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a b s t r a c t

Major traumatic spinal cord injury (SCI) results in permanent paralysis below the site of injury. The
effectiveness of systemically delivered pharmacological therapies against SCI can be limited by the
bloodespinal cord barrier and side effects. Local drug delivery to the injured spinal cord can be achieved
using a minimally invasive biopolymer matrix of hyaluronan and methylcellulose injected into the
intrathecal space, bypassing the bloodespinal cord barrier and overcoming limitations of existing
strategies. Composite hydrogels of drug-loaded poly(lactide-co-glycolide) (PLGA) nanoparticles dispersed
in this biopolymer matrix meet the in vitro design criteria for prolonged local release. Using a blank
(without drug) composite designed for 28-day sustained release, we presently explore the mechanism of
particle-mediated hydrogel stabilization in vitro and aspects of biocompatibility and safety in vivo. The
composite hydrogel is well tolerated in the intrathecal space of spinal cord injured rats, showing no
increase in inflammation, scarring, or cavity volume relative to controls, and no significant effect on
locomotor function up to 28 days. Furthermore, there was no effect on locomotor function in healthy
animals which received the composite hydrogel, although a qualitative increase in ED-1 staining was
apparent. These data support the further development of composite hydrogels of hyaluronan and
methylcellulose containing PLGA nanoparticles for sustained local delivery to the injured spinal cord, an
application for which there are no approved alternatives.

� 2010 Elsevier Ltd. All rights reserved.
1. Introduction

Traumatic spinal cord injury (SCI) is a devastating condition
which results in life-long disability for themajority of patients. Acute
injury is estimated at 10,000 cases per year in the United States, and
those living with SCI number in the hundreds of thousands [1].
Although there is no cure for SCI, advances in molecular medicine
based on improved understanding of the pathophysiology of injury
have yielded promising results in animal models [2e4]. These
molecules are aimed at either protecting surviving tissue from
degeneration or restoring function already lost. Neuroprotective
therapies are often delivered in the hours to days after injury,
coinciding with the peak of the inflammatory response and other
for Cellular and Biomolecular
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secondary mechanisms of injury [5,6]. In contrast, neuro-
regenerative therapies are often delivered for several days to weeks,
corresponding to the timeframe required to promote repair [7,8].
Delivery of both neuroprotective and neuroregenerative factors is
complicated by the bloodespinal cord barrier (BSCB) and the phys-
ical inaccessibility of the cord. Since most therapeutic molecules do
not cross the BSCB, oral and intravenous delivery cannot be used,
leaving the alternatives of local epidural or intrathecal delivery by
either bolus injection or indwelling catheter/minipump [3,4,9].
Other methods include direct injection into the spinal cord of, for
example, genetically engineered cell grafts [2,10,11], stem cells
[12,13], or intraspinal drug eluting implants [14e16]. While prom-
ising in animal models, these strategies have risks of immunoge-
nicity, infection, and damage to the cord which often preclude their
being tested clinically. At present there is no effective treatment to
restore function after major SCI in humans [17].

An ideal drug delivery platform must achieve localized and
sustained release and a favourable risk/benefit ratio in order to be
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adopted clinically. Developing a safe delivery strategy is therefore
an important step in preparing a drug candidate for clinical eval-
uation. A delivery strategy that allows sustained delivery of
multiple molecules at different rates is also desirable given that it is
unlikely that a single therapeutic agent will overcome SCI [18]. To
this end, we have pursued the design of an intrathecal drug delivery
system capable of releasing one or more drugs directly into the
spinal cord for up to 28 days. The ideal systemwould provide local
and sustained release (to maximize benefit), be injected in a single
dose in a minimally-invasive manner, be biodegradable and non-
inflammatory in the CNS (to minimize risk). Previous reports have
demonstrated that hydrogels remain localized at the site of injec-
tion, are safe [19e21], and provide short term delivery of neuro-
protective molecules [22,23]. The surgical protocol for injecting
drug-loaded hydrogels into the intrathecal space has been vali-
dated in the clip compression model of SCI [19,20,22,23], which
closely resembles the most frequent type of clinical SCI [24].
Moreover the intrathecal injection is minimally invasive, especially
when combined with surgical decompression, which is an estab-
lished practice option in North America [25].

