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Figure4.7 Cell Patterning. (A) NIH3T3ibroblasts stained with Cell Tracker Red
(Red) or Cell Tracker Green (Green) were patterned into the hydrogel
channel. Sequentially altering of HFz baths containing cell tracker
red cells or green cells led to a rgekenred sandwich pattern shown
as aconfocal zstack of (B) the channel and (C) the channel wall.
Scale bar..s..00.0. & Ma—... 218

Figure4.8 Vascular cell encapsulation and patterning. VasculaD)A
endothelial (HAAE) were cultured on the inner lumen whildHE
smooth muscle (vSMC) and-K)) fibroblast (AoAF) cells were 3D
encapsulated within the channel wall for 7 days. Cells were stained
with (A-C,E-G,I-K) calcein AM (green) and ethidium homodimer
(red) or (D,H,L) fixed and stained with DAPI (blue) and phalloidin
(red). (M-P) The three cell types were stained with cell trackers and
patterned into the channel with (M) the endothelial célisq)
attached to the inner wall, (N) the smooth muscle cells (green) in the
first layer of the wall and (O) the fibroblasts (red) in the outer layer of
the wall. (P) The cells are shown in an end profile in their anatomical

order. (AC,EG,FKK,M-P)Scaldbar = 200 em. (E, H, L)

1 PRI 221
Figure4.9 UPLC-MS spectrum of VPM peptide..........cccoovvvvviiiiiicreeeieennnnnns 224
Figure4.10 UPLC-MS spectrum of VPM peptide........ccccueiiiiiiiiiiiieeniirieeeeeen. 225
Figure4.11 UPLC-MS spectrum of VPMIISTCO.........cceeeeeieiiiiiiiiiiieeee e 226
Figure4.12 UPLC-MS spectrum of VPMIISTCO........ccuviiiiiiiiiiiiiiiiiieeieeeeeeee 227

XXi



ABSTRACT

Tetrazine ligation, the cycloaddition sfetrazine (Tz) withtrans-cyclooctene
(TCO) derivatives, is particularly attractive for the synthesis df-instructive
hydrogel matrices. This reaction is high yielding, does not require a catalyst, does not
produce any toxic side products, andhs fastest bioorthogonal reactigril0° M*s*
faster). Using tetrazinmodified hyaluronic acid (HATz) and péyethylene glycol
(PEG) flanked with TCO (bisTCO), the formation of hydrogel spheres via a diffusion
controlled process at the gejuid interface was demonstrated. Syringe delivery of
HA-Tz into a reservoir of bisTCO resulted in the instantaneous fomaif a
crosslinked shell, through which bisTCO diffused inwards to introduce further
crosslinking. Prostate cancer LNCaP cells were encapsulated in the hydrogel spheres
with high viability, proliferated readily in the HA matrix and formed 3D, tisbke
cell aggregates.

The interfacial diffusiorcontrolled process has also permitted the creation of
hydrogel spheres with puetermined spatial distribution of TC@gged
biomolecules. Through temporally controlled introductionT GO conjugates during
the gosslinking process, the enzymatic degradability, cell adhesivity, and mechanical
properties of the synthetic microenvironment was tuned with spatial precision. Using
human mesenchymal stem cells (hMSCs) and hydrogels with ssloellestructure,
the abilty of the synthetic ECM witlspatially defined guidance cugsmodulate cell

morphologyin a biomimetic fashion was demonstrated.
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Introduction of aqueous solutions of bisTCO to a reservoir ofTidAed to the
fabrication of liquidfilled hydrogel channel®f desired lengths. An instantaneous
covalentlycrosslinked channel wall formed at tiiderface between the two aqueous
solutions. bisTCO molecules diffuse through the crosslinked wall, reacting with the
HA-Tz at the geliquid interface and subsequentdyowing the channel wall outward
until fully exhausted. This interfacial, diffusion controlled crosslinking enabled the
creation of 3D spatial patterns of ligands and other biomolecules to modulate the
biochemical environment within the hydrogel channalllsvvia perfusion of TCO
conjugates into the lumen of the channel at predetermined times. This chemistry also
permitted the 3D spatial patterning of different cell populations by systematically
alternating cell laden HA'z reservoirs during crosslinkingascular endothelial cells,
smooth muscle cells and adventitial fibroblasts were spatially patterned into the
hydrogel channels in anatomical order with high viability.

Tetrazine ligation is suitable for the construction of crosslinked tissoestic
hydrogel networks with 3D spatial patterns without the necessity of external triggers
or templates. The novel bioorthogonal, interfacial, diffusiomen crosslinking was
utilized to fabricate hydrogels with 3D spatial patterns of biochemical and
biomechanicakignals which can be employed to study tissue with layered structures
or interfaces between tissue. Ligdilled hydrogel channels with spatial patterns of
biomolecules and different cell populations will enable the construction of complex,

physiologicaly relevant in vitro vasculature models.
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Chapter 1

INTRODUCTION

1.1 Overview

Considerable research efforts have been made over the past decades in the
fields of Biomaterials and Tissue engineering for tissue repair and regeneration. When
designing a biomaterial for damagedstis repair, material properties, including
matrix stiffness and composition, must be considdrsdlrogels or fibrous scaffolds
are an attractive option to serve as tissumetic biomaterials due to their tunability.
Hydrogels can be made of synthetic engtls, such as poly(ethylene glycol) (PEG), or
of naturally occurring materials such as Hyaluronic Acid (HA). While PEG provides a
6bl ank slated6 for facile engineering of
comparion, HA, which is foundbiquitously throughout the extracellular matrix, is
recognized by cells through cell surface receptors, CD44 and RHAMM.

In order to make a viable biomaterial, crosslinking chemistry must be
cytocompatible. One promising set of reactions for crosslinkirey bioorthogonal
reactions. Bioorthogonal is the coupling of two biomolecules in a covalent linkage
which can occur inside living systems without interfering with native biochemical
processes. These reactions proceed with fast kinetics, are compatibtpigous
conditions at ambient temperatures, and do not have toxic reagents, catalysts or
byproducts. These rapid and bioorthogonal reactiovisich are desirable for the

construction of complex, thresimensional (3D) tissue models, are reviewed below.
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1.2 Modular and Orthogonal Synthesis of Hybrid Polymers and Networks

Nature combined relatively simple building blocks in a modular and repetitive
fashion to construct biological materials with complex organizations and diverse
functions! Many types of cells present multiple copies of glycans in branched
structures on the cell surladhat contribute to the concerted interactions with the
binding partners in cell signalifg® Many proteins in the natural extracellular matrix
(ECM) contain repetitive motifs linked together in a modular and tandem fashion with
spatial periodicity, conferring structural and biological roles and maintaining ietimat
interactions with cell surface recept&rd.”) The ECM of different types of tissues has
variable composition and compliance dependinghow the modular components are
combined and integratéd. In order to fster desired cellular behaviors for tissue
growth and morphogenesis, tissue specific microenvirorsymaost be recreateth
vitro. However, a complete replication and reconstitution of the natural proteins and
ECMs is technically daunting and economicailyealistic. An attractive alternative is
the hybridization of synthetic polymers with molecules of biological origin that are
synthetically tractable and can be readily manipulated. Oveagithbnal combination
of judiciously selected synthetic and bigical building blocks has resulted in hybrid
systems with enhanced biological functions and improved materials properties. The
hybrid materials can be engineered to mimic the natural prbtdéimgerms of their
molecular architectures, dynamic responsiveness andhsgllictive properties, with
the added attributes of tunability and processibility provided by the synthetic polymer
constituent$ 14

Over the past decade, significant advancement has been made in the
development of customized and biomtmematerials using modular building blocks

and employing bioorthogonal reactidifd.Covalent integration of nuular building



blocks with distinct chemical compositions and diverse functionality has resulted in
advanced materials with synergistically enhanced propéricghese developments,
originally inspired by biological design principles, have been fueled by recent
advancsin polymer chemistry and biomaterials swe™ and most significantly by
repuposing of efficient organiceactions™ Bioorthogonal chemistRf refers to
chemical transformations that occur between a pair of molecules with mutually
reactive functional groups without sigmifint interference from eexisting
functionalities in physiological biological milieu. Additional features of bioorthogonal
chemistry include biocompatibility, specificity, high vyield and fast reaction
kinetics!*"'® Examples include (Table 1.1) the hydrazone/oxime chentt$&Y.
Michael additiod?” radical mediated thieéne (or thiolyne) chemistry?>** Dielsi

Alder reaction$?*?® coppetcatalyzed alkyn@zide cycloaddition (CUAAC, popularly
known as the &% étraireplomotedr azialalkyrie ocgcjoaddition
(SPAACY?"* and inverse electron demand Bidlder reaction (sometimes referred

to as the tetrazine ligatiofff! ! The reaction rate can be tuned through changes in
structure.

Bioorthogonal chemistry ibeing exploited by the biomaterials community for
efficient and modular fabrication of bioactive and -e#itructive materials.
Summarzed in this section is recent progress in the development of hybrid and
biomimetic materials constructed by covalent coupling of discrete modular building
blocks. The building blocks include synthetic polymer, peptide, protein, carbohydrate
or polysacchade.| discuss the materials properties, in the context of their interactions
with mammalian cells, as a consequence of the modular coupling of diverse building

blocks. I will offer some examples of biomedical application of the modular



constructs. Topicsavered in this review are summarizedFigure 1.1.Overall, the
modular approaches, enabled by poweréactions aid in the efficient fabrication of
materials with controlled complexity from the bottom up in a gagplay fashion.

The resultant mategis exhibit collective properties that exceed the simple sum of the

individual constituents and are readily adaptable to the individual pathology.

Orthogonal chemistry:
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Hydrogels:
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—— : PEG, polysaccharides, other polymers

Figurel.1 Schematic summary of biomaterials synthesized using modular
approaches employing orthogonal chemidR®gproduced by permission of
The Royal Society of Chemistry

1.2.1 Synthetic Strategies



Tablel.1 Classic orthogonakactionsused in synthesis of biomaterials.
Reproduced by permission of The Royal Society of Chemistry

Orthogonal reactions

Hydrazone ligation:

.—HN—NHz + 0=¢c— { o .—HNHN:(;_;_
R R

Oxime ligation:
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Thiol-Michael addition:

O
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Thiol-ene chemistry: o (o]

Diels-Alder reaction:

Tetrazine ligation:
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s
Staudinger ligation:
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Popular bioorthogonateactionsutilized for biomaterials synthesis can be

roughly divided into three categories (Table 1.1): (1) carbbagked condensation



reactions; (2) addition reactions througlkenes/ynes and (3) cycloaddition reactions.

The reaction of aldehyde or ketone with hydrazinamimooxy derivatives results in
hydrazone or oxime bonds with water being the onhpmmduct®? This reaction is
chemoselective and can be carried out under aqueous conditions without interference
from functionalities found in biomoleces and cells, thus widely exploited for
bioconjugation purposes. Oxime/hydrazone condensations are relatively slow at low
substrate concentrations. The reaction can be accelerated by lowering the pH or by
nucleophilic catalysis using aniline through rapidnsiminatiorf¥ Using carefully
chosen carbonyl and hydrazine substrates, hydrazone formation can be rapid at
biological pH even in the absence of a cataff5tRate constants for the fastest
carbonyl/hydrazine combint i ons a'rS%! ARernatidely, Mialdehydes can
react with Qalkylhydroxylamines at rates of 5001’ at neutral pH values in the
absence of catalysts through an unusually stable cyclic intermediate, which ultimately
undergoes dehydration to yiedth oxime®! Although hydrolytically more stable than

the imine counterparts, hydrazone/oxime linkages are still susceptible to hydrolysis,
especially under acidic conditions, reversing back to the starting hydrazide or
hydroxyamines. Of note, the ratenstant for the acidatalyzed hydrolysis of the
oxime was nearly Tfold lower than those for simple hydrazof&s.

Molecules containingilkene functionality can participate in multiple types of
bioconjugationreactions, including Michael addition with heteroatomic donors and
radicatbased thickene reaction. Although Michael addition involves the addition of a
nucleophile, such as enolates, amines and thiols, to an activated electrophiliéblefin,
the reaction isfastestwhen thiols are used as Michael donors. Acrglatenyl

sulfones, or maleimide are frequently used as Michael acceptors and under these



conditions, thiolate anion is the active spe€l@ghus the reaction rates increase with
pH 32 Although thiol/maleimide reaction is fast, the resultant addant belabile
or exchangeable under physiologically relevant conditihs.

In the presence of thi@ontaining moleculesalkenescan also react with thiyl
radicals, frequently generated under light irradiain the presence of photoinitiators,
to form thioether linkagd?>***% The physicochemical nature of the reaction enables
the direct manipulation of materials profes in both space and time through the
controlled application of light. Generally speaking, the conversion rate of thé thiol
alkene reaction is directly related to the electron density oalkeme, with electron
rich alkenes being consumed much more&kly than electrorpooralkenes. Electron
rich alkenes, such as (meth)acrylates undergo rapid homopolymerization under thiol
ene conditions. Highly substituted alkenes are less reactive than singly substituted
alkenes and for rapid reactions involving tifuhctional alkenes asalkene groups
must be located at terminal positions. In addition, thiols based on mercaptopropionate
esters and glycolate esters react more quickly than simple alkyl thigfs*! Thiyl
radicalscan also add to triple bonds and a single alkyne unit can accommodate the
addition of two thi eslt epme ccioensj uilfffelnlikéoen g iemg
radical polymerization, thieéne photocoupling retion is insensitive to @inhibition
and can tolerate other functional groups. Native cysteine and amine residues can
complete with the desired thiols.

The [4+2] cycloaddition between an electmoch diene and an electron
deficient dienophile, known ate DielsAlder (DA) reaction?” is highly selective
and proceeds at high yield without any catal{f5Electronwithdrawing substituents

on the alkene and the electrdonating groups on the diene are important for



increasng reaction rates. The reaction can be greatly accelerated in water due to
increased hydrophobic effects. ReDBé reaction occurs at an elevated temperature,
producing the original diene and dienopHife'®!

The CuAAC reaction generally proceeds with quantitative yield and complete
specificity in the presence of a wide variety of other functional grBGp$. The
reaction rate is dependent on the concentration 0fa@d can beaccelerated by
heat!* tailored ligand$*” and microwave irradiatio®! In the presence of 2600
UM Cu, the secondrder rate constantsere found in the range of D0 M's™ 19
Various ligands have been designed to stabiliz& @bd to increase its catalytic
efficiency®® >3 Work from the Ting group shows th&t copperchelating azides
undergo much faster reactions than 4cbelating azides undea variety of
biocompatible conditions. This kinetic enhancement increased CuAAC detection of
alkynemodified proteins allowed for sigpecific protein labeling to be performed on
the surface of living cells with only 180eM Cu/Cu".**¥ The toxicity concerns of
CUAAC arise from Clipromoted generation of reactive oxygen spé&tieand the
electrophilic properties of oxidized ascorbate (wheed as reducing agefif.

Bertozzi and coworkers developed a-ftee variant of CUAAC chemistry by
promoting ring strain using cyclooctyn§>” The reactivity of the cyclooctyne can
be modulated by appending electron withdrawing groups at the propargylic position or
by augmentation of strain energy through aryl ring or cyclopropyl ring fd&ih
Nitrones, nitrile oxides, diazoalkanes and syndones have been used as\adtérBa
dipoles. Limitations of SPAAC includenodest kinetics, hydrophobicity of the
cyclooctyne component and instability of fast reacting cyclooctynes under

physiological condition&'’"®!



The tetrazine ligation ian inverse electron demandAreaction that proceeds
with unusually fast raté3” This reaction involves the cycloaddition stetrazine
with trans-cyclooctene (TCO) derivatives, thiN, being the only byroduct®® Such
reactions are high yielding, do not require a catalyst, do not produce any toxic side
products, and are more than three orders of magnitude faster thexigiireg methods
for bioorthogonal ligation. Increasing te&rain in TCO by cycloproyl fusion led to the
discovery of the fastest bioorthogonal reaction reported to date (sewmbgrdrate
constant up to 3.3 x £61''s'* in H,O at room temperatureyarious TCO derivatives
exhibit reactivity towards tetrazine spanning 8 orders of magnitt®e®? Other
complementary  dienophiles  (e.g.  norborn&fle, cyclopropene&?4®
cyclooctyne$?"® " and terminal alken&é!) have been utilized for tetrazine ligation,
but at a significantly lower rates than TCO derivatives. Owing to its abilityreate
bonds rapidly in high yield and at low concentratidestiazine ligation has become an
enabling tool for a host of biomedical applicatié1s%®"3"as well as biomaterials
synthesis and fabricatidi: "> ’®

Other reactions such as Staudinger ligatlot®® and native chemical
ligation®™ are useful in bioconjugation, but have not been widely employed in
biomaterials synthesis. Staudinger ligation refers to the amide bond formation between
an azide and a phosphinerigiative containing a neighboring electrophilic group. In
native chemical ligation, a peptide having e&e@minal thioester reacts with an- N
terminal cysteine residue in another peptide to undergo a transthioesterification
reaction, resulting in the formanh of the neighboringi-amine group on cysteine. A

subsequent nucleophilic attack of the electrich nitrogen in the ester carbonyl



results in an 9 shift, forming a native amide bond. Both reactions proceed at
physiological pH under mild conditions thout any additional additives.

Reactions described above require two components. Ceoltlry
multicomponent reactions, such as the Biginelli reaction and the Ugi re&¢fidn,
have also been elged for biomaterials synthesis where three or more building
blocks are rapidly and almost quantitatively combiffdd Although thesereactions
are useful in recombinatorial chemistry and polymer synthesis, the abundance of
amines and carboxylic acids in the biologicatisznment limits their utility in 3D cell
cultures. Enzymeatalyzed reactions require very specific substrates and proceed with
high efficiency and minimal toxicity, thus it is orthogonal and spebficFor
example, transglutaminase (also known as Factor XIIl), when activated by thrombin
and C4" to factor Xllla during the blood coagulation cascade, is capable of catalyzing
covalent crosslinks between tleeamine group of lysine side chains and te

glutamyl side chain of glutamine residues.

1.2.2 Modular synthesis of hybrid hydrogel networks

Orthogonal coupling of multifunctional building blocks with complementary
reactivity in a steqpwise fashion beyond the gel point gives rise to crosslinked
networks with tissudike propertiesCompared to networks synthesized by convention
reactions bioorhogonally constructed hydrogels are theoretically more homogeneous,
exhibit less interference from other functionalities and are more biocompatible to cells
and biomacromolecules. Because the reaction rate can be readily adjusted, gelation
kinetics and cosequently network properties can be easily manipulated. Using
biocompatible polymers and bioactive peptides/proteins as the modular building

blocks and employing bioorthogonal reactions, various groups are working on the
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development of celinstructive sythetic ECM to interrogate complex processes of
tissue formation and regeneratiei.

Covalent hydrogel networks are not necessarily stati@vertime, he soluble
polymers entrapped in the network can slowly diffuse out. If chemically or
enzymatically degradable linkages are present in the network, hydrogels will erode
and become softer as a result of matrix degrad&fiof. Certain reactionsare
reversible; thus hydrogels prepared with thesetionscan be dynamic or erodibfé!

If responsive signals or motifs are incorporated, hydrogel properties can be altered in
response to a specific signal infit?°® Bioorthogonal reactions are uniquely
suitable for timedependent modulation of hydrogel propertiés.For example,
hydrogels could become stiffened or softened overtime, or could present or erase a
biological signal posgelation in the presence of cells. A cytocompatible covalent
adaptable hydrogel capable of mimicking the modulus and stress relaxation properties
of many complex biological tissues might be conducive to cell growth.

In this section, we highlight the synthesis of hydrogels using modular building
blocks and employing step growth orthogonal coupling. Owing to its cytocompatible
and bicinert nature, PEGs widely employed for the preparation of hydrogel
networks, thereby serving as a blank slate for the incorporation of bioactive signals.
Because PEG does not contain abundant functional groups along the polymer
backbone, frequently 4 anda8med PEG aresed. To overcome these limitations,
anionic copolymerization of ethylene oxide with glycidyl ether derivatives afforded
PEG based copolymers with diverse backbone function&fity?! Alternatively,
hyperbranched poly(glycerol) (hPG) was used in place of BEGHyaluronic acid

(HA) is a linear polysaccharide with disaccharide repeats-giuburonic acid and N
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acetytD-glucosamine. Unlike PEG, HA is abundantly expressetiennatural ECM,
interacting with various proteins or proteoglycans to organize the ECM, to activate
various signaling pathways, to maintain tissue homeostasis and to facilitate tumor
metastasi§’*'%! Biomimetic synthetic extracellular matrices have been produced
using HA derivatives carrying orthogonal functional groups in combination with
synttetic polymers or peptidé¥*'%! Finally, a new class of de nowaccharide

peptidecopolymers has been used in the synthesis of hybrid hydf5efs”

1.2.2.1 Hydrogels synthesized by oxime/hydrazone chemistry.

We have synthesized HBased hydrogefe? employing hydrazone ligation
using hydrazidenodified HA (HA-ADH) and an HA derivative carrying aldehyde
groups (HAALD). The orthogonal nature of the hydrazone chemistry, combined with
the rapid gelation kineticgpermits in situ cell encapsulation and subsequent 3D
culture for the creation of physiologically relevant prostate cancer motfets! The
hydrazone ligation permits facile incorporation of therapeutic molecules for local
release purposés? Structural proteins can also be integrated in the network without
compromising their assembly properties and bioactiittfsThe same hydrazone
chemstry, when restricted in the inverse emulsion droplets resulted in nanoporous HA
microgels™” The resultant microgels contareactive handles that can be used for
bioconjugatioft*® or crosslinking purposést’*'® Simple mixing of these functional
microgels with an ageuous solution of H¥H, HA-ALD or PEGdialdehyde results
in a hierachically structured, elastic hydrogel within 5 minutéuss type of network
contains highly crosslinked HA microgels in a loosely crosslinked secondary HA
network. The viscoelastic properties of the matrix can be readily modulated by varying

the particle size, surface functional group, igarticle and intrgaricle
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crosslinking™®® When appropriately functionalized with collagen like polypeptfde
or gelatin®? the HA doubly crosslinked networkd&Ns) facilitate integrin mediated
attachment of MSCs and matrix mediated osteogenic differentiaBeparately,
Patenaude and Hoare applied the same chemistry to the preparatigectdble
HA/poly(N-isopropylacrylamide) hydroget&!

