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Abstract

Glycosaminoglycans (GAGs), such as hyaluronic acid (HA) and chondroitin sulfate (CS), have 

seen widespread adoptions as components of tissue engineering scaffolds due to their potent 

bioactive properties and ease of chemical modification. However, modification of the biopolymers 

will impair biological recognition of the GAG and reduce the bioactive properties of the material. 

In this work, we studied how the degree of thiolation of HA and CS, along with other key hydrogel 

design parameters, affected the physical and bioactive properties of the bulk hydrogel. Although 

properties, such as the HA molecular weight, did not have a major effect, increasing the degree 

of thiolation of both HA and CS decreased their biorecognition in experimental analogues for cell/

matrix remodeling and binding. Furthermore, combining HA and CS into dual polymer network 

hydrogels also modulated the physical and bioactive properties, as seen with differences in gel 

stiffness, degradation rate, and encapsulated cell viability.
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1. Introduction:

While the human body possesses natural healing capacity, situations can arise where the 

body is incapable of repairing the damaged tissue, such as in the case of critically sized 

tissue defects or disfunction of the natural repair pathways1,2. To address these medical 

needs, the field of tissue engineering has been developing methods to engineer replacement 

tissue. Tissue engineering approaches often employ cells seeded in a scaffold, such as a 

hydrogel, where the cells generate new tissue while the gel serves as a support structure. 

Synthetic polymers, such as poly(ethylene glycol) or poly(lactic acid), can provide scaffolds 

with very well-defined properties and characteristics; however, they lack the biological 

signals present in natural extracellular matrix3–6. On the other hand, natural polymers such 

as collagen and fibrin have also been used, but they lack the degree of chemical and 

mechanical tunability present in synthetic polymers3,7–11.

Over the past two decades, glycosaminoglycans (GAGs), including hyaluronic acid (HA) 

and chondroitin sulfate (CS), have seen increased use as components of tissue engineering 

scaffolds in a variety of fields, including bone12,13, cartilage14,15, skin16,17, vocal fold18, and 

nerve tissue regeneration19. HA and CS are naturally produced polymers, widely distributed 

within the extracellular matrix, and important for bodily function and cellular processes20,21. 

These GAGs possess potent bioactive properties including cell-directive signals22–24 and 

anti-inflammatory properties25, and they possess many chemically reactive hydroxyl and 

carboxylic acid groups. While these reactive moieties can exist as part of the bioactive 

motifs, they can also support chemical functionalization to allow for crosslinking and 

hydrogel formation. A wide variety of modifying agents including methacrylates26, thiols27, 

furans28, tyramines29, and various other species30 have been conjugated to HA and CS for 

gel formation. Although the addition of these groups can allow for increases in stiffness 

and compressive strength of the gel through increased crosslink density as well as provide 

handles for chemical addition of other bioactive factors, modification of the natural polymer 

structure may inhibit the ability of the cell to recognize and interact with native chemical 
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moieties and thus reduce the number and potency of bioactive signals presented to the 

cells31,32. Among the previously reported studies, there is little consensus regarding the 

optimal degree of modification for HA and CS, and the degree of modification of these 

GAGs varies widely between papers.

In this study, we focused on designing CS and HA hydrogels that maximize the bioactive 

properties of the GAGs while maintaining the ability to crosslink the polymers into 

hydrogels and encapsulate cells. To do so, we synthesized and characterized hydrogels 

using thiolated HA and CS with increasing degrees of thiolation (DOT) and tested their 

biorecognition with two in vitro analogues of in vivo bioactivity. These tests included a 

hyaluronidase digestion assay, which represented how well encapsulated cells would be 

able to remodel their environment, and a GAG binding assay, which represented how 

well proteins, including receptors and growth factors, would be able to interact with the 

modified GAGs. Next, we examined the effect of HA molecular weight ranging from 40 

kDa33 to 1.5 MDa19,34 and evaluated the viscoelastic properties of the resultant gels and 

effects of molecular weight on bioactivity. Finally, we fabricated and tested dual polymer 

network (DPN) hydrogels with the two GAGs to combine the chemical and biological 

signals of CS and HA. The ratio of CS to HA was tested to determine how it affected 

physical and bioactive properties of the hydrogel. Specifically, we fabricated CS/HA DPN 

hydrogels utilizing DOT and molecular weight that retained maximum biological activity, 

as determined using the hyaluronidase and peptide binding assays, to investigate how the 

combination of these two polymers affected hydrogel properties and cell survival.