In the current study we evaluated the effect of a nanoparticle
loaded hydrogel on uninjured rats and rats with clip compression
SCI. Our study used a blank (drug free) formulation designed for
28-day drug delivery based on design criteria including: fast gela-
tion, minimal in vitro swelling, slow degradation, and sustained
drug release [26]. The BassoeBeattieeBresnahan (BBB) scale of
locomotor function was used as an outcome measure to assess
safety while cavity volume was used as a gross measure of injury
severity. Macrophage activity was quantified to determine if the
inflammatory response induced when PLGA is implanted in CNS
parenchyma [27e29] would also occur when the PLGA containing
composite was injected in the intrathecal space, where it is sepa-
rated from the parenchyma by the pia mater. Lastly, the effect of the
composite hydrogel on astrocyte reactivity was investigated
because astrogliosis may inhibit regeneration [30].

The composite is a physical hydrogel of the polysaccharides
hyaluronan (HA) and methylcellulose (MC) with dispersed poly
(lactide-co-glycolide) (PLGA) nanoparticles. MC is inverse thermal
gelling, being a viscous fluid at room temperature and a gel at
40e50 �C [31]. Gelation is entropically driven by the release of
ordered water from methyl rich regions of the polymer and the
resulting association of these hydrophobic domains. The gelation
temperature can be reduced below 37 �C by addition of ions,
including buffer salts [32] and organic polyelectrolytes, which
compete for solvent molecules in a process known as salting out.
HA is an anionic polysaccharide of D-glucuronic acid and N-acetyl-
D-glucosamine which is shear thinning and salts out MC to form
injectable, fast gelling and thermally reversible hydrogels below
37 �C [19]. Fast gelation is critical to ensure the hydrogel remains
localized in the fluid-filled intrathecal space after injection. PLGA
nanoparticles were dispersed in the hyaluronan and methylcellu-
lose hydrogel (HAMC) as a means to enable sustained drug release
and were found to stabilize the hydrogel. Thus, the composite
HAMC used here differs from previous HAMC formulations in the
composition and molar mass of HA and MC and inclusion of 10 wt%
biodegradable nanoparticles [19,23]. These polymers were selected
because of their known biocompatibility in the CNS. MC has been
used to fill lesions in the brain [33], intrathecally as a gel [19,23,34]
and as a sheet [35]. Hyaluronan was selected because it is native to
the CNS where it can be anti-inflammatory [19,36], and previous
work has demonstrated its biocompatibility specifically when in
contact with the meninges [36,37]. HAMC itself has been shown to
be well tolerated but it is not known if the PLGA particle loaded
composite hydrogel will induce any deleterious tissue responses.
PLGA and its degradation products are often found to have
acceptable tissue responses, yet they can also be inflammatory
[38e41]. This HAMC/PLGA composite systemwas tested for its safe
use in the injured spinal cord, with a view to its use as an intra-
thecal delivery system for sustained drug release.

2. Materials and methods

2.1. Materials

The followingmaterials were used: sodium hyaluronate of 2600 kg/mol (Lifecore,
Chaska, USA);methylcellulose of 300 kg/mol (Shin-Etsu, Tokyo, Japan); poly(D,L-lactic-
co-glycolic acid) 50:50 of inherent viscosity 0.15e0.25 dL/g (SigmaeAldrich, Oakville,
Canada); poly(vinyl alcohol), 6 kg/mol and 80 mol% hydrolyzed (Polysciences
Inc., Warrington, USA); and HPLC grade dichloromethane (DCM) (Caledon Labs,
Georgetown, Canada).

The following agents were obtained for the immunohistochemical studies:
mouse anti-glial fibrillary acidic protein (GFAP) monoclonal antibody (Millipore,
Billerica, USA); mouse anti-rat ED-1 monoclonal antibody (AbD Serotec, Kidlington,
UK); and the fluorescent secondary antibody, anti-mouse IgG Alexa Fluor 488
(Invitrogen, Carlsbad, USA). ED-1 is an anti-CD68 IgG.

