Open Access Article. Published on 07 March 2025. Downloaded on 3/3/2026 11:39:50 AM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Materials
Horizons

W) Check for updates ‘

Cite this: Mater. Horiz., 2025,
12, 3841

Received 7th November 2024,
Accepted 5th March 2025

DOI: 10.1039/d4mh01598¢ sergio Martin-Saldafa,

rsc.li/materials-horizons

Abhay Pandit**°

Multiple sclerosis (MS) is the main neurodegenerative disorder
among young adults. Cortical involvement in MS has emerged as
an important determinant of disease progression. Although inflam-
mation is recognized as a key feature, the mechanisms of cortical
pathology are still poorly understood. The critical role of the
extracellular matrix (ECM) in the development and homeostasis of
the central nervous system (CNS) and hyaluronic acid (HA) in primis
has been emphasized. HA synthesis increases during neuroinflam-
mation in the cortex, mostly through hyaluronan synthase 2 (HAS2),
generating an ECM scar on demyelinated axons. Here, we aimed to
prove the potential role of an external source of HA in CNS
inflammation, specifically in a complex in vitro model of neuroin-
flammation using primary cortical cells (PCC). We engineered and
characterized a battery of cross-linked HA-based hydrogels and
tested their impact on LPS-triggered inflammation in PCC. The
performance of the tested HA scaffolds is promising for their
potential use in vivo, exhibiting an appealing anti-inflammatory
response. We also studied the effect of the crosslinked HA hydro-
gels on hyaluronan metabolism and catabolism markers, showing a
significant decrease in HAS2 expression, which could have a critical
impact on scar generation in demyelinated axons. Finally, we
analyzed the effect of the degradation products of the HA con-
structs, shedding light on the unsolved debate about the potential
dual effect of HA-based materials on the CNS depending on their
molecular weight. Altogether, our results contribute to baseline
knowledge regarding the use of HA-based materials in the context
of CNS inflammatory disorders.
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Hyaluronic acid-based hydrogels modulate
neuroinflammation and extracellular matrix
remodelling in multiple sclerosis: insights from a
primary cortical cell modelf

ab

New concepts

We tested the effect of a high molecular weight (HMW) hyaluronic acid
(HA) hydrogel, on HA metabolism and catabolism after neuroinflamma-
tion in a Primary Cortical Cell (PCC) in vitro model. While HA systems
have been tested in the context of central nervous system (CNS) pathol-
ogies, their effect on extracellular matrix (ECM) remodelling, specially
related to hyaluronan metabolism, are rarely explored. ECM remodelling
is critical in neuroinflammatory driven disorders in the CNS due to the
formation of HA scars that avoid a proper recovery of the damaged tissue.
The engineered hydrogels downregulated neuroinflammation in a con-
sistent manner up to 7 days post treatment. Interestingly, HA hydrogels
downregulated hyaluronan synthase 2 (HAS2), the key enzyme in charge
of HA synthesis after an inflammatory insult in the cortex, suggesting a
potential effect on avoiding the generation of HA scars. This will allow
oligodendrocytes to reach the demyelinated axons to remyelinate them.
Moreover, we tested the effect of the HA hydrogel’s degradation products
and LMW HA over PCC showing no detrimental or pro-inflammatory
effect in the case of LMW HA. This shed some light on the unsolved
debate regarding the potential dual effect of HA-based materials on the
CNS, depending on its molecular weight.

1. Introduction

Inflammation is a common feature of most neurodegenerative
disorders and plays a pivotal role in Alzheimer’s disease,
Parkinson’s disease, stroke, multiple sclerosis (MS), and brain
cancers."” Among them, MS, a chronic inflammatory immune-
mediated demyelinating disease of the CNS, has a bigger impact
on patient quality of life and is frequently diagnosed between
20 and 40 years of age. At present, MS affects more than 1.2
million people in Europe and 2.8 million worldwide and is the
main non-traumatic cause of disability in young adults. MS is a
complex and highly variable disease that can be defined based on
symptoms. The most common is relapsing-remitting MS (RRMS),
which causes flare-ups (relapses or attacks) of new or old symp-
toms, followed by periods of remission. In many cases, RRMS
eventually progresses to secondary progressive MS (SPMS), where
nerve damage accumulates and symptoms worsen. Moreover, MS
symptoms could start off slowly and gradually worsen over time
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from the beginning of the disease, in so-called primary progres-
sive MS (PPMS), without any periods of clear relapses or remis-
sion. Most of the available treatments for MS have modest effects
on relapse symptoms but are not effective in modifying disease
progression.> With no available cure nowadays, most injectable or
oral drugs can only slow disease progression. Moreover, since the
blood brain barrier (BBB) remains intact in MS, the systemic
administration route is highly inefficient.” In this context, there is
a critical need to develop new formulations that can improve drug
delivery to the brain in an MS pathological context and reduce
systemic side effects.

In the last two decades, the critical role of the ECM in the
development and homeostasis of the CNS has emerged.*® The
main components of neural ECM include chondroitin sulfate
proteoglycans (CS), tenascin-R, and hyaluronic acid (HA), which
are synthesized by both neurons and glial cells.® These are
tightly regulated under physiological conditions and shape
both neuronal and glial functions. Their synthesis increases
during pathological processes such as neuroinflammation and
neurodegeneration, resulting in the formation of growth-non
permissive environment.”” Indeed, targeting expression of
specific ECM molecules has been widely exploited in other
diseases such as fibrosis or cancer, with promising therapeutic
outcomes, but has been underexplored in the context of the
CNS disorders.® High molecular weight (HMW) HA is especially
abundant during CNS development and remains ubiquitous in
adult ECM.° Changes in HA content, the balance between
HMW and low molecular weight (LMW), and its metabolism
have been related to several CNS pathological conditions, and
these changes disrupt repair by endogenous neural stem cells.
HA has been successfully used in recent years with many
different applications in biomedicine, including CNS disorders,
but their effect on intrinsic ECM remodelling is far from
being fully understood.'® Endogenously synthesized HA accu-
mulates at sites of autoimmune inflammation, including white
matter lesions in MS, generating a scar in the demyelinated
axons preventing remyelination mechanisms.” The treatment
with 4-methylumbelliferone (4-MU), a potent inhibitor of HA
synthesis, has shown decreases the incidence of experimental
autoimmune encephalomyelitis (EAE) and reduces the severity
of the disease, suggesting that HA synthesis is crucial for
disease progression.”

