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a b s t r a c t

One of the challenges in treating central nervous system (CNS) disorders with biomolecules is achieving
local delivery while minimizing invasiveness. For the treatment of stroke, stimulation of endogenous
neural stem/progenitor cells (NSPCs) by growth factors is a promising strategy for tissue regeneration.
Epidermal growth factor (EGF) enhances proliferation of endogenous NSPCs in the subventricular zone
(SVZ) when delivered directly to the ventricles of the brain; however, this strategy is highly invasive. We
designed a biomaterials-based strategy to deliver molecules directly to the brain without tissue damage.
EGF or poly(ethylene glycol)-modified EGF (PEG-EGF) was dispersed in a hyaluronan and methylcellulose
(HAMC) hydrogel and placed epi-cortically on both uninjured and stroke-injured mouse brains. PEG-
modification decreased the rate of EGF degradation by proteases, leading to a significant increase in
protein accumulation at greater tissue depths than previously shown. Consequently, EGF and PEG-EGF
increased NSPC proliferation in uninjured and stroke-injured brains; and in stroke-injured brains,
PEG-EGF significantly increased NSPC stimulation. Our epi-cortical delivery system is a minimally-
invasive method for local delivery to the brain, providing a new paradigm for local delivery to the brain.

� 2011 Elsevier Ltd. All rights reserved.
1. Introduction

Effective treatment of central nervous system (CNS) disorders,
including those of the brain and the spinal cord, remain highly chal-
lenging today. This is partly due to the difficulties associated with
delivering drugs to the CNS in a controlled and minimally-invasive
manner. Local delivery is currently achieved using a catheter/mini-
pump system; however, prolonged use of this invasive system carries
risks of infection [1e3]. Alternative strategies, such as systemic
delivery, are limitedby thebloodebrainbarrier (BBB),whichprevents
most systemicallyadministereddrugs frompenetrating into thebrain
[4,5]. While some molecules can cross the BBB, systemic adminis-
tration of a high dose is required to achieve therapeutic levels in the
brain, thus resulting in undesired systemic side effects. There is
significant need for a delivery strategy that enables local, sustained
release to the brain without tissue damage. A biomaterials-based
strategy offers the potential to meet this challenge.
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Stroke is currently the third leading cause of death in the
industrialized world, leading to 15 million injuries and 5 million
deaths each year [6]. Stroke results from the occlusion or rupture of
cerebral arteries. While there is currently no effective treatment for
stroke, tissue regeneration by endogenous stem cell stimulation
holds promise for functional repair [7,8]. This neuroregenerative
approach may be facilitated by delivering growth factors to stim-
ulate proliferation of endogenous stem cells in the brain. The neural
stem cell niche in the subventricular zone (SVZ) is located along the
walls of the lateral ventricles of the brain [9e11]. Following stroke,
neural stem/progenitor cells (NSPCs) in the SVZ are stimulated to
proliferate, but at insufficient levels to regenerate damaged tissue
[12,13]. Therapeutic factors infused into the ventricles of the brain
promote endogenous stem cell activation, as has been shown with
numerous factors, including: epidermal growth factor (EGF) [7,14];
erythropoietin (EPO) [7]; nerve growth factor (NGF) [15]; cyclo-
sporine A [8]; colony stimulating factor (CSF) [16]; and basic
fibroblast growth factor (bFGF) [15]. Recombinant EGF adminis-
tered into the cerebroventricles via an osmotic minipump system
enhances the proliferation of endogenous NSPCs in the SVZ [7], but
prolonged use of the osmotic minipump system damages brain
tissue.
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With the aim of designing a minimally-invasive system for
sustained drug release to the brain, we developed a polymeric drug
delivery vehicle comprised of a physical blend of hyaluronan (HA)
and methylcellulose (MC), termed HAMC. It is an injectable, shear
thinning hydrogel that is inversely thermal gelling, with MC
forming hydrophobic physical crosslinks at reduced temperature
due to the presence of HA, while retaining its ability to flow due to
the shear thinning property of HA [17]. HAMC gels upon injection
into physiological environments, such as the intrathecal space
surrounding the spinal cord, where local release has been achieved
[18]. To design a minimally-invasive strategy to deliver molecules
directly to brain tissue, we examined the use of HAMC for local
delivery to the brain and evaluated whether remote delivery of EGF
would stimulate the endogenous stem cells in the SVZ that are
critical for self-repair after stroke.

To achieve local delivery to the brain, without injection directly
into brain tissue, EGF was incorporated in HAMC and deposited
directly on the cortex surface. By spatially confining HAMC within
a custom-designed casing on top of the cortex (Fig.1), the feasibility
of remote delivery of EGF to the SVZ target tissue was examined.
While this strategy is less invasive than direct injection into the
ventricles of the brain, it was not known whether remote delivery
would result in sufficient tissue penetration of EGF to reach the SVZ.
Diffusion of proteins in brain tissue is primarily dependent on
intrinsic diffusivity of the protein, tissue tortuosity, and protein
elimination from the diffusion path. A combination of these factors
limits protein diffusion distance in the brain to 1e2 mm [19];
however, the SVZ resides approximately 2.5e3 mm below the
cortical surface [20]. Thus the penetration distance of EGF is likely
inadequate to reach the SVZ, thus severely impeding the develop-
ment of an epi-cortical delivery system. Importantly, N-terminal
modificationof EGFwith5kDapoly(ethyleneglycol) (PEG) increases
the in vivo diffusion distance following bolus injection [21].