All buffers were prepared with distilled and deionized water from a Millipore
Milli-RO 10 Plus and Milli-Q UF Plus at 18MU resistance (Millipore, Bedford, USA).
Phosphate buffered saline powder was purchased from MP Biomedicals (pH 7.4,
9.55 g/L, Solon, USA). Artificial cerebrospinal fluid (aCSF) was prepared at a pH of 7.4
and contained: 148 mMNaCl, 3 mM KCl, 0.8 mM MgCl2,1.4 mM CaCl2, 1.5 mM Na2HPO4,
and 0.2 mM NaH2PO4. All other solvents and reagents were supplied by Sigmae
Aldrich and used as-received.

2.2. Preparation of HAMC hydrogels

Physical hydrogel blends of HA and MCwere prepared in aCSF at 1 wt% 2600 kg/
mol HA and 3 wt% 300 kg/mol MC as previously reported (1:3 HMW HAMC [26]).
Briefly, sterile MC and HA were sequentially mechanically dispersed in aCSF and
allowed to dissolve at 4 �C. To form composite 1:3 HMW HAMC a slurry of PLGA
nanoparticles in aCSF was added to an HMW HAMC solution to produce a nano-
composite hydrogel of 1 wt% HA, 3 wt% MC, and 10 wt% PLGA. The nomenclature is
hereafter abridged to HAMC for gels alone and to composite HAMC for nanoparticle
loaded gels.

2.3. Preparation of PLGA nanoparticles

PLGA nanoparticles were prepared from a watereoilewater double emulsion as
previously described [26]. PLGA nanoparticles were isolated, washed, lyophilized,
and stored at �20 �C. Particle size was determined by dynamic light scattering to be
252 nm with a polydispersity of 0.112 (Zetasizer Nano ZS; Malvern Instruments,
Malvern, UK).

2.4. Rheological characterization of HAMC hydrogels

The storage moduli of HAMC, HA, and MC with and without nanoparticles were
determined as a function of time on a controlled stress rheometer fitted with
a 60 mm, 1� acrylic cone and plate geometry (AR-1000; TA Instruments, New Castle,
USA). An amplitude sweep was performed to confirm that the frequency and strain
were within the linear viscoelastic region. Based on these results, time sweeps were
conducted at 6.28 rad/s and 1% strain for all materials. Temperature was controlled
using the integrated Peltier plate and sample evaporation was minimized using
a solvent trap and supplementary ambient humidification. All samples were equil-
ibrated for 10 min at 4 �C prior to testing at 37 �C. Reversible gelation experiments
consisted of three cycles each of 300 min at 37 �C followed by 20 min at 4 �C.

2.5. Intrathecal delivery of composite HAMC in vivo

All animal procedures were performed in accordance with the Guide to the Care
and Use of Experimental Animals (Canadian Council on Animal Care) and protocols
were approved by the Animal Care Committee of the Research Institute of the
University Health Network.

Eight female Sprague Dawley rats (250e300 g; Charles River, Montreal, Canada)
were used to assess the effect of HAMC injected into the intrathecal space of
uninjured animals on behaviour and immunohistochemistry. Two groups were
compared, uninjured and injured rats. In the uninjured group, 4 animals were
injected with 10 mL of HAMC and 4 animals were injected with 10 mL of composite
HAMC. Injections of aCSF were not included in this study because the safety of
intrathecal injection has been previously established [19,20]. Uninjured rats were
anaesthetized by inhalation of 1e2% halothane and a laminectomywas performed at
the T1-T2 vertebral level. The intrathecal injection was performed with minor
modification of the methods initially described by Jimenez-Hamann et al. [20].
Briefly, the durawas puncturedwith a bevelled 30G needle at T2, a 30G blunt-tipped
needle was inserted into the intrathecal space, and 10 mL of sterile HAMC or



Fig. 1. HA and nanoparticles dramatically stiffen MC, but through different mecha-
nisms. In a), the intrinsic salting out of MC by HA is immediately evident in a 6-fold
increase in initial G0 . The effect of nanoparticles on MC is of similar magnitude, and
likely due to a hydrophobic association similar to the MCeMC interactions responsible
for the inverse thermal gelation of MC. The reversible gelation of MC and composite
MC is shown in b), where the presence of nanoparticles enhances G0(t, T) at 37 �C but
not 4 �C.
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composite HAMC pre-heated to 37 �Cwas injected. Following injection the overlying
muscles and fascia were sutured closed and the rats were ventilated with pure
oxygen and placed under a heat lamp for recovery. Buprenorphinewas administered
every 12 h for 3 days post-surgery for pain management. Motor function was
assessed weekly as-described below. The animals were sacrificed 14 days after
surgery and perfused intracardially with 4% paraformaldehyde under terminal
anaesthesia with sodium pentobarbital. A 20 mm segment of spinal cord encom-
passing the injury site was harvested from each animal, dehydrated in 30% sucrose,
and stored at �80 �C until cryoprocessing.

