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ABSTRACT

Aligned electrospun fibers provide topographical cues and local therapeutic delivery to facilitate robust
peripheral nerve regeneration. mRNA delivery enables transient expression of desired proteins that pro-
mote axonal regeneration. However, no prior work delivers mRNA from electrospun fibers for periph-
eral nerve regeneration applications. Here, we developed the first aligned electrospun fibers to deliver
pseudouridine-modified (V) neurotrophin-3 (NT-3) mRNA (WNT-3mRNA) to primary Schwann cells and
assessed NT-3 secretion and bioactivity. We first electrospun aligned poly(L-lactic acid) (PLLA) fibers
and coated them with the anionic substrates dextran sulfate sodium salt (DSS) or poly(3,4-dihydroxy-
L-phenylalanine) (pDOPA). Cationic lipoplexes containing WNT-3mRNA complexed to JetMESSENGER®
were then immobilized to the fibers, resulting in detectable WNT-3mRNA release for 28 days from all
fiber groups investigated (PLLA+mRNA, 0.5DSS4h+mRNA, and 2pDOPA4h+mRNA). The 2pDOPA4h+mRNA
group significantly increased Schwann cell secretion of NT-3 for 21 days compared to control PLLA fibers
(p < 0.001-0.05) and, on average, increased Schwann cell secretion of NT-3 by > 2-fold compared to bo-
lus mRNA delivery from the 1pgBolus+mRNA and 3pgBolus+mRNA groups. The 2pDOPA4h+mRNA fibers
supported Schwann cell secretion of NT-3 at levels that significantly increased dorsal root ganglia (DRG)
neurite extension by 44% (p < 0.0001) and neurite area by 64% (p < 0.001) compared to control PLLA
fibers. The data show that the 2pDOPA4h+mRNA fibers enhance the ability of Schwann cells to promote
neurite growth from DRG, demonstrating this platform’s potential capability to improve peripheral nerve
regeneration.

Statement of significance

Aligned electrospun fibers enhance axonal regeneration by providing structural support and guidance
cues, but further therapeutic stimulation is necessary to improve functional outcomes. mRNA deliv-
ery enables the transient expression of therapeutic proteins, yet achieving local, sustained delivery re-
mains challenging. Previous work shows that genetic material delivery from electrospun fibers im-
proves regeneration; however, mRNA delivery has not been explored. Here, we examine mRNA deliv-
ery from aligned electrospun fibers to enhance neurite outgrowth. We show that immobilization of NT-
3mRNA/JetMESSENGER® lipoplexes to aligned electrospun fibers functionalized with pDOPA enables local,
sustained NT-3mRNA delivery to Schwann cells, increasing Schwann cell secretion of NT-3 and enhancing
DRG neurite outgrowth. This study displays the potential benefits of electrospun fiber-mediated mRNA
delivery platforms for neural tissue engineering.
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1. Introduction

Peripheral nervous system (PNS) injury resulting from disease
or trauma impacts over 20 million individuals in the United States
alone and can significantly reduce the patient’s quality of life [1].
Recovery from PNS injury is often incomplete due to limited re-
generation of damaged peripheral axons and deficient reinnerva-
tion of surrounding tissues [2,3]. A complete nerve transection in-
jury gap larger than 1 cm typically requires surgical placement of
a bridging graft to support axon regeneration and functional recov-
ery [4]. A nerve autograft or allograft are the gold standard surgi-
cal options to bridge a large injury gap in a peripheral nerve [5].
However, aligned electrospun fiber-containing artificial nerve grafts
serve as an alternative approach to bridge large injury gaps with
the potential to overcome the limitations faced by autografts and
allografts [4-7]. The aligned fibers provide topographical features
that mimic the native peripheral nerve extracellular matrix (ECM)
and can be engineered to locally deliver therapeutics such as small
molecule drugs, proteins, and nucleic acids over an extended dura-
tion to support robust axon regeneration [5,8-12].

Delivery of neurotrophic factor proteins from biomaterials fol-
lowing nervous system injury is of interest due to their known
benefits on the regeneration process [13-22]. Neurotrophin-3 (NT-
3) is a neurotrophic protein that binds to tyrosine kinase (Trk) re-
ceptors present on cells throughout the PNS, including Schwann
cells and dorsal root ganglia (DRG) neurons [23-26]. This enables
NT-3 to elicit a broad range of responses in vitro and in vivo,
such as increasing Schwann cell migration, mediating Schwann cell
myelination, enhancing neurite outgrowth from DRG explants, and
improving sensory axon regeneration [17,18,27-39]. However, the
use of NT-3 as a clinical therapeutic is limited by its short half-life
[36,40]. Alternatively, viral or non-viral DNA or RNA delivery can
induce local expression of the desired protein [28,36,41-46].

Synthetic messenger RNA (mRNA) delivery offers a non-viral
approach to induce transient expression in the cytosol, remov-
ing the risk of insertional mutagenesis and improving the trans-
fection efficiency of hard-to-transfect primary cells compared to
DNA-based gene therapies [47-50]. The instability and immuno-
genicity of mRNA have slowed the progression of mRNA thera-
peutics to the clinic [47]. However, the use of cationic lipid- and
polymer-based gene delivery vehicles and incorporation of opti-
mized capping structures like anti-reverse cap analog (ARCA) and
modified nucleotides like pseudouridine-5’-triphosphate (W) im-
prove the delivery efficiency of bioactive mRNA and subsequent
translation into the desired protein while reducing the risk of a
severe immune response to the foreign genetic material [48,51-
56]. Synthetic mRNAs have been successfully delivered via systemic
and local injection to increase the production and secretion of neu-
rotrophic factors [43-46]. Still, the limited success of mRNA thera-
peutics in tissue engineering and regenerative medicine is due, in
part, to the challenge of delivering an efficacious dose of mRNA to
the target location to induce sustained secretion of the desired pro-
tein for the optimal duration [50,57]. Electrospun fiber-based drug
depots enable local, sustained, non-viral delivery of genetic mate-
rial in the forms of plasmid DNA, small interfering RNA (siRNA),
and microRNA (miRNA) while also providing structural support and
guidance cues to enable robust nerve regeneration [11,12,58-61].
However, mRNA delivery from electrospun fibers to improve neu-
rite outgrowth or axon regeneration via production of neurotrophic
factors has yet to be explored.

