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Abstract 

Millions of Americans suffer from nervous system injuries. Hydrogels have been 

investigated to (1) bridge nerve gaps; (2) act as a scaffold for bioactive molecule delivery or cell 

transplantation; and/or (3) promote axonal outgrowth.  In this study, we use a rapid, one-step 

Michael addition click chemistry reaction to fabricate a hyaluronic acid (HA) scaffold for neural 

repair. Briefly, some of the primary hydroxyl groups on the HA backbone were modified to a 

vinyl sulfone functional group for (1) conjugation of thiol based bioactive molecules and (2) 

hydrogel crosslinking, which was confirmed by Proton Nuclear Magnetic Resonance (1H-NMR) 

and Fourier Transform Infrared Spectroscopy (FTIR).  The degree of crosslinking creates a 

mechanically tunable hydrogel.  Rheology confirmed that the storage modulus was within the 

order of magnitude to that of nervous tissue.  Primary human dermal fibroblasts and primary 

mouse neural stem cells (NSCs) seeded in the HA hydrogel were viable and proliferative, thus 

demonstrating that the HA hydrogel is conducive as a scaffold for cell transplantation.  The 

range in pore size demonstrated that the scaffold supports cell migration and neurite extension.  

Neurite outgrowth of cultured whole embryonic day 9 chick dorsal root ganglions signifies that 

the hydrogel supports axonal outgrowth.  Reduction in immune and inflammatory cell viability 

was observed in anti-Fas-conjugated HA hydrogel, whereas the NSCs maintained viability in the 

anti-Fas HA hydrogel. Therefore, this one-step, rapid, controllable reaction is an efficient method 

for fabrication of tunable, biomolecule conjugated hydrogels for neural engineering applications.  
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1. Introduction 

 Approximately 2.5 million people suffer from central nervous system (CNS) injuries, 

such as traumatic brain injury, spinal cord injury, and stroke, as well as peripheral nerve injuries 

annually in the United States
1-3

.  Biodegradable hydrogels have been investigated as potential 

scaffolds due to similar mechanical properties with nervous tissue in order to bridge the created 

gap or void space.    Additionally, hydrogels can serve as delivery vehicles for cells and/or 

protein due to their water solubility and porous architecture after gelation in vivo.  One of the 

main characteristics when selecting a hydrogel for nervous system applications is that it 

polymerizes in situ, thereby, conforming to the shape of the defect, minimizing the interfaces for 

re-growing axons and migrating cells
4
. There are several material candidates used as hydrogel 

scaffolds for neural applications, such as agarose
4-7

, methylcellulose
8
, collagen

9
, hyaluronic acid 

(HA)
10-12

 and polyethylene glycol
13

.  These hydrogels have several advantages and disadvantages 

as scaffolds for neural repair. HA has been used in this study as the backbone for the hydrogel 

scaffold as it is abundantly found in the extracellular matrix (ECM), especially in nervous system 

tissue
14

.  HA as a hydrogel has several advantages: (1) net negative charge
15, 16

, (2) anti-

inflammatory properties
17

; and (3) hydrophilicity
18

.  The net negative charge is important for 

swelling and permeability
19

.   The anti-inflammatory properties aid in reduction of T-cell and 

macrophage recruitment, thus making it beneficial for nervous tissue repair and cell 

transplantation.  The hydrophilicity of the HA hydrogel minimizes protein and host cell 

deposition
18

.  HA hydrogels have previously been utilized in neural engineering and have 

demonstrated to be beneficial for cell transplantation and differentiation of neural progenitor 

cells, as well as a scaffold for spinal cord injury
11, 20

.  
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 Various methods to crosslink HA for gelation, such as photocrosslinking
21, 22

 and 

chemical crosslinking of modified HA backbone
23-26

 have been used. These crosslinking 

methods require functional group modifications to the HA backbone, such as with acrylates and 

thiols.   Acrylate group modifications to the hydrogel are common to allow for protein 

modifications. However, previous methodology reported for acrylation is lengthy, on the order of 

hours to days
11

 and some of the protocols involve a two-step process
27

, which require removing 

unreacted chemicals prior to the second step.    Functionalizing the backbone of the HA polymer 

with vinyl sulfone (VS) groups is an ideal method for hydrogel fabrication because it is quick, 

and lends to further modification with proteins and antibodies
28

.   

In this study, we used a quick one-step method for fabrication of a VS-modified hydrogel 

scaffold suitable for bioactive molecule conjugation.  Vinyl sulfone groups were added to the 

HA backbone in a controlled 20 minute one-step reaction.  With the addition of the VS groups to 

the HA backbone, bioactive molecules can then be conjugated to the HA solution without 

affecting its crosslinking potential.    The antibody to Fas, an apoptotic promoting protein, was 

conjugated to the VS modified HA (HA-VS) backbone using 42% of the total available VS 

groups to produce an immuno-modulating and neuroprotective hydrogel scaffold. The HA 

precursor solution was polymerized by reacting the remaining vinyl sulfone groups on the HA 

with 4-arm PEG-thiol (PEG-thiol).  The crosslinker minimized gelation time after biomolecule 

conjugation
29

. Through modification of the crosslinker percentage, properties such as gelation 

kinetics, mechanical integrity, and hydrogel microstructure can be controlled to produce a 

suitable hydrogel scaffold. This reaction mechanism for fabrication of hydrogels is also 

applicable for other polymers with primary hydroxyl groups in the backbone that are used for 
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neural engineering applications for in vivo applications, such as cell transplantation and drug 

delivery. 

 

2. Experimental 

2.1 Materials 

 Hyaluronic acid, divinyl sulfone (DVS), and PEG-thiol were purchased from Lifecore 

Biomedical, Sigma Aldrich, and JenKem, respectively.  Dialysis membranes were purchased 

from Spectrum Labs. Hyaluronidase used for the degradation studies was purchased from 

Worthington Biochem. Mouse neural stem cells (NSCs) were purchased from Cyagen. Primary 

human dermal fibroblasts (CT-1005) were a generous donation from Tanja Dominko (Worcester 

Polytechnic Institute). Microglial cells (C8B4) and Jurkat cells were purchased from ATCC.  

Live/Dead assay kit was purchased from Life Technologies. Primary and secondary antibodies 

used were purchased from AbCam and LifeTech, respectively.  

 

2.2 Fabrication of Hyaluronic Acid Hydrogel Precursor Solutions 

 To fabricate HA-VS hydrogel precursor solution, HA (1×10
6
 Da) was first dissolved in 

0.01 N sodium hydroxide (NaOH) for a working concentration of 1% (w/v).  The HA solution 

reacted with the DVS for 20 min at room temperature.  The reaction was quenched with 1 N HCl 

until the pH level reached 5.  The solution was dialyzed (MWCO 25kD) for 48 hrs at 4C to 

remove excess DVS.  The HA-VS solution was then lyophilized and stored at -20
o 
C until ready 

to use.  

