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ABSTRACT
Tissue engineering is relatively new interdisciplinapplication of the biological and
biomedicalsciencs. A deeper understanding thferelationships between structure and
function of healthy and pathological tissues is necessaryder to deelop substitutes
to restore or improve organ functio.fundamental idea of tissue engineeriagell
growth and proliferaibn in threedimensional (3D)matrix materialsto mimic their
natural environmentThe classic approach of cetiulture baseon flat surfaces, like
multi-well plates, unrepresentativef most tissuesin a human body Therefore,
controlled cell-matrix microenvironmerd that enable healthgell-cell interactionsare
critical for understanding tissue formatidrhis researcfocuses on the development of
simulated 3D printable extracellular matrix materials and perfusion devices needed to
createfunctional orgaron-chip pancreasystemsDueto the limited supply of ajans
for transplantation, successfully engirestandully functional human organoid will be
a milestone in tissue engineering and regenerative medicine. Novel approaches have
been investigated for vascularization3® soft tissues, highly essential fenccessful
fabrication of physiologicallyelevant tissue model$lerg the focus is orcreating
vascularized pancreatic islets, which bengew perspectives iithe treatment for
patients with type | diabetek.is urgent,since diabetes type | will dolébover the next
decade if current rates of increase contifilpancreatic spheroidsereformed byb-
cells and endothelial cellso-cultured together, which maintained over 80% viability
and at least twice higher insulin secretamcomparetb nonvascularized-cell-only
spheroids In the coecultured spheroids, angiogenesis provided a network within the
scaffold that supplied ndents to cells and drained metabolites, including insdlive
spheroidsvere cultured in fibrironly scaffoldwith a high level of cellular performance;

however, due the ultimate goal of creating pancoeea-chip model, the mechanical



properties of forin were insufficientAlso, fibrin is characterized by rapid degradation
and nonrshear thinning naturgreventing extrusioiased bioprintingTherefore,an
ionically crosslinkng and bioprintabldiydrogel was developed based on functionalized
bacterialcellulose where itscharge ratianfluencedstiffness morphology, angore

size The new hydrogel and fibrin were combined with Matigetollagen, and
hyaluronic acid as a series of engineered hydrogel scaffolds that simulated the natural
pancreas environmemnd provide a improvedlocal microenvironmenfor sprouting
spheroids The tissue modelas examinedfor a leasta sevenday culture o provide

data of cellular and molecular changes@npanyinghe tissue formatiarit resulted in
elevated gene expressionesfdothelial cetrelated genes as VEGK, endothelinl, and
NOS3 as well as twice higher insulin secretion on thentl ' day of culturecompared

to the contral Later, the pancreaticssue spheroidaere deposited ito a perfusable,
hydrogetbased deviceinderdynamic cultureconditiors. The perfusedtissue model
respondedo glucos by insulin secretion that wadetectablen reattime at the outlet of

the deviceAlso, perfusion with a Sunitinib pharmaceutistbppedthe growth of the
vascularizationover a 7-day dynamic culturéoy the inhibition of VEGFR{1]. In
conclusionthe pancreasn-a-chip device fabricated based on vascularized engineered
islets combined with the pancresimulated ECMscaffoldcan be used for both insulin
detectionas well as for drug testing@.his approactpreservedhe functionality of the
pancreatic islets and ®otentiallyusefulfor type | diabetes researes well as drug

testingtherapyfor cancemodels
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Chapter 1 Literature review

1.1 Introduction

Medicinehas evolvedn the last decadiaster than ever befgracreasing the demand

for interdisciplinary discoveries. Material science haskmapted for interaction with
biological systemscreating a new field called biomaterial§issue engineering
combines natural or artificial biomaterials on which cells are grown to nin@atural
environment of tissuginside or outside the body. The aim of tissue engineering is to
combine scaffolds and cells to assemble constructs that heal damaged tissues and restore
their functionality. The next step for tissue engineering is regenerative medicine, where
resources foorgan repair or even substitution are directly transferredtibuman

body. The mairmprospectiveadvantage ofhis approach is thatpatient carbeadonor

of cellsthatwill be engineered to tissuasd then transplanted back asaarologous

organ without risk of immunological rejection.

Currently, laboratongr own ti ssues cannot exced,d mor ¢
because nutrient and oxygen will not penetrate to the core and subsequently cells
undergoes apoptosidnother challenge is formation of functional tissues that mimic

the native form and function. In the traditional approach, cell behavior is evaluated in a
2-dimentional space, such as tissue culpleges This type of surrounding des not

imitate a natural environment for cells and does not provide appropriate stimulus to
create adequate responses, cell signaling, and extracellular matrix. Featius 3D

printing is a powerfulsolutionthat allowsautomated processthat build 3D cellular

construcs without harm.The ceposited matrix isomposed obioinks that aremade of

natural or synthetic hydrogels that min3D cell environmerg Automation in tissue

creating processis a key for largescde production.In addition tothe challenge of



forming functional tissues, there are several aspects that must be validated: the process
of communication between the cells and tisssewell ascontrol of its behavior,
progress of stem cell research tolgia stablenduced pluripotent sterells (IPSCs)

without genetic mutation, and the hydrogels that will be superior in terms of degradation
rate, stiffnessbioprintability, biomimicry, resolution, and application aredsis
technology is crucial for thiiture of medicine and, in particular, in diabetes research.
Currently, about 9.3% of the United States population has diabetes (nearly 30 million
people), and this rate still grow8]. It is necessary tbetter understand the tissue
formaion froma longtime perspective and potentially lower the cost of treatment, since
estimated expenses on diabetic treatnaeatapproximatel245 billion dollars yearly

or roughly$8000 per patierB].

1.2 Function and properties tie human pancreas

The @mncreas is amternalorgan that lies in the upper left part of abdomen andahas
common bile duct witlthegallbladderThe mncreas is botanendcrineand exocrine
organ. Thexocrine role is related tihesecretiorof digesting enzymes and proenzymes
to the stomachlhe endocrine cells aressponsible forggar control and metabolisim

thepancreas. Four cell typsscretdifferent hormonelass

- alpha () cellssecreteglucagon, which increases glucose level in blood;

- beta(b) cellssecretansulin, whichdecrease glucose levalblood;

- delta(li) cellssecretesomatostatin, which regulates alpha and beta cells response;
- gamma(9) cellssecretepolypeptides, which regulates er@dmd exocrine responses.

The slets of Langerhans are the regions thataiarendocrine celland are less than

1% of the pancreas mass, comprised in clusters ofLQ00 cells[4]. Although the



endocrine cells represent less than dfthe pancreatic mastheyreceiveas much as
1520% of total blood flow in an orgafb]. The explanation of this phenomena is
production ofa vascularendothelialgrowth factor(VEGF) by pancreatic isle{§] that

induces vascularization and provideigar homeostasis in théood

Mouse Human

M Insulin
B Glucagon
B Somatostatin

Figure 1.1 Endocrine cells distribution i(A) mouseand (B) human Langerhans islet

(reproduced with permission from REf]).

The human pancreas has different cytoarchitecture than animalshancbntrast is
critical between human and rodefit$. Human pancreaseemso be formed by random
distribution ofU, b, andii-cells, while in mous@ancrea$-cells are located in the core
andthe peripherallayer is dominated b{J andi-cells (see Fig.1.1). Also, the human
pancreas haslower ratio betweetlandb-cells tharmousd7]. Hypothegs explaining

thesechangesncludeevolutionary adaptations and different dietary habits.

The majority of the pancreas extracellular matrfiCM) consistsof laminin and non
fibrillar collagen (type 1V) along with fibronectin, collagen type I, I, V, and3JI The
function oflaminins isto bind to integins andmediateECM effects on islet function,

survival, and spreafd]. Integrinsare a family of receptors that are responsible for cell
3



adhesion and intracellular cascades. However, the distribution of proteins is different in
developmental and mature pancreas. Addition of fibrimeo islet cultures impacts
protection of integrin expression and cell survival. Wang et{%l.reported that
fibronedin-treated pancreatic islet cultgr@roduce twicethe insulin compared to

unsupplemented suspensson

The measurement of timeechanical properties of soft tissugedifficult and influenced

by post mortentime, age, antiealthconditiors. Also, results areharacterizetby high
standarddeviationtypical for soft tissue?ancreastear stiffnessneasuedin vivo by

magnetic resonancgastographyfMRE) techniqueis intherangeof2 N 0,.a¢ k P a
shown in Fig. 1.2[10]. In vitro tesing was conducted byVex d al. [11], who
determired pancreas propertidsy testing thin slices of thporcine and humanative

tissue Reported workconfirmedresultsin vivo, andindicatal thatthe pancreas haa
nortlinear viscoelastic nature andhechanical properties between healthy and
pathologicabancreasliffer. Moreover, there is no difference in moduli between thinner

and thicker tissue sampglfL2].

T = = —pancreas
> T [T _|~~liver (Wex et al., 2013)
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Figure 1.2 Mechanical properties of pancreas. @)ear deformatiodependents f G 6
(storage modul us) anch (B) fregdehcydependensof thoged u | u s

(reproduced with permission from REEL]).



1.3 Biomaterial composition

Hydrogels are &lass of crosslinked polymeric substances capable of absorbing and
retairing large quantities of wateHydrogels in tissue engineering are classified into
two groups:naturallyderived hydrogels such as gelatin, fibrin, collagesl]ulose,
chitosan, and alginate and syntheticalBrived hydrogels such as Plurdaicor
polyethylene glycol (PEG). They are used in biofabrication and tissue engineering for a
wide array ofapplications such as drug delivdy3], contact lensefl4] and wound
dressingg15]. Someof themare able to mimic the native tissue environment as they
possess several essential features of theenBCM componentfl6]. These ECMike
propertiesallow cell encapsulation in a highly hydrated, mechanically strong 3D
environment; however, both natural and synthetic hydrogels have some limitations.
Natural hydrogels generally have weak mechanical properties wWielsynthetic
counterparts lack majaromponents such dsoactive molecules for cell adhesion or
migration[17]. The bocompatibility of hydrogels is defined by their hydrophilicity.
Hydrogels can absorb up to 1,000 times their original weight in aqueous medium
without dissolving[18], making them ideal for cell encapsulation. Because they are
highly permeable to oxygen, nutrients asttier watersoluble compounddyydrogels

are attractive materialor fabrication of tissue construci$7,19] Finally, hydroget
provide 3D niches for embedded cells which mimic their native tissue envirof2@ent

23]. Among hydrogelsfibrin has distinctive features in promoting cell invasion in a 3D
structure[24], angiogenesif25], andsupports extensive cell growth and proliferation
[26]. Moreover,fibrin hasa significant role in wound healing and has been used in
fabrication of skin graftf27,28]and carbind growthfactors like VEGE[29]. Bacterial
nanocellulose (BC) can bmodified andapplied in tissue engineering due to good
biocompatibility, high water reteioin, and superior mechanical properti€sstinct

5



features of natural and synthetic hydrogels cannot be clearly stated; however, most of

natural hydrogels am@more biocompatible.

1.4 Perfusable devices

Several perfusablehydrogelbased devices have been reportédlesky et al.[30]
developed a@ell-laden construct witanactive perfusion over 45 days p=t (see Fig.
1.3A). Therelativelythick (>1 cm) tissue was compriseticollagen type,lfibrin, and
Pluronic F127 that served assacrificial material. Hydrogels were deposited by 3D
bioprinting proces a complex geometryy extrusiorbased 3D printing (see Section
2.5). Cells within a construct remained viapt®wever theydid not spread inside the

hydrogel, which may indicatihat thestffnesswas too high

A

Printed Vasculature
Cast hNDFs in matrix
Printed hMSCs

Figure 1.3 3D printed perfusable device®\)(schematic geometry of perfusion chip
(reproduced with permission from R¢30]), (B) sprouting of cells from a channel to

the hydrogel matriXreproduced with permission from RE31]).



Another report was published Bjageyama et a[31] and isan interesting approach of
seeding cell®onto a goldwire, while hydrogel surrounds,ishown in Fig.1.3B. The
electric shock detaches cells from the rode to a hydrogel e madl
carboxymethylcellulose (CMChand gelatin.When wire was removed from the
construct, it creatkthe channel through which medias perfusedip to 14 days. So
far, there is no report about perfusable, hydrbgeled deviceontainingcomplex tissue

spheroidsserving for drug screening.

1.5 3D bioprinting

Over the past few decades, numerous hydrogels have been prepared by altering the
chemical backbone of polymers for tissue engineering applications. However, not all
hydrogels can be considered fAbioprintabl
by their rheological properties and the target bioprinting modafibcording to their
bioprinting mechanisms, bioprinting processes can be classified under three major
modalities: extrusioibased bioprinting (EBB), dropkstased bioprinting (DBB), and
laserbased bioprinting (LBB]32i 34]. Each bioprinting modality has different bioink

requirements according to the bioprinting mecharesmployed.

1.5.13D bioprinter types

Extrusionbased bioprinting employs pneumatianechanical or solenoiddriven
micro-extrusion along with a computeontrolled writing procesgsee Fig.1.4A).
Hydrogels used in EBB broadly fall under the category ofNewtonian fluids, where
viscosity is strongly dependent upon shear[i2&¢ Hydrogels with sheahinning and
thixotropic behavior are well suited for EBB processes. In shear thinning hydrogels,
shear forces align the random polymer chains in a favorable direction making them

extrudable. Thixotropy, a timéependent shear thinning behavior, enatiledbioink to
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assume a stable form at rest in the barrel, exhibit low viscosity inside the nozzle tip
during extrusiopand regain its stability postioprinting. In addition, the bioink should
possess low adhesion and surface tension properties to édinighattachment on the
surface of the nozzle tip, and easily overcome the surface teshs@m droplet
formation enabling successful filament extrusion. In addition, the bioink should have
rapid gelation characteristics so that it can retain its sidpeut spreading. Moreover,
appropriate substrate (with high surface roughness and low wettability) should be in
place so that the bioink can stick to the substrate and retain its shape.

Dropletbased bioprinting utilizes various energy sources sucleatie, sound and

heat to generate droplets of bioink in a highoughput mannefsee Fig.1.4B).
According to their droplet generation mechanisms, DBB processes can be classified
under four groups: inkjet (thermal, piezoelectric or electrostatic) Initpgi, electre
hydrodynamic jetting, acoustic droplet election and mialve bioprinting. In general,

the bioink used in DBB should have low viscosity and afitmous nature so that it can
easily flow through the tubing system and nozzle without chlaggiroblems. In
addition, the bioink needs to possess a rheopectic behavior, which isdeperedent
dilatant behavior resulting in increased viscosity as shear is applied triggering droplet
formation due to an increase in viscosity following ejectidre bioink should also have
appropriate surface tension. It should have sufficient wettability to travel through the
cartridge correctly but not leak out, flooding the print head and wetting the exterior of
the nozzle tip. In addition, the droplets shoutdidify immediately after landing.
Dropletsubstrate interactions are also important as appropriate substrate surface

properties are needed to prevent spreading, splashing or rebounding of droplets.



extruded
filament.
N

@ »»»»)

scaffold

Figure 1.4 Schematic models of 3D printers. (A) extrustmsed bioprinting, (B)
dropletbased bioprinting, (C) lasérased bioprintingreproduced with permission from

Ref. [32]).

Laserbased bioprinting utilizes laser energy for fabrication of tissue constructs er high
precision patterning of biologicéee Fig.1.4C). This bioprinting methodcan be
classified under two groups: processes based on cell transfer (i.eguakedt direct
writing (LGDW) [36], matrix-assisted pulsed laser evaporatirect write (MAPLE

DW) [37] or laserinduced forward transfer (LIFT)38]) and processes involving
photopolymerization (i.e., stereolithography (SL8P], dynamic optical projection
stereolithography (DOPsL]40] or two-photon polymerization (2PP@1]). In the
former approach, the bioink is transferred from a cartridge to a substrate by laser
induced jet formation; however, in the latter approach, the laser beam selectively
solidifies a photocurable bioink material through polymerizaj@#j. The bioink used

for cell transfer processes should possess sufficient adhesion and low surface tension
chalcteristics so that it can uniformly spread on the intermediate layer and adhere to it
without dripping. The bioink should easily transfer thermal energy into kinetic energy
and exhibit high viscoelasticity so that wdkfined jets can be formed with reftthe

bioink maintained in the cartridg@3]. The bioink needs to have a rapid gelation
capability so jets can solidify without spreading. Maver, jetsubstrate interactions are

also important (similar to DBB); therefore, an appropriate substrate should be selected



to prevent spreading and splashing of the jets. For bioink in processes involving
photopolymerizationthe photopolymerizable hydgels should be used. The bioink
should be further reinforced with naoxic watersoluble photdnitiators and light
absorbers to initiate photopolymerization and enable fabrication of tissue constructs
with uniform layer thicknespl4]. Stability and higkmechanical strength as well as the
ability to retain cells uniformly distributed in the pearsor solution are other important

requirements of such bioink selection.

1.5.2 Advantage®f 3D bioprinting

Threedimensional (3D) bioprinting has recently gained enormous momentum in
regenerative medicine as a staldne technology for fabrication of living tissues and
organs, which holds great promise for futargan transplantatiof45]. Bioprinting
technology offers greater advantages in fabrication of living tissues due to its ability t
pattern biologics (i.e., living cells, proteins, DNA and drugs) in order to facilitate
appropriate celtell and cellmatrix interactions in 3D constructs with similar
anatomical shapes, while generating samples in athiglughput mannef46]. In
addition, its ability to integrate a vascular network or porous architecture within
fabricated tissues and organs facilitates continuous perfusion and oxygenation-for long
term cultvation.

Bioprinting technology has been used in various venues including tissue engineering
and regenerative medicine, pharmaceutics and drug screening, and cancer research.
Various tissue types have been bioprinted including but not limited to bornggegrt

liver, muscle, skin, vascular and composite tissues; however, the majority of these
tissues are limited to thin, hollow or avascular tisgd@g With recent achievements in
vascular network bioprinting integration into largscale tissue constructs, scientific

barriers towards larger scale organs has been dimini8pdespite the great progress
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in bioprinting research of living tissues and organs through the invention of various
bioprinting techniques, bioprinters, and bioink materials; limited considelfz®been

given to their clinical translatian

1.6 Drug screening devices

One of the products of tissue engineelimdrug screening devices based on cells that
mimic anatomy and physiology of particular tissue. These devices are calleebargan
achip models and usually are basedpmiydimethylsiloxane (PDMS) polymer that
contairs microfluidic channels which representblood vessels. PDMS is stiff,
hydrophilic materialandrequires coating for cell attaclemt, usually by proteins, i.e.
silk [48] or collagenas shown in Fig. 1.549]. Cells adhere to the coated surface and
grow in monolayer and are exposed to the media flaw rilns through the channel.

While perfusingdrugs dissolved in media, it is possible to observe an impact on cells in

a real ime under a microscope.

Figure 1.5 Drug screening devices. (A) PDMS chip model with silk linjreproduced
with permission from Ref48]), (B) TEMS chip model with collagen linir(geproduced

with permission from Ref49]).
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Disadvantage of PDMS modelsvolve lack of adjustment and response for growing
tissues. Also, larger and more complex structures cannot be tested. Thus, demand on
tissuerelevant hydrogel matrix hasisedandit is a promising approach for scaig

organ modelsThis is particularly impotant since more than 30% of medication fails
human clinical trials, bearing high costs. Therefore, chip tissue models may enable

researchers to predict how effective therapeutics will be in clinical studies.

1.7 Future perspective8ioengineered tissuesd bioinks

The vast majority of efforts have been devoted to engineering cells; however,
engineering ECM produced by cells will have great benefits such as improving
mechanical properties of ECM and controlling its miarohitecture (i.e., orientation,
thickness and porosity of protein fibers and composition). For example, successful tissue
regeneration for articular cartilage or muscle requires mechanically improved tissue
constructs rather than simply implanting freshly bioprinted tissue constructesito
sites[50]. New bioink materials can be developed in such a way that the ECM of native

tissue can be recapitulated within these bioink materials primopwinting

Despite the great progress in biomaterial development for tissue engineering and
regenerative medicine, relatively few research endeavors have been devoted to the
developmenbf newbiomaterials for bioprinting processes; the majority of bi@mals
researchers do not consider refinement of their biomaterials for use in the domain of
bioprinting. Therefore, further effort should be devoted to engineering new bioprintable
materials. A new field of study in the design and development of nadeklbmnaterials

is likely to emerge in the near future. In order to develop such bioink materials,
compatible bioprinting processes should be first identified as each bioprinting modality

possesses different requirements for the bioink materials.
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1.8 Sumnmary

Engineered humarvascularizedtissues a the future of medicine. Appropriate
functionality will be reaired fororgan replacemerand in vitrodisease modelS.he
pancreas is just one of ttmegans whererepair of function would significantly raise
quality ofp a t i lden Yascalarization of théissue model plag/important role, as
endothelial cells release molecular mediators #ifect other cellsphenotype and
function. A successful combination ofascularized beteell islets and supportive
hydrogel that mimics natal pancreas environmemtould provide atissue model.
However, to achieve this goal, scaffoldsist be accurately printakile 3D, allow cells
to proliferate according tihetissue mdeltype,and maintain their function over a long

period of time

The firstresearch ainof this dissertation is presented in Chaptertedevelopment of
neovascularize@-cell spheroids that facilitates over 80% viability within-d&y cell
culture wihout necrotic cores critical as a first step to explore the impact of blood
vessel formation on prosperity of pancreatic modlake ultimate goabf this research

is creation of multiscale neovascularization to increase insulin production by at least
50% compared to the control group. The second goal, described in Chapter 3, is to
functionalize bacterial cellulosm order to implement the larg®re, mechanically
reinforcing backbone hydrogel within the fibrin scaffdidom Chapter 2 Bacterial
cellulose has been functionalized @m0 distinct, oppositeicharged materialthat
ionically crosslinks once mergethis new hydrogel was characterizedietermine the
strergth of functionalizationn three different material ratios in terms rmechanical
properties, porosity, and biocompatibilityhe thirdgoal, described in Chapter 4, was

focused orfibrin-CMBCs scaffold with addition of soft tissue ECédmponents in
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orderto maintain high viability, functionality, and neovascularization potentibla#l|
spheroids. Here, ehbest results fronChaptes 2 and 3are incorporated to form a
perfusable, pancreasta-chip devicethat served for both redime insulin secretion

detectionas well as the drug testing.
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Chapter 2 Sprouting Angiogenesis in Engineere&pheroids

Note: Madhuri Dey aided in sprouting quantification and some immunostaining @sd8ugra Ayar* performed surface tension
measurementdsazim K. Moncaf* designedand3D printed moldsand Donna Sosnoski for RHMVEC transduction

This work has been published ldespodiuk M, Dey M, Ayan B, Sosnoski D, Moncal KK, Wu Y, et al. Sprouting Angiogenesis in
Engineered Pseudo Islets. Biofabrication 20181 doi:https://doi.org/10.1088/1758090/aab002.