In the second group, 30 female Sprague Dawley rats (250e300 g; Charles River)
were used to assess the behavioural and tissue responses of HAMC injected into the
intrathecal space of injured animals relative to aCSF. Surgical procedures were
identical to those described above except that, prior to injection of HAMC or
composite HAMC, all animals sustained moderate clip compression SCI at T2 using
a modified aneurysm clip calibrated to a closing force of 26 g for 60 s, as previously
described [42]. Animals were then allocated to one of three subgroups (n ¼ 10 per
subgroup): 10 mL injection of aCSF (control), 10 mL of HAMC, or 10 mL of composite
HAMC. Post-surgical animal care was likewise similar, with the addition of manual
rat bladder expression three times daily. Motor function was assessed weekly and
the animals sacrificed 28 days after surgery. Spinal cords were processed for
histological and immunohistochemical analyses as-described below.

2.6. Histology and immunohistochemistry

For injured rats, four cords per subgroup were sectioned parasagittally at 20 mm
thickness on a cryostat (CM 3050 S; Leica Microsystems, Wetzlar, Germany). Every
10th section in the clip compression rats was stained with Luxol Fast Blue, and
counter-stained with hematoxylin and eosin (LFB/H&E). Images were captured by
bright-field microscopy (Scanscope XT; Aperio Technologies, Vista, USA) at 20�
objective magnification, examined for general tissue morphology, and cavity area
quantified with an image analysis system for all sections (Image J; Wayne Rasband,
Bethesda, USA). Cavity volumewas calculated bymultiplying the area per section by
distance between sections.

Fluorescent microscopy was used to assess ED-1 staining at 10� objective
magnification (BX-61; Olympus, Tokyo, Japan). The full 20 mm length of spinal cords
in 6 sections was imaged in both uninjured and injured rats and the resulting image
sets were tiled in Adobe Photoshop (Createive Suite 3, San Jose, USA). The area of ED-
1 staining was then quantified for the clip compression study using Image J. The
sections were taken at �50, 150, and 250 mm on each side relative to the midline of
the cord. The result is reported as the percentage of ED-1 labelled tissue relative to
total tissue area in a given parasagittal section. GFAP staining in the clip compression
study was determined and reported in a similar manner. Preliminary analysis of the
20 mm sections found measurable staining only in the rostro-caudal region
surrounding the cavity. An area of interest extending �1.25 mm from the cavity
epicentre was therefore selected tomore precisely quantify GFAP stained tissue. The
area of GFAP stainingwas quantified in two sections per animal at�50 mmrelative to
the midline: it was not possible to determine the number of GFAP positive cells in
the area of interest due to the high density of staining.

2.7. Functional analysis

Open field locomotor function was assessed using the Basso, Beattie, and Bres-
nahan (BBB) scoring method [43] weekly for either two weeks (uninjured animals)
or four weeks (injured animals). Each hind limb was ranked by two blinded
observers and concurrently videotaped. BBB scores range from 0 (no hind limb
movement) to 21 (normal gait) and are used to assess functional improvement after
injury and treatment. BBB was performed in uninjured animals to determine if the
materials had any early detriment to normal motor function.

2.8. Statistical analysis

Data are expressed as means � standard deviation. Comparisons of groups of
means were determined by ANOVA. Significance was assigned at p < 0.01.

