, and25 mM CaClto determine the effects of cell
seeding density on cell attachmeRtrimary E16 mesenchymeells were seeded in a similar fashitmn
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cryoelectropun scaffoldsn DMEM/F12 medium supplemented willd% FBS, 1%penicillin-streptomycin,

and25 mM CacC}. Cell culture media were supplemented wathmM CaCl, a concentration at which cell
culture was not negatively impacted,prevent rapid disintegiian of the scaffold. After two hours, each well

was supplemented with 178 of fresh medium, and the well plateasincubated withand without rotary
shakingat 30 rpmfor 24 hourdo evaluate the effects of rotary cultuFe@r extendectulture of cells for up to

7 days,well plates were transferred onto a static surface 24 hours after cell s€aelingulture media were
replenished every day by removing 150 pL of spent media from each well and replenishing it with 200 pL of
fresh medh to avoid nutrient depletion and to retain certain amount of the conditioned medium.

Cells were seedednd culturedon decellularized salivary gland matriceésilar to cryoelectrospun
scaffolds Cells on nanofiber mat$000 cells/200 uL medim), 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 suspensiol
for bulk hydrogels and Matrigel, not requiring enhanced cell attachment. All scaffolds were incubated in

humidified incubator at 37 °C and 5% €0

3.2.7 LIVE/DEAD assay

Cell-scaffold constructarere incubated with @M calceirAM and 4uM ethidium homodimer for 25
min at 37 C and imaged usirigeica SP5 confocal laser scanning microsdbeéa Microsystemdylannheim,
Germany to reveal live cells in green and dead cells in red fluorescence. Quantitative analysis of live and dead
cells was performed using Imag®J The images were opened in ImageJ, and two separate images were
obtained for | ive and dead e &lnmage>Colgr mens.iTheghreshbldeof 6 S p
each image was adjusted. The numbers of I|ive and
feature under the Analyze menu, setting the particle size range-30000un?, cCircullddr,i tayndt

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 cellecoiedia 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 4509 for 5 minutes, resuspended in cell culture media and the number of cells were counted.
Cell attachment efficiency was determinedsbiptracting the number of cells not attached to the scaffold from

the number of cells seeded by usihg formula

8 & .r 38
<
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3.2.9 Cell proliferation assay

Cell-Titer Glo® 3D Viability Assay was perforndeto evaluate cell proliferation at 1, 4, and 7 days
after cell seeding onto scaf f ol-staffoldcenstruatsanrthe 88allct ur e
plate and Celliter Glo® 3D Viability Assay reagent were equilibrated to room tempexditu 30 min. After
samples were gently washed with 1X PBS>Z%f cell culture media and 78 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. Theell plate was then shaken on a rotary shaker at 120 rpm,°&t f&f 15 min, and then
incubated at room temperature for 30 min to stabilize the reactiof. 60the reaction mixture from each well
was transferred into a 98ell white luminescence platdiluted with 50>L of cell culture media, and mixed

well. Luminescence was determined using a Tecan Infinite 200 plate reader (Ted4dardSyille, NC).

3.2.10 Statistical analysis
Data are presented as mean * standard deviatiom itro cell culture and material characterization
experiments were performed in triplicate, unless otherwise indicatedw@ng A NOVA f ol | owed

post hoc test was performed usi@gaphPadPrism9.2.0. p < 0.05 was considered significant.
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3.3 Results andDiscussion
3.3.1 Ultra-low adhesion round bottom 96 well plates improve cell attachment to scaffold

To investigate thebestsuited culture dish for improved cell attachment to honeycomb CES, we
compared attachment NIH 3T3 cellsto scaffolds irultra-low adhesion round bottom well platesdtissue
culture treated flat bottom well plates. To obseviable cell attachment to the scaffold, wtained the cells
with Live/Dead stainin@4 hours after cell seeding/e observed that in tissue cultdreated flat bottom well
plate,amajority of the cells attached to the bottom of the \{&th. 3.1A), and the few cells that attached to the
scaffolds were single cel(&ig. 3.1C). However, in ultraow adhesion well plategar fewer cells attached to
the well bottom(Fig. 3.1B), andmany cdls attached as clustets the cryoelectrospun scaffolfig. 3.1D).
While ultra-low adhesion wells improved cell attachment to the scaftmll,clusters or spheroidsere also

presentn suspension in the medidence, further strategies to maximize cell attachment needed to be explored.

Well plate surface Scaffold surface

Tissue culture treated
flat bottom
96 well plate

round bottom
96 well plate

Ultra low adhesion

Fig. 3.1. Cell attachment to scaffold in tissue culture treated flat bottom 96 well plate vs tdilow
adhesion (lipidure-coated) round bottom 96 well plate

3.3.2 Rotary shaking improves cell attachment to scaffold

To furtherimprove cell attachment to the scaffold in uliav adhesion wells, wattemptedrotary
culture Rotary culture is @opular choice for improving cell attachment to matrices and cell vidbilitye
chosea low rotational speed of 30 rpimfacilitate gentle rotation that can aid attaemt of cells to the scafil

andto prevent sheagffects on celphenotype and functioWe comparedcell attachment rates with that of
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static culture at different cell seeding densig€S0,000 cells100,000 cells and 150,000 cells per scaffdld
observed thahigher cell seeding densities permitted bettitachment to scaffolds in both static and rotary

culture, howeverthe variability in attachment rate was much lower with rotary cu(feige 3.3) Overall, cell

100.00%

90.00% 1
80.00%
70.00% [
60.00%
50.00%
40.00%
30.00%
20.00%
10.00%
0.00%

50,000 cells 100,000 cells 150,000 cells

Percentage of viable cells

Primary Mesenchyme - Static Culture
® Primary Mesenchyme - Rotary Culture

Fig. 3.3Rotary culture of cells for the first 24 hours at 30 rpm improves cell attachmen

attachment rates were marginally higherotary culture compared to static culture, heere the differences
were not statistically differenSinceless variable cell attachment was observed with rotary culture, it was

chosen as theell culturestrategy forthe cell cultureexperiments.

