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Abstract

A promising component of biomaterial constructs for neural tissue engineering are electrospun
fibers, which differentiate stem cells and neurons as well as direct neurite growth. However, means
of protecting neurons, glia, and stem cells seeded on electrospun fibers between lab and surgical
suite have yet to be developed. Here we report an effort to accomplish this using cell-
encapsulating hydrogel fibers made by interfacial polyelectrolyte complexation (IPC). IPC-
hydrogel fibers were created by interfacing acid-soluble chitosan (AsC) and cell-containing
alginate and spinning them on bundles of aligned electrospun fibers. Primary spinal astrocytes,
cortical neurons, or L929 fibroblasts were mixed into alginate hydrogels prior to IPC-fiber
spinning. The viability of each cell type was assessed at 30 min, 4 h, 1 d, and 7 d after
encapsulation in IPC hydrogels.. Some neurons were encapsulated in IPC-hydrogel fibers made
from water-soluble chitosan (WsC). Neurons were also stained with Tuj1 and assessed for neurite
extension. Neuron survival in AsC-fibers was worse than astrocytes in AsC-fibers (p<0.05) and
neurons in WsC-fibers (p<0.05). As expected, neuron and glia survival was worse than L929
fibroblasts (p<0.05).Neurons in IPC-hydrogel fibers fabricated with WsC extended neurites
robustly, while none in AsC fibers did. Neurons remaining inside IPC-hydrogel fibers extended
neurites inside them, while others de-encapsulated, extending neurites on electrospun fibers, which
did not fully integrate with IPC-hydrogel fibers. This study demonstrates that primary neurons and
astrocytes can be encapsulated in IPC-hydrogel fibers at good percentages of survival. IPC
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hydrogel technology may be a useful tool for encapsulating neural and other cells on electrospun
fiber scaffolds.
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Introduction

Millions are affected by nervous system injury, whether to the brain (1), spinal cord (2), or
peripheral nerves (3, 4). Because nervous tissue does not spontaneously regenerate like
epithelial and connective tissues, injury to the nervous system leaves most patients
significantly disabled. Patients and their families urgently seek new treatments and
technologies to repair the damaged nervous system and restore lost function.

In the development of new technologies to repair the nervous system, there are two general
approaches: guiding axons from the site of injury to the original synaptic site, and
implanting neurons to replace neurons lost as a result of injury. In some cases, only axon
guidance is necessary in order to restore lost function, which is true (theoretically) for
peripheral nerve damage. In other cases, such as spinal cord injury where loss of function is
due to loss of neurons and disrupted axons, both approaches are needed. Neurite
regeneration may be sufficient to restore function lost from severed axons (5-7), but
plasticity of native neurons alone may be insufficient to completely compensate for neurons
lost at the injury site (8, 9).

One approach to improve axon regeneration is the design of scaffolds to act as guidance cues
for neurites. Our laboratory has helped to pioneer the neurite-guiding potential of
electrospun fibers, and we have shown that electrospun fibers serve as physical cues to direct
neurite outgrowth from primary neuronal cells (10-15). Electrospinning is a method of
producing polymer fibers with diameters on the nanometer to micrometer scale. When
aligned, electrospun fibers guide neurite extension parallel to the direction of fiber alignment
(16-18). Application of electrospun fibers to /n vivo models of nerve injury have
demonstrated the capability of these acellular scaffolds to promote robust neurite extension
(19, 20), and can lead to functional recovery in the spinal cord (21, 22) and peripheral nerve
(23-26). Electrospun fibers have also been seeded with cells prior to implantation in the
spinal cord (27). However, it can be difficult to get neurons to adhere to electrospun fibers
unless adhesion ligands are used. While electrospun fibers are good materials for directing
axon extension, they may be inadequate as a platform for implantation of new neurons
without further modification.

To address the problem of protecting neurons, glia, and their stem cell precursors on
electrospun fibers, we have turned to cell-encapsulating hydrogels. By encapsulating
transplanted cells in a hydrogel matrix, we endeavor to provide a protective barrier to shield
transplanted cells from toxic environments, ambient air and temperature, and mechanical
perturbations during implantation that would otherwise lead to cell harm or detachment (28).
A large body of research exists that focuses on the design of hydrogels for use in the
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peripheral and central nervous system. However, most engineered hydrogels use
crosslinkers, some of which are cytotoxic or produce cytotoxic byproducts. One method of
generating cross-linked hydrogels that has received recent attention is through Diels-Alder
reactions, which has been used to tune hydrogel mechanical properties (29, 30). Another
common is through the use of microwave-assisted crosslinking, which was recently used to
add RGD peptides to increase cell adhesion (31). In contrast, hydrogel fibers made by
interfacial polyelectrolyte complexation (IPC) form via electrostatic interactions between
positively and negatively charged hydrogel solutions (32), so no covalent crosslinks are
formed. IPC fibers have been shown to be an encapsulant suitable for many cell types (33),
and have been shown to support the differentiation of encapsulated human pluripotent stem
cells into mature neurons (34). However, the effect of IPC hydrogel fibers on primary neuron
or astrocyte populations has not been reported, and no study has attempted to combine IPC
hydrogels with electrospun fibers.