2. Materials and Methods:

2.1: Preparation and Characterization of Thiolated Hyaluronic Acid and Chondroitin 
Sulfate

Thiolated HA (HA-SH) was prepared using a modified version of a previously 

reported protocol18. Hyaluronic acid (molecular weight (Mw): 10 kDa, 60 kDa, 100 

kDa, 200 kDa, 500 kDa, Lifecore Biomedical) was first dissolved in 0.1 M 2-(N-

morpholino)ethanesulfonic acid (MES) buffer with 0.2 wt% NaCl at a concentration of 2 

mg/mL. To attach free thiol groups, dithio-bis(propionohydrazide) (DTP) and 1-ethyl-3-(3-

dimethylaminopropyl)carbodiimide (EDC) were dissolved in the HA solution. The degree of 

thiolation was controlled through the amount of DTP added, and a 1:1 molar ratio of DTP 

to the desired percentage of modified HA carboxylic acid groups was used. EDC was added 

in a 2:1 molar ratio with respect to DTP. The reaction solution was titrated to a pH of 4.5 

and was reacted overnight at room temperature. To cleave the disulfide bond of DTP, the HA 

solution was titrated to a pH of 8 and dithiothreitol (DTT) was added in 3:1 molar excess of 

the DTP. The DTT was allowed to react for 3 hours at room temperature before the solution 

was titrated to pH 4.5 to prevent the reformation of disulfide bonds. The polymer was then 

purified using a KrosFlo KR2i tangential flow filtration (TFF) unit (Repligen) using a 5 kDa 

molecular weight cut off column and a transmembrane pressure of 18 PSI. The solution was 

purified until a permeate volume of three times the reaction volume had been reached. After 

purification, the polymer was frozen and lyophilized until further use. Thiolated CS (CS-SH) 

(Mw: 40 kDa, Seikigaku Corporation) was synthesized using the same methods. Free thiol 

Nguyen et al. Page 3

Biomacromolecules. Author manuscript; available in PMC 2023 December 28.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



content of HA-SH and CS-SH were quantified using an Ellman’s assay, and cysteine was 

used to construct a standard curve. Degree of thiolation (DOT) was defined as the percentage 

of GAG carboxylic acid groups converted to free thiols. To validate the results from the 

Ellman’s assay, the DOT of low and high DOT HA-SH and CS-SH was determined using 1H 

nuclear magnetic resonance (NMR) spectroscopy. Samples were dissolved in D2O and run 

on a Bruker 800 MHz Avance III. DOT was determined by integrating the beta methylene 

peak on the thiol side chain and dividing by the integral of the of the N-acetyl methyl group 

of the N-acetylglucosamine monomer on both HA and CS27. DOT determined through 

NMR were within ± 5% of the Ellman’s assay (Figure S2, S3).

2.2: Fabrication of HA-SH and CS-SH Hydrogels

Hydrogels composed of 1.5 w/v% HA-SH and CS-SH were formed by crosslinking the 

polymer chains with poly(ethylene glycol) diacrylate (PEGDA) (Mw: 3.4 kDa, Alfa Aesar). 

HA-SH and CS-SH were dissolved at a concentration of 3 w/v% in 360 μL of phosphate 

buffered saline (PBS). For CS/HA DPN hydrogels, weight/ weight ratios of 10:0, 7:3, 5:5, 

3:7, and 0:10 CS to HA were used with the total GAG content being kept at 1.5 w/v% (Table 

1). For determination of the minimum DOT for gel formation, a stoichiometric quantity of 

PEGDA to fully react with all available free thiols was added. For experiments comparing 

properties of HA-SH and CS-SH with low and high thiolation degrees, the lower mass 

of PEGDA was used to crosslink both low and high DOT gels. To prevent spontaneous 

disulfide bridge formation in the high thiolation gels, N-ethyl maleimide (NEM) was added 

to the PEGDA fraction to cap free thiols in a 1:1 molar ratio of NEM to remaining free thiols 

after PEGDA crosslinking. For experiments involving CS/HA DPN gels, PEGDA content 

was held constant between all groups to maintain a constant crosslink density between 

groups, using the PEGDA required to fully crosslink the 10:0 group. For all experiments, 

PEGDA was dissolved in PBS and mixed with the HA-SH or CS-SH solution. To form the 

gels, the prepolymer solutions were titrated to pH 7.8, after which sufficient PBS was added 

to bring the concentration of the GAG to 1.5 w/v%. The hydrogels were then incubated 

overnight at 37 ºC in a humidified environment.

2.3: Mechanical Testing of GAG Hydrogels

To determine the stiffness of the HA-SH and CS-SH hydrogels, 150 μL hydrogels were 

polymerized directly onto Teflon coated microscope slides (Tekdon), with a hydrophilic area 

of 20 mm. After overnight incubation, stiffness of the hydrogels was determined using a 

Discovery Hybrid Rheometer (TA Instruments). An oscillation frequency sweep from 0.1 

to 100 rad/s was performed using a 20 mm head with a constant stress of 1 Pa. Storage 

modulus and tan(δ) of the hydrogels were determined from the linear region of the sweep, if 

available. For determination of the minimum DOT for gel formation, 100 kDa HA-SH was 

used based off HA molecular weight experiments.

