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Abstract 

Hyaluronic acid (HA) is a naturally occurring polymer that holds considerable promise for tissue 

engineering applications. Current cross-linking chemistries often require a coupling agent, 

catalyst, or photoinitiator, which may be cytotoxic, or involve a multistep synthesis of 

functionalized-HA, increasing the complexity of the system. With the goal of designing a simpler 

one-step , aqueous-based cross-linking system, we synthesized HA hydrogels via Diels-Alder 

“click” chemistry. Furan-modified HA derivates were synthesized and cross-linked via 

dimaleimide poly(ethylene glycol). By controlling the furan to maleimide molar ratio, both the 

mechanical and degradation properties of the resulting Diels-Alder cross-linked hydrogels can be 

tuned. Rheological and degradation studies demonstrate that the Diels-Alder click reaction is a 

suitable cross-linking method for HA. These HA cross-linked hydrogels were shown to be 

cytocompatible and may represent a promising material for soft tissue engineering.    
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1 Introduction 

1.1 Hydrogels for Tissue Engineering  

Tissue engineering has been defined as the delivery of biomolecules, cells and supporting 

structures to the body to promote self-healing1.  In a common approach, tissue-specific cells are 

isolated from a patient via a small tissue biopsy and subsequently harvested in vitro. These cells 

are then incorporated into biocompatible 3-dimensional (3D) polymer scaffolds to provide 

structural support for tissue regeneration in an environment analogous to that of the native 

extracellular matrix (ECM). These polymer scaffolds then serve as delivery vehicles to distribute 

the regenerated cells to the patient’s body, while providing a space for new tissue formation 

(Figure 1)2. Using this approach, many tissues have been successfully engineered, such as 

bladder, skin, cartilage and bone, of which many are in clinical use3.     

 

Figure 1. Schematic illustration of a typical tissue engineering approach2. Cells are obtained 
from a patient via a small biopsy and expanded in vitro, and subsequently implanted into a 
following incorporation with a polymer scaffold. 
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Among the scaffold materials employed within tissue engineering strategies, hydrogels have 

gained increasing popularity within the last decade. Hydrogels are water-swollen, cross-linked 

polymer networks capable of imitating the mechanical and architectural nature of the cellular 

microenvironment of soft tissue4. Due to their high water content, hydrogels permit facile 

transport of oxygen, nutrients, soluble factors and waste. Moreover, many hydrogels are 

biocomtatible, biodegradable, and can be synthesized and processed under relatively mild 

conditions. Accordingly, hydrogels represent an optimal platform for many regenerative 

medicine applications.  

1.1.1 Design Criteria 

Hydrogels for tissue engineering applications are generally divided based on their natural or 

synthetic origin. Given that natural materials are often principle components of the ECM, they 

bestow many desirable biological properties within the hydrogel scaffold. Common natural 

materials employed for hydrogel formation include collagen, hyaluronic acid (HA), and fibrin. 

These hydrogels are bioactive, biocompatible and can promote cell function. On the other hand, 

hydrogels formed from synthetic materials, such as poly(ethylene glycol) (PEG), and poly(lactic 

acid), offer a blank canvas, permissive to cell function4. These macromolecules are generally 

easier to work with chemically compared to their naturally-derived counterparts which often 

exhibit batch-to-batch variability3. While there has been considerable debate as to which class of 

material is superior for tissue engineering applications, many believe the intrinsic cellular 

interaction and fundamental cell-controlled degradation of native hydrogels make them superior 

biomimetic scaffolds for ultimate control of cell fate in 3D.     

To control tissue regeneration in 3D, many hydrogel design parameters must be considered, 

besides the choice of polymer. The mechanical properties of a hydrogel scaffold are particular 

important given that stem cell fate has shown to be regulated according to matrix elasticity5. For 

example, when mesenchymal stem cells (MSCs) were cultured on collagen-coated gels with 

elastic moduli ranging from either 0.1-1, 8-17, or 25-40 kPa they differentiated into neurons, 

myogenic cells, or osteoblasts respectively6. Mammary epithelia7 and glioblastomas8 also exhibit 

a dependence on matrix rigidity. In addition to the mechanical properties of a hydrogel scaffold, 

the degradation profile is also important in directing cell behavior. Cells must be able to remodel 

their environment to ensure adequate tissue regeneration. Mooney and co-workers explored the 
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influence of matrix degradation on myoblast phenotype9. While myoblasts cultured in the non-

degradable gels experience the fastest proliferation rate, only cells cultured in degradable gels 

were able to differentiate into multi-nucleated myofibers.     

1.1.2 Hyaluronic Acid Hydrogels 

HA is a naturally occurring linear polysaccharide that has repeating units of ß-1,4-D-glucuronic 

acid and ß-1,3,-N-acetyl-D-glucosamine (Figure 2). HA is a non-sulfated glycosaminoglycan, 

found ubiquitously through the ECM, with reported roles in embryonic development, tissue 

organization, wound healing, and angiogenesis10. HA is also biocompatible, biodegradable, and 

elicits low levels of immune response61, and as such as been in clinical use for over 30 years11. 

As mentioned above, natural polymers carry built-in cellular interactive properties and can be 

degraded in a cell-mediated fashion. Cellular interaction with HA is facilitated by the receptors 

CD44 and RHAMM12, and HA is rapidly degraded within the body via hyaluronidase with half-

lives ranging from hours to days13.  

Figure 2. Chemical structure of hyaluronic acid 

Recently, HA has been recognized as an important biomaterial for tissue engineering and 

regenerative medicine applications14. Over the past decade, a wide variety of HA-based 

hydrogels have been engineered, demonstrating dural repair62, sustained cell expansion63,64, 

facilitated cartilage repair65, oriented bone regeneration66, and directed neural progenitor cell 

differentiation67, among others. HA hydrogels have been cross-linked via photo-polymerization 

to encapsulate chondrocytes within the hydrogel networks, promoting cartilage regeneration15. 

Redox-initiated HA hydrogels have been used in cardiac repair16, and photocross-linked HA 

hydrogels have been explored as biological substitutes for injured heart valves17. Furthermore, 

HA hydrogels have been used as platform to direct stem cell behavior within a 3D environment. 

Both MSCs18 and human embryonic stem cells19 have been encapsulated within HA hydrogels 

and their ability to self-renew and differentiate has been investigated.  
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These scaffolds can be manipulated to mimic aspects of the extracellular microenvironment. For 

example, inclusion of cell-adhesive peptides (RGD)68 and ECM proteins (collagen)69 within HA 

scaffolds can enhance cellular attachment and spreading. Other polymer molecules, such as 

poly(ethylene glycol) (PEG)65,68 have also been included in HA hydrogels to vary the mechanical 

properties and pore size of the scaffolds.  

1.1.3 HA Cross-Linking Chemistries  

Native HA is water-soluble and exhibits a fast degradation profile and clearance within the 

body10,70. Therefore HA must be covalently cross-linked in order to provide a mechanically 

robust hydrogel. In the past, popular hydrogel cross-linking methodologies included radical 

polymerization, chemical reactions of complementary functionalities, or high energy 

irradiation20. Cross-linking typically involves chemical modification of HA by targeting either 

the hydroxyl or carboxylic acid functionalities of the sugar moieties. For example, HA has been 

modified with mono- and polyvalent hydrazides, which in turn react with PEG-dialdehydes to 

form hydrogels71. This methodology has been extended with Huisgen click chemistry by 

crosslinking HA-azide and HA-alkyne derivates under copper catalysis31. HA hydrogels have 

also been synthesized using photo-chemistry with methacrylate-fuctionalized HA and 

photocross-linkers (Irgacure 2959 or eosin Y)63,72. Therefore a coupling agent, catalyst or photo-

initiator is often required for cross-linking, introducing potentially cytotoxic small molecules, 

and hence lowering the biocompatibility of the material. These hydrogels must be extensively 

washed to remove catalysts or unreacted coupling agents before the addition of cells. This is a 

laborious process that can lead to undesired hydrogel degradation.  

Thiolated-HA can be cross-linked without additives via disulfide bond formation upon 

oxidation73; however, synthesis of thiolated-HA is a time-consuming, multi-step process that can 

negatively impact the native structure of HA by decreasing the molecular weight. Moreover, 

inclusion of thiols in the HA backbone may complicate cross-linking reactions in the presence of 

cysteine-containing peptides or proteins. These may react with HA-thiols, resulting in disulfide 

bond formation, thereby affecting their structure and function. Furthermore, thiol-disulfide 

oxidoreduction of cell surface proteins plays a role in regulating critical cellular functions such 

as adhesion and proliferation76, and thus a blank hydrogel canvas without thiols allows more 

control over cellular behavior.   
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1.2 Click Chemistry within Regenerative Medicine  

Tissue engineering strategies require well-defined structural materials. Recognizing this fact, 

many bioengineers have turned to synthetic organic techniques for their cross-linking reactions. 

The exponential growth of click chemistry research within the past decade has greatly facilitated 

the development of chemoselective chemistries applicable within biomaterials. In 2001, 

Sharpless and co-workers introduced the term “click chemistry” to define a set of nearly perfect 

reactions that resemble natural biochemical ligations21. These “spring-loaded” reactions are 

orthogonal, regioselective, and highly efficient. Moreover, click reactions can be performed in 

aqueous solutions at room or physiological temperature, and display outstanding functional 

group tolerance, making them compelling reactions within the bioengineering toolkit for polymer 

synthesis and bioconjugation22. Accordingly, there has been an emerging trend of click chemistry 

within the field of regenerative medicine. A prime example is click cross-linked hydrogels. Click 

reactions have also gained popularity as bioconjugation techniques for decorating 2D cell 

substrates, as elegant patterning chemistries for immobilizing bioactive factors within 3D 

scaffolds (Figure 3). This section begins with a brief overview of three common click reactions 

employed within regenerative biomaterials, and further highlights their use in tissue engineering 

and regenerative medicine.  

