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ABSTRACT

Inflammation plays an important role in symptomatic intervertebral disc degeneration and is
associated with the production of neurotrophins in sensitizing innervation into the disc. The use
of high molecular weight (HMw) hyaluronic acid (HA) hydrogels offers a potential therapeutic

biomaterial for nucleus pulposus (NP) regeneration as it exerts an anti-inflammatory effect and



provides a microenvironment that is more suitable for NP. Therefore, it was hypothesized that
crosslinked HMw HA hydrogels modulate the inflammatory receptor of IL-1R1, MyD88 and
neurotrophin expression of nerve growth factor (NGF) and brain-derived neurotrophic factor
(BDNF) in an in vitro inflammation model of NP. The crosslinking system was optimized using
various concentrations of 4-arm PEG-amine by determination of free carboxyl groups of HA,
unreacted free amine groups of PEG-amine and surface morphology. The optimally crosslinked
HA hydrogels were characterised for hydrolytic stability, enzymatic degradation and cytotoxicity
on NP cells. The therapeutic effect of optimally crosslinked HA hydrogels was further
investigated in IL-1B induced inflammation on NP cell cultures and the mechanism of HA in
response to inflammation by examining the binding cell surface receptor of CD44. Hydrogel was
optimally crosslinked at 75 mM PEG, stable in phosphate buffered saline, and showed greater
than 40% resistance to enzymatic degradation. No cytotoxic effect of NP cells was observed
after treatment with HA hydrogels for 1, 3 and 7 days. IL-1R1 and MyD88 receptors were
significantly suppressed. Additionally, NGF and BDNF mRNA were down-regulated after
treatment with crosslinked HA hydrogel. Possible protective mechanism of HA is shown by
binding of CD44 receptor of NP cells to HA and prevent NP cells from further undergoing
inflammation. These results indicate that optimally stabilized crosslinked HMw HA hydrogel has
a therapeutic effect in response to inflammation-associated pain and becomes an ideal matrices

hydrogel for NP regeneration.
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Introduction

Low back pain (LBP) is a common health problem that affects 60—80% of the population of
developed countries at some stage in their lives."> Most patients recover from acute back pain
within a month while some patients develop chronic back pain followed by long-term disability
leading to morbidity and this causes severe socio-economic impact on the society.* The
majority of cases of LBP are caused by intervertebral disc (IVD) degeneration,™ and most
patients remain asymptomatic with some experiencing discogenic pain.® Current therapy for IVD
degeneration includes rehabilitation’ and medication such as non-steroidal anti-inflammatory
drugs (NSAIDs)® and systemic corticosteroids.” Surgical options include discectomy, spinal
fusion and disc decompression, which are a last resort of treatment and may contribute to
complications such as degeneration of the adjacent disc segment.’

The inflammatory process determines the severity and pain development of IVD
degeneration.®'® Interleukin (IL)-1 is one of the most prominent pro-inflammatory cytokine
expressed in IVD.*'""'2 The study, by Le Maitre et al., demonstrated that IL-1f and its receptor,
IL-1R1, are increased by severity of degeneration in human disc samples and proposed that IL-
1B is synthesized by native IVD cells.”” Pro-inflammatory cytokines also correlate with the
presence of neurotrophins and hyper-innervation in the IVD, and thereby develop pain.'* A
recent study illustrates that IL-1 induces mRNA expression of neurotrophins’ nerve growth
factor (NGF) and brain-derived neurotrophic factor (BDNF) in NP cells extracted from
degenerated human IVD."® Hence, both NGF and BDNF indicate correlation with innervations in
IVD via staining for an axonal growth marker such as protein gene product (PGP) 9.5 and
GAP43.'"%""!18 Therefore, these inflammatory and neurotrophic factors are considered pathologic

pathways of discogenic pain.



The neurotrophins’ NGF and BDNF are neuronal survival and growth factors that support
neuronal development, function and nociception and have been shown to induce nerve ingrowth
into the IVD." Studies demonstrate that NGF stimulates nerve ingrowth into the disc from the
painful degenerated human disc*® by promoting collateral sprouting of nociceptive nerve fibres®'
and modulating its function so as to generate pain.”> Hence, neurons innervating the IVD are
NGF sensitive by showing higher distribution of neurotransmitter calcitonin gene-related peptide
(CGRP) in the dorsal root ganglion (DRG) neurons."® The nociceptive DRG neurons are
categorized as NGF-sensitive neuron which conduct the pain information from peripheral region

to the brain.”

Whereas, BDNF regulates differentiation and survival of sensory neuron, and
inflammatory pain hypersensitivity.***>*® As a pain modulator, BDNF exerts fast excitatory
(glutamatergic) and inhibitory (GABAergic/glycinergic) signals, and in contrast slow the
peptidergic neurotrasmission in spinal cord. Therefore, BDNF plays a role at the synapse in pain

*" Gruber et. al found BDNF in culture degenerated

pathways at the central nervous system.
human and rat disc samples, also triggers innervation and correlates with the severity of disc
degeneration.”®

