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Abstract: Our aim was to investigate axonal outgrowth from different tissue models on soft biomateri-
als based on hyaluronic acid (HA). We hypothesized that HA-based hydrogels differentially promote
axonal outgrowth from different neural tissues. Spinal cord sliced cultures (SCSCs) and dorsal root
ganglion cultures (DRGCs) were maintained on a collagen gel, a physically crosslinked HA-based
hydrogel (Healon 5®) and a novel chemically crosslinked HA-based hydrogel, with or without the
presence of neurotrophic factors (NF). Time-lapse microscopy was performed after two, five and
eight days, where axonal outgrowth was assessed by automated image analysis. Neuroprotection
was investigated by PCR. Outgrowth was observed in all groups; however, in the collagen group, it
was scarce. At the middle timepoint, outgrowth from SCSCs was superior in both HA-based groups
compared to collagen, regardless of the presence of NF. In DRGCs, the outgrowth in Healon 5® with
NF was significantly higher compared to the rest of the groups. PCR revealed upregulation of NeuN
gene expression in the HA-based groups compared to controls after excitotoxic injury. The differences
in neurite outgrowth from the two different tissue models suggest that axons differentially respond
to the two types of biomaterials.

Keywords: axonal outgrowth; neuroprotection; HA-based hydrogel; spinal cord slice culture; dorsal
root ganglion culture

1. Introduction

Limited functional recovery after neuronal injury is often associated with poor axonal
regeneration. Moreover, massive neuron death that follows the injury also contributes to
overall neurological deficit [1–4]. Attempts to promote axonal regeneration and neuropro-
tection both after spinal cord injuries and peripheral nerve injuries have been made by using
numerous biomaterials [5,6]. The environment of the extracellular matrix (ECM) plays a
major role in sustaining intercellular interaction [5]. It has been shown in previous studies
that spinal cord slice cultures (SCSCs) maintained on a hydrazone crosslinked hyaluronic
acid (HA)-based hydrogel were superior in terms of neuronal survival compared to SCSCs
maintained on a collagen gel [7]. However, the potential of HA-based hydrogels both
crosslinked and non-crosslinked has not been investigated in terms of axonal outgrowth.

Neuroprotective and neurotrophic factors such as brain-derived neurotrophic factor
(BDNF), glial-derived neurotrophic factor (GDNF) and neurotrophin (NT)-3 have also
shown positive effects in terms of neuroprotection and axonal regeneration. Neurotrophins
promote neuronal survival, stimulate axonal growth, and play a key role in the construction
of the normal synaptic network [8]. There has been an investigation of the effects of BDNF,
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GDNF, and NT-3 when used alone or in combination to induce the outgrowth of spiral
ganglion cells. It was found that GDNF alone was as effective as the combination of all three
in enhancing neurite outgrowth [9,10]. There is great research interest in the combination
of the best-performing gels with neurotrophic and neuroprotective factors.

Biocompatible ECM-based hydrogels are a mainstay in ongoing research for numerous
areas including axonal regeneration. The ECM is the microenvironment that surrounds cells
and is critical for functional and biochemical support [5,6]. In the central nervous system
(CNS), ECM composition is vastly different than that of peripheral tissues. Peripheral ECM
is composed primarily of collagens, laminins, and fibronectins, whereas in the spinal cord,
it is composed of a loose meshwork of HA [11]. It is therefore rational to use biocompatible
hydrogels based on HA components as a promising substrate for axonal regeneration. In
addition, HA-based hydrogels behave as three-dimensional hydrophilic networks capable
of absorbing large volumes of water or biological agents. This renders them ideal candidates
for drug delivery vectors and carriers/matrices for cells in tissue engineering because the
active ingredients can reach the target cells/tissues with higher bioavailability due to
immune system evasion or increased membrane permissibility [12].

It is apparent that HA-based hydrogels have shown great potential for promoting
axonal regeneration; however, additional research is still needed to investigate the most
optimal composition in order to design reliable nerve substitutes. In many cases, after
neuronal injury, the biomaterial must be shaped in situ with the crosslinking reaction
taking place in a delicate environment of cells under stress. Additionally, the biomaterial
formulation must not be associated with the release of toxic side products. Therefore, we
have developed a variety of hydrogels with low degrees of modification and mild chemical
reactions that allow the retention of native biological properties. Before planning in vivo
studies to assess the efficacy of the hydrogels over a long period, we set out to investigate
and compare the regenerative and neuroprotective effects of two HA-based hydrogels
(physically and chemically crosslinked) and a collagen gel in two in vitro models of neu-
roprotection and axonal regeneration. The hydrogel obtained from covalent crosslinking
employed thiazolidine linkages between HA-chains, distinguishing it from the other two
biomaterials that were commercially procured with physical entanglement between chains.
We have recently demonstrated the unique properties of thiazolidine-based HA hydro-
gels, showcasing their ability to enhance cell proliferation and exhibit prolonged stability
compared to dynamically covalent crosslinked HA hydrogels [13]. The thiazolidine-linked
HA hydrogel has a rapid gelation rate, making it particularly well suited to efficient cell
encapsulation applications.

Our aim was to promote axonal outgrowth in two different tissue models of axonal
regeneration through biocompatible biomaterials and neuroprotective and neurotrophic
factors. Furthermore, we aimed to highlight the neuroprotective properties of HA-based
hydrogels on spinal cord tissue. We hypothesized that the biomaterials based on HA
differentially promote axonal sprouting depending on the type of tissue culture as compared
to biomaterials based on collagen.

