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The loss of oligodendrocytes (OLs) and subsequently myelin
sheaths following injuries or pathologies in the CNS leads
to debilitating functional deficits. Unfortunately, effective
methods of remyelination remain limited. Here, we present a
scaffolding system that enables sustained non-viral delivery
of microRNAs (miRs) to direct OL differentiation, maturation,
and myelination. We show that miR-219/miR-338 promoted
primary rat OL differentiation and myelination in vitro. Using
spinal cord injury as a proof-of-concept, we further demon-
strate that miR-219/miR-338 could also be delivered non-vir-
ally in vivo using an aligned fiber-hydrogel scaffold to enhance
remyelination after a hemi-incision injury at C5 level of
Sprague-Dawley rats. Specifically, miR-219/miR-338 mimics
were incorporated as complexes with the carrier, TransIT-
TKO (TKO), together with neurotrophin-3 (NT-3) within
hybrid scaffolds that comprised poly(caprolactone-co-ethyl
ethylene phosphate) (PCLEEP)-aligned fibers and collagen hy-
drogel. After 1, 2, and 4 weeks post-treatment, animals that
received NT-3 and miR-219/miR-338 treatment preserved a
higher number of Olig2+ oligodendroglial lineage cells as
compared with those treated with NT-3 and negative scrambled
miRs (Neg miRs; p < 0.001). Additionally, miR-219/miR-338
increased the rate and extent of differentiation of OLs. At the
host-implant interface, more compact myelin sheaths were
observed when animals received miR-219/miR-338. Similarly
within the scaffolds, miR-219/miR-338 samples contained
significantly more myelin basic protein (MBP) signals (p <
0.01) and higher myelination index (p < 0.05) than Neg miR
samples. These findings highlight the potential of this platform
to promote remyelination within the CNS.

INTRODUCTION
Oligodendrocytes (OLs), glial cells that form the myelin sheaths
within the CNS,1 are essential for facilitating saltatory signal conduc-
tion in axons, as well as providingmetabolic support for neuronal sur-
vival.2,3 Without myelin ensheathment, energy-efficient conduction
Molecular Therapy Vol. 27 No 2 Februar
in axons cannot occur, which in turn results in perturbed axonal
transport, degeneration, and ultimately functional impairment.4

The importance of this structure was further displayed in patients
with non-penetrating traumatic nerve injuries in the CNS, where
even though a portion of axons was spared post-injury, functional re-
covery was still not observed due to demyelination.5 This suggests
that although regeneration of axons is an end goal, they have to be
myelinated in order to allow proper conduction of nerve impulses.

Within the spinal cord, OL progenitor cells (OPCs) exist endoge-
nously, and they continue to proliferate and differentiate into myeli-
nating OLs in the adult CNS after injury. Much evidence suggests that
OPCs residing in the white matter of the spinal cord represent the
largest potential source of remyelinating OLs.6 However, although
the proliferation rate of OPCs increases significantly post-spinal
cord injury (SCI), spontaneous remyelination remains limited, partic-
ularly in humans.7 Because pre-existing damaged OLs do not
contribute to remyelination,8,9 current strategies to encourage myelin
regeneration include either transplantation of exogenous cells into the
injury site10 or activation of the endogenous pool of OPCs. Although
both approaches are feasible and have been demonstrated, the former
method may present more issues because the availability of autolo-
gous OPCs is limited, and heterologous transplantation requires
long-term immunosuppression that may cause serious side effects.10

As such, we focus on the latter. Early in vitro culture experiments
involving primary OPCs from post-natal CNS indicated that in the
absence of signals to maintain the cells as OPCs, they would rapidly
differentiate into OLs.11 This suggests that much of the regulation
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in CNS myelination might be at the level of inhibiting this otherwise
default pathway of differentiation, and the relief of inhibition might
lead to OL differentiation and myelination.11 Hence strategies that
aim to silence some of these inhibitory pathways may promote re-
myelination in the CNS.

MicroRNAs (miRs) are small non-coding RNAs (21–23 bp) that are
involved in gene expression regulation via RNAi.12 They are intricately
involved in directing the fate of OPCs and OLs. Specifically,
microRNA-219 (miR-219) and microRNA-338 (miR-338) are effec-
tive in promoting OPC differentiation in vitro and in vivo by suppress-
ing the expression of gene targets that promote OPCproliferation.13–16

Furthermore, in a recent study, Wang et al.17 demonstrated that these
miRs have a synergistic role in enhancing myelin repair in an experi-
mental demyelinating model induced by lysolecithin (LPC). Building
on their well-substantiated findings, we sought to improve the
delivery method of these miRs for long-term therapeutic purposes, us-
ing SCI as a proof-of-concept and an extended application. Impor-
tantly, although both of these models can induce demyelination, SCI
presents a higher level of difficulty because of the plethora of factors
that impede myelin formation around the injured region.18

Therefore, in this study, we fashioned a fiber-hydrogel scaffold for non-
viral sustained delivery of both miR-219 and miR-338 (miR-219/miR-
338) in vivo. Specifically, this hybrid scaffold consisted of a core bundle
of aligned poly(caprolactone-co-ethyl ethylene phosphate) (PCLEEP)
fibers, which were structurally stabilized in a three-dimensional (3D)
configuration by collagen hydrogel embedment. Within the collagen
hydrogel, miRs and drugs can be loaded and delivered through diffu-
sion to the microenvironment. Having established its efficacy in
concurrently deliveringmiRs and neurotrophins,19 as well as providing
topographical cues to enhance axonal regeneration,19,20 we proceeded
to assess the effects of this scaffold on OPC differentiation and myelin
regeneration in vivo using a spinal cordC5hemi-incision rodentmodel.
Here, we show that rats implanted with miR-219/miR-338-loaded
scaffolds retained a higher population of oligodendroglial lineage cells
around the lesion site. These cells also displayed enhanced differentia-
tion capabilities and myelinated more axons. Altogether, the results
highlight the potential of these miR-incorporated fiber-hydrogel scaf-
folds in enhancing the survival of OPCs and promoting myelination
within the injured CNS.