Figure 3. Schematic representation of click chemistry applied to regenerative biomaterials. 
Click chemistry has been employed as a crosslinking chemistry for hydrogel synthesis, and as 
bioconjugation techniques for decorating 2D cell culture substrates and patterning bioactive 
factors within 3D scaffolds.     
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1.2.1 Common Click Reactions in Regenerative Biomaterials  

The term click chemistry often refers to the common copper(I)-catalyzed alkyne-azide 

cycloaddition (CuAAC) (Scheme 1A). This reaction is very similar to the classic Huisgen 

cycloaddition23 where an organic azide reacts with an alkyne to form a triazole ring. Through the 

addition of a Cu(I) catalyst, Meldal24 and Sharpless25 demonstrated that the Huisgen 

cycloaddition reaction can proceed at low temperatures with high rates, efficiency, and 

regiospecificity. Moreover, near-perfect conversion is obtainable in both aqueous and organic 

solvents. CuAAC has proved to be particularity advantageous within biomedical applications 

considering the starting materials, azides and terminal alkynes, are remarkably stable within 

biological systems, enabling facile introduction of these reactive groups into a wide range of 

biomolecules.  

However, the term click chemistry is not limited to the CuAAC reaction, but embodies a 

synthetic philosophy of many reactions with distinct mechanisms. According to Sharpless, a 

reaction can achieve click status if it consists of readily available orthogonal reactants that 

combine under mild conditions to produce a single stereospecific product, with little or no 

isolation21. Within the past decade there has been increasing investigation into reactions that 

meet this definition, yet do not require a metal catalyst34. The Bertozzi lab has developed a 

reaction of azides with cyclooctyne derivatives35 referred to as strain-promoted azide-alkyne 

coupling (SPAAC) (Scheme 1B). These cyclooctyne derivatives greatly increase reactivity of 

azide-alkyne cycloadditions in the absence of copper, particularly when difluorinated36. Baskin et 

al. exploited this phenomenon to conjugate fluorophores to biological molecules by 

incorporating a gem-difluoro group next to a strained alkyne37. Reported reaction rates were 30-

60 times faster compared to those with non-fluorinated cyclooctynes.   

Another click cycloaddition is exemplified by the Diels-Alder (DA) reaction; a highly selective 

[4 + 2] cycloaddition between an electron-rich diene and an electron-poor dienophile (Scheme 

1C). This reaction was first reported by Otto Diels and Kurt Alder in 192848, making the DA 

cylocaddition the oldest known click reaction. DA chemistries offer high yields and minimal 

sides reactions, and require very little energy. Contrary to other click reactions, which commonly 

result in carbon-heteroatom bonds, carbon-carbon bonds are formed in DA cycloadditions. These 
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bonds are thermally reversible at elevated temperatures.  Water has been shown to accelerate DA 

reactions49,50, making the DA reaction particularly desirable for biomedical applications.   

Beyond cycloadditions, other highly efficient reactions, such as nucleophilic substitutions, 

radical additions, and Michael additions, are also considered click reactions. In particular, the 

thiol-ene reaction has recently been identified as a click reaction with specific applications in 

biofunctionalization and surface modification40. Thiol-click coupling by free radical addition and 

by Michael addition reactions are two principle variations which are often used within the field 

of regenerative biomaterials (Scheme 1D). While both offer high efficiency, photoinitiation of 

the radical addition reaction between thiols and alkenes allows for spatial and temporal control. 

The thiol-Michael addition is characterized by thiol-vinyl reactions between a thiol and an 

electron-deficient ‘ene’. A particularly relevant example is thiol-maleimide click coupling 

(Scheme 1E), which is frequently exploited for protein conjugation92,93,99,100.   

Scheme 1. Common click reactions for regenerative biomaterials 
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1.2.2 Click Cross-Linked Hydrogels for Tissue Engineering and 
Drug Delivery  

1.2.2.1 Alkyne-Azide Click Cross-Linked Hydrogels 

Ossipov et al. were the first to recognize the CuAAC reaction as an efficient chemoselective 

cross-linking method for hydrogel synthesis26. Poly(vinyl alcohol) (PVA) was functionalized 

with either acetylene or azide groups, and cross-linked by mixing their aqueous solutions 

together with copper sulfate (CuSO4) and sodium ascorbate as the cycloaddition catalyst. In 

another example, alkyne-modified PVA was cross-linked with bifunctional PEG-diazide. 

Hydrogels prepared with polyfunctional PVA formed higher modulus gels with reduced swelling 

than those synthesized with the bifunctional PEG crosslinker.  

Hawker and co-workers27 applied the CuAAC click cross-linking reaction to the synthesis of 

pure PEG hydrogels. In their approach, diacetylene- and tetraazide-functionalized PEG were 

reacted in a 2:1 ratio at room temperature under aqueous conditions in the presence of CuSO4 

and sodium ascorbate. By manipulating both the polymer and catalyst concentration, they were 

able to tune the cross-linking efficiency. Following hydrogel formation, both acetylene and azide 

functionalized chromophores were swollen into the hydrogel to visualize any residual 

azide/acetylene functional groups. This revealed a maximum of 0.2% unreacted functional 

groups, confirming the efficient nature of the CuAAC reaction. The degree of swelling and 

stress/extension properties of the hydrogels were also examined by varying the length of the 

diacetylene PEG chain. 

To illustrate the fidelity of the CuAAC cross-linked PEG hydrogels as tissue engineering and 

drug delivery scaffolds, various researchers have incorporated peptides and degradable linkers 

within their click cross-linked networks. In particular, inclusion of the fibronectin tripeptide 

sequence, arginine-glycine-aspartate (RGD), has been shown to be an essential additive in almost 

hydrogel formulations for tissue culture. RGD is a prime cell adhesion site that is recognized by 

many integrin receptors 28 therefore incorporation of this peptide facilitates cell-matrix 

interactions. Liu et al. synthesized diazide functionalized RGD peptides to cross-link 

tetraacetylene PEG under aqueous conditions with CuSO4 and sodium ascorbate29. By varying 

the temperature, catalyst and precursor concentrations, the gelation time was altered from 2 to 30 

minutes. An increase in temperature or CuSO4, resulted in a decreased gelation time. The storage 

8
 



 

modulus was also tailored by changing the azide linker length. These RGD peptide hydrogels 

were tested for fibroblast delivery to promote tissue repair. By increasing the concentration of 

RGD peptide, fibroblast adhesion and proliferation also increased.   

In a similar approach, van Dijk et al. incorporated a protease-sensitive peptide within a CuAAC 

cross-linked PEG hydrogel (Figure 4)30. Alkyne-functionalized star-shaped PEG molecules 

(either 4- or 8-armed with a MW of 10 and 20 kDa, respectively) were cross-linked with the 

protease-sensitive bis-azido peptide in aqueous solution in the presence of CuSO4 and sodium 

ascorbate. Incubation of the hydrogels in trypsin lead to completely degraded hydrogels after 40-

80 hours, depending on the cross-link density. Again, the hydrogel properties could be tailored 

by several factors, such as the solid content of the hydrogel, or the molecular weight and 

architecture of the PEG molecules.  

 
Figure 4. Schematic of the synthesis of CuAAC cross-linked PEG hydrogels30. Incorporation 
of enzymatically degradable peptides renders hydrogels susceptible to degradation by trypsin 
proteases. 
 

The CuAAC reaction has also been employed as a cross-linking method for natural polymers. 

Crescenzi et al. used the CuAAC click reaction to cross-link HA31. HA was modified with either 

azide or alkyne groups and cross-linked in water with Cu(I) at room temperature (Scheme 2). 

Their hydrogel revealed intriguing characteristics for both drug release and tissue engineering 

applications. As a model for drug delivery, benzidamine and doxorubicin were encapsulated 

within the click hydrogels, which displayed release profiles ranging from hours to several weeks, 

depending on the cross-link density. To confirm the possibility that these hydrogels could serve 

as tissue engineering scaffolds, yeast cells were imbedded within the hydrogels, following 

removal of the copper catalyst through dialysis. Cells exhibited 80% proliferating activity after 
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24 hours in culture. In a follow-up study, the influence of the dialkyne structure on the properties 

of these HA click cross-linked hydrogels was examined32. HA azido-derivatives cross-linked 

with shorter dialkynes experienced weaker storage moduli, corresponding with predicted cross-

linking densities as determined by NMR.  

Scheme 2. Synthesis of CuAAC cross-linked HA hydrogels31 
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Gao and co-workers also employed the CuAAC reaction to cross-link natural biopolymers33. 

Both HA and chondroinin sulfate (CS) were modified to contain azide functionalities, and cross-

linked with gelatin that had been modified with an alkyne functionality. They argue this triple 

co-polymer system better mimics the natural components of ECM by incorporating 

proteoglycans such as CS, and denatured collagen products, such as gelatin, to promote cell 

surface adhesion. Aqueous solutions of the polymers were combined and catalyzed by Cu(I) to 

form a hydrogel with the time to gelation varying as a function of catalyst concentration. 

Chondrocytes were cultured in vitro to assess the cytotoxicity of the click hydrogels. After 3 

 



 

days in culture, a confluent layer of cells had formed, confirming the benefit of this click cross-

linked hydrogel for chondrocyte adhesion and proliferation. 