Herewe investigated the penetration distance of EGF andmono-
PEG-modified EGF (PEG-EGF) in uninjured and stroke-injured
Fig. 1. Schematic for localized and sustained delivery of drugs to the brain. (A) Sagittal view o
injured mouse brain with (D) drug delivery system. (E) Drug delivery system in expanded
mouse brains following epi-cortical delivery from HAMC. To gain
insight into the mechanism accounting for differences in tissue
penetration, brain extracts were examined for proteolytic degra-
dation. We also studied the effect of PEG-modification on the
degradation of EGF in the brain. Furthermore we investigated the
potential of using HAMC as a vehicle for epi-cortical drug delivery
to the brain, and the possibility of using PEG-modification to
enhance the tissue penetration of remotely delivered proteins to
stimulate endogenous neural stem cells in the bran.

2. Materials and methods

2.1. Materials

1.4e1.8 � 106 g/mol sodium hyaluronan (HA) was purchased from NovaMatrix
(Sandvika,Norway). 3.4�105 g/molmethylcellulose (MC)wasobtained fromShinEtsu
(Chiyoda-ku, Tokyo, Japan). Recombinant human epidermal growth factor (EGF) and
the EGF ELISA detection kit were purchased from PeproTech Inc. (Rocky Hill, NJ, USA).
Methoxy-poly(ethylene glycol, 5 kDa) activated with propionaldehyde (mPEG-PPA)
was purchased from NOF Corp. (Tokyo, Japan). Mouse anti-human Ki-67 and mouse
anti-rat nestinwere purchased fromBDbiosciences (Mississauga, ON, Canada),mouse
anti-rat GFAP was obtained fromMillipore Inc. (Billerica, MA, USA), rabbit anti-mouse
Ki-67 and rabbit anti-mouse double-cortin were obtained from Abcam (Cambridge,
MA,USA), andVectashieldwithDAPI stainwaspurchased fromVectorlabs (Burlington,
ON, Canada). Alexa 488 and Alexa 564 goat-anti-rabbit IgG, and Alexa 488 and Alexa
568 goat-anti-mouse IgGwere obtained from Invitrogen Inc. (Burlington, ON, Canada).
Sodium cyanoborohydride (NaCNBH3), NaCl, MgCl2, CaCl2, BaCl2, Na2HPO3, NaH2PO3

TES, MES, ethylenediammine tetraacetic acid (EDTA), ethylene glycol-bis(2-amino-
ethyl)-N,N,N0 , N0-tetraacetic acid (EGTA), phenylmethanesulfonyl fluoride (PMSF),
dithioreitol, sodium acetate buffer salts, and protease inhibitor panelwere supplied by
SigmaeAldrich (Oakville, ON, Canada). Artificial cerebrospinal fluid (aCSF [21]) and all
buffers were prepared with distilled and deionized water prepared from a Millipore
Milli-RO 10 Plus and Milli-Q UF Plus at 18 MU m resistivity (Millipore, Bedford, USA).
MicroBCA protein assay kit was obtained from Thermo Fisher Scientific (Rockford IL,
USA) and used as per the manufactures instructions.

2.2. Preparation of sterile HAMC

HA and MCwere dissolved in dH2O, sterile-filtered and lyophilized under sterile
conditions. The resulting sterile polymers were kept at 4 �C until use. HAMC was
f stroke-injured mouse brain with (B) drug delivery system. (C) Coronal view of stroke-
view.
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produced with 1 w/v% HA and 2 w/v% MC dissolved in sterile aCSF, mixed using
a Speed Mixer DAC 150 FVZ (Siemens) and centrifuged to remove air bubbles.
Subsequently, 10 ml of 1.6 mM solutions of EGF or PEG-EGF was added to 900 mL
HAMC, mixed and centrifuged to eliminate air bubbles.

2.3. In vitro release of EGF and PEG-EGF from HAMC

To estimate the time required for EGF and PEG-EGF to diffuse from the HAMC
implant in vivo, we studied their release from HAMC in vitro. 100 ml of HAMC con-
taining 0.16 mM of either EGF or PEG-EGF was injected into the bottom of a 2 ml
eppendorf tube and allowed to gel for 20 min at 37 �C. 900 ml of aCSF was incubated
to 37 �C and slowly added to the gel. The supernatant was removed at each time
point and replaced with fresh aCSF. The amount of protein released was analysed at
t ¼ 0, 15, 30 min, 1, 2, 3, 4, 5, 6, 8, 12, 24 h. The cumulative amount released at each
time point was plotted against time.