3. Results

3.1. Rheology

The storagemodulus, G0 was compared betweenMC and HAMC,
with and without nanoparticles to gain a greater understanding of
the impact of HA and nanoparticles on the rheological behaviour of
the composite. As shown in Fig. 1a, MC alone stiffens over time at
37 �C, an effect attributed to the optimization of hydrophobic
junctions [44]. Addition of HA immediately results in a 6-fold
increase in G0 over MC alone. The increased storage modulus is
attributed to HA salting out MC, thereby enhancing the
hydrophobic interactions between MC methyl groups [32]. Unex-
pectedly, the addition of PLGA nanoparticles to both MC and HAMC
also increased G0, up to 7-fold for composite MC and over 2-fold for
composite HAMC. The fold increase in G0 increased substantially
over time for composite hydrogels, thereby differentiating the
effect of nanoparticles on G0 from that of HA. To determine whether
nanoparticle-induced stiffening was reversible, the elastic modulus
of MC and composite MC were measured as functions of time over
three temperature cycles between 4 �C and 37 �C, shown in Fig. 1b.
In each case the samples returned to the initial G0 (4 �C), confirming
the reversible inverse thermal gelation of composite MC. The
altered rheology of composite MC and HAMC is likely due to
hydrophobic interactions between MC di- and tri-methylglucose
units and hydrophobic PLGA nanoparticles similar to that observed
in other composite hydrogels [45].

3.2. Motor function and tissue response in uninjured rats

Animals in the uninjured cohort underwent laminectomy and
intrathecal injection on day 0 and were sacrificed on day 14. The
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dorsal half of the spinal cord which had been in direct contact
with the composite was stained with ED-1 for activated
macrophages. Parasagittal sections taken at the midline of each
cord were examined for a distance of �10 mm from the site of
injection. Animals which received HAMC had negligible ED-1
staining, as shown in Fig. 2a, indicating that the hydrogel alone
does not induce an inflammatory response. This result is in
agreement with our earlier work with a different formulation of
HA and MC [19]. Animals that received composite HAMC dis-
played discrete, scattered staining in regions in contact with the
composite, �5 mm from the injection site, at a thickness of up to
40 mm (1e2 cell diameters).

Function was assessed using the 21-point BBB scoring system
[43] at 0, 7, and 14 days as-reported in Fig. 2c. All of the HAMC and
composite HAMC injected animals had a BBB score of 21 at each
time point, indicating that neither HAMC nor composite HAMC
negatively affected motor function in uninjured rats. These
important results led us to evaluate these materials in an injured
paradigm.
3.3. Motor function and tissue response in spinal cord injured rats

Animals in the clip compressed cohort underwent lam-
inectomy, clip compression spinal cord injury and intrathecal
injection on day 0 and were sacrificed on day 28. Parasagittal
sections were stained with LFB/H&E to assess cavity shape and
volume. The cavity was spindle-shaped in all animals, most often
with a thin rim of spared tissue at the injury epicentre as shown
in Fig. 3a, which is typical of a compression injury [46]. No
variation in cavity shape was found between HAMC, composite
HAMC, and aCSF control groups. The mean cavity volume was
3.89 � 0.87 mm3 for HAMC-treated animals and 4.57 � 2.10 mm3

for composite HAMC-treated animals. These values were not
significantly different from the volume of 3.96 � 1.09 mm3 for the
aCSF control reported in Fig. 3b and indicate neither HAMC nor
composite HAMC increased cavitation relative to the aCSF
control.

A second series of parasagittal sections was stained with ED-1
for activated macrophages and the section examined�10mm from
the site of injury. Prominent and continuous staining was found
surrounding the cystic cavity, often extending rostro-caudal along
the midline of the cord. Scattered macrophage activation was
present throughout the cord, as shown in Fig. 4a, often along the
full 20 mm length of interest. No variation in the pattern of
Fig. 2. The inflammatory response marked by ED-1 positive macrophages is a) negligible 1
Images are contrast enhanced to show ED-1 staining (dark specks) and surrounding tissue
sections centred at the site of injection. (c) The motor function of uninjured rats was unaffect
scoring 21/21 on the BBB scale (n ¼ 4).
inflammationwas noted between groups. There were no significant
differences in the area of inflammation between groups, shown in
Fig. 4b.

GFAP staining for astrogliosis after injury was concentrated in
the rim of remaining tissue and in long continuous stretches
bordering the cystic cavity, shown in Fig. 5a. The area of interest
encompassed both the most heavily degenerated tissue within the
cord and the surface of the cord in contact with the hydrogel.
Discrete GFAP staining was also seen in the tissue immediately
surrounding the injury. Analysis of the area of GFAP staining
(Fig. 5b) showed no significant differences in astrogliosis between
groups, indicating that neither HAMC nor the composite increased
the area of tissue occupied by reactive astrocytes following injury.