Therefore, there is a compelling need to develop a therapy for painful IVD degeneration since
the current treatment relieves the symptoms but does not treat the underlying degeneration. A
tissue engineering approach targeting the multiple disrupted pathways underlying the cause of
the disease is potentially a therapeutic strategy. A study from Andre et al. demonstrate a
reduction of hyperalgesia in an inflammatory pain NP model of rat after treatment with
antibodies specific to IL-1f and TNF-0.”> Apart from that, the use of stem cells with or without

scaffold using biodegradable biomaterials are also shown promising results in IVD

regeneration.’® In addition, designing a biomaterial platform in tissue engineering therapy



overcomes the limitation of short-term efficacy and delivery system of the intervention. The
injectable crosslinked polyethylene glycol (PEG) and hyaluronic acid (HA) hydrogel
incorporating mesenchymal precursor cells (MPCs) maintained cell viability and formed a
chondrocyte-like tissue in IVD degeneration.”’ Thus, Daisuke et al. report human mesenchymal
stem cells (MSCs) embedded in atelocollagen increased the disc height, preserved the NP tissue
and restored the proteoglycan content in an in vivo model of IVD degeneration.*® These results
are supported by Marianna et. al show that thermoreversible HA-based hydrogel promoted the
differentiation of human mesenchymal stem cells (MSCs) toward IVD-like phenotype.”> Our
previous work demonstrated that NP cells seeded in crosslinked PEG and collagen type II
enriched with HA maintained the NP cell viability and up-regulated mRNA of type II collagen
for matrix synthesis.** Recently, we prove that ADSC seeded in three dimensional (3D) type I
collagen/HA microgels enhanced cell production and mimicked the NP-like phenotype.*” In
extension, we proposed to investigate the therapeutic effect of acellular HA hydrogels in
inflammation mileu.

HA is a type of non-sulphate GAG composed of repeating units of glucuronic acid and N-
acetyl-D-glucosamine connected through B-linkages.’® At cellular level, HA is synthesized in a
cytoplasmic surface of plasma membrane by HA synthases (HAS)* and is transported out from
cells to pericellular space through a multidrug resistant transporter.”® In NP tissue, HA is the
backbone of proteoglycan aggregates that hold aggrecan molecules which are attached with
highly anionic sulphated GAG.?” The use of high molecular weight (HMw) HA (>1.0 x 10° Da)
in osteoarthritis patients has been demonstrated to reduce inflammation and pain.*” HA has also
been associated with tissue repair by stimulating matrix synthesis of collagen type II in NP cells

34,41

and chondrocytes, modulating cellular function such as migration of aortic smooth muscle



cells* and maintenance of NP cells’ phenotype.**** However, the mechanism of HA in
modulating cellular functions in disease systems remains unclear. The binding of the specific cell
surface receptor of CD44 with HA has been implicated in cellular signaling and subsequently in
regulating multiple cellular functions.** It has been previously shown that chondrocytes adhere to
HA through binding to CD44 and thus induce cell proliferation and matrix synthesis.”
Furthermore, the HA network in normal ECM promote clustering of the CD44 receptor to
protect cells in response to the inflammation.*® Nevertheless, none have been reported in NP
tissue so far. The binding of CD44 and HA may play a key role in the mechanism of HA either
in normal or in pathologic condition.

This biomaterial approach is based on supplementing inflamed NP cells with crosslinked
HMw HA hydrogels. It was hypothesized that crosslinked HMw HA hydrogels alter the
inflammatory receptor and neurotrophins expression in an IL-1p induced inflammation model of
NP cells. To test this hypothesis specifically, a crosslinked HMw HA hydrogel system was
developed by optimizing the crosslinking system and characterizing the optimal crosslinked
hydrogels in a study of cytotoxicity and in vitro degradation. The therapeutic effect of
crosslinked HMw HA hydrogels in inflamed NP cells was investigated by evaluating expression
of inflammatory receptors of IL-1R1 and MyD88, neurotrophins’ mRNA expression of NGF and

BDNF, and the mechanism of action of HA through binding of cell surface receptor of CD44.

Experimental Section

Materials and reagents
HMw sodium hyaluronate (1.19 x 10° Da) was purchased from Lifecore Biomedical, USA. 4-

arm PEG-amine Mw 2000 Da was purchased from JenKem Technology, USA Teflon™ tape was



purchased from Fisher Scientific, Ireland. Live/Dead® staining kit, alamarBlue® assay, Alexa
Flour 488, Alexa Flour 564 and rhodamine phalloidin were purchased from Life Technologies,
Ireland. Human recombinant IL-1f cytokine was purchased from PeproTech, USA. Anti-IL-1R1
antibody was purchased from Novus Biologicals, USA. Anti-MyD88 antibody and anti-CD44
antibody conjugated FITC were purchased from Abcam, Ireland. miRNeasy mini kit was
purchased from Qiagen (Germany). TNBSA (2,4,6-trinitrobenzene sulfonic acid) was purchased
from Thermo Scientific, USA. All other materials and reagents were purchased from Sigma

Aldrich (Ireland) unless otherwise stated.

Synthesis of crosslinked HA hydrogels

Sodium hyaluronate 0.75% (w/v) was dissolved in 1 ml distilled water and then mixed with
various final concentrations of 4-arm PEG-amine at 25 mM, 50 mM, 75 mM, 100 mM and 50
mM 0.625% glutaraldehyde (GTA). After complete mixing, N-hydroxysuccinimide (NHS) 15%
(w/v) and 1-ethyl-3-(3-dimethylaminopropyl)carbodiimide (EDC) 9% (w/v) were added to
initiate the crosslinking (Figure 1A). Consistent with our previous method of hydrogel
preparation,® spherical-shaped hydrogels were then obtained through pipetting a channel volume
of 5 ul onto a hydrophobically modified glass slide prepared by layering Teflon™ tape. The
spherical-shaped droplets of the reaction mixture were then incubated for 1 h at 37°C to allow
complete crosslinking (Figure 1B). After complete fabrication, the HA hydrogels were washed in

PBS overnight to remove the un-reactant and then dried and stored at 4°C for further analyses.