Anseth and co-workers have gone beyond traditional CuAAC cross-linking chemistry and 

synthesized PEG hydrogels via SPAAC, to bestow copper-free, physiological conditions within 

their networks38. In their approach, a four-arm PEG tetra-azide was reacted with difunctionalized 

di-fluorinated cyclooctyne polypeptide sequence, to incorporate enzymatically degradable cross-

linker sequences throughout the material. Gelation occurred in less than 5 minutes, and both 

rheological and NMR data support the ideality of the network, similar to previous click-based 

networks27. This click strategy tolerates cell encapsulation with high viabilities (>90% at 24 

hours). As an extension of this study, De Forest et al. enabled control over cross-link density and 

shear moduli of these SPAAC cross-linked PEG hydrogels39. By altering either the 

azide:cyclooctyne ratio, or the molecular weight of PEG, hydrogels were synthesized with 

tunable moduli ranging from 1000 – 6000 Pa. These SPAAC cross-linked PEG hydrogels have 

also served as patterning platforms for the immobilization of biological functionalities using 

thiol-ene click photocoupling38,39. (see Click Patterning of 3D Scaffolds section) 

A drawback of CuAAC cross-linking is the lack of temporal and spatial control due to the 

generation of the catalytic Cu(I) species101. Spatial and temporal control of network formation is 

paramount in many tissue engineering applications. To overcome this, Adzima et al. sought to 

catalyze the CuAAC cross-linking reaction via the photochemical reduction of Cu(II) to Cu(I)101.  

Generating Cu(I) photochemically is analogous to the initiation of a radical or carbocation 

species in traditional photopolymerization processes, resulting in total spatial and temporal 

control of the CuAAC reaction. The authors developed this photoinducible azide-alkyne 

cycloaddtion (pCuAAC) reaction to synthesize hydrogels by irradiating multifunctional alkyne 

and azide functionalized PEG monomers in the presence of CuSO4 and Irgacure 2959 

photoinitiator. To extend this system to biological systems, the authors suggest modifications to 

mimic reverse-ATRP polymerizations that require significantly lower copper levels102.   

1.2.2.2 Thiol-Click Cross-Linked Hydrogels 

Qiu et al. were the first to harness the thiol-Michael click reaction for hydrogel formation41. 

PEG-based copolymers containing multiple thiol functionalities were cross-linked via 

divinylsulfone-PEG in neutral phosphate buffer. This system proved to be bioorthogonal, as 
11

 



 

protein additives did not interfere with the click cross-linking reaction; however, these proteins 

did not contain any exposed thiols that could interfere with the reaction. A thiol-click cross-

linked hydrogel may be inappropriate for protein delivery if any free thiol groups are present on 

the proteins. Notwithstanding this limitation, when proteins were incorporated into these gels, 

their release was  sustained for 2-4 weeks.  

Hubbell and co-workers took advantage of this Michael-type addition click reaction to synthesize 

hydrogels with characteristics similar to that of native ECM42. Their approach was to incorporate 

integrin-binding sites for cell adhesion and enzyme-degradable sites into the matrix such that 

cell-secreted matrix metalloproteinases (MMPs) would enable cell migration into and 

remodeling of the biomimetic ECM43. To achieve this they cross-linked bis-cysteine MMP 

substrate peptides with vinyl sulfone-functionalized multiarm PEG. The resulting click hydrogel 

networks displayed a defined molecular architecture, and allowed for invasion by primary human 

fibroblasts. Cellular invasion was shown to be dependent on the proteolytic activity of the 

incorporated peptide. The hydrogels were also employed as a drug delivery vehicle for 

recombinant human bone morphogenetic protein (BMP2) to rat cranium defects. As was 

observed with their in vitro work for cell penetration, the susceptibility of the enzyme cross-

linked hydrogel to cell secreted MMPs, impacted in vivo bone regeneration.    

Chawla et al. recently developed a 3D cell culture platform for MSCs by cross-linking a 

saccharide-peptide copolymer via Michael-type conjugation addition between cysteine (Cys) and 

vinyl sulfone (VS)44. By altering the pH of the cross-linking reaction, or the VS:Cys ratio, they 

were able to tune both the degradation and mechanical properties of the gel. Hydrogels that were 

cross-linked with an equimolar ratio of VS:Cys maintained their mechanical stability for longer 

than 21 days in vitro, similar to dextran hydrogels cross-linked by Michael addition45. Their 

hydrogels also exhibited a rapid gelation time, suggesting utility for in situ surgical procedures, 

and displayed a microporous network when visualized under environmental scanning electron 

microscopy. The cell encapsulation was facilitated by the cross-linking reaction occurring in the 

culture medium. MSCs remained viable after 14 days (>90%) in culture.  

The radical-mediated thiol-ene click reaction has also been employed as a hydrogel cross-linking 

method. Anseth and co-workers developed a platform for hydrogel synthesis by a step-growth 

reaction mechanism via thiol and norbornene functionalities46. Not always achievable with 
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simple Michael addition, thiol-ene photopolymerization offers spatial and temporal control of 

network formation. Hydrogels were synthesized by mixing norbornene-functionalized PEG with 

either chymotrypsin- or MMP-degradable linkers in a 1:1 stoichiometric ratio in PBS. The 

networks maintained high cell viability following encapsulation (>95% following 24 hours). 

Anderson et al. utilized these thiol-ene photopolymerized PEG hydrogels to examine MSC 

behavior in response to network properties47. Both MMP cleavable peptide linkers and non-

degradable PEG-dithiol linkers were incorporated into the hydrogel to monitor how MSC 

degradation of the matrix  affects their behavior. Their findings suggest directed chondrogenic 

and adipogenic differentiation of MSCs are facilitated by increased cell-mediated hydrogel 

degradation.    

1.2.2.3 Diels-Alder Click Cross-Linked Hydrogels 

Although the Diels-Alder click reaction has long served as an exceptional cross-linking method 

for the synthesis of complex polymer networks51-54, the preparation of cross-linked hydrogels via 

Diels-Alder chemistry remains largely unexplored. A few Diels-Alder hydrogels have been 

synthesized with synthetic polymers55-58; however, these studies have mainly examined the effect 

of temperature on gelation time and on the retro-Diels-Alder reaction.   

1.2.3 Click Immobilization of Peptides on 2D Surfaces  

Well-defined chemically modified substrates, such as self-assembled monolayers (SAMs), serve 

as investigative tools to explore fundamental interactions applicable to regenerative strategies. 

Surface functionalization is particularly advantageous when engineering substrates for cell 

culture to harness control over cell-matrix interactions. Many have employed this strategy to 

immobilize ECM-derived biomolecules for ultimate characterization of their effects on cell 

adhesion103-106. Popular immobilization strategies in the past have been based on adsorption or 

covalent modification of a protein’s functional group(s) to a chemically activated surface107-108. 

These methods can result in side reactions and are difficult to characterize both physically and in 

terms of cellular response. Accordingly, there has been a paradigm shift in the existing 

approaches for surface functionalization from unspecific and nonselective reactions towards 

highly specific orthogonal reactions that ensure bioactivity and facilitate characterization of 

engineered surfaces109.   
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1.2.3.1 CuAAC Click Immobilization 

CuAAC is chemoselective against common functionalities in biomolecules, and thus stable 

reactive species can be introduced within biomolecules with ease. Accordingly, CuAAC serves 

as an effective click reaction to chemoselectively immobilize peptides to otherwise bioinert 

SAMs. Becker and co-workers developed a universal technology for surface conjugation of any 

biomolecule containing accessible azide groups110. SAMs were subjected to oxidation by UV 

exposure, creating a monotonically increasing carboxyl density gradient. A bifunctional 

propargyl-functionalized linker was then attached to the carboxylic moieties of the gradient to 

yield an alkyne gradient, making it susceptible to modification with any azido-derivatized 

species via CuAAC chemistry. The authors tested their methodology by conjugating the RGD 

tripeptide sequence in a density gradient ranging from 0 to 140 pmolcm-2. Smooth muscle cells 

cultured on the RGD gradient surfaces revealed enhanced cell attachment with increased RGD 

concentration. Alkyne-modified KGRGDS has also been successfully coupled by CuAAC 

chemistry to self-assembled polymeric micelles with azide-functional groups, thereby yielding 

RGD-functionalized polymeric nanoparticles that specifically bind to corneal epithelial cells111. 

Becker and co-workers later exploited their CuAAC technology to couple osteogenic growth 

peptide (OGP) to SAMs in order to explore the effects of OGP density on pre-osteoblast cell 

adhesion, morphology, and proliferation112. OGP has been recognized as a promising agent for 

bone tissue engineering applications because it stimulates tissue regeneration of bone defects113. 

To create the peptide gradient, the carboxylic acid functionalities on the SAM layer were reacted 

with the amine terminal of a bifunctional amine-poly(ethylene oxide)-alkyne linker, resulting in 

an alkyne gradient. Azide terminated OGP peptides were then conjugated to the alkyne gradient 

by immersing substrates in a solution of CuSO4, sodium ascorbate, and peptide for 24 hours at 40 

°C. Pre-osteoblast cells were cultured on the OGP functionalized gradient surfaces in serum-free 

conditions for 7 days. Cell adhesion was highest at low OGP peptide concentrations. At day 3, 

cells experienced faster doubling rates compared to cells cultured on control surfaces, but this 

effect subsided by day 7. This is indicative of the natural transition made by osteoblasts from 

proliferative to maturation phases. Gene expression experiments also verified this phenomena 

with a 10-fold increase in collagen I expression between days 3 and 7, coinciding with the initial 

stages of bone mineralization.  

14
 



 

Hudalla and Murphy fabricated SAMs expressing a variation of the adhesive RGD peptide, 

RGDSP, as a means to study stem cell adhesion103. This was achieved via CuAAC. SAMs were 

first prepared by immersing a gold substrate in an ethanolic solution of 80 mol% tri(ethylene 

glycol) alkanethiolate (HS-EG3) and 20 mol% azide-terminated hexa(ethylene glycol) 

alkanethiolate (HS-EG6-N3). The resulting mixed SAMs contained approximately 10% HS-EG6-

N3 and 90% HS-EG3 (Figure 5A); however, this result could be tailored by varying the ratio of 

HS-EG6-N3 and HS-EG3. The SAMs were classified as bioinert, as they displayed minimal 

nonspecific protein adsorption. Acetylene-bearing RGDSP (Hex-RGDSP) was then conjugated 

to the SAMs via HS-EG6-N3 in the presence of a Cu(I) catalyst (Figure 5B). The CuAAC 

reaction efficiency illustrated near quantitative conjugation upon the addition of a tertiary amine, 

which has been a proven method utilized by others to enhance CuAAC efficiency by binding the 

Cu(I) catalyst114. MSCs were cultured on top of the RGDSP-presenting SAMs. RDGSP surface 

density and intermolecular spacing regulated MSC morphology and attachment (Figure 5C).  

