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issue engineering scaffolds are often

designed without appropriate con-
sideration for the translational potential
of the material. Solid scaffolds implanted
into central nervous system (CNS) tissue
to promote regeneration may require tis-
sue resection to accommodate implanta-
tion. Or alternatively, the solid scaffold
may be cut or shaped to better fit an
irregular injury geometry, but some fea-
tures of the augmented scaffold may fail
to integreate with surrounding tissue
reducing regeneration potential. To cre-
ate a biomaterial able to completely fill
the irregular geometry of CNS injury
and yet still provide sufficient cell migra-
tory cues, an injectable, hybrid scaffold
was created to present the physical archi-
tecture of electrospun fibers in an aga-
rose/methylcellulose  hydrogel. When
injected into the rat striatum, infiltrating
macrophages/microglia and  resident
astrocytes are able to locate the fibers and
utilize their cues for migration into the
hybrid matrix. Thus, hydrogels contain-
ing electrospun fibers may be an appro-
priate platform to encourage
regeneration of the injured brain.

Introduction

Tissue loss due to traumatic brain
injury or neurodegenerative diseases is
particularly difficult to reconcile given the
central nervous system’s (CNS) inherently
limited capacity for self-renewal due the

p
. 12
presence of the glial scar, ”~ however, even
within this environment regeneration is
possible.” Biomaterial scaffolds are shown
tissue

to assist in regeneration by
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providing physical and chemical cues to
direct cellular infiltration into the lesion,
or implant site, in the brain®® and spinal
cord.®” Although the results to date are
promising, there is a substantial deficit in
the translational quality of the scaffolds in
that solid scaffolds (e.g. electrospun fibers)
require tissue resection for placement and
soft scaffolds (e.g., hydrogels) lack physi-
cal structures to facilitate cellular migra-
tion - outside of the passiveness attributed
to porosity. However, both electrospun
fibers and hydrogels present unique attrib-
utes; electrospun fibers present cellular-
scale topographical cues and hydrogels are
injectable. Thus, a hybrid scaffold that
synergistically combines electrospun fibers
within a hydrogel was created to overcome
the limitations of both approaches.
Electrospun fibers are in widespread
use for neuroengineering applications; in
vitro, the physical features direct neuronal
cells®”

. 10 .
enhance neurite outgrowth.” When #n

differentiation of stem and
vivo, the fibers interact with both neurons
and astrocytes to the extent of fostering
tissue regeneration in the spinal cord''
and brain.'* The electrospinning process
presents a number of fabrication parame-
ters that permit production of substrates
with specific qualites (i.e. fiber diameter,
alignment, chemistry, etc.).'”” However,
presenting these qualities to the iz vivo
environment is difficult given their thin,
sheet-like configuration. Rolling the mate-
rial into a tubular structure is the most
common approach,'"'? however tubular
structures require tubular injury geome-
tries for implantation and may require a
separate cell transplantation process to
place cells within the scaffold.'
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Similarly, hydrogels are reported in
many 77 vitro trials for stem cell differentia-
tion, where the mechanical and chemical
properties are manipulated to promote
neuronal lineages by replicating the CNS
tissue modulus.'>'® Hydrogels possess fea-
tures making them desirable for in vivo
CNS applications; a liquid is delivered via
syringe and needle, minimally disrupting
local tissue and conforming to the irregular
lesion geometry. However, a major draw-
back of some hydrogels is that the hydrogel
matrix does not present cellular-scale archi-
tecture to permit strong cellular adhesion
and induce subsequent cellular infiltration
for the rapid repair of tissues."”

There are a number of studies that
attempt to increase electrospun fiber and
hydrogel clinical relevance by altering the
physical properties given the aforemen-
tioned limitations of both systems. For
example, electrospun fibers display a high
aspect ratio (e.g. diameter to length),
which creates a dense, impenetrable mat.
Increasing the inter-fiber spacing, or poros-
ity, is accomplished by addition of sacrifi-
cial pore forming agents,'®?!
these electrospun fibers are not injectable

but even

nor can they completely fill a void created
when CNS dssue is damaged. Electrospun
fibers can be deposited into 3D macro-
structures™ and are also added to hydrogels

to present physical features in a synergistic
date these
attempts are largely unsuccessful and do

however, to

not present a truly translational approach.