2.1 Abstract

Despite the recent achievements in -balsed therapies for curing tyfiediabetes
(T1D), vascularization of beté)-cell clusters is still a major roadblock as it is essential
for longterm viability and function ofb-cells in vivo. Here is repored sprouting
angiogenesis in engineersgheroidsmade of mouse insulinonfarC3 cells and rat
heart microvascular endothelial cells (RHMVECS). Upon culturing in ttr@ensional
(3D) constructs under angiogenic conditioggheroid sprouted extensive capillaries
into the surrounding matrix. Ultraorphological analysis througlskological sections
also revealed dudike lumens and presence of capillarization wittgpheroid.
Spheroi@ cultured in 3D constructs maintained their viability and functionality over
time while nonvascularizedgspheroidswithout the presence of RHMES, could not
retain their viability or functionalityHere thedemonstratéangiogenesis in engineered
isletsmay be used witlpatient specific stem cetlerived human beta cellsxdcan be
combined with micrevascular endothelial cells in the near fetdor longterm graft

survival in T1D patients.

2.2 Introduction

Type-1 diabetes (T1D) is a devastating disease caused by malfunction or complete loss
of insulin production by betd)-cells in islets of Langerhans in pancr§ak,52] As a

result, insulin is produced minimally or not at all. In most cases, T1D is caused by an
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autoimmune response, whereby the immune system aftecddts and destroys them

[51]. It is a chronic disease that often leads to severe complications including blindness,
limb amputations, kidney failure, neuropathy, and cardiovascular disgESds5].

Until now, T1D has been managed by subcutaneous insulin injections and cure has been
attempted by the transplantation of cadaveric pancreases or[#&tdhe crucial

aspect of the successful islet transplantatioassularizatio57,58]. The islets are not
directly mnnected to the blood supply, contrary to transplanted solid of§8hs
Revascularization depends upon local recruitment of endothelial cells (ECs) of the
recipient and donor isleterived ECs within the transplant. Revascularization withen th

first few days is critical for islets to regain functig&Y].

Cells in islets are arranged in clusters of-10000 cells representing less than 1% of
the pancreatic mass. They receive as much -20%oof total blood flow to pancreas to
regulate homeostasis in the organ[gdnb]. b-cells are the only cell type in the organism
capable of insulin production; therefore, they must maintain a delicate balance between
function and selfegeneration. Evidence suggests that ECs directly imipaetl
survival as well as insulin gene expresd@d]. Insulin secreted b-cells upregulates
synthesis of endothelial nitric oxide, which promotes Hdhat blood flow [60,61]

Also, b-cells secrete endothelial growth factofVEGF-A), which is crucial foib-cells
development, intrgslet vascularization, and maintenance f[icell mass [62].
Moreover, VEGFA induces proliferation and migration of ECs in the developing
pancreas, and is strictly controlled to maintain appropriate-isigavasculature and
functional architectur§s2]. The extracellular matrix (ECM) of islets includes laminin,
collagen type IV, and perlecan, and serves as a physical barrier for infiltration of
immune cells. The intrgslet ECs contribute to the ECM directly by synthesizing th

basement membrafp&3].
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The current research has focused on engineering pan€realis with ability to secrete
insulin [64,65] The monolayer coulture of human emlonic stem cells (hESC) and
ECs resulted in specific differentiation to pancreéticells even without additional
chemical factorg66]. It allowed for recapitulating interactions between cells in the
developmental niche that is closely alkegl with islet organogenesis. Also, a study by
Johannson et gi67] on rat islets indicated that ECs could affeatell function andn

vitro studies showed that human umbilical vein endothelial cells (HUVECs)ltared

with rat insulinoma cells (IN8) enhanced insulin secretion compared to the-INS
alone culturd68]. Also, rotational ceculture of humarb-cells and EC demonstrated
increased insulin secretidB69]. Researchers have already shown pancreatic pseudo
islets using induced pluripotent stem c¢88], b-cells fromrodent islets caultured

with endothelial progenitor cel[30], andb-cells from rodent cell line coultured with
islet-derived endothelial cellf71]. According to our best knowledge, no study has
demonstrated the angiogenic potential of pseudo islets and impact of capillarization on

islet viability and function.

Hereis reporedthe sprouting angiogenesisircell clusters in a thredimensional (3D)
hydrogel culture The murine pancreatic betzll line ®-TC3 cells)and rat heart
microvessel endothelial cells (RHMVECSs) were grown in clusters similar to the islet
structure recreating a natNige environment. These clusters, henceforth referred as
engineeredspheroids sprouted capillaries intthe hydrogel as well as facilitated
neovascularization, which, in turn, increased the viability and functibrcefl clusters

over time
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2.3  Materialsand Methods

2.3.1 Cell culture

Mouse insulinoma beta bTC3 cells( BC3s) a ki nd gidds Zawanz Dv a
| aboratory (The University of | owa, | ow

Modi fied Eagl eds Medi um ( DMEM; Corning C

with 20% fetal bovine serum (Life Techno
pyrug¢bitfte Technol ogies), 2 mM Gl utamax (
penicilldagnh mG, sit0eptomycin (Life Technol ¢

endot hel i al cells (RHMVECs) (VEC Technol
MCDB 131 medi eml g€Co)nismgppCemented with 5
mM Gl ut aspmaAmlL hydrocoAtdsowoéd, (St gagd mui s,
human epi der mal gA lodvrt ihc hf)a ct b2 @¢/i glmab o v
(Lonza, Walkersville, &MD)g0mDOs tUr enht pmnc i
were maintainedzhautmi3d7i fAG di natamoss¥% Cer e. Ce
changed-3edayyg. 2Subconfluent cultures wer
0.25% -0r YWsIEMTA solution (Life Technol oc
growt h. Passages 9 th2owgh e 1bbTsCe8d dcfed 0 st fe

RHMVECSs, respectively.

2.3.2 Mold fabrication for 3D culture

Negative patterns were eeaedilamred owi tdi

di ameters on top of the mold surface. P
Corrpact i on, Ext on, PA) -dwanse nussi eodn atl o (c3rDe) a tceo
design (CAD) model. The CAD model was t he

file to fabricate the mRed IBIipgyi mt Prer fRA
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Detro)i.t, AarMBsghuti on materi al, HTM140M, (
print thelmpl dTli&Eigybi hdarsawemiecB860 Om i

a total number of 124 wells. After 3D pr

detachedakseomwabBéded with detergent, then
under ultraviolet (UV) l ight for (RPP mi n.
Corp., Mt. Prospect, IL) was dissolvéedn Mi | | i Q water, t hen a

agarose waslpguiedocahef negati ve mol d an
temperature; agarose molds were then det.
needle, and removed by strong concussi on
mol ds wereri aOuilmatned nfdwo changes of aprg

then stored under sterile conditions at y

2.33 Fabrication of engineerespheroids

On reaching 70% confl uence, bTC3 cell s &
culture flasks usingrypsin; cell media was added to deactivate trypsin and suspension

was centrifuged for 5 min at 1,600 rpm. Cells were counted using a hemocytometer.
bTC3 and RHMVECs were combined in ratios
rati o was Greaetldds ywllyT@Qs a cb&cellsweré gr o
suspended in 100L of medium and carefully pipetted on the top chamber of the agarose
mold. Gravity acted to pull cells down into the agarose wells and cells then aggregated

as explained previaly [72] ( F i2d@ B Over the next 9 h, at 3 h intervals, a small
amount (~1500L) of fresh medium was gent
nutrition for the developingpheroid. The Petri dish containing the molds was also

filled with cell culture media to ensuproper hydration of agarose molds. After 12 h,

spheroid compacted and media was changed every 24 h.

19



2.3.4 Morphological analysis

TheTCB3nly, 2:1,spher dwed egracslsppyed f or si ze
three time poi PAtts:ealc,h 5,i neen dp ol ndghhgssh@i o i
for three cell ratioslfcreldowasonit as donad
an EVOS FL Auto inverted microscope (Ther

bright fi el d dnofdfee.r eTnhcee rienl aatvievredlgy diname't

-V,
107y day was deter mig%ﬂ—éblﬁcyThdwemoerqmmalioogn
1

Spherowads deter mined by r azcontainimgspheroigng of
Spheroid were observed and imaged on the EVOS FL Auto inverted light microscope

to visualize mold characteristics asid h e rnwriptwlsgyvertically dimension.

2.35 Surface tension measurement

In order to measure the surface tensiospbferoid, a micropipe# aspiration technique
was performed according to a previous stif@]. The customized straight micropipette
was fabricated from a borosilicate glass Pasteur pipet (VWR, 13463 3Radnor, PA)
using a P97 Flaming/Brown micropipette puller (Sutter Instrument, Novato, CA).
Aspirated spheroié were monitored via ST®IC33USB mowchromatic camera
(Sentech, Japan) equipped witB1448 and 61449 adaptor tubes (Navitar, Rochester,
NY). Surface tension of theTC3-only, 2:1, and 1:1 groups were measured at Days 1,

5, and 10.

2.3.6 Scanning electron microscopy (SEM) imaging

Field emission scanning electron microscopy (SEM) (Zeiss SIGMAFEBEM) was
used to investigate the surface topographspbieroid. Spheroid were harvested after
three days of culture in the agarose mold and fixed in 4% paraformaldeh$deg ma

20



Al d r avernight. Spheroid were then carefully washed in PBS and dehydrated using
graded ethanol solutions (25 to 100%). To ensure complete removal ofsphtngic

were then further dried in a critical point dryer (CPD300, Leica®,t z | ar ,). Ger mae
On completedehydration spheroid were sputter coated with gold using the-tal

SCD-050 Sputter Coater (Leitand observed at an accelerating voltage k¥ .3

2.3.7 Flow Cytometry

Fl ow cytometry was performed in order t
RHMVECs of cultured frestandingspheroié. Prior to analysis, RHMVEC were
transduced with EF1 tdTomato lentivector (Vectalys, Toulouse, France) by 5 h

i ncubat i on -welplatd. Theduolestengositbve cells were sorted using

a MoFlo Astrios sorter (Brckman Coulter, Pasadena, TA).e br i ght est <cel |
(52. 1%, AplpewnS ixm pAl: e rhe ®A1ar,y and col |l ected
c ul tSphereid in2:1 and 1:1 ratios after 1, 5, and 10 day culture were collected in

1.5 mL tubes and trypsinized for approximately 30 minutes until segregated toe single

cell suspension. Cells were then collected through centrifugation at 1,500 rpm for 5 min
and fixed ovenight with 4% formaldehyde solution (Sigraddrich). Suspension of

cells at each ratio and time point were stained with guinea pignaatin antibody
(Ab7842, Abcam) followed bythg 0o at-g minnéa pi g secondary an
488, Li ogi®€®asqghaokl bTC3 cell s. Sampl e an

LSR Fortessa Flow Cytometer (BD, San Jose, CA) by acquiring at least 30,000 cells.

2.3.8 Transmission electron microscopy (TEM) imaging

Transmission electron microscopy (TEM) was perfed using a Tecnai %20
microscope (FEI Company, Hillsboro, OR)Spheroid were fixed in 4%

paraformaldehydé S i @\rha r for 8Chmin and then centrifuged shortly to form cell
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pellet and quickly washedinOM cacodyl ate buffer. The pe
1% Qe 0Oeat ment for 60t rma ant. meAnftt,ert hteh ep edslC
washed in the aeaoofiprattl® biuihfemMNexg, En B
out using 2% wuranyl acetate diluted in !
dehydrated using grad%e®W) eanrhainmd arod uitmop
before finally embiend.diFiogl Itohweimm g nt heep oexpyo xrye
sections of the specimen were obtained b
by mounting them on TEM gesiedcst.i olnhen gg rwii d &

acetate and | ead ci tnrdatod stea vien cred d sud atr h d

The TEM i msdeandp hegf oweedr e used to quanti fy
bTC8nl vy, 2:dphearnadiTdhel i mages were process

(NIH) using the Multipoimsulfoonl gphngl a ¢tc

239 Culturingspheroid in fibrin hydrogel constructs

Fibrin hydrogel was prepared by bl endinq
pl as ma -A( Slirg me ) and bovine t hAlodmbiicnh ) f r oBm
soluti onsoweee@d sSleparately in DPBS in the

fi brinogen and 3 U/mL thrombin at 37 AC.

amounts yielding a final concentration ol
Sphes owedr e sgpeemtdleyd siun t hr ombi n, which was
gent |l e, t hor ouehr omisp e tntkierdg ,s utstpee ngi en wa ¢

round cover sWwelplk placed Anhtar 285 min of
cel | me diiat emda somd etpop of fibrin. The cul t
ratibdCeédi a a-B8WY B6&WMIi a (Lonza) as it yielod¢

for both cel | s Fatbracdted fibnnoconstsidisovenestalledeintoea) .
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live cell imaging chamber and observed using a KeyenceQ®XE microscope

(Keyence Corp, Boston, MA). Images were captured every hour for a 64 h period.

2.3.10 Cell viability and proliferation

Three rspthies,oialfone and embedded in fibrir
viability at three tiSpdhepowanres, r dmovoed af
agarose well and r i nLsiefde tThercehen otlionge se swi.t hA

of Dul beccodfsf prhed phaltiend ( DPBS; Life Tei
calceimAM (Il nvitrogen, Carl sbad, CA) and 4
Technologies) was added to teeheroid or fibrin constructs. Plates were protected
from |light and i ncuforaup ®8 h fallowed 3y rindi@ withn 5 %
DBPS three times. Frestanding spheroid and those embedded in fibrin were
transferred to the glagottom di s hes for Il maging on con
mi croscopy (Ol ympus FV1O0i, @lyy mpPlAy, tAmed
calcein (excitation 499, emi ssion 520)
emi ssion 603). Ten representative areas
randomly selected for I maging. ¥tabnalt
I nstitutes of Health (Nd@Hhesr.ofikdomt othalee &

runs were quantified.

Cel | apoptosi s was3/detacertmivnad by says mas d
1, 5, Sapnhdesrlo®v)dr e t r ans freorsree dweflrlo nm ot hae taugoae
i n 1 mL fresh cel l cul ture me3di7a gwietem
ReadyProbesE reagent (Ther mofis&sphasr 6éiod

were observed using | aser scanning micr o:
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Cdl proliferation was determined by a -(8,5Dimethylthiazot2-yl)-2,5
Diphenyltetrazolium Bromide (MTT) assay (Life Technologi€¥)heroié from one

complete mold were used per each time point for each cell ratio. An equivalent number

of cells not culturd in the molds was used as a reference coi@pbleroid were flushed

from agarose wells, washed twice with DPBS (Life Technologies), and suspended in
100 OL of the media withoutl2 hneM oMT Tr esdo.| uT
was addedhl aamk acscsmsyi st ed of cel | medi um
controls were incubated at 37AC for 4 h.
removed and 100 OL of di mALt dyil obBul fwaxi de
thoroughly mixedatwi3t7hA Canfdori nlcOu braitre.d Sa mp |
and t he absorbance was r eaa d P o wrente@ld Gaet e Ky

spectrophotometer (BioTek, Wi noos ki, VT)

software (Biotek)

2.3.11 Immunostaining imaging

To determine the cell distribution and demonstrate endothelial sprouting and
angiogenesis, mmuno st ai ni ng was pe-plfaotremeedt uesn dnogt
cel | a d h e s(PECAM-Inantibedy (Ab28364, Abcam, Cambridge, MA) to
label RHMVECs anguineapiganti nsul in anti body (Ab7842,

Nuclei were stained with Hoech3t3 2 (Ft&rmoFisher).

Thephesr oeimbedded within the fi bwend |l cordsattr

for 1 and 3 days, andpédrhaefno rf maledk lhoguwdeacn(i)Jil

at 4 AC. Constructs were then washed 3
temperatur e. Permeabilization-1w@as (-piegma
Al drich) and 5% nor mal goat ser ufnor( Alb cha.m
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Primary antibodies were dilut-edamnd DIde&i
insulin) applied to constructs. After ovVe
3 times (10 min each in DPBRSEDI t P(EADAKbas d ¢
Fluor 647, Life Technologies) diluted 1:'!
h at room temperature in dark and then w;:
angui nea pig secondary antibodyt(eAl dx & 0RI,
was incubated within the constructs for

foll owed by 10 min DPBS wash and incubate
were washed three times per 10 rhierd iwatR2RE
and then placed on a dropl et odotveemadihs ke
for imaging on a confocal | aser scanning
FIl uor 568 (excitation 577, emi6s5s3i,0 ne nt 0s3s)i

668) . |l magesowered psgueen for PECAM and r

2.3.12 Insulin secretion analysis

The insulin secretion analysis was condu
bTCBnl vy, 2: 1pT@dndd 1RHMVCECy elrye.s plexKriebs bu
freshly prepared (25 mM HEPESS mM5 K@M, Na
MgGl 0.2g 0.1% BS®)di §esotwedfM@aH sol uti
Caednd the pH was adjusted to 7. 4 hamiouhg hl |

0.22 Om filter and stored at 4 AC.

Only a single glucose stimulationbWw@3 per
cells on el ev[aT7.4 dT hgel ruecfoosree ,| e2v8e INsM gl ucos e
in the 1x Kr ebsplesfbdlieGd3n | AJ) | 2 odr, otudpesd) ,1 :wie

shortly rinsed in a glucose solution and
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1 h in 37 ACA&anheér5%wn€0Obation, samples we
5 min, the supernat a0 W&s foki n hed Mkmean d
i mmunosor bent assay (ELI SA) anal ysi s an
separa?2@l ACi hor DNA quantification. Mo u s
( Al pco, Sal em, NH) was use@test oainddelt2em@te $ n
after glucose s} nfolaaitdiaotn0 otf e setx paetr itmeen tils .

was performed according to manufacturer
solution or sample was apcpolaiteedd iEnt bdBuAmItiec
and then, 75 OL of HRP conjugate was add
(300 rpm) and then rinsed thoroughly siXx
of the final wash, 100 OL of TMBl aubdswas
incubated for 30 min on a platform shake
stop solution was added into each well . £
om Power-3v@esXectrophotometer (Bi @TFTek) a
calculated by KCjunior software. The DNA
and time point was detected by CyQUANT Ce
and the DN CSBorctedrnts awfer e obtained by mult
with the HPECT easlplpesrioaitd di fferent ratios

obtained DNACBomrmtéhts fwas used to no’r mal i :

bTC3 cel | s.

2.3.13 Quantification of endothelial sprouting

Images ofspheroid ercapsulated in fibrin were taken at Day 1, 3 and 5 on the EVOS
FL Auto. These images were then processed on ImageJ software (NIH) using the
Angiogenesis Analyzer plugiir5] to generate a skeleton of the sprouts. The generated

skeleton was further analyzed using the Analyze Skeleton plugin to quantify the sprout
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length and number. The average sprouting length and the average sprout number was
calculated for a set of 1&pheroid for each group (2:1 and 1:1) at each time poiny(Da

1, 3and 5).

2.3.14 Histology study

Sphes oiird t hrbereCodty,r2d,uapdsl:1)(embedded in fibknn 1 2
mm cover slips were cwletldr epdsaftlteesd dlidader d:
constructs were stabilized by overlaying
to fixation in 4% (VvViIAM)rpaiPQ f oartenash idghhty.d
constructs were embedded in paraffin usi
1020). The constructs were gradually dehy
sections and placedtoonons wkhkaegsesd ashiede i
eosin (H&E) wusing Leica Autostainer XL (L
mounted to the slides with Xylene Substit
viewed wunder the Ol ympus BX51 (Ol ympus)

manuf acst wsrodrt war e .