 

Figure 5. CuAAC click immobilization of peptides to SAM substrates to study stem cell 
adhesion103. A) mixed SAMs bearing azide groups; B) reaction between azide-functionalized 
SAMs with acetylene-bearing RGDSP; C) the surface density of RGDSP immobilized via 
CuAAC affects mesenchymal stem cell adhesion and spreading.  
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In a follow up study, Hudalla and Murphy demonstrated CuAAC conjugation of biomolecules to 

SAM substrates can be conducted in parallel with other chemistries, namely carbodiimide 

condensation115. Incorporation of carboxylate-terminated hexaethylene glycol alkanethiolate 

(HS-EG6-COOH) with the original mixed SAM allowed for conjugation of two distinct peptides, 

RGDSP and TYRSRKY, a proteoglycan-binding peptide. These experiments revealed that these 

distinct extracellular factors work synergistically to regulate MSC adhesion on 2D substrates. 

They also demonstrated that soluble biomolecules, such as heparin, can disrupt specific cell-

material interactions, and in turn direct MSC adhesion.     

1.2.3.2 Diels-Alder Click Immobilization 

Yousaf and Mrksich were the first to exploit the DA reaction for protein immobilization on 2D 

surfaces116. In their approach, SAMs were modified with a hydroquinonequinone group, which 

upon oxidation provides a quinone, enabling a cycloaddition between the quinone and a 

cyclopentadiene (cp). To demonstrate this DA approach, they immobilized a biotin-cp conjugate, 

and tested the affinity of the immobilized biotin for streptavidin. This work demonstrated the DA 

click reaction is an attractive bioconjugation technique for a wide variety applications, which 

could be extended to regenerative therapies. The authors also state this method would allow for 

controlled, sequential immobilization of several biomolecules.  

Sun et al. demonstrated the use of sequential click reactions for protein immobilization on solid 

surfaces117. First, the DA click reaction was used to immobilize a heterobifunctional PEG linker 

carrying alkyne and cyclodiene terminal groups onto an N-(E-maleimidocaproyl)-functionalized 

glass slide. This resulted in an exposed alkyne-terminated PEGylated surface, vulnerable to 

conjugation with azide-containing biomolecules via CuAAC click chemistry. Again, biotin was 

chosen as a model protein for immobilization. Biotin-PEG-azide was added to a glass vial 

containing the alkyne-PEGylated glass slide, CuSO4, and a tertiary amine ligand. The reaction 

was left at 4 °C for 12 hours. Biotinylated-glass slides were then immersed in a solution of dilute 

FITC-conjugated streptavidin at 4 °C for 2 hours. Confocal fluorescence images verified the 

fidelity of the click protein immobilization. This technique is applicable to a wide range of 

functionally complex biomolecules for the design of biomimetic surfaces.   
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1.2.3.3 Thiol-ene Click Immobilization 

Waldmann and co-workers reported the use of the thiol-ene reaction to photochemically pattern 

proteins and other biomolecules onto solid surfaces118. Polyamidoamine dendrimers, containing 

an aminocaproic acid spacer, were covalently attached to a silicon oxide wafer surface. 

Cystamine was then conjugated to the spacer, which upon disulfide reduction, exposed free thiols 

on the surface. A solution of terminal-olefin-functionalized biomolecules were spread onto the 

surfaces, and covered with a photomask. Following irradiation at 365-405 nm, a covalently 

attached pattern of thioethers was obtained. As a test application, biotin was photochemically 

patterned onto a thiolated-wafer, and subsequently incubated in a solution of Cy5-labeled 

streptavidin to render a fluorescent pattern surface. Immobilization was shown to be dependent 

on irradiation time, and concentration of immobilized peptide. They further exemplified the 

broad applicability of their patterning method by immobilizing alkaline phosphatase, Ras, and 

phosphopeptide, all of which retained their bioactivity and binding affinities.   

In an extension of this work, Waldmann and co-workers demonstrated fast, oriented covalent 

immobilization of proteins directly from lysates, eliminating any additional protein chemical 

modifications119. The authors took advantage of the fact that, in cells, many proteins are post-

translationally S-farnesylated at a C-terminal “CAAX-box” by protein farnesyltransferase 

(FTase)120. By genetically coding for the CAAX tag, the authors enabled farnesylation in vitro or 

in vivo with FTase, creating a facile method for ‘ene’ incorporation into a protein of interest. 

Once farnesylated, these proteins were immobilized via the thiol-ene photochemical click 

reaction to surface-exposed thiols.  

1.2.4 Click Patterning of 3D Scaffolds  
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Throughout the past decade, several scaffolds have emerged aiming to mimic the cellular 

microenvironment, and ultimately control cell fate and guide tissue regeneration. These scaffolds 

can be fine-tuned to study a specific parameter of the microenvironment. Notably, the effect of 

peptide presentation on the cell has been examined by spatially immobilizing proteins and 

adhesion peptides in 3D patterns within scaffolds. Growth factors localized in 3D scaffolds 

remain bioactive121-123 and have been shown to orient axonal growth92,99, guide cellular 

migration91, and cause morphological changes38. The stringent spatial resolution and controlled 

biochemical heterogeneity required for 3D patterning make simple bioorthogonal chemistries 

 



 

paramount. The use of click reactions for 3D patterning of scaffolds allows significant spatial 

control when combined with multi-photon processing93,100. Additionally, many of these hydrogel 

scaffolds are click crosslinked, and sequentially click patterned38,39,124.  

1.2.4.1 Alkyne-Azide Click Patterning  

Recently, Bowman and co-workers demonstrated 3D patterning of hydrogels via pCuAAC101. 

The transient generation of Cu(I) facilitates spatial and temporal control of the CuAAC reaction. 

PEG hydrogels were first synthesized by a thiol-yne reaction, ensuring a stoichiometric excess of 

alkynes. Post-gelation, a solution of photoinitiator (Irgacure 2959), copper sulfate, and an azide-

labelled fluorophore was swollen into the gel. Upon irradiation with a photomask, Cu(I) is 

generated within the irradiated areas, catalyzing the pCuAAC reaction between the azide-

fluorophore and the pendant alkynes in the polymer network, ultimately producing a spatially 

defined fluorescent pattern within the hydrogel. The authors note that future work is required to 

translate this system to biological systems.  

1.2.4.2 Thiol-ene Click Patterned Scaffolds 

Immobilization of bioactive growth factors via thiol conjugation has become increasingly 

popular given the ease of cysteine incorporation within a peptide, making the thiol-ene click 

reaction particularly relevant for 3D patterning. Anseth and co-workers developed a sequential 

click protocol relevant to both hydrogel synthesis and post-gelation modification38,39,124. Click 

cross-linked PEG hydrogels were first formed via CuAAC, as an extension of the method taken 

by Malkock et al27. To enable photopatterning of their PEG hydrogels, multifunctional 

photoreactive polypeptide sequences were included within the network structure by 

incorporating the non-natural amino acid, Fmoc-Lys(alloc)-OH124. The allyloxycarbonyl (alloc) 

protecting group contains a vinyl functional group capable of reacting with any thiol-containing 

compound, such as cysteine. Upon exposure to UV light, thiyl radicals are generated via the 

photocleavage of a hydrogen-abstracting initiator, thereby using light to achieve spatial and 

temporal control of thiol-ene functionalization within the network. To illustrate this technique, a 

fluorescently labeled cysteine containing peptide was patterned within PEG hydrogels via 

transparency-based photolithographic patterning techniques.  
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This thiol-ene photopatterning method was later employed to immobilize peptides and proteins 

within PEG hydrogels cross-linked via SPAAC (Figure 6)38. Spatial and temporal control was 

validated by selectively exposing certain locations within the hydrogel matrix to light, and by 

controlling light intensity and exposure time. Furthermore, the thiol-ene reaction was confirmed 

to be cytocompatible, as 3T3 cells encapsulated within the hydrogel maintained high viability 

throughout patterning (>90% at 24 h post encapsulation), and thiol-ene immobilization of RGD 

within the network was shown to influence cell morphology. In a follow-up study, DeForest et 

al. verified patterning concentration within the hydrogel is directly proportional to the dosage of 

light, as well as the photoinitiator concentration39. Using this system, they were able to construct 

well-defined 3D biochemical gradients of multiple peptides, offering potential promise to 

elucidate fundamental biological processes essential to regenerative medicine such as induced 

cell migration.   

Figure 6. 3D biochemical patterning of PEG hydrogels via thiol-ene photocoupling38. 
Fluorescently tagged peptides were patterned within SPAAC cross-linked networks.  
 
 
 

19
 



 

1.2.4.3 Thiol-Maleimide Click Patterning  

The thiol-maleimide reaction exemplifies a variation of the thiol-Michael click reaction. Shoichet 

and co-workers have exploited this click reaction for 3D patterning of agarose 

hydrogels92,93,100,121. Covalent modification of agarose with S-2-nitrobenzyl-cysteine (S-NBC) 

renders a photolabile matrix, which upon UV irradiation, releases free thiols capable of reacting 

with any thiol-reactive biomolecule through Michael addition. Thiol-channels were created on 

exposure to a focused laser beam, and reacted with a maleimide-terminated RGD peptide. This 

immobilized RGD channel volume promoted neurite extension and cell migration92. This system 

was also applied to study the effect of immobilized platelet derived growth factor AA (PDGF-

AA) on neural stem/progenitor cell (NSPC) differentiation121. Hydrogels with immobilized RGD 

and PDGF-AA supported NSPC adhesion and preferential differentiation to oligodendrocytes.  

