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Tetrazine ligation, the cycloaddition of s-tetrazine (Tz) with trans-cyclooctene 

(TCO) derivatives, is particularly attractive for the synthesis of cell-instructive 

hydrogel matrices. This reaction is high yielding, does not require a catalyst, does not 

produce any toxic side products, and is the fastest bioorthogonal reaction (>10
6
 M

-1
s

-1
 

faster). Using tetrazine-modified hyaluronic acid (HA-Tz) and polyethylene glycol 

(PEG) flanked with TCO (bisTCO), the formation of hydrogel spheres via a diffusion-

controlled process at the gel-liquid interface was demonstrated. Syringe delivery of 

HA-Tz into a reservoir of bisTCO resulted in the instantaneous formation of 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, tissue-like 

cell aggregates. 

The interfacial diffusion-controlled process has also permitted the creation of 

hydrogel spheres with pre-determined spatial distribution of TCO-tagged 

biomolecules. Through temporally controlled introduction of TCO conjugates during 

the crosslinking 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 a core-shell structure, 

the ability of the synthetic ECM with spatially defined guidance cues to modulate cell 

morphology in a biomimetic fashion was demonstrated. 

ABSTRACT 
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Introduction of aqueous solutions of bisTCO to a reservoir of HA-Tz led to the 

fabrication of liquid-filled hydrogel channels of desired lengths. An instantaneous 

covalently-crosslinked channel wall formed at the interface between the two aqueous 

solutions. bisTCO molecules diffuse through the crosslinked wall, reacting with the 

HA-Tz at the gel-liquid interface and subsequently growing 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 channel walls via 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-Tz reservoirs during crosslinking. Vascular 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 tissue-mimetic 

hydrogel networks with 3D spatial patterns without the necessity of external triggers 

or templates. The novel bioorthogonal, interfacial, diffusion-driven crosslinking was 

utilized to fabricate hydrogels with 3D spatial patterns of biochemical and 

biomechanical signals which can be employed to study tissue with layered structures 

or interfaces between tissue. Liquid-filled hydrogel channels with spatial patterns of 

biomolecules and different cell populations will enable the construction of complex, 

physiologically relevant in vitro vasculature models.
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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 damaged tissue repair, material properties, including 

matrix stiffness and composition, must be considered. Hydrogels or fibrous scaffolds 

are an attractive option to serve as tissue-mimetic biomaterials due to their tunability. 

Hydrogels can be made of synthetic materials, such as poly(ethylene glycol) (PEG), or 

of naturally occurring materials such as Hyaluronic Acid (HA). While PEG provides a 

‘blank slate’ for facile engineering of the material properties, it is not native to cells. In 

comparion, HA, which is found ubiquitously 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 crosslinking are 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 compatible in aqueous 

conditions at ambient temperatures, and do not have toxic reagents, catalysts or 

byproducts. These rapid and bioorthogonal reactions, which are desirable for the 

construction of complex, three-dimensional (3D) tissue models, are reviewed below. 

Chapter 1 
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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.
[1]

 Many types of cells present multiple copies of glycans in branched 

structures on the cell surface that contribute to the concerted interactions with the 

binding partners in cell signaling.
[2,3]

 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 intimate 

interactions with cell surface receptors.
[1,4–7]

 The ECM of different types of tissues has 

variable composition and compliance depending on how the modular components are 

combined and integrated.
[1]

 In order to foster desired cellular behaviors for tissue 

growth and morphogenesis, tissue specific microenvironments must be recreated in 

vitro. However, a complete replication and reconstitution of the natural proteins and 

ECMs is technically daunting and economically unrealistic. An attractive alternative is 

the hybridization of synthetic polymers with molecules of biological origin that are 

synthetically tractable and can be readily manipulated. Overall, rational combination 

of judiciously selected synthetic and biological 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 proteins
[8]

 in terms of their 

molecular architectures, dynamic responsiveness and cell-instructive properties, with 

the added attributes of tunability and processibility provided by the synthetic polymer 

constituents.
[9–11]

  

Over the past decade, significant advancement has been made in the 

development of customized and biomimetic materials using modular building blocks 

and employing bioorthogonal reactions.
[12]

 Covalent integration of modular building 
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blocks with distinct chemical compositions and diverse functionality has resulted in 

advanced materials with synergistically enhanced properties.
[13]

 These developments, 

originally inspired by biological design principles, have been fueled by recent 

advances in polymer chemistry and biomaterials science,
[14]

 and most significantly by 

repurposing of efficient organic reactions.
[15]

 Bioorthogonal chemistry
[16]

 refers to 

chemical transformations that occur between a pair of molecules with mutually 

reactive functional groups without significant interference from co-existing 

functionalities in physiological biological milieu. Additional features of bioorthogonal 

chemistry include biocompatibility, specificity, high yield and fast reaction 

kinetics.
[17,18]

 Examples include (Table 1.1) the hydrazone/oxime chemistry.
[19,20]

 

Michael addition,
[21]

 radical mediated thiol-ene (or thiol-yne) chemistry,
[22,23]

 Diels–

Alder reactions,
[24,25]

 copper-catalyzed alkyne-azide cycloaddition (CuAAC, popularly 

known as the “click” reaction),
[26]

 strain-promoted azide-alkyne cycloaddition 

(SPAAC)
[27,28]

 and inverse electron demand Diels-Alder reaction (sometimes referred 

to as the tetrazine ligation).
[29–31]

 The reaction rate can be tuned through changes in 

structure.  

Bioorthogonal chemistry is being exploited by the biomaterials community for 

efficient and modular fabrication of bioactive and cell-instructive materials. 

Summarized 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 polysaccharide. I 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 
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constructs. Topics covered in this review are summarized in Figure 1.1. Overall, the 

modular approaches, enabled by powerful reactions, aid in the efficient fabrication of 

materials with controlled complexity from the bottom up in a plug-and-play fashion. 

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

individual constituents and are readily adaptable to the individual pathology. 

 

1.1 Schematic summary of biomaterials synthesized using modular Figure 

approaches employing orthogonal chemistry. Reproduced by permission of 

The Royal Society of Chemistry. 

1.2.1 Synthetic Strategies 
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Table 1.1 Classic orthogonal reactions used in synthesis of biomaterials. 

Reproduced by permission of The Royal Society of Chemistry. 

  

Popular bioorthogonal reactions utilized for biomaterials synthesis can be 

roughly divided into three categories (Table 1.1): (1) carbonyl-based condensation 
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reactions; (2) addition reactions through alkenes/ynes and (3) cycloaddition reactions. 

The reaction of aldehyde or ketone with hydrazine or aminooxy derivatives results in 

hydrazone or oxime bonds with water being the only by-product.
[32]

 This reaction is 

chemoselective and can be carried out under aqueous conditions without interference 

from functionalities found in biomolecules 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 rapid transimination.
[33]

 Using carefully 

chosen carbonyl and hydrazine substrates, hydrazone formation can be rapid at 

biological pH even in the absence of a catalyst.
[34]

 Rate constants for the fastest 

carbonyl/hydrazine combinations are 2−20 M
−1

s
−1

. Alternatively, dialdehydes can 

react with O-alkylhydroxylamines at rates of 500 M
-1

s
-1

 at neutral pH values in the 

absence of catalysts through an unusually stable cyclic intermediate, which ultimately 

undergoes dehydration to yield an oxime.
[35]

 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 rate constant for the acid-catalyzed hydrolysis of the 

oxime was nearly 10
3
-fold lower than those for simple hydrazones.

[36]
  

Molecules containing alkene functionality can participate in multiple types of 

bioconjugation reactions, including Michael addition with heteroatomic donors and 

radical-based thiol-ene reaction. Although Michael addition involves the addition of a 

nucleophile, such as enolates, amines and thiols, to an activated electrophilic olefin,
[21]

 

the reaction is fastest when thiols are used as Michael donors. Acrylates, vinyl 

sulfones, or maleimides are frequently used as Michael acceptors and under these 
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conditions, thiolate anion is the active species,
[37]

 thus the reaction rates increase with 

pH.
[17,32]

 Although thiol/maleimide reaction is fast, the resultant adduct can be labile 

or exchangeable under physiologically relevant conditions.
[38]

  

In the presence of thiol-containing molecules, alkenes can also react with thiyl 

radicals, frequently generated under light irradiation in the presence of photoinitiators, 

to form thio-ether linkage.
[22,39,40]

 The physicochemical nature of the reaction enables 

the direct manipulation of materials properties in both space and time through the 

controlled application of light. Generally speaking, the conversion rate of the thiol– 

alkene reaction is directly related to the electron density on the alkene, with electron-

rich alkenes being consumed much more quickly than electron-poor alkenes. 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 multifunctional alkenes as alkene groups 

must be located at terminal positions. In addition, thiols based on mercaptopropionate 

esters and glycolate esters react more quickly than simple alkyl thiols. 
[22,39,41]

 Thiyl 

radicals can also add to triple bonds and a single alkyne unit can accommodate the 

addition of two thiol species in the single “two-step” conjugation reaction.
[42]

 Unlike 

radical polymerization, thiol-ene photocoupling reaction is insensitive to O2 inhibition 

and can tolerate other functional groups. Native cysteine and amine residues can 

complete with the desired thiols.  

The [4+2] cycloaddition between an electron-rich diene and an electron-

deficient dienophile, known as the Diels-Alder (DA) reaction,
[24]

 is highly selective 

and proceeds at high yield without any catalyst.
[43]

 Electron-withdrawing substituents 

on the alkene and the electron-donating groups on the diene are important for 
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increasing reaction rates. The reaction can be greatly accelerated in water due to 

increased hydrophobic effects. Retro-DA reaction occurs at an elevated temperature, 

producing the original diene and dienophile.
[44,45]

  

The CuAAC reaction generally proceeds with quantitative yield and complete 

specificity in the presence of a wide variety of other functional groups.
[17,26]

  The 

reaction rate is dependent on the concentration of Cu
I
 and can be accelerated by 

heat,
[46]

 tailored ligands,
[47]

 and microwave irradiation.
[48]

 In the presence of 20–500 

µM Cu
I
, the second-order rate constants were found in the range of 10-200 M

-1
s

-1
.
[49]

 

Various ligands have been designed to stabilize Cu
I
 and to increase its catalytic 

efficiency.
[50–52]

 Work from the Ting group shows that
[53]

 copper-chelating azides 

undergo much faster reactions than non-chelating azides under a variety of 

biocompatible conditions. This kinetic enhancement increased CuAAC detection of 

alkyne-modified proteins allowed for site-specific protein labeling to be performed on 

the surface of living cells with only 10–40 μM Cu
I
/Cu

II
.
[53,54]

 The toxicity concerns of 

CuAAC arise from Cu
I
-promoted generation of reactive oxygen species

[55]
 and the 

electrophilic properties of oxidized ascorbate (when used as reducing agent).
[56]

  

Bertozzi and coworkers developed a Cu-free variant of CuAAC chemistry by 

promoting ring strain using cyclooctynes.
[27,57]

 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 fusion
[28,58]

 

Nitrones, nitrile oxides, diazoalkanes and syndones have been used as alternative 1,3-

dipoles. Limitations of SPAAC include modest kinetics, hydrophobicity of the 

cyclooctyne component and instability of fast reacting cyclooctynes under 

physiological conditions.
[47,58]
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The tetrazine ligation is an inverse electron demand D-A reaction that proceeds 

with unusually fast rates.
[59]

 This reaction involves the cycloaddition of s-tetrazine 

with trans-cyclooctene (TCO) derivatives, with N2 being the only by-product.
[60]

 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 than pre-existing methods 

for bioorthogonal ligation. Increasing the strain in TCO by cycloproyl fusion led to the 

discovery of the fastest bioorthogonal reaction reported to date (second-order rate 

constant up to 3.3 x 10
6 

M
–1

s
–1

 in
 
H2O at room temperature). Various TCO derivatives 

exhibit reactivity towards tetrazine spanning 8 orders of magnitude.
[31,61,62]

 Other 

complementary dienophiles (e.g. norbornene,
[63]

 cyclopropenes,
[18,64–69]

 

cyclooctynes
[62,70,71]

 and terminal alkenes
[72]

) have been utilized for tetrazine ligation, 

but at a significantly lower rates than TCO derivatives. Owing to its ability to create 

bonds rapidly in high yield and at low concentrations, tetrazine ligation has become an 

enabling tool for a host of biomedical applications,
[29–31,68,73,74]

 as well as biomaterials 

synthesis and fabrication.
[30,75–78]

  

Other reactions, such as Staudinger ligation
[79,80]

 and native chemical 

ligation,
[81]

 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 phosphine derivative containing a neighboring electrophilic group. In 

native chemical ligation, a peptide having a C-terminal thioester reacts with an N-

terminal cysteine residue in another peptide to undergo a transthioesterification 

reaction, resulting in the formation of the neighboring -amine group on cysteine. A 

subsequent nucleophilic attack of the electron-rich nitrogen in the ester carbonyl 
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results in an S-N shift, forming a native amide bond. Both reactions proceed at 

physiological pH under mild conditions without any additional additives.  

Reactions described above require two components. Century-old 

multicomponent reactions, such as the Biginelli reaction and the Ugi reaction,
[82,83]

 

have also been explored for biomaterials synthesis where three or more building 

blocks are rapidly and almost quantitatively combined.
[84]

  Although these reactions 

are useful in recombinatorial chemistry and polymer synthesis, the abundance of 

amines and carboxylic acids in the biological environment limits their utility in 3D cell 

cultures. Enzyme-catalyzed reactions require very specific substrates and proceed with 

high efficiency and minimal toxicity, thus it is orthogonal and specific.
[85]

 For 

example, transglutaminase (also known as Factor XIII), when activated by thrombin 

and Ca
2+

 to factor XIIIa during the blood coagulation cascade, is capable of catalyzing 

covalent crosslinks between the -amine group of lysine side chains and the -

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 step-wise fashion beyond the gel point gives rise to crosslinked 

networks with tissue-like properties. Compared to networks synthesized by convention 

reactions, bioorthogonally 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 consequently 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 cell-instructive synthetic ECM to interrogate complex processes of 

tissue formation and regeneration.
[86]

  

Covalent hydrogel networks are not necessarily static.
[87]

 Overtime, the 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 degradation.
[88–90]

 Certain reactions are 

reversible; thus hydrogels prepared with these reactions can be dynamic or erodible.
[91]

 

If responsive signals or motifs are incorporated, hydrogel properties can be altered in 

response to a specific signal input.
[86,92–96]

 Bioorthogonal reactions are uniquely 

suitable for time-dependent modulation of hydrogel properties.
[97]

 For example, 

hydrogels could become stiffened or softened overtime, or could present or erase a 

biological signal post-gelation 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 bio-inert nature, PEG is 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 and 8-armed PEG are used. To overcome these limitations, 

anionic copolymerization of ethylene oxide with glycidyl ether derivatives afforded 

PEG based copolymers with diverse backbone functionality.
[98–100]

 Alternatively, 

hyperbranched poly(glycerol) (hPG) was used in place of PEG.
[101]

 Hyaluronic acid 

(HA) is a linear polysaccharide with disaccharide repeats of D-glucuronic acid and N-
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acetyl-D-glucosamine. Unlike PEG, HA is abundantly expressed in the natural ECM, 

interacting with various proteins or proteoglycans to organize the ECM, to activate 

various signaling pathways, to maintain tissue homeostasis and to facilitate tumor 

metastasis.
[102,103]

 Biomimetic synthetic extracellular matrices have been produced 

using HA derivatives carrying orthogonal functional groups in combination with 

synthetic polymers or peptides.
[104,105]

 Finally, a new class of de novo saccharide-

peptide copolymers has been used in the synthesis of hybrid hydrogels.
[106–111]

  

1.2.2.1 Hydrogels synthesized by oxime/hydrazone chemistry. 

We have synthesized HA-based hydrogels
[112]

 employing hydrazone ligation 

using hydrazide-modified HA (HA-ADH) and an HA derivative carrying aldehyde 

groups (HA-ALD). The orthogonal nature of the hydrazone chemistry, combined with 

the rapid gelation kinetics, permits in situ cell encapsulation and subsequent 3D 

culture for the creation of physiologically relevant prostate cancer models.
[113–115]

 The 

hydrazone ligation permits facile incorporation of therapeutic molecules for local 

release purposes.
[112]

 Structural proteins can also be integrated in the network without 

compromising their assembly properties and bioactivities.
[116]

 The same hydrazone 

chemistry, when restricted in the inverse emulsion droplets resulted in nanoporous HA 

microgels.
[117]

 The resultant microgels contain reactive handles that can be used for 

bioconjugation
[118]

 or crosslinking purposes.
[117,119]

  Simple mixing of these functional 

microgels with an aqeuous solution of HA-ADH, HA-ALD or PEG-dialdehyde results 

in a hierachically structured, elastic hydrogel within 5 minutes. This 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, inter-particle and intra-particle 
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crosslinking.
[120]

 When appropriately functionalized with collagen like polypeptide
[121]

 

or gelatin,
[122]

 the HA doubly crosslinked networks(DXNs) facilitate integrin mediated 

attachment of MSCs and matrix mediated osteogenic differentiation. Separately, 

Patenaude and Hoare applied the same chemistry to the preparation of injectable 

HA/poly(N-isopropylacrylamide) hydrogels.
[123]

  

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 recreates the 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 bonds.
[124]

 Hydrazone-based 

hydrogel networks are reported to be dynamically adaptable and self-healing. 

McKinnon et al.
[125]

 described PEG hydrogels formed through the ligation of an 

aliphatic hydrazine-terminated multiarm PEG macromer with aldehyde-terminated 

multi-arm PEG macromer. Rapid gelation occurred under physiological conditions via 

the formation of bis-aliphatic hydrazone bond without the need for analine catalysis 

and not surprisingly, the hydrolysis rate is pH-dependent. 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, when incorporated with RGD, also through hydrazone 

bonds, allow for the development of physiologically relevant morphologies for mouse 

myoblasts, whereas static, non-adaptable gels prevent cytoskeletal rearrangement and 

extension. Taken together, these studies show that hydrazone linked hydrogels offer 

unique advantages in terms of dynamic tunability and should serve as a valuable 

complement to existing hydrogel technologies.
[126]
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1.2.2.2 Hydrogels synthesized by Michael addition or thiol-ene chemistry. 

Michael-type additions are versatile reactions for the formation of hydrogel 

networks. Frequently, acrylate, maleimide or acrylamide-based double bonds are used. 

Cross-reaction with native proteins is not an issue since most cysteine thiols in 

proteins exist in the oxidized S-S form and lysine amines react with these alkenes at a 

much lower rate. Using thiolated HA (HA-SH), prepared using a dihydrazide reagent 

containing an internal disulfide bond
[127–129]

 synthetic ECM have been developed 

using PEG diacrylate (PEGDA) as the Michael donor.
[104,130]

 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 stiffness.
[131,132]

 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 prepared.
[133]

 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 

engagement.
[134]

 This type of 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.
[104]

  

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 3D.
[135]

 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 density.
[136]

 These observations reconfirm the early observations from the 

Hubbell group on vinyl sulfone-terminated multiarm PEG macromers and a cysteine-

terminated MMP substrate as the crosslinkers that both RGD and MMP signals for 3D 

attachment and migration 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 hydrolytic stability of 

HA gels, acrylate groups were introduced to HA via an amide linkage (HA-AM). 

Thus, HA gels are formed within 30 minutes of mixing of HA-SH and HA-AM and 

slow gel stiffening occurs overnight, reaching a plateau modulus of 234±30 Pa.  

The reaction permits direct encapsulation of prostate cancer cells as well as 

HA microgels containing sequestered growth factors.
[137]

 Prostate cancer cells 

entrapped in HA matrices formed distinct multicellular aggregates which grew and 

merged to form spherical aggregates, expressing E-cadherin, and showing cortical 

organization of F-actin. Compared to 2D-cultured cells, the engineered tumoroids 

increased the expression of pro-angiogenic factors and multidrug resistant proteins. 

The engineered models were utilized to assess the treatment efficacy of nanoparticle-

based drug delivery systems.
[115,137,138]

  

Guan and coworkers synthesized copolymers containing peptide-saccharide 

along the backbone.
[111]

 Chemically crosslinked hydrogels were prepared via Michael 

addition by mixing hybrid polymers with cysteine or vinyl sulfone groups. 

Intriguingly, variation of a single 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 chondrocytes.
[106]

 The synthetic saccharide/peptide hydrogels have also 

proven useful for islet transplantation.
[108]

  

Micrometer-sized hydrogel particles containing living cells were fabricated 

with an exquisite control through the use of droplet-based microfluidics and PEG and 

hyperbranched polyglycerol (hPG). Gelation was achieved via the nucleophilic 

Michael addition of dithiolated PEG macro-cross-linkers to acrylated hPG building 

blocks. Microgel properties were varied through the use of PEG linkers with different 

molecular weights along with different concentrations of macromonomers. Fibroblasts 

and lymphoblasts were successfully encapsulated in the microgel with high 

viability.
[139]

  

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 temporally.
[140]

 Proteins and cells have been entrapped in these gels 

for the controlled release of protein therapeutics and 3D culture purposes. For 

example, the bioactivity of lysozyme was maintained above 90% following the 

exposure to thiol-ene photopolymerization conditions.
[141]

 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 radically crosslinked gel, 

lysozyme exhibit a compromised activity (50%) and chondrocytes adopt a 

hypertrophic phenotype, thus pointing to the advantages of step growth mechanism for 

hydrogen preparation.
[142]

  

Cell-adhesive, MMP-degradable PEG hydrogels were prepared using thiol-ene 

photopolymerization. MSCs entrapped in the resultant matrices undergo classical 

trilineage differentiation in the presence of differentiation media. Pancreatic ductal 
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epithelial cells (transformed cell line) formed ductal cyst-like structures in 3D and 

cellular aggregation was dependent on the immobilized laminin-derived peptide 

signals as well as MMP-mediated matrix degradation.
[143,144]

 Similarly, norbornene-

functionalized HA (HA-Norb) was combined with di-thiols to create non-toxic 

hydrogels with a wide range of mechanical properties. By limiting the initial extent of 

crosslinking, HA-Norb 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 a di-thiol 

crosslinker changed mechanical properties, whereas reaction with mono-thiol peptides 

had no influence on the gel elastic modulus. This orthogonal chemistry was used 

sequentially to pattern multiple peptides into a single hydrogel, demonstrating the 

robustness of this system for the formation of complex hydrogels.
[145]

  

Application of thiol-ene chemistry in a confined space or at an interface has 

resulted in the production of microgels or multilayered hydrogels. For example, taking 

advantages of the ability of eosin-Y to generate radicals upon visible light exposure 

and its high diffusivity, hydrogels with multilayer structures were prepared by step 

growth thiol-ene photochemical reactions. The initial light exposure resulted in the 

formation of the core hydrogels, through which the residual eosin-Y diffuses outwards 

to initiate further crosslinking. The thickness of the thiol-ene gel coating could be 

easily controlled by adjusting visible light exposure time, eosin-Y concentration 

initially loaded in the core gel, or macromer concentration in the coating solution.
[146]

  

1.2.2.3 Hydrogels synthesized by cycloaddition reactions 

Diels–Alder click reaction was applied to the synthesis of HA hydrogels by 

reacting furan-modified HA with bis-maleimide-PEG. Biomolecules were 
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photopatterned into the hydrogel by two-photon laser processing, resulting in spatially 

defined growth factor gradients. The Young’s modulus was controlled by either 

changing the hydrogel concentration or the furan substitution on the HA backbone, 

thereby decoupling the hydrogel concentration from mechanical properties. Porosity 

was prepared by cryogelation, and the addition of galactose further influenced the 

porosity, pore size, and Young’s modulus of the cryogels. These HA-based hydrogels 

offer a tunable platform with a diversity of properties for directing cell function, with 

applications in tissue engineering and regenerative medicine.
[147]

  

CuAAC has been applied to hydrogel synthesis as early as 2006.
[148]

 The goal 

was to make a more perfect hydrogel network with robust 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(2-propynyloxymethyl)-methane (TMOP), diazide end-

functionalized triblock copolymers of poly(-caprolactone) with PEG (N3-PCL-PEG-

PCL-N3) afforded amphiphilic co-networks whose properties can be tuned by varying 

the hydrophilic/hydrophobic ratio. Both hydrophilic and hydrophobic drugs can be 

encapsulated in the resultant networks and the drug release is attributable to the well-

defined molecular structure and tunable hydrophobic/hydrophilic composition of the 

hydrogels.
[149]

   

The toxicity issues associated with Cu motivated researchers to explore the 

utility of other orthogonal reactions for hydrogel synthesis. For example, the inverse-

electron-demand D-A reaction between norbornene and tetrazine has been utilized for 

gelation purposes. Mixing of multifunctional PEG-tetrazine macromer with a 

dinorbornene peptide resulted in hydrogel formation within minutes. MSCs were 
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encapsulated in such gels with high post-encapsulation viability. The specificity of the 

tetrazine norbornene reaction allows for sequential modification of the network via 

thiol-ene photochemistry.
[76]

  pH-Cleavable cell-laden microgels were fabricated in 

microfluidic channels by SPAAC employing PEG dicyclooctyne and dendritic 

poly(glycerol) displaying azide groups through an acid-labile 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 manipulated during the encapsulation and then be isolated and harvested 

by decomposition of the microgel scaffolds.
[150]

  

1.2.2.4 Hydrogels synthesized by other orthogonal reactions 

Other orthogonal reactions are less explored for hydrogel synthesis due to the 

complication in synthesis and/or slow kinetics. Staudinger ligation has been explored 

for the covalent stablization of ionically crosslinked alginate hydrogels using azide 

functionalized alginate and 1-methyl-2-diphenylphosphinoterephthalate-terminated, 

telechelic PEG.
[151]

 Native chemical ligation has been explored to create covalently 

crosslinked hydrogels using macromonomers of four-armed PEG with either thioester 

or N-terminal cysteine peptides
[152]

 A similar strategy has been applied to prepare anti-

inflammatory hydrogels supporting islet cell survival in the presence of diffusible pro-

inflammatory cytokines
[153,154]

  

Enzyme-catalyzed reactions, although highly specific and naturally 

biocompatible, are underexplored for the synthesis of bioactive hydrogels. Ehrbar et 

al. used activated coagulation transglutaminase factor XIIIa (FXIIIa) for gelation and 

site-specific coupling of cell adhesion ligands and engineered growth factor proteins to 
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PEG-based proteolytically degradable hydrogels. Primary stromal cells can invade and 

proteolytically remodel these networks both in an in vitro and in vivo setting. These 

hybrid networks can potentially serve as alternatives for fibrin as provisional drug 

delivery platforms in tissue engineering.
[155]

 Using a photocaged FXIIIa substrate, 

Mosiewicz et al. created PEG-based hydrogels with masked peptide. Subsequent laser-

scanning lithography afforded highly localized biomolecule tethering. This approach 

for the 3D manipulation of cells within gels should open up avenues for the study and 

manipulation of cell signaling.
[156]

  

Mosiewicz et al.
[157]

 employed phosphopantetheinyl transferase (PPTase) to 

catalyze covalent cross-linking of PEG-based hydrogels. Gels were formed within 

minutes under physiological conditions by mixing two aqueous precursors containing 

multiarm PEG macromers end-functionalized with the PPTase substrate Coenzyme A 

(CoA) and a genetically engineered dimer of a carrier protein. Bioactive hydrogels 

were produced by covalent incorporation of a CoA-functionalized cell adhesion 

peptide (RGDS), resulting in specific adhesion of primary fibroblasts on the hydrogel 

surfaces. 3D encapsulation of cells resulted in high cell viability (ca. 95%) and single 

cell migration over long distances within RGDS-modified gels. In general, enzyme-

catalyzed gelation reactions usually result in heterogeneous hydrogels with low 

mechanical strength due to the low conversion imposed by the inability of enzymes to 

diffuse readily during the gelation process.
[158]

  

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 independent reactions are used to sculpt the 

hydrogels. Burdick and coworkers devised a step-wise 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 achieved by radical chain polymerization. Time dependent gel 

stiffening was found to selectively differentiate MSCs,
[159]

 which is directed by the 

generation of degradation-mediated 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 traction, and caused a switch from osteogenesis to adipogenesis in the 

absence of changes to the extended cellular morphology.
[160]

  

Photoinitiated thiol-ene chemistry is frequently combined with other 

orthogonal reactions for light-directed spatial patterning purposes in the presence or 

absence of cells. For example, thiol-ene photochemistry was combined with aniline-

catalyzed oxime ligation or CuAAC for 3D patterning of peptides in PEG gels post 

gelation.
[161]

 Using copper-free click chemistry, DeForest et al. directly encapsulated 

cells in PEG-based hydrogels. Subsequently, thiol–ene photocoupling chemistry is 

introduced that enables patterning of biological functionalities within the gel in real 

time and with micrometer-scale resolution. This material system enables us to tailor 

independently the biophysical and biochemical properties of the cell culture 

microenvironments in situ.
[97]

  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 composition, 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 constructs 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. Light-triggerable reactions and diffusion controlled 

ligation mechanism are particularly attractive for spatial patterning purposes.  