 In order to fabricate anti-Fas HA hydrogel precursor, 250 ng/mL of anti-Fas was added to 

reconstituted 0.75% (w/v) HA solution.    The conjugation reaction occurred under rotation at 
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37°C for 1 hr. Samples were dialyzed for 24 hrs, lyophilized, and stored in -20
 o

C until use. The 

precursor solution was crosslinked with 1% PEG-thiol (1 x 10
4 

Da) at a 1:1 ratio to create a 

hydrogel unless otherwise specified. 

 

2.3 FTIR Analysis for Addition of Vinyl Sulfone Groups 

 To confirm the addition of vinyl sulfone groups to HA, FTIR was performed on the 

samples.  A 1% (w/v) solution of pure (uncrosslinked) HA and HA-VS were prepared as 

mentioned in the section above.  The HA and HA-VS were analyzed using Thermo Scientific 

ATR-FTIR. A resolution of 4 cm-1 was used, and read between 400 and 4000 cm-1. A total of 

16 iterations for each sample were averaged to obtain FTIR spectrum.  Prior to reading the 

samples, the FTIR was calibrated and air was read as background.  Peak identifier software was 

used to identify the peaks.  

 

2.4 1H NMR Analysis for Degree of Vinyl Sulfone Modification and Anti-Fas Conjugation   

 1H-NMR (Bruker BioSpin) was performed to determine the degree of vinyl sulfone 

modification to the HA backbone, and conjugation of anti-Fas.  Degree of vinyl sulfone 

modification was analyzed by varying the molar excess of DVS, as well as the reaction time of 

HA with DVS.  The following molar excesses of DVS were used and reacted for 20 min: 1M, 

2M, 3M, 6M, and 10M.  The following reaction times were used to determine the effect on 

degree of vinyl sulfone modification for 3 M excess DVS: 10 min, 15, min, 20 min, 25 min, 30 

min and 40 min.    After lyophilization, the HA was reconstituted in deuterium oxide (D2O) at a 

concentration of 7.5 mg/mL.  The samples were analyzed for degree of VS modification using 

the Bruker BioSpin 500M Hz Avance III Digital NMR spectrometer.  A total of 512 scans was 
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performed and then averaged together to obtain the H-NMR spectrum.  Previously published 

methodology was used to calculate the degree of VS modification
11, 28, 30, 31

.  Briefly, the ratio of 

the integrated area of the CH2 peak of the vinyl sulfone groups at 6.0 to 6.5 ppm to the H3-H6 

peaks of solution HA-VS between 1.65 and 2 ppm was calculated. 

1H-NMR was also performed to determine the conjugation of anti-Fas to the HA 

backbone relative to the HA-VS sample.  Soluble anti-Fas was analyzed at 250ng/mL to 

determine the NMR molecular signal prior to conjugation.  Anti-Fas (250 ng/mL) was 

conjugated to 0.75% (w/v) HA.  The anti-Fas was allowed to bind to the HA-VS solution for 20 

min, 40 min, 60 min, or 120 min. Samples were then lyophilized and reconstituted in D2O for 

NMR analysis. Anti-Fas binds to the VS groups on the HA-VS backbone, thus the vinyl sulfone 

peaks were used to quantify the degree of conjugation. A reduction in the ratio of peaks indicates 

binding of the bioactive molecule. The degree of anti-Fas conjugation was calculated similarly to 

the degree of modification study specified above, and normalized relative to the HA-VS control 

group.  Anti-Fas conjugated hydrogel was crosslinked with 1% (w/v) PEG-thiol to form the 

hydrogel, and confirm the availability of VS groups for crosslinking chemistry. 

 

2.5 Determination of Hydrogel Morphology by Optical and Scanning Electron Microscopy 

The HA hydrogels were prepared as previously described in section 2.2.  Digital images 

of the hydrogel were taken to show the gel properties and the optical transparency of the 

hydrogels. Optical transparency is a desired property for neural engineering applications, as it 

allows for easy imaging of transplanted cells within the hydrogels.  For SEM, 0.75% (w/v) HA 

and various percentages of PEG-thiol (1%, 5%, and 20% w/v) were mixed in a 1:1 volume ratio, 

flash frozen in liquid nitrogen, and then immediately lyophilized.  All the samples were mounted 
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onto aluminum stubs and sputter-coated with gold-palladium for 60s at 25mA prior to 

observation.  SEM (JSM-7000F, operated at an accelerating voltage of 3kV) was used to study 

the morphology of the hydrogels.  Several magnifications were obtained to study the surface 

properties and the pore dimensions and sizes. 

 

2.6 Characterization of Swelling and Degradation of HA Hydrogel 

 Ten millimeter HA hydrogel discs were prepared for the swelling studies.  The samples 

of 0.75% HA with 20% PEG thiol, 15% PEG thiol, 5 % PEG thiol, and 1% PEG thiol were 

prepared. To determine the optimal HA percentage, hydrogels with 0.5% HA, 0.75% HA, and 

1% HA were crosslinked with 1% PEG thiol. The following volumetric ratios of 0.75% HA and 

1% PEG-thiol were analyzed: 1:1, 3:1, and 7:1. The dry weight (Wd) was measured prior to 

swelling in distilled deionized water (DI H2O) at 37 °C. The mass of the HA hydrogel discs (Ws, 

swollen weight) was measured at 3 hrs, 6 hrs, 12 hrs, 24 hrs, 48 hrs, 72 hrs, and 96 hrs.  The 

swelling percentage of the hydrogel was calculated using the following equation: 

% Swelling = (Ws/Wd) * 100 

 For the degradation studies, similar conditions were used as specified in the swelling 

studies.  Hydrogels were swelled in PBS without the enzyme.  The initial weight of the hydrogels 

was recorded (Wd) prior to swelling for 24 hours in PBS at 37°C. After 24 hrs, hyaluronidase 

(10U/mL) was added to each well as previously described
32

.  Samples were weighed (Ws) every 

24 hrs for 3 consecutive days.  An n=3 per condition was used to determine the degradation 

percent of the hydrogels.  The percentage of degradation of the hydrogel was calculated using the 

following equation: 

%Degradation = (Ws/Wd) ×100 
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2.7 Analysis of Mechanical Properties using Rheology 

For the rheological studies, the Discovery Hybrid Rheometer HR-3A with a parallel plate 

(12 mm plate) configuration was used to analyze the storage modulus of the hydrogels.  Four 

hundred microliters of HA hydrogel was loaded on to the stage.  An amplitude sweep of 1 Hz 

and an oscillation strain from 1-1000% was performed.   Samples with varied percentages (w/v) 

of PEG-thiol or HA were analyzed, as well as 1:1, 3:1 and 7:1 volume ratios of 0.75% HA 

crosslinked with 1% PEG-thiol. 

