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Abstract
Threedimensional (3D) engineered tissuend organ models with adjustable biochemical and
physical properties are needed in regenerative medicine. As such, 3D grims emerged as a
potential strategy to createmore complex tissudike constructs compared to conventional
microfabrication techniques. It allowfor precise positioning of biomaterials to create tissue
constructs that imitate natural tissues and orgaAsiong 3D printing strategiemcludingextrusion
based, lighinduced, and inkjebased methods, the extrusiemased technique is broadly employed
owing to its ease of usand compatibility with multmaterial printing.However, the fabrication of
accurateand precisehumanmimetic functional 3D constructs still remains challenging. This thesis
presents an investigation on the bioimkaterial preparationfrom nano, micro to macroscaleto
providehighstructuralresolution and cell viability andifictionality.

Chapter3 presentsa strong sheathinning, solidlike bioink employing alginate (1%), cellulose
nanocrystas (CNG) (3%), and gelatin methacryloyl (GelMA) (5%) (namely 135ACG hybrid ink) for the
direct printing of celladen and acellulaarchitectures.After crosslinking, the ACG gel can also
provide a stiff extracellar matrix (ECM) ideal for stromal cell growth. By controlling gblymer
concentration, a GelMA (4%) bioink was designed to encapsulate hepatoma cells (hepG2), as GelMA
gel possesses the desired low mechanical stiffness neatdiuman liver tissueFour different
versions of tescale liver lobulanimetic constructs were fabricated via ME bioprinting, with precise
positioning of two different cell types (NIH/3T3 and hep@&ibedded in matchingCMy135ACG
and GelMA, respectively). The four versions allowed us to exam effects of mechanical cues and

intercellular interactions on cell behaviors. Fibroblasts thrived in stiff 135ACG matrix and aligned at



the 135ACG/GelMA boundadue to durotaxis, while hepG2 formed spheroids exclusively in the soft
GelMA matrix. Elevated albumin production was observed in the bicellular @Dltwe of hepG2

and NIH/3T3, both with and without direct intercellular contact, indicating that imgddvepatic cell
function can be attributed to soluble chemical factors. Overall, our results showed that complex
constructs with multiple cell types and varying ECMs can be bioprinted and potehgalgeful for

both fundamental biomedical research anmanslational tissue engineering.

Chapter4 presentsa supporting batHbased embedded 3D printing strategy to fabrickege
scale architectures. el inks composed of10 wt% glycidyl methacrylated poly(vinyl alcohol)
(PVAGMAvith a different degree of gbstitution (DOSand4 wt%CNCEPVAGMA(DOS)/CNC) with
strong sheaithinning propertieswere developed By controlling theDOSof PVAGMA andhe
crosslinking methodinks with the desired mechanical stiffness and toughness mimicking that of
healthy areriesand arteres with atherosclerosis were designed to construct vascular phantoms.
Cyclic tensile testand anin-vitro hemodynamic studyvere performed on thénydrogelsillustrating
that our ink compositions, namely PVAGMA2/CNC and PVAGMA4iG$8Esedstrong mechanical
stability, durability,and recaery property The burst circumferential tensile stress obtained fram
in-vitro hemodynamic study and rupture tensile streggjuired under uniaxial testf PVAGMA2/CNC
and PVAGMA4/CNC were comparableggesting the optimal layer integrity and the mechanical
strength was not influenced by the printing directigkdditionally the burst pressure of our hydrogels
was found to bebout90 mm Hg and the printed vascular phantowese able towithstand a ceotid
pulsemimetic pulsatile flow (60 beats/min with a peak flow rate of 27 mligs)over 10 days

Furthemore, with acoustic propertieef PVAGMA/CNC hydrogsisilar to those ohumanarteries,



we demonstratedtheir capability in ultrasonics by embedd printing three different versiors of
straight vascular phantoms B-mode imagingwere performedon the phantomsto confirm the
vessel dimensions and analyze vessel strain oétliter PVAGMA2/CNC and stiffer PVAGMA4/CNC
It was found that the vessel strain w24.6% and 8% for PVAGMA2/CNC and PVAGMA4/CNC,
respectively demonstrating that the two bioink materials can be used for vessgietic materials.

It is anticipated that this artery phantom can serasa platform to evaluat local arterial stiffness
estimation algorithmsOverall, our results elucidated the great potential of the PVAGidged inks
and granular supporting material to create fulactional heterogeneous vasculature \veenbedded
printing strategy for egenerative medicine and tissue engineering applications.

Taken all togetherhis thesis presemsta comprehensive study on developing and characterizing
various bioink materials and bioprinting cellular and acellular constructs viddreeor embedded
printing strategy.Our developed bioink materials and Mb&ased printing methods offered new
approadies to address the central challenges in tissue engineering to create heterogeneous

constructs with varying ECMs to recapitulate biological functions.

vi
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Chapter 1introduction

1.1 3DBioprinting

Threedimensional (3D) printing is an additive manufacturing process that fabricates 3D
architectures layer by layer with various materials, such as plastics, metal, ceramics, and p&lymers.
3 Acomputerassisted design (CAD) software is seamlessly integrated with 3D printers and generates
standard tessellation language (STL) files which can be convertedddes that are readable by the
3D printers*® There are several advantages of 3D printing over traditional manufacturing process,
such as cosgfficient, easy operation, available nsaproduction, and resouresharing® Therefore,
the applications of 3D printing are not onlytime industry, like constructionapparel, and toys, but
also in medical applications, duas human cartilage, ears, and sKio.date, thecloset 3D printing
has gotten to a medical applicatiaa the fabrication of no#iving constructs, whicliunction as
structural or spacsilling prosthese<.Cells are then seeded on top or in the mestof the printed
constructs. However, the ultimate purpose of tissue engineering is to replace the damaged %tgans.
Bioprinting, a subset of 3D printing, can be employed to fabricate human engaetic scaffoldslt
preciselydeposit biomaterials and cells to create heterogeneous tismienetic constructs that
promotes ceHcell and celextracellular matrix interactions in a 3D environmgfgtatureswhich are
absent in twedimensional (2D) cell culture systeA?s? The mostcommonly used 3D printing
techniques for medical applications are classifietbtor categories: inkjebased, laseassistedlight-

induced, and extrusioibased methodsRigure 1.}.1%??
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Figure0.1 Schematics dbur different 3D printing techniques: (a) inkipased, (bJaserassisted, (c)

@

Photopolymer

light-induced and (d)extrusionbased methodsReproduced from Ref22

Inkjet printing is the least technologically complex and expensive method, and it produces small
volumes(1-100 picoliters) of droplets fromreedleto a printing platform. The droplets are generated
through electrically heating theeedleto produce a vapor bubble or breaking the liquid into droplets
by piezoelectric actuato¥!’ Three importantphasesin inkjet printing process, including drop
formation, drop/substrate interaction, and drop solidification, jointtgntrol the final structure
dimensions and the spatial resolutidhlt has been found that the spatial resolution can reach up to
85o0nn >Y3I GKAOK Aad RSUSNNVAYSR o0& (KS, adddeNdeenOS A
droplets and the substraté’ Additionally, the norcontact fabrication strategy of inkjet printing help
avoid deformation of the previous deposited patterns. However, the major deficiency of-idgetd
printing isthe selection of materialandlow cell vability. The viscosity of the ink should be very low
usually between 3.5 and 12 mPas, thus limiting its application in 2D tissue engineering (e.g., skin and
cartilage constructsj.

Laserassistedvioprinting (LABhas been widelytilizedto depositbiological materials including

cels, nucleic acids, and peptidésSLAB works by applying an energized pulsed laser on target or

2



ribbonsthat are composed of bioinks with a lassvsorbing metal layer, such as gold or titanium. The
bioinkscomprised ofcells and biomaterialare deposited over the metal layer followed by being
vaporized andbioinksare ejectedto the receiving substraté? It can work with materials with a wide
range of viscosities ranging from 1 to 300 nsPand the cell concentration can be up té télls/mLZ3
The main advantagef this strategy is the higgpatial resolution(> 5em) and a needlefree system
avoiding theneedleclogging issue. An important consideration with LAB is that the materials should
exhibit rapid crosslinkinp prevent cells from gravitationstsettling over the long printing process.
Light induced3D printing, also known as stereolithography (SLA), was developed in the
1980s317:18|t worked by usingscaming mirrors to movea focal point oflight and crossliniag the
liquid photoresponsive materials on the build stage. After being cured, the build stage lowers
the solution to allowfor subsequent crosslinking. The lowering height of the stagmadlerthan the
curing depth, allowindpr strong layer integrity* Recent developments the light source and refined
mirror-lens system have improved the resolution and speed of &baslinking. The highest
resolutions of traditional SLA is approximatepy 2 > Y = dhi SitddSLAnd high @finition SLA
are in the single micrometer rangéAdditionally, similar toLABthe needlefree system prevents the
needleclogging issues. However, ob&gestlimitations of light-induced 3D printing technologg
that only photocurable bioink can be used and the longed@osure time will affect cell viabili#f
Microextrusionbased (ME) printing methods, based on the technique where materials are
extruded through aneedleand a threeaxis motion control system is used to control the movement
of needles to build 3D objects layday-layer, are widely used to fabricate devices. In the traditional

extrusionbased printing technique, fused deposition modeling (FDM), plastics are melted, extruded



under an applied pressure, solidifiedndquicklybound to the previous layers to retaiits shape?
Based on the idea dhe FDM printerthe ME biopinter with a syringe system hd®en produced.
Biomaterials with various viscosities ranging from 30 mPas to over 60 kPas can be tadte
syringe and extruded to generate 3D architectutes.

In summary, ach deposition method has its own advantages and disadvantages.-haged

printing is the least technologically complex and expensive metad can generate higresolution

structures, but is limited to 2D tissue construdise to the low viscosity of the bioinks. In addition,

the high shear forces may cause cell damage when cells are incorporated into the biomterials.

Although lightinduced3D printing is able to utilize bioinks with any viscosity higth density otells

to fabricate a construct with a high resolutiofower than25> Y3 A0 Aa KI NR

constructs with multiple cell types via this stratég®n the other hand, extrusichased bioprinting

can be utilizedo print multiple cell lines within defined regions tine cm range and is suitable for

scaleup production without geometrical limit3.he downside is that compared to the other methods,

G2

AGd KFra GKS 26840 LINAYGAY3 N &2l dnbterdial issbelwitv n n

the ME bioprinters asells experiencedo highof ashear stress when being extruded through the

needles, thusdamagng cell membranes.

In this project, ME 3D bioprinting is chosen as the bioprinting strategy du¢h ease of use,

ability to use a wide range of bioink viscositiéggh cell loading density, multiple polymerization

methods, and precise printing of defined construtt® It can be divided into two categies,
pneumatic(Figure 1.2)and mechanic#y driven(Figure 1.9) systens, based on thdorcethat drives

the extrusion® Pneumatic systemsan be easily controlled by adjusting the compressedaitroller



Table0-1 Comparison of four types of bioprinting techniques
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so that bioinks with various range of viscosities (30 mPa s to > 60 ldda $eusedwith this
technique Meanwhile high viscosity bioinks (> 60 kPa s)@eferredin mechanical systems in which
forces are directly applied to pistod#\ pneumatic systenis selectedin this project tobetter control
the bioink extrusion andvoid cell damage durirgrinting. In order to achievéhe optimal resolution
of the printed architectures, systematic printing parametessich asapplied pressurejeedleprinting
speed, extrusion flow rateeedlediameter and layer heightshould be consideredtor examplea
needlewith large gaugeés requiedto print fine filaments butmayreduce the cell viabilitdue tothe

increased shear stress experienced by cells during egtrus

(A) ir (B)
| Adapter connected Piston Spring
S to air supply g £
e 2
§ Air Valve-based ;. e
£ : nozzle Ry % Bioink Connector
s yringe | o feeder
&  Piston barrel Air ‘l o
S (optional) ) - S
E £ Connector 3 Rotating screw
o Bioink | - 9 = Piston Lead-screw gear
b= Tube m¥ g Bioink [} Bioink
E Micro < |
3 ?::trude«: needle 5:‘ Ndef “~  Micro S Extruded Micro Extruded ' Micio
nc, amen J Bioink ament needle g filament needle filament J- needle
g ‘ container g ‘ q
| Scaffold ‘Scaffold . 4 |
Scaffold = Scaffold

Figure0.2 Schematics of (A) pneumatic and (B) mechanical dnmemoextrusionbased printing

systemsReproduced from Ref. 9.
1.1.1 EmbeddedPrinting

Despite allof the advantages of ME printing, generating heterogeneoasiplex3D tissue or
organmimetic constructs with multiple biomatersin highresolution still remairs challengingAs
such, supporting batihased embedded 3Dioprinting has arisen to increase the quality and fidelity
of the printing.Materials used for the supporting bath include viscougtélastomer® selfhealing

hydrogels3! and granular gelispensioni34



Generally, he supportingmaterial should act like a Bingham plastic, being rigid at low shear
stresses but flowing at higher shear stres%3%33 First,a suitable yield stress is requireldithe yield
stress is too low, it is not able to support and stabilize the printed constwitile too highof ayield
stress would hinder theeedlemovement Theyield stress of thesupporting bath materials should
also be at least an order of magnitude lower than that of the itikss allowingfine deposition of
filaments in the supportingpath and prevening breakup of the printed filament&3°Luoet al. have
found that a5 wt%Polyethyleneoxide)(PEQ-2m supporting bath wh a zereshear viscosity of 38
Pas and a yielding stress of 78Railitatesthe needlemovement, inhibisink dragging, and suppat
the extruded structure composed & wt% poly(acrylic acidand 0.05% dextra®’ Second, the
modulusof the supportingbath materialshould be high enough to support the printed threadsd
the viscosity ofhe ink and the supportingathY I § SNA I f &aK2dzZ R 6S O2 YLI NI
is much higher thathat of the supporting batimaterial, the printing needles will drag the extruded
threads. On the other handf the viscosity is too low, the extruded threadll break3? Third,the
density differences between the supportirgath material and theink are supposed to be small
enoughto postpone the breakup ansettlementof the extruded structure caused by graviFourth,
low interfacial tensionbetween supportingbath material and inkis preferred to hinder the
deformation of the printed structure$’2? Fifth, osmolalitydifference between the ink and bath
materialcould cause the swelling or shrinking of the printed structure. That is to say if the osmolality
of ink is much lower thathat of the bath material swelling is observe#.Last in terms of granular
supporting baththe microparticles size and distribution are vital to the successful printing of high

resolution architectures.The size of the microparticles influences the surface morphology of the



extruded filamentsa { LJdzZNE ¢ | NB F2 N SR A yandhepbud§eSiment8S Y A O
It has been found thahe smaller (larger thamn  >avidimore uniform microgel supporting medium,
which possesssa lower stiffness, viscosity, and yielding stress, exibgher resolution structures

than those fabricatedvithin larger granular gsl(Figure1.3).26:30:31

a 50,

S
o O

N W
o

Freq. Dist (%)

—_
o
A

o

Figure 0.3 Characterizatioa of gelatin microparticle supporting bath materiaa) Diameter
distribution and (b) mean diameter fdwo versions ofgelatin slurry(c) Comparison of the-Gode

and printed filaments by gelatin v1.0 and vZR&produced from Ref&2



TableO-2 Properties of the supporting bath materials and bioinks

Property Supporting bath material Bioinks
Yield stress 78 P&? 0.2-1 P&2
3-4 P&°
0.635.3 P&°
70 P&’
1-200 P&°
Elastic modulus 64 P&° 1-200 Pa at 1 H2
100-300 P§2-31.:36
<500 P&
2000 P&°
Microparticle size ~25em?®
~55em?33
7em30
Viscosity 38 Pa¥ 0.1-0.5 P&
Density difference 20 kg/m?32
Interfacial tension Low
13.1+ 2.2 mN/m?
0.04 mN/m32
Osmolality 35 mOsm/k§? 2 mOsm/kg?

Several groups Iva been working ordevelopingthe granularsupporting bath material$or
embedded printingas shown inFigure 1.4. Jeonet al. developed an alginatbased microgel
supporting bath, in which cell peletould be printed directly and maintain lostgrm differentiation
(Figure 1.4)3 FA Yy 0 SNH QA& 3INRdzL) RS@Sf 2 LISR whichs Serve@sStNei A 2 Y 2
supporting bathmediato rebuildahuman heart and found that constructgth high-resolutioncould
beacquiredin a smaller and more uniform gelatin slu¢igurel .4 b-e).26-33Hierarchically largescale
constructs can also be printed with high accuracy, resolution and fidefitysnga granulargel
supporting bath Bhattacharjeeet al. used Carbopol ETD 2020 polymer incorporated with
photoinitiatior as a granular gel medium tuccessfullyrint variouscomplexstructures, such as

octopus, jellyfish, and branched tubular netwo(ksgure 1.4-i).3° Noor et al.developed an alginate
9



microgel andxanthan gum supportingpath medium to support the printing of large and complex

structures (e.g, hollow balls and hanxhs shown irFigure 1.4, k.38

a S T b 3D printing (22°C Release (37°C) |
Syringe 7
Pt o
Mwmn:ezlfuwe”&nk o ? o @
\ s
-5 \ ‘., Nozze mongdeecin. SRS 3,
...““. R AN

Support bath

Hydrogel

5mm
e

Figure0.4 Embeddedprinted constructs irgranularsupporting bath.(a) A schematidlustration of
3D bioprintingcell pellet within alginatdbasedsupporting bath. (b) A schematidustration of the

process oembeddedprinting and release of thprinted hydrogelfrom the gelatin supporting bath.

10



(c) A arterial tressembeddedprinted in alginate (black) withia gelatin slurry bath.d) The design
of vascular network .€) Interconnectivity test by perfusing th@inted vascular network with glycerol
(red). €, g) Hierarchically branched tubulawetworks and fluorescent images df) (octopus andiy

jellyfish models printed in Carbopol ETD 2020 polymgk) (Largescalestructures printed within

xanthan gurralginate hybrid supporting batiReproduced from Ref&230, 31, 33and 3.

1.2 Biomateriak forBioprinting

Tissue engineerin@lE)is a multidisciplinary and interdisciplinary field of biological science and
engineeringt®’ Conventionally, cells are harvest from a patient, followed by proliferating,
migrating and differentiatingn vitro to create an engineered tiss#&* The autologous cell
incorporated scaffold is then utilized for trguliantation with no adverse responsius making this
approach a safeption for tissue regeeration.3® Recent development of 3D bioprinting illustrates the
feasibility to fabricate advanced patiespecific scaffolds Relatively simple tissues aralso
successfully produced, such as cartilagkin, and bone$.However, the development of optimal
bioinksis still one of the challenges.