RESULTS
Fiber-Mediated Non-viral Delivery of miR-219/miR-338

Enhanced OPC Differentiation and Myelination In Vitro

The efficacy of using a fiber platform to transfect primary rat OPCs
non-virally with miR-219/miR-338 and the corresponding enhanced
cellular differentiation and maturation were demonstrated in vitro
previously.14 However, the functionality of an OL is determined by
its ability to wrap and myelinate. Hence, extending from our recent
work, where initial OL myelin ensheathment was evaluated at day
7,21 we assessed the myelination outcomes at an extended culture
period of 14 days in this work. As shown in Figures 1A–1C, miR-
219/miR-338 treatment significantly enhanced OPC differentiation
412 Molecular Therapy Vol. 27 No 2 February 2019
andmaturation when cells were cultured in myelin medium, resulting
in larger numbers of myelin basic protein-positive (MBP+) mature
OLs per Olig2+ oligodendroglial lineage cells as compared with nega-
tive scrambled miR (Neg miR) transfection (85.1% ± 5.1% versus
59.1% ± 9.4%; p < 0.01). This reinforced the efficacy of miR-219/
miR-338 in enhancing OPC differentiation and maturation under
both proliferative14 and pro-myelinogenic conditions. Besides that,
miR-219/miR-338 also markedly increased the myelin sheath length
on the fibers as compared with the Neg miR control (Figures 1A and
1D). Further quantification of myelin sheath formation revealed that
miR-219/miR-338 led to more complete-looking myelin structures
per OL (on average, 2.4 ± 1.5 numbers of sheaths per cell; Figure 1E)
as opposed to Neg miR treatment, which resulted in only 0.5 ± 0.9
number of sheaths per cell. Additionally, 88.6% of MBP+ cells in
the miR-219/miR-338 group had complete myelin sheath formation,
whereas only 34.3% of MBP+ cells in the scrambled Neg miR
group produced complete sheaths. Because we did not detect the for-
mation of complete sheaths from either sample at earlier time points
(day 7),21 it is likely that the sheaths in the Neg miR group failed to
form properly instead of breaking down during the course of the
experiment.

Sustained Release of NT-3 and miRs from Fiber-Hydrogel

Scaffolds

A sustained availability of drugs may be desirable because OPCs
require at least 14 days to differentiate, ensheathe, and form compact
myelin.22 Hence a scaffold was designed to deliver drugs in a sus-
tained and localized fashion. In particular, neurotrophin-3 (NT-3),
a neurotrophic factor that is commonly used for enhancing neuronal
survival,23 was delivered together with miR-219 and miR-338.19 In
addition, the scaffold was designed to provide topographical guidance
to regenerating axons through the means of aligned fibers, as shown
in Figures 2A and 2B. Using characterization methods described pre-
viously,14,19 we observed that both NT-3 (loading efficiency of 6.23%)
and miR-loaded (loading efficiency of 28.91%) scaffolds displayed
burst release profiles within the first 1 hr, where �10% of the actual
experimental amounts were released (Figure 2C). For the next
20 days, 70% of NT-3 and 65% of miRs that were successfully loaded
were released. Thereafter, the release of NT-3 and miRs started to
plateau at day�60 (Figure 2C; Figure S1). Scaffold degradation study
revealed a steady mass loss of the entire scaffold over time, up to
approximately 60% in 30 days (Figure 2D).

Scaffold-Mediated Delivery of miR-219/miR-338 Preserved the

Number of Oligodendroglial Lineage Cells around Injury Site

after SCI

Having established that scaffold-mediated non-viral delivery of miR-
219/miR-338 could enhance OL differentiation and myelination
in vitro, we next assessed the in vivo therapeutic efficacy of this
approach using a hemi-incision SCI model as a proof-of-concept.
In our opinion, this C5 hemi-incision model was most suitable
because it is well established and surgically reproducible. We first
evaluated whether scaffold-mediated delivery of miR-219/miR-338
would elicit effects on the total cell numbers around the lesion site



Figure 1. Scaffold-Mediated Delivery of miR-219/

miR-338 Promoted OPC Differentiation and

Myelination In Vitro

(A) Representative confocal images show that cocktail of

miRs promoted differentiation of OPCs intoMBP+OL after

2 weeks. Scale bar represents 100 mm. (B) Representative

confocal images show that cocktail of miRs increased the

length and number of complete myelin sheath per OL after

2 weeks. Scale bar represents 10 mm. (C) Quantitative

data show miR-219 and miR-338 treatment resulted in

more MBP+ cells per Olig2+ cells. ANOVA with Tukey’s

post hoc test; at least 100 cells were quantified per

sample group in each experiment repeat (n = 3 indepen-

dent experiments). *p < 0.01. (D) Quantitative data show

miR-219 and miR-338 treatment resulted in significant

differences between the average sheath length. (E)

Quantitative data show miR-219/miR-338 treatment re-

sulted in higher average number of compact myelin

sheath per OL. Each dot represents one cell. **p < 0.001,

two-tailed t test; 40 cells in the miR-219/miR-338 group

and 35 cells in the NEG miR group, from three indepen-

dent experiments.
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(Figure 3A). Specifically, we quantified the number of DAPI+ cells and
found that there was no significant difference in the total cell number
between the two treatment groups at all time points (Figures 3B and
3C). Next, we asked whether miR-219/miR-338 would affect the
number of oligodendroglial lineage cells, which would include
OPCs and OLs, around the lesion site through the analysis of Olig2
expression.24We found that miR-219/miR-338 treatment maintained
a consistent number of Olig2+ cells at weeks 1, 2, and 4 post-implan-
tation. On the contrary, significant changes were observed in animals
that received non-functional, Neg miR treatment. Specifically, at
week 1 post-implantation, the densities of Olig2+ cells around the per-
ilesion site were similar between both groups (2,410 cells/mm2 in the
miR-219/miR-338 group and 2,520 cells/mm2 in the Neg miR group)
(Figures 3B and 3D). However, by week 2 post-implantation, the
number of Olig2+ cells decreased significantly in the Neg miR group,
and this number remained consistently low after 4 weeks of recovery.
For both of these time points, we observed significantly higher Olig2+

cell densities in the miR-219/miR-338 group as compared with the
Neg miR group (p < 0.001) (Figures 3B and 3D).
Molec
Scaffold-Mediated Delivery of miR-219/

miR-338 Promoted OPC Differentiation

after SCI

Wenext examined thematurity of theOlig2+ cell
population around the lesion site because miR-
219/miR-338 overexpression has been reported
to enhance OPC differentiation in vitro13,14

and in vivo, albeit in a development model.15,16

The expression of platelet-derived growth factor
receptor alpha (PDGFRa), a cell-surface marker
that is expressed by OPCs, but not mature OLs,2

was assessed at weeks 1, 2, and 4 post-implanta-
tion to track the number of OPCs over time.
Quantification results showed significant reduction in PDGFRa+

cell density from week 1 to 4 for both treatment groups (440 to
180 cells/mm2 for the miR-219/miR-338 group and 410 to
200 cells/mm2 for the Neg miR group; p < 0.001) (Figures 4A and
4B). When comparing miR-219/miR-338 and Neg miR-treated ani-
mals within a specific time point, no significant difference was
observed (Figure 4B).