Although orthogonal reactions have become an enabling technology for the 

synthesis of hybrid biomaterials, it is important to note that a “good chemistry” does 

not necessarily lead to a “good material”. Polymers and networks synthesized by 

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 polydispersity. 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 heterogeneous, ill-defined 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 crosslinking chemistry. Phase separation and network 

defects
[162]

 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 network defects. An attractive approach is the combination 

or orthogonal chemistry with orthogonal supramolecular assembly.
[163]

  

Overall, orthogonal reactions have provided researchers with the 

unprecedented ability to link two entities in high yield without interference from other 

functional groups. These reactions have 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 improved 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 

Hyaluronan(HA) was first purified from the vitreous humor of bovine eyes by 

Karl Meyer in 1934.
[164]

 He named the molecule ‘‘hyaluronic acid’’ because of the 

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 polysaccharide composed of repeating β -1,4-linked 

D-glucuronic acid (GlcA) and β-1,3-linked N-acetyl-D-glucosamine (GlcNAc) 

disaccharide units (Figure 1.2a).
[165]

 The various names of HA reflect the properties of 

the molecule under various conditions. When first isolated, HA behaved like a mild 

acid; therefore, Meyer named it ‘‘hyaluronic acid’’
1
.
[164]

 Under physiological 

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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‘‘hyaluronate’’ in reference to its salt form or ‘‘hyaluronan,’’ a term used to 

encompass all forms of the molecule.
[166]

 

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 0.01– 0.1 μg g
-1

 in blood serum to 1400–3600 μg g
-1

 

in synovial fluid; HA content in soft connective tissues ranges from 8.5–18 μg g
-1

 in 

the thoracic lymph to 140–338 μg g
-1

 in the vitreous body.
[167]

 HA is also present on 

some cell surfaces as a pericellular sugary coat, a feature thought to be involved in cell 

differentiation and morphogenesis. In the cumulus cell–oocyte complex, the HA 

concentration can be as high as 0.5–1.0 mg ml
-1

.
[168,169]

 Classically considered an 

extracellular molecule, the presence of HA in the cytoplasm and the nucleus was 

suggested as early as the 1970s
[170,171]

 and was convincingly confirmed in the 

1990s.
[172–175]

 Although intracellular HA has been suggested to play important roles in 

inflammation, its intracellular functions remain largely unknown.
[176]
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1.2 (A) Chemical structure of HA and schematic illustration of (B) HA Figure 

biosynthesis and (C) biodegradation. (A) HA is a linear polysaccharide 

with disaccharide repeats of D-glucuronic acid and N-acetyl-D-

glucosamine. (B) HA is synthesized by transmembrane proteins HAS1, 2 

and 3 and is extruded into the extracellular space as the polymerization 

proceeds. Reproduced with permission, Copyright 2008, The Japanese 

Biochemical Society.
[177]

  

HA is not branched, nor does it contain any sulfate groups.
[178]

 Despite its 

simple chemical 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, 

inflammation and 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 integrity of extracellular and pericellular matrices. As a signaling molecule, 

HA interacts with a variety of cell surface receptors and HA-binding proteins to 

activate intracellular events to mediate cell functions.
[179]

 

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

of HA in normal and pathophysiological processes are finally emerging. The 
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fascinating characteristics of HA have motivated two distinct groups of scientists to 

investigate HA-related phenomena and applications. While biologists continue to 

unravel the complex biological functions of HA and its receptors in various cell 

signaling processes, biomedical engineers are creating a range of HA-based hydrogel 

materials with increasing complexity and diverse functions for tissue regeneration 

purposes.
[180,104,181]

 This paper highlights the essential biological functions of HA, with 

the goal of motivating the biomaterials community to investigate HA as both a 

synthetic building block and a biological signaling motif. This is not an all-inclusive 

review, and readers are referred to in-depth reviews in an edited book for further 

reading.
[179]

 

1.3.2 Biosynthesis and Degradation 

Unlike other glycosaminoglycan (GAG) molecules that are synthesized in the 

Golgi apparatus, HA is synthesized at the plasma membrane by a group of highly 

specialized membrane proteins, HA synthases (HASs).
[182]

 There are three well-

conserved HAS isozymes present in mammalian species: HAS1, HAS2 and HAS3
[183]

 

each possessing two distinct binding domains for UDP-sugars (Figure 1.2B). 

Polymerization of HA occurs at the inner face of the plasma membrane, where HAS 

alternatively adds UDP-GlcA and UDP-GlcNAc monomers to the reducing end of the 

growing polymer. As the polymerization is occurring, the non-reducing end of the 

sugar chain is translocated into the extracellular space through a pore in the HAS 

structure.
[184]

 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 ~55–70%, they differ in terms of their ability to 

synthesize HA. HAS1 has a significantly higher Michaelis constant (Km) value, the 
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substrate concentration where the reaction rate is half of its maximum, for both UDP-

GlcA and UDP-GlcNAc compared with HAS2 and HAS3, suggesting that HAS1 has a 

slower rate of HA synthesis compared with the other synthases.
[185,186]

 As discussed 

below, HA of different sizes exhibits distinctly different, sometimes conflicting 

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 large-sized HA (up to 2000 kDa), HA 

produced by HAS3 is of a lower molecular mass (100–1000 kDa).
[185,187]

 McDonald 

and coworkers were the first to recognize the isoform specificity for HA production in 

embryogenesis; they discovered that HAS2 (but not HAS1 or HAS3) knock-out mice 

died at day 9.5 from incomplete atrioventricular septum formation.
[188]

 

The expression levels of HAS isozymes differ during morphogenesis and in 

disease states.
[189]

 Thus, the differential distribution of HA in tissues varies at 

individual developmental stages and in pathological conditions, and is controlled by 

the spatio-temporally regulated transcription of the three different synthases. HA is 

abundant in fetal tissues, but is partially replaced by collagen fibers and proteoglycans 

during development, so that the mature tissues can fulfill more stringent mechanical 

tasks.
[190]

 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. 

Overall, HA is indispensable for vocal fold development and maturation,
[191]

 and its 

presence in vocal fold is evolutionarily beneficial for the tissue to cope with constant 

trauma.
[192]

 As discussed below, HA is enriched in tumors and tumor- associated 
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stromal tissues, possibly as a result of increased expression or activity of HAS 

isozymes. 

The diverse functions of HA originate from its primary and secondary 

structures.
[193,194]

 Connected by glycosidic links, individual saccharide units in HA are 

relatively rigid, adopting a 
4
C1 chair with the bulky substituents located in sterically 

favorable equatorial positions. X-ray diffraction
[195]

 and nuclear magnetic 

resonance
[196]

 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 internal hydrogen bonds. The presence of multiple dynamically 

formed and broken hydrogen bonds between adjacent saccharides is thought to 

contribute to the semi-flexibility of the polymer chain in solution.
[196–198]

 Using 

tapping mode AFM, Cowman and coworkers observed extended, relaxed and 

condensed conformations of HA (Figure 1.3) that had been deposited on mica surfaces 

under various conditions.
[199]

 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 protein–HA complexes, tissue 

HA may become fibrous. 
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1.3 Tapping mode AFM images of HA deposited on freshly cleaved mica. Figure 

HA with (A, B) moderate or (C, D) high molecular weight, (A–C) 

produced in bacteria or (D) extracted from rooster comb, was deposited 

from 10 μg ml
-1

s olution in H2O (A, B), 5 μg ml
-1 

solution in 10 mM 

MgCl2 or 500 μg ml
-1 

solution in 0.15 M NaCl (D). Scale bar: 250 nm, Z 

range: 2.5–6 nm. Reproduced with permission,
[199]

 Copyright 2005, 

Elsevier. 

At physiological pH, HA is a highly charged molecule containing associated 

counter ions, such as Na
+
, K

+
, Ca

2+
 and Mg

2+
. Solutions of high molecular mass HA 

are highly viscous because of polymer chain entanglement.
[200]

 Such 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. Again, take the vocal fold as an 

example, HA is a major modulator of the tissue viscosity, providing shock-absorbing 

properties to the tissue.
[201,202]

 Moreover, the shear-thinning properties of HA create 

optimum conditions for phonation by decreasing the tissue stiffness while 

vibrating.
[203]

 The entangled HA network in the extracellular 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 to fill the 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 migrate.
[204,205]

 

HA synthesis and degradation is tightly regulated during embryonic 

development and homeostatic processes. The half-life of HA varies from less than a 

day in rapidly turning over skin and serum to typically 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 (HAase) family. Hyal1 and Hyal2 are the two 

most common and ubiquitously important HAases. Both enzymes are found in almost 

all somatic tissues.
[206]

 Hyal1 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.
[207,208]

 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 vesicles.
[209]

 Hyal2 is often found in a glycosylphosphatidylinositol 

(GPI)-anchored form, tethered to the extracellular side of the plasma membrane.
[210,211]

 



 

 31 

Hyal3 and PH-20 are more specialized HAase. Hyal3 has been poorly studied, but has 

been shown to be an intracellular HAase expressed in specific tissues.
[212]

 PH-20 is 

classically known as the sperm HAase involved in fertilization, and is rare in other 

human tissues. Like Hyal1, PH-20 has two forms: a larger, GPI-linked isoform that is 

anchored to the plasma membrane, and a smaller, soluble isoform caused by removal 

of 56 amino acids at the C-terminus.
[213]

 

The HAases have differential activities in the HA fragment sizes they generate 

and the pH at which they show optimal activity. Hyal1 is only active at very low pH 

values from 3.5 to 3.8. The enzyme cleaves large or small molecular weight HA into 

tetramers.
[214]

 Hyal2 shows optimal activity at pH 6.0–7.0, but is active over a large 

pH range. This enzyme cleaves high molecular weight HA into intermediate size 

fragments of ~20 kDa.
[215]

 PH-20 is active over a relatively wide pH range between 

3.0 and 9.0. PH-20 degrades high molecular weight HA into small fragments, although 

some intermediate size fragments also are present.
[214]

 

Hyal1 and Hyal2 work in concert to degrade HA in somatic cells. GPI-

anchored Hyal2 binds HA extracellularly, probably in concert with HA receptors, then 

internalizes HA and performs preliminary cleavages on the full length HA polymer in 

acidic endocytic vesicles.
[216]

 From there, Hyal1 can further process HA oligomers in 

these vesicles with the help of β-exoglycosidases, which can cleave sugar groups off 

each terminus.
[209]

 Gene knock-out studies have supported this theory, demonstrating 

that the action of Hyal1 can be largely compensated for by β-exoglycosidases,
[217]

 

whereas Hyal2-deficient mice are either embryonic lethal or have severe defects.
[218]

 

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

oxygen species generated by many types of cells under stressed conditions,
[219]

 and 
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HA degradation by superoxide and peroxynitrite in various injury models has been 

studied.
[220–225]

 Interestingly, HA and its degraded fragments have extraordinarily 

wide-ranging and often 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 polysaccharide.
[226]

 High molecular weight 

HA species with >1000–5000 saccharide repeats are space-filling, anti-angiogenic and 

immunosuppressive; they impede differentiation, possibly by suppressing cell–cell 

interactions, or ligand access to cell surface receptors. HA chains up to 20 MDa are 

involved in ovulation, embryogenesis, wound repair and tissue regeneration.
[226]

 

Studies have shown that, in response to HA of 40–400 kDa, the NF-κB-mediated gene 

expression is activated by HA binding with HA receptor for endocytosis.
[227]

 

Malignant cells produce HA polysaccharides in order to co-opt normal 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 species.
[228]

 Contrarily, HA fragments of lower molecular weight are 

inflammatory (1000 repeats), immuno-stimulatory and pro-angiogenic (8–32 

saccharide repeats), and they competitively bind HA receptors on cell surfaces. Under 

certain conditions, low-molecular-weight HA species (20–200 kDa) function as 

endogenous ‘‘danger signals’’, while even smaller fragments can ameliorate these 

effects.
[229]

 

1.3.3 HA-protein interactions 

While HA alone has distinct biophysical and biomechanical properties, the 

biological functions 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 regulation.
[230,231]

 

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 can be any other non-acidic amino acids.
[232]

 Additionally, a second 

HA binding motif, known as the link module, consists of a span of ~100 amino acids, 

which binds HA when oriented in the correct tertiary structure.
[233]

 A third possible 

binding motif is an arginine-arginine (R-R) sequence that has been shown 

biochemically to bind HA, but has not been thoroughly studied in full-length 

proteins.
[234]

 

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, versican, lymphatic vessel 

endothelial receptor 1 (LYVE-1) and tumor necrosis factor-α stimulated gene 6 (TSG-

6). The family of proteins that use the B(X7)B motif includes the receptor for 

hyaluronan mediated motility (RHAMM), cdc37, P-32 and sialo protein associated 

with cones and rods (SPACR). Given that HABP generally interact with a minimum 

of 6–10 sugar repeats of HA,
[226]

 a single chain of high molecular weight HA can 

theoretically accommodate in the order of 1000 protein molecules.
[235]

 In general, 

cellular signaling responses induced by HA/HABP interactions are strongly dependent 

on the HA molecular weight and the cell phenotype.
[236]

 

CD44 is a multi-domain, 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 alternatively 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 alternatively spliced exons, although not 

all these combinations are expressed. Over 20 unique forms of CD44v have been 

identified to date.
[237]

 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. CD44v can contain additional modifications, because many of the 

variant exons contain sites for additional oligosaccharide and GAG additions.
[238]

 

These variant exons therefore affect the affinity of CD44 for HA binding, based on the 

concept that the N-linked glycosylation pattern dictates the activation state of CD44. 

Specifically, a high degree of N-linked glycosylation activates CD44 to bind HA, 

while a low degree inactivates CD44 so that it binds HA poorly or not at all.
[238]

 The 

activation patterns of CD44 are also affected by the type of cell, phosphorylation state 

of the cytoplasmic tail and clustering in the membrane.
[239]

 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 

inflammation. 

Another HABP, RHAMM, also known as CD168, was originally discovered as 

a soluble protein that altered migratory cell behavior.
[240]

 In contrast to CD44 and 

other cell-surface 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 membrane 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 may involve transport channels or proteins, 

flippase activity or exocytosis.
[241]

 Intracellularly, RHAMM associates with 

microtubules and, working with breast cancer-2 susceptibility protein (BRCA2) and 

BRCA1-associated RING domain protein 1 (BARD1), plays a role in the regulation of 

mitosis.
[242]

 Extracellularly, RHAMM associates with CD44 and, upon binding to HA, 

activates intracellular signaling pathways.
[243]

 Variants of RHAMM caused by 

alternative splicing have been observed, but not thoroughly studied. Preliminary 

reports have suggested that alternatively spliced forms of RHAMM may be 

upregulated in some tumor types, promoting tumor progression.
[244]

  

Expressed on the endothelial cells of the lymphatic sinus and in reticular cells 

in the lymph nodes, LYVE-1 binds HA via the link module to mediate the transport of 

HA from tissue ECM to lymph for cell uptake and degradation.
[245]

 Based on the 

amino acid sequence, LYVE-1 is predicted to be a type I transmembrane glycoprotein, 

with a single copy of CD44-like link module located at the N-terminus of the 

extracellular domain that binds both soluble and immobilized HA.
[246,247]

 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 LYVE-1 is highly regulated, HA homeostasis in LYVE-deficient mice is 

not perturbed.
[248]

 Further investigations are necessary to identify the role of LYVE-1 

in normal lymphatic development and function, as well as its involvement in 

lymphatic HA metabolism or HA-mediated cell migration. 
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1.4 HA organizes the cartilage ECM via non-covalent binding with aggrecan. Figure 

Reproduced with permission,
[249]

 Copyright 1996, Orthopaedic Research 

Society. Electron micrograph of an aggrecan/HA aggregate (from fetal 

bovine cartilage) shadowed with platinum. Each aggregate consists of 

~100 aggrecan monomers bound to HA. With a molecular weight >10
8
, 

such a complex occupies a volume equivalent to that of a bacterium. 

HA can be organized into supramolecular assemblies via its association with 

multiple binding proteins.
[235,250]

 In the ECM of connective tissues, HA binds certain 

proteoglycans, such as aggrecan (Figure 1.4), versican and brevican, to form large 

complexes that provide the structural integrity and mechanical functions to the 

tissues.
[251–253]

 The protein product of TSG-6, secreted in response to inflammatory 

stimuli, also binds HA via a single link module. Binding of TSG-6 with HA results in 

the formation of fibrils or ‘‘cables’’ (Figure 1.5A) that are pro-adhesive to 

lymphocytic cell lines. Adhesion of leukocytes to the HA complexes prevents the 

direct contact of inflammation-promoting receptors to the underlying tissues, thereby 

maintaining leukocytes in a non-activated state. In response to ER stress or when 

exposed to high concentrations of glucose, a variety of cells produce HA cables.
[254]

 



 

 37 

TSG-6 catalyzes the covalent transfer of heavy chains (HC) from inter-alpha- trypsin 

inhibitor (IαI) and pre-α-inhibitor (PαI) to HA, and HC–HC crosslinks result in 

stabilized HA cables.
[255–257]

 Certain HA cables, for example, those synthesized by 

airway smooth muscle cells, can form without TSG-6 and are independent of HC 

attachment.
[258]

 With an overall length >200 μm, these cables are capable of 

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 proinflammatory chemokines through interactions with its chondroitin 

sulfate and dermatan sulfate chains.
[259]

 

The pericellular coat (Figure 1.5B-C), an HA-rich, 5–10 lm thick gel-like layer 

surrounding many types of cells, is also organized and 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, TSG-6, II, pentraxin (PTX) 

and thrombospondin 1 (TSP-1). The pericellular coat plays complex roles in cell 

adhesion/de-adhesion and cell shape changes associated with proliferation and 

locomotion, thereby contributing to the regulation of inflammation, morphogenesis, 

tissue regeneration and healing. The elastomeric pericellular matrix has also been 

implicated in cellular mechanotransduction.
[190,260]

 The HA coat, formed between the 

cumulus cells surrounding the oocyte during ovulation, is responsible for the integrity 

of the cumulus–oocyte complex, providing protection and facilitating the transport of 

the oocyte into the oviduct for fertilization. Sperm-associated HAases allow 

penetration of this matrix at fertilization.
[168,261]
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1.5 HA organized as (A) monocyte-adhesive cables or (B, C) pericellular Figure 

coat. (A) Monocyte-adhesive 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, 50 lm. Arrowheads point to areas without any 

leukocytes. (B, C) HA coat around a MCF-7 cell, as revealed by confocal 

imaging a probe made of aggrecan G1 domain and link protein tagged 

with Alexa Fluor 594
®
(red). Green staining represents green fluorescent 

protein tagged HAS3 (GFP-HAS3). The HA coat was visualized by 

particle exclusion using red blood cells (green). Scale bar, 10 μm. (A) 

Reproduced with permission,
[254]

 Copyright 2003, Elsevier. (B, C): 

Reproduced with permission,
[260]

 Copyright 2008, Elsevier. 

1.3.4 HA in morphogenesis and wound healing 

Mounting evidence points to the involvement of HA in morphogenesis. HA-

rich matrix can either facilitate cell migration by creating hydrated and non-adhesive 

milieu or inhibit cell migration via the increased binding of proteoglycans to 

pericellular HA.
[262]

 HA exerts a profound effect on the ‘‘stemness’’ of hematopoietic 

stem cells (HSC), human embryonic stem cells and mesenchymal stem cells (MSCs). 

All three types of stem cells reside in specific HA-rich microenvironments 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 state.
[263]

 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 significantly down-regulated 

and, at the same time, HAS2 expression is markedly enhanced, resulting in a 13–24-

fold increase in HA production.
[264]

 MSCs are resident stem cells in adult tissues, and 

CD44 has long been used as a marker for MSCs.
[265]

 In response to platelet-derived 

growth factor stimulation, 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 tissue regeneration.
[266]

 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 with its 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 endothelial-to-mesenchymal 

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 HAS2.
[267]

 HA 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 the dorsal neural 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 oligodendrocyte progenitor cells into 

myelin-forming 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 stem cell niches and in 

injury microenvironments, where they may synthesize their own pericellular HA.
[231]

 

Delivery of NSCs in a HA-containing hydrogel into stroke cavity promotes NSC 

maturation and proliferation.
[268]

 Being a major component of the ECM of the 

developing limb bud, HA is involved in various aspects of limb morphogenesis. 