 

2.8 Characterization of Cell Viability and Proliferation in HA Hydrogels 

 Mouse NSCs were passaged as neurospheres in NSC basal media supplemented with 1% 

(v/v) B27supplement, 10µg/mL epidermal growth factor (EGF) 5µg/mL fibroblast growth factor 

(FGF-β), 0.2% (w/v) heparin, and 1% (v/v) penicillin/streptomycin (PS/Strep). Neurospheres 

were dissociated using TrypeLE prior to encapsulation in HA hydrogel. The CT-1005 (passages 

4-6) and  C8B4 (passage 5-10) were cultured and maintained in DMEM supplemented with 10% 

(v/v) fetal bovine serum (FBS) and  1%  (v/v) PS/Strep.  Jurkat cells were maintained and 

cultured in RPMI 1640 media supplemented with 10% (v/v) FBS and 1% (v/v) PS/Strep.   

 The effect of the HA hydrogel on cell viability was determined by culturing the CT-1005 

and mouse NSCs in a 4-well plate for 24 and 48 hrs.  For both primary cell cultures, 150,000 

cells were seeded in 200 L of the reconstituted 0.75% HA hydrogel precursor solution 

crosslinked with 1% PEG-thiol at a 1:1 ratio.  Cells were encapsulated within the partially 

crosslinked HA hydrogel and incubated at 37°C to allow completion of gelation.   After the 

hydrogel fully crosslinked (5 mins), media was added to the wells.  Twenty-four hours and 48 
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hrs post-seeding, the Live/Dead Assay was performed, and then fixed with 4% paraformaldehyde 

prior to storage at 4°C (n = 4).   

Live/Dead assay was also performed on Jurkat cells, C8B4, and NSCs encapsulated in 

anti-Fas (250 ng/mL) conjugated HA hydrogel precursor solution.  Similar procedure was 

performed as stated above; however, 250,000 cells were encapsulated in the HA only- and anti-

Fas conjugated HA hydrogel precursor solution for 24 hours (n=3), and fixed with 4% 

paraformaldehyde.    

 Cell proliferation was assessed 24 and 48 hrs post-seeding in the HA hydrogel using an 

antibody against Ki-67, a marker for cell proliferation.  Briefly, after fixing the samples with 4% 

paraformaldehyde, the hydrogel cultures were permeabilized and blocked with 10% goat serum 

in 0.1% Triton-X 100 for 1hr.  The culture samples were incubated overnight at 4°C with 

primary antibody and then stained with goat anti-rabbit IgG AlexaFluor 488 for 2hrs.   Hoechst 

was used as the nuclear stain (n=4). All images were acquired using the Zeiss Axiovert 

microscope with a Zeiss AxioCam MRm CCD camera. 

 

2.9 Neurite Outgrowth of Dorsal Root Ganglia 

To determine if the HA hydrogel support neurite outgrowth, embryonic day 9 (E9) 

Whitehorn chick DRGs were cultured within the hydrogel (0.75% HA and 1% PEG-thiol) for a 3 

dimensional (3D) culture.  The DRGs were explanted from the chick and mixed into 250 L of 

HA hydrogel solution while the HA hydrogel was crosslinking with the PEG-thiol and seeded in 

24-well plates for 48 hrs incubation.  Neurobasal media containing 1% (v/v) B-27 supplement, 

1% (v/v) L-glutamine, 1% (v/v) PS/Strep, and 40 ng/mL of nerve growth factor (NGF) was used.  

The images of the neurites were analyzed to obtain the 8 longest neurites on each DRG as 
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described by Yu et al 
33

.  There was n =3 wells per condition and each well contained 4 to 6 

DRGs.  

 

2.10 Statistical Analysis 

Statistical analysis was performed to determine significance amongst the experimental 

conditions using GraphPad software.  T-test was performed for the DRG neurite experiment. 

One-way analysis of variance (ANOVA) was conducted for hydrogel rheology, swelling, 

degradation, degree of VS modification, and degree of conjugation experiments. All data was 

considered significant for p<0.05. Post-hoc Tukey’s test was performed for swelling and 

degradation, rheology, and NMR quantification experiments. Letters were used to denote the 

statistical significance of p<0.05 between different samples as indicated. 

 

3. Results and Discussion 

 The objective of this study was to conjugate a bioactive molecule to a tunable, rapid in 

situ gelling HA hydrogel using a quick one-step reaction for neural engineering applications.  

This was implemented by adding vinyl sulfone groups to the HA backbone in a 20 min one-step 

Michael addition reaction.  The HA-VS hydrogel is tunable due to the percentage of PEG-thiol 

crosslinker, which allows for changes in the mechanical properties of the hydrogel as well as 

gelation times.  The ability to control the gelling parameters and kinetics is important as the 

application can be tailored for cell delivery in the neural system, as well as other regenerative 

medicine applications, such as cardiovascular, cartilage, and organ repairs. 
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3.1 Characterization of HA Hydrogel Acrylation and Protein Conjugation  

The addition of VS the backbone of the HA at the hydroxyl position is seen in the 

reaction scheme in Figure 1A.  Briefly, a Michael addition reaction was performed to allow the 

reaction between the DVS and the HA.  Figure 1B shows the reaction schematic for conjugation 

of a thiol containing biomolecule.  The inherent thiol groups in the bioactive molecule conjugate 

to the vinyl sulfone on the HA backbone. The HA molecule’s signature and vinyl sulfone was 

confirmed using FTIR. The FTIR spectrum of HA only, DVS, and HA-VS solution can be seen 

in Figure 2. The spectrum obtained from the HA and DVS samples is the same as in literature
34, 

35
.  In the bottom spectrum for the HA-VS, the characteristic DVS peak is present at 1521.  NMR 

was also performed to confirm the presence of the vinyl sulfone group, and quantify the degree 

of modification from the Michael addition. The addition of DVS to the HA backbone can be seen 

in the double peak located between 6 and 7 ppm. (Fig. 3A)  The degree of VS modification of 

HA was calculated from the spectrum for the various hydrogels with DVS molar excesses and 

different reaction times (Fig. 3B-C).  As seen in the molar excess experiments, a significant 

difference in degree of modification was observed for the 2M, 3M, 6M, and 10M excesses 

relative to the 1M excess sample. The degree of modification was greatest for the 6M and 10M 

excess at 60% and 95%, respectively. While a high degree of modification is desirable, a high 

DVS excess may cause the hydrogel to crosslink to other available vinyl sulfone groups on the 

HA backbone. This prevents vinyl sulfone groups from binding to target functional groups on 

bioactive and crosslinking agents. The 3M excess sample provides 40% degree of modification, 

which allows for biomolecular conjugation and crosslinking of hydrogel backbone.  The HA 

treated with 3M excess of DVS was used to determine the ideal duration for the reaction. The 

samples were prepared at the following reaction times: 10 min, 15min, 20 min, 25 min, 30 min, 
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and 40 min.  A statistical difference was observed between the 15 min and the longer reaction 

times.  However, a significant difference was not observed for the degree of modification when 

the HA and DVS reacted for the 20 min, 25 min, 30 min, and 40 min (Fig. 3C.).  Therefore, 

based upon this data, the 3M excess of DVS was used to react with HA for 20 min for further 

experimentation due to the optimal degree of modification and shortest reaction time.   