Poly(L-lactic acid) (PLLA) is an FDA-approved material com-
monly used to fabricate electrospun fibers for neural repair due
to its biocompatibility and slow biodegradability [62-64]. Anionic
surface coatings like poly(3,4-dihydroxy-L-phenylalanine) (pDOPA)
and dextran sulfate sodium salt (DSS) have been employed to func-
tionalize the electrospun fiber surface and improve immobilization

371

Acta Biomaterialia 155 (2023) 370-385

of biologics for local, sustained delivery [12,61,65-71]. pDOPA pos-
sesses carboxyl groups and reactive o-quinones that support the
immobilization of cationic delivery vehicles carrying genetic ma-
terial through a variety of possible physical and chemical inter-
actions, including electrostatic interactions, hydrophobic interac-
tions, hydrogen bonding, or Shiff base or Michael addition reac-
tions, depending on the surface chemistry of the gene delivery ve-
hicle [12,61,65-70]. DSS possesses sulfonate groups and has been
deposited onto electrospun fibers to enable immobilization of a
cationic enzyme via electrostatic interactions [71]. However, DSS
has yet to be employed to immobilize genetic material to the fiber
surface.

Here, we aimed to develop the first aligned electrospun fiber
platform that delivers modified mRNA encoding NT-3 to 1) sus-
tain local delivery of mRNA, 2) induce secretion of NT-3 protein
from primary rat Schwann cells, and 3) enhance neurite outgrowth
from rat DRG explants. First, we synthesized pseudouridine-5'-
triphosphate (W)-modified mRNA encoding NT-3 (WNT-3mRNA).
Next, we fabricated aligned PLLA electrospun fibers and func-
tionalized the fiber surface with a pDOPA or DSS coating. We
then complexed the WNT-3mRNA to the cationic delivery vehi-
cle JetMESSENGER® to form lipoplexes and immobilized the WNT-
3mRNA/JetMESSENGER® lipoplexes to the functionalized elec-
trospun fiber platforms. Finally, we investigated the ability of
the WNT-3mRNA/JetMESSENGER®-loaded aligned electrospun fiber
platforms to induce NT-3 protein secretion from rat Schwann cells
and subsequently assessed whether increased NT-3 secretion from
Schwann cells promoted neurite outgrowth from rat DRG explants.
This study introduces an approach that combines sustained deliv-
ery of mRNA with topographical guidance cues to stimulate and
guide neurite outgrowth and serves as a basis for future con-
struction and in vivo testing of mRNA-loaded, electrospun fiber-
containing artificial nerve grafts.

2. Materials and methods
2.1. Materials

All information regarding the materials, instruments, and soft-
ware used is included in Table S1 and Table S2.

2.2. WNT-3mRNA synthesis

WNT-3mRNA was synthesized in-house using standard molec-
ular biology techniques described in detail in the supplementary
methods. Briefly, a pcDNA3.1(+) expression vector encoding rat NT-
3 was expanded in bacteria and then isolated and purified via a
maxi-prep. Next, the pcDNA3.1(+)_NT-3 was linearized, and the
template DNA was amplified using standard polymerase chain re-
action (PCR) techniques. Finally, ¥-modified, anti-reverse cap ana-
log (ARCA)-capped mRNA encoding NT-3 was synthesized via in
vitro transcription and purified using spin columns. The WNT-
3mRNA quality and bioactivity were evaluated via a bioanalyzer
and enzyme-linked immunosorbent assay (ELISA), respectively.

2.3. Lipoplex formation and characterization

The mRNA/JetMESSENGER® lipoplexes were formed according
to the JetMESSENGER® manufacturer’s protocol. Briefly, anionic
WNT-3mRNA and cationic JetMESSENGER® were complexed at a
mass-to-volume ratio of 1 pg WNT-3mRNA to 2 pL JetMESSEN-
GER® (1:2 w/v) in the provided mRNA buffer. The solution was
mixed thoroughly and incubated for 15 min at room tempera-
ture before use. The hydrodynamic size, polydispersity index, and
charge of the formed mRNA lipoplexes were evaluated by an An-
ton Paar Litesizer™ 500 using dynamic light scattering (DLS) and
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measuring the zeta potential of particles in suspension described
in detail in the supplementary methods. Three solutions of each
mRNA type were prepared and analyzed (n = 3).

Commercially produced CleanCap® Enhanced Green Fluores-
cent Protein mRNA (eGFPmRNA), which is similar in size to
the WNT-3mRNA (~1 kb), was complexed to JetMESSENGER®
and characterized in the same manner described above. eGFPm-
RNA/JetMESSENGER® lipoplexes were used to conduct bolus trans-
fection efficiency experiments and the eGFPmRNA immobilization
pilot study for preliminary investigation of mRNA-loaded electro-
spun fiber design detailed in the supplementary methods and re-
sults.

2.4. Film casting and electrospinning

PLLA films and aligned PLLA fibers were fabricated onto glass
coverslips using drop-casting and electrospinning techniques de-
scribed previously [72]. Briefly, A 4% (w/w) solution of PLLA in
chloroform was prepared, and 50 pL or 300 pL of the solution was
drop cast evenly onto 15 mm X 15 mm or 24 mm x 50 mm glass
coverslips, respectively. The 15 mm x 15 mm films were used for
contact angle characterization or before electrospinning fibers to
secure the fibers to the coverslip and ensure that cells cultured
onto the fibers only encountered one material type. The 24 mm x
50 mm films were used for zeta potential characterization. Next,
A 12% (w/w) solution of PLLA in chloroform was prepared and
poured into a 5 mL syringe with a 22 G x 1 % inch needle and
loaded into a syringe pump. The 15 mm x 15 mm PLLA film-coated
coverslips were attached to a grounded wheel (1 cm thickness,
22 cm diameter). Highly aligned electrospun fibers were fabricated
onto the PLLA films using a vertical electrospinner [73] and the fol-
lowing electrospinning parameters: 15 min collection time, 15 kV
applied voltage, 1500 rpm wheel rotation speed, 4 cm collection
distance, 2 mL/h flow rate, and 23 + 1% relative humidity. At least
three 4% and 12% PLLA solutions were prepared to fabricate films
and aligned PLLA fibers in material triplicate for each experiment
(n = 3).

All films that would undergo surface characterization (contact
angle and zeta potential analysis) and all electrospun fiber scaf-
folds were dip-coated in a 4% solution of PLLA in chloroform on
all four edges to ensure that the polymer scaffold did not lift from
the glass coverslip during the biomaterial surface coating process
or experiments that followed.

