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Abstract 

Despite widespread use of hydrogels in biomedical devices like soft contact lenses, 

absorbent products, and other applications, low moduli and brittleness of hydrogels has hindered 

applications with load bearing requirements. In this dissertation, different molecular network 

design strategies (homopolymer, copolymer, and double network [two interlocked networks with 

synergistic improvement in mechanical properties]) were used to control the arrangement of 

macromers to tune the mechanical properties of hydrogels. Changes in swelling ratio, shear (G) 

and elastic (E) moduli, and fracture properties of the gels were then investigated. Chondroitin 

sulfate (CS) and hyaluronic acid (HA) as macromers, oligo(ethylene glycol) diacrylates 

(OEGDA) as comonomers, and acrylamide to form double networks (DN) were the focus of this 

work.  

The two main hypotheses for tuning the properties of homopolymer and copolymer gels 

were based on the structure of glycosaminoglycans (GAGs) in solution. The idea was to improve 

the crosslink effectiveness of photopolymerized GAG hydrogels to improve moduli and fracture 

properties of the gels. First, it was hypothesized that changing the degree of substitution of the 

macromer carboxyl groups (DM) would improve the crosslink effectiveness of 

photopolymerization by providing a higher ratio of crosslinkable groups. Second, considering the 

relatively rigid structure of glycosaminoglycans, it was hypothesized that copolymerization of 

GAGs with small amount of oligo(ethylene glycol) diacrylates would overcome the steric 

hindrances of the macromer in solution and would increase the crosslink density of the gels. By 

changing the degree of methacrlyation from 24 to 34 mol%, the swelling degree and G of MCS 

13 wt% gel was changed from 210 to 44 g/g and from 3 to 45 kPa respectively. 

Copolymerization of MCS 13 wt% with 0.5 to 2.0 wt% OEGDA (molar ratio of OEGDA to CS 
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disaccharide unit equal to 0.12) increased the shear modulus of MCS homopolymer (45 kPa) up 

to five times and lowered the swelling degree (44 g/g) to a third. The dependence of moduli and 

swelling on the crosslinker (OEGDA) length and the fact that mono-acrylated monomers equally 

increased the gels’ moduli suggested that crosslinking mainly happens via the formation of 

kinetic chains. With this mechanism, macromer methacrylate groups and crosslinker acrylates 

covalently polymerize into a chain rather than connection of each methacrylate to one acrylate or 

vice versa. Despite improved moduli and tuned swelling (which are both correlated with 

crosslink density), the fracture strain of the homo- and copolymer gels remained fairly low (15 to 

25% strain). Low fracture strain despite improved crosslink density suggested that fracture strain 

is a function of polymer chains conformation rather than crosslinking reaction. 

The polyelectrolyte nature of CS and HA was used to understand the fracture mechanism of 

single network (homopolymer) gels. The core hypothesis here was that polymer chains 

conformation in solution controls the fracture in polyelectrolyte gels. Therefore, introducing 

counterions would change the polyelectrolyte persistence length and change the fracture 

properties as well as moduli and swelling of the gels. The fracture strain of MCS 13 wt% was 

increased from 18% to about 60% in 1M NaCl solution. At the same time, Young’s modulus and 

swelling ratio of the gel decreased from 142 kPa and 44 g/g to 4kPa and 6 g/g respectively. 

Increased fracture strain and lowered moduli and swelling were then associated with the 

polyelectrolyte chain distribution shifting from non-Gaussian toward Gaussian regime. Lowering 

the persistence length of the polyelectrolytes, highly extended chains in water would have a 

higher number of conformations in salt (Gaussian). Gaussian chains could then be stretched 

farther before rupturing which would increase the fracture strain of the gel. This interpretation 

was consistent with lower moduli and swelling ratio and higher fracture strain of the gels in salt.  
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The toughening mechanism of double network (DN) gels was studied using the findings of 

homopolymer gels in salt. It was hypothesized that lowered persistence length of polyelectrolytes 

(i.e. Gaussian chains) in salt would suppress the bond fracture of the first network. Therefore, the 

proposed necessity of brittleness of the first network would be examined. The DNs moduli were 

lowered 3 to 6 times (depending on type and concentration) in the presence of counterions. The 

lowered moduli reflected the transition of the chains distribution as previously observed in single 

networks. However, the improved toughness of DNs compared to single networks even at higher 

ionic strengths was consistent with the significance of first and second network chains 

entanglements rather than bond breakage as a toughening mechanism in DN gels.  

This dissertation establishes copolymerization of MCS with OEGDA as a simple strategy to 

form hydrogels with tunable stiffness for desired applications. This work is a clear demonstration 

that crosslinking through kinetic chains is the dominating reaction mechanism in this system. 

This approach limits the required extent of macromer functionalization to form stable gels while 

low ratio of OEGDA to MCS would not change the chemical composition of the gels 

significantly. Furthermore, it was hypothesized and shown that OEGDA cross-linked MHA has 

similar behavior to MCS’s. This proved the generality of the cross-linking effect and its 

applicability to other macromer based hydrogels, opening new areas of investigation to advance 

the methodology. Investigating mechanical behavior of DN gels in salt was a novel approach to 

better understand the toughening mechanism of these hydrogels. Recognizing chain 

entanglements as a major mechanism in toughening the DNs will be inspiring for other 

researchers in the field and will advance the understanding of the DNs microstructure. 

 

  



 

V 

Acknowledgments 

 

I gratefully acknowledge the funding from the National Science Foundation (NSF) Grant 

DMR 0805264 to support my graduate study. I acknowledge my advisor Dr. Stevin Gehrke for 

his insight, mentorship, support, and patience since the first day I walked on campus. I am 

grateful for his vast knowledge of gels and polymers and his dedication to precision and 

perfection. I would also like to thank Dr. Michael Detamore for being an excellent guide and 

support in every stage of my journey and serving on my committee. I would like to thank the 

members of my committee: Dr. Prajna Dhar, Dr. Sarah Kieweg, Dr. Laird Forrest, and Dr. Kyle 

Camarda for their time and valuable instructions. 

 I would like to thank all my incredible KU mentors. Dr. Trung Nguyen has been an 

excellent teacher and Dr. Thomas Mulinazzi has introduced me to the wonderful world of 

Toastmasters. I would specially like to thank KU Associate Dean of Graduate Programs Dr. 

Arvin Agah and Anna Paradis from KU School of Engineering Research and Graduate Programs 

for supporting and nominating me for the prestigious Rusty Leffel Concerned Student Award.  

I want to thank Peggy Keefe, Dr. Ganesh Ingavle, and Emily Beck from Tissue Engineering 

lab. They helped me a great deal with experimental set-up, training, and obtaining data. Dr. 

Justin Douglas from the KU NMR lab has helped me to interpret my NMR data for which I am 

very grateful. 

To my wonderful friends in Lawrence who made me feel home and were always there for 

me: Tiffany Suekama, Ly Bui, Holly Garber, Cate Wisdom, Saba Qazvini, Lindsey Ott, Linda 

Steele, William Gilbert, Andrew Duncan, Linette and Brad Farmer, and Steve and Marcia Riley. 

I acknowledge my great lab mates Patricia Sprouse, Erik Van Kampen, and undergraduate 



 

VI 

researchers Jason Schulteis, and Jospeh Scalet for helping me to carry out some of my 

experimental work.  

Finally, I would like to acknowledge my parents, Manouchehr and Lili Khanlari for all their 

support. My mom has been my rock with her sacrifices, generosity and faith in me. My partner 

Kaveh has been exceedingly understanding and encouraging, along with my dear siblings and 

their spouses. None of my success would have been possible without these very important people 

in my life with their kindness and support. 

 

  



 

VII 

Table of Contents 
 

Acceptance Page  ............................................................................................................................ I 

1 Chapter 1: Introduction ............................................................................................................. 1 

 1.1 Overview of the chapters ................................................................................................... 5 

2 Chapter 2: General Background .............................................................................................. 11 

 2.1 Introduction ..................................................................................................................... 11 

 2.2 Hydrogel biomaterials ..................................................................................................... 11 

  2.2.1 Crosslinked glycosaminoglycans (GAGs) ............................................................. 15 

  2.2.2 Poly(ethylene glycol) (PEG) and poly(ethylene oxide) ......................................... 18 

 2.3 Free radical polymerization: a chain growth reaction ..................................................... 19 

  2.3.1 Photopolymerization .............................................................................................. 20 

  2.3.2 Kinetic chains in photopolymerization ................................................................... 24 

 2.4 The thermodynamics of swelling .................................................................................... 26 

 2.5 Network elasticity ............................................................................................................ 31 

  2.5.1 The elasticity of a Gaussian network ..................................................................... 31 

3 Chapter 3: Mimicking the Extracellular Matrix: A Molecular Design Approach .................. 41 

 3.1 Abstract  ......................................................................................................................... 41 

 3.2 Introduction ..................................................................................................................... 42 

 3.3 Materials and methods ..................................................................................................... 45 

 3.4 Results and discussion ..................................................................................................... 45 

  3.4.1 Stress (σ) -strain (ε) plots for homopolymers, copolymers, and double-networks 46 

  3.4.2 Copolymer gels: effect of degree of methacrylation and crosslinker length .......... 46 

 3.5 Conclusions ..................................................................................................................... 49 

4 Chapter 4: Increasing Crosslinking Efficiency of Methacrylated Chondroitin Sulfate 

Hydrogels by Copolymerization with Oligo(Ethylene Glycol) Diacrylates ........................... 53 

 4.1 Abstract  ......................................................................................................................... 53 

 4.2 Introduction ..................................................................................................................... 54 

 4.3 Materials and methods ..................................................................................................... 56 

  4.3.1 Synthesis and characterization of methacrylated chondroitin sulfate .................... 57 

  4.3.2 Hydrogel preparation .............................................................................................. 57 

  4.3.3 Swelling and gel fraction measurements ................................................................ 58 

  4.3.4 Mechanical testing .................................................................................................. 59 

 4.4 Results  ......................................................................................................................... 60 



 

VIII 

  4.4.1 Swelling ratio and gel fraction ............................................................................... 60 

  4.4.2 Compressive moduli ............................................................................................... 62 

  4.4.3 Crosslinking efficiency of comonomers ................................................................. 65 

 4.5 Discussion ....................................................................................................................... 68 

  4.5.1 Swelling ratio and moduli ...................................................................................... 69 

  4.5.2 Crosslinking efficiency and the comonomer effect ................................................ 72 

  4.5.3 Fracture strain ......................................................................................................... 76 

 4.6 Conclusions ..................................................................................................................... 76 

5 Chapter 5: Readily Tunable Photocrosslinked Chondroitin Sulfate -Poly(Ethylene Glycol) 

Copolymers with Structural Diversity for Biomedical Applications ...................................... 84 

 5.1 Abstract  ......................................................................................................................... 84 

 5.2 Introduction ..................................................................................................................... 85 

 5.3 Materials and methods ..................................................................................................... 87 

  5.3.1 Synthesis and characterization of methacrylated chondroitin sulfate .................... 87 

  5.3.2 Hydrogel preparation .............................................................................................. 88 

  5.3.3 Swelling measurements .......................................................................................... 88 

  5.3.4 Mechanical testing .................................................................................................. 89 

  5.3.5 Statistical analysis .................................................................................................. 90 

 5.4 Results  ......................................................................................................................... 90 

  5.4.1 Swelling .................................................................................................................. 90 

  5.4.2 Mechanical characterization ................................................................................... 91 

  5.4.3 Ionic strength effect on the moduli and fracture strain of copolymers .................. 95 

 5.5 Discussion ....................................................................................................................... 97 

  5.5.1 Swelling .................................................................................................................. 99 

  5.5.2 Mechanical characterization ................................................................................. 100 

  5.5.3 Presence of salt ..................................................................................................... 102 

 5.6 Conclusions ................................................................................................................... 104 

6 Chapter 6: Crosslinking Hyaluronic Acid Hydrogels with Oligo(Ethylene Glycol) Diacrylates 

to Control Mechanical Performance ..................................................................................... 112 

 6.1 Abstract  ....................................................................................................................... 112 

 6.2 Introduction ................................................................................................................... 113 

 6.3 Experimental section ..................................................................................................... 115 

  6.3.1 Materials ............................................................................................................... 115 

  6.3.2 Methacrylation of sodium hyaluronate ................................................................. 116 

  6.3.3 Calculation of degree of methacrylation of HA ................................................... 116 



 

IX 

  6.3.4 Hydrogel preparation ............................................................................................ 116 

   Swelling ratio ....................................................................................................... 117 6.3.5

   Mechanical testing ................................................................................................ 118 6.3.6

  Results and discussion .......................................................................................... 119 6.4

  6.4.1 Swelling ratio and mechanical properties ............................................................ 119 

  6.4.2 Crosslinking by formation of kinetic chains ........................................................ 122 

  6.4.3 Reactivity ratio effect ........................................................................................... 124 

  6.4.4 Comparison between photopolymerized MHA and MCS hydrogels ................... 125 

  Conclusions ........................................................................................................... 126 6.5

7 Chapter 7: Modulating Glycosaminoglycan (GAG) Chain Conformations by Salt and the 

Effect on Mechanical Properties of Gels .............................................................................. 131 

 Abstract ................................................................................................................. 131 7.1

 Introduction ........................................................................................................... 132 7.2

 Experimental work ................................................................................................ 136 7.3

  7.3.1 Materials ............................................................................................................... 136 

  7.3.2 Synthesis of double network gels of MCS and PAAm ........................................ 136 

  7.3.3 Swelling degree and mechanical testing .............................................................. 138 

 Results ................................................................................................................... 140 7.4

  7.4.1 Single network gels .............................................................................................. 140 

  7.4.2 Double network gels ............................................................................................. 147 

 Discussion ............................................................................................................. 151 7.5

  7.5.1 Single network gels (SN) ..................................................................................... 154 

  7.5.2 Double network (DN) gels ................................................................................... 159 

 Conclusions ........................................................................................................... 164 7.6

8 Chapter 8: Concluding remarks and future work ................................................................ 170 

Appendix A ................................................................................................................................. 185 

Appendix B ................................................................................................................................. 190 

Appendix C ................................................................................................................................. 191 

Appendix D ................................................................................................................................. 193 

 



 

1 

1 Chapter 1: Introduction 

 

Biomaterials as components of the native tissue show extraordinary biological and 

mechanical characteristics. The synergistic interactions between collagen (mainly type II), 

polysaccharide glycosaminoglycans (hyaluronic acid (HA), chondroitin sulfate (CS), and keratan 

sulfate (KS)) with other biological molecules (such as binding proteins) in the extracellular matrix 

(ECM) provide a robust structure with magnificent mechanical properties in the joint tissue. 

Efforts to understand these interactions and to design materials with comparable properties have 

advanced our knowledge of the field and produced hydrogel biomaterials with defined mechanical 

properties. Yet, there are remaining questions to be answered. Questions like: how to maintain 

mechanical properties of these hydrogels with minimal deviations from the natural architecture of 

the tissue, how to minimize the presence of synthetic components, and what would be the best 

suited chemistry in the presence of the cells. Then, there are questions on molecular level in vitro 

interactions of these macromers in hydrogel structure and how to design the microstructure of 

gels to mimic the natural ECM. 

Since early 1950’s hydrogels have been used as biocompatible materials in biomedical 

applications. Hydrogels are water swollen networks made of hydrophilic polymers typically with 

less that 10% of crosslinked polymer and thus over 90% water content. The high water content of 

hydrogels makes them candidate materials for numerous biomedical applications like tissue 

engineering or drug delivery.
1
 In nature, hydrogels are found in plants (e.g. seaweeds), bodies of 

invertebrates (e.g. jellyfish, squid and immature beetle elytra) and human body (e.g. cartilage, 

cornea, and arterial walls).
2
 Synthetic gels are most commonly made of a homogeneous single-

phase polymer network while biological gels are composite materials. The high toughness (work 

required to fracture) of natural gels can be ascribed to their multi-phase structures which is 
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usually accompanied by reinforcing fibers.
2
 Inspired by such biological gels, numerous studies 

have been dedicated to replicate the biological and mechanical characteristics of these materials 

ex vivo. Engineering hydrogels requires understanding of structure–property relationship, 

underlying reinforcement mechanisms, and molecular level interactions of these materials. 

Crosslinked glycosaminoglycan (GAG) hydrogels are used in the synthesis of tissue 

engineering scaffolds, drug delivery devices, and for cell encapsulation.
3-5

 Chondroitin sulfate 

(CS) and hyaluronic acid (HA) are the most commonly used GAGs to synthesize hydrogels. 

Bioresorbable chondroitin sulfate and hyaluronic acid are used in cartilage tissue engineering 

providing cell-interactive matrices for inducing biosynthesis of extracellular matrix (ECM) 

components for encapsulated chondrocytes and mesenchymal stem cells.
6-8

 While Young’s 

modulus of the native cartilage is in the range of 450 to 800 kPa
9
, most GAG-based matrices are 

mechanically weak with low moduli and fracture strains (~20%). Hence, approaches to modify 

such matrices by copolymerization with other species or formation in interpenetrating networks 

have been used to improve their moduli and fracture properties.
10-12

  

The glycosaminoglycan hydrogels studied in this work are synthesized by the 

photopolymerization of functionalized macromers. Chondroitin sulfate and hyaluronic acid were 

made photopolymerizable by adding methacrylate functional groups to their backbone. The main 

topic explored was to understand what factors determine modulus and failure properties of these 

biopolymer gels. Next, it was to understand how to modify and control (tune) the swelling and 

mechanical properties of these gels. The work done in this dissertation has been following two 

goals: first, to understand the molecular structure of glycosaminoglycan-based hydrogels, tuning 

the moduli and water content of the gels was tackled; and second, to understand the underlying 

fracture mechanism, improving the fracture strain of the gels was pursued. The fracture strain of 
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homopolymer GAG gels reported to date is fairly low. It has been recently shown in our group
11

 

that fracture properties of CS-based gels can be improved by double network (DN)
i
 formation 

approach. Therefore as a part of the second goal understanding of fracture in single network vs. 

double network GAG-based gels and =to generalize the governing mechanism beyond CS gels 

was pursued. Free radical polymerization (photopolymerization) was selected to synthesize the 

gels as it is a common methodology to synthesize GAG gels in biomedical applications and 

double network syntheses.  

GAG hydrogels structure and properties are different from many other common synthetic 

gels. Unlike synthetic short monomers or linear polymers, GAGs are already formed macromers 

with high persistence lengths
ii
.  Therefore, the gelation of GAGs only happens via the 

crosslinking of functional groups. Inherent properties of GAG gels like other polyelectrolytes 

(e.g. large persistence length) limits the mechanical properties of these gels far from what is 

needed in practical applications. Low moduli and high water content are examples of different 

behavior of GAG gels from synthetic non-ionic gels like polyacrylamide or poly(ethylene glycol). 

Low fracture properties of GAG gels are also different from many synthetic gels. In general, 

fracturing is not a commonly studied subject for polyelectrolyte gels and especially not for 

glycosaminoglycan gels despite their widespread applications in tissue engineering. 

Understanding the governing fracture mechanism in GAG gels can help understand the fracture in 

other biopolymer systems. 

                                                 
i
 Double network gels are two physically interlocked polymer networks in which the first network is a highly 

crosslinekd polyelectrolyte and the second network is a loosely crosslinked ductile network.13. Gong, J. P.; 

Katsuyama, Y.; Kurokawa, T.; Osada, Y. Adv. Mater. 2003, 15, 1155-1158. 

ii Persistence length (Lp) represents the length over which one polymer continues in a given direction before 

changing to another and is related to the chains rigidity.14. Cranford, S. W.; Buehler, M. J. Macromolecules 2012, 

45, 8067-8082. 
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The two main goals of the study were interrelated and explored simultaneously though 

different chapters emphasizing different aspects of this dissertation. Figure 1-1 illustrates the 

relationships of these goals with contents of each chapter. To pursue the first goal, two main 

hypotheses were made. One was to overcome low crosslinking effectiveness of GAG macromers 

with copolymerizing GAGs with short synthetic monomers. It was speculated that the inherently 

extended conformation of GAGs in water was the reason for low crosslink density in these gels. 

Based on this hypothesis, presence of short crosslinker molecules would help overcome the steric 

hindrances of the macromer in solution and increase the crosslink density of the gels. The second 

hypothesis was to increase the extent of crosslinking by increasing the number of macromer’s 

substituted functional groups. Chapters 3, 4, and 5 focus on verifying these two hypotheses in 

chondroitin sulfate-based gels while Chapter 6 explores these hypotheses in hyaluronic acid gels. 

The second goal was to understand the fracture mechanism in GAG hydrogels and was pursued in 

Chapters 5 and 7. The main hypothesis here was changing the conformation of inherently 

extended GAG chains by adding counterions to the system. Chapter 5 explores this subject in 

MCS-poly(ethylene glycol) diacrylates copolymers while Chapter 7 is focused on single network 

and MCS/MHA based double network gels. Chapter 8 summarizes the findings and their 

significance and provides recommendations for the continuation of this work. The main topics of 

each chapter and overlaps of different chapters are shown in Figure 1-1. 
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Figure 1-1 Main discussed topics in this dissertation and relevant chapters. Abbreviations: 

OEGDA: oligo(ethylene glycol) diacrylate, MCS: methacrylated chondroitin sulfate, GAG: 

glycosaminoglycan (chondroitin sulfate or hyaluronic acid in this study), SN: single network, DN: 

double network  

 

 

1.1 Overview of the chapters 

Chapter 2 starts with an introduction to hydrogels as biomaterials. The goal of this chapter is 

to provide a short tutorial on hydrogels and their common synthesis procedures. This chapter 

starts with explaining common terminologies used in the hydrogel literature and why GAG-based 

hydrogels are important in biomedical applications. The chapter discusses the three main 

molecular design strategies (single network, copolymer network, interpenetrating network) used 
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in this dissertation. Then, the importance of molecular arrangements on mechanical properties of 

the gels is discussed. Free radical polymerization initiated by ultraviolet light (UV 

photopolymerization) was the technique to make the gels in this dissertation. A general 

background on photopolymerization kinetics and factors affecting the reactions is also presented 

in this chapter. To the reader of this dissertation, it is important to get a clear picture of kinetic 

chains in free radical polymerization. This topic is explained in Chapter 2 and used later in 

Chapters 3 to 6 to interpret the experimental data and to explain the reaction mechanism. Flory’s 

theory of swelling is a fundamental concept in hydrogels and is explained in Chapter 2 along with 

the theory of rubber elasticity. The goal here was to relate macroscopic properties of hydrogels to 

molecular level interactions. 

Chapter 3 is a short manuscript published in the Materials Research Society (MRS) 2013 

proceedings.
15

 This short chapter gives a brief and helpful overview of the fundamental findings 

of chapters 5 and 6 and summarizes the key aspects. This chapter covers the effects of some of 

synthesis parameters such as the degree of methacrylation of macromer and the effects of length 

and functionality of the crosslinker on mechanical properties of the crosslinked MCS gels. 

Chapter 4 was published
16

 in Macromolecules and is focused on composition–property 

relationship of MCS-oligo(ethylene glycol) diacrylate (OEGDA) copolymer hydrogels. The effect 

of the extent of functionalization of CS (methacrylation) on properties of homo- and co-polymers 

of methacrylated-CS (MCS) was studied. The copolymerization reaction mechanism and the 

effects of comonomer type on phase separation of the resulting gels were also discussed. 

Oligomers of ethylene glycol were used as comonomers in this study mainly because 

poly(ethylene glycol) (PEG) is a widely used synthetic polymer in biomedical applications. In 

copolymer systems studied in Chapter 4, the gel compositions were kept close to MCS 
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homopolymers with minor amounts of OEGDA in the system. The effect of kinetic chains as the 

dominating mechanism of copolymerization in GAG-based copolymers was also discussed. The 

goal of the next chapter (Chapter 5) was to study the full range of compositions of MCS-PEG gels 

since their copolymer have been previously investigated as tissue engineering scaffolds in the 

literature but their composition-property relationships not clearly defined. Again, composition-

property relationship of MCS-OEGDA copolymer was the focus of the chapter. Instead of a range 

of different molecular weights for the comonomer, poly(ethylene glycol)diacrylate (PEGDA) 700 

was used in this study.  

Considering the importance of HA-based hydrogels in biomedical applications, techniques to 

tune the mechanical properties of hyaluronic acid gels are needed. Due to similar chemical and 

physical properties of HA and CS, it was hypothesized that copolymerization of methacrylated-

HA (MHA) with OEGDAs would result in similarly improved mechanical properties. Chapter 6 

examines the accuracy hypothesis and the generality of the crosslinking effect on GAG-based 

hydrogel.  

Up to Chapter 7, it was shown that the moduli of GAG gels can be controlled by controlling 

the crosslink density and considering the role of the kinetic chains. However, the fracture strain in 

these gels remained fairly low regardless of changes in synthesis parameters. Then, it was 

hypothesized that fracture strain was in fact dependent on polyelectrolyte chain conformation and 

persistence length of the macromer in the gel. Since persistence length in ionic gels is dependent 

on presence of counterions, Chapter 7 gels were tested in salt solutions. In the first part of Chapter 

7, the fracture properties of MCS and MHA single network gels were studied in different salt 

solutions and different ionic strengths. The hypothesis here was presence of salt would change the 

polyelectrolyte chain conformation and shift the chain distribution from non-Gaussian to 
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Gaussian and hence increase the fracture strain. While it was previously shown in our group that 

fracture strain of MCS-PAAm gels is fairly high (in contrast to MCS homopolymer), a solid 

hypothesis for this behavior was needed. In the second part of Chapter 7, the effect of persistence 

length and chain conformation of the first network on fracture properties of double networks was 

explored. The idea here was using counterions to lower the ionic osmotic pressure. From the 

changes in chain conformation, then the proposed toughening mechanism for double network gels 

as suggested in the literature was investigated.  

Finally, Chapter 8 integrates the findings of each chapter to lay the pieces together and paint 

a clear picture of the structure-property relationship in GAG-based hydrogels. Chapter 8 also 

discusses what the author believes to be the next logical steps to continue this work.  

The long term goal for the findings of this dissertation is to design biomaterials with tunable 

properties in regenerative medicine applications. Materials intended for such applications must be 

biologically functional while mechanically robust. GAG hydrogels are excellent candidates for 

such applications since they are naturally produced within the ECM and fulfill the requirements 

of biological and mechanical interactions with the cells. The experiments in this dissertation have 

advanced the understanding of molecular level interactions in GAG-based gels and provide 

guidelines for designing gels with controlled properties and ideas to further advance the 

technology. 
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2 Chapter 2: General Background 

 

 Introduction 2.1

The purpose of this chapter is to define the terminology and introduce key concepts 

commonly used through this dissertation. This chapter provides a brief description of hydrogel 

biomaterials and their applications in Section 2.2. Chondroitin sulfate and hyaluronic acid were 

the biopolymers studied in this dissertation and their characteristics are briefly discussed in 

Section 2.2.1 and in more depth in Chapters 3 through 7. Characteristics of poly(ethylene glycol) 

which was used in copolymer syntheses are discussed in Section 2.2.2. Photopolymerization as 

the main technique used in this dissertation to synthesize hydrogels is described in Section 2.3. In 

this section, an overview of the reaction mechanism and factors affecting the reaction efficiency is 

provided. Characterization of hydrogels will never be complete without understanding the 

swelling theory and the theory of rubber elasticity. These two theories are the topics of Sections 

2.4 and 2.5 respectively.  

 

 Hydrogel biomaterials 2.2

Hydrogels are solids that can contain 90% or more water in their structure. They can have 

either natural or synthetic origins. The science of hydrogel engineering started in early 1950’s 

with the synthesis of copolymers of 2-hydroxyethyl methacrylate (HEMA) crosslinked with 

ethylene dimethacrylate (EDMA) for ophthalmology applications. The idea was to design a new 

biomaterial with physical and chemical stability and characteristics similar to those of the 

surrounding tissue.
1
 Hydrogels can be designed as smart materials; that is, responsive to changes 

in temperature (e.g. N-isopropylacrylamide gels), pH (e.g. poly(acrylic acid)) or light (e.g. 

degrade with light exposure), and other stimuli. In response to environmental stimuli, the volume 
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of hydrogels can change (Figure 2-1), expelling water. The changes in volume of hydrogels can 

be explained based on thermodynamics of the system (explained in the swelling theory section). 

The changes in water content also change the mechanical properties of the gels such as moduli, 

crosslink density, and toughness.
2
 A qualitative characterization of hydrogels is only possible 

when the (changes in) swelling and mechanical properties are considered simultaneously. 

 

 

Figure 2-1 Schematic of temperature responsive hydrogels with lower critical solution 

temperature (LCST). This hydrogel collapses at T > polymer LCST and reswells at T<LCST.  

 

Hydrogels are extensively used in food, cosmetics, tissue engineering scaffolds, 

pharmaceuticals (e.g. electrophoresis or drug delivery devices), and oil recovery. In biomedical 

applications, hydrogels have been used to cover perforated ear drums, vocal cord augmentation, 

enzyme immobilization, and prevention of scar formation after surgery.
1,3

 Depending upon the 

target application, required characteristics of gels differ. For example, in certain applications (e.g. 

controlled release), hydrogels are not required to show load-bearing properties.
4
 However, in 

tissue engineering, precise control over mechanical properties of the gels is necessary since 

proliferation and differentiation of the cells has been shown to depend on the microenvironment 

(e.g. modulus) of their medium.
5-8

 Therefore, understanding the target application requirements is 
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necessary to design mechanically robust and tunable hydrogels. The objective of this work was to 

control mechanical properties of glycosaminoglycan-based hydrogels by understanding molecular 

level interactions for biomedical applications.  

Biopolymers and synthetic monomers are used to design hydrogels for tissue engineering 

(TE) applications. Polymers used in TE should be biocompatible and non-cytotoxic. A limited 

number of synthetic polymers such as poly(ethylene glycol), poly lactic-glycolic acid (PLGA), or 

poly(vinyl alcohol) fit into this  category. Biopolymers used in hydrogel syntheses have a bigger 

variety and include polysaccharides (e.g. dextran, alginate, agarose), glycosaminoglycans (e.g. 

hyaluronic acid (HA), chondroitin sulfate (CS)), and proteins (e.g. collagen).
9,10

 While synthetic 

monomers are readily polymerizable
iii

, biopolymers may need modifications to crosslink. These 

crosslinks can either be physical and reversible (e.g. ionic crosslinks) or covalent and permanent. 

In tissue engineering and cell encapsulation applications, the key is biocompatibility of 

crosslinking mechanism to maintain viability and biological activity of the cells. 

The desired microstructure
iv

 of hydrogels depends upon the target application. For example, 

in drug delivery the goal is to preserve the drug compound from adverse effects of biological 

medium and to control the release rate of the loaded therapeutic over time.
11

 The challenge is to 

tune the carrier hydrogel for drug protection and release control. However in tissue engineering 

the goal is to design scaffolds that are biocompatible with proper mechanical properties to interact 

with the cells. For example, any biomaterial to replace the joint tissue should have load bearing 

capabilities and function in response to local stresses and forces.
12

 Therefore, the challenge is to 

                                                 
iii

 “Polymerization” refers to covalent connection of monomers through chain reaction while “crosslinking” refers to 

covalent connection of limited functional groups of a macromer and can involve crosslinking monomers. 

iv
 The microstructure of a material in general is defined as the surface of a material visible by a microscope of 25X 

magnification or higher. The microstructure of a hydrogel can strongly impact modulus, toughness, or fracture 

properties. 
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select chemistry compatible with the target application. Simplicity, fast reaction kinetics, and the 

ability to control the reaction are advantageous in practical applications. 

Different design methods can lead to hydrogels of different properties. Hydrogels can be 

designed by at least three different approaches: homopolymer, copolymer, and interpenetrating 

networks (IPN). Figure 2-2 shows the structure of these three different designs schematically. 

Homopolymers are made from crosslinking one type of monomer or macromer
v
. In copolymers 

synthesis, two or more different monomers are crosslinked. Here, the reactivity ratio (the 

tendency of homo- vs. cross-propagation) of each monomer determines the microstructure of the 

gel. If the reactivity ratio of one monomer is >1 and the other <1, radicals of the first monomer 

are more readily polymerized with monomers of their type rather than the other.
13

 However, the 

monomer with reactivity ratio of <1 has a lower tendency to homo-propagation and a higher 

tendency to cross-propagation. However, if the reactivity ratio of both monomers are >1, block 

copolymers form in which there are blocks of each monomer in the chain. IPNs are made from 

two or more physically interlocked polymer networks which at least one of them is either 

crosslinked or polymerized in the presence of others.
14

 Built up on IPNs idea, double network 

(DN) gel is a relatively new concept first introduced by Gong and Osada
15

 in 2003. DNs, by 

definition, are made of a brittle and highly crosslinked polyelectrolyte first network in which a 

loosely crosslinked ductile second network is interlocked. DNs show a synergistic improvement 

of toughness compared to either individual network. The toughening mechanism behind these 

improved properties still remains debatable. More recently, the concept of DNs is extended to any 

multi-component gel of notable mechanical properties. 

 

                                                 
v
 Macromer in the context of this dissertation refers to already formed polymers with relatively high molecular 

weights. Macromers can be crosslinked via their functional groups to form a gel.  
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Figure 2-2 Schematic drawings for (A) homopolymer, (B) copolymer, (C) double network 

hydrogels. Lines represent the polymer chains and squares are crosslink junctions. 