2.4: Enzymatic Degradation of GAG Hydrogels

For all degradation experiments, enzymatic degradation was conducted using a 50 U/mL 

solution of bovine testes hyaluronidase type I-S (Sigma Aldrich) in PBS. Degradation of 

hydrogels was conducted at 37 °C with the gels continuously agitated on a plate shaker.
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2.4.1: Degradation of GAG homopolymer hydrogels—To determine the 

degradation rate of HA-SH of varying molecular weights, as well as HA-SH and CS-SH 

of low and high DOTs, 100 μL gels were made directly in 96-well plates and left to incubate 

overnight at 37 °C. At the start of the experiment, 100 μL fresh hyaluronidase solution 

was pipetted on top of the hydrogels then immediately removed to obtain a zero-hour time 

point. Fresh hyaluronidase solution was pipetted on top, with the supernatant removed and 

replaced with fresh hyaluronidase solution every two hours for a total of ten hours. To assess 

degradation of HA, a carbazole assay was performed to determine the concentration of free 

HA in the collected supernatants. To assess degradation of CS, a dimethylmethylene blue 

(DMMB) assay was performed to determine the concentration of free CS in the collected 

supernatants.

2.4.2: Degradation of CS/HA DPN hydrogels—To determine the degradation rate 

of CS/HA DPN hydrogels, 100 μL gels were made directly in the bottom of 0.5 mL 

microcentrifuge tubes, with the initial masses of the tubes recorded to calculate gel masses. 

After polymerization, hydrogels were first allowed to swell overnight with PBS. After 

overnight swelling, 300 μL of fresh hyaluronidase solution was added atop the gels and 

incubated for 24 hours at 37 °C. After 24 hours, the supernatant was discarded, the gels 

were blotted dry, and the mass of the gel was recorded. A total of seven time points were 

taken, and the hyaluronidase solution was replaced and the gel masses were recorded every 

24 hours. After seven days, the gels were dialyzed against ultrapure water to remove salt at 

4 °C overnight. Gels were then frozen and lyophilized, and the dry masses of the gels were 

recorded.

2.5: Peptide-Glycan Binding to GAG Hydrogels

2.5.1: Peptide-Glycan synthesis and characterization—The HA-binding peptide 

GAH (GAHWQFNALTVGSG) was synthesized with a C-terminal hydrazide for coupling 

to CS and was obtained from Chinese Peptide Company. The CS-binding peptide YKT 

(YKTNFRRYYRFGSG) was also synthesized with a C-terminal hydrazide for coupling to 

HA and was produced using a Liberty Blue peptide synthesizer with standard Fmoc solid 

phase peptide synthesis techniques. After synthesis, YKT was purified using reverse phase 

fast protein liquid chromatography, and the collected fractions were verified using matrix 

assisted time of flight mass spectrometry.

Synthesis of peptide-glycan conjugates was performed using a modified version of a 

previously reported method35. To synthesize GAH coupled to CS (CS-GAH) and YKT 

coupled to 100 kDa HA (HA-YKT), the GAGs were dissolved at 10 mg/mL in 0.1 M 

MES buffer with 8 M urea. One hundred molar excess of 4-(4,6-dimethoxy-1,3,5-triazin-2-

yl)-4-methyl-morpholinium chloride (DMTMM) was added with respect to the GAG. GAH 

was added in a 10:1 molar ratio of peptide to CS and YKT was added in a 30:1 ratio 

of peptide to HA. The solution was titrated to a pH of 4.5 and allowed to react for three 

days at room temperature. At the end of the reaction, the solutions were diluted 5X to stop 

the reaction and purified using TFF using the same parameters as the HA-SH and CS-SH 

synthesis. Peptide attachment was quantified by measuring the 280 nm absorbance of the 

peptide-glycan and comparing the results to a standard curve made of the free peptide.
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2.5.2: Peptide-Glycan binding assay—To determine the binding ability of CS-GAH 

and HA-YKT to HA-SH and CS-SH, respectively, of low and high DOTs, 40 μL gels 

were made directly in a black opaque 96-well plate. After gelation, 10 μM solutions of 

CS-GAH and HA-YKT were pipetted atop the gels and left to incubate for thirty minutes at 

room temperature. After this time, the supernatant was removed, and the gels were washed 

three times with PBS to remove non adherent peptide-glycans. After washing, peptide-

glycan attachment was quantified by measuring the intrinsic fluorescence of tryptophan and 

tyrosine residues of the gels to determine CS-GAH and HA-YKT binding, respectively. 

Intrinsic fluorescence of tryptophan was measured at an excitation of 295 nm and emission 

of 350, and the intrinsic fluorescence of tyrosine was measured at an excitation of 280 nm 

and emission of 305 nm.

2.6: MSC Viability in CS/HA DPN Hydrogels

2.6.1: Rabbit MSC isolation and culture—Rabbit MSCs were isolated from the 

bone marrow from the femurs of 6-month old New Zealand white rabbits. After euthanasia 

following an unrelated procedure, the discarded femurs were isolated. The neck of the femur 

was clipped off, and the bone marrow was rinsed out using warmed Dulbecco’s Modified 

Eagle Medium (DMEM) (Gibco) into 50 mL conical tubes. Erythrocytes were lysed through 

the addition of sterile deionized water into the tube, and the tubes were centrifuged to 

remove the dead cells. The resulting pellet was broken up and cells were plated on 

polystyrene tissue culture plates and incubated overnight in a humidified environment at 

37 °C. The next day, the non-adherent cell population was aspirated, and the adherent 

MSC population was subsequently cultured using a medium consisting of low glucose 

DMEM with Glutamax supplement (Gibco), 10% fetal bovine serum (Gibco), 5% penicillin/

streptomycin (Gibco), and 10 μg/ml basic fibroblast growth factor (Lonza). Cells were 

passaged at 70–80% confluence and used at passage two.