In order to advance this click technology towards more sophisticated architectures that better 

mimic the native extracellular matrix, agarose was later modified with a coumarin derivative, 

which upon exposure to a pulsed infrared laser yields free thiols100. The use of this photolabile 

group, allows for intricate 3D control by way of multi-photon excitation. Aizawa et al. exploited 

this coumarin multi-photon patterning technique to immobilize a gradient of the angiogenic 

factor, VEGF165, within agarose hydrogels93. Primary endothelial cells responded to this 

immobilized gradient by displaying tip and stalk cell morphology, eventually forming tubule-like 

structures as they migrated in response to the VEGF gradient (Figure 7).  
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Figure 7. Primary endothelial cells guided in 3D patterned agarose hydrogel93. VEGF165 
was immobilized in a concentration gradient within the scaffold using the thiol-maleimide click 
reaction.  

 

The ‘click’ nature of thiol addition to a maleimide unit was also exercised by Kosif et al.125 with 

the immobilization of proteins in PEG-methacrylate based hydrogels. Hydrogel synthesis was 

achieved using AIBN initiated thermal polymerization, by which they directly incorporated a 

furan-protected maleimide containing monomer. This furan-protected maleimide represents a 

DA adduct which is susceptible to thermal cycloreversion. Post-gelation, a thermal 

cycloreversion step activated the maleimide group to its thiol-reactive form. To evaluate this 

system as a potential template for bioconjugation, thiolated-biotin was covalently attached to the 

hydrogels, and its affinity for streptavidin investigated. This system is particularly intriguing as it 

incorporates the retro-DA click reaction, which is not commonly applied in regenerative 

biomaterials. 

 

 



 

1.3 Thesis Objective 

Current cross-linking chemistries for HA often require a coupling agent, catalyst, or 

photoinitiator, which may be cytotoxic, or involve a multistep synthesis of functionalized-HA, 

increasing the complexity of the system. With the goal of designing a simpler one-step, aqueous-

based cross-linking system, we propose to synthesize HA hydrogels via Diels-Alder “click” 

chemistry. We have previously exploited this chemistry for conjugation of antibodies to 

nanoparticles for targeted drug delivery76, and others have used it to create synthetic polymeric 

hydrogels56-58. A furan-modified HA derivative can be synthesized and subsequently cross-

linked via dimaleimide PEG, and the mechanical and degradation properties of this hydrogel 

system can be controlled by varying the furan to maleimide molar ratio. These hydrogels will 

ultimately serve as scaffolds for tissue regeneration.  

1.3.1 Hypothesis 

The Diels-Alder click reaction can serve as an efficient cross-linking chemistry for the formation 

of HA hydrogels with tunable mechanical and degradation properties for tissue engineering 

applications.   

1.3.2 Specific Aims 

1) To demonstrate that HA can be cross-linked via Diels-Alder click chemistry. 

2) To demonstrate Diels-Alder cross-linked hydrogels can be tuned in terms of their 

mechanical and degradation properties.  

3) To demonstrate that Diels-Alder cross-linked hydrogels are cytocompatible.  
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2 Materials and Methods 

2.1 Materials  

Dried sodium hyaluronate (HA) (2.34 × 105 amu), was purchased from Lifecore Biomedical 

(Chaska, MN, USA). Bis-maleimido-poly(ethylene glycol) ((MI)2PEG) (3.0 x104 amu, n = 44) 

was purchased from RAPP Polymere GmbH (Germany). Furfurylamine (FA) was supplied by 

Acros Organics (Belgium). 4-(4,6-Dimethoxy-1,3,5-triazin-2-yl)-4-methylmorpholinium 

chloride (DMTMM), D2O, and KBr were supplied by Aldrich Chemistry (St. Louis, MO, USA). 

2-(N-morpholino)-ethanesulfonic acid (MES) buffer and hyaluronidase (Type IV-S, lyophilized 

powder, 2140 units/mg) were purchased from Sigma Life Sciences (St. Louis, MO, USA). 

Dulbecco’s phosphate buffered saline (DPBS) was purchased from Multicell Technologies Inc. 

(Woonsocket, RI, USA). Dialysis membranes were purchased from Spectrum Laboratories Inc. 

(Rancho Dominguez, CA, USA). Human adenocarcinoma cells (MDA-MB-231) were purchased 

from ATCC (Manassas, VA) catalog number HTB-26.  

2.2 Synthesis  

2.2.1 Synthesis and Characterization of HA-Furan  

Furan-modified HA (HA-furan) derivatives were synthesized by dissolving HA (0.40 g, 1.02 

mmol) in 40 mL of MES buffer (100 mM, pH 5.5) to which DMTMM was added in 4 (1.13 g, 

4.08 mmol), 2 (0.56 g, 2.04 mmol) or 1 (0.28 g, 1.02 mmol) molar ratio (relative to the –COOH 

groups in HA) and stirred for 10 minutes. Furfurylamine was then added dropwise in a 2 (188.8 

µL, 2.04 mmol), 1 (94.4 µL, 1.02 mmol) or 0.5 (47.2 µL, 0.51 mmol) molar ratio (relative to the 

–COOH groups in HA). The reaction was conducted at room temperature for 24 h, and then 

dialyzed against distilled water for 3 days (Mw cutoff 12,000-14,000 Da). Water was completely 

removed by lyophilization to obtain HA-furan derivatives as a white powder. The degree of 

substitution (DS) was determined from 1H NMR spectra by comparing the ratio of the areas 

under the proton peaks at 6.26, 6.46 and 7.65 ppm (furan protons) to the peak at 1.9 ppm (N-

acetyl glucosamine protons of HA). 1H NMR spectra were recorded in D2O on a Varian 

Mercury-400 MHz NMR spectrometer (Palo Alto, CA, USA).  
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2.2.2 Synthesis of HA-PEG Hydrogels 

HA-PEG hydrogels were synthesized by reacting HA-furan with commercial (MI)2PEG cross-

linker separately in MES buffer (100 mM, pH 5.5). The concentration of HA-furan was held 

constant at 1.5% w/v while the concentration of (MI)2PEG was varied to examine differences in 

hydrogel properties as a function of the molar ratio of furans (HA-furan) to the molar ratio of 

maleimides ((MI)2PEG). For example, 15 mg of HA-furan (DS 57.5%, 19.3 µmol of furan) was 

dissolved in 1 mL MES buffer. (MI)2PEG was dissolved in MES buffer at different 

concentrations: either 14.48 mg (9.65 µmol of maleimide, Furan/MI 1:0.5), 28.95 mg (19.3 µmol 

of maleimide, Furan/MI 1:1),  or 57.92 mg (38.6 µmol of maleimide, Furan/MI 1:2) in 375 µL of 

MES buffer. HA-furan and (MI)2PEG solutions were combined and vortexed to ensure thorough 

mixing. Samples were allowed to gel at room temperature. The final concentration of HA-furan 

in the hydrogels was always 1.1% w/v whereas the total polymer concentration (HA + PEG) 

within the hydrogels was either 2.1% w/v (1Furan/0.5MI), 3.2% w/v (1Furan/1MI), or 5.3% w/v 

(1Furan/2MI). Herein, HA hydrogels are referenced according to the furan to maleimide molar 

ratios as: 1Furan/0.5MI, 1Furan/1MI or 1Furan/2MI.  

2.3 In vitro Characterization of HA-PEG Hydrogels 

2.3.1 FTIR Spectroscopy of HA-PEG Hydrogels 

Fourier transform infrared (FTIR) spectra were recorded for HA, HA-furan, (MI)2PEG and dry 

cross-linked HA-PEG hydrogels to characterize the -C=C- in the Diels-Alder adduct, indicating 

chemical cross-linking. Spectra were recorded with a Spectrum 1000 FT-IR spectrometer 

(Waltham, MA, USA), collecting 32 scans in the 400-4000 cm-1 range with a resolution of 2cm-1.   

2.3.2 Rheological Characterization 
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The viscoelastic mechanical properties of the HA-PEG hydrogels were measured with an AR-

1000 rheometer fitted with a 60 mm, 2° acrylic cone using parallel plate geometry (TA 

Instruments, New Castle, USA). Upon casting the hydrogels (1 mL), the upper plate was 

immediately lowered to a gap size of 20 µm. Hydrogels were allowed to cure overnight at 37 °C 

using an integrated Peltier plate before testing. A frequency sweep was conducted from 0.1 – 630 

rad/s at 0.1% strain to determine the shear elastic modulus (G') of hydrogels following a stress 

 



 

sweep test to confirm the frequency and strain were within the linear viscoelastic region. Sample 

evaporation was minimized using a solvent trap.  

2.3.3 Equilibrium Swelling of HA-PEG Hydrogels 

To examine swelling properties, cross-linked HA-PEG hydrogel samples (100 µL) were 

synthesized using MES buffer (100 mM, pH 5.5) in pre-weighed vials according to the above 

procedure and accurately weighed (M0). Samples (n = 15) were then incubated in 1 mL of DPBS 

buffer (100 mM, pH 7.4) at 37 °C. At select time points, the swelling ratio was determined by 

measuring the mass (Mt), following removal of buffer, and gently drying the hydrogel surface 

with a tissue. Hydrogels were then replenished with fresh buffer. From these data, swelling ratios 

(Mt/M0) were calculated, and the equilibrium swelling ratio was recorded when the mass of the 

gels no longer increased.   