 

This dissertation is focused on synthesis of biopolymer-based hydrogels using the three 

discussed design strategies. The goal is to understand each synthesis variable’s effect on swelling 

and mechanical properties of the resulted gel. Chondroitin sulfate and hyaluronic acid are the two 

macromers studied to synthesize hydrogels. These hydrogels are designed as homopolymers or as 

copolymers with poly(ethylene glycol) as crosslinker  in Chapters 3 to 6. Chapter 7 is dedicated to 

understand the fracture mechanism of CS- or HA-based gels using the double network strategy. 

 

 Crosslinked glycosaminoglycans (GAGs) 2.2.1

In the connective tissue, a small number of chondrocytes are surrounded by the extracellular 

matrix (ECM). This multicomponent matrix is mainly made of water (70 to 85%), proteoglycans, 

and collagen.
16

 Chondroitin sulfate, hyaluronic acid, and keratan sulfate (KS) are the three main 

GAGs in the structure of aggrecan. Proteoglycans are bottlebrush-like molecules made of a 

protein core to which CS and KS are attached. Aggrecan (with a molecular weight of >200 

million) is made of aggregated proteoglycans bound to a backbone of hyaluronic acid.
16,17

 

Proteoglycans are known to interact with cells (either increasing or decreasing cellular activity) 

and to control cell proliferation.
18

 The combination of insoluble collagen fibrils and soluble 

aggrecan and other proteoglycans also accounts for the mechanical stability of the tissue.
19

 The 
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combination of these two components provides the stress energy absorption mechanism.
20-23

 

Although collagen fibrils are not extensible, they transfer the applied stresses while water swollen 

proteoglycans absorb the stress energy and prevent the tissue from collapse.
19

 Due to presence of 

sulfate, carboxyl, and to some extent hydroxyl groups, glycosaminoglycans are highly negatively 

charged. Association of counterions such as Na
+
 or Ca

2+
 with GAGs results in high osmotic 

swelling pressures. Due to rigidity of their backbone and high charge density, GAGs have a fairly 

extended conformation in physiological conditions.  

Photopolymerization of functionalized GAGs is a common technique to synthesize hydrogels 

for tissue engineering applications. The advantage of photopolymerization is simplicity and the 

capacity to control the crosslink density of the gels by controlling light intensity. The 

photopolymerization conditions are less harsh compared to chemically or thermally initiated 

reactions. In situ polymerization is another advantage of photopolymerization. To make 

photocrosslinkable macromers, carboxyl and hydroxyl groups of GAGs can be substituted with 

groups bearing carbon-carbon double bonds. Methacrylation of chondroitin sulfate was first 

introduced by Elisseeff et. al. to use crosslinked CS to enhance the bioactivity of scaffolds.
18

 

Since then, other groups have adopted this technique and applied it to other GAGs such as 

hyaluronic acid to make photocrosslinkable precursors.
10,16-18

  Despite these studies, the reaction 

mechanism and structure-property relationship of photopolymerized GAG gels has not got 

enough attention in the literature. To address this gap, this dissertation was focused on 

understanding the copolymerization mechanism of methacrylated GAGs and techniques to 

improve the moduli and fracture properties of these gels. From multiple available 

functionalization techniques, methacrylation was selected as it is widely used in synthesis of TE 

scaffolds. Figure 2-3 shows the methacrylation reaction of CS used in this dissertation 
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schematically. The yield of this reaction was fairly low and after 15 days of reaction only about 

34 mol% of the available groups were substituted.
24

 

 

 

 

 

Figure 2-3 Epoxy ring opening reaction of GMA with CS dissolved in PBS (pH 7.4 – 7.8). 

*Reversible transestrification is a side reaction to ring opening reaction.
18

 

 

Figure 2-4 shows the 
1
H-NMR spectrum of the synthesized methacrylated chondroitin sulfate 

(MCS) macromer. The shifts at 5.33, 5.64, 5.74, and 6.16 ppm represent the vinyl groups of the 

methacrylate while methacrylate methyl shift is seen at 1.95 ppm. Detailed synthesis procedures 

of MCS and methacrylated-HA (MHA) are provided in Chapters 4 and 6. Calculation details of 

the degree of methacrylation (DM) along with MHA spectrum is presented in Appendix A. 

 

 

Figure 2-4 
1
H-NMR spectrum for chondroitin sulfate (CS) (above) and methacrylated chondroitin 

sulfate (MCS) (below). Methacrylate vinyl shifts at 5.33, 5.64, 5.74, and 6.16 ppm and 

methacrylate methyl shift at 1.95 ppm are observed. 

(Glycidyl 

methacrylate) 
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 Poly(ethylene glycol) (PEG) and poly(ethylene oxide) 2.2.2

The inert nature and high water solubility of poly(ethylene glycol) (PEG) makes it a 

candidate hydrogel biomaterial for biomedical applications.  PEG’s biomedical applications 

include drug delivery, tissue engineering, and biopharmaceuticals. In drug delivery and 

regenerative medicine, manipulation of loaded drug release from PEG hydrogels
25,26

, using PEG 

as a cell delivery vehicle
27

, and PEG binding to peptides (to enhance cell attachment)
28-31

 are 

common practices. In biopharmaceuticals development, covalent attachment of PEG to enzymes, 

proteins, and peptides (PEGylation) makes them non-immunogenic and non-antigenic and 

shielded from body’s immune system recognition. The shielding effect prevents premature 

proteolytic degradation and leads to a longer blood circulation life compared to the parent 

protein.
32,33

 Coating implant surfaces with peptide-functionalized PEG combinations preserves 

implants from interactions with the surrounding tissue and helps to avoid protein adsorption on 

the implant surface.
31

 Due to non-cytotoxicity of PEG, it has been the subject of numerous studies 

and publications in regenerative medicine. Although linear PEG is the most commonly used type 

of this polymer, branched (multi-armed) versions of PEG have also been used to synthesize or 

crosslink hydrogels.
34-36

 

 

 

Figure 2-5 Chemical structure of non-functionalized poly(ethylene glycol) 

 

Biocompatibility and reaction flexibility are the two main characteristics of PEG. Hydroxyl 

end groups of PEG can be functionalized using crosslinkable groups to form hydrogels. 

Modifying PEG by addition of chemically active groups (e.g. acrylate or methacrylate groups) 



 

19 

makes it readily available for covalent bonding through thermal, redox, and gamma radiation 

reactions. Free radical polymerization, click chemistry
37

 and reversible addition fragmentation 

chain transfer (RAFT)
38,39

 are some of the techniques to form covalent bonds between PEG and 

surrounding molecules. Complexation of PEG as Lewis base with Lewis acids (e.g. 

poly(methacrylic acid) and poly(acrylic acid)) through hydrogen bonding are examples of non-

covalent bonds,
40

 although these systems may not be stable enough to form a gel. These different 

mechanisms combine the synthetic PEG structure with biological macromolecules (e.g. proteins, 

enzymes) to build polymeric arrangements to convey desired mechanical, biological, and 

transport characteristics. In this dissertation, functionalized PEG is used in conjunction with 

chondroitin sulfate and hyaluronic acid to design tunable 3D hydrogel matrices. In these systems, 

PEG will be used as a copolymer to help boost the crosslink density of the gels (Chapters 4, 5, 

and 6).  

 

 Free radical polymerization: a chain growth reaction 2.3

Free radical polymerization is a well-established technique in hydrogel syntheses. Free 

radicals needed to initiate the reaction are produced from cleavage of photosensitive, temperature 

sensitive, or redox pairs. These radicals attack the vinyl groups of the monomer (or macromer) 

and propagate the reaction.
11

 Formation of high molecular weight polymer even at low 

conversions is a characteristic of free radical polymerization. At any time during the reaction, 

there are monomers, growing chains, and large polymers in the reaction mixture. The monomer 

concentration decreases throughout the reaction while the concentration of large polymers 

increases. This behavior is unlike step growth polymerization, the other major polymer synthesis 

method, in which monomers disappear very quickly but the polymer molecular weight increases 
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gradually. In step growth, the molecular weight increases throughout the course of the reaction 

and large polymers are not formed until the end of the reaction.
13

  

Photoinitiated free radical crosslinking was the technique used to synthesize hydrogels from 

methacrylated GAGs in this dissertation. Section 2.3.1 discusses the general mechanism and 

parameters affecting photopolymerization. One has to note that due to unusually large and already 

formed structure of GAG polymers, photocrosslinking of these macromers may not exactly follow 

the principles described here for short synthetic monomers. Rather, polymerization mainly 

happens via formation of kinetic chains which will be further discussed in this chapter and in 

Chapter 4 to relate the microstructure of the gels to their macroscopic properties. 

 

 Photopolymerization 2.3.1

Photoinitiated polymerization is the most commonly used free radical polymerization 

technique for hydrogel syntheses in biomedical applications. Hubbell and his group pioneered 

synthesis of photo-crosslinkable PEG macromers and used it for sensitive applications like blood 

vessel lining.
41

 Photopolymerization can provide increased spatial and temporal control in 

biopolymer syntheses compared to other conventional polymerization techniques. Fast reaction 

rates (seconds to minutes) and minimal heat production are other advantages of 

photopolymerzation for macromers.
42

 Short reaction time in photopolymerization cuts off long 

exposures of the cells to high temperatures which happens in thermally initiated reactions.
11

 

Photopolymerization is one of the least invasive methods (due to relatively mild conditions in 

terms of temperature or presence of toxic materials) for making in situ and in vivo hydrogel 

scaffolds.
42

 Due to possibility of in situ gelation, photopolymerization makes conformational 
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compatibility of the gel and the native tissue possible.
42

 Therefore, photopolymerization 

conditions can be flexible and the reaction could be carried out in the presence of cells. 

Despite positive features of photopolymerization, there are practical disadvantages associated 

with this technique and with free radical polymerization in general, especially in cell 

encapsulation applications. The issues specifically related to photopolymerization include light 

intensity variations and initiation complexities. First, effective depth of penetrated light in 

photopolymerization can be shortened as the light intensity reduces with depth (Beer-Lambert 

law).
13

 The changes in light intensity with depth could change the reaction rate at different levels 

away from the surface and impose non-uniformity to the gel. Second, the dependence of 

photopolymerization on the monomer, initiator and light intensity can be complicated. More 

general issues associated with free radical polymerization of hydrogels regardless of initiation 

mechanism include structural inhomogeneity and non-reacted monomers after polymerization. 

Hydrogels synthesized by free radical polymerization have intrinsic heterogeneities resulting in 

network non-idealities.
11

 These heterogeneities happen due to constrained diffusion of monomers 

through the network during polymerization. Formation of highly crosslinked regions within a 

loosely crosslinked network in photopolymerization of poly(ethylene glycol)diacrylate has been 

shown using small angle X-ray scattering studies.
43

  In cell encapsulation, although cells can 

survive photopolymerization, their presence limits the light intensity, usage of organic solvents, 

and the reaction temperature (i.e. physiological temperature).
42

 Presence of cells can also scatter 

the light and change the reaction rate. In the presence of cells residual monomers/groups can 

cause inflammatory or systematic body immune responses.
11

 Despite these associated problems, 

versatility of photopolymerization makes it a common methodology to make hydrogels scaffolds 

in biomedical applications.  
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The difference between photopolymerization vs. other free radical polymerization techniques 

is in the initiation step. In photopolymerization, ultraviolet or visible light provides the reaction 

initiation energy. When photo-cleavable molecules (initiator) absorb the incident light photons, 

they break down to produce free radicals which initiate the reaction.
44

 In photopolymerization, the 

initiation rate (Ri) can be calculated from:
13

  

𝑅𝑖 = 2Φ𝐼𝑎                                                                 (2. 1) 

Φ: number of propagating chains per light photon absorbed per liter-second (quantum yield for 

initiation); 

𝐼𝑎: intensity of absorbed light per volume [mol.cm
-3

.s
-1

] 

The maximum value for Φ is 1 for all photoinitiating systems. The factor of 2 indicates generation 

of two radicals per cleavage of each initiator molecule. If only one radical per molecule is 

generated, then this factor should be set to 1. The initiator concentration and the light intensity are 

the controllable parameters.  

The absorbed light intensity (𝐼𝑎) is obtained from Beer-Lambert law as: 

𝐼′𝑎 = 𝐼0 − 𝐼0𝑒−𝛼[𝐴]𝐷                                              (2.2) 

𝐼0: light intensity at the outer surface of the reaction system 

𝐼′𝑎: light intensity of the absorbed light on a layer at distance D (cm) into the reaction system 

[mol.cm
2
.s

-1
] 

[𝐴]: molar concentration of light-absorbing photoinitiator 

𝛼: absorption coefficient of A (depends upon wavelength and temperature) [L.mol
-1

.cm
-1

] 

Therefore, 𝐼𝑎and 𝑅𝑝vary with depth of penetration D into the reaction system.
13

 The relationship 

between 𝐼𝑎 and D can then be written as: 

𝐼𝑎 =
𝑑𝐼′𝑎

𝑑𝐷
= 𝛼[𝐴]𝐼0103𝑒−𝛼[𝐴]𝐷                               (2.3) 



 

23 

𝐼𝑎: [mol.L
-1

.s
-1

] 

 

The rate of propagation (Rp) (polymerization) can be written as: 

𝑅𝑝 = −
𝑑[𝑀]

𝑑𝑡
= 𝑘𝑃[𝑀][�̇�]                                       (2.4) 

𝑘𝑃: propagation kinetic constant 

𝑡: time 

[𝑀]: monomer concentration  

[�̇�]: chain radicals concentration  

Since [�̇�] is an unknown quantity during the reaction, it should be replaced by measurable terms. 

Assuming steady-state conditions, the rates of initiation and termination of radical are equal, then: 

𝑅𝑖 = 𝑅𝑡 = 2𝑘𝑡[�̇�] 2                                                (2.5)       

𝑅𝑡: termination rate 

𝑘𝑡: termination kinetic constant (including both disproportionation and coupling mechanisms) 

The factor 2 in above equations follows the convention for destroying radicals in pairs. 

Combining Equation 2.5 and 2.4 gives:  

𝑅𝑝 = −
𝑑[𝑀]

𝑑𝑡
= 𝑘𝑃[𝑀] (

𝑅𝑖

2𝑘𝑡
)

1/2

                                      (2.6) 

Now combining Equation 2.1 and 2.6: 

Rp = kP[M] (
ΦIa

kt
)

1/2

                                                        (2.7) 

And by plugging 𝐼𝑎 value from Equation 2.3 into Equation 2.7: 

𝑅𝑝 = 𝑘𝑃[𝑀] (
Φ𝛼[𝐴]𝐼0103𝑒−𝛼[𝐴]𝐷

𝑘𝑡
)

1
2

                                (2.8) 
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𝑅𝑝 is the local polymerization rate for a layer located at distance D from the surface. To calculate 

an average rate for polymerization for the thickness of D from the surface: 

𝑅𝑝 = 2𝑘𝑃[𝑀] (
Φ𝐼0103

𝛼[𝐴]𝑘𝑡
)

1
2

 (
1 − 𝑒−𝛼[𝐴]𝐷

𝐷
)                          (2.9) 

 

This simplified kinetics is an idealization for linear polymer formation through 

photopolymerization and not necessarily what happens in macromer crosslinking. However, the 

introduced parameters and correlations are helpful to understand how to improve the 

polymerization conditions. 

 

 Kinetic chains in photopolymerization 2.3.2

Kinetic chains and their lengths in free radical polymerization is an important concept that 

determines the number-average degree of polymerization.
45

 The practical significance of kinetic 

chains is producing larger or smaller polymers which in a gel can translate to different porosity 

and hence different macroscopic properties. In free radical polymerization, during the propagation 

step (Equation 2.4) monomers are added to the available free radicals. The kinetic chain length (ν) 

is the average number of monomers polymerized per each available radical. The kinetic chain 

length is calculated as the ratio of the polymerization rate to the initiation or termination rates. 

Since the initiation and termination rates at steady-state conditions are assumed to be equal 

(Equation 2.5) both cases result in similar values. The kinetic chain length for bimolecular 

termination in the absence of chain transfer can be predicted as:
13

  

𝑣 =
𝑅𝑃

𝑅𝑖
=

𝑅𝑃

𝑅𝑡
                                                            (2.10) 

Combining Equation 2.4 and 2.5 with Equation 2.10: 
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𝑣 =
𝑘𝑃[𝑀]

2𝑘𝑡[�̇�]
                                                                (2.11) 

or: 

𝑣 =
𝑘𝑃

2[𝑀]2

2𝑘𝑡𝑅𝑝
                                                              (2.12) 

For polymerization initiated by hemolysis of an initiator, Equation 2.12 can be written as: 

𝑣 =
𝑘𝑃[𝑀]

2(𝑓𝑘𝑡𝑘𝑑[𝐼])1/2
                                                   (2.13) 

Based on Equation 2.12 the, length of kinetic chains is directly proportional to kp and 

inversely proportional to kt. Any changes in initiation conditions (such as light intensity or 

initiator concentration) would change 𝑅𝑖 and as a result (base on Equation 2.6) 𝑅𝑃. An increase in 

light intensity or initiator concentration would result in a higher number of propagating chains 

while reducing the average size of the kinetic chains.
45

 Since at constant polymerization rate, 𝑣 

depends on monomer concentration and propagation and termination rate constants, it is a 

characteristic of particular monomer and independent of the initiation method.
13

 

Free radical polymerization of macromers (like MCS or MHA) is more complicated than 

small monomers. Not only the reaction is influenced by common radical polymerization variables 

(e.g. initiator and monomer concentrations), it is also affected by macromer size and flexibility.
45

 

The importance of understanding kinetic chains concept in this study is to relate the length of 

these chains to macroscopic swelling and mechanical properties of the gels. In this way, the 

reaction mechanism can be studied from macroscopic properties of the gels after polymerization. 

Further, understanding kinetic chains role in macromer photo-crosslinking in our system will help 

troubleshoot inefficient reactions to design hydrogels with predicted properties. 
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 The thermodynamics of swelling  2.4

The swelling ratio of a gel is a characteristic of the nature of the polymer and how efficient 

the reaction has taken place. Examining the changes in swelling ratio of the gel with reaction 

parameters or monomer types, the underlying structure of the gel can be speculated. The 

differences between mixing a gel versus free polymer chains with a solvent are the elastic forces 

that exist in the 3-dimensional network. As polymer chains in a gel are restrained by elastic 

junctions, the tendency to increase entropy by dilution is counter balanced by the forces 

originating from these elastic junctions.
46

  At equilibrium swelling for non-ionic gels, these two 

forces are balanced. In ionic gels, presence of fixed ions on the polymer and counterions 

associated with them in the gel adds new ionic and electrostatic terms to change the swelling of 

the gel. 

Assuming the case of swelling of an ionic gel, at equilibrium the changes in free energy can 

be written as the sum of all contributing terms as: 

∆G = ∆GM + ∆Gelas + ∆Gion + ∆Gelec                                                                    ( 2.14) 

in which: 

∆GM: changes in free energy due to polymer-solvent mixing 

∆Gel: changes in free energy originated from elastically effective chains 

∆Gion: changes in free energy due to presence of ions (only in ionic gels) 

∆Gelec: changes in free energy due to electrostatic interactions (only in ionic gels) 

Since chemical potential and free energy are related by: 

(
𝜕Δ𝐺

𝜕𝑛𝑖
)

𝑇,𝑃,𝑛𝑖≠𝑗

= Δ𝜇𝑖                                                                                     (2.15) 

Equation 2.14 can also be written as: 

∆𝜇 = ∆𝜇M + ∆𝜇elas. + ∆𝜇ion + ∆𝜇elec                                              (2.16) 

only in ionic gels 
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Also, chemical potential and osmotic pressure are related as: 

Π = −
Δ𝜇𝑖

𝕧1
                                                                                                       (2.17) 

Here 𝕧1 is the molar volume of the solvent. So equation 2.14 can also be expressed in terms of 

osmotic pressure as: 

∆Π = ∆ΠM + ∆Πelas. + ∆Πion + ∆Πelec                                                     (2.18) 

 

According to Flory-Huggins theory, the standard model for polymer-solvent interactions, the 

changes in free energy with mixing can be written as: 

∆GM = kT(n1lnν1 + χ12n1𝜈2)                                                                    (2.19) 

k: Boltzmann constant 

T: temperature 

𝑛1: number of solvent molecules 

𝜈1: volume fraction of solvent 

𝜈2: volume fraction of polymer 

𝜒12: solvent-polymer interaction parameter 

In this equation the first term is combinatorial entropy and second term is the enthalpy of mixing. 

The polymer solvent interaction parameter, χ, increases as the affinity of polymer for solvent 

reduces (hydrophobic chains in water) while for hydrophilic polymers χ is lowered. 

 

The changes in internal energy of the polymer structure (the elastic term of Equation 2.14) 

can be estimated as −𝑇Δ𝑆𝑒𝑙𝑎𝑠 in which Δ𝑆𝑒𝑙𝑎𝑠 is associated with the changes in the conformation 

of the network. Therefore, any macroscopic changes in polymer orientation would change the 

chains conformation and as a result would change the elastic entropy contributions.  
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In terms of differences in chemical potential for solvent inside and outside the gel, Equation 2.16 

can be written as (Refer to Flory
46

 for detailed derivation): 

𝜇1 − 𝜇1
0 = 𝑅𝑇 [𝑙𝑛(1 − 𝑣2) + 𝑣2 + 𝜒12𝑣2

2 + 𝕧1(
𝑣𝑒

𝑉0
)(𝑣2

1

3 −
𝑣2

2
)]                  (2.20) 

v𝑒 : effective number of chains in the network 

V0: volume of the undeformed (unswollen) polymer network 

 

Gaussian distribution (Section 2.5.1) for the end-to-end distance of the chains and ideal 

entropy of mixing are the two main assumptions in the derivation of this equation. The first three 

terms on the RHS of Equation 2.20 represent 
𝜕∆𝐺𝑀

𝜕𝑛1
, while the last term represent changes in 

chemical potential due to elastic contributions of the polymer network. At equilibrium, the 

chemical potentials of the solvent inside and outside the gel become equal. Therefore at 

equilibrium: 

−[ln(1 − v2m) + v2m + χ12v2m
2 ] = 𝕧1 (

ve

V0
) (v2m

1
3 −

v2m

2
)          (2.21) 

v2𝑚 : volume fraction of polymer in swollen (at equilibrium) network 

 The quantity 
ve

V0
  here is the effective crosslink density (𝜌𝑥).  

 

To this point, the discussed theories are only applicable to non-ionic gels. However, for 

charged polymers (polyelectrolytes) the equilibrium between the forces gets even more complex. 

For polyelectrolyte gels (those with fixed charged groups on the polymer backbone or side 

chains) presence of counterions produces an osmotic pressure which should be added to mixing 

and elastic terms for new equilibrium conditions. Due to establishment of Donnan equilibrium, 

the concentration of counterions in the gel will be higher than the surrounding solution. 
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Therefore, the osmotic pressure of the solution inside the gel will be greater than the solution 

outside
46

. Assuming a polyelectrolyte gel in water, the ionic osmotic pressure can be calculated 

from: 

Πion = 𝑅𝑇(𝑐 − 𝑐∗)                                               (2.22) 

Πion = 𝑅𝑇 [(
𝑖v2m

V2
) (𝑐𝑠 − 𝑐𝑠

∗)]                            (2.23) 

𝑐: molar concentration of mobile ions in the solution inside the gel 

𝑐∗: molar concentration of mobile ions in the solution outside the gel 

𝑐𝑠 :molar concentration of electrolyte in the gel originating in the external solution 

𝑐𝑠
∗: molar concentration of electrolyte in the external solution 

V2: polymer molar volume 

𝑖: fraction of ionized groups per polymer unit 

 

Usually the effect of Πion is much greater than Πelec or even the mixing term. Therefore, 

ionized polyelectrolytes are usually highly swollen which changes their chain conformation and 

mechanics. The differences between highly charged polyelectrolyte chain statistics and non-ionic 

chains statistics will be discussed further in Chapters 5 and 7. 

To summarize, the key parameters that affect the swelling of a gel include: polymer-solvent 

interactions, crosslink density, and the degree of ionization in the case of ionic gels. The χ value is 

a representative of polymer affinity for solvent. χ > 1/2 shows the dominance of polymer-

polymer or solvent-solvent interactions over polymer-solvent interaction (disfavoring dissolution) 

while  χ < 1/2 shows the tendency of polymer to dissolve in the solvent. The “theta state” case of 

χ = 1/2 is an indication of no net interactions between polymer or solvent molecules. The 

crosslink density of a gel (ρ
x
) is a network characteristic and is directly related to macroscopic 
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mechanical properties (i.e. shear modulus) of the gel. A combination of these three different 

effects determines the degree to which polymer swells in solution. The degree of ionization is the 

ratio of the polyelectrolyte ionized groups per dissolved groups in water and can be changed with 

pH of the solution. 

The swelling theory as discussed above fails to predict the swelling of hydrogels in water due 

to dominant non-ideal effects especially at higher swelling ratios. The failure of the theory is 

largely due to inadequacies form the mixing and elastic terms.
47

 The polymer-solvent interaction 

parameter (χ) in Flory-Huggins theory depends on various interactions between polymer and 

solvent (e.g. hydrogen bonding, polar interaction, and phase separation) which are not considered 

in the original theory. In the elastic term (Equation 2.16), the theory assumes a Gaussian 

distribution of end-to-end chain lengths. However, this assumption is also not valid for highly 

swollen
48

 or highly crosslinked gels and will be further discussed in Chapters 5 and 7. For 

polyelectrolyte gels which can swell up to 1000 times their original mass, non-Gaussian 

distribution of the chains and their finite extensibility should be considered to successfully predict 

the degree of swelling. Despite these shortcomings, Flory-Rehner theory of swelling is widely 

used to especially interpret the swelling behavior of non-ionic gels. Because of simplicity but also 

easy application (using available or measureable parameters) this theory is still used to interpret 

hydrogels swelling behavior.  Many more complex theories have been developed since but not 

often used to characterize networks.
49
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 Network elasticity 2.5

 The elasticity of a Gaussian network 2.5.1

In order to correlate the elasticity of a polymer network, multiple complicated theories have 

been developed over the past decades. The simplest and most widely used models for polymer 

elasticity (such as affine and phantom models) are based on an assumption of a Gaussian 

distribution
vi

 of the chain extensions within the network.
50

 The fundamental assumptions in these 

elasticity models and commonly used for hydrogels include: (1) the mean end-to-end distance of 

the whole assembly of chains in the crosslinked and unstrained state is equal to a corresponding 

set of free chains, (2) no volume change upon deformation, and (3) the entropy of the network is 

the sum of all chain entropies. There is also one specific assumption for affine model: the 

movement of each chain is the same as the bulk polymer (affine deformation). The complete 

derivation of Gaussian statistics is available in Treloar
50

 and other references. Here an overview 

of the derivations is given to show how network elasticity is related to mechanical properties of 

the gels.  

Using the affine model for deformation of a chain from (x0 , y0 z0 ) coordinate to the arbitrary 

location of (𝑥, 𝑦, 𝑧) one can write (Figure 2-6): 

x = λ1x0  ,         y = λ2y0 ,         z = λ3z0                                      (  2.24) 

 

λ1: the ratio of final to initial location coordinate in x direction 

λ2: the ratio of final to initial location coordinate in y direction 

λ3: the ratio of final to initial location coordinate in z direction 

                                                 
vi
 For a randomly jointed chain, the probability that the end-to-end distance (r) for the chain would lie within the 

intervals x to x+dx, y to y+dy, z to z+dz can be expressed as probability per unit volume p(x,y,z) as:  𝑝(𝑥, 𝑦, 𝑧) =

(
𝑏3

𝜋
3
2

) exp(−𝑏2(𝑥2 + 𝑦2 + 𝑧2)) = (
𝑏3

𝜋
3
2

) exp(−𝑏2 𝑟2) in which 𝑏2 = 3/2𝑛𝑙2 (𝑙 is the bond length, 𝑛 is the number of 

bonds, and 𝑟 is the end-to-end distance of the chain assuming 𝑟 ≪ 𝑛𝑙). 
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Figure 2-6 End-to-end distance of polymer chains at different positions 

 

Then, the entropy of the chain in the original state and in the strained state can be written as: 

𝑠0 = 𝑐 − 𝑘𝑏2𝑟0
2 = 𝑐 − 𝑘𝑏2(𝑥0

2 + 𝑦0
2 + 𝑧0

2)                                (  2.25) 

s = 𝑐 − 𝑘𝑏2(𝜆1
2𝑥0

2 + 𝜆2
2𝑦0

2 + 𝜆3
2𝑧0

2)                                             (2.26) 

 

in these equations, c is an arbitrary value originating from the coefficient in the Gaussian 

distribution and the volume element b
2
 is also the constant in the Gaussian distribution function. 

The changes in the entropy of single chain would then be calculated from the differences in 

entropies of the original state and the strained state. For the polymer network, then the changes in 

total entropy is the sum of changes of individual chain’s entropies: 

 

Δ𝑆 = ∑ Δ𝑠 = − 𝑘𝑏2 {(𝜆1
2 − 1) ∑  𝑥0

2 + (𝜆2
2 − 1) ∑  𝑦0

2 + (𝜆3
2 − 1) ∑  𝑧0

2}          (2.27) 
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∑  𝑥0
2 in the above equation is the sum of the squares of the x0 component in the unstrained state 

of the network for all N present chains. Since the direction of r0 in the unstrained state is 

completely random, then: 

∑  𝑥0
2 + ∑  𝑦0

2 + ∑  𝑧0
2 = ∑  𝑟0

2                                                                              (2.28) 

∑  x0
2 = ∑  y0

2 = ∑  z0
2 =

1

3
∑  r0

2                                                                           ( 2.29) 

 

and ∑  r0
2 = 𝑁 r0

2̅̅̅̅ , in which  r0
2̅̅̅̅  is the mean square length of the chains in the unstrained state. 

Hence, Equation 2.27 can then be written as: 

Δ𝑆 = −
1

3
𝑘𝑏2. 𝑁 r0

2̅̅̅̅ . {𝜆1
2 + 𝜆2

2+𝜆3
2 − 3}                                                                           ( 2.30) 

If we assume that the mean-square chain vector length of the unstrained state is equal to free 

chains ( r0
2̅̅̅̅ = 3/2𝑏2), Equation 2-30 can be written as: 

Δ𝑆 = −
1

2
𝑘𝑁. {𝜆1

2 + 𝜆2
2+𝜆3

2 − 3}                                                                                   ( 2.31) 

 

Assuming no changes in internal energy upon deformation, the work of deformation or elastically 

stored free energy per unit volume can be calculated as: 𝑊 = −𝑇Δ𝑆 or: 

W = −TΔ𝑆 =
1

2
𝑁𝑘𝑇. {𝜆1

2 + 𝜆2
2+𝜆3

2 − 3}                                                            (2.32) 

 

The shear modulus (G) and kT are related as increasing the crosslink density is accompanied by 

an increase in entropy. 1/2N is the number of active crosslinks formed in the system. The constant 

NkT is equivalent to shear modulus (G) of the network. As the higher number of crosslinks results 

in shorter length of the network chains, the shear modulus can be alternatively expressed in terms 
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of the molecular weight between the crosslinks, Mc. Most commonly, the relationship between the 

two is expressed as: 

𝐺 = 𝑁𝑘𝑇 =
𝜌𝑅𝑇

𝑀𝑐
                                            (2.33) 

in which 𝑁 is the number of chains per unit volume, ρ is the density of the polymer and R is the 

gas constant per mole. Based on Equation 2.32, the crosslink density 𝜌𝑥 of the gels can be 

expressed as: 

𝜌𝑥 =
𝐺

𝑅𝑇𝑣2𝑚
1/3

𝑣2
2/3

                                      (2.34) 

and: 

Mc =
ρ

ρx
⁄                            (2.35) 

where ρ is the density of the dry polymer:  

When a polymer sample undergoes an applied uniaxial force, the deformation of the chains 

would differ in different directions. Assuming gels as incompressible (Poisson’s ratio of 0.5) and 

the applied force in x direction, then: 

λ1 = 𝜆;     𝑎𝑛𝑑      λ2 = λ3 = 𝜆−1/2          (2.36) 

Therefore the corresponding strain energy from Equation 2.32 would be: 

W = −TΔ𝑆 =
1

2
𝐺. {𝜆2 +

2

𝜆
− 3}                                                                 (2.37) 

then the work done to increase the length by an amount of 𝑑𝑙 is 𝑑𝑊 = 𝜎𝑑𝑙 = 𝑓. Here, 𝑓 is the 

force per unit unstrained area. Then,  𝜎 is the nominal stress and can be expressed as: 

𝜎 =
𝑑𝑊

𝑑𝜆
= 𝐺 (𝜆 −

1

𝜆2
)                                                                              (2.38) 

 

Equation 2.38 has been used in this dissertation to calculate the shear modulus of the gels (G) 

from the collected stress-strain data. When the force-deformation data of a material fits into 
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Equation 2.38 that material is called neo-Hookean or referred as ideal elastomer. The elastic or 

Young’s modulus of a polymer or gel can be calculated from the Hookean behavior at small 

strains. The Young modulus can be calculated from the initial slope of the stress (σ)-strain (ε)
vii

 

data for ε =
L0−L

L0
 < 0.1 (in which L and L0 are the thickness of the deformed and undeformed 

specimen respectively).
50

 

𝜎 = 𝐸𝜀                                                                                                    (2.39) 

For ideal elastomers, assuming a Poisson’s ratio of 0.5, it is shown that the ratio of E/G =3.
51

 

This criterion is used in this dissertation to verify if materials are following the Gaussian statistics 

and are ideal elastomers. 

