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Macroporous hydrogels based on 2-hydroxyethyl methacrylate.
Part 6: 3D hydrogels with positive and negative surface charges
and polyelectrolyte complexes in spinal cord injury repair
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Abstract Macroporous hydrogels are artificial biomate-
rials commonly used in tissue engineering, including
central nervous system (CNS) repair. Their physical
properties may be modified to improve their adhesion
properties and promote tissue regeneration. We implanted
four types of hydrogels based on 2-hydroxyethyl methac-
rylate (HEMA) with different surface charges inside a
spinal cord hemisection cavity at the Th8 level in rats. The
spinal cords were processed 1 and 6 months after implan-
tation and histologically evaluated. Connective tissue
deposition was most abundant in the hydrogels with posi-
tively-charged functional groups. Axonal regeneration was
promoted in hydrogels carrying charged functional groups;
hydrogels with positively charged functional groups
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showed increased axonal ingrowth into the central parts of
the implant. Few astrocytes grew into the hydrogels. Our
study shows that HEMA-based hydrogels carrying charged
functional groups improve axonal ingrowth inside the
implants compared to implants without any charge. Fur-
ther, positively charged functional groups promote
connective tissue infiltration and extended axonal regen-
eration inside a hydrogel bridge.

1 Introduction

Spinal cord injury (SCI) causes severe tissue damage
resulting in a permanent neurological deficit. Spontaneous
regeneration is severely limited. The glial scar, mesen-
chymal scar and posttraumatic pseudocysts form an
obstacle for regeneration. Tissue engineering continues to
assume greater importance in neuroscience, with the ulti-
mate goal of restoring the morphology and function of
damaged nervous tissue. Tissue engineering techniques
help to create a permissive environment to promote the
regeneration of neurons and axons, oligodendrocytes, and
blood vessels.

Various biomaterials, including hydrogels, have been
implanted inside a SCI in order to bridge the lesion [1, 2].
Hydrogels are synthetic 3-dimensional polymer scaffolds
with pore sizes ranging from 10 to 100 um. They have a
high water content (70-90%). Diffusion parameters within
implanted hydrogels attain values similar to those of
developing neural tissue [3]. The physical and chemical
properties of hydrogels can be modified to improve cell
adhesion and tissue regeneration. Further, as synthetic
materials, they can be produced in large quantities, and
combined with allogenic or autogenic transplants. Previous
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studies of ours and others have shown that hydrogels based
on 2-hydroxyethyl methacrylate (HEMA) are promising
biomaterials for CNS regeneration [1, 4-6]. Increasing
knowledge about the pathophysiology of SCI, cell adhesion
properties, molecular biology, and biomaterial science
could lead to the development of implants that would
successfully bridge a spinal cord lesion and lead to a
complete recovery of locomotor, sensory, and autonomic
functions.

It is well known that the physical and chemical prop-
erties of a surface can influence cellular adhesion [7].
Previous studies have shown that neurons preferentially
adhere to and form neural networks on positively charged
surfaces such as polylysine-coated glass slides [§8—11]. In
our previous study, we found that HEMA-based hydrogels
with positively-charged functional groups promote the
adhesion of mesenchymal stem cells [12], which have been
shown to promote functional improvement and protect
against tissue damage in experimental SCI and to increase
the expression of growth and trophic factors in the ische-
mic rat brain [13, 14].

In the present study, we evaluated the effect of posi-
tively and negatively charged functional groups in HEMA-
based hydrogels on cellular adhesion and neuronal and
astrocytic regeneration in experimental spinal cord injury
repair. We employed four types of hydrogels based on
HEMA. The main difference in the properties of the
hydrogels was the presence of differently charged polar
groups on their surfaces. Type 1 copolymers had negative
surface charges (HEMA—), caused by the presence of
carboxylic groups; type 2 copolymers had positive charges
(HEMA+), caused by the presence of quaternary ammo-
nium groups. The type three terpolymers (HEMA+) and
the type 4 polyelectrolyte complexes (PEC) had both
positive and negative charges in their polymer chains. The
difference between types 3 and 4 was that the counter-ions
of the type 3 hydrogels were low-molecular weight
(Na™, CI7), while the type 4 hydrogels had counter-ions
bound on a macromolecular chain of linear poly[2-
(methacryloyloxy)ethyl]trimethylammonium [poly(MOE-
TA™)]. Therefore, the type 4 hydrogels’ charges were
strongly shielded by the polymer counter-ions, resulting in
properties similar to those of uncharged hydrogels, as
reported previously [15, 16].