In this study, we encapsulated primary neurons and astrocytes in IPC fibers and combined
neurons encapsulated within them with electrospun fibers to take advantage of their neurite
guiding capacity. Using a Calcein-AM assay, we evaluated the encapsulation viability of
primary cortical neurons and astrocytes in IPC fibers using L929 fibroblasts as a positive
control. Our findings confirm that IPC fibers, when formed at near-physiological pH, present
a suitable environment for sensitive cell types such as primary neurons. To further assess
IPC fibers as an encapsulant for use in nerve regeneration, we assembled a cortical neuron-
encapsulating IPC fiber / electrospun nanofiber composite scaffold and explored its capacity
for neuritogenesis and neurite elongation. The results of these experiments suggest that IPC
fibers may be a promising encapsulant for neural tissue engineering applications, especially
when used in combination with electrospun nanofibers.

All experiments were done in accordance with the Animal Component of Research
Protocols (ACORPs #0909-012 and #1506-004) as approved by the Ann Arbor VA
Subcommittee on Animal Studies and follow both US and international standards regarding
the care and use of animals.

IPC Fiber Formation

IPC fibers are formed via the interfacial interactions between oppositely charged
polyelectrolyte solutions. In this study, 2.5% w/v sodium alginate (Sigma, A0682) in sterile
H,0 was selected as the negatively charged polyelectrolyte solution. This alginate solution
was then paired with one of two positively charged polyelectrolyte solutions: acid-soluble
chitosan (AsC) or water-soluble chitosan (WsC). The AsC solution was prepared by
dissolving 2% w/v low molecular weight chitosan (Aldrich, 448869, 50-190 kDa) in 0.2 M
acetic acid. In an effort to increase pH neutrality and, in effect, cell encapsulation viability, a
water-soluble chitosan derivative was later prepared by partially acetylating highly
deacetylated chitosan. The acetylation reaction was performed using the method described
by Kurita, et al (35). The WsC solution was then prepared by dissolving 2% wi/v partially
acetylated chitosan in 1x PBS.
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To initiate fiber formation, a pair of polyelectrolyte solution droplets were dispensed onto a
Pyrex glass surface. Using blunt-tipped forceps, the two droplets were brought into contact
and IPC fibers were drawn from the interface. Fig. 1A is a picture of the IPC fiber spinning
apparatus, and Fig. 1B is a cartoon illustrating the IPC fiber components and the process of
fiber formation. To visualize the interface between the polyelectrolyte solutions, Trypan
Blue (Gibco, 15250-061) was added to the alginate, as shown in Fig. 1C.

After initiating fiber formation, the IPC fibers were collected using a rotating spindle
apparatus, similar to that shown by Wan, et al. (32). Rather than collect IPC fibers directly
on the rotating apparatus, glass coverslips were loaded on the spindle arms to catch the
newly formed fibers. Fig. 1D is a transmitted light micrograph of an IPC fiber collected on a
glass coverslip. This micrograph reveals the microtopography of IPC fibers, consistent with
that previously described (32). Outlined in orange is the nuclear fiber bundle, a collection of
tightly complexed fibers formed via the charge-charge interactions between the
polyelectrolytes. Outlined in blue is a loosely-complexed bead that has formed around the
nuclear fiber bundle. It has been shown that beads form along IPC fibers when the speed at
which fibers are drawn exceeds a critical rate (32). We hypothesized that the loosely-
complexed hydrogel beads would provide additional protection for encapsulated cells, so we
rotated the collection spindle with a tangential velocity of ~2.8 cm/s, a speed that ensured
bead formation. To better visualize the nuclear fiber bundle, fluorescein sodium salt (Sigma,
46960) was added to the alginate solution, as shown in Fig. 1E. The fluorescent alginate
solution was prepared by dissolving 2% wi/v sodium alginate in water containing 2 ug/mL
fluorescein sodium salt.

IPC Fiber Diameter Measurement

To measure the diameter of the IPC fibers, transmitted light micrographs were collected
from IPC fibers spun onto glass coverslips. Using ImageJ software (36), three distinct
measurements were collected: Diameter of the loosely complexed hydrogel beads, diameter
of the nuclear fiber bundle contained within the loosely complexed hydrogel beads, and the
diameter of the nuclear fiber bundle in the narrow regions between the beads. A minimum of
14 measurements were collected for each measurement type. Results are presented as means
+/- 1 standard deviation.

L929 Fibroblast Preparation

L.929 fibroblasts were purchased from ATCC and grown on 100 mm diameter tissue culture
treated plates (Corning, Inc. 353003) in Dulbecco’s Modified Eagle Medium (DMEM,
Gibco 11885084) with 10% fetal bovine serum (FBS, Gibco 10438026) and 1% Penicillin-
Streptomycin-Neomycin antibiotic mixture (PSN, Gibco 15640055). When the plates
reached 80-90% confluence, they were passed either 1:5 every 3-5 days or 1:10 every 7-10
days. L929 fibroblasts used in our experiments ranged from pass 5 to pass 28.

To generate a cell suspension for subsequent encapsulation, the medium from 2-3 confluent
plates was aspirated and 3 mL 0.25% trypsin-EDTA (Gibco 25200056) was added to each
plate. Plates were incubated for 5-10 minutes, or until cells detached, at which time 3 mL
FBS was added to inactivate the trypsin-EDTA. The resulting cell suspension was
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centrifuged for 5 minutes at 1000 RPM and the cell pellet was obtained. The pellet was
resuspended in 0.25 mL DMEM with 1% PSN and added to 1.75 mL of 2.5% sodium
alginate solution.