2.4. Mouse surgeries

All experiments were carried out in accordance with the Guide to the Care and
Use of Experimental Animals developed by the Canadian Council on Animal Care
and approved by the Animal Care Committee at the University of Toronto. All
animals used in this study were 9e11 week old C57BL/6 mice (Charles River, QC,
Canada). A total of 75 animals were used in these studies.

Stroke surgeries were carried out as described by Tennant et al. [22]. Mice were
anesthetised with isoflurane, shaved and placed into a Kopf stereotaxic instrument.
Amidline insertion in the scalp was made. A small burr hole was made in the skull at
the coordinates 2.25 lateral to the midline and 0.6 anterior to the Bregema. Using
a 26 G needle, the vasoconstrictor endothelin-1 (400 pM, Calbiochem, Gibbstown,
NJ, USA.) was injected 1.0 ventral to the surface of the brain at a rate of 0.1 ml/min
with a total volume of 1.0 ml. The needle was left in place for 10 min prior to removal.
The incisionwas sutured, antibiotic ointment applied and the animal was allowed to
recover under a heat lamp.

2.5. Preparation of delivery device for HAMC implantation

HAMC was contained on the cortex of the brain in a custom-made device. The
device consists of two polycarbonate disks (0.5 mm height � 5.9 mm outside
diameter). The central opening of one spacer was enlarged to 2 mm in diameter. The
second spacer was unmodified. Both spacers were slightly heated and moulded into
a concave shape to match the curvature of the skull (Fig. 1). The spacers were
sterilized with ethylene oxide prior to use.

2.6. Drug delivery device implantation surgeries

Uninjured mice were anesthetised with isoflurane, shaved and placed into
a Kopf stereotaxic instrument. A midline insertion in the scalp was made. A small
burr hole was made in the skull at the coordinates 2.25 lateral to the midline and 0.6
anterior to Bregma. The exposed durawas pierced using a 26 G needle. A spacer with
2 mm opening was fixed over the burr hole with bone glue. 3 ml of either HAMC
alone or HAMC with growth factor was placed into the central opening in direct
contact with the brain cortical surface. A second spacer without an opening was
placed above the first spacer and fixedwith bone glue. The skinwas sutured over the
spacer system.

For mice with stroke surgeries, the drug delivery implant was inserted at day 4
post stroke. The sutures were removed to expose the burr hole and any tissue debris
was removed using a 26 G needle. HAMC or HAMC with growth factor was
implanted as above. The animal was re-sutured after implantation.

2.7. Analysis of in vivo protein penetration

Animals were sacrificed at 2 h, 6 h, 1 day, and 2 days post-implantation. The
spacers containing HAMC were removed from the skull and placed into a 2 ml
eppendorf tube and 0.5 ml of ELISA diluents solution (0.1% Tween 20 in 150 mM PBS)
was added. The tube was kept on a rotary shaker at 4 �C overnight to extract any
growth factors remaining in the gel.

Brainswere extracted and snap frozen using CO2(s) cooled isopropane and stored
at �80 �C. Three 1 mm coronal slices were prepared, at the injection site and rostral
and caudal to the injection site. Coronal slices were prepared using McIlwain tissue
chopper (790744-11, Mickle laboratory engineering company, Surrey, UK). Dorsal-
ventral sections (0.5 mm) were then obtained from each coronal slice using Leica
CM3050S cryostat system operating at �18 �C. Each 0.5 mm section was transferred
into 2 ml polystyrene microtubes (Sarstedt 72.694.006, Montreal, Quebec, Canada)
and 200 ml homogenizing buffer (20mMHEPES,10mMKCl,1.5mMMgCl2,1 mM EDTA,
1 mM EGTA, 1 mM dithioreitol, 1 mM PMSF) was added to each tube. Tissue sections
were homogenized with 1.0 mm diameter zirconia beads. To remove tissue frag-
ments, homogenized tissuewas centrifuged at 15,000 RPM for 15min at 4 �C and the
homogenate was transferred into 1.75 ml eppendorf tubes. 200 ml ELISA diluent
solution was used to dilute homogenate to a total volume of 400 ml.
The amount of protein remaining in the gel and in the brain homogenate at each
time point were analysed by EGF ELISA (PeproTech) as per the manufacturer’s
instructions. The amount of protein remaining in the gel at each time point was used
to calculate the amount of protein released by difference. We assume that no protein
is lost fromHAMC during the period of release. To confirm the effect of denaturation
on protein detectability by ELISA, known concentrations of EGF and PEG-EGF were
boiled for 60 min in the presence of 2 mM b-mercaptoethanol. Detectability of thus
treated proteins was compared to non-denatured proteins by ELISA. ELISA is a reli-
able method for detecting stable protein in tissue since proteins degraded or
denatured are not detectable (Fig. S1). The concentrations in the homogenate were
used to generate tissue penetration profiles for EGF and PEG-EGF as well as the
protein mass balance at each time point.