2.6.2: MSC Viability in CS/HA DPN Hydrogels—To assess cell viability as a 

function of CS/HA ratio on DPN hydrogels, MSCs were encapsulated in CS/HA DPN 

hydrogels at a cell concentration of 106 cells/mL. Ten μL gels were pipetted directly onto 

Ibidi μ-Slides and allowed to gel for one hour at 37 °C in a humidified environment. After 

polymerization, fresh cell medium was pipetted atop the gels, and the medium was changed 

every day. At time points of one and six days, the cell medium was aspirated and replaced 

with 4 μM of Calcein AM (Invitrogen) and 6 μM of ethidium homodimer (Invitrogen) 

in PBS to stain for live and dead cells, respectively. The cells were incubated for thirty 

minutes, after which the staining solution was removed and replaced with PBS. To image 

the cells, fluorescent images were taken using a Keyence BZ-X700 fluorescent microscope 

at a magnification of 10X. A Z-stack image of the gels was taken with a depth of 500 

μm, and Z-stack images were combined using the full focus algorithm in the accompanying 

Keyence image analysis software. Each Z-stack image had a cross sectional area of 1.6 

mm2, corresponding to 13% of the total hydrogel area. One image from the center of each 

biological replicate was taken. Live/dead counts were determined using the find maxima 

algorithm in ImageJ.
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2.7: Statistics

Data are represented as means, and error bars correspond to standard deviation. For the 

comparison of two groups, statistical significance was determined using a T-Test. For 

comparing more than two groups, statistical significance was determined with single factor 

equal variance ANOVA, and differences between groups were determined using Tukey’s 

post hoc tests. Statistical analysis was performed using Graphpad Prism, and a probability 

value of 95% (P < 0.05) was used to determine statistical significance.

3. Results and Discussion:

3.1: Minimum Thiolation for Hydrogel Formation

To examine how degree of thiolation affected bioactivity of HA and CS, GAGs with varying 

percentages of thiolation, as determined by the percentages of available carboxylate groups 

that were converted to thiols, were synthesized. However, prior to bioactivity assays, the 

minimum DOT required for gelation had to be determined. Following reaction with DTP and 

EDC, HA with DOTs of 2.3%, 5.3%, 9.9%, 13.7%, 17.8%, and 24.0% were obtained (Table 

S1). Results from rheological testing showed that HA-SH with a DOT of 5.3% thiolation 

formed a gel (Figure 1) whereas, at a DOT of 2.3%, the HA-SH did not gel as denoted by a 

tan(δ) value greater than 1 (Figure 1c). Furthermore, at 5.3% thiolation, the gel exhibited an 

average G’ value of 16.5 Pa, which would not be robust enough for most tissue engineering 

applications. As expected, G’ values increased with increasing degrees of thiolation. The 

17.8% DOT HA-SH produced robust gels with a modest DOT. This result, coupled with 

the data presented below showing a similar degree of thiolation (17.6%) was required for 

robust CS gelation, led to 17.8% DOT HA-SH being chosen for experiments investigating 

the impact of HA molecular weight on gel stability and as the low DOT for experiments 

investigating the impact of DOT on HA biological activity.

For CS-SH, it was found that a DOT higher than that required for HA-SH was needed 

to form a robust gel. Following reactions with DTP and EDC, CS with DOTs of 4.2%, 

8.2%, 15.1%, 17.6%, 25.5%, 28.8%, and 35.1% were obtained (Table S2). Below 15.1%, 

CS-SH gels did not form, and 15.1% thiolated CS-SH formed a weak gel with a G’ of 43.2 

Pa (Figure 1). To maintain parity with HA-SH in terms DOT, a CS-SH thiolation degree 

of 17.6% was chosen for future experiments. Given similar DOT levels, it was found that 

CS-SH hydrogels were weaker than HA-SH hydrogels (697.9 Pa for HA-SH and 304.4 

Pa for CS-SH at a DOT of ~17.7%). The chosen DOT for HA-SH and CS-SH falls on 

the lower end of previously reported degrees of modification for both polymers, and other 

groups reported degrees of modification between 736,37 and 71%26,38. While other groups 

achieved hydrogel formation at degrees of modification lower than 17%, other factors such 

as reacting the GAG chains directly with one another36, the addition of other polymers39,40, 

or differences in the concentration of polymer used41 may account for the need for a DOT of 

~17% to support gel formation in the study reported here. In this regard, the minimum DOT 

for gel formation is specific to a chosen crosslinking method and polymer concentration.
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3.2: Effects of GAG DOT on Bioactivity

3.2.1: Effect of GAG DOT on Hyaluronidase Activity—To assess bioactivity 

of HA-SH hydrogels, one chosen metric was to measure hydrogel susceptibility to 

hyaluronidases as a measure of hyaluronidase recognition and degradation of HA as a 

function of DOT. This assay assessed the effect of thiolation on enzymatic recognition sites 

within the HA chain since fewer recognition sites would lead to decreased degradation. 