   Through confirmation of H-NMR and FTIR, it was determined that the HA backbone 

was successfully modified.  The degree of modification is critical for the gelation of the HA 

hydrogel.  As the degree of polymerization is controlled by the available functional groups, it is 

important to have substantial amount of vinyl sulfone groups to bind to the PEG-thiol in order to 

crosslink the hydrogel.  Also, for neural engineering and other tissue engineering applications, 

the crosslinking of proteins, peptides, DNA aptamers, growth factors, and other bioactive agents 

to the backbone of the hydrogel scaffold is helpful to modulate apoptosis and other cellular 

processes.  The modification using these bioactive agents can be conjugated to the acrylate group 

via Michael addition reaction.  Therefore, having a significant amount of vinyl sulfone groups 

for crosslinking and conjugation of bioactive agent is critical. 

 Previous studies have demonstrated using various chemistries to modify the backbone of 

the HA with thiols, acrylates, vinyl sulfones, and amines, as well as crosslinking chemistry for 

hydrogel formation.    Kim et al. reported using acrylated HA and a PEG-thiol; however, to 

acrylate the HA, a two-step reaction was required: (1) to add amine groups and (2) to acrylate the 

HA backbone
27

.  The first reaction took 8 hrs and the solution had to be dialyzed to remove the 

unbound crosslinker prior to adding the acrylates, which required an additional 12 hrs to 

complete the fabrication process.  Jin et al. also reported a lengthy multi-step Michael addition 

reaction using thiolated HA and VS-modified PEG. The authors reported a five step process for 
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the degradation and thiolation of the HA backbone, as well as for the fabrication of VS-modified 

PEG
36

. The advantage of our method is that it is a one-step reaction to functionalize the HA with 

vinyl sulfone groups, which occurs within 20 minutes.  Also, the crosslinking step using the 

PEG-thiol occurs rapidly within 3-5 min, whereas other studies have reported gelation times on 

the order of hours.  Earlier, Hoffman et al. fabricated crosslinked HA beads by uncontrolled 

reaction using DVS via Michael addition reaction
37

.  Also, Ibrahim et al.  fabricated HA 

hydrogels using HA or HA-oligomers and crosslinked using DVS.  They used radical addition 

crosslinking between the hydroxyl groups on the HA and the vinyl groups provided by the DVS 

and reported a gelation time of 2 hrs
38

.   Although both HA and DVS were used in our study and 

in the previously mentioned study, the differences are in the utilization of the functional groups; 

our system focuses on acrylates and thiols while other studies use hydroxyl and vinyl groups.  

Other methods to modify the HA backbone involved using carbodimide chemistry after 

introduction of amine groups to the backbone of HA
32

, which also involves two-step reaction 

chemistry.  Furthermore, the gelation time reported in previous studies is lengthy for in situ 

gelling neural applications. Organic solvents have also been used for the reaction
39

; however, 

denaturing the natural polymer may be an issue. 

 The functionalization of the HA developed in this study allows for conjugation of 

bioactive molecules in addition to crosslinking.  Prestwich et al. is one of the first to report using 

HA as a hydrogel scaffold and modified the hydrogel to conjugate bioactive agents to the 

backbone
25

.  The earlier protocols required crosslinking the hydrogel at pH in the acidic range of 

3.5-4.75.  As a scaffold, the pH is an important parameter to control if the application involves 

cell encapsulation and in vivo transplantation.  The crosslinking of our HA solution with PEG-

thiol occurs at physiologically relevant pH.  The more recent protocols involved HA hydrogels 

Page 14 of 51Journal of Materials Chemistry B

Jo
ur

na
lo

fM
at

er
ia

ls
C

he
m

is
tr

y
B

A
cc

ep
te

d
M

an
us

cr
ip

t



15 
 

that were crosslinked using thiolated HA and PEGs with acrylate (diacrylate or dimethacrylate) 

or acrylamide groups (diamethacrylamide or diacrylamide)
40-42

 .  The studies demonstrated that 

gelation of the hydrogel with thiolated HA crosslinked with PEG-diacrylate occurred in 10 min; 

however, the other gels required up to several days
43

.  In our study, y the  HA backbone was 

modified with VS to allow for quick gelation time, and in addition, allow for bioactive agents, 

such as antibodies ,to be conjugated to the hydrogel for neural applications.   

 

3.2. Characterization of HA Hydrogel 

 SEM was performed to visualize hydrogel porosity and size. In Figure 4, 0.75% HA 

hydrogel was crosslinked with various PEG-thiol percentages (1%. 5%, and 20% w/v) to 

examine the pore morphology and the interconnectivity of the scaffold.  The hydrogels were 

indeed a porous structure pore diameter ranging from 5 m to 100 m.  An increase in the 

percent PEG-thiol concentration corresponded to higher connectivity of HA and smaller pore 

size. The pore size of scaffolds is a critical parameter for neural applications due to the 

following: 1) diffusion of gas, nutrients, and proteins and growth factors, (2) cell 

migration/infiltration through and out of the scaffold, and (3) axonal outgrowth.  The range of 

pore sizes within the HA hydrogel meets the requirements for all three of these parameters, 

indicating that the hydrogel is suitable for neural engineering applications.  

Swelling and degradation studies were performed on the HA hydrogels in order to 

characterize the response of the samples within an aqueous environment, which is important for 

3D cell culture and in vivo implantation. It is hypothesized that swelling and degradation would 

be affected by the crosslinking density as well as HA concentration. Therefore, samples with 

different percent weights of PEG-thiol and HA were prepared, as specified in the materials and 
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methods section.  Figure 5A-C shows percent weight change of different hydrogel conditions 

over the initial 96 hr period.   The HA hydrogel discs were weighed at 3 hrs, 6 hrs, 12 hrs, 24 hrs, 

48 hrs, 72 hrs, and 96 hrs.  Equilibrium was reached at the 24 hr time point in all conditions.  A 

significant change in weight did not occur for the subsequent time points.   At a constant HA 

percentage (0.75% w/v), an increase in the percentage of PEG-thiol (w/v) resulted in the increase 

of percent swelling of the hydrogel (Fig. 5A). Therefore, the HA gel crosslinked with 20% PEG-

thiol had the highest degree of swelling and the gel with 1% PEG-thiol had the least. The 

increase in swelling observed may be attributed to the improved hydrophilicity provided by the 

PEG based crosslinker
44

. Furthermore, hydrogels crosslinked with 4-arm PEG-thiol have been 

shown to have increased swelling properties as PEG-spacer compounds increase hydrophilicity
45

 

The hydrogels crosslinked with 20% 4 arm PEG-thiol increased by 329%, whereas, gels 

crosslinked with 1% PEG-thiol increased to 217% relative to the initial time point.  The swelling 

behavior in relation to the amount of crosslinking has been extensively studied
46

 and the selected 

hydrogel substrate stiffness and swelling percent are important parameters for neuron cultures. 