The reversible nature of the hydrazone chemistry, combined with the tunability
of the reaction kinetics, has led to the discovery of novel hydrogel properties.
Hydrolysis of the hydrazone linkage recreatke respective hydrazide and aldehyde
groups. If respective partners are located in close proximity, local network integrity
can be restored via the reformation of new hydrazone Btifdstydrazonebased
hydrogel networks are reported to be dynamically adaptable anehesdiify.
McKinnon et al*?® described PEG hydrogels formed through the ligation of an
aliphatic hydrame-terminated multiarm PEG macromer with aldehyeleninated
multi-arm PEG macromer. Rapid gelation occurred under physiological conditions via
the formation of bisliphatic hydrazone bond without the need for analine catalysis
and not surprisingly, thdaydrolysis rate is pklependent. The modular nature of
hydrogel construction and the large number of easily tuned variables provide access to
gels with a wide range of modulus and stress relaxation characteristics. These
covalently adaptable hydrogels, whiecorporated with RGD, also through hydrazone
bonds, allow for the development of physiologically relevant morphologies for mouse
myoblasts, whereas static, nadaptable gels prevent cytoskeletal rearrangement and
extension. Taken together, these stsdibow that hydrazone linked hydrogels offer
unigue advantages in terms of dynamic tunability and should serve as a valuable

complement to existing hydrogel technolodié¥.
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1.2.2.2 Hydrogels synthesized by Michael addition or thiclene chemistry

Michaettype additiols are versatile reactiom for the formation of hydrogel
networks. Frequently, acrylate, maleimide or acrylartidsed double bonds are used.
Crossreaction with native proteins is not an issue since most cysteine thiols in
proteins &ist in the oxidized $ form and lysine amines react with thedlenes at a
much lower rate. Using thiolated HA (H8H), prepared using a dihydrazide reagent
containing an internal disulfide bdid'**? synthetic ECM have been developed
using PEG diacrylate (PEGDA) as the Michael ddH8r*® When thiol is used in a
stoichiometic excess to acrylate, the fast Michael addition reaction contributes to the
initial network formation and the slow disulfide bond formation gradually increases
gel stiffnesd®1* Depending on the molecular weight of HA and PEG, percent
functional group incorporation in HA, concentrations of HA and PEG and
thiol/acrylate ratio, hydrogels with elastic modulus varying from 11 Pa to 3500 Pa
have been preparéd® Co-crosslinking thiolated HA with other thiolated
biomacromolecules (heparin or gelatin) creates a more complex network containing
immobilized biological cues for growth factor sequestration or for integrin
engagemerit® This typeof hydrogel system has been commercialized and widely
used in cell therapy, growth factor delivery and the regeneration of healthy bladder,
bone, cartilage, sinus, spinal cord and vocal fold tissues and the creation of disease
models**

Although the incorporation of thiolated gelatin in HA gels facilitates the
attachment and spreading of fibroblasts on the hydrogel surface, cells remain circular
inside the gel in 30 In order for cells of mesenchymal origin to spread in 3D
hydrogel networks, both matrix metalloproteinase (MMP) degradable crosslinker and

RGD signals must be incorporated and cell spreading is more significant in gels with
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higher RGD densit{#** These observations reconfirm the early observations from the
Hubbell group on vinyl sulfongerminated multiarm PEG macromers and a cysteine
terminated MMP substrate as the crosslinkers that both RGD and MMP signals for 3D
attachment and migratn of cells of mesenchymal origin.

The hydrolysis of the ester linkages at the crosslinking points in the above
HA/PEG gels may compromise the overall gel stability and complicate the
interpretation of cellular enzymatic processes. To improve the hydrehgbility of
HA gels, acrylate groups were introduced to HA via an amide linkageAMA
Thus, HA gels are formed within 30 minutes of mixing of 9K and HAAM and
slow gel stiffening occurs overnight, reaching a plateau modulus of 234+30 Pa.

The reation permits direct encapsulation of prostate cancer cells as well as
HA microgels containing sequestered growth facdtdfs.Prostate cancer cells
entrapped in HA matrices formed distinct multicellular aggregates which grew and
merged to form spherical aggregates, expresshogdBerin, and showing cortical
organkation of Factin. Compared to 2Pultured cells, the engineered tumoroids
increased the expression of fngiogenic factors and multidrug resistant proteins.
The engineered models were utilized to assess the treatment efficacy of naneparticle
based druglelivery system§&%137.138]

Guan and coworkers synthesized copolymers containing pejatcbharide
along the backbort&*™ Chemically crosslinked hydrogels were prepared via Michael
addition by mixing hybrid polymers with cysteine afinyl sulfone groups.
Intriguingly, variation of asingle amino acid (valine (V), cysteine (C), tyrosine (Y)) in

the polymer backbone has profound effects on the gel properties and the behaviors of
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encapsulated chondrocyte®! The syntheticsaccharidgeptidehydrogels have also
proven useful for islet amsplantatiof:*®

Micrometersized hydrogel particles containing living cells were fabricated
with an exquisite control through the udedoopletbased microfluidics and PEG and
hyperbranched polyglycerol (hPG). Gelation was achieved via the nucleophilic
Michael addition of dithiolated PEG maecoosslinkers to acrylated hPG building
blocks. Microgel properties were varied through theafdeEG linkers with different
molecular weights along with different concentrations of macromonomers. Fibroblasts
and lymphoblasts were successfully encapsulated in the microgel with high
viability.*39

Thiol-ene photochemistry has been extensively explored for hydrogel synthesis
because this photoinitiated polymerization occurs at neutral pH and can be controlled
both spatially and temporall}*® Proteins and cells have been entrapped in these gels
for the controlled release of protein therapeutics and 3D culture purpeses.
example, the bioactivity of lysozyme was maintained above 90% following the
exposure tahiol-enephotopolymerization conditiorf§™"! Bovine chondrocytes were
encapsulated in a similar gel with high viability and synthesized ECM resembling that
of a hylain cartilage. Contrarily, when encapsulated in a aligicrosslinked gel,
lysozyme exhibit a compromised activity (50%) and chondrocytes adopt a
hypertrophic phenotype, thus pointing to the advantages of step growth mechanism for
hydrogen preparatioh?

Cell-adhesive, MMRlegradable PEG hydrogels were prepared usiiodrene
photopolymerization. MSCs entrapped in the resultant matrioglergo classical

trilineage differentiation in the presence of differentiation media. Pancreatic ductal
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epithelial cells (transformed cell line) formed ductal dikst structures in 3D and
cellular aggregation was dependent on the immobilized land@ined peptide
signals as well as MMinediated matrix degradatié®**¥! Similarly, norbornene
functionalized HA (HANorb) was combined with dhiols to create notoxic
hydrogelswith a wide range of mechanical properties. By limiting the initial extent of
crosslinking, HANorb gels were synthesized with remaining pendent norbornene
groups that could be reacted with thiol containing molecules in the presence of light
and an initiator including with spatial control. Secondary reactions with -ghidi
crosslinker changed mechanical properties, whereas reaction withthiohpeptides

had no influence on the gel elastic modulus. Tdnthogonalchemistry was used
sequentially to patte multiple peptides into a single hydrogel, demonstrating the
robustness of this system for the formation of complgdrogels*!

Application of thiolene chemistry in a confined space or at an interface has
resulted in the production of microgels or multilayered hydrod&is example, taking
advantages of the ability of eoshto generate radicals upon visible light exposure
and its high diffusivity,hydrogelswith multilayer structures were prepared Btep
growth thiolene photochemicakeactions. The initial light exgsure resulted in the
formation of the core hydrogels, through which the residual eosiifuses outwards
to initiate further crosslinkingThe thickness of théhiol-ene gel coating could be
easily controlled by adjusting visible light exposure timesied concentration

initially loaded in the core gel, or macromer concentration in the coating sdfdtion.

1.2.2.3 Hydrogels synthesized by cycloaddition reactions
Dielsi Alder click reaction was applied to the synthesis of HA hydrogels by

reacting furammodified HA with bismaleimidePEG. Biomolecules were
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photopatterned into the hydrogel by twhoton laser processing, resuifim spatially
defined growth factor gradient s. The You
changing the hydrogel concentration or the furan substitution on the HA backbone,
thereby decoupling the hydrogel concentration from mechanical properties. yorosit

was prepared by cryogelation, and the addition of galactose further influenced the
porosity, pore size, and You-bhapadsydmogels ul us
offer a tunable platform with a diversity of properties for directing cell functiory wit
applications in tissue engineering and regenerative meditihe.

CUAAC has been applied to hydrogel synthesis as early as280fhe goal
was to make a more perfect hydrogel networkhwobust mechanical properties.
However, an efficient chemistry does not guarantee perfect networks. In fact, carbon
black additive has to be incorporated in the gel to improve the mechanical properties.
CuAAC of tetrakis(Zpropynyloxymethyhmethane (TM®), diazide end
functionalized triblock copolymers of polycaprolactone) with PEG (ANPCL-PEG
PCL-N3) afforded amphiphilic canetworks whose properties can be tuned by varying
the hydrophilic/hydrophobic ratio. Both hydrophilic and hydrophobic drugsbean
encapsulated in the resultant networks and the drug release is attributable to-the well
defined molecular structure and tunable hydrophobic/hydrophilic composition of the
hydrogelg*’!

The toxicity issues associated with Cu motivated researchers to explore the
utility of other orthogonal reactions for hydrogel syntheBw. example, the inverse
electrondemand DA reaction between norbornene and tetrazine has been utilized for
gelation purposes. Mixing of multifunctional PHE&razine macromer with a

dinorbornene peptide resulted in hydrogel formation within minutes. MB&s
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encapsulated in such gels with high peistapsulation viability. The specificity of the
tetrazinenorbornenereaction allows for sequential modification of the network via
thiol-ene photochemist®® pH-Cleavable celladen microgels were fabricated in
microfluidic channels by SPAAC employing PEG dicyclooctyne and dendritic
poly(glycerol) displaying azide groups through an dallle benzacetal linker. Cells
were encapsulated in the microgel with a high viability and were subsequently
selectively released by varying the pH without compromising the overall cell viability
and cell spreading. The capture and release microgel platform allows cells to be
studied and mapulated during the encapsulation and then be isolated and harvested

by decomposition of the microgel scaffoltfs!

1.2.2.4 Hydrogels synthesized by other orthogonaleactions

Other orthogonateactionsare less explored for hydrogel synthesis due to the
complication in gnthesis and/or slow kinetics. Staudinger ligation has been explored
for the covalent stablization of ionically crosslinked alginate hydrogels using azide
functionalized alginate and -rhethyl2-diphenylphosphinoterephthalaerminated,
telechelic PEG'® Native chemical ligation has been explored to create covalently
crosslinked hydrogels using macromonomers of-Boumed PEG with either thioester
or N-terminal cysteine peptidé¥! A similar strategy has been applied to prepare anti
inflammabry hydrogelssupporting islet cell survival in the presence of diffusible pro
inflammatory cytoking$>3%4

Enzymecatalyzed reactions, although highly specific and naturally
biocompatible, are underexplored for the synthesis of bioactive hydrodelsarket
al. used activated coagulation transglutaminase factor Xllla (FXIlla) for gelation and

site-specific coupling of cell adhesion ligands and engineered growth factor proteins to
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PEGhbased proteolytically degradable hydrogels. Primary stromal @llsnwade and
proteolytically remodel these networks both iniarvitro andin vivo setting. These
hybrid networks can potentially serve as alternatives for fibrin as provisional drug
delivery platforms in tissue engineerifif! Using a photocaged FXllla substrate,
Mosiewicz et al. created PEased hydrogels with masked peptide. Subsequent laser
scanning lithography afforded highly localized biomolecule tethering. This approach
for the 3D manipulationf cells within gels should open up avenues for the study and
manipulation of cell signaling>®

Mosiewicz et al**”) employed phosphopantetheinyl transferase (PPTase) to
catalyze covalent crodmking of PEGba®d hydrogels. Gels were formed within
minutes under physiological conditions by mixing two aqueous precursors containing
multiarm PEG macromers effidnctionalized with the PPTase substrate Coenzyme A
(CoA) and a genetically engineered dimer of a carrietem. Bioactive hydrogels
were produced by covalent incorporation of a daActionalized cell adhesion
peptide (RGDS), resulting in specific adhesion of primary fibroblasts on the hydrogel
surfaces. 3D encapsulation of cells resulted in high cell vial§da. 95%) and single
cell migration over long distances within RGI®dified gels. In general, enzyme
catalyzed gelation reactions usually result in heterogeneous hydrogels with low
mechanical strength due to the low conversion imposed by the inalbiBtyzymes to

diffuse readily during the gelation procés8!

1.2.2.5 Manipulation of hydrogel properties using multiple reactions
Bioorthogonal reactions are frequently combined to generate complex
hydrogels with dynamic properties. In some cases, certain functional groups

participate in multiple types of reactions, some of which may not necessarily be
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orthogonal in nature. In other cases, two independatdtionsare used to sculpt the
hydrogels. Burdick andoworkers devised a stayise approach to fabricate hydrogels
that stiffen over time in the presence of cells. The initial network was established by
Michael addition between thiol and methacrylate or maleimide and the additional
crosslinking was achievedly radical chain polymerization. Time dependent gel
stiffening was found to selectively differentiate MSES, which is directed by the
generation bdegradatiormediated cellular traction independently of cell morphology
or matrix mechanics. Moreover, switching the permissive hydrogel to a restrictive
state through delayed secondary crosslinking reduced further hydrogel degradation,
suppressed tract, and caused a switch from osteogenesis to adipogenesis in the
absence of changes to the extended cellular morph8f8by.

Photoinitiated thickene chemistry is frequently combined with other
orthogonalreactionsfor light-directed spatial patterning purposes in the presence or
absence of cells. For examplijdl-ene photochemistry was combined with andine
catalyzed oxime ligation or CUAAC for 3D patterning of peptides in PEG gels post
gelation™® Using oppekfree click chemistry, DeForest et al. directly encapsulated
cells in PEGbased hydrogels. Subsequently, thémie photocoupling chemistry is
introduced that enables patterning of biological functionalities within the gel in real
time and with micromter-scale resolution. This material system enables us to tailor
independently the biophysical and biochemical properties of the cell culture
microenvironmentsn situ®”! This synthetic approach uniquely allows for the direct
fabrication of biologically functionalized gels with ideal structures that can be

photopatterned, and all in the presence of cells.
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1.2.3 Conclusion and perspective

Discussed in this section is modular approaches for the synthesis of hybrid
polymeric biomaterials using diverse building blocks and employing orthogonal
reactions. These highly efficient and selective reactions have enabled facile control
over the composibin, structure and properties of polymeric biomaterials, considerably
expanding the design options. Bioorthogonal chemistry is particularly attractive for the
fabrication of hydrogels in the presence of living cells to produce biologically relevant
3D constucts with desired mechanical properties and spatial presentation of biological
signals. Proteins can also be entrapped in the matrix with high bioactivity and be
released in a controlled manner. Lighggerablereactionsand diffusion controlled
ligation mechanism are particularly attractive for spatial patterning purposes.

Although orthogonakeactionshave become an enabling technology for the
synthesis of hybrid biomaterial s, it is i
not necessarily leabt a fAgood materi al 0. Pol ymers al
modular coupling inevitably follow the characteristics of step growth polymerization
in that the molecular weight of the polymers or the average molecular weight between
crosslinks exhibit high potispersity. Orthogonal reactions when inappropriately
applied defeat the purpose of the modular design. For example, ultrafast tetrazine/TCO
ligation, when applied to solution polymerization or crosslinking, results in oligomeric
cyclic product or highly eterogeneous, iflefined hydrogels. The application of this
chemistry at the interface enabled the diffusion controlled process that opens up a
wide range of biomaterials applications. Furthermore, hydrogel properties are not
solely dependent on the crbsking chemistry. Phase separation and network
defect§®? may negatively affect network properties. Multiarm PEGs are frequently

used for hydrogel synthesis. The high functionality facilitates rapid gelation, but
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inevitably, leads to more netwodefects. An attractive approach is the combination
or orthogonal chemistry with orthogonal supramolecular assefiBly.

Overall, orthogonateactionshave provided researchers with the
unprecedented ability link two entities in high yield without interference from other
functional groups. Theseactionshave become powerful and enabling tools for
polymer and materials synthesis. As organic chemists continue to expand the
chemistry toolbox, further advancement in biomaterials synthesis and fabrication is
anticipated. With impreed biological understanding of biological design principles
more sophisticated and biologically relevant materials with controlled spatial and

temporal properties will lead to further advance in the biomedical field.
1.3 Hyaluronic Acid

1.3.1 Introduction

Hyaluranan(HA) was first purified from the vitreous humor of bovine eyes by
Karl Meyer in 1934®*1Henaméd t he mol ecule 66hyaluronic
hyaloid appearance of the substance when swollen in water and the probable presence
of hexuronic acid as one of the components. In the 1950s, Meyer and colleagues
determined that HA was a linear polysacchdre c omposed-1,4linked epeat. i
pgl ucuroni c a c i -il,3linke® INadelyt>-glacnsdminedb (GIcNAC)
disaccharide units{gure 1.2).*! The various names of HA reflect the properties of
the molecule under various conditions. When first isolated, HA behaved like a mild
aci d; therefore, Meyer 'Mfiflawmded physiblogicalé hy al u
conditions, HA exists as a polyelectrolyte with associated cations, frequently as a

sodium salt; therefore, the name sodium hyaluronate. The name was later amended to
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66hyal uronatedd in ref erreonncaen , 6@ iat st es anl

encompass all forms of the molectfé!

HA is found ubiquitously in the extracellular matrix (ECM) of all vertebrate
tissues, although its concentration and binding partners vary. In bodily fluids, the
concentration of HA ranges from 0i00 . 1 “éndloog serumto 1408 6 00 e g g
in synovial fluid; HA content in soft connective tissues ranges froml8& & g
the thoracic lymph to 14@ 3 8 “kingthe gitreous bod#®” HA is also present on
some cell surfaces as a pericellular sugary coat, a feature thought to be involved in cell
differentiaticn and morphogenesis. In the cumulus ia@cyte complex, the HA
concentration can be as high asi@.6 mg mf'.'%81% Classically considered an
extracellular molecule, the presence of HA in the cytoplasm and the nucleus was
suggested as early as the 19784 and was convincingly confirmed in the
1990s!172 171 Although intracellular HA has been suggested to play important roles in

inflammation, its intracellular functions remaindaty unknowrf*"®
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Figurel.2 (A) Chemical sructure of HA and schematic illustration of (B) HA
biosynthesis and (C) biodegradation. (A) HA is a linear polysaccharide
with disaccharide repeats gfglucuronic acid antl-acetylp-
glucosamine. (B) HA is synthesized by transmembrane proteins HAS1, 2
ard 3 and is extruded into the extracellular space as the polymerization
proceeds. Reproduced with permission, Copyright 2008 Japanese
Biochemical Societ}:””!

HA is not branched, nor does it contain any sulfate gr8{f<Despite its
simple ¢tiemical composition, HA fulfills several distinct molecular functions that
contribute not only to the structural and physiological characteristics of tissues, but
also to the mediation of cell behaviors during morphogenesis, tissue remodeling,
inflammationand diseases. Owing to its unique biophysical properties, HA contributes
directly to the maintenance of tissue homeostasis and biomechanics. Through its
interactions with proteoglycans and link proteins, HA organizes and maintains the
structural integrityof extracellular and pericellular matrices. As a signaling molecule,
HA interacts with a variety of cell surface receptors and-bi##fling proteins to
activate intracellular events to mediate cell functidfs.

After more than two decades of intense study, the molecular details of the role

of HA in normal and pathophysiological processes fnmally emerging. The
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fascinating characteristics of HA have motivated two distinct groups of scientists to
investigate HArelated phenomena and applications. While biologists continue to
unravel the complex biological functions of HA and its receptorsanous cell
signaling processes, biomedical engineers are creating a rangeludddA4 hydrogel
materials with increasing complexity and diverse functions for tissue regeneration
purposes‘819418liThis paper highlights the essential biological functions of HA, with
the goal ofmotivating the biomaterials community to investigate HA as both a
synthetic building block and a biological signaling motif. This is not amelusive
review, and readers are referred tedapth reviews in an edited book for further

reading™"!

1.3.2 Biosynthesis and Degradation

Unlike other glycosaminoglycan (GAG) molecules that are syntbesiz the
Golgi apparatus, HA is synthesized at the plasma membrane by a group of highly
specialized membrane proteins, HA synthases (HE&%)There are three well
conserved HAS isozymes present in mammalian species: HAS1, HAS2 and$3AS3
each possessing two distinct binding domains for $D&as (Figure 12B).
Polymerization of HA occurs at the inner face of the plasma membrane, where HAS
alternatively adds UD#&SIcA and UDRGIcNAc monomers to the reducing end of the
growing polymer. As the polymerization is occurring, the -neducing end of th
sugar chain is translocated into the extracellular space through a pore in the HAS
structuré!® An intriguing question is why nature uses three different isozymes for
the synthesis of HA with such a simple repeating unit. Although these three enzymes
share a structural identity of ~5B0%, they differ in terms of their ability to

synthesize HA. HAS1 has a significantly higher Michaelis constant)Kalue, the
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substrate concentration where the reaction rate is half of its maximum, for both UDP
GlcA and UDRGIcNAc compared with HAS2 and HAS3, suggesting that HAS1 has a
slower rate of HA synthesis apared with the other synthas¥8:®°! As discussed
below, HA of different sizes exhibits distinctly different, sometimesflmbimg
biological functions. Therefore, the expression of various HAS isozymes is likely to
be a fine control system critical for the effective mediation of diverse cell behaviors.
While HAS1 and HAS2 are able to produce lasgeed HA (up to 2000 kDaklA
produced by HAS3 is of a lower molecular mass (1000 kDa)!**#"! McDonald

and coworkers were the first to recognize the isoform specificity for HA production in
enmbryogenesis; they discovered that HAS2 (but not HAS1 or HAS3) kaotknice

died at day 9.5 from incomplete atrioventricular septum form&fion.

The expression levels of HAS isozymes differ during morphogenesis and in
disease staté¥? Thus, the differential distribution of HA in tissues varies at
individual developmental stages and in pathological conditions, and is controlled by
the spatietemporally regulated transcription of the three different synthases. HA is
abundant in feal tissues, but is partially replaced by collagen fibers and proteoglycans
during development, so that the mature tissues can fulfill more stringent mechanical
tasks™®® For example, the newborn vocal fold is composed of a loose connective
tissue rich in HA. As the vocal fold develops and matures, HA content is reduced, and
the fibrous proteins are deposited across the lamina propria in a gradient fashion.
Overal, HA is indispensable for vocal fold development and matur&tidnand its
presence in vocal fold is evolutionarily beneficial for the tissue to cope with constant

trauma?®? As discussed below, HA is enriched in tumors and tunassociated
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stromal tissues, possibly as a result of increased expression or activity of HAS
iIsozymes.

The diverse functions of HA originate from its primary and secondary
structures!***I Connected bylycosidic links, individual saccharide units in HA are
relatively rigid, adopting &C; chair with the bulky substituents located in sterically
favorable equatorial positions. -bdy diffractiod’®® and nuclear magnetic
resonancé™ characterizations suggest that HA can adopt stiff helical structures in the
solid state, possibly as a result of the chemical structure of the disaccharide, extensive
hydrophobic patch and internaldrpgen bonds. The presence of multiple dynamically
formed and broken hydrogen bonds between adjacent saccharides is thought to
contribute to the senflexibility of the polymer chain in solutiofi?® % Using
tapping mode AFM, Cowman and coworkers observed extended, relaxed and
condensed conformatio$ HA (Figure 13) thathad been deposited on mica surfaces
under various conditiods’® The researchers suggested that, in connective tissue
ECM, HA may adopt a relaxed coil or partially condensed conformation, whereas HA
tethered to the cell surface or in cytosol may exist as fully condensed rods. When
subjected to shear flow in tight intercellular spaces or in pidtg\complexes, tissue

HA may become fibrous.
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Figurel3 Tappingmode AFM images of HA deposited on freshly cledwnica.
HA with (A, B) moderate or (C, D) high molecular weightj &)
produced in bacteria or (D) extracted from teogomb, was deposited
from 10eg ml™solution in HO (A, B), 5eg mI™ solution in 10 mM
MgCl.or 500eg ml™ solution in 0.15 M NaC{D). Scale bar: 250 nm, Z
range: 2.56 nm. Reproduced with permissiBit; Copyright 2005,
Elsevier.