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

To investigate the ability of elastalginate honeycomb CES to support viable 3D stromal growth, NIH
3T3 fibroblasts, a welkéstablished model mesenchymal cell line, were grown on honeycomb CES for 24 hours
followed by Live/Dead staining to determine tiability of attached cells. The majority of the cells (89% +
2%) attached to honeycomb CES were viable after 24 hbigs3.4A, B). The cells on the honeycomb CES
formed 3D clustersHig. 3.47A) with penetration depths ranging between ~250 to 450 urh, avitaverage of
359 + 96.48 umKig. 3.4C). Furthermore, CellTiter GIi8D viability assay was performed to evaluate cell

growth on CESH. The time course of cell growth showed the trend of slightly (but not significantly) increasing
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cell number of NIH 3T3ibroblasts attachetb the scaffold from day 1 to 4 and then leveling off, confirming

cell survival on the honeycomb scaffolds for 7 ddyig.(3.4D).
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Fig. 3.4. Elastinalginate cryoelectrospun scaffolds with honeycomb topography (CEB) promote
viable 3D cell penetration and growth A) Confocal images of Live/Dead stained NIH 3T3 fibroblasts
CESH showing that majority of attached cells are viable and penetrate deep into the scaffold to f
clusters. B) Quantification of cell viability ddESH after 24 hours using ImageJ. C) Quantification of
penetration revealing that NIH 3T3 cells infiltrate into GHSvith depths ranging between 250 to 450 |
and have an average infiltration depth of 359 = 96.48 unT.img course oNIH 3T3 fibrablast growth on
CESH usingCell TiterGlo® 3D Cell Viability Assay.

3.3.4 Determination of cell seeding density for optimal attachment to scaffolds

To investigate theffect 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 pL of cell culture medium
in ultralow adhesion rountbottom wells to facilitate cell attachment in the first two hours. 175 uL of cell
culture medium was added after 2 hargeach 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 attasts®ngle 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 @€gff8.2B). 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
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scaffdd result in heterogenous effects since a vast majority of cells would only experierodlcdfiects and

a few cells that are part of the cluster and attached to the scaffold would experience huuth aedl cel

matrix interaction effects. At 60,0Ccells per scaffold, the smaller clusters had the space to spread out into the
scaffold for more homogenous cekll and cellmatrix interaction. Hence, moving forward, cells were seeded

at 50,000 to 75,000 cells/scaffold concentrations for cell cuitaperiments.

3.3.5 Honeycomb CES promote viable 3D growth of primary E16 mesenchyme comparable to
decellularized salivary gland matricesn extended7-day culturesin 24-well plate culture
To test the feasibility olusing elastinalginate cryoelectrospun scaffolds a stromalcell delivery

vehicle that permits viable lortgrm stromal cell growth and maintenance for delivieryivo, we first

30,000 cells 60,000 cells

100,000 cells

Fig. 3.2. Effect of cell seeding density on cadittachment

examined its ability to retain stromzell viability. We chose to use MSlike, primary E16 mesenchyme cells
since they retain stemné%sand are available in large quantities after one passage to satisfy the sheer number
of cells required for our elaborate expegims. 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 relevancgitintflatrigel, a standardized
in vitro cell culture matrix for stem cells and organoids.

We seeded cells on the scaffolds as per the strategy detailed in TatlolenZdimize cell attachment
based on the findings reported3ectiors 3.3.1 to 3.3. After cell attachment in the first 24 hours, all scaffolds

were transferred to static culture
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Table 3.1.Cell seeding and culture strategy for improved celattachment and viability

Cell attachment (first 24 hours)
Scaffold Cells seeded
Culture dish Sl
strategy
Nanofibers 5000 cells/200 pL media FlatbottomLIPIDURE- ) Static
coated 96 well plate culture
Roundbottom .
Bulk Hydrogel 10000 C?HS/.ZO plhydroge#qell LIPIDURE-coated 96 well Static
suspension in 200 pL media olate culture
Cryoelectrospun , Roundabottom Rotary
50,000 cells/25 pL media LIPIDURE-coated 96 well
scaffolds culture
plate
Decellularized . Roundbottom Rotary
: . 50,000cells/25 uL media LIPIDURE-coated 96 well
salivary gland matrix olate culture
Matrigel 50,000 cells/10 pL matrigadell | 0.1 um Nuclepore filter in| Static
9 suspension in 180 L media | Mattek dish culture

SinceelastinalginatehoneycombCES mimia the native physical and mechanical properties of ECM
as determined in Chapter Setion2.3.5) 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 primargdeh@myme for
up to 7 days. To ensure high cell attachment efficiency, primary E16 meseriofyE®and DSG were grown
with mild rotary shaking 080 rpm for the first 24 houis ultra-low adhesion polymecoated roundbottom
wells in a96-well plate which improved cell attachment efficiencyand reduce the variability in cell
attachmentompared to static cultur&if. 3.3. After the first 24 hours of cell seeding on the scaffolds (BH,
CES and DSG), ceficaffoldconstructs were trafesred to a 24wvell plate with 30QuL media in each well for
improved oxygen diffusion and cell viability. We did not choose-avdB plate for 3D cell culture since it only
permitted cell viability of about 50%4({g. 35), much lower than in Matrigel whe cells formed celéheets.

We observed that the primary E16 mesenchyme cells barely attached to NF and negligible numbers of cells
remained on the scaffold on dayHd. 36). As shown in Fig3.7, only 53 + 7 % of the cells encapsulated in

the BH wereviable, while 15 + 4.7 % were dying (stained for both cal@dih in green and ethidium
homodimer in red) and 32 + 4.8 % were dead, showing no improvemenielPdlates. Cell viabilities on

the CES and DSG improved considerably ing2l plates and wercomparable at 87 £ 5.7 % and 82 + 3 %,
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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.