Optimization of the crosslinking system

The synthesis of crosslinked HA hydrogels was optimized using different concentrations of 4-
arm PEG-amine at 25 mM, 50 mM, 75 mM, 100 mM and 50 mM 0.625% GTA by determining
of free carboxyl groups of HA, quantifying of unreacted amine group of PEG and HA hydrogel
morphology by scanning electron microscope.

The residual un-crosslinked carboxyl groups of HA were measured by fourier transformed
infrared spectroscopy (FTIR). Each hydrogel prepared at different ratios of PEG/HA was dried
under vacuum and then studied by FTIR spectrometer (Varian 660-IR, Agilent Technology,
Ireland) against a blank KBr pellet background.

A 2.,4,6-trinitrobenzene sulfonic acid (TNBSA) assay (Thermo Scientific, USA) was
performed to determine the amount of unreacted amine groups of PEG during the coupling
reaction. Briefly, 1 mg hydrogel was dissolved in 1 ml reaction buffer of 0.1 M sodium
bicarbonate, pH 8.5. Each 200 pl sample was mixed with 100 pl 0.01% TNBSA and then
incubated at 37°C for 2 hours. 100 ul 10% solution of SDS and 50 pl 1 N HCI was added for
every 100 pl sample. Samples were run in triplicate and the amount of free amine groups in the
hydrogel was determined by measuring the UV absorbance (Varioskan Flash, Thermofisher
Scientific, Finland) of the supernatant at 335 nm and compared to a standard curve produced
using glycine as a reference.

The surface morphology of different concentrations of crosslinked HA hydrogels was imaged
by scanning electron microscopy (SEM). The hydrogels were dehydrated in a series of increasing
ethanol concentrations in water and then freeze-dried. Dried samples were gold-coated before

being analysed by Hitachi S-4700 SEM operated at 10 kV accelerating voltage.



In vitro degradation

Finally, the optimally crosslinked HA hydrogel was obtained using 75 mM PEG-amine. The
hydrogel stability was determined by hydrolytic and enzymatic degradation. Pre-weighed (W)
HA hydrogels were incubated in PBS and hyaluronidase (5 U/ml) respectively at 37°C using a
water bath. The degradation medium was replenished with either PBS or a freshly prepared
enzyme solution every 2 days. The hydrogels were recovered after 1, 3, 7, 14 and 28 days and
dried under vacuum. The dry weight of HA gels (W) at each time point was measured and the
weight-percentage of remaining hydrogels (wt%) was calculated using:

wtY =W, — W, x 100%

W,

NP cell isolation

The discs from T9-S1 spine were isolated from freshly obtained 5-month-old bovine tails that
were collected directly after sacrifice from a local slaughterhouse. Soft tissues surrounding the
disc (muscles, tendons and ligaments) were manually dissected. The discs were cut into four
sagittal sections (4 mm wide) using custom dissection tools. The NP tissues were harvested from
each section. Tissues were washed twice with Hanks’ Balanced Salt Solution (HBSS) and once
using blank high glucose (HG) Dulbecco’s modified Eagle’s medium (DMEM). NP tissues were
digested with 0.19% pronase prepared in HGDMEM media for one hour under agitation at 37°C
in a humidified atmosphere of 5% CO, and were then centrifuged for five minutes at 1200 rpm.
The pellets were washed three times with complete medium to inhibit pronase activity and then
were resuspended in 0.025% collagenase type IV (3271 U/mL) prepared in complete media. The

mixture was incubated under agitation overnight at 37°C in a humidified atmosphere of 5% CO,.



The suspensions were filtered through a 70 um cell strainer and centrifuged for 8 minutes at
1200 rpm. Pellets were washed once and resuspended with complete media. The cells were
counted using a haemocytometer and the 5 x 10’ cells were seeded on four well chambers and 1

x 10* cells were seeded on a modified glass surface 24 well cell culture plates.

Viability of NP cells

The cytotoxicity of crosslinked hydrogels at different concentrations of HA 0.75 mg (in 100
ul) and 1.5 mg (in 200 pul) was investigated on NP cells at the first passage. Briefly, the 5 x 10
cells were seeded on four well chambers and allowed to grow for 1, 3 and 7 days in the presence
of crosslinked hydrogels at 37°C in a humidified atmosphere of 5% CO,. The NP cell
morphology was observed using Live/Dead” staining kit, after which cell metabolic activity was

determined using alamarBlue® assay.

Therapeutic effect of optimally crosslinked 4-arm PEG-amine HA hydrogels in IL-1p

induced inflammation model of NP cells

In vitro inflammation model of NP cells

NP cells (1 x 10%) were seeded on a modified glass surface 24 well cell culture plate prepared
by putting 13 mm sterile glass cover slips onto cell culture well. The cells were grown in
complete medium containing DMEM, 10% fetal bovine serum (FBS) and 1%
penicillin/streptomycin (P/S) at 37°C in a humidified atmosphere of 5% CO,. After 1 day in
culture, the cells were stimulated with IL-18 (10 ng/ml) prepared in complete medium to create

an inflammatory mileu to mimic the disease environment of the IVD degeneration.
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Subsequently, after 24 h cytokine stimulation, cells were treated with HA hydrogels for 3 and 7
days. The concentration of HA to use in the inflammation study was finalized at 0.75 mg in 100

ul (5 pl x 20 gels) based on NP viability results.