To summarize, even though the Gaussian distribution may not be the best statistical model of 

elasticity for highly swollen gels, it is a commonly used model for hydrogels. Assuming a 

Gaussian distribution, different elasticity models (such as affine or phantom) have been developed 

to correlate force-deformation data. This dissertation uses the results derived from the affine 

model to calculate shear modulus, crosslink density, and the molecular weight between the 

crosslinks. Equations 2.34, 2.35, 2.38 and 2.39 will be used to calculate these properties. In the 

case of non neo-Hookean gels which deviate from the ideal elastomeric behavior (Equation 2.38) 

such as MCS and MHA homopolymers in salt or double networks, only the Hookean behavior 

(and therefore the Young modulus at small strains) will be considered.   

                                                 
vii

 Note: ε=1-λ in compression tests meaning stress is negative in this coordinate system 
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3 Chapter 3: Mimicking the Extracellular Matrix: A Molecular Design 

Approach
viii

 

 

 Abstract 3.1

Chondroitin sulfate (CS) is one of the major glycosaminoglycans (GAGs) present in the 

connective tissue extracellular matrix (ECM) and is responsible for the regulation of cellular 

activities as well as providing mechanical support for the surrounding tissue. Due to presence of 

CS in the natural tissues including cartilage, hydrogels of CS and other GAGs have been widely 

used in cartilage regeneration. Due to their polyelectrolyte nature, GAG-based hydrogels are 

brittle and require modifications to overcome the weak mechanical properties. In this work, we 

showed copolymerization of methacrylated chondroitin sulfate with oligo(ethylene glycol)s 

improved the crosslink density of the gels from 2 to 20 times depending on the methacrylation 

degree of CS and length of the crosslinking monomer. Copolymerization of CS with 

oligo(ethylene glycol) acrylates is a method to design hydrogels with tunable swelling and 

mechanical properties. 
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 Introduction 3.2

Hierarchically ordered biomimetic materials are used in tissue engineering to replace the 

natural extracellular matrix (ECM) in cartilage regeneration applications. Either naturally 

available or synthetic biocompatible components are used in these ECM mimetic materials. In the 

natural tissue glycosaminoglycans (GAGs) are parts of aggrecan which have been extensively 

studied to mimic the ECM. First, GAGs are actively involved in cell signaling.
1
 They are 

bioresorbable and because of multiple hydroxyl and carboxyl groups in their structures, they have 

versatility in their crosslinking chemistry. Two major GAGs, hyaluronic acid (HA) and 

chondroitin sulfate (CS) (shown in Figure 3-1) are used, in particular, to replicate ECM.
2-4

 

Hydrogels are perfect candidates for an ECM mimicking material because similar to the 

ECM, hydrogels are porous materials with over 80% water in their structure.
5,6

  Hydrogels can be 

designed to degrade by incorporation of degradable moieties.
7
 Spatial control over the hydrogel 

matrix can be used to initially create mechanically robust scaffolds while temporal control of the 

gels through degradation can assist tissue formation in the place of degrading scaffold.
8
  In our 

present work, mechanical properties of hydrogels synthesized from natural CS and synthetic 

oligo(ethylene glycol) acrylate are investigated. 

In hydrogel syntheses, photopolymerization is a commonly used technique to shape 3D 

matrices. To take advantage of photopolymerization with fast reaction kinetics and to produce 

hydrogels from polysaccharide biopolymers, functionalization of polysaccharides with reactive 

groups is common. In particular, functionalizing the carboxyl or hydroxyl groups of HA or CS 

with acrylate or methacrylate groups is a typical method to produce photocrosslinkable gel 

precursors.
9-11

 Elisseeff and co-workers pioneered the synthesis of photocrosslinkable chondroitin 

sulfate gels to encapsulate chondrocytes and showed their viability within the matrices.
3
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Figure 3-1 – Native structures of (a) chondroitin sulfate (CS), (b) hyaluronic acid (HA), (c) 

synthetic glycidyl methacrylate (used in functionalizing CS), (d) oligo(ethylene glycol) diacrylate 

(used as comonomer with CS), and (e) acrylamide (used in double network synthesis).  

 

Pure CS hydrogels suffer from two major problems. First, previous studies have shown that 

pure CS hydrogels inhibit collagen and GAG formation of chondrocytes. 
12,13

 Second, CS gels – 

similarly to other brittle polyelectrolyte gels – have low moduli and poor load bearing ability. The 

first problem can be addressed by incorporation of poly(ethylene glycol) (PEG) to stimulate both 

collagen and GAG syntheses in CS gels.
12,13

 To address the second problem, our work focuses on 

premature mechanical failure of CS gels both in terms of low compressive moduli and low 

fracture strains.  

We have taken two different approaches to address the low mechanical failure of CS gels: 

crosslinking of functionalized CS by functionalized poly(ethylene glycol)
14

 and by synthesizing a 

double-network (DN) with functionalized CS as the first network and polyacrylamide (PAAm) as 

(c) 

(a) (b) 

(d) (e) 
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the second network (Figure 3-2).
15

 The hypothesized differences in micro-structure of the 

copolymers and DNs are schematically shown in Figure 3-2. In this figure a single network of 

MCS crosslinked by small amounts of PEG acrylate (left) is compared with a DN of MCS/PAAm 

(right) in which a ductile and lightly crosslinked network is formed within the brittle 

(polyelectrolyte) first network. Because of the presence and participation of smaller PEG in the 

reaction mechanism and growing kinetic chains in the first case and formation of the PAAm 

ductile network in the second case, different mechanical behaviors from these systems were 

expected. Present publication focuses on the first strategy: how crosslinking CS would affect the 

hydrogel properties and how mechanical characterization can be used to interpret the 

microstructure of these gels. DN studies can be found in our previously published papers.
15,16

 

 

   

Figure 3-2 – Schematic representation of crosslinked MCS gel (left) vs. MCS-PAAm double 

network gel (right). Copolymerization of MCS was expected to increase the crosslink density of 

the gels while formation of a ductile polyacrylamide network inside the MCS primary network 

was expected to increase the fracture strain of the gels.  
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 Materials and methods 3.3

Chondroitin sulfate A sodium salt (CS type A 70% with the balance being type C; from 

bovine trachea) (Sigma–Aldrich, St. Louis, MO) was used to synthesize the gels. Oligo(ethylene 

glycol) diacrylates (from EGDA to (EG)13DA) were used as crosslinker. Hydrogels were 

synthesized from aqueous solutions of monomers, crosslinker, and photoinitiator according to 

previously described methods.
14,17

 Ultraviolet (UV) light at 312 nm was used to crosslink the 

polymer mixtures. Methacrylation of chondroitin sulfate was based on a method by Li et. al.
3
 To 

synthesize the hydrogels, 13 wt % MCS was dissolved in water with OEGDAs of varying length 

(1 to 13 repeat units of ethylene glycol) and photoinitiator Irgaure 2959.  The solution was 

pipetted into rectangular silicon (2 mm thickness) molds and irradiated for 30 minutes. 3 mm 

disks were punched out from the bulk gels and then were equilibrated in water. To make double 

network, the disks were equilibrated in a mixture of acrylamide, bisacrylamide (crosslinker), and 

photoinitiator before a second irradiation. Detailed materials list as well as mechanical testing 

methods can be found in our other publications and not reported here for the purpose of 

conciseness.
15,18

  

 

 Results and discussion 3.4

To study the effects of copolymerization of shorter oligomers of ethylene glycol diacrylate 

(OEGDA) with CS and the possibility of these short oligomers acting as linkers to connect the 

propagating kinetic chains, methacrylated chondroitin sulfate (MCS) was copolymerized with 

OEGDAs. The molar percentage of the crosslinker in all formulations was kept constant with the 

maximum weight percent of the crosslinker equal to 2. The hypothesis was varying length of the 

crosslinker would affect the reaction kinetics and change the mechanical properties of the gels. 
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Swelling ratio (Q) of the gels was calculated as the ratio of the swollen samples mass after 

equilibrium in solution to the sample dry mass. Stress (σ)- strain (ε) data acquired from static 

compression tests using RSA III (TA Instruments, New Castle, DE) were used to calculate the 

Young’s (E) and shear modulus (G) of the samples. Applying the affine model of rubber 

elasticity, the crosslink density as the number of crosslinked moles per unit volume was 

calculated.
19

  

 

 Stress (σ) -strain (ε) plots for homopolymers, copolymers, and double-networks 3.4.1

Representative stress vs. strain data for MCS gels are shown in Figure 3-3.  Figure 3-3 (a) 

compares the stress – strain curves of the  MCS 13% homopolymer gel against the copolymer of 

MCS 13% - PEGDA 1% (700Da) and the DN of MCS 13%/AAm 30x1 (polymer concentration x 

crosslinker concentration). Figure 3-3 (b) focuses on the initial 10% strain of Figure 3 (a) data. 

The Young’s modulus of the gels can be calculated from the initial portion of the plot when 

 ε=[(L-L0)/L0 ]<10%. L and L0 are the deformed and initial sample thicknesses respectively. The 

shear modulus (G) was calculated from the initial portion of stress (σ) vs. strain function (λ-1/λ2
) 

when (λ-1/λ2
) <10 in which λ==L/L0.

19 

 

 Copolymer gels: effect of degree of methacrylation and crosslinker length 3.4.2

The equilibrium swelling ratio (Q) of CS hydrogels is the result of the balance between the 

ionic and macromer-water mixing osmotic pressures and the elastic forces of the crosslinked 

junctions 
20

. The shear modulus and swelling ratio of the gels are inversely proportional while 

calculation of crosslink density (ρx) takes away the effect of swelling on shear modulus data and 

provides a qualitative understanding of the crosslinking reaction effectiveness in the system.
19

 In 
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Figure 3-4 (a), the swelling ratio of MCS 13 wt% gels as a function of the crosslinking molecule 

 

  

 

Figure 3-3 - Representative full stress (σ) - strain (ε) data sets for MCS13% homopolymer, 

MCS13%-PEGDA1% copolymer, and MCS13%-polyacrylamide 30×1 double network gels (a) 

and enlarged initial portion of the same plots (b). Note the increased fracture strain of the double 

network of MCS/PAAm. The increased Young’s modulus (higher slope) of the MCS-PEGDA 

copolymer compared to the MCS homopolymer and double network gels was shown with a 

higher slope of the curve. 

 

length and degree of functionalization of CS are plotted. The swelling ratio of the gels decreased 

with increasing the degree of methacrylation from 24 to 34 mol% as well as increasing the length 

of OEGDA monomer from (EG)1 to (EG)13 in the spacer (corresponding to 302 and 700 g/mol 

molecular weight). The crosslink density of MCS-OEGDA gels (Figure 4(b)) increased both with 

increasing the functionalization degree of CS from 24 to 34 mol% and the length of the OEGDA 

from (EG)1 to (EG)13 repeat units. 

Lowered swelling ratio and increased crosslink density of MCS-PEGDA gels with increase in 

the degree of functionalization of CS can be attributed to improved crosslinking of the functional 
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groups in the system. Due to closer proximity, presence of a higher number of functional groups 

on CS structure (groups bearing double carbon-carbon bonds) can enhance the propagation of 

kinetic chains and increase the moduli and crosslink density of the gels. Similar effects in 

increasing the moduli by increasing the ratio of the functional groups has been previously 

reported in hyaluronic acid, gelatin, and alginate gels.
21-23

  

 

  

 

Figure 3-4 (a) Swelling ratio (b) crosslink density of MCS 13 wt% - (EG)nDA copolymer gels as 

a function of the comonomer length. The swelling ratio of the gels decreased while the crosslink 

density of the same gels increased with increasing length of the crosslinker and the degree of 

functionalization of chondroitin sulfate.  

 

Unlike the effect of functionalization, the dependence of Q and ρx on the crosslinker length 

can be less intuitive. Previous studies have shown in free radical polymerization of mono- and 

divinyl monomers, shorter divinyl monomers usually end up in primary or secondary cyclization 

and the reaction of the first group could lower the reactivity of the second vinyl group. However 

in longer monomers, both vinyl group are more probable to form effective elastic junctions.
24,25
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Moreover, as di-functionality is not a necessary characteristic of a crosslinker, during the reaction 

when the kinetic chains propagate, the longer diacrylate monomers are potentially able to 

participate twice in the reaction and increase the crosslink density. 

 

 Conclusions  3.5

Biocompatible materials with tunable properties are important for tissue engineering 

applications. Chondroitin sulfate as a main component of the connective tissue can be used in 

designing biocompatible hydrogel scaffolds with tunable swelling and mechanical properties. 

Copolymerization of CS and double network formation with CS as the first network are two 

different approaches resulting in two very different mechanical behaviors. Copolymerization 

increases the moduli while double network formation can change the compressibility (fracture 

strain) of the gels. In copolymerization, degree of functionalization and the comonomer length 

were two factors affecting the crosslink density of the copolymer gels. 
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4 Chapter 4: Increasing Crosslinking Efficiency of Methacrylated 

Chondroitin Sulfate Hydrogels by Copolymerization with Oligo(Ethylene 

Glycol) Diacrylates
ix

 

 

 Abstract 4.1

A simple method was developed for increasing the modulus of methacrylated chondroitin 

sulfate (MCS) hydrogels. Photopolymerized MCS gels are relatively soft with low crosslink 

density, but copolymerization of MCS with 0.5 to 2.0 wt% oligo(ethylene glycol) diacrylates 

(OEGDA) increased the moduli over an order of magnitude. The shear modulus of gels was 

amplified 2 to 25 times by increasing the methacrylation extent and copolymerizing with higher 

molar mass OEGDAs (up to 700 Da). In contrast, copolymerizing MCS with oligomers of 

ethylene glycol dimethacrylate (OEGDMA) reduced the moduli from that of MCS alone. The 

crosslinking appears to occur primarily by incorporation of methacrylate groups of different MCS 

molecules into common kinetic chains rather than by linking different kinetic chains together 

since mono-acrylate monomers enhanced crosslinking nearly as much as the diacrylates. The 

difference between the copolymerization behaviors of OEGDA vs. analogous methacrylate was 

hypothesized to be the result of differences in their reactivity ratios, as the latter suppressed 

copolymerization. The fracture strains of gels were ~20% regardless of the extent of crosslinking, 

likely the consequence of the limited chain extensibility of chondroitin sulfate in water. The 

addition of modest amounts of low molecular weight polymers of appropriate reactivity is 

hypothesized to be a generally useful method to adjust the modulus of methacrylated 

polysaccharide gels to desired levels over a broad range.   

                                                 
ix

 Khanlari, A.; Detamore, M. S.; Gehrke, S. H., Increasing Cross-Linking Efficiency of Methacrylated Chondroitin 

Sulfate Hydrogels by Copolymerization with Oligo (Ethylene Glycol) Diacrylates. Macromolecules 2013, 46 (24), 
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54 

 Introduction 4.2

Crosslinked polysaccharide and glycosaminoglycan hydrogels are used in the synthesis of 

tissue engineering scaffolds, drug delivery devices, and for cell encapsulation.
1-3

 Alginate, 

agarose, chitosan, chondroitin sulfate (CS), dextran, and hyaluronic acid (HA) are the most 

commonly used polysaccharides. For example, ionically crosslinked alginate matrices have been 

used in tissue engineering, biopharmaceutical production, and controlled release of 

pharmaceuticals.
4-8

 Biodegradable chondroitin sulfate and hyaluronic acid are used in cartilage 

tissue engineering providing cell-interactive matrices for inducing biosynthesis of extracellular 

matrix (ECM) components for encapsulated chondrocytes and mesenchymal stem cells.
9-11

 

Despite generally favorable biological interactions with the cells, most polysaccharide-based 

matrices are mechanically weak, with low moduli and fracture strains. Hence, approaches to 

modify such matrices by copolymerization with other species or formation in interpenetrating 

networks have been used to improve their moduli and fracture properties.
12-14

 The goal of this 

work was to develop a simple means to increase the crosslink density in gels made from 

polysaccharide macromers as this would increase their moduli and lower their swelling, as 

described by classic gel swelling theory.
15,16

  

Photo-initiated free radical polymerization (photopolymerization) is a widely used means to 

synthesize polymeric scaffolds in tissue engineering.
17,18

 Photopolymerization of both biological 

and synthetic monomers can be a simple approach to polymerizing in both ex situ and in situ 

situations with relatively fast reaction kinetics.
19

 To make polysaccharides photocrosslinkable, the 

hydroxyl and/or carboxyl groups can be functionalized with vinyl groups by a variety of 

methods.
20-24

 These vinyl groups participate in kinetic chain growth as free radicals produced by 

dissociation of light sensitive initiator propagate during polymerization. Similarly, hydroxyl 
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groups on synthetic biocompatible polymers like poly(ethylene glycol) (PEG) can be 

functionalized with photopolymerizable moieties.
25

 Photopolymerized poly(ethylene glycol) 

hydrogels made of functionalized PEG were first introduced by Hubbell and coworkers. 
26

  

Many groups are particularly interested in the development of hydrogel scaffolds for cartilage 

tissue engineering. As glycosaminoglycans such as hyaluronic acid and chondroitin sulfate are 

major components of cartilage, their use in such scaffolds is of particular interest.
27

 Hybrid gels of 

functionalized glycosaminoglycans and synthetic monomers have also been evaluated as tissue 

engineering scaffolds.
27

 To use glycosaminoglycans hydrogels as a scaffold material for cartilage 

tissue engineering, mechanical properties (especially the modulus) should resemble that of the 

native tissue. Young’s modulus of the native cartilage is in the range of 450 to 800 kPa.
28

 Based 

on rubber elasticity theory, hydrogel moduli increase as the crosslink density increases (or 

equivalently, by lowering the molecular weight between the crosslinks, Mc).
29

 Previously, it has 

been shown that while methacrylated hyaluronic acid (MHA) gels have low crosslink densities 

and large Mc’s, copolymerizing MHA with 4-arm PEG acrylate increased the crosslink 

density.
12,30

 Similarly, copolymers of MCS and poly(ethylene oxide) diacrylate have also been 

synthesized as potential cartilage scaffolds.
31

 However, the copolymerization mechanism of the 

functionalized macromers with synthetic monomers and their impact on the mechanical properties 

of the resulting gels is not well-studied. 

Recently, the significance of kinetic chain development in photopolymerized macromers on 

the properties of the resulting gels has been emphasized.
17,32,33

 Upon initiation, multiple vinyl 

groups will be incorporated into growing kinetic chains, thereby linking them together into a 

network. The reactive groups participate in kinetic chain growth based on their concentration, 

accessibility, and reactivity. Increasing the crosslink density leads to higher moduli and one can 



 

56 

hypothetically increase the crosslink density by increasing the number of groups participating in 

the kinetic chains, though the interconnectivity of the macromers through these kinetic chains will 

be complex. However, it is expected that many of the macromer functional groups may not be 

accessible due to steric hindrances and diffusional limitations, leading to low crosslinking 

efficiency. We hypothesized that a greater participation of macromer functional groups in kinetic 

chains could be facilitated by copolymerization with smaller polymers, which would thus increase 

the crosslink density and therefore the modulus. Hence these polymers would function as 

crosslinkers even though the macromers are capable of self-crosslinking. Specifically, we 

believed that high modulus MCS gels, potentially useful in cartilage regeneration, could be 

synthesized by promoting the kinetic chain growth through increasing the number of reactive 

groups on MCS and introducing oligo(ethylene glycol) diacrylates (OEGDA) comonomers to the 

system. Crosslinking efficiency in the comonomer system was evaluated primarily by comparing 

the moduli of homopolymerized MCS against MCS crosslinked with OEGDAs and analogous 

methacrylate compounds (OEGDMAs).  

 

 Materials and methods 4.3

Chondroitin sulfate A sodium salt (CS type A 70 % balanced with type C; from bovine 

trachea), ethylene glycol diacrylate ((EG)1DA) (>90 %), di(ethylene glycol) diacrylate ((EG)2DA) 

(>75%), tetra(ethylene glycol) diacrylate ((EG)4DA) (technical grade), poly(ethylene glycol) 

diacrylate ((EG)13DA) (Mn 700), tetra(ethylene glycol) dimethacrylate ((EG)4DMA) (>90 %), 

glycidyl methacrylate (GMA), and phosphate buffered saline (PBS, pH 7.4) were obtained from 

Sigma-Aldrich (St. Louis, MO) and used as received. The photoinitiator Irgacure 2959 (I-2959) 

was acquired from Ciba (Basel, Switzerland). Mono-functional poly(ethylene glycol) methyl 
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ether methacrylate ((EG)9MEMA) (Mn 500) and poly(ethylene glycol) methyl ether acrylate 

((EG)9MEA) (Mn 480) were also purchased from Sigma-Aldrich (St. Louis, MO) and used as 

received. 

 

 Synthesis and characterization of methacrylated chondroitin sulfate 4.3.1

To prepare photopolymerizable methacrylated chondroitin sulfate (MCS), the method 

described by Li et al. was adopted.
31

 Briefly, 10 g CS was dissolved in 100 ml phosphate buffer 

solution (0.01 M, pH 7.4), followed by the addition of 3 g GMA while vigorously stirring at room 

temperature for up to 15 days. Samples were taken at 7 and 15 days after the reaction initiation 

and were analyzed using 
1
H-NMR spectroscopy (Bruker, 500MHz). To stop the reaction, the 

MCS macromer was precipitated from the solution using excess amounts of acetone. Washing the 

precipitate with acetone twice, the MCS was dried under the hood to evaporate traces of acetone 

and was redissolved in deionized water. After freezing the macromer solution at –20 °C, samples 

were lyophilized at 0.03 mBar and were stored at –20 °C. The degree of methacrylation (DM) 

was defined as the number of methacryloyl groups per one CS disaccharide repeat unit. DM was 

calculated as the ratio of the relative peak area of methacryloyl proton shifts (peaks at 5.33, 5.64, 

5.74 and 6.18 ppm) to CS’s methyl protons (1.95 ppm). Degree of methacrylation was calculated 

as 24 mol% and 34 mol% after 7 and 15 days of reaction respectively. 

 

 Hydrogel preparation 4.3.2

The hydrogels were prepared from aqueous MCS solutions (13 to 15 wt%). For MCS gels 

copolymerized with OEGDA or OEGDMA, the concentration of the comonomer was fixed at 

0.06 mol% (total number of moles being the summation of crosslinker, MCS disaccharides, and 
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water moles). To keep the molar concentration of acrylate/methacrylate groups constant (as the 

molecular weight of the crosslinker varied), the mass fraction was changed from 0.48 to 2.0 wt%. 

To evaluate degree of methacrylation and oligomer length effects on the gel properties, 13 wt% 

MCS solutions (DM 24 and 34 mol%) were crosslinked with ethylene glycol oligomers with 

maximum 13 repeat units in the spacer. To study the crosslinker functional group reactivity 

(acrylate vs. methacrylate) effect on polymerization efficiency, MCS gels with equimolar 

amounts of (EG)4DA and (EG)4DMA as crosslinker were prepared. Mono-functional 

poly(ethylene glycol) methyl ether methacrylate and poly(ethylene glycol) methyl ether acrylate 

were used to contrast the resulting gel properties with gels crosslinked with difunctional 

monomers.  

After dissolving MCS, crosslinker, and the photoinitiator (10
-3

 M) in deionized water, 

mixtures were centrifuged (for 1 minute at 850 rpm) to eliminate entrapped air bubbles. Solutions 

were then pipetted into rectangular silicon rubber molds (2 mm thick) adhered to a glass slide. 

After clamping the second glass slide on the top to keep out oxygen, samples were exposed to 

ultraviolet light of 312 nm (3.0 mW/cm
2
) for 15 minutes on each surface inside Spectrolinker XL-

1000 (Spectronics Corp., Westbury, NY) photocrosslinker. Using a 3 mm biopsy punch, samples 

were then cut into disks and were equilibrated in deionized water for 24 hours before mechanical 

testing.  

 

 Swelling and gel fraction measurements 4.3.3

After equilibration with deionized water, swollen samples were weighed and placed in an 

oven at 50 °C to dry for 24 hours. The gel fraction of each sample was indirectly calculated from 
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the soluble fraction measurements from the ratio of the dry polymer mass to the polymer mass in 

the gel disk immediately after synthesis (mold mass prior to leaching, mm): 

gel fraction=
md

 mm×polymer mass fraction
                   (4.1) 

 

The swollen (ms) and the dry mass (md) of the samples were used to calculate the equilibrium 

swelling ratio (q) of the gels as: 

q=
ms

md
                                                                                   (4.2) 

 Mechanical testing 4.3.4

The Young’s modulus (E), shear modulus (G), fracture stress, and fracture strain of the 

hydrogels were determined under uniaxial compression of gel disks using RSA-III dynamic 

mechanical analyzer (TA Instruments, New Castle, DE). The diameter of the swollen gel disks 

was measured using a caliper under a stereomicroscope with 10X magnification and the height 

was determined by the RSA-III. Compression plates were lubricated with mineral oil to reduce 

plate-gel adhesion. The specimens were mounted with a tare load of 0.2 to 0.3 kPa. A 

compression rate of 0.005 mm/s was determined to maintain quasi-equilibrium conditions and 

was kept constant throughout the experiments. A compressive force was applied until samples 

fractured, which was determined as the onset of a 1 kPa drop in the recorded nominal stress value.  

The Young modulus was calculated from the initial slope of the stress (σ)-strain (ε) data 

for ε =
L0−L

L0
 < 0.1 (in which L and L0 are the thickness of the deformed and undeformed 

specimen respectively) (Equation 3).
29

 

σ=Eε                                                                     (4.3) 
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Assuming the gels as ideal elastomers with neo-Hookean behavior, shear modulus was 

calculated from the initial slope of stress (σ)-strain function (λ −
1

λ
2) when the strain function was 

below 10 (strain of 69%) or failure, whichever came first (Equation 4 in which λ = L
L0

⁄ ).
34

   

σ=G (λ‐
1

λ2
)                                                           (4.4) 

The crosslink density of the gels (ρ
x
) was calculated from shear modulus and swelling data 

based on affine model of rubber elasticity from Equation 4.5: 

ρx=
G

RTϕ2
1/3

ϕ2f
2/3

                                                    (4.5) 

where R is the ideal gas constant, T is the absolute temperature, ϕ2 is the polymer volume 

fraction in the swollen gel (inverse swelling), ϕ2𝑓 is the polymer volume fraction at network 

formation, and ρ𝑥 is the effective crosslink density in the polymer network (moles per volume 

polymer). The molecular weight between the crosslinks (Mc) was found from Equation 6 using 

the calculated ρ𝑥  values from Eq. 4.5: 

Mc=
ρ

ρx
⁄                                                              (4.6) 

where ρ is the density of the dry polymer equal to 1.6 g/cm
3
.
35

 

 

 Results 4.4

 Swelling ratio and gel fraction 4.4.1

In Table 4-1, the gel fraction and equilibrium mass swelling ratio of 13 wt% MCS gels as a 

function of methacrylation degree and crosslinking comonomer are presented. As shown in Table 

4-1, homopolymerized MCS gel had the highest swelling ratio and lowest gel fraction in both 24 
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and 34 mol% methacrylated forms. However, copolymerization of MCS with small amounts of 

OEGDAs substantially reduced the swelling ratio while raising the gel fraction toward 100%. For 

example, 24 mol% methacrylated MCS formed a solid yet gooey gel with a swelling ratio of 235 

while adding only 0.48 wt% of (EG)1DA turned it into an elastic solid which swelled to less than 

one third of the original value and the gel fraction was increased by 50%. 

As shown in Table 4-1, both the degree of methacrylation and crosslinker spacer length 

(number of EG repeat units) substantially affected the swelling ratio and gel fraction. For 

example, with an increase in the DM from 24 to 34 mol%, swelling ratio of 13 wt% MCS gel was 

reduced 6 times (from 235 to 45) and the gel fraction almost tripled (from 29 to 83%). For a 

constant DM (34 mol%), as the molecular weight of the crosslinker increased, the swelling ratio 

was lowered from 44.6 ((EG)1DA crosslinked) to 13.3 ((EG)13DA crosslinked) and the gel 

fraction was increased from 83% to 100%.  

 

Table 4-1 - Dependence of gel fraction and swelling ratio of 13 wt% MCS gels upon degree of 

methacrylation (DM) and the OEGDA crosslinker. 

DM 
Crosslinker 

q (g/g)
a
 

Gel Fraction 

(%) Type MW (Da) Mole % Mass % 

24 -   - - - 235 ±70 29±10 

34 44.6 ±3.9 83±6 

24 

34 

(EG)1DA 170 0.059 0.48 68.9 ±6.5 45±3 

34 25.6 ±1.1 71±7 

24 

34 

(EG)2DA 214 0.059 0.61 39.3 ±3.0 65±5 

34 23.5 ±1.0 91±4 

24 

34 

(EG)4DA 302 0.059 0.86 20.03 ±0.53 100±2 

34 20.49 ±0.27 96±2 

24 

34 

(EG)13DA 700 (Mn) 0.060 2.0 22.51 ±0.84 75±6 

34 13.27 ±0.47 100±10 
a
 Reported values are measured in deionized water. Values are mean ± standard deviation with n=5. 
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 Compressive moduli  4.4.2

Representative stress vs. strain and stress vs. strain function plots for the gels of Table 4-1 are 

presented in Figure 4-1(A) and (B) and the slopes of these plots were used to calculates the  

Young’s and shear moduli of the gels respectively. As shown in these figures, MCS 

homopolymers showed the lowest slopes which translated into lowest elastic and shear moduli. 

The addition of the OEGDA comonomer increased the slope while longer oligomers resulted in 

higher moduli gels. In Figure 4-2, the mean shear moduli (G) of Table 4-1 gels as a function of 

degree of methacrylation and the comonomer type are plotted. The higher methacrylated gels 

(open diamonds) displayed higher shear modulus in all formulations. The shear modulus was also 

increased as a function of the comonomer length at constant OEGDA molar concentration (0.06 

mol%); for example, the shear modulus of 13 wt% MCS (DM 24 mol%) gel increased about 8 

times (from 2 kPa to 17 kPa) when it was copolymerized with 0.48 wt% (EG)1DA and 60 and 50 

times (118 kPa and 100 kPa) when copolymerized with 0.86 wt% (EG)4DA or 2 wt% (EG)13DA 

respectively, although the last two values are not statistically different (calculated p is > 0.05).  

Mechanical test results and calculated network properties for Table 4-1 gels are summarized 

in Table 4-2. The Young’s modulus, calculated E/G ratio, fracture stress and strain, calculated 

crosslink density, and molecular weight between the crosslinks are reported in this table. The 

close proximity of the calculated E/G ratio to 3 in all cases was consistent with ideal elastomer 

behavior.
36

 As calculation of crosslink density removes the effect of differences in swelling on the 

moduli (as shown by Equation 4.5), examination of crosslink density and Mc enables a qualitative 

understanding of the structural differences of MCS gels in different formulations. As shown in 

Table 4-2, the Young’s modulus, fracture stress, and crosslink density essentially followed the 

same trends as illustrated for shear modulus in Figure 4-2. However, fracture strain remained in 



 

63 

the range of ~14 to 21% regardless of changes in the crosslink density. The Mc of MCS (DM 24 

mol%) dropped 5 to 20 times when MCS was crosslinked with (EG)1DA and longer crosslinkers. 

However, the drop in Mc was less pronounced in 34 mol% methacrylated samples, as it was 

reduced to only about 30% the original value upon crosslinking with (EG)13DA. 

 

 

  

Figure 4-1 - Representative stress vs. strain (a) and stress vs. strain function (b) plots for 13 wt% 

MCS (DM 34 mol%) gels used to calculate the elastic and shear moduli. The moduli increased as 

functions of both DM and the comonomer length. The arrows show the fracture point determined 

as 1 kPa drop in the nominal stress value. Symbols refer to the gel types as: homopolymerized 

MCS (∆) and MCS crosslinked with (EG)1DA (), (EG)2DA (□), (EG)4DA (+), and (EG)13DA 

(○).  
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Table 4-2 Mechanical properties of 13 wt% MCS gels corresponding to Table 4-1 and Figure 4-2. 

 

DM 
Crosslin-

ker 

E 

(kPa)
a
 

G (kPa) E/G
a
 

Fracture 

Stress 

(kPa)
a
 

Fracture 

Strain (%)
a
 

𝝆𝒙 

(mol/m
3
) 

Mc (g/mol) 

24 - 5.8±2.1 2.06±0.8

1 

2.85±0.08 1.21±0.28 18.0±5.7 19.2±1.9 83800±79

00 
34 142±21 45.5±7.1 3.11±0.10 27.3±7.0 16.4±5.1 225.0±6.3 7100±200 

24 (EG)1DA 60±13 17.4±4.2 3.48±0.09 7.5±1.1 13.3±1.1 106.6±3.3 15010±46

0 
34 196±67 52±17 3.8±1.0 17.3±5.7 11.6±2.0 228.9±3.2 6990±99 

24 (EG)2DA 189±28 56.79±6.

58 

3.32±0.23 32±13 16.4±5.1 287.1±8.2 5574±156 

34 410±79 110±27 3.74±0.29 45±13 13.48±0.86 472.7±6.4 3230±130 

24 (EG)4DA 405±64 118±19 3.40±0.30 65±36 15.7±8.6 490±14 3284±96 

34 436±39 130±11 3.35±0.05 58.5±8.5 15.5±1.5 523.8±2.2 3054±13 

24 

34 

(EG)13DA 324±26 99.1±9.2 3.28±0.16 80±26 21.3±4.5 397.7±4.9 4023±49 

34 785±69 220±14 3.58±0.15 99.9±7.9 14.2±1.0 727.0±8.5 2200±26 
a
 Values are mean ± standard deviation with n=5. 