100.00%
90.00%
80.00%
70.00%
60.00%
50.00%
40.00%
30.00%
20.00%
10.00%

0.00%

BH CES D-SG Matrigel

nLive cells mDead cells
Fig. 3.5.Viability of prima ry E16 mesenchymal cells grown for u Fig. 3.6. Live/Dead stained cel
to 7 days in 48 well plate formatQuantification of cell viability o reveal low attachment t
bulk hydrogels (BH), cryoelectrospun scaffolds (CES), decellule nanofibers. Negligible numbe
salivary gland matrices (DSG) and Matrigel after 7 days of cell g of cells remain on nanofibers
using ImageJ reveals that cells on CES but not BH have viability Day 7. Green, live cells; Re
comparable to DSG. deadcells.
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A Bulk hydrogel B Cryoelectrospun scaffold

E

100.00%
90.00%
80.00%
70.00%
60.00%

50.00% mmimm
40.00%
30.00%
20.00%
BH CES

10.00%

0.00%
DSG Matrigel

mLive ~-Dying mDead

Fig. 3.7. Cryoelectrospun scaffolds support viable 3D cell growth for up to 7 day€onfocal microscof
images of LIVE/DEAD stained primary E16 mesenchyme cells grown in A) elalsfimate bulk hydroge
(BH), B) elastinalginate cryoelectrospun scaffolds (CES), C) decellularized salivary gland matrices
and D) Matrigel. Green\e cells; Red, dead cells. Scale bar = 100 um. (E) Quantification of cell viabilit
7 days of 3D cell growth reveals that cells on cryoelectrospun scaffolds (CES) but not bulk hydrogel (
viability levels comparable to decellularized salivglgnd 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 faxtendedcultures. Ultra-low adhesion rountottom 96well
plates and rotgrcell culture improved cell attachment to the 3D scaffolds andeéléplates improved long
term viability and maintenance of attached cells. Cryoelectrospun scaffolds supportesiongble 3D cell

growth comparabléo decellularized salivary gland matrices.
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Chapter 4 - Stromal and epithelial cell line growth on cryoelectrospun scaffolds

Partially adapted frorRamesh P, Moskwa N, HanchorKoplas A, Nelson D, Mills K, Castracane J,
Larsen M, Sharfstein S, Xie ¥Engineering cryoelectrospun elastifginate scaffolds to serve as stromal
extracellular matrices. Biofabrication. 2022;14(3):5

4.1 Introduction

Scaffolds for soft tissue engineeringust support the healthy growth of multiple cell types and their
coculturefor the formation of functional tissue3D cell organization, cettell communication and cethatrix
interaction play important roles in the engineering of functional soft ti¥8désin this chapter, & evaluated
the ability of elastiralginate cryoelectrospun scaffolds (CES) to maintain stromal and parenchymal cell
populations, by analyzing mesenchymal and epithelial cell growth, phensgfparganizationand 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 scaffola®listed inSection 2.2.1Reagents for cell culturarelisted in
Section 3.2.1Primaryantibodies used for immunocytochemisang detailed in Tablé.1, includingvimentin
(clone LN6) from SigmaAldrich, Zona Occludinl (ZO-1) from Thermo Fisher Scientificand Ecadherin
from BD Bioscience¢San Jose, CAfor cell culture samples. Antibodies againstiagenl andcollagen IV
from MilliporeSigma (Burlington, MA), angerlecanfrom Santa CruBiotechnology (Dallas, TX) were used
for immunohistochemistry of decellularized salivary glaBécondary antibodiessed wereCyanine Cy3
AffiniPure IgG, Alexa Fluor4 8 8 Af f i ni Pur e FandAexaFluor-BtAa o menn tP ulr @M, F (
fragment from Jackson ImmunoResearch Laboratorig¥est Grove, PA).Other reagents used for
immunocytochemistrinclude paraformaldehyd@ween 20bovine serum albumjrandphalloidinrrhodamine
from Thermo Fisher Scientificglutaraldehyde,Triton X-100, sodium chlodle, and 4 Ngiaénidino2-
phenylindole DAPI) from SigmaAldrich, normal donkey serum (Cat. N@17-000-121) from Jackson
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ImmunoResearcH aboratories and FluoreGel mounting medium from Electron Microscopy Sciences
(Hatfield, PA).Triton X-100from SigmaAldrich, NHsOH from Thermo Fisher Scientific, arieNase Ifrom
StemCell Technologie§vVancouver, CA were used in preparation of decellularized salivary glands for
immunohistochemistryConfocal imaging of decellularized salivary glamngssperformed using 50 miglass
bottom dishes (Cat. No. P501G5-14F) fromMatTek (Ashland, MA) Reagents used for theparation of

cell culture samplesind decellularized salivary glandisr scanning electron microscope (SEM) imaging

include glutaraldehydesucrose, phosphate buffemd hexamethyldisilazane (HMDS)om SigmaAldrich,

and ethandlrom Decon LabsKing of Prussia, PA

Table 4.1 Antibodies used for immunocytochemistry analysis of NIH 3T3 fibroblastand SIMS salivary

ductal epithelial cells

For SIMS salivary ductal epithelial cells

For NIH

Primary Antibody Host Species Company Catalog No. | Lot No. Dilution
Anti-Zona OccludiAl (ZO- | ot ThermoFisher 402200 | 1574917A | 1:400
1) Scientific

Anti-E-Cadherin Mouse BD Biosciences 610182 2307882 1:400
Secondary Antibody Species Company Catalog No. | Lot No. Dilution

- . . Host: Donkey Jackson ,

CyEs AffiniPp Target: AntiRabbit ImmunoResearcl /11165152 130437 1:300
Alexa Fluo® 647 Host: Donke Jackson

Af fini Pure F - €y 715606-150 121469 1:300

Target: AnttMouse ImmunoResearck

Fragment 1gG
3T3 fibroblasts

Fragment IgG

Primary Antibody Host Species Company Catalog No. | Lot No. Dilution
Anti-Vimentin Mousee ¢ hai n| lermoFisher V2258 | 044M4772 | 1:400
Scientific
ﬁg‘i;]usmoom Muscle | vouse Millipore Sigma | A5228 | 074M4814V | 1:400
Secondary Antibody Species Company Catalog No. | Lot No. Dilution
Alexa Fluo® 488 Host: Donke Jackson
AffiniPurefF( - Jonxey 715546020 | 116970 1:400
. . Target: AntiMouse ImmunoResearch
IgM, p chain specific
Alexa Fluo® 647 Host: Donke Jackson
AffiniPure F[OStONKEY 715606150 | 121469 | 1:1000
Target: AnttMouse ImmunoResearch

For coculture of SIMS salivary ductal epithelial cells and NIH 3T3 fibroblasts

Scientific

Primary Antibody Host Species Company Catalog No. Lot No. Dilution
Anti-Zona Occludifl (ZO- | oyt ThermoFisher 402200 | 1574917A | 1:300
1) Scientific