2.3.15 Statistical Analysis

Due to the large number of data points analyzed, the average diamgpbieddid is

shown as the mean, and error bars represent the standard deviation from the mean. All
other data are reported as the mean etitbr bars indicating the standard error of the

mean. Statistical significance was determined usingwme analysis of variance

( ANOVA) on MI NI TAB 17. 3 (Minitahb Il nc. , :
multiple comparison test was used to determinarttividual differences among the

groups. Results were considered significant with a confidence level of 95%, where p <

0.05 (*), p<0.01 (**), and p < 0.001 (***).
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23. Results

2.3.1. Spheroidfabrication and characterization

In this investigation,bTC3 cellsand RHMVECs were coultured for spheroid
formation in three ratioshTC3-only, 2:1 and 1:1, fobTC3 cells andRHMVECs,
respectively. Inspheroig, bTC3 cells provided the insulisecreing component and

RHMVECSs served to strengthepheroidormation and facilitate angiogenic sprouting.

agarose mold with
micro-wells

mN/m

1

Dgys 10

Figure 2.1 Spheroidfabrication and morphology. (A) 3D printed negative mold for
agarose casting (B) Agarose mold in a Petri dish surrounded by the cell culture media
(top), anspheroidon the top view (bottom, left), the cutaway view of an agarose mold
showingspheroidat the bottom of a micravell on Day 3 (bottom, right). (C) Surface

tension obTC3-only, 2:1, and 1:1 groupheroid measured at Day 1, 5, and 10 (n=3)
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Agarose has been extensively used for molds that facilitate cell fusion[ir6RDrhe

printed plastic mold (Fig2.1A) is characterized blyigh resolution of fine details and a

superior surface finish. When filled withiquefied agarose, the mold formed
reproducible uniform hydrogel with 124 miewwe | | s wi t h a 300 Om di
in Fig. 2.1B (top).After 24 h of incubation in hiocompatible, nottoxic, mechanically

stable, and neadhesiveagarose moldspheroid had a compact and rigid morphology

(Fig. 2.1B, bottom left and right) that allowed to be flushed out of the mold with a gentle
pipetting. Surface tension for eadpheroidgroup was measured at Days 1 and 5. On

Day 1, surface tensionsbfC3-only,2:1,ad  1: 1 groups were meas:.u
5.99 N 2.09, and 19.99 N 4.79 mN/m, resrg
spheroidwas found to be significantly greater than eitb@iC3-only or 2:1 ratio
spheroidat Day 1. However, there was no notethgrdifference betweehTC3-only

and 2:1 ratio. On Day 5, the surface tension of 2:1 angdphéroid were determined

to be 12. AB08N3.88mNent AwDayd10, the surface tension of 2:1 and

1:1 groups were 3. 84 Nespect@edy. Thensdrface gensdrb N
of spheroidin 1:1 group was significantly greater than that in 2:1 group. The surface

tension ofoTC3-only group was not able to be measured at Day 5 and 10, due to their

weak mechanical properties.
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BTC3-only

Figure 2.2 (A) Spheroiddiameter changed over time for three different groups (n=15).
(B) SEM images of threday culturedspheroid with a highmagnification view of their

surface morphology.

Spheroiddiameters wer measured at 1, 5, and 10 days (Fi@AR The average

diameter obTC3-onl y gr oup s e e de o celistimoldiocreasedrover at i o
33% over al0O-day period. A similar trend was observed wiEiC3 were seeded at

21 % 6ells/mold and increased over 24%. The average diametd&T®6B-only

spheroi¢ s e e d e HYcells/mold 3ntrdaged only by 16% over thedsy period

suggesting that the mictgell size limits the maximum diameter of tlspheroid.

30



Similar results wereeen inspheroid

cells/mold were seeded, the average diameter in 2:1 and 1:1 group increased by 25%

and

by 15% for both 2:1 and 1:Ir@ups over the Hday period. Finally, cell seeded at the

15 %,

r e s p e gcells/madd| the averdgmherogtiiathdtet ifcreased

f or med

b

y

2

1

ant

densi t ycels/Mmoldidcreaded by 12% (2:1) and 9% (1:1) over théalperiod.

Based on

gr owt h

rat e

and

2 T $oells/mold was usefbr the rest of the study.

SEM images on three dagsiltured spheroié demonstrated solid, compact and
sphericalshaped structure (Fig.ZB). The ECM was deposited by cells and presented
as slightly irregular crown on the surface, which is magnifietlerbbttom row of Fig.

2.2B. RHMVECs contributed directly to synthesizing the ECM, which includes
collagen type IV and laminifi77] and serves as physical barrier for immune system
cells. Therefore, in 2:1 and 1:1 groups, higher amount of ECM was deposited and

spheroidin these groups were characterized by smoother surface topology and round

morphology.
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Figure 2.3 Flow cytometry based on segregatspgheroié made of tdTomato
RHMVECs anbTC3 cells stained with insulin. The analysis was performed at Days 1,

5, and 10 for both groups, 2:1 and 1:1.

The flow cytometry results show twostinguish populations of tdTomdtBHMVECs
andbTC3 at every time point with some unstained cell debris @8&). At Day 1, the
detected ratio was consistent with the experimental setup, where 2:1 group contained
twice morebTC3 cells than RHMVECs and in 1:1 ratio the proportion was equal. The
bTC3 ratio inspheroid diminished from 54 to 23% and 37 to 11% between Day 1 and
10 for 2:1 and 1:1 group, respectively. On the other hand, RMHVEC ratio increased

from 26 to 46% and 3® 66% between Day 1 and 10 for 2:1 and 1:1 group, respectively.

2.3.2. Cell viability and proliferation

Cell viability in spheroid was detected over a-tiay culture, for both frestanding

spheroid andspheroid embedded in fibrin hydrogel (with sptimg angiogenesis). The

average viability of frestandingbTC3-only spheroid was 87. 41 N 4. 24
73.25 N 1.02% at Day 5, 24AdTheaveragetviadlitys. 0 9 ¢
decreased significantly (by over 35%) over thedh§ period.This trend was not

observed for the 2:1 and 1:1 groups, where cell viability was maintained from 83 to 91%

for 2:1 group and 88 to 92% for 1:1 group during thed&® culture. The viability rate

did not change significantly neither for 2:1 nor 1:1 grougrothe 16day period.

Strongly decreasing tendency in viabilitydmC3-only group suggest that the presence

of RHMVECs increased the viability spheroid.
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Figure 2.4 (A) Quantification of cell viability on frestandingspheroid (left) and
spheroid embedded in fibrin (right) over 1, 5, and, 10 days (n=10). (B) Proliferation
rate conducted on MTT assay over the same time points (n=4). (C) Representative
pictures of ive/dead staining at Day 1 (top row), 5 (middle row), and 10 (bottom row)
for freestanding (left panel) and fibHeambedded (right panel) culture fof C3-only

(left), 2:1 (middle), and 1:1 (right) group sbheroid.

The viability study revealed similaendencies fospheroid embedded in fibrin (Fig.

24A, right), where similar tendencies were noted. The average viabiliy©3-only
group was 86.09 N 4.38% at Day 1, 75. 58
10. The average viability decreased3?.41% over the @8ay period. Such trend was

not observed for other groups, where the average viability was remained ~85% for 2:1
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group and ~90% for 1:1 group over time. The MTT results (EiB) show that
proliferation ofbTC3-only spheroi@ signifiantly decreased over time by more than
60% from Day 1 to 10. The 2:1 and 1:1 radheroié had a stable proliferation rate
(which did not differ significantly over time) indicating that 3D @dture ofbTC3 and
RMHVEC supported cell proliferation and confirms the live/dead staining results. The
representative pictures from live/dead stairang presented in Fig.4C, for both free
standing (left panel) and fibrembeddedspheroid (right panel), wher®TC3-only
group exhibited significant cell death. Based on the results of ca3passy, more
apoptosis presented T C3-only spheroidin both freestanding and fibrirembedding
groups. These results were in line with the viability study performed ir2 Big.

Caspase-activated apaptosis in free-standing spheroids ~ Caspase-activated apaptosis in fibrin-embedded spheroids

BTC3 2:1 11 BTC3 2:1 11

1 day

S day

Figure 2.5 Representative pictures of caspas@ivated apoptosis at 1 (top row), 5
(middle row), and 10 (bottom row) days of freanding (left panel) and fibrn
embedded (right panel) culture flofC3-only (left), 2:1 (middle), and 1:1 (right) ratio

of spheroid.
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2.3.3. Functional analysis afpheroid

In TEM images, insulin granules were visible in 70 nm thick sectiorspbéroid.

These uniqué-cell granules were visible in different stages of maturation and were
surrounded by characteristic halo and membfa8k The granules were present in each
group (Fig.2.6A) in both early and late culture stages. Early insulin granules had larger,
sparse granules with faded membrane (Ei§A, red arrows); rature granules had a
dense core and clearly defined membrane @&, blue arrows). The insulin granules

of bTC3 cells, which is a mouse insulinoma cell line, had a diameter not exceeding 250
nm that corresponds to the size of rat insulin granulesrigd3eported by Fava et al.

[78]. The number of insulin granules in freanding 2:1 and 1:1 ratepheroid after

three days of culture was slightly higher tHaRC3-only group, but not statisally

significant (Fig.2.6B).

Freestandingspheroid@ in two ratios, 2:1 and 1:1, were immunostained for insulin to
label thebTC3 cells, and platelet endothelial cell adhesion molecule (PECAM
identify the endothelial cells. The confocal imagg®wn in Fig2.6C, indicate uniform
distribution of each cell type and strong expression of insuspheroié. Angiogenesis

was not observed within fregandingspheroid.
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Figure 2.6 (A) Ultra-morphology ofspheroidshowing the vesicles containing insulin
granules in each groufTC3-only (left), 2:1 (middle), and 1:1 (right). The arrows
indicate immature (red) and mature (blue) insulin granules. (B)kéurof insulin
granules per cell iBTC3-only, 2:1, and 1:1 groups (n=15). (C) Immunocytochemistry
of spheroié with RHMVECs stained for PECAM (greef)TC3 insulin (red), and
nuclei (blue). (D) Insulin secretion in picograms normalized peHIC3s inbTC3-

only, 2:1, and 1:1 groups in respect to 1, 5, and 10 days of culture (n=6).

The insulin secretion ibTC3-only spheroid was maintained at the same level over 10
days, around 3.6 pg insulinf@ells, while the 2:1 and 1:$pheroid represent
statistically significant, foufold higher insulin secretion per cell at Day 1, 14.4 and 15.3
pg insulin/108 cells, respectively. On Day 5, higher levels of insulin were detected in 2:1
and 1:1 groups compared to th&C3-only group, with 16.4 and 7.8 \&rs 3.6 pg
insulin per 18 cells, respectively. On Day 1®TC3-only group secreted 3.9 pg
insulin/1® cells, significantly lower than 2:1 (with 11.1 pg?i€ells) and 1:1 (18.5

pg/1@ cells) groups.
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2.3.4. Sprouting Angiogenesis

In this work,spheroid were embedded in fibrin hydrogel to induce angiogenesis. Over
the 64 h culturespheroid were observed to form extensive capillarization (EigA).
Endothelial sprouts developed approximately 20 h after seeding and formed a more
complex vasculature over time. When placed close to each spiheroid were able to

fuse, contract and create a void space in fibrin matrix as shown &xFAg(redarrows).

Fibrin microstructure allowed migration of RHMVECs, whidl@ C3 cells maintained

their position within thespheroid.

A T il ‘g o R 44h ' 64h

2:1
%
g\

Capillary formation

"~ 50 um
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Figure 2.7 Spheroid seeded within fibrin hydrogel. (A) Time lapse images of 2:1 (top)
and 1:1 (bottom) groups over a 64 h period (Note: the tear causegheyoid
contraction is shown by red arrows). (B) Immunocytochemistry images illustrating
endothelial cells sproutingprouting between twspheroid in 2:1 group (top) and in
the core and outside of tepheroidn 1:1 group (middle and bottom). Immunostaining
with PECAM (CD31) stains RHMVECs in green, insulin stddM€3 in red, and nuclei

are shown in blue.

Immunocytochemistry was performed @pheroid to understand the sprouting
behavior of RHMVECs. RHMVECs exhibited typical endothelial sprouting into the
fibrin matrix, while bTC3 cells (stained with insulin) were maintained within the
spheroidover the culre period. Wherspheroid were placed close together, sprouts
between them tended to merge as what appears to be a nascent vascular network (Fig.
2.7B, top). Also, RHMVECSs started to form capillaries after two days in culture (Fig.
2.7B (middle)) and crated angiogenic sprouts over a fday time period (Fig2.7B,

bottom).

Due to lack of supportive cells (such as fibroblasts, smooth muscle cells or pericytes
[79]) in fibrin matrix, intensive capillarization was formed arowptheroid at Day 10
disabling the quantification in ImageJ. Moreover, observatiomatldime-point was
essential to understand the sprouting mechanism. TherBfays, 1, 3wereselected

and 5 as time points instead of Days 1, 5 and 10. Average sproutiniy Erythe
number of sprouts were determined for 2:1 and 1:1 groups at three time points (1, 3, and
5 days) as shown in Fig.8A. For 2:1 group, sprouting length increased by 28% by Day

3 and 64% by Day 5. The number of sprouts increased by 75% from apdy 3,
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but no significant increase was observed from Day 3 to Day 5. A similar increase in the

average sprout length was also observed for 1:1 group, which was increased by 65%

from Day 1 to Day 3 and 83% from Day 1 to Day 5.

A Sprouting length
aes 1 day

see £3 3 days
= 5 days

Average length (um)

Number of sprouts

400+
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Sprouting density
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o 1day
3 3 days
@m 5 days

Figure 2.8 (A) Average sprouting length (left) and the number of sprouts (right) over a

period of five days (n=5) (B) H&E staining ofspheroid; bTC3-only (left), 2:1

(middle), and 1:1 (right) cultured in fibrin and imaged at 20X and 40X. The blue arrows

indicate the void space caused by contractiospbiroid and the red arrows indicate

the endothelial sprouting.

In order to investigate the nigarchitecture for capillarizatiospheroi@d of each ratio

were processed for histological sectioning and H&E staining. The morphology in both

2:1 and 1:1 groups showed the presence ofliketstructures within thepheroid In

2:1 group, where thereese morebTC3 cells than RHMVECSs, the morphology was

more compact, with smaller sprouts (RR8B, middle red arrows). However, the duct
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like lumens were still present. The 1:1 group is characterized by looser arrangement
with larger channelike structues. More pronounced contractionspheroidat the 1:1

ratio caused a tear in the fibrin hydrogel, as shown inZ8@ (right, blue arrows).

24. Discussions

Formation of tissue spheroids in molds made of ag§r@s&0,81] polyethylene glycol

[82] and polydimethylsiloxane[83] has been previously discussed elsewhere. This
affordable technique offers the ability to fabricate a large numbspledroid (in this

case, 124) at one time. The shortcomings of this tgdenare random distribution of

cells, especially for coultured cells, a variation in the exact cell numbergpéeroid

and the necessity to flush out cells where the physical force can trigger off
disaggregation. The size of wells affected $paeroid formation. In our preliminary
study, mol ds with wel!/l Si zesApperfdix 00 an
Supplementary FigS2.2), wherespheroid overgrew and large deviations in their

di ameters were observed wher easspheooldds wi -
with tight control on their dimensions. FrsandingbTC3-only spheroid were very

fragile after a few days in culture. They disaggregated easily, particularly during the
extraction fromthe molbT C3 cel | s wer e unabl e tdoe mai ni
to minimal ECM depositiof63]. Theseobservations were validated by surface tension
measurements, whebd& C3-only spheroiddemonstrated low surface tension on Day 1,

which was not even detectable by Day 5. This can be attributed to limited ECM
deposition bybTC3 cells as well as the hypoxiaduced cell death as presented in the
viability study. The 2:1 and 1:1 groups demonstrated significantly higher surface
tensions with better structural integrity that did not change from Day 1 to 5. This is likely

due to the deposition of ECM proteins daydothelial cell$63], and can readily be seen
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in the SEM images presented in FARB. In spheroi@, intercellular adhesion forces
determined the final configuration of the spheroid by minimizing the total surface free
energy. As a resulspheroid with RHMVECs became more spherical in shig#g.

The increased mechanical properties and higher amount of deposited and remodeled
ECMin 2:1 and 1:1 groups led to a negative effect ooutprg angiogenesis as robust
capillary formation did not take place in matggheroid during the experiments (data

not shown) confirming on earlier stu®5]. Therefore spheroid were embedded in

fibrin after the overnight culture in molds.

The size oSpheroid in each group increased over time, even as the viability decreased.
It is assumd that this behaviowas caused by proliferation zone in which the outside
layer thickness increased despite the necrotic core ifbE&-only group[2]. The
growth rate was stable as tlspheroid were maintained in micieells, which
restrained their proliferation. In the literature, it was reported that necrosis of spheroids
in the core begins to occur when the diameter ofstiter uct ur e epRlceeds
Necrosis is caused by the limited miswell volume and therefore the lack of nutrient
penetration to thepheroidcore. In 2:1 and 1:1 groups, the strong adhesion exhibited by
RHMVECs and the ECM components produced by them could contribute to the limited
expansion of thepheroid. However,spheroié exhibited an increase in their diameter
under all seeding conditions, suggesting cell proliferation, proper growth conditions and

a synergistic relationship between the pancreatic and vascular cells.

The flow cytometry was performed to detect the populatiorbBE3 cells and
RHMVECs over the l4@lay culture for both ratios (Fi@.3). Results confirmed the
original seeding ratios &iay 1; however, at the later time points, RHMVECSs presented

a tendency to proliferate in a higher rate thaiC3 cells, causing outgrowth over the
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10-day culture for both ratios (Fig.3). Thus, further research is needed to investigate
a gold ratio betwenb-cells and endothelial cells to maintain high viability, but avoiding

overgrow of endothelial cells amosgheroid@ in a longterm culture.

During culture,spheroid wereconstantlysurrounded with fresh media. Viability of
bTC3-only group decreased significantly over 10 days, while the 2:1 and 1:1 ratio
spheroid maintained their viability (~85%) in same conditions. While it was expected
that 2:1 and 1:1 groups would be denser hED3-only one,no significant decrease in

their viability was not observd. Since freestanding spheroid did not exhibit
angiogenesis, the phenomena on sustained viability could be explained by the research
of Korff and Augustin86], which suggests that while the single suspended cells cannot
survive, the aggregated endothelial cells mediate intercellular contact and contribute the
cell survival. The external layer of endothelial cedispressespolarized stface
molecules that lead to contact development between cells. In the core, RHMVECs were
exposed to necessary survival factors, which prevented apoptosis. Additidnizlly,
proved that bTC3 cells secrete nitric oxide and VEGF that additionally supported
endothelial cells survival and RHMVECSs increased the mechanical properties of the

spheroi@ giving the proper matrix to grow fomr C3 cells[60].

For spheroid embeded in fibrin, the media was added on the top of constructs and
therefore cells had limited exposure to media. The decrease in the viabbityCaf

only group within 10 days (Fig2.4-5) was similar when they were cultured in free
standing formThe 3D matrix formed by fibrin mechanically supportet@C3 cells to
maintain their viability with limited supplementation of media compared to the free
standing groupSpheroidé in 2:1 and 1:1 ratio embedded in fibrin maintained a high

viability, similar to he freestanding ones. The viability in fibrin was maintained at a
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high level due to the expansive growth of RHMVECs and capillarizdtimsuspected

that micrecapillaries could be instrumental in delivering nutrients to the core of the
spheroid enhacing the viability obTC3. A dead core imbservedspheroidwas barely
observed Since live/dead staining is not specific for the cell lingsjs not
distinguistable if the deathoccurred inbTC3 cellsor RHMVECSs; however, weak
fluorescence signal fro insulin in the core indicates that more ddafiC3 cells were
present in the core compared to the outer regions. Such weak fluorescence signal from
insulin did not appear ispheroid with smaller diameter even in longer incubation

periods as shown iAppendix A:Supplementary Figs2.3.

The immature and mature granules differ in internal composition and organization. The
immature insulin granules, visible in the TEM images (RgA), underwent a
maturation process, where proteolytic conversion b&gamproinsulin to insulin in the
granule core. The process is called a passive condeng@@ignwhere insulin is
crystallized in the form of granules with zinocacalcium elements in a dense core.
Additionally, the uncondensed proteins are removed outside the menj®8hnalso,

the membrane undergoes selective trafficking to one of two pathways, secretion or
degradation. Both maturation states were present forggdaeroidgroup indicating the
natural process of insulin production. The fstandingspheroid were procesed for

TEM imagining on Day 3 of culture. Slightly higher insulin granule content was
detected for 2:1 and 1:1 groups comparedi@3-only; however, no significant
difference was found. The immunostaining on 1€ day (Fig.2.6C) presented a
uniform dstribution of both cell types with strong expression of insulin within the

spheroid.
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The normalized results of insulin secretion over time in both 2:1 and 1:1 groups indicates
increased insulin secretion by C3 cells significantly after 10 days of cultuicompared

to thebTC3-only group as shown in Fig.6D. ThebTC3-only group continued to secrete

the same amount of insulin calculated per 100k live cells, even if the average viability
decreased. This indicates that the presence of RHMVECs improvaahthmt of insulin

produced byoTC3 cells and favored the functionality sgheroid.

Spheroid in 2:1 and 1:1 groups started to form capillaries within several hours after
embedding in fibrin. If they were placed close to one another, a significantatantra

was observed. The reason behind the cellular contraction plays significant role in the
assembly process as explained elsewlji@@e92]. Kinetics increases by changes in
morphology and tissue stability during safsembly89]. Since the surface tension and

the mechanical cordction of fusingspheroid was stronger than the stiffness of
surrounding fibrin, it might cause damage in fibrin matrix as shown ir2Fig. (pointed

by red arrows). The fibrin hydrogel particularly serve capillarization and has been
documented by a widenge ofin vitro models of both angicand vasculogenesj93i

95]. Fibrin is naturally angiogenic, promotes cellular production of ECM proteins for
achieving stable microvascular network for creation of angiogenodels [25].
Capillarization wasobservedwithin the bodies oBpheroid and also was directed to
surrounding (Fig2.7B). Endothelial cells associated into capillaries were interconnected
with one another forming a branched structure. This behavior has been observed in a
number of studie§94,96 98]. The RHMVEC sprouting length for both ratios, 2:1 and
1:1, showed similar increasing tendency over five days @&E8A, left). The higher
number of sprouts at Day 1 in 2:1 group compared to 1:1 group might be caused by
significantly higher sdace tension or the VEGF production biC3 cells; however, on

Day 3, both ratios present similar average sprouting length. The number of sprouts did
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not differ significantly between 2:1 and 1:1 groups (Bi8A, right). The results indicate
thatspheroid sprouting length was similar for 2:1 and 1:1 groups at Days 3 &tB.

the 1.1 group was loaded with more RHMVEGSjs assumed that endothelial cells
attained maximum sprouting length capabilities in both ratios regardless of the
endothelial cell ppulation. Due to RHMVECSs crowding around #pheroid at Day 5,

most of the sprouts seemed to fuse and form thicker capillaries. Therefore, the quantified
number of sprouts was similar as compared to Day 3. As the number of sprouts increased,
the growthof new sprouts was likely limited by steric hindrance and the availability of
fibrin matrix for tube formation. The VEGF factor, contained in the media and secreted
by bTC3 cells, promoted endothelial cells motility, proliferation, and filopodia extension.
Together with the Notch signaling, the capillary lead tips were recruited and controlled
[99], as present in FigR.7A. Also, local suppression of endothelial cells motility and
formation of new intrecell junctions resulted in connections into tdike capillary
sprouts (Fig2.8B). The histology images revealed the formation of-fiketlumens that
commonly occur in the native human and rodent pancie@8]. RHMVECs are
suspected toprovide an enhanced flow of nutrients to the corspiferoid as well as

increased mechanical strength to the structure via the deposition of ECM.