Function was assessed using the BBB locomotor scoring system
weekly up to 28 days, as-reported in Fig. 6. All animals showed
nominal improvement over 28 days, as is typical for this severity of
injury with this model [42]. Control animals with an aCSF injection
reached a maximum plateau score of 11.6 � 0.8; HAMC injected
animals, 11.0 � 0.5; and composite HAMC injected animals,
11.0 � 0.5. There were no statistically significant differences
between groups within each time point, indicating that neither
HAMC nor composite HAMC negatively affected motor function in
clip compression SCI rats.
4. Discussion

HA is a polyelectrolyte and should therefore enhance the
formation of hydrophobic interactions between MC through the
salting out effect [32], resulting in a lower temperature of gelation
than would normally be possible with MC alone. This effect is an
intrinsic property of the anionic HA and affects MC across a range of
molecular weights and temperatures. Indeed, the HA induced
stiffening of MC is present even when HA molecular weight is
reduced to 35 kg/mol (data not shown), significantly below the
accepted entanglement threshold for physical cross-linking [47].
This confirms that HA and inorganic ions work to salt out MC by the
same mechanism. Yet unlike simple salts HA forms a viscous, shear
thinning solution, providing the HAMC blend with fast gelation at
physiological temperature while still allowing the HAMC blend to
flow through a fine 30-gauge needle. An ancillary effect of HA is the
osmolarity driven increase in the HAMC swelling ratio [26]. To
ensure that polyelectrolyte induced swelling of the hydrogel would
not induce a deleterious tissue response via compression of the
cord or obstruction of CSF flow [48,49], the hydrogel and composite
4 days after HAMC injection and b) mild to moderate after composite HAMC injection.
(gray). Images are representative sections taken from the dorsal aspect of parasagittal
ed by treatment with HAMC,,; or composite HAMC,A; up to 14 days, with all animals



Fig. 3. a) Representative sections showing the injury cavity visualized with H&E and LFB staining at 28 days are shown for: aCSF, HAMC, and composite HAMC (left to right). b)
There was no significant difference in the cavity volume between groups. Cavity volume was calculated from a series of weighted cavity area sections as-detailed in the Methods
(�10 sections/animal, n ¼ 4 animals, mean � standard deviation shown).
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were formulated with a reduced swelling ratio in vitro relative to
previous formulations [26].

Unexpectedly, when HAMC had hydrophobic PLGA nano-
particles dispersed within it the modulus increased in a time-
dependent manner suggestive of cross-link formation. In physically
cross-linked composites this is often by hydrogen bonding,
hydrophobic interaction, or ionic bonding [45]. A similar effect was
observed when PLGA nanoparticles were dispersed in MC alone,
suggesting that the nanoparticle-mediated stiffening is due to
additional physical interactions between MC and PLGA. Impor-
tantly, composite MC is a reversible gel similar to MC alone (Fig. 1b)
and composite HAMC remained injectable. This reversible inverse
thermal gelation suggests that the specific MC-PLGA interaction is
similar to the entropy driven self-association of MC, where previ-
ously ordered water molecules at the water-MC interface are freed,
allowing MCeMC hydrophobic junctions to form, resulting in
gelation [31]. Phenomenological reports of increased hydrogel
stability of composite HAMC [26] suggest this interaction results in
stable adsorption of MC to the PLGA particle surface.

PLGA nanoparticles were included in HAMC as a means to
increase the duration of drug release beyond what is possible from
the diffusion-controlled mechanism of a dissolved drug from
HAMC alone [26], but their impact on the tissue response to HAMC
was unknown. The current in vivo work allowed us to determine
that PLGA nanoparticles in the composite were tolerated at the site
of injection and that the enhanced stability of composite HAMC did
not negatively affect the tissue response relative to previous reports
of HAMC alone [19,23]. Our results contrast a previous study where
suspensions of 5 mm PLGAmicroparticles, infused in the intrathecal
space in a rat model, embedded in the pia mater and were found to
trigger microglial activation in the meninx [41]. In the current
study, one dose of composite HAMC contained twice the mass of
PLGA and significantly smaller diameter particles (252 nm), relative
to this previous report, yet, we did not observe a similar level of
microglial activation.