The extracellular matrige CM) composed of a variety of proteins and macromolecybesyides
a supportve scaffold for cellular growth armhrtly interacts with specific cell surface moleculesr
example, integrin helps to transmit information from ECM to cells and synergize with other cell
surface molecules to regulate migration, proliferation, or differentiatténin addition, the
filamentous nature of ECM affects the structural anisotropy and physical properties, thus influencing

the cell growth, migration, and differentiatioff. Therefore biomaterials should be able t@produce

11



the physiologicaECMwith biodegradability, biocompatibility, cell attachments, and comparable
mechanical strength to human tissu#s'%>°Besides the required propertidsr TE the biomaterials
must meet the requirements for ME bioprintingtrong sheathinning biomaterials are good
candidates because they have high viscosities at low shear rates, which allows hydrogels to form
intricate patterns when being extruded amnehile at high shear rates, they can easily flow through
the needlewithout cloggingdue to the low viscosityand reduceshearstress that can lead to cell
damage?®28.5%53 Moreover, the printed scaffold should be mechanically strong enouglavoid
collapsing during printingnd be able toobtain constructs with a highesolution and aspect ratio
Furthermore, mstant gelation after deposition or partially pgelled hydrogels are also preferred to
ensure high structural integrif§®*

To accommodate thementioned requirements, potentiabioinks involing physiological,
biochemical, or mechanical cudmve been investigated, includingatural polymers, synthetic

polymers, andhano-bio materials
1.2.1 Natural Polymers

Natural polymers, such as alginate, gelathollagen, agarose, and fibrin, have been studied

because of their similar properties to humacCm>>58

1.2.1.1 Alginate

Alginate, anatural Inear polysaccharide, isomposed of (1,4)-D-Y | Yy dzNB Y A OL- 6 a 0
guluronic (G) acid residué%®? It contains three kinds of blocks, nameWiM-blocks, @-blocks and

MG-blocks.The MGblocks are the most flexible parts of the polymer chains and theblid¢k create

12



oA, , A

less stiff region§%63 GGblocks arel 6t S (2 F2N) 022 23LINHGIAIINS £ 6 &
divalent cations (e.g., €a S¢*, B&*). Due to the easy gelatin methpdiocompatibility, and high
viscosities alginate has been used as the main material for bioprintingeWal. developed aioink
composed of alginate and cellulose nanocrystals to bioprint a liver labufeetic honeycomb
structure with a cell viability over 65% for three d&§slowever, the absence of cell attachment sites
hinders its application in 3D bioprinting, thAsgGly-Asp (RGDBnotifs-modified alginate is gaining
much attention andbther naturalbiomaterials, such agelatin need to beaddedinto alginate®6’

In order to better mprove cell functions, alginate hydrogelanalsobe decomposed by using €a
chelating agent, thuproviding enlarged pores and lower mechanical strength which is favorable for
cell growth 88891t wasfound thatphysically crosslinked alginate hydrogek over 60% of their initial
mechanical strength after being exposed aghysiological buffer caused by the ion exchange of
divalent and monovalent ions from the surrounding environme®#t€-’2 Zhuet al.combined alginate
with gelatin togenerate biomacromolecat network by chemically crosslinking gelatin with genipin
and physically crosslinking alginate with Gagdlution followed by dissolvingway alginate via
ethylenediaminetetraacetic acidqEDTA. The enlarged poroustracture leads to improved cell

behaviors(Figure 1.59."3

1.2.1.2 Collagen

Collagensthe major composition of the basement membramgh at least 19 types, making ti
attractive to TE’%76 |t contains large amounts of glycine, proline, and hydroxyproline residines
three basic polypeptide chains wrap around one anothed form a threestranded structure

through hydrogen and covalent bondsThe strands can also s@figregate to form stable fibetsy
13



changing temperature, pHor ionic strength’® The gelled collagewan be readily degraded by
metalloproteases, specifically collagenase and seqmoteases, salegradation of the fiberin
engineered tissues can be controlledeoet al. fabricated microsized coreshdl medh structures
composed of a core (cedincapsulated collagen) and shell (pristine alginate) regiod outstanding
cell viability (91%) in collagemasachievedas shown irFigure 1.5h7® Leeet al. used collagen and
human stem celterived cardiomyocytes tembeddedprint a model of human hearCollagen was
geled by adjusting the pH of the supporting bath. Cell viability was found to be 96%thand

ventricles contraction were observed at 4 days poashting 2

1.2.1.3 Gelatin

Gelatin, produced from collagen through a denaiivn process,has beenwidely used
benefiting from the purity, low cost, and low antigenici§#°lt is in the liquid form above 40 and
reversiblyformti |y h KSft AE & byddiiogitdzhndcumrStugiadd® @rosslinked
gelatin carprovide an ECNike microenvironment for cells to embed iHowever, the property that
gelatin terdsto liquefy at high temperatures (~ 37) dramatically hinders its application bioinks.
Hence, gelatin methacryloyl (GelMA) derived from gelatin with methacrylarordaethacrylate
groups has been used to ensure easy solidification of the printedremts without liquefaction at
body temperature?*Moreover, thephysical properties, such as mechanical strength and viscosity, of
the photocrosslinkable GelMA can be easily tuned by tailoring the degree of substi{i(08)
Furthermore, hydrogels made of low concentrations of GelMA with aD@Simprove the cell
viability and facilitate cellular organizatiéh®Y K+ RSYK2 aaSA Yy A Qa I NNAdak) K| €

the main biomaterial for 3D bioprintinfipr years and improved cell growth and proliferatiomere
14



observedby tuning theconcentrations of GelMA and the type and crosslinking mechanism of the
auxiliary biomaterialge.g., carbon nanotubes and grateoxide)?%8 Wanget al. blended gelatin
with GelMA and encapsulatdsiman umbilical vein endothelial celdWVEQ4o fabricate holbw
microfibersvia a coaxiaheedle(Figure 1.5c.i). The addition of gelatihelped improvethe fidelity of
the hollow constructs. Furthermore, the encapsulated HUVECs shgreatproliferation (Figure 1.5

c.ii).89

1.2.1.4 HyaluronicAcid

Hyaluronic acid (HA} ithe simplestpolymeric glycosaminolglycamomposed of a repeating
disaccharide of (B) and (#4)f A y {EgRicufonic acid and {dcetyH -D-gulcosamine unitd’ HA
is found in almost egry mammalian tissue and flui@ help maintain homeostasisAntich et al.
combired HA with alginate to fabricate cddlden artificial articular cartilage and found the addition
of HA enhancethe expression oEhondrogenic gene markersigure 1.9!).°° Abundant carboxyl and
hydroxyl groups on Hidelp easets chemical modification. Rodelt al. havesynthesizedayclodextrin
modified HA ancadamantane modified HA to assemble gukest supramolecular gels. Secondary
covalent crosslinking via addition of thiols and Mickaeteptors on HA increases the moduli and

stability of the hydrogel, suggesting its potential use irf'TE.

15
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Figure0.5 Examples of natural materials used in bioprinti(a).Bioprinted fivelayer mesh structure

with alginate and gelatin at (i) day 0 and (ii) daflLprescence imagesith (iii) live/deadstainingat

day 0 and (iv) &ctin/nuclei staining at day 5 of the embedded human Mesenchymal Stem Cells
(hMSCs). (i Schematic illustration of mesh structures with caeteell bioprinting alginate in the
sheath and human Adipose Stem Cells (hAB@sh collagern the core (b-ii) Fluorescence images
showing live/dead staining of hASCs at day -7). §chematic image dlfie setup to generate hollow
microfibers with GelMA/gelatin blend solution the shell and PVA in the cor:ii) Fluorescence
images showin@D31/nuclei staining of HUVECs at day 10-posting. (di) Chondrocytesgrowth
(green: live, red: deadjp HAbased bioink 4 weeks poprinting; (dii) Gene expression levels of

chondrogenic markers in the bioprinted construgeproduced from Ret3, 76, 89 and 90.
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1.2.2 SyntheticPolymers

Although naturallyderived polymers can reproduce the physiological environment for cells, the
poor mechanical properties and difficulties in controlling the structural integlityit their
application in TE Therefore, gnthetic polymerssuch as polyesters, [y@nhydride, polyorthoester,
polycaprolactone, polycarbonate, and polyfumaradee receiving increased attentiaue to their
ease ofcontrol on mechanicaland rheologica properties® However synthetic polymers might
possess poor biodegdability and cannot be used for soft tissues. In addition, synthetic polymers
lack the biological cues inherent in a variety of natural polymers, such as the lack of active binding
sites, that can lead to low cell viabil¥yHence, efforts have been recently devoted to developing
hybrid bianaterials to overcome the challenges in organ fabrication.

Hydophilic polymers, such as pégthylene glycol) (PEG), with excellent &ility are ideal for
tissue engineering’ PEG can be modified to form linear or miatm polymers, showing different
properties including mechanical strength, stability of the crosslinked matrix, and their influence on
cellular functions. Xuet al. fabricated 3D octahedral model with variousffstess by adjusting the
crosslinking time of lineaPoly(ethylene glycol) diacrylatPEEGDRvia digital light processing (DEP)
based 3D printingFigure 1.6a). The growth and proliferatioaf the seeded fibroblasts we@served
on the surface of PEGDAtex being treated with poI]Iysine(Figure 1.®).¢ Jiaet al. blended
poly(ethylene glycoljetra-acrylate (PEGTA) with alginate and GelMA to prepdneink for vascular
structure formation as shown irigure 1.6¢c. PEGTA introduced the shehinning behavior and
improved the mechanical strength die¢ constructsin addition,the branched PEGTA improved the

biomolecule diffusivity and pore sizallowingimprovedcel growth and proliferationKigurel.6d).
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By increasing the arms of branching Hi&Sed polymers, Rit al. found the eightarm PEGacrylate
with atripentaerythritol core could further enhance the mechaalistrength and provide a favorable

physicochemical environment for cell proliferatiéh.

| mm 100 pm

©®Methacrylate or acrylate groups
®Photoinitiator OCrosslinked sites

N GelMA s/ \wwanAlginate
2L PEGTA «®n = Cells
1

Figure0.6 Examples oPEGbased hydrogelsised in bioprinting(a) 3D printed PEGDA octahedral
model via DLased printing method. (b) Fluorescent imagethefdistribution offibroblasts on the
frame surface. (ckhematic illustration of the composition of PEG@m#olved vascular structure. (d)
F-actin/nuclei stairrd HUVECs within the bioprinted scaffolds at day 1 and day 21. Noticeable cell
spreading fronspindle shape to long strlike shape was found over timReproduced from Ref64

and .

Pluronic 127s another common polymers used in tissue engineering. dttisblock copolymer

18



composed ofa hydrophobic poly(propylene) (PP§8gmentand two hydrophilic PE€egmentsn a
PEGPPGOPEO configurationPluronic 127shows thermoreversible gelation behavierwhen its
concentration isaboveits critical micelle concentrationThe gelled Pluronic F127 liquefies when
temperature lowers to4-5 , thuscommonlybeing usedas a sacrificial biomateridr127serves as

a fugitive materialin the core with other biomaterials, such as Gelwolved bioinksor F127
bisurethane methacrylate (F12BUM), in the sheath téabricate hollow structureRigurel.7a).5%°%

97 F127 caralsobe blended with otherbiomaterials to form a physlogical environment and be
removed later togenerate desired porous structure and thus promotagdj growth. Armstronget al.
have demonstrated théeasibility of 3D printingIBronic-alginate multicomponent bioinkWith the
addition of Pluronic F127 inginate, the hybrid bioink showed improved shear thinning behavior,
compressive modulus, and shear modulus. The incorporation of Pluronic F127 into alginate matrices
also increased the porous architecture because the fugitive Pluronic F127 were then ceaftare
the engineered scaffolds formedFigure 1.7b, ¢. No significant loss in the viability of the
encapsulated hMSCs was observed over-ddyperiod? This indicates thathe fugitive ink did not

only provide a microscopic structure formation, but also template a macroscopic structure.
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Figure0.7 Examples oF127based hydrogelsised in bioprinting(a-i) Schematidllustration of the
tubing fabrication process by using-i(lpF127 as the core materials afd27BUM as the shell
material. (a-iii) Confocal image of HUVECs seeded on the surfacmltdgen freated F127BUM
tubing. Scanning electron micrographs of gherous structures produced by (b) F1alginate hybrid

gels and (c) pure alginate gBleproduced from Ref. 2 an®.5

Polyvinyl alcohol (PVA) has been widely used in various areas, including tissue engineering, foods,
lacquers, resins, drug delivery, andsmetics industries due fits high water content, low frictional
behavior, and biocompabilif§%1° The elasticity of PVA materials is similar to that of the human
artery, making it uniquely suiabtle for constructing vascular phantdims.abundant hydroxyl groups
on the backbone of PVA not only make them hydrophilic but also increasasitwsity and elasticity
of PVA solution over time which is caused bydndingi®® The hydroxyl groupsan boost the
intermolecular interactions between PVA and collagenous proteins, h€moeet al. developed a

granubr supporting bath composed of gelatin an&/A to promote the feasibility and fidelity of
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embeddedprinting decellularizedECM (dECMY PVA is crosslinked either physicdlyg. through
free-thaw gycleg, or chenically using crosslinkessich as glutaraldehyde, epochlorohydrin, and boric
acid?192 By increasing molecular weight, concentration, and cycles times, crystalline gels with
improved crosslinking density, elastic strength and less water uptake capacity are féitidu
physically crosslinked PVA aerogel, driven by the phase separation, benefits from the low cytotoxicity
but with poor mechanical properties and structure stabitity°® In comparison the chemical
crosslinkers, such as glutaraldehyde, epochlorohydrin, and boric adcigmacallycytotoxic. Therefore,
photo-responsive PVAvhich renders chemically crosslinked gels that are stable and biocompatible,
is favored for tissue engineering and medical appilons. Glycidyl methacrylated PVA (PVAGMA) has
attracted much attention recently. Transesterification and epoxide -dpgning are the two
mechanisms that explain the reaction between hydroxyl groups of PVAghithdyl metharylate
(GMA). At pH 3.5, theGMA undergoes epoxide rirgpening while at pH 10.5, a hydrolysis process
occurs, and both mechanism routes are involves but-dpgning is a preferred reactiof* Chenet

al. have been found that P\@MA solution is semitransparent with@OShigher than 3%, and it
cannot be dissolved in water if tH2OSs larger than 12% which is caused by the high density of the
hydrophobic metharyloyl groups'°>1%DOSnfluences the mechanical and swelling properties of the
PVAMA hydrogslas well Zhanget al. found that the crosslinking density of PVAGMA is reversibly
proportional to the fracture strain and the ultimate compressive strength, but proportiomdhe
compressive strength’ Additionally, PVAGMA with a higher DOSlowers the swelling ratid?10”

Further cell studies reveat that PVAGMA is biocompatible but without cell attaclemt sites!®”
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1.2.3 Nano-bio Materials

Hybrid bioinks composed of natural and synthetic polymers have been widely used in ME
bioprinting to compensate for # limitations of each component. Brieflihe synthetic polymers
provide appropriate mechanical properties, and the ural polymers provide suitable biological
microenvironmentsBioactive compounds, like peptide and growth factaess added or grafted to
the polymernetworks to improvecell behavior The peptides provide binding sites for the cells to
attach, whereasthe growth factors induce cell differentiation to develop into a specific tissue.
Additionally, polymer are typically straksoftening whereas human soft tissuexhibit strain
stiffening behaviorBy mixing polymers with nanomaterials, such as grapheeévatives, carbon
nanotubes (CNT), cellulose nanocrystal (ChI®2) methacrylate silicaanoparticlesthe issues can
be addres&d.1%® The nandfillers not only improve mechanical properties but also help improve cell
functions in the hybrid biomateriaf$%!'4In addition the incorporation of nanofibers, such as GNC
cellulose nanofibregCNBE), and chitinnanocrystals, into the polymer hedgo provide a fibrous

environment which is the nature of ECM and influeitsdiophysical and biochemicptoperties#®

1.2.3.1 Carbonbased Nanomateriad (CBN)

Carbonbased nanomaterial@&CBN) have attracted tremendous attention in the last few decades
in biomedical field, especially in drug delivery, biosensing, @sglie engineeringdue to the
attractive electrical, mechanical, thermal, and chemical properties. GB8lude fullerenes, CNT
graphene and its derivativesanodiamonds, and carbdmased quantum dot$!2 Photoluminescent
carbon dotg(CD), whiclare small carbon nanoparticles with a size less than 10 nm have been used

in nanomedicine because afell dispersibility in water, high cell membrangermeability, and
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biocompatibility.Human vascular endothelial growth factor (VE®HKed CDs not only preserve its
angiogenigroperty but also allow noninvasive detection of HUVEZ3wo commonly used CBI
regenerative medicineare CNT and graphenand their characteristics, such as biocompéityy
Y20Af A0 O2yRdzOGAGAGEI | vy Red CRTdayiaddda gvaghRedstiedrd > K
rolled into a tube with a diameter of 1 nm while grapieels oneatom-thick single layer of sjcarbon

atoms and both possess strong tensile stréngnd modulus:!>1*®However, poor solubility of CNT

and graphenan water limit their use in biomedical applicatisntherefore various derivatives, like
graphene oxide (GO) and reduced GO (&g beersynthesizedo improve their dispersibility and
biocompatibility making themeffective candidates for biomedical application.

Recent esearchhave beerconductedon graphenederivatives or CNFisicorporated hydrogels
to demonstrate their applications in tissue engineeridgsmall addition of CBNs enhance the
mechanical strength due ttheir rigid nature!'” Shinet al. demonstratedthat the addition of CNTs
in GelMAincreased the compression modulus from 10 kPa, without CNTs, to a maximunkie& 32
with a small amount of CNTs (3 mg/m#:}°°11°Additionally,CNTsncreased thenydrogel pore size
without changing the porositpf the polymeric matrix®1®Chaet al.found thatthe incorporation
of GOin a lowto-moderate dosages ranga GelMApolymer networkremained high cell viability
and proliferation rate!1° Furthermore, aving to the optimal electrical pyerty, CBNsare able to

mediate electrical signals in biological system, such as cadtaoeuratissue!1®

1.2.3.2 CelluloseNanocrystak

Cellulose is the most abundant substance on earth and considered as an inexhaustible source of

raw materialst'®1?01t is a linear syndiotactic homopolymer composed €fl, 4}glycosidic bonds
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linked Danhydroglucopyranos&*'?” Cellulose nanocrystals (C8§iCrod-ike or whiskershaped
nanoparticles with an average diameter oflB nm and an average length of around 100 nm, is
extracted from cellulose either being subjected to mechanical and chemical treatpserts as acid
hydrolysis(Figure 1.8a, p***128The species of acid influence Cdispersibilityand stability. CNE
extracted by sulfuric acid demonstrates high water soltybiiue to the highly negativelgharged
sulfate ester surfacé?®

CNG possess some promising properties such as renewability, low density, high mechanical
strength, large ad highly reactive surface (25680 n¥/g), and low cytotoxic response. The van der
Waals brce and intermolecular hydrogen bonds promote the stacking ofilcsié chains that cause
the CN&Xrystalline structure. Due to its high crystallinity, CNCs exhibit an axial elastic modulus
ranging from 110 to 220 GPa and a tensile strength ranging #d@nto 7.7 GP&° Thus, CN@G
commonly utilized to enhance mechanical strength of gélsthermore, the rheological property of
CNGuspensionis another promising property for 3D bioprintifigigurel.8 c-e). The shear thinning
behavior is observed due the alignment of the chiral nematic liquid crystalline doma#s3! Xu
et al.mixed 2,2,6,&etramethylpiperidne-1-oxyl (TEMP®&)xidized CNF with GelMA to 3D print mesh
structures. The biocompatible scaffolds showed improved structural stability and mechanical strength
due to the presence of TEMR®idized CNF?Wu et al. found the addition of CN&Improved the
shearthinning properties of alginate, making it possible to print alginate/€N@®rid bioinks with

highcell viability Figure 1.8).54

24



10

Crystalline regions.
a ‘ ; b 3 0 wt%
—— . — — | |t 120
w 2 __10°
e~ S - o . s o 'l wt%
wo jf SRS e T10°
o - 2
e 4 8 dewtx
B el § 1
P ) s 10 3
Cellulose nanocrystals P W 4
R e e 10 LRALLL el el el e
> s 10° 10 10" 10° 10" 107
Shear rate (1/s)

25
2

w1
8

[« N
3
-
r“J rtjg
o
a
ol
2,2
y 3
gl g
1
g
1
1
|
1
1
1
,
|
-~
g 8
888
3888

- 10‘1 20 wt% i ~
Y 3 . s Y
e 1 Bieqd . \ € ot
o 02: 2 » ° . 8
© 1016 2 $
3 2 10 2 '
o %

1 -
10° T TR T Ty T

10? 10" 10° 10' 10° 10° 10* 10° 0 10 20 30 40 o1 4 % o 8
Shear Stress (Pa) wit% CNC Shear rate (1/s)

-
Q
-
-
—
-

Figure 0.8 Characterization®f CNG. (a) Schematicshowing cellulose fibers containing alternate
crystalline and amorphous regions and negativaigrged CN&after removing the amorphous
regions of cellulose fibers through acid hydrolysis. (b) Transmission electron image of CNCs (scale bar:
500 nm). (c) teady-shear and (d) oscillatory rheological measurement€N{C suspensiolfe) Yield

stress of CNC inks. (f) Flow curves of five different alginate/CNC (in mg/mL) bioink formulations.