Importantly, down-regulation of HA is necessary for the cell positioning, cell–cell 

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 elements.
[269–

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 

process.
[272]

 Interactions between HA and its signaling receptors initiate inflammatory 

responses, maintain 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 injury,
[273]

 whereas CD44 is critical for abrogation of inflammation.
[274]

 

Moreover, Toll-like receptors cooperate with HA receptors, particularly with CD44, to 

activate the innate immune system.
[275–279]

 The ability of HA to facilitate tissue repair 

and wound healing depends on its molecular weight and tissue location, as well as the 

specific cell population with which HA interacts. The HA-rich 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 wound matrix by providing an open hydrated matrix 

and through direct interaction with cells via HABP.
[231]

 Fibroblasts recruited to the 

wound bed produce proinflammatory cytokines that, in turn, stimulate endothelial 

cells to produce HA, further promoting the adhesion of cytokine-activated 

lymphocytes through the HA-binding variant of CD44.
[280]

 HA also facilitates the cell 

detachment from the matrix and cell mitosis, thereby fostering cell proliferation.
[281]

 

Through its interaction with HABP and aggregating proteoglycan, 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 networks.
[282]

 Finally, the physiological role of HA and its oligosaccharide are 

central to angiogenesis, an important step in wound healing.
[272]

 As mentioned above 

and consistent with this idea, high molecular weight HA has been shown to inhibit 

angiogenesis, while the low molecular weight counterparts promote angiogenesis and 

enhance the production of collagens by endothelial cells.
[283]

 It is noteworthy that 

intact, high molecular weight HA, not the fragmented HA, promotes the induction of 

regulatory T-cells.
[284]

 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 against free radical damage to cells.
[285]

 The TSG-6/IαI 

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 re-epithelialization 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 keratinocytes.
[286]

 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 HA-rich environment can affect cell–cell and cell–

matrix interactions, ultimately contributing to scarless wound healing, as can occur in 

the HA-rich young organism
2
.
[272]

 In adult tissues, studies show that blocking 

signaling of HA fragments using a RHAMM-mimetic peptide results in skin wound 

healing with reduced fibrosis.
[287]

 

1.3.5 HA in 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 of carcinomas.
[190]

 Enrichment of HA in tumors can 

be attributed to increased production by tumor cells themselves or by tumor-associated 

stromal cells through tumor–stroma crosstalk.
[288]

 For example, normally absent in 

healthy epithelial tissues, HA is upregulated when the epithelial cells undergo 

malignant transformation.
[262]

 The involvement of HA in the growth and spreading of 

cancers of epithelial origin is complex and multifaceted. During tumorigenesis, 

epithelial cells can undergo epithelial-to-mesenchymal transition and detach 

themselves from the epithelial compartment for invasion, accompanied by enhanced 

HA synthesis. HA, in turn, supports 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 effects of T-lymphocytes. HA cables, in contrast, bind tissue 

macrophages and modulate their activity to favor tumor growth.
[262]

 

The upregulation of HAS expression results in the accumulation of HA in 

tumor tissues and, consequently, the creation of a prometastatic microenvironment.
[177]

 

Using a clone of breast cancer cell line MDA-MB-231 that forms bone metastases in 

an in vivo-like basement membrane model, researchers discovered that the increased 

expression of HAS2 in metastatic cells resulted in a 7-fold higher HA-synthesizing 

capacity compared with MDA-MB-231 cells.
[289]

 Further, knockdown of HAS2 

completely suppressed the invasive capability of these cells by the induction of tissue 

metalloproteinase inhibitor 1 (TIMP-1) and dephosphorylation of focal adhesion 

kinase (FAK). HAS2 knockdown-mediated inhibition of basement membrane 

remodeling was rescued by HAS2 overexpression, transfection with TIMP-1 siRNA or 

addition of TIMP-1-blocking antibodies. Moreover, knockdown of HAS2 suppressed 

the EGF-mediated induction of the FAK/PI3K/Akt signaling pathway. 
[289]

 HAS2 has 

also been shown to be critical for the interaction of cancer stem cells (CSCs) with 

tumor-associated macrophages (TAM), leading to enhanced secretion of platelet-

derived growth factor-BB from TAM. This secretion could then activate stromal cells 

and enhance CSC self-renewal. Loss of HAS2 in CSCs or inhibition of HAS activity 

drastically reduced the incidence and growth of metastatic lesions in vitro or in vivo, 

respectively.
[290]

 

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.
[291]

 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 



 

 44 

the cancer cells and overcome tumor suppression by excess amounts of HA. By 

degrading the HA-rich 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 establishment of a metastatic lesion by helping with extravasation and 

clearing the ECM of the secondary site.
[292]

 Finally, HAases produce HA fragments to 

stimulate endothelial cell proliferation and budding of new capillaries that promote 

angiogenesis to allow tumor expansion.
[293]

 Interestingly, hypoxia also increases 

production of HA and activity of HAases.
[294]

 

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 experiments suggested that Hyal1 expression prevented tumor 

growth from the results of cells cultured in vitro.
[295]

 Furthermore, when directly 

injected, Hyal-1 was found to inhibit tumor formation in vivo.
[296]

 Subsequently, it 

was discovered that context matters in the case of the role of Hyal1 in cancer 

progression. Hyal1 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, Hyal1 functions predominantly in an intracellular 

fashion, explaining why direct injection of this enzyme may produce conflicting 

results. Clinically, there is considerable interest in using Hyal1 levels in blood or urine 

to predict a patient’s prognosis. Studies among bladder cancer patients show that 

Hyal1 levels correlated positively with poor prognosis, muscle invasion and 

recurrence.
[297,298]

 In prostate cancer (PCa) patients, high Hyal1 levels correlate with 

progression 84% of the time.
[299]

 Hyal1 is also the predominant HAase responsible for 



 

 45 

lung cancers.
[300]

 Laboratory studies have shown similar results. PCa cells that over-

express Hyal1 form significantly more metastases than do controls that express lower 

levels of the enzyme.
[301]

 

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 Hyal1, 

pointing to its importance in that type of cancer.
[302]

 Additionally, a cell-based study 

found that highly invasive breast cancer cell lines express more Hyal2 than poorly 

invasive lines.
[303]

 When Hyal2 was over-expressed 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 that the microenvironment matters for the role of Hyal2 in 

cancer progression.
[304]

 

The role of Hyal3 in cancer progression is poorly studied, and the few studies 

that have investigated this HAase report contradictory results. A study of breast cancer 

cell lines demonstrated that poorly invasive lines express more Hyal3 than do highly 

invasive lines.
[303]

 In contrast, a study of endometrial cancer found that Hyal3 was 

expressed at levels 1000 times higher than Hyal1 and 33 times higher than Hyal2 

suggesting that Hyal3 is the main HAase necessary for endometrial cancer 

progression.
[302]

 The finding that PH-20 is normally expressed only in 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 PH-20 expression increased in late stage tumors, or 

those likely to metastasize.
[305,306]

 A similar correlation was shown for breast 
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cancer.
[307,308]

 African-American women with breast cancer were shown to have a 

higher expression of PH-20 compared with Caucasian women, an interesting 

observation considering that African-Americans have a higher likelihood of breast 

cancer metastasis.
[309]

 Collectively, the existing data demonstrate that PH-20 plays a 

strong role in cancer metastasis, at least for some cancers. 

HA also interacts with 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 variety of different tumors.
[310]

 In addition to a wealth of 

clinical data, 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 enzymes. 

When a cell remains epithelial in nature by expressing E-cadherin, CD44/HA 

binding is low, preventing the activation of metastatic signaling pathways.
[311]

 When a 

cell becomes cancerous, E-cadherin is down-regulated, leading to higher CD44/HA 

binding. After binding with HA, CD44 signals for the activation of a number of ECM 

degrading proteins, which allow cancer cells to detach from the primary tumor mass 

and migrate. CD44 increases matrix metalloproteinase-9 (MMP-9) localization to the 

plasma membrane and optimizes Hyal-2 activity by adjusting extracellular pH through 

activation of a Na
+
/H

+
 exchanger.

[312,313]
 CD44 itself can be cleaved by MMP, again 

helping cancer cells release themselves from the tumor mass.
[314,315]

 An intracellular 

cleavage product of CD44 produced by c-secretase can participate in signal 

transduction, leading to increased migration.
[316]
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CD44 activates a number of Rho GTPase that remodel the actin cytoskeleton 

to allow for migration to occur. Binding of CD44 to HA controls activation of RhoA, 

Rac1 and Cdc42 GTPases, and subsequently the downstream targets of these 

GTPases.
[317–319]

 Along with remodeling the actin cytoskeleton, CD44 also activates 

FAK, which allows for focal adhesion formation and turnover, another key step in the 

process of cell motility.
[320]

 Another molecule that promotes invasion that CD44 

activates is Snail2, through the NFκB pathway.
[321]

 Other downstream targets of CD44 

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 components.
[322–324]

 Additionally, 

CD44 is indispensable during the processes of intravasation and extravasation, 

because it regulates binding of the cancer cell to endothelial cells.
[325]

 

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 others.
[326,327]

 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 

the α4β1 and α5β1 integrins.
[328,329]

 RHAMM also activates a number of downstream 

kinases including Erk 1/2 through the mitogen-activated protein kinase (MAPK) 

pathway, pp60 (c-src), and the downstream targets of Rho kinase (ROK).
[330–332]
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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 endothelial 

cells towards the tumor.
[333]

 

The understanding 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 

Therapeutics
[334]

 uses recombinant human HAase (PH-20) 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 

carriers
[335]

 for the treatment of cancer has been successfully demonstrated in clinical 

trials.
[336]

 

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 regeneration.
[181,337]

 In this special 

issue, Segura and colleagues have summarized strategies for preparing HA-based 

hydrogel scaffolds with desired cell-instructive features for tissue engineering and 

regenerative medicine applications. Many HA-derived medical products have been 

developed and tested, and readers are referred to recent reviews
[104,338]

 for in-depth 

analyses. This paper highlights the present authors’ own experiences in the application 

of HA-based hydrogels for the repair and regeneration of healthy functional tissues, 

such as vocal folds,
[117,339–341]

 cartilage
[342,343]

 and salivary glands,
[344,345]

 as well as the 

creation of pathological tissue models, such as tumor spheroids.
[113,346,347]

 

Using chemically modified HA derivatives as modular building blocks, the 

present authors have engineered HA hydrogel particles (HGPs) and complex networks 
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with defined biological functions and robust mechanical properties.
[181]

 For example, 

nanoporous, micron-sized HA HGPs were synthesized using different inverse 

emulsion systems and crosslinking reactions. The resultant particles either contained 

residual functional groups or were rendered reactive by subsequent chemical 

modifications. HA-based doubly crosslinked networks (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 connected secondary matrix.
[340]

 

Their mechanical properties and degradation kinetics can be readily tuned by varying 

the particle size, functional group density and intra- and inter-particle crosslinking. 

Using a custom-designed torsional wave apparatus,
[348]

 the present authors 

demonstrated that the viscoelastic properties of HA DXNs can be matched to those of 

the vocal fold tissue samples
[349]

 at frequencies close to human phonation. Thus, these 

materials are attractive injectables for the elimination of vocal fold scarring.
[117,340]

 

Separately, HA hydrogels containing self-assembled collagen fibrils provide 

instructive matrices for the three-dimensional (3-D) 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 viscoelasticity through cell-mediated 

remodeling processes.
[341]

 

HA-based complex networks have also been evaluated for the repair of 

cartilage and the regeneration of the cartilage–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 I (PlnDI), a basement membrane proteoglycan that 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 PlnDI maintains its ability to bind bone morphogenetic proteins 

(BMP-2) and modulates its release.
[118]

 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, cell-adhesive HA DXNs were fabricated by encapsulating 

gelatin or collagen-like peptide-decorated HA HGPs in a secondary HA matrix.
[121]

 

Human MSCs were shown to adhere to the composite matrix through the focal 

adhesion sites clustered on particle surfaces. The cell-adhesive 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 culture.
[122]

 

Cartilage is routinely exposed to regular compression during locomotion. 

Integrating mechano-responsive elements in HA hydrogels is a novel strategy to 

harvest the compressive forces in the tissue to direct cellular behavior effectively. To 

achieve this goal, self-assembled block copolymer micelles (BCMs) containing a 

hydrophobic, rubbery core and a hydrophilic shell with chemically addressable groups 

were used as the dynamic building blocks and microscopic crosslinkers.
[350,93]

 

Covalent integration of dexamethasone (DEX)-loaded BCMs in HA gels significantly 

reduced the initial burst release and provided sustained DEX release over a prolonged 

period. Importantly, DEX release from BCM-HA gels was accelerated by 

intermittently applied external compression in a strain-dependent manner. Culturing 
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macrophages in the presence of DEX-releasing BCM-HA gels significantly reduced 

cellular production of inflammatory cytokines, possibly through the synergistic actions 

of HA and the released DEX.
[351]

 Incorporating mechano-responsive modules in 

synthetic matrices offers a novel strategy to harvest mechanical stress present in the 

healing wounds to initiate 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 treatment of 

xerostomia, or dry mouth. Parotid cells encapsulated in 3-D HA hydrogels self-

assembled into acini-like structures and expressed functional neurotransmitter 

receptors.
[345]

 Structures in 3-D hydrogels merged to form organized 50 lm spheroids 

that could be maintained in culture for over 100 days and merged to form structures 

over 500 lm in size. Treatment of acini-like structures with the badrenergic agonists 

increased granule production and α-amylase staining in treated structures, 

demonstrating regain of protein secretion. Upon treatment with the M3 muscarinic 

agonist acetylcholine, acini-like structures activated the fluid production pathway by 

increasing intracellular calcium levels. Encapsulated cells in 3-D retained their 

spheroid structure and structural integrity, along with the salivary biomarkers, and 

maintained viability for over 3 weeks in vivo. Thus, the HA hydrogels are capable of 

maintaining for long periods in vitro functional 3-D salivary spheroid structures that 

retain both fluid and protein secreting functions and are suitable for tissue 

restoration.
[345]

 

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

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 system
[113]

 

that recaptures the essential feature of PCa and its associated stroma. Cell-laden 

hydrogels were prepared by mixing HA derivatives carrying complementary reactive 

groups. The resultant viscoelastic hydrogels are biodegradable and can interact with 

PCa cells through its receptors, activating specific signaling pathways.
[346]

 PCa cells 

entrapped in HA matrices formed distinct multicellular aggregates, which grew and 

merged, reminiscent of real tumors, whereas cells cultured on a two-dimensional (2-D) 

monolayer adopted an atypical spread-out 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, dose and time responses. Responses of cells to 

anti-neoplastics differed between the 3-D HA hydrogel and 2-D monolayer 

systems.
[113]

 The engineered tumor models also have the potential to provide 

predictable results for the in vivo assessment of nanomedicine. Specifically, 

doxorubicin (Dox)-loaded nanoparticles (NPs) with an 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 caveolae-mediated endocytosis and 

macropinocytosis pathways, and finally release the drug intracellularly. A drug 

efficacy study revealed that LNCaP PCa cells cultured in the 3-D hydrogel were more 

resistant to Dox in both soluble and NP-based form than were cells on 2-D culture. In 

addition, the NP-based Dox formulation may bypass the drug efflux function of 

MRP1, thereby partially reversing drug resistance in 3-D cultures.
[138]

 

To simulate the tumor–stroma cross-talk, a bilayer construct was developed 

and characterized. The top hydrogel layer contains HP-decorated, HA-based HGPs 
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presenting HP-binding epidermal growth factor-like growth factor (HB-EGF) 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 reflect features reminiscent of native carcinoma, and exhibit 

promising angiogenic potential through the upregulation of pro-angiogenic factors, at 

both gene and protein levels. These structured 3-D units provide a novel means to 

study cancer and stroma invasiveness, cell–cell interactions and drug responses.
[347]

 

To study the individual functions of HA interacting proteins in PCa motility 

through connective tissues, the present authors have developed an invasion assay
[346]

 

based on the 3-D HA hydrogel, which provides a flexible, quantifiable and 

physiologically relevant alternative to current methods. Metastatic PCa cells in these 

hydrogels develop fingerlike structures, ‘‘invadopodia’’, consistent with their invasive 

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 invasive PCa 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 to depend on 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 behavior in 3-D 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 context of 

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 

pericellularly 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, such as c-Src, Ras and MAPKs,
[236]

 

thereby regulating cell growth and survival, cytoskeletal rearrangement 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 confirms the involvement 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, drug delivery 

vehicles or drug depot systems, and tissue filler or surgical devices.
[180,352–354]

 HA-

based materials may impart biological activity to cells, as evidenced by changes in 

cellular behavior, owing to the cells’ ability to interact with biomaterials based on HA 

compared with synthetic polymers, such as PEG. For example, the ability of HA to 

maintain stem cells in an undifferentiated state
[355]

 and the involvement of HA-

interacting proteins in tumor metastasis in HA gels
[346]

 have been investigated. In drug 

delivery, the ability of HA to bind cell surface receptors has been explored for drug 

targeting purposes.
[335]

 Notably, excessive chemical modification of HA alters its 
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biological functions. Real-time imaging of quantum dot (QD)-tagged HA derivatives 

revealed that HA-QD conjugates with 35 mol.% HA modification maintained the 

ability to bind HA receptors and accumulated mainly in the liver, while those with 68 

mol.% HA modification lost many HA characteristics and were evenly distributed 

throughout the body.
[356]

 

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 long-term safety of HA-based biomaterials. For example, the intra-articular 

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 

non-intervention control in adults with knee OA, Reichenbach and co-workers 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 quality was generally low, and safety data were often not 

reported.
[357]

 Concerns also exist for using HA-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 chemotherapy.
[358]

 In a 

landmark paper, Khaldoyanidi’s team
[359]

 provided experimental evidence that HA 

treatment does not stimulate but delays the growth 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 and disease states, advanced engineering 

strategies and surgical interventions will lead to the potential utility of HA-based 

materials in translational applications. 
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1.4 Dissertation Summary 

In this dissertation, we report on the design of a novel interfacial, diffusion-

controlled crosslinking platform which can be utilized to fabricate covalently 

crosslinked hydrogel spheres and channels with 3D spatial patterns for in vitro tissue 

engineering models. In Chapter 1, several topics relevant to this work including 

modular and orthogonal reactions and their application in tissue engineering
[360]

 and 

the biology and utility of Hyaluronic Acid in tissue engineering was introduced.
[361]

 In 

Chapter 2, the interfacial, diffusion-controlled crosslinking platform fueled by the 

rapid bioorthogonal tetrazine trans-cyclooctene (TCO) ligation was first displayed. 

Proof of concept methods for the formation of hydrogel spheres and hydrogel channels 

were provided. Using this platform, 3D spatial patterning of a TCO conjugated 

fluorophore was achieved without external triggers or templates. Prostate cancer cells 

maintain high viability, proliferate readily, and form large tissue-like aggregates when 

encapsulated in the hydrogel spheres. In Chapter 3, 3D spatial patterning of hydrogel 

spheres was further explored. Incorporation of MMP-degradable and cell adhesive 

peptides in the 3D microenvironment compared to a blank hydrogel was reflected in 

the response of 3D encapsulated hMSCs. The utility of using a mono functional 

capper molecule to alter the modulus of desired regions was characterized by a custom 

micromaterials tester. Further, core-shell patterns within the microspheres of varying 

degradability, adhesiveness, and stiffness were described and the response of 

encapsulated hMSCs in each region in terms of morphology, alignment and viability 

was assessed. In Chapter 4, the liquid-filled hydrogel channels were further explored. 

3D spatial patterning within the channel wall was shown by perfusion of TCO 

conjugated molecules into the lumen of the channel with subsequent diffusion through 

the channel wall. 3D spatial patterning of different cell populations was shown 
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through time-dependent altering of the cell laden HA-Tz reservoir. Vascular 

endothelial cells, smooth muscle cells, and adventitial fibroblasts maintained high 

viability and were able to be patterned in to the hydrogel channels in anatomically 

relevant order. In Chapter 5, this dissertation work is concluded by summarizing key 

discoveries and potential impact this has had on the field. Also, future directions are 

provided for further investigations using the described systems. 
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INTERFACIAL BIOORTHOGONAL CROSSLINKING 

2.1 Introduction 

The construction of complex, cell-instructive hydrogel networks represents the 

first step towards in vitro engineering of functional tissues.
[1-2]

 For the advancement of 

tissue engineering, it is essential that synthetic matrices mimic the properties of the 

natural extracellular matrix (ECM) by controllably introducing biochemical cues in a 

spatially-defined manner without adversely effecting living cells. Although various 

modes of reactivity have been explored for the synthesis of covalently crosslinked 

hydrogels, efficient network formation at well-defined interfaces with close to 100% 

overall cell viability has not yet been reported. 

Advances in synthesis have provided a diverse set of bioorthogonal reactions 

that proceed efficiently without interference from biological functionality. The Cu-

catalyzed cycloaddition of azides with alkynes, first described in 2002,
[3-4]

  has 

become a ubiquitous tool for polymer synthesis and materials development.
[5]

 In 2004, 

Bertozzi and coworkers
[6]

 reported that strain-driven [3+2] cycloadditions between 

cyclooctyne and azide derivatives are effective for bioorthogonal ligation without the 

necessary addition of a Cu-catalyst.
[7-9]

 Cu-free procedures have represented an 

advance to the field of hydrogel formation by ameliorating cytotoxicity concerns due 

to copper and the need to remove catalysts from biomaterial products.
[10-11]

  

In 2008, the Fox group described a bioorthogonal and extremely rapid reaction 

between s-tetrazine (Tz) and trans-cyclooctene (TCO) derivatives.
[12]

 With more 
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recently developed TCO derivatives,
[13]

 rate constants of k2 > 10
5
 M

–1
s

–1
 have been 

measured under aqueous conditions.
[14-15]

 Contemporaneous with the initial study of 

TCO, several groups described reactions of tetrazines with derivatives of 

norbornene
[16]

 or the Reppe anhydride,
[17]

 with a measured rate constant of k2 1.9 M
–

1
s

–1
 at 20 °C in PBS for norbornene conjugation. Recently, cyclopropenes,

[18-19]
 

cyclooctynes
[15,20-21]

 and terminal alkenes
[22]

 have also been used as dienophiles for 

tetrazine ligation. While each of these dienophiles offers complementary advantages, 

TCO derivatives display the fastest rate constants. Accordingly, tetrazine-TCO 

ligation has been used for a host of applications in nuclear medicine and cellular 

imaging.
[23-27]

 

In recent years, tetrazine-norbornene chemistry, alone or in combination with a 

separate, independent click reaction, has been applied to polymer synthesis and 

hydrogel fabrication.
[28-30]

 Separately, TCO- or Tz-modified polymers have functioned 

as scavenging/clearing agents for radiochemical labeling, and TCO has been used for 

the conjugating nanoparticles and quantum dots to antibody-pretargeted cells.
[23,31]

 

However, tetrazine-TCO ligation has not been used as a method for the crosslinking or 

polymerization of biomaterials. I projected that the unique kinetic properties of TCO 

could enable the first interfacial processes based on a bioorthogonal reaction. 

Interfacial reactions are extensively utilized in polymer science, with the interfacial 

polymerization of nylon serving as the archetypical example.
[32]

 Interfacial 

crosslinking processes have also been used for cell encapsulation purposes, most 

typically employing the anionic polysaccharide alginic acid.
[33]

 While alginate 

capsules meet many of the requirements for the immunoisolation of cells, they can 

lack in vivo stability and strength, due to weakening of the hydrogel core by exchange 
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of calcium.
[34]

 In addition, the calcium crosslinking is not amenable for further 

modulation of gel mechanics and the spatial distribution of biochemical signals. 

Herein, I demonstrate the first example of bioorthogonal interfacial 

crosslinking—the use of bioorthogonal chemistry to create hydrogel materials through 

rapid crosslinking at the gel-liquid interface. The gel/liquid interface is formed upon 

contact of a solution of a tetrazine-modified hyaluronic acid (HA-Tz) with an 

octadecaethylene glycol (OEG) crosslinker flanked by trans-cyclooctenes (bis-TCO). 

Because the tetrazine-TCO ligation is extremely fast, crosslinking occurs at a rate 

which is diffusion controlled, resulting in the advancement of a distinct gel/liquid 

interface as the crosslinking reaction proceeds (Figure 2.1). Interfacial bioorthogonal 

crosslinking enables the construction of spherical particles and tubular structures via a 

simple syringe injection process, and I demonstrate the utility of the tetrazine-TCO 

ligation for in situ encapsulation and subsequent 3D culture of prostate cancer LNCaP 

cells in HA hydrogel microspheres which maintain almost full cell viability. With 

spatially resolved functionalization in 3D and without having to resort to multiple 

independent reactions or specialized equipment such as two-photon or photomasks, 

the bioorthogonal interfacial crosslinking of hydrogels offers a new approach to the 

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 flame-dried under vacuum 

and cooled under nitrogen. (1R,8S,9R,4E)-bicyclo[6.1.0]non-4-en-9-ylmethyl(4-

nitrophenyl) carbonate was prepared following a known procedure.
[13]

 O,O’-Bis(2-
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aminoethyl)octadecaethylene glycol (≥ 95% oligomer purity) and O-(2-Aminoethyl)-

O-[2-(Boc-amino)ethyl] decaethylene glycol (≥ 90% oligomer purity) were purchased 

from Sigma Aldrich. Hyaluronic acid (sodium salt) was a generous gift from Genzyme 

Corporation. Dialysis membranes were purchased from Spectrum Labs (MWCO: 10 

kDa). Flash Chromatography was performed using normal phase Silicycle silica gel 

(40-63D, 60Å). Deactivated silica gel was prepared by treating silica gel with 

EtSiCl3.
[48]

 An APT pulse sequence was used for 
13

C NMR spectra, where methylene 

and quaternary carbons appear ‘up’ (u), and methine and methyl carbons appear 

‘down’ (d). The abbreviation ‘app’ stands for ‘apparent.’ Other reagents were 

purchased from commercial sources without additional purification. 

2.2.2 Synthesis of Hydrogel Precursors 

2.2.2.1 sTCO-OH 

 

The continuous flow apparatus described previously
[49]

 was used for the 

photoisomerization, Biotage SNAP cartridges (Biotage part no. FSK0-1107-0050) was 

filled with a bed of unmodified silica gel that was topped with 14.5 g of silica gel 

which was impregnated with AgNO3(1.45 g, 8.55 mmol). (1R,8S,9R,4Z)-Bicyclo 

[6.1.0]non-4-ene-9-ylmethanol(1.00 g, 6.58 mmol) and methyl benzoate (1.80g, 13.2 

mmol) were placed in a quartz flask and dissolved in 500 mL of 1:1 Et2O:hexanes. 

Dodecane (1.12g, 6.58 mmol) was also added to the flask to allow for GC monitoring. 
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The solution was equilibrated 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 conditions (100 mL/min) for 4 hours, at which point GC analysis 

indicated that the reaction was complete. The SNAP cartridges were flushed with 400 

mL of 1:1 Et2O/hexanes and then dried with compressed air. To the dried silica gel 

was sequentially added NH4OH (200 mL) and methylene chloride (200 mL) and the 

resulting mixture was filtered. The filtrate was transferred to a separatory funnel and 

partitioned. The aqueous layer was extracted twice with methylene chloride. The 

organic layers were combined, washed twice with water then dried with magnesium 

sulfate and filtered. The solvent was removed with a rotary evaporator, column 

chromatography (20% ethyl acetate/hexanes) afforded 820 mg of 7 (82%)  (rel-

1R,8S,9R,4E)-Bicyclo [6.1.0]non-4-ene-9-ylmethanol as a colorless oil. 
1
H and 

13
C 

NMR data agreed with the previously reported data.
[13] 

Synthesis of sTCO-OH was 

done by my collaborator, Han Zhang. 

2.2.2.2 sTCO-carbonate(2) 

 

A dry round-bottled flask was charged with (rel-1R,8S,9R,4E)-Bicyclo 

[6.1.0]non-4-ene-9-ylmethanol (820 mg, 5.39 mmol).  Anhydrous dichloromethane 

(100 mL) and pyridine (1.09 mL, 13.5 mmol) were added to the flask.  A solution of 

4-nitrophenylchloroformate (1.30 g, 6.47 mmol) in anhydrous dichloromethane (14 

mL) was added to the flask via syringe and the solution was stirred for 1 h at room 
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temperature.  Saturated NH4Cl aqueous solution was added to the mixture and the 

layers were separated, and the aqueous layer was extracted twice with 

dichloromethane.  The organic layers were combined, dried with MgSO4, filtered, 

solvent was removed using a rotary evaporator.  Purification by column 

chromatography (5% ethyl actetate/hexanes) yielded afforded 1.18 g (3.72 mmol, 

69%) of (rel-1R,8S,9R,4E)-Bicyclo[6.1.0]non-4-ene-9-ylmethyl (4-nitrophenyl) 

carbonate as a white solid. 
1
H and 

13
C NMR data agreed with the previously reported 

data.
[13]

 Synthesis of sTCO-carbonate was done by my collaborator, Han Zhang. 