While a significance was not observed, a clear variation in swelling data was seen in the graph 

between samples crosslinked with the lower PEG-thiol concentrations compared to the higher 

concentrations.  As a large amount of swelling is not desirable for in vivo injection, the lower 

PEG-thiol percentage was selected for evaluating the effects of HA weight percent on hydrogel 

swelling characteristics. Subsequently, the percentage of PEG-thiol was kept constant at 1% and 

various percentage of HA was used, 0.5%, 0.75%, and 1% to determine how swelling was 

affected by the polymer concentration. As PEG-thiol and HA are both hydrophilic, it was 

expected that the 1% HA would swell the most, while the 0.5% sample would swell the least.  

However, a significant difference was not observed as seen in Figure 5B. Therefore, a change in 
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HA concentration did not affect the swelling. HA hydrogels of various volume ratios of HA to 

PEG-thiol were also tested to determine if the combined ratios of HA to PEG affected swelling 

characteristic. The hydrogels with the ratio of 3:1 and 7:1 of HA and PEG thiol had significantly 

greater percentage swelling, which increased to 232% and 238%  compared to the original 

weight of the hydrogel, whereas the 1:1 ratio of HA to PEG-thiol swelled the least (Fig. 5C). 

Hydrophilic polymers, such as HA, swell significantly in water, thus the sample with the highest 

HA volume ratio would swell the most
47

. As the concentration and volume of PEG-thiol were 

held constant, the increase in swelling observed in figure 5 C is primarily due to the increase in 

HA volume present in the sample. The images of the 0.75% HA crosslinked with 1% PEG-thiol 

prior to swelling and after 24 hrs of swelling in both DDI H2O and PBS can be seen in Figure 

5D.  

The nervous system has a very dynamic microenvironment after injury and during the 

progression of disease states.  The glial cells release a variety of proteins, enzymes, and growth 

factors that are both promoting and inhibitory for repair, such as hyaluronidase.   It is imperative 

that the scaffold be present during this time as to be able to support axonal outgrowth.  As HA is 

naturally found in the body, it is important to characterize the enzymatic degradation of the HA 

hydrogel to ensure the presence and integrity of the scaffold.  Thus, degradation studies were 

conducted to determine the hydrogel integrity. For the degradation studies, the hydrogels were 

allowed to swell for the first 24 hrs in PBS and then placed in PBS containing hyaluronidase (10 

U/mL).  The degradation study was performed with constant HA (0.75%) and PEG-thiol (1%) 

percentages, respectively (w/v) for 4 consecutive days.   During the first 12 hours, the HA 

hydrogel discs swelled due to influx of the solvent (PBS) and its salt content.  Due to the salt 

influx, the hyaluronidase was not added until equilibrium was reached. The weight of the 
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hydrogel plateaued at the 24 hr time point, and thus initial measurements were taken then 

followed by addition of the enzyme. The samples that were crosslinked due to the higher percent 

of PEG-thiol swelled the most compared to the 1% PEG-thiol as seen previously in the swelling 

experiment. For the following 72 hrs, the HA hydrogel degraded due to the enzyme. The final 

degradation percent for the 1%, 5%, and 15% PEG-thiol samples at the 96 hr time point were 

17%, 11%, and 27%, respectively (Fig. 5E, left panel). The sample with the highest crosslinker 

concentration degraded the least.  Despite the initial differences in swelling within the initial 24 

hrs and the differences in the crosslinking density the degradation percent for all three samples 

was insignificant. The percentage of HA within each sample was then varied to observe the 

effects of polymer concentration on degradation. As a higher crosslinking concentration did not 

change the degradation, it is ideal to use a lower PEG-thiol concentration to minimize PEG 

induced cytoxicity in culture. For the conditions where the HA percentage (w/v) was varied and 

the PEG-thiol was kept constant, the 0.5% HA, 0.75% HA, and 1% HA hydrogels degraded to 

13%, 19%, and 30% of its original weight; however, a significant difference was not observed 

among the conditions (Fig. 5E, right panel). The higher polymer concentration degraded the least 

due to a higher crosslinking density in the sample
36

.  As can be seen in Figure 5E, the HA is still 

present at 4 days regardless of the degradation.   

The effect of anti-Fas conjugated to the hydrogel on the swelling and degradation 

properties was also investigated using hydrogels at 0.75% HA and 1% PEG-thiol. Anti-Fas 

conjugated HA hydrogels showed reduced amount of swelling compared to the non-conjugated 

hydrogels (Fig, F, and left panel). This may be attributed to the presence of a large antibody 

within the nanoporous structure that contributes to reduced diffusion potential. While 

degradation is expected to be dependent on the amount of HA present, a difference was observed 
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in the degradation properties of the antibody conjugated hydrogels. As seen in Figure F, right 

panel, the anti-Fas HA hydrogel was less susceptible to enzyme degradation and maintained 

about 50% of its initial mass after 4 days. This may be due to the antibody conjugated to the 

polymer backbone, thus enhan
36

cing the rigidity of the hydrogel. Alternatively, the presence of 

the antibody within the polymer may alter the enzyme diffusion into the hydrogel making it less 

susceptible to degradation. Further, steric hindrance due to the presence of a large antibody may 

also alter enzyme-substrate interactions
48

. 

Lastly, to characterize the mechanical properties of the HA hydrogel, rheology was 

performed to determine the storage modulus of the various concentrations of HA crosslinked 

with different percentages of the PEG-thiol, as mechanical mismatch between the hydrogel 

scaffold and host tissue is undesirable. As demonstrated in Figure 6A, the 1% HA hydrogel had a 

storage modulus of approximately 350 Pa, whereas the 0.75% and 0.5% HA hydrogels had 

storage moduli of 247 Pa and 111 Pa, respectively.  A statistical significance for the 0.5% and 

0.75% HA samples compared to the gel crosslinked with 1% PEG-thiol was not observed, 

however the 1% HA sample was significant relative to the lowest HA concentration. There was 

an increasing trend in storage modulus as the HA concentration was increased. This is due to the 

proportional relationship between polymer concentration and mechanical strength seen in natural 

hydrogels
49, 50

. As the polymer chain density increases in the sample, there is an increase in the 

stiffness. Therefore, it is expected that the 1% HA hydrogel had the highest storage modulus. 