Astrocyte Preparation

Astrocytes were isolated from E13-E14 Sprague-Dawley rats. Time-pregnant rats were
obtained from Envigo (Indianapolis, IN), anesthetized with isoflurane and ketamine/
xylazine, and euthanized via intracardiac injection of sodium pentobarbital. Embryos were
then removed from the uterus and their spinal cords were harvested for dissociation. Spinal
cords were stripped of all membranes, chopped into 1 mm size pieces, and trypsinized for 13
minutes before manual trituration with a fire polished glass Pasteur pipette. The cell solution
was suspended over a 9% OptiPrep density gradient (Alere Technologies AS 1114542) in
Leibovitz’s L-15 medium (Gibco 11415114) and centrifuged for 15 minutes at 2000 RPM
from which the cell pellet was obtained. Cells were re-suspended in a plating medium
similar to motor neuron medium as described by Leach and colleagues (29-31), excluding 2
mM L-glutamine, and supplemented to 10% FBS. Astrocytes were plated in 100 mm
diameter tissue culture-treated plates that had been coated with 3 mL 0.01% poly-L-lysine
(PLL, Sigma-Aldrich P4832) for one hour, aspirated, rinsed three times with 5 mL sterile
water for 5 minutes, then left at 4°C to dry overnight. Plates were split 1:3 once confluent
and passes 3—7 were used to ensure nonspecific cells were not being utilized.

Much like the L929 fibroblast suspensions, astrocyte suspensions were prepared using 2—3
confluent plates. Cell pellets were resuspended in 0.25 mL Hibernate®-E medium (Gibco
A12476-01) and then carefully mixed with 1.75 mL 2.5% sodium alginate solution.

Cortical Neuron Preparation

Cortical neurons were isolated from E17 Sprague-Dawley rats. After removing the embryos
from the uterus, the heads were decapitated and placed in a tissue culture treated plate with
ice cold Neurobasal medium. The meninges were carefully sliced anterior to posterior,
freeing the brain and allowing the brain to be dissected and transferred to a plate with cold
L-15 medium. All blood vessels and connective membranes were removed. The remaining
brain tissue was cut into small 1 mm pieces, transferred to a 50-mL conical, and centrifuged
at 1000 RPM for 5 minutes. The supernatant was carefully removed and 3 mL of 0.25%
trypsin-EDTA was added to the cell pellet. The conical was placed in a 37°C bead bath for
13 minutes, and then 3 mL of FBS was added to the conical to inactivate the trypsin-EDTA.
The conical was then centrifuged at 1000 RPM for 2.5 minutes and supernatant gently
removed. A fire-polished glass Pasteur pipette that had been coated on the inside with FBS
for 5-10 minutes was used to triturate the cells into 2 mL L-15 medium. Once a
homogenous cell suspension was achieved, 48 mL L-15 medium was added to the cell
suspension, and the conical was centrifuged at 1000 RPM for 10 minutes. The supernatant
was removed and the cells were re-suspended in motor neuron medium, prepared as
previously described (12), and plated onto ten 100 mm diameter PLL-coated tissue culture-
treated plates in motor neuron medium (12).
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Cortical neuron suspensions were prepared using 1-4 plates (~10-40 million cells),
depending on the intended use. For viability experiments, lower encapsulation densities were
necessary in order to adequately distinguish live and dead cells. For immunolabeling
experiments, however, more plates and higher encapsulation densities were able to be used.
For all cortical neuron experiments, the cell suspension was prepared by first aspirating the
motor neuron media and applying 3 mL of 0.25% trypsin-EDTA to each plate. After 5
minutes of incubation, 3 mL of FBS was added to inactivate the trypsin-EDTA. The cortical
neurons were gently agitated by repeatedly pipetting the liquid across the surface of the
plate, and the suspension was transferred to an appropriately-sized conical to be centrifuged
at 1000 RPM for 5 minutes. Once the supernatant had been removed, the cell pellet was re-
suspended in 50 pL of motor neuron medium. 40 uL of the cortical neuron suspension was
mixed with 200 uL of 2.5% sodium alginate solution prior to IPC fiber formation.

Calcein-AM Viability Assay

To evaluate cell encapsulation viability, cell-encapsulating IPC fibers were cultured on
PLGA-coated glass coverslips and stained with the LIVE/DEAD Viability/Cytotoxicity Kit,
for mammalian cells, by Molecular Probes. In some experiments, PDMS inserts were added
to the culture wells to keep IPC fibers submerged in culture media and attached to the
PLGA-coated glass surface. The green fluorescent calcein-AM and the red fluorescent
ethidium homodimer-1 components of the LIVE/DEAD kit were used to identify live and
dead cells, respectively. Cells that fluoresced with any green were counted as live and cells
that fluoresced only red were counted as dead.