In this study, we aimed to test the role of HA interactions in
the onset of neuroinflammation using different HA constructs.
We hypothesized that crosslinked HA-based hydrogels would
have a critical impact on the resolution of neuroinflammation.
Hence, we aimed to test an external source of cross-linked HA
constructs that could modulate endogenous HA synthesis
led by astrocytes by downregulating astrogliosis and reducing
the severity of the inflammatory response. This downregulation
in intrinsic HA synthesis from astrocytes, mostly mediated
by hyaluronan synthase 2 (HAS2) in the cortex, will avoid
its deposition and scar generation in demyelinated axons. This
allows oligodendrocytes to remyelinate injured axons after an
inflammatory insult. Furthermore, we will shed some light on
the unsolved debate regarding the potential dual effect of
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HA-based materials on the CNS, depending on its molecular
weight. Altogether, our results contribute to the baseline knowl-
edge for the use of HA-based materials in the context of CNS
inflammatory disorders.

2. Experimental section

2.1. Hydrogel preparation and characterization

2.1.1. Hydrogel preparation. HMW sodium hyaluronate
(1 MDa, Lifecore Biomedical, Minnesota, USA) was dissolved at
different concentrations (0.5, 1, 2, 5, 7.5, 10, and 20 mg mL ™ ") in
1 mL (2-(N-morpholino)ethanesulfonic acid) (MES; Merck, Darm-
stadt, Germany) buffer (pH 5.5) with stirring. After complete
mixing, 4-(4,6-dimethoxy-1,3,5-triazin-2-yl)-4-methylmorpholinium
chloride (DMTMM) was added at a 20% w/w ratio with respect to
HA to activate the carboxylic groups of the polymer. Thus, it was
mixed with various final concentrations of 4-arm polyethylene
glycol-amine (4-arm PEG-NH,; Merck, Darmstadt, Germany)
(2000 Da), mainly in 1:1 and 2:1 w/w ratios with respect to HA,
to initiate cross-linking through DMTMM-activated amidation.
Finally, the mixed components were kept overnight at 37 °C to
allow crosslinking. The formulations of 0.5, 1, and 2 mg mL ™"
were too diluted, and crosslinking did not occur in a homogenous
manner. In contrast, the 20 mg mL ™" formulation was highly
viscous, and its manipulation and further crosslinking were not
possible. Thus, these four formulations were excluded from
further testing because of their inability to form crosslinked
hydrogels. To ensure reproducibility and uniformity among repli-
cates, hydrogels were sectioned with a 10 mm biopsy-punch to
obtain the final hydrogels. After complete fabrication, the HA
hydrogels were washed in Phosphate buffer saline (PBS, Merck,
Darmstadt, Germany) to remove non-reactant components, freeze-
dried, and stored at 4 °C for further analyses.

2.1.2. Micro and macrostructure by scanning electron
microscopy. The morphology of the crosslinked HA hydrogels
was analyzed using field-emission scanning electron micro-
scopy (FESEM, Hitachi SU 8000 TED). Briefly, samples of the
same volume were frozen with liquid N,, followed by cryosec-
tioning to analyze the cross-section of the HA hydrogels.
Subsequently, samples were prepared over a carbon tape disk
with subsequent coating with a gold-palladium alloy (80 : 20).

2.1.3. Fourier transform infrared spectroscopy. FTIR was
used to study the characteristic bands of all constituents of the
proposed HA hydrogels. Infrared spectroscopy was performed
in attenuated total reflection (ATR) mode using an IR 640
spectrophotometer (Varian). Samples were analyzed at room
temperature using 16 scans with a resolution of 4 cm™.

2.1.4. Mechanical properties by rheology. Rheological
analysis was performed using a modular compact rheometer
(MCR-102, Anthon Paar) equipped with a @ 25 mm stainless-
steel parallel plate geometry and an electrically heated plate."
The operation temperature was maintained at 37 °C in the
following measurements. The mechanical properties of the hydro-
gels were measured by recording their storage (G') and loss (G”)
moduli as a function of time. The frequency sweep was recorded
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at a frequency of 1 Hz, with a strain set at 1%. All experiments
were performed at least in triplicate.

2.1.5. Swelling behaviour in ACSF. The swelling behavior of
crosslinked HA hydrogels was determined by incubation in
artificial cerebrospinal fluid (ACSF). Briefly, HA hydrogels were
initially weighed (W,) and incubated in ACSF at 37 °C in an
incubator with orbital shaking (300 rpm). The medium was
replenished with freshly prepared ACSF every three days. The
hydrogels were recovered after 15’,30’,45’,1h,2h,4h,6h, 8 h,
12h,1d,3d,4d,6d,7d,8d,94d, 14 d, 21 d and 28 d by
removing all supernatants and were weighed. The weight of the
HA gels (W,) at each time point was measured, and the weight-
fold change of the remaining hydrogels (wt) was calculated using
the following eqn (1):

wt=W,; x 1+ W, (1)

Maximum swelling was determined after 24 hours of incuba-
tion in ACSF, as most of the formulations reached maximum
swelling at that time.

2.1.6. Enzymatic degradation on ACSF over time. The
stability of the optimally crosslinked HA hydrogel was deter-
mined by enzymatic degradation. Briefly, HA hydrogels were
weighed (W) and incubated in ACSF containing bovine hyalur-
onidase (HYAL; Merck, Darmstadt, Germany; 100 U mL™ ") at
37 °C with orbital shaking. The degradation medium was
replenished with ACSF containing freshly prepared HYAL
enzyme solution every three days. The hydrogels were recovered
after1h,2h,4h,6h,8h,12h,1d,3d,4d,6d,7d,8d,9d,
14 d, 21 d and 28 d by removing the supernatant and were
weighed. The weight of the HA gels (W,) at each time point was
measured and the weight percentage of the remaining hydro-
gels (wt%) was calculated using the following eqn (2):

Wt% = W, x 100 = W, (2)

2.2. Cell culture

2.2.1. Rat cortical postnatal mixed culture. Research and
animal procedures were performed in accordance with the
European (EU) guidelines (2010/63/UE) by a competent and
trained operator, and were approved by the Animal Care
Research Ethics Committee (ACREC) of the University of
Galway. Every effort was made to minimize animal suffering
and to reduce the number of animals used.