2 Materials and methods
2.1 Hydrogel synthesis
Four series of macroporous hydrogels based on crosslinked

copolymers of HEMA were prepared as described previ-
ously [12]. The hydrogels were prepared under GMP
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conditions. In brief, the crosslinked copolymer of HEMA
with methacrylic acid in the sodium salt form (MA™) was
prepared according to [17] (HEMA—). The crosslinked
copolymer of HEMA with MOETA' (HEMA+), the ter-
polymer of HEMA with MA~ and MOETA" (HEMA+)
and the polyelectrolyte complex of HEMA-MA™ cross-
linked copolymer with linear poly(MOETA™) (PEC) were
prepared similarly in a pelleting apparatus in the presence
of fractionated sodium chloride particles [16, 17]. The
average pore size in all the prepared hydrogels was 40 pm.
After polymerization they were thoroughly washed with
water and saline (2 weeks) in order to remove unreacted
monomers and solvent, autoclaved (120°C, 20 min) and
cut into blocks approximately 1 mm® (under sterile
conditions).

2.2 Hydrogel implantation

Twenty-nine male rats (Wistar, Velaz, Czech Republic)
with a weight of 250-300 g underwent a hemisection at the
level of the 8th thoracic vertebra (Th8). The animals were
intraperitoneally injected with pentobarbital for anesthesia
(solution of 1 g/100 ml, 6 ml/1 kg of animal weight); one
dose of ATB (ampicilin 0.3 ml s.c.), atropine (0.2 ml s.c.,
1:5) and mesocain to enhance local anesthesia
(0.3 ml s.c. + i.m.) was administered preoperatively. A
linear skin incision was performed above the spinous
processes of Th6-10; the paravertebral muscles were
detached from the laminae Th6-10, and a Th8 laminec-
tomy was performed. The dura was incised, and less than
1 mm® of spinal cord tissue was dissected to form a hem-
isection cavity. Four types of hydrogels [HEMA +
(n=6), HEMA— (n=7), HEMA+ (rn=15), PEC
(n = 7)] were properly trimmed to adjust to the size and
shape of the cavity. The hydrogel was implanted in such a
way as to ensure that it would firmly adhere to the edges of
the hemisection cavity without causing any undue pressure
onto the surrounding spinal cord tissue. In four animals no
hydrogel was implanted inside the cavity and they served
as controls. The dura was sutured with Ethilon 8/0 thread
(Ethicon, Johnson & Johnson). The muscles and skin were
sutured, and the animals were housed two in a cage with
food and water ad libitum. This study was performed in
accordance with the FEuropean Communities Council
Directive of November 24, 1986 (86/609/EEC) regarding
the use of animals in research and was approved by the
Central Commission for Animal Protection of the Acad-
emy of Sciences of the Czech Republic in Prague.

2.3 Tissue processing and histology

At the 28th postoperative day, animals (n = 25) were
deeply anesthetized with an intraperitoneal injection of
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overdose pentobarbital and perfused with physiological
saline followed by 4% paraformaldahyde in 0.1 M phos-
phate buffer. The spinal cord was left in bone overnight,
then removed and postfixed in the same fixative for at least
1 week. In addition, four other animals [HEMA+ (n = 2),
PEC (n = 2)] were allowed to survive until postoperative
day 180 and then processed using the same method.

A 3 cm long segment of the spinal cord containing the
lesion site was dissected out, and a series of 40 pum thick
longitudinal sections was collected. Hematoxylin-eosin
(HE) and cresyl violet (CV) stainings were performed using
standard protocols, and the slides were specifically evalu-
ated for an adverse foreign-body type granulomatous
reaction, an inflammatory response and the presence of
connective and nervous tissue elements inside the hydrogel.
Selected sections were processed for immunohistochemis-
try with the following antibodies: Cy3-conjugated mouse
anti-Glial Fibrillary Acidic Protein (GFAP, 1:200, Sigma-
Aldrich), which specifically labels astrocytes and mouse
anti-neurofilament (NF) 160 (1:200, Sigma-Aldrich), which
specifically labels neuronal processes (axons/dendrites). All
these sections were incubated overnight at 4°C with one of
the primary antibodies pre-diluted in phosphate-buffered
saline (PBS 4°C, pH 8) containing 0.1% bovine serum
albumin (BSA, Sigma) and 0.2%-Triton X100. After incu-
bation, the sections were washed at 3 x 10 min and the
sections labeled with anti-NF 160 were incubated in the
presence of an anti-mouse antibody Alexa Fluor 488 goat
anti-mouse IgG (1:200, Invitrogen). Control sections in
which the primary antibodies were omitted were routinely
prepared to check for non-specific staining.