2.2.2.3 sTCO-PEG18-sTCO 

 

A dry round-bottled flask was sequentially charged via syringe with a solution 

of O,O’-Bis(2-aminoethyl)octadecaethylene glycol (64 mg, 0.071 mmol) in anhydrous 

dichloromethane (2 mL) and N,N-diisopropylethylamine (49.9 µL, 0.29 mmol), 

followed by a solution of (1R,8S,9R,4E)-bicyclo[6.1.0]non-4-en-9-ylmethyl(4-

nitrophenyl) carbonate
1
 (50 mg, 0.16 mmol) in anhydrous dichloromethane (3 mL). 

The mixture was stirred overnight at room temperature. The solvent was removed with 

a rotary evaporator.  Purification by column chromatography using 0-5% methanol in 

dichloromethane yielded 80 mg (0.064 mmol, 90%) of bis-TCO as a water-soluble 

clear oil. 
1
H NMR (CDCl3, 400 MHz, ): 5.77-5.90 (m, 2H), 5.17-5.31 (m, 2H), 5.04-

5.16 (m, 2H), 3.86-3.97 (m, 4H), 3.48-3.68 (m, 72H), 3.50-3.56 (m, 4H), 3.30-3.38 

(m, 4H), 2.29-2.38 (m, 2H), 2.12-2.29 (m, 6H), 1.82-1.97 (m, 4H), 0.75-0.88 (m, 2H), 
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0.47-0.60 (m, 4H), 0.32-0.46 (m, 4H). 
13

C NMR (CDCl3, 100 MHz, ): 157.0 (u, 2C), 

138.5 (d, 2C), 131.4 (d, 2C), 70.7-70.5 (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+H]: calcd. for C62H113N2O23
+
, 1253.7729; 

found 1253.7745. Initial synthesis of PEG-bisTCO was conducted by my collaborator, 

Han Zhang. 

2.2.2.4 sTCO-PEG11-Boc(6) 

 

A dry round-bottled flask was charged with an anhydrous dichloromethane (2 

mL) solution of O-(2-aminoethyl)-O-[2-(Boc-amino)ethyl] decaethylene glycol (75 

mg, 0.12 mmol) and N,N-diisopropylethylamine (30 mg, 0.233 mmol). A solution of 

(1R,8S,9R,4E)-bicyclo[6.1.0]non-4-en-9-ylmethyl(4-nitrophenyl) carbonate
1
 (44 mg, 

0.14 mmol) in anhydrous dichloromethane (2 mL) was added to the flask via a 

syringe. The mixture was then stirred overnight at room temperature. Solvent was 

removed with rotary evaporator. Purification by column chromatography using 0-5% 

methanol in dichloromethane yielded 84 mg (0.10 mmol, 88%) of 6 as a water-soluble 

clear oil. 
1
H NMR (MeOD, 600 MHz, ): 5.78-5.94 (m, 1H), 5.04-5.20 (m, 1H), 3.87-

3.97 (m, 2H), 3.58-3.66 (m, 42H), 3.47-3.53 (m, 4H), 3.25-3.28 (m, 2H), 3.20-3.23 

(m, 2H), 2.32-2.36 (m, 1H), 2.15-2.27 (m, 3H), 1.86-1.96 (m, 2H), 1.44 (s, 9H), 0.85-

0.93 (m, 1H), 0.54-0.65 (m, 2H), 0.40-0.47 (m, 2H). 
13

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), 71.8-71.4 (u, 20C), 71.3-71.1 

(u, 2C), 70.5 (u, 1C), 41.8 (u, 1C), 41.5 (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 C40H74N2O15Na
+
, 845.4981; found 845.4982. Initial synthesis was 

conducted by my collaborator, Han Zhang. 

2.2.2.5 sTCO-Alexa Fluor® 647(5) 

 

(1R,8S,9R,4E)-Bicyclo[6.1.0]non-4-en-9-ylmethyl(4-nitrophenyl) carbonate 

(1) (1.3 mg, 4.2 μmol) was added to a vial that contained Alexa Fluor
®
 647 hydrazide, 

tris(triethylammonium) salt (1.0 mg, 0.83 μmol). A DMF solution (200 μL, 

anhydrous) containing N,N-diisopropylethylamine (215 μg, 1.67 μmol) and 4-

dimethylaminopyridine (DMAP, 50 μg, 0.41 μmol) was added to the vial. The mixture 

was stirred overnight at ambient temperature and was purified with reverse phase 

HPLC, generating 0.49 mg (47 μmol, 56%) of 5 as a blue solid.  LC-MS (Figure 

S2.18) and HPLC (Figure S2.19) analyses indicated that the purity of a compound 

with a mass of 1047 Da. was >98%. Synthesis of Alexa-TCO was done by my 

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

 

A dry round-bottomed flask was charged with 4-(hydroxymethyl)benzonitrile 

(5.80 g, 43.6 mmol), benzonitrile (18.0 g, 175 mmol) and anhydrous hydrazine (21.4 

mL, 440 mmol). The flask 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 

H2O (150 mL), and dried over MgSO4. The solution was filtered and the filtrate was 

concentrated under reduced pressure. The residual solid was dissolved in acetic acid 

(84 mL), and an aqueous solution of NaNO2 (23.2 mL of a 9.40 M solution, 218 

mmol) was added at 0 °C via Pasteur pipette.  After stirring for 30 min at room 

temperature, the mixture was diluted with dichloromethane (300 mL). An aqueous 

solution of saturated NaHCO3 was added then carefully added to neutralize the acetic 

acid. The mixture was partitioned and the organic phase was washed three times with 

saturated NaHCO3 aqueous solution, and then dried over MgSO4, filtered, and 

concentrated onto silica gel using a rotary evaporator. Column chromatography using 

a gradient (0-70 %) of acetone in hexanes afforded 2.46 g (9.32 mmol, 22%) of 2 as a 

purple solid. 
1
H NMR (DMSO-d6, 400 MHz, ): 8.40-8.60 (m, 4H), 7.58-7.75 (m, 

5H), 5.46 (t, J=5.7 Hz 1H), 4.65 (d, J=5.6 Hz, 2H). 
13

C NMR (DMSO-d6, 100 MHz, 

): 163.4 (u, 1C), 163.3 (u, 1C), 147.7 (u, 1C), 132.6 (d, 1C), 132.0 (u, 1C), 130.2 (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 C15H13N4O
+
, 265.1084; found 265.1098. Synthesis of Tz-OH 

was done by my collaborator, Han Zhang. 

2.2.2.7 Diphenyl-Tetrazine-carbonate(3) 

 

A dry round-bottled flask was charged with (4-(6-phenyl-1,2,4,5-tetrazin-3- 

yl)phenyl)methanol 2 (157 mg, 0.595 mmol). Anhydrous dichloromethane (12 mL) 

and pyridine (0.12 mL, 1.5 mmol) were added to 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 was stirred for 2 h at room 

temperature. Saturated NH4Cl aqueous solution was added to the mixture and the 

layers were separated, and the aqueous layer was extracted twice with 

dichloromethane. The organic layers were combined, dried with MgSO4, filtered, and 

concentrated onto silica gel using a rotary evaporator. Column chromatography using 

a gradient (30-70%) of dichloromethane in hexanes afforded 0.211 g (0.492 mmol, 

83%) of 3 as a purple solid. 
1
H NMR (CDCl3, 400 MHz, ): 8.63-8.76 (m, 4H), 8.26-

8.34 (m, 2H), 7.60-7.75 (m, 5H), 7.38-7.46 (m, 2H), 5.43 (s, 2H). 
13

C NMR (CDCl3, 

100 MHz, ): 164.2 (u, 1C) 163.7 (u, 1C) 155.5 (u, 1C) 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 C22H16N5O5
+
, 430.1146; found 430.1154. Synthesis of Tz-carbonate 

was done by my collaborator, Han Zhang. 

2.2.2.8 Diphenyl-Tetrazine-PEG18-Amine(4) 

 

A dry round-bottled flask was charged with a solution of O,O’-bis(2-

aminoethyl)octadecaethylene glycol (141 mg, 0.157 mmol) in anhydrous 

dichloromethane (4 mL) and N,N-diisopropylethylamine (DIPEA, 36.5 µL, 0.209 

mmol). A solution of 4-nitrophenyl 4-(6-phenyl-1,2,4,5-tetrazin-3-yl)benzyl carbonate 

(45 mg, 0.11 mmol) in anhydrous dichloromethane (6 mL) was added to the flask via a 

syringe pump over 3 h. The mixture was then allowed to stir overnight at room 

temperature. The solvent was removed with a rotary evaporator and the residue was 

washed three times with hexanes. Column chromatography on deactivated silica gel
3
 

using a gradient 30-100% acetone in hexanes followed by 10% methanol in 

dichloromethane afforded 88 mg (0.074 mmol, 71%) of 4 as a water-soluble purple 

solid. 
1
H NMR (CDCl3, 400 MHz, ): 8.55-8.75 (m, 4H), 7.86-7.99 (br, 2H), 7.50-

7.70 (m, 5H), 5.50-5.61 (br, 1H), 5.21 (s, 2H), 3.91 (m, 2H), 3.59-3.73 (m, 74H), 3.41 

(m, 2H), 3.10-3.24 (m, 2H). 
13

C NMR (CDCl3, 100 MHz, ): 164.1(1C), 163.8(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), 70.7-70.0(35C), 69.9(1C), 69.7(1C), 66.8(1C), 66.0(1C), 

41.1(1C), 40.7(1C). HRMS (ESI) [M+H]: calcd. for C56H95N6O21
+
, 1187.6545; found 
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1187.6541. UV-vis (27.5
 
μM in H2O): λmax 300 nm. Synthesis of Tz-PEG-NH2 was 

done by my collaborator, Han Zhang. 

2.2.2.9 Diphenyl-Tetrazine Modified Hyaluronic Acid 

 

Hyaluronic acid (30.1 mg, 792 µmol) was dissolved in H2O (6.7 mL) at a 

concentration of 4.5 mg/mL. Tetrazine-OEG-amine (4) (447 mg, 0.376 mmol) 

dissolved in H2O (3.2 mL) was then added dropwise to the HA solution. To this 

mixture was slowly added a solution of 1-ethyl-3-[3-(dimethylamino)propyl]-

carbodiimide (EDC) (57.8 mg, 301 µmol) in DMSO/H2O (1:1, 302 µL), followed by a 

solution of 1-hydroxybenzotriazole (HOBt) (40.6 mg, 301 µmol) in DMSO/H2O (1:1, 

302 µL). The resulting mixture was stirred at 37 °C for 24 h.  The HA derivative was 

then precipitated in ice-cold ethanol (100 mL, 10 vol. excess). The precipitates were 

then collected by centrifugation at 4,000 rpm for 8 min. The pellet was then re-

dissolved in H2O at approximately 3 mg/mL and exhaustively dialyzed (Spectra 10 

kDa MWCO) against H2O. The purified product was lyophilized to afford 29 mg 

(0.063 mmol, 80%) HA-Tz as a pink fluffy solid. The product was stored at 4 °C prior 

to use. 

The percent tetrazine incorporation in HA-Tz was determined collectively by 

UV-vis and 
1
H NMR analyses. UV-vis quantification was based on the tetrazine 

absorption at max 300 nm employing Beer-Lambert law. Using an aqueous solution of 

compound 4 at a concentration of 27.5 μM as the standard (Figure S2.2a), the molar 
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extinction coefficient of the tetrazine moiety (εTz) was determined as 3.2 × 10
4
 L Mol

-1
 

cm
-1

. 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% (Figure S2.2b). By 
1
H NMR (Figure S2.3), 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 the N-acetyl-d-glucosamine 

residue of HA. Initial UV-Vis quantification was conducted by my collaborator, Han 

Zhang. 

2.2.3 Kinetic analysis of the reaction between TCO (4) and 3,6-diphenyl-s-

tetrazine (6) in H2O 

The reaction was run under pseudo-first order conditions and monitored by 

UV-Vis spectroscopy at 294 nm using an Applied Photophysics SX.18MV-R stopped-

flow dual mixing spectrometer. The reactants were separately dissolved in H2O and 

mixed in the stopped-flow device. The final concentrations of 4 and 6 were 2.50 × 10
-5

 

M and 2.50 × 10
-4

 M, respectively. A spectrum was acquired every 5 × 10
-4

 seconds 

for 4 × 10
-2

 seconds (95% conversion). The kobs was determined by fitting a linear 

curve to ln(A/A0), where A = absorbance and A0 = absorbance at t = 0, respectively.  

The kinetic runs were measured in triplicate, and kobs was 71.6 s
-1

(+/- 1.9).  The 

second order rate constant (k2) was calculated to be 71.6 s
-1

 / (2.5 × 10
-4

 M) = 2.86 × 

10
5
 M

-1
s

-1
 (+/- 1.3 × 10

4
). Stopped flow experiments were conducted by my 

collaborator, Han Zhang. 

2.2.4 Determination of molecular weight and solution viscosity. 

Viscosity average molecular weight (Mv) of HA and HA-Tz 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 HA-Tz solutions at concentrations of 0.2, 

0.1, 0.05, 0.025, and 0 wt% were determined in triplicate. Using the Mark-Houwink 

equation with parameters
 
of a=0.816 and K=0.0228 mL/g, Mv

4
 was calculated to be 

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

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

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

with 100 μm gap size at ambient temperature where the shear rate was stepped from 1 

to 100 s
-1

. 

2.2.5 Interfacial bioorthogonal crosslinking. 

HA-Tz and bis-TCO were separately dissolved in PBS at a concentration of 2 

wt% and 400 µM, respectively. To prepare HA microspheres, HA-Tz was dropped via 

a 25G syringe into a 500 µL solution of bis-TCO solution in a 48 well plate (BD 

Falcon™). The interfacial crosslinking was allowed to occur at 37 °C for 2 hours 

without any agitation. The bis-TCO solution was then replaced with fresh PBS. The 

gel particles were dehydrated in graded ethanol solutions and vacuum dried. The 

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 dry product.   

To prepare crosslinked hydrogel channels while simultaneously monitoring the 

channel formation via confocal microscopy, a glass cylinder (I.D. = 5 mm, h = 10 

mm), mounted onto an imaging chamber (Lab-Tek™), was filled with ~200 µL HA-

Tz (2 wt%). A syringe containing 2 mM bis-TCO and 2 µM Alexa-TCO was inserted 

to the bottom of the HA-Tz-filled cylinder. The syringe was pulled out of the cylinder 

while injecting ~ 30 µL of the solution, leaving behind a liquid channel. The channel 
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was monitored and 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-G2, TA Instruments, 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 measurement.  Samples 

were tested at 25°C with a gap size of 175 µm. The 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 

strain of 1%.  A frequency sweep experiment within the linear viscoelastic range was 

performed after the time sweep measurement at 1% strain from 0.1 to 10 Hz. All 

measurements were performed in triplicate. 

2.2.7 Selective interfacial tagging. 

Selective interfacial tagging was achieved by timed exposure of the 

crosslinking HA-Tz droplet, originally dissolved in PBS at 2 wt%, to aqueous baths of 

bis-TCO (400 µM) alone or bis-TCO (399 µM and 1 µM Alexa-TCO) in an 

alternating fashion. The total exposure time was maintained at 2 hours to ensure 

complete gelation. For example, alternating exposure of the HA-Tz droplet to the dye-

free and dye-containing baths for 15 min each for 3 cycles, followed by a 30-min 

exposure to the dye-containing bath resulted in a crosslinked microsphere with 7 

distinct layers. To tag the microspheres with Alexa-TCO in a gradient fashion, HA-Tz 



 

 95 

was dropped into a bis-TCO bath (1 mL, 400 µM) and Alexa-TCO was added to the 

bath using a syringe pump gradually over the course of 2 hours, reaching a final 

concentration of 0.47 µM.  Upon completion of the 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 RPMI-1640 medium supplemented with 5% 

(v/v) fetal bovine serum (FBS), 100U/mL penicillin G sodium and 100 µg/mL 

streptomycin sulfate in 0.085% (v/v) saline (P/S), as previously described.
[41]

 The 

dialyzed HA-Tz solution was sterile-filtered using a Steriflip® filter tube (EMD 

Millipore, Billerica, MA) before lyophilization and the dry product was dissolved in 

the medium at a concentration of 2 wt%. Bis-TCO (400 µM) was sterilized using a 

0.22 µm poly(vinylidene fluoride) (PVDF) sterile syringe filter (Thermo Fisher 

Scientific, Waltham, MA). Cell-laden HA microspheres were prepared by dropping 

LNCaP cells suspended in HA-Tz solution (1 × 10
6
/mL) into a bis-TCO bath, allowing 

the interfacial crosslinking to occur for 2 hours at 37 °C. The bath was then replaced 

with fresh media and cells were incubated at 37 ºC for up to 14 days, with media 

refreshed every other day. Cell viability was assessed by Live/Dead staining using 

Syto 13 and propidium iodide (PI). Selected samples were also stained for F-actin 

using Alexa Fluor 488 phalloidin, with the nuclei counter stained by Draq 5, following 

previous protocols.
[41]

 Stained samples were imaged using a Zeiss 510 NLO confocal 

microscope. Percent viability was analyzed by taking z-stacks of 105 μm with 15 μm 

slices at days 1 and 5 and cell counting of the maximum intensity projections was 

conducted using Image J. To quantify cell proliferation, cell-laden gel constructs were 
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treated with hyaluronidase (14.8 KU/mL, PBS) at 37 °C for 2 hours and the mixture 

was centrifuged at 1,500 rpm for 3 min. The collected pellets were trypsinized (0.25% 

Trypsin-EDTA) at 37 °C for 5 min and the suspension was homogenous mixed. Ten 

microliters of the cell suspension was removed and mixed with 20 µL of 0.4% Trypan 

Blue (Sigma, St. Louis, MO). The live cells were counted using a hemocytometer with 

a light microscope (Nikon Eclipse TS100). Analyses were performed on three 

replicate samples and statistical significance was evaluated by analysis of variance 

(one-way ANOVA), followed by Tukey's post-hoc 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 (HA) was employed as the primary building block for the 

preparation of hydrogel microspheres and water-filled channels. HA is a ubiquitous 

non-sulfated glycosaminoglycan present in extracellular matrices (ECM) of all 

vertebrates and is involved in diverse biological processes including wound healing 

and tumor metastasis.
[35]

 HA derivatives carrying complementary functional groups 

have been exploited for the preparation of hydrogels with tunable properties for drug 

delivery and tissue engineering.
[36-37]

 Here, I describe the synthesis of HA hydrogels 

via a well-defined interfacial crosslinking procedure using bis-TCO and a 3,6-

diphenyl-s-tetrazine modified HA (HA-Tz). The tetrazine was chosen both for its fast 

reactivity and excellent stability toward exogenous nucleophiles. The crosslinker was 

capped with the strained cyclooctene 1, a TCO designed to have exceptionally fast 
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reactivity in the tetrazine ligation.
[13]

 In each case, OEG spacers were utilized to 

ensure aqueous solubility of the hydrogel precursors.   

Bis-TCO was prepared by combining O,O’-bis(2-aminoethyl)-

octadecaethylene glycol with 1 (2.2 equiv) in 71% yield.  TCO-tagged Alexa Fluor 

647 (Alexa-TCO, 5) was similarly synthesized for labeling purposes. 4-

Hydroxymethylphenyl-s-tetrazine 2 was prepared in 22% yield on multigram scale. 

Derivatization to 3 was followed by coupling with O,O’-bis(2-aminoethyl)-

octadecaethylene glycol to give 4 in 71% yield.  Stopped flow UV-vis analysis (Figure 

S1) was used to measure the rate of reactivity between 4 and the mono-TCO adduct 6 

from 1 and N-Boc-O,O’-bis(2-aminoethyl)-dodecaethylene glycol.  A fast second-

order rate constant of k2 284,000 (+/– 13,000) M
–1

s
–1 

was observed. HA-Tz was 

synthesized by carbodiimide-mediated coupling reaction between the HA and 

compound 4.  The degree of tetrazine incorporation in HA-Tz was found to be 7%, as 

judged by UV-Vis (Figure S2.2) and 
1
H NMR (Figure S2.3) analyses. Using the 

Mark-Houwink equation and reported parameters for HA,
[38]

 the viscosity average 

molecular weight (Mv) of HA and HA-Tz was calculated as 543 kDa and 218 kDa, 

respectively. These results agree with the common observation that chemical 

modifications inevitably result in partial HA degradation.
[36,39]

 However, compared to 

2 wt% HA in PBS, HA-Tz of the same concentration is >3 times more viscous (Figure 

S2.4). 
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2.1 a) Instantaneous crosslinking via tetrazine-TCO ligation. b) Gel interface Figure 

forms when a droplet of tetrazine modified hyaluronic acid (HA-Tz) 

contacts a solution of bis-trans cyclooctene crosslinker (bis-TCO). 

Crosslinking at the gel/liquid interface is faster than the rate of diffusion 

through the gel interface. 

With HA-Tz and bis-TCO in hand, I devised an interfacial crosslinking 

protocol for the synthesis of HA hydrogel microspheres (Figure 2.1b).  The pink color 

of the tetrazine chromophore and its disappearance upon reaction with TCO allows 

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

delivery of a solution of HA-Tz (2 wt%) to an aqueous solution of bis-TCO (400 µM). 

When the droplet containing HA-Tz encounters the bis-TCO solution, a crosslinked 
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shell forms on contact, as evidenced by the appearance of a colorless layer around the 

pink core (Figure 2.2a). The high viscosity of HA-Tz promotes the formation of a 

sharp interface once dropped into the bis-TCO solution. Subsequent crosslinking 

occurs at a rate controlled by diffusion, resulting in the advancement of a distinct 

gel/liquid interface that advances toward the core. While the bis-TCO crosslinker with 

a molar mass of 1,253 g/mol can diffuse across the gel layer readily, HA-Tz (Mv>10
5
) 

cannot diffuse through the hydrogel at an appreciable rate. Thus, 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 2 hours (Figure 2.2a). 

Consequently, the microsphere wall thickness increases linearly with time until it is 

fully gelled (Figure 2.2b). Throughout the crosslinking process, microspheres remain 

buoyant, possibly due to the nitrogen gas produced by the tetrazine ligation. The HA 

hydrogel microspheres prepared from HA-Tz and bis-TCO are fully-swollen after the 

synthesis in PBS, and the estimated equilibrium swelling ratio was 49 ± 2. 
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2.2 Interfacial crosslinking of HA-Tz droplets. a. HA-Tz droplet (pink) Figure 

dropped into a bath of bis-TCO. Upon contact with the bath, an 

instantaneous crosslinked shell forms on the outside of the droplet. As 

the crosslinking is allowed to proceed, bis-TCO will diffuse across the 

crosslinked shell, reacting with HA-Tz at the gel-liquid interface until 

completely crosslinked (2 Hr). b. The crosslinked wall thickness 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 oscillatory rheometry (Figure 2.3). The 

time-sweep (Figure 2.3a) experiments reveal that the HA microspheres are soft and 

elastic, having an elastic modulus (G’) value of 135 ± 5 Pa and a loss modulus (G”) of 

<10 Pa. Overall, G’ is at least two orders of magnitude higher than G” and tan() is 

less than 0.01. The modulus values are independent of testing time, confirming the 

complete consumption of HA-Tz in the droplet during the 2 hours interfacial 

crosslinking. The insensitivity of G’ in the sample gels (Figure 2.3b) to the frequency 

change from 0.1 to 10 Hz confirms the elastic nature of covalently crosslinked, gel-

like response with infinite relaxation time. 
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2.3 Rheological properties of the crosslinked hydrogel microspheres. Elastic Figure 

(G’) and loss modulus (G”) as a function of time (a) and frequency (b). 

2.3.2 Liquid-Filled Hydrogel Channel Formation 

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 the bis-TCO solution (2 mM) was introduced to a 

reservoir of HA-Tz (2 wt%) through a syringe needle, a crosslinked wall formed 

instantaneously following the path of the needle. 
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2.4 Hydrogel channels via interfacial bioorthogonal crosslinking. Channel Figure 

structures were pulled by injecting while withdrawing an aqeous solution 

of bis-TCO (2 mM) and Alexa-TCO (2 µM) into a vessel containing HA-

Tz (2 wt%). A crosslinked channel wall forms at the interface between 

the two liquids and the channel wall continues to grow with diffusion of 

the bis-TCO crosslinker until fully depleted. 