Reproduced from Ref46119, and B1.

1.3 Bioprinted TissueSructures

Tissue engineering and regenerative medicine are new approaches to develop engineered
artificial tissues for clinical translation, disease studies, and drug delivery. The conventional 2D
monolayer cell culture laskthe physiologically dynamic and complicateltcell and celECM
interactions, thus 3D bioprinting has emerged to fabricate functional tissiesdate the most
medical applications of 3D printing have involved #i@mg constructs that function as structural or
spacefilling prostheses, such asrthopaedic devices, surgical tools, and maxillofacial implants

because it can provide optimal accuracy and produce paseertific devices compared to traditional
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intraoperative methods. Although advanced 3D tissue models have been successfullgdasat;
such asskin, bone, cartilage, bone, liver, kidney, lung, dedrt>*3133main challenges still exist
including the selection of suitable biomaterials and cell sources, tissue complexity, and manufacturing
time and scalability.??

Qurrently, various minitissue constructs that structurally mimic native tissue and organs have
been successfully bioprinted via different pbnting techniques. The smadtale tissues only contain
one or two cell types with limited functionality. Reseaistimainly focused on the shape and size,
tissue organization, or functional inner structures separately instead of the recreation of whole organs
that recapitulate the anatomy and physiology of the orgafor instarce, multilayered skin tissue
can be 3D bioprinted vie vitro or in situstrategies with great complexity and accuracy. A layer of
fibroblastladen hydrogel was first printed followed byhe deposition of a second layer of
keratinocytesencapsulated hydrogels mimic the architecture of native ski#i.However, functional
large scal@issueswith physiological heterogeneitpat fully mimic the morphological, biochemical,
and physiological properties have not been bioprinted yet. Ehimsainly due to the complex nature
of human tissue and organs. For instance, the oxygen and nutrient diffusion distance is limited to 100
200 em, thus vasculature is requiredvhen fabricating large tissseto sustain cell surviv&F’
Therefore, essential functional elements like vasculature, innervation, and diversity of cells should be
consideredwhen designing tissue models. Noet al. have successfully generated thick, perusable
vascularized cardiac patchegth proper functions, which demonstrates that 3D bioprinting is a
potential approach to engineer vascularized tissues that mimic biochemical microenvirofment.

However, with current technology, the complex hierarchical 3D architecture of a-aualie vascular
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system including capillaries in micrometer scale and arteries in millimeter scalestcgetnbe
recapitulated’ 34

In addition to the tissue complexity, identification of suitable printable biomaterials hinder the
development of 3D bioprinting because they affect ldagn cell functionality, printability, shape
fidelity, and strutural resolution. Currently, ideal biomaterials that meet all the requirements have
not been established yet. Firstly, the biocompatible inks should be able to reproduce the functional
and biomechanical properties of the target tissue or organs, suchraparable mechanical strength,
proper degradation rate, and physiological interactions with cells. The potential solutions to these
requirements could be using E@ased hydrogel, modifying biopolymers with peptides, and
combining natural and synthetic biaterials/?%135Secondly, the printable biomaterials shoudd
easily extrudedvithout damaging cells and rapid solidification pgsinting, thus viscosity is a vital
factor in developing bioinks. Shetlninning bioinks are preferred because it can shield the stress on
cells during the extrusion process and maintain shape fidelity after deposition due to the high static
viscosity! Simply increasing the polymer concentrations can increase the ink visoositjth poorer
enhanced sheathinning properties when compared to that of the ink compositions composed of
nanofillers and polymer&, therefore hybrid inks containing nanomateis are widely developed as
the printing materials.

Asthe primary and important coosition in bioinks, cells negd be considered as well. Cells
are homogeneusly distributed in the bioink, allowing precise deposition to construct living
architectures. Grrent 3D bioprinted tissue only contains small amount of cells and cell types.

However,a large amount of tissuspecific cells and phenotypes is requitedrecreate the whole
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organ Primary cefland stem cells calbe good choices. Although stecells aremore sensitive to the
environmental stimulation, such as the shear stress during printing, it is better to fosdabricating
large-scale tissues because it can differentiation into different tissues by precismypaorating
growth factors or inducerons, thus decreasing the complexity of the printing préédskiitionally,
maintaining high cell viability ilmrge-scalebioprinted tissues and organs within the initial layers will
be a challenge due to the long manufacturing time.

Despite the materials science and biology, hardware investigation and development are also
critical to successfully construtiinctional tissues andrgans. Essential printer working parameters
including applied pressureeedle printing speed, extrusion flow rateneedle diameter, and layer
height need to be considered to ensure optimal printing fidelity. Furthermondy few number of
bioinks can beused on a single printer due to the limitgatinter cartridges,which hindersthe
manufacturing time and scalability of the bioprinted structufé3herefore the development of the
bioprinter is necessary to accelerate the rate of bioprinting lesgale tissue wittmigh cell viability.

In this project,we focused on the development of functional biomaterials, &vd main soft
tissue scaffolds, livdobule and blood vessel, were chosen as models to investigate our developed

inks.

1.3.1 Liver

1.3.1.1 Human liver Anatomy

The iver, the largest and most metabolically complicated organ in the body, is located in the
abdomen and performs multiple futions, such as detoxificatiprblood sugar control, nptein

production, and hormones synthesi¥38 The structural unit of liver is the hepatic lobule, which is
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separated by a connective tissue, nantilg vascular septm (VS)Each lobule is hexagonal in shape
with a diameter of approximately 1 mm as shownFigure 1.9&3%14°A portal triad, composed of
portal vein, hepatic artery, and bile duct, is located at theiges and a central vein sits in the middle
of hepatic lobule. The major aspects of hepatic structure are the hepatic vascular systeritiatlye b
tree, and the liver celirrangements.

The Iver is a dynamic vascular organ and storesl3% of the totahuman blood at any time.
Unlike other organs, 75% of the liver blood supply is nutrient dense venous blood, entering into the
liver from the portal vein while the remaining oxygenated blood supply enters from the hepatic artery
as arterial blood. Blood #n flows through the sinusoids to the central vein of each lobule and leaves
the liver to the inferior vena cava. Sinusoids are distensible capillaries lined by fenestrated
endothelial cells and in immediate proximitythe space of Disse, whittordersthe hepatocytes. A
large amount of fluid and proteins in blood diffuse into space of Disse, providing a dominant portion
2T UKS o02MR®Qa feYLKO®

The function ofthe biliary tree is to transport bildrom the liver to the lumen of the small
intestine.Bile is secreted by hepatocytes and fed into canaliculi, wéiielyenerated by the dilated
intercellular space between adjacent hepatocytes. The directiadh@tanaliculiare antparallel to
the blood flow.Bile flows into the bile ducts through the canaliculi and leaves the 1¥er.

Each hepatic lobuleonsists of ECM, parenchynealls namely hepatocytes and cholangytes,
and nonparenchymal cellss illustrated irFigure 1.9b'2 Native liver ECM is mainly composed of

fibronectin, proteins, collagens, glycosaminoglycans, and growth factors. The critical fundihen of

ECM ido maintainthe healthy phenotype of liver cells. The progressive changes in the composition
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of the ECM affect the biofunctions tthe parenchymal andhe non-parenchymal celland ultimately
leadto chronic fibrogenic disorderblepatocytes are the main functional cells in the liver and account
for approximately 80% of the liver mass and-@% of the total liver cells** The cells radiate
outward from the central vein in each patic lobule They are in comict either with sinusoids or
neighboring hepatocytes. Hepatocytes perform a variety of functions, including producing protein,
lipid and very low density lipoproteing.he main norfparenchymal cé$, including Kupffer call
sinusoidal endothelial cells, and hepatic stellate cells, @ayimportant role in supporting
parenchymal cells and regulating hepatic functiéf®sThe phagocytic Kupffer cells are populated in
the sinusoids and are in charge of removing bacteria and microbes in the portal venods bloo
preventing the attack during systemic circulati@tellate cells, livespecific pericytes, are located in
the space of Disse amédpresent about 5% of the liver cells. In healthy liver, stellate cells are quiescent.
Once liver is injured by toxins eiruses stellate cells transform into an active state and secrete
abundant ECM proteins, such as collagens, glycoprgtaind proteoglycans. However, the repeated
insults may cause liver fibrosis and damage some liver functions. In addition to tha! coifécin liver
regeneration, stellate cells storétamin A.

The functional unit of the liver is the hepatic acinus, which is different from the liver |odode
is not able to be seen under a microscope. It is oriented around the afferent vascukamsysan
ellipsoidal shapeHigure 1.9k It is composed of three zones based on function and perfusion. Zone
| is defined as the periportal region of hepatocytes and exposed to highest level of oxygenated blood
and nutrients, thus making it least suscdy# to ischemic injury and very sensitite the viral

hepatitis. Additionally, owing to its high perfusion, zone | plays a key role in oxidative metabolisms,
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bile formation, amino acid catabolism and cholesterol formation. Zone lll lies around the caitral

with the lowest perfusion, thus cells in this zone is most sensitive to ischemic injury. It plays an
important in lipogenesis, detoxification, glycolysis, ketogenesis, and xenobiotic biotransformation.
Zone ll sits between zone | and zone |l amisidered as the regenerative region with the greatest

number of oval cell$#6.147
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Figure0.9 Human liver anatomySchematics of (a) liver lobule with a shape of hexagon prism and its
vascular network, (b) detailed liver lobule composition, and (c) hepatic adgepsoduced from Ref.

140.

1.3.1.2 LiverDiseases

Liver failure is lifghreatening and has become one of the leading causes of death worldwide.
Although liver is highly regenerative and has a vital role in protecting the body from foreign antigens

and microbes, drugs, toxins, or viruses cditl cause damages to hepatocytes, leading to liver
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failure 1#814%Fourmain stagesre included in liver failurgi) inflammation, (i) fibrosis/scarring, (iii)
cirrhosis, and (iv) endtage liver failureAcute and chronic liver disease dfree two types of liver
disease. Acute liver disease (ALD) is a rapid loss of liver functions. The main causes of ALD include
drug induced liver injuryhepatitis A, B, and Efections, Epstein I NNJ @A NHza 3se,2 A f &
autoimmune hepatitis, and et& In comparison, lronic liver disease (CLDd progressive
destruction reated to fibrogenic evolutionis potentially caused by hepatitis B or C infection, non
alcoholic fatty liver disease, alcoholic liver disease, and biliary obstruction. Liver injury activates
stellate cellsaccumulatsfibrillar ECMand altesthe vascular architecture of the livexhich leads

to cirrhosist®0Up to date, liver transplantation is the oryng-term therapyto treat liver failure, but

there is a shortage of donor organ#dditionally artificial 3D systems are required for
pathophysiological studies, drug screening, and hepatoxicity predicliberefore, researcton

artificial lives hasbeen arisen to solve the problem.

1.3.1.3 LiverTissueEngineering

Liver tissue engineering is mainly concentrated on the developmenttidica liver tissue by
arranging cells and biomaterials. An effective artificial liver should contdfhh&patocytes and be
able to provide 10% of the liver functidf® To maintain live function, it should meet the
requirements of a high oxygen level environment as well as ultralow shear stress experienced by the
hepatocytes simultaneoushpifferent cell source have been utilized for livetissue engineering,
including humaror porcine primaryhepatocytes, immortalized hepatocytes, human hepatic cell lines
and stem cell$#81%1 To simulatein vivo conditions, ECM and etulture hepatocytes with non

parenchymakells are key factors because matched ECM and the addition gpaw@mchymal cells
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are able to extend the hepatocytes life and preserve liver functions.

Recently, many groups demonstrated the fabrication of liver tissues using various 3D printing
methodsand materials. Nguyeet al. mixedalginate and gelatiilybrid hydrogels with parenchymal
and nonparenchymal cells to construct a piece of liver tissue via ME bioprilfiagt al.fabricated
a liver lobulemimetic architecture with hepatocytes and ngrarenchymal cells in defined regions
via dynamic optical projection stereolithograpHy:1>2153t was found thainot only the ceculturing
but also the spatial patterning of parenchymal and smarenchymal cells influendethe liver
physiologic functiort>3 Coculturing fibroblasts with hepatocytes has been found to support hepatic
functions without physical contact®*t N2t A FSNIF GA 2y Y| | SNI-feofrgtSna = a d
aYLctT2 KSLI (208 i S-1 ghtiuQfsiS lamdl transth@rétid, Nahd ndhugetabolizing
enzymes, like cytochromes are commonly measured to test the fiiretions in an artificial liver
model 14%1%4Current investigation on 3D printed liver mod&snainly focused on the drug testith
minimal consideration of hepatic anatomydrefore, it is necessary to construct angineered liver

tissue that simulating native liver scaffslavithdefined cell patterning

1.3.2 CarotidArtery

1.3.2.1 CarotidArtery Anatomy

The arterial system is composed of two systems based on functial and structural
properties.Steadilyflowing dood isexpelled to the peripheral circulatioturing heart diastole.The
large elastic artees storeblood that is ejected from the heart and dampen flow pulsatikiyile the
muscular arteries, especially those of the lower ljralber vasculartone and modulge the velocity

of the pressure wave &m the larger vessels upstreat®p:1%6
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In this projectthe carotid artery, whichs the major blood vessel that delivers blood to the byain
was studied It is composed of common carotid arteries (CCA) withmar6diameter, internal carotid
arteries (ICA) with a 4.&im diameter, and external carotid arteries (B@#Ath a 3.5mm diameteras
illustrated inFigure 1.10a&°"1%8Arteries areconsidered to be viscoelastic, rather than simply elastic.
It contains elastin fibers which are known togsess an elastic effect, aatbosmooth muscle cells
(SMCsyvhich introduce their viscous propertie$?-16°An arterywall consists of three layeysamely
the intima, media, and adventitiaF{gure 1.10). The intima,the innermost layer of vesselss
composed of a monolayer of endothelial cells (Eaf) are bound to a basement membraf# 161
The function of theendothelial layer iso maintaina permeability barrier, regulate coagulation, and
control blood flowt6! VEcadherin, k67, and laminin are thenain indicators of EC functioWVE
cadherin is an adhesn-junction molecule between E@sd regulates vascular functions, aké67
is a protein in cells anitidicates cell divisiatf2 The mediacomposed ofSMCswith fibers of elastic
tissueslocated between the intima and the adventitiacontrols the vessel diameter and vessel
strength16! SMCsreto maintain the blood vessel tone and blood pressure through the contraction
and relaxation proess. It transforms from contractile to synthetic phenotype over timeivap - h
Smooth muscle actirand smooth musckenyosin heavy chaiare two common contractile protein
expression markers in testing the contractile function of St#€%he outermost layer of vessels is

calledthe adventitia ands compo®d o ECMwith fibroblasts and perivascular nerv&s.
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Figure0.10 Schematic®f human vessels. Schematafs(a) (left) healthy and (rightjiseased carotid

artery, and (b) blood vessels cell types and compositiBeproduced from Ref34.

Cardiovasculadisease (CVDg,disease associatedth heart or blood vesseltias been a threat
to human lifeover decadesCVDincludes buis notlimited to wronary artery disease, stroke, heart
failure, and hypertensive heart diseasehe main reason of CVD is the limitachount of blood
flowing into the heart, thus éading to ischemia of the cardiaouscle cellsThe mechanicaland
structuralproperties of the arterieplay a critical role in determining cardiovascular healtbllagen
and elastin in the intimanedia are the proteins that influence vessel wall strength, elasticity, and
compliance Asymmetry between the synthesis and degradatiorthaf two proteins contributes to
arterial stiffeningor softening For instance, ypertension leads to an increase in collagen production
and SMG&crosssection, but a decrease in elastit?:16°

Atherosclerosis and thrombosis have been obsernvesbronary artery diseasetherosclerosis
iscaused byhe fibrosis and the accumulation of calcium, lipids, and abnormal inflammatory bell.
deposition of alcium phosphate stiffesthe arteries.In addition, & lipids accumulate, lipid paoare
formed within the intima, whichdisrupt the cellular struaire andbreak elastic fibersDue to the

intimal disorganization, new connective fibrous tissue are developed, forming pfagjiee build
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up of plaque (atherosclerosis) narrote artery wall, increases wall stiffnessyddecreassvascular
compliance andarterial distensibility:>>1%° It occurs more likely at bifurcation vessels or high
curvature esse$ owing to the low or oscillating wall shear stré8sDecreased vascular compliance
manifests in isolated systolic hypertensi@re. systolic blood pressure higher than 140 mmHg and
diastolic blood pressure lower than 90 mmHep156160Thestiffening of the carotid arteries alters
hemodynamic and mechanical conditions of the artémypairs their cushioning functiomeduces
pulse wave reflectionand increases the pressure and flow pulsatility, which are transmitted into the
cerebral circulation and can increase the risk of strRé>6:159.160.16\dqditionally, atherosderosis
causes obstruction to blood flowthusleadngto stress concentrations ahe plaque shoulder and
promotingvessekupture 15°

The most basic measurement of vascular stiffnessbsolute distention, which is the difference
between the systolic and diastolic diameter. By normalizing absolute distension to the diastolic
diameter, vessel strain is obtained. It has been found that the mean carotid distension is 0. 360 mm
0.424 mm aplaque and 0.45% 0.507 mm in adjaceritealthy vessel$>®Mechanical changes in the
arterial wallssearlier than the structural changes, which can be detected as an incirgase-media
thickness(IMT), whichis the distance between two echogenic lin®8 The IMT of a healthyacotid
artery istypically0.74 + 0.14 mm, which is relatedtivgender, age, and ethnicity/16516%An increase
of IMT to above 1 mm or a focal thickening larger than 50% of the adjacent area is associated with
high risk ofcardiovascular disease such as atherosclerosis, anghal infarction, and stroké®® Since
arterial stiffening is an early miger of atherosclerosis, early diagnosis of vascular stiffniess

necessaryit includesinvasive toolge.g.X-ray contrast angiographynd noninvasive imagingsuch
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ascomputed tomography(CT) magnetic resonance tomograpfyIRT) ultrasonography, or positron
emission tomographyscanning Additionally therapeutic interventions are required to alter the

mechanical properties of arterige treat CVD-%°

1.3.2.2 Medical Carotid Artery Phantoms

Imageguided minimally invasive diagnostic imaging and therapeutic rigation techniques
have significantly improved lives. They support accurate therapeutic procedure and help guide and
monitor the intervention for optimal resultdJltrasound imaging, includingiBode imaging, Doppler
imaging, contrast imaging, ultrafast imaging, functional ultrasound imaging, andsalind
localization microscopy, has servasl a tool in clinical practicé’ Therefore, urasound, specifically,
is widely used to imagmternal organs and aid in fluid management because it providestiraal
low-cost, and radiatiorfree imaging'®’ To develop nexgeneration medical ultrasound technologies,
such as molecular imaging, the development of the scanners, andimgguided ultrasound
therapy%®168medical phantomsi. models that mimic tissue and vascular propeiti@® highly
desirable experimental devices, calibration tools, and training platfdsetause they can provide
consistent resultd®® During the past decades, several groups were working on the fabrication of
carotid arteries, including basic tubular structure, \@dlvascular phantoms, and wddlss phantoms
via the traditional losicore methodsCheeet al.developed walled vessels with serial levels of arterial
stenosis by using 10 wt% PVA and 3 wt% grapieténe traditional mold method. The \essel wall
motion dynamicof the fabricated phantoms isonsistent with the pulse wave propagation in a real
vessé wall (Figure 1.1 A-B).158 They further developd vessel phantoms with varied regional wall

stiffness and thickness and found local vessel distension was weakened in the regions with higher
37



wall stiffness and thicknesfFigure 1.1 GD).1%° However the creation of applicatiospecific
phantoms with tailored acoustic properties, realistic geometrical configurations, and heterogeneous
mechanical propertiesor advancing diagnostic ultrasonic techniquesd explaing cardiovascular
disease mechanisms stiimains challenging/®thus in this project, | fabricatevascular phantoms

and visualizedhem via ultrasound imaging
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Figure0.11 Ultrasoniccharacterization®f walled vessels made &fVAaerogel (A) Imagesof the
fabricated carotid bifurcation vessel phantoms with (A. a) healthy geometry anddAdiseased
geometries with 25%, 50%, and 75% stenosis at the ICArggpectively(B) Clinical color flow image
frames at pulse systole for (B. a) healthy geomaing (B. bd) diseased geometries with 25%, 50%,
and 75% stenosis at the ICA inletspectively (C) Overview dhe ultrasound imaging (a) without

and (b) with a carotid pulse waveforand the design of three different models (c) stenosed three
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segment plantom, (d) singlessegment phantom, and (e) unstenosed thve&egment phantom. (D)-B
Mode images of the three different phantoms (a) stenosed thsegment phantom, (b) single

segment phantom, and (c) unstenosed thve&sgment phantom. Reproduced from Ref8Hnd 1.