A critical step in successful clinical transplantation of the pancreas is the re
vascularization bthe organ[57,101} The interaction between endothelial cells and
pancreatic islet cells is crucial to initiate growth, maturation and function to the
endocrine system. It has been reported that vascularization is critical issue after
transplantion as it usually diminishes over tinfte8,102,103] As demonsated in this
investigation, it is possible to recapitulate the synergistic relationship between
endothelial cells and pancreafiecells to create a functional 3D vitro model of

pancreatic endocrine tissue.
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25. Conclusions

Engineering pseudo islets with capillarization is critical, since thendout flow of
intrarislet nutrients as well as maintenance of the crosstalk betwemslls and
endothelial cell is necessary for proper islet funcitmovivo. Here, sproutingnddhelial

c e | &ngisgenesisis combined with b-cells in 3D clusters ¢pheroid¢) and
demonstrated its role in improving the viability and functionality of clusters over time.
Functionalspheroid can act as building blocks to form larger, viable tissueticaris

for various purposes such as organs for transplantation or disease models for early phase
pharmaceutical testing or research investigations for complex, -scalt
vascularization and multicellular interactions. As a future wepkeroid generate in

this study will be bioprinted into a perfusable vascular bed in a larger scale for
fabrication of pancreagn-a-chip devices for pharmaceutical testing of TFddlated

drugs.
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Chapter 3 Dual-charge carboxymethylated bacterial cellulose as gotential 3D

printable material for soft tissue engineering

Note: Sayed M.Q. Bokharitontributed in 3D prinhg system development and printability stuéai Chi** aidedin taking
rheology dataKazim K. Moncaf* performedmechanical testing;

3.1 Abstract

The surface charge of anionic carboxymethylated bacterial cellulose (CMBC) was
tailored using chitosan, a widely studied biologically derived cationic polysaccharide.
The chitosan was ionically bonded to the carboxyl groups on the surface diBe.C

This cationic surface functionalization significantly affected the physical properties and
overall net charge of the resulting material. Both the negatively and positively charged
BC were characterized, then combined and formed into composites enstéfparate
ratios, as well as extruded by a 3D printing system equipped wita@amozzle. The
chitosan functionalized CMBC (CMBC (+)) demonstrated light refraction capabilities,
larger particle size and positive charge, in contrast to the unfunczecshaegatively
charged CMBC (CMBCi(). The thick consistency of the CMBC material had a direct
effect on the alignment and crosslinking behavior of fibers formed during 3D printing.
This material system can also be potentially combined with other alatericreate 3D

printable composites with tailored crosslinking rates and mechanical properties.

3.2.Introduction

Cellulose, as the most abundant and renewable biopolymer produced in the biosphere,
has been extensively exploited by our society for cesgun diverse applications such

as biofuels, papermaking, textiles, construction, food and healtfida@ellulose is a

linear, polydisperse and syndiotactic biomacromolecule, consisting of numerous

glycosidically linked glucose molecules and can be derived from a wide range of natural
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resources including higher plants, marine animals (e.g., tunicatesgribaalgae and
fungi. Bacterial cellulose (BC) is a watarsoluble exopolysaccharide biosynthesized
by certain bacteria such as the genimanagataeibacter hanseniRhizobiumand
RhodobacterHere described is product Kbmagataeibactehansenii,stran 53582,
which besides cellulose also produces other extrapolysacchirdes such as soluble
mannose, and generates the highest yield among other $§1@dns05] Bacterial and
plantbased cellulose have different nanoscale and molecular characteristics, although
share the same chemical form[186]. Cellulose from plants is characterized by a lower
degree of polymerization, lower surface area and denser packing. Incellhbse
water retention reaches 60%, while bactenarced has much higher water retention
value, up to 1000%L07]. This results from the highly swollen, high surface area fiber
network consisting of tunnels and pore structures within the wet BC p¢llit¢ BC
typically has a higher purity as it is free of hemicellulose, pectin, and lignin, yet some
bacteria strains can produce certain amounts of ¥gatable exopolysaccharidgk05].

In addition, BAs characterized by robust mechanical properties due to its higher degree
of polymerization (up to 8000), higher crystallinity (86%) and ultrfine network
structure [105]. Therefore, BC has a unigue combination of mechanical support,
flexibility, and chemical esilience[108]. The formation of the BC pellicles occurs at
the air/cellulose pellicle interface, and forms a characteristipernatant film.
Therefore, culture configurations that provide a larger air/liquid surface area provide
improved BC growth. The BC mechanical properties can also be tailoreddutae

with another bacteria strajh09]. The affordability and simplicity of BCrpduction in
combination with porosity, high water holding capacity and biocompatibility make BC

a great material candidate for tissue engineddifg,110 112].
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Due its high water retention capacity, biocompatibility, and excellent mechanical
properties, BC has been used as a wound drgfddiBgl14] These properties were also
applied in the tissue engineering of cartilage, where unmodified BC supports
chondrocyte proliferation, cause®@% increase of collagen type Il deposition as well

as provides significant advantages in terms of mechanical propgtfigs Also,
modified BC and HA composites have been analyzed for bone tissueerngg[115]
anddemonstrated good compatibility with mouse and human osteoldla6t417] BC
call ed BASYCE has b e e nivatianfoualtifcial blgod sesseal p e d
and applications in micronerve surggiy)7]. BC has been also evaluatedinnvivo
studies, by subcutaneous implantation in rats for up to 12 weeks, without-raadro
microscopic signs of inflammatiohlowever, since BC has a similar chemicalisture

to the plant celluloses, it is not enzymatically degradable in the human or animal body.
Therefore, the biodegradability has become an essential limiting factor in BC's

applications as a scaffold materialiinvitro andin vivotissue engineering18,119]

To further expand the scope of BC applications, massjtu [109,120,121hndexsitu
[122,123]approaches has been exploited, leading to the emergence of nedetiB&xl
materials with exqgational new features. Indeed, with abundant and chemically active
hydroxyl groups on the surface, BC represents a unique platform for versatile surface
functionalization. One of these approaches is carboxymethylation, an essentially
etherification proceswhich substitutes hydroxyl group on carbon atoms C2, C3 or C6
with carboxymethyl group under an alcoholic, strongly basic environfi@at. The
negative charges imparted from carboxymethyl groups induced electrostatic
stabilization and the degree of substitution (corresponds to the average number of
carboxynethyl groups per anhydroglucose units) strongly determines the solubility of

the resulting material (DS<0.2, insoluble; DS>0.6, completely soluble). As one of the
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most widely used cellulose derivatives, carboxymethyl cellulose (CMC) has found
applicationsin a wide array of areas including foods, pharmaceuticals, detergents,
coatings, textiles and paper, where CMC mainly functions as thickener, binder,
stabilizer, water retention agent or rheology modifie25]. The properties of CMC
largely rely on molecular weight, degree of substitution as well as the chain length and
howthe chains clustemhis technique has been described in carboxymethylation of BC

pellets (CMBC) with a tailored degree of substitutjp6,127]

Chitosan is the Mleacetylated derivative of chitithe most abundant amino
polysaccharidgl28,129] Chitosan has similar structure to cellulose; however, it gained
commercial interest due to the almost 7% of nitrogen, contrary to sulibttltalose

(1.25) [129]. Through enzymatic or chemical deacetylafi chitin is converted to
positively-charged chitosan used in cosmetic industry as i.e. an additive to hair
conditioner, as it tightly binds to negatively charged surft@@]. Chitosan is poorly
soluble, except under acidic conditions, where amine groups become protonated and
thus make chitosan a cationic, wasetuble polglectrolytef131]. Once in dilute acidic
solutions below pH 6, chitosan reacts readily with negatively chawgestancefL32],

a property used in this gearch. Moreover, chitosan has antifungal properties due to
several possible reasons. Chitosan may inhibit bacterial growth by acting as chelating
agent, which render metals or other nutrients from being consumed by microorganisms
[132]. In spite of this, chitosan is still a suitable material fdtaeyote cell culture for
biomedical purposed 31]. Both cellulose and chitosan are roric, biocompatible,
biodegradable and are successfully used in tissue engin€Hind33 135. However,

since the pore size of BC is not large enough for cell ingr{l@6], unless pore size is
engineered[137]. Bacterial cellulose was used as a potential scaffold for tissue

engineering of cartilage and bone negeation[112,138]
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Cellulose has been already used in the 3D printingdeargced functional applications

in the fields of medical biomaterials, electronics and smart textiles, where the
functionality of 3D printing cellulose materials were achieved by cellulose surface
modification or the incorporation of functional materia[839]. Moreover,
nanocellulose has been already used in the 3D bioprinting of chondrocytes for cartilage
tissue engineering, due to its fibrils of a 20 nm width, similar to collagen fibrils, which

also improves the rheological behavior of ti@nk [140,141]

In this work, anioniccarboxymethylated bacterial cellulose (CMB() @nd cationic
carboxymethylated bacterial cellulose (CMBC (+)), that is made cationic by coating it
with chitosan, are examined for use as bioinks for 3D printing. Wheibiced, these
materials rapidly crosslink via ionic interactions making them useful for prirAicg-

axial nozzle containing two nested cylindrical bioink feeding lines was used for testing.
Such a nozzle has been used previously for printing tubessoetstrandg34]. The

goal of this resarch is to create a new printable scaffold architecture that exhibits
controllable porosity and mechanical properties based on the composition and
concentrations of the modified BC bioinks. The effects of weight ratios (1:1, 2:1, and
3:1) of CMBC ) andCMBC (+) on the mechanical properties, viability and printability

of the final composite materials were studied.

3.3 Materials and methods

3.3.1 Material preparation

3.3.1.1 Preparation of bacterial cellulose

Komagataeibacter hanse(TCC 53582)purchased from the American Type Culture

Collection (Rockville, MD) was used as a bacterial cellulose prodsls were
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cultured in static conditions at 306 AC i
Schramm (HS) medium containing 2% (w/v) gluep8.5% (w/v) yeast extract, 0.5%

(w/v) peptone, 0.27% (w/v) Na2HPO4 and 0.12% (w/v) citric acid. The media was
adjusted to pH of 5 by 4 mg/mL HCI. After a trvaay cultivation, bacterial cellulose

(BC) pellet was removed, washed with deionized (DI) waitgtrinto smaller cubes, and
purified in 0.1M NaOH at 80 AC for 1h to
rinsing until pH was neutral. The-asbt ai ned BC was stored at

months.

3.3.1.2 Carboxymethylation of bacterial celldd€MBC ()]

Prior to the carboxymethylation reaction, the harvested and cut BC cubes were weighted
(dry weight of 20 mg) and solvent exchanged from water to ethanol by immersing in
100% ethanol solution overnight under magnetic stirring at room tempeeratur
Generally, the carboxymethylation of BC is a tstep process, i.e. alkalization and
etherification. In the first step, solvent exchanged BC was alkalized by immersion in 25
mL ethanol containing 2.5 mL of 30% (w/v) sodium hydroxide solution. The system
was kept at 30°C under 300 rpm magnetic stirring for 40 min. Subsequently,
etherification was initiated by addition of 1.5 mL (w/v) of 50% sodium hydroxide,
heating at 40 AC on a hot pl at e, and fo
chloroacetic acidlissolved in ethanol. The etherification reaction was conducted at 50
°C on a hot plate and with continuous magnetic agitation (300 rpm) for 30 min. Finally,
functionalized BC (CMBC-)) was rinsed with deionized water thoroughly until neutral

pH was actéved and the material was thieomogenized using a25 UltraT ur r a x E
(IKA, Germany) at 15k rpm for 10 min. After preparation of each batch of material, 1
mL of suspension was ov<lried and weighted. The final concentration was fixed at 3

mg/mL throughouthe entire study.
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3.3.1.3 Cationization of bacterial cellulose [CMBC (+)]

Medium molecular weight (MMW) chitosan (Sigma, St. Louis, MO) exhibiting a
molecular weight of 19310 kDa and 75 to 85% deacetylation was used to prepare the
CMBC (+). The chitosa solution was prepared by dissolving chitosan powder in DI
water and the pH was adjusted to 3 by adding formic acid dropwise. The chitosan
solution was allowed to stir at 88 overnight to ensure complete dissolution.
Afterwards, chitosan solution wasated to room temperature and used as a pool for
the CMBC (+) preparation. Homogenized CMBU) vas diluted 5x from its original
concentration wittDI water and filtrated through 7 0 O mstrainerlfilker (VWR,
Radnor, PA). The dispersion was placeddm@. syringe with a 27-5auge needle (BD
PrecisionGlide, ThermoFisher, Pittsburgh, PA) and dispensed by a syringe pump (New
Era Pump Systems, Farmingdale, NY) at 12 mL/min into the pool of chitosan solution,
while homogenizing at 12 x§@pm/minbya T25Ultra-Tur r ax E homogeni z ¢
The asobtained mixture was pipetted into the rotbattom conical tubes and
centrifuged at 14 xforpm for 40 min in an Avanti-26 XPI centrifuge (Beckman
Coulter, Fullerton, CA). Supernatant was discarded and tthiensetarypellet was
collected, resuspended irbdwater and centrifuged again at the same parameters. The
final pellet was collected, and 1 mL of it was dried in order to determine its

concentration. At each experiment, the final concentration wasdix@ang/mL.

3.3.2 Particle size measurements

Particle sizes of both CMBCs-)(and (+) charged) were measured with a laser
diffractometer (Mastersizer 2000, Malvern Instruments Inc., Westborough, MA). Since

both samples were cellulose based,rdfeactive index used for the measurements was
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1.47. During each measurement, laser obscuration was reached to at least 1%. More than

15 runs per each material type were performed.

3.3.3 Fourier transform infrared spectroscopy (FTIR)

All materials includip CMBC (), 1% CMC (Sigma), CMBC (+), and 1% MMW
chitosan (Sigma) were prepared at distinct pH value pH 3 and 7, and placed on a glass
slide to dry. Later, they were peeled off and used as films on a FTIR spectrophotometer
(Bruker Vertex V70, Billerica, MA The FTIR spectra were recorded in absorbance
mode using an attenuated total reflection (ATR) diamond sensor. Spectra were collected
from an accumulation of 200 scans at a resolution of % ewer 4000 to 600 crh

regions.

3.3.4 Zeta potential

The pH ofsolutions (1:1, 2:1, and 3:1, v/iv CMBQ:CMBC (+)) were measured on a

Mettler Toledo SevenExcellence pH meter (Mettler Toledo, Columbus, OH) in order to
determine the acidity level. Each CMBC suspensignarid (+), were adjusted to an
appropriate pH@uivalent prior to Zetgotential measurements on a Nano ZS Zetasizer
(Malvern Instruments). Both CMBCs suspensions were prepared in 3 mg/mL
concentration and measured at 25 AC. Tot
and data wergtted by the Smlachowski model. The Zetpotential results were plotted

as well as the absolute charge value against the pH level of the solution. The negatively
charged solution values were multiplied according to the ratio to reflect their

increasingly higher content.

3.3.5 Field emission scanning electron microscopy (FESEM)

Field emission scanning electron microscopy (SEM) (Zeiss SIGMAFEBEM,

Thornwood, NY) was used to investigate the surface topography of controls, GMBC (
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CMBC (+), and control groups. Samplesravdrozen at8 0 AC over ni ght
immersed in liquid nitrogen for a minute. Once fully frozen, samples were broken into
small pieces, freezdried and placed on carbon tape. All samples were sputter coated
with a thin layer (10 nm) of iridium usinglaeica EM ACE600 sputter coater (Leica,

Wet z | ar , an@ ebsemedratyalh accelerating voltage of 5 kV.

3.3.6 Energydispersive XRay Spectroscopy SEM (EDS SEM)

EDS Element analysis was performed on the surface of film samples using a
spectrometer (Oxfal Instruments XMax, Concord, MA) attached to the FEEM. The
measurements were obtained using AZtec software with at least 10% dead time, which
refers to processing time while gathering more@a} counts. Random regions were

chosen in order to determittge percentages of carbon, nitrogen, and oxygen content.

3.3.7 Mechanical testing

Mechanical properties of CMBG)(and CMBC (+) hydrogel were determingd
compression testing based on different mixing ratios of 1:1, 2:1, 3:1 and 4:1 (v/v CMBC
(-):CMBC (+)) at a concentration of 3 mg/mL. In order to examine their mechanical
properties, suspensions were directly pipetted manually onto the ElectroForce
Mechania| Tester (The ElectroForceE 3220 Se
Delaware) platform at room temperature. Thereafter, samples were kept about a minute
until the instantonic crosslinking occurred between the positive and negatively charged
hydrogds. Then, diameter and height information of constructs were recorded. Samples
were compressed at a zdrequency up to 50% of their sample height with a
compression speed of 0.05 mm/ sec. Young?o:

coefficient from he regenerated data based on the best linear regression fit on the stress
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strain curve from 40 to 50% of the compression rate. Data was exported from an average

of five samples per each group.

3.3.8 Cell culture

Rat heart microvessel endothelial cells (ECs) (VEC Technologies, Rensselaer,

NY) were cultured in MCDB 131 medium (Corning Cellgro, Manassas, VA)
supplemented with 5% fetal bovine serum, 2 mM Glutamag/inL hydrocortisone
(SigmaAldrich, St. Louis, MO), 1leg/mL human epidermal growth fact¢Sigma

Al drich), 12 Og/mL bovine brain extract
penicillin G,and 10@g / mL streptomycin. Cell s were m;
humidified atmosphere. Cell culture medium was changed ev@de¥s. Subconfluent

cultures were detached from the flasks using a 0.25% trp%i EDTA solution (Life
Technologies, Grand Island, NY) and split to maintain cell growth. Passages used in this

study were 10 through 25.

3.3.9 Cell viability

CMBG) (and (+) werieveplrye ppar eodH r7e sampac t3 wi t h
DPBS (Life Technologi es) to a final con
detached from the flask angdepldespannecanidonp
with GCMBCTHen CMBC ( +i)pewatse da didnetdo atnhde pg | a
constructs were stained to determine the
Constructs wer e then wlketée ptl iamesLwifiehs el
Technol ogi es) . 2 mL sol wtfifer edf sRUIli mec qd
Technol ogi es) conAMi 6ingi 2r O¢Me nGal Cerilns b a
ethidium homodi mer (Life Technol ogi es) W

protected from |Iight ahdriopubaté@édhat oBTVc
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with DBPS three timagednSecBYOSI| Fd Veate i
mi croscope (Ther motFo sthetrectPi Cadlsbairmgh( e PAI
520) and ethidium homodi meve (rapgi ¢éae¢ntoat E
on each construct at each time point wer ¢

guantified using I maged (National Il nstit
3.3.10 Rheology

The rheology property was accessed using a stamtrolled rheometer (ARES, TA
Instrument, New Castle, DE) in a copkate geometry. The diameters of cone and plate
were 50 mmwhile the gap was set at 0.043 mm. The cone angle was 0.04 radians.
Viscosity and shear stress measurements were carried oetshehr rate range from

0.1 to 1000 3 at 20°C. All experiments were performed at least in duplicate to ensure

reproducibility and the representative data was shown here.

3.3.11 Printability

CMBC (-) and (+) suspensions were loaded into two separatesydaoge barrels
(Nordson EFD, Fluid Dispensing system, Wdake, OH) at room temperature and
centrifuged in Sorvall Legend X1R Centrifuge (Thermo Fisher Scientific, Waltham,
MA) at 1,600 rpm for 5 min to remove air bubbles. Both barrels were connecged t
custommade ceaxial nozzle (described in our earlier wdflki2]) and loaded on an
INKREDIBLE 3D bioprinter (Cellink, Sweden). Printing speed and path plan was
controlled by programmed-Gode. CMBC constrcts were printed in three different
ratios of CMBC {) to CMBC (+), 1:1, 2:1 and 3:1 respectively, at a printing speed of
1500 mm/min. For CMBC-f, an extrusion pressure of 10, 14, and 17 kPa were used
for 1:1, 2:1, and 3:1 suspension, respectively(BC (+), the extrusion pressure was

maintained at 6 kPa. The internal squares of printedayer grids were measured by
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area and perimeter using the EVBIS(Thermo Fisher) at 4x magnification. Circularity
(C) of the internalyrid shape waguantified in order to determine the printabiliBr)

according to our previous wofk43]:

5 — (1)

WhereL andA are the perimeter and area of the pores, respectively. The shape of the
enclosed area is closest to a circle when C is equal to 1. The square shape is equal to

"14; therefore, the printability of the material is definedadiews:

0 -- — @)

An ideal 3D printed hydrogel exhibits squared shape grid, which Rasalue of 1.

3.3.12 Statistical analysis

Due to the large number of data points analyzed, the average diameter of scaffolds is
shown as the mean and error basresent the standard deviation from the mean. All

other data are reported as the mean with error bars indicating the standard error of the
me an. Post hoc Tukeyds multiple compari si
differences among the groupsll statistical analyses were performed BYNITAB

18.0 (Minitab Inc., State College, PA). Results were considered significant with a

confidence level of 95%, where p < 0.05 (*), p < 0.01 (**), and p < 0.001 (***).