2.5. Biomaterial surface coatings

Surface coatings were investigated to improve mRNA immobi-
lization and subsequent mRNA delivery to cells. PLLA films and
electrospun fibers were sterilized under UV for 30 min. Immedi-
ately before coating, the films and fibers were plasma-treated with
environmental air on the medium setting for 1 min with venting
every 10 sec using an Expanded Plasma Cleaner to improve surface
hydrophilicity. The coating solution compositions, coating times,
and coating procedure for the DSS- and pDOPA-coated groups were
based on ongoing work and previous work conducted in the Sing
Yan Chew Laboratory [61,65-70], respectively. Briefly, the coat-
ing solutions consisted of 1) dextran sulfate sodium salt (DSS)
and sodium chloride (NaCl) in sterile 1x PBS or 2) 3,4-dihydroxy-
L-phenylalanine (L-DOPA), N,N-Bis(2-hydroxyethyl)glycine (BICINE),
and NaCl in sterile deionized water (diH,0) adjusted to pH 8.5
with sodium hydroxide (NaOH). The 15 mm x 15 mm PLLA films
or fibers were placed flat in a sterile 12-well plate and submerged
in 1.5 mL of the respective coating solution, while the 24 mm x 50
mm PLLA films were placed flat in a 60-mm dish and submerged
in 5.5 mL of the respective coating solution. The plate was then
placed on a VWR mini orbital shaker (15 mm orbit) at 200 rpm
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to maintain gentle agitation of the coating solution throughout the
coating duration. After coating, each scaffold was washed 3x with
sterile diH,O and dried overnight at 40 °C in a vacuum oven. The
coating solution compositions and coating times for all DSS- and
pDOPA-coated groups investigated are listed in Table S3, and coat-
ing characterization and reasoning for selecting the optimal DSS-
and pDOPA-coated groups are detailed in the supplementary re-
sults. Table 1 summarizes the optimal DSS and pDOPA coating con-
ditions selected to functionalize the PLLA surfaces for further ma-
terial characterization and in vitro testing.

2.6. Biomaterial surface characterization

2.6.1. FTIR

The 15 mm x 15 mm Uncoated PLLA and DSS- and pDOPA-
coated electrospun fiber groups were removed from the glass cov-
erslip and analyzed on a Nicolet™ iS5 FTIR Spectrometer to inves-
tigate the chemical properties of the fiber surface. The mean ab-
sorbance spectrum of each group was obtained from ~500-4000
cm~! and normalized to their respective base (minimum) and
peak (maximum) values through minimum-maximum normaliza-
tion. Three separate scaffolds were analyzed per group (n = 3).

2.6.2. Static water contact angle

The static water contact angle on uncoated PLLA and DSS- and
pDOPA-coated film groups was measured using a Kruss DSA100
Drop Shape Analyzer to investigate the surface wettability. Con-
tact angle measurements were conducted on 15 mm x 15 mm film
samples rather than electrospun fibers, as the water droplet would
spread directionally along the fibers introducing a confounding
variable. A 3 pL droplet volume was used, and the angles at the
liquid—vapor and solid—liquid interface were fit on the Drop Shape
Analysis 4 software. Three droplets were analyzed on each film, av-
eraging each measurement’s left and right angles, and three sepa-
rate films were analyzed per group (n = 3).

2.6.3. Zeta potential

The zeta potential of uncoated PLLA and DSS- and pDOPA-
coated film samples was measured by an Anton Paar SurPASS™
3 Electrokinetic Analyzer for solid surface analysis using an ad-
justable gap cell to determine the material surface charge. The 24
mm X 50 mm uncoated PLLA and DSS- and pDOPA-coated film
groups were removed from the glass and cut to 20 mm x 10 mm
to fit into the sample holder. All measurements were performed in
a 10 mM KCl solution titrated to a physiologically relevant pH of
7.4 (7469 + 0.178) using the instrument’s automated titration sys-
tem. Each run consisted of five zeta potential measurements; how-
ever, only the last three measurements for each run were analyzed
to ensure the system was under equilibrium. Three separate runs
were performed for each film group (n = 3).

2.7. Electrospun fiber morphological characterization

The morphological features of the uncoated PLLA and 0.5DSS4h-
and 2pDOPA4h-coated electrospun fiber groups were visually as-
sessed and quantified to ensure consistency among batches and
groups, as changes in these features can affect cell response. Un-
coated PLLA and 0.5DSS4h- and 2pDOPA4h-coated PLLA fibers
were sputter-coated with approximately 1 nm of Au/Pd using a
Hummer V Technics sputter coater and then imaged via scanning
electron microscopy (SEM) to visualize each fiber group. Images
were captured on a versa 3D Dual Beam SEM using an accelerating
voltage of 2 kV as described previously [72]. Images for morpho-
logical characterization were captured at a 2500x magnification,
and representative images were captured at a 1000x magnification.
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Table 1

Summary table of optimal surface coatings.
Coating name  Coating solution Coating time
0.5DSS4h 0.5 mg/mL DSS, 1M NacCl, 1x PBS 4h
2pDOPA4h 2 mg/mL L-DOPA, 10 mM BICINE, 250 mM NaCl, diH20, pH 85 4 h

Fiber alignment, fiber diameter, and percent fiber coverage were
characterized via FIJI Software as described previously [72]. The
fiber alignment, diameter, and percent coverage of the uncoated
PLLA fiber scaffolds were characterized, while the fiber diameters
of the 0.5DSS4h- and 2pDOPA4h-coated were characterized. 100
fibers per replicate were analyzed to determine fiber diameter,
and six fields of view per replicate were analyzed to determine
fiber alignment and percent fiber coverage. At least one electro-
spun fiber scaffold per replicate and three separate replicates per
fiber group were analyzed to characterize fiber alignment, fiber di-
ameter, and percent fiber coverage (n = 3).

2.8. Lipoplex immobilization

A total of 3 ng of WNT-3mRNA was immobilized per fiber scaf-
fold to the uncoated PLLA and 0.5DSS4h- and 2pDOPA4h-coated
fibers to load a dose large enough to remain efficacious over a sus-
tained period. The uncoated PLLA and 0.5DSS4h- and 2pDOPA4h-
coated fibers were sterilized via UV for 30 min. A 300 pL solution
of Polyplus® mRNA buffer containing 3 pg of WNT-3mRNA and
6 pL of JetMESSENGER® was pipetted onto each scaffold and in-
cubated at 37 °C for 30 min. This immobilization incubation pe-
riod was selected based on the eGFPmRNA immobilization pilot
study and immobilization time pilot study detailed in the supple-
mentary methods and results. After the 30 min incubation, the
immobilization lipoplex solution was removed, and each scaffold
was washed with nuclease-free diH,0. The mRNA immobilized
groups will be referred to as PLLA+mRNA, 0.5DSS4h+mRNA, and
2pDOPA4h-+mRNA going forward. Immobilization solution contain-
ing only mRNA buffer (no added lipoplex) was also incubated with
a separate set of uncoated PLLA fibers, and each scaffold was
washed with nuclease-free diH,O0 as described above to serve as
the negative control PLLA fiber group.