At physiological pH, HA is a highly charged molecule containing associated
counter ions, such as N&K*, C&"ard Mg”**. Solutions of high molecular mass HA
are highly viscous because of polymer chain entanglef®nSuch entangled
networks display time dependent viscoelasticity, exhibiting elastic properties when

subjected to rapid and transient fluid flow, and behaving as viscous liquid when
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exposed to slow fluid flow of a longer duration. Agaiake the vocal fold as an
example, HA is a major modulator of the tissue viscosity, providing sabsérbing
properties to the tisst®-?°? Moreover, the sheahinning properties of HA create
optimum conditions for phonation by decreasing the tissue stiffness while
vibrating!?®® The entangled HA network in the extriukar space also effectively
controls the solute/protein diffusion. Obviously, the viscoelastic properties of HA and
its hydration capacity depend on the molecular weight of HA. During rapid growth
and tissue remodeling, HA fulfills the requirements lialie vacant space, to undergo
deformation, to maintain tissue hydration and to buffer the local environment. Such an
HA-rich environment can keep cells partially localized or provide cells with a
substrate on which to migraf&*2°®!

HA synthesis and degradation is tightly regulated during embryonic
development and homeostatic processes. Thelifealfif HA varies from less than a
day in rapidly turning over skin and seramtypically 2 3 weeks in cartilage. HA is
removed from the ECM as a consequence of local catabolism and/or drainage into the
lymphatic system for catabolism in regional lymph nodes. HA can be catabolized by a
number of enzymes in the hyaluronidase (HAdamily. Hyall and Hyal2 are the two
most common and ubiquitously important HAases. Both enzymes are found in almost
all somatic tissue4’® Hyall is present in two isoforms, the first being a 57 kDa
glycosylated protein, and the second being a 45 kDa form with ~100 amino acids
deleted®®”?%® Both in vivo and in vitro studies have demonstrated that the larger
isoform is probably secreted by the cell, while the smaller isoform is retained in acidic
intracellular vesicle€®® Hyal2 is often found in a glycosylphosphatidylinositol

(GPI}anchored form, tethered to the extracalhdide of the plasma membrafié?
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Hyal3 and P20 are more spialized HAase. Hyal3 has been poorly studied, but has
been shown to be an intracellular HAase expressed in specific #63LE$+20 is
classically known as the sperm HAase involved in fertilization, ian@re in other
human tissues. Like Hyall, P20 has two forms: a larger, Giiked isoform that is
anchored to the plasma membrane, and a smaller, soluble isoform caused by removal
of 56 amino acids at the-@rminus?*?!

The HAases have differential activities in the HA fragment size ¢fenerate
and the pH at which they show optimal activity. Hyall is only active at very low pH
values from 3.5 to 3.8. The enzyme cleaves large or small molecular weight HA into
tetramerd®*¥ Hyal2 shows optimahctivity at pH 6.07.0, but is active over a large
pH range. This enzyme cleaves high molecular weight HA into intermediate size
fragments of~20 kDa!**® PH-20 is active over a relatively wide pH range between
3.0 and 9.0. P+20 degrades high molecular weight HA into small fragments, although
some intermediate size fragmentsosére preseft:¥

Hyall and Hyal2 work in concert to degrade HA in somattls. GP{
anchored Hyal2 binds HA extracellularly, probably in conestth HA receptors, then
internalizes HA and performs preliminacieavages on the full length HA polymer in
acidic endocytic vesicldg'® From there, Hyall can further process HA oligomers in
these vesicles witthte  h e lexyoglyoosidages, which can cleave sugar groups off
each terminu&® Gene knoclout studies have supported this theory, demonstrating
that the action of Hyal 1l cexaylychselasdd’dr gel y
whereas Hyalzleficient mice are either embryonitHal or have severe defeé¥!

In addition to the enzymatic degradation, HA can be fragmented by reactive

oxygen species generated by many types of cells under stressed csffdtiand
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HA degradation by superoxide and peroxynitrite in various injury models has been
studied?®®?®! |nterestingly, HA and its degraded fragments have extraordinarily
wide-ranging and o#n opposing biological functions, owing to the activation of
different signal transduction pathways. This variation might be a mechanism by which
nature diversifies the functions of a simple polysacch&fifleHigh molecular weight

HA species with >100®000 saccharide repeats are sgdbeg, anti-angiogenic and
immunosuppressive; they impedédferentiation, possibly by suppressing cekll
interactions, or ligand access to cell surface receptors. HA chains up to 20 MDa are
involved in ovulation, embryogenesis, wound repair and tissue regenéfation.
Studies have shown that, in response to HA ®#80 kDa, the NF®& Bmediated gene
expression is activated by HA binding with HA receptor endocytosi&?”
Malignant cells produce HA polysaccharides in order teomo nomal cellular
functions. However, the ability of the naked mole rat to synthesize high molecular
mass HA (five times larger than human HA) is correlated to the cancer resistance and
longevity of this specie$?®! Contrarily, HA fragments of lower molecular weight are
inflammatory (1000 repeats), immustmulatory and pr@angiogenic (832
saccharide repeats), and they competitivétyg HA receptors on cell surfaces. Under
certain conditions, lownolecularweight HA species (2®00 kDa) function as
endogenous O06danger signal sb606, whil e even

effects???

1.3.3 HA-protein interactions
While HA alone has distinct biophysical and biomechanical properties, the
biologicalfunctions of HA are manifested through its interactions with a large number

of HA-binding proteins (HABPs or hyaladherins) that exhibit significant differences in
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their tissue expression, cellular localization, specificity, affinity and regul&ffbi™!

A number of HABP bind HA through binding motifs with the sequence B(X7)B,
where B is a basic residue, arginine or lysine, and the Xs contain at least one basic
amino acid, but canebany other nomcidic amino acid$*? Additionally, a second

HA binding motif, known as the link module, consists of a span of ab@i@o acids,

which binds HA when oriented in the correct tertiary strucfiteA third possible
binding motif is an arginin@rginine (RR) sequence that has been shown
biochemically to bind HA, but has not been thoroughly studied inldatjth
proteins?®*!

HABPs can be classified based on the binding motif that is used to bind HA.
Members of the family that use the link module in binding HA include a cluster of
differentiation 44 (CD44), hyaluronectin, aggrecan, vearsiclymphatic vessel
endothelial receptor 1 (LYVH) and tumor necrosis factblstimulated gene 6 (TSG
6). The family of proteins that use the B(X7)B motif includes the receptor for
hyaluronan mediated motility (RHAMM), cdc37-32 and sialo protein assated
with cones and rods (SPACR). Given that HABP generally interact with a minimum
of 6 10 sugar repeats of H&® a single chain of high molecular weight HA can
theoretically accommodate in the order of 1000 protein moleEdtesn general,
cellular signaling responses induced by HA/HABP interactions are strongly dependent
on the HA molecular weight and the cell phenot§p2.

CD44 is a mulidoman, ubiquitous HA receptor protein that spans the plasma
membrane of the cell. It contains highly conserved membrane spanning, cytoplasmic
and HA binding domains, while the membrane proximal region is poorly conserved

among mammalian species. Ten alten@yi spliced exons reside in the poorly
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conserved, extracellular region. The standard version of CD44 (CD44s) has all ten of
these variant exons removed. Estimated mathematically, over 800 variant forms of
CD44 (CD44v) could be created with the 10 altauady spliced exons, although not
all these combinations are expressed. Over 20 unique forms of CD44v have been
identified to datd?*”! The core protein of CD44s is only 37 kDa in size, but is
increased to between 80 and 90 kDa through the addition of multiple oligosaccharide
and GAG additions. CD44waa contain additional modifications, because many of the
variant exons contain sites for additional oligosaccharide and GAG addft®ns.
These variant exons therefore affect the affinity of CD44 for HA binding, based on the
concept that the Minked glycosylation pattern dictates the activation state of CD44.
Specifically, a high degree of-Mked glycosylation activates CD44 to bind HA,
while a low degree inactivates CD44 so that it binds HA poorly or not &t®hirhe
activation patterns of CD44 are also affected by the type of cell, phosphorylation state
of the cytoplasmic tail and clustering in the membfaite.CD44/HA binding is
involved in diverse functions, including attachment, organization and turnover of the
ECM at the cell surface, as well as the mediation of lymphocyte migration during
inflammaton.

Another HABP, RHAMM, also known as CD168, was originally discovered as
a soluble protein that altered migratory cell behalf8k.In contrast to CD44 and
other celisurface receptors that contain the classical membrane spanning domain and
signal sequence for secretion from the endoplasmic reticulum (ER)/Golgi complex,
RHAMM does not contain a mabrane spanning domain nor does the mRNA
transcript contain a signal sequence. RHAMM is normally localized inside the cell and

is only released by certain, poorly defined stimuli. The transport of RHAMM to the
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extracellular space is still unclear, but mayolve transport channels or proteins,
flippase activity or exocytos{&’!! Intracellularly, RHAMM associates with
microtubules and, working with breast can2esusceptibility potein (BRCA2) and
BRCAl-associated RING domain protein 1 (BARD1), plays a role in the regulation of
mitosis**? Extracellularly, RHAMM associates with CD44 and, upon binding to HA,
activates intracellular signaling pathwé%@. Variants of RHAMM caused by
alternative splicing have been observed, but not thoroughly studied. Preliminary
reports have suggested that alternatively spliced foohsRHAMM may be
upregulated in some tumor types, promoting tumor progreS4fbn.

Expressed on the endothelial cells of the lymphatic sinus and in reticular cells
in the lymph nodes, LYVH binds HA via the link module to mediate the transport of
HA from tissue ECM to lymph for cell uptake and degraddfithBased on the
amino acid sequence, LYVEis predicted to be a type | transmembrane glycoprotein,
with a single copy of CD4dike link module located at the ferminus of the
extracellular domain that binds both soluble and immobilized?®&*"'LYVE-1 has
been widely used as a lymphatic vessel specific marker, and offers a prognostic
parameter for head and neck squamous cell carcinomas. Although the HA binding
capacity of LYVEL is highly regulated, HA homeostasis in LYAdgficient mice $
not perturbed*® Further investigations are necessary to identify the role of LXVE
in normal lymphatic development and function, as well as its involvement in

lymphatic HA metabolism or HAnediated cell migration.
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Figurel4 HA organizes the cartilage ECM via roovdent binding with aggrecan.
Reproduced with permissidit” Copyright 1996, Orthopaedic Research
Society. Electron micrograph of an aggrecan/HA aggregate (from fetal
bovine cartilage) shadowed with platinum. Eachraggte consists of
~100 aggrecan monomers bound to HA. With a molecular weigti >10
such a complex occupies a volume equivalent to that of a bacterium

HA can be organized into supramolecular assemblies via its association with

£35250 | the ECM of connective tissues, HA binds certa

multiple binding protein
proteoglycans, such amgrecan (Figure 4), versicanand brevican, to form large
complexes that provide the structural integrity and mechanical functions to the
tissued?¥2%3 The protein product of TS®, secreted in response to inflammatory
stimuli, also binds HA via a single link module. Binding of FT8®vith HA results in

the formaton of fibrils or 6 6 c ab | e s 6 BA) thaE iarg wreaelhesite. to
lymphocytic cell lines. Adhesion of leukocytes to the HA complexes prevents the
direct contact of inflammatiepromoting receptors to the underlying tissues, thereby

maintaining leukocytesn a nonactivated state. In response to ER stress or when

exposed to high concentrations of glucose, a variety of cells produce HA é&bles.
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TSG6 catalyzes the covalent transfer of heavy chains (HC) fmeralpha trypsin
inhibitor -@WiiInhi)biarmd [ rPd)liBHC ctosslinkel fesult iand HC
stabilized HA cable$>® %7 Certain HA cables, for example, those thgsized by
airway smooth muscle cells, can form without T6@nd are independent of HC
attachment®® Wi t h an overall l ength >200 &m,
supporting the binding of a large number of leukocytes. Versican is found to associate
with the cables, extending and hydrating these structures, as well as providing a means
of sequestering proflammatory chemokines through interactions with its chondroitin
sulfate and dermatan sulfate chdfid.

The pericellularcoat (Figure BB-C), an HArich, 5 101m thick gellike layer
surrounding many types of cells, is also organiaed stabilized by HABPs. The HA
coat is organized by aggregating proteoglycan and cell surface HA receptors (CD44)
and is crosslinked by various proteins such as tenascin;6] 33, pentraxin (PTX
and thrombospondin 1 (TSB. The pericellular coat plays complex roles in cell
adhesion/dadhesion and cell shape changes associated with proliferation and
locomotion, thereby contributing to the regulation of inflammation, morphogenesis,
tissue regerration and healing. The elastomeric pericellular matrix has also been
implicated in cellular mechanotransducti&f?®® The HA coat, formed between the
cumulus cells surrounding the oocyte during ovulation, is responsible for the integrity
of the cumuluBoocyte corplex, providing protection and facilitating the transport of
the oocyte into the oviduct for fertilization. Speassociated HAases allow

penetration of this matrix at fertilizatidt?®25
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Figurel5 HA organized as (A) monocysahesive cables or (B, C) pericellular
coat. (A) Monocyteadhesive HA cable, produced by treating human
colon smooth muscle cells with poly I:C for 17 h:green, HA; red, CD44;
and blue, nuclei. Scale bar, 0. Arrowheals point to areas without any
leukocytes. (B, C) HA coat around a MCFeell, as revealed by confocal
imaging a probe made of aggrecan G1 domain and link protein tagged
with Alexa Fluor 59%(red). Green staining represents green fluorescent
protein taggedHAS3 (GFRHASS3). The HA coat was visualized by
particle exclusion using red blood
Reproduced with permissidfi”! Copyright 2003, Elsevier. (B, C):
Reproduced with permissi *°” Copyright 2008, Elsevier.

1.3.4 HA in morphogenesis and woud healing

Mounting evidence points to the involvement of HA in morphogenesis. HA
rich matrix can either facilitate cell migration by creating hydrated andadbesive
milieu or inhibit cell migration via the increased binding of proteoglycans to
pericelular HAP HA exerts a profound effect on
stem cells (HSC), human embryonic stem cells and mesenchymal stem cells (MSCs).
All three types of stem cells reside in specific #éh microenviroments that
maintain cells in a quiescent state with low levels of proliferation. The maintenance
and differentiation of stem cells are also intimately mediated by HA/ HABP
interactions. Specifically, HA/CD44 and HA/RHAMM interactions are essential for

the trafficking of HSCs and their homing into the bone marrow, where they are
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maintained in an undifferentiated st&f& In embryonic tissues, RHAMM plays an
important role in the maintenance of hESC pluripotency, viability and cell cycle.
During stem cell differentiation, RHAMM expression is significantbnai-regulated
and, at the same time, HAS2 expression is markedly enhanced, resultingiipda 13
fold increase in HA productiof®” MSCs are resident stem cells in adult tissues, and
CD44 has long been used as a marker for M®&dn response to platelelerived
growth factor smulation, MSCs express high levels of CD44 standard isoform, which
facilitates cell migration through interaction with extracellular HA. Such a migratory
mechanism could be critical for the recruitment of MSC into wound sites for the
preparation of tissl regeneratiof°® From a biomedical engineering perspective,
delivering stem cells in HA matrices not only improves cell survival, but also allows
the cells to be released to contribute to tissue regeneration, owing to the susceptibility
of the HA matrices to enzymatic degradation.

HA, alone or through its interaction Wwiits binding partners, has been shown
to be crucial for the morphogenesis of many tissues/organs. For example, HA
produced by endocardial cells during embryonic development contributes to the
formation of endocardial cushions and facilitates the endathelmesenchymal
transformation in the development of cardiac valves. The maintenance of HA
homeostasis, thereby the size of the endocardial cushions, is achieved through
balanced activity of positive and negative regulators of HAB2HA is also widely
distributed throughout the developing central nervous system, playing a role in
regulating neural crest cell migration from the dorsal neural tube. Specifically, HA
promotes the separation of neural crest cells from theatioeural tube. In addition to

regulating neuronal function and cell migration, HA may influence progenitor cell
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differentiation and maturation. It has been reported that the presence of HA, either in
vivo or in vitro, blocked the maturation of oligodeadyte progenitor cells into
myelinforming oligodendrocytes, suggesting that HA blocks remyelination by
maintaining progenitor cells in an undifferentiated or immature state. Neural stem
cells (NSCs) may be influenced similarly by exposure to HA in stdinmicbes and in
injury microenvironments, where they may synthesize their own pericellulaf*HA.
Delivery of NSCs in a HAcontaining hydrogel into stroke cavity promotes NSC
maturation and prolifer@n?®® Being a major component of the ECBF the
developing limb bud, HA is involved in various aspects of limb morphogenesis.
Importantly, dowrregulation of HA is necessary for the cell positioning, iadll
interaction and cartilage differentiation during condensation. The over expression of
HAS2 in the mesoderm of the chick limb bud in vivo results in the formation of
shortened and severely malformed limbs that lack one or more skeletal eléfents.
271]

The tissue injury and repair process is characterized by the turnover of the
matrix components, and HA plays important and multifaceted roles in this dynamic
proces$?’? Interactions between HA and its signaling receptors initiate inflammatory
responses, aintain structural cell integrity and promote recovery from tissue injury.
Studies have shown that RHAMM is critical for the recruitment of macrophage to
areas of tissue injui¥’® whereas CD44 is critical for abrogation of inflammatfgfy.
Moreover, Toltike receptors cooperate with HA receptors, particularly with CD44, to
activate the innate immune syst&f.2’® The ability of HA to facilitate tissue repair
and wound healing depends on its nealar weight and tissue location, as well as the

specific cell population with which HA interacts. The High matrix, both in the
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early inflammatory phase of wound repair and in the granulation tissue, facilitates cell
migration into the provisional wounehatrix by providing an open hydrated matrix
and through direct interaction with cells via HABP! Fibroblasts recruited to the
wound bed produce proinflammatory cytokines that, in turn, stimulatetlesichl

cells to produce HA, further promoting the adhesion of cytekitevated
lymphocytes through the HAinding variant of CD4#3% HA also facilitates the cell
detachment from the matrix and cell mitosis, thereby fostering cell prolifellzﬁfbn.
Through its interaction with HABP and aggregatingtpoglycan, HA contributes to

the organization of the granulation tissue matrix. Experimental results suggest that
CD44 may contribute to the organization and/or stability of developing endothelial
tubular network&®? Finally, the physiological role of HA and its oligosaccharide are
central to angiogenesis, an important step in woundriigal®’ As mentioned above

and consistent with this idea, high molecular weight HA has been shown to inhibit
angiogenesis, while the low molecular weight counterparts proamgfiegenesis and
enhance the production of collagens by endothelial E&lisit is noteworthy that
intact, high molecular weight HA, not the fragmented HA, promotes the induction of
regulatory TFcells?®¥ Thus, the induction signals can be recapitulated using HA
containing synthetic matrices.

In the later stage of wound healing, HA may function as a moderator of
inflammation by protecting agash free radical damage to ceéfi®! The TSG6 / | U |
complex, through its interaction with HA both on the cell surface and in the ECM,
may serve as a potent negative feedback loop to moderate inflammation and to
stabilize the granulation tissue as healing progresses. The final stages of wound

healing include repithelialization and remodeling. In healing wounds, HA is
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expressed in the wound margin, in the connective tissue matrix, and collocating with
CD44 expression in migrating keratinocy?égl. Interestingly, fetal wound healing is
characterized by a lack of fibrous scarring. HA in fetal wounds remains high for
longer periods than in adult wounds, probably reducing the deposition of disorganized
collagen matrix. The persistent HAch environment caraffect cell cell and cell

matrix interactions, ultimately contributing to scarless wound healing, as can occur in
the HArich young organisff?’? In adult tissues, studies show that blocking
signaling of HA fragments usy a RHAMM-mimetic peptide results in skin wound

healing with reduced fibrosi&”

1.3.5 HAin cancer

Tumor progression and metastasis are accompanied by the alteration of organ
microenvironment. HA is enriched in many types of tumors and has been implicated
in the progression and metastasis afctomas®® Enrichment of HA in tumors can
be attributed to increased production by tumor cells themselves or by-assariated
stromal cells through tumibstroma crosstalk®! For example, normally absent in
healthy epithelial tissues, HA is upregulated when the epithelial cells undergo
malignant transformatio®? The involvement of HA in the growth and spreading of
cancers b epithelial origin is complex and multifaceted. During tumorigenesis,
epithelial cells can undergo epitheltatmesenchymal transition and detach
themselves from the epithelial compartment for invasion, accompanied by enhanced
HA synthesis. HA, in turnsupports cell proliferation, prevents apoptosis, maintains
intercellular space to facilitate nutrient diffusion, and enhances cell locomotion that

stimulates invasion. In addition, cancer cells disguise themselves with a coat of HA
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from the cytotoxic effets of T-lymphocytes. HA cables, in contrast, bind tissue
macrophages and modulate their activity to favor tumor gr&ith

The upregulation of HAS expression results in the accumulation of HA in
tumor tissues and, consequenthe creation of a prometastatic microenvironnf€fit.
Using a clone of breast cancer cell line MIMB-231 that forms bone metastases in
anin vivo-like bagment membrane model, researchers discovered that the increased
expression of HAS2 in metastatic cells resulted infald@ higher HAsynthesizing
capacity compared with MDMB-231 cells?®? Further, knockdown of HAS2
completely suppressed the invasive capability of these cells by the induction of tissue
metalloproteinase inhibitor 1 (TIMB) and dephosphorylation of focal adhon
kinase (FAK). HAS2 knockdowmediated inhibition of basement membrane
remodeling was rescued by HAS2 overexpression, transfection with-TIMRNA or
addition of TIMR1-blocking antibodies. Moreover, knockdown of HAS2 suppressed
the EGFmediated indation of the FAK/PI3K/Akt signaling pathwa{?®® HAS2 has
also been shown to be critical for the interaction of cancer st (CSCs) with
tumorassociated macrophages (TAM), leading to enhanced secretion of platelet
derived growth facteBB from TAM. This secretion could then activate stromal cells
and enhance CSC se#newal. Loss of HAS2 in CSCs or inhibition of HAS wityi
drastically reduced the incidence and growth of metastatic lesions in vitro or in vivo,
respectively?*”

It is noteworthy that, while a moderate increase in HA production correlates
with tumor growth and metastasis, a large excess of HA can suppress tumor
growth?®Y Because HA accumulation is the result of a balance between the activities

of HAS isozymes and HAases, the presence of HAases may promote HA turnover in
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the cancer cells and overcome tumor suppression by excess amounts of HA. By
degrading the HAich matrix surrounding the tumor, HAases help the cancer cells to
escape from the primary tumor mass and play a major role in intravasation by
allowing degradation of the basement membrane of the lymph or blood vessel. HAases
play roles in the establishmenita metastatic lesion by helping with extravasation and
clearing the ECM of the secondary ¢it&! Finally, HAases produce HA fragments to
stimulate endothelial cell proliferation and budding of new capillaries that promote
angiogenesis to allow tumor expansiof. Interestingly, hypoxia also increases
production of HA and activity of HAas&S?!