2.8. Stability of EGF and PEG-EGF in proteases of the brain extracellular space

The stability of EGF and PEG-EGF were investigated in solutions of proteases
extracted from the brain extracellular space (ECS). Extracellular enzymes were
extracted as described previously by Shashoua et al. [23]. An extraction buffer of
0.32 M sucrose and 1 mM calcium acetate in dH2O was first prepared. Uninjured and
stroke-injured C57/BL6 mice were perfused with the extraction buffer. The brains
were harvested and incubated on a rotary shaker (Orbitron Rotatr 1, Model #
260200, Boekel Scientific, Feasterville, PA, USA) in 25 ml of the extraction buffer for
2 h at 0 �C. The extract was concentrated using tubular protein concentrators
(Ultracel 3 kDa MWCO UFC 900324, Millipore, Billerica, MA, USA) until the final
volume was approximately 3 ml. The concentrate was then centrifuged at 16249 g
for 90 min and the supernatant was dialysed in 3500 kDa MWCO dialysis cassettes
(Slide-A-Lyzer 66330, Thermo Scientific, Rockford, IL, USA) against 150 mM PBS for
24 h. The total protein concentrations in both samples were estimated using a UV
spectrophotometer (UVevis ND-100, Nanodrop, Wilminton, DE, USA), and the
solutions were diluted in PBS such that the total protein concentrations in all
samples were equal.

The stability of EGF and PEG-EGF were determined in brain ECS samples over
48 h at 37 �C. 100 ml of the incubating media was added to 1.5 ml eppendorf tubes
and stored at 4 �C. At each time point, 5 ml of 10 mg/ml EGF or PEG-EGF solution was
added to each extract and incubated at 37 �C. The time points examined were 0, 0.5,
1, 2, 3, 6, 8, 24 and 48 h. Immediately after the 0 h samples were taken, the stability
of proteins in all samples were determined using EGF ELISA as per the manufac-
turer’s instructions (PeproTech). The protein stability was compared to a sample in
PBS incubated at 37 �C for the same period of time.

To verify that the mechanism of protein degradation is enzymatic proteolysis,
a panel of protease inhibitor solutions was added to the ECS and homogenate
solutions to inactivate the proteolytic enzymes present. The protease inhibitor panel
was prepared with the following solution in dH2O: 1 mM 4-(2-aminoethyl) benze-
nesulfonyl fluoride hydrochloride (AEBSF), 1 mg/ml 6-aminohexanoic acid, 100 mM

antipain, 800 mM aprotinin, 4 mM benzamidine HCl, 40 mM bestatin, 100 mM chy-
mostatin, 10 mM E�64, 1 mM N-ethylmaleimide, 100 mM leupeptin, 1 mg/ml pepstatin,
10 mM phosphoramidon, and 10 mM trypsin inhibitor (INHIB1, SigmaeAldrich). The
protein stability assay was carried out as above and the ELISA detectable protein
concentration was determined.

2.9. Effects of EGF and PEG-EGF released from HAMC on endogenous SVZ cell
proliferation

Both uninjured and stroke-injured mice subjected to implantation surgeries of
EGF or PEG-EGF were sacrificed 2 d following implantation and perfused with
10 ml saline followed by 10 ml 4% PFA. The brains were harvested and post-fixed in
4% PFA for 24 h at 4 �C, and subsequently cryoprotected with 20% sucrose solution
for 24 h.

Brains were cryosectioned at 10 mm and all tissue sections from Bregma 1.94 to
Bregma �2.92 were collected. Sections were stained with the following antibodies:
rabbit anti-mouse Ki67 (1:200); mouse anti-human Ki56 (1:200); mouse anti-rat
nestin (1:200); rabbit anti-mouse DCX (1:200). With the following secondary
antibodies: Alexa 568 goat IgG (1:200); Alexa 488 goat-anti-rabbit IgG (1:200);
Alexa 564 goat-anti-rabbit IgG (1:200); Alexa 488 goat-anti-mouse IgG (1:200);
Alexa 568 goat-anti-mouse IgG (1:200).

To determine the effect of EGF and PEG-EGF released from HAMC on endog-
enous SVZ cell proliferation, every 5th tissue section was stained and all Ki-67þ/
DAPIþ cells along the lateral walls of the ipsilateral and contralateral ventricles
were counted. Additionally, ten random sections were selected from each unin-
jured and stroke-injured, PEG-EGF treated animals, and co-stained with Ki67
nestin or DCX. Double-positive cells along the SVZ were quantified as a percent of
total Ki67þ cells.

2.10. Statistics

Data are presented as mean � standard deviation. Comparisons between
multiple groups were conducted using one-way ANOVAwith Bonferonni correction.
Significance levels were indicated by p < 0.05 (*), 0.01 (**), and 0.001 (***).
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3. Results

3.1. In vitro release of EGF from HAMC

The release of EGF and PEG-EGF from HAMC was first studied
in vitro over 24 h (Fig. S2A). Approximately 80% of protein in HAMC
was released within the first 8 h, and approximately 100% was
released by 24 h. The release was diffusion controlled between
30min and 8 h, as the fractional protein release was proportional to
t0.5 (Fig. S2B) [24]. Between 0 and 30 min, the release did not follow
diffusion-controlled profile due to swelling of HAMC, which
reached equilibrium after 30 min of incubation in buffer. Diffu-
sional release of PEG-EGF from HAMC was not slower than EGF,
despite the hydrodynamic radius of PEG-EGF being larger than that
of EGF [25,26], indicating that the pore size of HAMC is greater than
the hydrodynamic radius of PEG-EGF.