Sprague-Dawley rat pups (P10) were sacrificed with modifi-
cations of the protocol published by Mathew et al.'* Cortex was
harvested from the brain and chopped at 300 um space using a
Mc Tissue Chopper. The extracted tissue was then incubated in
a papain-based dissociation solution (Worthington Biochem-
ical Corp., New Jersey, USA), for one hour at 37 °C to proceed
with trituration, strain, centrifugation, and cell counting. Cells
were seeded in 12 or 24-well plates (3 x 10° cells per well, or
1.5 x 10° cells per well respectively) pre-coated with poly-r-
lysine (PLL) and supplemented with Dulbecco’s modified
Eagle’s medium/F12 (DMEM/F12, D6421, Sigma-Aldrich,
Dublin, Ireland) supplemented with 6 g L™' of p-glucose,
100 pg mL™* of Primocin™ (InvivoGen®, Toulouse, France),
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2 mM of r-glutamine (Sigma®, Wicklow, Ireland), 10 mL L™ of
fetal bovine serum (FBS), and 20 mL L™* of B27® supplement
(17504-044, Gibco™, NY, US). Media was replaced every other
day for the duration of the culture.

2.2.2. LPS-induced cortical inflammatory model. After
7 days in vitro, the medium was refreshed with complete
medium, and the cells were treated with lipopolysaccharide
(LPS) (100 ng mL™"). On the day after LPS treatment, different
HA formulations were added to the culture. HA hydrogels were
prepared under sterile conditions the day before the experi-
ment, as described in Section 2.1.1. The prepared formulations
were washed at least three times in sterile PBS before use.

Cells were exposed to conditioned media for 1, 3, or 7 days to
determine their effects. After the stimulation periods, the
culture medium was recovered and stored at —20 °C for further
analysis.

2.2.3. Metabolic activity. Cell metabolic activity was evalu-
ated using the alamarBlue™ protocol (Thermo Fisher). Briefly,
300 L of 10% alamarBlue™ was added per well, incubated for
3 h at 37 °C (5% CO,, humidity), and the solution was collected,
transferred to 96 well plates, and measured using a plate reader
(Thermo Fisher, Aex 545 nm, Aey, 590 nm).

2.2.4. DNA quantification. The cell dsDNA content was
evaluated using the PicoGreen™ assay after metabolic activity
assessment. Briefly, a known volume of ultrapure water was
added to each well, and after three freeze-thaw cycles, the
samples were used following the manufacturer’s protocol
(PicoGreen™ Assay, Protocol ND-3300, Thermo Scientific).
The ratio of metabolic activity to dsDNA content was calculated.
Both determinations were performed at least three times in the
same experiment and were performed in at least three inde-
pendent experiments (N > 3).

2.2.5. Nitrite assay. The Griess reagent kit for nitrite quan-
tification (Invitrogen) was used to quantify the nitrite species
released by the cells following incubation with the different
treatments. Briefly, 150 puL of the sample or nitrite standard was
added to each well of a clear 96-well plate and incubated for
30 min at room temperature in the dark with Griess reagents.
The absorbance was read at 548 nm, and the nitrite concen-
tration in uM was extrapolated from the standard curve and
displayed in the graph without normalization.

2.2.6. Cytokine release analysed by multiplex ELISA. The
response of PCCs and LPS-exposed PCCs after HA treatment
was studied using Multiplex ELISA according to the manufac-
turer’s specifications (Meso Scale Diagnostics LLD, MSD).
Briefly, pro-inflammatory (TNF-o,, IL-1B, IFN-y, IL-6, and KC/
GRO) and anti-inflammatory (IL-10, IL-13, and IL-4) cytokines
were quantified in the recovered culture media after one day.
Two technical replicates were assessed for four independent
experiments.

2.3. Immunocytochemistry

PCC cultures intended for imaging analysis were seeded onto
PLL-coated coverslips in 12-well plates and received the same
treatments described before and fixed at the desired time
points (1, 3, and 7D post-treatment). Briefly, the medium was
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removed, cells were washed with PBS, exposed for the desired
time to 10% formalin, and washed again after fixation. The
fixed cells were permeabilized by incubation in 0.2% Triton
X-100 in PBS, followed by washing with PBS. Non-specific
binding was blocked with 1% bovine serum albumin (BSA;
Merck, Darmstadt, Germany) in PBS solution for one hour at
room temperature (RT). Primary antibody mouse anti-GFAP
(1:500, Sigma Aldrich), rabbit anti-Iba-1 (1:200, Dako), rabbit
anti-B-tubulin III (1:500, ABCAM), mouse anti-olig-2 (1:200,
Sigma Aldrich), mouse anti-myelin basic protein (MBP) (1:200,
Sigma Aldrich), rabbit anti-CD44 (1:100 ABCAM), rabbit anti-
HAS1 (1:50 ABCAM), and mouse anti HAS-2 (1:100 ABCAM)
were prepared in blocking buffer and added to the plates,
which were incubated overnight at 4 °C under stirring. After
washing, cells were incubated with secondary antibodies Alexa
Fluor™ 488 (1:500, Thermo Scientific™, A-10667) and Alexa
Fluor® 546 (1:500, Thermo Scientific™, A11035) for one hr at
RT. After washing, the cells were incubated in DAPI (1:2000,
Thermo Scientific™) for five minutes at RT and coverslips were
mounted onto glass slides using a fluoromount and observed
under a confocal microscope (Olympus FluoView 3000 system).
Images were processed using Image] software (W. RasBand,
National Institute of Health, Bethesda, USA).