However, traditional phantom fabrication methedsuch asthe lost-core techniqué.’ is
complicated and timeonsuming. Therefore, 3D bioprinting can be a promising alternative for the
fabrication of complex functional phantoms. Techniques, such as CT amdchtRoined with 3D
printing advance the design of 3D models. By uirggstrategy, patienspecific, higkresolution, and
costefficient medial phantoms can be manipulated directly, assisting and facilitating sur¢féfies
common bioprinting methods have been developed to fabricate vascular structuaeselydirect
and indirect bioprinting of perfused vasculature channél8.In the indirect bioprinting, sacrifial
materials are printed inside a cddlden supporting bioink and removed after printing, forming a
perfused open lumenFigure 1.2a).81%97|n terms of the direct bioprinting of vessel structure,
extrusionbased bioprinting haattracted much attention due to its advantages mentioned in
Section 11. Coaxial extrusiobased printing and embedded printing supported by a supporting bath
are the two common direct printing strategies. The main idea of coaxial printugn®nstratedin
Figure 1.2b. Cellencapsulated bioinks ithe shell region and sacrificial biomaterials in the core
region are coaxially printed to form a vessel model, on which a confluent monolayer of cells can form
no matter the vessel siZ€2 This method an also be combined with a rotated rod template to
fabricate hierarchical architectures akownin Figure 1.2c.17>173However, he limitation of coaxial
printing strategy is to fabricate branched vesséfdience the strategy of using a supporting bath

for embedded bioprinting has arisen to solve the isasaliscussed ifection 11.1.
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Figure0.12Bioprinting perfused vasculatuohannels(a. i) Schematidiustration of a heterogeneous

engineered tissue construct embedded in pure GelMA matrix by indirect bioprinting and the red
filaments were evacuated to create open channéés ii) Bright field microscopy image of the 3D
printed tissue construct(b. i) A schematic of coaxial bioprinted vessels using HUdte@psulated
hydrogel (b. i) HUVECs growth in the bioprinted vessel after 7 days fabrication. (c. i) Schematics of
the coaxial bioprintingof celtladen bioinks over a radc. ii) A overview of a doublayer alginate
vessellike structure (c. iii) Bioprinted vessdike structure encapsulated with three cell lines.

Reproduced from Ref.79 160, and I72.

The research of vasculature via 3D printings mainly focused on the fabricatioof
microvasculaturdor perfusion tessinstead of generating vessels that mimic the natural mechanical
properties. In this project, we aimed to fabricate vessel models that can be used as a disease model
to investigatethe effect of vessel morphology on blood flow, clogging and other conditi@mmimic

the realvesselsthe vasculaphantoms should simulatdhe mechanical propertiepermeability, and
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blood compatibilityof the vasculature The permeabilit of the artficial vesselshould allowthe
exchange of essential nutrients, metabolic waste of cells, and prevent inmunogenic mofétules.
Blood compatibility (i.e.the endurance bblood to foreign materialsis crucialin artificial vessels.
Additionally modification of the vesselssuch as surface passivation, construction of an
antithrombotic bioactive surface, and surface endothelializatiempreferred to avoid thrombosis on
the vesselsPEGnd PVA are two commonly used hydrophilic matertalconstruct passive surface,
andheparin is a representative molecule utilized to creabgoactive surfacé’*Sincethe endothelial
layer are naturly antithrombogenic and hemmompatible, he formation of a single layer of
endothelial cellswould prevent thrombus formatiod’”® In order b be applicable toultrasound
imaging, the electromagneticand acoustt properties are also important iselecting suitable
materials.Acoustic characteristigaclude density, sound speed, attenuation coeffi¢jeand acoustic
impedence'’%17” How velocty and Reynolds numbe(Re) also need to be considered in the
replication of biological flow. In human bodiie peak fow velocity is 0.8. cm/s and0.2-1.7 mm/s
in arteriole and capillary vessels, respectively. The peak Re number is 0.09 and 0.001 for arteriole and
capillaryvesselsrespectively’®

Waterbased scanning gels, gelatin,aagse, magnesium silicate, oil gel, open cell foam,
polyacrylamide gelpolyurethane, PVAand silicon polymebased materials are common materials
used as tissue substitutéd? Among the materials, agarose, gelatin, PEG, andd2¥éd polymers
are widely used for vessel phantoms via 3D printing strategiyd someare discussed in detail in
Section 12.176.17&181 Moreover, patrticles, such as cellulose, graphite, and aluminum ozéohealso
be incorporated into polymers to provide attenuation and acoustic speckle-am8e images and
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improve the printability of the inkas well'"

1.4 Motivation and Scope of the hesis

As discussed in the aforementionedriduction, it is essential to develop engineered 3D tissue
and organ models with adjustable biochemical and physical properties for applications in
replacement grafts, drug screening, and regenerative mediéinsuchthe 3Dbioprinting technique
has arisen as aqgpential approach to create artificial tissue and organs by precisely depositing
biomaterials and cells in patterned morphology. Misale tissue constructs have been successfully
bioprinted but with limitedfunctionalities. The major hurdles of thiunctionallarge-scale tissueare
the development ofsuitable biocompatible ink materialthe recapitulation of complex tissue, the
selection of cell sourceand the scalability and manufacturing time of the 3D printing. Since the ink
materials influencehe printability, shape fidelity, spatial resolution, and the lelegm cell functiors,
such as cell viability, proliferation, and growth, exploring suitable printable biocompatible materials
are of paramountimportancein the 3D bioprinting fieldlt will pave the development diabricating
largescale tissue with physiologically propertieBhe sheathinning behavior is the essential
property for freeform printing as it enables smooth ink extrusion with minimal cell damage and rapid
solidification postprinting due to the high viscosity at low shear ratesaddition,printing large scale
tissues or organs is challenging in terms of cell viability and shape fi@gtital working parameters
of the 3D printer, such as the needle size, printing spgeotumatic pressure, and layer heighéed
to be systematically investigated to find the optimal printing window. Furthermerabedded

printing is a newldevelopedpotential approach to improve the quality and fidelity tife printed
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large-scale constictsbut the supporting bath materialstill need to be improved.

Based on these motivations, this thesis features a comprehensive studgriolis printable
biomaterialsfrom nana, micro, to macroscalewith an ultimate goal of printingunctionaltissue-
mimetic constructs. Severe liver disordeeised bylrugs, toxins, or virusdgave been a great threat
to human life, and the established treatments are still not completely promising. Producing an
artificial liver is a potential treatment but with change.Currently, micrescale livermimetic tissue
constructs have been fabricated to assemble with bioreactorsancer research, drug screening,
and clinical translation. However, few were working on fabricating liver lebuieetic constructs
with cells deposited in defined regions, therefore, \wamedto print bicellular liver lobulemimetic
structures to investigate the versatility of our developed algir@eMACNC bioink material. We
also investigated PVased biomaterials by printing artemimetic vesselas vasculature is of great
importance in fabricating tissue and organs. In addition, rstsfieson vasculature are for perfusion
test but mechanical properties of the vesselere not included thus we worked on printing
standalone vessels that mimic tHeuman vasculamproperties to fabricate disease model and
investigate the effect of vessel morphology and mechanical property on blood flow.

This thesigs organized into five chapter€hapterl providesa generalintroduction on the 3D
bioprinting techniques and the requirements of biomaterials that are utilized in bioprinting for tissue
engineering. An overview of the research on 3D bioprinting that has been conducted in the past few
years aml the main challengeare also givenThe main objective of the thesis is to develop suitable
bioink materials for 3D printing tisstraimetic constructs with proper functionalitfthe chapter is
LI NI @ | RI LIG PRerinfinyBf BoftHydiogets dmporating Functional Nanomaterials
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Chapter 2introducesthe research experimental methods and characterization techniques that
are employed in this thesis. The chapter is partly adapted fiom® B Radhtingoof SofHydrogels
IncorporatingFunctional Nanomaterials / KSY T dn> [/ 2LRNAIKG 6 HAmpZ

Aiming at exploring the printability and biocompatibility of our novel bisjnk Chapter3, |
presenta new sheathinning bioinkwhich employslginate, CNC, and GelMa direct printing ceH
encapsulated and acellular architectsré®©ur results demonstrated the great potential of the bioink
materials for printing complex constructs with multiple cell types and varying EGN<hapter is
adapted fromthe following publications
[1]Wu, Y., Lin, Z. Y. W., WengeICA.Tam, K. C., & Tang, X3B.bioprinting of liveimimetic construct
with alginate/cellulose nanocrystal hgtd bioink.Bioprinting 2018 9, 1-6; Copyright © 201&]Jsevier
BV.
[2] Wu, Y., Wenger, A., Golzar, H., & Tang, X305 bioprinting of bicellular liver lobulaimetic
structures via microextrusion of cellulose nanocrystabrporated sheathinning bioink.Scientific
reports 2020 10, 1-12; Copyright © 2020

In light of the limited research of 3D printing walled vessels and the need of vascular phantoms
used forthe investigation ofcardiovascular diseas€hapter 4describesPVAbased biomaterials
Several properties, such as swelling, mechanical, and hemodynaroperties, were characterized.
Embeddedorinting was employed to print largecale constructs with great spatial resolutions and
pattern fidelity. It has been found the ink compositicare suitable for fabricating vascular phantoms

for both fundamentabiomedical research, such as ultrasound imaging, and the translational tissue
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engineering
In the last chapter Ghapter 5, | concludethe resultsdrawn from ths researchand provide

recommendations for future researan the 3D bioprinting.
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Chapter 2Materials Preparationand Characterization Techniques

2.1 Polymer Preparation

Although natural (gelatin) and synthetic (PVA) polymers are chemically reactive with crosslinking
agents such as genipin and bor&%;'83 the photoresponsive polymers are preferreih 3D
bioprinting. In this thesis, methacrylic anhydride (MAA) and glycidyl methacrylate (GMA) act as a
modifier to introduce vinyl groups in gelatin and PVA, separately. The polymer methacrylation
incorporate carbn-carbon “-bonds fromthe modifier onto the backbonddf gelatin and PVA,
enabling to gelte via radical crosslinking polymerization$he physical properties of the
methacrylated hydrogels can be readily adjusted by varpi@$UV exposure time, angolymer and

photoinitiator concentrations.
2.1.1 Synthesis of @latin Methacryloyl

MAA reacts with aminegroups ingelatin via an addition mechanisimvolvingacyl substitution
and elimination of the leaving groupn additional proton transfer islsoinvolved(Figure 2.). The
amine attacksacarbonyl groupn MAA andormsa tetrahedral intermediatend the second carbonyl
becomes part of the leaving grouphe tetrahedral intermediatethen collapses, recreating the

carbonyl C=0 bon@nd ejecsthe leaving group.
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(1) amine (gelatin) reacts with electrophilic carbonyl (MAA)
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Figure2.1 Mechanism othe reaction betweeramine and anhydride

In this thesis0.25 Mcarbonatebicarbonate (CBuffer at a pH of 9 was usdd maintain the pH
of the reaction solubn above the isoelectric poirdf type Agelatin(typically8-9) at which the free
amino groups of lysinare neutral, allowingthem to react with MAA. It was reported that tlteegree
of substitutionof GelMA produced in CB buffer candmhigh as97%when MAA/geatin molar ratio

is lower than2.2, which is much lower thathe ratio of the conventional method8*
2.1.2 Synthesis of PVAGMA

The presence of hydroxyl groups in PVA allow the chemical modificaioGMA via
transesterifcation and epoxide ringpening under basic conditisnandthe ringopening reaction is
the preferred pathway®* Dimethyl sulfoxide (DMSO) aAg(N,N-dimethylamino)pyridind DMAP act
as a solvent and catalyst in the reactiongspectively The mechanism of the epoxide ringening
is that the reactive RQattacks the epoxide at the least substituted carbon in a@ ®echanism
followed by a proton transfer as shownkigue 2.2 Thetransesterification reaction occurs with the

addition of base catalyst that deprotonates PVA, formangalkoxide aniont attacksthe carbonyl of
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GMA, forming a dtrahedral intermediate The C=0 bond is broken and the negative charge is
transferred to the carbonyl oxygen. Tl@vQ 3INR dzLJ 2F Da! A& NBY2OQSR

leaving groupresulting inthe transesterified product (RCO®Rs illustrated irFigure 2.3

Basic ring-opening:

less hindered carbon
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S,,2 reaction Protonation of alkoxide

Figure2.2 Mechanism of ringppening reaction under basic condition.

(1) (GMA) attack by an alkoxide (PVA)
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Figure2.3 Mechanism of transesterification under basic condition
2.1.3 FreeRadical Polymerization

Free radical polymergtion is one of the most verside polymerization methods for obtaining
vinyl polymers, by which a polymer is formed from the successive addition of free radical building
blocks. Three kinds of reactions are involved: initiation, propagation, and terminaimh the
process is illustrated ifrigure 2.4 A free radicalR* is producedby the photoinitiator with the
exposure to UV light and added to the vinyl polymers by opening #bend to form a new radical
center. The propagation compristhe successive atitions of repeat unitgo the previousmolecule.

The polymer growth is terminated by a coupling reaction between two radigals.
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(1) Initiation
| _hv R*

(2) Propagation
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Figure2.4 Mechanism of free radical polymerization.

Currently, the most commonly used UV photoinitiator 1li§4-(2-hydroxyethoxyjphenyl}2-
hydroxy2-methyl1-propanone(lrgacure 2959)but with significant limits. The water solubility of
Irgacure2959is reported to be lower than 2 wt%nd the molar extinction coefficient at 365 nm is
lower than 4 M! cm! and trails off entirely before 370 nnfFigure 2.9), thus limiting the
polymerization  kinetic$®® However, the newly developed itHium phenyi2,46-
trimethylbenzoylphosphinatéLAP) withoptimal properties, such as high water solubility (up to 8.5
wit%), cytocompatibility, and improved polymerization kinetics, enables lower initiator concentrations
and wider absorbance wavelength light compared to Irgacure ZB&fure 2.5),'8 thus LAP was

used as thehotoinitiator in this thesis.
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Figure2.5 Molar absorptivitiesof (a) Irgacure 2959 and (b) LAP (solid line) and their corresponding

cleavage products (dashed line). Reproduced from184f.

2.2 NuclearMagneticResonance (NMR)

Nuclear magnetic resonance (NMR) spectrosq@syker 300 MHgwasutilized to confirm the
obtained compounds and the degreesafbstitution NMR works on the principle that all nuclei that
are electrically charged and have spin wilent to magnetic field. When the magnetic field is applied,
an energy transfer happens at a wavelength that corresponds to radio frequencies. When the
magnetic field is removedhe spin return to its base level (lower energy state) and emits at theesa
frequency Theproximityto electronegative atoreand unsaturagd groups shield the proton causing
the NMR chemical shiff.he chemical shift in the frequency can be detected by a radio wave detector
and Fouriertransformed to produce the spectra of NMiRsorption versus frequency’

In the sample preparation steps, gogdality NMR tubes must be liy cleaned and dried prior
to using Because the magnetic field homogeneity is crucial to the NMR experiment, the depth to
which sample tubes are filled is critical. Tubes ntnesheither undernor overfilled. The sample must
be soluble in @olvent (DO in this projectyvhich must have no resonance in the region of the analyte
(GelMA and PVAGMATJhe integration of the signal peak is proportional to the number of nuclei

creating that peak, thus providing an approach to determining methacrylation efficiency.

2.3 Rheology

A viscometer(BohlinCS Rheometgns an instrument that measures the viscosity and flow
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parameters of a fluidRheology is an important characterization about gre-gel solutions behavior.
Based on the viscosity of the materials, differdast modescould be used due to different
sensitivities For instance, for materials with a low viscosity comparable to water, a cup and bob mode
is used. CRB-40 mode is usuallused for materials with high viscosity.

Fluids can beategorized into two main groups, Newtonian and sdewtonian as illustrated in
Figure 26. The viscosity of Newtonian fluids is independent on the shear rate, whildNearonian
fludsdoy 2 G 206Se& b Sgi2 yieelnonNdwibniad fluid 2ah Be Bidghamij shehinning,
or shearthickeningbased on their behavior under shear strain. Bingham plgsticch as toothpaste
and clay suspension, has a linear relationship between shiesssand shear rate but needs a yield
stress to induce the flow. Shetlrinning occurs when the viscos decreasavith the increagd
shear rate, which is preferredn designing bioinks for 3D printings lower shear stress is required
to extrude bionks. Once the bioinks are extruded, the shear rate decreases and the viscosity increases,
therefore the bioinks are capable to hold thestructure without spreading and collapsing. The
opposite fluid is sheathickening fluid, such as corn starch in wafBne viscosity increases with the

increa® of shear rate, which inot ideal for the bioinks.
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Pseudoplastic (shear thinning)
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Dilatant (shear thickening)
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Figure2.6 Shear stress vs. shear rate of different fluids

The viscosity of a material can be significardfected by variables such as shear rate,
temperature, pressure, and the time of shearing. The viscosity of Newtonian materials does not
depend on shear ratexs opposed to noiNewtonian liquiswhich da The viscositywersusshear rate
curves of the sheathinning fluids show that at very low shear ratéise viscosity is constant, while
at high shear rates, the viscosity is constant again, but at a lower lavle sheaithinning region,
there is a relationship between shear rate and viscosity as st@iow:

- o Equation2-1

This is the welknown & LJ2 & $ Mihédel andn is termed as the powelaw index.K is the
consistency. is the viscosity, andis the shear rate. The equation shows that tlope of the shear
thinning region is equal to-1 if the xaxis and yaxis are in the logarithmic form.

