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Three-dimensional aligned
nanofibers-hydrogel scaffold for
controlled non-viral drug/gene
wanes delivery to direct axon regeneration
s in spinal cord injury treatment

Lan Huong Nguyen'”*, Mingyong Gao%%"", Junquan Lin!, Wutian Wu3*>¢, Jun Wang’ &
SingYian Chew8

Spinal cord injuries (SCI) often lead to persistent neurological dysfunction due to failure in axon
regeneration. Unfortunately, currently established treatments, such as direct drug administration,

do not effectively treat SCI due to rapid drug clearance from our bodies. Here, we introduce a three-
dimensional aligned nanofibers-hydrogel scaffold as a bio-functionalized platform to provide sustained
non-viral delivery of proteins and nucleic acid therapeutics (small non-coding RNAs), along with
synergistic contact guidance for nerve injury treatment. A hemi-incision model at cervical level 5 in the
rat spinal cord was chosen to evaluate the efficacy of this scaffold design. Specifically, aligned axon
regeneration was observed as early as one week post-injury. In addition, no excessive inflammatory
response and scar tissue formation was triggered. Taken together, our results demonstrate the
potential of our scaffold for neural tissue engineering applications.

Spinal cord injuries (SCI) irreversibly disrupt the spinal tracts and ultimately lead to permanent functional
impairment. Although the direct administration of biological factors to injury sites is frequently applied, such an
approach often does not lead to robust tissue regeneration and reformation due to the rapid biological clearance
- of these agents from our bodies'™*. Given this limitation, biodegradable scaffolds are increasingly employed as
. temporary frameworks for sustained delivery of biomolecules and to support neo-tissue formation. To mimic the
:mechanical properties of the spinal cord, hydrogels and self-assembled peptide nanofibers are commonly used* .
Unfortunately, these scaffolds are often isotropic in architecture and hence lack the ability to direct the growth of
regenerated axons through the extensively disorganized injured tissues for proper neuronal reconnections.
We introduce herein a biodegradable, three-dimensional aligned nanofibers-hydrogel scaffold as a biofunc-
. tionalized platform to provide contact guidance and sustained non-viral drug/gene delivery for nerve injury
. treatment. The scaffold comprises of aligned poly (e-caprolactone-co-ethyl ethylene phosphate) (PCLEEP)
electrospun nanofibers that were distributed in a three-dimensional configuration within a collagen hydrogel.
Comparing to the microchannels and microfibers that were previously used for SCI treatments'!~'%, nanofibers
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more closely imitate the size scale and architecture of the natural extracellular matrix that is present in our body.
More importantly, our scaffold design allows robust drug/gene encapsulation. Our previous works have shown
that electrospinning enabled the incorporation of a wide variety of drugs ranging from proteins to low molecular
weight lipophilic drugs and nucleic acids within nanofiber matrices!®-%. Collagen hydrogel, on the other hand, is
well-established in its ability to enable sustained drug/gene delivery?” 2.

To demonstrate the efficacy of our PCLEEP-collagen hybrid scaffold in achieving effective local drug/gene
delivery in vivo, we incorporated neurotrophin-3 (NT-3) as the model protein and miR-222 as the model
microRNA. NT-3 is known to promote neuronal survival, axonal sprouting and regeneration®*-*. In addition,
it facilitates the proliferation and differentiation of oligodendrocyte precursors cells’>**%. On the other hand,
miR-222 is enriched in axons and participates in controlling local protein synthesis at distal axons*-%. Such con-
trolled local protein synthesis plays crticial roles in allowing severed axons to undergo regeneration within hours
after injuries, independent of protein transport from the cell soma of neurons***. Unfortunately, the expres-
sion of miR-222 is often significantly altered after nerve injuries**-#%. In vitro, when miR-222 was deliberately
over-expressed in injured adult neurons, enhanced regrowth was observed**#1#748 However, the use of miR-222
to enhance nerve regeneration after SCI has not been attempted. We speculate that this is largely due to the lack
of effective non-viral methods to deliver microRNAs to neurons in vivo. Thus, in this study, we incorporated
NT-3 and miR-222 into the PCLEEP-collagen hybrid scaffold to evaluate the feasibility of a single scaffold in
imparting synergistic biochemical and topographical signals to enhance nerve regeneration after SCI. The results
showed that our biofunctionalized scaffolding platform effectively provided bio-mimicking contact guidance,
and allowed the controlled delivery of various drugs and therapeutic biomolecules of drastically different nature
and molecular weights.