3.2. In vivo elimination of EGF and PEG-EGF in uninjured and
stroke-injured animals

HAMC containing either EGF or PEG-EGF was implanted on top
of both uninjured and stroke-injured mouse brains 4 days post
stroke. In vitro EGF release data suggested that the majority of epi-
cortical delivered EGF and PEG-EGF from HAMC were released
Fig. 2. PEG-modified EGF has slower rates of elimination compared to native EGF in vivo. The
(A) Quantification of the amount of protein remaining in HAMC normalized to starting m
quantified in the brain tissue by ELISA, and this amount was then divided by the total am
stroke-injured brains (p < 0.05, n ¼ 3, mean � SD reported).
within 2 days. We therefore extracted the EGF and PEG-EGF
remaining in HAMC on top of the brain at 2 h, 6 h, 1 d, and 2 d
post-implantation and measured the amount present by ELISA. As
predicted, the amount of protein remaining in HAMC decreased at
each subsequent time point (Fig. 2A, B). Significant differences were
neither found between EGF and PEG-EGF groups nor between
injured and uninjured groups.

Similarly, to determine the elimination rate of delivered
proteins, we measured detectable protein levels in brain tissues
at 2 h, 6 h, 1 d, and 2 d. Proteins detected were normalized to the
expected amount released at each time, as determined from the
mass of protein detected in HAMC. PEG-EGF was eliminated at
significantly slower rates than EGF from both uninjured (Fig. 2C)
and stroke-injured brains (Fig. 2D). In uninjured brains, at 2 h
post implant, 90% of the EGF and PEG-EGF released from HAMC
was detected by ELISA. At 6 h, 1 d, and 2 d post implant, signifi-
cantly more PEG-EGF was detectable in tissue compared to EGF
(p< 0.05). Indeed, at 2 d post implant, only 10% of EGF was
detected whereas 60% of PEG-EGF was found. Similarly, in stroke-
injured brains, significantly more PEG-EGF was detected in tissue
compared to EGF at all times examined. Even at 2 d post implant,
the quantity of PEG-EGF significantly exceeded that of EGF
though only low levels of both EGF and PEG-EGF were detected
(p< 0.05).
amount of (-) EGF and (,) PEG-EGF detected after 2 h, 6 h, 1 d and 2 d was quantified.
ass in uninjured and (B) stroke-injured brains. (C) The amount of protein was first

ount of protein released from HAMC to determine mass percent in uninjured and (D)
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3.3. In vivo penetration profiles of EGF and PEG-EGF in uninjured
and stroke-injured animals

Protein penetration in brain tissue is severely limited by rapid
elimination [27]. Based on previous studies [21], it was hypothe-
sized that PEG-modification of EGF would reduce rates of elimi-
nation, thereby allowing the protein to diffuse further. To this end
we investigated the tissue penetration profiles of EGF and PEG-EGF
at 2 h, 6 h, 1 d, and 2 d following release from HAMC in both
uninjured and stroke-injured mice. Six 500 mm sequential tissue
sections were prepared ventral to the cortical surface and the
delivered proteins were extracted for analysis by ELISA.

In the uninjured brain, at 2 h post-implantation, the majority of
proteinwas found between 0 and 500 mm below the cortical surface
for bothEGFandPEG-EGF (Fig. 3A). At6hpost-implantation (Fig. 3B),
themajorityof EGFwas foundat depthsbetween0and1500mmwith
trace amounts observed at 1500e2500 mm. Significantly higher
concentrations of PEG-EGF were found at 1500e2500 mm compared
to EGF at 6 h post implant (p< 0.05), while at 1 d post-implantation
(Fig. 3C), the concentrations of PEG-EGF observed between 2500 and
3000 mm significantly exceeded that of EGF (p< 0.05). At 2 d post-
implantation (Fig. 3D), the amounts of PEG-EGF found in all tissue
sections exceeded that of EGF (p< 0.05), and therewas at least a two-
fold increase of protein accumulation due to PEG-modification. This
suggests that EGFwascleared faster thanPEG-EGF, anddemonstrates
Fig. 3. PEG-modification of EGF allows for deeper tissue penetration in uninjured brains aft
the diffusion profiles of (-) EGF and (,) PEG-EGF at different depths is assessed. (A) At 2 h
significantly more PEG-EGF is found between 1500 and 2000 mm, the profiles remain s
concentrations of PEG-EGF are found 2500e3000 mm below the cortical surface. (D) 2 day
mean SD reported).
that PEG-EGF was able to penetrate deeper into uninjured brain
tissue than unmodified EGF.