There are other important parameters in rheology such as the complex shear mdatltise
storagéelastic modulusD @nd the losssiscousmodulusD QTRe storage modulus shows the elastic

response of the material whereas the loss modulus expresses the -ligeidbehavior. These
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parameters can be obtained through an oscillatory t&€gtis defined throug the following equation:
, 0 Or o Equation 2-2
where " isthe shear stress varied with time, aBd@ndD @ obtained fromG* from this equation:
"0 "0 MNP Equation2-3
If "O "0, the material indicates liquid behavior.
When a nonNewtonian liquid flows through a straight circular tuleth a radiusof r at a
volumdric flow rate Q, the shear rate at the wall is modified to

r —_ - — Equation2-4

Forshearthinning liquids in the region followig Gpower-law, is greater than lndequal to
pj £. So the shear rate at the wall can dienplified to

I — - — Equation2-5

2.4 MechanicalProperty Measurements

Once the bioinks are crosslinked into gels, the mechanical properties of the gels need to be tested
to ensure that the bioink havecomparable mechanical strength to that of the minedtssues. Two
main types of mechanicatrengths including compression and tensile strengtrere evaluatedwith
a Universal Macrelribometer UNMT2MT, T1377 by Centre for Tribology, )nclensile tests
measural the stress aplped to stretch the dogbone shape samples while compression tast
measural the force appled to compress a cylinddike sample. In both casesd load toyielda given
deformationis monitored as the specimendeformedat a constant rate, generating a loaersus

compressibilitytensibility profile. The resulting stresgersusstrain curve is given where the stress,
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is defined as
wo Equation 2-6
where P (in Pa)is the load on the sample with an original cr@esxtional areado. The strain® B
defined as
S Equation2-7
wherel is the gage length at a given load, dnis the original length.
Elastic modulug; is determined by the slope of the stresain curve in the elastic region. The
linearity of the stresst A N} Ay LJX 204G Ay GKS St aGA0 NBIAZ2Y Aa
. O Equation2-8

Herein the modulus, E, represents the stiffness of a material.

2.5 Microscqy

2.5.1 OpticalMicroscopy

Microscopy with low magnification objective lenseis a useful tool for characterizing the
dimensionsof the printed constructs such as the diameter of the printed filament and the inner
diameter and wall thickres of the printed hollow tubingBased on the measure dimsionsof the
printed filament, priting parameterssuch as pneumatic pressumgnfurther be optimized

Optical microscopy(Zeiss)vas alsoused to observe the cell morphology and growth during cell
culturing The cell viability can be obtained when the cells are stained with tryparabldeounted
in a hemocytometer under an optical micro@plrypan blue is taken up by dead cells due to the

broken cell membrane while the viable cells with intact membrane do not take up trypan blue, thus
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dead and live cells can be distinguishBg.couning the cells in the four corner quadrantsing a

hemocytometer under optical microscopeell number can be obtained by the following equation:

n

w0 Q@ Qi di nQNVRD D OE Pén
0 ¢ o @i N QDiEROH Q Equation2-9
The cell viability can then be determined by:

OQbR@d@EPd ——— pmmp Equation2-10

2.5.2 Fluorescent MicroscopfConfocal Fluorescent Microscopy

To determine the cytotoxicity and cells growth in the bioinks, and éfiect of the printing
process on cellgluorescence microscop@ikon)and confocafluorescencemicroscope (Zeissyas
used to observe theell behavioin the biological experiment®ifferent fluorescent dyesvere used
to stain and differentiate diffeent chemical compoundsThe ell nuclear was stained with ,6-
diamidino-2-phenylindole (DAPI). It exhibs about a 20-fold enhancementin fluorescence when
binding to dsDNAFactin, the most abundant proteins in cells, can be visualized by binding it to
fluorophore-conjugated phalloidin. It helps demonstrate the structure andrphologyof cells.The
cell viability can be investigated liginga live/dead assakit composed otalcein AM and ethidium
homodimerl (EthD1). Nonfluorescent celpermeant calcein AM is converted the greenand
fluorescentcalceinby intracellular esterase activitiesith an excitation wavelength at 495 nm and
emission wavelength at 515 nrethD1 enters cells with damaged cell membranes aratcts with
nucleic acids, thus producing red fluorescent signal that is excited at 495 nm and emitted at 635 nm
In order to distinguish hepG2 and fibroblast, Qtracker 655 \EiKeitation/Emission (ExX/EAD5

615/655 nm) was utilized to staithe hepG2 celline due toits longlasting, targeted signal and
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minimal impact on live cells. After culturing for certain time period, the encapsulated cell in the
bioinks were stained by calceitmerefore live fibroblastshowed green signaivhile live hepG2 cells

hadgreen and dark redignals

2.6 Ultrasound maging

Diagnostic ultrasound is an imaging method that uses high frequency soundWhaver 20 kHz
to produce images of human body.can penetrate several centimeters through the medium or the
tissue but the irtensity of the sound wave decreases exponentially as a function of dieptlivn as
attenuation. A change in the material acoustic impedance, usually caused by local density and
compressibility, will cause the reflection and scattering of the sound waus,ithages displaying the
distance and the intensities of the echoes gemerated!®’ Gels arapplied on the surface of samples

to prevent air pockets from blocking thewnd wavesvhen creating images.
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CHAPTERS3D Bioprinting of Bicellular Liver Lobule-Mimetic
Sructure viaMicroextrusion ofCellulose Nanocrystat

Incorporated Shear-Thinning Bioink

3.1 Introduction

Bioprinting, a subset of 3D printing, holds promise for depositing biomaterials and cells precisely
to create heterogeneougissuemimetic constructs that promote cetlell and celextracellular
matrix (ECM) interactions in a 3D environment which are absent irdivmensional (2D) cell culture
systemst®2 Among the different bioprinting techniques such as extrusiased, lighinduced, and
inkjet-based methodd¥'> the microextrusiorbased (ME) 3D bioprinting technique has attracted
much attention due to its ease of use and the potential to accommodate a wide range of bioink
viscosity, offer higheall loading density, and take use of multiple polymerization meth5d#8 As
mentioned inChapter 1 dthough there has been a rapid rise in ME bioprinting research, bioink
materials and methods remain limited. Ideal bioinks must meet the requirenfentsrintability, in
addition to fulfilling the essential properties required for tissue engineering, such as biodegradability,
biocompatibility, cell attachments, and comparable mechanical strength to human ti$%tfes.
Sheatthinning is considered as one of the most important bioink properties for ME since it
determines the ultimate printability (e.g. resolution, pettn fidelity) by preventing clogging and
reducing shear stress that can lead to cell dama&gé&-urthermore, to obtain constructs with a high

resolution anda high aspect ratio, the printed scaffold should be mechanically strong enough to avoid
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collapsing. Instant gelation after deposition or partially yyedled hydrogels are also preferred to
ensure high structural integrit§>

In thischapter, we designed ink formulations fromano- (CNG) to micra/macro-scale(alginate
and gelatin network). By devising mukscale inks, theimicro-scale €.g. molecuhbr interactions,
porous structures, cell behavior) and maetale behaviorse(g. elastic properties, swelling,
rheology, etc.)were optimized. W& first prepared a hybrid bioink by blending alginate aZDNG,
which combines the desirable properties amwercomes the inherent disadvantag)of the individual
componentsand investigated its rheological and mechanical propertigsas been shown that the
incorporation of nanoparticles and nanofibers into biopolymers, such ass @WcCalginate, can
inducefavorable sheathinning behavio®* An optimized bioink formulation was then seledtéo
print a livermimetic 3D honeycombonstruct which was cultured with fibroblasis the honeycomb
structure and hepatoma cellsn the middle cavities It demonstrated that viability of cells
encapsulated in this bioinkasunaffected during printingHowever,CN@&alginate hydrogel cannot
provide a suitable microenvironment for cell proliferation. In particular, it lacks cell attachment sites.
Thus, an auxiliary material must be incorporated into the €al@inate to increase its bioactivity
new version of a hybrid bioink (ACG) composed of alginates,GKdgelatin methacryloyl (GelMA)
were then developedNaturallyderived proteins, such as gelatin, collagen, and fibrinogen, are
common materials that have been utilized in tissue engiimegto promote cell growttt>>” Among
these materials, gelatin has the advantages of low cost and high gliktywever, gelatin tends to
liquefy at high temperatures (~ 37 ), dramatically hindering its application for bioink development.

Hence, GelMA derived from gelatin with methacrylaenahd methacrylate groups has been used to
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ensure easy solidification of the printed constructs via UV crosslifkintpreover, the physical
properties of crosslinked GelMA hydrogel can be easily tuned by tailoring the degree of substitution.
It has been found that hydrogels made of low concentrations of GelMA with a loweelegfr
modification can improve the cell viability and facilitate cellular organiz&tiShHere, we designed

two types of bioinks, namely the ACG hybrid ink and a low concentration GelMA ink. To evaluate the
printability of our bioinks and their efficacy in mimicking the native cellular microenvironment, liver
lobule mimicking structure was chen as a model. Livdobules have well defined geometry that can

be printed to scaleln-vitro liver tissue models are in great demand for disease modeling, drug
discovery, and clinical applicatioh¥:'3® Recently, multiple literatures have demonstrated the
fabrication of liver tissues usj various methods and materials, including biofabricating liver lebule
mimetic constructs via dynamic optical projection stereolithography and a piece of liver tissue via ME
bioprinting 142152.153Taken together, our results showed that, through bioink material design, ME
bioprinting techniques have enormous potential for creating 3D heterogeneous and physiolegically

relevant tissue constructs.

3.2 Materials and Methods

3.2.1 Materials

Sodium carbonate, sodium bicarbonate, gelatin (type A, 300 g Bloom, from porcine skin),
deuterium oxide (R0), methacrylic anhydride (MAA), calcium carbonatét)a £ dzO 2 y AaGon} OA R
and lithium phenyt2, 4, 6;trimethylbenzoyphosphinate (LAR)ere purchased from Sigma Aldrich.

Xanthan gum was purchased from CP Kelco. Pharmaceutical grade sodium alginate (PROTANAL L
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10/60 FT) with 6§70% guluronate (G) residues was acquired from FMC (Philadeliph). Dulbecco's
Modified Eagle's Medium (DMEM),I 3f SQa a Ay A Ydzy 9 & af&aytiovine serum SR A d
(FBS), trypan blue stain (0.4%), and OmniPur 10X phosphate buffered saline (PBS) concentrate were
purchased from VWR.Polydimethylsiloxane (PDMSyas purchased from Dow Corning.
Penicillin/streptomycin, TrypLE Express, LIVE/DEAD viability/cytotoxicity kit, trypsin/EDTA solution,
DAPI, Alex&luor 488 conjugateg@halloidin and Qtracker 655 cell labeling kit were purchased from
Thermo Fisher. Humaalbumin ELISA kit was purchased from Abcam. Cellulose nanocwystals
donated by Professor Michael K.C. Tam from the Department of Chemical Engineering at the

University of Waterloo.
3.2.2 Synthesis of @latin Methacryloyl(GelMA)

GelMA was synthesized with éhmethod developed by Shirahaned al'®* In brief, gelatin
solution (10%) was obtained by dissolving gelatin pow8rdd Mcarbonatebicarbonate (CB) buffer
and adjusted to pH 9.0 in round bottom flask at 50 C. MAA (0.IMAR/1 g gelatin) was added
dropwise. After three hours of reaction, the reaction mixture was centrifuged at 3250 g for 10 min
and adjusted to pH 7.4. The solution was diluted with double the volume of DI water and dialyzed
with a 12 kDa moleculareight-cutoff (MWCO) membrane against DI water at 50°C for one week,
followed by flash frozen in liquid2Mind lyophilized. The GelMA product wstered in the dark at
b H n Noclea magnetic resonance (NMR) spectroscopy was utilized to confirm the obtained
compouwnds and the degree of methacrylation. The lyophilized GelMA was dissolve®iat[b0

mg/mL and analyzed via proton nuclear magnetic resonance spectrostopvR).
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3.2.3 Bioink Preparation

CNC powder was dispexs in MillFQ water to prepare8 wt% CNGuspersionsand alginate
powder was dissoh in Mill-Q water to prepare4 wt% algina¢ solutions. To prepare the
algnate/CNC hybrid prgel solutions (20/40), equal volumes of CNC and alginate solutions were
mixed. The pragel solution wastsrilized by autotaving at 121 for 20 min for cell culture.

The second version hybrid bioinks were prepared as followdNC powder was suspended in
Milli-Q water at a concentration of 6 wt% and sonicated for 10 min at 37 kHz. Alginate (2 wt%) was
then added to themixture and vortexed for 5 min followed by centrifugation at 2000 g for 3 min. The
resulting mixture was then vortexed and centrifuged again, followed by 10 min of sonication at 37
kHz. GelMA (10%) was dissolved in 2X PBS containing 0.2 wt% LAP. femdigeced measurements,
the two different solutions were mixed at the same volume to reach a final concentration solution of
1 wt% alginate, 3 wt% CNC, and 5 wt% GelMA containing 0.1 wt% LAP, referred to as 135ACG,
vortexed for 5 min, and centrifuged for Bin twice. GelMA (4 wt%) was prepared by dissolving
GelMAin1 PBS containing 0.1 wt% LAP.

To make celladen bioink, the initial concentrations of all polymer solutions were prepared at
1.25 times the concentrations shown above. The GelMA solutionaw&sS NA £ AT SR K N2 dz
filter. The alginate and GINmixture was autoclaved at 121for 20 min. Celladen GelMA (4%)
solutions were obtained by mixing GelMA with cells via pipetting-l&#din 135ACG bioink was
prepared by mixing the hydrogel andraentrated cell suspensions with a dowsigringe mixer at a
volume ratio of 4:1. The produced 135ACG bioink had a NIH/3T3 fibroblast cell density of 5 million

per milliliter. The mixing procedure had no significant influence on the cell viability (dathoan).
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3.2.4 RheologicalProperties

The rheological measurements were conducted using a Ba8irRheometer with a cospdate
geometry (CP-40). ACG hybrid bioinks were refrigerated for 10 min before measurements at room
temperature. The steadgtate shear viscosities were measured witthaar rate in the range of 0.1
¢ 1000 <. A strainsweep test with a strain from 0.05% to 10% and a frequency at 1 Hz was performed
to determine the linear viscoelastic regions. The optimal strain was chosen to be 0.1% for the
oscillation frequency test ém 0.1 to 10 Hz. Steghear measurements were performed at 0.012 s

and 100s™.
3.2.5 Preparation ofSupporting Medium for EmbeddedPrinting

The support bathmediumfor printing was prepared according to the procedure developed by
Noor et al.®8 Briefly, sodium alginate (0.32 wt%anthan gum (0.25 wt%), and calcium carbonate
(9.56 x 18°M) were dissolved in DI water and homogenized. Concentratée/ 3 f dzO2y A O | O
lactone solution was added to the mixture to reach a final concentration of X®NI5and stirred
constantly until the viscosity of the mixture increased and no precipitatidhetalcium carbonate
was observed. The mixture was then left at room temperature for 24 h. DI water was added to the
mixture (4:1 volume ratio), homogenized, centrifuged at 11000 g for 20 min. The precipitated pellet
was collectedl wt%xanthan gum wasreshly prepared and added to the pellet at a volume ratio of

1:1. A homogeneous support bath was obtained through vigorous vortexing.
3.2.6 3D printer andPrinting Rocedure

A FlashForge Creator Pro (FlashForge, China) mounted with a enstdensyringe holdewas

used(Appendix A. The syringe was connected to an Ultimus V high precision dispenser (Nordson

62



EFD, USA). 3D models were designed using SolidWork$ie print of the first version bioink 20/40,

the outer honeycomb structures were printed using asyinge with fibroblastontaining bioinks

(1P cells/mL) and the inner cavities were then printed using another syringe with bionk containing

human hepatoma cells (2@ells/mL). The printed constructs were gelated in 1 wt% GaQition

for 10 min and hen washed with seruAree DMEM. Next, the constructs were cultured in complete

DMEM supplemented with 5 mM Ca@@i an incubator. Molded constructs were made as control

samples using an extrusidgree method. Briefly, 20/40 bioink containing fibroblastsepatoma

cells was placed on a sterilized glass slide with two spacers (@30ickness) and covered with an

ion permeable membrane to make a slab (26 mm x 26 mm x 0.15 mm), which was then immersed in

1 wt% CaGfor 10 min and was cultured in the saroendition as that of the honeycomb constructs.
For thesecond version bioink ACG printingpibks were loaded into 10 mL pneumatic syringes

and refrigerated for 10 min before printing to increase viscosity, taking advantage of the

temperatureresponsive GelMA. Structures were printed on cover glasses directly or in the support

bath with a 32gaugeneedleat a printing speed of 20 mm/s and under an air pressure of 20 psi. After

printing, the structures were then crosslinked under UV light (38 for 2 min. The embedded 3D

printed constructs were washed with DI water to remove excess support bath materials.

3.2.7 CellQulture and Characterization

Human hepatoma cells were culture in EMEM with 10% FBS and 100 unit/mL penicillin, 100
eg/mL streptomyai. Fibroblasts (NIH/3T3) and liver hepatocellular carcinoma (hepG2) cells were
cultured in DMEM supplemented with 10% FBS and 1% penicillin/streptomycin and maintained in a

5% CQincubator at 37 . For fluorescence imaging, with a Zeiss LSM 700 confocasoope (Carl
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Zeiss AG, Germany), cells were stained uSisg1, Phalloidirl,IVE/DEAD viability/cytotoxicity kit or
QUNI O1 SN F2ft26Ay3 YI ydzZFlI OGdzZNENREA Ay aidNHzOGAZ2Y
distribution and total cell spreading @as were extracted from 6 replicates (n = 6) and are presented

as mean * standard deviation. Differences between samples were determined from the independent
t-test and were considered statistically significant when p < 0.05. To evaluate HepG2 celigpiaiife

and viability inside a hydrogel matrix, cells were extracted by dissolving the matrix using TrypLE

Express and then counted using a hemocytometer
3.2.8 Mechanical lPoperties

CylindricaPDMs molds with a diameter of 6 mm and a height of approximatelyrmere made.
The acellular and cdiden bioinks were added into the molds and crosslinked prior to uniaxial
compression tests. The initial 10% strain region of a ssaiss curve was chosen to determine the
compressive modulus of each sample. To galegradation over time, samples were cultured under
standard cell culture conditions (see below) for 2 weeks. Compressive modulus of each sample was

measured immediately after fabation, on day 7, and on day 14.
3.2.9 Measurement ofAlbumin Production

Cellladen scaffolds were cultured inv@ell plates, with 1.2 mL phenotd free DMEM per well.
Cell medium was collected from each well on days 1, 4, 7, and 14 and stored in liquid nitrogen. The
cell medium was changed every other day and 24 hours béfarey collected for aloumin production
test. A Human albumin ELISA kit was used to measure albumin concentrations according to

YIydzZFl OGdzZNENXNa AyadNHzOGA2yaod
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3.3 Results and Discussion

3.3.1 Characterizations of 20/40 Bioinks

The CNC usedasproduced byCelluforce lo. with lengths of 20400 nm and diameters of £0
20 nm as shown ifrigure 3.1a The CN@asderived from sulfuric acid hydrolysis with abundant
negatively charged sulfate groups on the surfacth the zeta potential 0f40 mV at pH 7.0Higure
C.23. Additionally, the dynamic light scattering data illustrates that tnerage size of CN@&s
approximately 20 nmHigure C.2p

The bioink 20/40 displayed excellent shé¢linning property with a powetaw indexn of 0.23,
extrudability, and shape fidelityfi@r deposition. In addition, the incorporation of CNC in the alginate
network resulted in a highly porous microstructure with more uniform pores balmgut 20 em in
size (Data were not shown in this PhD thesis as they were presertteglrmaster thesis.)A 3D liver
mimetic honeycomb strcture was designed as shownkigure 3.b. Figure 3.T exhibitsan image
of the 3D structure immediately aftebioprinting. Food dyes were used to differentiate the
fibroblasts-ladenbioink (green) from te human hepatoma celladen bioink (purple)The viabilities
of naked (before mixing with bioink) fibroblasand hepatoma cells were 96.47% and 92.75%,
respectively. On day 0, theell viabilities of the molded constructs were 70.73% for fibrolslast
55.07% for hepatomeells which could be attributed to mechanical strekging mixing and possibly
the cytotoxicity of Ca&lThe cell viabilitiesf fibroblass and hepatoma cells in bioprinted constructs
on day 0 were71.00% and 67.06%, respectively Bignificant differences in celiability were
observed between molded and bioprinted construdtslicating that the bioprinting process resulted

in no observable celileath and thus is cetompatible. However, after 3 days, cell viabilitigfs
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fibroblasts and hepatoma cells decreased to 58.91% and 49.5&8pgectively FFigure 3.1d). Figure
3.1e-f show the fluorescence images of homogeneously distributed fibrobdastdruman hepatoma
cells in the bioprinted construct3he declining viabilitgnd nonobvious cell growtlover time may
arise fromthe lack of celbinding sites in the hydrogel, which limit cell adhesigmgbility and

proliferation.