 

 

 

Figure 4-2 The dependence of MCS gel shear modulus on the degree of methacrylation and the 

number of ethylene glycol (EG) repeat units in the OEGDA comonomer. Shear modulus 

increased with increasing degree of methacrylation of MCS (34 mol% () vs. 24 mol% (□)) and 

length of the comonomer. Mean value ± standard deviation, n=5. 
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 Crosslinking efficiency of comonomers 4.4.3

To understand how the OEGDA comonomer increases the crosslink density of the MCS gels 

several different sets of experiments were undertaken. First, the ability of OEGDA to crosslink 

unreacted methacrylate groups in an MCS gel was established. Secondly, the importance of the 

reactivity ratio of the comonomers was evaluated by contrasting the effectiveness of crosslinking 

of MCS with dimethacrylates against diacrylates. Finally, the hypothesis that the crosslinking 

occurs by linking of MCS chains through common kinetic chains was tested by copolymerization 

of mono-functional oligomers to contrast with those of difunctional.ones. To determine the 

presence and reactivity of residual carbon-carbon double bonds in MCS gels under the test 

conditions and to study reactivity of these groups, a method originally described by Nakajima et 

al. was used.
37

 In our experiment, residual reactive vinyl groups on 15 wt% MCS gel were 

eliminated by soaking the original gel (Sample A in Table 4-3) in concentrated initiator solution 

(0.1 M) followed by a second irradiation step, ensuring that any residual groups would be 

consumed by reaction with the excess initiator. As shown in Table 4-3, the elastic and shear 

moduli of the resulting gel (Sample C) were somewhat higher (p < 0.05) than the starting sample, 

suggesting that while the reaction protocol led to nearly complete extents of crosslinking, some 

residual methacrylate groups remained which could react to form further crosslinks with increased 

initiator. To examine whether such MCS residual groups were reactive with PEGDA, original 

sample A was soaked in 15 wt% (EG)13DA700 solution for 24 hours and was then irradiated. The 

resulting gel (Sample B) had a dramatic increase in both elastic and shear moduli – well over 

three times (p < 0.005). However, when the previously irradiated MCS sample (C) was soaked in 

(EG)13DA solution and again irradiated, there were no substantial changes in properties (Sample 

D), indicating the absence of any residual methacrylate groups after the second irradiation step. 
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To further test the hypothesis that the comonomers increased crosslink density by 

copolymerization with the MCS methacrylate groups, the comonomer concentration and 

reactivity was varied. Thus, the effect of copolymerization of a dimethacrylate at different 

concentrations was contrasted with those of a diacrylate with the same number of ethylene glycol 

repeats. Equimolar amounts of (EG)4DA and (EG)4DMA were used to copolymerize with MCS 

for each experiment and the results are illustrated in Figure 4-3. In this figure, changes in shear 

moduli of the gels as a function of comonomer/macromer ratio are presented. As Figure 4-3 

presents, shear modulus of gels crosslinked with diacrylate polymer were more than twice as high 

as the original 13 wt% MCS gel, with a minimal influence of the comonomer concentration 

((EG)4DA : disaccharide molar ratio increasing from 0.12 to about 0.6 did not increase the 

modulus any further). While (EG)4DA significantly increased the shear modulus relative to pure 

MCS, crosslinking MCS with methacrylate (EG)4DMA reduced the modulus of pure MCS by 

over an order of magnitude (from 45 kPa to 3 kPa). The magnitude of the crosslinking 

suppression effect was largely independent of (EG)4DMA concentration.  

 

Table 4-3 Mechanical properties of 15 wt % MCS (DM 34 mol%) gels. 

Sample 
Primary 

network 

Exposure to 

excess 

initiator 

(EG)13DA 

wt% in 

solution
a
 

E (kPa)
b
 G (kPa)

b
 E/G

 b
 

Fracture 

Strain 

(%)
b
 

A 

MCS 15 
wt% 

no 
- 205±17 58.7±7.9 3.52±0.22 12.9±1.7 

B 15 811±117 198±49 3.69±0.22 14.6±2.5 

C 
yes 

- 292±85 92±22 3.14±0.20 13.6±1.2 

D 15 337±100 96±22 3.50±0.75 17.7±3.5 
a
PEGDA 700Da was dissolved in deionized water. 

b
Values are mean ± standard deviation with n=5. 

 

In addition to the shear moduli shown in Figure 4-3, Table 4-4 summarizes the swelling ratio, 

gel fraction, mechanical tests results, and the calculated network properties of the gel 
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formulations shown in Figure 4-3. Here, gels crosslinked with (EG)4DA had lower swelling and 

Mc but higher gel fraction, modulus and crosslink densities. Visually, MCS gels crosslinked with 

(EG)4DA remained transparent while (EG)4DMA crosslinked gels were opaque, suggesting phase 

separation in the dimethacrylate gels. Interestingly, copolymerization of MCS with either 

monomer appeared to have little effect on the fracture strain. The fracture strain of crosslinked 

MCS gels remained fairly low and much lower than the reported values for pure PEGDA gels.
13,38

  

 

Table 4-4 Mechanical properties of 13 wt% MCS gels (DM 34 mol%) crosslinked with (EG)4DA 

and (EG)4DMA. 

Mac-

romer 

Comonomer 

q (g/g)
a,b

 

Gel 

Fracti-

on (%) 

E 

(kPa)
b
 

G (kPa)
b
 E/G

b
 

Fracture 

Strain 

(%)
b
 

ρx, 

(mol/m
3
) 

Mc  

(g/mol) Type 

Moles/

MCS 

disacc-

haride 

MCS 

TEG-

DMA 

0.13 110.5±4.0 47±7 10.1±3.4 120±22 3.95±0.51 21.6±5.0 18.89±0.22 85000±1000 

0.27 57.3±6.2 64±5 26.6±7.8 90.3±6.6 3.46±0.37 14.7±3.8 41.1±1.4 39000±1300 

0.30 64.5±2.6 57±4 19.4±4.1 12.8±9.6 4.28±0.22 21.4±1.1 25.13±0.34 64000±800 

0.59 76±20 52±10 14.1±1.9 79.1±6.1 4.00±0.34 14.8±4.0 18.8±1.5 85600±6600 

TEG-

DA 

0.13 20.5±0.3 96±2 342±21 2.7±1.2 3.55±0.05 13.0±1.5 523.8±2.2 3054±13 

0.27 21.5±7.6 82±4 300±23 7.7±2.0 3.30±0.10 18.6±2.0 349±48 4660±750 

0.30 15.48±0.20 100±3 470±39 4.54±0.91 3.67±0.15 16.8±1.3 747.2±3.2 2140±10 

0.59 21.5±3.2 73±6 257±27 3.54±0.24 3.27±0.45 17.6±2.7 283±14 5670±290 
a
 Reported values are measured in deionized water. 

b Values are mean ± standard deviation with n=5. 

 

The most common crosslinking molecules used in gel synthesis from macromolecules are 

difunctional, and they link two different polymers together via their reactive end groups. 

However, in this study it was hypothesized that propagation happens through the growth of the 

common kinetic chains as multiple macromer groups were incorporated. Therefore, there are two 

potential mechanisms for the incorporation of the crosslinker in the propagation step: one is the 

connection of two different growing chains through difunctional crosslinkers and the second is the 

incorporation of the crosslinker functional groups into common kinetic chains. In this view, 
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difunctionality of the comonomer would not be a requirement for successful crosslinking via 

kinetic chain growth since crosslinking could also occur by the incorporation of multiple 

macromer groups in a single kinetic chain. To test the possibility of the second mechanism, 13 

wt% MCS gels were copolymerized with equimolar (0.06 mol%) amounts of mono-functional 

(EG)9MEMA or (EG)9MEA. The selected monomers were the shortest mono-functional OEGs 

commercially available. Figure 4-4 contrasts the shear moduli of these gels against those 

crosslinked with difunctional oligomers ((EG)4DA and (EG)4DMA) of the same molar 

concentration. Mono-functional acrylate ((EG)9MEA) increased the MCS shear modulus in the 

same manner as did the difunctional (EG)4DA (no statistical difference between the two). In 

contrast, mono–functional methacrylate ((EG)9MEMA) reduced the modulus of pure MCS gels 

slightly from 45 to 37 kPa (not statistically different); a less significant reduction than with the 

dimethacrylate comonomer (p < 0.05). 

 

 Discussion 4.5

The primary goal of this work was to understand how to increase the moduli of methacrylated 

polysaccharide gels by copolymerization of the polysaccharide macromers with smaller 

monomers. We hypothesized that copolymerization of the macromers with low molecular weight 

oligo(ethylene glycol) diacrylates would increase MCS crosslink density and facilitate the kinetic 

chain growth in the system by overcoming the diffusional and steric limitations inherent in 

chondroitin sulfate macromer self-reactions. In this study, the measurements of the elastic and 

shear moduli of samples, in addition to gel fraction and swelling degrees, were used to evaluate 

the reaction efficiency. The goal of this section it to demonstrate that these measurements are 
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consistent with the hypothesis that copolymerization of MCS with a small amount of (EG)nDA 

significantly increased crosslinking density by the hypothesized mechanism.  

 

 

Figure 4-3 Dependence of the shear modulus of 13 wt% MCS (DM 34 mol%) gels on 

comonomer/MCS ratio and the functionality of the comonomer (acrylate vs. methacrylate). The 

highest ratio (0.6) corresponds to 0.25 mol% of the comonomer. The diacrylates significantly 

increased the moduli while the dimethacrylates reduced it, with no significant dependence upon 

the comonomer ratio. Symbols refer to the gel types as: homopolymer (▲) and crosslinked with 

tetra(ethylene glycol) diacrylate ((EG)4DA) (∆) or tetra(ethylene glycol) dimethacrylate 

((EG)4DMA) (). Mean value ± standard deviation, n=5.  

 

 Swelling ratio and moduli 4.5.1

The swelling of non-ionic gels is most commonly interpreted by the Flory-Rehner theory, 

which postulates that at equilibrium the inherent solubility of the polymer chains in the solvent is 

balanced by the elasticity of the chains as constrained by crosslinks.
39,40

 For polyelectrolyte gels 

like those of MCS, the ionic contributions to the swelling may dominate the effect of the polymer 

solubility.
41,42

 High ionic contribution to osmotic pressure results in high swelling ratios in MCS 

homopolymer gels which is countered by the elastic response of the chains as constrained by the 
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crosslinks. Our results show the addition of small amounts of oligo(ethylene glycol) acrylates, 

whether mono- or di-functional, to MCS significantly reduced the swelling and increased the 

elastic and shear moduli. Increased moduli suggest that the OEGDA is increasing the crosslink 

 

Figure 4-4 Shear moduli of 13 wt% MCS gels (DM 34 mol%) crosslinked with equimolar (0.06 

mol%) amounts of: poly(ethylene glycol) methyl ether acrylate ((EG)9MEA), tetra(ethylene 

glycol) diacrylate ((EG)4DA), poly(ethylene glycol) methyl ether methacrylate ((EG)9MEMA), 

and tetra(ethylene glycol) dimethacrylate ((EG)4DMA). The shear modulus of MCS 

homopolymer gel was statistically different from those crosslinked with mono-acrylate or 

diacrylate or dimethacrylate oligomers while not different from mono-methacrylate crosslinked 

group. *p<0.05 vs. MCS homopolymer group; n=5. 

 

density in the gel by bringing the MCS functional groups together rather than altering the 

solubility of the gel or by constructing an interpenetrating network. Hence the OEGDAs can be 

considered crosslinking molecules, even though difunctionality of the monomer is not required to 

increase the crosslink density, as discussed later. 

As presented in Table 4-1, swelling ratio of MCS gels decreased with crosslinker length in 

the order of: No crosslinker>>(EG)1DA>(EG)2DA>(EG)4A>(EG)13DA. Figure 4-2 demonstrates 

that the opposite trend is seen with shear modulus. Since swelling is inversely correlated to 
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crosslink density while the moduli are directly proportional to ρx, both swelling ratio and moduli 

trends are consistent with the interpretation that increasing length of the crosslinker increased the 

crosslink density of the gel. Increasing crosslinking efficiency with the length of the crosslinker is 

usually explained in terms of deviations from the Flory’s ideal gelation theory.
15,43,44

 One 

assumption in this theory is that both vinyl groups in divinyl monomers are equally reactive and 

always form elastically effective crosslinks. However, it is known that close proximity of 

functional groups alters their reactivity; typically, after the first group reacts, the second is less 

likely to react to form an elastically effective crosslink.
45

 Thus the significant jump in crosslink 

density between (EG)2DA and (EG)4DA crosslinked gels suggests that the reactivity of the second 

acrylate group could have been reduced after reaction of the first group (Table 4-2). Moreover, a 

longer crosslinker also has a higher probability of intermolecular crosslinking relative to 

intramolecular crosslinking, which is also not considered in the ideal theory. Because Figure 4-4 

demonstrates that difunctionality of the crosslinker is not required for the comonomer to increase 

the crosslink density, decreasing steric hindrance with length may be the more significant effect in 

this system. Since crosslinking is believed to occur by copolymerization of the MCS methacrylate 

groups with OEGDA acrylate groups in a kinetic chain, longer, more flexible OEGDA chains can 

potentially participate twice in the growth of a single kinetic chain that combines different MCS 

macromers, in addition to the more typical route of crosslinking different MCS macromers via the 

EG chain.  

By increasing the degree of methacrylation of MCS from 24 to 34 mol%, swelling ratio was 

lowered and crosslink density and the moduli of the gels were increased (Figure 4-2 and Table 

4-2). As higher DM corresponds to higher concentration of functional vinyl groups, the 

probability of uniform polymerization increased with the extent of methacrylation (Table 4-2). 
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Previous studies on photopolymerization of methacrylated hyaluronic acid, gelatin, and alginate 

have also confirmed that increased extent of methacrylation had improved the crosslinking 

density, shear, and storage (G’) moduli.
23,46,47

 However, the increase was reported to be less 

significant in higher methacrylated categories (DM of 60 to 90 mol%) due to excessive residual 

carbon-carbon double bonds potentially due to steric hindrance and difficulty of functional groups 

on polysaccharide chains reaching one another. In other words, higher functionalization will 

improve the crosslink density and the moduli; nevertheless, excessive functionalization will not 

improve the moduli much further unless lower molecular weight crosslinkers such as OEGDAs 

are copolymerized to enhance the kinetic chain growth.  

 

 Crosslinking efficiency and the comonomer effect 4.5.2

The results of different reaction schemes summarized in Table 4-3 confirmed the presence of 

residual unreacted groups on MCS under the standard synthesis conditions. Increasing the 

reaction time and initiator concentration led to only a small increase in the shear modulus of the 

pure MCS gel, confirming that the synthesis conditions used allowed the MCS macromer to reach 

its nearly maximum extent of crosslinking possible. However, after soaking the MCS gel in 

OEGDA solution and repeating the photopolymerization, the moduli increased several times, 

clearly demonstrating the ability of OEGDA molecules to copolymerize with the residual 

methacrylate groups. In fact, the moduli of this sequentially-copolymerized gel was comparable 

to those of 13 wt% MCS simultaneously copolymerized with 2 wt% PEGDA (Table 4-3) (DM 34 

mol%). However, irradiation of the MCS gel in the presence of excess initiator made the gel inert 

with respect to reaction with OEGDAs, supporting the idea that the increase in modulus upon the 

second copolymerization step was due to methacrylate/acrylate copolymerization. If the increase 
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had been due to the formation of an interpenetrating network of the OEGDA, the modulus should 

have increased in both cases and the dry mass of the gel should have increased significantly if an 

IPN had formed, neither of which happened. It is not surprising that an OEGDA IPN did not form 

because OEGDA partitioning into the MCS network is expected to be limited. The limited 

miscibility of poly(ethylene glycol) and dextran polymers (with sulfonation of the dextran 

increasing the exclusion) has been well-established in the literature.
48,49

 If the concentrations of 

MCS and OEGDA macromers were both over 5 to 10 wt%, phase separation in the gel would be 

likely, which would lower the mechanical performance by forming macroporous, phase-separated 

structures.
50

 However, in the concentrations used in this work, the OEGDA was completely 

miscible in MCS. 

In stark contrast to the crosslinking effect of OEGDAs, oligo(ethylene glycol) methacrylates 

suppressed MCS crosslinking and lowered the crosslink densities below that of homopolymerized 

MCS, as shown in Figure 4-3. To the best of our knowledge, there has been no previous study 

comparing the copolymerization kinetics of methacrylated macromers with acrylate and 

methacrylate comonomers to explain this result. However, upon comparing the copolymerization 

reactivity ratios of low molecular weight monomers, it is seen that methacrylate/methacrylate 

comonomers usually display similar reactivity ratios while in methacrylate/acrylate comonomers 

the reactivity ratios of acrylate compounds are typically about 0.2 to 0.8 while the reactivity ratios 

of methacrylate compound is usually from 1.2 to 1.8.
51

 Consequently, acrylate monomers have a 

tendency toward alternating copolymerization with methacrylates. In the MCS-OEGDA system, 

this would encourage crosslinking of the macromers in the kinetic chains, as the OEGDAs would 

react preferably toward the MCS rather than with themselves. In contrast, the methacrylate 

comonomers would tend toward random copolymerization. In this case, the kinetic chains would 
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incorporate to a greater extent the most abundant and least sterically or diffusionally hindered 

monomers. Homopolymerization of such monomers might also occur in competition with 

reaction with methacrylate groups on the MCS backbone. Occurrence of either of these two 

possibilities could inhibit efficient linking of different MCS macromers and thus lower the 

crosslink density.  

Figure 4-5 illustrates our hypothesis regarding the differences between acrylate and 

methacrylate comonomers copolymerization with MCS that led to the differences in their ability 

to crosslink MCS. Specifically, we hypothesize that with diacrylates, a tendency toward 

alternation would lead to kinetic chains incorporating both macromer and comonomer groups, and 

thus crosslinks. Crosslinking can also occur by difunctional monomers being incorporated into 

two different kinetic chains, but it can also occur by groups on two different macromers being 

incorporated into a single kinetic chain. For dimethacrylates, the kinetic chains may incorporate 

the comonomers to a greater degree than the macromer groups, due to their relatively higher 

molar concentration and greater mobility, hence suppressing the linking of the macromers. Ability 

to efficiently homopolymerize would allow formation of relatively dense regions of OEGDMA 

that may also lead to phase separation. In fact, opacity was seen in such gels, a hallmark of phase 

separation.  

Although the role of kinetic chains in increasing the crosslink density, moduli, and transport 

properties in polysaccharide gels have been previously noted, the role of the monomer 

functionality is not well examined.
33

 As Figure 4-5 illustrates, our hypothesis was that 

crosslinking in this system occurs both though copolymerization in the kinetic chains and by 

linking different macromers through the ethylene glycol spacers. Thus, mono-functional 

oligomers could crosslink the MCS similarly to difunctional ones. The shear modulus of MCS 
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gels crosslinked with mono-functional (EG)9MEA was twice as high as pure MCS and equal to 

that of (EG)4DA crosslinked gels (Figure 4-4) supporting this hypothesis. We discussed in 

Section 4.4.1 that as the molecular weight of the crosslinker increased, each functional group was 

able to react independently and crosslinking became efficient. Yet, it should be emphasized that 

in all cases MCS acts as a multi-functional macromer with functional groups reacting in common 

 

 

Figure 4-5  Illustration of the proposed differences in copolymerization of MCS with OEGDAs 

and OEGDMAs that allow OEGDAs to efficiently crosslink MCS while OEGDMAs suppress 

crosslinking. The schematic illustrates MCS (a), copolymerized with: (EG)nDA (b), and 

(EG)nDMA (c). Bold hatched and thin solid lines represent the MCS and ethylene glycol repeat 

units respectively. Kinetic chains are shown with bold solid lines. Triangles and rectangles 

represent the crosslinker functional groups. 

 

or multiple kinetic chains. Moreover, our study showed that reducing the crosslinker functional 

groups to half (keeping the molar concentration of the mono-functional equal to difunctional 

crosslinker) did not affect the moduli. Also as the mono-functional monomer only engages in the 

reaction from one functional end, the number of the EG units of a mono-functional crosslinker is 

not expected to influence the reaction. In contrast to acrylate crosslinkers, the negative effect of 

hν, photoinitiator

hν, photoinitiator
(a)

(b)

(c)

Methacrylated

Chondroitin 

Sulfate (MCS)
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similar reactivity ratios in methacrylate comonomers was observed as crosslinking with a mono 

methacrylate reduced the moduli only to a lesser extent than a dimethacrylate oligomer, possibly 

due to the difference in the molar concentration of the methacrylate groups in this experiment. 

 

 Fracture strain 4.5.3

The results reviewed above have illustrated that copolymerization of MCS with OEGDAs 

can significantly increase the crosslink density and the moduli of MCS gels over a broad range. 

However, there seems no effect on the fracture strain of the gels as it remained in the vicinity of 

15 to 20% for the majority of formulations (Table 4-2, Table 4-3 and Table 4-4). The 

independence of the fracture strain from the crosslink density suggests that fracture strain is 

determined by the macromer properties. While the relationships of crosslink density and swelling 

and modulus are well-established theoretically and experimentally, the same understanding of the 

fracture properties of hydrogels is much less established.
38,52

 We speculate that the consistently 

low fracture strain of these gels is result of the highly expanded conformation of chondroitin 

sulfate molecules in water due to their high charge density. The fact that these gels fractured in 

the Hookean regime (linear stress–strain behavior) suggests chain conformation and rigidity effect 

kicks in before the effect of entanglements and crosslinking becomes apparent. The dependence 

of the fracture strain of such gels on the ionic strength of the solution is the subject of ongoing 

work. 

 

 Conclusions 4.6

The inherently low crosslinking efficiency of photopolymerized methacrylated chondroitin 

sulfate macromers was overcome by copolymerization of MCS with low proportions of 
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oligo(ethylene glycol) acrylate monomers, thereby substantially increased the moduli. OEGDA 

comonomers are believed to increase the crosslink efficiency by more effectively incorporating 

methacrylate groups on different MCS molecules into common kinetic chains by overcoming the 

diffusional and steric limitations that limit the homopolymerization of MCS macromers. The fact 

that mono-functional acrylate monomers increased the crosslink efficiency and modulus to a level 

comparable to those of the difunctional acrylates supported the incorporation of multiple MCS 

functional groups into common kinetic chains hypothesis. The crosslink efficiency was amplified 

by increasing the number of methacrylate functional groups on CS, increasing the probability of 

linking different CS molecules into the network. Crosslinking also increased by increasing the 

spacer length (number of ethylene glycol repeat units) in diacrylates potentially due to the 

increased likelihood of the second acrylate group incorporation into a kinetic chain or perhaps 

linking two different growing chains. However, analogous dimethacrylate compounds reduced the 

crosslink efficiency, apparently by interfering with incorporation of MCS functional groups into 

the kinetic chains. The crosslinking efficiency of the comonomers depended upon the macromer 

and comonomer functional groups reactivity ratios compatibility. 

Due to the fact that the reactivity of functionalizing groups on the polysaccharide is not expected 

to be significantly dependent upon the specific polymer to which they are attached, it is expected 

that the results of this study could be applied to increase the modulus of the gels of other 

methacrylated polysaccharides such as hyaluronic acid or dextran. As PEG and PEGDA are 

widely used in biomedical and pharmaceutical applications, including cell encapsulation 

strategies, PEGDAs are a good choice as a practical comonomer for such applications. Since the 

PEGDA comonomers were effective at low ratios relative to the macromer this method should not 

significantly change properties of the gel not directly influenced by crosslinking. However, the 



 

78 

principles outlined here indicate that any monomer of suitable reactivity ratio toward the 

functional group could be used. Furthermore, this suggests a simple method of tuning the 

modulus (and other crosslink-density dependent properties such as swelling degree and solute 

permeability) to a precise level without altering the base macromer or its concentration in the pre-

gel solution.  
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5 Chapter 5: Readily Tunable Photocrosslinked Chondroitin Sulfate -

Poly(Ethylene Glycol) Copolymers with Structural Diversity for 

Biomedical Applications 

 

 Abstract 5.1

Our group has previously reported on successful bio-functionalization of poly(ethylene 

glycol diacrylate) (PEGDA) gels by chondroitin sulfate (CS) and improving mechanical 

properties of methacrylated-CS (MCS) gels using short PEGDA comonomers. Due to importance 

of glycosaminoglycan-PEGDA combinations in tissue engineering, here we focused on 

understanding the composition-property relationship of MCS-PEGDA copolymers. 

Photopolymerized copolymers with > 4:1 ratio of one component had compressive moduli of up 

to 24 times higher than those of MCS. The swelling degree (q) of MCS8%-PEGDA2% and 

MCS2%-PEGDA8% were 6 and 18 times lower than MCS 10% gel. The increased moduli and 

lowered q were consistent with the assumption of PEGDA improving the kinetic chains growth 

by overcoming the steric hindrances of the macromer. Copolymerization with MCS as a 

multifunctional crosslinker could build in a degradation pathway for PEGDA-based gels while 

makes the swelling and moduli of the gels tunable. While swelling and moduli of the gels were 

lowered with concentration of the salt, the fracture strain had increased. These changes were 

hypothesized to be the result of transition of CS chain conformation from highly extended and 

non-Gaussian to less extended and Gaussian regime. The complete understanding of MCS-

PEGDA composition-property relationship provides a general strategy to readily tune the 

modulus or swelling degree of polysaccharide gels to desired values while avoiding undesirable 

network non-idealities in the gels. 
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 Introduction 5.2

The mammalian extracellular matrix (ECM) is a multi-component, hierarchically-ordered 

structure. Chondroitin sulfate (CS) and hyaluronic acid (HA) are two of the main 

glycosaminoglycans (GAGs) present in the mammalian ECM. Collagen type II, keratan sulfate, 

and proteins are other major ECM components. Regeneration of the damaged ECM has been the 

focus of multiple tissue engineering studies. A common strategy is to replace the damaged matrix 

with naturally available biomimetic materials. An optimal scaffold to mimic the ECM would be 

comprised of multiple components to provide the appropriate balance of mechanical properties, 

water content, solute permeability, and cell interactions.
1-4

 Since GAGs are naturally present in 

the connective tissue and dynamically interact with the cells they are the first candidates to design 

3-dimensional (3D) platforms. Taking advantage of proven positive contributions of chondroitin 

sulfate (CS) in tissue engineering scaffolds,
3,5-8

 this study investigates the mechanical 

characteristics of CS-based hydrogels and the synthesis parameters that affect their swelling and 

mechanical properties. 

There are limitations in using pure crosslinked GAGs as tissue engineering scaffolds such as 

difficulty in achieving adequate mechanical strength or controlling biodegradation rates. In some 

cases, cells do not interact well with a pure GAG matrix which calls for further modifications of 

the scaffold.
7,9,10

 Nevertheless, it has been shown that copolymerization of polysaccharides with 

lower molecular weight polymers like poly(ethylene glycol) diacrylate (PEGDA) can increase the 

network moduli
8,11-15

 as an implication of successful crosslinking mechanism. In vitro studies 

have shown incorporation of neutral poly(ethylene glycol) can stimulate both collagen and GAG 

syntheses of encapsulated cells in these gels.
7,16

 Despite the importance of GAG-PEG 

combinations in regenerative medicine,
6
 an in-depth study of the reaction mechanism to identify 
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parameters affecting morphology and mechanical properties of such copolymer gels is absent in 

the literature. To address this gap, this work focuses on copolymerization of methacrylated 

chondroitin sulfate with PEGDA to advance the understanding of molecular level structure effect 

on macroscopic physical properties of such gels. The goal of this work is to define a general 

strategy for creating polysaccharide-based materials of defined water content and moduli for 

biomedical applications. 

Photopolymerization of polysaccharides is a common methodology to form 3D hydrogel 

structures. Modification of hydroxyl or carboxyl groups with crosslinkable moieties (carbon-

carbon double bonds) makes photo-crosslinking possible.
8,14,17

 For example, dextran, alginate, 

CS, and HA have been modified with acryloyl or methacryloyl groups to form photocrosslinkable 

precursors.
8,18-22

 In photopolymerization, the kinetic chain length of crosslinked multi-vinyl 

macromers is a sign of successful copolymerization reaction and although difficult to measure 

directly,
23

 it impacts other network properties such as the crosslink density, moduli, and the 

degree of swelling. The importance of kinetic chain growth in photopolymerized polysaccharide 

gels has been discussed previously, but the implications of this fact in copolymerization of 

macromers into hybrid gels have not been fully developed.
24-28

  

Since cellular behavior is dependent on the modulus of the surrounding scaffold,
29

 

understanding factors affecting moduli and water content of the gels is a necessity. In Chapter 4, 

it was shown how introducing lower amounts of PEDAs to MCS can boost the crosslink density 

of the gels.
28

 The core goal of this study is to understand how compositional or induced 

conformational changes of polymers are levers to control the morphology of copolymers to tune 

the moduli, water content, and fracture strain in these systems. Through studying the full range of 

potential composition of MCS-PEGDA copolymers, this work explores the effect of copolymers 
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composition on macroscopic properties of the gels and provides guidelines to design versatile 

tunable 3D GAG-based matrices. 

 

 Materials and methods 5.3

Chondroitin sulfate A sodium salt (CS type A 70% with the balance being type C; from 

bovine trachea), poly(ethylene glycol) diacrylate (PEGDA) (Mn 700 Da), glycidyl methacrylate 

(GMA, ≥97.0%), and phosphate buffered saline (PBS, PH 7.4) were obtained from Sigma–

Aldrich (St. Louis, MO) and used as received. Photoinitiator 2-hydroxy-1-[4-

(hydroxyethoxy)phenyl]-2-methyl 1-propanone (Irgacure 2959) was purchased from Ciba (Basel, 

Switzerland).  

 

 Synthesis and characterization of methacrylated chondroitin sulfate 5.3.1

Synthesis of methacrylated chondroitin sulfate was described in our previous work and 

followed a procedure originally described by Li et al.
8,28

 Briefly, the macromer functionalization 

started by dissolving 10 g of chondroitin sulfate sodium salt in 100 ml of standard 0.01 M 

phosphate buffer solution at pH 7.4. The reaction started as 3 g of glycidyl methacrylate was 

added to the system. The reaction mixture was kept at the room temperature and was vigorously 

stirred. The macromer was recovered by precipitation in acetone after 15 days of reaction. After 

re-dissolving and freezing in deionized water, samples were lyophilized at 0.03 mBar and were 

stored at –20 °C. The degree of substitution of methacrylate groups was calculated as the ratio of 

the area under corresponding vinyl peaks on 
1
H–NMR spectrum (peaks at 5.33, 5.64, 5.74 and 

6.18 ppm) relative to methyl protons (peak at 1.95 ppm) of chondroitin sulfate. The degree of 

methacrylation (DM) was calculated to be 34 mol%. 
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 Hydrogel preparation 5.3.2

Hydrogels were prepared from photopolymerization of single macromer (MCS or PEGDA) 

or copolymer mixture dissolved in deionized water. To synthesize the hydrogels, freeze-dried 

MCS was dissolved in deionized water followed by addition of PEGDA as the comonomer and 

Irgacure 2959 (10
–3

 M) as the photoinitiator. To determine the dependence of the resulting gel 

properties on total polymer concentration (TP, sum of both comonomers) and each individual 

monomer, copolymers with 10, 15, 30, and 40 wt% total polymer were made while the ratio of 

MCS to PEGDA was changed. After complete dissolution of MCS and PEGDA, the mixtures 

were centrifuged to remove any entrapped air bubbles. Solutions were then pipetted into 

rectangular molds made of two glass slides at the top and bottom with a silicon rubber of 2 mm 

thickness in the middle. After adjusting the second glass slide at the top to keep out oxygen, the 

molds were gripped and were irradiated at 312 nm (3.0 mW/cm
2
) for 15 minutes on each side in 

Spectrolinker XL–1000 (Spectronics Corp., Westbury, NY). Cylindrical samples were then cut 

from the bulk gel using a 3 mm biopsy punch and were equilibrated in deionized water for 24 

hours before testing. Water was changed at least once to extract the sol fraction. 

 

 Swelling measurements 5.3.3

The swollen samples were weighed and placed in an oven at 50 °C to dry for 24 h. The 

swelling ratio of the gels was calculated as the ratio of the swollen sample mass (ms) to its 

corresponding dry mass (md): 

q =
ms

md
                                                                            (1) 
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 Mechanical testing 5.3.4

After reaching equilibrium, sample diameter was measured under a stereomicroscope with 

10X magnification and then the sample was loaded onto RSA–III dynamic mechanical analyzer 

(TA Instruments, New Castle, DE) for mechanical testing. Compression surfaces were coated 

with mineral oil to reduce sample adhesion. The specimens were mounted with a tare load of 0.2 

to 0.3 kPa. Samples were compressed at 0.005 mm/s rate as preliminary tests showed the samples 

were at quasi-equilibrium conditions in this range. Sample drying was negligible since the gels 

fractured within 3 minute. From the resulting stress (σ)-strain (ε) data, compressive Young’s (E) 

and shear (G) moduli of samples were calculated. The fracture point was determined as the onset 

of 1kPa difference in the nominal stress value when the sample began to split. The Young’s 

modulus was calculated as the slope of stress vs. strain as:
30,31

 

𝜎 = 𝐸ε                                                                           (2)   

 

where ε =
L0−L

L0
  and L and L0 are the thickness of the deformed and undeformed specimen 

respectively. In this paper, the Young’s modulus was calculated when ε <0.1. Assuming the 

hydrogels are ideal elastomers, the shear modulus was calculated based on the neo–Hookean 

model as the slope of the stress vs. strain function (λ −
1

λ
2) as: 

𝜎 = 𝐺 (λ −
1

λ
2)                                                     (3)   

 

where λ = L
L0

⁄  and L and L0 are the thicknesses of deformed and nondeformed samples 

respectively. In this paper, the shear modulus was calculated when (λ −
1

λ
2) < 10 (equivalent to 
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69% strain). The crosslink density (ρx) was calculated based on the affine model of rubber 

elasticity from Equations 4 as:  

𝜌𝑥 =
𝐺

𝑅𝑇𝜙2
1/3

𝜙2𝑓
2/3

                                            (4) 

 

where R is the ideal gas constant, T is the absolute temperature, ϕ2 is the polymer volume 

fraction in the swollen gel (inverse swelling), ϕ2𝑓 is the polymer volume fraction at network 

formation, and ρ𝑥 is the effective crosslink density in the polymer network (moles per volume 

polymer).  