The impact of composite HAMC vs. HAMC on the locomotor
function (i.e. BBB score) of uninjured and injured rats were fol-
lowed. When HAMC and composite HAMC were injected intra-
thecally in uninjured rats there was no effect on the BBB score, with
each animal scoring 21/21 for the duration of the 14 day study.
Given the perfect motor scores at 14 d, it is clear that any in vivo
swelling of HAMC and composite HAMC did not affect motor
function. After clip compression injury, there is some spontaneous
recovery of motor function, and to be considered safe, an injected
material must not reduce the degree of recovery. Spontaneous
recovery is usually complete when the BBB score plateaus, typically



Fig. 4. a) Representative spinal cord sections showing ED-1 positive macrophages and microglia indicative of the inflammatory response 28 days after injection of: aCSF, HAMC, and
composite HAMC (left to right). Pixel intensity has been inverted for clarity to show ED-1 staining (black) and surrounding tissue (grey). b) Area of inflammation was calculated as
the fraction of ED-1 positive tissue in 20 mm parasagittal sections (200 mm2 tissue/animal, n ¼ 4 animals, mean � standard deviation shown). There was no significant difference in
the inflammatory response between groups.
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between 21 and 28 days after injury [46]. When HAMC and
composite HAMC were tested in SCI rats neither material signifi-
cantly affected the BBB score (relative to aCSF injection) up to 28
days. These results are consistent with reports of lower molecular
weight HAMC and collagen gels injected into the intrathecal space
and suggest that the in vivo swelling behaviour of HAMCwas safe in
this application [19,20,22].

An acceptable local tissue response is an important factor in
assessing the overall safety and biocompatibility of a biomaterial in
a given application. We investigated inflammation within the
spinal cord at the site of contact with the hydrogels because
inflammation can result in neuronal death, astrogliosis, tissue
adhesions, and impaired function [6,38]. Composite HAMC was of
particular interest because PLGA can elicit a transient inflammatory
response [50]. Uninjured animals that received HAMC showed
negligible microglial activation at 14 days, but composite HAMC-
treated animals showedmild tomoderate ED-1 staining whichmay
be a response to the PLGA particles within the hydrogel (Fig. 2). The
magnitude of macrophage activation appears significantly less than
that reported for PLGA microparticles implanted in intraperitoneal
[39] and other soft tissue environments [38], consistent with the
role of blood contact in the inflammatory response. We anticipated



Fig. 5. a) Method for calculating area of glial scar and representative sections showing the glial scar via GFAP staining of astrocytes at 28 days are shown for: aCSF, HAMC, and
composite HAMC (left to right). Method cartoon is not to scale. Pixel intensity has been inverted for clarity in print to show GFAP staining (black) and surrounding tissue (grey). b)
Area of scarring was calculated as the fraction of GFAP positive tissue in a region encompassing the epicentre �1.250 mm in parasagittal sections (10 mm2 tissue/animal, n ¼ 4
animals, mean � standard deviation shown). There was no significant difference in the glial scar between groups.

Fig. 6. Neither injection of HAMC nor composite HAMC significantly affected motor
recovery relative to injection of aCSF after clip compression injury, suggesting the
safety of these materials in their intended use as a drug delivery platform (p > 0.01 by
ANOVA per time, n ¼ 10). Composite HAMC, B; HAMC, -; and aCSF control, :.
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any tissue response to PLGA in the composite HAMC subgroup
would be mitigated relative to direct implantation because only
a small fraction of the nanoparticles would be in contact with
tissue, the majority being retained within the hydrogel. The slightly
increased inflammatory response to composite HAMC vs. HAMC is
likely due to the presence of PLGA nanoparticles; however, the
increased modulus of composite HAMC relative to HAMC gel alone
may also account for this increased tissue response. Substrate
stiffness and the application of pressure to a tissue are known to
alter cellular function [51].