é naked molded bioprinted
e 77 dayo)
T — A\ day1
7 7/\- * B2 day3|

0,
b, T

Figure3.1 Characterization of Cd@nd @l viability studies of bioink 20/4@a) TEM image of CNC

used in this studyb) Schematic tolown view of the liveimimetic engineered tissue constructs) (

3D printed constructs with bioink 20/40. Food dyes were used to distinguish fibrdatiest bioink

(green) from hepatoma celdden bioink (purple).d) Statistical analysis of viabilities (live cells
populations/total cell populations) of fibroblast and human hepatoma cells on days 0, 1, and 3.
Representative live/dead fluorescent images offioted () fibroblast only andf] fibroblast plus

human hepatoma cells. The dashed lines are the boundaries of the designed structure. The cells were
stained with Calcei®AM and ethidium homodimel to show live (green) and dead (red) cells. Scale

barsae5mmin¢0 | YR H@andP.Y Ay 0

To circumvent such issgeone potentialsolution is incorporating polymers containing eell

binding sites, such agelatin, into the system. There is an exgowing amount of evidencesported
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in research literatre that gelatin is effective in promoting theell attachment due to its RGD
tripeptide sequences, which are thmajor integrinrbinding domains present within extracellular
matrix (ECM)We found thatthe incorporationof gelatin in the alginat€€NG hybrid bioinkdid not
influencethe viscositysignificantlyand hence printability of the bioinks show in Figure 3.2 The
viscosity of gelatin was approximately an order lower than that of the alginate/CNC mixture (data not
shown), and therefore it magot change the viscosity of the hybrid ink significantly. Additiondiy, t
hybrid bioink was prepared by mixing alginate in the CNC suspension followed by adding gelatin
solution dissolved at elevated temperature (60Q. The rheology was measured once ih& was
preparedand gelatin was not gelled under shearinttus it did not change the viscosity of the hybrid

alginate/CNC/gelatin bioink dramatically.
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100 4
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|
n
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0.01 -

2 wi% Alginate + 2.5 wit% CNC
W 2 wi% Alginate + 2.5 wi% CNC + 2.5 wi% Gelatin
@ 2 wi% Alginate + 2.5 wi% CNC + 5 wi% Gelatin

1E-3 T T T M | T T
1 10 100 1000
Shear Rate [1/s]

Figure3.2 Flow curves of 2 wt% alginaéed 2.5 wt% CN€with different concentrations of gelatin.

3.3.2 Biofabrication ofLver Lobule-Mimetic Constructs

GelMA derived from gelatin with methacrylamide and methacrylate gronptead of gelatin

was selected as one of the bioink components because GeliviAde easily gelled under UV light
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while gelatin tends tdiquefy at high temperatures (~ 37 ). Herein, we fabricated liver tissue
mimetic constructs according to the process illustratedrigure 3.3. To mimic an array of liver
lobules toscale, a honeycomb lattice was first printed with a bioink composet¥ofalginate, 3%

CNC, and 5% GelMA (135ACtBEe honeycomb lattice has@48 mm wall thickness, 0.4 mm wall
height, and 2.4 mm spacing. Then ihaer cavities of the hexagon units were filled with 4% GelMA.
Four different variations were 3D printed in this work, referred to as S1 (honeycomb: fibreblasts
laden 135ACG, middle cavities: acellular GelMA); S2 (honeycomb: acellular 135ACG, midslie caviti
hepG2laden GelMA); S3 (honeycomb: acellular 135ACG, middle cavities: fibroblasts/laele@2
GelMA); and S4 (honeycomb: NIH/3@d8en 135ACG, middle cavities: hepl@@en GelMA). The
printed constructs were cultured in phenfike cell culture mediadr 2 weeks. Cell viability,
proliferation, and morphology in the constructs were studied using confocal fluorescence microscopy
on days 1, 4, 7, 11, and 14. Cell culturing media were collected on days 1, 4, 7, and 14 to study the
cellular activities throuly albumin production. The four variations allowed us to compare siogjle

3D structures (S1, S2) with heterogeneous bicellular structures (S3, S4). Furthermore, S3 and S4 were
designed to enable direatontact (S3) and neoontact (S4) interactions betvea hepG2cellsand

the supporting cells NIH/3T3.

AR
/ Pneumatic pressure
) Cell imaging
Pre-gel solution ———
»
PAL Leave in fridge for 10 — Cell culture for
Cell min before printing J two weeks
suspension '/ —_—
. Cell function |,
07 test | ;
Pe 4 ?

Bioink

Figure3.3 Schematic illustration of the biofabrication process.
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3.3.3 GelMA(haracterization

To enable highresolution bioprinting, advanced bioink formulations and crisking
mechanisms were developed. GelMA was synthesized by converting lysine groups contained in
gelatin to methacryloyl groupto allow UV crosslinkingihe synthesis of gelatmethacryloyl (GelMA)
andthe degree of substitution (DO®ps confirmed throughHNMR spectroscopy. As seerFigure
34 GKSNB INB F2dzNJ RAAGAYOGAGBS LISF1a G +Hoy
attributed to methylene protons of unreacted lysine groups (i), acrylic protons of methacrylamide
grafts on lysine groups (ii) and hydroxyl lysine groups (iii)hyhgtrotons of methacrylamide grafts
(iv), and aromatic groups (v), respectively. The decreased signal in peak (i) was observed in the
spectrum of GelMA, indicating the successful conversion of lysine to methacryloyl functional groups.
Thedegree of substiution was calculated from the ratio of the integrals of the unreacted lysine
groups in GelMA and the lysine groups in gelatin after normalization to the aromatic peaks. The DOS
of the GelMA used in this study is 85.33%, which is in agreement with theedpmtata by Shirahama

et al>!
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Figure3.4 (a) Schematic illustration of GelMA synthesis procé$$&NMR spectra of (b) gelatin and (c)
GelMA
3.3.4 BioinkFormulation andProperties

The rheological properties of 4% GelMA and a hybrid bioink 135ACG were t8stpdhear
measurements illustrated the injectability and sktaling behavior of the 135ACG bioink after being
applied high shear which is essentidden the bioink is extruded through a higfauge needleRigure
3.5). As shown irFigure 3.6a, the viscosity 0% GelMAs around 0.1 Pa andit shows a slight shear
thinning property.The GelMA coils can disentangle and orientate in the flow direction with increasing

shear rate, leading to the observed she¢lhinning behavior after a critical shear rate is reached. The
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incorporation of CN€and alginate into the GelMA solution signifitly altered the intermolecular
interactions, leading to drastically different rheological properties. The hybrid bioink, 135ACG,
exhibited a strong sheehinning property over the entire shear rate range of 0.1 QD s! with a

curve slope 0f0.85. The 135ACG ink showed a viscosity close to ZB@Pstatic state and 0.2 Ba

at the shear rate of 1000's(i.e. 3 orders lower)The repulsive interaction betweenhe both
negatively charged alginate and CNCs surface sthkank homogenous without any aggregation

At static state, alginate molecules wrap around the surface of the CNCs mainly thtidaggiding.

When a shear stress is applied, the entangled polymetsteA 3y | yR f26SN&R (GKS
Compared withhybrid bioinks reported previously by our group and other grotfg8%1%4the new

135ACG bioink showed a much stronger shear thinning behavior and one order of magnitude higher
viscosity at static state, indicating its superiority for ME printing. Further, as showigpire 3.6b,

0KS @Aal2dza Y2Rdz dza D gl a KAIKSNI GKFyYy GKS St
D 2 3SNNRBRRS D Fd FNBdzyR y |13 -kk¢ & bowfrequenéids G K |
and not suitable for ME bioprinting since tiheodulus of 4% GelMA was lower than 10 Pa. On the
20KSNJ KIFIyRZ F¥2NJ mop!/ DX D GSNBE KAIKSNI GKIFyYy I

135ACG is more soflike and can produce scaffolds with good structural fidétity.
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Figure 3.5 Stepshear measurements of 135ACG at high and low shear rate to illustrate the

injectability and recovery behavior.

Besides printability, bioinks must offer scaffolds with suitable mechanical strength and
degradation profile for tissue engineeringfter printing, cellladen and acellular constructs were
crosslinked chemically (by UV), then cultured over two weeks. Their compressive moduli were
measured on days 0, 7, 14. The compressive modulus of 4% GelMA26@% 278 Pa immediately
after preparation @ay 0). Upon cell addition, the overall compressive modulus reducedl#&b3t
217 Pa (hepG2 cells only) an824 + 370 (hepG2/fibroblast cell mixture), respectivéiyg(re 3.6¢).

TKS | 2dzy3Qa Y2Rdz dza 2125 KR#EFwhiéhSslduah Bwek tha® Bd stiffndssh v S
of GelMA matrix, therefore the incorporation of softer cells significantly decreases the compressive
modulus of the hydrogelNeither acellular nor celaden GelMA constructs exhibited significant
decrease in overhlmechanical strengt over the twoeweek period Figure 3.6c, day 7 & 14).
According to literature research, the suggested reason for this isthieaénzymatic degradation of

GelMA and the generatioof natural extracellular matrigy embedded cells weredbanced!*¢ Future
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experiments to confirm suckpeculation can be adding collagenase inhibttoithe cell culturing
media and measuring ECM protein production and gene expression in the crosslinked hydrogels over
time. Furthermore, our data confirmed that the GelMA scaffolds can provide a stablesaiihd
environment ideal for the growth of hepG2 cells over the entire study periodet\d reported that
the stiffness of the scaffolds influenced the hepG2 cellular growth and functions such that hepG2
cells cultured in the scaffolds with a stiffness of 0.5 kPa and 5 kPa tend to aggregate and form
spheroidst>?

The compressive modulus of acellular 135ACG scaffolds w2214 2381 Pa on day 0 and the
addition of fibroblast cells lowered theifness to 6800 + 664 PaHgure3.6d). This is consistent
with previous literature reports that, when the stiffness of the substrate at the fibroblasts attachment
sites were over 5 kPa, the cells were observed to decrease overall scaffold stiffn@sssoft
substrates (1-5 kPa) fibroblasts adjust their stiffness matched to the substrate without forming stress
fibers. However, s the stiffness of the substrate increases to 5 kitapblast cells spread and
organize the actin cytoskeleton into stress fibers, forming enorganized filament bundles and
crosslinked actin filamest and reach the limit of cytoskeleton reinforceméft. Hence, the
decreased compressive modulus induced by the incorporation of cells was likely caused by the softer
cells encapsulated and the material void&Interestingly the compressive moduli of both acellular
and cellular 135ACG increased to8& + 2324 Pa and 204 + 1480 on day 14, respectively. The
increased compressive moduli can be attributed to the strengthening of alginate networkébiy Ca

the cell medium.
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Figure3.6 Characterization of the bioinks. (a) Flow curves of two different bioinks, 4% GelMA and
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3.3.5 Printability of the Hybrid Bioink

Honeycomb architectures, with 0.48 mm wall thickness and 2.4 mm spacing, were printed using

two printing methods Figure 3.7), in order to evaluate the suitability of theybrid ink 135ACG for

printing 3D structures in terms of resolution, pattern fidelity, and geometrical aspect ratio-féinee

printing, that is to directly layeby-layer ME printing on a cover glass, yielded structures with

favorable fideliy up to a heght of 1.8 mm [Eigure3.7b). Upon further addition of layers, spreading
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and collapsing began to occur. Withoutsitu crosslinking or support, ME printing using 135ACG
bioink can yield honeycomb structures up to a height of 3.4 mm without completehgfillp the
inner cavities Kigure 3.7¢). This is enabled by the excellent sh#@nning and solidike properties

of the hybrid bioink, which is not achievable using pure polymericabhiksich higher concentrations.

(a)

Figure 3.7 Printability of the hybrid bioink. (a) Schematic of the liver lokmienetic honeycomb
structure. (bl, ¢i) Top and (hi, cii) side views of the freorm printed structures with a height of

1.8 mm and 3.4 mm, respectiyelScale bars: 5 mm.

An embedded printing strategy was also developed. Generally, the support bath for embedded
printing must be stiff enough to hold the extruded filaments in place, rapidiyhself, and possess a
low yield stress to accommodate needl@wement3-% Thus, a Bingham plastic material is a good
candidate to act as a rigid body at low shear rates and a viscous fluid at higher sheaf ¥ates.
Previously, Nooet al.devebped a transparent support medium composed of alginate microparticles
in xanthan gum solutio® Based on their work, we further adjusted the composition to better fit our
system and rheological properties of the modified support bath material were measured. It exhibited
a sheatthinning behavior, and the viscosity was approximately 58 Ba0.1 3 (Figure3.8a). The
elastic modulus was larger than the viscous modulus over the entire frequency, and the elastic
modulus was around 100 P&igure 3.8b). In addition, the yielding stress of the mixtuwas

approximately 10 Pd{gure3.8 c-d). Figure 39aillustrates the embedded printing procegss shown
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in Figure3.9 b-c, honeycomb structures with a height of 3.75 mm and 6.8 mm respegtwete

generated using embeddegdrinting with better pattern fidelity than the 3.4 msall structure

generated by fredorm printing Figure 3.9c). With embedded printing, we demonstrated that the

135ACG formulation can be used to generate tall (up to 6.8 mm), high water content (> 90%), high

porosity hydrogel structures (i.e. suitable ECM), due to thieaseement of hydrogel mechanical

strength by CNC incorporation. Overall, these printing results exemplified the great potential of the

uniqgue CNéncorporated 135ACG bioink for ME printing of -@ainpatible structures with high

aspect ratio3*199.200
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Figure 3.9 Printability of the hybrid bioink.aj Schematic illustration of embedded printing of the

honeycomb structure.b-i, c-i) Top and&-ii, b-ii) side views of the embeddeatinted structures with

a height of 3.75 mm and 6.8 mm, respectiv&lgale bars: 5 mm.
3.3.6 CellBehavior inBioprinted Mono-Cellular 3DConstructs

A monacellular construct with NIH/3T3 cells embedded in 135ACG (S1), as schematically
illustrated inFigure 310a, was first printed. The inner cavities of the hexagon units were filled with
acellular 4% GelMA. @ proliferated over timeKigure3.10 b-c), the elongation of NIH/B3 being
observed on day 7gure3.10c), confirming that the printing process dmbt reduce cell viability or
influence cell morphology and the 135ACG gel is a suitable ECM for NIH/3T3. In comparison,
fibroblasts were arrested in CNC/Alginate only (no GelMA) matrix (data not shown). Thus, GelMA
provided cell adhesion sites and faciléd the proliferation of NIH/3T3 cells in the 135ACG scaffolds.

In addition, cells were elongated and aligned along the boundary of the two different biostkad

of migrating into the soft matrix. The phenomeaan be explained by durotaxis, a mechamisf cell
migration guided by the stiffness of the ECig(re 3.10d-g). Fibroblast cells tend to migrate from
softer toward stiffer substrates because a more stable focal adhesion and higher tracttes fme
formed in a stiffer regioR®! Therefore, when NIH/3T3 cells migrated in the stiffer 135ACG bioink,

0KS LINRPGONHzaAZY 2F (K OStftaQ fSIFRAYy3I SR3IS aidz
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durotaxis and continued laterally along the boundanytteé two hydrogels while the trailing edge

retracted, leading to the observed orientation of the céf§203

Day 1

4% GelMA
(acellular)

Day 7

Figure3.10NIH/3T3 cell growth, proliferation and morphology in 135ACG. (a) Schematic of construct
S1. Fluorescence images of NIH/3T3 on days 1 and 7 (green: live cells; red: dead cells) encapsulatec
in the middle of honeycomb wall (b & c), as well as at the bounddl35ACG and GelMA (dashed

line) (d & e). Zoometh images of NIH/3T3 at the boundary on (f) day 1 and (g) day 7. Scale bars are

100>m in (be) and 50>m in (Fg).

Furthermore, NIH/3T3 cells located near the bottom (cover glass) showed more elongated
morphologies, while cells in the upper portion of the constructs exhibited rounder morphologies
(Figure 3.11). The mechanical gradient between the soft hydrogel and the stiff substrate causes an
edge effect, increasing the stress on the hydrogels neambtiteom of the printed scaffolds. Cells

sensed the stiffness of their environment and modulated their morphology accorditigly.
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Figure3.113D rendered confocdluorescence image of NIH/3T3 cells embedded in 135ACG.

Cell proliferation and viabilities in 2D hepG2 and 3D (i.e. hepG2 embedded in GelMA) cultures
were comparedand illustrated inFigure 3.12 Our results showed that hepG2 cells in 2D cultures
proliferated much faster than in 3D cultures, as shownHigure 3.12a. Thus, the initial cell
concentration in 2D cultures was chosen to be relatively low, at 50K cells/welhived plate, while
in 3D cultures the initial cell density was 2.5M cells/mL. @adilities in both 2D & 3D cultures were
confirmed to be greater than 90% over the-ddy study periodRigure3.12b). Additionally, hepG2
cells formed spheroidsfrom day 1 in the 2D environments and the spheroids size increased
significantly over the two weeks. A monolayer of hepG2 cells was formed in 2D. In comparison, hepG2
spheroids were much smaller and the proliferation rate was lower in 3D than that i3 2Doavn in

Figure 3.12c
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Figure3.12 Cell studies on hepG2 cells in 2D and 3D environméaj<ell number and (b) cell
viability in 2D and 3D hepG2 cultures over two weéRsk-luorescence images e&€&tin/DAPI stained

hepG2 cells cultured in 2D and 8D 14 days.

Asecond monecellular construct wathen printed with acellular 135ACG ink first and the inner
cavities were filled with HepG2 cédidenGelMA 4%) (S2), allustrated inFigure3.13a. Furthermore,
hepG2 cell morphology was studied using confocal fluorescence microscopy. HepG2 cells were

observed to be mostly single ar small aggregates on dayHigure3.13b), form spherails four days
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post printing Figure3.13c), and the spheroids increased sigrantly in size over tima={gure3.13 c-

d). High cell viability @s maintained until day 1F{gure3.13d). On days 11 & 14, dead cells were
observed mainly in theenters of large spheroid&igure3.13 d-e), likely due to nutrient depletion

and the accumulation of toxic products. A close examination of the boundary between the soft
GelMA and the stiff 135ACG gels revealed that hepG2 propagated exclusively in the GelMA matrix
(Figure 3.13f). Cell/cluster area digbution and the total cell spreading areas were extracted via
statistical analysis of the fluorescence imagend plotted inFigure3.13 g-h. On day 1, most of the

cell cluster areas were in the range of 1001 n 2, keYhe size of single cells and sneell aggregates.
Cell/cluster sizes were shown to steadily increase in day 4 &idiré¢ 3.13g), indicating that hepG2

cells formed larger cell clusters/spheroids over time in GelMA. However, the total cell spreading area
plateaued on day 7Hjgure 3.13h), which is consistent with the growth curve showrfigure 3.12a.

Taken together, 4% GelMA hydrogel possessed a similar mechanical strength to the liver tissue and
provided an optimal environment for the growth of hepG2 cells, which is consistent vatfinitiings

from Maet al152
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Figure3.13 HepG2 cell growth, proliferation and morphology in GelMA. (a) Schematic of construct
S2. (be) Fluorescence images of hepG2 in 4% GelMA on days 1, 4, 11, and 14 (green: live cells; red:
dead cells). (f) HepG2 at the boundary of 135ACG and GelMA (daskedtale bars are 160n.

(g) HepG2 cell/ cluster area distribution on days 1, 4, and 11. (h) Total hepG2 cell spreading area over
a l4day period.