2. Materials and Methods
2.1. Summary of Axonal Regeneration Experiment

Neural tissue cultures were obtained from postnatal mouse spinal cord and dorsal
root ganglion. SCSCs and dorsal root ganglion cultures (DRGCs) were maintained in three
different biomaterials, creating a 3D matrix, i.e., collagen gel, physically crosslinked HA-
based hydrogel (Healon 5®, Abbott, Sweden, also referred to as “non-crosslinked” for the
purpose of the study) and a chemically crosslinked HA-based hydrogel, also referred to as
“crosslinked” for the purpose of the study. All experiments were conducted under aseptic
conditions using sterile instruments and after the approval of the local ethics committee
(DNR 5.8.18-16672/2019).

Tissue cultures were maintained in the presence of culture medium (CM) or neu-
rotrophine medium (NM), resulting in six groups of at least 10 and up to 35 cultures
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for SCSCs and DRGCs (Collagen CM, Collagen NM, Healon 5® CM, Healon 5® NM,
Crosslinked CM, Crosslinked NM). CM consisted of 50% MEM (Statens Veterinarmedicin-
ska Anstalt [SVA], Uppsala, Sweden), 25% Hank’s balanced salt solution (HBSS; Gibco
Life Technologies, Stockholm, Sweden), 25% normal horse serum (NHS; Gibco Life Tech-
nologies), 2% glutamine powder (Sigma, Stockholm, Sweden), 1 µg/mL insulin (Sigma),
2.4 mg/mL glucose (Sigma), 0.1 mg/mL streptomycin (SVA), 100 U/mL penicillin (SVA)
and 0.8 µg/mL vitamin C (Sigma). For NM, the factors BDNF, GDNF, and NT3 were added
in CM. The tissue cultures were maintained at a pH = 7.4 and incubated at 35 ◦C and in a
5% CO2-enriched atmosphere.

Time-lapse photography was performed after two, five and eight days in vitro, where
axonal outgrowth was investigated by light microscopy and automated image analysis
using a novel upgraded approach called NeuriteSegmentation manual body [14]. To ensure
that the investigated structures were actually axonal projections, a number of cultures were
immunohistochemically double-stained for neurofilament-L (NF-L) and growth associated
protein-43 (GAP-43).

2.2. Summary of Hydrogel-Induced Neuroprotection Experiment

After culture preparation, SCSCs were transferred in culture wells containing CM
and divided into five groups (n = 10–12 per group), as shown in Table 1. Three out of five
groups were excitotoxically injured by adding a 4 µmol/mL NMDA in CM. After a 4 h
period, the CM was replaced with fresh CM and the cultures were transferred in culture
wells containing HA-based hydrogels or CN, as shown in Table 1. A total of five groups
were created and maintained for an additional 4 h period (total of 8 h) and then shock-
frozen in liquid nitrogen and maintained at −70 ◦C until further processing. Neuronal
survival in SCSCs was evaluated by gene analysis of the pan-neural marker NeuN after
NMDA-induced excitotoxic injury.

Table 1. Experimental groups in neuroprotection experiment.

Group Name NMDA Injury Type of Gel

NMDA no gel Yes No gel
Non-crosslinked HA no NMDA No Healon 5®

NMDA non-crosslinked HA Yes Healon 5®

Crosslinked HA no NMDA No Crosslinked HA-based
NMDA crosslinked HA Yes Crosslinked HA-based

2.3. Preparation and Maintenance of Dorsal Root Ganglion Cultures

Postnatal p10 C57BL/6 mice were euthanatized by decapitation and the skin of the
ventral part of the animal was surgically removed. The visceral organs were subsequently
removed and the vertebral column of the animal exposed. The animal was moved to a
plastic container filled with phosphate-buffered saline (PBS), which was placed under a light
microscope, where a microscopic dissection was performed. Microsurgical instruments
were used to remove the anterior part of the vertebral column to expose the spinal cord.
DRGs were located, carefully extracted and inserted into culture wells. After an incubation
period of two, five and eight days, images were captured using a Leica DFC 3000G camera
mounted on a phase-contrast microscope (Leica DMi8 Incubator).

2.4. Preparation and Maintenance of Spinal Cord Sliced Cultures

Spinal cords were extracted from postnatal mice (p10). After decapitation, the skin
above the sacral and lumbar regions was surgically removed, exposing the lamina. The
lumbar spine was detached from the sacrum and ice-cold preparation medium (minimal
essential medium [MEM] containing 1% glutamine powder, pH = 7.35) was injected into
the caudal spinal canal using a 23-gauge cannula to flush out the spinal cord through the
cervical spine. The spinal cord was then immediately transferred to a tube containing
ice-cold preparation medium, placed on a filter paper and chopped using a tissue chopper
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(McIlwain Tissue Chopper; Mickle Laboratory Engineering, Surrey, UK) into 500 µm slices.
The slices were then transferred into culture wells.

2.5. Preparation of Biomaterials (Collagen Gel and HA-Based Hydrogels)

Collagen gel (rat-tail collagen) was mixed with sodium bicarbonate and minimal
essential medium and incubated for 2 h at 37 ◦C in order to allow gel formation. Then,
900 µL of rat-tail collagen 3.68 mg/mL (BD Biosciences) was mixed with 110 µL MEM
and 4.4 µL sodium bicarbonate 7.5%, resulting in a final collagen concentration of about
3.4 mg/mL. A total of 500 µL was coated in each PET membrane and incubated at 37 ◦C
for 2 h. Cultures were then placed in 6-well culture plates containing 1 mL culture medium.
The cultures were subsequently incubated at 35 ◦C and the culture medium was changed
every other day.