3.4 Results and discussion

Bacterial cellilose (BC) the first compound of material systeisian extensive, linear
chain biopolymer with a large number of chemicalttive hydroxyl groups (three on

carbon atoms C2, C3, and C6 per anhydroglucose unit).catmxymethylation
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process, an esseriha etherification reaction that substitutes the surface hydroxyl
groups with carboxymethyl groups, is schematically illustrateeign3.1A (top). Due

to the difference in reactivity of their hydroxyl groups, (@@ >> OHC2 > OHC3),

the primary hydroxygroups on C6 were first substituted by carboxymethyl groups
during the etherification process, leading to the negative charges on the surface of the

resulting material.

The second compound of this systemhigasan, a linear biodegradable polysacclegrid
composed by series of the copolymerb-¢f 1 Y-Unked D-glucosamines (deacetylated
unit) and N-acetylglucoamine (acetylated unasshownin Fig. 3.1B (bottom) In dilute

acidic solutions belovits pKa value (pKa ~6:8.3), ditosan is cationidue b the
protonated amine groupand has the unique advantage to bind tightly to negatively
charged compounds such as proteins and anionic polysacchaadksnBlecule, BC,
CMBC (-), and chitosan, can interact through hydrogen bonding and London dispersion
forces, which is a temporary attractive fofté4]. CMBC (-) and chitosan attract each
other through electrostatic interaction and form stabile, positisiedyged

macromolecules.

Once CMBC {) was added to chitosan in a static condition, both compounds ionically
crosslinked strongly in the form of a compatuster. To create suspended cationic
fibers, CMBC () was added to chitosan in a dynamic environment, i.e. during the
homogenization process. The CMBg (eeded to be diluted in order to decrease
ultimate particle size and prevent aggregation. Consglguehe most optimum method

of CMBC (+) preparation was the injection of diluted CMBLifto a solution of 1%
chitosan accompanied by highear homogenization (Fi§.1B). In this process, the

CMBC (-) was instantly and substantially coated with cdatopreventing the formation
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of large CMBC {)-chitosan aggregates. Importantly, the homogenization time was
optimized so as to create a uniform suspension but not to disintegrate the fibrous BC
architecture completely. The long BC fibers were preserveshable the subsequent

formation of a fibrous matrix.
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Figure 3.1 (A) Preparation of material. Native BC was surface functionalizada
carboxymethylation process to form carboxymethylated BC (CMBCMBC (-) was

added into chitosan solution (only deacetylated part is presented) under dynamic, high
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shear homogenization condition. As an effect, it creates positive overall net charge

(bottom). (B) Simplified scheme of CMBC (+) preparation by homogenization of

injected CMBC {) in the pool of chitosan.

The prepared CMBC-) consists of fibrous polymers and shows polydisperse particle
size distributions. The microscopic image of CMB{ ghows opaque structure of
fibrillar cellulose, which does not bend the light (FBRA left). In Fig. 3.2A right,
CMBC (+) structure is more distingnableand organized, caused by different asgle

of light reflection by the chitosamoleculesattached t€CMBC (-). The particle sizes,
shown in Fig.3.2B, represent three peaks of CMBE (hich are generated by

homogenization process. CMBC) (was presented in three size classes, from 20,

through 90, up to 800 Om | engmdasuremefithe r

specificity, where the laser hits the object and the shadow of particle is quantified. The
CMBC (+) represents larger size, up to 1 mm, related to chitosan adhesion to multiple
CMBC (-). Also, it is characterized by one main peak, suggestatgthaller CMBCH{

) particles are ionicallipoundby the strongly positive charge of chitosan.
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Figure 3.2 (A) Microscopic images c€EMBC (-) (left) and (+) (right) particles. (B) The

particle sizemeasurements indicate more homogeneous and larger size of CMBC (+)
(right).
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FTIR spectrashown in Fig3.3, were collectedor both main materials CMBG)(and

(+) as well as controls described in the literature: C¥M&GI 147] and chitosar148].

The FTIR analyses were performed to confirm the successful carboxymethylation of
bacterial cellulose and coating of chitosan on CMBE b@ackbone through ionic
complexation. In addition,llamaterials wee prepared at pH 3 and @ detect the
difference indegree of ionization of surface functional groups (amine and carkiaxyl)
these conditionsThe similar backbone structure is present in the negatoheyged
materials, where the vibration bands &53 (GO stretching vibration), 1157
(asymmetrical stretching of-O-C glycoside bonds), 1314 (Gldymmetric bending),

1426 (CH symmetric bending), 2900 (8 stretching), and 3315 ch{O-H stretching)

were observefiLl48]. At pH 3, CMBC ¢) represented the same prominent peak at 1730
cm'l, assigned to the C=0 stretching frequency of carboxylic acid gidP©OH, as
commercial CMC, implying successful carboxymethylation of native bacterial
cellulose. The carboxyl group on polysaccharide backbone has a pKa &b addbis
deprotonated at base condition [28]. As a result, the peak at&8&symmetric C=0
stretching vibration of carboxylate groupS8OQO) became more obvious at pH 7,
indicating a high degree of deprotonation for CMBLgnd CMC. On the other hand,

the characteristic peaks of 1568 (NH bending) and 165b(carbonyistretching)are
cleaty shownat pH 3for both chitosan and CMBC (+), indicating the attachment of
chitosan orCMBC (-). In addition, as compared to CMBE),(CMBC (+) at pH 3 and

7 exhibited new carbonyl stretching band of amide | but shifted to lower wave numbers
(~1620 at pH 3 and ~1592 at pH 7) when compared to pure chitosan, suggesting the
ionic complexation etween the positive amine groups in chitosan and the negative
carboxylate groups in CMBGC)( As expected, both chitosan and CMBC (+) at pH of 7

became clustery with high turbidity level caused by the amine group deprotonation,

62



which induces material inhamgeneity{148]. There is no such a behavior in negatively
charged material. It remains homogeneous among all of the pH levels examined. This
behavior is an effect of the lack of a positivedtional group, where the material is

sufficiently negative for fibers to repel each other.
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Il
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Figure 3.3 FTIR measurements at pH 3 and pH 7 of CMBJCaf6d control CMC (left)
with a table of specificfunctional group peaks (left bottom) as well as FTIR
measurements of CMBC (+) and chitosan control (right) with a table of specific
functional group peaks (right bottom). The table of typical cellulose psaitdottom

middle.

The zetgpotential for the CMBC-| and (+) was detected based on scaffold acidity. In

all three weight ratios, 1:1, 2:1, and 3:1, pH was at 3.72, 3.94, and 4.45, respectively.
Both CMBC €) and (+) suspensions were brought to the according pH prior to the zeta
potential measurements. The results in BigA show that the charge on CMBG {s

pH dependent and decreased from-@®&2, through34.4 t0-43.3 mV at the pH of

3.72, 3.94, and 4.45 accordingly. Similar behavior was observed in CMBC (+), where
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zeta potatial decreased with increasing pH (Rg}A). From 69.4 mV at a pH of 3.72,

the charge decreased to 67.2 at a pH of 3.94, and down to 53.7 at a pH of 4.45, which
has been reported previouflyl9]. Data suggest that the pH impacts the chardedyy

degree ofrotonationfor carboxyl groups on CMBGC-Y and amine groups on CMBC

(+) at low pH and deprotonation with increasing pH value.

To determine the charge saturation for CMBJCad (+) among the three ratios tested,
the absolute value of negative charge was multiplied by factor of two in 2:1 ratio and
three in 3:1 ratio. The result was plotted against the pH values specific foragiach

(Fig. 3.4B). Ultimately, the 2:1 ratio at the pH of 3.92 reached the equal charge ratio and

had the most optimal crosslinking performance.
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pH CMBC (-) (mV) CMBC (+) (mV) ) (absolute mV) (absolute mV)
3.72 -26.2+5.46 69.4 £3.36 3.72 1():1(+) 26.2 69.4
3.94 -34.4£397 67.2£5.37 3.92 2(-):1(4) 68.8 67.2
4.45 -43311.14 53.7+3.82 4.45 3():1(4) 129.9 53.7

Figure 3.4 (A) The zeta potential measurements on CMBGd (+) at the three pH
levels relevant to the 1:1, 2:1, and 3:1 ratio (top) with the values (bottom). (B) The

absolute zeta potential values plotted against pH (top) with values (bottom).

To further undersind the properties of the functionalized bacterial cellulose and its
ratios, the morphology of bacterial cellulose, chitosan, CMBCGMBC (+) and

mixtures with different ratiosvere studied with FESEM, as shown in F&pb. The
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native BC exhibited aintertwined, randomly oriented and highly porous cellulose
networkwith pore size of 1 0  Om, t oo s ma I[136]. fCbitosancwad | [
characterized by very smooth surface of the material, with characteristikeod
elements. The CMBQ | topology was homogeneous, but uneven, with flaky surface.
CMBC (+) was more heterogeneous with visible pores and small particles arising from
the addition of the chitosan. The 1:1, 2:1, and 3:1 ratio had the morphology similar to
both, CMBC () and CMBC (+). The thin chitosan particles are present in all ratias, als

larger amount of porosity from CMBC (+) was visible.

Since chitosan is a deacetylated form of chitin, it has amine group on the second carbon,
which is not present in BC or CMBG)(The nitrogen content was quantified by EDS
SEM on the chitosan, wherereached 5.48 %, which is lower than 6.89% reported
elsewherg129,150] BC and CMBC ), expectedly had no nitrogen content within the
scaffolds. CMBC (+) shown 1.47%, while 1:1 and 2:1 weight ratio 0.68 and 0.29%,
respectively. There was mitrogen content detected in 3:1 ratio, which might be caused
by the equipment sensitivity. The results of EDS analysis were reasonable based on

diminishing content of chitosan on CMBC (+) surface and on its ratios with CNIBC(

Bacterial cellulose

| &P

Chitosan CMBC (-)

11 2:1 31

500 x

5000 x

EDS SEM | BC Chitosan +) : : :
C 55.31 54.65 49.05 51.34 50.53 51.41 50.24
N 0 5.48 0 1.47 0.68 0.29 0
o 44.69 39.87 50.95 47.19 48.79 48.3 49.76
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Figure 3.5 SEM images, from left to right, of BC, CMBC) (@nd (+), and three ratios
1:1, 2:1, and 3:1 (top). Each row represents different magnification: 100, 500, and
5000x, with the scalde 2arOsm,ofr els prem,t i @0 vy

results from EDS SEM, presenting carbon, nitrogen, and oxygen content (bottom).

The porosity measurements were performed on the crushed frozen samples to preserve
their native porosity. The pieces of constructs were freleeel, placed on carbon tape

and imaged by FESEM. The results, shown in &g.represent a significant differee

between notiunctionalized BC and rest of the samples: chitosan, CMBGa( (+),

and all ratios 1:1, 2:1, and 3:1 in both, percentage and size of the pores. BC had a very
smal | pore size, with an36AFEhesmlaporosity 10 Ot
percentage had chitosan, 1:1, and 3:1 rdtie 2:1 ratio had a significantly smaller
porosity than 1:1 and 3:1 constrsisthich can bescribed to the strongest crosslinking

rate however, the pore size was significantly greater than 1:1 rcotss(Fig. 3.6B).
Interestingly, chitosan presented higher porosity percentage than CNBG( (+);
however, pore size of these groups did not différe large standard deviations were
causediue tounevenand 3Dsample surface, which produced shagdamd sometimes

caused difficulties in proper thresholding.
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Figure 3.6 Porosity measurements on bacterial cellulose, chitosan, CMBCs and its

ratios based on SEM images: (@grcentporosity and (B) pore size € 10).

Due to its high water retention capacity, biocompatibility and excellent mechanical
properties, BC has beesead as a wound dressifidl3,114] BC has been modified to
create a porous internal structure and was studied with human mesenchymal stem cells
[136] and smooth muscle cells to analyze contracitrength while stimulatetby
pharmaceutical[151]. Therefore, cell ability study was performed on BGd three
CMBCs ratios (1:1, 2:1, and 3:A}f three time points (1, 4, and 7 days) in order to
understand theibiocompatibility. Results among every groafpdifferenttime points
ranged from 80 to 90%, without signifidatifference (Fig3.7 A) via live/dead staining,
show in Fig. 3.7 Blt is hypothesized thdheoverall charge of material baninfluence
on cell viability; however, even cells cultured in CMBC) (and CMBC (+) material
separately maintainaeal/er80% viability.
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Figure 3.7 (A) Viability of RHMVECs in BC and manually blended CMB@s1:1,

2:1, and 3:Xatiosand(B) representative images
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For mechanical testing, the ratios of 1:1, 2:1, 3:1, and 4:1 ratio were tested under static
compression.The CMBCs used in this experimenhad origin from multiple
functionalization batches due to large quantities of needed makeatiet. the 4:1 ratio

was added to identify if increasing content of the negatively charged CMNBGp@acts

overall mechanical properties of the construct. At thgirmeng of the compression,
syneresis was observed in all groups meaning that the liquid parc(ossiinked
region) separated from the crosslinked gel, which geneeatediuring data collection.

The final results indicated that 1:1, 2:1, and 3:Dbrdiil not differ significantly, contrary

to 4:1, possessing that an excess amount of the negathalged CMBC+) material
ultimately decreasedhe Young o s modul us ovegpaturafion ofant | y
positively-charged materia{Fig. 3.8A). Visually, there was a noticeable difference
between crosslinking rates, where 2:1 ratibibited the strongestosslinkng forming

a whitish appearance and had dRg. 38Ber age
Within a couple minutes, some liquid wadeased from the construatae toa strong
crosslinking force. I n 1:1 r atthee,wasmb er e
such astrong crosslinkingphenomenorsuggesting thathe excess of one charge
remairedin the constructs. In 3:1 ratio (~kPa), the saturation gfositively-charged
material is reached; however, the constructs were stable, with a visl@ag
crosslinking rate. The values for 4:1 ratio was gathered only above 40% of strain due to
northomogenous constructs, which presergeghificantly lower properties than 2:1

and 3:1 ratio, with an average of 1.88 kPa. Since the 4:1 ratio weakly crosslinked, it was
not analyzed any further thorough the study. Stséissn relations of each group
between 30 to 50% of strain are demonsttah Fig.3.8A with corresponding values

listed in Fig.3.8C. Based on the best linear fit on the ststssin curve, correlation

coefficientR value determined to be higher than an average of 0.94 for 1:1, 2:1, and 3:1
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groups. On the other harRRyalueof 4:1 group measured in an average higher than 0.5,

which resulted a weak linear relationship between the sitesis curves.
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Figure 3.8 ++ The mechanical properties of the CMBCs material. The additional tests

on the 4:1 ratio, from a separate batch, were added to define the effect of charge
saturation(A) Strain values of th€MBCs material in 1:1, 2:1, 3:1, and 4:1 ratinder
thestress(B) Static compression test based on 4 ratios (1:1 to 4:1), negative to positive
charger espectivel vy, r e mpnodelgseaiuesi(@) gablefdr straiy o u n g @

values.

The flow characteristics of CMBG)(and CMBC (+) at a constant concentatof 3
mg/mL are shown in Fig3.9. During the test, Wile the shear rate increasetie
viscosity of both CMBC 4{) and CMBC (+)decreasedThis trendsindicaies shear
thinning behaviar critical for extrusionbased bioprinting34]. This pseudoplastic

behavior is commonlgeen for the water solutions or suspensiongaabus cellulose
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derivatives (carboxymethyl cellulose, hydroxyethyl cellulose, hydroxyethylmethyl
cellulose, etc.), nanocellulose (cellulose nanocrystals and nanofibrillated cellulose) and
other polysaccharas (chitosan, alginate, et§162,153] At low shear ratg the higher
viscosily results from the intermolecular interactions or entanglemieetween the
stretched polymer coilg35]. When shear stress is applied, the decrease in apparent
viscosities is caused bthe disruption of intermolecular association or increased

orientation of polymer segments along the flow direcfid¥].
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Figure 3.9 Rheology measurements of CMB{ énd CMBC (+)+ (A) Viscosity( Pa L s )

and (B)shear stresgPa) as a function of shear ratelfs

Thevariationin flow characteristics of CMBG) and CMBC (+) could be explained by

their differences in molecular structural parameters (particle size, shape and particle size
distribution) and chemical structure (surface charge and substituent distribution), as
evidenced by particle size (Fi§.2B), zeta potential (Fig3.4), and SEM morphology

(Fig. 3.5) results. As noted by Clasen and Kulidé®&3], both molecular structural
parameters (molecular weight, particle size and shape, etcpaamheters associated

with the chemical structure (degree of substitution, molar degree lodtitution,
substituent distribution, etc.) play a significant role in the flow behavior of cellulose

derivatives in aqueous solutions. To meet the characteristics of an ideal ink for hydrogel
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printing, i.e. extrudabilitwia small sized nozzles and highape fidelity after printing
the potential bioink candidate should show shear thinning behavior in aqueous solution
and possess sufficient peshear viscosity. The neNewtonian pseudoplastic CMBC
materials might be considered as extrudable precursoBPftioprinting. Commonly,
solutiors with viscosity ranging from 30 mPa/s to 0.6 MPa/viscosity aradesirable
for extrusionbased bioprintingl54,155] In our system, barrels with CMBE) @nd (+)
were connected ta co-axial nozzle developed forxegusionbased printing156],
shown in Fig.3.10. The ceaxial nozzle (Fig3.10B) was used for printing both CMBC
solutionsat the same time; however, from the differempartmergof the concentric
nozzle. Oncehepressuravas appliedthe two oppositely chargedspensions ionically
crosslinked at the end of the nozzle tip, as they cadaand created a fibrous network

hydrogel, which was deposited lay@y-layer on a glass slide.

Figure 3.10 (A) Inkredible+ bioprinter used for CMBCs hydrogel printing and i)

co-axial nozzle apparatus used for 3D printing of CMBCs.

CMBC (-) was more viscous compared to CMBC (+) (B®A); therefore, it was
extrudedthrough the core with a 0.1 nierosssectional area, while the CMBC (+) was

extruded through the sheath section with a esessional area of 0.491 nimOur
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suspicionwas that less viscous CMBC (+) could wrap around the more viscous CMBC
(-) and diffuseinto it thus yielding homogenously crosslinked hydrogel. A relatively
small volumes of CMBCs were extruded through the tip of the nozzle causing high
contact area between oppositelyarged materials with satisfactory crosslinking rate.
The volumetric flowrate of CMBCs suspensions increased within increasing pressure
for both materials due nozzle size and viscosity. Extrusion of CMB@duired more
pressure due to its higher viscosity; at 50 kPa, CMB@o rate was 83 m#ts while
CMBC (+) was extrudd at 250 mrifs (Fig.3.11A). Therefore, tis preliminary data

was important tenaintainfor thefixes CMBC (-):CMBC (+) ratios.
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Figure 3.11 Printability study: (A) Volumetric flow rate plottedagainstextrusion
pressure in coaxial nozzle flow. (B) Circularity of printed CMBCs construct in three

ratios.

The printed hydrogel wa®lativelyhomogenous and the results were more repeatable
compared to manual deposition. Téfere,to define the qualy of the printed hydrogels
and analyse the potential differences between the gtbepsaterial printability was

determined by the gapsdé area and peri met
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This data was implemented in the circularity equatiomene printability equal tone
(Pr=1)regaragto square shape and characterized the best printability outcome. Above
this value the gap is round and below has irregular, undefined [di#83el:1, 2:1, and

3:1 ratio generated printability value of 1.02, 1.05, and 0.91 respective\3(El§).
Therefore, the 1:1 ratio was the closest to the ideal printability value of lyanwiee
statistical significance was observed only between 2:1 and 3:1 ratio. Among all of the
ratios, the 3:1 ratio was the most difficult to print, due the depleted volume of CMBC
(+) deposited along the CMBE) (143]. From the experience the 3:1 ratio was the most
difficult to print, due the much smaller volume of CMBC (+) defmuk along the
negative charge. The representative images of printed CMBCs in each ratio is shown in
Fig. 3.12A. Even though the material is not suitable for the 3D printing of complex, tall
constructs, it was possible to deposit @ibow-shaped scaffolth 2:1 ratig shown in

Fig. 3.12B.
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Figure 3.12 - (A) Representative images of printed grid for printability study. (B) 3D

printed pillowshaped scaffolth the 2:1 ratio

3.5 Conclusions

The effects of the bacterial cellulose functionalization on the crosslinking mechanism
and scaffold properties were systematically studied. Two materials based on bacterial
cellulose, CMBC {) and CMBC (+), were characterized and later combined in three
differentratios: 1:1, 2:1, and 3:1 (CMBCG)(: CMBC (+)) through th
axial nozzle. The particle size of the CMBC (+) was larger than its precursor, due to
additional polysaccharides on the surface; however, both materials had the characteristic
peaks of functional groups detected by FTIR. The pH and stoichiometry affected
crosslinking rate and as result, formed hydrogels altered in terms of crosslinking speed
and strength due to charge imbalance, followed by discrepamp&réentporosity and

pore size. Therefore, the new material can be tailored to particular needs and used for
the tissue engineering especially dugg@otential fol3D bioprining and high viability

rate over a week of culture. The future work will be dedicated to exploreGaMiBlity

in mimicking the natural extracellular matrix of human organs.
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Chapter 4 Improved vascularized pancreatic islets in printable simulated
extracellular matrix materials

Note:Kai Chi* aided in taking rheology data

4.1 Abstract

The extracellular matrix (ECM) influences cellular behavior, function, and fate. The
ECM surrounding Langerhans islets has not been investigated in detail to explain its
role in the development and maturation of pancrebtaells. Herein, a complex
combiration of the simulated ECM (sECM) has been examined with a comprehensive
analysis of cell response and a variety of controls. The most promising results were
obtained from group containing fibrin, collagen typeMia t r i, kyalurdaic acid,
methylcellulog, and two compounds of functionalized, ionically crosslinking bacterial
cellulose (sECMbc) described the Chapter 3Even though the cell viability was not
significantly impacted, the performance of group of SECMbc showed 2 to 4x higher
sprouting numbeand length, 2 to 4x higher insulin secretion in static conditions, and 2
to 10x higher gene expression of VE@AFEndothelinl, and NOS3 than the control
group of fibrin matrix (SECMf). Each material was tested in a hydrbgséd,
perfusable device andé best, group of SECMbc has been tested with the drug
Sunitinib, which proved it to be functional over 7 days in dynamic culture and suitable
as a physiological tissue model. Moreover, the device with the pandrkatpheroids

was 3D bioprintable anperfusable.
4.2 Introduction

The extracellular matrix (ECM) plays a fundamental role in the functionality of cells,
tissues, and organs. The physical properties of the ECM provide physical cues to the
cells through its rigidity, porosity, insolubility, dsity, and topography, in addition to

its orientation and spatial arrangemg&7]. Integrins connedECM to the actin in the
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cell cytoskeleton and essentially sense the mechanical properties of matrix. Stiff
matrices induce integrin clustering, robust focal adhesions and kinase activation, and
lead to increased proliferation and contractililyfferentiation of cells is also regulated

by matrix rigidity, i.e., on soft matrices, mesenchymal stem cells favor a neurogenic
path instead of osteogenic one, which is favored on a stiff matrix. In the pancreas, the
topographical arrangement affects ecrilee cells by influencing islet secretory activity
[158] and survival[159]. The composition and topography mediation are alternated in

a twoway relationship. Cells produce, secrete, deposit, and remodestineunding
matrix, and the ECM transmits signals through the receptors and impacts cell
characteristics and activities. This feedback mechanism is crucial for rapid cell response

to surrounding environmental changes.