To this end, an innovative approach to
place individual fibers within a hydrogel is
presented. To encourage cell adhesion to
the injected fibers,”” fibronectin was elec-
trospun with the polymer poly-L-lactide
(PLLA) to create fibronectin/PLLA com-
posite fibers. PLLA electrospun fibers with
and without fibronectin inclusion were
dispersed in an agarose/methylcellulose
hydrogel at 2 distinct densities (low and
high). The agarose/methylcellulose com-
bination was used given its injectability,
physiologically relevant thermogelation
properties, and biocompatibility.”® Fur-
thermore, the cellulose-based materials
will not significantly degrade over the
course of the study, allowing for isolation
of electrospun fiber topography-induced
infiltration from hydrogel degradation-
induced infiltration. The hybrid scaffold
was implanted within the rat striatum to
provide proof of concept that the scaffold
was injectable and to discern if fibronectin
inclusion enhanced cellular recognition of
the injected fibers. We present a new bio-
material strategy to encourage cellular
infiltration into the lesion site following
brain injury.

.

-

Figure 1. Schematic of isolation and dispersion of electrospun fibers within a hydrogel matrix. (1)
Aligned electrospun fibers were collected on a thin film of polyvinylalcohol (PVA), which was evapo-
ration cast onto a 15 mm square glass slide. (2) The thin film with fibers attached was removed
from the glass substrate. (3) The thin film with fibers attached was cut into short segments (1 mm)
perpendicular to fiber alignment. (4) Strips of thin film and fiber were placed into a microcentrifuge
tube containing ddH,O to selectively dissolve the PVA. (5) The solution was transferred to a
0.45 pm microcentrifuge filter to separate the fibers segments from the PVA solution. (6) The fiber
segments were transferred to a microcentrifuge tube containing hydrogel. (7) The fibers were dis-
persed within the hydrogel by repeatedly passing the mixture through a syringe.
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Results and Discussion

Electrospun PLLA fibers and PLLA +
fibronectin fibers, Figure S1, were first
characterized in their as-produced, 2D
format to determine the effects of adding
fibronectin to the PLLA electrospinning
solution and subsequent fiber appearance
and geometry. Fibronectin increases the
electrospinning  solution  conductivity,
thus PLLA + fibronectin fiber diameter
was 0.84 + 0.20 pm and PLLA was
1.26 £ 0.18 wm. Fiber alignment vari-
ance and fiber density were not signifi-
cantly different based on the presence/
absence of fibronectin (due to the alter-
ation of fiber collection time). Thus, there
were no differences in fiber density
between the plain fibers and the fibronec-
tin fibers groups; therefore differences in
cellular infiltration could not be attributed
to differences in fiber density.

The 2D fiber images also provide a ref-
erence point for the visual transformation
that occurs when the fibers undergo proc-
essing for dispersion throughout the
hydrogel matrix (e.g., the 2D to 3D tran-
sition), Figure 1. Fluorescent electrospun
PLLA fibers were created and dispersed
throughout the hydrogel matrix to aid in
visualization, Figure 2. Hybrid scaffolds
were created with low fiber density,
Figure 2A, and high fiber density,
Figure 2B. This new process of placing
electrospun fibers within a hydrogel pro-
vides great control over fiber density, fiber
type, and hydrogel type, with many com-
binations possible. Hsieh et al.*” also pre-
dispersing
electrospun fibers within a hydrogel, how-

sented a technique for
ever, the approach presented here appears
to greatly increase the density of fibers
within the hydrogel.

Four experimental scaffold composi-
tions were created, all of which were dis-
persed in the agarose/methylcellulose
hydrogel: PLLA fibers — low density,
PLLA fibers — high density, PLLA +
fibronectin fibers — low density, and PLLA
+ fibronectin fibers — high density. A
blank agarose/methylcellulose hydrogel
and a sham, saline injection served as con-
trols. Scaffolds were implanted bilaterally
into the rat striatum with a 5-minute delay
added between implantation and needle
initial

retraction to accommodate
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Figure 2. 3D rendering of fluorescent electrospun fibers dispersed in an agarose/methylcellulose
hydrogel at 2 densities. Electrospun fibers doped with rhodamine-123 were electrospun and incor-
porated into the hydrogel at (A) low and (B) high densities. Low density samples combine 5 cover-
slips of fibers per 500 wL of hydrogel whereas high density samples combine 10. Images were
captured using a 20X objective lens through 50 wm in the Z-direction. The 3D rendered images

were created using the 4D function in MetaMorph.

gelation, ensuring that the scaffold would
not leak out along the injection tract.
Implant geometry for all sample types was
retained over the 60-day period as seen in
Figure 3. The sham control (e.g., saline
injection, data not shown) did not retain
the injection tract geometry and was only
distinguishable from the surrounding tis-
sue by a slight increase in the number of
glial fibrillary acid protein (GFAP+)
astrocytes.