Anti-E-Cadherin Mouse BD Biosciences 610182 2307882 1:300
Anti-Vimentin Mousese c hai n| lermoFisher V2258 044M4772 | 1:400
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Secondary Antibody Species Company Catalog No. | Lot No. Dilution

. . . Host: Donkey Jackson .
CyeEs AffiniP Target: AntiRabbit ImmunoResearch 711165152 130437 1:400
Alexa Fluo® 647 Host: Donke Jackson
Af fini Pure F j Y 715606-150 121469 1:400

Fragment IgG Target: AnttMouse ImmunoResearch

Alexa Fluor® 488

Af fini Pure F
Fragment IgM, p chain
specific

Host: Donkey
Target: AntiMouseg
chain specific

Jackson

715546-020 116970 1:400
ImmunoResearch

4.2.2. Scaffold fabrication and modification
Elastinalginate nanofiber mats (NF) and cryoelectrospun scaffolds with honeycomb topography (CES
H) were fabricated using 1% elastin, 1.5% alginate and 3%4B&D solution in deionized water as described

previously inSectiors 2.2.6and 3.2.5

4.2.3. Cellculture

Mouse embryonic NIH 3T3 fibroblastéof passage 127 were maintained in DMEM (High Glucose)
medium containing 10% FBS and 1% penicilinegomycin. The NIH 3T3 fibroblasts were subcultured on
day 3 or 4 when they were -BD% confluent. 8livary gland ductal epithelial SIMS céflswere maintained
in DMEM (high glucose) medium containing 10% FBS and 1% penkgtlieptomycin. SIMS cells were
subcultured every 2 or 3 days whirey were 885% confluentCells were incubated in a 37 °C, 5% £0O

humi diyed incubator

4.2.4. Cell culture on scaffolds

Mouse embryonic NIH 3T3 fibroblastéand salivary gland ductal epithelial SIMS cEftsvere seeded
at 75,000 cells/scaffold in 25L DMEM (high glucose) medium containing 10% FBS, I#ricillin-
stregomycin, and25 mM CaCk in ultralow adhesion polymercoated roundbottom 96-well plates and
incubated on a rotary shaker at 30 rpm for 2 hours to facilitate cell attachment to the sca#tldulture
media were supplemented wEmM CaClb, a concentration at which cell culture was not negatively impacted,

to prevent rpid disintegration of the scaffold. After two hours, each well was supplemented witk. 165
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fresh medium, and the well plateasincubated with rotary shaking for another 22 hours to increase the cell
attachment efficiency. Well plates were transfewrtb a static surface 24 hours after cell seeddedjs were
cultured on scaffolds for up to 7 day=r 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 describedaaldogeown 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 descr8setiom2.2.5.

4.2.6. Immunaytochemistry and confocal imaging of cell culture samples

Samples were fixed in 4¢araformaldehyd®.25% glutaraldehyde in 5% (w/v) sucrose, 0.6X PBS for
15 minutes, permeabilized with 0.1% Tritor1XO0 in 1X PBS for 15 min, blocked with 20% donkey serum
3% bovine serum albumin in wash buffer (0.9% N&@nM CacCl} 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 2sh&UiH 3T3 cells were immunostained for vimentin and
SMA and SIMS cells were stained fordadherin and Z€1. All cells were cestained with DAPI to reveal the
nuclei within the total cell population. Rhodamipigalloidinwas used to reveal cytoskeletah€&tin. Antibody
combinations and concentrations used are detailed in Table S2. Samples were then mounted wilelFluoro
mounting medium for imaging. Confocal imaging was performed usitgja SP5 confocal laser scanning

microscopgLeica Microsystemdylannheim, Germary

4.3 Results
4.3.1 Honeycomb CES promote typical adherent fibroblast morphology of NIH 3T3 fibroblasts

To evaluate the ability of elastaiginate cryoelectrospun scaffolds to support typical adherent
morphology, we cultureNIH 3T3fibroblastson traditionally electrospuelastiralginatenanofiber(NF) mats
honeycomb CES (CEB), andfibrous CES (CES) (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 (Fid.1A, top panel); however, they demonstrated a spoeddfibroblast mqohology
on both honeycomb CES (F41A, middle panel) and fibrous CES (Fig1A, bottom panel). The maintenance
of characteristic adherent morphology of NIH 3T3 fibroblasts grown on honeycomb CES$.{Bigmiddle
panel) and fibrous CES (Fig.1B, botom panel) was confirmed by the distribution of cytoskeletatfn (in
red) and vimentin (in green). However, very few cells attached and grew on NF ma# ZH@g. 4.3 top
panel), or exhibited elongateddgtin stress fibers (red) (Fig.1B top panel). NIH 3T3 fibroblasts formed 3D
clusters with notable infiltration in honeycomb CES (EigC, middle panel), but only a cell sheet on fibrous
CES (Fig4.1C bottom panel), demonstrating that the honeycomb topography of the cryoelectro$folatssca
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 myofibrobfes r-skneoth U
muscl e -SMBAYA"aMAiUnt enance of Vvi ment i-8MA(n red) wasobserned an d
on honeycomb CES over the course of 7 days @itD), confirming that the honeycomb CES prevent

myofibroblast transition.
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A Top view C Side view

Fig. 4.1. Effects of scaffold properties on morpology, 3D organization, and marker expression of NIH
3T3 fibroblasts. A) SEM images showing the effect of scaffold topography on NIH 3T3 cell morphol
NIH 3T3 fibroblasts maintaining spreadit morphology on cryoelectrospun scaffolds with fibrous (CES
F) and honeycomb topography (GE$ but remaining isolated and rounded on traditionally electros
nanofibers (NF) on day 1. Arrows denoting individual cells. Scale barss23B,C) Confocal images o
top view (B) and side view (C) of-&ctin cytoskelain organization and vimentin expression showing
effect of scaffold topography on attachment and infiltration of NIH 3T3 fibroblasts as well as mesen:
marker expression on day 4. D) Confocal images showing maintenance of expression of mese
marker vimentin (in green) and loss of myofibroblast matk&MA (in red) over 7 days when NIH 3T
fibroblasts growing on CES. Scale bar = 25m.
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Nanofibers pre-hydration Nanofibers post-hydration 100%
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Cell viability

NIH 3T3 cells
on NF

PATUR mlive Cells mDead Cells

Fig. 4.2. Conventionally electrospun nanofiber (NF) mats for cell growth.A) SEM images showx
nanofibers formed a unified hydrogel layer pbgtration with medium. B) Quantification of LIVE/DE#
assay showed viability of NIH 3T3 fibroblasts were severely impeded on nanofibers

Day 1 Day 4 Day 7

NIH 3T3s

SIMS

coculture

o
N

NIH 3T3s + SIMS

Fig. 4.3. Cell attachment on conventionally electrospun nanofiber (NF) mats.