Materials and Methods

Scaffold fabrication. Preparation of micellar nanoparticles. 'The micellar nanoparticles (MNP), which
consist of poly(e-caprolactone)-block-polyethylene glycol (PCL-PEG) and poly(e-caprolactone)-block-poly(
2-aminoethyl ethylene phosphate) (PCL-PPEEA), were prepared according to the literature®. Briefly, 10 mg of
PCL, 4 -PEG; 4 and PCL,s-PPEEA,, (molar ratio = 1.5/1) were dissolved in 500 pl of solvent mixture, which
comprised of methanol and acetonitrile (volume ratio = 1/1). Ultrapure water (5.0 ml) was added drop by drop
into the polymer solution during stirring. After stirring at room temperature for 2 h, the chemical solvent was
removed by vacuum. The MNP concentration was then adjusted to 2mg/mL by adding extra ultrapure water. This
MNP solution was kept at 4°C until used.

Aligned PCLEEP fibers. The PCLEEP copolymer (Mw = 59,102, Mn = 25,542) was synthesized by previ-
ously reported methods***°. To fabricate aligned PCLEEP nanofibers, 35 wt% of PCLEEP was dissolved in
2,2,2-Trifluoroethanol (TFE, Sigma-Aldrich) and electrospun using the two-pole air gap electrospinning
technique®'. Specifically, the spinning solution was loaded into a 1 ml syringe that was capped with a 22 gauge
blunt-tipped needle. This solution was then charged at +-10kV and released at a flow rate of 1.9 ml/h. The PCLEEP
fibers were then deposited within a 5.0 cm air gap area that was between two stationary collector poles (—4.0kV).
Each set of fibers was obtained after 90 seconds of spinning. These fiber bundles were then sterilized under UV
light for 30 minutes.

To fabricate PCLEEP nanofibers that encapsulated nucleic acids, 40 wt% of PCLEEP in TFE was used. First,
Cy5-labeled oligonucleotides (ODN), 488-ODN, NEG-miR (100 uM) or miR-222 was complexed with MNP
(2.0mg/ml) at room temperature for 10 minutes. Thereafter, the nucleic acid complexes were added into the
PCLEEP solution at a RNA/MNP/TFE ratio of 35 j11/296 pl/1 ml. Following that, this polymer solution was dis-
pensed at a flow rate of 0.5 ml/h and electrospun at an electrical voltage of 13kV. Each set of fibers was obtained
after 60 seconds of electrospinning.

Scaffolds.  Rat-tail Collagen type I (10.08 mg/ml, Corning, LOT 4041009) was used to fabricate hydrogel accord-
ing to the manufacturer’s protocol (BD Biosciences). Briefly, 10x phosphate buffered saline (PBS; pH 7.4, Life
Technologies), collagen type I, 1.0 N NaOH, and de-ionized (DI) water were added into a sterile microtube and
mixed properly to get a final collagen concentration of 6.0 mg/ml. The collagen mixture was then kept on ice until
used. For neurotrophin-3 (NT-3)-incorporation, 0.5l of 10x PBS and 4.5 ul of DI water in the collagen mixture
were substituted by 5l of 0.1% bovine serum albumin (BSA, Sigma-Aldrich) containing human NT-3 (4.0 ug/pl,
PeproTech) and heparin (400 pug/pl) (1:1v/v). The theoretical loading of NT-3 was 2 pg/animal. For Cy5-ODN,
488-ODN, or miRNA-incorporation within collagen matrices, 2.6 ul of Cy5-ODN, 488-ODN, or miRNA (100 .M)
were complexed with 22 pl of MNP (2.0 mg/ml) for 10 minutes at room temperature. Following that, the miRNA
complex was added into the collagen mixture in place of 24.6 ul of DI water. The theoretical loading of miRNA
was 0.76 pg/animal. To obtain scaffolds with aligned nanofibers, a sterilized cylinder mold (5.0 mm in length and
4.5mm in inner diameter) was pre-set with 4 sets of fibers in the core region prior to the addition of the collagen
mixture. Hydrogel formation took place at 37 °C in the incubator for 45 minutes. Thereafter, the scaffolds were
frozen at —80°C then lyophilized and kept at —20°C until used.