In stroke-injured brains, a similar trend was observed. At early
times (Fig. 4A, B), the penetration profile of PEG-EGF resembled
that of EGF. At 1 d post implant (Fig. 4C), PEG-EGF was observed
throughout the 3000 mm of tissue analysed while the amounts of
EGF found deeper than 1000e1500 mm are negligible. PEG-
modification lead to a greater than seven-fold increase in protein
accumulation. At 2 d post-implantation (Fig. 4D), while there was
minimal EGF and PEG-EGF found in the deeper tissue slices, the
protein accumulation achieved by PEG-modification was ten-fold
greater between 500 and 2000 mm, and more than twenty-fold
greater between 2000 and 3000 mm. This finding is promising for
delivery to the NSPC niche in the SVZ, which is approximately
2000e3000 mm ventral to the cortical surface. While unmodified
EGF may not be able to reach the SVZ in efficacious doses, PEG-EGF
will likely reach the SVZ at sufficiently high doses, thereby stimu-
lating NSPC proliferation in vivo.

3.4. In vitro proteolytic stability of EGF and PEG-EGF in brain
extracellular space (ECS) and intracellular enzyme solutions

According to the tissue mass balance of delivered EGF and PEG-
EGF, it is clear that PEG-EGF was eliminated more slowly than EGF.
One of the major mechanisms of protein elimination in the brain is
er delivery from implanted HAMC. Following implantation in uninjured mouse brains,
post-implantation protein concentration is similar. (B) At 6 h post-implantation, while
imilar in all other tissue sections. (C) 1 day post-implantation, significantly higher
s post-implantation, more PEG-EGF is found at all depths examined (p< 0.05, n ¼ 3,



Fig. 4. PEG-modification of EGF allows for deeper tissue penetration in stroke-injured brains after delivery from implanted HAMC. Following implantation in stroke-injured mouse
brains, the diffusion profiles of (-) EGF and (,) PEG-EGF at different depths is assessed. (A) At 2 h and (B) 6 h post-implantation diffusion profiles appear similar. (C) 1 day post-
implantation, significantly more PEG-EGF is found between 1000 and 3000 mm (D) 2 days post-implantation, higher levels of PEG-EGF are found at all depths examined (p< 0.05,
n ¼ 3, mean SD reported).
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enzymatic degradation [28]. To gain insight into this possible
mechanism of degradation, we studied the stability of EGF and
PEG-EGF in proteases extracted from the extracellular space of the
brain in vitro. In protein extracts from uninjured brains, PEG-EGF
exhibited significantly higher stability than EGF (Fig. 5A). The
half-life (t1/2) of PEG-EGF was 3.52 h while that of EGF was 0.74 h
(Fig. 5B). In extracts from stroke-injured brains, a similar trend was
observed in the extracellular protein extracts (Fig. 5C), and the t1/2
of PEG-EGF and EGF were 3.85 and 1.69 h, respectively. To confirm
that the observed effect on protein stability is due to proteolytic
degradation, we examined EGF and PEG-EGF stability in both PBS
and protein extracts from stroke-injured brains treated with
a panel of protease inhibitors (Fig. 5A, C). The stability of both EGF
and PEG-EGF remained at initial levels over 8 h when incubated
with protease inhibitors, suggesting that the degradation of EGF
observed was predominately enzyme-mediated.

3.5. Effect of EGF and PEG-EGF delivered from HAMC on SVZ stem
cell proliferation

Immunohistochemical staining with Ki67 was used as
a measure of SVZ proliferation [29]. To ensure that the Ki67þ cells
was an accurate measure of NSPC proliferation, sections from both
stroke-injured mice and stroke-injured mice treated with PEG-EGF
were co-stained with Ki67 and the NSPC markers nestin and
DCX [30].
Following epi-cortical implantation of EGF and PEG-EGF, we
examined the proliferation of SVZ NSPCs to determine whether the
protein reaching the SVZ is bioactive. Both uninjured and stroke-
injured mice were sacrificed 2 d post-implantation. Coronal brain
sections from all treatment groups were stained with Ki67 and
DAPI and co-stained cells along the lateral ventricles were quanti-
fied (representative images of SVZ from the stroke-injured group,
Fig. 6AeD, and the stroke-injured/PEG-EGF treated group,
Fig. 6EeH, are shown). The total number of Ki67þ proliferating cells
in the SVZ was quantified ipsilateral and contralateral to the
implant.