3.3.7 CellBehavior inBioprinted Bi-Cellular 3D @nstructs

To investigate the effect of coulturing NIH/3T3 cells with hepG2 cells in the bioprinted

constructs, systems with direct intercellular contact (S3) andemntact (S4) ceulture systems, as
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described inFigure 3.14a and Figure 3.14a, were fabricated separately. To generate S3, acellular
135ACG honeycombs were first printed, followed by depositing a homogeneous mixture of hepG2
and NIH/3T3 fibroblasts in GelMA (4%) to fill the cavities. Both types of cells exhibited
morphology @ day 1 Figure3.14b). Similar to S2, spheroids were obssihto form over time in S3
(Figure3.14 b-d), but with both cell types presenting in the clusters. Elongation and spreading of
individual NIH/3T3 cells was also observed in S3, as shdwiguie 3.14d. The protrusion of NIH/3T3

cells into stiff 135ACG (orange arrow) and the parallel alignment of NIH/3T3 cells along the boundary
of the two different matrices (135ACG and GelMA) (yellow arrow) were observed on daigiré (
3.14e). Cell area distriltion and total spreading areas in S3 were analyzed and plottEdyine 3.14

f-g. Compared to S2, there were a much lower percentage of cell/clusters with an area larger than
Hann2kEy R | KAIKSNI LIS NBiB B3) indicStingdtiat sphéroidermad in>thé
hepG2/NIH/3T3 caulture were smaller than those in the hep®8ly culture and some NIH/3T3
cells propgated as single cellBigure3.14f). The total cell spreading area increased persistently over
the two weeks Figure 3.14q), instead ofplateauing on day 7 as in S2, which is ascribed to fibroblast

growth.
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Figure 3.14 Mixed NIH/3T3 and hepG2 cell growth, proliferation, and morphology in GelMA. (a)
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Schematic of construct S3. Fluorescencegesaof the hepG2 and NIH/3T3 mixture (initial densities

of hepG3: NIH/3T3=2:1) on-{(bday 1, (d) day 7, and (d) day 14 (green: live cells; red: dead cells).

The images of hepG2 cells stained with Qtracker 655 (magenta)igrdéy 1, (di) day7, ad (di)

day 14. (e) Cells at the boundary of 135ACG and GelMA (dashed line). Scale bars>araribe.

(f) Cell/cluster area distribution in S3 on days 1, 4, and 11. (g) Total cell spreading area in S3 over a

14-day period.

To fabricate SNIH/3T3laden 135ACG was used to print the honeycombs and then higuen
GelMA was used to fill the cavities. Interestingly, the two types of cells migrated towards each other
over time Figure 3.15 b-d). The spreading of NIH/3T3 cells in 135ACG (whritevg was observed

on day 7 Figure3.15c), aligning parallel to the boundary thfe two bioinks on day 14~{gure3.15e).
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Moreover, direct intercellular contact of the two types of cells at the boundary occurred as shown in
Figure 3.15e labeled with a ble circle. The cell size distribution of NIH/3T3 and hepG2 cells at the
boundary region were analyzed separately anotteld as stacked columns frigure3.15 f-g. The

trend of the hepG2 cell/clust area distribution in S4-{gure3.15f) was the same as that in S2. In
contrast to hepG2, the size of fibroblasts was smaller, mainly in the range#f®fm?, and did not
significantly change over time. It can be explained by the fact that NIH/3T3 cells grew in the form of
single cellsand did not aggregate over time. Moreover, the total hepG2 cell spreading area in S4

plateaued on day 7Higure3.15g).
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Figure 3.15 Adjacent NIH/3T3 (in 135ACG) and hepG2 (in GelMA) cell growth, proliferation and
morphology. (a) Schematic of construct S4. Fluorescence images of both types of cells near the
boundary of 135ACG and GelMA (dashed line) ehday 1, (6) day 7, and (d) day 14 (green: live

cells; red: dead cells). Images of hepG2 cells stained with Qtracker 655 (magentai) olayL, (¢
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i) day 7, and (di) day 14. (e) Zoomeith images of the cells at the boundary. Scale bars are>h®0
in (b-d) and 50>m in (e).(f) Cell/cluster area distribution of hepG2 spheroids and NIH/3T3 cells

separately on days 1, 4, and 11. (g) Total hepG2 cell spreading area oveayderiod.
3.3.8 Albumin Secretion

One of the most important functions of hepatocytes is the synthesis ohs@notein, specifically
serum albumin. Thus, to assess hepG2 cell function in 3D Joelhdar (S2) and bicellular -@ulture
systems (S3, S4), levels of albumin production were measured over two weeks and compared to that
in a 2D system (S0). In each audt, the amount of albumin produced was measured every 24 hours
and plotted in reléive to the level on day IHgure3.16). Albumin secretion hiked up dramatically in
all 3D cultures starting on day 7 and reached abou#d@%imes on day 14, even thoudtepG2
proliferated much faster in a 2D culture, and cell numbers in 3D cultures plateaued on Figyré (
3.12a). This result indicates that, compared to culturing in 2D, encapsulation of hepG2 in the 3D
GelMA ECM promoted perell albumin secretion sidigantly. From day 7 to 14, higher amount of
albumin was produced from the emulture system which could be explained by the presence of
NIH/3T3 fibroblasts. Among the 3D systems, albumin secretion was slightly higher in the
hepG2/NIH/3T3 caultures (S3,S4) than that in the hepG@nly culture (S2), consistent with
literature data. Previous studies have shown that hepatocytesuttured with nonparenchymal
cells in a 3D environment exhibited enhanced liver functions, such as albumin secretion and urea
production, when compared to the traditional 2D and mecllular 3D culturing technique§!.204.205
Jeonget al. have found that rat albumin secreted by fibroblasts in cell media was negliftole,

meaning that albumin was only produced by hepG2 cells. Interestingly, there was no significant
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difference in the level of albumin production in the-coltures with direct (S3) and -ghrect
intercellular contacts (S4), suggesting that the physical contact of the dual cell lines might not be

necessary to influence the hepatocyte function, rather the fibrobkestreted factors mattet?®
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Figure3.16 Relative albumin production by hepG2 cultured in 4 different systems: SO (2D), S2, S3, and

S4ondays 1, 4,7, and 14.

3.4 Conclusions

We have developed two types of bioinks and methods suitable for the ME printing of
heterogeneous 3D constructs. A GMC€orporated alginate/GelMA hybrid bioink (135ACG) was
formulated for precision printing of high aspect ratio dalien strutures. Due to the excellent shear
thinning and solidike properties of 135ACG, honeycombs (with a 0.48 mm wall thickness) up to 3.4
mm and 6.8 mm were demonstrated with fréerm printing and embedded printing respectively.
After UV crosslinking, scaffagrinted with 135ACG were also confirmed to offer a stiff ECM, with a
compressive modulus on the order of 10 KPa, to accommodate the adhesion, spreading, and

proliferation of fibroblasts, an example stromal cell line. A softer GelMA hydrogel that podsesse
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stiffness (compressive modulus ~ 2.5 kPa) comparable to the native liver tissue was used to
encapsulate hepatocytes (hepG2). Four different 3D liver lebuikeetic structures with precise
placement of hepG2 and NIH/3T3 cells were bioprinted. The fouctsires allowed us to observe
effects of mechanical cues and intercellular interactions on cell behaviors, including hepatic spheroid
formation, cell alignment and migration at the boundaries of stiff/soft ECMs, as well as albumin
secretion, the most impaant function of hepatocytes. Interestingly, fibroblasts thrived in stiff
135ACG matrix and aligned at the 135ACG/GelMA boundary due to durotaxis, while hepG2 formed
spheroids exclusively in the soft GeIMA matrix. Hepatic spheroids formed by a homogemgaus

of hepG2/NIH/3T3 were found to be smaller than those formed by hepG2 only. Improved albumin
production was observed when hepG2 cells werecalured with NIH/3T3 both with and without
direct intercellular contact, indicating that improved hepatimction can be attributed to soluble
chemical factors. Overall, our results demonstrated the great potential of the bioink materials and
ME-based printing methods developed in this study, which offered new strategies to address the
central challenge in ¢$sue engineering to create complex constructs with multiple cell types and

varying ECMs to recapitulate biological functions.
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CHAPTEREmMbedded3D Printing of Vascular Constructs

4.1 Introduction

The ability to develop living functional tissues and orgemsecapitulate the native tissue
functions is rapidly growing in the field of tissue engineering rggnerative medicine. Integration
of cell biologyand materials science is the prerequisites for fabricating tissue and orgaviso.
Tissues with raltively simple geometrysuch as skin, have been successfully constructed, however,
it remains challengingto accurately develop functional human tissue@sth more complex
hierarchical structuresAs such, 3Dioprinting, which allowgprecise positioningf biomaterials has
emerged as gromisingstrategy to fabricate complex biological constructs that imitate natural
tissues and organ¥.The potential impacof 3Dbioprinting on fundamental biomedical research and
its applications in regenerative and personalized medicine are enormous. The past few years saw a
rapid rise in research on 3D bioprinting to develop enabling technologies, naméatik materials,
printing tools and methodslo address the challenges in creatiagge and heterogeneous 3D tissues,
strategies to print in a supporting bath, namely embedded 3D printing, have been developed.
Materials used for the supporting bath include viscousodlastomers® selfhealing hydrogels!
and granular gel suspensit®*. The bath actlike a Bingham plastibeing rigid at low shear stress
but flowing at higher sheastress?6-3%33

Here, we presena hybrid ink composed of glycidyl methacrylated poly(vinyl alcohol) (PVAGMA)
and cellulose nanocrystal (CN@hlyvinyl alcohol (PVA) hydrogel has been widely usedrinus

areas owing tats high water content, low frictional behavior, and biocompabilf}°° The elasticity
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of PVA materials is similar to that of theman arterymaking it uniquely suitable for constructing
vascular phantomsThe abundant hydroxyl groups on the backbone of PVA not only make them
hydrophilic but also increase the viscositydeelasticity of PVA solution over time which is induced
by Hbondingi°* PVA is crosslinked either physicd#yg. through freez¢haw cycles, or chemically
using crosslinkers such agutaraldehyde, epochlorohydrin, and boric aid% The physically
crosslinked PVA aerogel driven by the phase separation benefits from the low cytotoxicity but with
poor mechanical properties and structure stabifity® In comparison chemical crosslinkers are
typically cytotoxic. Therefore, the UV crosslinkable BM#hich renders chemically crosslinked gels
that are stable and biocompatiblés favoredfor tissue engineering and medical applicatioR¥YA
materialsare typically strairsoftening a notable deficiencfor mimicking human soft tissues which
often exhibit astrain-stiffening behaviot®® Therefore, nanomaterials, such as CNC, graphite, and
methacrylate silica, and polymers, such as gelatin and chondroitin sulfate, are incorporat&y/mto
to make ugfor the deficiency?®193.107.20210 For instance, igphite wasincorporatedinto PVA to better
mimic vessel elasticitgnd adjust the material attenuation and scattering properties for ultrasound
imaging'®816°|n this study, CNC is used as a nfilher, replacing graphite, sinographite tends to
sediment in the mixtur@and clog extrudenozzle CNGiot only enhances the mechanical strength of
gels, but also introduces shetiinning behaviors due tthe alignment of the chiral nematic liquid
crystalline domaing?7.12%131

Recently, mageguided minimally invasive diagnostic imaging and therapeutic interventions
techniques like computed tomography scan (CT), magnetic resonance imaging (MRI), and ultrasound

imaging,have significantly improved lives. They support accurate therapeutic procedure and help
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guide and monitor the intervention for optimal results. Ultrasound, specifically, iglyidsed to
image internal organs and aid in fluid management because it providedimesl low-cost, and
radiationfree imagingt®’ The field is constantly evolving for neggneration solutions, such as
molecular imaging and imagirguided dtrasound therapy 8168 Thus, in-vitro medical phatoms
with adjustable biochemical and physical propertas in great demand for advancing diagnostic
ultrasound techniques and explorimgrdiovascular diseas@sechanisms.

To evaluate the printability and feasibility of obroink, PVAGMA/CNC, arstipportingbath
material, several constructs including carotifurcation and multisegment hollow tubes were
chosen as models. Furthéeemodynamic study and ultrasound imaging of the printed vessel models
were conducted. Taken together, our resultslemonstrate the great potential of oumaterial
compositionsfor 3D bioprinting of heterogeneousmedical models, particularly applicable to

ultrasound imaging.

4.2 Materials and Methods

4.2.1 Materials

Sodium carbonate, sodium bicarbonate, gelatin (type A, 300 g Bloom, from porcine skin),
deuterium oxide (BO), calcium carbonate,-B)3 f dzO 2 y Aléxton; @AuR phenyR, 4, 6;
trimethylbenzoyphosphinate (LAPpoly(vinyl alcohol) (PVA), glycidyl methacrylate (GMA), 4
dimethylaminopyridine (DMAPanddimethyl sulfoxide (DMSvere purchased from Sigma Aldrich.
Xanthan gum waspurchased from CP Kelcd?DMS were purchased from Dow Corning

Pharmaceutical grade sodium alginate (PROTANAL LF 10/60 FT)q@@ko6guluronate (G) residues
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was acquired from FMC (Philadelphia, RAthyl3-(3-dimethylaminopropyl)carbodiimide (EDC) and
N-hydroxysuccinimide (NHS) was purchased frotndSciences and Alfa Aesar, separat€gllulose
nanocrystals were donated by Professor Michael K.C. Tam from the Department of Chemical

Engineering at the University of Waterloo.
4.2.2 Synthesis of GlycidyWethacrylate Modified Poly(vinyl alcohol) (PVAGMA)

PVAGMA was synthesized according to previously published#dfk:1°"24n brief, 20 g PVA
powder was dissolved in 400 mL DMSO in a round bottom flask at 9 obtain a 5 wt%PVA
solution.DMAP(5 g) as a catalytic agent, was added into it after lowering the temperature to ,60
followed by adding different amousbf GMA, ranging from 1 mL to 6 mLhe reaction mixture was
purged with Nz and stirred at 60 in dark for 24 hours. After that, the solution was dialyzed against
DI water with a 12 kDa MWCO membrane at 5tor 4 days, followed by lyophiéiion and stored in
dark at-20 . NMRspectroscopy was utilized to confirm the obtained compounds and theegegjir
methacrylation. The lyophilized PVAGMA was dissolved@nad50 mg/mL and analyzed via proton

nuclear magnetic resonance spectroscopyNMR).
4.2.3 Bioink Preparation

A 10 wt% PVAGMA solution with differedegree of substitution O3 were prepared by
dissolving PVAGMA foam in M@ water at 90 . LAP(0.5 wt% was added into the PVAGMA
solution after lowering the solution temperature to room temperature. GN@readded to the
mixture to get a final concentration of 4 wt®nd vortexed for 5 min followed by centrifugation at
1500 g for 3 min. Tikstep was repeated twice to disperse GNOGmpletely in PVAGMA solution.

Then the resulting mixturdPVAGMA/CNC hybridjas sonicated at 37 kHz for 10 min.
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4.2.4 Preparation ofSupporting Bath Material for EmbeddedPrinting

The supporihgbath materialfor embedded 3printing was prepared according to the procedure
developed by Nooet al.*8 Briefly, sodium alginate (0.32 wt%@anthan gum (0.25 wt%), and calcium
carbonate (9.56 x 20M) were dissolved in DI water and homogenized. Concentratée}Dluconic
| O A-IRctone solution was added to the mixture to reach a final concentration of ¥®N5and
stirred constantly until the viscosity of the mixture increased and no precipitatioiefcalcium
carbonate was observed. The mixture was then left at room temperature for 24 h. DI water was added
to the mixture (4:1 volume ratio), homogenized, centrifuged at 11000 g for 20 min. The precipitated
pellet was collectedXanthan gum(2 wt%)wasfreshly prepared and added to the pellet at a volume

ratio of 1:1. A homogeneous suppong bath was obtained through vigorous vortexing.
4.2.5 3D printer andPrinting Rocedure

A FlashForge Creator Pro (FlashForge, China) mounted with a enstdensyringe hider was
used Appendix A. The syringe was connected to an Ultimus V high precision dispenser (Nordson
EFD, USA). 3D modelsre designed using SolidWorks andibks were loaded into 10 mL pneumatic
syringes A dualsyringe printing system was customized and utilized for rmaéiterial printing as
illustrated inAppendix A In brief, one end of the-8hape connector was attached &dongneedle
(7 cm)while the other two ends were attached to two cheeilve onnectors to avoid anigackflow
when pressure was on. Two syringes connecting to the Ultimus V high precision dispenser through
two robust tubings wereattached to the checkvalve connectors. Thewitch of the pneumatic
pressure oneachsyringe could beeaalized by aletented toggle control valve (Pneumadyne Inc.)

conneded to the pneumatic dispens&-codes with a printing speed of 10 mm/s were generated by

93



ReplicatorG or Slic3r and modified to fit the embedded printiNgedles with different diameter

were used based on the construatkmensons. Spiral structures werérst printed each time to
determine the printing pneumatic pressure. The homogeneous supporting bath was transferred to a
clear PMMA box ob0 mLcentrifuge tube before printing. Food dyes were added to the ink to
improve visualization. A snake eye UV light setup was usead-itu crosslinking After the printing
process, the containers were exposed to UV light for 15 min to crosslink the hyslrddgen the
embedded printed constructs were washed with DI water to remove excess supporting bath

materialsfollowed by additional 15 min UV crosslinking

4.2.6 Swelling

PVAGMAydrogelswith or without CNCs were casted in a rectangi®@&MSmold and printed
in supportingbath, followed by UV crosslinkirigr 15 min at ambient temperature. The casted and
printed hydrogels with a dimension of 2 x 4 Twere soaked in MilQ water for 72 hours. The
hydrogels were taken out of water, dried wikimwipesandmeasured the length as &nd width as
W; via a caliper. The swelling ratio (Q) was determined as relative lengdi)/(l, andrelative width

(We-Wo)/Wo.
4.2.7 RheologicalProperties

The rheological measurements were conducted using a Ba#ilRheometer with a coipate
geometry (CP-40). The steadgtate shear viscosities were measured with a shear rate in the range

of 0.1¢ 1000 s'. A strainsweep test with a strain from 0.05% 19% and a frequency at 1 Hz was
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performed to determine the linear viscoelastic regions. The optimal strain was chosen to be 0.1% for

the oscillation frequency test from 0.1 to 10 Hz.
4.2.8 Mechanical Properties

Dog boneshaped samples were casted in PDMSda@ mm wide at middle narrow section, 70
mm in length, and 1 mm in thickness) and printed in a supporting bath (5 mm wide at narrow part,
47 mm in length, and 1.5 mm in thickness), separately. The samples werpedf by using
Universal TesMachine at a speed of 2 mm/s for modulus test and 0.2 mm/s for cyclic tensile tests.
The tensile modulus was determined by the slope of the initial 10% strain, and the fracture strain and

stress were obtained from the strastress curves.
4.2.9 PhantomAssembl

Due to the limitation of the operating volume of the 3D printer, a vessel tube with a lerigth o
cm, inner diameter (ID) of mm and wall thickness of 2 mm were printed for hemodynamic analysis
and utrasound imaging. The printegcesselsvere attached b two Tygon tubings withralD of 6.35
mm, an outer diameter (OD) 07.94 mm and a length of approximately 15 cm through bridging
polymers(Figure 4.1 Briefly, polyallylamine (PAA) was dissolve@.lhM MES buffer at 2 % (v/v)
and the pH was adjuste 6. EDCGand NHSwere added to the PAA solution to a final concentration
of 12 mg/mL. The bridging solution was appliedteer surface of the two ends dfe printed vessel
and the Tygon tubirgwhich were covered with doublesided acrylictapes at endq3M 8213C)\L
Compression was applied to the connection region for 10 min and left in fridge ovetiight.