Scaffold characterization. Fiber diameter. 'The nanofibers and the scaffolds were sputter-coated with
platinum (JEOL, JFC-1600) at 10 mA for 120s and 140s, respectively. Thereafter, the samples were observed
under the scanning electron microscope (SEM; JEOL, JSM-6390 LA) at an accelerating voltage of 10kV. The fiber
diameters were measured using Image]J software (http://imagej.nih.gov/ij/) on the SEM images. At least 100 fibers
were measured.
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Scaffold degradation. Each scaffold (5.0 mm in length, 1.8 £0.11 mg) was immersed in 1.2 ml of PBS in a micro-
tube and incubated at 37 °C. To quantify the total scaffold degradation rate, five samples were used. At each
designated time point, each scaffold was retrieved, slightly taped against the inner wall of the microtube for 10s
to remove excess water. Thereafter, its weight was recorded. The percentage mass loss was then determined as
the ratio of the change in weight to the original weight of the scaffold. Results are presented as mean + standard
deviation (S.D.).

NT-3 release kinetic. 'The release kinetics of NT-3 from the scaffold was evaluated under static conditions.
Briefly, three NT-3 encapsulated scaffolds (2.14 +0.15 mg) were immersed in PBS (1.2 ml of PBS per scaffold)
and incubated at 37 °C. At each time point, 600 pl of PBS was collected and replaced by an equal volume of fresh
PBS. The supernatant was then used to measure the amount of NT-3 that was released from the scaffolds over
time using the ELISA assay (RnD Systems), following manufacturer’s protocol. After 3 months, the scaffolds were
retrieved and fully dissolved in 300 pl of collagenase type 1 (Life Technologies) at 37 °C for 30 minutes. Thereafter,
the supernatant was used to measure the remaining amount of NT-3 within the scaffolds by ELISA assay. Thus,
the total amount of N'T-3 retrieved from the scaffold was the NT-3 cumulative release amount plus the remaining
amount of NT-3 retrieved after dissolving the scaffold. The experimental loading efficiency of NT-3 was then
computed using the following equation:

Total amount of NT-3 retrieved from scaffold % 100%

Loading efficiency =
¢ 4 Original theoretical loading of NT-3 (1)

The cumulative release profile of NT-3 (%), after taking into account the loading efficiency, is finally presented
as mean =+ standard deviation (S.D.).

microRNA release kinetics. The experimental loading efficiency of microRNA within the collagen hydrogel was
evaluated after lyophilization. Briefly, NEG-miR-incorporated scaffolds (n = 3) were fully dissolved in 300 pul of
collagenase type 1 at 37°C for 30 minutes. The amount of NEG-miR within the extracted solution was deter-
mined by Quant-iT™ RiboGreen® RNA reagent kit (Invitrogen) after de-complexion from MNP using hepa-
rin (Sigma-Aldrich, 20 pg/ml). The experimental loading efficiency of miR was computed using the following
equation:

Total amount of NEG-miR extracted % 100%

Loading efficiency =
g off Y Original theoretical loading of NEG-miR (2)

The release kinetics of miR from the scaffold was evaluated under static conditions. NEG-miR-incorporated
scaffolds (1.55 =+ 0.1 mg) were incubated in 1.2ml 1x Tris-EDTA buffer (TE buffer; pH 7.4, 1st BASE) at 37 °C.
Three samples were used for each time point during this study. At each time point, 600 pl of TE buffer was with-
drawn and replaced by an equal volume of fresh buffer. The supernatant was then used to measure the amount
of miR that was released over time using Quant-iT™ RiboGreen® RNA reagent kit after treating with heparin
(20 pg/ml). The cumulative release of miRNA (%), after taking into account the loading efficiency, is presented as
mean = standard deviation (S.D.).