Retention of the implant shape, and
lack of lesion volume reduction, in all
scaffold samples could be due to 2 distinct

www.tandfonline.com

reasons: the implanted material inhibited
tissue regeneration and/or the tissue itself
cannot regenerate. The former was more
likely to occur than the latter. Cellulose-
based hydrogels have a limited capacity
for degradation; physical dissociation was
the only means for implant size reduction.
A study by Stokols et al.”’ reporting a
similar cellulose-based scaffold implanted
within the CNS displayed resilience to
degradation for at least one month. Tissue
regeneration within the CNS was possible,
as reported by Villapol et al.’® where sig-
nificant reduction in lesion volume size
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over a 60-day period in a model of trau-
matic brain injury occurred, however, this
model was located in the cortex and in the
absence of an inhibitory hydrogel. Thus,
the lack of lesion volume reduction for the
duration of this study was anticipated due
to the resilience of the cellulose-based
hydrogel, even in an environment capable
of reducing lesion size.

The tissue-implant interface, Figure 4
(from demarcated regions in Fig. 3), was
quantified for astrocyte accumulation as a
function of implant composition at 3 time
points: 7, 21, and 60 d post implantation;
however, statistical significance was not
found, Figure S2. Using a resilient mate-
rial provides clear evidence of electrospun
fiber-induced infiltration at the interface,
whereas if a degradable hydrogel (e.g., col-
lagen, fibrin, etc.) were used, it would be
difficult to distinguish the degradation-
induced infiltration from the topography-
induced infiltration. In Figure 4C and E
extensive astrocyte and macrophage/
microglia infiltration was displayed in
comparison to Figure 4A, B, and D. This
corresponds to the PLLA + fibronectin
fiber samples promoting cellular infiltra-
tion. Co-localization of infiltrating cells
with electrospun fibers was further vali-
dated in Figure S3.

Migrating astrocytes were previously
shown to be indicative of increased tissue
regeneration in a spinal cord injury
model.'" The astrocytes in Figure 4E dis-
play a markedly different morphology to
those in Figure 4B. Astrocytes in
Figure 4E were protruding into the lesion
whereas in Figure 4B astrocytes were per-
pendicular to the lesion boundary, creat-
ing a physical barrier similar to the glial

The

Figure 4E may be indicative of increased

scar. astrocyte morphology in
regenerative potential, however, when an
antibody for neurofilament was applied,
neurite projections into the scaffolds were
not found, Figure 5. The aforementioned
differences in astrocyte morphology were
more clearly visualized in Figure 5B and
E. When considering the changes in astro-
cyte morphology in response to electro-
spun fiber topography and their reported
effects,'"*” there may be an increased
potential for regeneration even though sig-
nificant neurite infiltration was not found.

The astrocytes were in contact with the

€1005527-3



Figure 3. Implant geometry 60 d post implantation. The tissue was sectioned transverse to the injection tract, displaying the cross sectional area of each
implant, and stained for astrocytes (GFAP, red), macrophages/microglia (ED1, green), and nuclei (DAPI, blue). The samples were as follows: (A) Blank
hydrogel, (B) PLLA fibers — low density, (C) PLLA + fibronectin fibers - low density, (D) PLLA fibers — high density, and (E) PLLA + fibronectin - high den-
sity. The cross sectional area for each implant was not significantly altered as a function of time or scaffold composition. Demarcated areas indicate the
regions captured at high magnification for Figure 4. Images were captured with a 10X objective lens using the slide scan function in MetaMorph. Z-stack
ranges were optimized for each fluorescence channel and captured independently. Scale bars represent 250 pwm.

electrospun fibers; if they were able to
infiltrate further into the matrix, it may be
possible that neurites would follow, such
as in the case of Nisbet et al.'* This study
provided validation that electrospun fiber
topography can be implanted in an unob-
trusive manner and can be recognized and
utilized by interfacing cells.

There are numerous investigations
where novel materials with sophisticated
chemistries are developed for tissue
engineering strategies, however, few
place due importance on the transla-
tional quality of the material. In this
study, the primary objective was to
develop a tissue engineering scaffold
that minimizes implantation-associated
trauma and maximizes cellular infiltra-
tion. Thus, by combining the injectable
qualities of hydrogels with the physical
guidance cues of electrospun fibers such

a material was created. The fabrication

e1005527-4

process is easily altered to accommodate
any hydrogel or electrospun fiber of
interest, enabling scaffold creation for
all tissue engineering applications.