2.9. WNT-3mRNA loading efficiency and release kinetics

2.9.1. WNT-3mRNA quantification

The Quant-iT™ RiboGreen™ RNA reagent kit was used accord-
ing to a modified version of the manufacturer’s protocol to quan-
tify the amount of mRNA in solution and determine the mRNA
loading efficiency and release kinetics. The standard curve was
constructed by diluting a WNT-3mRNA/JetMESSENGER® lipoplex
solution to known mRNA concentrations. Highly negatively charged
heparin sodium sulfate was added to the standard and unknown
sample solutions at a final concentration of 20 pg/mL [58,70],
mixed thoroughly, and incubated for 10 min at room tempera-
ture to decomplex the mRNA from the JetMESSENGER®. All de-
complexed standard and sample solutions were mixed 1:1 with
the Quant-iT™ RiboGreen™ RNA reagent, transferred into a black
polystyrene 96-well assay plate, incubated for 5 min, and the con-
centration of mRNA was determined by measuring fluorescence on
a Tecan infinite m200 microplate reader.

2.9.2. Loading efficiency

The amount of unbound WNT-3mRNA was assessed us-
ing the Quant-iT™ RiboGreen™ RNA reagent kit as described
in Section 2.9.1. to calculate the percent loading efficiency.
Briefly, the control and experimental immobilization solutions and
wash solutions were collected from the PLLA (negative control),
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PLLA+mRNA, 0.5DSS4h+mRNA, and 2pDOPA4h+mRNA fibers. The
collected samples were stored at -80 °C until quantified via Quant-
iT™ RiboGreen™. The percentage of the 3 ug of WNT-3mRNA ini-
tially loaded per scaffold present in the immobilization solution
and wash solution was summed and subtracted from 100 to obtain
the percent loading efficiency. Different immobilization lipoplex
solutions were prepared to immobilize mRNA in each replicate,
and six replicates were assessed per fiber group (n = 6).

2.9.3. Release kinetics

The amount of released WNT-3mRNA was assessed using
the Quant-iT™ RiboGreen™ RNA reagent kit as described in
Section 2.9.1. to assess the mRNA release kinetics. After collect-
ing the immobilization and wash solutions from each fiber group,
the PLLA (negative control), PLLA+mRNA, 0.5DSS4h-+mRNA, and
2pDOPA4h+mRNA fibers were submerged in 1 mL of nuclease-free
1x Tris-EDTA (TE) buffer. The 1 mL of 1x TE was collected and re-
placed at the following time points: 4, 8, and 12 h, and 1, 2, 3, 4,
5, 6, 7, 10, 14, 21, and 28 days. The collected samples were stored
at -80 ©C until quantified via Quant-iT™ RiboGreen™. The per-
centage of the experimentally loaded WNT-3mRNA (based on the
respective percent loading efficiency) present in each release solu-
tion was summed over the 28 days to obtain the cumulative per-
cent release of experimentally loaded mRNA. Different immobiliza-
tion lipoplex solutions were prepared to immobilize mRNA in each
replicate, and six replicates were assessed per fiber group (n = 6).

2.10. Schwann cell isolation and culture

We investigated the effects of bolus transfection and the elec-
trospun fiber-mediated mRNA delivery platforms on primary rat
Schwann cells, as they are the principal glia of the PNS and
vital to the peripheral nerve repair process. The animal proce-
dures outlined were approved by the University of Miami’'s In-
stitutional animal care and use committee (IACUC). The sciatic
nerves from three-day-old Sprague Dawley rats (P3) were isolated,
and Schwann cells were obtained and purified to >95% purity
before cryopreservation [74-76]. Before experimental culture, the
Schwann cells were thawed and cultured for 7 days in 1:10 Poly(L-
lysine)-coated T75 flasks in a cell culture incubator (5% CO, and 37
oC) with biweekly changes of Schwann cell media containing Dul-
becco’s Modified Eagle Medium (DMEM) supplemented with 10%
fetal bovine serum, 1% penicillin-streptomycin, 1% GlutaMAX™, 3
pM forskolin, and 1.25 nM heregulin. Schwann cells expanded to
passages three and four were used for all experiments.

2.11. Schwann cell adhesion

Schwann cell adhesion on the uncoated PLLA and 0.5DSS4h-
and 2pDOPA4h-coated fibers with and without immobilized WNT-
3mRNA/jetMESSENGER® lipoplexes was assessed to determine if
the surface coatings or presence of lipoplexes affected cell adhe-
sion. Primary rat Schwann cells were seeded at 100,000 cells per
scaffold (~ 444 cells/mm?) in Schwann cell media onto the follow-
ing 15 mm x 15 mm electrospun fiber scaffold groups: PLLA (nega-
tive control), 0.5DSS4h, 2pDOPA4h, PLLA+mRNA, 0.5DSS4h+mRNA,
and 2pDOPA4h+mRNA. The cells were cultured in a cell culture in-
cubator (5% CO, and 37 ©C) for 24 h. After 24 h, Schwann cell cul-
tures were fixed with 4% (v/v) PFA in 1x PBS for 15 min, washed



D.L. Puhl, J.L. Funnell, T.D. Fink et al.

with 1x PBS three times, blocked with 0.1% (v/v) Triton™-x 100
and 5% (w/v) BSA in 1x PBS for 1 h, incubated with a 1:1000 dilu-
tion of DAPI nuclear stain in 1x PBS for 15 min, and then washed
with 1x PBS three times. Three separate replicates were cultured
for each fiber group (n = 3).

Images were captured using MetaMorph® Premier 7.7.3.0 imag-
ing software and a 289 Olympus IX-81 confocal microscope at a
20x magnification. FIJI software was used to process and analyze
all images identically. The 2D maximum intensity projection of
each image was obtained, and the background was subtracted us-
ing a rolling ball algorithm with a radius of 50 pixels. The number
of cells per image was determined by semi-automatically thresh-
olding each processed DAPI channel image and then using the an-
alyze particles setting on FIJI software. The area of the field of view
was determined for a 20x image. These values were used to deter-
mine the number of cells per area. Six fields of view were captured
and analyzed per coverslip, and three separate coverslips were an-
alyzed per fiber group (n = 3).