The role of the ECM extends far bewyb architecture and mechanical support,
influencing cell adhesion, molecular composition, and signg8rigs0] Additionally,

the mechanical stiffness and deformability of the ECM contribute significantly to cell
survival [9,161] migration [162,163] proliferation [164,165] differentiation
[158,166,167] gene expressiofl68], polarity[169], and, for pancreatic cells, insulin
secretion[161i 163,170] Moreover, the ECM of the pancreatideis serves as a
physical barrier for infiltration of immune system cgi8]. The ECM composition
includescollagen type IM77,171]located in thedbasement membrane synthesized by
endothelial cells cohabitating with-cells [172] and laminins [77,171] including
perlecan thatlpys a key role in endocrine function, enhances islet survival, and insulin
releasen vitro [159]. Moreover, the ECM elements suchghgcoproteins, fibrinogen,
fibronectin, collagen type |, and proteoglycans such as heparan sulfateraitin
sulfate, keratan sulfate (lumicame capable of preventirigcell apgtosis induced by

loss of cellular adhesiof9,158,161,170] Even though the molecular basis of these
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prosurvival signals has not been not fully characterized, the ECM components seem to
enhance insulin secretion, even in the absence of gl{s8eAlso, the ECM signaling
regulates cellular dynamics in pancreatic epitietiuds branching morphogenesis
[173]. The cellular events underlying these events remain unknown. It has been
suggested that regulation of cell motility and adhesion by local niche cues initiates
pancreas branching morphogeng$ig3]. The tissue morphogenesis driven by cellular
behaviors requires the actomyosin network to change cell shape and cell contacts
[174,175] Coupling to the plasma membrane bygadtlherin complexes or the basement
membrane by integrins requires crosgulation of celicell and ceHECM contacts and
hasbeen demonstrated in tumor cgll§¥6,177] Deregulation of these ECIgrowth

factor interactions can underlie a variety of pathologies, including parcfimtsis

[178], pancreatitig179], and adenocarcinonja80].

Currently, the investigations of pancreatic scaffolds are focused on components similar
to the native ECM environme[it69,181] Multiple scaffold types have been developed
using various synthetic biomaterials, but none of them accurately mimicked the
complexity of the actual pancreatic ECM composition and ultrastrugt&8e182] To
recapture the changes occurring in the native pancreas, except thditieasional
surrounding, the pancreas model also requires spatial organization. Scientists are
focusing on developing pancreafiecells able to secrete insul[64,65] as well as
developing cecultured models as an attempt to mimic the interactions between cells in
the islet organogenedi86,68,69]andwith endothelial cells to investigate the influence

of vascularization65,70,71,183]

In addition to scaffold composition, scaffold spatial architecture is also being examined
to enable dynamic culture conditions. For example, eoyaa-chip models are being
explored that involve perfusiemased devices capable of activdtare of 2D and 3D
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cells clusters needed to simulate the activities and physiological responses of organ
systems. Several groups have reported pancreaschip devices based on a PDMS
material[184,185] Dishinger, et al[184] investigated the functionality of mice islets

for transplantation. Also, another platform has been developed allowingineal
imaging of pancreatic islets culture encapsulated in alginate micropEgtls The
system induced a hypoxia erstiment to observe changes in signalization pathways of
islets. Another pancreasta-chip model interconnected pancreatic islets and gut cells
with possibilities to measure the insulin secretiohisfets in both healthy and diabetes

like conditions, with can be used in the drug development procgd8€3. Similar
research has been performed on hepatocytes as a functional coupling with pancreatic
cells to invesgate crosdalk between insulin production and promotion of glucose
uptake by the livef187]. Jun et al. examined a-coltured model of islets and adipese
derived stem cells spheroids that showed increased survivability ofaistkthe higher
potential success rate in transplantafib88]. However, none of these PDMfased
devices have recaptured the complexity of the pancreatic ECM environment important
in providing essential physical scaffolding faells and also initiating crucial
biochemical and biomechanical cues that are required for tissue morphogenesis,
differentiation, and homeostasi®esearchers have examined both natural and synthetic
ECM components that can serve as stalote or compose scaffolds for tissue
engineering [154]. Fibrin, Matrigel, collage, and hyaluronic acid have been
investigated and are built of the structural proteins in the matrix that are crucial
regulators of key signaling pathways. However, these natural hydrogels generally
exhibit weak mechanical properties especially importamt doth the health and
functioning of cells as well as the ability to develop hydrdgeded orgaon-a-chip

devices.
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In order to create scaffold with improved spatial structure, porosity, and the ability to be

3D bioprintable, a novel ionically crossliet hydrogel composed of carboxymethyl
bacterial cellulose (CMBC-)) and chitosan functionalized CMBC (CMBC (+)) has

been demonstrated Chaptel3. This material represents a new scaffold architecture as

it consists of BC narosf iodr mi crmeads uumi hegnl
the pH, charge and stoichiometry of both components alters crosslinking rate and pore
size, which as a result can be tailored to the particular needs of tissue engineering. Also,

the rapid crosslinking of these oppe$y charged fibers enabled 3D bioprinting.

To achieve asimulatedpancrea€eCM (seCM), a series of complex hydrogels was
createdthat consists of a combination of fibrSECMf), collagen,Ma t r i, and | E
hyaluronic acid (sSECMcmh)nethylcellulose (MGas sECMnp and functionalized BC
(sECMbc) These complex matrixesere created to model a native pancreatic ECM
and, specifically, to develop an architecture with two distinct crosslinking mechanisms:
fibrin and BC. The fibrin providesmaangiogenic, nanecaled base that supports
extensive cell growth and proliferation, while BC provides m&ngironmental
biomimetic reinforcement. Additionally, MC was added to mediate the rapid
crosslinking reaction between oppositely charged CMBCEM#nh components
provided additional proteins and glycosaminoglycans for structural and biochemical

support of surrounding cells.

Here, he firstaim was tooptimize thestoichiometry offour scaffold groupssgCMf,
SECMcmh, sECMm, and seECMbdjased on nwhanical properties, transparency,
stiffness,andwater holdirg. The best performing compositions were evaluatesked
on pancreatic spheroigeerformanceaested by viability, endotheliad n dcellb related
gene expression, neovascularization capatsliie well as the insulin secretiorhe
second goal of this researevas to hire the best performing scaffold asintable
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complex matrix to create a perfusable device useful for bothtinealinsulin detection

and Sunitinib drug testing in potential enéncer treatment.

4.3 Materials and methods

4.3.1 Material prep

The four groups (SECMf, sECMcmh, sECMm, and sECMbc) were investigated to
determine the impact of additives on mechanical properties, porosity, and bioprintability
of scaffolds as well as to verify if these complex matrixes improved viability, insulin

secretionand longtime vascularization potential of pancreatic spheroids.

4.3.1.1 Fibrin

Fibrin hydrogel was prepared by blending fibrinogen protein isolated from bovine
plasma (Sigma&ldrich, St. Louis, MQ and bovine thrombin from plasma (Sigma
Aldrich). Both® | ut i ons wer e dissol ved shefferead at el )
saline (DPBS) at 37 AC. Both component s
final fibrinogen concentration of 10.61 mg/mL and thrombin of 5.28 U/mL, as shown

in Fig.4.2D. To avoid cosslinking, both suspensions were kept separately. Fibrinogen

is a negatively charged protein and thrombin is a positisleyrged proteifi29]. Both
suspensions forminfibrin (SECM(), a naturally angiogenic hydrog&lere used as a

base for the more complex bioinks that were formulated based on their negative or

positive net charge.

4.3.1.2CollagenMa t r i, ane Hydfuronic acidomponents

Collagen type |, responsible for adhesion and promoting islet survival, was extracted
from the rat tail tendons following Rajan et al. proto&fl]. In short, tendons were
solubilized in 0.02 N acetic acid, then frozen&t0 AC and | yoph#49 i zed
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°C). The obtained collagen sponge was dissolved in the acetic acid at a concentration of
6 mg/mL and sterilized. The final concentration of collagen type | was 0.32.48d
mg/mL in negatively and positivelycharged solutions, respectively as addition to the
fibrinogen and thrombibased materialsMa t r i @erhirg, Manassas, VA),
promoting formation islelike clusters, was kept on ice and used in the final
concentréon of 0.53 mg/mL. The hyaluronic acid (HA) stock solution (5 mg/mL) was
prepared by dissolving hyaluronic acid sodium salt powder (Sigarach) in DI water,

and a final concentration of 0.27 mg/mL was used to improve cell proliferation and
migration. BthMa t r iagdeHA #ere added to fibrinogdrased solutions due to the

negative charge of these hydrogels

4.3.1.3 Methylcellulose

Methylcellulose (MC) (Sigmaldrich) was dissolved in DI water at 8C and then with

ice cold water to form a 1% (w/v) lsion followed by a magnetic stirrer mixing for 1

h to yield a viscous fluid. After complete dissolution, methylcellulose was autoclaved
to ensure aseptic conditions. MC is used as a-seha cell medium, here served as
agent improving rheology and desging cellulose particles. Due to neutral charge, MC
was added to both negativelgnd positivelycharged solution in a final concentration

of 1.33 and 0.5 mg/mL, respectively

4.3.1.4Carboxymethyl bacterial celluloseSNIBCs)

The surface charge of anionic carboxymethylated bacterial cellulose (CMBC) was
tailored using chitosan, a cationic polysaccharide, describ€tiapter 3In short, the
Komagataeibacter hansefhTCC 53582) was used as bacterial cellulose producer and
after a threeday cultivation, bacterial cellulose (BC) pellet was removed and purified in

0.1M NaOH at 80 AC, followed by DI water
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The BC was alkalized by immersion in ethanol containing 3% (w/v) sodium hydroxide
solution at 30°C under 300 rpm magnetic stirring for 40 min. Subsequently,
etherification was initiated by addition of sodium hydroxide, and followed by addition
of chloroacetic acid dissolved in ethanol at°@0with continuous magnetic agitation
(300 rpm) for 30 minFunctionalized BC (CMBC-) was rinsed with DI thoroughly

until neutral pH and the material was themmogenized using a-45 UltraT ur r a x E
(IKA, Germany). After each batch, 1 mL of suspension was -ovied and weighted.
CMBC (-) was added to negativebharged solution containing fibrinogen, collagen,

Mat r i, l4Ae dndEMC at the final concentrations of 1.07 mg/mL.

The cationization of bacterial cellulose (CMBC (+)) was prepared widdium
molecular weight (MMW) chitosan (Sigma, St. Louis, MO). Thdagdan powder was
dissolved in DI water with the pH adjusted to 3 by adding formic acid. Afterwards,
homogenized CMBCi{) was diluted and filtrated through7 0 O restrainerlfilter
(VWR, Radnor, PA). The dispersion was dispensed by a syringe pump (fdeRuip
Systems, Farmingdale, NY) into the pool of chitosan solution, while homogenizing by
a T-25 homogenizer (IKA). The obtained mixture was centrifuged at 14 nph0 for

40 min in an Avanti <26 XPI centrifuge (Beckman Coulter, Fullerton, CA). The
salimentarypellet was collected was collected, and 1 mL of it was -@red in order

to determine its concentration. CMBC (+) was set at the final concentrations of 0.65
mg/mL in positivelycharged solution containing thrombin, collagen, and MC. The last
group were all of the aforementioned hydrogels with addition of CMBCs in order

investigate impact of its properties to engineered the microarchitecture
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4.3.2 Rheology

The rheological properties were studied using a straimrolled rheometer (ARES, TA
Instrument, New Castle, DE) in a copkate geometry. The diameters of cone and plate
were 50 mmwith the gap set at 0.043 mm with the cone angle at 0.04 radihas.
properties of each scaffoldECMf, SECMcmh, sECMm, and sECMbcgremeasured

by deposiion of 0.65 mL of both negativelyand positivelycharged materialEach
scaffold type was crosslinked for 3 min at &7 plate prior analysisTwo steps of
rheological masurements were carried out: (1) amplitude sweeps at a constant
frequency (10 rad/s) and strain range from 0.001 to 10% to determine the maximum
deformation attainable by a sample in the linear viscoelastic region; and (2) oscillatory
frequency sweeps at@nstant strain (0.5%), which was confirmed to be within the
linear viscoelastic region, and frequency range from 0.1 to 100 rad/s °&t. 24l
experiments were performed at least in duplicate to ensure reproducibility and the
representative datawassha here. Comparison of storag:!

were done by reporting G6 and G66 v.alues

4.3.3 Dehydration analysis

To determine thevaterlossnd dry content of scaffol ds,
scaffold (SECMf, sECMcmh, sECMm, and sECMbc) was deposited on the 12 mm round
glass slides in four repetitions and wei ¢
24 h and weighted agaiwWater lossby weight (SRW) and dry weight (DWyas

calculated using the following equations:

YY®w p — @pmnmb (3)

Ow — Gpnnb 4)
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whereWo is the original sample weight after fabrication amdl is the dehydrated

sample weight

4.3.4 FESEM and porosity measurements

Field emission scanning electroRESEMYFrosc
Thornwood, NY) was theedsutbacienvceedfiegntp
experi mentrFdlb sECMcpECMmM and .sCohhtoveirc e s

dehydrated usiolgutgir@ade d( 2% htacooodpll@%)e. rTeomo
of waprrewerdst hen further dried i nEM crit
Wet zI|l ar,. GRfrtmamydr yi ng, each scaffold ty
reveal the i nt€Minsad mpmoersp hvedomeg yes @ bt telr a t
(10 nm) of iTridium usiWgt al dre,i amd rEdva sA§CIEG &
at an accel e3ba tHGIrgo sviotlyt angaes oafnal yzed and
softwareo (NeHer m npertchentpore ( %)?) .anBorpo
representative i mages of wphercieesedasau
and within tha&daycadffocdl|l tAféer con%truct.

par afor mal dRlhdrdiec {)Si arael esaelr i bwidng nsecti o

4.3.5 Cell culture

Rat heart microvessel endothelial cells (RHMVECSs) (VEC Technologies, Rensselaer,
NY) were cultured in MCDB 131 medium (Corning Cellgro) supplemented with 5%

fetal bovine serum (Life Technologies, Grand Island, NY), 2 mM Glutamax (Life
Technologies), Eg/mL hydrocortisone (Sigm&ldrich), 1 eg/mL human epidermal

growth factor (Sigmsd | dri ch), 12 Og/ mL bovine brain
MD), 100 U/mL penicillin G, and 10@g/mL streptomycin. Mouse insulinoma beta

(b)TC3 cells PTC3s), a kind qift fron  Dr . Ni colas Zavazavabd
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Uni versity of |l owa, l owa City, I A) , wer
Medium (DMEM; Corning Cellgro) supplemented with 20% fetal bovine serum (Life
Technologies), 1 mM sodium pyruvate (Life Technologi@)nM Glutamax (Life
Technol ogi es) , and 100 U/ mL penicillin
Technol ogi es) . Cel |l s wer ehumaified atradsphered a 't
Cell culture medium was changed ever§ 8ays. Subconfluent cultures were detached

from the flasks using a 0.25% tryp<inl% EDTA solution (Life Technologies, Grand

Island, NY) and split to maintain cell growth. Passages 9 through 15 and 10 through 22

were used fobTC3 cells and RHMVECSs, respectively

4.3.6 Spheroids fabrication

On arcdhing 70%DbTc@®ANfdalelhnceand RHMVECs wer e
culture flasks wusing trypsin; cell medi a
was centrifuged for 5 min at 1,600 rpm.
bTC3 and RMMV&ECsombined in ratSfcoesl | sf wile:r
suspendel bh meédium and pipetted on the

Technol ogies, Cambridge, MA).. After 24h t

4.3.7 Spheroid culture in the scaffolds

Spheroids were gently suspended in the negatsiedyged suspension prior to
crosslinking with the positivelgharged material. After quick, but gentle pipetting, the
pre-crosslinked suspensions were deposited in theegdllent 24well plate. After 30

min of crosslinking in the incubator, cell media was deposited on top of scaffolds. The
constructs culture medium was formulated in 1:1 rati®@c€3 media and EGM2V

media (Lonza) based on previous st{t§3].
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4.3.8 Immunocytochemistry analysis

To determine the cellphlderstdmihédbuad s toai nwii nt g
perfor med usidipnagt el erta bebn d o tahnetlii al cdll adl
anti body (Ab28364, Abcam, Cambri dge- MA)
insulin anti bodybT(CBb 7c84 2 ,s .A bNuacnt)ed £ onhesrte <

33258 (Ther moFisher) .

The spheroids embedded wi tahicneelpléleilwedt st 2 ¢
pl ate for 7cudlatistrhaas pwerlflu qasstelee s eivni otals e3 .
dynami c a@amnditthieonn,f i xed% opa&nr afi ghma Iwd ethhy d
Constructs were t hemi nwaisnh eDP BS tatmetsh ep erro
Permeabilization was pdarOfoor(rd dd maeicthh @.n25
nor mal goat serum (Abcam) di Inuatreyd ainnt i[DbPoBds
were diluted in blockdidngndgolluRiOOénf oEl: b0 s
constructs. After overnight incubation a
each in DPBS). P E C ArMa bsbei cto nadmtriyb dg8oga,t ( Aal néte
Technol ogi es) diluted 1:500, @hs at nao whoat
temperature in dark and then was hgeud nfeoar 1
pig secondary antibody (Al exa FI uosr 568
incubated withidh taht rcroomttempsr dtour e i n
foll owed by 10 min DPBS wash and incubate
were washed three times per 10 min in DPE
antdhen pl acebdotanmn ma dglsdhes f or i maging on
mi croscope (Ol ympus FV10i) by | asers Al e

520 amd Al ex@&@8 Fleaai tation 577 nm, emissi
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4.3.9 Sprouting quantificatn

Images of spheroids encapsulated in scaffolds and in the perfusable devices were taken
at 1, 4 and 7 days on the EVOS FL Auto (Thermofisher). These images were then
processed in the ImageJ software using the Angiogenesis Analyzer plugin to generate a
skeleton of the sprouts. The generated skeleton was further analyzed using the Analyze
Skeleton plugin to quantify the sprout length and number. The average sprouting length
and the average sprout number was calculated for a set of spheroids in each material

(SsECMf, sECMcmh, sECMm, and sECMbc) at each time point (Day 1, 4 and 7)

4.3.10 Histological analysis

Spheroids i m ECMBCMashEeCMmBELCNMNwer e cul tur
for seven days in Petri di shes. The <con
(SidgAmaric@)owermmi ght. The constructs wer ¢
automatic tissue processor (Leicta iTiPtdO@
Om sections and pl acedt iommnso wehrae getenmsl
hematoxylin and eosin (H&E) stain using
were mounted to the slides wktshheXyl elnda tSu
PA)The slidesuwagere tvhew®ddympus BX51 (Ol ym
captured with the manufacturerods softwar

perfusabl e devices

4.3.11 Cell viability

The cormauttwects i n wersed as ideitreadndtintei drhe vi
three time points, 1, 4, and 7 dawel |l Con:
pl ate wiLtif eDPAFBR$S hhol ogies). 2 mL solution
saline (DPBS; Life TechmAModilew) tc omgteai, ni
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CA) and 4 OM ethidium homodi mer (Life Te
Pl ates were protected fromz2fiogh®B &andoi ho
rinsing with DBPS thmagean @\ FLSAaf ool cw
mi croscope (tThhedmbEcsheCra)l cein (excitatic
ethidium homodi mer (excitation 577, emi s
construct at each time point wetrye waasn d c

guantified using I maged (National Il nstit

4.3.12 Enzymdinked immunosorbent assay (ELISA)

The insulin secretion analysis waseaachdu
scaf6BCMECMcsBECNMM asrEACMbcconsi sting spher
1x9@C3s and RHMVEC .ceHAdrs tihne 1lanlalryastiiso, 1
freshly prepared (25 mM HEPESS mM5 K@M, Na
MgGl 0.2g 0.1% BS2®)di §sobhedif MQalWwas adde:
Cagdnd the pH was adjusted to 7.4 with 1

0.22 Om filter and stored at 4 AC.

Thgl ucose sti mul atniloyn iwa so npe@ ucéoontcoeend nrraet si poc
charadie®eblf sevat ed gllwadddTbeb8FaentMs ,gl ucos

solution was prepar BEdclicra f falséidnlsxe dKrienb sa bg

solution for 5 min and then incubated in
5% £O0OAfter incubation, the suwpermQtfamrn
i nsul i A ienfkzzydgma mmunosor bent assay (ELI SA)
The same approach was used in the perfu

stimulated through the perfusglitfina‘moatyd t h e
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The | i qui &¢oflrswenriced e/ &t he eMeotrr iandihsohur an

wasol | ecftreodz eaemndf or ELI SA anal ysi s.