Prominent ED-1 staining was found in all injured animals at
28 days, surrounding the cavity and rostro-caudally along the
midline of the cord in a manner consistent with the injury response
in the CNS [6,8]. No difference in microglial activation was found
between HAMC and the aCSF control, with 4e5% of the tissue in
injured animals positive for ED-1 in Fig. 4b. This lack of a signifi-
cantly increased inflammatory response is in agreement with the
known tissue response to HA, MC, and hydrogels in general [52].
The HAMC gel therefore has advantages over the biomaterials in
current use by being fast gelling [26], non-adhesive [19], and
minimally inflammatory in the intrathecal space after SCI. By
comparison, collagen is well tolerated but cell-adhesive [53]; and
cellulosic materials [35,54] or hyaluronan alone [55] are non-
adhesive but not fast gelling. Importantly, there was no difference
in microglial activation found between composite HAMC and the
aCSF control or HAMC alone, consistent with reports of PLGA con-
taining devices used in animal models of CNS injury [27e29]. It was
not possible to determine if the qualitative increase in ED-1
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staining observed in the pia mater of composite HAMC-treated
uninjured rats at 14 days was also present in SCI rats at 28 days
because the intrinsic inflammatory response to clip compression
SCI dominated the tissue response.

Astrogliosis is the process of glial scar formation after SCI when
astrocytes become activated, migrate to the site of injury and form
a tight network bordering the cystic cavity. Proteoglycans, sem-
aphorins, and other molecules within the glial scar biochemically
inhibit neuroregeneration and plasticity [56,57]. Thus, we investi-
gated astrocyte reactivity as a second element of the tissue
response and biocompatibility because an increase in astrogliosis
could confound regenerative therapies. Astrocyte activation was
investigated using GFAP around the remaining rim of tissue nearest
the injury epicentre, including both the internal surface of the
cavity and exterior of the cord. The sections in Fig. 5a show that
neither HAMC nor composite HAMC enhanced astrogliosis at the
injection site on the dorsal cord. Quantitative analysis revealed no
difference in the area of astrogliosis between groups, indicating
that neither HAMC nor composite HAMC altered the area of tissue
occupied by reactive astrocytes at 28 days. This result supports the
use of HAMC materials in the intrathecal space.

Lastly, cavity volume after SCI is a gross measure of injury
severity resulting from both the primary insult and secondary
injury. If HAMC or composite HAMC induced a deleterious tissue
response, such as apoptosis or an enhanced secondary injury
cascade, cavity volume would increase. The insignificant difference
in cavity volume between HAMC, composite HAMC and the aCSF
control in Fig. 3b is in agreement with the locomotor testing
reported in Fig. 6 and supports the conclusion that neither the
composite HAMC nor HAMC alone affected the secondary injury
processes associated with the extent of cavity formation relative to
aCSF controls. This result, coupled with the insignificant differences
in inflammation, astrogliosis and motor function in HAMC and
composite HAMC-treated animals suggests that these materials are
safe in the intrathecal space after SCI. These results are a significant
milestone in the development of a sustained released drug delivery
platform for treatment of SCI because composite HAMC allows local
and sustained release of multiple therapeutics, with variable
release rates, with one injection [26]. This strategy overcomes some
of the limitations of other delivery techniques, such as bolus
injection which is limited to short durations and pump/catheter
which is limited by the potential for infection and scarring [58,59].
Having collected initial evidence that composite HAMC is safe and
quantifying three aspects of biocompatibility, delivery studies using
drug-loaded PLGA nanoparticles in HAMC are currently being
pursued.

5. Conclusions

The inclusion of PLGA nanoparticles into physical hydrogels of
HA and MC significantly altered the rheological properties of the
HAMC gel, most likely through additional hydrophobic interactions
between MC methyl groups and PLGA nanoparticles. This interac-
tion explains the increase in stability of composite HAMC relative to
HAMC alone. The hydrogel and particle loaded composite are well
tolerated in the intrathecal space of uninjured rats for 14 days post-
injection with minimal microglial activation and no effect on
locomotor BBB score. The local tissue response in rats with clip
compression SCI showed no significant increase in microglial acti-
vation, astrocytic response, or cystic cavity volume due to HAMC or
composite HAMC relative to aCSF at 28 days after injury. The safety
of these materials in the intrathecal space was supported by similar
motor function in rats with SCI that received aCSF, HAMC or
composite HAMC as-measured by the BBB scale. This work provides
initial evidence supporting the safety and biocompatibility of
composite HAMC as a platform for sustained combination therapy
to the injured spinal cord.
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