For the fabrication of chemically crosslinked HA-based hydrogels, aldehyde-modified
HA (HA-CHO) and cysteine-modified HA (HA-CYS) with a ≈10% degree of modification
were dissolved separately in PBS for 1–2 h. The pH of the dissolved components was
precisely adjusted to approximately 7.4 using 0.1 mL NaOH. Subsequently, the two solu-
tions were combined in a 1:1 ratio, initiating the formation of the thiazolidine-crosslinked
hydrogel through the reaction between the cysteine (CYS) and aldehyde (CHO) functionali-
ties [13].

The physically crosslinked HA-based hydrogel, Healon 5®, was obtained from Abbott
(Uppsala, Sweden). It was extracted from rooster combs and dissolved in a physiological
buffer solution at a concentration of 23 mg/mL. It had an osmolarity and pH similar to the
aqueous humor of the eye, and the product was originally intended for use during cataract
surgery in the human eye.

2.6. Tissue Fixation

SCSCs and DRGCs were fixated using Zamboni’s fixative, a mixture of paraformalde-
hyde and picric acid: 4% paraformaldehyde (VWR, Stockholm, Sweden) in 0.2 mol/L
Sorensen phosphate buffer, pH = 7.3, containing 0.2% picric acid (Histolab, Gothenburg,
Sweden) for 24 h and subsequently washed with a 20% sucrose solution (pH = 7.3, Sigma-
Aldrich, Darmstadt, Germany). Sucrose washing was performed on a daily basis until
the yellow staining of the fixative disappeared. Unsectioned cultures were maintained in
sucrose solution until staining.

2.7. Quantitative Analysis

The open-source macro NeuriteSegmentation manual body was implemented as a
macro for Image J version 1.51f and used for image analysis of growing axons [14]. Analysis
in NeuriteSegmentation manual body was performed as described previously [14], and
datasheets of the area occupied by the explant, the area occupied by the axons, and the
distance for each pixel in the segmented neurites to the explant (all measured in pixels) were
saved and transferred to Excel sheets (Microsoft, Albuquerque, NM, USA). The parameters
of examination were as follows: (i) axonal density, i.e., the total number of pixels of growing
axons; (ii) mean distance, i.e., the average distance in pixels from the explant; and (iii) max
distance, i.e., the maximal axon growth from the explant.

2.8. Gene Expression Analysis

The frozen SCSCs were mechanically homogenized (TissueLyser II, Qiagen, Tokyo,
Japan), and total RNA was isolated from each sample using TRIzol Reagent (Invitrogen,
Waltham, MA, USA) according to manufacturer’s protocol. Total RNA yield was measured
by a NanoDrop spectrophotometer (ND-1000), and equal amounts of RNA from each
sample were used for reverse transcription (High-Capacity RNA-to-cDNA Kit, Applied
Biosystems, Waltham, MA, USA). The resulting cDNA was used to measure expression of
IL-1β and NeuN via a real-time quantitative polymerase chain reaction (RT-qPCR) (7500
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Fast RT PCR System, Applied Biosystems), using Actin-β as a housekeeping gene. The
gene expression assays used in our experiment are shown in Table 2.

Table 2. Taqman probes for the primers used in gene expression quantification.

Acronym Name Taqman Assay Number ID

ACTB Actin-β Mm02619580_g1
IL-1b Interleukin 1 beta Mm00434228_m1
Rbfox3/NeuN RNA binding protein, fox-1 homolog 3 Mm01248771_m1

2.9. Statistical Analysis

Statistical analysis was conducted using SPSS V.28 software. A one-way ANOVA
followed by a post hoc Dunnet’s control was performed, wherein the samples were normally
distributed. Non-parametric Kruskal–Wallis and Mann–Whitney U-tests were performed,
wherein the samples were not normally distributed. The Wilcoxon test for dependent
groups was performed between different timepoints during the time-lapse experiment.
The level of significance was set to p ≤ 0.05 and is indicated with * throughout the analysis.
The results are presented as means ± standard error of the mean (SEM).

3. Results

Axonal growth was observed in all the groups in both tissue culture models. Time-
lapse photography was performed with brightfield microscopy at an early timepoint
(day 2), middle timepoint (day 5) and late timepoint (day 8) on tissue cultures in all
biomaterials except collagen-based gel because of very scarce axonal growth (Figure 1A,D).
Tissue cultures maintained in the collagen-based biomaterials were assessed at the middle
timepoint (day 5).
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Figure 1. Axonal outgrowth from SCSCs and DRGCs at 5 days. Axonal outgrowth from SCSCs and
DRGCs was observed in both crosslinked and non-crosslinked HA-based hydrogels while outgrowth
in collagen gel was scarce((A,D): collagen, (B,E): non-crosslinked, (C,F): crosslinked). Cell migration
was evident in cultures maintained in the non-cross-linked HA-based hydrogel.