In order to validate these findings, we next evaluated the expression of
CC-1, a protein marker that is predominantly found in mature OLs
but absent in OPCs.25 Complementary to the trend that was observed
in PDGFRa expression, CC-1+ cell density around the injury area
increased from week 1 to 4 for both treatment groups (1,050–
1,770 cells/mm2 in the miR-219/miR-338 group and 1,050–1,380
cells/mm2 in the Neg miR group) (Figures 4C and 4D). However,
the degree of OL differentiation appeared more extensive in the pres-
ence of miR-219/miR-338. In particular, significantly more CC-1+

mature OLs were observed when animals received miR-219/
miR-338 after 2 and 4 weeks of treatment (p < 0.05 and p < 0.01,
ular Therapy Vol. 27 No 2 February 2019 413

http://www.moleculartherapy.org


Figure 2. Fiber-Hydrogel Scaffold for Sustained

Non-viral Drug and/or Gene Delivery

(A) Scanning electron microscopy images of cross-sec-

tion of scaffold showing aligned electrospun fibers and

collagen matrix. Scale bar represents 1 mm. (B) Magnified

image of aligned electrospun fibers (white arrow indicates

the direction of fiber alignment, which points out of the

page at �45� ). Scale bar represents 100 mm. (C) Cumu-

lative release of miR and NT-3 over time. (D) Mass loss of

scaffold over time. Data are represented as mean ± SD.
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respectively, versus Neg miR; Figure 4D). Besides enhancing the
extent of OL differentiation, miR-219/miR-338 treatment also ap-
peared to increase the rate of OL differentiation. Specifically, signifi-
cantly larger numbers of mature CC-1+ OLs were detected starting
2 weeks post-implantation of miR-219/miR-338 scaffolds. This num-
ber of mature OLs continued to increase after 4 weeks of recovery. In
contrast, animals that received Neg miR treatment showed significant
increase in the number of mature CC-1+ OLs only after 4 weeks post-
implantation. Taken together, the results suggest that PDGFRa+ cells
lost their viability over time following SCI. However, as indicated by
the CC-1+ cell numbers, those cells that survived could be aided by the
miR treatment, hence resulting in enhanced OL differentiation and
maturation.

Previously, NT-3 was demonstrated to stimulate OPC prolifera-
tion26–28 and maturation.28 Because all of our scaffolds contained
NT-3 along with miRs, to confirm that the results obtained were
indeed due to the effects of miR-219/miR-338, we included another
treatment group that received only NT-3, without the addition of
miRs, for comparison at week 2 post-implantation. The results
showed that NT-3 did not lead to any significant changes in both
Olig2+ and CC-1+ cell populations as compared with Neg miR treat-
ment (Figure S2). Instead, for both of these cell populations, signifi-
cant differences were detected only between miR-219/miR-338 and
NT-3 groups, as well as between miR-219/miR-338 and Neg miR
groups.

Scaffold-Mediated Delivery of miR-219/miR-338 Enhanced

Myelin Formation after SCI

The microenvironment of the injured area within the spinal cord is
very inhibitive for myelin formation.29 To determine the extent of
myelin regeneration after injury, we stained the samples with MBP,
414 Molecular Therapy Vol. 27 No 2 February 2019
along with 20,30-cyclic nuclueotide-30-phospho-
diesterase (CNPase), for validation at 4 weeks
post-implantation. Under the fluorescence
microscope, MBP and CNPase signals were
identifiable in the tissues and within the im-
plants as shown in Figure 5A. By quantifying
the percentage of area of the scaffold that
possessed MBP+ signals, we found that MBP
expression was more extensive in scaffolds that
incorporated miR-219/miR-338 (MBP+ area =
45.73% ± 4.74%) as compared with Neg miR samples (MBP+

area = 20.92% ± 2.77%) (Figure 5B).

We next proceeded to evaluate the extent of myelination within the
scaffolds by quantifying the myelination index (defined as the per-
centage of colocalization of MBP with axonal NF200). In particular,
we found that miR-219/miR-338-treated animals (60.51% ± 4.99%)
displayed significantly higher myelination index than Neg miR-
treated animals (32.06% ± 7.54%; p < 0.05) (Figures 5C and 5D).
Because OLs were also able to myelinate electrospun fibers in vitro,
we wanted to know whether the fibers within the scaffold were
myelinated in an in vivo setting. Surprisingly, from the transmission
electron microscopy (TEM) images, we were unable to identify any
compact myelin structures around the electrospun fibers in both of
the treatment groups (Figure S3).

Additionally, we also analyzed the host-implant interface for potential
signs of myelination. At week 4 post-implantation, we observed MBP+

tubular structures that surrounded NF+ axons at the host-implant
interface for both miR-219/miR-338 and Neg miR-treated animals
(Figure 6A). We then quantified the myelination index and found a
trend that suggested better myelination outcomes in the presence of
miR-219/miR-338 (13.65% ± 1.77% versus 9.49% ± 2.99% for Neg
miR treatment; Figure 6B). Finally, further analyses usingTEM showed
that compact myelin formation (Figure 6C) could be detected in ani-
mals that received miR-219/miR-338. In contrast, these structures
were absent in animals that received Neg miR treatment (Figure 6D).

Scaffold-Mediated Delivery of miR-219/miR-338 Did Not Affect

Neurite Outgrowth or Exacerbate Glial Scarring after SCI

Although the fiber-hydrogel scaffold provided localized drug deliv-
ery,19 the transfection of miRs was still non-specific at the implant



Figure 3. Scaffold-Mediated Non-viral Delivery of

miR-219/miR-338 Preserved Oligodendroglial

Lineage Cell Numbers after SCI

(A) Representative image of scaffold implanted in injury

site. Double white lines around the scaffold delineate the

perilesion region where quantifications were conducted.

Scale bar represents 250 mm. (B) Olig2+ cells (green) in the

miR-219/miR-338 treatment group (left) and Neg miR

group (right). Scale bar represents 100 mm. (C) DAPI+ cell

density remained consistent at perilesion area after SCI

regardless of scaffold treatment. (D) Olig2+ cell density

remained consistent at perilesion area in the presence of

miR-219/miR-338 but decreased significantly under

treatment with Neg miR. ***p < 0.001; **p < 0.01; *p <

0.05; N.S., not significant (ANOVA). Data are represented

as mean ± SEM.
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and/or injury site. Hence we proceeded to investigate the effects of the
scaffolds on neurite outgrowth and glial scarring.