2.4. Proteome profiler

The relative expression of chemokines, pro- and anti-inflam-
matory cytokines, and growth factors secreted by PCCs and
LPS-exposed PCCs after HA treatment was determined using the
Rat XL Cytokine Proteome Profiler™ Array kit, according to the
manufacturer’s instructions (ARY030, R&D SYSTEMS). The signals
relative to protein expression were recorded on X-ray films (CL-
XPosure™ Film, Thermo Scientific™, 34090), which were further
analyzed using the Image Studio™ Lite software as pixel density.
Further, each analyte calculated the ‘mean pixel density,” and the
data were plotted as a heatmap. Hierarchical clustering of the data
was performed using Morpheus software (https://software.broad
institute.org/morpheus).

2.5. RT-PCR

Gene expression in treated and control PCC was assessed by
gRT-PCR. Briefly, total RNA was isolated from the organotypic
slices using a phase separation method. The quality, purity, and
concentration of the extracted RNA were measured using a
NanoDrop 2000c¢ spectrophotometer (Thermo Fisher). cDNA was
synthesized using the Qiagen®™ RT? first-strand kit, according to
the manufacturer’s instructions, and 500 ng of RNA was used as
a template for each reaction. The obtained cDNA was diluted 1 in
5 in molecular biology-grade H,O before use in qRT-PCR. Briefly
in each well of a 384 well plate, 2 pL of diluted ¢cDNA, 7.5 pL of
Tagman master mix, 0.75 pL of primer mix (Table 1, forward and
reverse) and 4.75 pL of water were combined. Each sample was
analyzed in triplicate. The results were quantified using a
comparative Ct method and normalized using three housekeep-
ing genes (B2M, Rplp0, and HPRT).
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Table 1 Primer sequences used for gRT-PCR

HYAL1-F 5'-CCA GGA TTT CTG GTG GAA GA-3’
HYAL1-R 5/-CCA CAG GAC TTG CTC TAG-3’
HYAL2-F 5’-CCT CTG GGG CTT CTA CCT CT-3'
HYAL2-R 5-CTG AAC ACG GAA GCT CAC AA-3'
HYAL3-F 5'-TCA GCT GCC ACT GTT ACT GG-3'
HYAL3-R 5-TGA CTC TCC CTG GAA CTG CT-3’
HAS1-F 5-GCG GGC TTG TCA GAG CTA-3’
HAS1-R 5’-AGA GCG ACA GAA GCA CCA-3’
HAS2-F 5/-GTG ATG ACA GGC ATC TCA-3’
HAS2-R 5-GCG GGA AGT AAA CTC GA-3’
HAS3-F 5’-CAG CCT GCA CCA TCG A-3’
HAS3-R 5’-AGA GGT GGT GCT TAT GGA-3’
CD44-F 5-GTG GGC CAA CAA AGA ACA CT-3’
CD44-R 5-TGG AGC AGG CCC AAA TAT AG-3’
RHAMM-F 5-GAA AGG GAA GAAGGC TGA AC-3’
RHAMM-R 5-TGC CAA AAT CTG ATG CTG AA-3’
TSG-6-F 5'-TCA CAT TTC AGC CAC TGC TC-3’
TSG-6-R 5’-AGA CCG TGC TTC TCT GTG GT-3’

2.6. Effect of HA degradation products on PCCs

HA hydrogels were incubated as described in Section 2.1.6.
Afterwards, 1.5 x 10° cells per well were seeded into 24-well
plates pre-coated with PLL. After differentiation, the medium
was refreshed, and the cells were treated with LPS (100 ng mL ™),
HA hydrogel degradation products, or HYAL (100 U mL )
previously incubated under the same conditions. Cells were
exposed to conditioned media for 24 h to determine any effect.
After the stimulation period, the culture medium was recovered
and stored at —20 °C for further analysis.

2.7. Statistical analysis

Graphs and figures were created using the GraphPad® soft-
ware. Statistical differences in histochemical quantification
were analyzed using GraphPad Software. One-way ANOVA was
performed where appropriate, followed by Tukey’s or Dunnett’s
post hoc tests. The mean and standard deviation (SD) were
calculated for all groups. All error bars indicate SD.

3. Results and discussion

3.1. HA-Based crosslinked hydrogels exhibited appealing
properties for their use on the CNS

ECM remodeling during neuroinflammation is a well-known
process. However its role on disease onset is still poorly
understood.” HA is a primary component of the brain ECM,
playing a pivotal role in regulating cell behavior through migra-
tion, proliferation, differentiation, and inflammation, thus con-
tributing to maintain CNS homeostasis."> ECM equilibrium is
disrupted during an inflammatory insult, which leads to a remo-
deling that inhibits homeostatic processes that support critical
tissue health and functionality. Hence, HA-based constructs have
been widely investigated to ameliorate inflammation-driven
damage.'*"® HA’s effectiveness in tissue healing and regeneration
is primarily attributed to its impact on cell signaling and the ease
of customizing chemical and mechanical properties.

Herein, HA-based crosslinked hydrogels were fabricated to
improve the retention and physicochemical properties of HA.

This journal is © The Royal Society of Chemistry 2025


https://software.broadinstitute.org/morpheus
https://software.broadinstitute.org/morpheus
http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d4mh01598c

Open Access Article. Published on 07 March 2025. Downloaded on 3/3/2026 11:39:50 AM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Materials Horizons

HA10

1:1
21
C 50
© HA5 1:1
2
s HA5 2:1
© — HA7.51:1
z
g —— HA7.52:1
@ —— HA101:1
% -e- HA102:1
H
2]
Or—7T—T 7T 7 7 T
0.0020406081.02 3 4 5 O nd
Time (days)
E HAS5 1:1
HA5 2:1
+ HA7.51:1
* HA7.52:1
~ HA10 1:1
-~ HA102:1
—s
—e
— 3 —
T 1
20 30
Time (days)

View Article Online

Communication

B 2000 Kk ok
< HA5 1:1
1500 ] HAS2:1
v 4 HA751:1
© 1000 ** v HA7.52:1
250 ns + HA101:1
5
200 p— ® HA102:1
150 ire
100
oj
0 T T
on
D ©
g50 ns
=
o
5 40
£
o 30
£
g2
)
£ 10
3
E
;‘é ’ N N N N N
. . N .
N* AN N° Q3
© GG
FF MNP EF
— HA
— HA10 1:1
— HA102:1

Transmitance (a.u.)