To visualize channel formation, Alexa-TCO was included in the bis-TCO 

solution at a concentration of 2 µM. Thus, while the HA-Tz was being crosslinked at 

the gel-solution interface, it was simultaneously labeled by Alexa-TCO (Figure 2.5a-

c). One minute after the channel was created, the wall thickness was 155 ± 13 µm and 

free Alexa-TCO remained inside the channel (Figure 2.5a).  After 15 minutes when 

the structure was reimaged, the thickness of the fluorescently-labeled wall had 

increased to 254 ± 18 µm and the fluorescent signal inside the channel had decreased 

significantly. I reason that bis-TCO and Alexa-TCO exhibit a similar rate of diffusion 

across the crosslinked shell, whereas HA-Tz in the reservoir is excluded from 

penetrating into the channel due to its large size. Thus, the crosslinking front extends 

outward and generates water-filled channels. As Alexa-TCO diffused outwards into 
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the reservoir, it effectively functionalized the growing wall via ligation with the 

tetrazine groups at the interface. The wall thickness at 30 minutes was 262 ± 18 µm, 

and no significant thickness increase was observed thereafter until 60 minutes (Figure 

2.5b-d) when the experiment was terminated. These observations on wall thickness are 

consistent with a limiting amount of the bis-TCO crosslinker within the lumen of the 

channel, as the wall ceased to thicken when the crosslinker was depleted.  The 

projected confocal images (Figure 2.5c) convincingly show the creation of a hollow 

channel by this simple injection process. 
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2.5 Visualization of hydrogel channel formation. a–c, Top and side views of Figure 

Z-stack confocal images show the formation of a 3-D channel structure.  

a. Confocal imaging 1 minute after creating the channel showed distinct 

walls (153 ± 13 μM) had formed at the interface.  The interior of the 

channel still contained unreacted dye.  b. After 60 min, the same channel 

structure was reimaged.  The dye from the interior of the channel had 

almost completely migrated to the walls, which had thickened to 254 ± 

18 μM , consistent with an interfacial polymerization at the exterior of 

the structures.  c. Imaging of the same channel after 60 min shown from 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 microspheres with 3-D spatial resolution. As described above, crosslinking 
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of HA-Tz by bis-TCO occurs at the gel-liquid interface. I reasoned that diffusible 

TCO conjugates could also be covalently introduced at the gel-solution interface, and 

that the thickness of the resulting ‘tagged’ gel layer would be a function of the 

crosslinking time. Subsequently exposing the microsphere to a solution containing 

only the bis-TCO crosslinker would lead to gels with distinct tagged and untagged gel 

layers.  The concept is outlined in Figure 2.6a. 
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2.6 Fluorescent tagging with 3D spatial resolution. a, Schematic depiction of Figure 

a small molecule-TCO conjugate being covalently introduced at the gel-

solution interface during crosslinking of HA-Tz by bis-TCO. Alternating 

the presence/absence of Alexa-TCO leads to gels with distinct tagged and 

untagged gel layers. b–g, Confocal microscopy images of microspheres 

with spatially resolved 3-D tagging by Alexa-TCO. Displayed beneath 

images b and c are image density profile plots. b, Interfacial crosslinking 

the presence of Alexa-TCO for 30 min, and then in the absence of Alexa-

TCO for 90 min gave microspheres that were labeled on the exterior. c, 

Confocal microscopy image of a microsphere with a radial gradient of 3-

D tagging by Alexa-TCO, with increasing concentration of Alexa-TCO 

toward the center of the capsule. Interfacial crosslinking was carried out 

with 0.5 mL of a 400 μM bis-TCO solution. Initially, no Alexa-TCO was 

present. Once crosslinking was initiated, a syringe pump was used to add 

200 μL of a 2.8 μM Alexa-TCO/400 μM bis-TCO solution over the 

course of 90 min, and crosslinking was continued for an additional 30 

min without further addition of Alexa-TCO. d, Crosslinking in the 

absence and then presence of Alexa-TCO gave capsules that were labeled 

at the core. e-g Onion-like structures could be created by alternating the 

presence and absence of Alexa-TCO during the crosslinking procedure. 

Images of three, five and seven layered gels are displayed. 

Alexa-TCO was again employed to demonstrate this concept. Thus, a droplet 

of HA-Tz (2 wt%) was added to a solution of bis-TCO (400 µM) and Alexa-TCO (1 

µM) and was aged for 30 minutes. Subsequently, the bath solution was replaced with a 

dye-free solution of bis-TCO (400 µM), and crosslinking was continued for the 

remainder of 2 hours. Confocal imaging showed that the resulting microspheres were 

peripherally functionalized by a ~400 μm thick fluorescent shell (Figure 2.6b) with 

sharp contrast between the colorless core and the fluorescent outer layer. In another 

experiment, a HA-Tz droplet was initially exposed to the bis-TCO solution for 60 min. 

Alexa-TCO was then added to reach a final dye concentration of 1 µM, and 

crosslinking was continued for the remainder of 2 hours. This process produced 

microspheres that were fluorescently labeled at the core (1.45 mm diameter) with a 
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900 µm thick shell that was only faintly stained (Figure 2.6d), perhaps due to Alexa-

TCO reacting with residual tetrazines in the crosslinked shell layer.  

Microspheres with radial gradients of fluorescent tags were readily created by 

gradually increasing the concentration of Alexa-TCO during the crosslinking process 

(Figure 2.6c). Thus, during the crosslinking of an HA-Tz droplet with bis-TCO, a 

solution of Alexa-TCO was added via syringe pump over 2 hours. The concentration 

of Alexa-TCO was nil when the shell of the microsphere was crosslinked, and the 

concentration of the fluorescent tag was gradually increased as interfacial crosslinking 

proceeded toward the center of microsphere, with an Alexa-TCO concentration of 0.47 

µM when the core of the microsphere was crosslinked.  As shown by the confocal 

images in Figure 2.6c, this protocol produced microspheres with distinct radial 

gradients where fluorescence intensity is highest at the core.  

By incubating the polymerizing HA-Tz droplet in bis-TCO crosslinker 

solutions with the alternating presence/absence of Alexa-TCO, it was possible to 

create microspheres with onion-like layers that were alternately tagged by fluorescent 

TCO-conjugates. Shown in Figure 2.6e is a fluorescence microscopy image of an HA 

microsphere containing three distinct layers, prepared by an initial 15 min exposure to 

an Alexa-TCO/bis-TCO mixture, followed by 45 min exposure to a dye-free solution 

of bis-TCO, and ultimately by 60 min re-exposure to the Alexa-TCO/bis-TCO 

mixture. Analogously, it is possible to create microsphere with 5- or 7-layers, where 

alternate layers were fluorescently tagged (Figure 2.6f-g). These experiments not only 

confirm the diffusion controlled nature of the bioorthogonal crosslinking, but also 

illustrate how complex 3-D patterns of functionalized molecules in hydrogels can be 

created using only a syringe and a stopwatch. Ultimately, I envision this technique 
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serving as a straightforward method for spatially controlled introduction of 

biologically relevant molecular cues. This simple method for making gradients of 

covalently attached molecules in 3-D should find future utility for the preparation of 

cell culture matrices that can mimic 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 in the engineering of physiologically relevant in vitro 

models of prostate cancer (PCa) that can serve as reliable and predictive platforms for 

drug discovery.
[40]

 Towards this end, HA-based hydrogel systems have been utilized to 

mimic the HA-rich tumor associated stromal environment and PCa cells were 

encapsulated in HA gels in situ during the gelation process.
[41-42]

 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 crosslinking reactions 

can adversely affect cell viability.
[30]

 I show here that LNCaP cells retain near full 

viability after encapsulation in HA-gels using tetrazine-TCO ligation. Thus, LNCaP 

cells were suspended in a solution of HA-Tz (2 wt%) and interfacial crosslinking with 

a bis–TCO (400 µM) solution resulted in the formation of cell-laden constructs. Cell 

counting of the maximum intensity projections of confocal images (Figure 2.7a) 

revealed 99% cell viability after day 1 and 98% viability after day 5.  These results 

confirm the cytocompatible nature of the crosslinking chemistry.   
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2.7 Use of interfacial bioorthogonal crosslinking to encapsulate LNCaP cells Figure 

in HA microspheres. a. Live/dead staining of cells cultured in HA 

microspheres at day 1 and day 5. Live cells were stained green by Syto 

13 and dead cells were stained red by propidium iodide. b. Cell 

proliferation analyzed by Trypan Blue exclusion showed a steady 

increase in cell number over 14 days of culture. *p < 0.05. c. Confocal 

image of an entire microsphere after live/dead staining showing 

individually dispersed LNCaP cells at day 2. d. Confocal image of an 

entire microsphere after live/dead staining showing the presence of 

dispersed tumoroids with aggregated cells at day 14. The insert shows a 

~100 μm tumoroid strained for F-actin (green) and nuceli (blue) at day 

14. All confocal images shown are maximum intensity projections of z-

stacks. 
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Cell counting by Trypan Blue exclusion revealed a significant cell proliferation 

during the first week of culture, with the total number of cells increased by 4 fold at 

day 7. The proliferation rate decreased during week two of 3-D culture, and by day 14, 

a total of 96,000 ± 2,600 cells were found per gel construct, representing a 4.5 fold 

increase over day 0 (Figure 2.7b). LNCaP cells were initially entrapped homogenously 

in the microspheres in a single cell state (Figure 2.7c). Over time, individual cells 

proliferated and neighboring cell clusters merged within the microsphere. Isolated 

tumoroids varied in diameter from 30 to 200 µm were observed at day 14 (Figure 

2.7d).  

Cells in individual aggregates displayed a rounded, clustered morphology with 

apparent cortical organization of actin (Figure 2.7d, insert), in agreement with the cell 

morphology that is observed in vivo, and in sharp contrast to the flat, spread out 

morphology with mature cytoskeletal stress fibers seen in 2-D cultures.
[41]

 Individual 

microspheres were completely populated by cauliflower-like structures that were 2.7 

mm across, containing an estimated 200 dispersed spheroids greater than 50 µm, 

displaying a morphology analogous to growing tumors in the body. 

2.4 Conclusions 

My experiments highlight the utility of tetrazine-TCO ligation for the 

construction of hydrogel networks with well-defined spatial heterogeneity through 

instantaneous crosslinking at the gel-solution interface. The interfacial nature of the 

crosslinking reaction enables the creation of hydrogel microspheres or crosslinked 

channels using the same hydrogel precursors. My 3-D channel with crosslinked shell 

was created without using any sacrificial template, and due to the straightforward 

nature, should be readily adaptable to high throughput platforms. Another important 
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consequence of interfacial crosslinking is the ability to pattern layers or gradients of 

functional molecules in 3-D by simply controlling the concentration, as illustrated by 

using a model compound, Alexa-TCO. The interfacial approach described here allows 

for the creation of gradient or layered structures without external triggers
[43,44]

 or pre-

existing templates,
[45,46]

 and two independent reactions for crosslinking and patterning 

purposes are not required.
[10,47]

 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 gelling microsphere with 99% viability. This high cellular viability reflects the 

biocompatibility of the gels, and the bioorthogonality of the chemistry as well as the 

gelation process itself. The combination of fast, interfacial bioorthogonal crosslinking 

and a relatively slow rate of molecular diffusion allows the cells in the droplet to adapt 

to the changing environment over the course of 2 hours before the “covalent cage” is 

finally set. Moreover, the gels described here are synthesized in their equilibrium 

swelling state, thereby presenting a consistent environment to the cells before and after 

the gelation. 

I anticipate that interfacial bioorthogonal crosslinking will serve as a generally 

useful tool for introducing the 3-D localization of molecular cues needed to initiate 

and guide the formation of artificial tissues in in vitro cultures. I envision that cells 

encapsulated within 3-D structures can be induced to undergo tissue specific 

differentiation, via the guidance of spatially restricted biological signaling molecules. 

This approach also holds promise for the creation synthetic tissue models with distinct 

cell populations. Ongoing studies include the adaption of this hydrogel platform for 

the creation of complex structures using 3-D bioprinting, the creation of cell-
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instructive environments via a delayed, bioorthogonal addition of cellular guidance 

cues, and 3-D tissue engineering by cultivation of multiple cells in different time and 

space domains. 

2.5 Spectral Data for Chapter 2 

 

2.8 A representative stopped-flow kinetic run for determining the second Figure 

order rate constant for the reaction between 4 and 6 in H2O. Linear 

correlation was found between time(s) and ln (A/A0). 



 

 114 

 

2.9 UV-vis spectra of aqueous solutions of (a) compound 4 at a concentration Figure 

of 27.5 μM and (b) HA-Tz at a concentration of 0.153 g/L. In both 

measurements, a UV cuvette with a pathlength of 1 cm was used. 
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2.10 
1
H NMR spectrum of HA-Tz in D2O. Figure 
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2.11 Viscosity profile of 2 wt% HA (black) and HA-Tz (red) in PBS. Figure 

 

2.12 a-e) Color intensity plots of Figure 2.4b-f, respectively. Figure 
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2.13 
1
H NMR spectrum of bis-TCO in CDCl3. Figure 
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2.14 
13

C NMR spectrum of bis-TCO in CDCl3. Figure 
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2.15 
1
H NMR spectrum of (4-(6-phenyl-1,2,4,5-tetrazin-3-yl)phenyl)methanol Figure 

in DMSO-d6. 
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2.16 
13

C NMR spectrum of (4-(6-phenyl-1,2,4,5-tetrazin-3-Figure 

yl)phenyl)methanol in DMSO-d6. 
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2.17 
1
H NMR spectrum of 4-nitrophenyl 4-(6-phenyl-1,2,4,5-tetrazin-3-Figure 

yl)benzyl carbonate in CDCl3. 
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2.18 
13

C NMR spectrum of 4-nitrophenyl 4-(6-phenyl-1,2,4,5-tetrazin-3-Figure 

yl)benzyl carbonate in CDCl3. 
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2.19 
1
H NMR spectrum of tetrazine-OEG-amine in CDCl3. Figure 
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2.20 
13

C NMR spectrum of tetrazine-OEG-amine in CDCl3. Figure 
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2.21 
1
H NMR spectrum of TCO-OEG-NHBoc in MeOD. Figure 
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2.22 
13

C NMR spectrum of TCO-OEG-NHBoc in MeOD. Figure 
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2.23 High resolution magic angle spinning (HR MAS) 
1
H NMR spectrum of Figure 

crosslinked HA-Tz/bis-TCO gels. 
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2.24 LC-MS analysis of Alexa-TCO with Shimadzu LCMS-2020. (ESI Figure 

negative mode, 60% ACN/H2O) 

 

2.25 HPLC analysis of Alexa-TCO with Shimadzu prominence HPLC with Figure 

SPD-M20A diode array detector (5 min: 5% ACN/H2O; 22 min: 100% 

ACN; 24 min: 100% ACN). 
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Figures 2.8-10,13-25 were collected by my collaborator, Han Zhang.
[50]
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3D PATTERNING OF SYNTHETIC HYDROGELS VIA INTERFACIAL 

BIOORTHOGONAL CHEMISTRY FOR SPATIAL CONTROL OF STEM 

CELL BEHAVIOR 

3.1 Introduction 

Rational design of synthetic matrices with tissue-specific biochemical 

compositions and biomechanical properties represents an important step toward the 

regeneration of functional tissues in vitro.
[1-2]

 Synthetic scaffolds must fulfill the 

functions of native ECM until cells produce their own support structures to form an 

engineered tissue.
[3-5]

  Hence, it is important to create an adequate cellular 

microenvironment with spatial variations of mechanical properties, cell-binding 

motifs, and morphogenic cues in hydrogel scaffolds.
[6-8]

 Photolithography and 

stereolithography have enabled spatial tailoring of the cell microenvironment based on 

photochemistry.
[9-10]

 For example, a secondary, radical-mediated photo-crosslinking 

reaction was utilized to spatially tune the stiffness of a hydrogel matrix established by 

Michael addition.
[11]

 Alternatively, photolabile peptide substrates were incorporated in 

a hydrogel network to afford localized biomolecule tethering through 

photoactivation.
[12]

 Finally, the chemical and physical properties of a PEG-based 

hydrogel were dynamically and spatially modulated using a nitrobenzyl ether-derived 

photodegradable functionality.
[13]

 These materials fabrication strategies rely on the 

usage of an external trigger, e.g. UV light, to module cell morphology and 

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

Chapter 3 
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UV-light, which may not be well tolerated by all cell types, or specialized equipment, 

as required for two-photon processes, have the potential to expand the scope of 3D cell 

culture methods. 

Bioorthogonal reactions,
[14]

 unnatural chemical transformations that occur 

efficiently in biological context, have recently attracted attention as tools for the 

fabrication of functional biomaterials.
[15]

 Tetrazine ligation, an inverse-electron-

demand Diels-Alder cycloaddition between s-tetrazines and strained alkenes, produces 

nitrogen gas as the only byproduct.
[16-17]

 With trans-cycloctene as the dienophile, this 

bioorthogonal reaction features fast kinetics, high selectivity at low concentration and 

compatibility with biological systems.
[18-19]

 The conformationally strained trans-

cyclooctenes, s-TCO and d-TCO, combine with tetrazines with the fastest rate 

constants reported to date for a biorthogonal reaction.
[20]

 Based on these rapid 

reactions, we have developed diffusion-controlled strategies for the creation of 

protein-mimetic polymer microfibers
[19,21] 

and 3D patterned hydrogel spheres,
[18]

 via 

interfacial bioorthogonal polymerization and interfacial bioorthgonal crosslinking 

respectively. The fabrication of 3D patterned hydrogels can be carried out in one-step 

without having to rely on a template or photomask, potentially cytotoxic external 

triggers
[22]

, or step-by-step addition/curing cycles.
[23]

 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 spatially-defined manner to guide stem cells through 

stages of differentiation and maturation.  

Described herein is the use of interfacial bioorthogonal crosslinking to 

engineer biomimetic hydrogels with a 3D core-shell structure that can spatially dictate 
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the behavior of encapsulated hMSCs (Figure 3.1). Hydrogels were fabricated using 

tetrazine-modified hyaluronic acid (HA-Tz) along with mono- and bi-functional TCO-

derivatives (Figure 3.2) via a diffusion-controlled interfacial crosslinking mechanism. 

Time-dependent alteration of the TCO reservoir composition resulted in the creation 

of hydrogels with a 3D core-shell structure. Biochemical signals, including matrix 

metalloprotease (MMP)-degradable peptide and integrin binding motifs, and 

biomechanical cues were patterned into the hydrogels to spatially direct cellular 

behavior.
[24-25]

  I envision that this synthetic platform should ultimately be useful for 

the engineering of complex tissues with layered structures. 

3.2 Materials and Methods 

3.2.1 Materials 

All reactions were carried out in glassware that was flame-dried under vacuum 

and cooled under nitrogen. Cy3-TCO was purchased from AAT Bioquest. O,O′-Bis(2-

aminoethyl)hexacosaethylene glycol (≥ 95% oligomer purity) was purchased from 

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,4E)-bicyclo[6.1.0]non-4-ene-9-ylmethanol,
[20]

 d-TCO-carbonate,
[43]

 

RGD-TCO
[21]

 and Alexa-TCO
[18]

 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 using normal phase Silicycle silica gel (40-63D, 

60Å). 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 Precursors 

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

(Tz-hydrazide) 

 

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

mL) was slowly added a solution of 2,5-dioxopyrrolidin-1-yl 2-(4-(6-methyl-1,2,4,5-

tetrazin-3-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. Column chromatography 

using a gradient (2 to 5 %) of methanol in dichloromethane afforded 101 mg (0.41 

mmol, 90%) of the title compound as a purple solid.
 1

H NMR (600 MHz, CD4O) δ 

8.51 (s, 2H), 7.57 (s, 2H), 3.61 (s, 0H), 3.03 (s, 0H). 
13

C NMR (100 MHz, CD4O) δ 

172.39 (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 CH2), 21.06 (1 CH3). Initial hydrazine treatment was 

performed by my collaborator, Han Zhang.  
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3.2.2.2 Synthesis of tetrazine functionalized hyaluronic Acid (HA-Tz)  

 

Hyaluronic acid (HA, sodium salt, 430 kDa, 275.9 mg, 0.69 mmol) was 

dissolved in DI H2O (92 mL) at a concentration of 3 mg/mL. To this solution was 

added 1-ethyl-3-[3-(dimethylamino)propyl]-carbodiimide hydrochloride (EDC, 264.9 

mg, 1.38 mmol), Tz-hydrazide (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 

HCl aqueous solution. The resulting solution was diluted with DI H2O to a final 

volume of 200 mL and was exhaustively dialyzed (Spectra 10 kDa MWCO) first 

against 0.1 M NaCl solution, then against DI H2O. The purified solution was 

lyophilized to afford 267.2 mg (0.60 mmol, 88%) HA-Tz as a pink fluffy solid. The 

product was stored at -20 °C prior to use.   

The percent tetrazine incorporation in HA-Tz was determined collectively by 

UV-vis and 
1
H NMR analyses.  UV-vis quantification was based on the tetrazine 

absorption at max 267 nm, employing Beer-Lambert law.  Using an aqueous solution 

of Tz-hydrazide at a concentrations from 4.7 mM to 0.47 mM as the standard (Figure 

S1A-B), the molar extinction coefficient of the tetrazine moiety (εTz) was determined 

as 2.3 × 10
4
 L Mol

-1
 cm

-1
.
 
 Taking into consideration the change of the molecular 

weight for HA disaccharide repeats after tetrazine incorporation, the degree of 

tetrazine incorporation was calculated as 18.6% (Figure S1C). By 
1
H NMR (Figure 

S11), tetrazine incorporation in HA was calculated as 18.0%, analyzed by comparing 



 

 138 

the integration between the aromatic protons (7.4-8.4 ppm) to the anomeric protons of 

HA. As expected, some EDC-activated carboxyl groups in HA were transformed to N-

acylurea.
5
 HA-Tz was initially synthesized by my collaborator, Han Zhang. 

 

3.2.2.3 Synthesis of PEG-based TCO crosslinker (PEG-bisTCO) 

 

To a round bottom flask was added PEG27-diamine (125 mg, 0.10 mmol), 

CH2Cl2 (2 mL) and Et3N (56 µL, 0.40 mmol). After the addotopm of sTCO 

nitrophenyl carbonate
[20]

 (80 mg, 0.25 mmol), the reaction mixture was stirred at room 

temperature overnight. Upon completion of the reaction, based on UPLC-MS 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 CH2Cl2 to give the product (113 mg, 0.070 mmol, 70% yield) as 

water soluble semi-solid. 
1
H NMR (600 MHz, CDCl3) δ 5.83 (ddd, J = 16.1, 9.3, 6.2 

Hz, 2H), 5.26 (s, 2H), 5.09 (ddd, J = 15.9, 10.2, 3.5 Hz, 2H), 3.90 (d, J = 6.2 Hz, 4H), 

3.63 – 3.59 (m, 104H), 3.52 (t, J = 5.1 Hz, 4H), 3.33 (d, J = 5.0 Hz, 4H), 2.37 – 2.30 

(m, 2H), 2.23 (m, 4H), 2.18 (m, 2H), 1.90 – 1.84 (m, 4H), 0.80 (m, 2H), 0.58 – 0.47 

(m, 4H), 0.43 – 0.36 (m, 4H). 
13

C NMR (100 MHz, CDCl3) δ 156.9 (2 C), 138.4 (2 

CH), 131.3 (2 CH), 70.6 (CH2 on PEG), 70.26 (2 CH2), 70.18 (2 CH2), 69.41 (2 CH2), 

40.76 (2 CH2), 38.69 (2 CH2), 33.79 (2 CH2), 32.60 (2 CH2), 27.66 (2 CH2), 24.71 (2 

CH), 21.95 (2 CH), 20.93 (2 CH). LC-MS tR= 2.48 mins, [M+H3O]
+
 found at 1623.90, 
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HRMS-ESI m/z, (M+2H
+ 

/2) calculated for C78H146N2O31
2+ 

803.4949, found, 

803.4990. 

3.2.2.4 Synthesis of MMP-degradable TCO crosslinker (GIW-bisTCO) 
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MMP-degradable peptide with a sequence of Ac-GKRDGPQGIWGQDRKG-

NH2 (abbreviated as GIW, 73 mg, 40.6 µmol), prepared by solid phase peptide 

synthesis, was dissolved in anhydrous DMF (1.5 mL). N, N-diisopropylethylamine (28 

µL, 162 µmol) was added followed by dTCO-4-nitrophenyl carbonate
[43]

 (36 mg, 102 

µmol). The solution was stirred at room temperature for 2 hours. The reaction was 

deemed complete when only the desired bis-modification product was observed by 

UPLC-MS. The resulting solution 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 re-dissolved in 2 mL of DMF and precipitated into ice 

cold diethyl ether. The precipitation/re-dissolve cycle was repeated for a total 3 times. 

Analytical grade sample was obtained by purification of the white powder by reverse 

phase chromatography on C18 silica gel using a gradient of 5% to 95% MeOH in 

neutral water. LC-MS for GIW-bisTCO: tR = 1.72 mins, [M+2H]
2+

 found 1109.21. 

HRMS-ESI for GIW-bisTCO: m/z, (M+2H
+ 

/2) calculated for C98H153N28O31
2+

 

1109.0623, found, 1109.0621. LC-MS for GIW: tR = 1.10 mins, [M+4H]
4+

 found 

449.94. HRMS-ESI for GIW, m/z, (M+2H
+ 

/2) calculated for C76H125N28O23
2+

 

898.9731, found, 898.9726. TCO conjugation onto lysine amines was initially 

performed by my collaborator, Yi Li. 
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3.2.2.5 Synthesis of RGD-TCO  

 

Prior to TCO conjugation, RGD peptide with a sequence of GKGYGRGDSPG 

was synthesized following standard solid phase peptide synthesis protocol.  The 

cleaved product, with C-amidated and N-acetylated, was allowed to react with 

nitrophenyl carbonate-derived sTCO in anhydrous DMF to install TCO through the 

lysine amine.  The product was purified by HPLC and analyzed by ESI-MS, as 

reported previously.
[21]

  

3.2.2.6 Synthesis of PEG-TCO 

 

To a round bottom flask was added the MeO-PEG12-amine (67 mg, 98% 

purity, 0.116mmol), CH2Cl2 (2 mL) and Et3N (65µL, 0.464mmol). After the addition 
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of sTCO 4-nitrophenyl carbonate (55 mg, 0.175 mmol), the solution was stirred at 

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

by UPLC-MS analysis. The solvent was evaporated under reduced pressure and the 

residue was passed through a short column of deactivated C2 silica gel first eluting 

with CH2Cl2 to remove the excess carbonate and then 10% MeOH in CH2Cl2 to elute 

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

and the yellow crude product was purified by reverse phase chromatography using a 

Biotageon C18 silica gel using a gradient of 10% to 90% MeOH in neutral water to 

give the product (63 mg, 0.085 mmol, 74% yield) as a pale yellow oil. 
1
H NMR (600 

MHz, CDCl3) δ 5.83 (ddd, J = 16.1, 9.3, 6.2 Hz, 1H), 5.23 (s, 1H), 5.09 (ddd, J = 15.9, 

10.5, 3.1 Hz, 1H), 3.91 (d, J = 6.1 Hz, 2H), 3.66 – 3.58 (m, 42H), 3.55 – 3.49 (m, 4H), 

3.35 (s, 3H), 3.33 (d, J = 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), 1.93 – 1.84 (m, 2H), 0.80 (td, J = 12.1, 7.1 Hz, 1H), 0.55 – 

0.46 (m, 2H), 0.42 – 0.34 (m, 2H). 
13

C NMR (100 MHz, CDCl3) δ 156.9 (C), 138.4 

(CH), 131.3 (CH), 71.9 (CH2), 70.60 (CH2 on PEG), 70.56 (CH2 on PEG), 70.52 (CH2 

on PEG), 70.3 (CH2), 70.2 (CH2), 69.4 (CH2), 59.1 (CH3), 40.8 (CH2), 38.7 (CH2), 

33.8 (CH2), 32.6 (CH2), 27.7 (CH2), 24.70 (CH), 21.95 (CH), 20.93 (CH). LC-MS tR = 

2.11 mins, [M+NH4]
+
 found at 755.71, HRMS-ESI m/z,  (M+H

+ 
) calculated for 

C36H68NO14 738.4634, found, 738.4651. PEG-TCO was initially synthesized by my 

collaborator, Yi Li. 