We observed that regardless of miR treatment, no significant differ-
ence was detected in NF200 signals at the host-implant interface (Fig-
ures S4A and S4B), as well as within the scaffolds (Figures S4A and
S4C). These observations were consistent with our in vitro results
where the well-established and robust DRG neuronal culture was
used. Specifically, in vitro transfection of DRG neurons showed that
the non-viral transfection of miR-219/miR-338 had no significant
impact on the extents of neurite outgrowth as compared with un-
treated cells, cells treated with Neg miR, or the transfection reagent,
TransiT-TKO (TKO), alone (Figure S5).

In the case of glial scarring, when the intensity of glial fibrillary acidic
protein (GFAP; a positive indicator of glial scar formation by acti-
vated astrocytes30) was analyzed at the perilesion region, no signifi-
cant difference was detected between miR-219/miR-338 and Neg
miR-treated groups at all time points (Figure S6).
Molec
DISCUSSION
Axon demyelination within the CNS, regardless
through mechanical injuries or pathological
consequences, usually results in functional im-
pairments that can severely affect a patient’s
quality of life. Yet, effective remyelination stra-
tegies remain limited. Besides being a keystone
cell type for restoring energy-efficient signal
conduction in axons, OLs are also crucial in
providing metabolic support for axonal survival.
Unfortunately, the injured CNS is often not
permissive for myelin regeneration due to the
plethora of inhibitory factors that are pre-
sent.18,29 Despite that, it may be possible to
bypass this restriction if a potent method to
drive robust myelin regeneration exists. Corre-
spondingly, this study highlights the use of scaf-
fold-mediated non-viral delivery of miR-219/
miR-338 to promote in vivo CNS remyelination, using SCI as a
proof-of-concept.

Previous works by several groups have identified miR-219 and miR-
338 to be responsible for regulating the maturation and myelination
of cells from the oligodendroglial lineage.15,16,31 Moreover, a recent
work by Wang et al.17 showed that miR-219 and miR-338 have addi-
tive effects on OPC differentiation and are required for the full extent
of myelination. Mechanistically, these two miRs exert their effects by
inhibiting a set of OPC differentiation-inhibiting genes such as
PDGFRa, SRY-box containing gene (Sox6), forkhead box J3
(FoxJ3), zinc-finger protein 238 (ZFP238), and Hes5.15–17 Hes5, in
particular, is a critical downstream effector within the Notch signaling
pathway and has also been shown to be related to the expression of
myelin markers.32,33 From developmental studies, it was observed
that Hes5 levels were elevated in naive OPCs and progressively
decreased as they differentiated and started to express myelin
genes.32,33 The rest of the inhibitory genes mentioned were demon-
strated to be similarly regulated in our past studies, which investigated
ular Therapy Vol. 27 No 2 February 2019 415
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Figure 4. Scaffold-Mediated Non-viral Delivery of miR-219/miR-338 Promoted Greater Extent and Rate of OPC Differentiation

(A) PDGFRa+ cells (red) in the miR-219/miR-338 treatment group (left) and Neg miR group (right). Scale bar represents 100 mm. (B) Density of PDGFRa+ cells per perilesion

area. (C) CC-1+ mature OLs (red) in the miR-219/miR-338 treatment group (left) and Neg miR group (right). Scale bar represents 100 mm. (D) Density of CC-1+ cells per

perilesion area. ***p < 0.001; **p < 0.01; *p < 0.05 (Kruskal-Wallis, Mann-Whitney U test). Data are represented as mean ± SEM.
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the effects of sustained fiber-mediated delivery of miR-219 and miR-
338 on OPC differentiation.13,14

Here, we hypothesized that a combination of scaffold topography and
RNAi would prime the endogenous population of OPCs to engage in
myelination after injuries within the CNS. We first explored the ef-
fects of miR-219/miR-338 cocktail on OPC differentiation and mye-
lination in vitro using electrospun PCL fibers. These fibers were fabri-
cated to be suspended,21 unlike those used in our previous work,14

which were condensed to form a fibrous mat. However, because the
miR loading strategy was similar, we would also anticipate a burst
release within the first week and subsequent sustained release for
another week.14 Consistent with previous in vitro findings, OPCs
matured faster when transfected with miR-219/miR-338 as indicated
by the increased percentage of cells expressing MBP at week 2. The
effect of these miRs’ gene silencing, using this platform, has also
been confirmed in those studies.13,14 Besides that, we also demon-
strated that this miR cocktail could greatly enhance the ensheathment
length and number of sheaths that were formed by MBP+ OLs after
2 weeks of differentiation. The quantification method for counting
the number of sheaths per cell in this paper was adopted from a pre-
vious study by Bechler et al.22 Compared with their measurements,
the number of complete sheaths we obtained were 2- to 3-fold less.
416 Molecular Therapy Vol. 27 No 2 February 2019
This observation may be because of the process of miR transfection,
which may be more cytotoxic to sensitive cells like OPCs and OLs.

The scaffold utilized in this in vivo study contained two important
features, aligned electrospun fibers and collagen hydrogel. This design
was adopted from our previous study where aligned electrospun
fibers were employed to provide topographical guidance for axon
ingrowth.19,20 These fibers were also arranged in a 3D conformation
so as to imitate the architecture of the natural extracellular matrix and
allow infiltrating cells to maintain their viability.34 To keep these fi-
bers intact during and after implantation, we added collagen hydrogel
for physical support. Importantly, another role played by collagen hy-
drogel was the non-viral and localized sustained delivery of drugs,
which has been shown in our previous works19,20 and in this study
(Figure 2C). However, unlike previous work,19 we decreased the
concentration of the collagen hydrogel and also varied the transfec-
tion reagent for miR delivery in this study. Of note, we found that
oligonucleotides were taken up by cells in the surrounding tissues,
up to a distance of 300 mm.19 Hence we chose a distance of 100 mm
away from the borders of our scaffold for analysis of cellular response
as we would expect an increase of myelin under the influence of the
miRs. This analysis of cellular response at the perilesion region is
also consistent with the literature.35



Figure 5. Scaffold-Mediated Non-viral Delivery of miR-219/miR-338 Supported Myelin Regeneration and Axon Ensheathment within Scaffold