Analysis of immunoreactivity of IL-1R1 and MyD88

The protein expression of immunoreactive inflammatory receptors was determined by
immunofluorescent staining in inflamed NP cells after a three-day treatment with non-
crosslinked HA and crosslinked HA hydrogels. Briefly, normal and inflamed NP cells were
incubated with non-crosslinked HA and crosslinked HA hydrogel (0.75 mg in 100 pl) in DMEM
media supplemented with 10% FBS and 1% P/S. After 3 days’ incubation, the modified cell
culture plates were transferred from incubator to room temperature. The cells were washed three
times with phosphate buffered saline (PBS) 1M for five minutes and then fixed with 3.7%
paraformaldehyde (PFA) for 15 minutes. After complete washing with PBS 1M three times for 5
minutes each, antigen retrieval was performed using Triton 0.1% for 5 minutes to permeate the
cell membrane. Cells were then washed with PBS 1M three times for 5 minutes and incubated
overnight at 4°C with primary rabbit anti-ILIR1 antibody (1:200) and rabbit anti-MyD88
antibody (1:200). After washing with PBS 1M three times for 5 minutes each, cells were
incubated with Alexa Flour 488 and Alexa Flour 564 secondary anti-rabbit antibodies
respectively at room temperature for 1 hour. The cover slips with cells were carefully removed
onto glass slides containing anti-fade mounting medium with 4,6-diamidino-2-phenylindole
(DAPI). The slides were protected from light overnight at 4°C and staining for immunoreactive
IL-1R1 and MyD88 was observed using a laser confocal microscope (Olympus Fluoview 1000).

The mean fluorescence intensity of detectable receptors from three areas of each slide was

11



further analysed using software imagelJ version 1.48 (National Institutes of Health, USA). This

experiment was carried out in triplicate.

mRNA expression of NGF and BDNF

Normal and inflamed NP cells were incubated with non-crosslinked HA and crosslinked HA
hydrogels (0.75 mg in 100 pl) in DMEM media supplemented with 10% FBS and 1% P/S. After
a seven-day treatment with HA hydrogels, total RNA was extracted from NP cells in monolayer
culture using TRIzol reagent (Invitrogen) and miRNeasy mini kit following the manufacturer’s
protocol. Total RNA of 100 ng/ul was reverse-transcribed with random primer (Promega) and
subsequently with reverse transcriptase (Promega) in a 20 pl reaction mixture using PTC DNA
Engine™ System (PTC-200, Peltier Thermal Cycler, MJ Research Inc., USA). The cDNA
products were amplified using SYBR green PCR Master Mix (Promega) and following specific
primers (Table 1). Reactions were conducted in triplicate using StepOnePlus™ Real-Time PCR
System (Applied Biosystems®). The results were analysed using the 2"**“* method and presented

as fold change (relative gene expression) normalized to 18S and basal control.

Activation of CD44 receptor

CD44 activation was determined by investigating protein expression in normal and inflamed
NP cells after a three day treatment with non-crosslinked HA and crosslinked HA hydrogels
(0.75 mg in 100 pl). The modified cell culture plates were removed from the incubator and
subject to room temperature before beginning immunofluorescence staining. Cells were washed
three times with PBS 1 M for five minutes and fixed with 3.7% PFA for 15 minutes. After

washing three times with PBS 1 M for five minutes, antigen retrieval was performed using Triton
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0.1%. Cells were then washed with PBS 1 M three times for five minutes and incubated
overnight at 4°C with anti-CD44 antibody conjugated with FITC (1:100). After washing with
PBS 1M three times, the cells were incubated at room temperature for one hour with rhodamine
phalloidin (1:200). The cover slips with cells were carefully removed onto glass slides containing
anti-fade mounting medium with DAPI. The slides were protected from the light and kept
overnight at 4°C. CD44 was visualized using a laser confocal microscope (Olympus FluoView
1000). The mean fluorescence intensity of detectable receptors from three areas of each slide was

quantified using software imageJ version 1.48.

Statistical analysis

Statistical analysis was performed using software GraphPad Prism version 5.00. Data were
compared by a one-way analysis of variance (ANOVA) check and multiple pairwise
comparisons were carried out using the Bonferroni post-hoc t-test. Statistical significance was set

atp <0.05.

Results

Optimization of crosslinked HA hydrogel

The carboxyl (C=0) stretch of un-crosslinked carboxyl groups of HA after the crosslinking
reaction with 4-arm PEG-amine (Figure 2A) was observed at a peak of 1720 nm. A decrease in
absorbance of carboxyl groups at 1720 nm was observed for all the concentrations of 4-arm
PEG-amine used for the optimization of HA hydrogel crosslinking. Un-crosslinked residual
amine groups in HA hydrogel were estimated by TNBSA have shown significant decrease in

amine group concentration. A plateau was reached after 75 mM of 4-arm PEG-amine (Figure
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2B); demonstrating maximum crosslinking was achieved at that 4-arm PEG-amine
concentration. Furthermore, the surface images of the HA hydrogels presented in Figure 3 with a
micro-pits structure were observed in SEM images, when using low concentration PEG-amine.
The use of high concentration PEG-amine, however, resulted in the formation of a smooth

surface structure.