T T T
2900 2400 1900 1400 900 400

Wavenumber (cm")

T
3400

I
3900

Fig. 1 HA-Based hydrogels presented constant swelling and stability over a month in ACSF: (A) SEM micrographs of hydrogel cross-section (scale bar =
500 pm); (B) storage (G’) and Loss (G”) modulus at 37 °C and 1 Hz. n = 6; data are presented as mean + standard deviation. ANOVA, followed by Tukey's
multiple comparison test * <0.05, ** <0.01, *** <0.005, and *** <0.001; ns means not significant (C) swelling in ACSF over time; (D) maximum swelling
of the hydrogels in ACSF; data represented as mean =+ standard deviation. ANOVA, followed by Tukey's multiple comparison test * <0.05, ** <0.01, ***
<0.005, and *** <0.001; ns, not significant; (E) degradation in ACSF with 100 U mL™! hyaluronidase. n = 6; data are presented as mean =+ standard
deviation. (F) FTIR spectra of naive HA and the two more concentrated HA hydrogels. The highlighted band corresponds to the C=0 stretching of the
carboxylic group, with a clear shift to larger wavelengths after crosslinking with 4-arm-PEG-NH.

Thus, HMW HA was successfully cross-linked via a 4-arm PEG-
NH, linker using DMTMM chemistry. A screening varying HA
and 4-arm PEG-NH, concentrations and the ratio (w/w) among
them on the final mixture was assessed in order to find the best
properties for implantation of either intra-parenchymal or in
the subarachnoid space. The microstructure of the engineered
HA constructs, analyzed by SEM (Fig. 1A), demonstrated an
apparent decrease in pore size with increasing concentrations
of HA and PEG. This increased interconnectivity is related
to efficient crosslinking, which leads to a more compact micro-
structure owing to the higher polymer concentration. The
expected compact gel-like network was confirmed by rheologi-
cal measurements, which determined the storage (G’) and loss
(G") moduli (Fig. 1B). Having a larger storage modulus than the
loss modulus indicates that elastic behavior governs the prop-
erties of the material."™® All the formulations were analyzed at
an oscillation frequency of 1 Hz, which is close to the human
heart rate (~1.25 Hz), and at 37 °C. Brain storage modulus at 1
Hz ranges from 1-3 kPa.'” Interestingly, the assessed HA
constructs exhibited statistically significant G’ values ranging
from 0.7 to 1.5 kPa (Fig. 1B), from HA5 to HA10 formulations
respectively. These values indicate the potential suitability of

This journal is © The Royal Society of Chemistry 2025

HA constructs to be safely implanted in the brain parenchyma
or subarachnoid space without disturbing the host tissue
integrity. However, the final effect of these mechanical proper-
ties on the healthy and pathological tissue would need to be
elucidated in an in vivo scenario.

Furthermore, the swelling capacity of a hydrogel is a key
property to consider when planning its implantation in the
CNS. Swelling capacity, or the ability to absorb and reserve
water, is the most distinctive property of hydrogels.'® Thus, the
polymeric network absorbs large quantities of liquid that is
restricted by the presence of crosslinkers due to the retroactive
forces of elasticity. Hence, varying the degree of HA-hydrogel
crosslinking directly affected the swelling volume (Fig. 1C and D).
The ability to absorb and retain ACSF was assessed over 28 days
(Fig. 1C), and no significant differences were observed among
the formulations tested. However, a trend was observed when
analyzing the maximum swelling capacity at 24 h (Fig. 1D),
which decreased when the polymer concentration increased.
It should be noted that the formulations with 5 mg mL ™' HA
concentration were capable of absorbing a larger volume in the
first hours of incubation than those with higher HA concentra-
tions, but were less efficient in retaining ACSF. This can be

Mater. Horiz., 2025, 12, 3841-3854 | 3845
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explained by the fact that HA5 formulations have less or weak
crosslinking, which results in expansion to a larger volume,
while not retaining it. The ability to maintain a constant degree
of swelling over a long period is crucial because it reflects the
stability of the tested HA constructs. Hence, the tested formula-
tions exhibited constant swelling behavior, which is potentially
ideal for successful implantation without generating changes
in tissue pressure over time. Moreover, HA10 formulations did
not show any brittle behavior, which is generally associated to
an undesirably high crosslinking degree."®

Polymer matrix biodegradation is one of the key mechan-
isms for successful application in the physiological milieu.
Thus, degradation of the HA constructs was assessed over time
at 37 °C in ACSF in the presence of a high concentration of
hyaluronidase (Fig. 1E). As expected, the formulations contain-
ing a higher concentration of HA were more stable over time,
with HA10 2:1 exhibiting a slower degradation profile. The
formulations with 5 mg mL ™" HA concentration were comple-
tely degraded during the first day of incubation, while the
7.5 mg mL~ " had some remaining weight for one week. The
two formulations with 10 mg mL ™" HA presented considerable
remaining weight for at least 21 days, exhibiting the most
promising degradation profile to be implemented in the biolo-
gical milieu. Thus, these two formulations were chosen for
biological assessment. Moreover, to confirm successful cross-
linking, the hydrogels were analyzed by FTIR (Fig. 1F and
Fig. S1, ESIT). As can be seen in the FTIR spectra of HA10
formulations, the -C=O0 stretching at 1614 cm ™" corresponds
to the carboxyl groups of HA. After the chemical reaction with
4-arm-PEG-NH,, the -C=O0 stretching peak shifted to larger
wavenumbers (1656 cm ' for HA10 1:1 and 1643 cm ' for
HA10 2:1), showing the characteristics of the carbon-oxygen
vibration in the amide bonds. A similar shift was observed for
the HA5 and HA7.5 formulations (Fig. S1, ESIt). This confirms
the successful occurrence of chemical crosslinking.