Hyaluronidase degradation was chosen as a proxy to understand how the degree of 

modification of the GAGs would affect the encapsulated cells’ ability to remodel the 

environment via secretion of hyaluronidase or how durable the material would be in a 

pro-inflammatory environment characterized by an increased level of hyaluronidases. To 

maintain consistent crosslink density, low DOT HA-SH (17.8%) and high DOT HA-SH 

(30.2%) were both crosslinked with the same amount of PEGDA needed to fully crosslink 

the 17.8% DOT HA-SH. Free thiols in the high DOT gels were capped with NEM to prevent 

disulfide bridge formation (Figure 3a). It has been previously demonstrated that maleimide 

groups react with thiols at a faster rate than acrylates; therefore, it is believed that the 

amount of free thiols available for crosslinking with PEGDA between the high and low DOT 

groups is roughly equivalent42. As such, any inefficiencies in crosslinking should be seen 

in both groups. This was further confirmed through rheological analysis of gels with high 

(with NEM) and low DOT, with the stiffness of the two groups being statistically equivalent 

(Figure S4).

Following 10 hours of hyaluronidase degradation, it was found that the 30.2% DOT HA-SH 

degraded significantly less than the 17.8% DOT HA-SH, and these results suggest that fewer 

hyaluronidase recognition sites exist at a higher DOT (Figure 2b, c).

Similarly, the bioactivity of CS-SH with respect to DOT was tested through hyaluronidase 

digestion since CS is also cleavable by hyaluronidase. Low DOT CS-SH (17.6%) and high 

DOT CS-SH (35.1%) were gelled with consistent crosslink density using the same methods 

as described for HA-SH. As expected, CS-SH generally degraded less than HA-SH due 

to the molecular differences between the two GAGs. Furthermore, similar to HA-SH, high 

DOT CS-SH also degraded less than low DOT CS-SH, and these results also suggest limited 

hyaluronidase recognition of CS due to increased modification (Figure 2b, c).

For both CS and HA, decreasing DOT resulted in increased susceptibility to hyaluronidase 

degradation. Increased susceptibility would not only allow encapsulated cells to more easily 

remodel their environment but also make the hydrogels more susceptible to degradation 

in the presence of increased concentrations of hyaluronidase, such as those found in 

pro-inflammatory environments43. As such, the optimal DOT of CS-SH and HA-SH will 

depend on the intended application and target environment of the hydrogel. While others 

have detailed how crosslink density affected the degradation rate of HA hydrogels, changes 

in degradation rate depended on both the degree of modification and the diffusivity of 

species within the hydrogel44,45. By capping free thiols, we were able keep crosslink density 

constant, removing a confounding factor with regard to hyaluronidase degradation.

3.2.2: Peptide-Glycan Interaction with Thiolated GAG Hydrogels—Another 

selected measure of bioactivity with regard to the DOT of the GAGs was the ability 
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for biomolecules to interact with or bind to the thiolated GAGs, as occurs between 

proteins, such as growth factors, and GAGs within the extracellular matrix (ECM). As 

biomolecule analogs, the peptide-glycans CS-GAH and HA-YKT, which bind to HA and 

CS, respectively, served as proxies for protein and proteoglycans that interact with GAGs. 

These molecules were chosen as biomolecule analogs due to our previous experience 

developing and characterizing peptide-glycan constructs, with CS-GAH in particular 

previously described as an aggrecan mimetic that binds to HA35,46. Both GAH and YKT 

peptides were originally discovered from peptide arrays with the intention of maximizing 

interaction with HA and CS, respectively47,48. Following incubation with solubilized CS-

GAH, which had an average of ten peptides bound to one CS molecule, it was found 

that significantly less CS-GAH bound to HA-SH of higher DOT compared to that of the 

lower DOT (Figure 3). Similarly, significantly less HA-YKT, which had an average 30 

peptides bound to one HA molecule, bound to the high thiolation CS-SH compared to 

the lower thiolation CS-SH (Figure 3). These results are consistent with other previously 

reported protein binding studies. Kwon et al demonstrated decreased CD44 binding to HA 

as the HA was increasingly modified31. Although the HA and CS binding peptides are not 

derived from a specific protein, cationic charge motifs similar to those found in GAH and 

YKT peptides have been documented in the heparin binding domains of several proteins49. 

Because of these similarities in amino acid sequence and charge, the ability of these peptide-

glycans to bind to HA-SH and CS-SH provides insight as to how heparin binding proteins 

might interact with the GAGs as a function of DOT. After six days of culture in HA-SH and 

CS-SH gels of high and low DOT, a small increase in MSC viability was found in the low 

DOT CS-SH gel compared to the high DOT gel, but no difference was found between the 

HA-SH gels of low and high DOT (figure S5). This difference in viability may be explained 

through differences in protein binding, as seen in the peptide-glycan binding assay.