Spinal cord injury and scaffold implantation. ~Adult female Sprague Dawley rats (6-8 weeks, 200-250 g) were
obtained from In Vivos Pte Ltd (Singapore). All experimental procedures were approved by the Institutional
Animal Care and Use Committee, Nanyang Technological University (IACUC, NTU). All methods were per-
formed in accordance with the relevant guidelines and regulations.

Rats were anesthetized using a combination of ketamine (73 mg/kg) and xylazine (7.3 mg/kg) right before
surgery. The surgical field was shaved and cleaned with 70% ethanol and then Betadine. Thereafter, the dorsal
skin was incised 3-4 cm caudally from the base of the head. Muscle layers were opened along the midline to gain
access to the cervical spine. Following that, the C5 spine was located using T2 process as an anatomic landmark
and its right side was opened to expose the C5 spinal cord. Afterward, the dura was cut open and a 1/3 incision
was made using a pair of fine micro-scissors. Thereafter, scaffolds (1.0 mm in length) were implanted into the
incision site such that the nanofibers were aligned to the longitudinal axis of the spinal cord. Subsequently, the
dura was sutured back and a layer of fat tissue was used to cover the injury area. The muscle was then sutured
and the skin was closed with auto clips. Animals were randomly divided into five treatment groups as presented
in Table 1.

All animals were injected with buprenorphine subcutaneously (0.05 mg/kg) twice a day for 3 days
post-operation. Subsequently, they were fed with meloxicam (5.0 mg/ml, 1.0 ml in 500 ml drinking water) contin-
uously for the following 7 days.

Immunohistochemistry. At 7, 10, 14, and 28 days post-injury, animals were perfused with 0.9% saline followed
by 4% ice-cold paraformaldehyde (Millipore). After perfusion, 5cm of spine containing the spinal cord with the
lesion site was harvested from each animal and post-fixed for 16-18h at 4 °C before transferring to 15% sucrose
for 24 h. Thereafter, 1.5 cm of the spinal cords containing the lesion sites were removed from the spines and stored
in 30% sucrose at 4 °C until cryosectioned. Spinal cord samples were sectioned coronally on a cryostat set at 25 pm
thickness. Subsequently, the spinal cord sections were blocked in 5% normal goat serum (NGS, Sigma-Aldrich)
and 0.1% Triton X-100 (Sigma-Aldrich) for 1h at room temperature. The sections were then incubated with
primary antibodies diluted in the above block solution at 4 °C overnight followed by secondary antibodies
diluted in PBS for 2.5h at room temperature. The following primary antibodies were used respectively: rabbit
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Table 1. Experimental groups.

anti-neurofilament 200 (NE, Sigma-Aldrich, 1:700 dilution), chicken anti-NF (Biolegend, 1:1000), rabbit anti-glial
fibrillary acidic protein (GFAP, clone GA5, Millipore, 1:1000 dilution), mouse anti-myelin associated glycopro-
tein (MAG, clone 513, Millipore, 1:200 dilution), and mouse anti-CD11b/c (anti-Ox42, Abcam, 1:200 dilution).
Secondary antibodies were Alexa Fluor 488-conjugated Goat Anti-Mouse/Rabbit IgG (Invitrogen, 1:700 dilution)
and Alexa Fluor 555-conjugated Goat Anti-Mouse/Rabbit IgG (Invitrogen, 1:1000 dilution). Nuclear staining was
performed by incubating the sections with DAPI (1:1000, Life Technologies) at room temperature for 10 minutes
after the secondary antibodies. Thereafter, all samples were examined using an Olympus IX71 inverted micro-
scope and a Zeiss LSM710 META confocal microscope.

Statistical analysis. All data are presented as mean =+ standard deviation (S.D.). Statistical comparison for
fiber diameter, after verifying to have equal variances, was analyzed using one-way ANOVA followed by Turkey
post-hoc test.

Results and Discussion

Many growth inhibitory factors exist after SCI. Among these, the formation of a cyst, which is a fluid filled cavity,
has been a long withstanding problem. In the absence of an underlying supporting substrate, nerve/tissue regen-
eration is poor. As such, tissue scaffolds have been explored to provide bridges for nerve regrowth across inju-
ries. Among the scaffolds analyzed, hydrogels®!#52->8 and self-assembled peptide nanofibers*** are most popular.
However, the directions in which nerve regenerates within these scaffolds are always haphazard, often resulting in
very few axons exiting the implant and reconnecting with host tissues. Here, we hypothesize that biomimicking
aligned nanofiber topography is beneficial in guiding axonal regeneration. In addition, nerve regeneration may
be further assisted by the synergistic supplementation of biomoleucles such as neurotrophic factors (e.g. NT-3)
and microRNAs (e.g. miR-222).