The moduli for the 0.75% and 0.5% HA hydrogels was similar to that of the central nervous 

system
51

, and statistical significance did not exist between the conditions. Therefore, the 0.75% 

HA hydrogel was used when varying the percent concentration for the PEG-thiol.   Previous 

literature has shown that varying the crosslinking density by increasing the concentration or 
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decreasing the molecular weight of PEG-thiol causes an increase in hydrogel stiffness
52

. In this 

experiment, PEG-thiol molecular weight was held constant, and only the concentration was 

varied. Figure 6B shows that the storage modulus of the hydrogel increased, as the percent (w/v) 

of PEG-thiol increased. The storage moduli were 246Pa, 124 Pa, 82 Pa, and 85 Pa for 20%, 15%, 

5%, and 1% (w/v) of PEG-thiol, respectively.  The 15% and 20% PEG-thiol crosslinked 

hydrogels were statistically greater than the 1% and 5% PEG-thiol samples.  It has been shown 

that higher concentrations of PEG can be cytotoxic to cells
53, 54

, thus it is not desirable to use a 

high PEG-thiol concentration.  As the storage moduli for the 1% and 5% PEG-thiol were similar, 

the 1% PEG-thiol was chosen for the remaining cell viability experiments to minimize unwanted 

cytotoxic effects and not compromise the mechanical properties of the hydrogel.  The storage 

moduli were obtained for various volume ratios of HA to PEG-thiol, 1:1, 3:1, and 7:1; a 

statistical difference was not observed (Fig. 6C). The mechanical properties, such as the storage 

moduli, of scaffolds used for neural engineering applications are critical.  If the mechanical 

properties of the scaffold are significantly higher than the host tissue, then further damage can 

occur due to mechanical mismatch. Also, a scaffold that provides a similar microenvironment as 

the host tissue will be the most successful in promoting axonal outgrowth.  Cell transplantation, 

especially NSC transplantation, is a promising therapeutic strategy for CNS repair. Therefore, it 

is advantageous that the HA hydrogel have a storage modulus similar to that of brains if utilizing 

the hydrogel for NSC transplantation.  

An ideal HA: PEG-thiol concentration and ratio would be one that does not swell 

significantly, does not degrade during the dynamic time period after injury and has a modulus 

similar to nervous tissue. Therefore, the 0.75% HA and 1% PEG-thiol at a 1:1 ratio is ideal for 

the completion of future experiments. 
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3.3. Characterization of Cell Viability, Proliferation, and Neurite Length within Hydrogel 

Scaffold 

After characterizing the HA hydrogel, experiments were performed to determine if the 

hydrogel was suitable for cellular applications.  The rheological data demonstrated that the 

0.75% HA and 1% PEG had a storage modulus that was similar to that of the nervous system 

tissue, as well as minimal swelling amongst the various hydrogel formulations; therefore, this 

was the concentration that was used for the cell viability, proliferation, and DRG neurite length 

studies.  The CT-1005 were seeded within the HA hydrogel to characterize cell viability and 

proliferation potential.  The Live/Dead assay was performed 24 hrs and 48 hrs post-seeding. The 

majority of the CT-1005 (green) are viable and only a few cells died indicating that the hydrogel 

is not inducing a cytotoxic response (Fig. 7A). Additionally, the positive Ki-67 staining indicates 

that the HA hydrogel supports the growth of these cells (Fig. 7B).  As fibroblasts are found in the 

nervous system and have similar characteristics as supportive glial cells in the CNS, this is 

indicative that the glial cells will be viable in the hydrogel as well. 

 In addition, primary NSCs were cultured as single cells in the 0.75% HA and 1% PEG 

hydrogels for 24 hrs and 48 hrs.  NSCs have become an important therapeutic strategy for CNS 

repair, as the NSCs can replenish the lost neuronal population.  Therefore, the Live/Dead assay 

was performed to ensure that the NSCs are viable in the HA hydrogel.   The majority of the 

NSCs were viable for 24 and 48 hrs time points.  A minimal number of NSCs were observed to 

be positive for ethidium homodimer (Fig. 8A). Proliferation was also assessed in the NSCs with 

Ki-67, which were positively stained 48 hrs post-seeding (Fig. 8B). For neural engineering 

applications, viable and proliferative cells within the hydrogel are necessary to repair the tissue 
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after injury or disease.  Although transplanting NSCs to replace the apoptotic neuronal 

population, as well as glia cells, has been an effective therapeutic strategy, it has been shown that 

less than 10% of the original cell graft remains viable
55, 56

.  It has been demonstrated that the 

survival rate of the transplanted NSCs or progenitor cells increases significantly when implanted 

or embedded within the hydrogel
57-59

.  Therefore, the use of hydrogels increases the survival rate 

of the transplanted NSCs.  HA hydrogels are desirable as it is one of the main ECM proteins in 

the CNS and these cells have the receptors, CD44 (also known as RHAMM) and intercellular 

adhesion molecule-1 (ICAM-1) that bind to the HA.  CD44 is a HA-mediated motility receptor
60, 

61
; whereas ICAM-1 is a cell adhesion based receptor

62, 63
.  These receptors and the HA receptor 

play a vital role in the migration and differentiation of the NSCs.  For NSCs to differentiate into 

neurons, it is important the hydrogel scaffold provides the correct cues.  With the NSCs having 

the receptors to bind to the HA hydrogel, they have the mechanism to interact with the scaffold, 

which allows for (1) migration of the cells and enhanced integration with the host tissue, and (2) 

differentiation of the NSCs into neurons. 

 The cell viability studies indicate that the HA hydrogel does support neuronal and non-

neuronal cell types.  In addition to culturing to ensure cell viability, whole E9 chick DRGs 

containing neurons and glial cells were cultured in the HA hydrogel to determine whether the 

hydrogel promoted neurite outgrowth as this is an important parameter for neural repair and 

engineering.  Neurite extension was compared to 1% SeaPrep™ Agarose that has been 

previously reported to have robust outgrowth and used in vivo for peripheral and central nervous 

system repair
4, 64, 65

.  After 48 hrs of culture, the DRGs were imaged and the neurite extension 

was measured.  The DRGs have robust neurite extension into the HA hydrogel of approximately 

900 m in length, which was comparable to the neurite lengths grown in 1% SeaPrep
™

 Agarose 

Page 22 of 51Journal of Materials Chemistry B

Jo
ur

na
lo

fM
at

er
ia

ls
C

he
m

is
tr

y
B

A
cc

ep
te

d
M

an
us

cr
ip

t



23 
 

of 1000 m average length (Fig. 9). Statistical difference was not observed between the two 

conditions.  This demonstrates that our HA hydrogels support neurite outgrowth, which is a 

critical parameter for neural applications.  The robust neurite outgrowth from the DRGs also 

signifies that the mechanical stiffness of the HA hydrogel is within the optimal range.  If the 

mechanical stiffness is not conducive for DRG proliferation, than the neurites are not able to 

extend through the hydrogel
33, 66

 and form connections as is needed for nerve repair.  