 

 Statistical analysis 5.3.5

SPSS 20.0 (IBM; Armonk, NY) was used to perform the statistical analysis of the gel 

samples. A three-factor analysis of variances (ANOVA) followed by a Tukey’s Honestly 

Significant Difference post hoc test was performed on sample populations. Each analyzed group 

had a minimum population of 5. Based on the post hoc analysis, the statistical differences of the 

groups were marked in Table 5-1 and Figure 5-3. 

 

 Results  5.4

 Swelling    5.4.1

Measuring the swelling ratio as the reflection of crosslink density and crosslink density-

dependent parameters (e.g., molecular weight between the crosslinks) was the first step to 

characterize the gels. Swelling ratios for homo- and copolymers with 10, 15, 30, and 40 wt% total 

polymer concentration (TP) as a function of the PEGDA content in the gel are presented in Figure 

5-1. In each group (with constant polymer content), pure MCS gel had the highest swelling ratio 
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which declined with increasing the PEGDA content in the gel and pure PEGDA was the least 

swollen gel in each group. For example, the swelling ratio of 10 wt% MCS reduced to only about 

17% the original value in 80% MCS-20% PEGDA copolymer and the swelling of 10 wt% 

PEGDA gel was only about 2.5% the original MCS value. The swelling ratio also decreased with 

increasing total polymer concentration in the system in both cases of pure gels and copolymers 

with the lowest values for the group with 40 wt% polymer.  

 

 

Figure 5-1 Swelling ratio for MCS–PEGDA700 gels with increase in PEGDA wt% (dry basis) 

and total polymer concentration at synthesis. The swelling ratio of MCS10 wt% was 212±75 and 

not shown above. The swelling ratio decreased with increasing the PEGDA concentration and the 

overall concentration of the gels. Lines are drawn to guide the eye. Values are mean ± standard 

deviation, n=5. 

 

 Mechanical characterization 5.4.2

The next step to characterize the microstructure of the gels and to evaluate the 

copolymerization effectiveness was to measure the variations in moduli (Young’s and shear) and 
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crosslink density. Combining the mechanical test data with the swelling behavior, one can 

qualitatively assess the copolymerization effectiveness of the gels through crosslink density 

calculation (Equation 5.4). Detailed mechanical test results and the calculated network properties 

for Section 5.4.1 gels are presented in Table 5-1. The fracture properties, Young’s modulus, and 

E/G ratio of the gels are presented in this table. Corresponding shear moduli for Table 5-1 gels are 

plotted as a function of their PEGDA content in Figure 5-2. 

 

Table 5-1– Mechanical properties of MCS - PEGDA copolymers 

Total 
Polymer 
Content 
(wt%) 

Composition 
(%) 

E (kPa)
a
 

Statistical 
Group

b
 

E/G
a
 

Fracture Stress 
(kPa)

a
 

Fracture Strain 
(%)

a
 

MCS  PEGDA  

10 

100 – 6.6±2.4 A 2.52±0.13 2.54±0.71 27.3±2.1 

80 20 159±27  B 3.50±0.38 31.6±7.0 19.4±2.6 

50 50 146±23 B 3.07±0.44 65.0±24 31.1±5.0 

20 80 243±29 C 2.90±0.14 186±27 40.6±2.3 

– 100 27.5±2.0 D 2.29±0.05 98±38 56.0±4.6 

15 

100 – 222±36 A 3.7±2.0 

 

30.6±9.0 15.4±2.4 
87 13 786±69 B 3.58±0.15 99.9±7.9 14.2±1.0 

50 50 780±170 B 3.47±0.43 180±33 22.9±2.2 

20 80 758±120 B 2.99±0.13 402±84 33.7±1.9 

– 100 170±27 A 3.03±0.22 225±49 54.0±3.1 

30 

100 – 660±180 A 3.48±0.29 69±15 12.29±0.56 

83 17 2090±26
0 

C, D 3.51±0.10 206±28 11.21±0.66 

67 33 1360±76 B 3.46±0.06 141.3±9.1 11.35±0.81 

50 50 1730±60 B, C 3.33±0.08 281±78 16.0±4.0 

20 80 3170±22
0 

 
 

E 3.16±0.17 

 

1120±170 27.3±2.8 

– 100 2400±42
0 

D 2.98±0.25 1260±330 33.6±5.0 

40 

100 – 1320±47
0 

A 3.42±0.09 122±46 11.00±0.41 
87 13 2570±24

0 
A, B 3.58±0.07 269±45 13.1±1.7 

75 25 2170±19
0 

A, B 3.83±0.15 211±19 12.15±0.67 

50 50 2600±92 A, B 3.46±0.07 1180±150 34.0±2.2 

20 80 4330±37
0 

C 3.13±0.07 1630±240 29.2±2.1 

– 100 3350±31
0 

B, C 3.09±0.19 1310±300 29.0±4.6 

a
 Reported values are measured in deionized water and n=5 for each group. 

b
 Each letter indicates a homogeneous statistical group which members have statistically different (p < 0.05) Young’s moduli from those 

marked by a different letter in the same group. 

 

The Young modulus and fracture stress of pure MCS gels increased with increasing 

concentration of the precursor solution. To examine statistical differences, in Table 5-1, 
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homogeneous subsets of Young’s modulus in each group are marked with A to E letters. While 

same letters refer to no statistical difference, different letters refer to p<0.05 between the two 

groups. For example, the Young’s modulus and fracture stress of pure MCS increased about 200 

times (from 6 kPa to 1.3 MPa, p <0.02) and 60 times (from 2.5 to 120 kPa, p < 0.02) with increase 

in MCS concentration from 10 to 40 wt%. Pure PEGDA gels showed a similar behavior when the 

concentration of polymer in the precursor solution was increased; e.g., 120 (p <10
-4

) and 13 (p 

<10
-3

) times increase in E and fracture stress of 40 wt% compared to 10 wt% PEGDA gels. An 

increase in E and fracture stress was observed with copolymerization of small proportions of 

PEGDA with MCS; e.g., in the 10 wt% group, the 80% MCS-20% PEGDA gel had a Young’s 

modulus (p <10
-4

) 24 times higher than the pure MCS gel. Equally stiff (high modulus) 

copolymers were made when the gels were dominated with PEGDA. For example, even though 

40 wt% PEGDA had an already high Young’s modulus of 3.3 MPa, the copolymer of 20% MCS-

80% PEGDA (both with 40 wt% total polymer) was 1.3 times stiffer. The calculated E/G values 

in all cases were reasonably close to 3 confirming the ideal elastomeric behavior.
32

 While MCS 

homopolymers had the lowest fracture strains which did not change with concentration in each 

group, copolymers with higher PEGDA content showed higher fracture strains and PEGDA 

homopolymers were the least brittle gels. 

As shown in Figure 5-2 the changes in shear modulus of Table 5-1 gels with PEGDA 

essentially followed the same trends as Young’s modulus and fracture stress. The G values of 

MCS homopolymers increased with increasing the gel concentration with 0.4 MPa for 40 wt% 

MCS as the highest. The shear modulus of pure PEGDA gels similarly increased with increasing 

the precursor concentration from 10 to 40 wt%. Copolymers of MCS-PEGDA showed higher 

moduli when either the MCS or PEGDA content was dominant in the copolymer gel (over 80 
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wt% on a dry basis). There were exceptions to increased modulus by copolymerization at 

intermediate compositions for which the shear modulus was comparable or below either 

individual pure gel; these samples had varying degrees of opacity. 

 

 

Figure 5-2 Shear modulus of MCS–PEGDA700 copolymers with changes in total polymer at 

synthesis and with increase in PEGDA wt% (dry basis). Copolymers showed higher moduli 

except for the cases with apparent phase separation. While smaller amounts of PEGDA in MCS 

improved the moduli, small proportions of MCS in PEGDA also significantly increased the 

moduli. Lines are drawn to guide the eye. Values are mean ± standard deviation, n=5. 

 

To further examine the copolymerization reaction and to separate the mechanical results from 

the swelling effect, crosslink densities for Table 5-1 gels were calculated based on Equation 4 and 

are plotted in Figure 3 as a function of the gels’ PEGDA content. For dilute gels (10, 15 wt% TP), 

in which copolymerizing MCS with PEGDA significantly improved the moduli, corresponding 

effect on ρx were plateau regions with crosslink densities 2 to 8 times higher than either individual 

homopolymer. The crosslink density of copolymers almost doubled with 5 wt% increase (from 10 

to 15%) in the overall gel concentration. In concentrated gels (30 and 40%), copolymers also 
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showed higher crosslink densities than homopolymers with the same amount of total polymer. 

However instead of the plateau region, there was an average increase in crosslink density (about 

2.5 and 1.3 times higher than pure MCS and PEGDA, respectively) upon increasing the PEGDA 

content of the copolymers.   

 

 

Figure 5-3 Crosslink density of MCS–PEGDA700 copolymers with increase in PEGDA wt% (dry 

basis). ρx combines the swelling and shear modulus effects providing a qualitative understanding 

of the reaction efficiency. The crosslink density of copolymers was higher than individual 

polymers depending on the MCS:PEGDA ratio. 

 

 Ionic strength effect on the moduli and fracture strain of copolymers 5.4.3

Polyelectrolyte gels are known to respond to the presence of counterions in the solution with 

changes in swelling degree.  Since in typical biomedical applications the gels are used in PBS, it 

was important to confirm whether the observed swelling trends and mechanical properties in 

water were reproducible in the presence of counterions. Therefore, the experiments of this section 

were carried out in saline and PBS solutions. 
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To study the changes in swelling, moduli, and fracture properties of MCS-PEGDA 

copolymers with ionic strength, sodium chloride solutions with orders of magnitude differences in 

concentration were prepared. In Figure 5-4, swelling ratio, shear modulus, and fracture strain of 

MCS 13 wt% homopolymer in water are compared with those equilibrated in 0.01, 0.1, and 1 M 

NaCl solutions. As shown in Figure 5-4, MCS gels equilibrated in water had the highest swelling 

ratio and Young’s modulus and the lowest fracture strain of all groups although neither of the 

values were significantly different (p <0.05) from those equilibrated in 0.01M sodium chloride 

solution. Increasing the salt concentration in solution to 0.1M and 1M, the swelling ratio of the 

gels was lowered to 60% and 20% of the original value and the shear modulus was lowered to 

30% and 20% of the original values in water respectively. The fracture strain of the gels in water 

increased from about 15% to 50% (p <10
-6

) when samples were equilibrated in 1M NaCl solution. 

To compare the moduli and fracture strains of MCS-PEGDA700 copolymers in water and in 

PBS side-by-side, these properties for the group with TP of 30 wt% are presented in Figure 5-5 (a, 

b). Similar to MCS homopolymer gels, the shear moduli of copolymers were higher in water 

while their fracture strains were higher in PBS. The non-ionic PEGDA homopolymer gel was the 

only formulation which was not affected by changes in the ionic strength of the solvent. As shown 

in Figure 5-5(a), the shear moduli of the copolymers followed the same trends in both water and 

PBS, increasing with increasing PEGDA content. After an intermediate drop in G at about 30 

wt% PEGDA in both cases, the shear moduli increased again as PEGDA became the dominant 

comonomer in the system. Considering the fracture strains (Figure 5-5 b), copolymers with higher 

MCS content were more brittle in both solutions but the fracture strains increased at all 

compositions in PBS relative to water.  
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Figure 5-4 Changes in swelling, shear modulus, and fracture strain of MCS 13 wt% gels as a 

function of salt concentration. Symbols represent the statistical difference (p < 0.05) from: 

swelling ratio (‡), Young’s modulus (*), and fracture strain (†) of 13 wt% MCS in water. Symbol 

# represents the statistical difference in all three properties from the gels swollen in 0.1M sodium 

chloride solution. The Young’s modulus and swelling ratio of MCS gels decreased with salt 

concentration while their fracture strain increased in the presence of salt.  

 

 

 Discussion 5.5

Chondroitin sulfate and poly(ethylene glycol) diacrylate have been examined by a number of 

groups as biocompatible tissue engineering platforms. As a main component of aggrecan, 

chondroitin sulfate adds bio-functionality to matrices of synthetic hydrogels and has been shown 

to increase the viability and matrix production of encapsulated cells.
7
 Poly(ethylene glycol) is a 

biocompatible polymer which has been widely used in tissue engineering applications.
33,34

 MCS-

PEGDA copolymers have been found to be promising hydrogel scaffolds to mimic properties of 

the natural ECM.
8,19,28,35

 Due to importance of GAG-PEGDA combinations in biomedical 

applications, the goal of this work was to understand composition-property relationship of these 

gels to probe how versatile structural designs can be achieved from these components. Further, 

due to limited fracture strains of GAG-based hydrogels, these gels are not fit for load bearing 
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applications. Understanding the underlying fracture mechanism and methods to improve the 

fracture strain of GAG-PEGDA gels was the second goal of this study. 

 

 

 (a) 

(b) 

Figure 5-5 Shear modulus (a) and fracture strain (b) of MCS–PEGDA700 copolymers (total 

polymer content 30 wt%) in water and in PBS 0.01M as a function of PEGDA wt% (dry basis). 

Copolymers showed higher shear moduli and lower fracture strains in water. 
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 Swelling 5.5.1

The equilibrium swelling ratio of non-ionic gels is determined by the balance between the 

osmotic pressures arising from polymer-solvent mixing (represented by χ parameter) and network 

elasticity determined by the extent of crosslinking in the system. However, for polyelectrolyte 

gels like MCS, osmotic pressure contributions (arising from the difference in concentration of the 

counterions between the gel and the solution) can substantially increase the swelling.
36,37

 This 

phenomenon is observed in Figure 5-1 where pure MCS gels showed the highest swelling in each 

group. Electrostatic forces can also contribute to the swelling of polyelectrolyte gels, though it is 

generally less significant than the ionic contributions.
38,39

  

As shown in Figure 5-1 for MCS-PEGDA copolymers, the swelling ratio decreased with 

increasing the PEGDA content of the gels, with pure PEGDA as the least swollen gel in each 

group. Increasing the non-ionic PEGDA content in constant polymer fraction would lead to a 

reduction of the total concentration of ionized MCS groups in the gel, thus reducing the swelling 

osmotic pressure of the copolymer gel.
40

 Furthermore, presence of PEGDA can substantially 

increase the crosslinking effectiveness of the gels by enhancing the growth of kinetic chains to 

incorporate macromer functional groups which otherwise would not be able to reach one another 

and engage in elastic junctions.
28

 The subsequent increase in crosslinking density would reduce 

the swelling degree of the gels as noted in Section 5.4.1.
41

 The decrease in swelling ratio with 

increasing polymer content can also be attributed to the increased crosslinking in the system due 

to presence of higher concentration of polymerizable vinyl groups, leading to enhanced 

crosslinking density.  
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 Mechanical characterization 5.5.2

As shown in Table 5-1 and Figure 5-2 and Figure 5-3, the mechanical properties of both pure 

and copolymer gels were dependent on the overall concentration as well as the MCS:PEGDA 

ratio in the system. The properties of the gels can be interpreted based on the composition in three 

main categories: homopolymer gels, MCS-dominated copolymers, and PEGDA-dominated 

copolymers. 

In homopolymers due to the presence of a higher concentration of readily 

photopolymerizable groups, Young’s and shear moduli, and fracture stress improved with 

concentration. The higher concentrations of crosslinkable groups can enhance the propagation of 

free-radical polymerization kinetic chains, thereby increasing the crosslink density. The effect of 

concentration on kinetic chains has been previously acknowledged in the literature.
42

 Increased 

crosslinking effectiveness is consistent with observations not only of the increased moduli, but 

also the lowered swelling ratios with concentration as discussed in Section 5.5.1. Although the 

fracture strain of ionic MCS homopolymers was reduced with concentration, it remained 

relatively low and below 30%. 

In MCS-dominated copolymers, the improvement in moduli and crosslink density with 

copolymerization with PEGDA was likely due to two primary reasons. First, considering the 

molecular weight differences between CS and PEGDA, higher diffusivity of PEGDA molecules 

during polymerization can help increase the reaction efficiency by overcoming the steric 

hindrances of CS macromer and growing the kinetic chains between otherwise inaccessible MCS 

methacrylate groups. Secondly, as the acrylate and methacrylate groups usually have different 

reactivity ratios (commonly 1.2 to 1.8 for methacrylate and 0.2 to 0.8 for acrylate monomers in a 

methacrylate-acrylate pair
43

), the reaction of the acrylates with the methacrylates favors cross-
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propagation, which favors crosslinking though the kinetic chains.
28

  

Similarly, in PEGDA-dominated copolymers, introducing MCS to the system improved the 

moduli and crosslink density (Figure 5-2 and Figure 5-3), especially in formulations with higher 

polymer concentrations. It has been shown previously that pure PEGDA structure consists of 

densely crosslinked regions of kinetic chains in a network of loosely entangled PEG chains.
44

 

Multiple methacrylate groups on CS can improve the crosslink density of inherently 

heterogeneous PEG structure by acting as a multi-functional crosslinker connecting the network 

domains together. The increased moduli and reduced swelling in PEGDA dominated gels in each 

group was an indication of more efficient crosslinking (Figure 5-3) due to the multifunctional 

nature of the MCS in the gel. A similar effect had been observed by copolymerization of PEGDA 

with methacrylated alginate.
15

 

Although copolymerization improved the moduli and crosslink density of both MCS- and 

PEGDA-dominated gels, the moduli and crosslink densities dropped when the ratio of the 

dominant component dropped below 4:1, as shown in Table 5-1 and Figure 5-3. This behavior 

was more pronounced in concentrated systems (30 and 40 wt%). Although the E/G ratios for 

these gels were still reasonably close to 3, these gels were visually opaque and disintegrated 

rather easily. Opacity in hydrogels is a hallmark of microscopic phase separation, and indeed it is 

well-established that PEG and polysaccharides phase separate at higher concentrations. Phase 

separation between solutions of PEG and dextran sulfate has been previously reported in the 

literature.
25,45

 Therefore, it is apparent that robust copolymer gels of this type can only be 

achieved at lower total polymer concentrations and at ratios where phase separation would not 

occur. Phase separation is an important concept to consider when any type of multicomponent 

hydrogel scaffold is being developed.
46 
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 Presence of salt 5.5.3

Swelling and moduli 

As discussed in Section 5.5.1, the swelling of polyelectrolyte gels depends upon polymer-

solvent interactions (χ parameter), the extent of crosslinking in the system, and the differences in 

ion concentrations between the interior and exterior of the gel. The parameter χ is not typically 

affected significantly by the ionic strength or pH of the solvent nor is the crosslink density. 

However, for polyelectrolyte gels like MCS, it is well-established that presence of salt in the 

exterior solution would disturb the established Donnan equilibrium of the counterions, reducing 

the ionic osmotic pressure and thus the swelling.
36

 The reduced swelling with increasing salt 

concentration in the medium (Figure 5-4) was consistent with this interpretation. In contrast, for 

pure PEGDA gels no change in properties with salt was observed, as expected for non-ionic gels. 

The simultaneous decrease in swelling and moduli of MCS gels in salt was unlike the 

behavior of non-ionic gels. Based on the rubber elasticity theory (with an assumption of Gaussian 

distribution for the chains), the shear modulus of a swollen polymer network is inversely 

proportional to the cube root of the swelling ratio and thus the modulus would increase when the 

gel is deswelled.
30,47

 However as shown in Figure 5-4 and Figure 5-5, while the swelling ratio of 

the MCS homo- and copolymers declined in salt, so did the moduli. This unconventional behavior 

arises from the high persistence length of chondroitin sulfate chains in water. For highly charged 

polyelectrolytes with limited chain extensibility, the distribution of polymer chains is no longer 

Gaussian and can be best described by inverse Langevin function.
30,48-50

 For relatively stiff 

biopolymers, however, wormlike chain models have been used to describe the polymer chains 

behavior.
40,51-53 

For such polymers, deviations from Gaussian distributions occur at much lower 

chain extensions (small strains) than for flexible coil polymers like poly(acrylic acid).
38,48,54,55

 The 
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stiffness of highly charged chondroitin sulfate gels arises from the high persistence length of CS 

chains in water. The persistence length has two different components: inherent and the 

electrostatic component.
51,52,56

 While presence of salt can lower or eliminate the electrostatic 

component, the inherently high persistence length would keep the chains still highly extended. 

Nevertheless, the lowered persistence length would shift the distribution of the chains toward 

Gaussian and as a result lower the modulus. The changes in moduli with the presence of 

counterions as observed in Figure 5-4 and Figure 5-5(a) are consistent with this hypothesis. 

Lowered moduli with presence of counterion for a limited number of polyampholyte and 

poly(acrylic acid) gels have been reported in the literature.
57,58

 Although for flexible 

polyelectrolytes the non-Gaussian behavior kicks in when the swelling is 100 or greater,
57

 due to 

intrinsic stiffness of CS, the observed non-Gaussian behavior for CS was at moderate swellings.  

   

Fracture strain 

Although the effects on chain stiffness resulting from counterion condensation on 

polyelectrolyte backbones have been intensively studied for several decades, the subject remains 

unsettled.
59

 Nonetheless while the changes in Young’s modulus with ionic strength of the solvent 

can be understood at least qualitatively as discussed in the previous section, the relationship 

between the fracture strain and the solvent ionic strength for polyelectrolyte gels is not very well 

studied. However, the same arguments advanced to explain the effects of salt on modulus can be 

used to interpret the effects on fracture strain.  

Unlike swelling and moduli, the fracture strain of MCS gels increased in salt solutions. As 

shown in Figure 5-5(b), the increase was proportional to the concentration of salt in solution. The 

highly extended nature of the CS chains in water is consistent with the observation of low fracture 
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strains: the chains cannot be extended to any great extent before rupturing. However, since salt 

reduces the persistence length of the CS,
51

 it is reasonable to expect that the chains can be 

extended to a greater extent before rupturing. This interpretation is also consistent with the idea of 

changes in the number of statistical chain segments with salt.
38

 While a lower number of 

statistical segments would result in rigid polymer chains with non-Gaussian statistics, increased 

number of statistical segments with salt would result in a higher number of conformations for the 

chain, lower moduli, and eventually higher fracture strains. Since additional crosslinking simply 

shortens the distance between crosslinking without substantially perturbing the chain 

conformation in these relatively lightly crosslinked gels, the fracture strain of the gels becomes 

solely dependent on the structural dimensions of the polyelectrolyte and remains independent of 

the crosslink density of the gels as shown in Table 1. 

 

 Conclusions 5.6

To design mechanically robust biopolymer gels, a better understanding of the reaction 

kinetics, polymer-solvent thermodynamics, and microstructure of these materials is necessary. In 

this work, it was shown how MCS and PEGDA comonomers can photopolymerize to copolymers 

with substantial differences in their swelling and mechanical properties. The results indicated that 

copolymerization of MCS with PEGDA can improve the moduli and crosslink density of the gels 

while it is not simply a linear average between the properties of individual components. While in 

MCS-dominated copolymers, PEGDA improved the crosslinking density by enhancing the 

growth of kinetic chains, in PEGDA-dominated gels MCS acted as a multi-functional crosslinker 

for the heterogeneous PEGDA structure. Depending on the application, either one of these 

combinations would be desirable.  
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The swelling, moduli, and fracture strain of MCS gels were dependent on the concentration 

of counterions in solution. While changes in swelling ratio were consistent with the classical 

swelling theory, the changes in moduli and fracture strain were more complex. It was speculated 

that changes in persistence length of the polymer with salt and the subsequent changes in 

conformation of the chains from non-Gaussian to Gaussian was the reason for softer gels with 

higher fracture strains in salt. The findings on the effect of comonomer ratios and salt on the 

mechanical properties of MCS hydrogels are applicable to other frequently used polyelectrolyte 

hydrogels. The findings are applicable in designing biocompatible polymer scaffolds with tunable 

properties for tissue engineering or drug delivery where the mechanics as well as composition of 

hydrogels determine the compatibility with the application.  
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6 Chapter 6: Crosslinking Hyaluronic Acid Hydrogels with Oligo(Ethylene 

Glycol) Diacrylates to Control Mechanical Performance 

 

 Abstract 6.1

Mechanical properties of meythacrylated hyaluronic acid (MHA) gels were controlled using a 

photoinitiated copolymerization with oligo(ethylene glycol) diacrylates (OEGDAs). Based on our 

previous findings of increasing the moduli of methacrylated chondroitin sulfate (MCS), we 

hypothesized that crosslinking with OEGDAs is an effective strategy for controlling the moduli of 

methacrylated hyaluronic acid (HA) as it is the most widely used glycosaminoglycan in 

biomedical applications. After crosslinking 13 wt% MHA (47% degree of methacrylation) with 

0.06 mol% of (EG)nDA, the swelling ratio of the MHA gel decreased from 27 to 15 (g/g) and 

shear modulus increased from 140 to 270 kPa as n increased from 1 to 13 units. Participation of 

macromer’s methacrylate and crosslinker’s acrylate groups into common kinetic chains was found 

to be the main mechanism of this copolymerization. The difference in the reactivity ratio of 

macromer and crosslinker was postulated to be the main reason for this efficient 

copolymerization. As the mass ratio of OEGDA to HA was relatively low (~0.037 to 0.15), this 

copolymerization is not expected to change the chemical or biological performance of the MHA 

gels. Therefore, this work highlights that copolymerization of methacrylated polysaccharides with 

low levels of OEGDAs is a simple yet effective technique to precisely control the swelling degree 

and moduli without significantly changing the micro-environment of such hydrogels. 
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 Introduction 6.2

Due to the desirable biological and viscoelastic properties of hyaluronic acid (HA), hydrogels 

made from HA have gotten considerable attention as biomaterials. Tissue engineering 

applications make use of HA-derived hydrogels to form biocompatible and degradable scaffolds.
1-

3
 In these applications, precise control of the water content and mechanical properties has been 

shown necessary to direct the proliferation and differentiation of encapsulated cells in the desired 

manner.
4
 Most commonly, these properties are adjusted by varying the concentration of the HA 

pre-gel solution, the degree of modification with crosslinkable groups of the HA backbone, or the 

molecular weight of the macromer.
5,6

 However, changes in the HA concentration and extent of 

modification can affect cellular behavior in ways unrelated to the moduli or water content of the 

gels. Furthermore, it can be difficult in practice to achieve the degree of batch-to-batch 

reproducibility in the substitution degree and molecular weight distribution of HA macromers 

necessary to meet target properties. By improving the mechanistic understanding of the HA gel 

formation by photopolymerization, one of the most commonly used methods for HA gel 

formation, this chapter presents a simple copolymerization strategy which can be used to tune the 

water content and moduli to desired values for a particular application. We originally developed 

this concept in a study of photopolymerized methacrylated chondroitin sulfate (MCS) hydrogels. 

In that work, we hypothesized that the observations made with MCS would be generalizable to 

other methacrylated polysaccharide gels; in this study, we have confirmed that hypothesis. 

Hyaluronic acid (HA) is a linear non-sulfated glycosaminoglycan (GAG) abundantly found in 

the mammalian ECM. In the ECM, HA is a core molecule connecting chondroitin sulfate and 

keratan sulfate to form aggrecan.
6
 Hyaluronic acid has been recognized for multiple roles within 

the mammalian tissue such as water homeostasis, protein binding within the ECM and the cell 
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cytosol
7
, and steric exclusion of other molecules. HA affects cell proliferation, differentiation, and 

motility by controlling the ECM elasticity and stiffness.
8-10

 HA has been used in biomedical 

applications due to wide range of obtainable molecular weights, diverse modification chemistry, 

possibility of enzymatic remodeling in cell culture, and non-adhesive nature towards the cell.
9
 

Excellent articles on the biological roles of HA, its modification chemistry and the biomedical 

applications of this polymer and its hydrogels provide further details for review.
7,11-17

 

Photoinitiated crosslinking of methacrylated HA (MHA) was selected as the method in this 

study due to the fast reaction kinetics, in vitro and in situ applicability, and biocompatibility of the 

method for tissue engineering applications.
18,19

 Crosslinking of MHA is the result of multiple 

macromers’ vinyl groups participation into common kinetic chains.
6,20,21

 It has been shown that 

copolymerization of 4-arm PEG-acrylate with MHA can increase the crosslink density of the gels 

compared to MHA homopolymer.
22

 MHA has also been copolymerized with PEGDA to modulate 

bioactivity.
23

 However, the role of PEG length and acrylate groups in the formation of kinetic 

chains and mechanical properties has not been clear. In this study, the nature of the crosslinking 

reaction is examined by a systematic study of the copolymerization of MHA macromers with a 

series of OEGDA oligomers which function as crosslinkers. By varying the length and functional 

groups of the oligomers, we show how the swelling and moduli of MHA gels can be tuned to 

selected values. 

The presence of residual vinyl groups after photopolymerization was shown in Chapter 4 

study on crosslinked methacrylated chondroitin sulfate (MCS) gels.
24

 Unreacted vinyl groups are 

indicators of polymerization inefficiencies, possibly a result of steric hindrances and structural 

conformation of CS (more discussed in Chapter 7). As CS and HA have similar structures with 

comparable conformation and persistence length values,
25

 we speculate that the low crosslink 
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densities of MHA gels (previously reported
22

) are due to similar reasons. In our MCS study 

(Chapter 4), it was shown that crosslinking mainly occurs through participation of the MCS and 

OEGDA functional groups into common kinetic chains. Therefore, introducing OEGDAs as 

crosslinkers to the system increased the gel fraction, crosslink density, and moduli of the gels. 

The length and functionality (acrylate vs. methacrylate) of the crosslinker significantly affected 

the efficiency of the crosslinking. Because of similar conformations and chemical functionality, 

we hypothesized that this approach would be similarly effective in the formation of biomedically 

important MHA gels. 

 

 Experimental section 6.3

 Materials 6.3.1

Sodium hyaluronate (41KDa-65KDa, research grade) was purchased from Lifecore 

Biomedical (Chaska, MN). Ethylene glycol diacrylate ((EG)1DA) (>90 %), di(ethylene glycol) 

diacrylate ((EG)2DA) (>75%), tetra(ethylene glycol) diacrylate ((EG)4DA) (technical grade), 

poly(ethylene glycol) diacrylate ((EG)13DA) (Mn 700), tetra(ethylene glycol) dimethacrylate 

((EG)4DMA) (>90 %), and glycidyl methacrylate (GMA) were obtained from Sigma-Aldrich (St. 

Louis, MO) and used as received. The photoinitiator Irgacure 2959 (I-2959) was acquired from 

Ciba (Basel, Switzerland). Mono-functional poly(ethylene glycol) methyl ether methacrylate 

((EG)9MEMA, Mn 500) and poly(ethylene glycol) methyl ether acrylate ((EG)9MEA, Mn 480) 

were also purchased from Sigma-Aldrich (St. Louis, MO) and used as received. 
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 Methacrylation of sodium hyaluronate 6.3.2

Methacrylation of sodium hyaluronate followed a procedure initially described by Leach et. 

al.
22

 In summary, 2.0 g sodium hyaluronate was dissolved in 200 ml deionized water: acetone 

mixture (50:50 mixtures) at room temperature. 4.4 ml triethylamine (catalyst), 4.4 mL glycidyl 

methacrylate and 4.4 g tetrabutyl ammonium bromide (phase transfer catalyst) were mixed 

separately and were then added slowly to the macromer solution. Magnetic stirring was used to 

ensure homogeneous mixing of the reactants in the solution. The reaction was carried out for 24 

hours under the fume hood at room temperature. After 24 hours, glycidyl methacrylate-modified 

HA (MHA) was precipitated using 20-fold volume acetone. After completely drying the 

precipitate to remove traces of volatile organic compounds, the precipitate was re-dissolved in 

deionized water, and after freezing at -20°C was lyophilized. 

 

 Calculation of degree of methacrylation of HA 6.3.3

The degree of methacrylation of HA was calculated from the relative peak area of 

methacryloyl proton shifts (peaks at 5.33, 5.64, 5.74 and 6.18 ppm) to HA’s methyl protons (1.95 

ppm). Degree of methacrylation was calculated as 47 mol% after 1 day of reaction (Appendix A). 

 

 Hydrogel preparation 6.3.4

Hydrogels were prepared from aqueous MHA solutions (13 wt%). For MHA gels 

copolymerized with OEGDA or OEGDMA, the concentration of the comonomer was fixed at 

0.06 mol% (total number of moles being the summation of crosslinker, MHA disaccharides, and 

water moles). To keep the molar concentration of acrylate/methacrylate groups constant (as the 

molecular weight of the crosslinker varied), the crosslinker mass fraction was changed from 0.48 
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to 2.0 wt%. To study the crosslinker functional group reactivity (acrylate vs. methacrylate) effect 

on polymerization efficiency, MHA gels with equimolar amounts of (EG)4DA and (EG)4DMA as 

crosslinker were prepared. Mono-functional poly(ethylene glycol) methyl ether methacrylate and 

poly(ethylene glycol) methyl ether acrylate were used to contrast the resulting gel properties with 

gels crosslinked with difunctional monomers.  