2.3.4 Degradation Assay 

To determine the stability of the HA-PEG hydrogels, samples (100 µL) were synthesized in pre-

weighed vials according to the above procedure and allowed to swell in DPBS (100, mM pH 7.4) 

for 24h at 37 °C, after which the mass of the samples were measured (Ms). Degradation 

experiments were performed using 50 U mL-1 hyaluronidase in DPBS at 37 °C. At selected time 

points, the supernatant was removed, hydrogels were weighed (Mt), and percent of hydrogel 

mass remaining relative to the original swollen mass was calculated (Mt/ Ms). Fresh buffer 

containing hyaluronidase was replaced in each sample at each time point. Degradation profiles 

were also recorded for hydrogels incubated in DPBS at 37 °C with no enzyme present as a 

negative control.  

2.3.5 Cell Culture and Viability 

Human epithelial cells (MDA-MB-231) were maintained (<6 passages) in plastic culture flasks 

in RPMI 1640 growth medium with 10% fetal bovine serum (FBS), 10 UI/mL penicillin, and 10 

µg/mL streptomycin.  HA-PEG hydrogels were prepared as described and 350 µL samples 

pipetted into sterile 4-well chamber slides (Lab-Tek, USA).  Hydrogels were left overnight to 

ensure complete gelation and then washed with culture media prior to cell plating.  Cells were 

plated on top of each gel at a density of 3.0 × 104 cells per well in medium and maintained in a 
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tissue culture incubator (37 ºC, 5% CO2, 95% humidified).  Medium was exchanged every 2-3 

days for 14 days afterwhich images were captured with a Zeiss Axiovert S100 (Carl Zeiss 

MicroImaging GmBH, Germany) inverted microscope equipped with an X-Cite 120 

fluorescence illumination system (EXFO, Ontario, Canada) and a CoolSNAP HQ digital camera 

(Photometrics, Tucson, AZ) using Image-Pro Plus software (Media Cybernetics, Silver Spring, 

MD, USA).  To test cell viability, 14 day cultures were treated using the LIVE/DEAD® Cell 

Viability assay (Invitrogen, Carlsbrad, CA) as per the manufacturer’s instructions. Three 

representative images were captured for each gel, and the number of live and dead cells recorded 

(n = 6 gels). 

2.4 Statistical Analysis 

All statistical analyses were performed using GraphPad Prism version 5.00 for Windows 

(GraphPad Software, San Diego California USA, www.graphpad.com).  Differences among 

groups were assessed by one-way ANOVA with Bonferroni post hoc correction to identify 

statistical differences among three or more treatments. A p-value of ≤ 0.05 was set as the criteria 

for statistical significance.  Graphs are annoted where p-values are represented as * ≤ 0.05, ** ≤ 

0.01, or *** ≤ 0.001. All data are presented as mean ± standard deviation. 
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3 Results 

3.1 Synthesis and Characterization of HA-furan 

HA-furan derivates were prepared in a simple, one-step reaction by coupling furfurylamine to 

HA carboxylates using 4-(4,6-dimethoxy-1,3,5-triazin-2-yl)-4-methylmorpholinium chloride 

(DMTMM) reagent (Scheme 3). DMTMM has been recognized as a highly efficient activator of 

polysaccharide carboxyl groups in aqueous conditions, superior to traditional carbodiimide 

coupling78. Indeed, in a reaction with 1-[3-(dimethylamino)propyl]-3-ethylcarbodiimide 

hydrochloride (EDCI), the yield of immobilization of furfurylamine on HA was much lower than 

that using DMTMM (Figure 9 and Figure S3). The structure and degree of substitution were 

determined by 1H NMR (Figure 8). Resonances at 6.26, 6.46, and 7.65 ppm verified the 

presence of furan protons, and their integrated ratios were compared to that of the N-acetyl 

glucosamine proton peak of native HA, appearing at 1.9 ppm. By varying the molar ratios of 

HA:Furfurylamine:DMTMM, variable degrees of substitution, defined as the number of furans 

per HA disaccharide repeat, were obtained. Molar ratios of 1:2:4, 1:1:2, and 1:0.5:1 yielded HA-

furan with 75 ± 8% (n = 4), 61 ± 7% (n = 4), and 49 ± 6% (n = 9) degrees of substitution 

respectively (Figure 9, Figure S1 and Figure S2). For the remaining studies, HA-furan with a 

degree of substitution of 49% was employed, as lower substituted HA hydrogels have been 

shown to display higher cellular bioactivity77.  

 

Scheme 3. Synthesis of HA-furan 
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Figure 8. 1H NMR spectra in D2O (400 MHz) of HA-furan (DS = 54%). Degree of 
substitution was determined by comparing the integrated areas under the proton peaks at 6.26, 
6.46, and 7.65 ppm (furan protons), indicated by 2,3, and 4 to that of the peak at 1.9 ppm (N-
acetyl glucosamine of HA), indicated by 1.  
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HA concentration, resulted in an increased degree of substitution. Columns, average degree of 
substitution, Bars, standard deviation (SD).  

Figure 9.  Controllable DS of HA-furan as determined by the molar reaction ratios. 
Increasing the molar ratio of furfurylamine (FA) and the coupling reagent DMTMM, relative to 

 



 

3.2 In vitro Characterization of HA-PEG Hydrogels 

3.2.1 FTIR Characterization of HA-PEG Hydrogels 
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d (MI)2PEG cross-

linker in MES buffer (pH 5.5) (Scheme 4). PEG was chosen as a cross-linker as it is often 
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HA-PEG hydrogels were synthesized by mixing solutions of HA-furan an

included in HA hydrogels to vary the mechanical properties and pore size of the scaffolds65-68

By controlling the chain length of the PEG cross-linker, one can control these properties. 

Incorporating a larger chain would result in a weaker gel with greater pore size, where as 

incorporating a smaller chain would result in a stiffer gel with smaller pores. As a prelimin

step, PEG with a molecular weight of 3.0 x 104 amu was chosen. Figure 10 displays FTIR

spectra of HA, HA-furan, (MI)2PEG and the cross-linked HA-PEG hydrogel. Conjugation of 

furfurylamine to the carboxylic acid on HA results in a shift of the C=O stretch on HA at 16

cm-1 to 1653 cm-1, characteristic of amide bond formation. Analysis of HA-furan and (MI)2PE

spectra revels C=C peaks at 1455 cm-1 and 1466 cm-1 corresponding to the furan on HA-furan 

and the maleimide on (MI)2PEG, respectively. Alkene bending is also quite apparent within the 

(MI)2PEG spectrum with a sharp signal at 695 cm-1, representing the C=C of the maleimide. Th

hydrogel spectrum shows decreased absorption of these C=C signals, and increased absorption at

1459 cm-1 (C=C in adduct) indicating the consumption of individual furan and maleimide groups 

and the formation of a maleimide-furan adduct during the Diels-Alder reaction.  
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Scheme 4. Synthesis of Diels-Alder cross-linked HA-PEG hydrogels 

 

 



 

 

Figure 10. FTIR spectra of (a) HA, (b) HA-furan showing the C=C absorbance from furan at 
1455 cm-1, (c) (MI)2PEG showing the C=C absorbance from maleimide at 1466 cm-1 and =C-H 
bending at 695 cm-1, and (d) cross-linked HA-PEG showing a decrease in both the 695, 1455, 
and 1466 cm-1 peaks and the appearance of a new peak at 1459 cm-1 corresponding to the C=C 
bond in the Diels-Alder adduct.  
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3.2.2 Rheological Characterization of HA-PEG Hydrogels 

The mechanical properties of HA-PEG hydrogels were characterized by oscillatory rheology 

studies using parallel plate geometry at 37 ºC. The aim of the rheological measurements was to 

characterize the G' value – the shear elastic modulus - for each HA-PEG hydrogel upon 

completion of the cross-linking reaction. In all cases, G' was independent of frequency, 

indicating hydrogels were cross-linked prior to recording measurements (Figure 11). Hydrogels 

were analyzed corresponding to their furan:maleimide (Furan/MI) ratio, that is, their cross-linker 

concentration. In all experiments the molar furan concentration was held constant while the 

molar maleimide concentration was varied. Cross-linker concentration was altered to distribute 

molar ratios of either 1Furan/1MI, 1Furan/0.5MI, or 1Furan/2MI within hydrogels. As shown in 

Figure 12, the elastic modulus of the hydrogels increased with higher cross-linker 

concentrations. There was significant difference between all hydrogel formulations (p<0.001) 

where increased maleimide concentrations resulted in higher cross-link density via the formation 

of additional Diels-Alder adducts. Accordingly, 1Furan/0.5MI hydrogels were the weakest with a 

G' value of 275 ± 54 Pa, while 1Furan/2MI hydrogels were the strongest with a G' value of 679 ± 

62 Pa. The elastic modulus of 1Furan/1MI hydrogels was 557 ± 37 Pa, approximately double the 

strength of 1Furan/0.5MI hydrogels.  
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Figure 11.  Representative frequency sweeps of HA-PEG hydrogels. The shear elastic 
modulus (G') was measured for each formulation of hydrogel. In all cases, G' was independent of 
frequency, indicating hydrogels were cross-linked prior to recording measurements.   

Figure 12. Rheological characterization of HA-PEG hydrogels. Increasing the concentration 
of cross-linker results in a stiffer gel. The difference between gels with a 1Furan/1MI ratio and a 
1Furan/2MI ratio is not as great as that between 1Furan/0.5MI and 1Furan/1MI, suggesting 
efficient cross-linking (average elastic modulus ± standard deviation, n = 4).  
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3.2.3 Equilibrium Swelling  

The swelling behavior of HA-PEG hydrogels was monitored by mass after incubation in DPBS 

at 37 ºC. Swelling ratios reached a plateau after 24 hours (Figure 13), and reported equilibrium 

swelling values are taken from this time point (Table 1). While the data is significantly different 

(p<0.001, n = 15), the values are effectively quite similar.  1Furan/0.5MI hydrogels swelled the 

most. Surprisingly, 1Furan/2MI hydrogels had a similar equilibrium swelling ratio to the 

1Furan/0.5MI samples, and both were greater than that of 1Furan/1MI gels.  