(A) Representative images comparing different miR-219/miR-338- and Neg miR-loaded scaffolds. Relatively prominent MBP and CNPase signals were observed within

scaffolds with miR-219/miR-338 at week 4. White dotted lines demarcate the region occupied by the scaffold. Scale bar represents 250 mm. (B) Percent of fiber-scaffold area

that is MBP+. (C) Representative images fromweek 4 samples showingMBP+ signals in scaffold.White arrows indicate axons that appeared to be partially ensheathed. Scale

bar represents 20 mm in the normal images and 10 mm in the magnified images. (D) Myelination index obtained within the scaffolds. **p < 0.01, *p < 0.05 (Student’s t test).
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In our attempt to characterize the density of oligodendroglial lineage
cells around the perilesion site, we observed notable differences in the
number of Olig2+ cells between miR-219/miR-338 and Neg miR
treatment groups from 2 weeks post-implantation onward. When
comparing the perilesional density of Olig2+ cells between miR-
219/miR-338 and Neg-miR treatment groups, some differences
were observed during weeks 2 and 4 post-injury. Based on the consis-
tent density of DAPI+ cells during the entire duration of the experi-
ment, these results indicated that miR-219/miR-338 might be
able to preserve the viability of oligodendroglial lineage cells. Due
Molecular Therapy Vol. 27 No 2 February 2019 417
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Figure 6. Scaffold-Mediated Non-viral Delivery of miR-219/miR-338 Showed a Trend of Enhanced Myelination at Host-Implant Interface

(A) Representative images obtained at week 4 depicting MBP+ tubular structures surrounding NF+ axons. Scale bar represents 5 mm in the normal images and 2 mm in the

magnified images. (B) Myelination index obtained at host-implant interface. (C and D) Representative transmission electronmicroscopy images showing the (C) presence and

(D) lack of myelinated axon formation in (C) miR-219/miR-338 and (D) NegmiR groups, respectively. Scale bars for the TEM images are labeled with their respective scale bar

size. N.S., not significant (Student’s t test).
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to limited literature investigating the effects of miR-219/miR-338 on
OPC cell survival, further confirmation of this observation would
require lineage tracing of OPCs.36

Axon myelination within the injured CNS is an important element of
regeneration.36 Consistent with a recent study by Wang et al.,17 albeit
in a non-SCI model, we observed similar trends where miR-219/miR-
338 treatment led to a higher number of axons being myelinated as
compared with Neg miR treatment (Figure 6). Besides examining
OPCs/OLs, we also assessed the effects of miR-219/miR-338 on neu-
rons and astrocytes. Previously, we showed that this scaffold platform
418 Molecular Therapy Vol. 27 No 2 February 2019
could deliver other miRs, such as miR-222, to enhance axonal regen-
eration in vivo.19 Therefore, the lack of significant differences in neu-
rite length between miR-219/miR-338 and Neg miR groups in vivo
(Figure S4) and in vitro (Figure S5) indicated that it was most likely
due to the insensitivity of neurons and/or axons toward miR-219/
miR-338 and not due to the failure of miR uptake and/or delivery.
The same conclusion can be drawn for results observed in astrocytes
where glial scarring was not significantly induced in both miR-219/
miR-338 and Neg miR-treated groups. However, because GFAP is
indicative of only astrocyte activation,30 there might be other secre-
tory factors that led to a more permissive environment for myelin
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regeneration. Future studies could be conducted to investigate this
hypothesis.

OLs were shown to be able to myelinate electrospun fibers
in vitro.22,37 However, when we sectioned the scaffolds and exam-
ined them under the TEM, we did not observe any fiber ensheath-
ment in vivo (Figure S3). Based on a recent study by Assinck et al.,36

we speculate that one possible reason could be that the OPCs within
the scaffolds were differentiating into Schwann cells instead of OLs.
Contrary to OLs, there are not many studies demonstrating the po-
tential of Schwann cells in ensheathing electrospun fibers in vitro
and in vivo. Moreover, it has been shown previously that Schwann
cell myelination is regulated by signaling molecules, such as Neure-
gulin 1 type III.38,39 Because our fibers were not coated with myeli-
nation cues, they were unlikely to be myelinated. Hence future
works could explore the effects of miR-219/miR-338 on OPC differ-
entiation into Schwann cells versus OLs. Importantly, we would also
seek to elucidate the relative potential of OLs and Schwann cells in
inducing myelin regeneration and subsequent functional recovery
after SCI.

RNAi is widely adopted in treatments related to cancer therapy
and genetic diseases. However, it presents much wider implica-
tions and is potentially useful in regenerative medicine. Unfortu-
nately, one of the major stumbling blocks to the translational
use of RNAi is the development of proper delivery systems for
effective and efficient in vivo delivery of these molecules with min-
imal off-target effects. Traditional approaches of systemic delivery
for cancer and genetic disease therapy may not be directly benefi-
cial to traumatic tissue injuries because the latter often involves
confined injuries that also require the reestablishment of in vivo
tissue structures. Scaffold-mediated delivery, as highlighted here,
represents a potential approach because scaffolds can provide the
necessary structural support and directional cues for tissue re-
growth and restructuring. Furthermore, scaffold-mediated delivery
of drugs provides localized delivery to the site of injury,19 hence
minimizing off-target systemic effects. Therefore, results from
this work will highlight the importance of RNAi and scaffold-
mediated gene silencing to regenerative medicine. This study
further enforces the potential of RNAi in directing the differenti-
ation of endogenously recruited progenitor cells. Such aspects
have not been demonstrated to date.

Clinically, the implantation of similar biocompatible scaffolds for
SCI treatment has already gained momentum,40,41 and results
have, thus far, shown great promise. We believe that in due time
as the regulatory bodies are convinced of scaffold implantation as
a treatment option for SCI or even demyelinating diseases, this
work can be the next step forward to attain a higher resolution ther-
apeutic avenue.

Conclusions

Our current study reflects the potency of scaffold-mediated delivery
of miR-219/miR-338 in affecting the fate of oligodendroglial lineage
cells to differentiate from OPCs to matured OLs. Furthermore, we
also demonstrated that such non-viral, localized, and sustained deliv-
ery of miR-219/miR-338 could promote myelination within the
injured CNS.