Methods and Materials

Electrospun fiber fabrication

A polyvinylalcohol (PVA) thin film to
serve as an electrospun fiber collection
substrate was prepared by evaporation
casting a 1:1 volumetric ratio of Partall®
PVA solution (Rexco) and ethanol onto
15 x 15 mm glass coverslips and air-dried
overnight. A method for incorporating
protein into the polymeric matrix was
adopted from Koh et al.’" In brief, elec-
trospinning  solution  consisted  of
1,1,1,3,3,3-hexafluoro-2-propanol (HFIP,
Sigma-Aldrich), dimethylsulfoxide
(DMSO, Sigma-Aldrich), and 12% (wt./
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wt.) poly-L-lactide (PLLA, Nature-
works™; grade 6201D, Cargill Dow
LLC). Fibronectin (Sigma-Aldrich) was
dissolved into the DMSO portion at
0.5 mg/mL and added to HFIP at a volu-
metric ratio of 7.33:1. Electrospinning
parameters, using a previously described
apparatus,'’  were as follows: 9 kV,
1000RPM rotational velocity, 6 cm needle-
target separation, 2.03 mL/hr flow rate,
22 gauge insulated needle, 3 minutes col-
lection duration for fibers with fibronec-
tin (5 minutes without), and 18-22%
relative humidity. One fiber sample from
3 independently fabricated batches was
used for analysis of fiber diameter (n =
30), alignment variation (n = 3), and
density (n = 9) in accordance with previ-
ously outlined procedures.'” A Tukey-
Kramer HSD test was performed on JMP
(SAS) software to determine statistical
significance (P < 0.05).
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Figure 4. Astrocyte and macrophage/microglia interactions with hybrid scaffolds implanted into the striatum 60 d post implantation. High magnification
images (demarcated areas of corresponding images in Fig. 3) of astrocytes (GFAP, red) and macrophages/microglia (ED1, green) at the tissue-scaffold
interface display cellular infiltration into the hybrid scaffold and utilization of the electrospun fiber network. Nuclei were labeled with DAPI (blue). The
samples were as follows: (A) Blank hydrogel, (B) PLLA fibers - low density, (C) PLLA + fibronectin fibers - low density, (D) PLLA fibers - high density, and
(E) PLLA + fibronectin - high density. The fibronectin fiber samples, (C and E), display a greater extent of cellular infiltration into the hybrid matrix as
well as a more loosely defined glial boundary as compared to that displayed in B. Images were captured with a 40X objective lens. Z-stack ranges were
optimized for each fluorescence channel and captured independently. Scale bar represents 50 pwm.

Fluorescent electrospun fibers were cre-
ated from a 1:1 solution of chloroform
and dichloromethane with 8% (wt./wt.)
PLLA. A 2.5 mg/mL solution of rhoda-
mine-123 (Sigma-Aldrich) in DMSO was
prepared and added to the electrospinning
solution at a volumetric ratio of 1:1000
one hour prior to electrospinning. Electro-
spinning parameters were the same as out-
lined above, but with the following
adjustments: collection time is increased
to 10 minutes and relative humidity was
increased to 40%.

Hybrid electrospun/hydrogel
fabrication

A hydrogel composed of 1.5% SeaPrep
(Lonza) agarose and 7.0% Methocel (Dow
Chemical) methylcellulose was created in a
manner similar to that of Martin et al.?®

Electrospun fibers as produced in the

www.tandfonline.com

preceding sections were dispersed into the
hydrogel matrix by first removing the PVA
film with fibers from the coverglass sub-
strate, cutting the samples perpendicular to
fiber alignment into 1.0 mm wide strips,
and dissolving the PVA substrate overnight
in water. The solution was passed through
22 gauge and then 26 gauge needles by a
ImL syringe to disrupt the fiber strips. A
0.45 pwm microcentrifuge filter was used to
isolate the fibers from the PVA solution.
The fibers were washed with deionized
water to remove the residual PVA and then
sterilized by 80% ethanol for 15 minutes
before subsequent centrifugation. The dry,
sterilized fibers were then removed from the
filter membrane, placed onto 500 wL of
hydrogel in a 2.0 mL microcentrifuge tube
(10 coverslips of fibers for high density and
5 for low density), drawn into a 1 mL slip-
tip syringe with the needle removed, and
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forcefully dispensed back into the microcen-
trifuge tube multiple times to disperse the
fibers throughout the gel. Each sample was
then passed through a 26 g needle to ensure
full dispersion. All samples were kept on ice
until the point of application.