While the role of neurotrophic factors in nerve regeneration is well-recognized, the involvement of
microRNAs and RNA interference (RNAi) are only beginning to be elucidated. RNAi is widely adopted in
treatments related to cancer therapy and genetic diseases. However, RNA| is also useful in regenerative medi-
cine. Unfortunately, one of the major stumbling blocks to the translational use of RNAI is the development of
proper non-viral delivery systems for effective and efficient delivery with minimal off-target effects in the body.
Traditional approaches of systemic delivery for cancer and genetic disease therapy does not benefit traumatic tis-
sue injuries since the latter often involves confined injuries that require the reestablishment of tissue architecture.
MiRNA delivery using scaffolds, as demonstrated here, represents a more appropriate approach since scaffolds
provide the necessary structural support and directional cues for tissue regrowth and restructuring. Scaffolds
also provide localized delivery of drugs, hence minimizing off-target systemic side effects. In terms of neuronal
regrowth, controlling the intrinsic growth ability of neurons by miRNAs will provide more robust treatment tar-
gets and outcomes. This is because although growth factor therapy is commonly used, most factors offer selective
support for only the subclass of neurons that express the appropriate receptors to allow neurons to take up these
factors. In cases where the expression levels of the receptors are low and nerve damage involves a wide spectrum
of neurons (such as in diabetes), growth factor-based approaches are ineffective®!.

MiRNAs are labile molecules. As such, the incorporation of miRNAs into PCLEEP-collagen scaffolds was an
attempt to protect these drugs from biodegradation (Fig. 1). Here, we demonstrate the encapsulation of miR-
NAs by electrospinning to achieve non-viral delivery of these nucleic acid therapeutics. In our scaffold, miRNA
incorporation did not alter the morphology and alignment of the electrospun fibers. Specifically, bead-free and
uniformly aligned PCLEEP nanofibers were fabricated with and without miRNA encapsulation (Fig. 2A and B).
Their average fiber diameters were 747 £ 97 nm and 818 £ 11 nm respectively and were not significantly different.

Besides serving as a drug/gene delivery scaffold, our PCLEEP-collagen hybrid substrate provides aligned top-
ographical signals for synergistic contact guidance effect over neuronal regeneration. As compared to hydrogels
and micron-sized structures, nanofibers more closely imitate the topographical features of the natural extracellu-
lar matrix. By combining aligned electrospun nanofibers with collagen hydrogel, the orientation and alignment
of PCLEEP nanofibers were retained even after implantation into the injured spinal cord (Fig. 3). Close exami-
nation of the nanofibers-hydrogel scaffold revealed the presence of loosely packed, three-dimensionally distrib-
uted aligned nanofibers within the collagen gel (Fig. 2C and D). This loose arrangement of aligned fibers in turn
facilitated robust in vivo cell penetration (Fig. 4) and neurite infiltration (Figs 3, 5, and 6).

Aside from providing a biomimicking 3D architecture, collagen possesses inherent cell adhesivity that sup-
ports cell attachment as compared to other biomaterials that have been widely explored for SCI treatment, such as
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Figure 1. Schematic illustration of nanofibers-hydrogel scaffold fabrication process and implantation
into the spinal cord. Drugs may be loaded into the scaffolds by direct encapsulation (Step 1) into electrospun
nanofibers or (Step 2) within collagen hydrogel.

agarose, chitosan, and fibrin*. To evaluate the stability and degradability of the scaffold, we examined its in vitro
degradation rate under physiologically-relevant conditions. As shown in Fig. 2E, the scaffolds were gradually
degraded overtime. In particular, total mass losses of ~24.8, 33.4, and 51.6% were respectively reported after 1,
2, and 3 months in vitro. In addition, our previous in vivo study showed that PCLEEP fibers retained their mor-
phology and alignment after 3 months post-implantation into the rat’s spinal cords®. Thus, degradation occurred
mostly within the collagen hydrogel throughout the duration of our studies.