Hydrolytic and enzymatic degradability

The optimally crosslinked HA hydrogel was determined to be stable in in vitro degradation.
Hydrogels incubated in PBS showed significant decrease in weight up to 30% after 1 day and
were stable thereafter with no significant difference. Alternatively, hydrogels were degraded
more in the presence of hyaluronidase at 44.07% =+ 2.14%, 42.36% + 2.58%, 40.89% =+ 1.79%,
43.40% =+ 0.28%, and 44.67% = 0.73% after 1, 3, 7, 14 and 28 days’ incubation respectively.

Hydrogels’ degradation was significantly different between PBS and hyaluronidase (Figure 4B).

NP cell morphology

Microscopically, the individual cells and clusters of cells with round morphology were
observed in basal control of NP cells after 3 days in normal culture (Figure 5A). In hydrogel
treatment at different doses of HA, NP cells maintained a chondrocyte-like rounded shape, and

some of the cells showed short cytoplasmic extensions in normal culture (Figure 5SA).

NP cell viability

After HA hydrogel treatment containing HA dose (0.75 mg in 100 ul), NP cells demonstrated

94.16% + 4.56% (1 day), 89.79 + 4.42% (3 day), 88.77 + 7.44% (7 day) viability, while doubling
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the HA dose (1.5 mg in 200 pl) showed 80.51% + 2.58% (1 day), 74.08 + 4.22% (3 day), 79.87 +

3.64% (7 day) in normal monolayer culture respectively (Figure 5B).

Suppression of inflammatory receptor

Examination of IL1R1 and MyD88 protein expression in basal condition and IL-1B induced
inflammation on NP cells with or without a HA hydrogels dose of 0.75 mg (in 100 pl) was
performed by assessing immunofluorescence staining, illustrated in Figure 6A. It confirms
immunoreactivity to IL1R1 and MyD88 as shown by green fluorescence corresponding to
IL1R1, co-localized with red fluorescence corresponding to MyD88. Immunoreactive IL1R1 and
MyD88 were detectable throughout basal and inflamed NP cells, but were more prominent in
inflamed NP cells. Both IL1R1 and MyD88 appeared to be less intense in NP cells treated with
crosslinked HA hydrogels than in non-crosslinked HA treatment and IL-1p control groups. The
mean values with standard error of the mean (£SEM) fluorescence intensity of detectable
immunoreactive IL-1R1 and MyD88 were further analysed to quantify the magnitude of protein
expression. Figure 6B demonstrates that fluorescence intensity of IL-1R1 decreased significantly
in NP cells with crosslinked hydrogels treatment. A consistent result was particularly noted for
MyD88 expression, in which fluorescence intensity was significantly reduced in NP cells after

crosslinked and non-crosslinked HA hydrogels treatment (Figure 6C).

Down-regulation of neurotrophins
The expression of NGF and BDNF at the mRNA level in basal condition or inflamed NP cells
after treating with or without non-crosslinked HA and crosslinked HA hydrogels was performed

by qRT-PCR using cDNA extracted from cell monolayer cultures. Figure 7A indicates that NGF
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mRNA was constitutively expressed in basal NP cells and highly up-regulated after being
induced by IL-1B (10 ng/ml). However, NGF mRNA expression was down-regulated in all HA
treatments and was significantly down-regulated in crosslinked HA hydrogels treatment groups.
A pattern similar to BDNF mRNA expression shown in Figure 7B was expressed in basal NP
cells. This confirmed that IL-1P up-regulated BDNF mRNA expression in NP cells. Nonetheless,
the expression was significantly down-regulated in NP cells after treatment with crosslinked HA

hydrogels.

Mechanism of action of HA through binding cell surface receptor of CD44

To the best of our knowledge, this is the first study to examine cell and hydrogel binding in NP
cells by investigating binding of antibody to antigen cell surface receptor CD44 in the basal
condition and inflamed NP cells. This was carried out by immunofluorescence staining of the
receptors.

Figure 8A represents immunoreactive FITC labelled CD44 co-localized with rhodamine
phalloidin (for cellular cytoskeleton). CD44 protein was expressed in basal NP cells and was
most intense after treatment with crosslinked HA hydrogels. NP cells bind to crosslinked HA
through CD44 (shown with a black arrow). To further analyse the strength of protein expression,
the mean value with SEM of fluorescence intensity of expressed immunoreactive CD44 was
quantified for each group of HA treatment.