Each of the HAases discussed above can play a role in cancer progression,
although the roles they play and the cancers they contribute to may differ. Earlier in
vitro cell culture experimentsuggested that Hyall expression prevented tumor
growth from the results of cells cultured in vitf&) Furthermore, when directly
injected, Hyall was found to inhibit tumor formation in viV©® Subsequently, it
was discovered that comte matters in the case of the role of Hyall in cancer
progression. Hyall plays a role in metastasis mainly via interactions with the ECM,
and a lack of this tumor microenvironment would probably complicate the data in an
in vitro setting. Additionally, HyH functions predominantly in an intracellular
fashion, explaining why direct injection of this enzyme may produce conflicting
results. Clinically, there is considerable interest in using Hyall levels in blood or urine
to predict a p adies anmhgbbtaddgy camaem patgemtss show $hiatu
Hyall levels correlated positively with poor prognosis, muscle invasion and
recurrencé”®’ 2% In prostate cancer (PCa) patients, high Hyall levels correlate with

progresion 84% of the tim&> Hyal1 is also the predominant HAase responsible for
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lung cancer§® Laboratay studies have shown similar results. PCa cells that-over
express Hyall form significantly more metastases than do controls that express lower
levels of the enzymé®™!

Some research has been performed to examine the role of Hyal2 in cancer
metastasis, but the accumulated data indicate that Hyal2 probably plays a role. A
clinical study found that endometrial cancer cells express more Hyal2 than Hyall,
pointing to its importance in that type of canté?. Additionally, a celtbased study
found that highly invasive breast cancer cele$s express more Hyal2 than poorly
invasive lined®®! When Hyal2 was oveexpressed in astrocytoma cells, these cells
formed more aggressive, invasive tumors in the cranium compared with control.
Interestingly, the same result was not found when the cells were injected
subcutaneously, indicating thidie microenvironment matters for the role of Hyal2 in
cancer progressidff¥

The role of Hyal3 in cancer progression is poorly studied, and the few studies
that have investigated this HAase repamtradictory results. A study of breast cancer
cell lines demonstrated that poorly invasive lines express more Hyal3 than do highly
invasive lined** In contrast, a study of endometrial cancer found that Hyal3 was
expressed at levels 1000 times higher than Hyall and 33 times higher than Hyal2
suggesting that Hyal3 is the main HAase necessary for endometrial cancer
progressiof®°? The finding that PO is normally expressed onity the testes is of
interest to the medical community, because it could provide a good prognostic
indicator of the existence of cancer and the likelihood to metastasize. Two studies on
laryngeal cancer have shown that-P® expression increased in latage tumors, or

those likely to metastasiz®>*® A similar correlation was shown for breast
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cancer?"3%! African-American women with breast cancer were shown to have a
higher expression of REO compared with Caucasian women, an interesting
observation considering that Africakmericans have a highdikelihood of breast
cancer metastasis’ Collectively, the existing data demonstrate thatFHplays a
strong role in cancer metastasis, at least for some cancers.

HA also interactswith its receptors to modulate cell behavior during tumor
progression and metastasis. Among the HA receptors, CD44 has been best studied.
Numerous clinical studies have shown that increased expression of CD44 correlates
with increased metastasis of a vayief different tumors®'® In addition to a wealth of
clinical dat, the pathways by which CD44 affects cancer metastasis have also been
largely determined. Collectively, CD44 affects adhesion of cancer cells, rearranges the
cytoskeleton through activation of Rho GTPases, and increases the activity of ECM
degrading enzyes.

When a cell remains epithelial in nature by expressiogdherin, CD44/HA
binding is low, preventing the activation of metastatic signaling pathi#/aygvhen a
cell becomes cancerous;cadherin is dowstegulated, leading to higher CD44/HA
binding. After binding with HA, CD44 signals for the activation of a number of ECM
degrading proteins, which allow azer cells to detach from the primary tumor mass
and migrate. CD44 increases matrix metalloproter®a@dMP-9) localization to the
plasma membrane and optimizes Hfadctivity by adjusting extracellular pH through
activation of a N§¥H* exchangeP'?3'®1CD44 itself can be cleaved by MMP, again
helping cancer cells release themselves from the tumor #aE8! An intracellular
cleavage product of CD44 produced hysecretase can participate in signal

transduction, leading to increased migratif.
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CD44 activates a number of Rho GTPase that rembéehdtin cytoskeleton
to allow for migration to occur. Binding of CD44 to HA controls activation of RhoA,
Racl and Cdc42 GTPases, and subsequently the downstream targets of these
GTPase$' "3 Along with remodeling the actin cytoskeleton, CD44 also activates
FAK, which allows for focal adhesn formation and turnover, another key step in the
process of cell motility*?> Another molecule that promotes invasion that CD44
activates is Snail 2P @therdowngreamtaigets oNGDd4B p a't |
probably exist, but have not yet been discovered. While it is important that CD44
molecules be cleaved for the cancer cells to release from the primary tumor mass
interactions between the receptor and HA and other ECM molecules during the
metastatic process are also important. Several isoforms of CD44v are necessary for
cell motility by binding with HA and other ECM componeHits.*? Additiondlly,

CD44 is indispensable during the processes of intravasation and extravasation,
because it regulates binding of the cancer cell to endothelialPé8lls.

While RHAMM has been less well studied than CD44 in the progression of
cancer metastasis, the research that has been produced shows that it is probably just as
important in this process and probably plays a larger role in cell motility than does
CD44. Increased RHAMM expression is correlated with metastases in colorectal
cancer, among othefé®3?*"l Mechanistically, RHAMM promotes cell motility
through a number of different pathways. As is seen with CD44, RHAMM can promote
focal adhesion turnover by controlling FAK phosphorylation and by cooperating with
t h gb; aln db; ittegrins®?®3**) RHAMM also activates a number of downstream
kinases including Erk 1/2 through the mitogactivated protein kinase (MAPK)

pathway, pp60 (src), and the downstream targets of Rho kinase (RB#G*?
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Finally, once a metastatic lesion has been established, RHAMM can cooperate with
CD44 to promote angiogenesis by promoting migration of neighboring ehdbthe
cells towards the tumé¥!

The undersanding of HA in cancer biology has led to successful clinical use of
HA for cancer treatment. For example, to improve the treatment of tumors, Halozyme
Therapeuticd®¥ uses recombinant human HAase (P6) to temporarily degrade HA,
thereby facilitating the penetration and diffusion of other drugs and fluids that are
injected under the skin. The use of HA by Tracey Brown and her team as drug
carrier$®®! for the treatment of cancer has been successfully demonstrated in clinical

trials 133!

1.3.6 HA in biomedical applications

The ubiquitous presence of HA in various tissues, combined with its inherent
biocompatibility and biodegradability, has motivated researchers to explore the utility
of HA-based materials for tissue growth, repair and regenefdttéi In this special
issue, Segura and colleagues have summarized strategies for preparivapddA
hydrogel scaffolds with desired cétistructive features for tissue engemeg and
regeerative medicine applicationdany HA-derived medical products have been
developed and tested, and readers are referred to recent F&i&{dor in-depth
anal yses. This paper highlights the preser
of HA-based hydrogels for thepair and regeneration of healthy functional tissues,
such as vocal fold$!’ 33934 cartilagd®?**3and salivary glandé****!as well as the
creation of pathological tissue models, such as tumor sphérgitf§:34"!

Using chemically modified HA derivatives as modular building blocks, the

present authors have engineered HA hydrogel particle® @i and complex networks
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with defined biological functions and robust mechanical propéetfes-or example,
nanoporous, micreeized HA HGPs were synthesized using different inverse
emulsion systems and crosslinkirgactions The resultant particles either contained
residual functional groups or were rendered reactive by subsequent chemical
modifications. HAbased doubly crosslinked meairks (DXNs) were synthesized via
covalent crosslinking of HA HGPs with soluble HA macromers carrying mutually
reactive functional groups. These hybrid matrices are hierarchical in nature, consisting
of densely crosslinked HGPs integrated in a loosely ected secondary matri¢”
Their mechanical properties and degradation kinetics can be raaug by varying
the particle size, functional group density and mtaad interparticle crosslinking.
Using a custortdesigned torsional wave apparatdd, the present authors
demonstrated that the viscoelastic properties of HA DXNs can be matched to those of
the vocal fold tissue sampl&§! at frequencies close to human phonation. Thus, these
materials are attractive injectables for the elimination of vocal fold scaHirg”
Separately, HA hydrogels containing saffsembled collagen fibrils provide
instructive matrices for the threBmensional (&) culture of primary vocal fold
fibroblasts (PVFFs). PVFFs are found to attach and spread in the matrix and
proliferate readily. TWA analysis suggests that PVFFs residing in gels alter the matrix
organization, chemical compositions and viscoelasticityoutin celimediated
remodeling processé&$™

HA-based complex networks have also been evaluated for the repair of
cartilage and the regeneration of theti@ge bone interface. In this context, the
nanoporous HA HGPs are ideal growth factor depots for chondrogenic cytokines and

growth factors. To improve the biological functions of HA HGPs, perlecan/HSPG2
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domain | (PInDI), a basement membrane proteoglytan has strong affinity for
various heparin (HP) binding growth factors, was successfully conjugated to the
particles through the core protein via a flexible poly(ethylene glycol) (PEG) linker.
The immobilized PInDI maintains its ability to bind bone nimgenetic proteins
(BMP-2) and modulates its reled$¥! The chondrogenic potential of the HGPs and
the stimulatory effects of the injectable formulation were confirmed in vitro using
micromass culture of multipotent MSCs and in vivo in a reversible animal model of
osteoarthritis (OA). Finally, cethdhesive HA DXNs were fabricated by encapsulating
gelatin or collagenlike peptidedecorated HA HGPs in a secondary HA maffiX.
Human MSCs were shown to adhere to the composite matrix through the focal
adhesion sites clustered on particle surfaces. Theadk#ésive composite matrices
supported hMSC proliferation and migration into the gels. Human MSCs were
undifferentiated during the early time points of culture. However, they differentiated
into osteoblast phenotype after 28 days of culfdfe.

Cartilage is routinely exposed to regular compression during locomotion.
Integrating mechancesponsive elements in HA hydrogels is a novel strategy to
harvest he compressive forces in the tissue to direct cellular behavior effectively. To
achieve this goal, sedssembled block copolymer micelles (BCMs) containing a
hydrophobic, rubbery core and a hydrophilic shell with chemically addressable groups
were used ashe dynamic building blocks and microscopic crosslinke?s®
Covalent integration of dexamethasone (DE>§ded BCMs in HA gels significantly
reduced the initial burst release and provided sustainetirBlEase over a prolonged
period. Importantly, DEX release from BCMA gels was accelerated by

intermittently applied external compression in a stdgpendent manner. Culturing
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macrophages in the presence of DEXeasing BCMHA gels significantly redusd

cellular production of inflammatory cytokines, possibly through the synergistic actions
of HA and the released DEX* Incorporating mechanmesponsive modules in
synthetic matrices offers a novel strategy to harvest mechanical stress present in the
healing wounds tanitiate tissue repair.

Although not present at high levels in healthy salivary glands, the
biocompatibility and the bioactivity of HA motivated the present authors to investigate
HA-based gels for the creation of artificial salivary glands for the treatmien
xerostomia, or dry mouth. Parotid cells encapsulated-ih BA hydrogels self
assembled into ackuiike structures and expressed functional neurotransmitter
receptor$®*™ Structures in @ hydrogels merged to form organized 160 spheroids
that could be maintained in culture for over 100 days and merged to form ssuctur
over 500Im in size. Treatment of acHlike structures with the badrenergic agonists
increased gr anul eamyl@gse cstinirgt in otneateda sirdctures,
demonstrating regain of protein secretion. Upon treatment with the M3 muscarinic
agonist acg/lcholine, acinilike structures activated the fluid production pathway by
increasing intracellular calcium levels. Encapsulated cells - fetained their
spheroid structure and structural integrity, along with the salivary biomarkers, and
maintained \ability for over 3 weeks in vivo. Thus, the HA hydrogels are capable of
maintaining for long periods in vitro functionaiC3 salivary spheroid structures that
retain both fluid and protein secreting functions and are suitable for tissue
restoratiorf>**!

The utility of HA-based matrices for the engineering of healthy replaseme

tissues has been expanded to the construction of pathological tissue models. The
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present authors have developed a biologically relevant hydrogel culture &j%tem
that recaptures the essential feature of PCa and its associated stromadedell
hydrogels were prepared by mixing HA derivatives carrying complemergacyive
groups. The resultant viscoelastic hydrogels are biodegradable and can interact with
PCa cells through its receptors, activating specific signaling patHi#i#yBCa cells
entrapped in HA matrices formed distinct multicellular aggregates, which grew and
merged, reminiscent of real tumors, whereas cells cultured on-ditvemsiamal (2D)
monolayer adopted an atypical spread morphology.

The engineered tumor model was used successfully to test the efficacy of anti
cancer drugs, including camptothecin, docetaxel and rapamycin, alone and in
combination, including specificity, desand time responses. Responses of cells to
antineoplastics differed between the-D3 HA hydrogel and 2D monolayer
systemd'¥! The engineered tumor models also have the potential to provide
predictable results for the in vivo assessment of nanomedicine. Specifically,
doxorubicin (Doxjloaded nanoparticles (NPs) with average diameter of 54 £ 1 nm
were able to diffuse into the hydrogel matrices, reach and penetrate into the tumoroids,
be internalized by LNCaP PCa cells through cavepiadiated endocytosis and
macropinocytosis pathways, and finally release the draigadellularly. A drug
efficacy study revealed that LNCaP PCa cells cultured in4Den$drogel were more
resistant to Dox in both soluble and 8Bsed form than were cells orD2culture. In
addition, the NFbased Dox formulation may bypass the drug gfffunction of
MRP1, thereby partially reversing drug resistance-i &ultures*®!

To simulate the tumdstroma crossalk, a bilayer construct was developed

and characterized. The top hydrogel layer containsdefférated, HAased HGPs
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presenting I-binding epidermal growth factdike growth factor (HBEGF) in a
sustained manner. LNCaP cells were embedded within the bottom hydrogel layer and
received growth stimuli from the top. It was demonstrated that tumoroids grown in
bilayer HA hydrogels reflet features reminiscent of native carcinoma, and exhibit
promising angiogenic potential through the upregulation ofgmigiogenic factors, at

both gene and protein levels. These structur&l uits provide a novel means to
study cancer and stroma invasiess, cellcell interactions and drug respon&&8.

To study the individuafunctions of HA interacting proteins in PCa motility
through connective tissues, the present authors have developed an invasiG#’assay
based on the -B HA hydrogel, which provides a flexible, quantifiable and
physiologically relevant alternative to current methods. Metastatic PCa cells in these
hydrogels develop fingerlike structures 6 6i nvadopodi ad6é6, consi st
properties. The number of invadopodia, as well as cluster size, shape and convergence,
can provide a quantifiable measure of invasive potential. It was found that culture in
the HA hydrogel triggers invasevPCa cells to differentially express and localize
RHAMM/CD168 which, in the absence of CD44, appears to contribute to PCa
motility and invasion by interacting with the HA hydrogel components. PCa cell
invasion through the HA hydrogel also was found toethelpon the activity of HAases.
While HAase activity was necessary for invadopodia and interconnecting cluster
formation, activity alone was not sufficient for acquisition of invasiveness to occur.
The results suggest that development of invasive behavigiDi HA-based systems
requires development of additional cellular features, such as activation of motility

associated pathways that regulate formation of invadopodia.
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1.3.7 Summary and outlook
This review highlights the fundamental functions of HA in the cadnt#x

biological systems, as a structural support and a signaling molecule. HA biosynthesis,

tissue turnover and homeostasis are coordinately maintained by three synthases and

several HAases. Traditionally known as an ECM molecule, HA is also found
pericelularly and intracellularly, although its intracellular function is largely
speculative. HA provides structural frameworks for cells, functions as an extracellular
molecule transmitting signals, and regulates a variety of cell behaviors, including cell
adhesion, motility, growth and differentiation. Binding of HA to cell surface receptors
activates various intracellular signaling cascades, suckSas, ®Ras and MAPKZ3®!
thereby regulating cell growth and survival, cytoskeletalrasmement and active cell
migration. The biological functions of HA depend on the molecular size of HA, the
HA binding proteins, its spatial and temporal distribution in tissues, and the cellular
background and tissue stages. Mounting evidence confirmevwblement of HA in
morphogenesis and wound healing, and its role in cancer progression and metastasis.
HA has been widely used by the biomedical community as a starting material
for the fabrication of hydrogel matrices, tissue engineering tools, drligerye
vehicles or drug depot systems, and tissue filler or surgical détit&d3%4 HA-
based materials may impart biolodictivity to cells, as evidenced by changes in
cellular behavior, owing to the cell sb
compared with synthetic polymers, such as PEG. For example, the ability of HA to
maintain stem cells in an undifferemtied staté®™ and the involvement of HA
interacting proteins in tumor metastasis in HA g&kshave been investigated. In drug
delivery, the ability of HA to bind cell surface receptors has been explored for drug

targeting purpos€d® Notably, excessive chemical modification of HA alters its
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biological functions. Redime imaging of quantum dot (QB&gged HA derivatives
revealed that HAQD conjugates with 35 mol.% HA modification maintained the
ability to bind HA receptors ahaccumulated mainly in the liver, while those with 68
mol.% HA modification lost many HA characteristics and were evenly distributed
throughout the bod§>®

Considering the complexity of the biological functions of HA, particularly the
connection with pathologies including inflammation and cancer, care must be taken to
ensure the longerm sdety of HA-based biomaterials. For example, the warécular
injection of HA is widely used for symptomatic knee OA. In a systematic review of
randomized trials in any language, comparing visco supplementation with sham or
norrintervention control in adts with knee OA, Reichenbach andworkers found
that, in patients with knee OA, visco supplementation is associated with a small and
clinically irrelevant benefit and an increased risk of serious adverse events. The
authors cautioned that trial qualityas generally low, and safety data were often not
reported®” Concerns also exist for usingA-based materials for cell delivery and
other modalities in tissue engineering as potentially causing/exacerbating cell
migration and metastasis of the residual tumor cells following chemothé¥dpy.a
|l andmar k paper, PRipalidddoexpenmerdal évislence éhat hA
treatment does not stimulate but delays tloevijn of residual cancer cells, which is an
important parameter in establishing whether the use of HA can enhance current
chemotherapeutic strategies. As researchers continue to unravel the complex functions
of HA under different biological conditions anisease states, advanced engineering
strategies and surgical interventions will lead to the potential utility ofbiE#ged

materials in translational applications.
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1.4 Dissertation Summary

In this dissertation, we report on the design of a novel interfadiféilision
controlled crosslinkingplatform which can beutilized to fabricate covalently
crosslinked hydrogel spheres and channels with 3D spatial patterinsvito tissue
engineering models. II€hapter 1, several topics relevant to this work including
modular andorthogonalreactionsand their application in tissue engineelifty and
the biology and utility oHyaluronic Acidin tissue engineeringas introduce#®Y In
Chapter 2, the interfacial, diffusioncontrolled crosslinkingplatform fueled by tle
rapid bioorthogonal tetrazingans-cyclooctene(TCO) ligation was first displayed
Proof of concept methods for the formatiof hydrogel spheres and hydrogel channels
were provided Using this platform, 3D spatial patterningof a TCO conjugated
fluorophorewas achievedavithout external trigers or templates.réstate cancer cells
maintainhigh viability, proliferate readily, and form large tisdile aggregategsvhen
encapsulated in the hydrogel sphetaChapter 3, 3D spatialpatterning of hydrogel
sphereswas further exploredincorporation of MMPdegradable and cell adhesive
peptidesin the 3D microenvironment compared to a blank hydrogel was reflected in
the response of 3D encapsulatedlSCs. The utility of using a mono functional
capper moleculeotalter the modulus of desired regiomas characterized by a custom
micromaterials testefFurther,coreshell patterns within the microspherasvarying
degradability, adhesiveness, and stiffnagere described and the response of
encapsulatetMSCsin each regionn terms of morphology, alignment and viability
was assesseth Chapter 4, theliquid-filled hydrogel channels were further explored.
3D spatial patterningvithin the channel wall was shown by perfusioh TCO
conjugated molecules into the lemof the channetith subsequent diffusion through

the channel wall 3D spatial patterning of different cell populations wsswn

56



through time-dependentaltering of the cell laden HAZz reservoir. Vascular
endothelial cells, smooth muscle cells, and attial fibroblasts maintainedhigh
viability and were able to be patternedtonthe hydrogelchannels in anatomically
relevant orderln Chapter 5, this dissertation work is concludeg summarizing key
discoveries and potential impact this has had enfild. Also, future directions are

provided for further investigations using the described systems.
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Chapter 2

INTERFACIAL BIOORTHOGONAL CROSSLINKING

2.1 Introduction

The construction of complex, cefistructive hydrogel networks reggentghe
first step towardin vitro engineering of functionalssues'? For theadvancement of
tissue engineering, it is essential that synthetic matrices mimic the properties of the
natural extracellular matrix (ECM) by controllably introducibigchemicalcues in a
spatiallydefined manner without advsely effecting living cellsAlthough various
modes of reactivity have been explored for the synthesis of covalently crosslinked
hydrogels, efficient network formation at welfinedinterfaces withclose to 100%
overall cell viability has not yet been reported.

Advances in synthesis hapeovided adiverse set of bioorthogonal reactions
that proceed efficiently without interference from biological functionallige Cu
catalyzed cycloddition of aziles with alkynes, first described in 2062 has
become a ubiquitous tool for polymer synthesis and materials develophter004,
Bertozzi and coworkef¥ reported that straidriven [3+2] cydoadditions between
cyclooctyne and azide derivatives are effective for bioorthogonal ligation without the
necessary addition of a @atalyst’”® Cufree procedures have represented an
advance to the field of hydrogel formation by ameliorating cytoityxeoncerns due
to copper and the need to remove catalysts from biomaterial préddts

In 2008,the Fox grouplescribed a bioorthogonal and extremely rapid reaction

betweens-tetrazine (Tz) andranscyclooctene (TCO) derivativé¥! With more
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recently developed TCQlerivatives*® rate constants df, > 10 M'*’s'! have been
measured under aqueous conditifi¥” Contemporaneous with the initial study of
TCO, several groups described reactions of tetrazines with derivatives of
norborneng® or the Reppeanhydridé*” with a measured rate constantkefl.9 M

191 at 20 °C in PBS for norbornene conjugati Recently, cyclopropeng€™
cyclooctynef>?®#! and terminal alken&8' have also been used as dighites for
tetrazine ligationWhile each of these dienophiles offers complementary advantages,
TCO derivatives display thdastest rate constant®ccordingly, tetrazinefCO
ligation has been used for a host of applications in nuclear medicine and cellular
imaging**%”!

In recent yess, tetrazinenorbornene chemistry, alone or in combination with a
separate, independent click reaction, has been applied to polymer synthesis and
hydrogel fabricatioff®*% Separately, TCOor Tz-modified polymers have functioned
as scavenging/clearirggents for radiochemicédbeling, and TCO has been used for
the conjugatig nanoparticles and quantum dots antibodypretargeted cell$®3
However, tetrazind CO ligation has not been used as a method for the crosslinking or
polymerization of biomadrials.| projected that the unique kinetic properties of TCO
could enable the first interfacial processes Basa a bioorthogonal reaction.
Interfacial reactions are extensively utilized in polymer science, with the interfacial
polymerization of nylon seing as the archetypical exampi® Interfacial
crosslinking processes have also been used for cell encapsulation purposes, most
typically employing the anionic polysaccharide alginic &tid While alginate
capsules meet many of the requirements ler itnmunoisolation of cellshey can

lack in vivo stability and strength, due to weakening of the hydrogel core by exchange
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of calcium®®¥ In addition, the calcium crosslinking is not amenable for further
modulation of gel mechanics and the spatial higtion of biochemical signals.