 

3.4 Conjugation of Bioactive Molecule, Anti-Fas, to HA Hydrogel 

To demonstrate the ability to conjugate bioactive molecules to our hydrogel, anti-Fas was 

conjugated to the HA backbone using available thiol groups on the antibody.  The anti-Fas NMR 

spectrum has peaks between 3 and 4 ppm, which can be used to characterize conjugation of the 

molecule to HA (Fig. 10A). The anti-Fas NMR signature peak can be seen in the HA-Fas 

spectrum when compared to that of HA-VS (Fig. 10B).  The degree of conjugation was 

characterized by quantifying the ratio of vinyl sulfone  peaks between 6 -7 ppm and at 2 ppm 

relative to the HA-VS sample to show that the anti-Fas did bind to the target acrylate groups (Fig 

10B). The degree of conjugation was calculated for HA samples conjugated with anti-Fas at 

different reaction time showing a 40% degree of conjugation at the given concentration, and was 

significant for all samples relative to the control HA–VS sample (Fig. 10C). This value was 

obtained by normalizing to the non-conjugated HA-VS sample. The reaction times tested were 

insignificant to the degree of conjugation. This demonstrates that our vinyl sulfone modified HA 

has the capability to bind to a thiolated bioactive molecule as well as binding to the crosslinker 

used, specifically PEG-thiol. As seen in Figure 11, anti-Fas HA forms a polymerized hydrogel 

after crosslinking with 1% PEG-thiol at a 1:1 ratio compared to the uncrosslinked sample after 
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15 minutes.  We also used a photocrosslinker to polymerize the HA-VS and anti-Fas hydrogels 

showing the versatility of the chemistry used (data not shown).  Following the confirmation from 

the NMR experiment that anti-Fas was conjugated to the HA backbone, cell viability 

experiments were performed to determine if anti-Fas induced apoptosis in the Jurkat and C8B4 

cells, while protecting the NSCs.  It is known that T-cells, macrophages, and NSCs respond to 

Fas due to the expression of the Fas receptor on their cell surface and anti-Fas has been shown to 

induce apoptosis in a T-cells and macrophages, while inducing proliferation in NSCs
67-70

, after 

injury, T-cells and macrophages are recruited to the site of injury and promote apoptosis in the 

neural cells. T-cells infiltrate the site of injury within days, and their number increases in parallel 

to activation of the resident microglia, and recruitment of peripheral macrophages. Although the 

T-cell population is less than that of macrophages, they still promote tissue damage. While T-

cells are present in the beginning phases of injury, macrophages remain the dominant 

inflammatory cells after injury. Macrophages are classified as pro-inflammatory (M1) or anti-

inflammatory (M2) depending on their activation pathway
71

. Kigerl et al. has shown that M1 

macrophages have a neurotoxic effect while M2 macrophages promote regenerative response 

despite the presence of inhibitor substrates within the site of CNS injury. After spinal cord 

injury, an M1 macrophage response is induced and overwhelms the minute M2 response, 

therefore reducing the M1 population is crucial to successful therapy
72

. C8B4 cells have been 

shown to express classic M1 markers, such as CD16/32, and Fas induced apoptosis of these cells 

would help promote an environment conducive for neural repair (data not shown). Thus, 

developing a hydrogel that can modulate the immune and inflammatory cell population after 

injury is crucial.  
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T-cells (Jurkat) and microglia (C8B4), cells were encapsulated and cultured in anti-Fas 

HA hydrogel to determine if apoptosis is induced.   After 24 hrs, the encapsulated Jurkat cells in 

the anti-Fas conjugated HA were not viable as the majority of the cells are positive for ethidium 

homodimer (Fig. 12A).  C8B4 cells were cultured in the anti-Fas conjugated hydrogel as well, 

and the majority of the cells were not viable as represented by the positive ethidium homodimer 

staining (Fig 12B). A few viable cells remain in the anti-Fas hydrogel, and that is due to 

differences in Fas expression compared to the Jurkat cells. The NSCs maintained viability in 

both the control HA hydrogel and anti-Fas HA thus demonstrating that the scaffold can support 

NSCs (Fig. 8A and 8C). The observed cellular responses to the anti-Fas HA hydrogel 

demonstrates that the antibody maintains its biological activity through the fabrication process 

and induces cell death in certain cell populations.  

 

4. Conclusion 

 As presented in this paper, we have developed a fast, controllable one-step vinyl sulfone 

modification method using Michael addition reaction to fabricate rapidly polymerizing HA 

hydrogels that can be used for neural engineering applications.  This highly tunable HA hydrogel 

allows for the degree of modification to be controlled based upon the molar excess of DVS, thus 

directly controlling mechanical properties.  Also, functionalizing the HA backbone with vinyl 

sulfone groups allows for thiol-functionalized bioactive molecules to be conjugated directly to 

the scaffold, as well as crosslinking for polymerization.  This modified HA hydrogel can be used 

as a scaffold to transplant cells, such as NSCs, as well as for filling a void space or gap to aid in 

repair after injury and promote axonal outgrowth. 
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Figure Captions 

Figure 1. Schematic showing modification of HA with DVS, conjugation, and chemical 

crosslinking.  A one-step Michael addition reaction to functionalize the HA backbone with DVS 

was performed.  (A) Reaction between HA and DVS to add vinyl sulfone groups to HA 

backbone at basic pH condition.  To crosslink the HA to form a hydrogel, PEG-thiol was used to 

bind to the vinyl sulfone groups.  (B) Biomolecule conjugation to the HA-VS sample and 

chemical crosslinking using the PEG-thiol to form a hydrogel. 

 

Figure 2.  FTIR spectrum confirmed DVS modification of HA backbone.  FTIR spectrum for 

HA only, DVS only, and HA reacted with 3M excess of DVS (HA-VS) (A) The top spectrum is 

for HA only. Peak 1= 3275, Peak 2= 1607, Peak 3= 1405, Peak 4= 1037, Peak 5= 947, Peak 6= 

604. (B) The second spectrum is for DVS.  Peak 1= 3058, Peak 2= 1610, Peak 3= 1384, Peak 4= 

1307, Peak 5= 1249, Peak 6= 1126, Peak 7= 973, Peak 8= 770, Peak 9= 714, Peak 10= 653, Peak 

11= 596. (C) The third spectrum is the HA-VS. Peak 1= 3369, Peak 2= 1729, Peak 3= 1637, 

Peak 4= 1521, Peak 6= 1375, Peak 7= 1311, Peak 8= 1039. The peak at 1521 represents the 

vinyl sulfone group on the HA, thereby confirming that the HA has reacted with the DVS. 

 

Figure 3.  Confirmation of VS functionalization of HA using H-NMR and quantification of 

degree of a modification.  (A)  H-NMR spectrum for HA only and HA reacted with 3M excess of 

DVS (HA-VS).  The peaks can be seen between 6.4 and 6.9 ppm in the HA-VS hydrogels (Peaks 

1-3).  This confirms the addition of vinyl sulfone through a one-step Michael addition reaction,.   

(B)  The degree of modification was calculated by integrating the peaks for the vinyl sulfone 
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groups as described in the methods section for various molar excess of DVS.  The 6M and 10M 

had the greatest degree of modification (C) In addition, various reaction times between the HA 

and DVS were tested for degree of modification.  The 20 minute reaction time was statistically 

insignificant relative to the longer reaction times, and is the fastest time for functionalizing  the 

HA backbone for the 3M DVS excess condition. (B) and (C) Letters represent significant 

difference of p<0.05 between indicated conditions. 