Confocal images of immunochemistry of monocultured and cocultured NIH 3T3 fibroblasts and SIMS
demonstrated poor cell attachment and growth on elakginate nanofiberddr up to 7 days). For NIH 3T3:
R e d-SMAJGreen: Vimentin. For SIMS, Red:d&dherin, Cyan: Z€. For SIMS and NIH 3T3 coculture,
Red: Ecadherin, Cyan: ZQ, Green: Vimentin. Blue: DAR$tained cell nuclei. Scale bar = 25 pm.

Page63



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 ductpithelial cell liné”:, on honeycomb CES, fibrous CES, and traditionally
electrospun NF mats (Fig.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 matd.@~igtop panel)
and clustered together on both honeycomb CES 44§, middle panel) and fibrous CES (Figj4A, bottom
panel). To evaluate the ability of honeycomb CES to support 3D epithelial cell growth and morphology, and
the possible need for stromal papt, 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 ® dayss 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-éadierin and Z€l, tight junction
epithelial markes, 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 e85 monocultures or SIMS and NIH 3T3 coculture
(Fig. 4.4B top panel, Fig4.3 middle and bottom panel). However, similar to NIH 3T3 fibroblasts grown on
honeycomb CES, monocultures of SIMS cells formed deep 3D clusters on honeycomb CE8RFmiddle
left panel) and formed thin cell sheets on fibrous CES @#B, 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 ght panel). While monocultured SIMS salivary epithelial cells attached
and grew as clusters in honeycomb CES and exhibited merdbratized expression of-Eadherin by day 4,
they did not show membratecalized ZO1 (Fig.4.4C). However, in coculturesitih 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@&dherin and Z€1 (Fig4.4D) by day 4 through day 7, highlighting the ability
of stromal cells gown on honeycomb CES to betsepport the epithelial cell phenotype than monoculture.
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A B sIMs Monoculture  SIMS + NIH 3T3s Coculture
Y ; 1201 | 1201 |

NF

CES-H

53 um deep

CES-F

SIMS
Monoculture

O

SIMS + NIH 3T3
Coculture

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 Sthithelial cell morphology. SIMS cell:
forming cell clusters on cryoelectrospun scaffolds with fibrous (€Ef&d honeycomb topography (GES
H) but remaining isolated and rounded on traditionally electrospun nanofibers (NF) on day 1.,
denoteing cedl. B) Confocal images of SIMS monoculture (left panel) or SIMS epithelial cells cocul
with NIH 3T3 fibroblasts on scaffolds being immunostained with epithelial markeradBerin in red anc
Z0O-1 in cyan) and mesenchymal marker (vimentin in greemgatath DAPFstained nuclei (in purple) o
day 4. SIMS monoculture forming deep 3D clusters in<EES$d thin cell sheets on CES SIMS and NIH
3T3 coculture showing distinct organization of cells into separate clusters bl @&finiscent of tissue:
in vivo but remaining random on CHS Very few cells attaching and growing on NF. C) Confocal ima
of SIMS monoculture on CEB demonstrating 3D growth of cells with membrdoealized expression o
E-cadherin but not Z&. D) Coculture of SIMS with NIH 33 cells allowing membran®calized
expression of both epithelial markers,-A@nd Ecadherin. Monocultures of SIMS salivary epithelial ce
being immunostained for-EBadherin (red) and ZQ (cyan). Cocultures of SIMS and NIH 3T3 beil
immunostained fovimentin (green), Eeadherin (red), and ZQ@ (cyan) along with DAPI stain of nucle
(purple). Scale bar = 25m.
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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 thaybomb CES and fibrous CES topography
allowed both stromal fibroblasts and salivary epithelial cells to maintain their characteristic morphology, while
NF mats did not (Figd.1A, 4.4A, 4.3), emphasizing the role of scaffold architecture on 3D cell groWih.
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, arekltéfiteraction in
contrast to NF mats (Fig.2A, B). Furthe, we observed that the honeycomb CES backbone possessed surface
roughness (Fig2.7A) and hypothesize that the inherent surface roughness of the honeycomb CES backbone
improved cell attachment on honeycomb CES, despite the lack of cell adhesion madtfedte. Therefore,
even thougthoneycomb CES, fibrous CES, and NF mats were fabricated using the same material composition
(1% elastin, 1.5% alginate, and 3% RE@kKD), cryoelectrospun scaffolds such as honeycomb CES and
fibrous CES offered a topographi advantage for cell attachment and maintenance of cell morphology over
traditional electrospinning.

One of the key factors influencing cell phenotyipevivo is cell communication through cedkll
contacts in 3D. We demonstrated that honeycomb CBS)dilNF 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 interactian vivo (Fig. 4.4B). Though fibrous CES favored cell attachment mn@ihtenance
of cell morphology, cells were randomly attached and grew as +mworglayers (Fig4.4B bottom panel).
Furthermore, in the coculture experiment condition, the fibroblasts and epithelium organized themselves into
distinct clusters on honeycdmCES; 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 sheeteetithe topography of honeycomb
CES facilitates celtell interactions similar to tissu@svivo 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 CE®nly maintained the adherent morphology of NIH 3T3
fibroblasts but also limited the expression"eBEMA (Fig. 4.1D), a protein reported to be expressed by
myofibroblasts, which are derived from fibroblasts and other cells that undargladaptive differentiation in
a stiff or fibrotic microenvironment®. The similar viscoelastic properties between honeycomb CES and
healthy, native ECM might be the primary contributing factor for the reduced fibrotic phenotypeNiHthe
3T3 cells grown on the honeycomb CES scaffolds. We also observed tietcbmb CES promoted 3D
growth of epithelial clusters; in particular, the presence of mesenchyme in the honeycomb CES matrix permitted
retention of epithelial phenotype (Fi§y4D). This behavior might be due to the fact that honeycomb CES better
mimics tre bulk properties of ECM rather than that of basement membranes that underlie the epithaliom
Hence, even though honeycomb CES supported the viable growth of epithelial clusters, the presence of stromal
cells on honeycomb CES might have enableuh aivo-like stromaiepithelial interaction, which facilitated the
retention of epithelial phenotyp&hese results demonstrate the feasibility of using honeycomb CES to support
healthy stromal growth and function for medtllular salivary tissue engindag and lay the foundation for

further exploratory work with other soft tissues/organs.