3.2. HA10 cross-linked hydrogels performance on a relevant
PCC in vitro model of neuroinflammation

The CNS is highly complex and involves microglia, astrocytes,
oligodendrocytes, endothelial cells, and pericytes to maintain its
homeostasis." Neuroinflammation is mediated by reactive micro-
glia and astrocytes. The interplay between them and neurons
critically influences the responses to inflammatory insults. Despite
the power of astrocyte and microglia monocultures to study
specific molecular pathways involved in neuroinflammation, there
is a lack of information related to crosstalk among cells.
Multicellular culture models have emerged as better models to
overcome some of the drawbacks of single-cell culture in the
context of CNS disorders, such as PD, spinal cord injury, or
Stroke.>*>* Therefore, we used PCC, a mixed population of cells
found in the cortex, including microglia, astrocytes, neurons, and
oligodendrocytes, to test the effect of HA formulations upon an
inflammatory insult triggered by LPS. LPS induces a robust
inflammatory response through Toll-Like Receptor 4 (TLR4). TLRs
are widely expressed in CNS cells, and are upregulated in the
pathological context of neurodegenerative diseases."®
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After 7D in culture, PCC were exposed to LPS or complete
DMEM, and after 24 h HA constructs were added to the culture
(Fig. 2A). The effect of HA10 hydrogels on PCC was assessed 1, 3
and 7D after treatment, and their viability was assessed (Fig. 2 and
Fig. S2, ESI}). As previously discussed, the HA5 and HA7.5 for-
mulations were considerably degraded over time and exhibited
poor mechanical properties, making them unsuitable for in vitro
testing (Fig. S2, ESIT). Hence, the HA10 formulations were chosen
for further studies. Hydrogels (100 mg) were added to the PCC, and
metabolic activity (Fig. 2B), dsDNA content (Fig. 2C), and changes
in the mixed population by ICC (Fig. 2D) were assessed over time.
Interestingly, both HA10 formulations did not significantly affect
metabolic activity or dsDNA content compared to the healthy
control cells. However, LPS-triggered inflammation induced a
statistically significant increase in metabolic activity and decreased
dsDNA content. When treated with HA10 after LPS insult, these
effects remained constant at 7D after the treatment and were
slightly ameliorated by the HA10 2:1 formulation (Fig. 2C). Nota-
bly, these decreases in dsDNA content were negligible, and the
differences were difficult to appreciate when analyzing the samples
by ICC (Fig. 2D). The mixed population in the PCC remained
constant throughout the study, with astrocytes (GFAP+ cells;
Fig. 2E), microglia (Iba-1+ cells; Fig. 2F), neurons (B-tubulin III+
cells; Fig. 2G), and oligodendrocytes (Olig-2+ cells; Fig. 2H) present.
It could be appreciated in the shape of the PCC, how the cells settle
over the days in culture, reaching their suitable shape at 7D in
culture, when they received the treatment.

3.3. HA10 formulations ameliorated LPS-induced
inflammatory response on PCC

Microglia and astrocytes are key players in maintaining CNS
homeostasis and resolving inflammatory processes, playing a
pivotal role in regulating the immune response to pathological
processes.”® To study the effect of the two HA10 formulations in
restoring the inflammatory state of the PCC in the acute phase
after the LPS insult, cytokine release was assessed at 1D after the
treatment (Fig. 3A-G). Hence, the release of pro-inflammatory
cytokines (TNF-a, IL-1f, IL-6), anti-inflammatory cytokines (IL-4,
IL-10, IL-13), and KC/GRO cytokines was analyzed after 24 h of
treatment with HA10 formulations alone or pretreated with LPS.
As expected, LPS-treated cells exhibited a higher release of pro-
inflammatory cytokines such as TNF-u (Fig. 3A), IL-1f (Fig. 3B),
and IL-6 (Fig. 3C). Interestingly, the release of TNF-o. and IL-6
was significantly increased by the HA constructs after 24 h of
treatment, suggesting a potential anti-inflammatory effect. In
contrast, IL-4 release was significantly upregulated in PCC
treated with HA10 constructs after the LPS inflammatory insult,
indicating an anti-inflammatory effect mediated by HA (Fig. 3D).
No differences were observed in the levels of the other cytokines
assessed. Furthermore, nitrite concentration in the supernatant
was analyzed as another indication of the inflammatory state of
the culture (Fig. 3H). As expected, LPS triggered nitrite accumu-
lation in the supernatant because of the inflammatory response.
The concentrations were lower in all groups treated with HA10
formulations, either with or without LPS pretreatment, but
without reaching significance.

This journal is © The Royal Society of Chemistry 2025
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array was printed in duplicates. The values shown at each time point are the

To further understand HA10 effect on the inflammatory state
of PCC, the culture supernatants were analyzed using a pro-
teome profiler after 1D, 3D, and 7D treatments (Fig. 3I and J).
The secretion of 79 crucial markers of neuroinflammation was
analyzed over time. A hierarchical cluster analysis through
Pearson’s correlation was performed on the results obtained,
showing different clusters of similarity. It can be seen in the
similarity matrix (Fig. 3I) and in the clustered heatmap (Fig. 3H)
that the PCC treated with HA10 formulations after LPS treat-
ment, exhibited after 7D a similar inflammatory profile to that of
Healthy PCC, which demonstrates the potential ability of the
constructs to resolve inflammation during the chronic phase of
culture. These differences were not detected in the early stages of

3848 | Mater. Horiz., 2025, 12, 3841-3854

averages of both values.

treatment, when the HA10 formulations were not yet capable of
restoring homeostasis. Some essential markers of neuroinflam-
mation were significantly elevated during the acute phase
(1D and 3D after treatment) after LPS treatment, when analyzing
the semi-quantitative values of cytokine release (Fig. S3, ESIT).
Chemokine (C-C motif) ligand 2 (CCL2) is expressed in astro-
cytes, endothelial cells, microglia, and neurons. Moreover, it is
considered a key factor in the development of MS, with elevated
serum levels found in MS patients.”* After LPS treatment, CCL2
levels were clearly upregulated in PCC at 1D and 3D after
treatment compared with the Healthy cells. These levels were
downregulated in PCC treated with HA10. Other cytokines of the
CCL family, such as CCL3 and CCL5, were also upregulated in

This journal is © The Royal Society of Chemistry 2025
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LPS-treated PCC, proving the successful induction of a consis-
tent inflammatory response similar to that observed in preclini-
cal and clinical models of neuroinflammation associated with
MS.>>?¢ These B-chemokines are widely expressed by reactive
microglia and astrocytes, whereas CCL5 is mainly expressed by
endothelial cells and reactive astrocytes in response to inflamma-
tion. CCL chemokine release was considerably reduced in the
acute phase of HA10 treatment, again demonstrating the potential
of the hydrogels to efficiently ameliorate inflammation. Some key
inflammatory players, such as IL-6 or IGFBP cytokines, were also
downregulated by HA10 treatment after the inflammatory insult,
further proving the anti-inflammatory activity of the constructs. In
contrast, IL-1 family members, such as IL-1a and IL-1f, were
upregulated by the LPS insult, further proving the robustness of
the inflammatory induction; however, HA10 constructs did not
reduce their release.