3.1. Axonal Outgrowth from SCSCs Maintained in HA-Based Hydrogels and Collagen

At two days in vitro, the crosslinked HA-based hydrogel was superior compared to
the non-crosslinked gel in terms of axonal density in SCSCs when neurotrophic factors
(NM) were added in the medium (Figure 2B). At the middle timepoint, both crosslinked
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and non-crosslinked HA-based hydrogels were superior compared to collagen gel in terms
of axonal density and average axon length, regardless of the medium used (Figure 2A–D).
In the absence of trophic factors (CM), we observed longer axons in the non-crosslinked
Healon 5® hydrogel; however, there were no differences in terms of average axon length
and axonal density between the gels (Figure 2C). A migration of cells was observed in
the non-crosslinked hydrogel in the presence of neurotrophic factors, which was also
evident in DRGCs (Figure 1). At the late timepoint, SCSCs showed clear superiority in
axonal growth in non-crosslinked Healon 5® hydrogel compared to the crosslinked gel
in terms of axonal density, average and maximal axon length, regardless of the medium
used (Figure 2A–F). In SCSCs, axons continued to grow after 8 days when maintained in
non-crosslinked Healon 5® hydrogel, while they remained stable when maintained in a
crosslinked hydrogel (Figure 2A–F).
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Figure 2. Quantitative analysis of axonal outgrowth from SCSCs using automated analysis with
NeuriteSegmentation. Images (A,C,E) show the time lapse development of outgrowth parameters in
SCSCs in the absence of NM. Images (B,D,F) show the respective parameters in the presence of NM.
(* indicates signifigance p ≤ 0.05).

3.2. HA-Based Hydrogels Compared to Collagen Gel in Terms of Outgrowth from DRGCs; the
Effects of Outgrowth in Non-Crosslinked HA-Based Hydrogel Compared to Crosslinked Hydrogel
in the Presence of Neurotrophic Factors

At the early timepoint in DRGCs, we observed a significant increase in axonal density
in Healon5® compared to the crosslinked hydrogel when neurotrophic factors were added
(Figure 3B). Other parameters including mean distance and max distance remained stable
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regardless of which medium was used. At the middle timepoint and in the absence of
trophic factors, the axonal outgrowth from DRGCs in crosslinked HA-based hydrogel
was superior compared to the other two biomaterials in terms of average and maximal
axon length (Figure 3C,E). In the presence of NM, we observed a clear superiority of both
HA-based hydrogels compared to collagen gel in terms of axonal density and average and
maximal axon length (Figure 3B,D,F).
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In the crosslinked hydrogel, the outgrowth in DRGCs remained stable between 5 and
8 days. At the late timepoint and in the absence of neurotrophic factors, DRGCs grew
superior in the crosslinked HA-based hydrogel compared to non-crosslinked Healon5®

hydrogel in terms of average axon length (Figure 3C).
However, non-crosslinked Healon5® hydrogel was superior in terms of axonal density

(Figure 3A). When neurotrophic factors were added, the outgrowth in DRGCs on non-
crosslinked Healon5® hydrogel reached a level equal to that in crosslinked gel in terms of
average axon length, and it remained superior in terms of axonal density (Figure 3B,D).

When maintained in non-crosslinked hydrogel in the absence of neurotrophic factors,
DRGCs grew in average length but not in terms of density. In the presence of neurotrophic
factors, the DRGCs continued to grow significantly in terms of density and average length
even after 8 days.
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3.3. Effects of HA-Based Hydrogels on Excitotoxically Damaged SCSCs

We observed a clear downregulation of NeuN gene expression in the NMDA-injured
group compared to NMDA-injured cultures maintained in the presence of HA-based hydro-
gel regardless of if it was crosslinked or non-crosslinked. Specifically, the groups maintained
in HA-based hydrogel after NMDA excitotoxic injury showed an almost 1.5-fold upregu-
lation of NeuN gene expression (Figure 4A). At the same time, a clear downregulation of
IL-beta gene expression in the NMDA-injured group was observed compared to the rest of
the groups (Figure 4B).
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4. Discussion

The literature surrounding HA-based hydrogels aims to investigate and characterise
the neuroprotective effect of the gels and neuroprotective substances used [15–17]. How-
ever, there are a lack of of investigations into the process of combining HA-based hydrogel
with neurotrophic factors through the use of an in vitro model. In furthering this outgrowth
model by describing the outgrowth observed from the DRGCs and SCSCs, we may reach
a deeper understanding of what occurs in vivo, thus allowing for the development of
implants that could be used in neural regeneration and neuroprotection.

4.1. HA-Based Hydrogels Are Superior to Collagen Gel in Terms of Axonal Sprouting

We have shown in our study that HA-based hydrogels, both crosslinked and not,
promote axonal outgrowth of mouse-derived SCSCs and DRGCs to a significantly greater
extent compared to collagen-based hydrogel. This can partially be explained by the fact that
the extracellular matrix (ECM) in the neural structures mostly consists of hyaluronic acid
rather than collagen. Cell–matrix interactions are fundamental to many developmental,
homeostatic, immune and pathologic processes. HA, a critical component of the extracellu-
lar matrix that regulates normal structural integrity and development, also regulates tissue
responses during injury, repair, and regeneration. Neural ECM is radically different from
those of other tissues. The interstitial ECMs are mainly composed of a loose meshwork of
hyaluronan, sulfated proteoglycans, and tenascins. Neurons and glial cells are both respon-
sible for the production and formation of neuronal ECM. Upon the initial damage of CNS
tissues by either traumatic injury or degenerative processes, the inflammatory responses in
the CNS actively remodel the neuronal ECMs to prevent expansion of neuronal damage
or to promote recovery of damaged tissue. ECM production and modifications of existing
ECM molecules may either improve the recovery of neuronal damage or may aggravate
inflammatory cycles, leading to chronic inflammation in the CNS [16].