For each cell type, cell-encapsulating IPC fibers formed from alginate and chitosan were
evaluated 30 minutes, 4 hours, 1 day, and 7 days post-encapsulation. As a control, ‘pre-
encapsulation’ viability was also evaluated by staining cells plated directly onto PLL-coated
glass coverslips. For the 30-minute time point, cell-encapsulating IPC fibers were
submerged in LIVE/DEAD staining solution immediately after encapsulation, and were
incubated for 30 minutes. For all other time points, the cell-encapsulating IPC fibers were
incubated in each cell type’s respective culture media until 30 minutes prior to the post-
encapsulation timepoint. At that time, the culture media was aspirated and replaced with the
LIVE/DEAD staining solution. After 30 minutes of incubation, the cell-encapsulating IPC
fibers were imaged immediately after aspirating the stain. Using an EVOS FL imaging
system with RFP and GFP light cubes and a 20x objective, a minimum of 20 fluorescence
micrographs were collected from each sample. The number of live and dead cells in each
micrograph were counted manually, and a percent survival was calculated by summing the
live cell counts from each sample’s set of micrographs and dividing by the total number of
counted cells. After observing the unhealthy morphologies of cortical neurons encapsulated
in IPC fibers formed using AsC, the encapsulation viability of cortical neurons was re-
evaluated using WsC as the positively charged polyelectrolyte solution. For statistical
analysis, a sample was defined as the collection of 4-6 coverslips loaded onto the collection
spindle during a single spin. At least 3 samples were collected for each cell-type/time-point
combination. Specific n-values were as follows: Pre-encapsulation (L929 n = 3, Astrocyte n
=4, AsC Neuron n= 7, WsC Neuron n = 4), 30 minutes (L929 n = 8, Astrocyte n =5, AsC
Neuron n = 3, WsC Neuron n = 4), 4 hours (L929 n = 5, Astrocyte n = 5, AsC Neuron n = 4,
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WsC Neuron n = 4), 1 day (L929 n =5, Astrocyte n =5, AsC Neuron n = 3, WsC Neuron n
= 3), and 7 days post-encapsulation (L929 n = 5, Astrocyte n =5, AsC Neuron n = 3, WsC
Neuron n = 3).

Differences between cell types and chitosan formulations were compared using 2-way
ANOVA (a = 0.05) and Tukey’s multiple comparison tests. To make the comparisons fair,
pre-encapsulation survival data were omitted from the ANOVA because cells in these groups
were never exposed to either polyelectrolyte and therefore to anything in the hydrogel fiber
that could decrease their survival.

Collection of Aligned Electrospun Fibers

Aligned electrospun fibers were collected in a fashion similar to that described in previous
work (37). In short, a 4% w/v solution of poly-L-lactic acid (PLLA, Evonik Resomer L210)
dissolved in a 9:1 mixture of chloroform:dimethylformamide was loaded into a blunted
syringe. A voltage of 20 kV was applied to the syringe tip while a syringe pump dispensed
electrospinning solution at a rate of 0.20 mL/hr. A collection disk was positioned 30 cm
from the syringe tip and rotated at 800 RPM. The voltage of the collection disk was
maintained at -2 kV. 6% PLGA-coated glass coverslips were taped onto the disk and
electrospun nanofibers were collected for 10 minutes.

Scanning Electron Microscopy

Scanning electron micrographs of electrospun fibers were collected with an AMRAY 1910
field emission scanning electron microscope using SemTech Solutions X-Stream image
capture software. Electrospun fiber samples were placed under argon and coated with gold
using a Polaron sputter coater. The accelerating voltage was 3kV. A representative image of
electrospun fibers is presented in Fig. 2A.

Composite Scaffold Construction

Composite scaffolds were constructed by drawing IPC fibers overtop the aligned electrospun
nanofibers. Depending upon how the electrospun nanofiber composites were loaded on the
IPC collection spindle, either “parallel” or “perpendicular” composite scaffolds were
created. Fig. 2B is a cartoon illustrating the components of the parallel composite. In the
parallel composite, the electrospun fiber coverslips were loaded onto the IPC collection
spindle such that the IPC nuclear fiber bundle aligned with the underlying electrospun fibers.
Fig. 2C is a photograph of a parallel composite where the IPC fibers were dyed with Trypan
Blue to help distinguish the composite scaffold components. When perpendicular
composites were constructed, the electrospun nanofiber coverslips were rotated 90 degrees
such that IPC nuclear fiber bundle ran perpendicular to the electrospun nanofiber bundle.

Immunofluorescence Staining

Immunofluorescent techniques were used to investigate neurite formation and elongation
within IPC fibers. In all images shown, cortical neurons encapsulated in IPC fibers were
fixed and stained 3 days post-encapsulation. Like the LIVE/DEAD viability experiments,
PDMS inserts were sometimes used to prevent IPC fibers from separating from the
underlying substrates. After 3 days of incubation, cell-encapsulating IPC fibers were fixed
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for 30 minutes in 4% PFA at room temperature. After three 5-minute PBS washes, the
samples were permeabilized for 30 minutes in a block/perm solution containing 1.25%
Bovine Serum Albumin (Sigma A4503), 0.05% Triton X-100 (Sigma T-9284), and 2%
Normal Goat Serum (Gibco 16210-064) in 1xPBS. The samples were then incubated
overnight at 20°C in a primary antibody solution containing 1.125% Bovine Serum
Albumin, 0.045% Triton X-100, 10% Normal Goat Serum, and monoclonal anti-B-Tubulin
I11 produced in mouse (1:1000 Tuj1, Sigma-Aldrich T8578). The following day, two-three
5-10 minute PBS washes were performed prior to incubating for 2—4 hours at room
temperature, protected from light, in a secondary antibody solution containing FITC-
conjugated Goat anti-Mouse 1gG (1:200, Sigma F0257) in 1x PBS. The PLGA films and
overlying fibrous constructs were transferred to a fresh coverslip and mounted on a glass
slide in ProLong Gold with DAPI (Life Technologies P36931) after three additional 5-10
minute PBS washes.