NT-3 is a neurotrophic factor commonly used for SCI treatment to promote neuronal survival and axonal
regrowth®-*. Here, we incorporated N'T-3 into the collagen hydrogel matrix for localized and controlled deliv-
ery. In order to regulate the release rate of NT-3, heparin was added in combination with NT-3%. A total loading
of 54.6 ng NT-3/mg scaffold was achieved with a loading efficiency of 1.17%. As indicated in Fig. 3A, ~90.1% of
NT-3 was released within the first week. Thereafter, the release rate of NT-3 was decreased and steady for up to
3 months (99.7 = 0.07%). This release profile likely resulted from the non-specific binding of NT-3/heparin to
the collagen hydrogel. Nonetheless, the initial supplementation of NT-3 after SCI is essential to minimize neu-
ronal apoptosis as well as support neurite regrowth’. Correspondingly, we observed robust axonal regeneration
at 1, 2, and 4 weeks post-implantation (Fig. 3C). Furthermore, when compared to currently available scaffold
systems, our PCLEEP-collagen hybrid scaffold prolonged the availability of NT-3. For example, using the same
platform of NT-3/heparin nonspecific binding with collagen, our previous electrospun nanofiber scaffold almost
completely released NT-3 (99.2 £ 3.91%) after only 2 months versus 3 months as seen in our current platform®.
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Figure 2. Scaffold characterization. (A-D) SEM images of scaffolds. (A,B) Aligned PCLEEP nanofibers (A)
with and (B) without encapsulation of microRNA (NEG-miR). (C,D) Cross-sectional view of nanofibers-
hydrogel scaffold. (D) High magnification image of inset in (C). (E) In vitro degradation rate of the nanofibers-
hydrogel scaffold.

Furthermore, as compared to our current scaffold, a notably lower amount of NT-3 could be loaded into the
nanofiber construct (~21 ng NT-3/mg scaffold?®). In another example, biodegradable poly(ethylene glycol) hydro-
gels fully released N'T-3 over a 2-week period albeit possessing a lower burst release after 24 h (40% vs 87% in our
system)®2. Similarly, the fibrin scaffold by Taylor et al. could only deliver NT-3 for 2 weeks post-implantation
due to the rapid scaffold degradation rate®. This rapid scaffold degradation further resulted in the formation of
cystic cavities at 12 weeks after injury. Meanwhile, our PCLEEP-collagen hybrid scaffold integrated well with the
host tissues and showed no sign of cyst formation (Figs 3C and 4) throughout this study and even after 12 weeks
post-implantation??.

The effectiveness of our NT-3 incorporated scaffolds in supporting axonal ingrowth is depicted in Fig. 3.
Besides providing good host-implant integration, aligned regenerated axons were found extensively throughout
the implant as early as one week post-implantation. The extent of regeneration was sustained even at later time
points of 2 (Fig. 3Civ and v) and 4 weeks post-implantation (Fig. 3Cvii and viii). As compared to our previous
work?®, in this study, we deliberately maximized the loading capacity of our scaffold with twice the amount of
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Figure 3. In vivo regeneration of aligned neurofilaments (NF*, green) within NT-3-incorporated
nanofibers-hydrogel scaffolds after spinal cord injury. (A) In vitro N'T-3 release kinetics of NT-3-incorporated
nanofibers-hydrogel scaffolds. (B) Schematic illustration and corresponding light micrograph depicting
nanofibers-hydrogel scaffolds that were implanted into spinal cord tissues. Dotted line: tissue-implant interface.
SC: spinal cord tissue. (C) In vivo regeneration of aligned neurofilaments within injury site at (i-iii) 1 week,
(iv-vi) 2 weeks and (vii-ix) 4 weeks post-injury. (ii, v, and viii) High magnification images of insets in i, iv, and
vii respectively. (iii, vi, and ix) Corresponding bright-field images of nanofibers implanted within spinal cord
tissues for (ii, v, and viii) respectively.