Two holes were drilled athe inlet and outlet sides of an opeop phantom box that has a

dimension of 3x 6 x 7 cn® and installed with two quickit flow connectors. After the assembled
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vessel tube was mountethto the phantom box, ametal rod was inserted into the tubing to
straighten it and preventt from collapsingSubsequently, a tisstraimeticsolution made of 10vt%
gelatin was poured into the phantom box and leftfridge until gelled, and the phantom box was
then connected to a customized programmable pump system with controlled constant and pulsatile
flow modes via the inlet and outlet connectors as illustrate#igure 4.1bA fluid reservoir provided
water for circulation at a certain flow rate or pulsatileviloWater was perfused at a constant flow

rate of 5 mL/s to remove air bubbles inside the flow systesfore testing

(a)

| Printed vessel |

. , I
- :
D‘ .

'Tykn Tubév

Figure4.1 Phantom assemblya) Schematic of the phantom box. The printed vesselattashed b
Tygon Tubings vicrylic tape and a bridging polymer solution. (b) Images of the flow pump working

system with the phantom box connected to the pump and a reservoir.
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4.2.10In-vitro HemodynamicsAnalysisof VascularPhantom

For the burst pressure atysis, a pressure gauge was attached to the inlet of the phantom box
and the valve at the outlet of the phantom box was closed. The vessel was filled with watextet
of 2 mL/s until failure and the burst pressure (P) was recorded by taking a vigwessure gauge
readings. The walburst tensile stress (T) in the circumferential directions was calculated using
[ FLX | OSQa [ ¢
v —
where r is the vessel radius and h is the vessel wall thickesisinslice of the vessel at rupture
regionwas cutand examinedindera microscopeo determinerandk® ¢ KS | GSNF IS &K
4G GKS @SaasSt gltt ¢l a OFfOdAZ ISR dzaAy3 t 2AaSc«
T —
GKSNBE v Aa UKS @2fdzYSGNARO Fft2¢ NIGSZT > Aa 61 0
To test the durability and stability ¢ie vessel, flow rate in the range @fto 27 mL/s were initially
investigatedusing the phantom assemblyThen, pulsatile flow that featurs carotid pulses (60

beats/minwith a peak flow of 27 mL/s) wefed contiruously through the vessels for tays.
4.2.11Ultrasoundlmaging andSgnal Processing

Ultrasound imaging experiments were conducted to visualize and characterize the distention
property of different segments of the printed vessel phantoR¥AGMA with a DOS of 2% and 4%
were dissolved in water to ppare 10 wt¥PVAGMAsolution followed by adding 4 wt% CNC to get
the final bioink materials, namely PVAGMA2/CNC and PVAGMA4/oN@cilitate comparative

analysis, experiments were conducted on three différenodels, that is (1) a singkegmentvessel

97



made from PVAGMAZ2/CNC; (2) a sirgggmentvesseimade from PVAGMA4/CNand (3) athree-
segment vessel in which thmiddle segmentlésion was printed withPVAGMA4/CNC and tiwo

flank were printed with FAGMA2/CNCANn L145 linear array transducewas positioned to image
0KS LKI vy dsYusiiy a tegegrch scanikat was equipped with a preeamformed data
acquisition systemlmages of the noipressurized vessels were first captured. Videos of the vessel
wall movement under carotid puls@imetic pulsatile flow were recorded. Frammat the peak flow

rate were captured for further analysis. Vessel wall thickness and diameter were measured using the

built-in scale in the scanner via ImageJ. Each value was calculated basesl/erage of six measwse

4.3 Results and Bcussion

4.3.1 Preparation of PVAGMA

Photocrosslinkablé®VA PVAGMAwas synthesized through transesterification and epoxide-ring
opening between PVA and GMA under basic dooml as illustrated irfFigure 42a.1%* Six PVAGMA
samples (namely, PVAGMAO.25, PVAGMAO.5, PVAGMA1, PVAGMA2, PVAGMA4, and PVAGMA®G) we
prepared by changing the molecular ratio between PVA and GMi&tegin Table 41. The degree
of substitution (DOS) was confirmed ¥y NMR spectraHigure4.2b) and determined by the relative
integration of the vinyl protongpeaksat 6.1 and 5.8 ppm with respect to the unsubstituted methane
moiety at 3.54.3 ppmi% All of the six PVAGM#Alissolved easily in watett @ concentration of 10
wit%, but the solution became semitransparent when the DOSwegerthan 4%. When 10 mL GMA
was added to 20 g PVA, the resulting product did not dissolve in water due to the introduction of

hydrophobic methacryloil grougat a high density. Additionally, the PVAGMAG hydrogels were too
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fragile, thus swelling and mechanical measurements on PVAGMAG hydrogels were not performed.
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Figured.2 (a) Synthesis of photocrosslinkable PVAGMAH®MR spectra of PVAGMA with different

DOS

Table4-1 Summary of the synthesized PVAGMA

PVA (g) | GMA (mL) DOS Formulation
1 0.25% PVAGMAO.25
2 0.5% PVAGMAO.5
3 1.2% PVAGMA1

20 4 2% PVAGMAZ2

6 4% PVAGMA4
8 6.25% PVAGMAG
10 N/A N/A
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4.3.2 Rheolgy of the Inks and Granular Supporting Bataterial

The rheological properties of PVAGMA and PVAGMA/CNC hybrid inks were first tested in order
to demonstrate the feasibility of various inf@ microextrusion-printing. Asshownin Figure 43 a-b,
pristine 10wt% PVAGMAolutionsexhibit Newtonian behavior with viscositgbout 1 Pas over a
wide range of shear rage(0.1 to 10 8) with no significant difference between PVAGMA2 and
PVAGMA4, suggesting thdite slight difference in DOS doew®t influence the viscosity of the
PVAGMA solutions. Both solutiomse slightly shearthinning above 10s!. The PVAGMA coils
disentangle and realign in the shear direction with increasing shear rate, leading to the observed
shearthinning behavior after a critical shear rate is reached. Adding high aspect ratio CN€lieeso
into the PVAGMA solutions significantly reshdghe rheological curves compared the pure
PVAGMA counterparts. PVAGMA/CNC hybrids erldibipronaunced sheathinning property over
the entire shear rate range with a curve slopeapiproximately-0.35 Both solutions possesd a
viscosity of 0.5 Pa ata shear rate of 10005 about three orders of magnitude lower than that at
0.1 st. The apparentlecline in viscosity as a function of shear rate could be ascribed to the-shear
thinning property of CNC itself and thlstrongintermolecular interactions, i.e. hydrogen band,
between PVAGMA and CNC. At static state, CNCs are homogenously disperssdaagtéd in
PVAGMA matrix. When a shear stress is applied, the coiled polymer network elongates, resarrange
andlowesi KS Ay 1 aQ @A asDessndrenges)thé poysidakireradtisndetimekn CNC and
PVAGMA begsto dominate the viscoeladtity via hydrogen bonding. Further, as showFigue 43
c-d, the viscous moduD ¢ b8t pristine PVAGMAnd PVAGMA2/CN@ere higher than elastic

modul D Qver the entire frequency range of 1 todlHz and the elastic modid of pure PVAGMA (~
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10 Pa)was lower than that of the hybrid (~ 100 Pa). This datdicatesthat theywere all liquid-like,
but the PVAGMAZ2/CNC hybnichsstronger than the pure PVAGM#K contrast the elastic modulus
D @f PVAGMA/CNC wa higher than it A & O2 dza Y 2 Rdzf dz& Dsiiggdsting thag &

PVAGMA4/CN®@as more solidlike atlower frequencies.
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Figure4.3 Rheological properties die bioinks.Flow curves ofa) PVAGMA2 and PVAGMA2/CNC and
(b) PVAGMA4 and PVAGMA4/CN@stic modul 6 DQU | YR @ % ® @PdalfinctivhzoR dzt

oscillatory frequencyf (c) PVAGMA2 and PVAGMA2/CNC(dpBVAGMA4, and PVAGMA4/CNC.

A transparent granular supportingath material (AL&XG) composed of partially crosslinked

alginate microparticles and xanthan gumas preparedased on the method developed by Noor et
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al 2 Rheological measurements were conducted to explore the ability o)&E® holdhe printed
structures. The supporting bath exhieita sheasthinning behavior withraviscosity of appraxnately
30 Pas at 0.1 3 (Figure 44a), andits yielding stresswas approximately 5 PaFgure 44b).
Additionally, as shown iRigure 44c, the elastic moduluss larger than the viscous modulasger the

frequencyrangeof 1 to 10 Hz, suggesting the mixtusesolid-like.
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Figure4.4 Rheological properties gupporting bath material(a) Flow curve,k) yielding stress, and

(c) modul of the supporting bath material (ABSG).
4.3.3 Swelling of PVAGMA Hydrogels

The swelling property of hydrogsk critical to their application in tissue engineering because it
can influence the mechanical property and permeability of the hydrogdibe swelling property of
molded and printed PVAGMA and PVAGMA/CNC hybrid hydrogels in water is dispkigedear5.

All moldedand printedhydrogels exhibéd rapid swelling during the initial 6 hours and read the
equilibrium swelling state within 24 hour@igure 45 a-d). The swelling degree proportionally
decrease with increasingDOS Figure 45e). For instance, the dimensions of PVAGMAQ2E
expanded by 30% within 6 hours while no significant charigethe sample dimensions exe

observed irPVAGMARydrogelsin comparisonapproximately 14% shrinkage occurred in PVAGMA4
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hydrogels due tothe different interchain distances caused by thegh crosslinking density of
hydrogels(Figure 45a). Two factos, interchain distances and crosslinking density, affect the water
retention capabilities of a hydrogel. High intelnain distances allow water to be easily absorbed by
the flexible hydrogel matrixwhereas high crosslinking density in the hydrogel lintfits matrix
network expansionthusdecreasing the water retention capability. Therefore, as showrahbie4-2,

the porosiies of the hydrogeldecline as DOS increases. Moreover, the incorporation os@Nke
hydrogels causethe swelling degree to trease at a fixed DOS owing to the aburtdaydrophilic
groups on the CNC surface, which favors the retention of water in the hydrogel nefctkngular
strips werethen printed using the variousure PVAGMAand hybrid PVAGMA/CNse-gel solutions
through embedded printing to investigate the relationship between swelling and printing directions.
Based orFigure4.5f, there wasno significant difference in the swelling ratio along (relative width)
and perpendicular to (relative length) the printimtirection, suggesting the optimal integrignd
isotropic propertyof the printed patterns. However, the printed hydrogels exhaoitslightly higher
swelling behavior compared to molded samples and the addition of CNC did not influence the

swelling degreef printed pristine PVAGMA hydrogels.
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Figure4.5 Swelling properties of pure PVAGMA and PVAGMA/CNC hybrid hyd&wgelkng kinetics
of (a) molded PVAGMA, (b) mold8&YAGMACNC hybrichydrogels (c) printed PVAGMA, and (d)
printed PVAGMA/CNC hybrid hydrogels with different DOSWe)ling degree as a function of DOS

of molded and printed pure PVAGMA and PVAGMA/CNC hybrid hydréfy&svelling kinetics of

104



printed photocrosslinked PVAGMA hydess along and perpendicular to printing directions.

Table4-2 Summary of the porosity of molded and printed PVAGMA hydrogel with different DOS

PVAGMA (%) PVAGMA/CNC (%)
Molded Printed Mold Printed
PVAGMAO.25 93.81+1.56 94.61+2.57 93.81+1.56 97.43+3.44
PVAGMAO.5 86.21+2.38 97.3+1.46 97.08+2.46 98.76+8.3
PVAGMA4 86.97+4.53 90.73+7.1 87.97+4.95 94.30+3.32

4.3.4 MechanicalProperty of PVAGMA Hydrogels

As a potential vascular phantom, the hydrogels are expected to possess comparable mechanical
strength to that of blood vessel substitutes. It has been found thatxsof the PVAGMA hydrogels
influenced their tensile properties PVAGMA hydrogels tia relatively low DOS exhileitl a high
fracture strain but a lower tensile modulushereas hydrogels with a higher D@&re susceptible to
fracture at a lower tensile load with a higher tensile modulus. For instance, PVAGMAQO.5 hydrogels
ruptured when it wastsetched two times of their initial length, while PVAGMA4 ruptured after 75%
elongation Figure46ad ® ¢ KS @I f dzSa 2F t +! Da! dHKonRNI®BSI 4 Q
kPa to 123.45 + 11.8RPa as illustrated irigure4.6b. It can be inferred that fopure PVAGMA
hydrogels with ultralow DOS, the reactive methacryloyl groups are far away from each other leading
to the formation of long and flexible polymer chains. Thus, the gels can expand and deform without
damaging the pgimer network both at microscopic and macroscopic levels. By increasing polymer
DOS, theadditional crosslinkingites limit the mobility of the polymer chains, leading to éswgel

stretchability. Interestingly, with the addition of borax crosslinking, BMAO0.5did not breakwithin

105



the test range (up to 400% strain) and the fracture strain and tensile moduli of PVAGMA hydrogels
with higher DOS increased slightly as well as showhigare 4.6 c-d. This is attributed to the
reversible didicborax complexabn between borax and nereacted¢OH groups in PVAGMA, which

providesthe hydrogels with an effective energljssipating mechanisr3214
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Figure4.6 Mechanical strength odPVAGMA hydrogels witttifferent DOS and crosslinking methods
(a) Tensile stresstrain curves and (b) tensile modulus of different-trgsslinked PVAGMA hydrogels.
(c) Tensile stresstrain curves andd) tensile modulus of different duakosslinked PVAGMA

hydrogels.

Due to the obvious swelling behavior and low mechanical strength of hydrogels with low DOS (<
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2%), uniaxial tensile measurements were conductedPMAGMA2 and PVAGAM4 hydrogelse T
curves of tensile stress as function of strain for PVAGMA and PVAGMA/CNC hybrid hydrogels are
presented inFigure4.7. Compared to thepure PVAGMA counterpartspoldedPVAGMA/CNC hybrid
gelspossesad higher fracture stress, ultimate strain, tensile modulus, and toughness. For instance,
1.76/1.18 and 2.36/1.09 fold increase in fracture stress/tensile modulus were found for the hybrid
hydrogels as compared to pristine PVAGMA2 and PVAGMAA4 gels, redpéEtyure 47 a-b). The
enhancements are mainly attributed tthe solid CNC nanorodsnd the macromolecular chain
entanglements on CN6urface Stress applied on the netwoik transferred from the PVAGMA
polymer network to the nandillers, which prevets crack propagation at high deformatict
Additionally, the interfacial interactions between PVAGMA and CNC via hydroges koud as
reversble sacrificial bonds to dissipate energy when tensile stress ised@pt Moreover, because
CNC nanorodwere randomly dispersed in the PVAGMA matrix, they tshtb re-align along the
stretching direction in the hybrid matrix upon tensile loading, which can further dissipate energy and
increase the resistance against crackufa 16 Therefore, both Fbonding aml entangledisentangle

of the flexible polymer chains favor the improved tensile property of the hybrid hydrogels. However,
unlike pure PVAGMA hydrogels, thalditional borax crosslinking kidittle influence on thefracture

strain of thehybrid hydrogelsas shown irFigure4.7c. Furthemore, the borax crosslinkingid not
change the tensile modulus significantly in all compositidrtgs could be due to the hydrogen
bonding between PVAGMA and CNC tleducesthe amountof avalable -OH groups on PVAGMA to

react with borax.
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Figure 4.7 Mechanical characterization afolded pure PVAGMA2 and PVAGMAhd hybrid
PVAGMA2/CNC and PVAGMA4/®hdogels. (a) Tensile stressain curves andb) tensile modul
of molded UVcrosslinked hydrogel¢c) Tensile stressstrain curves and (d) tensile modof molded

hydrogels with a DOS of 2% and 4% with or without secondary borax crossl{Bkimgk formlations

is short for borax crosslinking.)

Additional uniaxial tensile tests were performed embeddedprinted hydrogels to compare
molded andembeddedprinted samples. Noticeably, the printed samples shdiower ultimate
strains but with a similar tensile modulus as compared to the molded ¢Rigsire4.8 a-b). For

instance,the molded PVAGMAZ2 hydrogeladan ultimate strain of 104%, about 3.06 times that of
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the embeddedprinted hydrogels, and a tensile modulus of 51.55 + 3.19 kPa, about 1.19 times that of
the embeddedprinted hydrogelsThisis expected because of the layby-layer fabrication strategy

and also indicates that mechanical properties of the printed structures can be further improved by
adjusting the printing metho@nd supporting bath materiaBimilar tothe effect onUV crosknked
molded hydrogels, the additional borax crosslinking did not affect the fracture strain and tensile

modulus in the printed sampleas illustrated irFigure 48 c-d.
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Figure 4.8 Mechanical characterization of printedure PVAGMA2 and PVAGMAhd hybrid

PVAGMA2/CNC and PVAGMA4/®hogels (a) Tensile stresstrain curves and (b) tensile moduli

of molded UVcrosslinked hydrogels. (c) Tensile streBain curves and (d) tensifeoduli of molded
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hydrogels with a DOS of 2% and 4% with or without secondary borax crossl{Bkmgk formlations

is short for borax crosslinking.)

Cyclic loading testwereconducted to assess the mechanical stability of the polymeric network,
whichis vital to the application of hydrogels as vascular substitutes. The circumferential strain and
strain rates ofa normal arotid artery are in the range of 0.61% to 11% and 0.06 to 1.02 1/s,
respectively**2*" Therefore, constant 10% strain was chosen for the cyclic loadstg Figure4.9
shows representative cyclic tensile loadsngn molded and printed ddgone-shapedsamples made
of pure PVAGMA& and hybrid PVAGMBCNC hydrogels. As illustratedrigure 49a, the stressstrain
curves of the molded pristine PVAGMARerlaped (i.e. no hysteresisyvhile a small shift of the
curveswasobserved in hybrid PVAGMACNC hydrogelsThis suggests that the elongatioiddot
break the covalent crosslinking between PVAGMA chains and the incorporationsihGies slight
energy dissaation with no significant irrecoverable damage on the hydrogel network. Such
hysteresis can be ascribed to the disintegration of hydrogen bonds between PVAGMA and CNC
network from interfacial frictiorf!® The addition of CN&ntroduces interfacial interactions, such as
H-bonding, that act as sacrificial bonds to limit the movement of PVAGMA chains. In the loading step,
the coiled polymer chains start to elongate extensively and the rigids@iSipde crack energy.

When the stress is released, the flexible PVAGMA polymer chains move faster than CNC nanorods,
causing internal friction and dissipating a certain amount of engfdsflt wasalso observed that the
additional borax crosslinking causkysteresisEigure4.9b). Since the dissipated energy reflects the
degree of freedom of the polymer chain movement, reversible didarvax complexatiomissipatel

energy whenthe polymer network wastretched. It can be seen frofigure4.9c that a relatively
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wide hysteresis loomppeaed in the 1t loadingunloadingcycleof the embedded printed hydrogels
and the width of the hysteresis loops redudeas cycles of loadinginloading increasg in both
PVAGMA2 and PVAGIRIENC hydrogels. The hydrogels &rae softer after the first loading cycle
and then the modulremaired the same during the subsequent cycles. The main reasons for the
significant hysteresis loop in the printed samples are the Haydayer fabrication strategy and
relaxation effect of polymer chains, causing the lossnafrgy??* The cyclic tensile loading caissthe
internal damage of the polymeric network. Furthermore, the strsigain curves shiéddown slightly

only after first cycle, which could be explained by the slow recovery of the samples after the initial
stretch. Inerestingly the hysteresis behaviavasless obvious and the mechanical properties, both
elastic modulus and tensile stresslid not change gnificantly with the addition of CNCsand

secondary borax crosslinkifigigure 49d).
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Figure4.9 Representative ylic tensile stresstrain curves under a continuous 5 tensile cycle tests
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