Primary Neural Cell Viability in IPC-fibers

We began this study by asking whether IPC fibers composed of alginate and chitosan,
demonstrated to be a useful encapsulant of other cell types, could be used to encapsulate
primary neurons and glia. Cells from the nervous system have been repeatedly demonstrated
to be more difficult to grow than cells from other organ systems. Of the cells within the
nervous system, primary neurons from the CNS have been found more difficult to grow than
glia. Based on these observations from the field of neuron culture, several straightforward
hypotheses can be formulated. First, astrocytes in IPC fibers will not survive as well as a
common connective tissue cell type, such as a fibroblast. Second, primary neurons will not
survive as well as fibroblasts. Third, primary neurons will not survive as well as astrocytes.

Primary cortical neurons and astrocytes were encapsulated in IPC fibers fabricated using
alginate and acid-soluble chitosan (AsC). Cells were assessed for viability at 30 min, 4 h, 1
d, and 7 d. Cells from the line L929, a line of fibroblasts, were used as positive controls.

The sensitivity of primary neurons to in vitro environments suggests also that AsC, having a
lower pH outside a typical range found in vivo, would be harsher and therefore more
deleterious to survival than water-soluble chitosan (WsC). As a consequence, our fourth
hypothesis was that neurons in WsC would survive better than those in AsC, and we
encapsulated some neurons in IPC fibers fabricated with WsC to test this.

Results of our experiments can be seen in Fig. 3. Survival percentages of all cell types at
each encapsulation (culture) time are graphed in Fig. 3A. Photographs of cells in the IPC
fibers can be seen in Fig. 3B-E. Statistical analysis of these data was accomplished with a 2-
way ANOVA test in which we included all data except for pre-encapsulation, since cells in
these samples were never exposed to the chitosan and alginate hydrogels that compose the
IPC fibers.
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Cell viability as a function of cell type

We found that cell type and chitosan formulation (referred to hereafter as cell type) produced
41% of the variation of cell survival in IPC fibers (p < 0.0001). Multiple comparison testing
of survival data by cell type averaged across all encapsulation times in culture showed that
L929 fibroblasts (78.9 £ 12.1%; mean + S.D.) survived better than astrocytes (58.4 + 13.4%;
p < 0.001), consistent with our first hypothesis that astrocyte survival would be poorer than
that of fibroblasts. We also found that L929 fibroblast survival was superior to that of
neurons in fibers fabricated using both AsC (44.2 £+ 6.78%; p < 0.0001) and WsC (59.9 +
9.84%; p < 0.01), consistent with our second hypothesis that fibroblasts would be more
robust than neurons in these IPC fibers.

We also tested whether astrocytes would survive better than neurons. Consistent with our
third hypothesis, survival of astrocytes exceeded survival of neurons in fibers fabricated with
AsC (p < 0.05). However, survival of astrocytes was not statistically different from that of
neurons in fibers fabricated with WsC. Additionally, neurons in fibers fabricated with WsC
exhibited greater survival than neurons in fibers fabricated with AsC (p < 0.05). These last
two findings are consistent with our fourth hypothesis, namely that WsC would be superior
to AsC in its ability to promote neuron survival.

To understand how different cell types compared to each other over time, multiple
comparisons of survival percentages by cell type were performed at each time point. While
there exist statistically significant differences in survival among the different cell types at
each time, we found no consistent relationship between cell type and viability at the
different time points.

Cell viability as a function of time

Since the goal of encapsulating neurons and astrocytes in IPC fibers is to create new
constructs by which to tissue engineer the nervous system after injury, adequate survival of
neurons and glial cells at time periods of weeks to months is vital. And because ex vivo
environments can be challenging to cells, we also hypothesized that cell survival would
decrease over time, and that the survival percentages of the most vulnerable of the cell types,
neurons, would have the greatest decrease in survival over time, most easily observed at the
7-day time point.

The 2-way ANOVA test also revealed that time in culture explained only 5.0% of the
variation in cell survival (n.s.), but that interaction between cell type and time was explained
18% of the variation (p < 0.01). To explain this interaction, we broke down survival to
examine cell survival changes over time. Multiple comparisons of survival percentages at the
different time points were performed within each cell type. In contrast to our hypothesis that
neuronal survival would decrease over the 1 week of culture, no significant differences in
survival percentage were observed between any of the time points, either for neurons in AsC
fibers or for neurons in WsC fibers. Similarly, in contrast to our hypothesis that astrocyte
survival might also decrease over time, we found that the percentage of live astrocytes
actually increased between 30 minand 7 d (p < 0.01). Similar to astrocytes, the percentage
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of viable L929 fibroblasts also increased over time; a statistically significant increase in
survival was observed at 1 d (p < 0.01) and 7d (p < 0.05) compared to 30 min.