Herein, | demonstrate the first example of bioorthogonal interfacial
crosslinking the use of bioorthogonal chemistry to create hydrogel materials through
rapid crosslinkig at the geliquid interface.The gel/liquid interface is formed upon
contact of a solution of a tetrazineodified hyaluronic acid (HATz) with an
octadecaethylenglycol (OEG) crosslinkeflanked by trans-cyclooctens (bis-TCO).
Becausethe tetrazineTCO ligation is extremely fast, crosslinkirggcursat a rate
which is diffusion controlled, resulting in the advancement of a distinct gel/liquid
interface as the crosslinking reaction proceddguie 2.1). Interfacialbioorthogonal
crosslinking enablethe construction of spherical partislend tubular strcturesvia a
simple syringe injection process, ahdlemonstrate the utility of the tetrazii€O
ligation forin situencapsulation and subsequent 3D culture of prostate cancer LNCaP
cells in HA hydrogel microsphereshich maintain almost full cell vialy. With
spatially resolved functionalization in 3D and without having to resornudtiple
independenteactionsor specialized equipmersiuch as twegphoton or photomasks
the bioorthogonal interfacial crosslinking of hydrogels offers a new approatie to

modulating the display of functional molecule in cell culture matrices.
2.2 Materials and Methods

2.2.1 Materials
All reactions were carried out in glassware that was fldmed under vacuum
and cooled under nitrogen. RBS9R4E)-bicyclo[6.1.0]nor4-en9-yImethyl(4

nitrophenyl) carbonate was prepared following a knqwoceduré™® O,06Bis(2-
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ami noethyl )octadecaet hyl ene O¢iAminoethylr ( O 95 %
O-[2-(Bocami no) et hyl ] decaet hyl ene gurchasedl (0 9
from Sigma Aldrich.Hyaluronic acid (sodium salt) was a genergifisfrom Genzyme
Corporation.Dialysis membranes were purchased fr8pectrum Labs (MWCO: 10

kDa). Flash Chromatography was performed using normal phasegc®lisilica gel

(40-63D, 60A). Deactvated silica gel was prepared by treating silica gel with
EtSiCL.*® An APT pulse sequence was used i€ NMR spectra, where methylene

and quaternary carbons app byhcarbobsugpgear ( u) ,
6down 6The(afbbreviato 6 appé& ¢§ ban O0CGherpraagents twerd

purchased from commercial sources without additional purification.
2.2.2 Synthesis of Hydrogel Precursors

2.2.2.1 sTCO-OH

Active removal of trans-
isomer via AgNO3°SiO,

The continuous flow apparatus describpbviously*? was used for the
phaoisomerization, Biotage SNAP cartridges (Biotage part no. FEKIJ-0050) was
filled with a bed ofunmodified silica gel that wampped with14.5 gof silica gel
which was impregnated with AgNgQL.45 g, 8.55 mmol). (1R,8S,9R,4ZBicyclo
[6.1.0]nonr4-ene9-yImethanol(.00 g, 6.58 mmol) and methybenzoate (B0g, 13.2
mmol) were placed in a quartz flask and dissolved in 500 mL of 1Q:lkgxanes.

Dodecanel.12y, 6.58mmol) was also added to the flask to allow for GC monitoring.
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The solution was equilibted through the continuous flow system at a 100 mL/min
flow rate. The solution in the quartz flask was then irradiated (254nm) under
continuous flow condition§100 mL/min) for4 hours, at which point GC analysis
indicated that the reaction was completke SNAP cartridges were flushed with 400
mL of 1:1 EpO/hexanes and then dried with compressed air. To the dried silica gel
was sequentially added NEH (200 mL) and methylene chlorid&@0 mL) and the
resultingmixture wasfiltered. The filtrate was trafexred to a separatory funnel and
partitioned. The aqueous layer was extractedce with methylene chloride. The
organic layers were combined, washed twice with water dhniexd with magnesium
sulfate and filtered. The solvent was removed with a rotaryaperator column
chromatography (20% ethyl acetate/hexanes) affo@@ mg of 7 82%0) (rel-
1R,8S,9R,4EBicyclo [6.1.0]non4-ene9-yimethanolas a colorlesil. *H and **C

NMR data agreed with the previously reportiata™ Synthesis of STCA@H was

done by my collaborator, Han Zhang.

2.2.2.2 STCO-carbonate(2)

A dry roundbottled flask was charged wiflrel-1R,8S,9R,4EBicyclo
[6.1.0]nonr4-ene9-ylmethanol(820mg, 5.39mmol). Anhydrous dichloromethane
(200mL) and pyridine 1.09mL, 13.5 mmol) were addetd the flask. A solution of
4-nitrophenylchloroformatel(30g, 6.47mmol) in anhydrous dichloromethariel(

mL) was added to the flask via syringe and the solution was stirréchfat room
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temperature. Saturated NEl aqueous solution was added to mhm&ture and the
layers were separated, and the aqueous layer was extracted twice with
dichloromethane. The organic layers were combined, dried with lylg&€red,
solvent was removealsing a rotary evaporatoRurification by column
chromatography5% ethyl actetate/hexanes) yieldafforded1.18g (3.72mmol,

69%) of (rel-1R,8S,9R,4EBicyclo[6.1.0]nonr4-ene9-ylmethyl (4nitrophenyl)
carbonates awhite solid *H and**C NMR data agreed with the previously reported

datal™® Synthesis of sTC@arborate was done by my collaborator, Han Zhang.

2.2.2.3 sTCO-PEG18sTCO

H
0._0O 0<_N o~ o
18 H

Y Y \/%O/\% N_f

{O NO, - °© O\,
H, ALH H, ALH H, A H
HoN DIPEA
+ 2 V\%OA/E\/\NHZ = .

v/ 4 7

A A i

1 bis-TCO

A dry roundbottled flask was sequentially charged via syringe with a solution
of O,08Bis(2-aminoethyl)octadecaethylene glycol (64 mg, 0.071 mmol) in anhydrous
dichloromethane (2 mL) andN,N-diisopropylethylamine (49.9 pL, 0.29 mmol),
followed by a solution of @®&,8S9R,4E)-bicyclo[6.1.0]lnor4-en-9-ylmethyl(4-
nitropheryl) carbonaté (50 mg, 0.16 mmol) in anfdrous dichloromethane (3 mL).
The mixture was stirredvernight at room temperaturéhe solvent was removed with
a rotary evaporator. Purification by column chromatography usifg Gnethanol in
dichloromethane yielded 80 mg (0.064 mmol, 90%pifTCO as a watesoluble
clear oil.*H NMR (CDCk, 400 MHz,d): 5.7%5.90 (m, 2H), 5.1%5.31 (m, 2H), 5.04
5.16 (m, 2H), 3.88.97 (m, 4H), 3.48.68 (m, 72H), 3.5(3.56 (m, 4H), 3.38.38
(m, 4H), 2.292.38 (m, 2H), 2.12.29 (m, 6H), 1.821.97 (m, 4H), 0.79.88 (m, 2H),
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0.47-0.60 (m, 4H), 0.32.46 (m, 4H)*C NMR (CDCk, 100 MHz,d): 157.0 (u, 2C),
138.5 (d, 2C), 131.4 (d, 2C), 767D.5 (u, 34C), 70.4 (u, 2C), 70.2 (u, 2C), 69.5 (u,
2C), 40.8 (u, 2C), 38.8 (u, 2C), 33.9 (u, 2C), 32.7 (u, 2C), 27.7 (u, 2C), 24.8 (d, 2C),
22.0 (d, 2C), 21.0 (d, 2C). HRMS (ESI) [M}: calcd. for GoH11N,053", 1253.7729;
found 1253.77489nitial synthesisof PEGbisTCOwas conducted bmy collaborator,

Han Zhang.

2.2.2.4 STCO-PEG11-Bod(6)

H
0O o N\/[\ /\/}NHBoc
YQ Yo
NO

~© ) -
H, A H H, A H
+ H2N\/+O/\/],NHBOC DIPEA
11
z z
F A
1 6 TCO-OEG-NHBoc

A dry roundbottled flask was charged with an anhydrous dichloronmeti{a
mL) solution of O-(2-aminoethyl)O-[2-(Boc-amino)ethyl] decaethylene glycol (75
mg, 0.12 mmol) andN,N-diisopropylehylamine (30 mg, 0.233 mmol}\ solution of
(1R,8S,9R,4E)-bicyclo[6.1.0]Jnor4-en9-yimethyl(4-nitrophenyl) carbonate(44 mg,
0.14 mmd) in anhydrous dichloromethane (2 mL) was edido the flask via a
syringe. The mixture was then stirredvernight at room temperatur8olvent was
removed with rotary evaporatdPurification by column chromatography usinég®
methanol in dichloromethanyielded 84 mg (0.10 mmol, 88%) ®fas a watesoluble
clear oil.*H NMR (MeOD, 600 MHzd): 5.785.94 (m, 1H), 5.06.20 (m, 1H), 3.87
3.97 (m, 2H), 3.58.66 (M, 42H), 3.4B.53 (M, 4H), 3.28.28 (m, 2H), 3.268.23
(m, 2H), 2.322.36 (M, 1H), 2.18.27 (m, 3H), 1.861.96 (m, 2H), 1.44 (s, 9H), 0.85
0.93 (m, 1H), 0.540.65 (m, 2H), 0.4®.47 (m, 2H)*C NMR (MeOD, 150 MHz):
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159.3 (u, 2C), 139.4 (d, 1C), 132.4 (d, 1C), 80.2 (u, 1C);71.8 (u, 20C), 71:31.1

(u, 2C), 70.5 (u, 1C), 41.8 (u, 1C)1.5 (u, 1C), 39.9 (u, 1C), 34.8 (u, 1C), 33.8 (u,

1C), 29.0 (d, 3C), 28.7 (u, 1C), 26.3 (d, 1C), 23.4 (d, 1C), 22.4 (d, 1C). HRMS (ESI)

[M+H]: calcd. for GoH74N,O1sNa’, 845.4981; found 845.498mitial synthesis was

conducted byny collaboratorHan Zhar.

2.2.2.5 sTCO-Alexa Fluor® 647(5)

1 038 5

Alexa Fluor® 647

(1R,8S9R 4E)-Bicyclo[6.1.0]nor4-en-9-ylmethyl(4-nitrophenyl) ~ carbonate
(1)(2.3mg, 4.2 emol) was a dAlexaFlubfoe47ahydvazice,|
tris(triethylammonium) salt (0 mg 0.83 emol). A DMF solution (200 €L,
anhydrous) containing\,N-diisopropylethylamine (215¢g, 1.67 emol) and 4
dimethylaminopyridine@MAP, 50eg, 0.41emol) was added to the vialhe mixture
was stirredovernight at ambient temperature and was purifigth reverse phase
HPLC, generating 0.49 mg (4&mol, 56%) of5 as a blue solid. L®AS (Figure
S2.18) andHPLC (Figure 2.19) analyses indicatethat the purity of a compound
with a mass of 1047 Da. was >98%ynthesis of Alexd CO was done by my

collabomtor, Han Zhang.
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2.2.2.6 Diphenyl-Tetrazine-OH(2)

OH
1. NH2NH2
-
2. HOAc, NaNO, N \N
N N

A dry roundbottomed flask was charged with(ydroxymethyl)benzonitrile
(5.80 g, 43.6 mmol), benzonitrile (18.0 g, 175 mmol) and anhydrgdsazine (21.4
mL, 440 mmol).The flak was equipped with a reflux condenser, and the mixture was
heated to 90 °C for 20 h behind a blast shield. The mixture was allowed to cool down
to room temperature and was diluted with ethyl acetate (300 mL), washed twice with
H,O (150 mL), and dried oveMigSQy. The solution was filtered and the filtrate was
concetrated under reduced pressufée residual solid was dissolved in acetic acid
(84 mL), and an aqueous solution of NaN@3.2 mL of a 9.40 M solution, 218
mmol) was added at 0 °C via Pasteupgtie. After stirring for 30 min at room
temperature, the mixture was dilutadth dichloromethane (300 mLAn aqueous
solution of saturated NaHG@vas added then carefully added to neigeathe acetic
acid. The mixture was partitioned and the orgapiase was washed three times with
saturated NaHC@ aqueous solution, and then dried over MgS@itered, and
concentrated onto siliogel using a rotary evaporatdolumn chromatography using
a gradient (670 %) of acetone in hexanes afforded 2.46 g2(#@nol, 22%) o as a
purple solid.'H NMR (DMSO-ds, 400 MHz, d): 8.408.60 (m, 4H), 7.5&.75 (m,
5H), 5.46 (t, J=5.7 & 1H), 4.65 (d, J=5.6 Hz, 2H}°C NMR (DMSO-ds, 100 MHz,
d): 163.4 (u, 1C), 163.3 (u, 1C), 147.7 (u, 1C), 132.6 (d, 1C), 132.0 (u13CY (u,
1C), 129.6 (d, 2C), 127.6 (d, 2C), 127.5 (d, 2C), 127.2 (d, 2C), 62.5 (u, 1C). HRMS
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(ESI) [M+H]: calcd. for GsH13N4O", 265.1084; found 265.1098ynthesis of T20H

was done by my collaborator, Han Zhang.

2.2.2.7 Diphenyl-Tetrazine-carbonate(3)
OH \©\

o) Pyrldlne

NN k NTN
NE\;N cl O N\N
2 3

A dry roundbottled flask was charged with -(8-phenytl1,2,4,5tetrazin3-
yhphenyl)methanoR (157 mg, 0.595 mmol)Anhydrous dichloromethane (12 mL)
and pyridine (0.12 mL, 1.5 mmol) were addaa the flask. A solution of 4
nitrophenylchloroformate (180 mg, 0.892 mmol) in anhydrous dichloromethane (3
mL) was added to the flask via syringe and the solution wasdsfore2 h at room
temperature Saturated NECI| aqueous solution was added to the mixture and the
layers were sepated, and the aqueous layer was exé@cttwice with
dichloromethaneThe organic layers were combined, dried with MgSiltered, and
concentrated onto siliogel using a rotary evaporatdolumn chromatography using
a gradient (36/0%) of dichlorometh@e in hexanes afforded 0.211 g (0.492 mmol,
83%) of3 as a purple solidH NMR (CDCk, 400 MHz,d): 8.638.76 (m, 4H), 8.26
8.34 (m, 2H), 7.67.75 (m, 5H), 7.3§.46 (m, 2H), 5.43 (s, 2H}3C NMR (CDCE,

100 MHz,d): 164.2 (u, 1C) 163.7 (u, 1C) 155.5 (LC) 152.7 (u, 1C) 145.6 (u, 1C)
138.9 (u, 1C) 133.0 (d, 1C) 132.5 (u, 1C) 131.8 (u, 1C) 129.5 (d, 2C) 129.2 (d, 2C)
128.5 (d, 2C) 128.2 (d, 2C) 125.5 (d, 2C) 121.9 (d, 2C) 70.3 (u, 1C). HRMS (ESI)
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[M+H]: calcd. for GoH1eNsOs', 430.1146; found 430.1158ynthesis of Txarbonate

was done by my collaborator, Han Zhang.

2.2.2.8 Diphenyl-Tetrazine-PEG18Amine(4)
H
[oNge) O N o~
T)/ \©\N02 j)/ AOA{& NH,

;

NN

HoN 0. DIPEA
+ 2! Ao/\%m\/\NHz .
|

N. N N N

< 3

3 4

A dry roundbottled flask was charged with a solution 6f0&bis(2-
aminoethyl)octadecaethylene glycol (141 mg, 0.157 mmol anhydrous
dichloromethane (4 mL) antll,N-diisopropylethylamine BIPEA, 36.5 pL, 0.209
mmol). A solution of 4nitrophenyl 4(6-phenyt1,2,4,5tetrazin3-yl)benzyl carbonate
(45 mg, 0.11 mmol) in anhydrous dichloromethane (6 mL) was added to theifas
syringe pump over 3 hThe mixture was then allowed to stwernight at room
temperatureThe solvent was removed with a rotary evaporator and the residue was
washed three times with hexan&lumn chromatogphy on deactivated silica del
using a gradient 3@00% acetone in hexanes followed by 10% methanol in
dichloromethane afforded 88 mg (0.074 mmol, 71% afs a watr-soluble purple
solid. '"H NMR (CDCk, 400 MHz,d): 8.558.75 (m, 4H), 7.8&.99 (br, 2H), 7.50
7.70 (m, 5H), 5.56.61 (br, 1H), 5.21 (s, 2H), 3.91 (m, 2H), 3393 (m, 74H), 3.41
(m, 2H), 3.163.24 (m, 2H).}*C NMR (CDCk, 100 MHz,d): 164.1(1C), 16B(1C),
156.4(1C), 141.8(1C), 132.9(1C), 131.8(1C), 131.4(1C), 129.5(2C), 128.6(2C),
128.2(2C), 128.1(2C), 70:70.0(35C), 69.9(1C), 69.7(1C), 66.8(1C), 66.0(1C),
41.1(1C), 40.7(1C). HRMS (ESI) [M+H]: calcd. fordElesNsO21", 1187.6545; found
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1187.6541. UWis (27.5¢ M i ,0): aklx 300 nm.Synthesis of TAEGNH, was

done by my collaborator, Han Zhang.

2.2.2.9 Diphenyl-Tetrazine Modified Hyaluronic Acid

Mo N-N
i O~ 0
N=N
OH OH o8
o
4, EDC/HOBt
e} O Ho 8 S
T o H,0 o
OH NH ?
A"
o

NH OH OH OH
- o o
"o O Ho o o O Ho Q B
HO o HO o -
OH NH OH NH
Oé\ OA

Hyaluronic acid (30.1 mg, 792 pmol) was dissolved OH6.7 mL) ata
concentation of 4.5 mg/mL.TetrazineOEG-amine @) (447 mg, 0.376 mmol)
dissolved in HO (3.2 mL) was then addedropwise to the HA solutionTo this
mixture was slowly added a solution of-ethyl3-[3-(dimethylamino)propyH
carbodiimide (EDC) (57.8 mg, 301 pmat) DMSO/H,O (1:1, 302 pL), followed by a
solution of thydroxybenzotriazole (HOBt) (40.6 mg, 301 pmol) in DMS@2H1:1,

302 pL). The resulting mixture was stirred at 37 °C for 24 h. The HA derivative was
then precipitated in iceold etlanol (100 mL, 10vol. excess)The precipitates were
then collected by centrifugatioat 4,000 rpm for 8 minThe pellet was then +e
dissolved in HO at approximately 3 mg/mL and exhaustively dialyzed (Spectra 10
kDa MWCO) against bD. The purified product was lyophilizeth afford 29 mg
(0.063 mmol, 80%) HATz as a pink fluffy solid. The product was stored at 4 °C prior
to use.

The percent tetrazine incorporation in HA was determined collectively by
UV-vis and'H NMR analysesUV-vis quantification was based on theragine
absorption at nax 300nm employing BeeLambert law.Using an aqueous solution of

compounddatac oncentr at i on smidar®(Figute BZ2a)Mhemdar t h e
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extinction coefficient of the tetrazine moietyt] was determined as 3.2 x*10Mol™

cm®. Taking into consideration the change of the molecular weight for HA
disaccharide repeats after tetrazine incorporation, the degree of tetrazine incorporation
in HA-Tz was calculated as 7@6igure 2.2b). By 'H NMR (Figure 2.3), the degree

of modification was analyzed by comparing the integration between the aromatic
protons(7.4-8.4 ppm) to that the acetamido moiety of theadédtyl-d-glucosamine
residue of HA.Initial UV-Vis quantification was conducted Ioyy collaboratorHan

Zhang.

2.2.3 Kinetic analysis of the reaction between TCO (4) and 3:@iphenyl-s-
tetrazine (6) in H,O

The reaction was run under psetfdet order conditions and monitored by
UV-Vis spectroscopy at 294 nm using an Applied Photophysics SX.1BMibpped
flow dual mixing spectromter. The reactants were separately dissolved,® &hd
mixed in the stoppetlow device. The final concentrations 4#fnd6 were 2.50 x 18
M and 2.50 x 13 M, respectivelyA spectrum was acquired every 5 x“*1€econds
for 4 x 10° seconds (95% comvsion). The kys was determined by fitting a linear
curve to In(A/Ay), where A = absorbance ang A absorbance at t = 0, respectively.
The kinetic runs were measured in triplicate, &pg was 71.6 §(+/- 1.9). The
second order rate constaks)(wascalculated to be 71.6'9 (2.5 x 10* M) = 2.86 x
10° M7s? (+/- 1.3 x 10). Stopped flow experiments were conducted roy

collaboratorHan Zhang.

2.2.4 Determination of molecular weight and solution viscosity.
Viscosity average molecular weight (Mof HA and HATz was determined

using a viscometer (Cannon Instrument Company, State College, Pa) in 0.2 M NaCl at
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room temperature. Efflux times for HA and HF solutions at concentrations of 0.2,

0.1, 0.05, 0.025, and O wt¥ere determined in triplicatéJsing the MarkHouwink

equation with parameters a=0.816 and K=0.0228 mL/g, Mwas calculated to be

543 kDa and 218 kDa for the parent HA and the tetrazine derivative, respectively.

The viscosity of HA and HATz (both 2 wt%) was determined using a rheometer-(AR

G2, TA Instrument, New Castle, DE) with a 20 mm aluminum parallel piengtry

with 100 em gap size at ambient temperaturl

to 100 &.

2.2.5 Interfacial bioorthogonal crosslinking.

HA-Tz andbissTCO were separately dissolved in PBS at a concentration of 2
wt% and400 uM, respectivelyTo pref@are HA microspheres, HAz was dropped via
a 25G syringe into a 500 pL solution bfssTCO solution ina 48 well plate (BD
F al c oTh& )nterfacial crosslinking was allowed to occur at 37 °C foro@rs
without any agitationThe bissTCO solution waghenreplaced with fresh PBS he
gel particles were dehydrated in graded ethasolutions and vacuum driedhe
swelling ratio, reported as an average of three repeats, was determined as the ratio of
the initial weight of the wet gel to the weight of the grgduct.

To prepare crosslinked hydrogel channels while simultaneously monitoring the
channel formation via confocal microscopy, a glass cylinder (I.LD. =5 mm, h = 10
mm), mounted onto an imaging chamber {Take k E) , ed aith ~200 pL HA
Tz (2 wt%) A syringecontaining2 mM bissTCO and2 uM AlexaTCO was inserted
to the bottonof the HATz-filled cylinder. The syringe was pulled out of the cylinder

while injecting ~ 30 uL of the solution, dging behind a liquid channélhe channel
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was monitored r@d imaged for 60 minutes using a Zeiss 510 NLO confocal

microscope (Carl Zeiss, Maple Grove, MN).

2.2.6 Rheological characterization.

The rheological properties of the hydrogel microspheres were evaluated using
a controlled stress rheometer (AR, TA Instrumerd, New Castle, DE) with a
parallel plate geometry (8 mm diameter). After the gelation was complete, the
hydrogel microsphere was loaded onto the geometry, and mineral oil was applied
around the sample to prevent water evaporation during the measurenznplesS
were tested at3C with a gap size of 175 unThe linear viscoelastic region was
determined by a strain sweep from 0.1 to 1000% at an angular frequency of 1 Hz. A
time sweep experiment was conducted for 60 minutes at a frequency of 1 Hz and a
stran of 1%. A frequency sweep experiment within the linear viscoelastic range was
performed after the time sweep measuremért%a strain from 0.1 to 10 HZAI

measurements were performed in triplicate.