The rationale behind the use of biocompatible hydrogels based on ECM components
is that the active ingredients can reach the target cells/tissues with higher bioavailability
due to immune system evasion or increased membrane permissibility. Most of the research
pertains to the use of collagen as the main component, where it was found that injectable
collagen quickly forms a gel to provide a continuous interface which may be useful in initial
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trauma response. However, as previously mentioned, collagen is not the main component
of the ECM in CNS, and there is concern regarding its use as it may interact with integrins
due to its adhesive properties [18]. Moreover, collagen has poor plasticity, degrades quickly,
and lacks the mechanical properties necessary for support of regeneration [19]. One of the
reasons why we did not perform collagen crosslinking is because it requires crosslinking
agents such as DMTMM; however, this reaction with the tissue slices encapsulated in
collagen would be difficult to perform. Such a strategy also limits mixing of the polymer
chains, resulting in non-homogeneous crosslinking. Toxic effects of the reagents also
cannot be ruled out, as we will not be able to purify the scaffold after crosslinking. On
the other hand, HA appears to be an ideal candidate for hydrogel material selection.
Moreover, it is highly water-soluble and non-immunogenic, although it is known to have
poor adhesion [19,20]. It has previously been shown, however, that a crosslinked HA
hydrogel alone was not sufficient to overcome the strong inflammatory response produced
in the SCI rodent model [15].

4.2. HA-Based Hydrogels Differentially Promote Axonal Regeneration in DRGCs and SCSCs

DRGCs mostly consist of pseudomonopolar neurons that are sensory neurons with-
out dendrites because the branched axon serves both functions. Therefore, DRGCs will
give rise to a considerable number of sensory axons. On the other hand, SCSCs should
give rise to a number of motor axons, apart from axons originating from sensory nerves
and interneurons.

Axons from SCSCs grow much better on HA-based hydrogel compared to collagen
regardless of the presence of neurotrophic factors. Axonal outgrowth from SCSCs is
stimulated by the crosslinked HA-based hydrogel at the early timepoint; however, it is
declined after an 8-day incubation. However, SCSCs axons continue to grow after 8 days
when maintained in non-crosslinked Healon 5® hydrogel. This can partially be explained
by the mechanical and physicochemical properties of the non-crosslinked hydrogel. The
latter is superior to crosslinked hydrogel at the late timepoint of 8 days regardless of the
presence of neurotrophic factors, suggesting that different types of axons in SCSCs respond
differentially to mechanical signals coming from different type of biomaterials and are not
susceptible to the presence of neurotrophic factors.

Neurite outgrowth from DRGCs in our experiments was apparent from the second
day in vitro, where it was accurately detected and characterized by the NeuriteSegmen-
tation program. An increase in outgrowth on the fifth and eighth day in vitro suggested
that the HA-based hydrogel, particularly in combination with neuroprotective factors,
promotes axonal regeneration compared to collagen. When taking a closer look, we observe
that sensory neurons from DRGCs regenerate at a much higher rate when maintained
in a non-crosslinked hydrogel in the presence of neurotrophic factors, as compared to
crosslinked hydrogel. As it was observed for axons derived from SCSCs, they sprouted to a
similar extent in both crosslinked and non-crosslinked HA-based hydrogels after 5 days,
while they deteriorated after 8 days in the crosslinked hydrogel. However, in the case
of regeneration from DRGCs and in contrast to SCSCs, we observed a clear effect of the
presence of neurotrophic factors. Therefore, it is reasonable to assume that sensory axons
from DRGCs respond to a combination of signals that involve both neurotrophic factors
and mechanical signals.

The process of crosslinking makes the hydrogel stiffer, thicker and more difficult for
the body’s enzymes to break down and disintegrate compared to a non-crosslinked gel,
which in our case is practically a liquid with high viscosity. It is reasonable to assume
that some amount of neurotrophic factors would be trapped in the crosslinked hydrogel,
thus not reaching the cultures in a sufficient concentration. This in combination with the
stiffness of the gel could explain the deterioration observed after 8 days. It would also
be a possible explanation for the presence of longer axons in cultures maintained in the
non-crosslinked Healon 5® in the absence of trophic factors.
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Our results suggest though that the physical properties of both HA-based hydrogels
differentially enhance axonal sprouting in SCSCs and DRGCs. These properties should
be taken into consideration when designing future nerve grafts since peripheral nerves
contain a variety of different type of axons. Moreover, nerve regeneration is a procedure
that takes a considerable time period to reach the target, and therefore a stable biomaterial
should be considered as an option.

4.3. Neuroprotective Effects of HA-Based Hydrogels

The aim of the qPCR experiment was to provide a quantifiable result to determine the
extent of neuroprotection that the crosslinked HA hydrogel exerts on the NMDA-lesioned
cultures. The potential neuroprotective effects of both crosslinked and non-crosslinked HA
hydrogels were investigated on NMDA-lesioned neural tissue by gene expression analysis.
The upregulated NeuN in all groups maintained in HA-based hydrogels suggest that
the HA-based hydrogels, both crosslinked and non-crosslinked, possess neuroprotective
effects. The Ct values of NeuN were normalized by using the values of actin-β. The
rationale behind using a housekeeping gene is that its expression remains unchanged in
both treatment and control groups. Actin-β is commonly used for this purpose and is one
of the most common housekeeping genes, along with GAPDH [21].