Neuron Morphology and Neuritogenesis

One of the hallmarks of neurons is their morphology, characterized by the presence of
neurites. Classified as axons and dendrites, neurites are the processes by which neurons
connect with one another and through which information flows to other neurons. Any
biomaterial construct that impedes formation of neurites will fail in its utility as a tool in
neural tissue engineering.

We noted that primary cortical neurons encapsulated in IPC fibers formed using AsC failed
to present neurites (Fig. 3D). Since a lack neuritogenesis could be an indication of poor
neuronal health, we hypothesized that the low pH inherent in AsC impeded neurite
formation, and that replacing it with WsC could allow neurons to form neurites. In the
experiments to assess viability above, we noticed that aligned processes could be seen in
neurons encapsulated in IPC fibers fabricated using WsC (Fig. 3E).

To test this further, we compared neurite formation in IPC fabricated with AsC vs. WsC.
Neurons in IPC were stained with the neuron-specific p-tubulin marker, Tuj1.
Immunofluorescent labelling revealed primary cortical neurons encapsulated in IPC fibers
fabricated using AsC presented few, if any, neurites (Fig. 4A), while those encapsulated in
IPC fibers formed using WsC presented many neurites that were aligned (Fig. 4B). We also
found that the neurites that formed in the IPC fibers fabricated with WsC were highly
aligned. These findings were demonstrated in several replications of these experiments.
Based on these observations, we conclude that IPC fibers fabricated using WsC are more
conducive to neurite formation than those fabricated using AsC.

Neuron Behavior in IPC Fiber / Electrospun Fiber Composite Scaffolds

One of the original purposes of the study was to determine if these IPC fibers could be used
to encapsulate cells from the nervous system around electrospun fibers. Therefore, our final
step was to determine whether neurons encapsulated in these composite scaffolds would
extend processes along electrospun fibers. To test this, composite scaffolds were created by
drawing cortical neuron-encapsulating IPC fibers on top of a bundle of aligned electrospun
fibers. Because the hydrogel fibers fabricated by IPC contain smaller component fibers, it
can be difficult to distinguish whether these or electrospun fibers are responsible for neurite
guidance. In order to help determine this, two variants of the composite scaffold were
constructed: parallel composites, in which the IPC fibers are aligned parallel to the
electrospun fibers in the bundle, and perpendicular composites, in which the IPC fibers are
oriented perpendicular to the electrospun fiber bundle. Some of the composite scaffolds were
constructed using IPC fabricated with AsC (Fig. 5A); most were constructed using IPC
fabricated with WsC (Fig. 5B-D).

We first hypothesized that the topographical cues of the electrospun fibers in these
composite fibers would provide directional guidance to neurons and help initiate neurite
formation in IPC fibers fabricated with AsC. In these parallel composites (Fig. 5A),
neuritogenesis remained severely stunted, despite the presence of electrospun fibers. When
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parallel composites were constructed using WsC-IPC fibers, we observed robust neurite
elongation (Fig. 5B). We also observed that compared to the neurites near the nuclear fiber
bundle, some neurites in the beaded regions of the IPC fibers were seen more clearly in the
focal plane of the electrospun fiber bundle. These neurons exhibited neurite outgrowth
parallel to the alignment of the electrospun fibers in a region where nuclear fibers were
sparse, suggesting orientation by electrospun fibers.

To better visualize the unique contributions to unilateral alignment provided by the two
scaffold components, perpendicular composite scaffolds were fabricated with neurons in
WsC. We hypothesized that, in this configuration, we would be able to better distinguish
which neurons in the composite scaffold were following electrospun fiber cues and which
were following cues from the IPC nuclear fiber bundle. To determine the extent of influence
of each fiber type on neurite alignment, perpendicular composite scaffolds were fabricated
with neurons in WsC. We found that some neurites did extend along the underlying
electrospun fibers, perpendicular to the IPC nuclear bundle, suggesting that the addition of
electrospun fibers to a cell-encapsulating IPC fiber construct can result in additional
guidance of aligned neurite elongation. Neurites following IPC fibers (Fig. 5C) were
noticeably separated from neurites following electrospun fibers (Fig. 5D), suggesting that
the IPC and electrospun fibers were not sufficiently integrated.

IPC Fiber Morphology

The narrowest portions of the IPC nuclear fiber bundle, located in the regions between the
loosely complexed hydrogel beads, measured to be 40.6 +/- 29.4 um for IPC fibers formed
using ASC and 35.9 +/- 27.8 um for IPC fibers formed using WSC. The widest portions of
the IPC nuclear fiber bundle, located within the loosely complexed hydrogel beads,
measured 225.5 +/- 59.7 um using ASC and 188.9 +/- 42.0 um using WSC. The diameters
of the hydrogel beads themselves were measured to be 572.2 +/- 159.8 um and 465.1 +/-
106.7 um when formed using ASC and WSC, respectively.