3.4. HA10 decreases inflammation-triggered HAS2
overexpression on PCC

Several questions regarding the role of HA in CNS development
remain unanswered. However, HA has been shown to be critical
not only during CNS development but also for its normal
function. However, its role in neurodegeneration remains
unclear. HA metabolism under homeostasis is orchestrated
by the balance between hyaluronan synthases (HAS) and hya-
luronidases (HYAL)." However, HA metabolism is dysregulated
under pathological conditions in the brain.*® HA is produced
by three different transmembrane HAS, being HAS2 in charge
of modulating its synthesis in the cerebral cortex.” After an
inflammatory insult, HA synthesis by reactive astrocytes
becomes upregulated in order to ameliorate inflammation
(Fig. 4A).

In this study, we aimed to assess the effect of HA10 on the
key players in hyaluronan metabolism in the cortex after an
inflammatory insult. Thus, we analyzed the mRNA expression
of HYAL 1, 2, and 3; HAS1, HAS2, and HAS3; and the HA
receptors CD44, RHAMM, and TSG6 after 7 days of HA10
treatment (Fig. 4).

HA degradation is a highly complex process that can be
driven enzymatically or by free radical reaction.”” Enzymatic
degradation is driven by endoglycosidases and exoglycosidases;
however, the class that contributes the most is still unclear.
Among endoglycosidases, the role on HA catabolism has been
widely investigated.”””® Six isoforms of HYAL are known, but
there is a consensus about the main role of HYALs 1-3 in the
context of brain pathology. In this study, we analyzed their gene
expression in the PCC culture for 7 days in vitro after the
treatments (Fig. 4B-D). Three HYALs were expressed, but no
differences were observed among the groups.

HA synthesis increases substantially at sites of injury or
infection, and HA levels are greatly elevated in inflamed
tissues."® Hence, the accumulation of HA in the CNS occurs
as a result of HASes, but primarily reflects the activity of HAS1
and HAS2, with the latter being more prevalent in the cortex.
Despite their structural similarity, HAS1 and HAS3 synthesize
HA polymers of relatively small Mw (2 x 10°-2 x 10° Da),
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View Article Online

Materials Horizons

while HAS2 synthesizes HA with an average Mw greater than
2 x 10° Da.* There is a substantial body of research reporting
HAS2 as the major HA-producing enzyme.**' Our results are
consistent with this, showing that HAS1 (Fig. 4E) and HAS3
(Fig. 4G) expression is uniform among the experimental groups.
In contrast, there was a 5-fold increase in the levels of HAS2
transcripts (Fig. 4F) after inflammatory insult. Interestingly, this
expression was significantly downregulated when HA10 was
administered 4- and 3-fold with respect to the healthy control,
proving the potential effect of an external source of cross-linked
HA to downregulate its synthesis by reactive astrocytes. The
physiological effect of this downregulation warrants further
investigation. Moreover, we assess the protein expression of
the HAS1 (Fig. S4, ESIt) and HAS2 (Fig. S5, ESIt) through ICC,
but the binding of both antibodies was to poor, with no
significant differences appreciated even among Healthy and
LPS-treated cells. Thus, these results were not relevant for the
discussion due to technical limitations of the assessment.

Several proteins serve as HA receptors to transduce HA
signaling, including CD44, RHAMM, lymphatic vessel endothelial
hyaluronan receptor 1 (LYVE1), hyaluronic acid receptor for endo-
cytosis (HARE), and toll-like receptors 2 and 4 (TLR2 and 4).*?
There is a general consensus that LMW-HA activates pro-
inflammatory and proliferative signaling via TLR2/4 and
CD44, whereas HMW-HA exhibits anti-proliferative and anti-
apoptotic activities, potentially through a different conforma-
tion of CD44. The total amount of HA results from the balance
of both larger and smaller sizes, with the phenotypic outcome
resulting from the effects on receptor level of the differentially
sized HA. CD44 is a polymorphic type I transmembrane glyco-
protein with high diversity due to the splicing of more than 10
variable exons and glycosylation, which is specific for each cell
type. The expression of CD44 was unaffected by the inflamma-
tory insult or post-treatment with HA10 (Fig. 4H). CD44 protein
expression was assessed through ICC, with no relevant immu-
nostaining appreciated in any of the controls (Fig. S6, ESIf).
The interaction between HA and CD44 receptors plays an
important role in myelination and oligodendrocyte maturation
during homeostasis, astrogliosis, and demyelination under
pathological conditions. LPS did not trigger significant demye-
lination in the PCC in vitro model (Fig. S7, ICC MBP and Btub
III, ESIt), but astrogliosis was evident after the inflammatory
insult. Hence, an increase in CD44 expression was expected due
to the inflammatory process but was not observed. This obser-
vation might be attributed to the slight LPS damage to the
myelin sheets and oligodendrocytes, since CD44 overexpression
is mainly attributed to glial cells surrounding demyelinated
tissues or ischemic events.****

RHAMM, also known as CD168, binds to biotinylated
HA and is thought to be involved in tumor cell locomotion
and tissue repair after injury. RHAMM overexpression is mostly
associated with tumor progression.’® HA catabolism, which
generates smaller fragments of the polymer, triggers regenera-
responses mainly mediated through HA-RHAMM
interactions."*”> However, differences in gene expression were
not observed among groups.

tive
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presented as the mean =+ standard deviation, N > 3. ANOVA followed by Dunnet multiple comparisons test * <0.05; ** <0.01; *** <0.005; *** <0.001.
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TSG-6 is an HA-binding protein of the group of hyaladherins
constitutively expressed on the adult CNS, which catalyzes the
covalent transfer of heavy chains (HCs) (also known as HA-
associated protein SHAP) from inter-alpha-trypsin inhibitor (IoI)
to HA under inflammation.?® The resulting HC-HA complex
induces a shift from pro-inflammatory to anti-inflammatory
phenotype in macrophages, therefore playing a key role in the
resolution of inflammation.?” TSG-6 levels have been reported to
be downregulated in autoimmune disorders with an inflamma-
tory component, and our results are in consonance with the
decrease in its expression after LPS treatment (Fig. 4K). Interest-
ingly, TSG-6 mRNA was overexpressed after HA10 treatment, most
probably due to the presence of high HA in the biological matrix,
potentially coordinating and stabilizing the interaction with the
HA-rich matrix. This effect is consistent with the downregulation
of inflammatory markers after 7 days, most probably due to the
shift of glial cells to an anti-inflammatory phenotype.