Animals and implantation procedure

All procedures were approved by the
institutional ethics committee (Florey
Neuroscience Institute Animal Ethics
Committee) and conform to national
and international standards of care for

Scaffolds

bilaterally implanted into the striatum

experimental animals. were
of 36 male Wistar rats (72 samples in
total). Implants consisted of: (1) aga-
rose/methylcellulose  hydrogel (Blank),
(2) PLLA fibers - low density in hydro-
gel, (3) PLLA fibers - high density
in hydrogel, (4) PLLA + fibronectin
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Figure 5. Images of the neurite network at the tissue-implant interface. Astrocytes (GFAP, Red), neurofilament (RT97, green), and nuclei (DAPI, blue) were
stained to determine if neurite extension into the hybrid scaffold occurred. The samples were as follows: (A) Blank hydrogel, (B) PLLA fibers — low density,
(C) PLLA + fibronectin fibers — low density, (D) PLLA fibers - high density, and (E) PLLA + fibronectin - high density. The fibronectin fiber samples, C and
E, display a greater extent of astrocyte infiltration into hybrid matrix as well as a more loosely defined glial boundary as compared to that displayed in B;
however, in all cases there were no neurites protruding and into the hybrid scaffold and interacting with the electrospun fiber network. Images were cap-
tured with a 40X objective lens. Z-stack ranges were optimized for each fluorescence channel and captured independently. Scale bar represents 50 pm.

fibers - low density in hydrogel, and (5)
PLLA + fibronectin fibers - high density
in hydrogel. An injection of saline solu-
tion served as a control (sham). Implants
were analyzed at 3 time points: 7, 21,
and 60 d post implantation (n = 4 for
each scaffold/time point combination).

Surgical procedures were performed
similar to Nisbet et al.” with the follow-
ing alterations.

All animals were anesthetized by 2%
isoflurane in oxygen, which was reduced
to 0.5% upon obtaining surgical levels of
The scaffolds,
within 21-gauge needles, were implanted
to a depth of 6 mm below the cortex sur-
face and held in place for 5 minutes to
facilitate gelation. Each implant was

anesthesia. contained

approximately 1.25 pL in volume. Ani-
mals were euthanized by an intraperito-
neal injection of Lethabarb (100 mg/kg).
A transcardial then

perfusion  was
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performed with PBS and subsequently
4% paraformaldehyde (PFA) in phosphate
buffer. The brain was then removed and
post fixed in 4% PFA overnight and then
transferred to a 30% sucrose solution. The
solution was changed daily until the tissue
sank (3 days). The tissue was then snap
frozen with liquid nitrogen and stored at
—80°C until immunohistochemistry was
performed.

Immunohistochemistry

Horizontal sections (perpendicular to
the injection tract) were cut at 30 pm
thickness using a cryostat. Slides were
air dried for 30 minutes, post-fixed in
4% PFA for one minute, washed with
phosphate buffered saline (PBS), and
then blocked for 15 minutes at room
temperature in a solution of 2% normal
goat serum (NGS) and 0.1% Triton

X100 in PBS. Each slide was then
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washed with PBS and immersed in anti-
body diluent (0.2% NGS and 0.01%
Triton X100) with rabbit anti-rat glial
fibrillary  acid  protein  (Astrocytes;
GFAP, Dako, Z0334), mouse anti-rat
ED1 (Macrophage/Microglia; AbDSero-
tec, MCA314R), or anti-neurofilament
(Neurons;  Developmental  Studies
Hybridoma Bank, RT97) all diluted at
1:500 and incubated overnight at room
temperature. The primary solution was
removed, slides were washed, and then
incubated in AlexaFluor 488 rabbit
anti-mouse secondary in antibody dilu-
ent at 1:1000, and goat anti-rabbit
AlexaFluor 594 for 3 hours at room
temperature. Slides were then washed,
incubated with DAPI at 1 ug/mL for
5 minutes, washed again, and cover-
slipped with anti-fade. All images were
captured on an Olympus IX-81 with
DSU.
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Image Quantification

Images were captured using a 20X
objective lens at 3 points along the
implant/tssue interface of sections labeled
with an anti-GFAP antibody as detailed
above. The GFAP signal was quantified
by first applying a standard threshold level
to all images, and converting them to
binary format to isolate the labeled cells
from the background signal. A line was
then drawn perpendicular to the implant
interface, transecting the boundary. Using
the plot profile function within Image],
the cellular signal distribution was quanti-
fied as percent area covered in increments
of 25 um from the implant interface.
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