Biocompatible hydrogels based on ECM components constitute a promising and novel
research area of treatment for SCI injury. The ECM sustains cellular signalling mechanisms
and is critical for functional and biochemical support [5,6]. In addition, a hydrogel, as a
three-dimensional hydrophilic network, is capable of absorbing large volumes of water or
biological agents, rendering them ideal candidates for drug delivery vectors and carriers or
matrices for cells in tissue engineering [12].

HA-based hydrogels have been shown to have protective effects that can relieve
damage by settling around or between the lesion like a protective membrane. We have been
able to demonstrate a protective effect of HA-based hydrogels in our study. Therefore, apart
from the axonal regenerative potential showed in the time-lapse experiment, the effect of
our hydrogels as neuroprotective agents is also relevant in the acute stage immediately
after spinal cord or avulsive nerve root injury.

Traumatic brachial nerve root avulsion is a devastating injury that, in the case pre-
sented, produced permanent paralysis of the extremities. Though nerve grafts are a
promising route of treatment of avulsive injury, additional research into the biomechan-
ics of nerve grafting and improvements in surgical technique are required [22]. Severe
motoneuron death and inefficient axon regeneration often result in devastating motor
dysfunction. Newly formed axons need to extend through inhibitory scar tissue at the
CNS-PNS transitional zone before entering into a pro-regenerative peripheral nerve tra-
jectory [23]. This could possibly be a direction of future research where neuroprotective
properties of HA-based hydrogels could be beneficial in the treatment of avulsive nerve
root injuries.

IL-1β in combination with other cytokines induces the expression of other interleukins,
which suggests that IL-1β is involved in the modulation of autoimmune inflammation.
It has been shown that in secondary damage after SCI, activated microglial cells release
neurotoxic agents, where IL-1β is one of the most prominent mediators of neurotoxic-
ity [24,25], and it has been suggested to play a regulatory role during neuroinflammation
by promoting the expression of other proinflammatory mediators such as TNF-α and
cyclooxygenase-2 [26]. Concentrations of IL-1β reach a peak at 1 h post-SCI, where mRNA
can be detected 15 min after onset [27]. IL-1β is partly responsible for the upregulation
of inducible NO-synthase (iNOS), which results in the synthesis of NO by neurons and
microglia. In our experiment, we observed upregulation of IL-1β gene expression in the
groups maintained on HA-based hydrogels compared to the NMDA group, which was
not expected. That could probably be explained by the choice of method and timing in
this experiment, because the gene expression analysis was performed 8 h after the onset of
the experiments. In a previous analysis, we observed that protein levels of IL-1β start to
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deteriorate just four hours after the onset [25], suggesting that observation after 8 h could
be too late in the NMDA-injured group, where the number of existing microglial cells that
produce IL-1β is probably too small. The timing of observation may simply have been too
late since the NMDA-injured cultures could already be severely degenerated.

5. Conclusions

In conclusion, we demonstrate that HA-based hydrogels in combination with neu-
rotrophic factors are predisposed to neural protection and regeneration of axons from
DRGCs and SCSCs. In future studies related to developing a nerve graft, we must consider
that the type of biomaterial and/or neurotrophic factors selectively affect axonal outgrowth
from different types of neurons. Our future plans involve the biomedical application of
HA-based hydrogels and future development of nerve grafts, a procedure that needs to be
verified through in vivo experiments. Our results indicate that HA-based hydrogels may be
further designed and tailor-made according to the nature of the injured nerve or spinal cord
region because motor and sensory axons respond differentially to different biomaterials.
The limitations of this study concern the nature of in vitro models that cannot capture the
inherent complexity of organ systems and the internal environment of the human body.
Due to lack of blood supply, important interactions between sprouting axons and immune
cells cannot be studied. However, our in vitro organotypic tissue cultures to some extent
represent a microenvironment of cells and ECM that can still give valuable insight into
how different biomaterials affect neural regeneration. Our next step in this direction will
be to produce customized in vivo models wherein we expect to find similar results as in
our in vitro models.

Author Contributions: Conceptualization, A.B., O.P.V. and N.S.; methodology, A.B., B.A., S.T. and
A.O.; software, A.B.; validation, O.P.V. and N.S.; formal analysis, A.B. and N.S.; writing—original
draft preparation, A.B.; writing—review and editing, O.P.V. and N.S.; supervision, N.S.; project
administration, O.P.V. and N.S.; funding acquisition, O.P.V. and N.S. All authors have read and agreed
to the published version of the manuscript.

Funding: This research was partly funded by the regional agreement on medical training and
clinical research (ALF) between Uppsala County Council and Uppsala University. Nikos Schizas
received a research grant through Promobilia for the conduction of this study. Financial support from
European Union’s Horizon 2020 Marie Sklodowska-Curie H2020-MSCA-ITN-ETN-2020 (no. 955335),
Swedish Strategic Research ‘StemTherapy’ (Dnr 2009-1035), and the Swedish Research Council (Dnr
2020-04025) is acknowledged.

Institutional Review Board Statement: All experiments were conducted under aseptic conditions
using sterile instruments and after approval of the local ethics committee (Uppsala County, committee
for research and ethics in animal welfare, DNR 5.8.18-16672/2019).

Data Availability Statement: The data presented in this study are available on request from the
corresponding author.

Conflicts of Interest: The authors declare no conflicts of interest.