In uninjured brains with and without blank HAMC implants, the
total cell number was not significantly different between the ipsi-
lateral and contralateral SVZ (Fig. 6I). We did not observe an
increase in NSPC proliferation resulting from HAMC alone. When
treated with EGF and PEG-EGF delivered from HAMC, the number
of proliferating NSPCs ipsilateral to the implant significantly
exceeded that from the HAMC implant alone (p< 0.05). There was
no difference observed contralateral to the implant between any of
the test groups. The ipsilateral cell count exceeded the contralateral
cell count following either EGF or PEG-EGF treatment (p < 0.05).
This suggests that within 2 d post implant, EGF delivered from the
hydrogel delivery system preferentially reached the ipsilateral SVZ
and thus enhanced stem cell proliferation. We observed no signif-
icant difference in cell proliferation between EGF and PEG-EGF
treatments ipsilateral to the implant. This indicates that in



Fig. 5. PEG-EGF is more stable compared to native EGF in extracellular space proteins extracted from uninjured and injured brains. (A) In the uninjured brain, (B) PEG-EGF is
degraded more slowly than (C) EGF in proteins extracted from the extracellular space. The stability of (:) EGF and (D) PEG-EGF in PBS remained constant and similar to initial
levels over time. The stability of (-) EGF and (,) PEG-EGF in protease inhibitor-treated ECS extract also remained constant. (B) The rates of degradation (ke) and the half-lives (t½)
are quantified: PEG-EGF has a slower degradation rate than EGF in both uninjured and stroke-injured brains; and PEG-EGF has a longer half-life than EGF in both uninjured and
stroke-injured brains. (C) PEG-EGF degrades more slowly than EGF in proteins extracted from the extracellular space of stroke-injured brains (n¼ 3, mean � SD reported).
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uninjured brains, the dose of EGF reaching the SVZ is able to
enhance NSPC proliferation, and the effect of EGF and PEG-EGF
arriving at the SVZ within 2 d post implant is equivalent in terms
of their ability to promote NSPC proliferation.

Stroke injuries increased the level of SVZ cell proliferation
compared to uninjured controls, both ipsilateral and contralateral to
the injury (Fig. 6J). Contralateral to stroke injuries, sham implants of
aCSF and HAMC did not lead to differences in the proliferating cell
population of the SVZ. Therewere no statistical differences between
the EGF and PEG-EGF treated animals compared to control animals
in the contralateral tissue. Ipsilateral to the stroke injuries, sham
implants of aCSF and HAMC did not affect the number of prolifer-
ating SVZ cells compared to stroke surgeries alone. The total number
of proliferating cells in the ipsilateral SVZwas significantlyenhanced
by both EGF (p< 0.05) and PEG-EGF (p< 0.001). PEG-EGF led to
higher numbers of proliferating cells ipsilateral to the implant
compared to EGF (p< 0.05). This demonstrates that PEG-EGF was
bioactive in vivo. It also demonstrates that PEG-EGF was more
effective than EGF in stimulating NSPC proliferation in stroke-
injured brains, when delivered using the minimally-invasive
HAMC epi-cortical delivery vehicle. The effect of PEG-EGF was only
observed in the SVZ ipsilateral to the implant, suggesting that epi-
cortical delivery is able to target the ipsilateral tissue, thereby
confining the effect to the desired region.

We confirmed that the factors delivered epi-cortical fromHAMC
were efficacious in terms of stimulating precursor cell populations
in the SVZ. EGF is a known mitogen for precursor cells in the SVZ
[30,31]. We determined that treatment with PEG-EGF led to more
pronounced SVZ cell proliferation compared to baseline conditions.
Therefore sections from stroke-injured mice treated with and



Fig. 6. When delivered epi-cortically from HAMC, PEG-EGF stimulates higher levels of subventricular zone cell proliferation compared to EGF. Uninjured and stroke-injured mice
are treated with EGF and PEG-EGF delivered epi-cortically from HAMC. (AeD) Representative images are shown for Ki67 staining of stroke-injured and (EeH) stroke-injured/PEG-
EGF treated groups. Arrows indicate double-labelled cells in the SVZ. (I) Quantification of Ki67 positive cells in uninjured brains show that both PEG-EGF and EGF increased SVZ cell
proliferation by 1.6 fold compared to control groups (p< 0.05), while no significant difference was observed contralateral to the implant. (J) In stroke-injured brains EGF enhanced
cell proliferation in the SVZ, compared to control groups (p< 0.05). PEG-EGF showed greater effect in increasing proliferation relative to both all control groups (p< 0.001) and EGF
(p< 0.05). There were no significant differences among the groups contralateral to the implant (n ¼ 3, mean� SD reported). A, E Scale: 100 mm, BeD, FeH Scale: 40 mm.
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without PEG-EGF were double-stained with Ki67 and the NSPC
marker nestin or the neuroblast marker DCX. We found that the
number of Ki67þ cells that were double positive for DCX (Fig. 7AeC)
to be significantly increased in PEG-EGF treated stroke-injured
animals compared to the stroke-only animals (p< 0.05). More
nestinþ Ki67þ cells appear to be upregulated in PEG-EGF treated
stroke animals (Fig. 7DeF) than stroke-only animals; however, no
statistical difference was observed. These results suggest that PEG-
EGF stimulated the SVZ precursor cell populations.