2.2.7 Selective interfacial tagging.

Selective interfacialtagging was achieved by timed exposure of the
crosslinking HATz droplet, originally dissolved in PBS at 2 wt%, to aqudmaths of
bisTCO (400 pM) alone orbisTCO (399 uM and 1 pM AlexdCO) in an
alternating fashionThe total exposure time was maim@d at 2 bursto ensure
complete gelation-or example, alternating exposure of the-FHAdroplet to the dye
free and dyecontaining baths for 15 min each for 3 cycles, followed by an80
exposure to the dyeontaining bath resulted in a crosslinked mosphere with 7

distinct layersTo tag the microspheres with AleX&CO in a gradient fashioiA-Tz
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was dropped into a BiECO bath (1 mL, 40QM) and AlexaTCO was added to the
bath using a syringe pump gradually over the course of 2 hours, reacHingl
concentration of 0.47 uM. Upon completiohthe tagging experiment, the bath was
replaced with PBS and the gels were images using a Zeiss 510 NLO confocal

microscope.

2.2.8 Interfacial cell encapsulation and 3D culture.

LNCaP cells were maintained in a RRWb640 medium supplemented with 5%
(v/iv) fetal bovine serum (FBS), 100U/mL penicillin G sodium and 100 pg/mL
streptomycin sulfate in 0.085% (v/v) saline (P/S), as previodskcribed*” The
dialyzed HATz solution was sterilefiltered using a Steriflip®filter tube (EMD
Millipore, Billerica, MA) before lyophilization and thdry product was dissolved in
the medim at a concentration of 2 wt9%Bis-TCO (400 uM) was sterilized using a
0.22 um poly(vinylidene fluoride) (PVDF) sterile syringe filter (Thermishier
Scientific, Waltham, MA).Cell-laden HA microspheres were prepared by dropping
LNCaP cells suspended in HFz solution (1 x 1&/mL) into abis-TCO bath, allowing
the interfacial crosslinking to occur for ddrsat 37 °C.The bath was then replaced
with fresh media and cells were incubated at 37 °C for up to 14 days, willa me
refreshed every other daell viability was assessed by Live/Dead staining using
Syto 13 and propidium iodide (PISelected samples were also stained f@ctn
using AlexaFluor 488 phalloidin, with the nuclei counter stained by Draq 5, following

previousprotocolsi*? Stainedsamples were imaged using a Zef0 NLO confocal

microscopePercent viability was analyzed by takingz acks of 1en5 e m wi

slices at dayd and 5 and cell counting of the maximumensity projectios was

conducted using Image To quantify cell proliferation, celladen gel constructs were
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treated with hyaluronidase (14.8 KU/mL, PBS) at 37 °C foo@reand the mixture

was centifuged at1,500 rpm for 3 minThe collected pellets were trypsinized (0.25%
TrypsinEDTA) at 37 °C for 5 min and the suspension Wwasmogenous mixedlen
microliters of the cell suspension was removed and mixed with 20 pL of 0.4%rnTrypa
Blue (Sigma, St. Louis, MOJrhe live cells were counted using a hemocytometer with

a light miacoscope (Nikon Eclipse TS100Analyses were performed on three
replicate samples and statistical significance was evaluated by analysis of variance
(oneway ANOVA), followed by Tukey's mrhoc test.A P-value of <0.05 was

considered to be statistically different.
2.3 Results and Discussion

2.3.1 Hydrogel Preparation

Hyaluronic acid KHA) was employedas the primary building block for the
preparation of hydrogel microspheres amaterfilled channes. HA is a ubiquitous
nonsulfated glycosaminoglycan present in extracellular matrices (ECM) of all
vertebrates and is involved in diverse biological processes including wound healing
and tumormetastasi§® HA derivatives carrying complementary functibrgroups
have been exploited for the preparation of hydrogels with tunable properties for drug
delivery and tissue engineerii§>"! Here, | describe the synthesis of HA hydrogels
via a welldefined interfacial crosslinking procedure using-b&0O and a3,6-
diphenyts-tetrazine modified HA (HATz). The tetrazine was chosen both for its fast
reactivity and excellent stabilitypward exogenous nucleophil&he crosslinker was

capped with the strained cyclooctehea TCO designed to have exceptionallyt fas
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reactivity in the tetrazine ligatidf! In each case, OEG spacers were utilized to
ensure aqueous solubility of the hydrogel precursors.

Bis-TCO was prepared by combining O, ®i&(2aminoethyl)
octadecaethylene glycol with (2.2 equiv) in 71% yield. TCO-tagged Alexa Fluor
647 (AlexaTCO, 5) was similarly synthesized for labeling purposes.
Hydroxymethylphenyls-tetrazine2 was preparedn 22% yield on multigram scale.
Derivatization to 3 was followed by couping with O, @®i8(2aminoethyl)
octadecathylene glycol to givd in 71% yield. Stopped flow UWis analysis (Figure
S1) was used to measure the rate of reactivity betweern the mond CO adducb
from 1 and N-Boc-O, @i&(2aminoethyljdodecaethylene glycol. A fast secend
order rate consta of k, 284,000 (+/ 13,000) M's* was observed. HAz was
synthesized by carbodiimideediated coupling reaction between the HA and
compoundd. The degree of tetrazine incorporation in-fiAwas found to be 7%, as
judged by UWis (Figure 2.2) and*H NMR (Figure 2.3) analyses.Using the
Mark-Houwink equation and reported parameters for,#§Athe viscosity average
molecular weight (M) of HA and HATz was calculated as 54&Pa and 218 kDa,
respectively. These results agree with the common observatiwst chemical
modifications inevitably result in partial HA degradatitt®® However, compared to
2 wt% HA in PBS, HATz of the same concentration is >3 times more viscous (Figure

S2.4).
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Figure2.1 a) Instantaneous crosslinking via tetrazin@O ligation.b) Gel interface
forms when a droplet of tetrazine modified hyaluronic acid {FHA
contacts a solution of bisans cyclooctene crosslinker (i€O).
Crosslinking at the gel/liquid interface is faster than the rate of diffusion

through the gel interface.

With HA-Tz and bissTCO in hand,| devised an interfacial crosslinking

protocol for the synthesis of HAydrogelmicrospheregFigure2.1b). The pink color

of the tetrazine chromophore and its disappearance upon reaction with TC® allow

qualitative monitong by the naked eye. Microspheres were prepared via syringe

delivery of a solution of HATz (2 wt%) to an aqueous solutiontm§-TCO @00 uM).

Whenthe droplet containing HA'z encounters theis-TCO solution, a crosslinked
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shell forms on contact, asidenced by the appearanceadfolorless layer around the
pink core Figure 2.2a). The high viscosity of HATz promotes the formation of a
sharp interface once dropped into thssTCO solution. Subsequent crosslinking
occursat a rate controlled by diffimn, resulting in the advancement of a distinct
gel/lliquid interfacethat advances toward the covghile thebis-TCO crosslinker with

a molar mass of 1,253 g/mol can diffuse across the gel layer readiyzHM,>10°)
cannot diffuse through the Hsogel at an appreciable rateThus, interfacial
crosslinking takes place at the interior of the microsphere, with the volume of the pink
HA-Tz core steadily decreasing over the course of durd (Figure 2.2a).
Consequently, thenicrospherewall thickness incre&s linearly with time until it is
fully gelled (Figure 2.2b). Throughout the crosslinking process, microspheres remain
buoyant, possibly due to the nitrogen gas prodiumethetetrazine ligationThe HA
hydrogel microspheres prepared from HA andbis-TCO are fullyswollen after the

synthesis in PBS, and the estimated equilibrium swelling ratio was 49 + 2.
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Figure2.2 Interfacial crosslinking of HATz droplets.a. HA-Tz droplet (pink)
dropped into a bath of BIBCO. Upon contact with the bath, an
instantaneousrosslinked shell forms on the outside of the droplet. As
the crosslinking is allowed to proceed,-Bi€O will diffuse across the
crosslinked shell, reacting with HAz at the geliquid interface until
completely crosslinked (2 Hrp. The crosslinked whthickness of the
microsphere over the two hour crosslinking period monitors by the
disappearance of the pink chromophore.

The viscoelastic properties of the fully swollen hydrogel microspheres after 2 h
of interfacial crosslinking were evaluated by dst¢dry rheometry Figure 2.3). The
time-sweep Figure 2.3a) experiments reveal that the HA microspheres are soft and
el asti c, having an el asti ca nmoasus umso dudous v(e
<10 PaOverall, G6 i s at udeeashi gthweor otdhimenr sGoo fa
less than 0.01The modulus values are independent of testing time, confirming the
complete consumption of HAz in the droplet during the 2ohrs interfacial
crosslinkingThe i nsensitivity Fgire28bpto thenfrequéaney s a mp |
change from 0.1 to 10 Hz configthe elastic nature of covalently crosslinked,- gel

like response with infinite relaxation time.
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2.3.2 Liquid -Filled Hydrogel Channel Formation

ti

me

The tetrazine ligation not only enables the preparation of crosslinked hydrogel

particles but also permits the construction of tubular structures with water filled

channels (Figure 2.4). When thebis-TCO solution (2 mM) was introduced to a

reservoir of HATz (2 wt%) through a syringe needle, a crosslinked wall formed

instantaneously following the path of the needle
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Figure24 Hydrogel channels via interfacial bioorthogorabsslinking. Channel
structures were pulled by injecting while withdrawing an ageous solution
of bisTCO (2 mM) and Alexal CO (2 pM) into a vessel containing HA
Tz (2 wBb). A crosslinked channel wall forms at the interface between
the two liquids and thehannel wall continues to grow with diffusion of
the bisTCO crosslinker until fully depleted.

To visualize channel formation, Alex@CO was included in the BIECO
solution at a concentration of 2 uMhus, while the HATz was being crosslinked at
the gelsolution interface, it was simultaneously labeled by A€<D (Figure 2.5
c). One minute after the channel was created, the wall thickness was 155 + 13 pm and
free AlexaTCO remained inside the chann€idure 2.5a). After 15 minutesvshen
the structurewas reimaged, the thickness of the fluoresceatheled wall had
increased to 254 + 18 um and the fluorescent signal inside the clmaddcreased
significantly.| reason thabis-TCO and Alexal CO exhibit a similar rate of diffusion
across the crossked shell, whereas HAz in the reservoir is excluded from
penetrating into thehannel due to its large siZEhus, the crosslinking front extends

outward and geerates watefilled channels.As AlexaTCO diffused outwards into
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the reservoir, it effectely functionalized the growing wall via ligation with the
tetrazine groups at the interfacehe wall thickness &80 minutesvas 262+ 18 um,

and no significant thickness increase was observed thereafteB@ntihutes Figure

2.5b-d) whenthe experimet was terminatedlhese observations on wall thickness are
consistent with a limiting amount of the Bi€O crosslinker within the lumen of the
channel, as the wall ceased to thicken when the crosslinker was depleted. The
projected confocal image§&i@ure 2.5¢ convincingly show the creation of a hollow

channel by this simple injectiqgprocess.
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Figure25 Visualization of hydrogel channel formatiasi.c, Top and side views of
Z-stack confocal images show the formation of-@ 8hannel structure.
a. Confocal maging 1 minute after creating the channel showed distinct
walls (153 N 13 &€M) had formed at t
channel still contained unreacted dye.After 60 min, the same channel
structure was reimaged. The dye from the interiothef channel had
almost completelynigrated to the walls, which had thickened to 254 +
18 M , consistent with an interfaci
the structuresc. Imaging of the same channel after 60 min shinam a
side view d. Plot of channel wall thickness over time.

2.3.3 Interfacial Hydrogel Microsphere Patterning
The fast rate of crosslinking and the relatively slow rate of molecular diffusion
presented an extremely simple method for introducing functional molecules to

hydrogel microsphes with 3-D spatial resolutionAs described above, crosslinking
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of HA-Tz by bissTCO occurs at the gdiquid interface.l reasoned that diffusible

TCO conjugates could also be covalently introduced at theadation interface, and

that the thickness of he resul ting Ot agge dién ofyteel | ay el
crosslinking time.Subsequently exposing thaicrosphereto a solution containing

only the bissTCO crosslinker would lead to gels with distinct tagged and untagged gel

layers. The concept is dued in Figure2.6a.
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Figure26 Fluorescent tagging with 3D spatial resolutianSchematic depiction of
a small moleculeTCO conjugate being covalently introducedtss gel
solution interface during crosslinking of HFz by bisTCO. Alternating
the preserg/absence of AlexaCO leads to gels with distinct tagged and
untagged gel layerdi g, Confocal microscopy images aficrospheres
with spatially resolved -B tagging by AlexalCO. Displayed beneath
imagesb andc are image density profile plots, Interfacial crosslinking
the presence of AlexaCO for30 min, and then in the absence of Alexa
TCO for 90 min gavemicrosphereshat were labeled on the exteriay.
Confocal microscopy image ofraicrospherewith a radial gradient of-3
D tagging by Alexal CO, with increasing concentration of AlexeaCO
toward the center of theapsuleInterfacial crosslinking was carried out
with 0.5 mL of a4 0 O bi&s-MCO solution.nitially, no AlexaTCO was
present. Once crosslinking was initiated, a syringe pump was used to
200e L oZ8e¢dM AITER4A O O MWSWMCO solution over the
course of 90 min, and crosslinking was continued for an additional 30
min without further addition of AlexdCO. d, Crosslinking in the
absence and then presence of Al@xzD gave capsuldbat were labeled
at thecore e-g Onionlike structures could be created by alternating the
presence and absence of AlekaO during the crosslinking procedure.
Images of three, five and seven layered gels are displayed.

AlexaTCO was again emplogeto denonstrate this concepthus, a droplet
of HA-Tz (2 wt%) was added to a solutionlwé-TCO (400 uM) and AlexaTCO (1
uM) andwasaged for 30 mintes Subsequently, the bath solution was replaced with a
dyefree solution ofbisTCO (400 pM), and crosslinkig was continuedor the
remainder of 2 hourgConfocalimagingshowed thathe resultingmicrospheres were
peripherallyfunctionalizedby a ~400 e m t hi Fgkre?2feh) withr e sc e n't
sharpcontrast between the colorless core andflin@escent oter layer.In another
experiment, a HAT z droplet was initially exposed to thé-TCO solution for 60 min.
AlexaTCO was then added to reach a final dye concentration of 1 pM, and
crosslinking was continued for the remainder of @rk This process proaed

microspheres that were fluorescently labeled at the core (1.4%liemreter) with a



900 um thick shell that was only faintly staindeigure 2.6d), perhaps due t8lexa-
TCO reacting with residual tetrazines in the crosslinked shell layer.

Microsphereswith radial gradients of fluorescent tags were readily created by
gradually increasing the concentration of AlekaO during the crosslinking process
(Figure 2.6c). Thus, during the crosslinking of an HPz droplet withbis-TCO, a
solution of AlexaTCO wasadded via syringe pump over Burs The concentration
of AlexaTCO was nil when the shell of thaicrospherewas crosslinked, and the
concentration of the fluorescent tag was gradually increased as interfacial crosslinking
proceeded toward the centemoicrospherewith an AlexaTCO concentration of 0.47
MM when the core of thenicrospherewas crosslinked. As shown by the confocal
images inFigure 2.6¢, this protocol produced microspharevith distinct radial
gradients where fluorescence intensity ghieist at the core.

By incubating the polymerizing HAz droplet in bisTCO crosslinker
solutions with the alternating presence/absence of Al€&@, it was possible to
create microspheres with onuike layers that were alternateiggged byfluorescent
TCO-conjugatesShown inFigure2.6e is a fluorescence microscopy image of an HA
microsphere containing three distinct layers, prepared by an initial 15 min exposure to
an AlexaTCOMis-TCO mixture, followed by 45 min exposure to a dsee solution
of bisTCO, and ultimately by 60 min exposure to the AlexaCOhis-TCO
mixture. Analogously, it is possible to create microsphere witlor57-layers, where
alternate layers were fluorescently taggemyre 2.6f-g). These experiments not only
confirm the difusion controlled nature of the bioorthogonal crosslinking, but also
illustrate how complex -B patterns of functionalized molecules in hydrogels can be

created using @y a syringe and a stopwatcbltimately, | envision this technique
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serving as a stramforward method for spatially controlled introduction of
biologically relevant molecular cue3his simple method for making gradients of
covalently attached molecules irBBshould find future utility for the preparation of

cell culture matrices that canimic ligand density and clustering effects known to be

important in cell adhesion and signaling.

2.3.4 3D Encapsulation of Prostate Cancer Cells

There is current interest the engineering of physiologically relevantvitro
models of prostate cancer (PChattcan serve as reliable and predictive platforms for
drugdiscovery*® Towards this end, HA&ased hydrogel systems have been utilized to
mimic the HArich tumor associated stromal environment and PCa cells were
encapsulated in HA gels situ during tre gelation proced$“? Prior to the work
described below, a considerable challenge was to retain full cell viability in the
presence of the crosslinking chemistry, as even bioorthogonal crosslmectpns
can adversely affect cell viabili§” | show here that LNCaP cells retain near full
viability after encapsulation in H@els using tetrazineTCO ligation. Thus, LNCaP
cells were suspended in a solution of HIA (2 wt%) and interfacial crosslinking with
a bisi TCO (400 uM) solution resulted in thiormation of celtladen constructCell
counting of the maximum intensity projections of confocal imadagufe 2.7a)
revealed99% cell viability after day 1 and 98%ability afterday 5. These results

confirm the cytocompatible nature of the crodshig chemistry.
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Figure2.7 Use of interfacial bioorthogonal crosslinking to encapsulate LNCaP cells
in HA microspheresa. Live/dead staining of cells cultured in HA
microspheres at dalyy and day 5. Live cells were stained green by Syto
13 and dead cells werstained red by propidium iodideb. Cell
proliferation analyzed by Trypan Blue exclusion showed a steady
increase in cell number over 14 days of culture. *p < O0cO&onfocal
image of an entire microsphere after live/dead staining showing
individually dispersed LNCaP cells at day @. Confocal image ofin
entire microsphere after live/dead staining showing the presence of
dispersed tumoroids with aggregated cells at day 14. The insert shows a
~100 em t umor o-acth (gseen) and nueet (bltiep day F
14. All confocal images shown are maximumensity projections of-z
stacks.
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Cell counting by Trypamlue exclusion revealed a significant cell proliferation
during the first week of culture, with the total number of cells increased!ligld at
day 7.The proliferation rate decreased during kweeo of 3-D culture, and by da¥4,

a total of 96,000 £ 2,600 cells were found per gel construct, representing a 4.5 fold
increase over day Figure2.7b). LNCaP cells were initially entrapped homogenously

in the microspheres in a single cell staf@ggre 2.7c). Over time, individual cells
proliferated and neighboring cell clusters merged within the microsphere. Isolated
tumoroids varied in diameter from 30 to 200 um webserved at day 14~(gure

2.7d).

Cells in individual aggregates displayed a raohdclustered morphology with
apparent cortical organization a€tin (Figure2.7d, inser}, in agreement with the cell
morphology that is observeid vivo, and in sharp contrast to the flat, spread out
morphology with mature cytoskeletal stress fibersmisae2-D cultures™! Individual
microspheres were completely populated by cauliflelier structures that were 2.7
mm across, containing an estimated 200 dispersed spheroids greater than 50 pm,

displayinga morphology analogous to growing tumors intibdy.

2.4 Conclusions

My experiments highlight the utility of tetraz#ie€CO ligation for the
construction of hydrogel networks with weléfined spatial heterogeneity through
instantaneous crosslinking at the -gelution interface The interfacial nature ohe
crosslinking reaction enables the creation of hydrogel microspheres or crosslinked
channels usinghe same hydrogel precursokdy 3-D channel with crosslinked shell
was created without using any sacrificial template, and due to the straightforward

natue, should be readily adaptable high throughput platformsAnother important
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consequence of interfacial crosslinking is the ability to pattern layers or gradients of
functional molecules in-® by simply controllingthe concentration, as illustrated by
using a modekcompound, Alexal CO. The interfacial approach described here allows
for the creation of gradient or layered structures without external trigftfétsr pre
existing template%°“®! and two independemeactionsfor crosslinking and patteing
purposes are not requitd*’! The method described here is simple, highly
reproducible and does not require specialized equipment

With interfacial bioorthogonal crosslinking, LNCaP cells can be entrapped in
the gellingmicrospherewith 99% viability. This high cellular viability reflects the
biocompatibility of the gels, and the bioorthogonality of the chemistry as wele
gelation process itsell.he combination of fastnterfacial bioorthogonal crosslinking
anda relatively slow rate amnolecular diffusion allows the cells in the droplet to adapt
to the changing environment over the course ob@rébefore theficovalent cageis
finally set. Moreover, the gels described here are synthesized in their equilibrium
swelling state, thereby @senting a consistent environment to the cells before and after
the gelation.

| anticipate that interfacial bioorthogonal crosslinking will serve gsreerally
useful tool for introducing th8&-D localization ofmolecular cues needed to initiate
and guidethe formation of artificial tissues im vitro cultures. | envision that cells
encapsulated within -B structures can be induced to undergo tissue specific
differentiation, via the guidance of spatially restricted biological signaling molecules.
This appoachalsoholds promise for the creation synthetic tissumlelswith distinct
cell populationsOngoing studies include the adaption of this hydrogel platform for

the creation of complex structures usingD 3bioprinting, the creation of cell
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instructive environments via a delayed, bioorthogonal addition of cellular guidance
cues,and 3D tissue engineering by cultivation of multiple cells in different time and

space domains.

2.5 Spectral Data for Chapter 2
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Chapter 3

3D PATTERNING OF SYNTHETIC HYDROGELS VIA INTE RFACIAL
BIOORTHOGONAL CHEMISTRY FOR SPATIAL CONTROL OF STEM
CELL BEHAVIOR

3.1 Introduction

Rational design of synthetic matrices with tisspecific biochemical
compositions andbiomechanical propertieepreserg an important step toward the
regeneration offunctional tissuesn vitro.'? Synthetic scaffolds must fulfill the
functions of native ECM until cells produce thewn support structures to formn
engineered tissU&® Hence, it is important to eate an adequate cellular
microenvironment with spatial variations of mechanical properties;boeling
motifs, and morphogenic cues in hydrogstaffoldsi®® Photolithography and
stereolithographyave enabled spatial tailoring of the cell microenwinent based on
photochemistry’ % For examplea secondary radicatmediated phot@rosslinking
reactionwas utilized to spatially tune the stiffness of a hydrogel matrix established by
Michael additior Alternatively, photolabile peptide substratesre incorporated in
a hydrogel network to afford localized biomolecule tethering through
photoactivation*? Finally, the chemical and physical properties a PEGbased
hydrogelwere dynamically and spatially modulated usangitrobenzyl ethederived
photodegradable functionali}’’ Thesematerials fabrication strategiesly on the
usage of anexternal trigger e.g. UV light, to moduk cell morphology and

differentiation in a spatial manner. Complementary approaches that do not rely on

13¢



UV-light, which may not be well tolerated by all cell types, or specialized equipment,
as required for twphoton processes, have the potential to expand the scope of 3D cell
culture methods.