4.5 Conclusion

In this chaptenye validated the potential of honeycomb CE®riabgin vitro organ modeling anih
vivo regeneration for a range of soft tissu®s demonstrating stromal and parenchymal cell growth and
organization Honeycomb CES facilitated better organization of stromal and parenchymainteltistinct
clusters similar ton vivotissuesn comparisorto fibrous CES highlighting the importance of topography of
3D scaffolds in enabling 3D cell organizatidiiH 3T3 fibroblasts attached to honeycomb CES and maintained
their mesenchymal phenotype and NIH 3T3 fibroblasts on honeycomb CES supported galhdggpithelial

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 am®moted by a diseased strdifa’® and areaccompanied and/or
caused by ECMtiffening, including fibrotic diseases and canié®t®’ In advanced stages of many fibrotic
diseases, a fibrotic stroma ultimately leads to loss of organ function. The conversion eftidert stromal
cells into myofibroblasts is thought to drive fibrosis in many orfafbe myofibroblasts produce excess levels
of ECM proteins to create a matrix that is stiffer and denser than a homeostatic matrix, which contributes to
disease progressith?’. Preventing or reversing the conversion of tisssident stromal cells into
myofibroblasts is one possible strgy 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 functidh

In this chapter we examined the potentiaf using elastiralginate cryoelectrospun scaffoldgth
honeycomb topographgr stromal cell deliveryargeting fibrosis remediation. Using primary embryonic day
16 (E16) mesenchyme as Mdike cdls, we compared the ability of cryoelectrospun scaffolds to support
stromal cell maintenance with that of traditionally electrospun efafifinate nanofiber mats and bulk
hydrogels. Decellularized salivary gland matrices, which recapitulaténtivéso 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 scaffoldest suited for MSC delivery. We establislirditro analyses to evaluate the ability of
FGF2 to improve stromal phenotype and the ability of the scaffold, primary E16 mesenchyme and FGF2 to

remedi ate the f i brimducedanydfibtoblasbt ype of TGFb1
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5.2 Materials and Methods
5.2.1 Materials
Reagents for the fabrication of scaffoldselisted inSection 2.2.1. Ragents for cell culturarelisted

in Section 3.2.10therreagents for cell cultuiacluder e c o mbi nant human-B)TraaFRRE&D ( Cat

Systemsand recombinant mouse FGF2 (Cat. No. Z200015) from Applied Biological Materials (Vancouver,
CA). Primaryantibodies used for immunocytochemistry (I@Etell culture samples are detailedliable5.1,
including CD140a from R&D Biosystesn CD140band Calponin 1 from abcam (Cambridge, Umentin
from Cell Signalingrechnology (Danver, MAYandJ-SMA from SigmaAldrich. Secondary antibodiésclude

Cyanine Cy3 AffiniPure IgG, Alexa Fluord 8 8 Af f i ni Pur e F (amdbAleyaFluofe47a g me n

Af fini Pure F(abdé)2 fragment fr @estQGave RAH.on | mmunoRe

Table 5.1. Antibodies used for immunocytochemistry analysis of primary E16 mesenchyme cells and
myofibroblasts

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

Anti i CD140a Rat ThermoFisher |1, 140181 | 2015727 | 1:100
Scientific

Anti i CD140b Rabbit Abcam ab32570 | GR3241182 1:200

AF-488 conjugated Anti Rabbit Cell Signaling 98545 12 1:200

Vimentin Technology

Anti 7 Calponin 1 Rabbit Abcam ab46794 - 1:600

Anti i USMA Mouse Sigma Aldrich A5228 - 1:1000

Secondary Antibody Species Company Catalog No. Lot No. Dilution

Alexa Fluor® 488 AffiniPure| Host: Donkey Jackson ,

F(ab') F r a g n Target: AntiRabbit | ImmunoResearcl /11226152 132511 1:250

CyE3 Affini P Host Donkey Jackson ,

FragmenigG (H+L) Target: AntiRat ImmunoResearch /12166153 139421 1:250

Alexa Fluor® 647 AffiniPure| Host: Donkey Jackson

F ( a Braginent IgM, p Target: AntiMouse 715606-020 135520 1:250

. 7 i ImmunoResearch
chain specific € chain s

Other reagents used for ICC includbbit serum fromJackson ImmunoResearch Laboratoaesl
reagents listed iBection 4.2.1Reagents for decellularizati@amd sectionin@f salivary glands are included in
Sectiors 2.2.1and 3.2.1Qiagen RNeasy Plus Micro kit (Qiagen, Germantown, MD) was used for isolation of
RNA for PCR. Qubit" high sensitivity (HS) assay kit used to measure RNA concentraiaxima Hminus

First Strand cDNAsynthesiskit used to synthesize cDNA from isolated RNAu b i t E d safshyAit HS
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used to measure cDNA concentration, & BRE Gr een P C Bsedfba Botymarase Chain
Reaction (PCR) analysis were purchased from Thermo Fisher Scidntifiters used for PCR analysis are
detailed in Tables.2, includng UBC (Ubiquitin C), PDGpl®Rdetd er i ved growth fact
or CD1403, P D G(pldRetetderived growth factor receptdr, or CD14(m), vimentin and U-SMA from
Integrated DNA Technologies (Coralville, 1A).