3.3: Effect of HA Molecular Weight on Hydrogel Stiffness and Hyaluronidase Activity

To determine the effect of HA molecular weight on the enzymatic degradation of the 

resulting hydrogel, 10 kDa, 60 kDa, 100 kDa, 200 kDa, and 500 kDa HA-SH were 

synthesized with an approximate DOT of 17±0.4%. For this experiment, we hypothesized 

that hydrogels formed with higher molecular weight HA would be more resistant to 

degradation due to the increased number of crosslinks per polymer chain and reduced 

number of chain ends. As such, once one glycosidic bond was hydrolyzed by hyaluronidase, 

the probability of the cleaved chain remaining connected to the polymer network would 

be higher for polymers of higher molecular weight. To keep crosslink density consistent 

between all groups, the same amount of PEGDA was used to crosslink all HA-SH groups. 

Following 8 hours of enzymatic degradation with hyaluronidase, it was found that between 

60 kDa and 500 kDa, there was little difference in the rate of enzymatic degradation, 

contrary to our initial hypothesis. However, the 10 kDa HA-SH did show significantly 

greater degradation than did the HA-SH of higher molecular weights (Figure 4a,b). To 

contextualize this difference in degradation between the different molecular weights of 

HA-SH, the stiffness of the intact gels was determined. It was found that between 60 kDa 

and 500 kDa, there was no significant difference in stiffness, but the gels made with 10 kDa 

HA-SH were significantly weaker than the other groups (Figure 4c). Thus, at an HA MW 

Nguyen et al. Page 9

Biomacromolecules. Author manuscript; available in PMC 2023 December 28.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



≥60 kDA and a DOT of ~17%, the number of end groups does not significantly alter the 

stiffness of gels or the susceptibility to enzymatic degradation.

Although the molecular weights of HA used in other reported hydrogel systems have varied 

between studies and ranged from 40 kDa50 to 1.5 MDa36, the results reported here suggest 

that this inconsistency between MW of HA studied should not have a large effect on the 

enzymatic degradation rates nor on the stiffness of HA gels. Therefore, when fabricating 

HA only or DPN hydrogels, molecular weights above 60 kDa may not be one of the 

governing factors in polymer design with regard to degradation or stiffness. Going forward, 

100 kDa HA-SH was chosen for CS/HA DPN experiments as it readily dissolved at the 

high concentrations required for hydrogel synthesis compared to the 200 kDa and 500 kDa 

variants, which exhibited lower solubility and are challenging to work with due to higher 

solution viscosity.

3.4: Mechanical Properties of CS/HA DPN Hydrogels

After determining the effects of DOT on degradation and peptide-glycan binding, we sought 

to characterize hydrogels fabricated with a CS/HA DPN network. The goal of this study was 

to develop an understanding of how the combination of CS and HA, specifically the ratio in 

which the two GAGs were incorporated, affected the properties of the hydrogel. Two main 

considerations regarding the GAGs were taken into account. First, the molecular weight of 

the HA was more than double that of the CS, and therefore crosslinking the two polymers 

together at different ratios may affect the stiffness and degradation of the materials. Second, 

due to the sulfate groups present on CS but not HA, modulating the CS to HA ratio of the 

CS/HA DPN hydrogels would affect the internal charge of the hydrogels and could in turn 

affect swelling, stiffness, and degradation.

To test the mechanical properties of the CS/HA DPN hydrogels, gels with CS to HA w/w 

ratios of 10:0, 7:3, 5:5, 3:7, and 0:10 were fabricated with the same amount of PEGDA 

crosslinker to ensure that the crosslink density was consistent between groups. All groups 

containing any amount of CS had shear moduli that were not significantly different from 

one another (Figure 5). However, the group containing only HA had a significantly higher 

G’ than all groups containing CS, including the DPN group that was predominantly HA 

(Figure 5). These results suggest that inclusion of CS into the DPN reduces the modulus of 

the gel, but this reduction did not depend on CS concentration. Although it has been shown 

that inclusion of CS into collagen hydrogels can decrease gel stiffness through interactions 

with the protein, it has not been shown previously that CS has a similar effect on HA gels51. 

This observation warrants further future study to determine whether CS-HA interactions, or 

perhaps the presence of increased negative charge, are responsible for altering gel polymer 

structure and therefore the stiffness of these gels.

3.5: CS/HA DPN Hydrogels Resist Enzymatic Degradation

The enzymatic degradation of CS/HA DPNs was tested to determine the effect of blending 

the two polymers on the degradation of the bulk hydrogel, given the differences in enzymatic 

degradation between CS-SH and HA-SH. Chemical analysis of the hydrogel supernatant 

could not be performed due to a lack of HA-specific assays. For example, the carbazole 
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assay measures the presence of glucuronic acid from HA and CS indiscriminately, whereas 

HA enzyme-linked immunosorbent assays (ELISAs) are limited because of decreased 

recognition of the modified, short fragments of HA that are released upon degradation52. 