After dissolving MHA, crosslinker, and the photoinitiator (10
-3

 M) in deionized water, 

mixtures were centrifuged (for 1 minute at 850 rpm) to eliminate entrapped air bubbles. Solutions 

were then pipetted into rectangular silicon rubber molds (2 mm thick) adhered to a glass slide. 

After clamping the second glass slide on the top to keep out oxygen, samples were exposed to 

ultraviolet light of 312 nm (3.0 mW/cm
2
) for 15 minutes on each surface inside Spectrolinker XL-

1000 (Spectronics Corp., Westbury, NY) photocrosslinker. Using a 3 mm biopsy punch, samples 

were then cut into disks and were equilibrated in deionized water for 24 hours before mechanical 

testing.  

 

 Swelling ratio 6.3.5

Swollen samples were weighed and placed in an oven at 50 °C to dry for 24 h. The swelling 

ratio of the gels was calculated as the ratio of the swollen sample mass (ms) to its corresponding 

dry mass (md): 

q =
ms

md
                                                                            (6.1) 

The gel fraction (yield) was calculated as the ratio of the dried polymer mass to the polymer 

mass at gel formation: 

gel fraction =
md

 mc × polymer mass fraction
       (6.2) 
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in which mc is the cylindrical sample mass before swelling. 

 

 Mechanical testing 6.3.6

Compressive moduli (Young’s (E) and shear modulus (G)), fracture stress, and fracture strain 

of the hydrogels were determined under uniaxial compression of gel disks using RSA-III dynamic 

mechanical analyzer (TA Instruments, New Castle, DE). Under a stereomicroscope (10X), the 

diameter of the swollen gel disks were measured using a caliper. Samples were then loaded onto 

RSA-III. Compression plates were lubricated with mineral oil to reduce plate-gel adhesion. The 

tare load on the samples was 0.2 to 0.3 kPa. With a compression rate of 0.005 mm/s quasi-

equilibrium conditions was maintained in these experiments. The samples were pressed under 

compression until they began to split which was determined as the onset of a 1 kPa drop in the 

recorded nominal stress value. Young’s modulus of the samples was calculated as the slope of 

stress vs. strain as:
26,27

 

σ = Eε                                                                           (6.3)   

where ε =
L0−L

L0
  and L and L0 are the thickness of the deformed and undeformed specimen 

respectively. In this paper, the Young modulus was calculated when ε <0.1. Assuming the 

hydrogels as ideal elastomers, the shear modulus was calculated based on the neo–Hookean 

model as the slope of the stress vs. strain function (λ −
1

λ
2) as

26,27
: 

σ = G (λ −
1

λ
2)                                                     (6.4)   

where λ = L
L0

⁄ . In this paper, the shear modulus was calculated when (λ −
1

λ
2) < 10. 

The crosslink density (ρx) of the samples was calculated based on the affine model of rubber 

elasticity from Equations 6.5 as:  
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ρx =
G

RTϕ2
1/3

ϕ2f
2/3

                                            (6.5) 

where R is the ideal gas constant, T is the absolute temperature, ϕ2 is the polymer volume fraction 

in the swollen gel (inverse swelling), ϕ2f is the polymer volume fraction at network formation, and 

ρx is the effective crosslink density in the polymer network (moles per volume polymer). 

 

 Results and discussion 6.4

 Swelling ratio and mechanical properties 6.4.1

Figure 6-1and Figure 6-2 show the changes in swelling degree and shear modulus (Equations 1 

and 4 in the Materials and Methods section) of MHA 13 wt% gels with changes in crosslinker 

length (varying number of -CH2CH2O- repeat units). The molar concentration of the 

macromolecule disaccharide (~0.52 mol%) and crosslinker (~0.06 mol%) were kept constant 

throughout the experiment (total moles are the summation of monomer, crosslinker, and water 

moles). This molar concentration translated to 0.48 wt% to 2 wt% of crosslinker (increasing with 

the crosslinker molecular weight), and the mass ratios of OEGDA:MHA varied from 0.037 to 

0.15.  

As shown in Figure 6-1, the swelling ratio of the MHA homopolymer gel was the highest 

while addition of (EG)nDA reduced the swelling. After an initial reduction in swelling ratio when  

MHA was crosslinked with (EG)1DA, the swelling ratio was lowered steadily with (EG)13DA 

crosslinked gel as the least swollen in the group (less than 40% of the parent homopolymer). As 

shown in Figure 6-2, the shear modulus of MHA homopolymer was the lowest in the group; 

however, copolymerization with (EG)1DA increased the MHA shear modulus by 35%. The shear 

modulus increased with increasing the length of the ethylene glycol comonomer almost steadily, 

with MHA-(EG)13DA being the stiffest gel with G equal to 270±13 kPa. 
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Figure 6-1 Swelling ratio of methacrylated hyaluronic acid 13 wt% (DM 47%) - oligo(ethylene 

glycol) diacrylate 0.06 mol% ((EG)nDA) copolymer hydrogels as a function of crosslinker length. 

Swelling ratios of crosslinked MHA gels decreased as a function of ethylene glycol segment 

length in crosslinker. Mean value ± standard deviation, n=5.  

 

The calculated gel fraction (Equation 6.2), Young’s modulus (E) (Equation 3), E/G ratio, 

fracture stress, fracture strain, and crosslink density (ρx) for Figure 6-1 and Figure 6-2 gels are 

reported in Table 6-1. The gel fraction was the lowest in MHA homopolymer, only 0.83±0.01, 

demonstrating incomplete incorporation of the MHA macromer into the MHA gel. This effect 

was consistent with higher swelling degree and lower shear and Young’s modulus of MHA 

homopolymer. The close proximity of E/G value to 3 (Poisson’s ratio of 0.5) validated
28

 the ideal 

elastomer assumption for all copolymers which was used in calculating the crosslink density of 

the gels (Equation 6.5). As shown in Table 6-1, the Young’s modulus and fracture stress of the 

gels essentially followed the same trends as shear modulus. They both increased with increasing 

the crosslinker spacer length, although the fracture strain of the gels remained between 15 to 18% 

in all cases despite changes in crosslink density. In the calculated network properties, ρx increased 
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continuously with increasing the crosslinker length. The crosslink density of (EG)13 crosslinked 

MHA was 1.4 times higher than MHA homopolymer. 

 

 

Figure 6-2 Shear modulus of 13 wt% methacrylated hyaluronic acid (DM 47%) - oligo(ethylene 

glycol) diacrylate (0.06 mol%) copolymer hydrogels. Shear modulus of crosslinked MHA 

increased with the number of ethylene glycol repeat units in the crosslinker. Mean value ± 

standard deviation, n=5.  

 

Table 6-1-Mechanical properties of MHA 13 wt% (DM 47 mol%) gels. 

Crosslink-
er 

q (g/g) 
Gel 

Fraction 
E (kPa)

a
 G (kPa)

a
 E/G

a
 

Fracture 
Stress 
(kPa)

a
 

Fracture 
Strain (%)

a
 

𝝆𝒙 
(mol/m

3
) 

- 27.52±0.22 0.83±0.01 476±63 140±20 3.33±0.14 75.1±9.7 16.28±0.61 675.3±1.8 

(EG)1DA 22.30±0.53 0.88±0.02 667±56*
#
 190±16 3.50±0.01 85±16 15.3±1.6 818.0±6.4*

#
 

(EG)2DA 20.57±0.60 0.90±0.04 750±31*
#
 210±10 3.57±0.10 103.2±8.1 15.73±0.59 873.2±8.4*

#
 

(EG)4DA 17.49±0.27 1.00±0.02 820±75* 240±23 3.42±0.04 138±13 18.0±2.2 932.3±4.8*
#
 

(EG)13DA 15.76±0.37 1.00±0.03 949±30*
#
 270±13 3.54±0.14 145±30 16.8±2.5 957.2±7.5*

#
 

a
 Values are mean ± standard deviation with n=5. Groups marked with * are statistically different from MHA 13% homopolymer 

(p<0.001). # represents statistically significant difference from the value of the previous group in the table (p<0.05). 
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As discussed in Chapter 2 based on Flory’s classic theory, the swelling degree of a 

polyelectrolyte gel is determined by the balance between the osmotic pressures arising from 

polymer-solvent mixing, presence of counter ions, and forces originating from the effectively 

elastic junctions.
29

 The relatively high swelling ratio of MHA homopolymer is mainly resulted 

from ionization of glucoronic acid residues of HA. However, as Figure 6-1 shows the high 

swelling ratio of HA can be significantly reduced by copolymerization with oligo(ethylene 

glycol) diacrylates. Presence of small, mobile OEGDA monomers in the reaction can overcome 

the steric hindrances of the polysaccharide structure and increase the crosslink density. 

Copolymerization can also reduce the charge density per unit mass and increases the average 

Flory-Huggins χ parameter of the copolymer gel, although the amount of OEGDA is small. The 

increase in moduli (Figure 6-2 and Table 6-1) was also consistent with increased crosslink density 

of the gels (Equation. 5) and lowered swelling. We will discuss the effect of the crosslinker length 

on moduli in Section 6.4.2.  

 

 Crosslinking by formation of kinetic chains  6.4.2

To test the hypothesis that MHA crosslinking happens primarily via the formation of kinetic 

chains through covalent linking of multiple methacrylate and acrylate groups from different 

macromers and crosslinkers, rather than by linking macromers through the EG spacer, 

difunctional comonomers were replaced by a mono-acrylate comonomer. For a monoacrylate 

comonomer, crosslinking could happen only via participation of the functional group in kinetic 

chains. Poly(ethylene glycol) methyl ether acrylate ((EG)9MEA) was used in twice the molar 

concentration of the difunctional crosslinker (0.12 M vs. 0.06 M) to ensure equimolar 

concentration of the acrylate groups in both systems. Moreover, to further test the importance of 
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kinetic chains in crosslinking these gels, one mono- and one di-methacrylate crosslinker 

analogous to the acrylates, were copolymerized with MHA. In Figure 6-3 the shear moduli of the 

resulting gels are compared. As shown in this figure, mono-acrylate crosslinked MHA gel had a 

shear modulus of 172 kPa which was not significantly different from (EG)4DA crosslinked gel 

(212 kPa). However, both mono- and dimethacrylate crosslinked gels had lower moduli than 

homopolymer gels, with dimethacrylate crosslinked gel as the weakest of the group. 

 

 

Figure 6-3 Shear moduli of 13 wt% MHA gels (DM 47 mol%) crosslinked with: poly(ethylene 

glycol) methyl ether acrylate ((EG)9MEA), tetra(ethylene glycol) diacrylate ((EG)4DA), 

poly(ethylene glycol) methyl ether methacrylate ((EG)9MEMA), and tetra(ethylene glycol) 

dimethacrylate ((EG)4DMA). Mono-acrylate monomers were used in twice the molar 

concentration of diacrylate crosslinkers. Mono and diacrylate oligomers both increased the shear 

modulus while mono and dimethacrylate analogues lowered the MCS modulus.*p<0.005 vs. 

MHA homopolymer; # p<0.05 (n=5).  

 

The increased shear modulus of MHA after crosslinking with a mono-acrylate monomer was 

consistent with the hypothesis that in this system crosslinking mainly happens via the formation 

of kinetic chains, as observed previously in MCS gels.
24

 In other words, connection of two MHA 
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molecules via the (EG)n spacer of the diacrylate crosslinker is NOT the main crosslinking 

mechanism. Higher molecular weight diacrylate crosslinkers improve the crosslinking efficiency 

because both acrylate groups can participate in either common or different kinetic chains. 

However in shorter diacrylates, the second group is less likely to be incorporated into elastically 

effective junctions as it is more probable to be involved in intramolecular reactions. The only 

reason for widespread use of difunctional over monofunctional monomers in this crosslinking 

scheme is that difunctional OEGDAs are more readily synthesized than the monoacrylates, and 

hence generally less expensive. Moreover, lower molecular weight OEGDAs were used in this 

study to test the influence of the chain size. In practice, higher molecular weight PEGDA (2 kDa 

or 3.4 kDa) would be preferred for cell encapsulation applications as these are less cytotoxic than 

shorter oligomers.
30

 The similarity of the findings of this study and our previous MCS study 

supports the hypothesized generality of this crosslinking mechanism in methacrylated 

polysaccharide gels. Hence monomers other than ethylene glycol derivatives can be used by this 

scheme as long as they have desirable biocompatibility and suitable reactivity ratios, as will be 

discussed in the next section. 

 

 Reactivity ratio effect 6.4.3

The greater shear moduli of MHA-OEGDA copolymers relative to MHA-OEGDMA 

copolymers (Figure 6-3) were similar to the behavior of crosslinked methacrylated chondroitin 

sulfate gels.
24

 The differences between methacrylate and acrylate crosslinked MHA are 

hypothesized to depend on the reactivity ratios in methacrylate-acrylate copolymerizations. In 

these systems, the reactivity ratio for methacrylated comonomer is usually greater than one (~1.2 

– 1.8), thus favoring homopropagation, while for acrylates it is less than one (~0.2 – 0.8), thus 
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favoring cross-propagation.
31

 Since efficient crosslinking in this system is the result of 

incorporation of macromers and low molecular weight monomers into common kinetic chains, it 

stands to reason that a tendency toward cross-propagation will enhance the development of 

kinetic chains which incorporate both molecules, especially when the macromer is in excess. This 

concept has important implications for selection of macromer and crosslinker functional groups, 

as it suggests that the macromer should be a methacrylate and the low molecular weight monomer 

should be an acrylate for the most efficient crosslinking. In this case, the acrylate monomer will 

favor reaction with the methacrylated macromer over reaction with like monomers. A 

methacrylate monomers’s tendency toward homopropagation would increase its consumption in 

homopolymer chains, leading to depletion before full incorporation of the macromer’s groups into 

common kinetic chains. This will tend to be true even if the macromer is acrylated, especially 

considering the steric constraints on the macromer acrylate groups. It is logical to suggest that 

these concepts could be extended to other macromer/monomer combinations created by free 

radical copolymerizations. 

 

 Comparison between photopolymerized MHA and MCS hydrogels 6.4.4

Our hypothesis that crosslinking efficiency of methacrylated polysaccharides is improved by 

copolymerization with low molecular weight comonomer has been confirmed by extending the 

concept from MCS to MHA. In both cases, introducing lower molecular weight OEGDAs 

increased the moduli and crosslink density of the gels, consistent with our hypothesis of 

crosslinking via common kinetic chains. The previously studied MCS gels with 24 and 34 mol% 

substitution degrees showed swelling ratios of 234 and 44 (g/g) respectively. The measured 

swelling ratio for MHA gels with changes in substitution degree in the literature shows a similarly 



 

126 

sharp drop in swelling ratio from 93 to 38 (g/g) when the HA methacrylation increased from 14 to 

23 mol%.
5
 Therefore, the degree of methacrylation controls the swelling of the gels as previously 

suggested.
24

 Moreover, while MCS gel (13 wt%) with 34 mol% methacrylation yielded a 

crosslink density of 225 mol/m
3
, 47 mol% methacrylated HA yielded 3 times higher density of 

675 mol/m
3
.
24

 While the degree of substitution can be considered the main reason for these 

variations, structural differences between MHA and MCS can be another potential reason. 

Furthermore, both mono- and dimethacrylate crosslinkers suppressed crosslinking MHA gels 

similar to MCS gels. In both MCS and MHA cases, increases in crosslink density did not change 

the fracture strain of the gels, suggesting that fracture strain to be a characteristic of the GAG 

conformation rather than its degree of crosslinking and will be further discussed in Chapter 7. 

 

 Conclusions 6.5

Hyaluronic acid gels are one of the most widely used biopolymer gels used in biomedical 

applications. Simple methods to fine-tune mechanical properties of HA gels to precise values 

without significantly changing the composition of the material are highly valuable since the cells’ 

responses are dependent on the mechanical properties of their microenvironment. In this study, 

we showed how using even small amounts of oligo(ethylene glycol) acrylate (mass ratio of 

crosslinker : MHA from 0.037 to 0.15) can readily tune the swelling, moduli and crosslink density 

of MHA gels to desired values. Tuning the properties by this method will be much simpler than 

doing so by varying the polymer molecular weight, degree of substitution or concentration. 

Further, since it can be difficult to avoid batch-to-batch variability of these substituted 

biopolymers, this study suggests a simple way to adjust for such variations by slight changes in 

comonomer ratio. Additionally, this technique could be used to create well-crosslinked gels from 

more lightly modified hyaluronic acid macromers, which would help maintain desirable 
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biological activity of the HA. Higher molecular weight PEG acrylates that have better cell-

compatibility than the OEGDAs could be used with the same strategy to design biomaterials with 

improved mechanical properties for cell encapsulation purposes. 
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7 Chapter 7: Modulating Glycosaminoglycan (GAG) Chain Conformations 

by Salt and the Effect on Mechanical Properties of Gels 

 

 Abstract 7.1

The fracture properties of methacrylated chondroitin sulfate (MCS) and methacrylated hyaluronic 

acid (MHA) gels in salt were measured to understand the fracture mechanism in these hydrogels. 

While MCS and MHA gels were brittle in water and fractured at low strains, in salt the fracture 

was delayed to higher strains. It was hypothesized that changes in chain conformation of CS and 

HA in salt solutions were the reason for the delayed fracture. Relatively stiff and brittle MCS 13% 

in water (swelling degree (q) of 44) turned into blobs (q of 6) in I=3M CaCl2 solution. The 

Young’s moduli of MCS 13% and MHA 13% also dropped from 142 and 480 to 0.3 and 35 kPa 

in 1M CaCl2 solution. Lowered moduli in salt were interpreted as the transition of non-Gaussian 

polyelectrolyte chains from highly extended toward less extended Gaussian distribution with 

more possible conformations. Therefore, higher stiffness of MCS in water could be partly due to 

non-ideal behavior of the chains with higher persistence length although it was shown in previous 

chapters that MCS followed ideal elastomeric behavior. The observed irreproducible mechanical 

properties after an exposure to salt suggested that counterions might have secondary interactions 

with the polymer other than the effect on chain conformation. In MCS and MHA based double 

networks (DN), the moduli of the gels were reduced with salt concentration; even though the 

swelling degree did not change significantly. Since the chain conformation of the first network 

would shift to less extended regime in salt, improved properties of DNs were consistent with the 

hypothesis that entanglement of the first and second network chains was a main contributing 

mechanism. 
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 Introduction 7.2

The presence of negatively charged 𝑆𝑂3
−

and 𝐶𝑂𝑂− on chondroitin sulfate (CS) and 𝐶𝑂𝑂− 

on hyaluronic acid (HA) backbones makes these biopolymers polyelectrolytes (PE). Presence of 

fixed charged groups affect the conformation of PE chains and introduces complexities to 

swelling and mechanical behavior of these hydrogels. Despite development of complicated 

scaling theories and decades of study, there are still questions regarding the polymer-ion 

interactions and specifically counterion condensation on polyelectrolyte chains that impact the 

polyelectrolyte behavior.
1
 Especially, correlating the fracture properties of crosslinked 

polyelectrolytes to their molecular level interactions remains a challenge. In this chapter, the main 

goal is to understand the fracture properties of CS- and HA-based gels. The previous chapters 

have shown despite improved moduli, the fracture strain of these gels remained fairly low. The 

key hypothesis being investigated here is low fracture strain is a result of the highly extended 

chain conformation and high persistence length of GAGs in water and can be increased by 

reducing the polymer persistence length with salt. 

The persistence length (Lp) of a polymer represents the length over which the polymer 

continues in a given direction before changing to another and is related to the chains rigidity.
2
 

Thermodynamically speaking, the persistence length is the length over which entropic 

contributions affect elasticity of the chains. The persistence length of a polymer is then a function 

of side chains, excluded volumes, and presence of charges on the polymer.
2
 The persistence 

length of a PE can be described as the sum of inherent and electrostatic persistence lengths 

(𝐿𝑃 = 𝑙𝑖𝑛ℎ + 𝑙𝑒𝑙𝑒𝑐).
3,4

 While the former is a characteristic of the polymer structure and 

independent of solution, the latter depends on the solution environment (i.e. presence and type of 

counter ions, pH, etc) and to what extent the fixed charges (on the polymer) are screened (Debye 
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length). Higher persistence length would reduce chain flexibility by lowering the number of 

statistical chain segments
5
 (which can freely move) and make the chains highly extended in 

solution.  

In scaling theories, different charge effects happen at different length scales of 

polyelectrolyte. The chain conformation of a polyelectrolyte is described in terms of three scaling 

lengths (𝐷, 𝑟𝑠𝑐𝑟 , 𝑎𝑛𝑑 𝜉 ) as illustrated in Figure 7-1. The size of the electrostatic blob (𝐷) is 

dependent on polymer/solvent interactions and the degree to which the chains are ionized.
6
 Next 

is the scale that electrostatic interactions among the fixed charges become significant (𝑟𝑠𝑐𝑟). The 

characteristic size ( 𝑟𝑠𝑐𝑟) is proportional to the Debye length and depending upon the charge of the 

chain and the quality of the solvent (good, theta, or poor) can be either larger or smaller than the 

Debye length.
7
 The persistence length of the polymer is also proportional to the characteristic 

length. At high enough polymer concentrations (higher than overlap concentration), the polymer 

is a Gaussian coil with correlation blob (𝜉) equal to characteristics size.
6
 Even though these 

definitions are rather complicated, the main goal is to relate the degree of swelling of a 

polyelectrolyte to the effective range of electrostatic charges (screening blobs, 𝜉𝑝). For low 

swelling when 𝜉𝑝 > 𝜉  the chain of correlation blob is stretched. At intermediate swelling 

 𝜉 > 𝜉𝑝 > 𝐷 and at high swelling  𝐷 > 𝜉𝑝 the polymer is so stretched that the chain segments 

wihtihn the electrostatic blob are also stretched. Based on the scaling theory, the modulus of a gel 

is proportional to the degree of swelling and therefore to the electrostatic interactions among the 

length scales. One important note to make here is at high swelling degrees when 𝐷 > 𝜉𝑝, the 

statistics of the chain is no longer explained by Gaussian distribution and rather should be 

explained by inverse Langevin or similar models.
8
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Figure 7-1- Different length scales of a PE chain. 𝐷 is the polymer/solvent interaction scale, 𝑟𝑠𝑐𝑟 

is the electrostatic screening length and ξ is the correlational scale. Note that 𝐷 <𝑟𝑠𝑐𝑟<ξ. Reprinted 

with permission from Rubinstein et. al. Macromolecules 1996, 29, 398-406. Copyright (1996) 

American Chemical Society. 

 

To fully characterize the behavior of CS or HA chains in solution, both components of the 

persistence length should be considered. The inherent components of the persistence length for 

CS and HA are relatively large (about 70 Å compared to 12 Å
9
 for flexible poly(acrylic 

acid)).
3,4,10 

For biopolymers with large linh, worm-like chain (WLC) elasticity model is usually 

used to describe chain behavior in solution.
11

 The scaling theories can be used to describe the 

changes in the electrostatic component (lelec) of the persistence length. In these theories, the 

hierarchy of length scales is correlated with the compelling forces at each scale. The 

combinatorial effect of inherent and electrostatic persistence lengths in polyelectrolytes results in 

deviations from what Gaussian-based models predict for force-deformation of elastic chains. 

Theses deviations have been associated with the limited chain extensibility of highly swollen 

polyelectrolyte gels.
12,13

 

To improve the fracture properties of polyelectrolyte gels, double network (DN) hydrogels 

have been introduced in the past decade. Double network hydrogels, by definition
14

, are made of a 

first highly crosslinked and brittle PE network with a second loosely crosslinked ductile network. 
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Unlike the properties of the first PE network (low modulus and fracture strain), improved 

mechanics are prime characteristics of DN gels.
14-18

 In spite of numerous publications on double 

network gels, there still does not exist a general consensus as the toughening mechanism in these 

hydrogels. However, two dominant theories have been proposed to explain the unusual toughness 

of DN hydrogels. One theory proposes that fracture of covalent sacrificial bonds in the first PE 

network accounts for higher modulus and toughness of DN gels
19

, though this theory does not 

explain the observed reversible compressibility of DNs.
20

 Should the fracture of the first network 

be the only toughening mechanism, then DN applications are limited. The second theory, 

however, emphasizes on the entanglement of chains between the first and second network
21

 as the 

main reason for the observed anomalies in DNs. To clarify some of these ambiguities, this chapter 

explores the fracture properties of polyelectrolyte-based DNs using findings from polyelectrolyte 

homopolymers in salt solutions.  

In current work, studying single network (SN) MCS and MHA behavior in salt, the 

equivalent responses of DNs are investigated. In SN, the hypothesis is that decreasing the 

persistence length of MCS and MHA with the presence of counterions would lower the modulus 

and increases fracture strain of these gels. Based on this hypothesis, presence of salt would 

increase the number of potential conformations for a chain of given contour length. This transition 

is speculated to make the chains more compressible (higher fracture strain) while an already 

extended chain in water would be closer to rupturing. Similarly, a chain with higher number of 

conformations (i.e. Gaussian distribution) is expected to show lower moduli while a gel with 

extended chains (i.e. non- Gaussian distribution) is postulated to be stiffer (rod-like). The second 

hypothesis was lowered persistence length would reduce or eliminate the fracture of the PE 

sacrificial covalent bonds in a DN structure. This would help test the prevalent hypothesis that the 
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DN toughening effect is due to fracturing of the brittle PE network. This study is the first case of 

using HA in a DN setting and to show the significantly improved properties of this biopolymer in 

a double network structure. As MCS and MHA are both biocompatible biopolymers, 

understanding the salt effect on properties of double networks is highly valuable to design and 

tune double networks in biological applications. 

 

 Experimental work 7.3

 Materials 7.3.1

Chondroitin sulfate A sodium salt (CS type A 70 % balanced with type C; from bovine 

trachea) was purchased from Sigma-Aldrich (St. Louis, MO). Sodium hyaluronate (41KDa-

65KDa, research grade) was purchased from Lifecore Biomedical (Chaska, MN). The 

photoinitiator Irgacure 2959 (I-2959) was acquired from Ciba (Basel, Switzerland). Acrylamide 

(AAm), crosslinker N,N’-methylenebisacrylamide (BisAAm), magnesium chloride anhydrous 

(≥98%) and sodium chloride (≥99%) were obtained from Sigma-Aldrich (St. Louis, MO) and 

used as received. Ultra-filtered deionized water (UFDI water) and calcium chloride anhydrous 

(pellets, 4-20 mesh) were purchased from Thermo Fisher Scientific (Waltham, MA) and were 

used as received. 

 

 Synthesis of double network gels of MCS and PAAm 7.3.2

Formation of first network MCS 

After dissolving methacrylated chondroitin sulfate (DM 34 mol%), crosslinker, and the 

photoinitiator (10
-3

 M) in deionized water, mixtures were centrifuged (for 1 minute at 850 rpm) to 

eliminate any entrapped air bubbles. Solutions were then pipetted into rectangular silicon rubber 
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molds (2 mm thick) adhered to a glass slide. After clamping the second glass slide on the top to 

keep out oxygen, samples were exposed to ultraviolet light of 312 nm (3.0 mW/cm
2
) for 15 

minutes on each surface inside Spectrolinker XL-1000 (Spectronics Corp., Westbury, NY) 

photocrosslinker. Using a 3 mm biopsy punch, samples were then cut into disks and were 

equilibrated in acrylamide solution for 24 hours before second step polymerization.  

Methacrylated hyaluronic acid (MHA) gels were prepared similar to MCS gels. The 

methacrylation procedures of chondroitin sulfate and hyaluronic acid were adopted from 

literature.
22,23

 Methacrylated products were then characterized using 
1
H-NMR for the degree of 

substitution (DM). DM was calculated as the ratio of the relative area of methacryloyl proton 

shifts (peaks at 5.33, 5.64, 5.74 and 6.18 ppm) to CS’s methyl protons (1.95 ppm). The degree of 

methacrylation of CS and HA were calculated to be 34 and 47 mol%. 

 

Formation of second network PAAm 

To make the acrylamide solution, a conventional gel formation notation T × C was used to 

describe the concentration of monomer and crosslinker. In this notation: 

 

T =
monomer mass + crosslinker mass  (g)

water volume (ml)
× 100       (7.1) 

C =
crosslinker mass

monomer mass + crosslinker mass 
× 100         (7.2) 

 

After dissolving monomer, crosslinker and photoinitiator (10
-3

 M) in water, the solution was 

bubbled with nitrogen. Then, MCS cylindrical samples were added and the jars were caped 

quickly and wrapped in aluminum foil to keep air and light away from the samples and kept in the 
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fridge at 4°C overnight. After 24 hours, the jars were transferred to Spectrolinker XL-1000 

(Spectronics Corp., Westbury, NY) photocrosslinker inside a glovebox (MBraun, Stratham, NH) 

to photopolymerize. As oxygen is a free radical scavenger and has inhibitory effects on 

polymerization of acrylamide, polymerization of acrylamide in an oxygen-free environment was 

necessary. After exposing samples to 312 nm UV light for 30 minutes, samples were taken out 

and equilibrated in deionized water and different concentrations of NaCl, MgCl2 and CaCl2 

solutions to swell. 

 

 Swelling degree and mechanical testing 7.3.3

Swollen samples were weighed and placed in an oven at 50 °C to dry for 24 h. The swelling 

degree of the gels was calculated as the ratio of the swollen sample mass (ms) to its corresponding 

dry mass (md): 

q =
ms

md
                                                                                     (7.3) 

Young’s modulus (E) and fracture properties of the gels were determined under uniaxial 

compression of gel disks using RSA-III dynamic mechanical analyzer (TA Instruments, New 

Castle, DE). The diameter of the swollen gel disks was measured using a caliper under a 

stereomicroscope with 10X magnification and the height was determined by the RSA-III. 

Compression plates were lubricated with mineral oil to reduce plate-gel adhesion. The specimens 

were mounted with a tare load of 0.2 to 0.3 kPa. A compression rate of 0.01 mm/s was 

determined to maintain quasi-equilibrium conditions and was kept constant throughout the 

experiments. A compressive force was applied until samples fractured, which was determined as 

the onset of a 1 kPa drop in the recorded nominal stress value.  
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The Young’s modulus was calculated from the initial slope of the stress (σ)-strain (ε) data 

for ε =
L0−L

L0
 < 0.1 (in which L and L0 are the thickness of the deformed and undeformed 

specimen respectively):
13

 

σ = 𝐸𝜀                                                                              (7.4) 

For ideal elastomeric hydrogels, the shear modulus can be calculated from the slope of the 

stress vs. strain function (λ −
1

λ
2) as: 

𝜎 = 𝐺 (λ −
1

λ2)                                                        (7.5) 

in which λ is the ratio of deformed to underformed thicknesses respectively. For an ideal elastic 

gels the stress vs. strain function plot is linear up to a strain function of about 10. However, for 

non-ideal elastomeric materials, for strain function of about 1 this relationship became non-linear. 

The ionic strength of the gels was calculated as: 

𝐼 =
1

2
∑ 𝑐𝑖𝑧𝑖

2

𝑛

𝑖=1

                                                           (7.6) 

in which 𝑐𝑖  is the molar concentration of the ion i and 𝑧𝑖 is the charge number of that ion. 

The toughness was calculated from the area under the stress-strain curve up to fracture (work 

to fracture). Toughness was calculated by integrating the stress-strain curve from zero 

deformation to fracture. 

To examine the Gaussian vs. non-Gaussian behavior of the gel samples, the Mooney-Rivlin 

equation was used to plot the reduced stress [f*] versus deformation.
24

 The Mooney-Rivlin 

equation provides a more sensitive way to identify deviations from the ideal elastomeric behavior 

than stress vs strain curves, especially at small deformations.
25
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[𝑓 ∗] =
𝜎

(𝜆 −
1
𝜆2)

= 2𝐶1 + 2𝐶2

1

𝜆
                                     (7.7) 

 Results 7.4

In this section, the swelling degree and fracture properties of single network MCS and MHA 

gels in the presence of monovalent (Na
+
) and divalent (Ca

2+
 and Mg

2+
) counterions are studied in 

7.4.1. In Section 7.4.2, the swelling and fracture properties of DNs in the presence of the same 

counterions are investigated. 

  

 Single network gels 7.4.1

Swelling degree 

The swelling degrees of MCS single network (SN) gels in water and selected salt solutions 

are plotted in Figure 7-2. The swelling degree of MCS gel was the highest in water and declined 

as the ionic strength of the solution increased. In salt solutions, MCS had a higher swelling degree 

in 0.1 M solution of NaCl (I=0.1 M) while an increase in NaCl content of the solution (from 

I=0.1M to 3M) lowered the swelling to about a fifth of the value in water. A similar decrease in 

swelling degree with ionic strength of divalent CaCl2 solution was observed. At equal ionic 

strengths, the swelling degree of samples equilibrated in NaCl or CaCl2 or MgCl2 solutions were 

relatively close. To test the effect of persistence length on crosslink efficiency, MCS was also 

made in 1 M CaCl2 solution and then equilibrated in water. It was hypothesized that lowering the 

persistence length in salt would increase the crosslink density. Visually this sample was opaque. 

The swelling degree of this sample (marked with * in Figure 7-2) was less than half of the 

swelling degree of MCS synthesized in water (both measured in water). Figure 7-3 shows the 

swelling degree of SN MHA gels in water, CaCl2 and NaCl salt solutions. While the swelling 
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degree of MHA in water was not as high as that of MCS gel, at higher ionic strengths (I=3M) 

MCS and MHA had comparable swelling degrees. 