References
1. Jin, Y.; Song, Y.; Lin, J.; Liu, T.; Li, G.; Lai, B.; Gu, Y.; Chen, G.; Xing, L. Role of inflammation in neurological damage and

regeneration following spinal cord injury and its therapeutic implications. Burns Trauma 2023, 11, tkac054. [CrossRef]
2. Shafqat, A.; Albalkhi, I.; Magableh, H.M.; Saleh, T.; Alkattan, K.; Yaqinuddin, A. Tackling the glial scar in spinal cord regeneration:

New discoveries and future directions. Front. Cell. Neurosci. 2023, 17, 1180825. [CrossRef]
3. Fawcett, J.W. Overcoming inhibition in the damaged spinal cord. J. Neurotrauma 2006, 23, 371–383. [CrossRef] [PubMed]
4. Freire, M.A. Pathophysiology of neurodegeneration following traumatic brain injury. West Indian Med. J. 2012, 61, 751–755.

[PubMed]
5. Hilborn, J. In vivo injectable gels for tissue repair. Wiley Interdiscip. Rev. Nanomed. Nanobiotechnol. 2011, 3, 589–606. [CrossRef]

[PubMed]
6. Schizas, N.; Rojas, R.; Kootala, S.; Andersson, B.; Pettersson, J.; Hilborn, J.; Hailer, N.P. Hyaluronic acid-based hydrogel enhances

neuronal survival in spinal cord slice cultures from postnatal mice. J. Biomater. Appl. 2014, 28, 825–836. [CrossRef] [PubMed]

https://doi.org/10.1093/burnst/tkac054
https://doi.org/10.3389/fncel.2023.1180825
https://doi.org/10.1089/neu.2006.23.371
https://www.ncbi.nlm.nih.gov/pubmed/16629623
https://www.ncbi.nlm.nih.gov/pubmed/23620976
https://doi.org/10.1002/wnan.91
https://www.ncbi.nlm.nih.gov/pubmed/21780306
https://doi.org/10.1177/0885328213483636
https://www.ncbi.nlm.nih.gov/pubmed/23674184


Biomimetics 2024, 9, 140 12 of 12

7. Wu, L.; Liu, Y.M. Factors associated with Parkinson’s disease patients with hyposmia in Chinese han population: A case-control
study. Biomed. Res. 2016, 27, 513–516.

8. Siebert, J.R.; Osterhout, D.J. Select neurotrophins promote oligodendrocyte progenitor cell process outgrowth in the presence of
chondroitin sulfate proteoglycans. J. Neurosci. Res. 2021, 99, 1009–1023. [CrossRef] [PubMed]

9. Bostrom, M.; Khalifa, S.; Bostrom, H.; Liu, W.; Friberg, U.; Rask-Andersen, H. Effects of neurotrophic factors on growth and glial
cell alignment of cultured adult spiral ganglion cells. Audiol. Neurootol. 2010, 15, 175–186. [CrossRef] [PubMed]

10. Place, E.S.; Evans, N.D.; Stevens, M.M. Complexity in biomaterials for tissue engineering. Nat. Mater. 2009, 8, 457–470. [CrossRef]
11. Lau, L.W.; Cua, R.; Keough, M.B.; Haylock-Jacobs, S.; Yong, V.W. Pathophysiology of the brain extracellular matrix: A new target

for remyelination. Nat. Rev. Neurosci. 2013, 14, 722–729. [CrossRef]
12. Chai, Q.; Jiao, Y.; Yu, X. Hydrogels for Biomedical Applications: Their Characteristics and the Mechanisms behind Them. Gels

2017, 3, 6. [CrossRef]
13. Tavakoli, S.; Krishnan, N.; Mokhtari, H.; Oommen, O.P.; Varghese, O.P. Fine-tuning Dynamic Cross–linking for Enhanced 3D

Bioprinting of Hyaluronic Acid Hydrogels. Adv. Funct. Mater. 2024, 34, 2307040. [CrossRef]
14. Ossinger, A.; Bajic, A.; Pan, S.; Andersson, B.; Ranefall, P.; Hailer, N.P.; Schizas, N. A rapid and accurate method to quantify

neurite outgrowth from cell and tissue cultures: Two image analytic approaches using adaptive thresholds or machine learning. J.
Neurosci. Methods 2020, 331, 108522. [CrossRef]

15. Horn, E.M.; Beaumont, M.; Shu, X.Z.; Harvey, A.; Prestwich, G.D.; Horn, K.M.; Gibson, A.R.; Preul, M.C.; Panitch, A. Influence of
cross-linked hyaluronic acid hydrogels on neurite outgrowth and recovery from spinal cord injury. J. Neurosurg. Spine 2007, 6,
133–140. [CrossRef]

16. Jang, D.G.; Sim, H.J.; Song, E.K.; Kwon, T.; Park, T.J. Extracellular matrixes and neuroinflammation. BMB Rep. 2020, 53, 491–499.
[CrossRef]

17. Wei, Y.T.; He, Y.; Xu, C.L.; Wang, Y.; Liu, B.F.; Wang, X.M.; Sun, X.D.; Cui, F.Z.; Xu, Q.Y. Hyaluronic acid hydrogel modified with
nogo-66 receptor antibody and poly-L-lysine to promote axon regrowth after spinal cord injury. J. Biomed. Mater. Res. B Appl.
Biomater. 2010, 95, 110–117. [CrossRef] [PubMed]

18. Zeltz, C.; Orgel, J.; Gullberg, D. Molecular composition and function of integrin-based collagen glues-introducing COLINBRIs.
Biochim. Biophys. Acta 2014, 1840, 2533–2548. [CrossRef] [PubMed]