MATERIALS AND METHODS
2,2,2-Trifluoroethanol (TFE), heparin, BSA, horse serum, poly-D-
lysine, cytosine arabinoside, 5-fluoro-20-deoxyuridine, DNase, pro-
gesterone, putrescine, and ITS liquid media supplement (ITS) were
obtained from Sigma, USA. Rat tail collagen type 1 was purchased
from Corning, USA. NT-3 and nerve growth factor (NGF) were
procured from PeproTech, USA. Negative scrambled microRNA
(Neg miR), miR-219, miR-338-3p, miR-338-5p, Quant-iT
RiboGreen, collagenase type 1, goat anti-mouse Alexa Fluor 555,
goat anti-rat Alexa Fluor 555, goat anti-rat Alexa Fluor 633, goat
anti-rabbit Alexa Fluor 488, goat anti-chicken Alexa Fluor 488,
DAPI, N-2 supplement, laminin mouse protein (laminin), goat
serum, Neurobasal medium, DMEM (high glucose, L-glutamine,
pyruvate), GlutaMAX supplement, and penicillin-streptomycin
(Pen/Strep) were acquired from Life Technologies, USA. TKO
was obtained from Mirus Bio, USA. Tris-EDTA (TE) buffer (pH
8.0) and PBS (pH 7.4) were purchased from 1st Base, Singapore.
NT-3 ELISA kit was bought from R&D Systems, USA. Mouse
anti-CC-1 (ab16794) was obtained from Abcam, UK. Rabbit
anti-Olig2 (AB9610) was acquired from Merck, USA. Rat anti-
MBP (MCA409S) was purchased from Bio-Rad, USA. Chicken
anti-NF200 (822601) and mouse anti-bIII-tubulin (801202)
were procured from BioLegend, USA. Mouse anti-CNPase
(AMAb91072) was bought from Atlas Antibodies, Sweden. Rabbit
anti-GFAP (Z033401) was obtained from DAKO, Denmark.
DMEM/F12 medium was purchased from Lonza, Switzerland.
Papain (LS003126) was bought from Worthington Biochemical
Corporation, USA.

Cell Culture

Postnatal day 0 (P0) to P2 neonatal rat cortices, along with their-
meninges, were removed and enzymatically digested with 1.2 U
papain and 40 mg/mL DNase at 37�C for 1 hr. Thereafter, 8 mL
of DMEM containing 10% fetal bovine serum (FBS) was added,
and the dissociated tissues were triturated with 21G needle and sy-
ringe. Tissues from six digested cortices were seeded onto four
poly-D-lysine (PDL)-coated T75 flasks and cultured in DMEM
with 10% FBS and 1% Pen/Strep. After 9–11 days, the mixed glia
culture was placed on an orbital shaker at 200 rpm for 1 hr at
37�C to remove the loosely attached microglia. Following this, an
additional 16–17 hr of shaking was done to obtain the OPCs. To
further purify the cells collected, we adopted a differential adhesion
method (25 min) on untreated Petri dishes. Purified OPCs were
then seeded at a density of 45,000 and cultured for 14 days in
myelin medium containing DMEM (high glucose, L-glutamine,
pyruvate):neurobasal (50:50), NS21, 1% Pen/Strep, GlutaMAX sup-
plement, ITS, 10 ng/mL biotin, 5 mg/mL N-acetylcysteine (NAC)
and SATO (100 mg/mL BSA, 60 ng/mL progesterone, 16 mg/mL pu-
trescine, 400 ng/mL T3 and T4).
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In Vitro Myelin Sheath Quantification

A myelin sheath is defined as a continuous, smooth tube of MBP
staining surrounding a fiber. To measure the length of myelin sheaths
on fibers, MBP signals were traced along individual fibers using 40�
magnification confocal images (Zeiss LSM800). To compute the
number of myelin sheaths per cell, MBP+ cells in the miR-219/
miR-338 and Neg miR groups from three independent experiments
were included in the analysis. All measurements and counting were
done using Fiji.

Scaffold Fabrication

The PCLEEP copolymer (weight-average molecular weight [Mw] =
59,102; number-average molecular weight [Mn] = 25,542) was syn-
thesized according to a procedure described previously,14 and a
Percent of collagen degradation ð%Þ= Initial mass of scaffold ðmgÞ �Mass of scaffold measured at each time pointðmgÞ
Initial mass of scaffoldðmgÞ � 100%
two-pole air gap electrospinning technique was used to obtain
the aligned PCLEEP fibers.19 In brief, the electrospinning solution
was obtained by dissolving PCLEEP in TFE (35% w/v) and loaded
into a 3-mL syringe that was capped with a 21G blunt-tipped nee-
dle. The solution was charged at +12 kV and extruded at a flow
rate of 1.1 mL/hr. The PCLEEP fibers were deposited within a
5-cm air gap area between two stationary collector poles that
were charged at �4 kV. Each set of fibers was obtained after
75 s of electrospinning. Four sets of fibers were then sterilized un-
der UV light for 45 min and set in place within a sterilized cylinder
mold (5 mm in length and 4.5 mm in inner diameter). 200 mL of
rat tail collagen type 1 was then prepared to a concentration of
3 mg/mL following manufacturer’s protocol and added into the
mold. Hydrogel formation took place at room temperature for
30 min. The scaffolds were then frozen at �20�C for 3 hr before
being lyophilized overnight. Finally, the scaffolds were cut into
1-mm-long pieces and sterilized under UV light for 45 min before
in vivo implantation.

Drug Loading

NT-3 was loaded into all the scaffolds and delivered together with
the miRs. For calculations regarding NT-3 incorporation into the
scaffolds, distilled (DI) water within the collagen mixture was re-
placed with 1 mL of NT-3 (stock concentration is 2 mg/mL, 2 mg
per scaffold for implantation), which was, in turn, reconstituted in
0.1% BSA and heparin (400 mg/mL) (1:1 v/v). For calculations
regarding miR incorporation, miR (2 mg per scaffold containing
equal parts of miR-219, miR-338-3p, and miR-338-5p) and TKO
(1:1 v/v) were complexed for 15 min at room temperature. After
complexation, the solution was then added into the collagen
mixture. For the control scaffold, Neg miR was used to complex
with TKO instead.
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Fiber Diameter Quantification

Scaffolds were sputter-coated with platinum (JFC-1600; JEOL) at
10 mA for 120 s and observed under the scanning electron micro-
scope (JSM-6390 LA; JEOL) at an accelerating voltage of 10 kV.
The average fiber diameter was determined using ImageJ (NIH,
USA) by measuring 100 fibers per sample from high-magnification
(5,000�) scanning electron microscope images.

Scaffold Degradation

Scaffolds (2.35 ± 0.15 mg) (n = 8) were completely immersed in
1 mL of PBS and incubated at 37�C. At each time point, the
weight of the hydrated scaffold was measured. The percentage
of collagen degradation was then calculated using the following
equation.
Drug Release Kinetics

The release kinetics of miR and NT-3 from the scaffolds was eval-
uated under static conditions. Neg miR- and NT-3-incorporated
scaffolds were incubated in 1.2 mL of 1� TE buffer and PBS,
respectively, at 37�C. Three samples (2.08 ± 0.15 mg) were used.
At each time point, 600 mL of buffer was collected from each sample
and replaced with an equal volume of fresh buffer. The amount of
NT-3 released over time was determined using an NT-3 ELISA
assay. For miR quantification, to each of the supernatants collected,
100 mL of 100 mg/mL heparin was added and thoroughly mixed at
130 rpm for an hour to decomplex Neg miR from TKO. The con-
centration of miR that was released into the supernatant was then
quantified using Quant-iT RiboGreen assay following manufac-
turer’s protocol.