NT-3. Correspondingly, the degree of axonal regrowth was also significantly enhanced. Notably, the newly regen-
erated axons were found to penetrate the scaffolds, following nanofiber alignment (Fig. 3C). These results clearly
indicate the contact guidance role of our scaffold in directing in vivo axon regeneration.

We next extended our analysis to evaluate the efficacy of the nanofibers-hydrogel scaffolds in supporting
in vivo remyelination. As shown in Fig. 5, immunostaining for myelin-associated glycoprotein (MAG, a marker of
oligodendrocyte myelination) revealed that MAG " structures were extensively observed throughout the scaffolds
at 4 weeks post-implantation (Fig. 5B) and co-localized with NF "axons (Fig. 5C, D, and F). This result suggests
the ability of our PCLEEP-collagen hybrid scaffold in facilitating axonal remyelination in vivo. In addition, these
MAG T structures were extended along the aligned PCLEEP nanofibers (Fig. 5C, D, and F), further highlighting
the contact guidance effect of our substrates.

Although our scaffold implantation resulted in the extensive axonal ingrowth and remyelination, this 1/3 inci-
sion SCI model would not be sufficiently severe to result in significant differences in rat locomotion®. We believe
that the spontaneous recovery process following incomplete SCIs contributed to this outcome®*¢+-’. Thus, in this
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Figure 4. Extensive cellular infiltration into nanofibers hydrogel scaffolds at 1 week post implantation.
Left: DAPI staining for cell nuclei. Right: Merged image of DAPI staining and bright field showing scaffold with
aligned nanofibers. Dotted line: implant-tissue interface.

Figure 5. In vivo regeneration of aligned neurofilaments (NFT, green) and remyelination (MAG™, red),
which colocalized within the nanofibers-hydrogel scaffolds at 4 weeks post-implantation. (A,B) Overview of
the representative longitudinal spinal cord section. (C,D) High magnification images of the insets in (A and B)
respectively. (E) Corresponding bright-field image of nanofibers in (C and D). (F) Merged images of (C,D, and E).
Arrow heads indicate colocalization of NF-MAG signals.

study, behavior recovery was not assessed. Future works would focus on using the complete transection model to
evaluate functional outcomes.

Apart from protein encapsulation, our scaffolds also allowed the easy incorporation of nucleic acids for
non-viral gene transfection. MiRNAs can be encapsulated either into nanofibers during the electrospinning
process and/or into the collagen hydrogel (Fig. 1). Notably, the encapsulated oligonucleotides were distributed
uniformly along the electrospun nanofibers and did not alter nanofiber architecture (Fig. 6A). By incorporat-
ing miRNAs into both nanofibers and collagen hydrogel, a total loading of 0.5 pg microRNA/mg scaffold was
achieved with an experimental loading efficiency of ~16%. This loading efficiency is found to be much higher as
compared to N'T-3. We speculate this greater retention of miRNA inside the scaffold to be due to charge inter-
action and molecular size. Since miRNA/MNP complexes are slightly positive and small in size, they can be
homogenously entrapped inside the neutralized collagen hydrogel with a net charge of ~0%. In contrast, heparin
is highly negatively charged and large in size, making it hard to be retained inside the collagen hydrogel. As shown
in Fig. 6A, a total of 27.1 £ 3.38% miRNA was rapidly released within the first month. Thereafter, the miRNA
release rate was decreased and steady for at least another 2 months. This release kinetic of small, non-coding
RNAs from our PCLEEP-collagen hybrid scaffold was greatly improved as compared to other existing delivery
systems. In particular, Krebs et al. demonstrated the release of short-interfering RNA (siRNA) for only ~2 weeks
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Figure 6. Enhanced regeneration of aligned neurofilaments (NF*, red) within nanofibers-hydrogel
scaffolds that incorporated miR-222 at 10 days post-implantation. (A) Distribution of 488-ODN that was
encapsulated within PCLEEP electrospun fibers and microRNA release profile of the nanofibers-hydrogel
scaffold. (B) Neurofilament regeneration within nanofibers-hydrogel scaffolds at 10 days post-implantation.
(C) Evaluation of microglia (Ox42", green) and astrocyte (GFAP", magenta) reactions within nanofibers-
hydrogel scaffolds depicted no adverse side effects in the presence of miR-222.

from collagen hydrogels®. The mechanism of siRNA/miRNA release over time is likely a combination of poly-
mer charge, hydrogel porosity and biodegradation. It is possible that our high collagen concentration hydrogel
(6.0 mg/ml) might have favored RNA retention as compared to Krebs’ 3.0 mg/ml collagen hydrogel.