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
PDGFRJ Forward CACAATAACGGGAGGCTGGT
Reverse CACCTCCACCACGAACTCTC
PDGFR Forward TTCGAGGCTTATCCGATGCC
Reverse AGTCGTAAGGCAACTGCACA
5.2.2 Animals

Mice used to source salivary glands were eitherlGilrain fromCharles River Laboratori€gVilmington,
MA) or C57B6 strain from Jackson LaboratoriBar{Harbor, MB. The care and handling of miemd tissue
collectionwere carried out in accordance wilie National Institutes of Health Guide for the Care and Use of

Laboratory Animalsaandconformed to the requirementsafd was approved bié InstitutionalAnimal Care

Use Committe¢lACUC) of the University at Albany

5.2.3 Cell culture

Primary E16 mesenchyme were cultured as detail&ddtion 3.2.3Myofibroblasts 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 TGFb1l f or Hitinganyofittoblpsansoglaolpgy,sdetarmirted by andncriaise in

cell surface area and the number of podia.
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5.2.4 Scaffold preparation

Scaffolds were prepared as detaile®aation 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 T8dleor immunocytochemistry experiments. The cell culture
medium was supplemented with 25 mM CaG@ concentration at whicbell 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
salivaly 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 withl1@6fresh medium, and the well plate
was incubated with rotary shaking for amet 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 bgidshypaah
Matrigel, not requiring enhanced cell attachment. All scaffolds were incubated in a humidified incubator at 37
°C and 5% C@ For PCR analysis, the number of cells seeded was increagédoa0 cells/scaffoldor
cryoelectrospun scaffolds, deaddlrized salivary gland matrices and Matrigel for increased mRNA yiétiek.

24 hours, the cebcaffold constructs, except Matrigel were transferred into wells ofvaeli4late that were

coated withLIPIDURE (AMSBIO, Cambridge, MA and grown in 300 plmedia for improved oxygemass

transfer and cell viability while incubating without rotary shakiRgr experiments requiring treatment with
FGF2 and TGFb1, the growth factors were added to
and 5 ng/mlT GF b 1, respectivel vy, 1 day after cell seedi I

environment. Cell culture media were replenished every day by removing 150 pL of spent media from each
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well and replenishing it with 200 pL of fresh medisatmid 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 mimicstromal cell delivery to a fibrotic microenvironmef0,000 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 scaffdidsed cell deliery. Subsequently, 50,000 myofibroblasts were
seeded as described above to mimic their interactionimppéintation. Cells were cultured on scaffolds in the
absence or presence of growth factors ( 1O0r@rowihg/ ml

factor addition. Media were changed as described above.

5.2.6 Immunocytochemistry and confocal imaging

Immunocytochemistry on ceficaffold constructs as performed as detailedSaction 42.6.Primary
E16 mesenchyme were i mmuhastRD@RRD/f OD1 LOWGIFaRDY GO t4i
SMA while myofibroblast alone or coculture of myofibroblast and primary mesenchyme cells were stained for
PDGFRU, c abh-gMAnAntibpdy detaits and concentrations used are detailed in Bablé two-
step staining protocol was useditomundstainsamples requiring bothi me nt i n astitingRIBc&E F R b
they were bothmabbit antibodiesSamplestobeest ai ned f or PDGFRU, Psam&dR b, v
withPDGFRU, P D G F Rffrimaayrantibaties and #heir respective secondary antibodies athper
protocol detailed irBection 4.2.6 Afterwards, he samples werblockedwith 20% rabbit serum3% bovine
serum albumin in wash buffer (0.9% Na&mM CaC} in deionized water) for 2 hours at room temperature,
and thenincubated withAF488vimentin direct conjugate antibodyith gentle rocking at 45 rprat room
temperature for 2 houréll cells were cestained with DAPI $igmaAldrich) to reveal the nuclei within the

total cell population. Samples were then mounted using a glyeaseld mounting mediufi for imaging.
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Confocal imaging was performed usingeicaSP5 confocal laser scanning microsc@psica Microsystems,

Mannheim, Germarjy

5.2.7 gPCR analysis

Primary E16 mesenchyme cells were grown on cryoelectrospun scaffolds, decellularized salivary gland
matrices, and Matrigel with and without TGFb1l and
scaffold type and experimental condition were pdatgether 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 isolatethagppaocol
specified by Qiagen. RNA was measured by the QUffiiorometer (Invitrogen, Waltham, MA) and cDNA
synthesized usingMaxima H minus First Strand cDNAsynthesiskit (Thermo Fisher Scientific). The
concentration of the synthesized cDNA was measured on the"®fibdrometer as well. Primers (Table S2)
for housekeeping gene (UBC), mesenchymal mar ker s
ma r k eSMA) (rdih Integrated DNA Technologies (Coralville, IALDNA, 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 ReEime PCR system (Applied Biosystems, Waltham, MA).

5.2.8 Intensity quantification of 3D images using IMARIS

3D images(z-stacls) i n 6 . | iobtdinedffromcoméotal imaging orthe Leica SP5 confocal
microsco@g wer e converted to 6.imsdé files on thea MARI
guantified by opening the file in surpass view, creating a new surface, setting the smoothing surface grain size
to ~0.6 um, selecting background subtractiand manually setting the threshold value to select all nuclei.
Artifacts that were not cell nucleiene excluded by using the filter option and filtering baseduality, area,
or spherictyThe i ndi vi dual nucl ei were viewed in a grid
to count the number of nuclei. Merged nuclei were either segnenti n t he surpass Vi e\
touching objectsd and setting the seeding diamet e
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number of merged nuclefo quantify thesum of thantensityof each voxel foeach channeh the regon 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 RR®I for intensity sum calculation. The smoothing surface grain size was set

to ~1.5pum and the threshdlvaluewas manually adjusted tselect the RQIArtifacts that were not to be
included in theROI were excluded by using the filter option and filtering basedjwality and areaThe

intensity sum values for each channel inR@ were exported to an eal file in the vantage viewl he 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 determineclaizingr

expression levels on day 7 to day 1.

Generate nuclei Countnuclei

Original 3D Z-stack image

Protein expression per cell =

Generate region of interestfor Sum of the fluorescence intensity of all voxels
computation of intensity sum Number of nuclei

Compute intensity sum for
each channel

Sum of the fluorescence

intensity of all voxels for:

Channel 1: PDGFRa
Channel 2: CNN1

Channel 3: aSMA

Fig. 5.1. Schematic diagram detailing the methodology for quantification of protein expression/cell.