3 Results and discussion
3.1 Hydrogel infiltration and biocompatibility

All four types of hydrogels formed a bridge across the
lesion as they adhered well to the spinal cord tissue on the
cranial, caudal, and medial aspects of the hemisection
pseudocyst. CV and HE staining showed a small amount of
tissue and a small number of cell nuclei in the negatively
charged hydrogels (HEMA—) (Fig. 1a). In many parts of
the hydrogel, the pores were empty with a few cells
growing only along the walls of the pores (Fig. 1b). In the
HEMA+ implants, some parts of the hydrogel were infil-
trated diffusely with connective tissue elements while
others showed only minimal infiltration of the pores with a
few cells residing along the walls (Fig. le, 1f). In the
positively charged hydrogels (HEMA+) the ingrowing
tissue filled all the pores within the hydrogel on the HE-
stained sections (Fig. 1i); the number of cell nuclei on the
CV-stained sections was much higher compared to the

negatively charged hydrogel. The connective tissue com-
pletely and diffusely infiltrated the pores of the hydrogel
(Fig. 1j). The PEC implants, having properties similar to
uncharged hydrogels, were infiltrated with only minimal
cells both 1 and 6 months after implantation (Fig. 1m, n).
The control group (hemisection only) showed a large tissue
defect, a pseudocystic cavity, without any cellular infil-
tration (Fig. 1q, r). The data are summarized in Table 1.

At the periphery of the HEMA+ and PEC implants, a
significant foreign body-type giant-cell granulomatous
reaction was noted when evaluated 1 month after implan-
tation (Fig. 2a). The two types of hydrogel with a foreign-
body reaction (HEMA+ and PEC) were also evaluated
6 months after hydrogel implantation. The foreign-body
granulomatous reaction was significantly reduced with only
a minimal or no giant cell reaction, indicating that this type
of inflammatory response to the implant subsided over time
(Fig. 2b). Both hydrogels adhered to the pseudocysts and
formed a bridge across the cavity. While the HEMA+
hydrogels were completely filled with connective tissue
infiltrating the pores of the hydrogel, the PEC hydrogels
remained minimally infiltrated, so no progress of tissue
ingrowth was observed since the 1 month evaluation. Thus,
the foreign body reaction did not have any negative effect
on the quality and long-term stability of the hydrogels.

Cellular adhesion to implants is important as it mediates
many aspects of biocompatibility. Surface charge is con-
sidered to be one of the factors that influence cellular
adhesion [18]. There have been several studies comparing
cellular adhesion on negatively or positively charged sur-
faces with varying results. Fibronectin adsorption was
found to be greater on positively charged films compared
with negatively charged ones [19]. While Richert et al.
found increased cell adhesion on polycation-terminated
films [20, 21], Kidambi et al. found the strongest hepato-
cyte attachment and spreading on negatively charged,
sulfonated polymer-terminated multilayers [22]. Woerly
et al. detected increased connective tissue deposition in
hydrogels with negatively charged functional groups [23],
while other studies have reported no terminal layer effect
[24, 25]. As we can conclude from these studies, there is no
universal finding concerning the relationship between the
charge of the polymer and cellular adhesion.