2.12. Schwann cell protein secretion

Schwann cell NT-3 secretion into culture media was assessed
using a rat NT-3 ELISA kit to determine if the electrospun
fiber-mediated mRNA delivery platforms induced increased, sus-
tained Schwann cell NT-3 secretion. Schwann cells were seeded at
100,000 cells per scaffold (~ 444 cells/mm?2) in Schwann cell me-
dia onto the following 15 mm x 15 mm electrospun fiber scaffold
groups: PLLA (negative control), PLLA+mRNA, 0.5DSS4h+mRNA,
and 2pDOPA4h+mRNA. In addition, Schwann cells cultured onto
negative control PLLA fibers and transfected with bolus addition
of lipoplex containing 1 pg WNT-3mRNA to 2 pL jetMESSEN-
GER® or 3 pg WNT-3mRNA to 6 pL jetMESSENGER® per sample
served as the positive control fiber groups and will be referred
to as 1pgBolus+mRNA and 3pgBolus+mRNA going forward. The
Schwann cells were cultured in a cell culture incubator (5% CO,
and 37 ©C), and culture media was collected from each sample and
replaced at 1, 2, 3, 4, 5, 6, 7, 10, 14, and 21 days after seeding onto
mRNA immobilized fibers or after the bolus transfection. The sam-
ples were centrifuged at 4 °C for 10 min at 1500 rcf to remove
any debris and aliquoted and stored at -80 °C until analyzed. The
amount of rat NT-3 protein was quantified using a rat NT-3 ELISA
kit according to the manufacturer’s protocol. Different immobiliza-
tion lipoplex solutions were prepared to immobilize mRNA in each
replicate, and four replicates were assessed per fiber group (n = 4).

2.13. Whole DRG isolation and co-culture with Schwann cells

DRG explants were co-cultured in the same media environ-
ment as Schwann cells cultured directly onto the electrospun fiber-
mediated mRNA delivery platforms to determine if these plat-
forms induced increased Schwann cell secretion of NT-3 to lev-
els significant enough to improve DRG neurite outgrowth. Co-
culture media containing a 1:1 ratio of DMEM to neurobasal me-
dia (DMEM:NBM) supplemented with 2% fetal bovine serum, 2%
B-27®, 1% penicillin-streptomycin, and 250 mM GlutaMAX™ was
prepared. Schwann cells were cultured at 100,000 cells per scaffold
(~ 444 cellsy/mm?2) in the co-culture media onto the following 15
mm X 15 mm aligned electrospun fiber scaffold groups: PLLA (neg-
ative control), PLLA+mRNA, 0.5DSS4h+mRNA, 2pDOPA4h+mRNA,
1ngBolus+mRNA, and 3pugBolus+mRNA. Schwann cells were cul-
tured in these conditions for 24 h in a cell culture incubator
(5% CO, and 37 oC) before beginning co-culture experiments with
whole DRG explants.

The animal procedures outlined were approved by the Rens-
selaer Polytechnic Institute’s IACUC. Whole DRG explants were
isolated from P2 Sprague Dawley rats according to previously
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described methods [77]. Fig. 1 illustrates the DRG explant and
Schwann cell co-culture set-up, which attempts to mimic the sig-
naling environment between Schwann cells and neurons following
graft implantation [5,78-80] and enables investigation of the ef-
fects of Schwann cell NT-3 secretion on DRG neurite outgrowth.
Briefly, in-house 3D printed polylactic acid transwells were placed
into each well containing the Schwann cell-seeded fibers. A sep-
arate set of negative control PLLA fibers were plasma-treated as
described in Section 2.5 to improve DRG adhesion. The PLLA fibers
were submerged in the conditioning co-culture media suspended
above the Schwann cell-seeded fiber scaffolds by the transwells.
Three whole DRG explants were cultured onto each PLLA fiber
scaffold suspended in the transwell. The DRG explants were co-
cultured with Schwann cells for 4 days in a cell culture incubator
(5% CO2 and 37 °C).

2.14. Whole DRG immunocytochemistry and neurite outgrowth
analysis

Confocal images of immunocytochemically-labeled DRG were
captured and assessed to investigate neurite outgrowth. After
the 4-day co-culture, the DRG explants were fixed, washed, and
blocked as described in Section 2.11. Next, the DRG were incu-
bated overnight at 4 °C in a primary antibody solution contain-
ing 0.1% (v/v) TWEEN®-20 and 5% BSA with a 1:500 dilution of
mouse polyclonal RT-97 primary antibody in 1x PBS. The following
morning, the DRG were washed with 1x PBS three times and incu-
bated in a secondary antibody solution containing 0.1% TWEEN®-
20 and 5% BSA with a 1:1000 dilution of Alexa Fluor donkey anti-
mouse 488 secondary antibody in 1x PBS for 1 h. Finally, the DRG
were stained with DAPI nuclear stain and washed as described in
Section 2.11.

Images were captured at a 4x magnification and processed as
described in Section 2.11. Each processed whole DRG image was
stitched using Photoshop CS2. Neurite outgrowth from DRG ex-
plants was assessed by quantifying neurite extension and area. The
length of the ten longest neurites extending from the body of each
DRG explant was measured using the line tool in FIJI software, and
the average maximum neurite extension was calculated for each
whole DRG explant [81,82]. Next, the whole DRG body was ex-
cluded from each image, and the percent area covered by the neu-
rites extending from the DRG explant body was quantified using
a semi-automated thresholding FIJI plugin. Each whole DRG was
considered an individual replicate, and 24 to 27 whole DRG were
analyzed per culture condition (n = 24 - 27).

2.15. Statistical analysis

All statistical analyses were performed using GraphPad Prism
9.3.1. Normality was assessed via a D’Agostino-Pearson Test or a
Shapiro-Wilks test if the data set was too small to assess via
D’Agostino-Pearson. A One-Way ANOVA with a Tukey’s multiple
comparisons post hoc test was used for normally distributed data
and comparisons against all groups. A One-Way ANOVA with a
Dunnett’s multiple comparisons post hoc test was used for nor-
mally distributed data and comparisons against a single group. Fi-
nally, A Kruskal-Wallis with Dunn’s multiple comparisons post hoc
test was used if the data were not normally distributed.