Discussion

Our primary objective in this study was to investigate the suitability of hydrogels made by
IPC as an encapsulant for neural cells to be seeded on electrospun fibers. Using IPC fibers,
we investigated viability of neurons and astrocytes, the effects of material composition on
neuritogenesis and neurite extension, and whether IPC fibers integrated well with
electrospun fibers when fabricated on electrospun fiber bundles. In this study, we found that
primary neuron and astrocyte survival averaged 59.9 % and 58.4 %, respectively, over the
whole study. At 7 d, the longest time point of our study, neuron and astrocyte survival
averaged 46.7 % and 74.3 %, respectively. We observed that primary neurons can effectively
extend neurites in IPC fibers composed of alginate and water-soluble chitosan (WsC) but not
acid-soluble chitosan. Lastly, we found that in the composite scaffolds, neurites oriented to
either the nuclear fibers or electrospun fibers at different focal planes, suggesting IPC fibers
did not integrate with electrospun fibers as well as we had anticipated.

In our testing of cell viability, we found that neurons survive more poorly than astrocytes
and that astrocytes survive more poorly than fibroblasts. This was completely expected. IPC
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fibers have been used to encapsulate epithelial and connective tissue types with ease (38).
However, neurons in vitro are more difficult to grow than and appear to have a special
vulnerability relative to other primary cell types, so it is unwarranted to merely apply IPC
methods to neurons and expect them to survive without difficulty.

One reason that neurons may not have performed as well as astrocytes and fibroblasts in IPC
fibers may stem from the polyelectrolytes that compose them, chitosan and alginate. Cells
have been found to reside primarily in the beads of alginate that span the nuclear fiber core.
Alginate is negatively charged which decreases cell-to-material adhesion, while chitosan is
positively charged, which increases it (39). Since the survival of neurons in vitro is highly
dependent on positive charge of the substratum to promote neuronal adhesion and
neuritogenesis (40), we hypothesized that survival of neurons encapsulated in the alginate
beads may be poor. However, others have found that primary neurons encapsulated in
hydrogels, including alginate, have survived at percentages comparable to or greater than
ours. Perale found that astrocytes and glial cell lines survival at 55% in a hydrogel of
agarose and carbomer, but do not specify culture duration (41). Zhou and colleagues found
that 50% of neurons and glia survived on the surfaces of poly(MAETAC-PEGMA)
hydrogels with tethered acetylcholine (42). Alginate has also been found to be a suitable
hydrogel for primary neurons, producing survivals of 83% in ultrasoft alginate (43) and 70—
80% in alginate-carboxymethyl cellulose doped with ECM proteins (44). In our
experiments, many neurons were able to contact the outer fibrils and the nuclear core, as
evidenced by the neurite extension observed in the IPC fibers. These chitosan-containing
structures could have acted as positively-charged substrates inside the surrounding alginate
environment, thus supporting neuronal adhesion and survival.

We also found that neuron survival did not change over time. We suspect that neuron
survival did not decrease after the 30-minute time point because after the traumatic process
of encapsulation, little additional trauma was incurred. Encapsulated neurons did not
increase, because those harvested from E17 rats are essentially mature and therefore do not
proliferate. Additionally, there was a decrease in neuronal survival by day 7. This decrease is
likely due to the long-term culture of the neurons. Longer-term culture of primary neurons is
difficult and depends upon culture conditions, including optimal media and cell density (45).
Encapsulation of both neurons and glia together would be one of several long term solutions
to this problem. In contrast to neurons, both astrocytes and fibroblasts increased over time,
suggesting proliferation after having been encapsulated. Both were encapsulated from
serum-containing media, which promotes proliferation.

We found that AsC impairs neuritogenesis and that WsC allows neurite guidance. This is not
surprising, since cells from the central nervous system are known to be sensitive to acidic pH
(2, 4). We suspect that the aligned fibrils contained in the IPC nuclear fiber bundle are the
most likely source of directed neurite growth, working by contact guidance. We further
suspect that the positive change of the chitosan is attractive to the cell bodies and the
neurites, and assists in attracting neurites to the fibrils and longitudinal nuclear core,
facilitating the guided neurite growth through the IPC hydrogel fibers. The fact that all the
chitosan in the IPC fibers collects in the nuclear core or the nuclear fibrils scattered
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throughout the alginate beads (32) supports this idea. More work should be done to confirm
the mechanisms involved in the direction of IPC fiber-guided neurite extension.

We found that the IPC fiber components did not merge with the electrospun fiber bundle as
cohesively we had anticipated. This is despite the fact that the beads of the IPC fibers
appeared to spread out on electrospun fiber bundles (Figs. 1 and 2). However, the spatial
separation between composite scaffold components likely limits the opportunity for
cooperativity between the different directional guidance cues. Based on neurites visualized
in composite scaffolds where the electrospun fiber bundles were perpendicular to the IPC
fibers, it appeared that some of the neurons appeared to escape or de-encapsulate from the
bead components of the IPC fibers. From our results, it is clear that both electrospun fibers
and the fibrils / nuclear core contained within the IPC fibers are capable of orienting
neurites. The lack of integration between IPC and electrospun fibers suggests that more
sophisticated approaches will be needed to successfully encapsulate electrospun fibers and
cells into an IPC construct.