Bioorthogonal reaction$” unnatural chemical transformations that occur
efficiently in biological context have recently attracted attention as sofar the
fabrication of functional biomaterials! Tetrazine ligation,an inverseelectron
demand DielsAlder cycloaddition betweestetrazines and strained alkenpsodu@s
nitrogen gas as the only byprod#&t” With trans-cycloctene as the dienophikhis
bioorthogonal reaction features fast kinetics, high selectivity at low concentration and
compatibility with biological system®¥) The conformationally strainedrans
cyclooctenes ssTCO and dTCO, combine with tetrazines with the fastest rate
constants reported to date for bdorthogonal reaction®® Based on these rapid
reactions, wehave developed diffusiortontrolled strategies for the creation of
proteinmimetic polymer microfibets* and 3D patterned hydrogel sphet&8, via
interfacial bioorthogonal polymerizatiomnd interfacial bioorthgonal crosslinking
respectively. The fabration of 3D patterned hydrogetan be carried out in ois¢ep
without having to rely on a template or photomagktentially cytotoxic external
trigger$”d, or stepby-step addibn/curing cycle$?® Because tetrazine ligation is
inherently cytocompatible and specific, inclusion of hMSCs during hydrogel
fabrication can produce a cellular construct with high viability. The network properties
can be systematically tuned in a sptiaefined manner to guide stem cells through
stages of differentiatioandmaturation

Described herein is the use of interfacial bioorthogonal crosslinking to

engineer biomimetic hydrogels with a 3D cateell structure thatam spatially dictate
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the kehavior ofencapsulatedhMSCs (Figure3.1). Hydrogelswere fabricated using
tetrazinemodified hyaluronic acigHA-Tz) along withmono and bifunctional TCQO
derivatives(Figure 3.2) via a diffusionrcontrolledinterfacial crosslinking mechanism.
Time-depement alteratiorof the TCO reservoir composition resulted in the creation
of hydrogels with a 3D corshell structure. Biochemical signals, including matrix
metalloprotease (MMPJegradable peptide and integrin binding motifsnd
biomechanical cuesvere mtterned into thehydrogelsto spatially direct cellular
behaviof?*2®! | envision thathis synthetic platformshould ultimately be useftibr

the engineering of complex tissues with layered strusture
3.2 Materials and Methods

3.2.1 Materials

All reactions were carried out in glassware that was fldnmesd under vacuum
and cooled under nitrogen. GJE 0O was purchased from AAT Bioque€t, BiN{2-
aminoethyl)hexacosaethylene glyodpl0 95 % ol i g o marchasgdufronh t vy ) W
Santa Cruz Biotechnology. Hyaluronic acid (sodium salt, 430 kDa) was a generous
gift from Sanofi/Genzyme Corporation. Reactive intermediates or products, including
(rel-1R,8S,9R,4Epicyclo[6.1.0]nor4-ene9-yimethanol?”  d-TCO-carbonaté?’!
RGD-TCO? and AlexaTCO'™ were prepared following known procedures.
Peptides were synthesized using CEM Liberty Blue Peptide Synthesizer. Dialysis
membranes were purchased from Spectrum Labs (MWCO: 10 kDa). Flash
Chromatography was performed usingrmal phase Silicycle silica gel (43D,

60A). Other reagents were purchased from commercial sources without additional
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purification. The detailed synthesis of hydrogel precursors can be found in the

supporting information.
3.2.2 Synthesis of Hydrogel Precurscs

3.2.2.1 Synthesis of 2(4-(6-methyl-1,2,4,5tetrazin-3-yl)phenyl)acetohydrazide
(Tz-hydrazide)
1]

)
O
N
O
O
NH,NH,
H
NN
N._-N N

T T

Hydrazine anhydrous (73.4 mg, 2.29 mmol) dissolved in dichloromethane (3

O
-NH
N 2
H
N \ITI
N

mL) was slowly added a solution of 2gtoxopyrrolidinl1-yl 2-(4-(6-methyt1,2,4,5
tetrazin3-yl)phenyl)acetate (purchased from Kerafast, 150 mg, 0.46 mmol) in
dichloromethane (15 mL). The mixture was stirred at room temperature for 5 minutes,
and then directly loaded onto silica gel in a flash column. Colummudtagraphy
using a gradient (2 to 5 %) of methanol in dichloromethane afforded 101 mg (0.41
mmol, 90%) of the title compound as a purple sditt NMR (600 MHz, CRO) a
8.51 (s, 2H), 7.57 (s, 2H), 3.61 (s, OH), 3.03 (s, GFQ.NMR (100 MHz, CQO) U
172.® (1 C), 168.74 (1 C), 165.19 (1 C), 141.60 (1 C), 132.19 (1 C), 131.06 (2 CH),
128.91 (2 CH), 41.65 (1 GH 21.06 (1 CH). Initial hydrazine treatment was

performed bymy collaboratorHan Zhang.
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3.2.2.2 Synthesis of tetrazine functionalized hyaluronic Acid (F\-Tz)
CHj

X

Nﬂ N o N=N

oH  on - ) o
{9 o o EDC, pH 4.8 i N-N
o + —————————— = O M OH OH OH
HO o 07~ : : 9

20:1 H20.DMSO _[_ o 0 Q Q
4\ H Oo HO % o-

o o OH NH OH NH

HN oA oA
2

o

Hyaluronic acid (HA, sodium salt, 430 kDa, 275.9 mg, 0.69 mmol) was
dissolved in DI HO (92 mL) at a concentration of 3 mg/mL. To this solution was
added Z1ethyt3-[3-(dimethylamino)propyHcarbodiimide hydrochloriel (EDC, 264.9
mg, 1.38 mmol), Tahydrazide (67.6 mg, 0.28 mmol) dissolved in DMSO (5 mL). The
solution was then added dropwise to the HA solution. The resulting mixture was
stirred at room temperature for 24 h with pH controlled around 4.8 by adding 0.1 M
HCI aqueous solution. The resulting solution was diluted with BD Ko a final
volume of 200 mL and was exhaustively dialyzed (Spectra 10 kDa MWCO) first
against 0.1 M NaCl solution, then against D}COH The purified solution was
lyophilized to afford 262 mg (0.60 mmol, 88%) HAz as a pink fluffy solid. The
product was stored a20 °C prior to use.

The percent tetrazine incorporationHA-Tz was determined collectively by
UV-vis and™H NMR analyses. UwWis quantification was based on the tetrazine
absorption at max 267 nm employing BeeiLambert law. Using an aqueous solution
of Tz-hydrazideat a concentrations from 4.7 mM to 0.47 mM as the standard (Figure
S1A-B), the molar extinction coefficient of the tetrazine moidiy) (was determined
as 23 x 10" L Mol™ cm™. Taking into consideration the change of the molecular
weight for HA disacchride repeats after tetrazine incorporation, the degree of
tetrazine incorporationvas calculated as 184 (Figure SC). By *H NMR (Figure

S11), tetrazinencorporation in HAwascalculated as 18.0%nalyzed by comparing



the integration between the aromatic protons-8/4ppm) tathe anomerigrotonsof
HA. As expected, someEDC-activated carboxyl groups in HA wetransformed to N

acylurea HA-Tz was initially synthesized byy collaboratorHan Zhang.

3.2.2.3 Synthesis of PEGbased TCO crosslinker (PEGbisTCO)
NO, o) o}
Q P o M
] ?%Q ] 0§ ok P
@ + H2N<\/ ?;\NHz CH,Cl, qH H@
“H

To a round bottom flask was added RE@Gamine (125 mg, 0.10 mmol),
CHXCl; (2 mL) and EIN (56 pL, 0.40 mmol). After the addotopm of sTCO

nitrophenyl carbonal®’ (80 mg, 0.25 mmol), the reaction mixture was stirred at room

temperature overnight. Uponropletion of the reaction, based on URMS analysis,

the solvent was evaporated under reduced pressure and the residue was purified by

flash chromatography on silica gel using 30% acetone in hexanes and then a gradient

of 2-5% MeOH in CHCI; to give the poduct (113 mg, 0.070 mmol, 70% vyield) as
water soluble sersolid. 'H NMR (600 MHz, CDC}) & 5. B=316.1, .3 6.2
Hz, 2H), 5.26 (s, 2H), 5.09 (ddd= 15.9, 10.2, 3.5 Hz, 2H), 3.90 (@= 6.2 Hz, 4H),
3.631 3.59 (m, 104H), 3.52 (] = 5.1 Hz, 4H), 3.33 (d] = 5.0 Hz, 4H), 2.37 2.30
(m, 2H), 2.23 (m, 4H), 2.18 (m, 2H), 1.901.84 (m, 4H), 0.80 (m, 2H), 0.580.47
(m, 4H), 0.43i 0.36 (M, 4H).X°C NMR (100 MHz, CDC)) U 156. 9 ( 2
CH), 131.3 (2 CH), 70.6 (C+bn PEG), 70.26 (2 CHi, 70.18 (2 CH), 69.41 (2 CHj),
40.76 (2 CH), 38.69 (2 CH), 33.79 (2 CH)), 32.60 (2 CH), 27.66 (2 CH), 24.71 (2
CH), 21.95 (2 CH), 20.93 (2 CH). :®IS tz= 2.48 mins, [M+HO]" found at 1623.90,
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HRMS-ESI m/z (M+2H" /2) calculated for GHisgNoOs°" 803.4949,

803.4990.
3.2.2.4 Synthesis of MMRdegradable TCO crosslinker (GIW-bisTCO)

HoN

»\/NHAC
O H

L %NHZ g 2
= m Ay H\* *g Ji ¢NWN”2

O)LOO

9! 8
Oj DIPEA, DMF

Oj\NH
o H )\\/NHAC
)\NH2 2
5 Rer N é
O ‘( JLN/}(rd\ Qk \)LN/YNHZ
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MMP-degradable peptide with a sequence of GRDGPQGIWGQDRKG
NH, (abbreviated as GIW, 73 mg, 40.6 pmol), prepared by solid phase peptide
synthesis, was dissolved in anhydrous DMF (1.5 ML )N-diisopropylethylamine (28
uL, 162 pmol) was added followed by dTG@®nitrophenyl carbonat®! (36 mg, 102
pmol). The solution was stirred at room temperature for 2 hours. The reaction was
deemed complete when only the desirednbilification product was observed by
UPLC-MS. The resultingsolution was added dropwise to 35 mL of ice cold diethyl
ether. Then it was centrifuged at 4000 rpm for 5 mins, and the clear ethereal solution
was removed. The solid was-dessolved in 2 mL of DMF and precipitated into ice
cold diethyl ether. The prectpiion/redissolve cycle was repeated for a total 3 times.
Analytical grade sample was obtained by purification of the white powder by reverse
phase chromatography ongGilica gel using a gradient of 5% to 95% MeOH in
neutral water. L@VIS for GIW-bisTCO:tg = 1.72 mins, [M+2H]* found 1109.21.
HRMS-ESI for GIWbisTCO: m/z (M+2H" /2) calculated for GHisiN2gOs>"
1109.0623, found, 1109.0621. @S for GIW: & = 1.10 mins, [M+4H{" found
449.94. HRMSESI for GIW, m/z (M+2H" /2) calculated for GHi2sN2g005>"
898.9731, found, 898.9726ICO conjugation onto lysine amines was initially
performed bymy collaboratoryi Li.
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3.2.2.5 Synthesis of RGDTCO

NH, HO NH2
. b0
WN\)LN N\)LN \)L \ﬁk
5 H H
o)
+ OYO\©\
:/0 NO DMF

: 2 | DIPEA
H, ; \H
7

H

NH2

Nii( &LQW ﬂgw x IA 5

Prior to TCO conjugation, RGD peptide with a sequence of GKGYGRGDSPG
was synthesied following standard solid phase peptide synthesis protocol. The
cleaved product, with @midated and Mcetylated, was allowed to react with
nitrophenyl carbonatderived sTCO in anhydrous DMF to install TCO through the
lysine amine. The product was rpgied by HPLC and analyzk by ESIMS, as

reportecpreviougy.*!

3.2.2.6 Synthesis of PEGTCO

NO, o
o
o} _CH
)k /©/ O)LN/\,Q \/>o 3
[oXNe) H H 1

ho S EtsN

q * HzN/\% Y CH,Cl, @H
“'H

To a round bottom flask was added the MeBG-amine (67 mg, 98%
purity, 0.116mmol), CECI, (2 mL) and EIN (65uL, 0.464mmol). Aftethe addition
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of STCO 4nitrophenyl carbonate (55 mg, 0.175 mmol), the solution was stirred at

room temperature overnight, at which point the reaction was analyzed for completion

by UPLGMS analysis. The solvent was evaporated under reduced pressuresand th

residue was passed through a short column of deactivatsiica gel first eluting

with CH,Cl, to remove the excess carbonate and then 10% MeOH jiglgtd elute

fractions containing the product. The solvent was concentrated under reduced pressure

andthe yellow crude product was purified by reverse phase chromatography using a

Biotageon Gg silica gel using a gradient of 10% to 90% MeOH in neutral water to

give the product (63 mg, 0.085 mmol, 74% vyield) as a pale yellowbiNMR (600
MHz, CDCE) U 5 .J8=36.1( ¥3d6d2,Hz, 1H), 5.23 (s, 1H), 5.09 (d#id,15.9,
10.5, 3.1 Hz, 1H), 3.91 (d,= 6.1 Hz, 2H), 3.66 3.58 (m, 42H), 3.55 3.49 (m, 4H),
3.35 (s, 3H), 3.33 (d] = 5.1 Hz, 2H), 2.38 2.29 (m, 1H), 2.28 2.20 (m, 2H), 2.18
(dt, J=12.7, 8.2 Hz, 1H), 1.981.84 (m, 2H), 0.80 (td) = 12.1, 7.1 Hz, 1H), 0.5
0.46 (m, 2H), 0.42 0.34 (m, 2H).*C NMR (100 MHz, CDG)) U 156. 9
(CH), 131.3 (CH), 71.9 (C}), 70.60 (CH on PEG), 70.56 (Con PEG), 70.52 (CH
on PEG), 0.3 (CH), 70.2 (CH), 69.4 (CH), 59.1 (CH), 40.8 (CH), 38.7 (CH),
33.8 (CH), 32.6 (CH), 27.7 (CH), 24.70 (CH), 21.95 (CH), 20.93 (CH). H@S tz =
2.11 mins, [M+NH]" found at 755.71, HRMESI m/z (M+H" ) calculated for
CseHesNO14 738.4634, found738.4651.PEGTCO was initially synthesized bymy

collaborator)Yi Li.

3.2.2.7 PEG-dTCO

NO, o
0
L /©/ U /\QOM}O/CH;;
O (©) 0 ” 11
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\R HN P CH,Cly o
o
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To a round bottom flask was added the MREG -amine (58mg, 98% purity,
0.102mmol), CHCI, (2 mL) and ESN (56uL, 0.400mmol). The dTCO-ditrophenyl
carbonate (53mg, 0.152mmol,91:9 ratio of 2 diastereomers) was added to the solution
and it was stirred at r.t. overnight. The reaction was completed judged by-MBLC
analysis. The solvent was evaporated under reduced pressure and the residue was
passed through a short @eactivated silica gel column first eluting with &2 to
remove the excess carbonate and then 10% MeOH ipClgHo get fractions
containing the product. The solvent was concentrated under reduced pressure and the
yellow crude poduct was purified by reverse phase chromatography;gsilica gel
using a gradient of 10% to 90% MeOH in neutral water to give the product (60mg,
0.078mmol, 76% vyield) as a pale yellow diH NMR (400 MHz, CDCf) U i5. 6 4
5.54 (m, 1H), 5.54 5.43 (m,1H), 5.30 (s, 1H), 4.89 (m, 1H), 4.154.01 (m, 2H),

3.997 3.86 (m, 2H), 3.64 3.55 (m, 42H), 3.51 (g} = 5.2, 4.5 Hz, 4H), 3.35 (s, 3H),

3.341 3.23 (m, 2H), 2.38 (m, 1H), 2.20 (m, 2H), 2112.02 (m, 1H), 1.85 (m, 1H),

1.78 (m, 1H), 1.74 1.59 (m,1H), 1.59i 1.42 (m, 1H)**C NMR (100 MHz, CDGJ)

4 156.0 (C), 136.5 (CH), 131.1 (CH), 99.
70.6 (CH on PEG), 70.6 (CKHon PEG), 70.5 (Cklon PEG), 70.3 (CH), 70.0 (CH),

65.2 (CH), 59.1 (CH), 40.9 (CH), 38.7(CH,), 33.6 (CH), 25.5 (CH). LC-MS tz =

1.89 mins, [M+NH]" found at 787.67THRMS-ESI m/z (M+H" ) calculated for
CseHesNOyg 770.4533, found, 770.4550PEGATCO was synthesized byny

collaborator)Yi Li.
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3.2.3 Analysis of reaction kinetics.

CHj
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The reaction was run under psetfet order conditions and monitored by
UV-Vis spectroscopy at 267 nm using an Applied Photophysics SX.1BMibpped
flow dual mixing spectrometer. The reactants were separately dissolvefimrdl
mixed in the stoppediow device. The initial concentrations ofz-hydrazide PEG
TCO and PEGATCO were 4.43 x 10 M, 4.02 x10' M and 4.28 x14 M,
respectivelywith a 1:1 volume mixing. The spectrum was acquired every 5 x*10
seconds for 1 second ands2x 10° for 5 seconds foPEGTCO and PEGATCO,
respectively. TheKq,s was determined by fitting aonlinear curve of In(A/Ay) vs
time, where A and Awasabsorbancat time0 and t respectively. The kinetic runs
were measured in triplicate, atide aveage Kypswas 13.51+ 0.01 ' and 2.18 +
0.003 & for PEGTCO andPEGATCO, respectively. The second order rate constant
(ko) was calculated to be 6.70 x“10™"s* and9.94 x 16 M*s* for PEGTCO and
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PEGATCQ, respectively.The experiment was condect by my collaborator,Han

Zhang.

3.2.4 Hydrogel Synthesis.

HA-Tz and the bisTCO crosslinker (PE&TCO or GIWhbisTCO) were
separately dissolved in PBS at a concentration of 5wt% and 0.3 wt%, respectively.
Next, HA-Tz was dropped via a 25G syringe into the B0 solution (300 uL for
PEGbIisTCO and 414 uL for GIMbi s TCO) in a 48 well pl at e
interfacial crosslinking process was allowed to occur at 37 °C for 4 h without any
agitation until the tetrazimehromophore(pink) disappeared from the apilet. The
bissTCO solution was then replaced with fresh PBS. Hydrogels with a lower
crosslinking density were prepared via the incorporation of -FEG in the
crosslinking bath at a bisTG®-monoTCO molar ratio of 4/1. Homogeneous
matrices (Gels AD) useal for 3D culture studies were prepared similarly by adding
HA-Tz to a TCO reservoir with a composition depicted in Table 1. Hydrogels with a
coreshell structure were prepared by incubating the-FAdroplet in the first
reservoir for 1 h to establish tekell, followed by a 3 h exposure to a second reservoir

to complete the core.

3.2.5 Hydrogel Swelling andDegradation

The assynthesized hydrogels were dehydrated in graded ethanol solutions and
vacuum dried. The swelling ratio, reported as an average of tepsats, was
determined as the ratio of the initial weight of the wet gel to the weight of the dry
product. For degradation studids/drogels were washed with HBSS and allowed to

equilibrate overnight. Hydrogels were then weighed to record the starting. mas
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Hydrogels were then placed in HBSS solutions with or without 100 U/mL Collagenase
Type IV. The supernatant was removed and the gel mass was recorded every 30 min

for up to 4 h. Values were normalized to the starting mass.

3.2.6 FluorescentTagging

HA-Tz (5 w&o PBS) was dropped into a reservoir containing REGCO
a.87mM)andAlexar CO (3 e€M). The reaction was al/l c
h. The partially crosslinked gel was transferred to a different reservoir containing
PEGbhIisTCO (1.87 mM)andCy3CO (6 e€M). The reaction was
for an additional 3 h. The hydrogels were washed with PBS overnight before imaging

using a Zeiss 710 NLO confocal microscope witt abjective.

3.2.7 Mechanical Properties

Compression experiments were conductedngisa custorrmade micre
materials testéf? modified for parallel plate ramp compressidrhgdrogels (Figure
4A). The parallel plates were made efmin thick borosilicate glass microscope slides
(12-550-A3, Fisher Scientific). One glass flat was fixedain XY table while the other
was fixed to the free end of a calibrated cantilever beam load cell with a pN
resolution. The fixed end of the beam was driven by a piezoelectric st3§® ©
0.002 um). Hydrogels were placed on the lower glass flat anchth draplet of PBS
was placed at the base. Prior to contact, the hydrogel was aligned using the XY table
and positioned ~200 pum below the moving glass flat. Subsequently, the piezoelectric
stage was driven toward the sample over a travel range of 700quratatof 45 pum/s;
the compression rate of the sample was lower at ~40 pum/s due to deformation of the

load cell. Compressive modulus was determined based on the approaching curve using
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the Hertzian model, and was conasssmeded t o
Poisson ratio of 0.5° Compression testing was done by my collaborator, Axel

Moore.

3.2.8 Cell Maintenance and 3D Culture

hMSC cells were maintained in a MSC growth BulletKit medium (Lonza,
Walkersville, MD. HA-Tz was dissolved in the PBS at a cantcation of 5wt% and
was sterilized by exposure to germicidal UV light for 15 min. All FG@hjugated
molecules were dissolved in PBS and stdiitered using a 0.22 um Poly(vinylidene
fluoride) (PVDF) syringe filter (Thermo Fisher Scientific, WalthamAM Cellular
constructs were prepared following procedures described above for hydrogel synthesis
and using HATz containing suspended hMSCs (1 ¥/frl.). Upon completion of the
crosslinking reaction, the constructs were transferred to wells containsigrfredia

and were incubated at 37 °C for up to 7 days, with media refreshed every other day.

3.2.9 Cell Viability Study

Percent cell viability was assessed by Live/Dead staining using calcein AM
and ethidium homodimer after 1, 4 and 7 days of culture. Skebtrtaec ks of 105
with 15 em slices were taken with Zeiss 7
objective. The i mages were flattened in Z
intensity projections. By using Image J and counting the live and dead cedishin e
image, percent viability was quantified. Values are presented as a percentage of live

cells compared with the total number of cells.
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3.2.10 Cell Morphology
Cell morphology was assessed by staining hydrogel constructs after 1 and 7
days of culture for factin using Alexa Fluor 568 phalloidin, with the nuclei counter
stained by DAPI, following previous protocdfd. Selected samples were incubated
with primary integrin bl antibody (Sant a
13 PBS containing 3% BSA for 2 h at room temperature. Samples were then treated
with Alexa Fluor 488conjugated secondary antibody at aOD.2lilution in the same
buffer for 2 h at room temperature. Stained samples were imaged using a Zeiss 710
NLO confocal microscope with a 10X objective. Shegzt acks of 106. 7 & m
em slices were taken and convnsusinggZen.i nt o n
Using | mage J, cel | body was accessed for

roundness. Values were plotted as a histogram with a fitted Gaussian curve.

3.2.11 Statistical Analysis

All gquantitative analyses were performed in triplicated aresults were
expressed as the mean + standard deviation. Statistical significance was evaluated by
analysis of variance (Twaay ANOVA), followed by TukeyKramer posthoc test. A

P-value of <0.05 was considered to be statistically different.