3.5. HYAL-cleaved HA10 degradation products but not LMW
HA exert an inflammatory response on PCC

HMW HA is present in most tissues under homeostasis, and its
steady-state turnover is thought to be mediated mostly by tissue
macrophages.*® However, LMW HA is present under pathological
conditions, mainly inflammation. There is a living debate regard-
ing the role of these HA fragments as a cause of the inflammatory
response or a consequence of inflammation. The overall body
of research has shown that the administration of HMW HA in a
wide variety of inflammation-mediated diseases leads to an anti-
inflammatory response. On the contrary, LMW HA (>500 kDa)
have been reported of inducing pro-inflammatory responses
through CD44 or TLR4, their combination or TLR2.*

Despite the general consensus regarding the role of size in
the final biological effect, some concerns have been raised.
Various recent studies have reported no effect of LMW HA or
HA fragments on different models of inflammation in vitro*°
and in vivo.*®**! Thus, we assessed the effect of the degradation
products of HA10 on PCC, using 60 kDa and 500 kDa HA as
controls (Fig. 5). HA10 cells were incubated with bovine HYAL
(100 U mL™") until they were completely degraded. Then, the
HA10 solution was used as a treatment and PCC was exposed to
it for 24 h (Fig. 5A). Metabolic activity significantly decreased in
cells exposed to 500 kDa HA and HA10 2:1 degradation
products, but was always above 70% (Fig. 5B). Interestingly,
no detrimental effect was observed in terms of dsDNA content
for any of the treatments, further proving the safety of HA10
degradation products (Fig. 5C). However, when TNF-u (Fig. 5D)
and IL-6 (Fig. 5E) release was assessed, cells treated with HA10
degradation product showed a significant increase when com-
pared with the LPS-treated group, while the PCC treated with
LMW HA showed no release. Hence, we decided to test the effect
of HYAL in the supernatant of the HA10 degradation products to
evaluate the role of the enzyme on the pro-inflammatory
response (Fig. 5F-N). For this reason, we assessed the proin-
flammatory profile of PCC treated with HA10 degradation pro-
ducts using HYAL-treated cells as a control. Interestingly, a
similar pro-inflammatory profile in terms of the cytokines
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released and their concentration in the supernatant was
observed for the HYAL-treated group and HA10 degradation
products, as determined by multiplex ELISA (Fig. 5F-N).
Moreover, we assessed the changes in the glial cell population
using ICC (Fig. 5N). No significant difference was observed in the
number of astrocytes (Fig. 50). However, the percentage of
microglial cells increased significantly after exposure to hyalur-
onidase or HA10 degradation products (Fig. 5P), which was in
line with the increased cytokine release. This effect is probably
related to the pro-inflammatory effect induced by HYAL at high
doses which directly affects the overall PCC population. Alto-
gether, our results are in agreement with those recent reports
claiming the lack of pro-inflammatory effects of LMW HA,
suggesting that the presence of endotoxins, hyaluronidase, or
other substances in the HAs tested might play a key role in the
previously reported inflammation-triggered response. However,
a more in-depth analysis using HA of different molecular
weights, and from different sources, as well as a screening of
HYAL concentrations, must be conducted to understand the
mechanisms behind these effects in a robust manner.

4. Conclusions

We have proved that cross-linked HA-based hydrogels have a
key effect on inflammatory onset in an in vitro model of cortical
neuroinflammation using PCC. Moreover, HA10 efficiently
downregulated gliosis, reducing the severity of the inflamma-
tory response after seven days of treatment, exhibiting an
inflammatory phenotype similar to that of healthy cells.
Furthermore, the downregulation of intrinsic HA synthesis
through HAS2 could potentially have an effect on neuroinflam-
matory onset, preventing its deposition and scar generation in
demyelinated axons. However, our model presents limitations
in this sense, since LPS-triggered inflammation does not affect
myelin sheets as other chemicals such as lysolecithin do, and
the culture itself does not present mature myelinated axons.
Further experiments, particularly in in vivo models of inflam-
mation and demyelination, are necessary to validate the impact
of HA10 constructs in resolving inflammation by modulating
hyaluronan metabolism in preclinical settings. Moreover,
in vivo studies would shed light on the spatio-temporal changes
of HA synthases in the onset of neuroinflammation, which is
another limitation of the current study. In addition, physico-
chemical parameters such as viscosity or injectability of HA10
or other HA-based constructs should be taken into considera-
tion in the preclinical stage. Herein, HA10 was used to max-
imize the HA concentration and its effect in vitro, making it
possible to analyze its effect on inflammation resolution and
HA metabolism in depth. Thus, we set a promising baseline for
the use of HA-based hydrogels to treat neuroinflammatory
processes through the modulation of the brain ECM. If our
findings are proven in preclinical models of neuroinflamma-
tion, new approaches targeting ECM remodelling through HA-
metabolism managing could exhibit big clinical potential to
tackle neuroinflammatory-driven diseases.
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In conclusion, we shed some light on the living debate about
the potential dual effect of HA-based materials on the CNS
depending on its molecular weight, showing that LMW HA had
no detrimental or pro-inflammatory effect on the PCC. Our
results showed that the pro-inflammatory effect may be due to
the presence of hyaluronidase, endotoxins, or other substances.
Altogether, our results contribute to the baseline knowledge
regarding the use of HA-based materials in the context of the
CNS in cortical inflammatory disorders.
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