Figure 8B shows a fluorescence intensity of CD44 at almost the same level as that in basal
control, IL-1 control and NP cells treated with non-crosslinked HA. However, this intensity was
significantly increased in NP cells after treatment with crosslinked HA hydrogels. These results

suggest that HA hydrogels bind to NP cells through CD44.
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Discussion

A crosslinked HA hydrogel system was developed in this study to evaluate the therapeutic
effect of hydrogels and investigate the binding between cells with hydrogels in an in vitro
inflammation model on NP cells. The structure of multi-arm PEG-amine was important in
optimising the hydrogel crosslinking system. 4-arm PEG-amine in hydrogel has been proved to
enhance cell adhesion on the hydrogel surface to support biological properties in the system.*’ It
can be easily crosslinked with naturally derived biomaterial such as HA to form biodegradable
hydrogels.*® For this reason, 4-arm PEG-amine was used as a crosslinking agent in this study.
HA was covalently crosslinked with 4-arm PEG-amine after the carboxyl group of HA was
functionalized using EDC coupling in the presence of NHS to stabilize the intermediate in the
crosslinking reaction (Figure 1A). EDC and NHS activated carboxyl groups of HA facilitate the
amide bond formation with primary amines of 4-arm PEG-amine. The remaining unreacted
carboxyl groups of HA were determined by analysis of the FTIR at peak 1720 nm. The carboxyl
groups of HA were decreased as PEG-amine concentration increased (Figure 2A). Similarly, the
unreacted amine groups of 4-arm PEG-amine that do not participate in crosslinking reaction
were found to decrease with increasing PEG-amine concentration. No further changes occurred
after 75 mM PEG-amine, which suggests that the maximum crosslinking was reached at this
point (Figure 2B). The microstructure of hydrogel was dependent on the concentration of PEG-
amine used in the crosslinking reaction. Surface morphology SEM images display a micro-pits
structure to a smooth surface layer at lower to higher concentration PEG-amine (Figure 3). These
surface morphology changes are probably due to the sufficient crosslinking reaction.

The optimally crosslinked HA hydrogels was determined when using 75 mM PEG-amine. 3D

sphere shape of these hydrogel was obtained when apply on hydrophobicity surface at room
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temperature (Figure 4A a) and maintained physical structure after complete crosslinking at 37°C
(Figure 4A b). Hydrogel was also stable to the hydrolytic process in PBS and showed resistance
to enzymatic degradation over 28 days (Figure 4B). Physiologically, HA is degraded
predominantly by an enzymatic reaction through hyaluronidase.*’ The results of this finding may
be due to the use of PEG in the crosslinking system that can maintain the in vitro degradation
rate of hydrogels. Therefore, in the present study, we were able to formulate crosslinked HA
hydrogels by controlling the degradation profile that are suitable for targeted controlled release
drugs or other therapeutic molecules in NP regeneration.

At a cellular level, the clustering of NP cells with chondrocyte-like round shape was observed
in basal control. With hydrogel treatment of 0.75 mg (in 100 pl) and 1.5 mg (in 200 pl) doses of
HA, the cells maintained round morphology as normal and some of cells adopted a slightly
fibroblastic-shape with short cytoplasmic extensions after 3 days culture (Figure 5A). This
appears to be because of the binding with HA hydrogels,* and the presence of oxygen in the cell
culture system. Additionally, no statistical difference in metabolic activity of NP cells was
observed after crosslinked HA hydrogel treatment (Figure 5B). This indicates no cytotoxicity
was occurred. Our recent results were supported by previous studies showing that HA/type 11
collagen hydrogel maintained NP cell phenotype® and did not influence NP cell viability.**

Apart from the physical properties of hydrogel, HA with a different molecular weight affects
cellular responses such as cell adhesion, migration, proliferation and also maintains tissue
structure.’® In healthy tissue, HA presents high molecular weight (HMw) with an average ~10’
Da which can maintain tissue integrity and thus suppress the inflammatory response.’® In this
study, IL-1B was used to create an inflammation microenvironment of NP cells since IL-1p is

. . . . . . . .1
one of main pro-inflammatory cytokine significantly increased in gene and protein expression
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that promotes matrix degradation in symptomatic disc degeneration.”’ These current results
demonstrated that the inflammatory receptor of IL-1R1 and MyD88 were highly expressed in NP
cells after being stimulated by IL-1B. In fact, IL-1p is known to controls the inflammatory
processes by activating receptor IL-1R1 and IL-1R antagonist.> However, after HA hydrogel
treatment, these receptors were suppressed at three days in culture (Figure 6). Other supported
findings showed that the use of HMw HA in the case of inflammation and tissue injury is
through blocking neutrophil and macrophage infiltration in sepsis induced lung injury,’
inhibiting phagocytosis of peritoneal macrophages,” decreasing production of pro-inflammatory
cytokines (IL-1p and IL-6) and migration of macrophages in a post-laminectomy rat model.”*
The inflammatory process also induces neuronal sensitization of nociceptors that can increase
synaptic conduction and result in pain sensation. The pro-inflammatory cytokine such as IL-1f is
associated with the mechanism of nociception® by correlating the local production of
neurotrophins and innervation of nociceptive nerve fibres into the disc. IL-1B induces
neurotrophin expression of NGF and BDNF, resulting in innervation of human disc samples.'”"
Our current results show that NGF gene was expressed in basal NP cells and greatly increased
regulation after being stimulated by IL-1B. These findings are supported by other studies and
indicate that NGF-dependent neurons play a key role in inflammatory pain responses. In dorsal
root ganglion (DRG), neurons innervating the disc, neuropeptides or markers for NGF-dependent
neurons such as substance P (SP) and CGRP were mainly localised in small DRG neurons which
are nociceptive neuron.” As with NGF, BDNF mRNA expression also up-regulated after being
treated by IL-1p. BDNF is known a central nervous system modulator of nociception by binding
to full-length receptor tropomyosin-related kinase B (trkB.FL).*® Conversely, both NGF and

BDNF mRNA expression was down-regulated in all HA treatment and significantly down-
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regulated in crosslinked HA hydrogel treatment (Figure 7). These finding are supported by a
previous study in which HA effectively reduced pain in osteoarthritic patients*” and promoted an
analgesic effect by activating the opioid receptor.’’