Survival of neurons in the 50% range suggests that improvements to long term viability
could be made by doping or functionalizing the alginate with ECM glycoproteins (e.g.,
laminin or fibronectin) or trophic factors appropriate to the neuronal phenotype of interest.
Increasing the density of neurons and neural stem cells to be encapsulated should also
improve viability, as could co-encapsulation of neurons with astrocytes or Schwann cells.
We believe that we have demonstrated that water soluble chitosan should be used when
attempting to encapsulate neurons in IPC hydrogels. We also hypothesize that there are other
approaches that will successfully allow combining hydrogel structures fabricated with IPC
technology to encapsulate neural cells on electrospun fibers.

In these experiments, we have shown that unilateral neurite elongation can be supported in
the absence of electrospun fibers. However, using other approaches, the incorporation of
electrospun fibers may still be advantageous to maximize guidance in scaffolds for neural
repair. Because nerve regeneration and spinal cord repair are long-term processes, an
effective neurite guidance scaffold should be able to provide sustained directional support
over weeks to months. The in vivo degradation of IPC fibers has not yet been well-
characterized, but the degradation rates of other hydrogels suggest that the direction cues
provided by IPC fibers may not be sufficiently sustained over these long times. It is possible,
on the other hand, to engineer electrospun fibers with slowly degrading polymers which
should facilitate continued guidance no matter how fast IPC fibers degrade. In summary, we
do foresee a future in which IPC hydrogel structures can be used to encapsulate electrospun
fibers and neural cells to create effective scaffolds for neural repair.
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Figurel.
IPC Fiber Formation and Characterization. A. A picture of the IPC-fiber spinning apparatus.

B. Cartoon showing IPC fiber formation: Oppositely charged polyelectrolyte solutions (1,2)
are brought together on a glass surface (3). An IPC fiber (4) is drawn by grasping the
interface with forceps (5) and pulling upward. C. Photograph of IPC fiber formation using
an alginate solution dyed with Trepan Blue. D. Transmitted light micrograph of an IPC fiber.
The nuclear fiber bundle is outlined in orange and the loosely complexed hydrogel bead is
outlined in blue. E. Fluorescence micrograph of an IPC fiber formed using an alginate
solution dyed with fluorescein sodium salt. Scale bars: 400 pum.
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Figure 2.
Electrospun Nanofiber Composite Scaffold Construction. A. SEM photomicrograph of

aligned nanofibers electrospun from a 4% PLLA solution in chloroform. B. Cartoon of the
parallel composite construct: glass coverslip (1), 6% PLGA solvent cast (2), aligned
electrospun fiber bundle (3), cell-encapsulating IPC fibers (4). C. Photograph of a partial
parallel composite scaffold containing IPC fibers formed using an alginate solution dyed
with Trypan Blue.
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Figure 3.
Viability of Cell-Encapsulating IPC Fibers. A. Survival percentages calculated using the

Live/Dead Viability Assay. L929 fibroblasts, primary astrocytes, primary cortical neurons
using AsC, and primary cortical neurons using WsC were evaluated at the following
durations of encapsulation: Pre-encapsulation, 30 minutes, 4 hours, 1 day, and 7 days post-
encapsulation. Technical and biological replicates for each group varied, but all groups were
repeated at least three times (see materials and methods for specific values). Data are plotted
as mean + S.E.M. **, p <0.01; *** p <0.001; **** p, 0.0001; compared to mean L929
survival. T, p < 0.05, compared to mean Neuron (AsC) survival. B-E. Representative
micrographs of live and dead cells 7 days post-encapsulation. L929 fibroblasts (B), primary
astrocytes (C), primary cortical neurons in IPC fibers formed using AsC (D), primary
cortical neurons in IPC fibers formed using WsC (E). Scale bars: 200 pum.
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A

Figure 4.
Neurite Elongation in IPC Fibers. Immunofluorescent micrographs of primary cortical

neurons 3 days post-encapsulation in IPC fibers. Neurons are labeled with the neuron-
specific marker tubulin-Tujl (green) and cell nuclei with DAPI (blue). A. Cortical neurons
in IPC formed using AsC did not present neurites. B. Cortical neurons in IPC fibers formed
using WsC presented neurites that elongated along the length of the nuclear fiber bundle.
Similar images were collected from preparations in at least one other separate trial. Scale
bars are 200 pm.
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Figure5.
Neurite Elongation in Composite Scaffolds. Immunofluorescent micrographs of primary

cortical neurons 3 days post-encapsulation in IPC fiber / electrospun fiber composite
scaffolds. Neurons are labeled with the neuron-specific marker tubulin-Tuj1 (green) and cell
nuclei with DAPI (blue). A-B. Parallel composite scaffolds, where cell-encapsulating IPC
fibers (outlined in red) were drawn such that the nuclear fiber bundle shared the same
orientation as the underlying electrospun fibers. When IPC fibers were made using AsC (A),
no neurites formed. When IPC fibers were made using WsC (B), encapsulated cells
extended neurites unilaterally, as did de-encapsulated cells in contact with electrospun fibers.
C-D. Two different focal planes of the same perpendicular composite scaffold containing
IPC fibers formed using WsC (n = 3). Cells encapsulated in IPC fibers extend neurites
horizontally, along the length of the nuclear fiber bundle (C). Neurites also extend vertically,
along the underlying electrospun fiber mat (D). Similar images were collected from
preparations in at least one other separate trial. Scale bars: 200 pum.
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