3.2.2.7 PEG-dTCO 
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To a round bottom flask was added the MeO-PEG12-amine (58mg, 98% purity, 

0.102mmol), CH2Cl2 (2 mL) and Et3N (56µL, 0.400mmol). The dTCO 4-nitrophenyl 

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 UPLC-MS 

analysis. The solvent was evaporated under reduced pressure and the residue was 

passed through a short C2 deactivated silica gel column first eluting with CH2Cl2 to 

remove the excess carbonate and then 10% MeOH in CH2Cl2 to get fractions 

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

yellow crude product was purified by reverse phase chromatography on C18 silica gel 

using a gradient of 10% to 90% MeOH in neutral water to give the product (60mg, 

0.078mmol, 76% yield) as a pale yellow oil. 
1
H NMR (400 MHz, CDCl3) δ 5.64 – 

5.54 (m, 1H), 5.54 – 5.43 (m, 1H), 5.30 (s, 1H), 4.89 (m, 1H), 4.15 – 4.01 (m, 2H), 

3.99 – 3.86 (m, 2H), 3.64 – 3.55 (m, 42H), 3.51 (q, J = 5.2, 4.5 Hz, 4H), 3.35 (s, 3H), 

3.34 – 3.23 (m, 2H), 2.38 (m, 1H), 2.20 (m, 2H), 2.13 – 2.02 (m, 1H), 1.85 (m, 1H), 

1.78 (m, 1H), 1.74 – 1.59 (m, 1H), 1.59 – 1.42 (m, 1H). 
13

C NMR (100 MHz, CDCl3) 

δ 156.0 (C), 136.5 (CH), 131.1 (CH), 99.1 (CH), 82.8 (CH), 80.7 (CH), 71.9 (CH2), 

70.6 (CH2 on PEG), 70.6 (CH2 on PEG), 70.5 (CH2 on PEG), 70.3 (CH2), 70.0 (CH2), 

65.2 (CH2), 59.1 (CH3), 40.9 (CH2), 38.7 (CH2), 33.6 (CH2), 25.5 (CH2). LC-MS tR = 

1.89 mins, [M+NH4]
+
 found at 787.67 HRMS-ESI m/z,  (M+H

+ 
) calculated for 

C36H68NO16 770.4533, found, 770.4550. PEG-dTCO was synthesized by my 

collaborator, Yi Li. 
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3.2.3 Analysis of reaction kinetics.  

 

 

The reaction was run under pseudo-first order conditions and monitored by 

UV-Vis spectroscopy at 267 nm using an Applied Photophysics SX.18MV-R stopped-

flow dual mixing spectrometer. The reactants were separately dissolved in H2O and 

mixed in the stopped-flow device.  The initial concentrations of Tz-hydrazide, PEG-

TCO and PEG-dTCO were 4.43 × 10
-5

 M,  4.02 ×10
-4

 M and 4.28 ×10
-4

 M, 

respectively, with a 1:1 volume mixing.  The spectrum was acquired every 5 × 10
-4

 

seconds for 1 second and 2.5 × 10
-3

 for 5 seconds for PEG-TCO and PEG-dTCO, 

respectively. The Kobs was determined by fitting a non-linear curve of ln(A/A0) vs 

time, where A0 and A was absorbance at time 0 and t, respectively. The kinetic runs 

were measured in triplicate, and the average Kobs was 13.51 ± 0.01 s
-1 

and 2.130 ± 

0.003 s
-1 

for PEG-TCO and PEG-dTCO, respectively. The second order rate constant 

(k2) was calculated to be 6.70 × 10
4
 M

-1
s

-1
 and 9.94 x 10

3 
M

-1
s

-1 
for PEG-TCO and 
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PEG-dTCO, respectively. The experiment was conducted by my collaborator, Han 

Zhang. 

3.2.4 Hydrogel Synthesis.  

HA-Tz and the bisTCO crosslinker (PEG-bisTCO or GIW-bisTCO) 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 bis-TCO solution (300 µL for 

PEG-bisTCO and 414 µL for GIW-bisTCO) in a 48 well plate (BD Falcon™). The 

interfacial crosslinking process was allowed to occur at 37 °C for 4 h without any 

agitation until the tetrazime chromophore (pink) disappeared from the droplet. The 

bis-TCO solution was then replaced with fresh PBS. Hydrogels with a lower 

crosslinking density were prepared via the incorporation of PEG-TCO in the 

crosslinking bath at a bisTCO-to-monoTCO molar ratio of 4/1. Homogeneous 

matrices (Gels A-D) used 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 

core-shell structure were prepared by incubating the HA-Tz droplet in the first 

reservoir for 1 h to establish the shell, followed by a 3 h exposure to a second reservoir 

to complete the core. 

3.2.5 Hydrogel Swelling and Degradation 

The as-synthesized hydrogels were dehydrated in graded ethanol solutions and 

vacuum dried. The 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 dry 

product. For degradation studies, hydrogels were washed with HBSS and allowed to 

equilibrate overnight. Hydrogels were then weighed to record the starting mass. 
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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 Fluorescent Tagging 

HA-Tz (5 wt% PBS) was dropped into a reservoir containing PEG-bisTCO 

(1.87 mM) and Alexa-TCO (3 μM). The reaction was allowed to proceed at 37°C for 1 

h. The partially crosslinked gel was transferred to a different reservoir containing 

PEG-bisTCO (1.87 mM) and Cy3-TCO (6 μM). The reaction was allowed to continue 

for an additional 3 h. The hydrogels were washed with PBS overnight before imaging 

using a Zeiss 710 NLO confocal microscope with a 5 objective. 

3.2.7 Mechanical Properties 

Compression experiments were conducted using a custom-made micro-

materials tester,
[34]

 modified for parallel plate ramp compression of hydrogels (Figure 

4A). The parallel plates were made of 1-mm thick borosilicate glass microscope slides 

(12-550-A3, Fisher Scientific). One glass flat was fixed to an XY table while the other 

was fixed to the free end of a calibrated cantilever beam load cell with a µN 

resolution. The fixed end of the beam was driven by a piezoelectric stage (0-800 ± 

0.002 µm). Hydrogels were placed on the lower glass flat and a small droplet of PBS 

was placed at the base. Prior to contact, the hydrogel was aligned using the XY table 

and positioned ~200 µm below the moving glass flat. Subsequently, the piezoelectric 

stage was driven toward the sample over a travel range of 700 µm at a rate of 45 µm/s; 

the compression rate of the sample was lower at ~40 µm/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 converted to Young’s modulus based on the assumed 

Poisson ratio of 0.5.
[35] 

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 concentration of 5wt% and 

was sterilized by exposure to germicidal UV light for 15 min. All TCO-conjugated 

molecules were dissolved in PBS and sterile-filtered using a 0.22 µm Poly(vinylidene 

fluoride) (PVDF) syringe filter (Thermo Fisher Scientific, Waltham, MA). Cellular 

constructs were prepared following procedures described above for hydrogel synthesis 

and using HA-Tz containing suspended hMSCs (1 × 10
6
/mL). Upon completion of the 

crosslinking reaction, the constructs were transferred to wells containing fresh media 

and were incubated at 37 ºC 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.  Short z-stacks of 105 μm 

with 15 μm slices were taken with Zeiss 710 NLO confocal microscope with a 10X 

objective. The images were flattened in Zeiss’s Zen software to produce maximum 

intensity projections. By using Image J and counting the live and dead cells in each 

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 F-actin using Alexa Fluor 568 phalloidin, with the nuclei counter 

stained by DAPI, following previous protocols.
[44]

 Selected samples were incubated 

with primary integrin β1 antibody (Santa Cruz Biotechnology) at a 1:100 dilution in 

1 PBS containing 3% BSA for 2 h at room temperature. Samples were then treated 

with Alexa Fluor 488-conjugated secondary antibody at a 1:200 dilution 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.  Short z-stacks of 106.7 μm with 6.2 

μm slices were taken and converted into maximum intensity projections using Zen. 

Using Image J, cell body was accessed for total area, Feret’s diameter, circularity and 

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

3.2.11 Statistical Analysis 

All quantitative analyses were performed in triplicate and results were 

expressed as the mean ± standard deviation. Statistical significance was evaluated by 

analysis of variance (Two-way ANOVA), followed by Tukey-Kramer post-hoc test. A 

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

3.3 Results and Discussion 

Hydrogel precursors were derived from defined-length PEG, bioactive 

peptides, and HA, a natural non-sulfated glycosaminoglycan abundant in connective 

tissue ECM. Thus, high molecular weight HA (430 kDa) was coupled with Tz-

hydrazide through 1-ethyl-(3,3-dimethylaminopropyl) carbodiimide (EDC)-mediated 

coupling chemistry at pH 4.75 to yield a tetrazine-functionalized HA (HA-Tz, Figure 

2B) with 18 mol% tetrazine incorporation, as quantified by UV-Vis spectroscopy 
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(Figure S1) and
 1

H NMR and (Figure S11). Separately, s-TCO nitrophenyl carbonate 

was combined with PEG27-diamine to produce a non-degradable crosslinker (PEG-

bisTCO, Figure 2B) with a molecular weight of 1.6 kDa. Degradability of the matrix 

by cell-secreted proteases is desirable to maintain cell viability and to enhance cell 

spreading and migration.
[25-26]

 Accordingly, an MMP-cleavable peptide with a basic 

sequence of GPQG↓IWGQ flanked with charged amino acid residues (abbreviated as 

GIW) was modified with d-TCO nitrophenyl carbonate through lysine amines to 

produce GIW-bisTCO (2.2 kDa, Figure 2B). To enable spatial control of gel mechanics 

in a diffusion-controlled manner, a mono-functional ‘capper’ molecule was 

synthesized by conjugating s-TCO to the amino end of mPEG12-NH2 (PEG-TCO, 

Figure 2B). To introduce cell adhesive ligands to the synthetic matrix, s-TCO was 

conjugated to the GKGYGRGDSPG peptide through the lysine amine (RGD-TCO, 

1.3 kDa, Figure 2B). Previous investigation
[21]

 showed that such derivation does not 

compromise the cells’ ability to bind to the RGD peptide. 
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3.1  Fabrication of biomimetic hydrogels with a 3D core-shell pattern to Figure 

provide spatial guidance cues to encapsulated hMSCs. (A) TCO-

conjugated molecules diffuse across the crosslinked shell to react at the 

gel-liquid interface. (B) hMSCs adopt different morphologies depending 

their spatial localization within the matrix. 

Covalently crosslinked hydrogels were fabricated via the addition of an HA-Tz 

droplet into a reservoir containing mono- and bifunctional TCO molecules. The 

bioorthogonal nature of tetrazine ligation (Figure 2A) allows for the hydrogel to be 

formed under physiological conditions in either phosphate buffered saline (PBS) or 

cell culture media. Stopped-flow experiments (Figure S2) conducted in water at 25 °C 

revealed that PEG-TCO and PEG-dTCO reacted with Tz-hydrazide with a second 

order rate constant, k2, of 6.70  10
4 

M
-1

s
-1 

and 9.94  10
3 

M
-1

s
-1

, respectively. Thus, 

both s-TCO and d-TCO react with HA-Tz with rates that are more rapid than the rate 

of diffusion through a crosslinked hydrogel. As shown in Figure 1A, as soon as a 
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droplet of HA-Tz (5% in PBS) was added to the TCO reservoir, a crosslinked shell 

formed instantaneously between the two liquids. As the reaction was allowed to 

proceed, the low molecular weight TCO species continued to diffuse across the 

crosslinked shell to react with the high molecular weight HA-Tz at the gel-liquid 

interface, crosslinking the droplet radially towards the core, until all tetrazine sites on 

HA were consumed (~4 h). The resultant hydrogels had a diameter of ~2-3 mm. 
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3.2 Synthetic toolbox for core-shell patterning. (A) Tetrazine-TCO ligation Figure 

mechanism. (B) Hydrogel building blocks include tetrazine-modified HA 

(HA-Tz), non-degradable and MMP-degradable TCO crosslinkers (PEG-

bisTCO and GIW-bisTCO) and monofunctional molecules (PEG-TCO, 

and RGD-TCO). 

To illustrate that the diffusion-controlled kinetics can be used to pattern 

hydrogels in 3D, fluorescent TCO-conjugates of Cy3 (Ex: 555 nm; Em: 565 nm) and 

Alexa Fluor® 647 (Ex: 650 nm; Em: 665 nm) were used to covalently tag the gels 

during the crosslinking process. At time zero, a droplet of HA-Tz was introduced to a 
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crosslinking reservoir containing Alexa-TCO
[18]

 (3 µM) and PEG-bisTCO (1.87 mM). 

The crosslinking reaction was allowed to proceed for 1 h, and the reservoir was 

switched to one containing Cy3-TCO (6 µM) and PEG-bisTCO (1.87 mM). The 

mixture was left undisturbed at ambient temperature for additional 3 h to produce a 

fully crosslinked hydrogel. As shown in Figure 3, Alexa was covalently tagged only to 

the outer shell of the hydrogel (~300 µm) during the initial 1 h crosslinking, whereas 

Cy3 was incorporated only into the hydrogel core during the remaining 3 h. There was 

also a sharp interface where the Alexa signal stopped and the Cy3 signal started, 

confirming that the fluorescent tags are introduced simultaneously with crosslinking at 

the gel-liquid interface. Thus, changing the TCO reservoir composition as a function 

of time provides a simple way to covalently pattern hydrogels in 3D. 

 

3.3 Covalent tagging of fluorescent dyes in a spatial core-shell pattern. (A) Figure 

Confocal microscopy images of the hydrogel showing a distinct core-

shell structure (central slice). (B) Intensity plot across the gel showing the 

presence of a sharp interface between the core and the shell regions. 
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Mechanical properties of hydrogels can directly influence cellular 

behaviors.
[27-29]

 Under 2D culture, hMSCs cultured on softer hydrogels have been 

shown to differentiate into a neural phenotype while those cultured on stiffer 

substrates tended to go towards an osteoblastic fate.
[30-31]

 Traditionally, hydrogel 

stiffness was altered by varying the concentration or the functionality of the 

macromers or crosslinkers. In my system, matrix stiffness was tuned by changing the 

ratio of mono-functional TCO capper and bifunctional TCO crosslinker, both 

exhibiting a similar diffusivity. The capper molecule consumes tetrazine groups on 

HA to generate network defects as a dangling chain.
[32-33]

 As such, it effectively 

removes reactive sites that would otherwise contribute to the establishment of 

elastically active connections. The mechanical properties of the hydrogels were 

quantified by compression experiments using a custom micro-materials tester (Figure 

3.4A) under hydrated conditions.
[34]

 Normal force was measured as a function of 

compression and the resulting compression response (based on the approaching curve 

only) was fit to a Hertzian model of parallel plate compression of an elastic sphere 

(Figure 3.4B). The compressive modulus was converted to Young’s modulus, 

assuming a Poisson ratio of 0.5.
[35]
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3.4 Characterization of hydrogel mechanical properties using a custom-built, Figure 

micro-materials tester. (A) Schematic of the micro-materials tester used 

in this study. The hydrogel rested on the lower glass flat was compressed 

by a borosilicate plate. (B) Representative force-displacement curve 

demonstrating the top plate approach, contact with and compress the 

hydrogel. (C) Young’s modulus of hydrogels prepared using different 

and mono- and bis-TCO derivatives. Hertzian model of parallel plate 

compression was used and Young’s modulus was calculated assuming a 

Poisson ratio of 0.5. The crosslinking reservoir contained 0% or 25% 

monofunctional TCO capper. (D) Young’s modulus of hydrogels 

formulated according to Table 1 and used for subsequent cell culture 

studies. * p < 0.05 

As shown in Figures 3.4C and S3.6, I demonstrated that inclusion of a PEG-

TCO capping molecule in the bisTCO reservoir resulted in the reduction of gel 

stiffness, for gels crosslinked by PEG-bisTCO or GIW-bisTCO. Hydrogel samples 

prepared using 100% PEG-bisTCO (1.87 mM) or GIW-bisTCO (1.35 mM) had a 

Young’s modulus of 16.4 ± 2.1 kPa and 12.8 ± 0.7 kPa, respectively (Figures 3.4C, 

S3.5-6). The equilibrium swelling ratio was found to be 25 ± 4 and 39 ± 5 for gels 

crosslinked with PEG-bisTCO and GIW-bisTCO, respectively. The MMP-degradable 

network swells more due to the large number of charged amino acid residues in the 

peptide sequence. Inclusion of monofunctional PEG-TCO in the bisTCO reservoir 

produced hydrogels that were significantly softer. At a 1/4 capper (PEG-

TCO)/crosslinker (PEG-bisTCO or GIW-bisTCO) ratio, an average Young’s modulus 

of 8.7 ± 1.1 kPa and 5.0 ± 0.3 kPa were detected for non-degradable and MMP-

degradable networks, respectively (Figures 3.4C and 3.6A-B).  
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Table 3.1  Preparation of HA-based hydrogels with varying stiffness, degradability 

and adhesivity. 

 

Having shown that capping molecules could be used to tune the moduli of gels 

produced through interfacial crosslinking, I next sought to demonstrate that interfacial 

chemistry could be used to create more complex gels with varying stiffness, MMP-

degradability and cell adhesivity. Four gel types, designated as Gels A, B, C, and D, 

were produced employing gel formulations outlined in Table 1 and the mechanical 

properties (Figure 3.4D) were analyzed as described above. Gel A was found to be the 

stiffest with a Young’s modulus of 18.7±2.4 kPa. Gel B made with 5% RGD-TCO and 

95% GIW-bisTCO was softer, and had an average Young’s modulus of 10.2±0.7 kPa. 

Gels C and D had 25% mono-functional TCO molecules, thus were the softest with 

moduli of 4.3±0.9 kPa and 5.3±0.5 kPa, respectively. Having a similar molecular 

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

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

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

ability to tune gel stiffness by introducing the mono-functional capper molecule. 
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3.5 3D culture of hMSCs in homogeneous hydrogels prepared using either Figure 

PEG-bisTCO (Gel A) or GIW- and RGD-TCO (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. (C) Confocal images of 3D cultures stained by F-

actin (red) and DAPI (blue) after 1 and 7 days of culture. (D-G) 

Characterization of cell morphology by Feret diameter (D-E) and 

circularity (F-G) using ImageJ. (H) Higher magnification (40) confocal 

images of hMSCs stained for DAPI (blue), F-actin (Red) and integrin β1 

(green) after 7 days of culture. * p < 0.05. Scale bar = 100 μm. 
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The ability of cells to breakdown their ECM is an important prerequisite for 

maintaining proper cell functions.
[36-37]

 In covalently crosslinked 3D hydrogels, stem 

cell fate is directly related to the ability of cells to generate traction forces, through 

MMP-mediated matrix degradation, independent of cell morphology and matrix 

stiffness.
[38]

 Hydrogel degradation was monitored gravimetrically with or without type 

IV collagenase. When incubated in Hank’s balanced salt solution (HBSS) containing 

100 U/mL collagenase at pH 7.4, a significant mass loss was observed within 30 min 

for gels crosslinked with GIW-bisTCO, and the gels were completely disintegrated 

within 1 h (Figure 3.6C). By contrast, gels incubated in enzyme-free media were 

intact. No mass loss was detected from gels made with PEG-bisTCO and incubated 

with or without the enzyme. These results confirmed the specificity of enzymatic 

degradation and the absence of hydrolytic degradation within the period of the 

experiment. 
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3.6 (A) Force deformation curves for hydrogels crosslinked with either PEG-Figure 

bisTCO or GIW-bisTCO. Modulus was altered by tuning the relative 

concentration of mono-functional capper, PEG-TCO. (B) Young’s 

modulus of hydrogels crosslinked with either PEG-bisTCO or GIW-

bisTCO. Modulus was altered by tuning the relative concentration of 

mono-functional capper, PEG-TCO. * p < 0.05. (C) Hydrogel 

degradation. HA-Tz was crosslinked by either PEG-bisTCO or GIW-

bisTCO. Hydrogels were incubated with or without of collagenase type 

IV and the gel mass was measured every 30 min for 4 h. 
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3.7 3D culture of hMSCs in hydrogels with bioactive core-shell patterning. Figure 

Cells grown in homogeneous gels (A-B), prepared using (A) PEG-

bisTCO or (B) GIW-bisTCO and RGD-TCO (0.17 mM), were included 

for comparison purposes. Hydrogels with a core-shell pattern (C, D, E) 

were created following conditions outlined in Table 1. Construct in C, 

prepared using PEG-bisTCO and GIW-bisTCO/RGD-TCO had a blank 

shell (red) and a bioactive core (light blue). Construct in D, prepared 

using GIW-bisTCO/RGD-TCO with or without the PEG-TCO capper 

had a stiff shell (light blue) and a softer core (dark blue). Construct in E, 

prepared using GIW-bisTCO with low and high concentrations of RGD-

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 stained red and blue, respectively. Scale bar = 200 

μm. 
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For 3D cell encapsulation, hMSCs were first dispersed in an HA-Tz (5% in 

PBS) solution and the cell suspension was dropped into a TCO reservoir containing 

PEG-bisTCO (1.87 mM) only or RGD-TCO (0.17 mM) and GIW-bisTCO (1.29 mM) 

to establish cell-laden constructs of Gel A and Gel B, respectively. The reaction was 

complete in 4 h at 37 °C before the TCO reservoir was replaced with fresh hMSC 

growth media. The 3D cultures were maintained for up to 7 days and cell viability was 

assessed by counting live (green) and dead (red) cells from fluorescently stained 

constructs under confocal microscope (Figure 3.5A-B). After 1 day of culture, hMSCs 

encapsulated in PEG-crosslinked hydrogels had a viability of 80%, confirming the 

cytocompatible nature of the hydrogel and crosslinking chemistry. Replacing the PEG 

crosslinker with an MMP-degradable substrate significantly improved the overall 

viability (94%), highlighting the importance of including key cell-responsive motifs in 

synthetic matrices. Prolonged culture of hMSCs in Gel A, a non-degradable covalent 

network, led to a progressive decrease in cell viability, in agreement with previous 

observations.
[39]

 On the other hand, cells encapsulated in the cell-adhesive and MMP-

degradable hydrogels maintained high viability (~90%) throughout the 7-day culture 

period. The ability of hMSCs to breakdown their matrix through MMP secretion
[36,40]

 

led to a significant change in cell morphology, from a rounded shape at day 1 to a 

spindle shape with long cellular processes by day 7 (Figure 3.5A-B). 

Next, the morphology of hMSCs residing in blank (Gel A) or bioactive (Gel B) 

hydrogels were analyzed by immunefluorescent staining and confocal imaging. After 

1 day of culture, cells in both types of hydrogels exhibited a similar, rounded cell 

shape, with an estimated diameter, and circularity of ~30 μm, and ~80%, respectively 

(Figure 3.5C-G). By day 7, cells in the two types of gels had developed significantly 
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different cell morphology. Cells in the non-degradable gels (Gel A) mostly maintained 

the rounded shape, although a slight decrease diameter were observed, potentially as a 

result of cells undergoing apoptosis (Figure 3.5C-G). By day 7, only 22 ± 7% cells 

were viable. hMSCs were distributed in the blank gels as single, rounded cells with 

distinct cortical actin, with little expression of integrin β1 (Figure 3.5H), a protein of 

the β subunit which plays a prominent role in RGD attachment and cell motility.
[41]

 By 

contrast, cells in MMP-degradable/cell-adhesive gels became more elongated and 

spread-out, having an average diameter and circularity of ~90 μm and 36%, 

respectively (Figure 3.5C-G). Cells developed polarized, spindle-shaped morphology 

with bundles of F-actin stress fibers distributed throughout the entire cellular 

extensions (Figure 3.5C,H). Integrin clustered at the edges of the elongated actin stress 

fibers, as punctate foci, where they attach to the hydrogel matrix (Figure 3.5H). 

Organization of actin monomer into stress fibers indicates active actin polymerization 

events leading to the development of load-bearing cell-matrix binding that is 

conducive to cell extension in 3D. My observation was in agreement with earlier 

reports that, when entrapped in a covalent network, cell-mediated matrix degradation 

is essential to promote integrin-mediated
[42]

 cell-matrix interactions. 

Having confirmed the distinctly different cellular responses to blank (Gel A) 

and bioactive (Gel B) gels, I next spatially patterned the two matrix compositions into 

an individual hydrogel via diffusion controlled interfacial crosslinking. One hour after 

HA-Tz was added to the PEG-bisTCO reservoir, the partially crosslinked gel was 

transferred to a reservoir containing GIW-bisTCO (1.29 mM) and RGD-TCO (0.17 

mM) and the reaction was allowed to proceed for 3 h to establish a fully crosslinked 

hydrogel. As inferred from the dye labeling experiment (Figure 3.3), the resultant 
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matrix exhibited a core-shell structure, having a core of ~1700 µm in diameter encased 

by a shell of 300 μm thick. Based on mechanical evaluations of the homogeneous 

gels (Figure 3.4D), the outer shell was 1.8 times stiffer than the inner core. Again, 

hMSCs cultured in the homogenous and bioinert gel (Gel A) remained round after 7 

days (Figure 3. 7A) while those cultured in the homogenous and bioactive hydrogel 

(Gel B) exhibited a spread-out morphology with elongated stress fibers (Figure 3.7B). 