Figure 13. Equilibrium swelling with respect to time for HA-PEG hydrogels. The swelling 
behaviors of HA-Furan hydrogels were monitored after incubation in DPBS at 37ºC for 
designated times. Swelling ratios are defined as the ratio of weight at measured times, divided by 
the original weight of the sample. Swelling reached a plateau after 24 hours for all formulation. 
Symbols, average swelling ratio, Bars, standard deviation (SD), (n=15). 
 

 
Table 1. Equilibrium swelling data (average ± standard deviation, n = 15) 

Hydrogel Formulation Equilibrium Swelling Ratio (MI)2PEG Concentration(% wt/v) 

1Furan/0.5MI 1.48 ± 0.03 0.95 

1Furan/1MI 1.39 ± 0.04 1.89 

1Furan/2MI 1.44 ± 0.04 3.78 
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3.2.4 Degradation Assay 

To monitor in vitro degradation of HA-PEG hydrogels, samples were incubated in DPBS with 50 

U mL-1 of hyaluronidase versus PBS alone at 37 °C, and their masses were recorded over 52 

hours. Samples incubated in PBS (controls) showed no significant mass loss after 52 hours, 

whereas samples incubated in hyaluronidase were completely degraded in this time frame 

(Figure 14). Degradation rates were calculated from the linear slope of the percentage of original 

mass versus time (Figure 15). Degradation rates directly correlated with cross-linker 

concentration, with 1Furan/0.5MI hydrogels degrading the fastest at 3.40 ± 0.19%/hour, and 

1Furan/2MI hydrogels degrading the slowest at 2.06 ± 0.04%/hour. 1Furan/1MI hydrogels 

displayed an intermediate degradation profile at 2.23 ± 0.06%/hour. The degradation rate of 

1Furan/0.5MI hydrogels was significantly greater compared to 1Furan/1MI and 1Furan/2MI 

hydrogels; however, there was no significant difference (p > 0.05) between 1Furan/1MI and 

1Furan/2MI hydrogels.  
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Figure 14. In vitro HA-PEG hydrogel degradation. Solid shapes: samples incubated in PBS 
with 50 U mL-1 of hyaluronidase. Open shapes: samples incubated in PBS (control) (average 
percentage of original weight ± standard deviation n = 3).  
 

Figure 15. Degradation rate of HA-PEG hydrogels. Increasing the concentration of cross-
linker results slower degradation rate. The difference between gels with a 1Furan/1MI ratio and a 
1Furan/2MI ratio is not statistically significant, where as the difference between gels with a 
1Furan/0.5MI and a 1Furan/1MI ratio is. (average elastic modulus ± standard deviation, n = 3).  
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3.2.5 Cell Attachment and Viability  

The morphology and viability of endothelial cells was assessed after 14 days of culture in vitro.  

MDA-MB-231 cells were selected because they express CD44, the receptor for HA, allowing for 

cell interaction and potential adhesion to the HA-PEG hydrogels used in this study84.  Cells 

plated on the hydrogels remained rounded for the first 24 hours, after which the majority of cells 

began to adopt a flattened morphology, suggesting cell attachment as shown in Figure 16a.  

Cells continued to spread, and remained attached to hydrogels for the duration of the experiment.  

Cell viability was evaluated using a live/dead assay that stains live cells green (calcein AM) and 

dead cells red (ethidium homodimer).  HA-PEG hydrogels showed a high level of cell survival 

(>98%) as seen in Figure 16b, demonstrating the cytocompatability of the hydrogels.  It is 

important to note that a significant number of cells initially seeded onto hydrogels did not adhere 

to the gels, and were removed during media exchange.  Nevertheless, several cells attached and 

proliferated, suggesting a CD44 interaction with HA. Indeed, when a cell line expressing low 

levels of CD44s was cultured on HA-PEG hydrogels, morphological characteristics indicative of 

attachment were not present (Figure S4).  

 

Figure 16. (a) Representative image of MDA-MB-231 cells grown on HA-PEG hydrogels 
for 14 days showing morphology characteristics of cell attachment (40X magnification, scale bar 
= 20 um). (b) Live/dead assay demonstrating the high level of cell survival (>98%). Live cells 
(green) and dead cells (red: indicated by arrows) are seen on hydrogels after 14 days in culture 
(10X magnification, scale bar = 60 um).  
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4 Discussion 
4.1 Synthesis and Characterization of HA-furan 

HA derivates are commonly synthesized using EDCI chemistry31,94,95. This requires a high 

excess of reagents with respect to HA (20 – 40 molar excess) due to the limited yield of 

amidation processes in aqueous media96,97. Bromoacetate-derivatized HA has been synthesized 

without the addition of a coupling agent98, but requires basic conditions, which is not optimal for 

HA modification, and also requires a high molar excess due to competing side reactions. We 

have demonstrated the use of DMTMM as a coupling agent is superior for the synthesis of HA 

derivatives. Utilization of EDCI results in a considerable amount of undesired side reactions 

formed, contributing to lower reaction yields. Furthermore, DMTMM is more stable under 

aqueous conditions, optimal for HA modification78. We have also demonstrated control over the 

degree of substitution of HA-furan. This is beneficial as the mechanical properties and 

biodegradation of HA hydrogels can be tuned by varying the degree of substitution on the HA 

backbone79.   

4.2 In vitro Characterization of HA-PEG Hydrogels 

4.2.1 FTIR Characterization of HA-PEG Hydrogels 

The characteristic shift of the C=O on HA from 1617 to 1653 cm-1 confirms the conjugation of 

furan to the HA backbone, as determined by 1H NMR. While it is difficult to accurately quantify 

any residual furan or maleimide groups on the individual polymers to estimate a degree of cross-

linking, the appearance of this new signal on the FTIR spectra of the cross-linked hydrogel 

confirms covalent cross-linking.    

4.2.2 Rheological Characterization of HA-PEG Hydrogels 
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In order to fully analyze the mechanical behavior of these hydrogels, the rubber elasticity theory 

must be introduced. This theory states that lightly cross-linked networks under uniaxial extension 

experience an elastic stress that is directly proportional to the number of network chains per unit 

volume83. Therefore, according to this theory, the mechanical behavior of a gel is largely 

 



 

dependent on the architecture of the polymer network. Hence, by measuring the G' of a hydrogel, 

one can approximate the cross-link density of the network. Since G' increased from 1Furan/1MI 

to 1Furan/2MI, it is apparent the reaction between the furan and maleimide does not proceed to 

100% conversion. However, the G' doubling effect between 1Furan/0.5MI and 1Furan/1MI, was 

not maintained between 1Furan/1MI and 1Furan/2MI, indicating G' reaches a plateau with an 

increased cross-linker concentration. These results confirm Diels-Alder click chemistry is 

efficient for the formation HA hydrogels.  

In tissue engineering, it is important to consider the mechanical properties of the tissue of 

interest78. Table 2 summarizes the shear moduli for tissues and culture substrates. The shear 

moduli of the HA-PEG hydrogels are similar to those of brain and nerve tissues (100 – 1000 

Pa)79, thus making them compelling scaffolds for neural tissue engineering. By varying other 

parameters, such as the degree of substitution, molecular weight, or concentration of HA-furan, 

the shear moduli may be further manipulated to mimic those of connective tissue, liver, and the 

mammary fat pad, among others. For example, the shear elastic moduli of liver, fat, relaxed 

muscle, and breast gland tissue range from 1000 – 10,000 Pa80-82. These values could be 

achieved by using a higher molecular weight HA or a higher HA weight concentration79. 

 
Table 2. Approximate shear moduli for tissues and culture substrates79 

Material G' (Pa) 

Brain, nerves 102 – 103 

Liver, fat, relaxed muscle, breast gland tissue 103 – 104 

Dermis, connective tissue, contracted muscle 105 – 106 

Eepidermis, cartilage 107 – 108 

Polyacrylamide gels 103 – 104 

Bone, polystyrene 108 – 1010 

Glass 1011 
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4.2.3 Equilibrium Swelling  

It is important to consider the swelling properties of a hydrogel, given that the degree of swelling 

is intimately related to the mechanical properties of a cross-linked network as dictated by the the 

rubber elasticity theory83. For a specific hydrogel, a higher degree of swelling coincides with a 

reduction in stress, or in other words, a decrease in cross-link density results in a decrease in 

stress. HA-PEG hydrogels, synthesized in MES buffer at pH 5.5, were expected to swell upon 

submersion in DPBS buffer at pH 7.4. The pH of the swelling buffer is greater than the pKa of 

the carboxylic groups on the HA backbone (2.9)86, causing dissociation of all the acidic groups. 

Even though the carboxylic groups on the native HA backbone were targeted during the 

synthesis of HA-furan (Scheme 3), the NMR spectrum (Figure 8) demonstrates only 49% of the 

carboxylic groups were modified, providing adequate carboxylic groups to allow swelling. In 

order to maintain electroneutrality, mobile ions from the external solution migrate into the gel, 

and through osmosis, the hydrogel swells85.  

As predicted, the 1Furan/0.5MI gels experienced the highest degree of swelling. This was 

expected as according to the rheological data, these samples have the lowest cross-link density of 

the three formulations. This is consistent with the rubber elasticity theory that degree of 

equilibrium swelling of a polymeric hydrogel being inversely proportional to its elastic 

modulus83. Interestingly, the 1Furan/2MI hydrogels displayed a higher equilibrium swelling ratio 

compared to the 1Furan/1MI hydrogels. This cannot be accounted for by the rubber elasticity 

theory, but by the polymer content of the hydrogel. The equilibrium swelling ratio of the 

1Furan/0.5MI hydrogels has fewer cross-links, and thus swells more, whereas the 1Furan/2MI 

imbibes more water due to a greater concentration of PEG cross-linker.   