In order to retrieve the remaining Neg miR and NT-3 from the scaf-
folds at the end of the release kinetics study, the scaffolds were sub-
merged in collagenase for 1 hr at 37�C. Upon complete dissolution
of the collagen, the supernatant was tested for NT-3 using ELISA,
whereas miR samples were decomplexed with heparin as described
above and analyzed using Quant-iT RiboGreen RNA reagent kit.
The loading efficiency of the drugs was then computed respectively
using the following equation.

Loading Efficiency =
Total drug released +Total drug extracted

Total theoretical drug loaded

� 100%

Animals

All animals were obtained from In Vivos Pte (Singapore). The animal
care and experimental procedures were carried out in accordance to



Table 1. Experimental Groups

Group

No. of Animals (n)

Week 1 Week 2 Week 4

Neg miR + NT-3 3 8 7

miR-219/miR-338 + NT-3 4 5 7

NT-3 only – 4 –

www.moleculartherapy.org
the Institutional Animal Care and Use Committee (IACUC, NTU)
guidelines. Animals were housed under temperature-controlled con-
ditions, with a normal 12/12 hr light/dark cycle with ad libitum access
to water and food.

SCI Surgical Procedures

Thirty-eight adult female (7–9 weeks, 180–230 g) Sprague-Dawley
rats were used as outlined in Table 1. Buprenorphine (0.05 mg/kg)
was administered to each animal subcutaneously 30 min before
surgery. Anaesthesia was then induced using a 4%–5% mixture
of isoflurane in air followed by intraperitoneal injection of keta-
mine (75 mg/kg) and xylazine (10 mg/kg). Once deeply anaesthe-
tized, the dorsal region of the rats (cervical to pectoral) was shaved
and cleaned with 70% ethanol and betadine. A midline incision was
made at the disinfected area, and the overlying muscles were
bluntly dissected to expose the C5-C6 vertebrae. A laminectomy
procedure was further performed to reveal the underlying spinal
cord. Following that, the dura was sliced open and a one-third right
lateral incision was made on the spinal cord. The scaffold (1 mm in
length) was then implanted into the lesion site once the bleeding
had subsided. After the implantation, a piece of fat tissue was
used to cover the injury, the muscles were sutured using Prolene
4/0 single stitches, and the skin was closed using wound clips.
Post-operative treatments included subcutaneous injection of bu-
prenorphine (0.05 mg/kg) and addition of meloxicam (5 mg/mL)
into the drinking water.

Immunohistochemical Analysis

At designated time points post-implantation, animals were deeply
anesthetized with an intraperitoneal injection of sodium pentobar-
bital (100 mg/kg) before being transcardially perfused with 0.9% sa-
line solution followed by 4% paraformaldehyde (PFA). The im-
planted scaffolds and some of the surrounding spinal cord tissues
were then harvested and further transferred into 4% PFA for
2 hr, followed by 15% sucrose solution for 24 hr, and finally 30%
sucrose solution. Thereafter, the tissues were embedded in Tissue-
Tek O.C.T. Compound and cut into 20-mm-thick horizontal sec-
tions using a cryostat (Leica CM1950). Immunofluorescent staining
was performed to evaluate the effects of the treatment on various
cell types of interest. Sections were permeabilized with 0.3% Triton
X-100, blocked with 10% goat serum for 1 hr, and incubated with
primary antibodies overnight at room temperature. Primary anti-
bodies used included mouse anti-CC-1 (1:200 dilution), rabbit
anti-Olig2 (1:200 dilution), rabbit anti-PDGFRa (1:3,000 dilution;
gift from Prof. Stallcup), rat anti-MBP (1:200 dilution), chicken
anti-NF200 (1:1,000 dilution), mouse anti-CNPase (1:1,000 dilu-
tion), and rabbit anti-GFAP (1:1,000 dilution). After primary anti-
body incubation, the samples were washed thrice with PBS before
secondary antibody incubation for 1 hr at room temperature, using
the following: goat anti-mouse Alexa Fluor 555 (1:1,000 dilution),
goat anti-rat Alexa Fluor 555 (1:1,000 dilution), goat anti-rat Alexa
Fluor 633 (1:500 dilution), goat anti-rabbit Alexa Fluor 488 (1:7,000
dilution), and goat anti-chicken Alexa Fluor 488 (1:700 dilution).
Finally, nuclei were labeled with DAPI (1:1,000 dilution), and all
slides were coverslipped with Mowiol.

Quantification for the number of DAPI, Olig2, PDGFRa, and CC-1-
positive cells in the tissue samples was conducted using a fluorescently
labeled stitched collage consisting of several 10� magnified images
(Leica DMi8). The region of interest was defined to be 100 mm around
the lesion site (Figure 3A), and cells were manually counted using
ImageJ cell counter (NIH, USA). To quantify myelination index in
the implant interface and within the scaffold, we used 40�magnified
z stacks obtained from Zeiss LSM800 along with a colocalization soft-
ware from ImageJ (NIH, USA). A total of three spinal cord sections
were used for quantification per animal. The myelination index is
defined by the following equation.

Myelination Indexð%Þ
=
Number of overlapping NF200 and MBP pixels

Number of NF200 pixels
� 100%

Statistical Analysis

Quantification data were tested for normality and homogeneity of
variances using Shapiro-Wilk and Levene’s tests, respectively. Data
with homogeneous variances were analyzed using one-way
ANOVA followed by Tukey’s post hoc test. Kruskal-Wallis test
followed by Mann-Whitney post hoc test were used instead for
non-parametric data. Error bars represent SEM, unless otherwise
stated. The p values obtained from Olig2+, PDGFRa+, and CC1+

cell density comparison within the various groups are displayed
in Table S1.
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Supplemental Methods 

DRG neuron culture and transfection 

Dorsal root ganglia were harvested from adult Sprague-Dawley rats and collected in 

DMEM/F12 medium in a petri dish. All DRGs were first desheathed to minimize culture 

contamination by other cells. Thereafter, the dissociated cells were seeded onto glass 

coverslips that were precoated with poly-D-lysine and laminin. Cells were maintained 

at 37 °C and 5% CO2 in DMEM/F12 medium containing 1% penicillin–streptomycin, 

10% horse serum, 1% of N2 and 50 ng/ml of NGF. One day after seeding, half of the 

medium was changed and 10 µM/well of cytosine arabinoside and 20 µM/well of 5-

fluoro-2′-deoxyuridine were added to the culture. At the same time, the various 

transfection group and controls were implemented.    