3.3 Results andDiscussion

Hydrogel precursorswere derived fromdefinedlength PEG, bioactive
peptides, and HA, a natural nenlfated glycosaminoglycan abundant in connective
tissue ECM. Thus, high molecular weight HA (430 kDa) was coupled Wath
hydrazidethrough 1-ethyl-(3,3-dimethylaminopropyl) carbodiimide (ED@yediated
coupling chemistry at pH 4.75 to yield a tetrazfnactiordlized HA (HA-Tz, Figure

2B) with 18 mol% tetrazine incorporation, as quantified by -M\§ spectroscopy
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(Figure S1) andH NMR and(Figure S11). Separatelys TCO nitrophenyl carbonate
was combined wittPEG7diamine to produce a nafegradable crosslinkePEG
bisTCQ Figure 2B with a molecular weight of.6 kDa.Degradability of the matrix

by cellsecreted proteases is desirable to maintail viability and to enhance cell
spreading and migratidfr;?®! Accordingly, an MMP-cleavable peptide with a basic
sequence o6 P Q G Z | Wemkgd with charged amino acid residues (abbreviated as
GIW) was modified with efCO nitrophenyl carbonate througysine amines to
produceGIW-bisTCO22.2kDa,Figure2B). To enable spatial control of gel mechanics
in a diffusioncontrolled manner, a mofounct i onal 6capper 6
synthesized by conjugatingT€O to the amino end of mPE&NH, (PEGTCO,
Figure 2B). To introduce cell adhesive ligands to the synthetatrix, STCO was
conjugated to the GKGYGRGDSPG peptideotigh the lysine amineRGD-TCO,

1.3 kDa, Figure2B). Previous investigatidfi! showed that such derivation does not

compr omi s ability to binddoghe RGDopeptide.
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B| Resident stem cells respond

A Covalently pattern hydrogels in 3D by co-diffusing L
functional molecules. Achieve spatial resolution simply to spatially controlled
by altering relative concentrations over time guidance cues to develop
different morphologies
cell adhesion LKX
molecule  —~ . 4 Gel Liquid B0 & 0 '
Co R P890 00y, Shell
) / s R 00 % “obic e 0 *high
capping molecule o Py $ 20:°80 00 modulus
(modulus tuning) P RN/ N “:\\‘ if »¢%¢8. 4/ -non-MMP
- ¢ .. (» . # | degradable
m@ Qﬂq . 't o
non- AL S R _..‘ ¢
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[/nstantaneous tetrazine ligation advances liquid-gel /ntefface] LS D AN #8_ 5

Figure3.1 Fabrication of biomimetic hydrogels with a 3D cafeell pattern to
provide spatial guidance cues to encapsulated hMSE}y. TCO-
conjugated molecules diffuse across the crosslinked shell to react at the
gekliquid interface. B) hMSCs adopt different morphologies depending
their spatial localization within the matrix.

Covalently crosslinked hydrogelvere fdricatedvia the addition oAnHA-Tz
droplet into a reservoir containing menand bifunctional TCO moleces. The
bioorthogonal nature of tetrazine ligation (Fig@&) allows for the hydrogel to be
formed under physiological conditions in either phosphate buffered saline (PBS) or
cell culture media. Stoppdtbw experimentgFigure &) conductedn water at 3 °C
revealed thaPEGTCO and PEGdTCO reacted withTz-hydrazidewith a second
order rate constank2, of 6.703 10° M7s*and 9.94 10°M™s?, respectively. Thus,
both sTCO and dTCO react with HATz with rates that are more rapid than the rate

of diffusion through a crosslinked hydrogel. Akownin Figure 1A, assoon as a
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droplet of HA-Tz (5% in PBS)was added to the TC@&servoir a crosslinked shell
formed instantaneously between the two liquids. As the reaction was allowed to
proceed, the low mecular weight TCO speciesontinued to diffuse across the
crosslinked shell to react with the high molecular weig-Tz at the geliquid
interface, crosslinking the droplet radially towards the core, until all tetrazine sites on

HA were consumed (~4 hThe resultant hydrogehad a diameter of ~2 mm.
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A Mechanism
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mechanism.&) Hydrogel building blocks include tetrazineodified HA

(HA-Tz), nondegradable and

MMidegradable TCO crosskars PEG

bisTCO and GIW-bisTCO and monofunctional molecule®EGTCO,

andRGD-TCO).

To illustrate that the diffusicoontrolled kinetics can be used to pattern
hydroges$ in 3D, fluorescent TC&onjugates of Cy3 (Ex: 555 nm; Em: 565 nm) and
Alexa Fluor® &7 (Ex: 650 nm; Em: 665 nm) were used to covalently tag the gels

during the crosslinking process. At time zero, a dropléiAfTz was introduced to a
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crosslinking reservoir containing AleeCO*® (3 puM) andPEGhISTCO(1.87 mM).

The crosslinking reactio was allowed to proceed for 1 h, and the reservoir was
switched to one containing Cy3CO (6 pM) andPEGbIisTCO (1.87 mM). The
mixture was left undisturbed at ambient temperature for additional 3plotluce a

fully crosslinked hydrogelAs shown in Figee 3, Alexa was covalently tagged only to
the outer shell of the hydrogel (~300 pmjrithg the initial 1 h crosslinking, whereas
Cy3 was incorporatednly into the hydrogel core during the remaining 3 h. There was
also a shg interface where the Alexsignal stoppedand the Cy3signal started,
confirming that the fluorescent tags are introduced simultaneously with crosslinking at
the gelliquid interface.Thus,changing thelTCO reservoir compositioas a function

of time provides a simple way to covalenpigttern hydrogels in 3D.
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Figure3.3 Covalent tagging of fluorescent dyes in a spatial -sbidl pattern (A)
Confocal microscopy images of the hydrogel showing a distinct core
shell structure (central sliceB) Intensity plot across the gel showing the
preence of asharp interface between the core #meshellregions
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Mechanical properties of hydrogels can directly influence cellular
behaviord?”?°! Under 2D culture, hMSCs cultured on softer hydrogelsehagen
shown to differentiate into a neural phenotype while thoskured on stiffer
substrates tended to go towards an osteoblastid*¥atk Traditionally, hydrogel
stiffnress was altered by varyindhe concentration or the functionality of the
macromerr crosslinkers. Inmy system, matrix stiffness was tuned by changing the
ratio of monefunctional TCO capper and bifunctional TCO crosslinker, both
exhibiting a similar diffusivity. The capper moleeutonsumes tetrazine groups on
HA to generate network defects as a dangling chaif. As such, it effectively
removes reactive sites that would otherwise contribute to the establishment of
elastically active connections. The mechanical properties @f hiydrogels were
guantified by compression experiments using a custom fmetterials testefFigure
34A) under hydrated conditiof¥! Normal force was measured as a function of
compressiorand the resulting compression response (basedempproachig curve
only) was fit to a Hertzian model of parallel plate compression of an elastic sphere
(Figure 34B) . The compressive modul us wa s

assuming a Poisson ratio of ¢*%.

154

con



capacitance

sensor (ISOum)\A

epoxy

u'/ » borosilicate
/ hydrogel___’ glass
sphere

cantilever beam
(28.4uN/um) | X-Y manual positioning stage |

(800 pm)

Z stage piezo

Normal Force (mN)

0.2 0.0 0.2 0.4
Apparent Deformation (mm)

C Effect of Capper on Gel Mechanical Properties

Gel Young’s Modulus
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Figure3.4 Characterization of hydrogel mechanical projsrusing a custofauilt,
micro-materialstester. (A) Schematic of the mieroaterials tester used
in this study. The hydrogel rested on the lower glass flat was compressed
by a borosilicate plate. (B) Representative fedisplacement curve
demonstratingthe top plate approach, contact with and compress the
hydrogel . ( C) Youngbés modul us of hy
and mone and bisTCO derivatives. Hertzian model of parallel plate
compression was used and Youngdbés mod
Poisson ratio of 0.5. The crosslinking reservoir contained 0% or 25%
monofunctional TCO <capper. ( D) Youl
formulated according to Table 1 and uded subsequentell culture
studies. *p < 0.05

As shown in Figure8.4C and 8.6, | demonstrated that inclusion ofREG
TCO capping molecule in the bisTCO reservoir resulted in the reduction of gel
stiffness, for gels crosslinked WEGbisTCO or GIW-bisTCQ Hydrogel samples
prepared using 100%EGbISTCO (1.87 mM) or GIW-bisTCO (1.35 mM had a
Youngo6s mo.du2lukPa aod 18 4 @7 kPa respectively(Figures3.4C,
S3.5-6). The equilibrium swelling ratio was found to be 23 and 39+ 5 for gels
crosslinked withPEGbisTCOand GIW-bisTCQ respectivelyThe MMP-degradable
netwok swells more due to the large number of charged amino acid residues in the
peptide sequence. Inclusiaf monofunctionalPEGTCO in the bisTCO reservoir
produced hydroget that were significantly softer. At a 1/4 cappdPEG
TCO)/crosslinker PEGbisTCOor GIW-bisTCO r at i o, an average Y
of 8.7+ 1.1 kPa and 5.&@ 0.3 kPa were detected for ndegradable and MMP
degradable networks, respectively (FigBelC and3.6A-B).
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Table3.1

and adhesivity.

Formulation

Property

5% HA-Tz

1.87 mM PEG-bisTCO
5% HA-Tz, 1.29 mM GIW-
bisTCO, 0.17 mM RGD-
TCO

5% HA-Tz, 1.01 mM GIW-
bisTCO, 0.17 mM RGD-
TCO, 0.53mM PEG-TCO

5% HA-Tz, 1.01 mM GIW-
bisTCO, 0.69 mM RGD-
TCO

Stiff (18.7kPa), No adhesion
sites, Non-degradable

Stiff (10.2kPa), Low density of
adhesion sites, MMP-degradable

Soft (4.3kPa), Low density of
adhesion sites, MMP-degradable

Soft (5.3kPa), High density of
adhesion sites, MMP-degradable

Preparation oHA-basedhydrogels with varying stiffness, degréaday

Having shown that capping molecules could be used toth@&moduli of gels

produced through interfacial crosslinkingiext sought t@lemonstrate that interfacial

chemistry could be used weate more complex gels with varyistgffness,MMP-

degradability anctell adhesivity Four gel types, designated @sls A, B, C, and D,

were produced employing gel formulations outlinedTable 1 and the mechanical

properties (Figur@.4D) were analyzed as described above. Gel A was ftubd the

St

95% GIWDb i

ffest wi t h

sTCO was

a

softer,

and

¥20! kRe oGl made dith 6% RGBOCfandl 8 . 7

had t&ahkPaver age

Gels C and D had 25% motfionctional TCO molecules, thus were the softest with

moduli d 4.3t0.9 kPa and 58).5 kPa,respectively. Having a similar molecular

weight PEGTCO and RGD-TCO had a comparable capacity in modulating gel

stiffness.Statistically, Gel A was significantly stiffer than Gels€B(p<0.05), whereas

Gel C and D had compatrle stiffness(p>0.05). These results further corroborate the

ability to tune gektiffness by introducing the mosfanctional capper molecule
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Figure3.5 3D culture of hMSCs in homogeneous hydrogels prepared using either
PEGhIisTCO Gel A) or GIW- and RGDBTCO (Gel B). (A) Confocal
images of 3D cultures stained by calcein AM (green) and ethidium
homodimer (red) for live and dead cells, respectively, after 1, 4 and 7
days of culture. (B) Quantification of cell viability based on live/dead
assay using ImageJ. (©Qonfocal images of 3D cultures stained by F
actin (red) and DAPI (blue) after 1 and 7 days of culture-G|D
Characterization of cell morphology by Feret diameterE{Dand
circularity (FG) using ImageJ. (H) Higher magnification $4Gonfocal
images olhMSCs stained for DAPI (blyeFactin (Red) and integrifil
(green) after 7 days of culturep < 0.05. Scale bar = 10am.
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The ability of cells to breakdown their ECM is an important prerequisite for
maintaining proper ceflunctions®**" In covalently crosslinked 3D hydrogels, stem
cell fate is directly riated to the ability of cells to generate traction forces, through
MMP-mediated matrix degradation, independent of cell morphology and matrix
stiffness’>®! Hydrogeldegradation was monitoredayimetrically with or withoutype
IV collagenaseWhen incubeed i n Hankos bal anced salt s
100 U/mLcollagenaseat pH 7.4, a significant mass loss was obsewiigin 30 min
for gels crosslinked withGIW-bisTCQO, and thegels were completely dintegrated
within 1 h (Figure3.6C). By cortrast gels incubated in enzynieee media were
intact. No mass loss was detected from gels made R&B-bisTCO and incubated
with or without the enzyme These results confirmed the specificity of enzymatic
degradation and the absence of hydrolytic degradatithin the period of the

experiment.
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Figure3.6 (A) Force deformation curves for hydrogels crosslinked with eithe-PEG
bisTCO or GIWhbisTCO. Modulus was altered by tuning the relative
concentration of monéunctional capper, PEGCO.(B) Youn g0 s
modulus of hydogels crosslinked with either PE&@sTCO or GIW
bisTCO. Modulus was altered by tuning the relative concentration of
monafunctional capper, PEGCO. * p < 0.05(C) Hydrogel
degradation. HATz was crosslinked by either PEHEBTCO or GIW
bisTCO. Hydrogelsvere incubated with or without of collagenase type
IV and the gel mass was measured every 30 min for 4 h.
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Figure3.7 3D culture of hMSCs in hydrogels with bioactive csteell patterning.
Cells grown in homogeneous gel&-B), prepared usingA) PEG
bisTCO or B) GIW-bisTCO and RGBICO (0.17 mM), were included
for comparison purposes. Hydrogels with a esiell pattern ¢, D, E)
were created following conditions outlined in Table 1. Construdt,in
prepared using PEBISTCO and GIWhisTCO/RGDTCO hada blank
skell (red) and a bioactive cor@ight blue). Construct irD, prepared
using GIWbisTCO/RGDTCO with or without the PEGCO capper
had a stiff shell (light blue) and a softer core (dark blue). Construgt in
prepared using GIWisTCO with low and high coentrations of RGP
TCO, had a stiffer, less adhesive shell and a softer, more adhesive core.
Cultures were maintained for 7 days before staining and confocal
imaging. Live and dead cells were stained green and red, respectively, F
actin and nuclei were steed red and blue, respectively. Scale bar = 200
ym.
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For 3D cell encapsulation, hMSCs were first dispersed irHAATz (5% in
PBS) solution and the cell suspension was dropped into a TCO reservoir containing
PEGbIisTCO(1.87 mM) only orRGD-TCO (0.17 mM) andGIW-bisTCO(1.29 mM
to establish celladenconstructsof Gel A and GeB, respectivelyThe reaction was
complete in 4 h at 37C before the TCO reservoir was replaced with freBt5C
growth media. The 3D cultures were maintained for up to 7 days and cell viability was
assessed by counting live (grg and dead (red) cells from fluorescently stained
constructs under confocal microscopeg(ire3.5A-B). After 1 day of culture, hMSCs
encapsulated in PEG@osslinked hydrogels had a viability of 80%, confirming the
cytocompatible nature of the hydrogeldacrosslinking chemistry. Replacing the PEG
crosslinker with an MMRlegradable substrate significantly improvéte overall
viability (94%), highlighting the importance afcludingkey celtresponsive motifs in
synthetic matrices. Prolonged culture of 88k inGel A, a nordegradableovalent
network, led to a progressive decrease in cell viability, in agreement with previous
observation§® Onthe other hand, cells encapsulated indbikadhesive anMMP-
degradable hydrogels maintained high viabi{#0%) throughout the-day culture
period. The ability of h(MSCs to breakdown their matrix through MééBretioff®
led to a significant change in cell morphology, from a rounded shape at day 1 to a
spindle shape with long cellular processes by dé@yigure3.5A-B).

Next, the morphology diMSCsresidingin blank (Gel A) or bioactivéGel B)
hydroget were analyzed by immunefluorescent staining and confocal imaifieg.
1 day of culture, cells in both types of hydrogels exhibited a similar, rouceled
shape, with an estimated diameter, and

(Figure35C-G). By day 7, cells in the two types of gels had developed significantly
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different cell morphology. Cells in the nalegradableels(Gel A) mostly mainained
the rounded shape, although a slight decrease diameter were observed, potentially as a
result of cells undergoing apoptosis (Fig@BC-G). By day 7,only 22 + 7% cells
were viable. hMSCs were distribut@d the blank gelss single, rounded cellsitiv
di stinct cortical actin, wi BSH), &4 prateinlofe expr
the b subunit which plays a pmailiyi®™hBynt r ol e
contrast, cells in MMRlegradable/celhdhesive gels became more elongaded
spreadout, having an average diameter and circulaoty ~90 em and 3
respectively (Figur&.5C-G). Cells developed polarized, spindleaped morphology
with bundles of Factin stress fibers distributed throughout the entire cellular
extensions (lgure3.5C,H). Integrin clustered at the edges of the elongated actin stress
fibers, as punctate foci, where they attach to the hydrogel matrix (Fgybi.
Organization of actin monomer into stress fibers indicates active actin polymerization
events leding to the development of lodwkaring celmatrix binding that is
conducive to cell extension in 3Dy observation was in agreement with earlier
reports that, when entrapped in a covalent networknoedliated matrix degradation
is essential to promotategrinmediatef? cell-matrix interactions.

Having confirmed the distinctly different cellular response®lank (Gel A)
and bioactivgGel B) gels, Inext spatially patterned the two matrix compositions into
an individual hydrogel via diffusion cawiled interfacial crosslinking. One hour after
HA-Tz was added to th€EGhisTCO reservoir, the partially crosslinked gel was
transferred to a reservoir containi®@&W-bisTCO (1.29 mM) andRGD-TCO (0.17
mM) and the reaction was allowed to proceed fort8 bstablish a fully crosslinked

hydrogel. As inferred from the dye labeling experiment (Figgi), the resultant

165



matrix exhibited a corshell structure, having a core of ~1700 pum in diameter encased
byashello~ 300 &em t hi ck. B avalatobns ofrthe hoenogereous c a |
gels (Figure3.4D), the outer shell wasl.8 times stiffer than the inner core. Again,
hMSCs cultured in thbomogenous anbioinert gel(Gel A) remained round after 7
days (Figure3. 7A) while those cultured in the homogenous dnoactive hydrogel

(Gel B) exhibited a spreamut morphology witrelongated stress fibers (Figu3&'B).

Cells dongatel along a single axis in 3D to establish an interconnected cellular mesh
by day 7. When these twgel compositionsvere patterned intthe same hydrogéh a
coreshell geometry cells maintained the respective shapes in the corresponding
regions (Figure 3.7C). Intriguingly, cells at the corshell boundary were
interconnected and thoge the outer shell crosslinked witPEG-bisTCO devebped
inward projectiongowards this boundary. Becausells residing in the outer shell
were unable to degrade aattach totheir matrix, they could nanigrate to the more
favorable region. Instead, theyere able to communicate with cells in the core
through paracrine signaling to align their cell body towards nfuge permissive
centet*? Although cells couldnly remodel the GIMtontaining core, hyaluronidase
secreted by cells residing in the outer layer may contribute to the development of long
prgects at the boundary.

Biomechanical cues can be similarly presented in a-sloe## fashion in the
hydrogels usingPEGTCO capper, along wittGIW-bisTCO crosslinker. One hour
afterHA-Tz was added to th€CO reservoircontainingGIW-bisTCOandRGD-TCO,
the partially crosslinkethydrogelwas transferred to a reservoir containing monoTCO
and bisTCO at a molar ratio of 1:4 to complete the crosslinkRk@GD-TCO

concentration was maintained constahi{ mM) throughout the entire crosslinking
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processThus, tle resultant gel had a core and shell with properties of Gel C and B,
respectively.As inferred from Figure3.4D, the shell was approximately two times
stiffer than the central cor&ecauseall crosslinks were MMRlegradable, cells in

both core and shelkegions were able tspread (Figurg.7D). The ability of cells to
perceive the difference in their environment was reflected again by the different
morphologies cells adopt. The loosely crosslinked core promote a more rapid
spreading and foster the devaiognt of longer cellular extensions. By day 7, cells in
the more densely crosslinked shell region had just started to extend, and their cell
bodies were relatively small.

While decreased stiffness can be achieved through introduction of the PEG
based cappemolecule without altering other properties, the same effect can be
achieved usingRGD-TCO, which essentially functianas a capper from the
mechanics perspective. One hour aft-Tz was added t@ reservoir containing
GIW-bisTCO (95%) andRGD-TCO (5%), the partially crosslinkedchydrogel was
transferred to a reservowith an increased concentration RGD-TCO (25%) along
with GIW-bisTCO (75%) to finish crosslinking.Consequently, the coraith a
composition of Gel Dvas softe(~22 ) and more celadhesre than the shell of Gel B.

As shownin Figure 3.6E, hMSCs formed a similar ceshell like structurewith a
networkof highly spreaebut cellsresiding athe boundary between the core and shell
after 7 days of culture. The softer core had a lower GIWtentration, but a higher
RGD concentration. In matrices with higher concentrations of RGD peptide, hMSCs
show high viability and proliferation as the adhesion supports cells during ECM
degradation. Unlike the previous case, cells at the-gloe# bounday were aligned

along the circumferential direction, rather than projecting inwadrgigeculate thatni
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this case, because cells in both core and shell can spreadwtdsendalirectionality in
cytokine secretion.

As shown here, interfacial tetrazinedign provides a powerful, new method
for modulating the biochemical and biomechanical properties of synthetic ECMs.
Without any specialized equipment, 3D spatial patterning was achieved via the timed
alteration of the TCO bath compositidvly work was mawated by the need to create
ECM templats for the engineering of mechanically active soft tissues that exhibit
characteristic gradient or layered structures, as a consequence of the mechanical roles
these tissues perform. Under the influence of the cosdbimiochemical and
mechanical factors, cells residing in these tissues exhibit different behaviors
depending on their spatial localization within the tissue. Hemgmonstrated the
development of a celhstructive synthetic ECM displaying layered stwres to
provide the resident stem cells with spatially controlled guidance cues. With further
development] expect that the resident stem cells will actively remodel the synthetic
environment and deposit natural matrix components in a spatial fashiectingflthat
of the original ECM templatd.anticipate that the new method for establishing spatial
control of stem cell behavigpresented here should find applications in the tissue

repair, modeling and regeneration.

3.4 Conclusions

| have demonstrated thesai of interfacial bioorthogonal chemistry for the
preparation of spatially patterned hydrogels with distinct chemical and mechanical
microenvironmentsThrough temporally controlled introduction tins-cyclooctene
(TCO) conjugates during the crosslinkipgocess, the enzymatic degradability, cell

adhesivity, and mechanical properties of the synthetic microenvironment can be tuned

16¢



with spatial precision. h(MSCs encapsulated in the bioactive region were able to
degrade their matrix to adopt a spread mompglwhile those in the blank, nen
degradable region remained round. The bioorthogonal platform allows straightforward

patterning of cellular microenvironments to trigger desired responses or to promote the

formation of multilayer tissues.

3.5 Spectral Data for Chapter 3
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Figure3.8 UV-Vis spetra of aqueous solutiort$ Tz-hydrazide (A, 4.7 mM to 0.47
mM) and HATz (C, 0.27mM). The extinction coefficient was
determinedrom the standard curve withlinear regressiofB). A UV
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Figure3.9 Stopped flow results for reactions of-figdrazide with PECO (A) or
with PEGATCO ). Red circles: raw data; Bluime: fitted curve.
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Figure3.13'H NMR spectrum oPEGbisTCOin CDCls.
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