Cells elongated along a single axis in 3D to establish an interconnected cellular mesh 

by day 7. When these two gel compositions were patterned into the same hydrogel in a 

core-shell geometry, cells maintained the respective shapes in the corresponding 

regions (Figure 3.7C). Intriguingly, cells at the core-shell boundary were 

interconnected and those in the outer shell crosslinked with PEG-bisTCO developed 

inward projections towards this boundary. Because cells residing in the outer shell 

were unable to degrade and attach to their matrix, they could not migrate to the more 

favorable region. Instead, they were able to communicate with cells in the core 

through paracrine signaling to align their cell body towards the more permissive 

center.
[42]

 Although cells could only remodel the GIW-containing core, hyaluronidase 

secreted by cells residing in the outer layer may contribute to the development of long 

projects at the boundary. 

Biomechanical cues can be similarly presented in a core-shell fashion in the 

hydrogels using PEG-TCO capper, along with GIW-bisTCO crosslinker. One hour 

after HA-Tz was added to the TCO reservoir containing GIW-bisTCO and RGD-TCO, 

the partially crosslinked hydrogel was transferred to a reservoir containing monoTCO 

and bisTCO at a molar ratio of 1:4 to complete the crosslinking. RGD-TCO 

concentration was maintained constant (0.17 mM) throughout the entire crosslinking 
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process. Thus, the resultant gel had a core and shell with properties of Gel C and B, 

respectively. As inferred from Figure 3.4D, the shell was approximately two times 

stiffer than the central core. Because all crosslinks were MMP-degradable, cells in 

both core and shell regions were able to spread (Figure 3.7D). 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 development 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 capper molecule without altering other properties, the same effect can be 

achieved using RGD-TCO, which essentially functions as a capper from the 

mechanics perspective. One hour after HA-Tz was added to a reservoir containing 

GIW-bisTCO (95%) and RGD-TCO (5%), the partially crosslinked hydrogel was 

transferred to a reservoir with an increased concentration of RGD-TCO (25%) along 

with GIW-bisTCO (75%) to finish crosslinking. Consequently, the core with a 

composition of Gel D was softer (~2) and more cell-adhesive than the shell of Gel B. 

As shown in Figure 3.6E, hMSCs formed a similar core-shell like structure, with a 

network of highly spread-out cells residing at the boundary between the core and shell 

after 7 days of culture. The softer core had a lower GIW concentration, 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 core-shell boundary were aligned 

along the circumferential direction, rather than projecting inwards. I speculate that, in 
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this case, because cells in both core and shell can spread, there was no directionality in 

cytokine secretion. 

As shown here, interfacial tetrazine ligation 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 composition. My work was motivated by the need to create 

ECM templates 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 combined biochemical and 

mechanical factors, cells residing in these tissues exhibit different behaviors 

depending on their spatial localization within the tissue. Here, I demonstrated the 

development of a cell-instructive synthetic ECM displaying layered structures to 

provide the resident stem cells with spatially controlled guidance cues. With further 

development, I expect that the resident stem cells will actively remodel the synthetic 

environment and deposit natural matrix components in a spatial fashion reflecting that 

of the original ECM template. I anticipate that the new method for establishing spatial 

control of stem cell behavior presented here should find applications in the tissue 

repair, modeling and regeneration. 

3.4 Conclusions 

I have demonstrated the use of interfacial bioorthogonal chemistry for the 

preparation of spatially patterned hydrogels with distinct chemical and mechanical 

microenvironments. Through temporally controlled introduction of trans-cyclooctene 

(TCO) conjugates during the crosslinking process, the enzymatic degradability, cell 

adhesivity, and mechanical properties of the synthetic microenvironment can be tuned 
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with spatial precision.  hMSCs encapsulated in the bioactive region were able to 

degrade their matrix to adopt a spread morphology while those in the blank, non-

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 

 

3.8 UV-Vis spectra of aqueous solutions of Tz-hydrazide (A, 4.7 mM to 0.47 Figure 

mM) and HA-Tz (C, 0.27mM). The extinction coefficient was 

determined from the standard curve with a linear regression (B). A UV 

cuvette with a pathlength of 1 cm was used. 
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3.9  Stopped flow results for reactions of Tz-hydrazide with PEG-TCO (A) or Figure 

with PEG-dTCO (B).  Red circles: raw data; Blue line: fitted curve. 

 

3.10 
1
H NMR spectrum of Tz-hydrazide in methanol-d4. Figure 
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3.11
 13

C NMR spectrum of Tz-hydrazide in CDCl3. Figure 
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3.12
 1

H NMR spectrum of HA-Tz in D2O. Figure 
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3.13
 1

H NMR spectrum of PEG-bisTCO in CDCl3. Figure 

1H NMR spectra of 35 (600 MHz, CDCl3) 3

3
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3.14 
13

C NMR spectrum of PEG-bisTCO in CDCl3 Figure 

13C NMR spectra of 35 (100 MHz, CDCl3) 3

3
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3.15 UPLC-MS trace of PEG-bisTCO. Figure 
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3.16 UPLC-MS spectrum of PEG-bisTCO. Figure 
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3.17 HRMS spectrum of PEG-bisTCO. Figure 
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3.18 UPLC-MS trace of the GIW peptide. Figure 

UPLC-MS trace of MMP

UPLC-UV trace of MMP (215nm)

UPLC-UV trace of MMP (280nm)

GIW

GIW

GIW
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3.19 UPLC-MS spectrum of the GIW peptide. Figure 
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3.20 HRMS of the GIW peptide. Figure 
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3.21 UPLC-MS trace of GIW-bisTCO. Figure 
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3.22 UPLC-MS spectrum of GIW-bisTCO. Figure 
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3.23 HRMS spectrum of GIW-bisTCO. Figure 
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3.24 
1
H NMR spectrum of PEG-TCO in CDCl3 Figure 

1H NMR spectra of 38 (600 MHz, CDCl3) 5

5
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3.25 
13

C NMR spectrum of PEG-TCO in CDCl3. Figure 

13C NMR spectra of 38 (100 MHz, CDCl3) 5

5
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3.26 UPLC-MS spectrum of PEG-TCO. Figure 
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3.27 UPLC-MS spectrum of PEG-TCO. Figure 
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3.28 HRMS spectrum of PEG-TCO. Figure 
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3.29 
1
H NMR spectrum of PEG-dTCO in CDCl3. Figure 

1H NMR spectra of 40 as a 9:1 mixture of diastereomers

(400 MHz, CDCl3) 

7

7



 

 188 

 

3.30 
13

C NMR spectrum of PEG-dTCO in CDCl3 Figure 

13C NMR spectra of 40 as a 9:1 mixture of diastereomers

(100 MHz, CDCl3) 

7

7
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3.31 UPLC-MS trace of PEG-dTCO. Figure 
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3.32 UPLC-MS spectrum of PEG-dTCO. Figure 
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3.33 HRMS spectrum of PEG-dTCO. Figure 

Spectrums shown in Figures 8-33 were collected by my collaborator, Yi Li. 
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FORMATION OF LIQUID FILLED HYDROGEL CHANNELS 

4.1 Introduction 

Cardiovascular disease, including Coronary Heart Disease, is the leading cause 

of mortality in the United States with nearly 33% of all deaths attributed to these 

diseases.
[1]

 Treatments of cardiovascular diseases include vascular bypass surgery by 

means of autografts or allografts. Initially these vascular grafts are able to treat the 

disease, however, they fail approximately 50% of the time due to vessel wall 

thickening caused by atherosclerosis or intimal hyperplasia.
[2]

 Engineered biomaterials 

which are able to mimic the native vascular environment offer an attractive approach 

for the fabrication of in vitro models which could be utilized to improve treatment of 

cardiovascular disease. 

 Recent vascular research efforts have focused on two general approaches: 

vasculogensis and angiogenesis or prevascularization-based methods.
[3]

 

Vasculogenesis and angiogesis methods utilize endothelial cells to create vasculature 

within a synthetic construct.
[4]

 Prevascularization methods include the formation of 

channels by utilizing templates or by a layer by layer addition. Templates include SU-

8 silicon molds,
[5–7]

 microneedles,
[8]

 SAM-modified gold rods
[9]

 or silica capillary 

tubes
[10]

 which are removed after forming the construct, leaving behind channels. 

Another type of template is formed by the fabrication of sacrificial layers made of 

Chapter 4 
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carbohydrate glass,
[11]

 pluronic
[12]

 or gelatin
[13]

 followed by subsequent dissolving of 

the sacrificial layer leaving behind hollow channels. Laser-based hydrogel degradation 

has also been shown to be able to fabricate vascular microfluidic networks with 

image-guided laser control.
[14,15]

 

Previously, I described the formation of hydrogel channels via tetrazine 

ligation.
[16]

 Tetrazine ligation, the inverse electron demand Diels-Alder (iEDDA) 

reaction between s-tetrazines and trans-cylcooctenes (Figure 4.1A), is a bioorthogonal 

reaction which exhibits rapid kinetics (k2 > 10
5
 M

-1
s

-1
)
[16,17]

 and has been shown to be 

cyto-compatible in both the formation of hydrogels
[16]

 and fibers
[18,19]

. Herein, I 

describe the formation and 3D spatial patterning of hydrogel channels without the use 

of external triggers and multiple reactions or templates through an interfacial 

bioorthogonal crosslinking process. A pressure-dilation assay was used to characterize 

the mechanical properties of the hydrogel channels. The interfacial, diffusion-

controlled nature of the crosslinking chemistry allows for the spatial patterning of 

TCO conjugated fluorophores and biomolecules to modulate the local 3D 

microenvironment of encapsulated fibroblasts. The crosslinking chemistry also 

permits the facile spatial patterning of different cell populations by systematic 

changing of the cell laden reservoir to mimic anatomically relevant order found in 

vivo. 
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4.2 Materials and Methods 

4.2.1 Materials 

All reactions were carried out in glassware that was flame-dried under vacuum 

and cooled under nitrogen. Cy3-TCO and Cy5-TCO were purchased from AAT 

Bioquest. O,O′-Bis(2-aminoethyl)hexacosaethylene glycol (≥ 95% oligomer purity) 

was purchased from 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,4E)-bicyclo[6.1.0]non-4-ene-9-ylmethanol,
[20]

 d-

TCO-carbonate,
[17]

 RGD-TCO,
[21]

 Alexa-TCO
[16]

 and Clover-TCO
[21]

 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 using normal phase 

Silicycle silica gel (40-63D, 60Å). Other reagents were purchased from commercial 

sources without additional purification. 
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4.2.2 Synthesis of Hydrogel Precursors 

4.2.2.1 Synthesis of VPM-bisTCO 

 

MMP-degradable peptide with a basic sequence of Ac-

GKRDVPMSMRGGDRKG-NH2 (abbreviated as VPM, 144.2 mg, 80.6 µmol), 

prepared by solid phase peptide synthesis, was dissolved in anhydrous DMF (3 mL). 

N, N-diisopropylethylamine (56.2 µL, 322 µmol) was added followed by dTCO-4-

nitrophenyl carbonate
[17]

 (70.4 mg, 202 µmol). The solution was stirred at room 

temperature for 2 hours. The reaction was deemed complete when only the desired 
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bis-modification product was observed by UPLC-MS. The resulting solution was 

added dropwise to 45 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 re-

dissolved in 3 mL of DMF and precipitated into ice cold diethyl ether. The 

precipitation/re-dissolve cycle was repeated for a total 3 times. Analytical grade 

sample was obtained by purification of the white powder by reverse phase 

chromatography on C18 silica gel using a gradient of 5% to 95% MeOH in neutral 

water. UPLC-MS for VPM-bisTCO: tR = 1.79 mins, [M+2H]
2+

 found 1105.11. UPLC-

MS for VPM: tR = 1.03 mins, [M+4H]
4+

 found 447.99. 

4.2.3 Chamber Fabrication 

 

A mold was 3D printed using a Replicator 2 (Makerbot, Brooklyn, NY) 3D 

printer with ABS resin. Sylgard 184 (Dow Corning, Midland, MI) was poured on top 

of the mold and cured at 110°C for 30 min. The individual chambers were cut out with 

a blade and inlet and outlet holes were formed with a 2 mm biopsy punch. Fluorinated 

ethylene propylene (FEP) tubing (Cole-Parmer, Vernon Hills, IL) with an ID of 1/32” 

and OD of 1/16” was fit into the inlet and outlet of each chamber. Chambers were 

sterilized in 70% ethanol with germicidal ultraviolet light prior to cell experiments. 
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4.2.4 Hydrogel Channel Formation 

HA-Tz (2 wt%), bisTCO crosslinker (PEG, GIW or VPM, 1 wt%) and RGD-

TCO (1 wt%) were dissolved separately in PBS. HA-Tz (400 μL) was added to the 

well of the PDMS chamber sitting on a moving stage. A syringe with a 21G blunt 

needle (Component Supply Company, Fort Meade, FL) containing the bisTCO 

solution (500 μL) was placed in a syringe pump with the needle placed through the 

inlet and outlet of the PDMS chamber. The chamber is moved horizontally through the 

PDMS chamber while bisTCO solution (20 μL) is injected into the HA-Tz bath over 

13 s. The channel is allowed to crosslink further for 5 min. The HA-Tz solution is 

removed and the channel is washed with PBS. 

4.2.5 Pressure Dilation Assay 

A schematic of this experiment is shown in Figure 4.2. In this configuration, a 

screw-driven head tank moves relative to the stationary hydrogel channel in 2.54 mm 

steps. The relationship between fluid pressure (P) and the height (h) of the head tank is 

given by the following equation:  

ghhP           Eq. 1 

Assuming that the solution (70 ml of 0.15 M saline and 1 ml of India ink) has a 

density similar to that of pure water (~998 kg/m
3
) at room temperature, and that the 

system is quasi static (i.e. only gravity acts on the fluid column), then it can be 

assumed that the specific weight () is ~9790 N/m
3
. This means that every mm of 

travel (vertical) produces a pressure differential of ~9.79 Pa.  
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The channel modulus was calculated according to a mechanical model that 

described the change of diameter as a function of pressure. The relatively higher 

pressure inside the channels (P) caused them to expand while the pressure was balance 

by stresses (σ) in the channels’ walls. Strain (ε) was calculated by balancing the forces 

at two principal cuts of the channels and assuming a Poisson’s ratio of 0.5 (typical for 

hydrogels): 

Et

PD

8

3
          Eq. 2 

where D is the tubes’ diameter, E is elastic modulus and t is wall thickness. Using this 

relation, the change of strain for each pressure rise was numerically integrated to 

calculate the increase in tube diameter. This model was then best fit to the 

experimental data of pressure versus diameter and initial wall thickness. The resulting 

fit had a coefficient of determination R
2
 = 0.99 and showed that the elastic modulus 

increases with increasing pressure and diameter while the wall thickness decreases. 

The change in channel dilation, in response to the change in fluid pressure, was 

tracked by taking consecutive microscope images. A custom edge detection code was 

written in MatLab® to identify the channel boundaries and measure the radial 

changes. The contrast provided by the India ink and saline solution allowed the 

algorithm to construct a bimodal distributed histogram of the pixel intensity across the 

image and separate the darker areas which were representative of the channels’ inside 
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diameter (Figure 4.2). Since the channels were attached to the PDMS chamber at both 

the inlet and outlet, which likely created edge effects, only the dilation in the central 

30%. The pressure-dilation assay was collaborated on with Axel Moore and Nikolay 

Garabedian. 

4.2.6 Covalent Patterning of Fluorophores 

HA-Tz (2 wt% PBS) was added to the PDMS chamber well. A syringe 

containing PEG-bisTCO (4.4 mM) and Clover-TCO (5 μM) was drawn through the 

well while injected ~20 μL of solution as described above. The channel was allowed 

to crosslink for 5 min before fresh PBS was perfused through the channel. A solution 

of PEG-bisTCO (4.4 mM) and Cy3-TCO (5 μM) was injected into the lumen of the 

channel and allowed to crosslink for 15 min. The channel was flushed with fresh PBS 

before a solution of PEG-bisTCO (4.4 mM) and Cy5-TCO (5 μM) was injected into 

the lumen of the channel incubated for 45 min. The channels were washed with PBS 

overnight before imaging using a Zeiss 710 NLO confocal microscope with a 5X 

objective. 

4.2.7 Cell Maintenance and 3D culture 

NIH3T3 fibroblasts were maintained in a DMEM (Corning, Corning, NY) 

medium supplemented with 10% FBS and 1% PS. NIH3T3-GFP fibroblasts were 

maintained in a DMEM (Corning, Corning, NY) medium supplemented with 10% 

FBS, 0.1 mM MEM Non-Essential Amino Acids (NEAA) and 1% PS. HAAE-1 cells 

were maintained in a F-12K (Corning, Corning, NY) medium supplemented with 

Heparin (0.1 mg/mL), ECGS (0.03 mg/mL), FBS (10%), and P/S (1%). T/G HA-

VSMCs were maintained in a F-12K (ATCC, ) medium supplemented with TES 
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(10mM), HEPES(10mM), Ascorbic acid(0.05 mg/mL), sodium selenite (10 ng/mL), 

Transferrin (0.01mg/mL), ECGS (0.03 mg/mL), Insulin (0.01 mg/mL), FBS (10%), 

and P/S (1%). AoAFs were maintained in a stromal cell growth medium BulletKit 

(Lonza, Walkersville, MD). HA-Tz and all TCO-conjugated molecules were dissolved 

in PBS and sterile-filtered using a 0.22 μm Poly(vinylidene fluoride) (PVDF) syringe 

filter (Thermo Fisher Scientific, Waltham, MA). Cellular constructs were prepared 

following procedures described above for hydrogel synthesis and using HA-Tz 

containing a suspension of one of the cell types cells described above (excluding the 

HAAE-1) at 2 x 10
6
/mL. Upon completion of the crosslinking reaction, channels were 

transferred to wells containing fresh media and were incubated at 37°C for up to 7 

days, with media refreshed every other day. HAAE-1, dispersed in fresh media (8 x 

10
6
/mL), were injected into the lumen of the channel after formation and allowed to 

attach for 16 hours at 37°C. The channels were then transferred to wells containing 

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

other day. 

4.2.8 Three dimensional (3D) matrix patterning 

NIH3T3-GFP fibroblasts were dispersed in HA-Tz (2 wt% PBS) and added to 

the well of the PDMS chamber as described above. A syringe containing PEG-bisTCO 

(5 mM) and alexa-TCO (2 μM) was drawn through the chamber while injecting 20 μL 

of the solution. The solution was allowed to incubate for 5 min before being flushed 

with PBS. A solution of GIW-bisTCO (3.2 mM) and RGD-TCO (0.4 mM) was then 

perfused into the channel and incubated for 15 min. The channel was flushed with 

PBS before a fresh solution of PEG-bisTCO (5 mM) and alexa-TCO (2 μM) was 

perfused into the channel and incubated for 30 min. The cell laden HA-Tz bath was 
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removed and the chamber was washed with PBS before the the channels were 

transferred to wells containing fresh media and were incubated at 37°C for up to 28 

days, with media refreshed every other day. 

4.2.9 Three dimensional (3D) cell patterning 

NIH3T3 fibroblasts were stained with either Cell Tracker Red CMTPX (10 

μM) or Cell Tracker Green CMFDA (10 μM) (Thermo Fisher, Waltham, MA) for 30 

minutes. NIH3T3s stained with cell tracker red were dispersed (2 x 10
6
/mL) in HA-Tz 

(2 wt% PBS) and added to the well of the PDMS chamber. A syringe containing PEG-

bisTCO (uM) was drawn through the chamber injecting 20 uL of crosslinking 

solution. The crosslinker reacted for 5 min before removing the Red cell bath and 

washing with PBS. A second bath containing cell tracker green cells dispersed (2 x 

10
6
/mL) in HA-Tz (2 wt% PBS) was added to the chamber well and allowed to 

crosslink for 15 additional min. The Green cell bath was removed and the chamber 

was washed with PBS before returning the Red cell bath to the chamber well and 

incubated for 45 min. The crosslinker in the lumen of the channel was replenished 

throughout the experiment to maintain sufficient crosslinking. The Red cell bath was 

removed and washed with PBS. The channels were transferred to a 4-well Nunc 

chamber (Thermo-Fisher, Waltham, MA) containing fresh media and imaged 

immediately using a Zeiss 710 NLO confocal microscope with a 5X objective. 

4.2.10 Cell Viability 

Percent cell viability was assessed by Live/Dead staining with calcein AM and 

ethidium homodimer after 7 days of culture.  Short z-stacks of 225 μm with 15 μm 

slices were taken with Zeiss 710 NLO confocal microscope with a 5X objective. The 
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images were flattened in Zeiss’s Zen software to produce maximum intensity 

projections. By using Image J and counting the live and dead cells in each image, 

percent viability was quantified. Values are presented as a percentage of live cells 

compared with the total number of cells. Encapsulated cells were subsequently stained 

for F-actin using Alexa Fluor 568 phalloidin and with the nuclei counter stained by 

DAPI, following previous protocols.
[22]

 Stained samples were imaged using a Zeiss 

710 NLO confocal microscope with a 40X objective.  
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4.1 Light microscope images of encapsulated vascular cells within the Figure 

hydrogel channels over 5 days of culture. (A-C) HAAE cells were 

injected into the lumen of the channel and attach to the inner surface 

while (D-F) vSMCs and (G-I) AoAFs are encapsulated within the 

hydrogel. Scale bar = 200 μm. 
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4.2  Confocal microscope images of encapsulated vascular cells within the Figure 

hydrogel channels after 7 days of culture. (A-C) HAAE cells were 

injected into the lumen of the channel and attach to the inner surface 

while (D-F) vSMCs and (G-I) AoAFs are encapsulated within the 

hydrogel. Cells were Live/Dead stained with calcein AM (green) and 

ethidium homodimer (red). Scale bar = 200 μm. 
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4.2.11 Vascular Cell Patterning 

vSMCs, AoAFs and HAAEs were stained for 30 min at 37°C with cell tracker 

green (10μM), red (10μM) and deep red (1μM), respectively. vSMCs and AoAFs were 

dispersed (2 X 10
6
 cells/mL) in HA-Tz (2 wt% PBS) baths separately. vSMC bath 

(250 μL) was added to the well of the PDMS chamber. The initial channel wall was 

formed as described above for 5 min with a crosslinking solution of VPM-bisTCO 

(4.1 mM) and RGD-TCO (0.8 mM). The bath was removed and replaced with the 

AoAF bath after replenishing the crosslinker in the lumen of the channel via perfusion 

and incubated for 30 min while rotating the chamber clockwise. The bath was 

removed and replaced with fresh media. HAAEs dispersed in fresh media (8 X 10
6
 

cells/mL) were perfused into the channel (50 μL) and rotated overnight at 37°C. 

Channels were imaged after 1 day of culture using a Zeiss 710 NLO confocal 

microscope with a 5X objective. 
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4.3 Results and Discussion 

 

4.3 Synthetic toolbox used for hydrogel channel formation and patterning. Figure 

(A) Tetrazine-TCO ligation mechanism. Hydrogel building blocks 

including (B) Tetrazine-modified Hyaluronic Acid (HA-Tz), bisTCO 

crosslinkers either (C) non-degradable (PEG-bisTCO) or (D) MMP-

degradable (GIW-bisTCO and VPM-bisTCO) and (E) cell adhesive 

peptide conjugate (RGD-TCO). (F) Spatially patterned hydrogel channels 

are prepared via interfacial crosslinking by perfusion of TCO conjugated 

molecules into the lumen of the channel with subsequent diffusion 

through the channel wall to create further crosslinking at the gel-liquid 

interface. 
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Hydrogel precursors for the interfacial crosslinking were synthesized as shown 

in Figure 4.3. Hyaluronic acid, a non-sulfated glycosaminoglycan which is found in 

the extracellular matrix (ECM)
[23]

 surrounding vascular cells, was functionalized with 

tetrazine (HA-Tz) via carbodiimide coupling with hydrazide functionalized tetrazine 

(Figure 4.1B). Quantification by UV-Vis in agreement with H
1
NMR shows 18.6% 

tetrazine incorporation onto the HA backbone. To crosslink the HA-Tz, bifunctional 

TCO crosslinkers were synthesized. Poly(ethylene glycol) (PEG) diamine was 

conjugated with TCO (PEG-bisTCO)  to serve as a non-degradable crosslinker (Figure 

4.1C). Matrix metalloproteinase (MMP) sensitive peptide sequences VPMSMRGG 

(VPM) and GPQGIWGQ (GIW) were synthesized using solid state peptide synthesis 

with flanking GKRD groups. Aspartic acid and arginine groups were used to introduce 

charged groups to increase hydrophilicity while lysine was used for covalent 

conjugation of TCO to form bifunctional crosslinkers: VPM-bisTCO and GIW-

bisTCO (Figure 4.3D). VPM is enzymatically degradable MMP-1, 2, 3, 7, 9 and MT1-

MMP
[24,25]

 with the cleavage site between serine and methionine (VPMS↓MRGG) 

while GIW can be degraded by MMP-1, 2, 3, 8 and 9
[24,26]

 with a cleavage site 

between glycine and isoleucine (GPQG↓IWGQ). To introduce cell-adhesive sites into 

the synthetic matrix, TCO was conjugated to a peptide sequence isolated from 

fibronectin, GKGYGRGDSPG (RGD), to form a monofunctional linker RGD-TCO
[18]

 

(Figure 4.3E). 
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Covalently crosslinked hydrogel channels were fabricated via a syringe 

injection of bisTCO crosslinkers into a reservoir of HA-Tz while moving through a 

custom-made Poly(dimethylsiloxane) (PDMS) chamber in a unidirectional manner 

(Figure 4.1F). The rapid nature of tetrazine ligation is displayed when the HA-Tz and 

bisTCO molecules are introduced. Tz-NHNH2 was shown to react with s-TCO and d-

TCO with second order rate constants, k2, of 6.70  10
4 

M
-1

s
-1 

and 9.94  10
3 

M
-1

s
-1

, 

respectively. At the interface where HA-Tz and bisTCO meet, an instantaneous 

crosslinked channel wall is generated following the path of the syringe needle. The 

smaller bisTCO molecules diffuse through the crosslinked wall and react with HA-Tz 

at the gel-liquid interface, growing the crosslinked channel wall outward radially, until 

completely exhausted. 