In this study, three types of hydrogels contained charged
polar groups in their structure, while the PEC hydrogel had
characteristics similar to uncharged hydrogels. All three
types of hydrogels were infiltrated with connective tissue
elements while the PEC hydrogel showed only minimal
cellular infiltration. There is evidence, in accordance with
our study, that plain hydrogels do not elicit good tissue
adhesion or cellular infiltration without the addition of
charged polar groups [23, 26] Even further, few unmodified
hydrogels were found within the implantation site and
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Fig. 1 Tissue infiltration in the four HEMA-based hydrogels with
different surface charges. In the negatively charged hydrogels, there
was only a small amount of connective tissue in the hydrogels visible
on hematoxylin-eosin stained sections (a, scale bar = 1 mm, b, scale
bar = 50 pm). The amount of connective tissue elements increased in
hydrogels with both positive and negative charges (e, scale
bar = 1 mm, f, scale bar = 50 um) and was highest in the posi-
tively-charged hydrogels (i, scale bar=1mm, j, scale
bar = 50 pm). In the PEC implants, minimal connective tissue
elements infiltrated the implant (m, scale bar = 1 mm, n, scale
bar = 50 pum). The pseudocystic cavity dominated the lesion after
hemisection without hydrogel implantation (q, scale bar = 1 mm),
with a sharp border between the pseudocystic cavity and the residual
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NF 160 GFAP

tissue (r, scale bar = 100 um) Neurofilaments (arrows) were found in
hydrogels with functional groups (¢, g, k, scale bar = 100 pm) in
contrast to PEC implants (o, scale bar = 100 pm). We found axons
infiltrating the peripheral parts of the implants in all hydrogels with
functional groups (c¢), while hydrogels with positive charges (g) had
many axons also infiltrating the central parts of the implants. Few
astrocytic processes were found especially in the HEMA- (d, scale
bar = 100 pm) and PEC implants (p, scale bar = 100 pm) as
compared with minimal astrocytic processes in the HEMA= (h,
scale bar = 100 pm) and HEMA + (I, scale bar = 100 pm). The
astrocytes formed a glial scar (white arrow) around the hemisection
cavity (s, scale bar = 400 pm). Hydrogels are marked with an
asterisk
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Table 1 The relative amount of cellular infiltration inside the four
types of HEMA-based hydrogels with different surface charges

Axons Astrocytes  Connective
- tissue
Peripheral ~ Central part
part of of hydrogel
hydrogel
HEMA-+ 2 2 0 3
HEMA+ 2 2 0 2
HEMA— 2 1 1 1
PEC 1 0 1 0

0—no or minimal cells in the implant, 1—few cells or cellular pro-
cesses in the implant, 2—many cells or cellular processes in the
implant, 3—diffusely infiltrated implant with cells, pores completely
filled

those that were found were not attached to host tissue and
showed no cellular infiltration within their structure and the
gels were encapsulated by host astrocytes [27]. Therefore,
hydrogel modification with functional polar groups is
beneficial for the proper integration of the biomaterial after
implantation.

3.2 Axons

We evaluated the ingrowth of axons into the 3D porous
structure of the hydrogels. In the three hydrogels with
surface charges, axons infiltrated the pores of the hydrogel
implants (HEMA—, HEMA+, HEMA+) (Fig. lc, g, k).
Many axons grew in the peripheral parts of implants with
quite a few axonal processes reaching the central parts. The
most axons were found in the central parts of the hydrogels
carrying functional groups with a positive charge
(HEMA+ and HEMA+). The hydrogels based on PEC, in
contrast, were infiltrated with only few axonal processes
(Fig. 10). Most axons were found in the peripheral parts of
the PEC implants with scarce processes reaching the dee-
per parts of the implant; no axons were found in the center
of the implants (Table 1).

Additionally, we evaluated the relationship between the
pores of the hydrogels and the ingrowth of axonal pro-
cesses, specifically the relationship between the neural cell
processes and the surface of the hydrogel in all types of
implants. In the HEMA— hydrogels, the axons grew in
close contact with the surface of the hydrogel (Fig. 2¢). In

Fig. 2 Foreign body reaction in a HEMA + based hydrogel (a, b)
and the relationship of axons and the pores of the implants (c, d).
Foreign body reaction. In some parts the HEMA+ hydrogels were
positive for a foreign body reaction, as documented by giant multi-
nucleated cells (arrows) 1 month after hydrogel implantation. In the
inset, a detail of the multi-nucleated cell is apparent (a, scale
bar = 100 pm, inset scale bar = 50 um). The hydrogel HEMA+

6 months after implantation without the foreign body reaction. (b,
scale bar = 100 pm). The relationship of axons and the pores of the
implants. In the peripheral part of a negatively charged implant
(HEMA—) axons grew along the walls of the pores (c, scale
bar = 50 pum). Axons in the central part of a positively charged
implant (HEMA+) spanned the pores of the hydrogel (d, scale
bar = 50 pum)
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contrast, in the HEMA+ hydrogels, where the cell count
was higher, the axons grew longer and spanned the pores of
the hydrogel (Fig. 2d).