3. Results

Table 2 summarizes the control and experimental groups inves-
tigated in the main text, and all groups mentioned will be desig-
nated as the indicated group name in the following sections.
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Whole DRG explant on control
electrospun fiber scaffold

Schwann cells on control or +mRNA
experimental electrospun fiber platforms

Fig. 1. Schematic of the Schwann cell and whole DRG explant co-culture. Schwann cells are cultured on PLLA (negative control), PLLA+mRNA, 0.5DSS4h+mRNA,
2pDOPA4h+mRNA, 1pgBolus+mRNA, or 3ngBolus+mRNA electrospun fiber platforms that are resting in the bottom of the well. Whole DRG explants are cultured on negative
control PLLA electrospun fiber scaffolds submerged in the same media and suspended above the Schwann cell cultures via a polylactic acid transwell.

Table 2
Summary table of control and experimental electrospun fiber groups.
Coating Coating
Group name Biomaterial concentration time mRNA delivery
PLLA Aligned PLLA electrospun fibers N/A N/A N/A
(Negative control)
0.5DSS4h Aligned PLLA electrospun fibers 0.5 mg/mL DSS 4h N/A
2pDOPA4h Aligned PLLA electrospun fibers 2 mg/mL L-DOPA 4 h N/A
PLLA+mRNA Aligned PLLA electrospun fibers N/A N/A mRNA lipoplexes immobilized to fiber surface
0.5DSS4h+mRNA Aligned PLLA electrospun fibers 0.5 mg/mL DSS 4h mRNA lipoplexes immobilized to fiber surface
2pDOPA4h+mRNA Aligned PLLA electrospun fibers 2 mg/mL L-DOPA 4h mRNA lipoplexes Immobilized to fiber surface
1ngBolus+mRNA (Positive control) Aligned PLLA electrospun fibers N/A N/A Bolus addition of mRNA lipoplexes carrying 1
pg mRNA per well
3pgBolus+mRNA (Positive control) Aligned PLLA electrospun fibers N/A N/A Bolus addition of mRNA lipoplexes carrying 3

pg mRNA per well

Table 3

Characterization of approximate WNT-3mRNA lipoplex size, polydispersity, and charge.

Lipoplex

Hydrodynamic Diameter

Polydispersity Index  Zeta Potential

WNT3mRNA/JetMESSENGER®

242.5 + 32.6 nm

15.0 + 4.4% 421 £ 1.3 mV

3.1. Successful formation of cationic, nanoscale
mMRNA/JetMESSENGER® lipoplexes for efficient mRNA delivery

Table 3 summarizes the approximate size (hydrodynamic di-
ameter), polydispersity, and surface charge (zeta potential) of the
WNT-3mRNA/JetMESSENGER® lipoplexes in suspension. Complexa-
tion of the WNT-3mRNA or eGFPmRNA with JetMESSENGER® re-
sulted in a monodisperse population of lipoplexes of similar size
and charge (Table S4), illustrated by the overlapping size distri-
bution and zeta potential distribution peaks (Fig. S1). Bolus deliv-
ery of eGFPmRNA/JetMESSENGER® lipoplexes revealed JetMESSEN-
GER® effectively delivered eGFPmRNA to Schwann cells with high
efficiency, resulting in > 95% of cells expressing eGFP over the first
3 days and 18.6 + 10.3% of cells still expressing detectable levels
of eGFP by day 7 post-transfection (supplementary results and Fig.
S2).

3.2. Surface coatings alter PLLA surface wettability and charge

Refer to the supplementary material for images of uncoated and
coated PLLA electrospun fibers (Fig. S3), preliminary work for the
selection of the optimal DSS and pDOPA coating groups (Fig. S4),
and the chemical structures of poly(lactic acid) (PLA), DSS, and
pDOPA (Fig. S5). Fig. 2 shows the resulting FTIR spectrum labeled
with key identifying peaks and the contact angle and zeta poten-
tial data of the optimal 0.5DSS4h- and 2pDOPA4h-coated experi-
mental groups compared to the uncoated PLLA control group. FTIR
revealed no noticeable change between the uncoated PLLA adsorp-
tion spectrum and the 0.5DSS4h- and 2pDOPA4h-coated fiber spec-
tra (Fig. 2A). The static water contact angles of the 0.5DSS4h (66.4
+ 2.62)- and 2pDOPA4h (63.0 & 2.29)-coated film groups were sig-
nificantly lower than the uncoated PLLA film group (77.8 + 1.79)
(Fig. 2B), indicating improved surface hydrophilicity of the coated
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groups. Additionally, the zeta potential of the 0.5DSS4h (-66.0 +
3.6 mV)- and 2pDOPA4h (-67.2 + 3.2 mV)-coated film groups was
significantly more negative than the uncoated PLLA film group (-
374 £+ 5.5 mV) (Fig. 2C), indicating the coated groups possessed a
more negative surface charge. Material surface characterization for
additional coating groups is provided in the supplementary mate-
rial (Fig. S5&S6).

3.3. Surface coatings do not alter electrospun fiber scaffold
morphology

The SEM images of the uncoated PLLA and 0.5DSS4h- and
2pDOPA4h-coated fiber scaffolds show no visible difference in fiber
morphology (Fig. 3A). Further, the mean fiber diameter of the un-
coated PLLA fibers (1.98 + 0.38 pm) was statistically similar to
the mean fiber diameter of the 0.5DSS4h (1.99 + 0.23 pm)- and
2pDOPA4h (1.96 + 0.20 pum)-coated fiber groups (p > 0.05), indi-
cating that the coatings did not alter fiber diameter (Fig. 3B). The
FFT analysis of the uncoated PLLA fiber group displayed high fiber
alignment, illustrated by the sharp intensity peak with an area un-
der the curve of 15.79 + 4.79 (Fig. 3C). The PLLA fibers were col-
lected at a near-monolayer density with some overlap, resulting in
a percent fiber coverage over 100% (113.9 + 8.0%) (Fig. 3D).