 

Figure 7-2 Swelling degree of single network (SN) MCS 13 wt% as a function of solution ionic 

strength (I). Symbols refer to water (), NaCl (□), MgCl2 (∆) and CaCl2 (◊) solutions. *Sample 

was made in CaCl2 1M solution and equilibrated in water. The swelling degree of MCS 13% in 

water was 44.6±3.9 g/g. The swelling degree was a function of salt concentration. 

 

Moduli and Fracture Properties 

The swelling, Young’s modulus, toughness, and fracture properties of MCS single network 

gels in water versus selected salt solutions are compared in Table 7-1. In salt, the gels deviated 

from the neo-Hookean behavior (i.e. did not have linear stress-strain function behavior). 

Therefore, even though the shear modulus values were calculated in water (as shown in previous 

chapters) they are not reported here. Figure 7-4 shows the stress (σ)-strain (ε) curves for 

representative MCS 13% samples in water and selected formulations of salt. While the sample in 

water had a linear stress- strain relationship to fracture, samples in salt did not have linear 

behavior. The slope of the curves on average decreased with ionic strength of the solution. The 
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Young’s modulus of MCS 13 wt% was the highest in water while presence of salt in solution 

lowered the modulus. The changes in modulus were both a function of salt nature and the solution 

ionic strength. Within the same group (same counterion) the modulus was lowered with 

  

 

Figure 7-3 Swelling degree of single network (SN) MHA 13 wt% as a function of solution ionic 

strength (I). Symbols refer to water (),NaCl (□) and CaCl2 (◊) solutions. The swelling degree 

was a function of salt concentration.  

 

concentration. At the same ionic strength, the behavior of the gels was dependent on the nature of 

counterions. At I=0.1M, the Young’s modulus of MCS 13% in NaCl was twice that of the CaCl2 

solution. In I=1.5 or 3M samples in CaCl2 barely maintained the initial cylindrical configuration 

and the modulus was dropped below 1 kPa. But samples in NaCl remained cylindrical and their 

modulus was 10 to 20 times higher than those in CaCl2. Comparing NaCl and CaCl2 groups at 

similar ionic strengths, while the toughness of samples in NaCl was larger than CaCl2, the fracture 

strain of the gels in CaCl2 was greater than NaCl. At I=3M the Young’s modulus in MgCl2 
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solution was close to that of CaCl2. The modulus of the MCS sample made in 1M CaCl2 solution 

was less than a quarter of the control sample in water while the fracture strain was over two times 

larger.  

 

 

Table 7-1 Swelling and mechanical properties of MCS 13 wt% single network gels in water vs. 

selected salt solutions. An increase in the ionic strength of the solvent reduced the Young’s 

modulus while increased the fracture strain of the gels. Values are mean ± standard deviation with 

n=5. 

 

Salt 

q (g/g) 

Young’s 

Modulus 

(kPa) 

Toughness 

(kJ/m
3
) 

 

Fracture  

Stress 

(kPa) 

Fracture 

Strain (%) 
Type 

Concentr-

ation (M) 

Ionic 

strength 

(M) 

    - 

- 0 44.61±3.89 142±21 3.00±0.89 27.3±7.0 18.0±2.6 

3 (at synthesis) 0 16.40±0.72 29.4±2.9 5.70±0.75 50.0±8.2 42.5.±1.8 

NaCl 

0.1 0.1 25.99±0.43 40.1±4.5 4.40±0.99 39.1±9.4 33.1±2.1 

0.3 0.3 20.95±0.84 14.9±2.3 3.4±1.6 30±15 45.7±2.8 

1.0 1.0 10.97±0.96 26.6±7.9 10.0±3.2 78±18 66.2±4.7 

1.5 1.5 8.81±0.21 9.8±1.6 4.74±0.78 44±15 53.37±0.53 

3.0 3.0 5.95±0.07 3.66±0.53 2.80±0.28 34.5±4.4 57.8±1.3 

CaCl2 

0.033 0.1 24.1±2.1 19.3±4.3 5.58±0.84 48.0±9.4 46.6±1.6 

0.1 0.3 17.77±2.06 13.5±1.5 5.6±1.5 48.9±21.4 50.2±2.3 

0.33 1.0 12.6±2.0 1.39±0.46 0.99±0.20 9.3±2.2 58.3±1.9 

0.5 1.5 10.43±0.49 0.44±0.10 0.50±0.07 4.9±1.4 64.4±1.8 

1.0 3.0 6.44±0.34 0.37±0.10 0.54±0.07 4.13±0.41 67.8±3.2 

MgCl2 1.0 3.0 5.36±0.10 0.43±0.35 0.73±0.43 8.3±3.9 66.2±4.7 

 

 

Table 7-2 summarizes an experiment to examine the reversibility of the salt effect on MCS 

13% hydrogels. Reversibility in swelling and mechanical properties would be consistent with the 

effect of salt on chain conformation hypothesis. However, irreversibility would indicate presence 

of other contributing factor besides changes in chain conformation. For this experiment, five 

samples were equilibrated in selected NaCl and CaCl2 salt solutions and then were reswollen in 

water. While samples in NaCl reswelled to twice their mass in salt, the samples in CaCl2 swelled 

to about 1.5 times their mass in salt (regardless of the salt concentration). The calculated E/G 
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Table 7-2 Reversibility of salt effect on properties of MCS 13 wt% gels. When samples were 

reswollen in water after salt, only samples that were initially equilibrated in NaCl showed close to 

Gaussian behavior while samples initially equilibrated in CaCl2 were far from Gaussian behavior. 

One sample for each formulation was tested.  

 

no. Salt 
Concentr-

ation (M) 

Ionic 

strength 

(M) 

water 

swollen/ salt 

swollen (g/g) 

Young’s 

Modulus 

(kPa) 

Shear 

Modulus 

(G) 

E/G 
Fracture 

Stress (kPa) 

Fracture 

Strain (%) 

1 
NaCl 

0.3 0.3 1.97 49.3 19.6 2.5 15.4 22.9 

2 1.5 1.5 1.90 35.1 16.1 2.2 16.9 26.1 

3 

CaCl2 

0.033 0.1 1.52 37.1 14.9 2.5 13.2 25.2 

4 0.33 1.0 1.58 1.2 1.3 0.9 4.2 49.0 

5 0.5 1.5 1.68 0.7 0.7 1.0 2.2 49.3 

 

values in this table are only to show how far from ideal elastomeric condition (E/G~3) these gels 

were. While samples previously equilibrated in NaCl showed higher swolling ratios in water, the 

calculated E/G for these gels were also >2. The samples initially equilibrated in CaCl2 (I>1 M) 

had dramatically lower moduli and were irreversibly softer than others while fractured at notably 

higher strains (about twice the normal fracture range of 20%). 

A Mooney-Rivlin plot of reduced stress [f*] vs. inverse deformation (λ
-1

) for MCS 13 wt% 

gels in water and selected salt solutions is shown in Figure 7-4. The highest curve in this figure 

belongs to MCS samples equilibrated in water while the location of the curve was reduced with 

increasing ionic strength. While initially MCS in water did not have a linear Mooney-Rivlin 

behavior (even at small deformations), the curves turned into straight lines with increase in the 

solution ionic strength.  

Table 7-3 compares the swelling, Young’s modulus, toughness, and fracture properties of 

MHA 13 wt% gels in water versus selected salt solutions. The Young’s modulus of MHA was the 

highest in water while the fracture strain was the lowest as for MCS. While the fracture strain of 

the gels in CaCl2 was slightly higher than NaCl (at the same I), the corresponding Young modulus 

was lower in CaCl2 than NaCl solution. However unlike MCS, for MHA the effect of divalent 
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Ca
2+

 ions on elastic modulus was not as dramatic and E remained at 35 kPa (7% the original value 

for MHA in water vs. 0.3% for MCS).  

 

 

 

 

Figure 7-4 Representative stress (σ)-strain (ε) plots for MCS 13 wt% in water vs. selected salt 

solutions in compression mode. While MCS in water showed linear relationship to fracture point, 

samples in salt were not linear and the slope of the curves on average was lowered with ionic 

strength. 
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Figure 7-5 Representative Mooney-Rivlin plots for MCS 13 wt% as a function of salt content in 

solution in compression mode. The intercept of the curves represents the modulus while curved 

vs. linear plots refer to non-ideal vs. ideal behavior for the gels. The observed curvature for MCS 

in water suggests non-Gaussian behavior while in previous chapters it was shown MCS follows 

ideal elastomeric behavior. Presence of salt lowered the modulus of the gels presented by the 

lowered location of the curves with increasing ionic strength. The transition from non-linear to 

linear curves at higher ionic strengths was consistent with the hypothesis of chain transition to 

Gaussian distribution with salt. The inset curve shows the initial portion of the curves from 1.1 > 

𝜆−1> 1.0. 
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Table 7-3 Swelling and mechanical properties of MHA 13 wt% single network in water vs. 

selected salt solutions. An increase in the ionic strength of the solvent reduced the Young’s 

modulus while increased the fracture strain of the gels. Values are mean ± standard deviation with 

n=4. 

 

Salt 

q (g/g) 

Young’s 

Modulus 

(kPa) 

Toughness 

(kJ/m
3
) 

 

Fracture  

Stress 

(kPa) 

Fracture 

Strain (%) 
Type 

Concentr-

ation (M) 

Ionic 

strength 

(M) 

    - - 0 27.52±0.22 480±63 7.9±2.5 158±38 19.5±3.2 

NaCl 

0.1 0.1 18.44±3.76 120±17 28.8±5.3 240±45 42.8±1.5 

0.3 0.3 16.12±0.36 66.6±2.7 31.4±2.6 340±40 48.2±1.0 

1.0 1.0 8.73±0.32 83.1±5.9 46.3±4.8 420±110 52.5±2.3 

1.5 1.5 7.73±0.24 53.6±6.1 42.0±7.4 460±110 54.7±1.4 

3.0 3.0 4.77±0.08 53.8±4.3 51±13 490±150 57.8±2.0 

CaCl2 

0.033 0.1 19.13±0.41 73.9±16.5 32.7±7.3 320±80 47.7±1.2 

0.1 0.3 14.80±0.18 50.7±8.4 40.6±9.2 370±100 55.7±1.3 

0.33 1.0 11.22±0.20 38±14 35.9±7.8 429±82 59.35±0.29 

0.5 1.5 8.75±0.19 25.3±5.8 31.3±2.1 310±72 59.7±1.3 

1.0 3.0 5.38±0.16 35.6±8.4 41.4±2.7 420±80 61.9±1.8 

        * Tabulated are the values reached at the point of overload. 

 

 Double network gels 7.4.2

Swelling degree  

Figure 7-6 presents the swelling degrees of double network hydrogels MCS 13% - PAAm 

20×0.2 and MCS 13%-PAAm 20×1 in water and in the presence of CaCl2 and NaCl salt solutions. 

Although presence of salt reduced the swelling degree of DNs, this change was not significant 

and DN’s swelling in 1M solution of CaCl2 was about two thirds of their original value in water. 

Moreover, the differences in crosslinking of the second network (C value of 0.2 vs. 1) did not 

affect the swelling degree of MCS DNs. For I>0.5, the swelling degree of MCS 13%-PAAm 20×1 

double network was higher in CaCl2 than NaCl at equal ionic strengths.    

Figure 7-7 presents the swelling degrees of the double network hydrogels of composition 

MHA 13% - PAAm 20×0.2 (a) and MHA 13% - PAAm 20×1 (b) in water and in CaCl2 and NaCl 
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salt solutions. The swelling degree of both MHA 13 %- PAAm 20×0.2 and MHA 13 %- PAAm 

20×1 was lowered as a function of the solution ionic strength. Moreover, similar to MCS-PAAm 

DNs, q was independent of the crosslinking extent of the second network (within the experimental 

range) and remained constant. 

 

Figure 7-6 Swelling degree of MCS 13%- PAAm 20×0.2 (open symbols) and MCS 13%- PAAm 

20×1 (closed symbols) double network hydrogels. Symbols refer to MCS 13%- PAAm 20×0.2 in 

water () and CaCl2 (◊) and MCS 13%- PAAm 20×1 in water (●),CaCl2 (), and NaCl (). 

Higher ionic strengths lowered the swelling degree. For I>0.5, at equal ionic strengths the 

swelling degree was higher in CaCl2. Crosslinking of the second network (C) did not affect the 

degree of swelling. 

 

Mechanical Analysis 

In Figure 7-8 (a) and (b) representative stress vs. strain plots for double network gels of MCS 

13% - PAAm 20×0.2 and MCS 13% - PAAm 20×1 in water and selected salt solutions are shown. 

As these DNs did not show neo-Hookean behavior (Equation 7.5), full stress-strain curves are 

presented here for comparison. In both formulations, the slope of the stress–strain curve was 

higher in water than salt solutions. As shown in Figure 7-8 (b), at equal salt concentrations (but 

lower ionic strength) the slope was higher in sodium chloride than in calcium chloride. The sharp 
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increase in stress with strain was delayed in salt (especially in 1M CaCl2) and samples fracture at 

relatively high large strains.  

 

 

Figure 7-7 Swelling degree (q) of (a) MHA 13%- PAAm 20×0.2, (b) MHA 13%- PAAm 20×1 

double network hydrogels. Symbols refer to MHA 13%- PAAm 20×0.2 in water () and CaCl2 

(◊) and MHA 13%- PAAm 20×1 in water (●), NaCl () and CaCl2 (). Higher ionic strengths 

lowered the swelling. The swelling ratio was not changed with crosslinking of the second 

network  

 

Table 7-4 summarizes the swelling and mechanical properties of MCS 13%-PAAm 20×0.2 

and MCS 13%-PAAm 20×1 gels in water vs. selected CaCl2 and NaCl solutions. The calculated 

Young’s modulus of the gels was the highest in salt-free conditions and decreased with an 

increase in the ionic strength of the solution. In both formulation, there was a dramatic (6 to 8 

times) reduction of Young’s modulus from water to 1M CaCl2 solution; although unlike SNs the 

swelling degrees of these two groups were not considerably different (7.2 vs. 5.5 and 7.6 vs. 5.2 

g/g). There was a continous reduction in toughness and fracture stress in both DNs as the 

concentration of salt increased in the solution. For I>0.1, at equal ionic strengh, the modulus and 

toughness of gels in CaCl2 were lower than water which was similar to SN behavior. The fracture 
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strain, however, was not dependent on the salt concentration nor its nature. All double networks 

fractured at relatively high deformations (~65 to 75%). The higher toughness in DNs was mainly 

due to delayed fracture to higher stresses. 

 

   

  

Figure 7-8 Representive stress-strain of MCS 13%– PAAm 20×0.2 (open symbols) (a) and 

stress-strain of MCS 13%– PAAm 20×1 (closed symbols) (b) double networks in water vs. 

selected salt solutions. Symbols refer to gels in water (□ and ), CaCl2 0.1M ( and ●), CaCl2 

1M (∆ and▲), NaCl 0.1M(×) and NaCl 1M (). Double network gels in water had higher 

Young’s moduli while in 1M CaCl2 solution the slope of the plots was the lowest. 
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The representative stress-strain behavior of DN hydrogels of (a) MHA 13% - PAAm 20×0.2 

and (b) MHA 13 %- PAAm 20×1 DN gels are shown in Figure 7-9. Due to deviations from neo-

Hookean behavior in salt, full stress–strain curves are presented here for comparison. As shown in 

this figure, the slope of stress-strain curves for both studied DN formulations was the highest for 

samples equilibrated in water and the lowest is for samples in 1M CaCl2 solution. With an applied 

forced of ~50N (maximum for the RSA III) samples did not fracture (within the experimental 

range) in some of the formulations. In Table 7-5 swelling and mechanical properties of these gels 

are presented. In 1M CaCl2 solution, the Young’s modulus of both studied formulations was half 

the pure water value. In formulations with an observed fracture point, the toughness and fracture 

stress were not significantly different. Comparing MHA-based double network to MCS-base DNs 

(Table 7-4), Young’s modulus, toughness, and fracture stress was higher in MHA DN networks. 

Also, the decline in MHA DNs properties with salt was not as dramatic as MCS. 

 

 Discussion 7.5

In Chapters 3 to 6, it was shown that crosslink density of MCS and MHA gels can be 

increased with copolymerization with short ethylene glycol oligomers provided compatibility of 

crosslinker functional groups with macromer methacrylates to polymerize.
26

 However, despite 

increases in moduli and crosslink density, the fracture strain of the gels remained fairly low (15 to 

25%). In this chapter, it was hypothesized that fracture strain was dependent on persistence length 

which is a polymer’s inherent structural characteristic. To test this hypothesis, presence of salt in 

solution was used to lower the persistence length of the macromer as reported in the literature.
3,4

 

A high persistence length also suggests limited conformations for a given molecular weight and 

thus in a crosslinked gel a tendency for non-Gaussian behavior. The hypothesized changes in 
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chain conformation from highly extended in water (A) to coil-like in salt (C) are schematically 

shown in Figure 7-10. Based on this hypothesis, the observed swelling and mechanical properties 

of single network MCS and MHA hydrogels and double networks based on these gels are 

interpreted in Sections 7.5.1 and 7.5.2 respectively.  

 

 

Table 7-4- Swelling and mechanical properties of MCS-PAAm DN hydrogels in water and CaCl2 

solutions. Values are mean ± standard deviation with n=4. 

MCS 

(wt%) 

PAAm 

(T×C) 

Salt Swelling 

Degree 

(g/g) 

Young’s 

Modulus 

(kPa) 

Toughness 

(kJ/m
3
) 

Fracture 

Stress 

(kPa) 

Fracture 

Strain (%) 
Type Molar 

Ionic 

strength 

(M) 

13 

20×0.2 

- - 0 7.24±0.38 300±150 170±61 730±240 68±4.6 

CaCl2 

0.1 0.3 8.26±0.85 102±44 140±45 700±270 67±8.0 

1 3.0 5.50±0.12 14.2±5.2 20±12 120±110 75±18 

20×1 

- 
- 

0 
7.65±0.04 300±95 

266±74 1200±540 71±10 

NaCl 

0.1 0.1 7.30±0.30 89±23 185± 44 1010±290 70.7±4.2 

0.3 0.3 6.47±0.15 150±67 >223* >920* >71* 

1.0 1.0 5.68±0.19 137±21 179±18 760±360 63±11 

1.5 1.5 5.08±0.16 42±21 195±63 820±260 73.8±3.1 

CaCl2 

0.033 0.1 7.15±0.13 73±43 >296* >1300* >80* 

0.1 0.3 
7.69±0.54 110±36 219±60 1030±300 77.3±4.6 

0.33 1.0 
8.24±0.06 41.1±1.6 >48* >220* >73* 

0.5 1.5 7.24±0.07 26±12 >27* >110* >68* 

       1.0 3.0 5.21±0.07 41.8±4.6 37.9±8.9 200±50 74.87±0.64 

* Tabulated are the values reached at the point of overload. 
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Figure 7-9 Representative stress-strain of (a) MHA 13%–PAAm 20×0.2 (open symbols) and (b) 

MHA 13%– PAAm 20×1 (closed symbols) double network hydrogels in water vs. selected salt 

solutions. Symbols refer to gels in water (□ and ), CaCl2 0.1M ( and ●), and CaCl2 1M (∆ 

and▲). The samples in water showed an early increase in stress with deformation. 
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Table 7-5- Swelling and mechanical properties of MHA-PAAm DN hydrogels in water and 

selective salt solutions. Values are mean ± standard deviation with n=4. 

 

 

MHA 

(wt%) 

PAAm 

(T×C) 

Salt Swelling 

Degree 

(g/g) 

Young’s 

Modulus E 

(kPa) 

Toughness 

(kJ/m
3
) 

Fracture 

Stress 

(kPa) 

Fracture 

Strain (%) 
Type Molar 

Ionic 

strength 

(M) 

13 

20×0.2 

- - 0 6.10±0.70 520±110 >360* >1800* >61* 

CaCl2 

0.1 0.3 5.31±0.12 500±120 >330* >1800* >63* 

1 3.0 4.24±0.04 242±78 >390* >1800* >75* 

20×1 

- - 0 6.13±0.07 330±140 350 ± 41 1580 ± 280 58.5 ± 4.7 

NaCl 

0.1 0.1 5.41±0.22 710±180 >360* >3000* >61* 

1 1.0 4.39±0.15 740±34 >280* >2200* >54* 

CaCl2 

0.1 0.3 5.24±0.07 340±12 360±120 1760±570 58.6±5.8 

1 3.0 4.24±0.04 150±36 280±83 1500±420 68.2±5.9 

* Tabulated are the values reached at the point of overload. 

 

 

    

Figure 7-10 Highly extended vs. coil-like chain conformation changes with presence of salt. 

Transition of highly extended (non-Gaussian) polyelectrolyte chains with a lower number of 

longer statistical segments in water (a) to coil-like (Gaussian) polyelectrolyte chains with a higher 

number of shorter segments (C) in salt result in non-ideal or ideal behaviorof the gels. 

 

 

 Single network (SN) gels  7.5.1

Swelling degree of single network MCS and MHA hydrogels  

The effect of salt on swelling behavior of polyelectrolyte gels is a well-studied phenomenon. 

Previous studies have shown polymer charge density (i.e. weak vs. strong PE) and type, 
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concentration, and valence of counterions affect the swelling of polyelectrolyte gels.
27

 Counterion 

condensation (changing the Debye radius) is another effect of presence of salt on PE gels. The 

measured swelling degree of MCS single network gels (Figure 7-2 and Table 7-1) was consistent 

with PE behavior in salt. While MCS gels were highly swollen in water, presence of salt lowered 

the swelling continuously with increasing ionic strength. At an equal ionic strength (3M NaCl vs. 

1M CaCl2 or MgCl2 solutions) the swelling degree of MCS 13 wt% was about 15% the original 

measured value in water. Upon addition of salt, due to the reduction in counterions concentration 

difference inside and outside the gel, the ionic osmotic pressure would lower which in return 

would lower the swelling of MCS and MHA gels.
28

 For I<0.5M the swelling of MCS 

homopoylmer was lower in CaCl2 than in NaCl (at the same ionic strength) while for I>0.5 M the 

swelling ratio in CaCl2 was higher (Figure 7-2). This difference can be explained by changes in 

binding affinity of Ca
2+

 to CS. It has been shown that binding affinity of Ca
2+

 to CS decreases 

when I >0.1. As binding of Ca
2+

 to the polymer gives it a compact conformation, lower binding 

affinity would result in a more extended conformation and a higher swelling degree.
29

 A similar 

higher q for MHA samples in CaCl2 and NaCl of the same ionic strength was also observed. 

For MCS samples made in CaCl2 1M solution and equilibrated in water the swelling degree 

was about a third the control value (made and equilibrated in water). A potential explanation can 

be crosslinking of not fully extended MCS chains which limits chains extension when the 

polymer is equilibrated in water. However, opacity of the sample could be a sign of phase 

separation due to presence of high salt concentrations in the reaction mixture and can result in 

lower swelling degrees.  
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Mechanical properties of single network MCS and MHA hydrogels  

As previously discussed in Chapters 3 to 5, water-swollen methacrylated chondroitin sulfate 

and methacrylate hyaluronic acid gels showed ideal elastomeric behavior (linear stress-strain 

function) up to the fracture point and the ratio of Young’s to shear modulus (E/G) was close to 3
30

 

in all cases. However, the gels fractured at about 15 to 25% of strain regardless of synthesis 

parameters such as the degree of methacrylation of the macromer, homo- or copolymer nature of 

the gel, or crosslink density of the network. Even though the former observation suggests an ideal 

behavior for the gels; the high persistence lengths of CS and HA in water (about 70Å just for the 

intrinsic part compared to 1.5 Å for flexible dextran
31

) implies non-ideal Gaussian chain 

distribution and non-ideal behavior.
3,4

  

It is well established in the literature that for a highly swollen polyelectrolyte gel the 

distribution of the chains no longer follows a Gaussian model and can be best fitted with inverse 

Langevin or similar models.
5,7,12

 In the case of highly swollen MCS or MHA gels like other 

inherently rigid biopolymers
11

, the worm-like chain (WLC) model is potentially best suited in 

which the persistence length is the only parameter.
31

 The WLC model presumes a continuous and 

isotropic flexibility for the polymer and encompasses the effects of bond and dihedral angles, 

pairwise (e.g. van der Waals) interactions, steric limitations (presence of side chains), and 

solution interactions to predict the persistence length of a polymer. This is unlike freely jointed or 

other models that neglect all or some of these interactions.
2
 Deviation from the Gaussian behavior 

(higher stress at the same strain) even at small strains is a characteristic of WLC. The higher 

moduli of highly swollen MCS or MHA gel in water were consistent with WLC behavior. 

However, premature fracture of the gels at small strains was probably the reason for ideal-like 

behavior in highly swollen states. The non-ideal behavior could have been observed if the fracture 
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was delayed.  

The persistence length of CS and HA is a function of the presence of counterions in the 

solution. The electrostatic component of the persistence length (𝑙𝑒𝑙𝑒𝑐.) and as a result the 

persistence length (𝐿𝑃) of these polymers is reduced with salt.
4
 Through developing a coarse 

grained model, Bathe et. al. have shown the persistence length of CS (assuming 100 sugar rings in 

polymer) can reduce from about 100 to 70 Å when the NaCl concentration increases from 0.01 to 

0.1M).
3
 With reduced persistence length and an increase in the statisctical chain segments (more 

flexibility for the chains), the chain distribution then could move farther from the non-Gaussian 

toward Gaussian distribution. Changes in moduli with ionic strength were with this interpretation. 

For example, q and E of MCS 13% at I=1M in saline were reduced from 44g/g and 142 kPa to 10 

g/g and 26 kPa respectively. The decrease in modulus at lower q has been reported previously for 

flexible polyelectrolytes like poly(acrylic acid) gels.
6,7,32

 For example, in an interpenetrating 

network of poly(ethylene glycol)-poly(acrylic acid) a decrease in swelling ratio (by changing the 

pH) from 5 to 2 was accompanied by a decrease in modulus from 5 to 2.5 MPa.
12

  

To further examine the non-Gaussian behavior of single network MCS gels, the stress-strain 

plot for representative samples is shown in Figure 7-4 and compared against Mooney-Rivlin plot 

in Figure 7-5. Based on the Mooney-Rivlin equation (Equation 7.7) the slope of the curves equal 

2𝐶2 and the intercept is equal to 2𝐶1 provided that the curves are linear. 2𝐶1 represents the shear 

modulus of the gels and 2𝐶2 has been related to nonequilibrium phenomena such as non-Gaussian 

statistics or internal energy effects.
24

 Since the location (intercept) of the curves suggests the 

modulus of the gel, highest location for MCS in water was consistent with MCS having the 

highest modulus in water. However, MCS in water curve was non-linear even at small strains. 

With increasing the ionic strength of the solution, the modulus was lowered (the curve shift to 
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lower locations) and the curve became satisfactorily linear. This observation was also consistent 

with the hypothesis of transition from non-Gaussian to Gaussian distribution with salt for MCS 

chains. 

The observed decrease in modulus with salt was consistent with the hypothesis of decreased 

persistence length and greater number of chain conformations. A higher number of chain 

conformations (by having a greater number of statistical chain segments
8
) with the same contour 

length in salt would make the chain more compressible. This idea was also consistent with the 

increased fracture strain in salt since the chains were farther from maximum extensibility. It is 

shown that for polydimethylsiloxane (PDMS) chains in non-Gaussian regime the modulus 

increases with swelling at high swelling degrees when chains are at 60 to 70% of their maximum 

extensibility and the network ruptures at 80 to 90% of the maximum extensibility.
33

 Therefore, for 

highly swollen PDMS, the chains are close to their maximum elongation and it would only take 

about 20% more extension for them to rupture. Low fracture strain for MCS or MHA in water can 

also be associated with highly extended chains. This interpretation was consistent with the 

hypothesis that high persistence length is the main reason for brittleness (low fracture strain) of 

CS or HA gels. Increased fracture strain with Ca
2+

 (46 to 67% compared to 18% in water) 

compared to pure water or Na
+
 suggested the higher impact of divalent ions on chain transition in 

these GAG gels. However, even in salt the gels did not show ideal elastomeric behavior. 

Presumably, due to large intrinsic rigidity contribution to the persistence length, CS or HA chains 

were still in non-Gaussian region even though salt had eliminated the electrostatic contributions.  

While changes in persistence length were speculated to be the reason for lowered moduli of 

samples in salt, there was a question whether conformational changes was the only contributing 

factor or other interactions were also involved. The fact that all Table 7-2 samples had lower 
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elastic moduli than the control sample (first line in Table 7-1) suggested irreversible changes in 

the structure of the gels with salt. Especially, the calculated E/G values were mostly <1 even 

though the samples were in water. These changes were notably significant in samples 4 and 5 

which suggested a different interaction for Ca
2+

 ions with CS chains. Previously the effect of Ca
2+

 

ions on interchain association of neighboring CS chains in contrast to Na
+
 is reported.

10
 

Irreversible association of MCS chains in high concentration of Ca
2+

 could be the reason for the 

observed softened gels. Irreversible damage to the microstructure of the gel during the collapse 

can be another explanation for this observed behavior.  

 

 Double network (DN) gels  7.5.2

Since the introduction of double network concept in 2003, the compositional definition for 

these hydrogels is a highly crosslinked polyelectrolyte first network embedded with a loosely 

crosslinked ductile second network that is present in molar excess. Double networks are known to 

have three distinct characteristic regions: pre-yielding, yielding, and hardening.
18

 The “double 

network effect” is a combination of higher moduli (compared to single network components), 

improved fracture properties, improved toughness, and a yielding region in tension for hydrogels. 

Previously in our group, the double netowrk effect in MCS-PAAm gels was reported under 

tension.
18

 Considering current study is done under compression, comparing the measured 

proeprties between the two methods (considering limitations with compression tests) helps to 

fully characterize the DN effect and predict the gels behaviro in the presence of salt. 

 

Swelling degree of MCS and MHA double network hydrogels 

The swelling degree of a double network is not only affected by the polyelectrolyte nature of 

the first network but with presence of the second network. The lower swelling degree in double 
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netowrks is mainly due to presence of higher amounts of polymer within the same volume. 

Further, crosslinkig between the first and second network can also be a contributing factor to 

lower the swelling degree of DNs.
34

 Comparing Table 7-1 with Table 7-4 for swelling degree of 

MCS and Table 7-3 with Table 7-5 for swelling degree of MHA shows that swelling degree of 

DNs were well below single network of MCS or MHA in water (e.g. q of 44 vs. 7 g/g for MCS 

13% SN and MCS13%-PAAm20×02 DN in water). Even though presence of salt lowered the 

swelling degree of double network gels, these changes (about 30%) were not as significant as in 

single networks. Comparing DNs of MCS and MHA, the swelling degree of MHA-PAAm was 

lower than MCS-PAAm at similar formulation and solution conditions. Higher crosslink dnesity 

of the first network due to higher degree of substitution of methacrylate groups on HA can be an 

explanation for this behavior.  

While at lower ionic strength (I=0.1M), the swelling of MCS-PAAm was close to those of 

the control group in water, at higher ionic strengths q was lowered by about 30%. Charge 

screening of the first network and establishment of a new Donnan equilibrium at higher ionic 

strengths could be a reason for lowered swelling at higher salt concentrations. Further, the 

swelling degree of MCS-PAAm DN (Figure 7-5b) was lower in NaCl than CaCl2 for I>0.1M that 

is believed to be due to lower binding affinity of Ca
2+

 for CS as discussed for SNs. In the case of 

MHA-PAAm gels, there was a steady decrease in swelling degree with ionic strength of the 

solvent. The swelling degree of either MCS-PAAm or MHA-PAAm was not dependent on the 

extent of crosslinknig of the secnod networks (i.e. 20×0.2 or 20×1). Especially considering that 

the second network was loosely crosslinekd, variations in the second network crosslinknig did not 

impact the swelling of the gels. This fact was consistent with the previously studied MCS-PAAm 

DNs.
18
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Mechanical properties of double network MCS and MHA hydrogels  

Multiple interpretations have been offered to explain the DN effect; with brittleness of the 

first network as the major requirement. Other explanations include association of sulfate, 

carboxyl, and amide groups between the two networks and the entanglement of the two networks 

chains.
14-16

 In stress-strain analysis, high toughness of DNs is accompanied by non-linear stress-

strain function; hence, DNs cannot be considered as ideal elastomers. Hao and Weiss and Suekama 

et. al. have previously reported non-ideal behavior in N,N-dimethylacrylamide (DMA) and 2-(N-

ethylperfluorooctane sulfonamido) ethyl acrylate (FOSA) and MCS- PAAm20,35 gels respectively. The 

most recently proposed toughening mechanism is the rupture of the brittle first network to 

dissipate the strain energy.19 Based on this theory, fracture of first network sacrificial bonds is the 

reason for high toughness of double network hydrogels. This interpreation is close to the general 

Lake-Thomas theory on the scission of first network strands for elastomers.
36

 The emphasis on 

highly crosslinked polyelectrolyte first network is to create brittle gels which fracture under 

strain.
19

  

In the case of CS and HA double network gels, the first networks is a polyelectrolyte with a 

high persistence length. The fracture strain of the first network is low partly due to polyelectrolyte 

nature but also due to inherent rigidity of these polymers. However, in this case salt can be used 

to at least reduce the persistence length
3
 and make the first network less brittle. In Section 7.4.1 

for SNs this transition was associated with changes in chain conformation of PEs from non-

Gaussian toward Gaussian distribution with salt. Using the same approach by lowering the 

modulus and increasing the fracture strain of CS or HA in salt, the necessity of having a brittle first 

network to get the double network effect was tested in Section7.4.2. As Figure 7-8 and Figure 7-9 

show, in the presence of salt the double network effect was seen at larger strains. Comparing the 
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moduli, fracture strian and toughness between SN MCS and DN MCS-AAm, DN has improved 

proeprties for all above mentioned properties. Comparing with tension, it was preivously shown 

that DN’s Young’s modulus was about twice the of SN MCS (15%) which is consistent with the 

curent result for MCS 13% under compression (300 vs. 140 kPa). The DN effect wa seven more 

pronounced in salt. In fact, at I=3M the ratio of modulus and toughness of MCS-PAAm20×1 to 

MCS SN was over 100 times. Although this ratio varied for other formulations, the DN effect was 

apparent with multiplte times improved properties. Since the first network in salt was not brittle 

anymore, the observed double network behavior is not consistent wih the necessity of a brittle 

first network. However, it should also be considered that in DN, the first network chanis are 

constrianed by the presence of PAAm network which would limit the chain transition. 