Mouse ultrasensitive insulin ELISA kit (.
secrespbelrmden constructs aftef!'dd aldds @ s
day of experiments. ELI SA pt loneaoncuoflacwais ep
instrsucBriioemf 'y, 5 OL of standard solution

ofhet-po®t ed ELISA microplate and then, 75

was incubated for 2 h on a shaktarme(s3 O0wi trh
wash buffer. After <careful removal of th
pi pektitret o each well ; pl ate was incubated
from | ight. Afterward, 100 OL of stop so

readwenrges perf oran@ dPawe A3MA0y esnpke ct r op h ot o me't

and nneoahcentrations were calcul ated by

4.3.13 Gene expression using quantitative-tiea¢ polymerase chain reaction (gRT

PCR)

In order to evaluate thle-cell- and endotheliaspecific gene expression levels, each
scaffold type(sECMf, SECMcmh, SsECMm, and sECMbc) &, 4", and ¥ day of

culture. Spheroids were made of 1%XB0C3s and RHMVEC cells in 1:1 ratio were
homogenized in TRIzol reagent (Life Technologies, Carlsbad, CA), followed by adding

0.2 ml chloroform per 1ml TRbl reagent and centrifuging the mixture at 12,000 g for

15 min at 4 AC. The upper aqueous phase \
then precipitated by adding 0.5 ml isopropyl alcohol per 1ml TRIzol reagent, followed

by centrifuging at 12,000gfdr0 mi n at 4 AC. Subsequently

rinsed twice by 75% ethanol, airied for 10 min and dissolved in 5 diethyl
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pyrocarbonate (DEP@jeated water. RNA concentration was measured using a
Nanodrop (Thermo Fisher Scientific, PA). Rese transcription was performed using
AccuPower E CycleScript RT PreMix (Bl ONEEF
instructions. Gene expression was analyzed quantitatively with SYBR Green (Thermo
Fisher Scientific, PA) using a 7500 Rdaine PCR systerh App |l i ed Bi osyst e
Technologies, USAp-cell-specific genes included Insl, Ins2, and PDX1. Endothelial
specific genes included VEGK, Endothelin, NOS2 and NOS3. The gene sequences

are listed in Table 1. Expression levels for each gene were lmethtp glyceraldehyde

3-phosphate dehydrogenase (GAPDH)

Table 4.1. Primer information for gRIPCR

Gene Primer

Ins1 Forward 5-TCCAGCGACTTTAGGGAGAAZ3'
Reverse 5-GGGACCACAAAGATGCTGTT-3'

Ins2 Forward 5-GGGGTTAAGGGGCGAGAAAAZ

Reverse 5-GGTAGTGGTGGGTCTAGTTGE3'
PDX1 Forward 5-AACACTCTTCCCTCCTTGCG3
Reverse 5-ACCCTTCAAACACGTTGGGT3
VEGF1 Forward 5-GAGGTTGCTCCTTCACTCCCT3'
Reverse 5-GTACGACGACAGAGGGGGA3
Endothelin Forward 5-TGGCAGGTTTTTGGCATCCT3'
Reverse 5-AGAAAATGCCTGGACACCGA-3'
NOS2 Forward 5-AAAGGTGTGGGAAGAGCGAG3'
Reverse 5-AAACACCCAAAAGCCCCCTT-3'
NOS3 Forward 5-AAGGGGTGGTATGGAGGACTF3'
Reverse 5-ATATGTCACCACGCTGGCTC3

4.3.14 The perfusable device

The external cast of the perfusable device was designed using Solidworks (Solidworks
Corp., Concord, MA) and 3D printed using Ultimaker 3 (Ultimaker LTD, Cambridge,

MA) and polylactic acidPLA) as the printing material. The material was formed in a
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rectangul ar shape measuring 1 x 0.8 mm
After 3D printing, the device was detached from the base, washed, and glued to the glass
coverslip. The channelwésor med by the 450 Om metal wi

and the hydrogel matrix with pancreatic spheroids was manually deposited or 3D
bioprinted inside of the devices. Devices were placed in the incubator to crosslink for
30 min prior to manual removaf the wire. Devices were immediately connected to a
peristaltic pump Ismatec REGLO ICC (Cdtarmer, Vernon Hills, IL) operating at 1.5

OL/ min through &ammer)Om tubing (Col e

4.315 Perfusion with fluorescently labeled dextran

To determine the permeabilization of the four scaffold groups (SECMf, SECMcmh,
sECMm, and seCMbc) with and without the RHMVH®&d alongthe channel, the 25

OM F {dé&xtean (70 kDa, Sigma) in cell culture media was perfused for 24 h at a speed
of 1 mbh. Dévicés were imaged on the EVOS FL (ThermoFisher) at the same
software parameters after 0.5, 1, 2, 3, 6, and 24 h. The intensity per pixel was quantified

using ImageJ (NIH)

4.316 Drug testing

Sunitinib malate (Sigm&ldrich) was diluted in the cellculture medium to a
concentration of 200 mM. The matrix of the device consisted the group of SECMbc and
was cultured under perfusion for a day before Sunitinib was introduced. The images
were takeron an EVOS FL (ThermoFisher) at,14", and " day sin@ the beginning
of the drug testing for quantifying sprouting number and length. At these time points the

fluorescent images were taken to detect the transduced RHMVECs with tdTomato, a
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fluorescent proteinegikcitation 577, emission 603) as well as the uibi (excitation

499, emission 520)

4.3.17 3D bioprinting

The most complex group, sECMbc, was 3D bioptinted by loading negatng
positivecharged suspensions into two separate 3cc syringe barrels (Nordson EFD, Fluid
Dispensing system, Wedake, OH) and kept in ice prior to bioprinting. Both barrels
were comected to a custoimade ceaxial nozzle (described [142]) and loaded on an
INKREDIBLE 3D bioprinter (Cellink, Sweden). Printing speed and path plan was
controlled by programmed-Gode. Constructs were degited at a printing speed of
1500 mm/min. For SECMbe)( an extrusion pressure of 14 kPa was used. For sSECMbc
(+), the extrusion pressure was maintained at 11 kPa. The internal squares of printed
two-layer grids were measured by area and perimeter udieg BVOS FL
(ThermoFisher) at 4x magnification. Circularit€)(of the internal grid shape was
guantified in order to determine tipeintability (Pr) according to our previous work

[143]:

5 — (1)

WhereL andA arethe perimeter and area of the pores, respectively. The shape of the
enclosed aa is closest to a circle whéhis equal to 1. The square shape is equal to

" 14; thereforethe printability of the material is defined as follows:

0i -- — )

An ideal 3D printed hydrogel exhibits squasdthpe grid, whichds aPr value of 1
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4.3.18 Statistical analysis

Al |l results are expressed as Mean N SD.
used to determine the individual differences among the groups. All statistical analyses
were performed byMINITAB 18.0 (Minitab Inc., State College, PA). Results were
considered significant with a confidence level of 95%, where p < 0.05 (*), p < 0.01 (**),

and p < 0.001 (***).

4 .4 Results and discussion

The native pancreas includes a complex extracellular m@@M) consisting of a
connective fibrous network of macromolecules, including but not limited to collagen
type IV, elastin, laminins, collagen type I, proteoglycans, and hyaluroni¢&cld this

study, the ainwasto understand the role of increasing simulated matrix complexity on
the mechaical properties and cell behavior of the simulated ECM. Therefore, the first
group was a simple fibrin hydrogel, sECMf (see scheme in &ipA) with a
concentration that was increased by a factbwofover that shown in our previous work
[183]. The increase in congtation aided in stiffening the final matrix, creating a more
stable perfusable device. Fibrin gels have been used to maintain the 3D configuration of
human islets and enhance the effects of added growth factors, which were necessary to
increase the insi contenf189]. As shown in Fig4.1B, fibrin hydrogel was enriched

with additional components: collagen typat r i gaad hialuronic acid salt, later
referred as sECMcmh. In the ECM, collagen fibers are responsible for the structural
strength and for biological response including cellular adhesion and morphogenesis.
Collagen type | molecules promote islets suaiviowever only in the presence of the

integrins[190]. Ma t r i igyexttagted from the EhgprethHolm-Swarm carcinoma
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and is ubiquitous source of the laminin, collagen IV, perlecan, and growth factors. Also,
Mat r i leelahilities to promote the differentiation and formation of -litet
clusters from adult ductal epithelial cell and aduliman pancreatic progenitor cells
[191,192] Hyaluronic acid (HA) is a representative of proteoglycans involved with the
structural reinforcemnt and conserving the specific grovidltorsandcytokineg193].

This matrix was additionally enriched with the carboxymethyl bacterial cellulose,
CMBC (-), with anionic charge and chitosanated derivative of it, CMBC (+), with a
cationic charge on the surface. Bothtieem are referred as CMBCs and have been
described inrChapter 3The crosslinking of CMBCsvasrapid and disproportional to

the reaction rate of remaining components of the group SECMbc. Therefore,
methylcellulose (MC) was introduced as an unchargegedis/e reagent to slow the
crosslinking of the CMBCs and prevent forming inhomogeneous scaffolds. As control
groups, fibrin, collagenMa t r i, g4 lael MC (SECMm, see Figt.1C) were
introduced to distinguish the role of MC and CMBCs on the materiatelhtiehavior.

The last groupvasthe group of SECMbc, where fibrin, collagéia t r i, ldle MCGE

and CMBCs are all present in one scaffold, as shown imHiD.
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b, ~=. Carboxymethyl bacterial cellulose (CMBC (-))
Methylcellulose (MC) i s~ Chitosan-coated carboxymethyl bacterial cellulose (CMBC (+))

Figure 4.1 Graphic scheme of threaterial interactionA) sECMf mesh, (B) SECMcmh

group, (C) seCMm, and (D) the group of sSECMbc

The viscoelastic properties of various crosslinked hydrogels were revealed by
rheological data as shown in Fg2A. In the linear viscoelastic region (strain at 0.5%),

the frequency dependenceeofi ast i ¢ ( GO6) a n dndicaie snpatans ( GO
characteristics of gel structure and mechanical properties, such as degree of
crosslinking, entanglement, and some details of chain struétsiszen from Figd.2A,

G6 and G066 showed some variation among ¢
magnitudeof GO6 was higher than t hosfrequendies GO 6
(0.17 100 rad/s), indicating@elationbehavior. Among these various hydrogels, SECMf
sampl e exhi bi timptyingtthe Bighési dgdree of tcros&idking and thus

the stongest network, as suggested Winter and Chamborj194]. The sSECMf

hydrogel in our study was prepared by crosslinking fibrinogen with enzyme thrombin.

The gel feature of SECMf has been known to induced by the lateral association and
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branching of fibrin protofibrils. The mechanical properties of the sECMf gelbean
influenced by various parameters, such as pH, ionic strength, fibrin and thrombin
concentration, etc. Variations in these parameters induce changes in fibrin fiber
thickness and entanglement, thus resulting in changes in mechanical stidregth.
hypottesis stated that the crosslinking sites existed within pristine fibrin hydrogels were
interrupted by the other components (collagda t r i, l§Ae ME and CMBCs). It
seems that then@as lack of interaction or entanglement between added components
and thefibrin matrix, as seen frothe decreasemG6 i n t he f ol |l owi ng
SECMcmh > seCMm > seCMbc. The hypothetical relation within the scaffold was
recaptured in Figd.1, where sECMfvas a concise matrix (Figh.1A) or was disturbed

by the sECMcmtcomponents (Fig4.1B). BothMa t r i agpde Hydturonic acid are
negatively charged and may react with thrombin, weakening its enzymatic strength in
fibrinogen crosslinking. Even though both collagenstalt r isgod liEi fy at 37
mechanical propertge of SECMf scaffold were not restored. The sECMm group
established another control to the group of SECMbc. In this group, MC was successfully
used as a dispersive agent to slow crosslinking rate between CNBDd (+).
Therefore, MC was not crosslinkeghich explains lower mechanical properties of its
group, shown in Figt.1C. The group of sECMbc consisted of charged fibrils of CMBCs
and was the most complex group. As a result, the four experimental groups were
necessary to determine underlying cauggmtentially changed cell behavior from the
mechanical point of viewAdditionally, as seen from Figl.2A, two regions can be
observed for all hydrogel samples, which are characteristics in an oscillatory frequency
sweep of a polymer material, according185]. At frequency ranging from 0.1 to 40

rad/ s, a plateau region indicat eshighehe don
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frequency region 406100 r ad/ s) , Gnj increases faste

region ascribed to the highequency relaxation and dissipation mechanifias].

Thebulk water lossvas not significant between the groups with sECMf value at 97.78

N 0.2%, STECMcnh 09. 4%, sECMm 97.63 N 0. 5%,
showninFigd2B. These data correlate with the
for sECMf, 2.24 N 0.4% for sECMcmh, 2.37
the group of SECMbc. The dryrtent percentage (Fig.2C) does not statistically differ

between the groups and the final concentrations among the groups were constant
through all experiments, shown in Fig2D. The additional materials such as collagen,

Ma t r i, ke MCE or CMBCs wee substituted with PBS in the less complex groups.

The final concentrations were experimentally derived from preliminary studies (not
shown) regarding to hydrogel homogeneity, transparency, stiffness and water holding

capacity. It was critical to estali®ptimized properties for durable and stable scaffolds

that are transparent and homogenous enough for the imaging of spheroids

A 1000 B Water loss C Dry content
— ® G'(SECMf) 0 G"(sECMI)
& A G'(sECMcmh) G" (sECMcmh) 35
= ® G'(sECMm) O G"(sECMm) 100,
3 ® G(sECMbc) O G"(sECMbc) 3 [
o
E 100 gupzaarzaIRIZIIRERRRRRIRE % N I — '
. 134 oy Ve T
e '::‘! csesscsoccccce s =
" S YT I A Ad 2 % c 2
4 ...oo. ’..0000000000000000 8 ]
2 e L300 - =
3 z:«.;oiﬁﬂm 09000000 g & ‘ 8 1s
© 10 000pppaogobDag g | >
t sO0000C¢ o
Y} 00"~ | 1 6600000888888800088088" [ 3
Tv’ 500 0000S s lviohdle % ‘
,‘:!f’ [ 05
)
RS Y . . 0 0
oL 1 10 100 SsECMf sECMcmh sECMm sECMbc SECMf sECMcmh SECMm sECMbc
w (rad/s)
D : : : - :
Negative charge solution: final concentration (mg/mL) Positive charge solution: final conc (mg/mL)
Fibrinogen CMBC (-) MC Collagen Matrigel HA Thrombin ~ CMBC(+) MC Collagen
SECMF 10.61 00 0.0¢ ).00 0 ).0( 5.28 0.00 ).00
sECMcmh 10.61 0.00 0.0 0.32 0.53 0.27 5.28 0.00 ).00 0.12
SECMm 10.61 00 1.33 0.32 0.53 0.27 5.28 0.00 0.50 0.12
sECMbc 10.61 1.07 1.33 0.32 0.53 0.27 5.28 0.65 0.50 0.12

* Established based on optimized homogeneity, transparency, stiffness, and water-holding
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Figure 4.2 Material properties based on: (A) rheology with plogeage modulu&
filled) andloss modulus@ 6 6pen) versugangular frequencyw, rad/s)-, (B) water

loss (C) dry weight content, and (D) the final concentrations.

FESEM imaging was performed on the top of the constructs as well as at the cross
section area throughout the scaffold. The top view, shown iMdB4, presents three
magnifications of each scaffold type. The sECMf suriaee the smoothest among all

grows, while the group of sECMbc had an inhomogeneous surface with small
protruding particles of cellulose. The quantification of the SECMf porosity percentage

at the surface was significantly smaller comparing to other groups, with the result of
46.21 (Ng. 3Bl eft) as well as the small es:
Or(Fig.43B right). The group of sECMcmh had
7.35%) than SECMm with 63.79 N 2.9%; how
(531. 90DmMNs55659. 93 i3m0 1@m to the group

2 5. 5. Thisbehaviowas caused by the viscosignhancing properties of M[96].

The fiber distribution morphology of the material crsgstion differs from the top

view, which affects the porosity percentage and area. SECMf remained the smoothest
material, similar to thgroup of sSECMcmtwith comparable porosity percentage (58.93

N 4.64% and 57.82 N 4.8%) &addpb®bsbtyNa
O, respectively). The group of SECMm had slightly more irregular morphology,
however the measurements are almodte nt i cal t o SsECMf with 6
and 59. 4& aréh. The gouplomsECMbc had significantly lower porosity
percentage and area comparing to the sECN
553. 34 N2 Sifce the [@drosity measurem® were done at 10,000x

magnification, it did not capture the influence of lapgge CMBCs that was partially

visible at the right site of the images (FQ3C, far right). Itwas suspected that the
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cellulose fibers from CMBCs are creating a microenviment that locally rearrange the

other protein in the matrix resulting in overall smaller pores count
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Figure 4.3 FESEM and the porosity characterization from the top (A and B)crasd

sections (C and D).

The sECMf scaffolds with the pancrealikce spheroids forming extensive
vascularization were described in our previous sfuig]. In this researchhe 1:1 ratio
of bTC3 and RHMVECs was used in the four scaffold types ontreaied 24well

plates, which prevented endothelial cells from &itag and spreading along the bottom

of the dish. This arrangement forced spheroids to form vasculature only inside of the

scaffold and served as a preliminary data for the perfusable device setting, where

spheroids had to perform well close to the chamselvell as throughout the matrix.

Spheroids in the sECMf scaffold did not form an extensive vascularization once there

was no glass cover slip underneath as shown in the immunocytochemical analysis in

Fig.44A. The sprouting quantification indicated tleeel of angiogenesis expansion in
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each material. The group of SECMbc showed significantly higher sprouting density at
the T and 4" day, reaching up to three folds higher than SECMf control group, as
reported in Fig4.4B. It is worth noting that at thé"4lay the group of SECMbc had 43
branches in average; however, the vascular network started to merge and the overall
number of braches decreased. At this point the sprouting density quantificaé®not

an accurate representation of the extent of positive improvement in endothelial cell
performance, since vasculature fusion is natural and desirable phend@éhda he

group of SECMbc had significantly more branches in thantl 4" day than the controls.

The tremendous difference in the sprouting length was seen between the groups, shown
in Fig. 4.4C. The sECMf group had not progressed withim T days of culture and its
sprouting lengttaverage rangedetween 15&nd 177Om. The | ength of
SECMcmh and sECMm groups increased frod®d 14O m a tStddy ko 852 aAnd
647Om i n™ respeetively. The largest increase oveays was noted in the group

of sgCMbc, which started at 390 and grew
was caused by the new sprouts forming at the surface of spheroids, while the already
elongatedsproutsended to create vascular anastomosidemgtheneven further. The
process of e n-usidnimte thicker branched isreguated an thé physical
and molecular level. Notch signaling leads capillary tips into further expansion, while
motility of the remining endothelial cells isdally suppressed and results in forming

the tubelike sproutd99]. The mechanical forces, i.e. blood pressure within the vessels
may cause exponential growth or regression of formed branches due to change in

endothelial cell polarity and migratigh97].
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Figure 4.4 Vascularization analysis: (A) immunocytochemical staining of the scaffolds
with  PECAM-1 for RHMVEGs, insulin for bTC3, and DAPI for nuclei (B)

guantification of sprouting density and (C) length cw@&rday culture.

The belavior within the scaffold was also analyzed based on the H&E staining on
histological samples, shown in F§5A. Each scaffold was cultured for 7 days prior to
fixation, and the difference in the vascularization was visible. The spheroids in the
SECMf saffold vascularized with short sprouts, while the sECM@antd sECMm

groups had wider, more complex vascular arrangements; however, not all spheroids
sprouted, as shown at the 4x magnification in BigA. The group of SECMbc in this
representative image had some of the longer and denser sprouts than the other groups.
Additionally, in the H&E staining of the group of SECMives visible fibrillar matrix

made of crosslinked CMBCs, contrary to homogenemadfad in control groups.
Pancreatic spheroids are located within the cellulose, suggesting that the

microenvironment might have impact on the endothelial cells sprouting. To visualized
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the vascularization formation within the scaffold and on the tofphefconstruct, an
additional FESEM was performed, shown inAppendix B:supplementary Fig.4a1A

and $1.1B. Results suggested that CMBCs presence improved angiogenesis, perhaps by
microenvironment modulation. However, just a few cellbased hydrogelsvere
presented in the tissue engineering literature. Despite the successfully cultured human
and murine cells in the cellulosmsed ge]198] and the perfusable device consisting of
plantderivedcarboxymethylcellulose (CMC) and gelaf81], few insights were shown

regarding the interaction between cellulose structure and cell.