Our results demonstrate that axonal regeneration was
promoted by hydrogels with positively charged functional
groups compared to hydrogels with negative ones. Posi-
tively charged functional groups (HEMA+ and HEMA+)
induced extended axonal ingrowth into the central parts of
the implant. Further, all three types of hydrogels with
charged functional groups (HEMA+, HEMA+, HEMA—)
promoted axonal regeneration compared to hydrogels
without a charge. In accordance with our study, previous
studies showed that neurons preferentially adhere to and
form neural networks on positively charged surfaces such
as polylysine-coated glass slides [8—11]. Cellular attach-
ment and axonal outgrowth were most pronounced on
poly(ethylenimine)-coated (PEI) surfaces. Furthermore, an
estimation of the adhesion and proliferation rates of rat
neuronal cultures indicated that PEI had a greater effect
than other positively charged polymers [28]. A possible
reason for this is that the cell membrane is negatively
charged, and the deposition of round neurons in suspension
will be accelerated if the surface is covered with positively
charged amino groups. Once the cell has attached itself
onto the surface, it will not change position or migrate
readily. To some extent, the PEI-coated glass coverslips are
equivalent to patterned laminin grids. If the position of
neurons and the path of axons need to be controlled
effectively, the use of charged groups on the surface needs
to be considered. The improved nerve cell affinity might be
due to both the increased surface charge and the hydro-
philicity of composite materials [29].

Axonal regeneration is also influenced by surface
chemical modifications. Woerly et al. studied a poly[N-(2-
hydroxypropyl methacrylamide)] PHPMA hydrogel modi-
fied with an attached oligopeptide sequence (RGD). The
PHPMA-RGD implant showed stronger adhesion to the
host tissue and promoted the ingrowth and spread of
astrocytes and neurofilaments inside the hydrogel [30].
Dorsal root ganglia (DRG) cultured on an agarose hydrogel
with a covalently bound chitosan (polycationic polysac-
charide) showed a significant increase in the length of
regenerating axons [31].

3.3 Astrocytes

Generally, the ingrowth of astrocytes inside the hydrogel
implants was very limited. The greatest number of astro-
cytic processes was found in the HEMA— and PEC
hydrogels (negative and no charge). The processes were
found only in the peripheral parts of the implants (Fig. 1d,
p)- No astrocytic processes grew deeper into the implants
or into the central part. There were fewer astrocytic
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processes in the peripheral part of hydrogels based on
HEMA= terpolymer (Fig. 1h) and almost no astrocytes in
the HEMA+ hydrogels (Fig. 11). The ingrowth of astro-
cytes inside the implant was very limited in the positively
charged hydrogels (HEMA+ and HEMA), in contrast to
axonal ingrowth. We found no astrocytic processes in the
central part of either type of hydrogel (Table 1). This is in
accordance with the results of a study in which positively
and negatively charged hydrogels were implanted in an
experimental brain injury. In that study, hydrogels with
negatively charged functional groups were shown to pro-
mote astrocytic ingrowth [23].

4 Conclusions

Macroporous hydrogels based on HEMA are able to bridge
a spinal cord lesion when implanted inside a hemisection
cavity. Charged functional groups, especially the positive
ones, promote connective tissue infiltration inside the
implants. Hydrogels with positively or negatively-charged
functional groups promote axonal regeneration inside the
implant, while minimal axons infiltrate hydrogels without
any charge. Hydrogels with positively charged functional
groups show increased axonal ingrowth into the central
parts of the implant. Astrocytes infiltrate only those
hydrogel implants with a negative or no charge, and most
are found in the peripheral zones only. By modifying the
properties of scaffolds used in SCI repair, we can improve
tissue regeneration. Modifying the physical properties of
biomaterials can influence and direct the growth of dif-
ferent types of cellular elements. As we have also shown in
our previous study, HEMA-based hydrogels with different
surface charges play a significant role in interaction with
mesenchymal stem cells [12]. In conclusion, according to
our studies the surface charge of scaffolds should be con-
sidered an important factor in tissue engineering.
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