4. Discussion

Herewe investigated the potential of using HAMC as a local drug
delivery vehicle for treating stroke. By placing HAMC remotely from
the target site, we avoid risks of trauma and infection observed
when inserting cannulae and needles into the brain tissue [32]. In
our system, HAMC is delivered on top of the cortex, thereby
minimizing tissue damage compared to systems where the reser-
voir is either directly inserted into the tissue [27,33] or a burr hole is
drilled into the brain tissue to create a void for the reservoir [4].

One important factor impeding the use of polymeric drug
delivery systems in the brain is short protein penetration distance.
Previous studies have shown protein diffusion to be restricted to
1e2 mm in brain tissue [34], an inadequate distance for NSPC
stimulation as the niche is deep within the brain. Our present study
shows that by modifying EGF with PEG, we significantly increase
the amount of protein accumulated 2e3 mm ventral to the cortical
surface, 1e2 days after HAMC delivery. These distances exceed
previously reported distances of protein diffusion in the uninjured
brain and correspond to the depth of the SVZ [35,36]. These
features demonstrate that HAMC is a suitable candidate for local-
ized sustained drug delivery to the brain, yet we recognize that
3 mm of tissue penetration is adequate in mouse models, but may
be inadequate in humans to stimulate SVZ precursor cells.

PEG-modification resulted in a 3-fold increase in EGF penetra-
tion distance in the uninjured brain and up to 27-fold increase in
stroke-injured brain. The benefit of PEG-modification is amplified
in the stroke-injured brain. We have previously demonstrated that
following stroke there is an upregulation of EGFR [21]. This increase
in receptors post stroke will increase the rate of elimination and
could account for the increased efficacy of PEGylation in stroke-
injured animals when compared to uninjured animals.

We propose that the increased penetration distance of PEG-EGF
can be further enhanced through the use of a constant protein
source. We [37] and others [27,34] previously showed that proteins
released from a constant source will increase diffusion in the brain
by 2-fold compared to a single injection. Proteins encapsulated in
poly(lactide-co-glycolide) micro/nanospheres and incorporated
into HAMC can be used to achieve a range of delivery periods,
between 7 and 30 days [37]. This type of long-term sustained
delivery device will provide the constant source required to further
increase protein diffusion distance in the brain. By releasing growth
factors close to the target sites, the amount of protein required will
be reduced as will the volume of tissue exposed, thereby decreasing
the risk of tumour development associated with long-term growth
factor delivery.

We studied the stability of EGF and PEG-EGF during diffusion by
examining their rates of degradation in brain-extracted solutions.
PEG-modification of EGF improved EGF stability and corroborates
previously reported results, where PEG improved the stability of
various proteins in vitro [38]. We found both EGF and PEG-EGF to be
eliminated faster in stroke-injured brains compared to uninjured
brains. This is likely due to activation of inflammatory cells and
over-expression of proteolytic enzymes [28].

The observation that stroke injuries increase cell proliferation in
the SVZ is consistent with previous findings [39]. The effect of
injury alone, however, does not adequately enhance proliferation
and tissue regeneration. Significantly greater total numbers of
proliferating cells in uninjured brains are observed after EGF or
PEG-EGF treatment, than untreated controls. This demonstrates the
benefit of remote delivery and also suggests that the amounts of
both EGF and PEG-EGF that reach the SVZ may saturate the EGFR.



Fig. 7. Proliferating precursor cell populations in the SVZ. Sections from stroke-injured and stroke-injured/PEG-EGF treated brains are stained with Ki67 and one of either double-
cortin (DCX) or nestin. (A) stroke-injured and (B) stroke-injured/PEG-EGF treated brains co-stained with DCX and Ki67. (C) Quantification of cells double-stained with Ki67 and DCX.
(D) stroke-injured and (E) stroke-injured/PEG-EGF treated brains co-stained with nestin and Ki67. (F) Quantification of cells double-stained with Ki67 and nestin. Significant
difference was found between stroke-injured and stroke-injured/PEG-EGF treated groups for DCXþ Ki67þ (p< 0.05, n ¼ 3, mean� SD reported). Images were taken at 20�
magnification. Insets show arrow-indicated regions at 60� magnification. Scale: 100 mm.
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Significantly, the results reported herein have broad applicability to
other areas of controlled molecule delivery to the brain. For
example, our system could be used to deliver a myriad of clinically
relevant agents, including small molecule drugs [40], protein
therapeutics [7], and imaging agents [41].

5. Conclusions

Our results demonstrate the potential ofHAMCas a drug delivery
vehicle for local release to the brain and the use of PEG as amodifier
to enhance protein stability, diffusion distance, and in vivo bioac-
tivity. We demonstrate that injection of HAMC on the brain cortex
achieves direct delivery to the brain tissue, obviating the need to
cross theBBBoruseminipump/catheter systems. PEG-EGFenhances
NSPC proliferation in both uninjured and stroke-injured brainswith
the greatest number of NSPCs stimulated ipsilateral to the stroke
injury with PEG-EGF delivery. This delivery system is beneficial
because it achieves local delivery to the brain in a minimally-
invasive way, and may enable the clinical translation of minimally-
invasive epi-cortical drug delivery strategies.
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