The pancreatic spheroids viability was maintained above 80% and results did not differ
between the groups at each time poifl, 4", and 7" day, as shown in Figt5B. It is
hypothesized that over theday culture, some cells underwent apoptosis process while
immobilized in the spheroids and scaffold. However, the proliferatigght cause
increased overall cell number. This process did not affect the functional aradlyise
pancreatidike spheroids determined based on the insulin secretion in each of the
scaffolds at the 1, 4, andday time points. The difference between the groups were
insignificant at ¥ day; however, at%day groups of SECMm and sECMbc (0&4d

1.03 pg/16 cells) had significantly higher insulin secretion than SECMf and SsECMcmh
(0.4 and 0.44 pg/focells). At 7" day, the advantage of the group of sECMbc
significantly increased comparing to other groups, and yielded with 0.85°pugts)

while the sECMf group produced 0.29, sECMcmh 0.3, and sECMm 0.66ipgulin

perlC® cells. Itis challenging to compare feeresults with existing literature due to the
wide range of nomenclature, i.e. p/mol/mg protgi@9], pg/ATP [200] o r Ou/ 100
islets/h Here, the insulin concentratiamas chosen in the picograms per one million

cells, since an exact number of®1€ells was used to form spheroids per each
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experimental group and alsoetltell lysis for the protein content quantification was

impossible since they were seeded in the scaffolds
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Figure 4.5 (A) H&E staining of the scaffolds, (B) cell viability quantification, and (C)

insulin secretiorbased on the scaffolds

To identify the gene expressionftell related genegRT-PCR was performed at'l

4™ and 7" day of the static culture, as shown in FgA. The chosen genes included:

Ins1 responsible for encoding insulin, a hormone that plays a role in the regulation lipid
and carbohydrate metabolism; Ins2, encoding preproinsulin that is later processed to
insulin; and PDX1, the transcription factor necessary for pancreatic development. All of
the results were normalized by the results from thdaly SECMf group. At day 4 and

7, group of sECMbc had significantly higher expression of Ins1 than seECiachh
SEQVIm, respectively; however, Ins2 expression was comparable between the groups
throughout a week culture with a significant drop in expressioi'amd 7" day. Higher

Ins1 gene expression than Ins2 in the INS832/13 cell line has been reported elsewhere

[201]. Interestingly, in the another mutdmntell line, the insuliwas exclusively derived
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from Ins2 with very diminishedx@ression from Ins]202]. The PDX1, significantly
higher at the 7 day in the group of SECMbc versus controls, could have been triggered
to upregulate gene expression, which is followed by higher insulin secretion within
severalhours[203]. Since the rodent pancreatic cell lines usedhose studies are
continuously growing transformed insulinoma cells, functional, insséereting
tumors[204], the obtained results most likely do not fully correspond to the human

healthy pancreaticlists and might differ between species.

Cells in the pancreatic islets are arranged fto@ll clusters, which represent less than

1% of the pancreatic mass. However, these clusters receive as much as 20% of total
pancreatic bl ood f | ow [@4B]rThetdtre theoendpthatial s ms 6
cell-related genes expression was analyzed based onME&Browth factor inducing
proliferation and migration of vascular endothelial cells, essential for both physiological
and pathological angiogenesis; Endothdljrencoding aqent vasoconstrictor protein;
NOSZ2, encoding nitric oxide synthase, which regulates vasodilation; and NOS3, known
as eNOS, primarily responsible for the generation of NO in the vascular endothelium.
Nitric oxide synthase produced by NOS3 in the vasculdothelium regulates vascular

tone, cellular proliferation and is essential for a healthy cardiovascular sjii8in

Even though the group of sECMbc did not dramatically stand out from controls in the
b-cell-related gene expression, the differen@s visible especially at thé"day in the
VEGFA, Endothelinl, and NOS3 genes with sifjicantly higher expression in
comparison to other groups (Fi6B). Endothelinl constricts the blood vessels, while
NOS3 is especially important in maintaining the high basal islet blood flow in the
transplanted pancreatic islett03]. Moreover, the whole islet vasculature is more
sensitive to regulatory influences of nitric oxiti@an the remaining parts of the pancreas

[101].
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Figure 4.6 gRT-PCR results of (A) pancreaslated genes: Insl, Ins2, and PDX1, and

(B) endothelial cellselated genes: VEGR, Endothelin, NOS2, and NOS3.

Microfluidic perfusable devices are being investigated by number of scientists with an
emphasis on using PDMS materf205i 208]. The hydrogebased perfusable devices
were described in a smaller scale, mostly based on col[@§8rR210]or gelatin that

was able to maintain the viability up to 45 days inatyic cell culturgd30]. According

to our best knowledge, no study has demonstrai2dascularized spheroid culture
within the perfusable device with documented impact of the matrix composition on the

cell function.

The perfusable device was designed to have one straight channel through the hydrogel
matrix, where pancreatitke spheroid were randomly distributed, as shown in Fig.

4.7A. The example of the device is shown in Fg.B, where visible, small, white
pancreatic spheroids are distributed in the 3D matrix. The perfusion in a range of 1.5
OL/ min suppli ed dagsinteshe begirning of chitere. The behdviorme d

of spheroids was similar tine constructgrown in static conditionseported above,
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where spheroids in the sECMf device had limited sprouting capabilities, contrary to the
groups of sECMcmh, sECMm, and sHc (see Fig4.7C). However, every group
performed well under the dynamic condition in a week perfusion. After 7 days of
culture, the devices underwent histological analysis by H&E staining. The hydrogel
scaffolds were cut vertically and revealed the spilde behavior in the matrix
surrounding the channel, shown in tAppendix B:supplementary Figs4.2. In the
group of sECMbc, multiple sprouting spheroids were visible in various parts of the
hydrogel, suggesting that the media was able to permeate bhieimatrix and nurture

the cells

PECAM Insulin DAPI Merged

inlet

sECMf

sECMcmh

outlet
B

spheroids

sECMm

sECMbc

Figure 4.7 The perfusable device: (A) design scheme, (B) manufactured device, and (C)

the immunocytochemistry on the pancreditie spheroids after 7 daysattive culture.

To identify functional performance of the pancreditie spheroids in the perfusable

devices, cells were stimulated with glucose solution at 1, 4, and 7 days of dynamic
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culture. The amount of produced insulin by each group differed fremst#tic culture

by significantly | ower secretion off insu
cells) than sECMcmh wi t°Steldahtlee Ydag (Figd8a). of 0.
At the 4" day, insulin content lowered and did not exceed 0.25 pgdiBs for any of

the groups and dropped even more at thdak and ranged between 0.02 p§/aélls

in the group of SECMbc to 0.08 pgfl€ells in SECMm. In both®and " day the
differencedetween groups were not statistically significant. The ability of detecting the
insulin content in the redime perfusion is an exciting opportunity, which can bring
promising benefits for the pharmaceutical industry; however, this tissue model may

requre further development.

The permeability of the perfusaimbhenedevi c
time trial experimenivith the fluorescenthabeled dextran, as shown in HigBB. The

lowest value was detected in the SECMf group, while tlgetin the sSECMcmi©nce

the RHMVECSs were introduced to the internal channel of the device and spread along
in more complex groupdhe cell attachment differed depending on the group, barely
holding the walls of the sECMf grouphile forming endothelal lining in the other,

more complex groups, shown in tA@pendix B:supplementary Figs4.3A. In the

group of sECMbc the spheroids close to the channel merged wigimda¢helial cells

in the channelcreating a thick wallThe fluorescenthfabeled dextma was introduced

to the devices linedvith endothelial cells as well. The intensity quantification
(Appendix B:supplementary Figs4.3 B) was inconclusive towards defining tingpact

of endothelial cells oprevenion the dextrardiffusioninto the hydrogel, as reported in

the Appendix B:supplementary Figs4.3 C.

SincebTC3 has beepreviouslyused as cell linefor the pancreasodels204], it was
chosen for this organ model as wé&hese cell®rigin in thepancreatic insulinoma, one
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of theinsulin-secretingunctional tumors, butinresponsive on elevated glucose levels
[74]. Based on cancerous source, the aim of this particular experiment was to define if
the pancreasn-a-chip model may serve for the a#itimor drug testing. Th8unitinib
pharmaceutical was introduced fmerfusion in order toprevent furthertumor
vascularizationThecancer cellsiptakethe drug thatriggers apoptosis by inhibition of
VEGF receptor$l,211] Thedrug wasintroduced tgoerfusion after a day of spheroid
culture in the matrix made by the group of sECMbanitinibbecame fluorescent once

it reached the cells and, as shown in Bi§.C, spheroids were able to uptake the drug
(green color) within the 7 days, while decreabegdhtness of the red endothelial cells
(RHMVEC tdTomato) suggesting the slow apoptosis of the pancreatic model and
immediate discontinuing its vascularization potenfile sprouting density and length
werequantified similarly to the static conditiondthe result remained at the same level
over 7 daysontrary to the control group (Fig. 4.8.O)herefore, the pharmaceutical
fulfilled its role in the vascularization prevention and proved the device to be functional

in both insulin detection and drugstang
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Figure 4.8 Functionality of the perfusable device based on ELISA for the insulin content

(A). Fluorescentlylabeled dextran perfusion based on the devices without cells in the

channel (B) Images ofphase images of spheroids sprouting in sECMbc scaffold (top)

and wih introducedhe Sunitinib pharmaceuticébrightfield (middle) and fluorescent
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(bottom)) over 7 days active perfusiol€) with the quantification of the sprouting

density and lengtbompared to notreated sECMbc scaffol@D).

To define if the group of BCMbcwas bioprintable, extrusicbhasedioprinting of the

matrix in the devices was performed &go-axial nozzle previously describg¢tl56].
Thenegatively and positivelycharged components (as distinguished in&£RD) were

printed simultaneousjyhowever through the separate nozzles within theag@l set

up. This arrangement was developed tluthe materials immediate crosslinking amd

order toprevent clogging of the nozzl®©nce the pressure was applied, as the two
oppositely charged suspensions came in contact, the ionic and enzymatic crosslinking
stated to occur creating a fibrous network hydrogel, which was depositeelgyayer

on a glass slide. The deposition through both external and internal nozzles had similar
volumetric properties (see Fig.9B), due to viscositgnhancing properties of MC
[196]. The flow characteristics of both negativeand positivelycharged compounds

of group SE®bc are represented in Fi§§9C. Their apparent viscosities decreased with
increasing shear rates, thus implying skiearming behavior. At low shear rate, the
higher viscosy results from the intermolecular interactions or entanglements between
the stetched polymer coils. When shear stress is applied, the decrease in apparent
viscosities is caused by disruption of intermolecular association or increased orientation
of polymer segments along the flow directj@63]. The variation in flow characteristics

of SECMbc (+) and sECMbe)(could be explained by their differezsin composition,
structure and internal molecular interaction. The steady rate sweep method was adopted
to calculate the yield stress. When performing this test, the shear rate was controlled
during the test, and was stepped down logarithmically frotm (1§00 1/s) to low (e.g.,

0.1 1/s) values. The stress on the sample reached to a plateau region and became

independent of rate, indicating the occurrence of the yield point. Yield stresses of
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SECMbc (+) and sECMbec)(were determined to be 0.551 and 0.B3( respectively.
Below these values no significant change of the internal structure occurs, and the
material is showing reversible viscoelastic behavior. Since sECMbc (+) has larger yield
stress, it has a more stable structure, higher layer thicknessiaa gelike character.

To meet the characteristics of an ideal ink for hydrogel printing, i.e. good extrudability
via small sized nozzles and good shape fidelity after printing, the potential bioink
candidate should show shear thinning behavior in @egesolution and possess
sufficient zero shear viscosityAs a conclusion, e nonNewtonian pseudoplastic

sECMbcmaterials might be considered as extrudable precursors for 3D bioprinting

A 3D bioprinting/ pipette B Co-axial nozzle parameters ~ C D Printability
o 0

o
o

Circularity

0.6

scosity (Pa-s)
.
.
*
©
<o
(ed) ssans seays

2
8
Vi

Volumetric Flow Rate [mm?/s]
>

50 — sECMbc (-) b ®e
J SECMbc (+) 1w 0000090 0,::0’

01 1 0 1 1000 L
0 50 100
3D printed external box P (kpa) Shear rate (s SECMm sECMbc

0.2

Figure 4.9 Bioprinting characterization: (A) scheme of the 3D bioprinting of the
scaffold in the device; (B) eaxial nozzle parameters of the negativelygd positively
charged suspensions of the groupsBCMbg (C) Flow characterigts based on the
negatively and positivelycharged group suspensions of the grousEe€Mbc+; (D)

Printability measurements of ts&CMmandsECMbcgroups.

The 4x5 grid structure printed by two layers were measured by area and perimeter to
determine the circularity based on equation, where square shape is represented by value
of 1 and characterizes the best printability outcome. Value above 1 means round shap
of the gap, while value below has irregular, undefined sfis4. The prinability of

the sECMm and sECMbc groups represented almost perfect squares (value of 1) with
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videos and images of two layers of materials on the glass slide are shows in th

Appendix B:supplementary Fig:4 4.

4.5 Conclusions

The development of simulated ECM materials is crucial for both exploring fundamental
biological processes involved in the tissue formation andirfositu organ model
development. The goals of this research were to develop an architecture simulating
native pancreas environment by multiple hydrogels and use this complex matrix to

create a functional, perfusable pancreas-chip device.

The engineered ECM was a unique attempt the recreate the natural pancreatic
environment by two distinct crosslinking meoiems, enzymatic and ionic, as well as
two sizes of pore architecture, nanand micrescale, formed by fibrin and
functionalized BC. Additionally, the formed hydrogel was enriched with functional
components, such as collagéha t r i, ane HAHor increasd cellular performance.

A sECMm matrix consisting dispersive MC and functionalized BC particles was called
the group of SECMbc and its stiffness parameters, transparency, andholdieg were
optimized. The group of sECMbc was characterized by lowek lboéchanical
properties and porosity than control groups dukadk of interaction or entanglement
between added components sECMbc Also, isuspected that the cellulose fibers
created a microenvironment within the scaffolds that locally rearrangedthies
proteins in the matrix resulting in overall smaller pore density. These larger, stiffer fibers
may also alter the local mechanical environment where even though the bulk modulus
decreased, growing cells interacting with the fibers may experieniffealstal matrix.

These properties affected theell and endothelial cell eoulture within the pancreatic
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spheroids. Cells cultured in the matrix including the CMBCs experienced a significant
increase in sprouting length and two to four times higt&rlin secretion comparing to
the sECMf scaffold. Additionally, the group of SECMbc caused a significant increase in
the endotheliatell related gene expression such as VEEGENdothelinl, and NOS3

in comparison to control groups.

The developed sECMbc atrix, along with controls, was used in the perfusable
pancrea®n-a-chip model within the successfulday perfusion. The insulin response
was detectable in a refiine in every group; however, with a diminishing concentration

in later time points. The $itinib, antrcancerous drug, was tested in over a week
perfusion and showed successful results in vascularization inhibition. Moreover, the
group of SECMbc with pancreatic spheroids was 3D bioprintable and in the future could

be used in the scaleg fabrication of the devices.

In summary, the developed fibsoollageMa t r i-HAeMCHMBCs material, called

the group of sECMbc, served as a comprehensive extracellular matrix model for
mimicking that native pancreatic ECM and promoting the biological presess
crosstalk betweem-cells and endothelial cells necessary for proper pancreatic islet
functionin situ Also, the developedevice rich in the ECM compounds can serve as

potential models for multiple human organs as well as in cancer research

113



Chapter 5 Conclusions and future work

5.1 Conclusions

The overall objective of this dissertatioras toinvestigate angiogenesis engineered
pancreatidike islets as well agzo create aperfusablehydrogetbaseddevice that
improves the cell performance for a broadened scope of applicatiggharmaceutical
use. First, vascularizatiom pancratic-like spheroidswas shown tcstrengthen the
mechanical propertiesjaintain highcell viability as well as increase insulin secretion
(Chapter 2).Here two ratios of b-cells to microvascularendothelial cells were
examined 2:1 and 1:1respectively, m 3D cell culture Both groupshad similar
sprouting length and density as well as elegatsulin levesas comparetl o tcdil-e
only control group. These results indichtkat there is eelation betweethesynergistic
crosstalk between these two cell linesd itsperformanceln addition,improvement

i n -ceb viability, while cultured with the endothelial cellsvas also observed
potentially due to better mechanical supporthis work was performed in fibrin
hydroge] a natural angiogenic materialhis work has many implications for the
development oéngineering vascularizetssue models fapoth healthy and canceus
environmerg as well agor our fundamental understanding of eadlll interactionsand
new tissue formatiarHowever fibrin doesnot exhibit the mechanical properties needed
for a hydrogelbasedperfusable device.

In the dapter 3 bacterial cellulose wasunctionalizedto be both positively or
negatively chargeadh order to forma newmaterialsystemfor 3D printingand further
improvement ofcell-laden fibrin scaffolds The carboxymethylation of bacterial
cellulosedeliveredan anionic charge on th&¥ carbonproducing a structural anionic

polymer(CMBC (-)). The surface of CMB-) was then coated witthitosanforming
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a cationic polymercomplex (CMBC (+)). This electrostatically crosknkable
polymeric systenwas thensystematically examined. The results suggestedthieat
degree of substitutiaof negative charges on the CMB{ d&nd the presence of positive
charges on CMBC (+) are sufficient to strongly crosslink these two materials
Although, the binding strength was impactedwy trucial factorspH andchargeratio.
The CMBC (+)material was characterized lgrger size particles due to additional
polysaccharides on the surfac€EMBC (+) along with CMBC (-) presented
characteristic peaks dhe keyfunctional groups detected by FTIRhe crosslinked
CMBCsiporosity varied depending on the ratio betweenntlagerials suggesting the

possibility of controllingporosity inthefuture studies

Inspired by tle results from Chapter 3, tifienctionalized bacterial cellulose was used
to enhancehe fibrinrbased biomateri@xamined inChapter 2The formed matrix was
additionally enriched witbtherECM-basel additives, including/a t r i, lyauroBic
acid, andcollagen type || described in Chapter. ' he ionic bonding of CMBCwas
coupled with the temperatusensitive hydrogel§Ma t r i apd doliagen) and the
enzymatially crosslinkable fibrin. As a result,prevascularized pancreatic spheroids
seeded irthefibrin group withECM-related additives an@MBCs positively affected
the sprouting length and densiipsulin secretion, and endothelial estlated gene
expressioneven though thbulk mechanical progrties were lower than the fibraomly
group. It is suspected that the local mechanical environment may be quite different
where cells interact directly with the stiffer CMBC fibel$is researclsuggest the
importance of maintaining the delicate balabheeveen thenechanical suppoénd the
spatial matrix of macromolecules simulating the native tisbhis.scaffoldwaseither
manually deposited dbioprinted by a co-axial nozzleand used in fabricabn of a

perfusablepancreasn-a-chip device that supported dynamic culture conditscfor
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over a week. The device was successtlgipted taetect insulin secretian reattime
during perfusion aswvell as in testingthe Sunitinib drug which accumulated in

pancreatidik e spheroidsnhibiting vascularization.

Besides forminga new simulated ECMhe complex hydrogelks an alternativefor
widely used monocomponent hydrogéle pilot assessmerdf the device bringghe
possibilityof pharmaceutical testingn bothhealthy or cancerous tissues a step closer.
Also, the prevascularized tissues grovde novo have the potential to be
immunologically tolerant and provide a permanent solution to damaged organs that will
be costeffective and will allow longerm therapy whout need of supplementary

treatment.

5.2 Future work

On the basis of thresults from the studies conducted in this dissertation, the following

recommendations are proposed for the future studies

1. Continuing to work on developentb-cell modek thatarecloser to thenative
humantissue The pancreaticcell line used in tis dissertationwasb T a
mouseinsulinomathat does not reactto elevated glucose concentratsohy
higher insulin secretigrtherefore it is far fromthe idealcell model Current
studiesare either based amperfect butavailable cell lines oarefocused on
creatingnew pancreatic cells based on induced pluripotent stem cells (iPSCs),
which haverelatively lowsuccessful differentiation raf213]. Investigation of
the closeito-native cells would bringp thetable ame of the most exciting visions
- creating patienbwn organoids that would serve for penaized medicine

purposes.
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2.

Investigation of more appropriate endothelial cells for neovascularization
models. A large portion of currently published work is based on the HYVEC
the endotheliatell layerlining theumbilical cord,which are larger isizethan

the understudiednicrovasculature cells responsible for oxygen and nutrients
transport into the organslt is crucial to have a well performing

microvascularization in order to aim ftbre scalablan vitro grown tissues

Deeper nderstandingf the characteristics of ECM componetritseach organ
andtheirinfluenceoncellular behavioat the cell levelThefurther development
of suitable substrates with physiologically relevant propeisiesitical for the
future of tissue engineeringdne of the attempt®f retrieving the ECM
componentss decellulariation, which requires removal of cellular material
usng chemical, physicabr enzymatic processeas a resultjt is unlikdy to
retainthe microarchitecture and alf the ECM componentgspecially those in
small quantities Therefore, ampproach worthyof careful studywould be
holistic investigation ®§ ECM compositionj.e. local mechanical properseand
spatial arrangementwith relationshipto the cellular function.Also, it is
important to assess the dynarmalcchangeswithin the tissues as well as
investigatebiomaterials thahavepotential to mechanically deviadéerosgsheir

gradient.

Improvement of ricrofluidic deviceds a must before pharmaceuticals could be
tested in dargescale beconing a new standardndreplacing animamodels

Since this dissertation consistpdot study, nore work is needed to explore
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further the hydrogebasedmatrix materialgthatadaps to maturatingspheroids
Also, more emphasghauld beplacednto thedevelopment ocalablanultiple-

channel devices with preciggdet deposition mostlikely by 3D bioprinters.
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Appendix A: Figure S21 Flow cytometry result of RHMVEC gated for the

Appendix A: Supplementary Data for Chapter 2
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Appendix A: Figure S23Immunci mages of apheroddaft:1rdti@ 0 Om
on Day 14 with RHMVECsHTC3 cells, and nuclei stained for PECAM (green),

insulin (red), and DAPI (blue), respectively.
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Appendix B: Supplementary Data for Chapter 4

sECMcmh

Appendix B: Figure S41 FESEM of the scaffolds with vascularized pancreatic
like spheroids: (A) crossection of the scaffolds with the spheroids pointed by
black arrow and sprouts pointed by red arrow; (B) pancrékéicspheroids

seeded at thip of the scaffolds and cultured over 24h.
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Appendix B: Figure S42 Histology of the perfusable devices with four scaffold

types. Sections were made vertically and the channel is pointed by the black arrow.
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Appendix B: Figure S43 Light microscopy images of the RHMVEdised
channelA). Quantified dextran intensityith RHMVEC lined along the channel

(B) and table with the highest intensity/pixel resuli}. (

sECMbc

Appendix B: Figure S44 Representative video (top left) ameages (bottom left)

of the 3D printed grid of the sECMm and sSECMbc for the printability

measurements and 3D bioprinting of hydrogel in the device (right).
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