4.2.4 Degradation Assay 

The degradation profile of a hydrogel represents another important property, which relates to the 

mechanical properties of the network, and hence can be used to elucidate the cross-link density. 

Hydrogel degradation is largely attributed to hydrolysis of the either the covalent cross-links or 

of the polymer backbone through enzymatic degradation87.  

Statistical difference between the degradation rates was only observed when comparing the 

1Furan/0.5MI gels compared to the other two formulations. There was no statistical difference 
40

 



 

between the 1Furan/1MI and 1Furan/2MI hydrogels. These results suggest that the difference in 

the number of cross-links within 1Furan/1MI and 1Furan/2MI hydrogels did not impact 

degradation appreciably, revealing a degradation mechanism strictly dependent on HA 

enzymatic hydrolysis. The lower cross-link density of the 1Furan/0.5MI hydrogels permits facile 

diffusion of the enzyme within the hydrogel sample, enabling HA fragments to be released into 

solution at a faster rate. Furthermore, this data supports the conclusion derived from the 

rheological data that the 1Furan/2MI hydrogels possess the highest cross-link density.  

Importantly, enzymatic recognition was retained with the furan-modification of HA, suggesting 

HA-PEG hydrogels are suitable for applications in tissue engineering. In vivo, predicted 

degradation rates for HA-PEG hydrogels would be much slower, as physiological hyaluronidase 

levels are much lower than that used in this study. While degradation was only monitored with 

respect to cross-linker concentration, varying the HA weight percent would expand the 

degradation profile77.  

4.2.5 Cell Attachment and Viability  

MDA-MB-231 human endothelial cells were cultured on HA-PEG hydrogels for 14 days, 

adopting a flattened, adhesive morphology. These cells express a high level of CD44, the 

receptor for HA. When SKBR3 human epithelial cells were cultured on HA-PEG hydrogels, 

these morphological characteristics were not present. Importantly, with the furan modification on 

the HA backbone, cellular interaction with HA via the CD44 receptor was maintained. 

Moreover, these Diels-Alder cross-linked hydrogels were shown to be cytocompatible, and 

hence may represent a promising material for soft tissue engineering.  

As mentioned in the introduction, HA hydrogels have been synthesized by another form of click 

chemistry – CuAAC. Crescenzi et al. synthesized azide and alkyne functionalized HA, which 

were then cross-linked upon the addition of CuCl31. In their study, they did not find the amount 

of Cu(I) to be toxic to yeast cells; however, they do state that for more advanced cell types, lower 

Cu(I) concentrations would be required. They propose to remove the catalyst through dialysis 

against EDTA solution. This however would cause undesirable effects on the mechanical 

properties of the hydrogel. Synthesis of HA hydrogels via Diels-Alder click chemistry 

41
 



 

overcomes these hurdles, while simultaneously providing the efficient orthogonal cross-linking 

chemistry provided by CuAAC.  
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5 Conclusions  

Diels-Alder chemistry is an effective cross-linking method to prepare hydrogels from furan-

modified HA, and di-maleimide functionalized PEG. Synthesis of the scaffold backbone, HA-

furan, was achieved in a single-step. Synthesis of the hydrogel required neither additional 

crosslinking agents, or catalysts, resulting in a clean, one-step synthetic procedure. The HA-PEG 

hydrogels had an elastic modulus similar to that of central nervous system tissue and 

demonstrated minimal swelling and complete degradation. Together with their cell-interactive 

properties, these HA-PEG hydrogels are likely suitable for applications in tissue engineering and 

regenerative medicine.  

While the use of a click reaction for hydrogel cross-linking is not novel, this work reports the 

first use of Diels-Alder click chemistry for hydrogel formation, with a specific tissue engineering 

application in mind. The Diels-Alder click reaction is a “reagent-free” click reaction that does 

not require a catalyst, photoinitiator or radical initiation. Moreover, the Diels-Alder reaction is 

accelerated in aqueous solutions, an ideal characteristic for biomaterial design. Despite these 

strengths, the Diels-Alder click reaction has been much less explored relative to the CuAAC and 

thiol-ene click reactions, perhaps due to longer reaction times and the ability of Diels-Alder 

adducts to undergo cycloreversion. The latter is only relevant at higher temperatures, however, 

and thus should not pose a problem to biomaterials used in vivo.  

In a short period of time, the use of click chemistry within the field of regenerative medicine has 

exploded.  The ability to synthesize biomaterials with pristine definition and architecture to 

ultimately control drug delivery and stem cell fate is unprecedented. To this day, the click 

chemistry world continues to advance former click reactions while identifying new orthogonal 

chemistries. It is clear bioengineers will continue to translate these improved chemoselective 

methodologies to their biomaterials. Sequential click reactions will likely emerge as a key 

approach to design sophisticated biomaterials in a simplistic manner.   
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6 Recommendations and Future Directions 

6.1 Determination of Cross-Link Density 
From the presented data it was concluded the addition of additional (MI)2PEG cross-linker 

resulted in a higher cross-link density, with 1Furan/0.5MI hydrogels displaying the lowest cross-

link density, and 1Furan/2MI hydrogels displaying the highest cross-link density. However the 

actual cross-link density of the hydrogel samples was never determined. It is imperative to 

elucidate the hydrogel cross-link density as it can influence the cellular response in vito/and or in 

vivo. Furthermore, as determined from the swelling data, the rubber elasticity theory fails to 

accurately estimate the cross-link density for this system. The cross-link density could be 

investigated using 1H HR-NMR88. By grafting molecules onto insoluble supports, sufficient 

rotational mobility can be achieved by swelling the support in a suitable solvent, providing a 

high-resolution characterization tool for macromonomers89, and hydrogel synthesis90. This 

technique was utilized to determine the degree of cross-linking for HA hydrogels cross-linked 

via CuAAC31.   

6.2 Efficiency of the Diels-Alder Click Reaction 
The Diels-Alder cycloaddition represents a highly efficient click reaction that is free from side 

reactions and by-products; however, in the presented study, the efficiency of the Diels-Alder 

click reaction was never determined. It was concluded the reaction between the furan and 

maleimide does not proceed to 100% conversion, given that the G' increases between the 

1Furan/1MI and 1Furan/2MI hydrogel formulations. This could be investigated using a post-gel 

modification with both furan and maleimide functionalized chromophores to survey for any 

residual maleimide/furan functionality.  

6.3 Synthesis of a Biomimetic Tissue Engineering Scaffold  
While it is clear the efficiency of the Diels-Alder cross-linking reaction is not 100%, this does 

not represent a negative result. In fact, these residual furans can be hijacked for bulk 

immobilization of maleimide functionalized molecules. Maleimide GRGDS has been 

immobilized within the HA hydrogels, making the hydrogels more cell adhesive (Figure S5). 

Incorporation of additional ECM peptides is currently being studied.  
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6.4 3D Patterning of Click Cross-Linked HA Hydrogels  
Ultimate control of cell fate in 3D can be achieved by controlling the mechanical properties and 

the degradation profile of the scaffold, as well as protein immobilization. 3D patterning of 

proteins in hydrogels is crucial for spatial control of cellular activities such as cell migration, 

differentiation and proliferation38,91.   Previous work from our laboratory has demonstrated 

guidance of both neural stem cells92 and endothelial cells93 within 3D patterned agarose 

hydrogels. Notwithstanding these exciting results, agarose is limited with respect to cell 

penetration, and is non-biodegradable. As such, we sought to translate our patterning technology 

to our novel Diels-Alder cross-linked HA hydrogels where we could control the mechanical 

properties, the degradation profile, as well as protein immobilization. Controlled protein 

immobilization has been achieved in defined volumes using a pulsed infrared laser and 

photochemistry (Figure S6). The effect of these 3D patterns on the cellular response is currently 

under investigation.  
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Additional Figures 

Figure S1. 1H NMR spectra in D2O (400 MHz) of HA-furan (HA:FA:DMTMM 1:1:2) 

 
Figure S2. 1H NMR spectra in D2O (400 MHz) of HA-furan (HA:FA:DMTMM 1:2:4) 
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Figure S3. 1H NMR spectra in D2O (400 MHz) of HA-furan (HA:FA:EDC 1:2:4) 
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Figure S4. SKBR3 human epithelial cells grown on HA-PEG hydrogels. Cells did not adopt 
a flattened morphology compared to MDA-MB-231 cells, suggesting MDA-MB-231 cells are in 
fact interacting with the matrix through CD44 interaction.   

 

Figure S5. Cells cultured on HA-PEG hydrogels after RGD modification. a) MCF-7 cells 
cultured on native hydrogel b) MDA-MB-231 cells cultured on native hydrogel c) MCF-7 cells 
cultured on hydrogel after RGD modification d) MDA-MB-231 cells cultured on hydrogel after 
RGD modification. Incorporation of adhesive peptides enhances cellular interactions with the 
matrix.   
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Figure S6. 3D patterning of HA hydrogels. a) HA hydrogels are exposed to two-photon 
excitation in 3D space, generating a pattern of free thiols, which in turn, react with 
iodoacetamide functionalized biomolecules. b) Confocal micrograph of coumarin sulfide HA 
hydrogel demonstrating loss of fluorescence following multiphoton irradiation in the IR channel 
and immobilization of 5-IAF in the 488 channel. c) A two-molecule pattern. Oblique (top 
micrograph) and side (bottom micrograph) views of a 4 x 4 x 3 array of 3D patterned squares (60 
µm per side) of 5-IAF, over-patterned with a second 3 x 3 x 2 array of squares (60 µm per side) 
of 5-TMRIA.  
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