To measure the mechanical properties of the hydrogel channels, the channels 

were allowed to crosslink for 5 min following the initial channel wall formation. To 

ensure a complete channel formation, ~1 mL of phosphate buffered saline (PBS) 

(Corning Cellgro) with 1 mL of India ink (Super Black
TM

), used for contrast, was 

perfused through the channel. The surrounding HA-Tz liquid interface (outside of the 

channel) was maintained to help support the weight of the channel (buoyancy) and to 

maintain a hydrated environment. Once complete fluid communication was 

established and no ruptures in the channel were observed the chamber outlet was 

plugged. This configuration established the reference state of the hydrogel channel. To 

mechanically characterize the hydrogel channels, a pressure-dilation assay was 

conducted. A schematic of this experiment is shown in Figure 4.4A. A screw-driven 
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head tank was incremented upward to vary the internal pressure within the tube; each 

2.54 mm step corresponded to ~25 Pa of pressure. Pressure-induced changes in 

channel diameter were tracked using a digital camera with a calibrated magnifier 

(Dino-Lite AM7915MZTL). A custom edge-detection code was written in MatLab® 

to identify the channel boundaries and determine the mean diameter for each tube at 

each pressure condition; the analysis was limited to central 30% of the channel to 

eliminate potential effects from the fixture boundaries as displayed in Figure 4.4B.  
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4.4  Mechanical properties of hydrogel channels. (A) Schematic for pressure-Figure 

dilation experiments on hydrogel channels. The head tank is driven by a 

linear actuator in 2.54 mm increments. FEP tubing connects the head 

tank to one end of the PDMS chamber while the outlet is plugged. The 

chamber well is filled with HA-Tz and topped with a glass slide to 

prevent distortion effects from the fluid meniscus. A calibrated Dino-Lite 

camera is positioned over top of the channel to capture images of channel 

dilation during step changes in head pressure. (B) Images of hydrogel 

channels captured before and after applied pressure and thresholded areas 

of central 30% of channels used to quantify Young’s modulus. (C) 

Average channel diameter and Young’s modulus as a function of relative 

pressure over the range of 0-150 Pa. Young’s modulus was calculated via 

best fit (R
2
 > 0.99) of a stress-strain model for cylindrical pressure 

vessels with variable modulus and thickness to experimental data. The 

error bars represent standard deviation (n = 6). 
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These results were input into a large strain, thin-walled cylinder model 

(Poisson’s ratio assumed to be 0.5)
[27]

 to quantify Young’s modulus. With a constant 

modulus, the model predicts increasing rates of change in diameter with pressure. The 

linear and, in some cases, sub-linear dependences of diameter on pressure (Figure 

4.4C) suggest that the modulus increased significantly (p < 0.05) with strain due to 

polymer chain alignment. The final constitutive model assumed the modulus increased 

linearly with strain and produced excellent agreement (R
2
 > 0.99) between theory and 

experimental results. Reported moduli represent the mean and standard deviation of 

the fit over the range of the measurements (n=6). The Young’s modulus was found to 

be 1.5 ± 0.9 kPa to 3.3 ± 0.9 kPa for applied pressures of 0 to 150 Pa. While the 

reported modulus of native arteries is significantly higher, they have a lot of fibrous 

support from elastin and collagen fibers contributing to the mechanical properties.
[28,29]

 

The interfacial diffusion-controlled crosslinking via tetrazine ligation can be 

utilized to form 3D spatial patterns of covalently conjugated molecules without the 

need for external triggers
[30]

  or templates
[31]

. To demonstrate this, a hydrogel channel 

was formed where Clover-TCO
[18]

 (5 μM) was incorporated into the initial bisTCO 

crosslinking solution. After 5 min, a bisTCO crosslinking solution containing Cy3-

TCO (5 μM) was perfused into the channel and incubated for 15 min. Finally a 

bisTCO crosslinking solution containing Cy5-TCO (5 μM) was perfused into the 

channel and incubated for 45 min further. As shown in Figure 4.5A-G, the inner most 

layer is covalently tagged with Clover (Green, 134±14μm) followed by distinct layers 
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of Cy3 (Red, 75±5μm) and Cy5 (Blue, 57±3μm) with sharp boundaries, displaying the 

interfacial diffusion controlled nature of the crosslinking to allow for the spatial 

patterning of TCO conjugated molecules and proteins. 

 

4.5  Covalent patterning of TCO conjugated fluorophores. (A) The initial wall Figure 

layer is formed with a crosslinking solution containing Clover-TCO 

(Green) followed by solutions of (B) Cy3-TCO (red) and (C) Cy5-TCO 

(blue). The formed channel is presented as a (D) end profile, (E) side 

profile and (F) tilted profile based on confocal z-stacks. (G) The gray 

value of the three layers. Scale bar = 200 μm. 

 

To further demonstrate the utility of the interfacial crosslinking in modulating 

the 3D microenvironment, NIH3T3 fibroblasts transfected with green fluorescent 

protein (GFP) were dispersed in the HA-Tz reservoir. The channel wall was initially 

formed with a bioinert crosslinking solution (PEG-bisTCO) along with Alexa-TCO
[16]

 

(2 μM) for 5 min. Next, a bioactive crosslinking solution (GIW-bisTCO and RGD-
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TCO) was perfused into the lumen of the channel and incubated for 15 min. Finally, 

the initial bioinert crosslinking solution was perfused back into the lumen of the 

channel and incubated for 45 min. This formulation leads to the construction of a 

bioinert-bioactive-bioinert tri-layer structure within the hydrogel channel wall in the 

radial direction as depicted in Figure 4.6C. As shown in Figure 4.6A, fibroblasts 

encapsulated in the bioinert (blue) regions show decreased viability and remain round 

after 7 days of culture. The fibroblasts in the bioactive region, where cells are able to 

attach to their matrix through integrins and degrade it through secretion of MMPs, 

show higher viability and start to adopt a spindle-like morphology. After 28 days of 

culture (Figure 4.6B), the bioinert regions are now vacant of cells, likely due to cell 

migration or apoptosis while cells in the bioactive region proliferated and made cell-

cell connections to form a cell-sheet. The ability to attach and break down their matrix 

is a vital feature of functioning cells which has shown to aide in proliferation and 

migration.
[32,33]
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4.6  NIH3T3 fibroblast response to bioactive and blank patterened regions Figure 

after (A) 7 days and (B) 28 days of culture. (C) The hydrogel channel 

was formed with inner and outer layers (blue) of PEG-bisTCO and 

Alexa-TCO while the middle (black) region is crosslinked with GIW-

bisTCO and RGD-TCO. NIH3T3 were transfected with green fluorescent 

protein (Green) and stained with ethidium homodimer (Red). Scale bar = 

200 μm. 

 

The interfacial crosslinking platform allows for not only the spatial patterning 

of covalently conjugated biomolecules but also of living cells. To demonstrate this, 

two populations of NIH3T3 fibroblasts were labeled with either cell tracker red or cell 

tracker green and dispersed in separate HA-Tz reservoirs. The Red cell reservoir was 

first added to the chamber for the initial formation of the channel wall. After 5 min, 

the Red cell reservoir was removed and replaced with the Green cell reservoir. The 

crosslinking solution in the lumen of the channel was replenished via perfusion and 

the channel was incubated for 15 min. Finally the Green cell reservoir was removed 

and the initial Red cell reservoir was returned to the chamber well for an additional 45 
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min incubation period. As shown in Figure 4.7A-C, a three layer pattern of Red-

Green-Red tagged fibroblasts are spatially patterned into the channel wall in the 

sequential order that the cell laden reservoirs were added to the chamber well in. 

 

4.7  Cell Patterning. (A) NIH3T3 fibroblasts stained with Cell Tracker Red Figure 

(Red) or Cell Tracker Green (Green) were patterned into the hydrogel 

channel. Sequentially altering of HA-Tz baths containing cell tracker red 

cells or green cells led to a red-green-red sandwich pattern shown as a 

confocal z-stack of (B) the channel and (C) the channel wall. Scale bar = 

100 μm. 

 

The anatomy of the arterial wall displays multiple layers comprised of three 

primary cell types in a distinct radial order. Lining the lumen are the vascular 

endothelial cells which serve as a barrier between blood and the arterial wall and 

secret cell signaling molecules such as vasodilators and vasoconstrictors.
[34]

 Following 
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a thin layer of basement membrane are the vascular smooth muscle cells which control 

blood pressure and flow by contraction and dilation.
[35]

 Last in the outer region are the 

adventitial fibroblasts which help to maintain the overall structural integrity and 

remodeling of the wall by depositing ECM proteins.
[36]

 In order to fabricate a viable in 

vitro vascular model, these three cell types must be presented in this distinct radial 

order found in vivo. 

The cyto-compatibility of the crosslinking chemistry and hydrogel channels 

were tested with three vascular cell types. Human abdominal aorta endothelial cells 

(HAAEs) were perfused into the lumen of the channel after 5 min of crosslinking and 

incubated overnight at 37°C to allow for the cells to attach to the inner channel wall of 

the lumen. Initially, the cells were able to attach to the bottom portion of the channel 

wall due to gravity but over a 7 day period, the cells were able to proliferate and 

migrate around the lumen to completely wrap around the wall while maintaining high 

viability (98%)(Figure 4.8A-D). Human aortic adventitial fibroblasts (AoAFs) and 

aortic vascular smooth muscle cells (vSMCs) were, separately, dispersed in HA-Tz 

reservoirs and subsequently encapsulated into the hydrogel channel wall during 

crosslinking for 5 min. vSMCs were crosslinked into the channel wall with VPM-

bisTCO as it has been shown to degrade faster with SMCs.
[37]

 Initially, the cells in 

both cases were round and dispersed, but a change in their morphological features to 

an elongated phenotype over 7 days of culture (Figure 4.8E-L) was observed while 

maintaining high viability of 96% and 92% for the vSMCs and AoAFs, respectively. 

In all three experiments, the cells demonstrated the ability to attach to the synthetic 
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matrix and alter their morphology (Figure 4.8D,H,L) with a spread cytoplasm along 

with high viability which are signs of a properly functioning cell.
[38]
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4.8  Vascular cell encapsulation and patterning. Vascular (A-D) endothelial Figure 

(HAAE) were cultured on the inner lumen while (E-H) smooth muscle 

(vSMC) and (I-L) 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 cells (blue) 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. (A-C,E-G,I-K,M-P) Scale bar = 200 

μm. (E,H,L) Scale bar = 50 μm. 
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Finally the HAAEs, vSMCs, and AoAFs were spatially patterned into the 

hydrogel channel in the anatomical order found in vivo(Figure 8M-P). vSMCs, tagged 

with cell tracker green (green), were dispersed in the HA-Tz reservoir and crosslinked 

into the initial channel wall for a 5 min incubation period. The vSMC reservoir was 

removed and replaced with a HA-Tz reservoir containing dispersed AoAFs tagged 

with cell tracker red (red). The lumen of the channel was replenished with more 

crosslinker and the channel wall was allowed to crosslink further for 30 min while 

rotating to prevent settling of the cells. Following, the HA-Tz reservoir was removed 

and replaced with fresh media. HAAEs tagged with cell tracker deep red (blue) were 

perfused into the lumen of the channel and allowed to attach to the inner channel wall 

overnight at 37°C while rotating to ensure a homogenous cell layer. The hydrogel 

channels were then assessed for their specific presentation of the tagged cells. As 

shown in Figure 4.6M-P, the cells are layered in the correct order according to the 

experimental setup and to their anatomical order found in vivo. As shown in side 

profile images in Figure 4.8M-O, the cells are dispersed and show an increase in 

diameter from the HAAEs on the channel wall(Figure 4.8M) to the vSMCs (Figure 

4.6N) finally to the AoAFs on the outer layer of the channel(Figure 4.8O). This offers 

an elegant strategy to spatially patterning all three cell types without the need for 

multiple gelation steps and concentric needles
[39]

. 
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4.4 Conclusions 

In summary, I have demonstrated the utility of tetrazine ligation as a powerful 

tool for fabrication of liquid-filled hydrogel channels via interfacial diffusion-

controlled crosslinking. The hydrogel channels can be spatially patterned with 

covalently conjugated molecules, peptides and proteins to modulate the 3D local 

microenvironment. The hydrogel channels can also be spatially patterned with 

encapsulated cells of different populations in distinct and separate layers of desired 

order. The ability and relative ease to spatially pattern both biochemical cues and 

mulitple cell populations into the hydrogel channel makes this an ideal platform for 

the fabrication of in vitro vasculature models. 

4.5 Spectral Data for Chapter 4 
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4.9  UPLC-MS spectrum of VPM peptide. Figure 
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4.10  UPLC-MS spectrum of VPM peptide. Figure 
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4.11  UPLC-MS spectrum of VPM-bisTCO. Figure 
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4.12  UPLC-MS spectrum of VPM-bisTCO. Figure 
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CONCLUSIONS AND FUTURE DIRECTIONS 

5.1 Conclusions and Significance 

Tetrazine ligation is an ultrafast bioorthogonal reaction with second order rates 

exceeding 10
6
 M

-1
 s

-1
. It was previously shown to be useful for cell labeling at ultra-

dilute concentrations without cytotoxicity but had not previously been applied for the 

fabrication of synthetic hydrogel matrices. The overall goal of this dissertation work 

was to fabricate complex hydrogel constructs utilizing tetrazine ligation for the 

development of in vitro engineered tissue models. 

In the first part of this dissertation, tetrazine ligation was first explored for its 

utility in the fabrication of synthetic hydrogels. Tetrazine was conjugated to 

hyaluronic acid to make up the backbone of the hydrogel matrix while TCO was 

conjugated to PEG to make a bisTCO crosslinker. It was shown that when a droplet of 

HA-Tz was introduced to a bath of bisTCO, instantaneous interfacial crosslinking 

occurs. Over time, the smaller bisTCO molecules diffuse across the crosslinked region 

and react with HA-Tz at the gel-liquid interface until all tetrazine sites have been 

consumed. The interfacial diffusion controlled nature was utilized to show the 

formation of 3D ring patterns and radial gradients of fluorophores. The non-toxic 

nature of the tetrazine ligation and the hydrogel in general were tested with prostate 

cancer cells showing that the cells maintain high viability and proliferate readily. 

Simultaneously, tetrazine ligation was utilized to form liquid filled hydrogel channels. 

By inversing the order of addition, hydrogel channels were formed and the channel 

Chapter 5 
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wall formation was monitored by the covalent conjugation of Alexa-TCO into the 

channel walls. The tetrazine ligation was shown to hold a high potential for the 

construction of complex constructions for in vitro tissue models. 

Subsequently, use of interfacial bioorthogonal chemistry for the preparation of 

spatially patterned hydrogels with distinct biochemical and biomechanical 

microenvironments was demonstrated. Synthesized enzymatically degradable (GIW-

bisTCO) and non-degradable (PEG-bisTCO) were utilized along with mono-

functional RGD-TCO for cell adhesion and PEG-TCO for modulate the stiffness. 

Through temporally controlled introduction these TCO conjugates during the 

crosslinking process, the enzymatic degradability, cell adhesivity, and mechanical 

properties of the synthetic microenvironment can be tuned with spatial precision.  

Human mesenchymal stem cells were encapsulated in hydrogels with core-shell 

structures and were able to respond to patterned regions. hMSCs in degradable and 

adhesive regions were able to degrade their matrix to adopt a spread morphology 

while those in the blank, non-degradable region remained round with lower viability 

over time. The bioorthogonal platform allows straightforward patterning of cellular 

microenvironments to trigger desired responses or to promote the formation of 

multilayer tissues. 

Finally, the preparation of hydrogel channels with distinct biochemical and cell 

presentation was demonstrated. Hydrogel channels were fabricated with district 3D 

patterns by the time dependent addition of TCO conjugated fluorophores into the 

lumen of the channel with subsequent diffusion of the molecules through the channel 

wall to grow the wall thickness further. Encapsulated fibroblasts responded to regions 

of degradable (GIW-bisTCO) and adhesive (RGD-TCO) where the cells adopted a 
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spindle-like morphology and proliferated readily while cells in a blank (PEG-bisTCO) 

remained round. Additionally, alternating the cell laden HA-Tz bath during the 

channel wall formation enabled for 3D encapsulation of different cell populations 

within the channel wall in anatomically relevant spatial patterns. Vascular endothelial 

cells, smooth muscle cells and adventitial fibroblasts were patterned into the distinct 

radial order found in vivo with high viability. This novel approach for the fabrication 

of hydrogel channels has high potential for in vitro vasculature models.  

The significance of this work is the development of a novel method for 

hydrogel patterning. Previous methods have included the use of photomasks with UV-

light or two-photon with multiple reactions, enzyme mediated redox, and other 

lithographic approaches. These methods hold utility and advantages in precision and 

sophisticated designs but are not without their limitations. There are potential 

damaging effects of the use of UV light along with the concentration of the 

photoinitiator(s). There are also limitations in light penetration depth within thick 

hydrogels. Approaches using redox generate cytotoxic hydrogen peroxide while others 

require the use of laser guided systems with confocal to generate patterns which are 

both costly and time-consuming. My approach creates patterns in a cytocompatible 

way where the concentrations in the crosslinking bath are reflected in the bulk 

hydrogel. The patterns can be made within thick hydrogels only relying on diffusion 

of the TCO-conjugates with subsequent interfacial crosslinking. The platform holds 

potential for high throughput applications due to its relative ease of pattern generation. 

5.2 Future Directions 

The work described in this thesis was the utilization of tetrazine ligation for the 

fabrication of hydrogel biomaterials. The ability to fabricate spatially patterned 
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hydrogel matrices without the necessity of external triggers or template is attractive 

for the fabrication of in vitro models for studying diseased tissue. These established 

platforms will serve a number of future application and possible future directions are 

described below.  

5.2.1 Incorporation of Triggerable Dihydrotetrazine (DHT) 

Fabrication of the hydrogels using tetrazine ligation relies on interfacial 

crosslinking with the reaction between the tetrazine and TCO molecules occurring at 

the gel-liquid interface. Once the hydrogel is finished crosslinking, no further 

modification can currently be done to the hydrogels outside of remodeling done by the 

encapsulated cells. Recent efforts have shown the ability to pattern hydrogels after 

crosslinking through photolabile groups such as oNB
[1]

 or the use of multiple 

reactions.
[2]

 While my platform holds advantages of not having to use these triggers, I 

was not yet to show the ability to pattern hydrogels with time (4D). 

One method which has started to be explored in the last few years in the Fox 

and Jia groups is the use of dihydrotetrazine (DHT). DHT is an unreactive 

intermediate in the synthesis of tetrazine. Once the DHT molecule is introduced to an 

oxidizer, whether it is chemical such as HRP or light induced with a photosensitizer, it 

becomes reactive to participate in iEDDA with dienophiles such as TCO. The Fox and 

Jia groups have shown its utility in the synthesis and modification of synthetic fibers
[3]

 

while the Forsythe Group has shown the ability to fabricate hydrogels
[4]

 with 

norbornene functionalized PEG. Initial efforts to fabricate DHT hydrogels have been 

fruitless, potentially due to an unforeseen issue with singlet oxygen from the 

methylene blue photosensitizer. 
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The introduction of DHT into both the hydrogel spheres and channels would 

be a valuable tool for the fabrication of in vitro models and biomaterials. One direction 

would be to trigger gelation with near-IR light which would be favorable over forming 

hydrogels via 365 nm UV light used in thiol-ene reactions due to potential 

cytotoxicity. Another direction would be to pattern the DHT molecules into the 

hydrogel matrix. After crosslinking, the DHT groups could be oxidized to reactive 

tetrazines to enable further patterning of the hydrogel. By doing this, time can be used 

to help mimic the constant remodeling of the ECM by the cells.
[5]

 This would also 

give the option to introduce signaling molecules or growth factors at the desired time 

point. In the case of salivary gland tissue engineering, temporal presentation of FGF10 

and FGF7 to promote elongation and budding, respectively, of the salivary human 

stem/progenitor cells (hS/PCs) could aide in the assembly of functional tissue.
[6]

 

Another option could be to increase hydrogel stiffness through further crosslinking to 

study stiffening of diseased tissue. 

5.2.2 Gradient Patterning 

Shown in Chapter 2 as a proof of concept with Alexa-TCO, I was able to 

generate radial layers and gradients within the hydrogel spheres.
[7]

 I explored 

patterning my hydrogels in layers further in Chapter 3 and Chapter 4 by modulating 

stiffness, degradability and adhesiveness but further studies on gradients within the 

hydrogels should still be conducted. The same parameters could be applied to the 

gradients of stiffness, degradability and adhesiveness. In addition, gradients of growth 

factors, proteins, or other signaling molecules could be used. Gradients of stiffness 

could be used to study durotaxis
[8,9]

 with hMSCs which I have cultured in Chapter 3. 

Additionally, chemotaxis, morphogenesis, migration, wound healing, and 
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mechanotransduction could be studied as a result of presentation of various gradients 

within the hydrogel microenvironment. 

The proposed direction would be similar to Chapter 2 where a syringe pump 

was used in continuously add the Alexa-TCO into the crosslinking solution. In the 

case of the stiffness gradient, mono-TCO could be continuously added into the bath to 

create a crosslinking density gradient with the shell being the stiffest and the core 

being the softest. Fluorescent imaging could be utilized to quantify the gradient but 

AFM should be used to quantify the radial stiffness gradient. Hydrogel prepared in a 

cylindrical fashion could have opposing gradients with interfacial crosslinking and 

diffusion occuring from either end of the cylinder. Additionally, incorporation of DHT 

molecules will enable gradient formation after the initial hydrogel formation. DHT-

TCO could be incorporated into the crosslinking solution in a gradient manner as just 

described with a syringe pump. Once the DHT molecules get oxidized, the hydrogel 

could be placed in a bath with any TCO-conjugated molecules, peptides, proteins, or 

growth factors without having to rely on competing diffusion kinetics of the 

crosslinker. 

Additionally, quantification of conjugated peptides, proteins, and molecules in 

the swollen equilibrium hydrogel would be of value and interest. Currently, it is 

assumed that the molar concentration of the molecules in the crosslinking bath is 

reflected in the resultant hydrogel which may not necessarily be the case. The 

molecular weight of the molecules used in Chapters 2-4 are all within 1.5 kDa of each 

other and diffusion is assumed to have equal to similar. The fluorescent conjugation 

and subsequent confocal imaging that I conducted has shown the qualitative patterns 

in the hydrogel but a more quantitative approach could be more informative. A 
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potential method would be to make hydrogels with varying molar percentages of 

RGD-TCO. Then the hydrogel could be digested and the solution could be assessed 

for tyrosine concentration which is part of the RGD sequence (GKGYGRGDSPG). 

Alternatively this could be done with fluorophore conjugated hydrogels and quantify 

the fluorescence with a plate reader. 

5.2.3 Hydrogel Channels for In Vitro Models 

The hydrogel channels initially described in Chapter 2 and further in Chapter 4 

should serve as a valuable platform for in vitro vascular models. At their current state, 

they lack a few key characteristics which would help to further replicate vasculature. 

One is the mechanical properties. As described with the pressure dilation assay in 

Chapter 4, the Young’s modulus of the hydrogel channels is approximately 2.5 kPa. 

While the vascular cells used in the study were shown to maintain high viability and 

show signs of morphological changes, this is significantly weaker than the arterial wall 

found in vivo. One reason for this is that many vessels found in the body have fibrous 

support from elastin and collagen. While the fibroblasts and smooth muscle cells will 

deposit some collagen elastin, respectively, it would be beneficial of the model from 

an engineering prospective to include fibers into the hydrogel channel during 

crosslinking as to not rely on the cells. One possible method is to electrospin around a 

needle of desired diameter.
[10]

 The cylindrical fiber bundle would then be placed in the 

PDMS chamber across the inlet and outlet so that as the channel wall is formed, the 

fibers will be crosslinked into the hydrogel channel. If the fibers contain pendent 

tetrazine groups, they can additionally be covalently crosslinked into the channel. 

Initial studies could utilize coated PCL fibers as they are widely studied but future 

investigations could include elastin and collagen-like peptides incorporated into a 
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synthetic multi-block.
[11,12]

 I believe this should be able to increase the modulus of the 

hydrogel channels to closer match that of native arteries. 

The synthetic channels often have ‘waviness’ to them as reflected in the 

Pressure-Dilation assay in Chapter 4. This may be due to pressure differences between 

the HA-Tz reservoir and the injected crosslinking solution as indicated by the repeated 

curvature. Besides the asthetics perspective, the curvature may result in heterogeneity 

within the hydrogel as far as mechanical properties and encapsulated cells. This 

potentially could be remedied by adjusting the injection rate and the speed of the 

stage. 

Another improvement to the current platform should be the incorporation of 

constant perfusion. Current perfusion in the system was done manually with a syringe 

or in the case of the pressure dilation, a raised head tank connected to the chamber 

through FEP tubing. Perfusion with a peristaltic pump would necessary for replicating 

in vivo conditions. For example, the endothelial cells are subjected to fluid shear stress 

which is integral for normal vessel wall function.
[13]

 The incorporation of perfusion 

would also be integral to investigating various disease models affecting vasculature 

including atherosclerosis and intimal hyperplasia. Separately, the model could be 

easily tuned to investigate other areas of interest including circulating tumor cells 

(CTCs)
[14]

 or blood-brain barrier (BBB)
[15]

 models. 

Finally, further cell biology should be conducted on the vascular cells with the 

hydrogel channels. In Chapter 4, I investigated the cells for their viability and 

morphology separately after seven days of culture. Further, I displayed the ability to 

pattern the cells into their anatomically relevant order confirmed by cell trackers after 

one day of culture. Culturing the three cell types together for longer culture periods 
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would be of interest to study their interactions, migration, ECM production, and 

phenotype. One study could include either long term cell trackers or transfection of 

fluorescent proteins within the cells in order to study their migration in regards to each 

other within the hydrogel. Tandem experiments could look at viability, ECM protein 

production, and cell-cell and cell-matrix interactions. 
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