3.4. Electrospun fiber platforms support immobilization and release
of WNT-3mRNA

Refer to the supplementary material for preliminary testing
of the WNT-3mRNA/JetMESSENGER® lipoplex immobilization time
(Fig. S7). The percent loading efficiencies (and resulting mass) of
the initial 3 pg (3000 ng) of WNT-3mRNA loaded per scaffold
were similar amongst groups, resulting in 72.7 + 4.8% (2180 +
145 ng) for PLLA+mRNA fibers, 72.2 + 1.0 % (2165 + 29 ng)
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Fig. 2. The 0.5DSS4h and 2pDOPA4h surface coatings altered PLLA wettability and charge. A) FTIR minimum-maximum normalized adsorption spectra for uncoated PLLA
fibers (black), 0.5DSS4h-coated PLLA fibers (orange), and 2pDOPA4h-coated PLLA fibers (blue) labeled with key identifying peaks. B) The static water contact angle on
uncoated PLLA films (grey), 0.5DSS4h-coated films (orange), and 2pDOPA4h-coated films (blue) represented by the mean (2) + the standard deviation and overlayed with
the individual data points. Statistical significance compared to each group was assessed using a Kruskal-Wallis test and Dunn’s multiple comparisons post hoc test (n = 3). C)
The zeta potential of uncoated PLLA films (grey), 0.5DSS4h-coated films (orange), and 2pDOPA4h-coated films (blue) represented by the mean (mV) & the standard deviation
and overlayed with the individual data points. Statistical significance compared to each group was assessed using a one-way ANOVA and Tukey’s multiple comparisons post

hoc test (n = 3). *p < 0.05; **p < 0.01; ****p < 0.0001.

for 0.5DSS4h+mRNA fibers, and 76.2 + 2.5% (2286 + 75 ng) for
2pDOPA4h+mRNA fibers (Fig. 4A). The 0.5DSS4h- and 2pDOPA4h-
coated fibers groups exhibited an increased rate of WNT-3mRNA
release, particularly over the first 7 days, compared to the un-
coated PLLA fiber group (Fig. 4B). Based on the WNT-3mRNA
loading efficiency determined for the respective samples and
replicates, the cumulative percent (and mass) of experimentally
loaded WNT-3mRNA released over 28 days from the PLLA+mRNA,
0.5DSS4h+mRNA, and 2pDOPA4h+mRNA fiber groups were 20.0 +
1.7% (435 + 42 ng), 304 + 3.2% (658 + 65 ng), and 31.7 &+ 10.0%
(726 + 236 ng), respectively (Fig. 4B). No detectable mRNA was
observed from the negative control PLLA immobilization solution,
wash solution, or release solutions (Fig. S8).

3.5. Electrospun fiber platforms support Schwann cell adhesion

Fig. 5A shows confocal images used to determine the number
of adherent Schwann cells per mm?2 after 24 h. Schwann cell ad-
hesion onto the uncoated PLLA (589 + 72 cells/mm?) fibers was
similar to the 0.5DSS4h (541 + 94 cellsymm?)- and 2pDOPA4h
(590 + 96 cells/mm?2)-coated fiber groups (p > 0.05), indicating
the 0.5DSS4h and 2pDOPA4h coatings alone do not affect Schwann
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cell adhesion compared to the uncoated PLLA fibers. Similarly,
Schwann cell adhesion to the PLLA+mRNA (594 + 135 cells/mm?2)
and 0.5DSS4h+mRNA (540 + 78 cells/mm?) fiber groups was sim-
ilar to that observed in the non-mRNA immobilized fiber groups,
indicating that the presence of mRNA on these fiber groups did
not affect Schwann cell adhesion. Conversely, Schwann cell adhe-
sion decreased in the 2pDOPA4h+mRNA fiber group (498 + 79
cellsy/mm?) compared to the uncoated PLLA and 2pDOPA4h-coated
fiber groups (Fig. 5B), indicating the mRNA lipoplex presence on
2pDOPA4h+mRNA fiber group influences Schwann cell adhesion.

3.6. Electrospun fiber-mediated delivery of
WNT-3mRNA/JetMESSENGER® lipoplexes increases Schwann cell
secretion of NT-3 protein

Fig. 6 and Fig. S9 show the differences in Schwann cell secre-
tion of NT-3 protein into culture media over 21 days, and Table
S5 lists the mean amount of NT-3 protein secreted & the stan-
dard deviation at each time point. Schwann cells cultured on the
2pDOPA4h+mRNA fibers secreted increased amounts of NT-3 pro-
tein 1, 2, 3, 4, 5, 6, 7, 14, and 21 days post-seeding compared
to those cultured on the negative control PLLA fibers (Fig. 6).
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Fig. 5. The uncoated, coated, and WNT-3mRNA/JetMESSENGER® lipoplex-immobilized uncoated and coated PLLA fibers supported Schwann cell adhesion. A) Confocal im-
ages of primary rat Schwann cells stained with DAPI (blue) to visualize the nuclei following 1 day in culture on each fiber group (captured at 20x magnification; scale

bar = 100 pm).

B) The number of Schwann cells per area on the uncoated PLLA fibers (light grey), 0.5DSS4h-coated fibers (light orange), 2pDOPA4h-coated fibers (light

blue), PLLA+mRNA fibers (grey), 0.5DSS4h+mRNA fibers (orange), and 2pDOPA4h+mRNA fibers (blue) represented by the mean (cellsymm?) + the standard deviation and
overlayed with the individual data points. Statistical significance compared to each group was assessed using a Kruskal-Wallis test and Dunn’s multiple comparisons post hoc

test (n = 3). *p < 0.05.

Schwann cells cultured on the 2pDOPA4h+mRNA fibers also se-
creted increased amounts of NT-3 protein 1, 2, and 21 days post-
seeding compared to those cultured on the PLLA+mRNA fibers; 1,
2, 6, and 21 days post-seeding compared to those cultured on the
1gBolus+mRNA positive control fiber group; and 21 days post-
seeding compared to those cultured on the 0.5DSS4h+mRNA fibers
or 3ugBolus+mRNA positive control fiber group (Fig. 6). Addition-
ally, the Schwann cells cultured on the 0.5DSS4h-+mRNA fibers
secreted increased amounts of NT-3 protein 4 and 5 days post-
seeding than those cultured on the negative control PLLA fibers
(Fig. 6). Although the trends in Schwann cell NT-3 protein secretion
remained similar, no significant differences were observed amongst
the groups at the 10-day time point (Fig. S9).