5.2.9 Statistical analysis
Data are presented as mean + standard deviatiom Atro cell culture experiments were performed
in triplicate unless otherwise indicated. @m&ay ANOVA f ol |l owed by Tukeybds p

usingGraphPad Prisr.3.0. p < 0.05 was considdrsignificant.
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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 usinglastinalginateCESfor MSC delivery, wecomparedheir ability to
maintainhealthy stromal phenotypeith BH, DSGandthe accepted standard for organoid cultivatrigel.
We grew primary E16 mesenchyme cells for up to 7 days on the scaffoldgadndted stromal health through
expression ofCD140a( P D GF, RD1)40b( P D GF Rru)vimentin by immunostaining and confocal
imaging.P D G F BnidP D G F Rr& membrane receptors of the PDGFR fanhit are expressed in stromal
cells in the salivary gland during the organogenesis pfia¥ée have demonstrated in our previous Wdrk
t hat P Bi@maR &Il subpopulations regulate secretory epithelial phenotypaentin is a standard
mesenchymal marker that is-vggulated in fibrotic conditiod®. We observed that the stromal cells remained
rounded on BHFig. 5.2)but had characteristic gmdout fibroblast morphology on cryoelectrospun scaffolds,

decellularized salivary gland matrices, and Matrigel (5i§.

PDGFRB

-~

Y e
.
i,
v

<
TR, ]

Fig. 5.2. Brightnesscontrast adjusted confoc microsopy images of elat
alginate bulk hydrogels reveal rounded cell mgohology of primary E16
mesenchyme in bulk hydrogels
Further, the exapdPOGFIRON wafs PDE@FRW ghest in prir
for 7 days Fig. 53B), campared to DSGHKig. 5.3), BH (Fig. 5.34), and Matrigel Fig. 5.3), highlighting
the potential of CES to maintain stromal cells in prime health to support secretory epithelial fumetian
The expression of vimentin in all scaffold types except Bhfioms the maintenance of fibroblast phenotype
(Fig. 5.8, C, D).
Anal ysis of gene expression conf i r meHyg. 5t4),at PD

wher eas HPBB)RM vihentinFig. 5.4C) expression were relatively lower in CES congolto
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DSG, contradicting the observed protein expression levats 6.8, C). BH were excluded from gene
expression analysis due to poor cell viabilFyg( 3.7 A, E) and rounded cell morphologki¢. 5.33). Further,

gene expression d ePvDeGFsRbo fweREGFRULL hanhi gher in prim
than in CES and DSG, contradictory to the protein expression levels, indicating translational regulation.
Vimentin gene expression levels were slightly lower in Matrigel, agreeing witheting dbserved with protein
expression. The analysis of gene expression confirms the maintenance of tameabbered 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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A PDGFRB

Cryoelectrospun scaffolds (ve) Bulk hydrogel
Day 1 Day 7 Day 1

Day 7

Day 1

o Decellularized salivary gland ¢
Day 7

Day 1

Matrigel

Day 7

Fig. 5.3.Cryoelectrospun scaffolds promote the maintenance of healthy stromal marker expression at
proteinlevel,Conf ocal microscopy i mages showi ng dmeptr
(green) in primary E16 mesenchyme cells grown in A) bulk hydrogel, B) cryoelectrospun scaffi
decellularized salivary gland matrices, and D) Matrigel for 1 and 7 days. Scale bar = 20 um. Quantifi
protein level expressionof E)PDGBR G) PDGFRbH, and F) vi menti n.
stromal marker expression in primary E16 mesenchyme cells for up to 7 days than bulk hydrogel:
Matrigel, comparable to decellularized salivary gland matrices (DSG).
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A PDGFRa B PDGFRp

6 1.2

4 0.8
3 0.6
2 0.4
0 0
CES DSG Matrigel CES DSG Matrigel
mDl1 mD7 mDl mD7
c VIM D aSMA
2.5 12
2 1
0.8
1.5
0.6
1
0.4
o o 1l
CES DSG Matrigel CES DSG Matrigel
mD1 mD7 mDl1 mD7

Fig. 5.4. Gene expression analysis of stromal and myofibroblast markers in 3D cultured primary E:

mesenchyme cells on CES, DSG and MatrigemRNA | ev e | expression of
vimentin confirms maintenance of healthy stromal phenotype wetegtrospun scaffolds (CES) compar
to decellularized salivary gl and m&NA dorcobosates( tt

repression of fibrotic markers in CES comparable to DSG.

5.3.2 Cryoelectrospun scaffolds repress myofibroblast markerxpression in primary E16 mesenchyme
To probethe ability ofcryoelectrospun scaffolde repress any fibrotic activity ihealthy stromahat
were expanded on tissueulturetreated platesor prevent the differentiatiorof healthy stromato
myofibroblasts, we grew primary E16 mesenchyme cells for up to 7in&¢4, CES, DSG, and Matrigeind
examined expression of myofibroblast markdssSMA and calponinl (CNN1) by immunostaining and
confocal imaginglSMA and CNN1 ae cytoskeletal proteins that are-tggulated in fibrotic conditions and
indicate myofibroblast activity®>1® Lower levels of the myofitoblast markers were observed after 7 day

culture in bulk hydrogelsHig. 5.5A bottom panel), cryoelectrospun scaffoldsg( 5.8 bottom panel) and
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decellularized salivary gland matricésd. 5.3C bottom panel) compared to MatrigEld. 5.9 bottom panB.

However, because cells were less viable with rounded cell morphology in bulk hydrogels they were excluded
from protein and gene expr essi-SMA (Fg.rbd)ig @yodectrodperne e
scaffolds (CES), decellularized salivy gl and matri ces ( DS GXSMAexpredsiotMat r i
was even lower in CES compared to DSG and Matrigel, agreeing with the trend observed with protein
expression and confirming cryoel ectr os puwthous caf f

differentiation to myofibroblasts.
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Fig. 5.5.Cryoelectrospun scaffolds demonstrate timelependant repression of fibrotic marker expressic
comparable to decellularized salivary gland matrices

Confocal mi croscopy 1images s howiSMA (red)xirp primarys E1
mesenchyme cells grown in A) bulk hydrogel, B) cryoelectrospun scaffolds, C) decellularized salive
matrices, and D) Matrigel for 7 days. Scale bar = 20 pm.
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