HA is known to bind to a specific cell surface receptor notably to CD44, that modulates
cellular signaling in regulating cell adhesion, growth, survival, migration and differentiation and

HA metabolism.>**’

The presence of HA crosslinking network functions as an anti-inflammatory
cascade in response to tissue inflammation and is also mediated through CD44.* Here, we
demonstrated the immuno-reactivity of CD44 receptor in normal and inflamed NP cells treated
with non-crosslinked HA and crosslinked HA hydrogels. However, it was increased significantly
in NP cells after treating with crosslinked HA hydrogels (Figure 8). These results suggest that
NP cells bind to the crosslinked HA hydrogels through CD44 and interfere pro-inflammatory
cytokines binding to their receptors.*® It has previously been shown that this HA crosslinking
network interacts with mononuclear leukocytes through CD44 in response to viral infection.®’
Furthermore, the presence of HA in crosslinked form also stabilises the ECM during ovulation
and inflammation, regulates the hydrodynamic effect in the synovial joint, prevents loss of
matrix components and thus promotes tissue repair.*®

The possible protective mechanism of crosslinked HA hydrogels is summarized in Figure 9.
Nuclear factor-kappa B (NF-kB) is the major intracellular signalling pathway in mediating the
molecular event for pathogenesis of disc degeneration. In the case of inflammation and pain, IL-
1B is a pro-inflammatory mediator known to stimulate activation of NF-xB pathway in disc cells.
Basically, IL-1B binds to IL-1R1 as part of the MyD88 complex. The active MyD88 induces

signal transduction of IkB kinase (IKK) formation. Once IKK becomes activated and

phosphorylates IkB to specific serine residues, this results in degradation. [kB degradation causes
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NF-kB to undergo translocation into the nucleus and subsequently bind to cDNA sequence that
transcribes for specific gene expression.® Here, IL-1B induces activation of NF-kB to up-regulate
transcription gene expression of pain mediators such as NGF and BDNF. However, in the
hydrogel system, this crosslinked HMw HA provides a protective mechanism through binding of
the CD44 receptor on NP cells. Consequently, it prevents the pro-inflammatory cytokines from
binding to their receptors and inhibits transcription gene expression of neurotrophins to protect

NP cells from further inflammation.

Conclusions

The formulated crosslinked HMw HA hydrogels were stable, maintained a 3D structure and
demonstrated enzymatic resistance to degradation. No cytotoxicity of hydrogels was observed in
NP cells after 7 days in culture. Additionally, HA hydrogels showed a therapeutic effect by
suppressing the inflammatory receptor of IL-1R1, MyD88 and down-regulated NGF and BDNF
gene expression. These crosslinked HA hydrogels also bind to the CD44 receptor of NP cells and
subsequently prevent binding of pro-inflammatory cytokines to their receptors to protect NP cells
in response to inflammatory insults. Therefore, this biophysical and anti-inflammatory effect of

HA-based hydrogel provides a suitable microenvironment for NP regeneration.
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Figure 1. Schematic representation of crosslinked HA hydrogel system. (A) Crosslinking of high
molecular weight hyaluronic acid and 4-arm PEG-amine. The succinimidyl groups of PEG-
amine react with the amine groups on the HA molecules after carboxyl groups are functionalized
with EDC and NHS. (B) 3D spherical shaped hydrogel preparation. 5 pl of mixed gel solution
containing HA, PEG-amine, EDC and NHS was dropped onto hydrophobic modified surface

through pipette channel and incubated at 37°C for 1 h to allow crosslinking reaction to complete.
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Figure 2. Optimization of crosslinking system using different concentrations 4-arm PEG-amine
of 25, 50, 75 and 100 mM. GTA was used as a control. (A) Determination of un-crosslinked
carboxyl groups of HA after crosslinking reaction at a peak of 1720 nm, corresponding to the
C=O0 stretch from the acid group. A decreasing pattern of peak in carboxyl groups as the PEG
concentration increased. (B) Quantification of residual unreacted amine groups of PEG after

crosslinkage. Free amine group was decreased with increasing of PEG concentration.
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*Significant statistical different for different concentrations of PEG-amine. (n = 3, one-way

ANOVA, p <0.05). Data presented as the mean + standard error of the mean.

a. HA+EDC/NHS+PEG 25mM b. HA+EDC/NHS+PEG 50mM
c. HA+EDC/NHS+PEG 75mM d. HA+EDC/NHS+PEG 100mM

Figure 3. Physical properties of hydrogels at different concentrations 4-arm PEG-amine: 25, 50,
75 and 100 mM. GTA was used as a control. Surface morphology of the crosslinked HA
hydrogels was presented as a micro-pits structure to a smooth surface layer at lower to higher
concentrations of PEG-amine (n = 3, one-way ANOVA, p < 0.05). Data presented as the mean +

standard error of the mean.
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Figure 4. Characterization of optimal 75 mM 4-arm PEG HA hydrogels. (A) Spherical-shaped
hydrogels were obtained on modified hydrophobic surface using Teflon tape at room temperature
(a) and the gels maintained a 3D spherical shape after complete crosslinking at 37°C (b). (B)
Over 70% and 40% remaining gel mass of hydrogels in PBS and hyaluronidase over 28 days
respectively *Significant differences were noted between the different groups (n = 3, one-way