To evaluate the capacity of our scaffold in providing localized gene delivery in vivo, scaffolds incorporated
with Cy5-labeled double stranded oligonucleotides (Cy5-ODN, which were of similar size as microRNAs) were
implanted into the same SCI model. After 14 days post-implantation, Cy5-ODN was detected in the surrounding
tissues up to a distance of ~300 pm from the edge of the scaffolds (Supplementary Figure 1). This finding suggests
the ability of our PCLEEP-collagen hydrogel scaffold in providing localized and sustained delivery of miRNAs.

Within the body, axons can extend for long distances. For efficient cell function, protein synthesis occurs
locally at the terminal and growth ends of axons so that the transport of biomolecules from the cell soma is not
critical. Such controlled local protein synthesis at distal axons has allowed severed axons to undergo regeneration
within hours after injuries®**. This local protein synthesis is finely controlled by microRNAs, such as miR-222.
Indeed, miR-222 enhanced axonal regrowth in injured adult neurons in vitro**#4748 However, there is no study
on miR-222’s effects on SCI treatment to date. Given this knowledge gap, we next closely examined the efficacy
of scaffold-mediated miR-222 delivery in supporting in vivo axon regeneration. As shown in Fig. 6B, after 10 days
post-implantation, robust neurite ingrowth was observed in PCLEEP-collagen hybrid scaffolds that incorporated
miR-222. This axon regeneration was more extensive as compared to the plain scaffolds (Control) and scaffolds
that encapsulated NEG-miR. Moreover, the incorporation of microRNAs did not alter the integration of the
nanofibers-hydrogel implants with surrounding host tissues (Fig. 6C). In particular, no significant difference was
observed in microglia and astrocyte reactions among the three experimental groups. Taken together, these results
demonstrate the efficacy of our scaffolds in providing effective non-viral delivery of bioactive miR-222 to promote
nerve regeneration after SCI.

The process of tissue repair is contributed by a complex cascade of signaling pathways involving various bio-
logical factors’®72. Hence, spatially controlled and sequential release of drugs could enhance the tissue regen-
eration process’®”?. Accordingly, the flexibility of our scaffold design allows multiple drugs to be incorporated
in different locations of the scaffold, either in the nanofibers or the hydrogel. The different nature of nanofibers
and hydrogel would allow drugs to be released with distinct release kinetics, possibly mimicking the natural
healing process. Such combinational delivery of drugs, such as miRNAs with growth factors, in the scaffold may
be exploited for SCI treatment. For example, after SCI, a dramatic loss of oligodendrocytes (OLs) occurs, which
frequently results in axonal demyelination”. To replenish this OL pool, oligodendrocyte precursor cells (OPCs)
proliferate and are recruited to the lesion site for differentiation and remyelination’*”>. Many growth factors have
been known to promote OPC proliferation, such as PDGF-A, FGF-2, and IGF™. On the other hand, miR-219/338
enhance OPC differentiation and maturation”. Thus, a possible strategy may be to combine these growth factors
and miR-219/—338 in our scaffold platform for future SCI treatments.
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Conclusions

In this study, we introduced an aligned nanofibers-hydrogel scaffold as a promising bio-functional platform for
nerve injury treatment. Our scaffold provided localized and sustained release of drugs and nucleic acid molecules
for non-viral transfection to enhance axon regeneration and remyelination in vivo. Since non-viral drug/gene
delivery was employed, the application of our scaffolds may be translated to the clinical setting without raising
biosafety concerns associated with viral-mediated methods. Additionally, the aligned nanofibers provided topo-
graphical signals that effectively directed neurite extensions and supported remyelination within the lesion sites.
These scaffolds also demonstrated good host-implant integration. Further works are currently ongoing to evaluate
in detail, the ability of our nanofibers-hydrogel scaffold in supporting functional neuronal reconnections, remy-
elination, and functional recovery after SCL
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