Nonetheless, the DN effect was observed in both MCS- and MHA- based gels. If PE sacrificial 

bonds fracture was a dominating mechanism, then in the presence salt a DN behavior should not 

be observed as PE chains can be deformed to larger strains.  

To explain the observed DN behavior especially at higher ionic strength, entanglement of the 

chains should be considered as an alternative explanation. Considering the hypothesis of changes 

in CS (or HA) chain conformation with salt, at higher ionic stregnths non-extedned CS or HA 

chains would be more entangled with polyacrylamide network than the highly extended CS or HA 

chains in water. Lowr modulus of DNs with ionic strength (Figure 7-8 and Figure 7-9) of the 

solution was consistent with changes in first network chain conformation. Therefore, it can be 

speculated that at higher I, first network chains with more possible conformations could be 

stretched farther before the chain entanglements effect kicks in. Therefore, with increase in salt 

concentration the DN effect was delayed to higher strains.  
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Comparing MCS-PAAm and MHA-PAAm double network gels (Table 7-4and Table 7-5), 

the modulus, toughness, and fracture stress of MHA-PAAm was higher than those of MCS-

PAAm gels with the same formulation and solution conditions. Especially, the effect of salt on 

reducing the moduli of MCS-PAAm was more pronounced. While higher degree of 

methacrylation of HA (47% vs. 34% for MCS) can contribute to differences in moduli, different 

interactions of counterions with CS or HA could also result in different mechanical proeprties. 

For example in the case of MCS13%-PAAm 20×1 and MHA13%-PAAm 20×1, while the Young 

modulus of both DNs was lowered steadily with salt, at equal ionic strengths the MCS DN had 

lower moduli in CaCl2. MCS double network’s behavior can then be related to reported 

association between CS chains in presence of Ca
2+

.
10

 Higher charge density of chondroitin sulfate 

due to presence of the sulfate groups can also be a potential reason for the observed behavior at 

higher ionic strengths. Unlike single networks, the fracture strain in neither of the double 

networks was a steady function of the solvent ionic strenth and remained close to those of the 

control groups in water.  

Over the past decade, alternative explanations for DN effect have been offered which can be 

more closely examined. Through small angle neutron scattering (SANS) and rheology 

measurements Gong and coworkers have reported that the complexation between the SO3
-
 and 

COO
-
 and the amide (-CONH2) groups is a potential toughening mechanism for DN hydrogels of 

poly(2-acrylamido-2-methyl-1-propane sulfonic acid) (PAMPS) and polyacrylamide.
37

 However, 

our group has  previously shown that in MCS-based DNs, usage of N,N-dimethylacrylamide (to 

remove H-bonding effect of CONH2 group) as the second network would still lead to DN effect.
18

 

Similarly in current study, hyaluronic acid (no sulfate group) was used in tough DNs. 

Furthermore, through methacrylation process a significant portion (34 mol% in case of CS and 
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47% in case of HA) of carboxyl groups were substituted with methacrylate groups. Then, 

complexation of SO3
-
 and COO

-
 groups might not be the best explanation for the toughness of 

DNs, especially in the case of MHA-PAAm double networks. The possibly of covalent bond 

formation between the first and second network has also been discussed.
34

 It is previously shown 

in our group that photopolymerized MCS has residual double bonds
26

 which can potentially be 

consumed to react with acrylamide. Therefore, covalent bonding can be a plausible contributing 

factor for high toughness of MCS-PAAm gels. 

 

 Conclusions 7.6

Photopolymerized MCS and MHA hydrogels in water showed neo-Hookean behavior, 

relatively high compressive moduli, and fractured at small strains. It was hypothesized that high 

persistence length was the main reason for small fracture strains yet relatively high moduli of 

these gels in water. For MCS and MHA single networks the presence of salt increased the fracture 

strain while lowering the moduli and swelling degree of the gels simultaneously. In salt solutions, 

the gels were softer, non-ideal elastomers, but had higher fracture strains. The hypothesis of 

transition of polymer chains from non-Gaussian to Gaussian distribution was consistent with 

lowered moduli and higher fracture strains in salt. Therefore, previously observed ideal-like 

behavior of these gels in water was due to limited chain extensibility while premature fracturing 

masked the non-ideal behavior. The counterion type impacted the swelling and mechanical 

properties of the gels. MCS homopolymers had lower Young’s modulus and fracture strain in 

Ca
2+

 than Na
+
 of equal ionic strengths. Irreversible association of CS chains with calcium ions 

was an explanation for this behavior.  

In recent years multiple mechanisms have been offered to explain the double network effect. 
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Using salt to change the persistence length and conformation of the first network, it was shown 

here that at small strains DNs respond to presence of salt just as single networks and their moduli 

were reduced. However as salt had reduced the brittleness of the first network, sacrificial bonds 

fracture was not adequate to explain the observed behavior. Other factors such as entanglements 

between the first and second network chains and covalent bonding between the two networks 

need to be considered. It was also shown for the first time that non-sulfated hyaluronic acid can 

serve as a first network to obtain a DN with significantly improved properties over MHA single 

network. Non-ionic polysaccharides of lower persistence length such as dextran can be used to 

further explore the origins of the DN effect. Using dextran, the polyelectrolyte nature of the first 

network would be completely eliminated while dextran unlike CS or HA also does not have an 

intrinsic rigidity. 
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8. Chapter 8: Concluding remarks and future work 

 

Using a hypothesis-driven approach, this dissertation was focused on understanding the 

structure of GAG-based hydrogels. The main idea was to improve the crosslink effectiveness of 

photopolymerized glycosaminoglycan (GAG) hydrogels to improve the moduli and fracture 

properties in these gels. Chondroitin sulfate (CS) and hyaluronic acid (HA) were the selected 

macromolecules in this study due to their recognized significant roles in mechanical properties 

and biological activity of the mammalian extracellular matrix (ECM).
1-4

 Through studying the 

interactions between these GAGs and synthetic short monomers, mechanical and swelling 

properties of these gels were tuned. Swelling measurements and compression tests were the two 

main techniques to study the microstructure of these gels. 

The first hypothesis was to increase the crosslink density of MCS gels by designing the 

system in a way that kinetic chains can easily propagate in the reaction mixture. Since 

crosslinking polymerization of GAGs mainly happens through kinetic chains formation, factors 

enhancing this growth would increase the crosslink density. In the first step, three main 

approaches were taken to increase the crosslink density of the gels: increasing the macromer 

concentration, increasing the substitution of functional groups on macromer, and reducing the 

steric hindrance of macromer in solution. The last approach was possible by introducing mobile 

small comonomers of proper reactivity ratio to the reaction mixture. It was shown that an increase 

in concentration and the number of substituted groups of macromer resulted in a higher crosslink 

density, lower swelling ratio, and higher moduli. It was also shown copolymerization of short 

oligo(ethylene glycol) acrylates with both methacrylated-CS (MCS) and methacrylated-HA 

(MHA) improved the crosslink density, elastic modulus, and gel fraction of these gels. The 
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compatibility of reactivity ratios of crosslinker and methacrylate groups of macromer was critical 

to the formation of kinetic chains uniformly or non-uniformly. The implication of the latter was 

deteriorated mechanical properties in the resulting copolymers.  

The concept of kinetic chains and their role in determining the macroscopic properties of 

GAG gels was discussed in this dissertation. Even though photopolymerization of GAG-based 

hydrogels is a common technique in tissue engineering applications, this concept has not been 

fully explored in the literature. Here, it was shown that moduli, gel fraction, and crosslink density 

of the gels improved using longer acrylated oligo(ethylene glycol) comonomers. Since the 

macromer methacrylate and comonomer acrylate groups were polymerized into kinetic chains, the 

comonomer length was significant in determining the crosslink density. The importance of this 

finding was the ability to control the crosslink density of MCS gels by changing the comonomer 

length. While in short comonomers the probability of intramolecular cyclization was higher, 

longer monomers could form elastically effective crosslinks and hypothetically engage both their 

acrylate groups in the formation of kinetic chains. The fact that mono-functional acrylate 

monomers increased the crosslink effectiveness and modulus to a level comparable to those of the 

difunctional acrylates also supported the incorporation of MCS and comonomer functional groups 

into common kinetic chains hypothesis. 

The concept of kinetic chains was used to properly select the macromer and crosslinker 

functional groups in photopolymerization. It was presumed that a tendency toward cross-

propagation would enhance the development of kinetic chains; especially, when the macromer 

was in excess. Acrylated crosslinkers were recommended for efficient crosslinking with GAGs as 

the low reactivity ratio and mobility of these short monomers could facilitate the cross-

propagation with the methacrylated GAG species.  This was unlike methacrylated crosslinkers for 
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which homo-propagation would increase their consumption in homopolymer chains before 

propagation of the kinetic chains. It is logical to suggest that these concepts could be extended to 

other macromer/monomer combinations created by free radical copolymerizations. 

Due to similar chemical structures and physical properties of CS and HA, it was hypothesized 

that copolymerization of MHA with OEGDAs would result in similarly improved mechanical 

properties. Specifically, whether covalent crosslinking through formation of kinetic chains was a 

general mechanism in crosslinking methacrylated GAGs (and potentially extendable to other 

polysaccharides) and not limited to MCS gels. The significance of Chapters 4 and 6 is showing 

that the swelling and moduli of glycosaminoglycan hydrogels (and potentially other 

polysaccharide-based hydrogels like dextran) are readily tunable upon copolymerization with 

small amounts of OEGDAs. Due to modest amount of crosslinker relative to macromer (molar 

ratio <0.12), this technique is not expected to change the chemical nature or affect the biological 

properties (i.e. cell interactions) of the gels. Especially, crosslinking with short mobile monomers 

would limit the need to functionalize GAG which would potentially lower the biological activity 

of the gel. Furthermore, copolymerization in this manner guarantees the reproducibility of the 

results (by adjusting macromer to comonomer ratio) while other techniques such as changing the 

degree of methacrylation or the molecular weight of macromer would result in batch to batch 

variability and more difficult to control. 

Apart from low moduli and brittleness of pure crosslinked GAGs, other biological 

considerations would limit their usage as tissue engineering scaffolds. It has been shown that 

encapsulated chondrocytes do not interact well with a pure GAG matrix and do not express the 

ECM components as they would in the native tissue
5
. Nevertheless, it has been shown that 

copolymerization of polysaccharides with lower molecular weight polymers like poly(ethylene 
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glycol) diacrylate (PEGDA) can overcome both shortcomings of pure GAG matrices. Due to 

importance of GAG-PEGDA copolymers, in Chapter 5, mechanical properties of MCS-PEGDA 

700 copolymers as a function of concentration were investigated. Besides kinetic chains, in 

Chapter 5 the effect of phase separation on the macroscopic properties of GAG copolymers was 

discussed. It was shown that the moduli and crosslink density of the copolymers were not simply 

an average relationship with those of either individual component. But other complexities such as 

phase separation in concentrated gels should be considered. While copolymers had superior 

moduli and crosslink densities compared to macromer or crosslinker in dilute gels, in some 

concentrated gels the moduli (and crosslink density) fell below those of homopolymers due to 

phase separation in the system. As shown in Figure 8-1 the mechanical properties of MCS or 

PEGDA dominated copolymers at either side of the spectrum were higher than those of 

homopolymers. As schematically shown, in MCS dominated copolymers, PEGDA increased the 

crosslink density of MCS by linking macromer functional groups into growing kinetic chains. In 

PEGDA dominated copolymers, MCS performed as a multifunctional crosslinker bringing 

together different propagating kinetic chains which otherwise would result in a heterogeneous 

structure of clustered domains. Therefore even though the molecular level structure of the 

copolymers were different, based on the desired application either one could be appropriate and 

effective. 

Due to inherent stiffness of GAG chains and (as a result) brittleness of GAG gels, the fracture 

strain of such homopolymer gels cannot be significantly improved. It was shown in Chapters 4 

and 6 that despite improved crosslink density and moduli, the fracture strain of GAG 

homopolymers remained fairly low (25%>). Therefore, to improve the fracture strain in these gels 

other approaches than increasing the crosslink density must be considered. It this study it was 
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hypothesized that high persistence length of the macromer was the reason for low fracture strain 

in GAG-based hydrogels. Therefore, lowering the persistence length would improve the fracture 

properties of these gels. To lower the persistence length, the chain conformation of the polymer 

must be changed. Introducing counterions to the gel was used to lower the persistence length and 

change the chain conformation of these polyelectrolyte gels. It was hypothesized that transition of 

CS or HA chains distributions from non-Gaussian to Gaussian model was the reason for the 

 

 

 
 

 
Figure 8-1 Comparatively high shear moduli of MCS or PEGDA dominated copolymers despite 

morphological differences. MCS saccharide units are shown with purple circles and thin blue 

lines represent the ethylene glycol spacers. Black bold lines represent the kinetic chains. 

 

improved fracture strain in MCS and MHA gels in salt. Having many potential conformations, the 

root mean square end-to-end distances of Gaussian chains are much shorter than their contour 

lengths. Therefore, Gaussian chains can be farther extended before rupturing unlike highly 

extended non-Gaussian chains in water. Furthermore, transition of the chains from highly 
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extended to coil-like would result in an increased crosslink density and effective kinetic chains 

growth by lowering the effect of steric excluded volume.  The fracture properties of MCS-

PEGDA copolymers in Chapter 5 were studied in standard buffer solution while in Chapter 7 

GAG homopolymers and GAG-based double networks were studied in different types and 

concentrations of counterions. Since polyelectrolyte gels behavior in salt is not commonly 

discussed in biomaterials literature, the findings of this study are essential to connect fracture 

properties of polyelectrolyte gels to their practical applications.  

The swelling ratio and moduli of GAG gels were affected with presence of salt and changes 

in chain conformation of the polymer. The discussed non-Gaussian behavior for CS or HA 

hydrogels originates from electrostatic as well as inherent structural rigidity of their chains.
6
 

While the electrostatic contribution can be reduced in salt, the inherent rigidity of the chains 

remains. It was shown that the compressive moduli of the gels were lowered with ionic strength 

as the fracture strain increased. Although, the effect of Ca
2+

 vs. Na
+
 ions on moduli and swelling 

ratio of the gels was different, overall this behavior was consistent with the changes in chain 

conformation (Gaussian vs. non-Gaussian) hypothesis. It was speculated that highly extended 

chains in water (non-Gaussian) contribute to higher modulus while non-extended chains would 

result in softer gels. The fact that swelling ratio of the gels was lowered in salt was consistent with 

Flory’s classical theory for polyelectrolytes and well discussed in the literature. However, 

observed non-idealities in mechanical and swelling properties after the first exposure of the gels 

to counterions suggested more complexities in the system beyond changes in chain conformation 

(e.g. potential non-covalent crosslinks breakage or irreversible condensation of counterions). 

While higher moduli of CS and HA gels in water was consistent with non-Gaussian behavior of 
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highly extended chains hypothesis, more complex effects should also be considered to fully 

explain the behavior of GAG-based hydrogels in salt. 

To improve the low moduli and fracture strain of polyelectrolyte gels, double network (DN) 

hydrogels have been introduced in the literature.
7
 These gels show improved moduli, fracture 

properties, and great toughness which are distinctly different from properties of either individual 

network. Multiple journal articles and different hypotheses have been offered as the toughening 

mechanism of DN hydrogels.
8-12

 Yet, there still does not exist a general consensus as the major 

mechanism for unusually improved properties of DNs. One debated explanation for high 

toughness of double networks is the fracture of the polyelectrolyte sacrificial bonds to dissipate 

the crack energy.
11

 To test this hypothesis, MCS and MHA based double networks were used in 

this study. As it was shown, MCS and MHA gels were not brittle in salt presumably due to 

changes in chain distribution from non-Gaussian and extended to Gaussian and non-extended in 

salt. Therefore, the brittleness element of the first network was reduced. Nonetheless, high 

toughness and high fracture strains was observed in both MCS and MHA-based double networks. 

The fact that the double network effect happened at higher fracture strains in salt suggested that 

entanglement of the first and second network chains was contributing to the double network 

effect. 

As established in this dissertation, understanding structure-property relationship of hydrogels 

is the key to design hydrogel biomaterials with controlled properties. The starting macromer 

structure (functional groups or presence of charges), synthesis parameters, and solution conditions 

can change the microstructure as well as macroscopic properties of the gels. Stiffness, brittleness, 

and toughness of hydrogels can be manipulated using techniques developed in this dissertation to 

match the desired properties and target application.  
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Although mechanical characterization is potentially not the most sophisticated technique to 

characterize hydrogels, it is a great tool (especially along with swelling measurements) to 

understand the underlying factors contributing to hydrogel properties to pick appropriate design 

strategies. However, to take one more step forward to better characterize MCS and MHA as well 

as synthetic based hydrogels, I would recommend using the following techniques for continuation 

of this work: 

 

Recommendations for future work 

1. Investigating the microstructure of MCS and MCS-PAAm DN gels using either small angle X-

ray (SAXS) or small angle neutron (SANS) scattering 

Using mechanical analysis, it was shown that molecular structure and morphology of MCS 

copolymer gels is a function of concentration and the ratio of comonomers. Compatibility of the 

macromer and crosslinker (different reactivity ratios) was another parameter to affect the 

mechanical properties of the gels. Using small angle neutron scattering (SANS) or small angle X-

ray scattering (SAXS) makes micro-probing of the gels possible. Using these scattering 

techniques, the spacing between high functionality crosslink junctions can be related to the 

spectrum correlation peaks.
13

 Therefore, the inhomogeneity of the network in single as well as 

copolymer gels can be detected. SAXS had been previously used to probe the microstructure of 

poly(ethylene glycol) diacrylate and IPNs of poly(ethylene glycol) - poly(acrylic acid) 

hydrogels.
13,14

  

One major advantage of probing structures of polyelectrolyte gels with SANS or SAXS is to 

look at the polymer chain conformation in salt. These techniques would be especially helpful to 

determine the ratio of the end-to-end distance to contour length of CS in the gel to validate the 

speculated changes with salt. Although the effect of ions on chain conformations of MCS
15

 and 
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MHA
16

 using SANS has been studied, such studies for crosslinked gels are sparse. It was 

hypothesized and indirectly shown that changes in chain conformation of GAGs in salt changes 

their swelling and mechanical properties including fracture strain. A direct study using SANS or 

SAXS data of single networks can reconfirm our hypothesis. In the case of DNs, scattering data 

would be extremely helpful to study the delayed DN effect in salt and to validate the 

entanglement hypothesis which was based on mechanical tests data.  

 

2.  Digesting and analyzing fragments of MCS gels using size exclusion chromatography (SEC) 

One major hypothesis in this study was that copolymerization of macromers and OEGDAs 

mainly happens by formation of kinetic chains. Although quantitatively acquired moduli and 

swelling for different pairs of macromer/crosslinker were correlated with the effective length of 

the kinetic chains, no direct evidence was collected. A direct measurement of the kinetic chains 

length can validate this hypothesis. Especially, using enzymatic degradability of CS and HA
17

, 

characterizing the residual sections using liquid chromatography (size exclusion chromatography) 

can be a definitive measurement of the length of kinetic chain segments. SEC has been previously 

used to characterize the kinetic chain length of photopolymerized methacrylated sebacic acid 

(MSA).
18

 

 

3. Developing a homogeneously distributed network of monomers using either a controlled 

radical polymerization (CRP) technique, a multi-branch initiator, or thiol-ene chemistry to 

crosslink GAGs 

Formation of micro-gels and macro-gels is the main source of network heterogeneity in free 

radical polymerization reactions. As the growing molecules become bulky and diffusion becomes 

limited, radicals start to react with vicinal pendant double bonds intra-molecularly, resulting in 
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concentrated regions known as micro-gels. Intra-molecular cyclization is especially dominant in 

dilute systems.
19

 Changing the polymerization mechanism is a way to avoid non-idealities 

associated with free radical polymerization. 

Controlled radical polymerization (CRP) is a way to fabricate molecular designs with defined 

structures. Synthesis of molecular brushes
20

, hyper-branched polymers
21

, and block copolymers
22

 

with controlled structure is an advantage of CRP techniques. Reversible addition fragmentation 

chain transfer polymerization (RAFT) or nitroxide mediated polymerization (NMP) are the two 

CRP techniques best suited to design hydrogels of ordered structure for biomedical applications. 

The significance of controlling the structure of hydrogels is to eliminate densely crosslinked 

regions which inevitably form during free radical polymerization. Using CRP to manipulate 

properties of macromer based gels is not previously studied in the literature and has great 

potentials to synthesize hydrogels with uniform microstructures. Although uniform structure of 

the gels would result in higher swelling ratios and better transport properties, the moduli would 

most probably deteriorate. These gels then would be best suited for applications with moderate 

load bearing requirements in controlled release systems. In MCS copolymer gels, eliminating 

polymerization generated inhomogeneities would help characterize non-idealities (i.e. phase 

separation) which are specifically resulted from macromer/comonomer compatibility issues. In 

this way, CRP technique will help to decouple free radical polymerization originated versus other 

non-idealities in the system.  

One other potential approach to design ordered polymer networks is using multi-armed 

initiators. The initiating molecule used in this study, 2-hydroxy-1-[4-(hydroxyethoxy)phenyl]-2-

methyl 1-propanone (Irgacure 2959), starts one dimensional reactions while using an initiator 

with multiple initiating sites can establish a spread out microstructure from the beginning. 
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Previously, multi-branched monomers such as 4-armed PEG have been used in the literature to 

produce homogeneous hydrogels.
23,24

 Using a multi-functional initiator instead of a multi-

functional monomer has the advantage of using readily available monomers rather than using 

limited commercially available multi-functional ones. This technique would provide an 

alternative to CRP considering difficulties (e.g. synthesizing water soluble chain transfer agent) 

associated with this form of polymerization.  

Crosslinking MCS and MHA using thiol-ene chemistry or other one by one crosslinking 

techniques using compatible crosslinkers would be an alternative method to photopolymerization 

technique used in this study. These techniques are expected to result in more homogeneous 

microstructures as the free radical polymerization resulted non-ideality would be eliminated. As 

discussed in Chapter 2, free radical polymerization (including photopolymerization) techniques 

result in inevitable heterogeneities due to immediate formation of long polymer chains. In thiol-

ene reactions, one by one connection of the functional groups through the crosslinker provides the 

opportunity to avoid these non-idealities. Michael addition or thiol-ene chemistry
25

 using 

methacrylated versions of MCS or MHA, or modification of carboxyl and hydroxyl groups using 

dihydrazide, tyramine, or dialdehyde are other examples of modifying the macromer for step 

crosslinking.
26

  

 

4. Examination of DN theory by replacing the first brittle polyelectrolyte network with a non-

ionic flexible network 

In Chapter 7 it was shown that first and second network chain entanglements can potentially 

be the main reason of high toughness in double network gels. To further test this finding, 

components of the proposed DNs design strategy can be more closely examined. In the theory, it 

is emphasized that double networks consist of a brittle, highly crosslinked first network. The 
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interactions between sulfate, amide or carboxyl groups from both networks have also been 

suggested as a toughening mechanism. Replacement of CS or HA with dextran takes away the 

ionic nature of the first network. Dextran also does not have the amide group for hydrogen 

bonding in water. Considering relatively short persistence length of dextran (1.5 Å)
27

 compared to 

predicted intrinsic (not including electrostatic part) persistence length for CS (70 Å)
6
 dextran does 

not have the inherent rigidity of the backbone either. In this way, variables that are traditionally 

associated with DNs are eliminated. Observing a DN effect in this case can then be linked to other 

effects such as the degree of chain entanglements in the network. 
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Appendix A 

Calculating the degree of substitution of methacrylate groups on chondroitin sulfate 

and hyaluronic acid 

 

To functionalize hyaluronic acid (HA) or chondroitin sulfate (CS) for photopolymerization, 

multiple different techniques are available in the literature. In this dissertation, methacrylation of 

GAG using glycidyl methacrylate (GMA) (Figure A1 (a)) has been used as it is the most widely 

used technique in tissue engineering literature. CS has a similar chemical structure to HA except 

for the presence of a sulfate group on the 4
th

 carbon atom after the glycoside bond instead of 

hydrogen (C4S in our study).Methacrylation of chondroitin sulfate (CS) has a similar mechanism 

to hyaluronic acid (HA) methacrylation reaction. Glycidyl methacrylate (GMA), the 

methacrylation reagent, has an epoxide ring and an ester group. When GMA reacts with CS or 

HA, there are chances for both epoxide ring opening and transesterification between the two 

reactants:
1,2

: 

 

 

(a) 
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Figure A1- Methacrylation reaction of chondroitin sulfate (a) and hyaluronic acid
2
 (b) using 

glycidyl methacrylate (GMA)
1
 

 

Interpretation of 1H-NMR spectra for CS and HA: 

1- Figure A2 presents the 
1
H-NMR spectra of chondroitin sulfate functionalized using 

glycidyl methacrylate after 7 and 15 days of reaction. The growth of all four peaks 

confirms the reaction progress. Chemical shifts and integrals of each peak are shown in 

this figure. Acetyl group methyl protons (on the backbone) have a distinct shift at 2 ppm. 

This shift represents all three hydrogen atoms of the methyl group.  

 

2- Figure A3 presents the 
1
H-NMR spectrum formed from reaction of CS with methacrylic 

anhydride instead of glycidyl methacrylate.
3
 As shown here, only the two first peaks at 

5.33 ppm and 5.64 ppm result from methacrylation reaction. However, peaks at 5.74 ppm 

and 6.16 ppm disappear since there is no ring opening reaction involved. 

 

3- 1
H-NMR spectrum of MHA (overnight reaction) is shown in Figure A4. The methacrylate 

proton shifts here are the same as those of CS (peaks at 5.33, 5.64, 5.74, and 6.16). 

  

(b) 
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Figure A2- 
1
H-NMR spectra of CS methacrylation: a) after 7 days reaction, b) after 15 days 

reaction 
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Figure A3- 
1
H-NMR spectra of CS methacrylated with methacrylic anhydride instead of GMA

3
 

 

Figure A4- 
1
H-NMR spectra of HA methacrylation (one day of reaction) 
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Summary of the methacrylate chemical shifts and corresponding integral values are 

presented in table A1. The integral value of methyl group shift is normalized to 1.00 and other 

values are reported relative to this normalization. The summations represent the number of vinyl 

hydrogen atoms per 1 methyl group (1 disaccharide unit). To calculate the ratio of 

vinyl/disaccharide, these numbers should be divided by two which gives the relative degree of 

substitution. 

 

Table A1- Summary of substitution degree calculations 

Chemical shift 

(ppm) 

MCS (CS+GMA) 

7days 

MCS (CS+GMA) 

15days 

MHA  

1 day 

MCS 

(CS+MA) 

 Integral values normalized with backbone CH3=1 

5.33 0.07 0.14 0.33  

5.64 0.08 0.14 0.17  

5.74 0.12 0.15 0.12 No peak 

6.16 0.22 0.26 0.33 No Peak 

Summation 0.49 0.69 0.95  

Vinyl/disacc

haride 

0.245 0.345 0.475  
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Appendix B 

Supplementary data for Chapter 4 

 

Table B1- Mechanical analysis data for Figure 4-4 gels 

 

No 
crosslinker 

(EG)4DA (EG)9MEA (EG)4DMA (EG)9MEMA 

E (kPa) 142 342 402 10.1 134 

stdev. 21 21 83 3.4 33 

G (kPa) 45.5 220 117 2.7 37.0 

stdev. 7.1 22 20 1.2 5.8 

Fracture 
Stress 
(kPa) 

27.3 35.3 52 2.2 14.2 

stdev. 7.0 4.3 12 1.4 4.0 
Fracture 

Strian 
(%) 

18.0 13.0 14 21.6 12.4 

stdev. 2.6 1.5 2.0 5.0 2.34 

E/G 3.11 3.55 3.43 3.95 3.58 

stdev 0.10 0.05 0.18 0.51 0.32 
Swelling 
degree 
(g/g) 

44.6 20.49 21.05 110.5 35.23 

stdev. 3.9 0.27 0.92 3.9 1.4 
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Appendix C 

Supplementary data for Chapter 5 

Table C-1 Numerical values for Figures 5-1, 5-2, and 5-3 

Total polymer 
concentration 
at synthesis 

MCS 
wt% 

PEGDA 
wt% 

Swelling Degree Shear Modulus Crosslink Density 

   q (g/g) stdev. G (kPa) stdev. 
ρx 

(mol/m
3
) 

stdev. 

10 

10 0 211.98 75.15 2.60 0.78 28.20 3.44 

8 2 36.40 4.10 45.74 9.49 159.206 0.918 

5 5 27.09 1.84 48.18 7.57 142.044 0.611 

2 8 11.99 0.34 83.66 5.05 356.30 3.32 

0 10 5.67 0.77 18.40 2.11 37.25 0.95 

15 

15 0 26.00 1.11 60.23 7.49 253.382 3.632 

13 2 13.27 0.47 219.44 14.15 690.575 4.257 

8 8 9.04 0.26 222.97 29.49 661.961 6.320 

3 12 7.00 0.13 253.04 27.61 690.575 4.257 

0 15 7.361 0.281 56.2 7.38 155.911 1.953 

30 

30 0 11.99 0.15 187.84 41.61 387.39 1.58 

25 5 6.29 0.03 595.51 84.94 992.702 1.537 

20 10 7.39 0.07 396.06 21.23 692.984 2.017 

15 15 6.20 0.03 521.70 18.51 856.747 5.042 

6 24 3.28 0.02 1001.88 43.17 1077.12 2.00 

0 30 7.70 1.09 800.89 73.50 1425.13 64.11 

40 

40 0 6.61 0.16 384.77 130.12 539.29 4.27 

35 5 4.98 0.19 719.09 53.83 917.999 11.645 

30 10 5.27 0.08 567.27 38.17 749.371 3.673 

20 20 3.60 0.11 678.6 266.7 701.342 3.511 

8 32 3.08 0.02 1384.48 87.83 1502.05 2.78 

0 40 2.79 0.03 1085.29 37.84 1143.94 4.11 
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Table C-2 Numerical values for Figure 5-4 data. MCS 13% properties in different saline (NaCl) 

solutions 

 
NaCl 

 
No Salt 0.01M 0.1M 1M 

Q (g/g) 44.61 42.27 25.99 10.97 

stdev. 3.89 1.88 0.43 0.96 
G 

(kPa) 
45.55 

42.23 13.34 9.79 

stdev. 7.10 5.23 1.56 2.91 
Strain 

(%) 
18.05 

16.13 33.1 47.97 

stdev. 2.65 3.1 2.15 1.61 
E 

(kPa) 
141.68 137.77 40.14 26.60 

stdev. 21.43 13.28 4.55 7.89 

 

 

 

Table C-3 Numerical values for Figure 5-5. Mechanical Properties of MCS-PEGDA copolymers 

in PBS and water 

 

TP 

 PBS Water  

MCS PEGDA E G Stress Strain E/G E G Stress Strain E/G 

Wt% Wt% (kPa) (kPa) (kPa) (%)  (kPa) (kPa) (kPa) (%)  

30 

30 0 322 95 42 13.5 3.40 659 187 69 12.29 3.48 

stdev. 114 37 22 2.2 0.12 175 41 15 0.56 0.29 

25 5 1303 366 168 15.4 3.56 2086 595 206 11.21 3.51 

stdev. 74 33 20 1.0 0.11 257 85 28 0.66 0.10 

20 10 854 253 123 15.2 3.38 1364 396 141.3 11.35 3.46 

stdev. 29 11 12 1.0 0.05 76 21 9.13 0.81 0.06 

15 15 1335 438 643 32.5 3.06 1734 522 281 16.0 3.33 

stdev. 152 41 103 1.8 0.26 60 18 78 4.0 0.08 

0 30 3853 1245 1999 35.0 3.10 4025 1217 1910 34.3 3.29 

stdev. 568 73 232 1.7 0.45 816 81 490 3.9 0.54 
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Appendix D 

Graphical abstract for Chapter 6 

 

 

 

 

Figure D-1 Schematic representation of reaction mechanism for methacrylated hyaluronic acid 

and oligo(ethylene glycol) diacrylate crosslinkers. Efficient crosslinking of methacrylated 

hyaluronic acid macromers can be achieved by copolymerization with acrylated ethylene glycol 

oligomers. Incorporation of macromer’s methacrylate and crosslinker’s acrylate groups into free 

radical polymerization (FRP) kinetic chains is the main mechanism of copolymerization. The 

reaction effectiveness increases with the length of the crosslinker. 

 

 

 