 

In total, 4 experimental groups containing 4 technical replicates and 3 biological 

replicates were established: i) Untreated cells; ii) cells treated with transfection 

reagent, TKO, only; iii) TKO-scrambled miR (Neg miR) complexes; and iv) TKO-miR-

219/miR-338 complexes. To constitute the TKO-miR complexes, 1.5 µl of TransIT-

TKO was diluted in 50 µl of DMEM before complexation with 1.5 µl of miRs (50 µM) at 

room temperature for 15 min. Cells were transfected for 24 h before they were fixed 

and immunostained. 

Immunocytochemistry 

DRG neuron cultures were fixed with 4% PFA in phosphate buffer containing 15% 

sucrose for 20 min. After washing in PBS for 3 times, cells were permeabilized with 

0.3% Triton X-100 followed by blocking with 10% goat serum for 1 h at room 

temperature. Thereafter, the samples were incubated with mouse anti-βIII-Tubulin 



 
 

(1:500 dilution) for 2 h at room temperature. Finally, all samples were incubated in 

goat anti-mouse Alexa Fluor 555 secondary antibody for 1.5 h at room temperature 

and cell nuclei were counterstained with DAPI. 

 

In vitro DRG neurite measurements 

Standardized exposure times were established for comparison between various 

treatment groups. Neurite measurements were performed using the ImageJ software, 

Simple neurite tracer plugin. At least 50 cells per condition were counted in each trial 

in terms of the average total neurite length and the longest neurite length.  

 

In vivo neurofilament infiltration 

A region of interest (ROI) was chosen by delimiting the area around the injury site 

(including scaffold) using the ImageJ software. Thereafter, all images were 

transformed into 8-bit gray scale to determine the number of pixels above a selected 

threshold. The lowest threshold was defined by selecting the pixel intensity of the 

scaffold without NF200+ signal thus separating the positive signal from the background 

signal. The average area fraction of these pixels was measured and recorded. 

 

Glial scar measurements 

A ROI of 250 µm around the injury site was chosen for analyses as the area contained 

all prominent GFAP stained glial scar regions in all samples. Similar to the 

neurofilament infiltration measurements, all the images were transformed into 8-bit 

gray scale to determine the number of pixels above a selected threshold. To select the 

lowest threshold, GFAP intensity far away from the injury site was set as background. 

Thus, all signals that were above this threshold would be the reactive astrocytes 



 
 

forming the glial scar. The average area fraction of these pixels was measured and 

recorded.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 
 

Supplemental Figures 

 

 

 

Figure S1. Cumulative release profile of Neg miR and NT-3. Data represented as 

mean ± SD.  

 

 

 

 

 

 

 

 

 



 
 

 

 

Figure S2. NT-3 alone did not prevent loss of oligodendroglial lineage Olig2+ 

cells nor induced OPC maturation after SCI. *** p<0.001, ** p<0.01, * p<0.05 

(ANOVA). Data represented as mean ± SEM.  

 

 



 
 

 

 

Figure S3. Representative transmission electron microscopy images within the 

scaffold of both miR-219/miR-338 and Neg miR group. Black asterisk denotes a 

cross sectional view of an individual electrospun PCLEEP fiber. No compact myelin 

sheaths were observed around the electrospun fibers screened in both groups.  

 

 



 
 

 

 

Figure S4. Scaffold-mediated non-viral delivery of miR-219/miR-338 did not 

affect neurite regeneration in vivo. (A) NF200 expression (red) at injury sites and 

light micrograph of fiber-hydrogel scaffolds in miR-219/miR-338 (left) and Neg miR 

group (right). (B) Percentage of host-implant interface area occupied by neurofilament 

ingrowth. (C) Percentage of scaffold area occupied by neurofilament ingrowth. N.S. - 

not significant (ANOVA). Data represented as mean ± SEM. Scale bars represent 500 

µm.  

 



 
 

 

Figure S5. miR-219/miR-338 has no effect on neurite growth in vitro. (A). 

Representative images of Untreated, TKO, Neg miR and miR-219/miR-338. (B) 

Average total length of neurites. (C) Average longest length of neurite. N.S. - not 

significant (ANOVA). Data represented as mean ± SEM.  

 

 

 

 



 
 

 

 

Figure S6. Scaffold-mediated non-viral delivery of miR-219/miR-338 did not 

affect glial scar formation. (A) GFAP expression (green) at injury sites and light 

micrograph of fiber-hydrogel scaffolds in miR-219/miR-338 (left) and Neg miR group 

(right). (B) Area fraction of glial scar formed at perilesion region. N.S. - not significant 

(ANOVA). Data represented as mean ± SEM. Scale bars represent 500 µm.  

 

 

 



 
 

 

 

Table S1. Statistical significance of differences between (A) Olig2+ ; (B) PDGFRa+; 

and (C) CC-1+ cell density in different experimental groups (ANOVA). 


	Scaffold-Mediated Sustained, Non-viral Delivery of miR-219/miR-338 Promotes CNS Remyelination
	Introduction
	Results
	Fiber-Mediated Non-viral Delivery of miR-219/miR-338 Enhanced OPC Differentiation and Myelination In Vitro
	Sustained Release of NT-3 and miRs from Fiber-Hydrogel Scaffolds
	Scaffold-Mediated Delivery of miR-219/miR-338 Preserved the Number of Oligodendroglial Lineage Cells around Injury Site aft ...
	Scaffold-Mediated Delivery of miR-219/miR-338 Promoted OPC Differentiation after SCI
	Scaffold-Mediated Delivery of miR-219/miR-338 Enhanced Myelin Formation after SCI
	Scaffold-Mediated Delivery of miR-219/miR-338 Did Not Affect Neurite Outgrowth or Exacerbate Glial Scarring after SCI

	Discussion
	Conclusions

	Materials and Methods
	Cell Culture
	In Vitro Myelin Sheath Quantification
	Scaffold Fabrication
	Drug Loading
	Fiber Diameter Quantification
	Scaffold Degradation
	Drug Release Kinetics
	Animals
	SCI Surgical Procedures
	Immunohistochemical Analysis
	Statistical Analysis

	Supplemental Information
	Author Contributions
	Acknowledgments
	References