19. Lv, Z.; Dong, C.; Zhang, T.; Zhang, S. Hydrogels in Spinal Cord Injury Repair: A Review. Front. Bioeng. Biotechnol. 2022, 10,
931800. [CrossRef] [PubMed]

20. Yamanlar, S.; Sant, S.; Boudou, T.; Picart, C.; Khademhosseini, A. Surface functionalization of hyaluronic acid hydrogels by
polyelectrolyte multilayer films. Biomaterials 2011, 32, 5590–5599. [CrossRef] [PubMed]

21. Glare, E.M.; Divjak, M.; Bailey, M.J.; Walters, E.H. beta-Actin and GAPDH housekeeping gene expression in asthmatic airways is
variable and not suitable for normalising mRNA levels. Thorax 2002, 57, 765–770. [CrossRef] [PubMed]

22. Haider, A.S.; Watson, I.T.; Sulhan, S.; Leonard, D.; Arrey, E.N.; Khan, U.; Nguyen, P.; Layton, K.F. Traumatic Cervical Nerve Root
Avulsion with Pseudomeningocele Formation. Cureus 2017, 9, e1028. [CrossRef] [PubMed]

23. Li, H.; Wong, C.; Li, W.; Ruven, C.; He, L.; Wu, X.; Lang, B.T.; Silver, J.; Wu, W. Enhanced regeneration and functional recovery
after spinal root avulsion by manipulation of the proteoglycan receptor PTPsigma. Sci. Rep. 2015, 5, 14923. [CrossRef]

24. Hailer, N.P. Immunosuppression after traumatic or ischemic CNS damage: It is neuroprotective and illuminates the role of
microglial cells. Prog. Neurobiol. 2008, 84, 211–233. [CrossRef] [PubMed]

25. Schizas, N.; Andersson, B.; Hilborn, J.; Hailer, N.P. Interleukin-1 receptor antagonist promotes survival of ventral horn neurons
and suppresses microglial activation in mouse spinal cord slice cultures. J. Neurosci. Res. 2014, 92, 1457–1465. [CrossRef]

26. Gibson, R.M.; Rothwell, N.J.; Le Feuvre, R.A. CNS injury: The role of the cytokine IL-1. Vet. J. 2004, 168, 230–237. [CrossRef]
27. Pineau, I.; Lacroix, S. Proinflammatory cytokine synthesis in the injured mouse spinal cord: Multiphasic expression pattern and

identification of the cell types involved. J. Comp. Neurol. 2007, 500, 267–285. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

https://doi.org/10.1002/jnr.24780
https://www.ncbi.nlm.nih.gov/pubmed/33453083
https://doi.org/10.1159/000251915
https://www.ncbi.nlm.nih.gov/pubmed/19851064
https://doi.org/10.1038/nmat2441
https://doi.org/10.1038/nrn3550
https://doi.org/10.3390/gels3010006
https://doi.org/10.1002/adfm.202307040
https://doi.org/10.1016/j.jneumeth.2019.108522
https://doi.org/10.3171/spi.2007.6.2.133
https://doi.org/10.5483/BMBRep.2020.53.10.156
https://doi.org/10.1002/jbm.b.31689
https://www.ncbi.nlm.nih.gov/pubmed/20725955
https://doi.org/10.1016/j.bbagen.2013.12.022
https://www.ncbi.nlm.nih.gov/pubmed/24361615
https://doi.org/10.3389/fbioe.2022.931800
https://www.ncbi.nlm.nih.gov/pubmed/35800332
https://doi.org/10.1016/j.biomaterials.2011.04.030
https://www.ncbi.nlm.nih.gov/pubmed/21571364
https://doi.org/10.1136/thorax.57.9.765
https://www.ncbi.nlm.nih.gov/pubmed/12200519
https://doi.org/10.7759/cureus.1028
https://www.ncbi.nlm.nih.gov/pubmed/28352498
https://doi.org/10.1038/srep14923
https://doi.org/10.1016/j.pneurobio.2007.12.001
https://www.ncbi.nlm.nih.gov/pubmed/18262323
https://doi.org/10.1002/jnr.23429
https://doi.org/10.1016/j.tvjl.2003.10.016
https://doi.org/10.1002/cne.21149

	Introduction 
	Materials and Methods 
	Summary of Axonal Regeneration Experiment 
	Summary of Hydrogel-Induced Neuroprotection Experiment 
	Preparation and Maintenance of Dorsal Root Ganglion Cultures 
	Preparation and Maintenance of Spinal Cord Sliced Cultures 
	Preparation of Biomaterials (Collagen Gel and HA-Based Hydrogels) 
	Tissue Fixation 
	Quantitative Analysis 
	Gene Expression Analysis 
	Statistical Analysis 

	Results 
	Axonal Outgrowth from SCSCs Maintained in HA-Based Hydrogels and Collagen 
	HA-Based Hydrogels Compared to Collagen Gel in Terms of Outgrowth from DRGCs; the Effects of Outgrowth in Non-Crosslinked HA-Based Hydrogel Compared to Crosslinked Hydrogel in the Presence of Neurotrophic Factors 
	Effects of HA-Based Hydrogels on Excitotoxically Damaged SCSCs 

	Discussion 
	HA-Based Hydrogels Are Superior to Collagen Gel in Terms of Axonal Sprouting 
	HA-Based Hydrogels Differentially Promote Axonal Regeneration in DRGCs and SCSCs 
	Neuroprotective Effects of HA-Based Hydrogels 

	Conclusions 
	References