  

Figure 4. SEM images of the hydrogel scaffold showing pore size and structure.  (A)  SEM 

image of the 0.75% HA hydrogel crosslinked with 1% PEG-thiol showing that the pore size is 

between 5 to 100 m (500X).  (B)  SEM image of the 0.75% HA sample crosslinked with 5% 

PEG-thiol (500X).  (C)  SEM image of the 0.75% HA sample crosslinked with 20% PEG-thiol 

(500X).  

 

Figure 5: Swelling and degradation of HA hydrogels.  (A)  HA hydrogel discs made with 0.75% 

HA and varied percentages (w/v) of PEG-thiol were used for crosslinking.  The hydrogel discs 

were allowed to swell in DDI H2O for 4 consecutive days. The sample crosslinked with 20% 

PEG-thiol had the highest degree of swelling as it was capable of holding more water (B) The 

discs were of 0.5%, 0.75% or 1% HA and crosslinked with 1% PEG-thiol (PEG-SH).  

Equilibrium was reached after 24 hours.  The different HA percentages were insignificant to 

swelling properties. (C)  Hydrogels with 0.75% HA and 1%PEG-SH were tested at different 

ratios to determine effect of HA content on degree of swelling. The sample with the highest HA 

content swelled the most, but was not statistically significant to the other samples.  (D) Optical 
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images of the hydrogel pre-swelling and post-swelling using DDI H2O and PBS.   (E)  The 

hydrogel discs were allowed to swell for the first 24 hrs in PBS and then the HA hydrogel was 

degraded using hyaluronidase for the following 72 hrs.  The hydrogel swelled within the first 12 

hrs and equilibrated by the 24 hrs time point.  During the subsequent 72 hrs, a significant 

decrease in weight was observed.  The degradation of the HA hydrogel with varied PEG-thiol 

can be seen in the left panel.  The right panel depicts the graph for the degradation of when the 

percentage of HA is varied and the PEG-thiol is constant. (F) The swelling and degradation 

properties of anti-Fas conjugated HA hydrogel discs at 0.75% w/v and 1% PEG-thiol were 

compared to HA hydrogel. The protein conjugated hydrogel swelled more compared the HA 

hydrogel. Anti-Fas conjugated hydrogel degraded less than the non-conjugated control.  

 

Figure 6: Storage moduli of HA hydrogel with varying HA and PEG concentrations.  (A) 

Storage modulus of HA hydrogel with various HA percentages crosslinked with 20% PEG-thiol.  

The storage modulus for the 0.5% HA crosslinked with 1% PEG-thiol was significantly lower 

compared to the 1% HA.  * p<0.05 compared to 1% HA. (B) Storage modulus values using 

0.75% HA and various percentages of PEG-thiol.  The 0.75% HA crosslinked with either 1% or 

5% PEG thiol had similar storage moduli and were statistically lower than the hydrogels 

crosslinked using 20% PEG-thiol. P<0.05 compared to 20% PEG-thiol. (A) and (B) Letters 

represent significant difference of p<0.05 between indicated conditions. (C) A statistical 

difference was not observed for the storage moduli of HA hydrogel with various volume ratios of 

0.75% HA to 1% 4-arm PEG thiol. 
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Figure 7: Viability of primary dermal fibroblasts in 1:1 HA hydrogel.  (A) Live/Dead assay was 

performed 24 and 48 hours after seeding.  Fluorescent images can be seen with Calcein positive 

staining in green, and Ethidium positive staining in red.  The images in top row indicate that the 

majority of fibroblasts are viable. The images in the bottom row show that minimal cells are not 

viable. (B) Ki67 proliferative marker (green) indicates that fibroblasts retain proliferative 

capacity for up to 48 hours in the HA hydrogels. 

 

Figure 8: Viable NSCs in 1:1 0.75% HA hydrogels: 1% PEG-SH. Cells cultured were viable at 

24 hrs and 48 hrs time points.   (A) Live/Dead assay was performed 24 and 48 hours after 

seeding.  Fluorescent images can be seen with Calcein positive staining in green, and Ethidium 

positive staining in red.  The images in the top row indicate that the majority of NSCs are viable. 

The images in the bottom row show that minimal cells are ethidium positive. (B) Ki67 

proliferative marker (green) indicates that NSCs retain proliferative capacity for up to 48 hours 

in the HA hydrogels. (C) Anti-Fas conjugated HA hydrogel promotes NSC viability. NSCs were 

cultured in the HA and anti-Fas HA hydrogels for 24 hrs.  Live/Dead assay was performed to 

determine NSC viability.  It can be seen that in the HA hydrogel, the NSCs remain viable in both 

hydrogels (green); with minimal non-viable cells (red). 

 

Figure 9. DRG neurite extension in HA and agarose hydrogels are comparable.  DRGs were 

cultured in both agarose and HA hydrogels for 48 hrs.  (A) Bright field images of DRG and 

neurites in 1% Agarose. (B) Bright field image of DRG and neurites in 3:1 of 0.75% HA 
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hydrogel.  (C) Quantification of neurite outgrowth length in both hydrogels demonstrates that the 

neurite extension is similar and not statistically different. 

 

Figure 10: 1H-NMR and Protein Conjugation to HA backbone. (A) The characteristic peaks for 

soluble anti-Fas are located between 3 and 4 ppm. (B) Comparison of pure HA and HA-VS 

shows appearance of characteristic DVS peaks between 6 and 7 ppm. The characteristic anti-Fas 

peaks appear in the anti-Fas HA hydrogel between 3 and 4 ppm. (C) The vinyl sulfone  (Peaks 1-

3) and HA peaks (4) were used to quantify anti-Fas conjugation There is a reduction in the ratio 

of the vinyl sulfone groups after conjugation of anti-Fas indicating that there is binding of the 

bioactive agent. Letters represent significant difference of p<0.05 between indicated conditions. 

 

Figure 11: Crosslinking of anti-Fas HA with PEG-thiol. Crosslinking of the anti-Fas conjugated 

hydrogel precursor with PEG-thiol indicates that there is sufficient vinyl sulfone groups available 

for hydrogel polymerization. 

 

Figure 12. Anti-Fas conjugated HA hydrogel induces T-cell and microglia cell death. T-cells 

and microglia were cultured in the HA and anti-Fas HA hydrogels for 24 hrs.  Live/Dead assay 

was performed to determine T-cell viability. (A)  It can be seen that in the HA hydrogel, the T-

cells maintain viability in HA only hydrogel (green); however, the majority of the T-cells are 

dead in the anti-Fas conjugated HA hydrogels (red). (B) In the control hydrogel, microglia 
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remain viable (green) with minimal non-viable cells (red). The cells in the anti-Fas HA are 

predominately non-viable (red), with some viable cells present (green).  
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Figure 12 
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