ANOVA, p <0.05). Data presented as the mean + standard error of the mean.
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Figure 5. Viability study of NP cells after HA hydrogel treatment. (A) NP cell morphology in
hydrogels containing different doses of HA stained by LIVE/DEAD® assay after 3 days in
culture. Viable cells appear in green (calcein staining) and dead cells in red (ethidium bromide
staining). (B) NP cells showed over 88% and 74% viability in the treatment of 0.75 mg (in 100
ul) and 1.5 mg (in 200 pl) crosslinked HA hydrogels respectively as measured by alamarBlue®
assay. There was no significant difference between the groups (n = 3, one-way ANOVA, p <

0.05). Data presented as the mean + standard error of the mean.
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Figure 6. Expression of IL-1R1 and MyD88 in NP cells after HA treatment. (A) Confocal
micrograph showing IL-1R1 (green) co-localized with MyD88 (red) in IL-1f induced
inflammation and normal NP cells in the treatment of 0.75 mg (in 100 pl) crosslinked and non-
crosslinked HA after 3 days in culture. (B) Mean fluorescence intensity showing IL-1R1 receptor

was significantly suppressed in the treatment of crosslinked HA hydrogels compared to IL-1
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control group. (C) Mean fluorescence intensity of MyDS88 significantly decreased after being
treated with HA compared to IL-1P control group. *Significant differences were noted between
the different groups (n = 3, one-way ANOVA, p < 0.05). Data presented as the mean =+ standard

error of the mean.
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Figure 7. Effect of HA treatment on neurotrophin mRNA expression of NP cells normalized to
18S and basal control. Histograms illustrating the fold change of (A) nerve growth factor and (B)
brain derived neurotrophic factor down-regulated in IL-1p induced inflammation and normal NP
cells in the treatment of crosslinked HA hydrogels. *Significant differences were noted between
the different groups (n = 3, one-way ANOVA, p < 0.05). Data presented as the mean + standard

error of the mean.
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Figure 8. Activation of CD44 in NP cells after HA treatment. (A) Confocal micrograph showing
distribution and co-localization of CD44 (green) and cellular cytoskeleton (red) in IL-1f induced
inflammation and normal NP cells in the treatment of 0.75 mg (in 100 pl) crosslinked hydrogels
and non-crosslinked HA after 3 days culture. NP cells bind to a cable-like structure of
crosslinked HA through CD44, which are shown by the black arrow. (B) Histogram illustrating
mean fluorescence intensity of CD44 receptor significantly activated in crosslinked HA

hydrogels treatment compared to IL-1f control group. *Significant differences were noted
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between the different groups (n = 3, one-way ANOVA, p < 0.05). Data presented as the mean +

standard error of the mean.
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Figure 9. Schematic representation of possible protective mechanism of crosslinked HA
hydrogels in response to inflammation. (A) At a molecular level, IL-1f binds to IL-1R1 to form
MyD88 complex. The active MyD88 induces signal transduction of IKK and transcription factor
of NF-kB to up-regulate neurotrophins of NGF and BDNF. The presence of these neurotrophins

can stimulate innervation of nociceptive nerve fibres and lead to pain. (B) In the hydrogel
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system, these crosslinked HA bind to CD44 receptor of NP cells. Consequently, it prevents pro-
inflammatory cytokines from binding to their receptors and inhibits transcription of

neurotrophins to protect NP cells from further inflammation.

Primer sequence
Gene Base pair
Forward Reverse

5" AAG GGC AAG GAG GTG ATG

NGF 5"CTT GAC GAA GGT GTG GGT 3’ 18
3(
5" TAT TGG CTG GCG GTT CAT 5" TCC CTT CTG GTC ATG GAA

BDNF 20
AC3 ATG 3’

185 5"TCA ACA CGG GAAACCTCAC 5 CGC TCC ACC AAC TAA GAA C 19
3 3

Table 1. Primers utilized in qRT-PCR analysis.

ASSOCIATED CONTENT

Supporting Information

Additional data on viability of adipose derived stem cells (ADSCs) in the presence of
crosslinked HA hydrogels, showing that ADSCs were dispersed individually as normal as basal
control group. Over 85% and 78% cell metabolic activity in presence of 0.75 mg (in 100 pl) and
1.5 mg (in 200ul) hydrogels after 1, 3 and 7 days in culture respectively. This material is

available free of charge via the Internet at http://pubs.acs.org.
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ABBREVIATIONS

IL-1R1, interleukin-1 receptor 1; IL-1RA, interleukin-1 receptor Antagonist; MyD88, myeloid
differentiation primary response 88; MMP-3, matrix metalloproteinase-3; MMP-13, matrix
metalloproteinase-13; ADAMTS-4, A disintegrin and metalloproteinase with thrombospondin
motifs 4; TNF-a, tumor necrosis factor alpha; NF-kB, nuclear factor kappa-light-chain-enhancer
of activated B cells; CD44, Cluster of Differentiation 44; EDC, 1-Ethyl-3-(3-
dimethylaminopropyl)carbodiimide; NHS, N-Hydroxysuccinimide; PEG, Poly(ethylene glycol);

T9, 9th thoracic vertebra; S1, 1st sacral vertebra; FITC, Fluorescein isothiocyanate.
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