As a result, bulk degradation of the DPN hydrogels was assessed through recording the total 

mass of the swollen gels daily and measuring the change in mass of the polymer content 

within the gel at the end of seven days. As the gels degraded over the course of seven 

days, most gels experienced an initial increase in mass likely caused by decreased crosslink 

density and increased swelling capacity (Figure 6a,c). At longer times, a decrease in mass 

was observed likely coincident with sufficient polymer degradation to release free polymer 

fragments from the gels (Figure 6a,d). Although all groups reached a similar maximum 

increase in mass (~14–18%), the time point at which they did so roughly corresponded to 

their relative CS content. Groups with increased relative CS content reached their maximum 

mass earlier, and groups with increased relative HA content reached their peak later (Figure 

6a).

Based upon findings regarding the degradation of the CS-SH and HA-SH homopolymer 

gels, we expected the CS only gel to have the slowest degradation rate and that increased CS 

content in the DPN groups would result in slower degradation. However, after seven days, 

the percentage of the polymer degradation of the DPN hydrogels was significantly lower 

than both the CS and HA homopolymer gels (Figure 6b). Over the same period, there was 

no significant difference in polymer content loss between the DPN groups. Although initial 

homopolymer tests did show resistance to hyaluronidase by CS, that previous experiment 

did not explore the long-term degradation mechanics of the gels. As such, our initial 

hypothesis did not consider the swelling mechanics of DPN hydrogels as they degraded 

over a longer period of time. The CS hydrogel swelled to a greater degree and at a faster rate 

than all of the other groups, likely due to the high density of the negatively-charged sulfate 

groups on the CS backbone, and this swelling may have allowed for increased hyaluronidase 

infiltration and more rapid degradation. On the other hand, although the HA did not swell 

to the same degree as the CS gel, HA is more susceptible to hyaluronidase degradation and 

thus the HA gel degraded at a faster rate than the CS gel. Based on the observed degradation 

of the HA-only and CS-only gels, it is believed that DPN hydrogels degraded less due to 

a balance of decreased hyaluronidase-susceptibility of CS and the lower swelling capacity 

of HA. As such, given the multifaceted nature of exogenous enzyme degradation involving 

both enzyme substrate recognition and enzyme infiltration, DPN hydrogels demonstrated 

reduced polymer degradation over time.

3.6: CS/HA DPN Hydrogels Promote MSC Viability

Although it is known that MSCs are able to interact with HA through the CD44 receptor, 

it has not been shown directly that MSCs use CD44 to interact with CS. However, CD44 

is able to interact with CS in a cell-free system, and these results suggest that MSCs can 

bind to CS through CD4453. To evaluate the ability of the CS/HA DPN hydrogels to support 

cell survival, rabbit MSCs were encapsulated and cultured in gels for periods of one and 

six days. At the end of these time points, live and dead cells were stained and counted to 

determine average cell viability with respect to the hydrogel formulation. After one day of 

culture, no significant difference was found in cell viability, and average cell viability of the 
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MSCs ranged from 83% to 87% (Figure 7). After culturing for six days, it was found that the 

cell populations in the HA homopolymer gel decreased and exhibited an average viability 

of 60% (Figure 7). In contrast, cell populations cultured in groups containing any amount 

of CS showed significantly higher viability at six days, ranging from 76% to 83%, and no 

significant difference was found between groups incorporating CS (Figure 7).

Although the MSCs should be able to bind and interact with the HA only gel via CD44, 

this formulation showed decreased cell viability compared to all CS groups. This finding 

suggests that the biological signals, in addition to CD44 interactions, provided by CS 

promote cell viability, but this signal does not promote cell viability in a dose-dependent 

manner. An alternative explanation to increased biological signaling coming directly from 

CS is that swelling due to increased CS content may have allowed enhanced nutrient 

diffusion and thus increased cell viability. Furthermore, the HA only gel was found to 

be significantly stiffer than all CS containing gels, with this increase in stiffness also 

possibly contributing to decreases in cell viability. Of note, all groups showed significant 

decreases in the percentage of viable cells between one day and six days of culture. This 

decrease may have been due to the lack of other supporting biological polymers, such 

as collagen, as similar decreases in cell viability over time in GAG-only gels have been 

reported elsewhere18,54. In those cases, cell viability increased following the inclusion of 

collagen into the polymer network. To promote cell viability in future studies, collagen or 

other ECM proteins can be included to provide support for encapsulated cells.

4. Conclusion

In this study we demonstrated the effects of CS-SH and HA-SH polymer design on the 

physical and bioactive properties of hydrogels. The minimum DOT was determined for 

the formation of robust hydrogels. HA molecular weight ≥60 kDa was not found to be 

a large factor impacting the enzymatic degradation and hydrogel stiffness. Increasing the 

DOT of both HA-SH and CS-SH was found to decrease their bioactivity as determined by 

both their ability to be degraded by hyaluronidase and their ability to interact with HA and 

CS-binding peptides. These assays were performed as analogues for cellular interactions 

with their environment. CS-SH and HA-SH were incorporated together into DPN hydrogels 

with the eventual goal of stimulating encapsulated cells with the combined biological signals 

of the GAGs. DPN hydrogels resisted degradation by hyaluronidase to a greater degree 

than CS and HA homopolymer gels. Finally, the incorporation of CS in any amount into 

the DPN hydrogels demonstrated an increased ability to promote cell viability over the HA 

homopolymer gel.
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Abbreviations:

CS chondroitin sulfate

CS-SH thiolated chondroitin sulfate

DMEM Dulbecco’s modified eagle media

DMMB dimethylmethylene blue

DMTMM 4-(4,6-dimethoxy-1,3,5-triazin-2-yl)-4-methyl-morpholinium 

chloride

DOT degree of thiolation

DPN dual polymer network

DTP dithio-bis(propionohydrazide)

ELISA enzyme-linked immunosorbent assays

ECM extracellular matrix

EDC 1-ethyl-3-(3-dimethylaminopropyl)carbodiimide

GAH GAHWQFNALTVGSG

GAG Glycosaminoglycan

HA hyaluronic acid

HA-SH thiolated hyaluronic acid

MES 2-(N-morpholino)ethanesulfonic acid

MSC mesenchymal stromal cell

MW molecular weight

NEM N-ethyl maleimide

PEGDA poly(ethylene glycol) diacrylate

TFF tangential flow filtration

YKT YKTNFRRYYRFGSG
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Figure 1: 
Mechanical properties of HA-SH (MW: 100 kDa, 1.5 w/v%) and CS-SH (MW: 40 kDa, 1.5 

w/v%) hydrogels increase as a function of DOT. (a) Storage modulus of HA-SH gels as a 

function of DOT. (b) Storage modulus of CS-SH gels as a function of DOT. (c) tan(δ) of 

HA-SH gels. (d) tan(δ) of CS-SH gels. * denotes statistical significance (P < 0.05) from all 

other groups. n.s. denotes no significance between groups (P > 0.05)
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Figure 2: 
Degradation of HA-SH (MW: 100 kDa, 1.5 w/v%) and CS-SH (MW: 40 kDa, 1.5 w/v%) 

hydrogels as a function of GAG DOT. (a) Schematic of NEM mediated capping of free 

thiols on HA-SH. (b) Degradation of HA-SH and CS-SH over time. (c) Cumulative 

Degradation of HA-SH and CS-SH at 10 hours. * denotes statistical significance (P < 0.05) 

between groups
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Figure 3: 
HA-YKT Binding to CS-SH (MW: 40 kDa) and CS-GAH binding to HA-SH (MW: 100 

kDa) as measured by intrinsic fluorescence of tyrosine and tryptophan Residues. * denotes 

statistical significance (P < 0.05) between groups
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Figure 4: 
Enzymatic Degradation of HA-SH Hydrogels (DOT: ~17±0.4%) with Respect to HA 

Molecular Weight. (a) Degradation of HA-SH gels of multiple molecular weights over time. 

(b) Cumulative degradation of HA-SH gels at eight hours. (c) Storage modulus of HA-SH 

with respect to HA molecular weight. Groups sharing letters are not statistically different (P 

> 0.05). * denotes statistical significance (P < 0.05) from all other groups. n.s. denotes no 

significance between groups ( P > 0.05).
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Figure 5: 
Storage Modulus of CS/HA (CS MW: 40kDa, CS DOT: 17.6%; HA MW: 100 kDa, HA 

DOT: 17.8%; 1.5 w/v% GAG) DPN hydrogels at 1 rad/s. * denotes statistical significance (P 

< 0.05) from all other groups. n.s. denotes no significance between groups (P > 0.05)
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Figure 6: 
Swelling and Degradation Mechanics of CS/HA (CS MW: 40kDa, CS DOT: 17.6%; HA 

MW: 100 kDa, HA DOT: 17.8%; 1.5 w/v% GAG) DPN Hydrogels in the Presence of 

Hyaluronidase. (a) Change in total mass of gels over time. (b) Percent polymer degradation 

after seven days. (c) Percent change in total gel mass after four days of hyaluronidase 

treatment. (d) Percent change in total gel mass after seven days hyaluronidase treatment. 

Groups sharing letters are not statistically different (P > 0.05). * denotes statistical 

significance (P < 0.05) from all other groups. n.s. denotes no significance between groups (P 

> 0.05)
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Figure 7: 
Live/dead assay of MSCs encapsulated in CS/HA (CS MW: 40kDa, CS DOT: 17.6%; HA 

MW: 100 kDa, HA DOT: 17.8%; 1.5 w/v% GAG) DPN Hydrogels. (a) MSCs in CS/HA 

DPN Hydrogels stained with Calcein AM (green) and Ethidium homodimer (red) at day six. 

Scale bar represents 100 μm (b) MSC viability at day one, n = 3. (c) MSC viability at day 

six, n = 3. (d) Change in MSC viability between day one and day six. * denotes statistical 

significance (P < 0.05) from all other groups. n.s. denotes no significance between groups (P 

> 0.05)
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Table 1:

Concentrations of CS and HA used for CS/HA DPN hydrogels

Ratio of CS/HA 10:0 7:3 5:5 3:7 0:10

Concentration of CS (mg/mL) 15 10.5 7.5 4.5 0

Concentration of HA (mg/mL) 0 4.5 7.5 10.5 15
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