3.7. Electrospun fiber-mediated delivery of
WNT-3mRNA/JetMESSENGER® lipoplexes increases whole DRG neurite
outgrowth

Fig. 7A and Fig. S10A show DRG images captured via con-
focal microscopy. The resulting neurite extension and neurite
area trends were similar (Fig. 7B&C and Fig. S10B&C). The
DRG cultured in the presence of Schwann cells cultured on the
2pDOPA4h+mRNA fibers extended longer neurites (2.66 + 0.62
mm) than those in the presence of Schwann cells on the neg-
ative control PLLA fibers (1.84 + 0.40 mm), PLLA+mRNA fibers
(1.94 £ 0.49 mm), or 0.5DSS4h+mRNA fibers (2.27 + 0.44 mm)
(Fig. 7B). The DRG cultured in the presence of Schwann cells on the
0.5DSS4h+mRNA fibers also extended longer neurites than those
in the presence of Schwann cells cultured on the negative control
PLLA fibers (Fig. 7B). The DRG cultured in the presence of Schwann
cells on the 2pDOPA4h+mRNA fibers extended neurites that cov-
ered a larger area (1.02 + 0.37 mm?) than those in the presence of
Schwann cells cultured on the negative control PLLA (0.62 + 0.26
mm?) or PLLA+mRNA (0.62 + 0.32 mm?) (Fig. 7C).
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Additionally, in previous work conducted in the Gilbert Labo-
ratory, D’Amato et al. reported that whole DRG cultured without
additional Schwann cells on aligned, smooth PLLA fibers extended
neurites with an average length of 1.77 £+ 0.17 mm and area of 0.67
+ 0.10 mm? [77]. These values agree well with the neurite exten-
sion and area data obtained in this study from DRG cultured in
the presence of Schwann cells cultured on negative control PLLA
fibers. This indicates that mRNA delivery and increased Schwann
cell secretion of NT-3 likely had a greater impact on DRG neurite
outgrowth compared to the presence of additional Schwann cells
alone.

4. Discussion

In this study, we developed the first electrospun fiber-mediated
mRNA delivery platform for neural regeneration applications and
investigated the platform’s efficacy with primary PNS cells in
vitro. The major findings of this study are 1) the PLLA+mRNA,
0.5DSS4h+mRNA, and 2pDOPA4h+mRNA aligned electrospun fiber
platforms sustained detectable release of WNT-3mRNA for at least
28 days, 2) the 2pDOPA4h+mRNA aligned electrospun fibers in-
creased primary rat Schwann cell secretion of NT-3 for at least
21 days, and 3) DRG cultured on uncoated PLLA aligned electro-
spun fibers in the presence of Schwann cells cultured directly on
2pDOPA4h+mRNA aligned electrospun fibers extended the longest
neurites and covered the largest area along the PLLA electrospun
fibers. These findings revealed that the 2pDOPA4h+mRNA elec-
trospun fiber platform was optimal in inducing Schwann cell se-
cretion of bioactive NT-3 capable of stimulating DRG neurite out-
growth.

Investigation into mRNA therapeutics is growing rapidly and
can potentially overcome limitations of protein and DNA thera-
peutics, such as short half-life and insertional mutagenesis [83,84].
Still, the instability and immunogenicity of mRNA and the chal-
lenge of delivering an efficacious dose to a target location slow the
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Fig. 6. Electrospun fiber-mediated WNT-3mRNA/JetMESSENGER® lipoplex delivery from the 2pDOPA4h+mRNA fiber platform increased Schwann cell secretion of NT-3 pro-
tein over 21 days. Quantification of the amount of NT-3 protein present in the Schwann cell media 1, 2, 3, 4, 5, 6, 7, 14, and 21 days following culture onto the PLLA negative
control fibers (dark grey), PLLA+mRNA fibers (grey), 0.5DSS4h+mRNA fibers (orange), 2pDOPA4h+mRNA fibers (blue), 1ugBolus+mRNA positive control fibers (pink), and
3ugBolus+mRNA positive control fibers (purple) represented by the mean (pg) + standard deviation and overlayed with the individual data points. Statistical significance
compared to each group at the respective time point was assessed using a one-way ANOVA and Tukey’s multiple comparisons post hoc test (1, 2, 6, 14, 21 days) or a
Kruskal-Wallis test and Dunn’s multiple comparisons post hoc test (3, 4, 5, 7 days) (n = 4). *p < 0.05; **p < 0.01; ***p < 0.001.
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Fig. 7. The 2pDOPA4h+mRNA aligned electrospun fiber platforms enabled Schwann cells to better support neurite outgrowth from whole DRG. A) Confocal images of
primary rat whole DRG explants stained against RT97 (green) to visualize the neurites following 4 days in culture on negative control PLLA aligned electrospun fibers in the
presence of primary rat Schwann cells cultured directly on negative control PLLA, PLLA+mRNA, 0.5DSS4h+mRNA, and 2pDOPA4h+mRNA aligned electrospun fiber platforms
(captured at 4x magnification; scale bar = 500 pm). B) Neurite extension data following culture in the presence of the negative control PLLA (dark grey), PLLA+mRNA
(grey), 0.5DSS4h+mRNA (orange), and 2pDOPA4h+mRNA (blue) fiber platforms are represented by the mean length of the ten longest neurites extending outward from the
DRG body (mm) + standard deviation and overlayed with the individual data points. Statistical significance compared to each group was assessed using a one-way ANOVA
and Tukey’s multiple comparisons post hoc test (n = 24-27). C) Neurite area data following culture in the presence of the negative control PLLA (dark grey), PLLA+mRNA
(grey) 0.5DSS4h-+mRNA (orange), and 2pDOPA4h+mRNA (blue) fiber platforms are represented by the mean area that the neurites covered (mm?) + standard deviation
and overlayed with the individual data points. Statistical significance compared to each group was assessed using a one-way ANOVA and Tukey’s multiple comparisons post

hoc test (n = 24-27). *p < 0.05; ***p < 0.001; ****p < 0.0001.

development of mRNA therapeutics for tissue engineering and re-
generative medicine [50,85,86]. In this study, we utilized an ARCA
cap and the modified nucleotide pseudouridine-5’-triphosphate
(W), known to improve synthetic mRNA stability and subsequent
translation into the desired protein without inducing a severe
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immune response [48,51-56,87]. Additionally, cationic gene de-
livery vehicles, like JetMESSENGER®, have been shown to im-
prove cellular uptake and protect mRNA against immune system
detection and nucleolytic degradation [51,53,54,88-90]. Effective
cationic transfection agents typically condense the anionic genetic
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cargo into nanoparticles with a hydrodynamic size ranging from
~ 50-200 nm while imparting a slight positive charge onto the
particle [91]. Here, we show that JetMESSENGER® enabled the for-
mation of a monodisperse suspension of cationic mRNA lipoplexes
that possessed a similar size and charge observed in previous lit-
erature [87] (Table 3) and transfected Schwann cells with high ef-
ficiency (Fig. S2).

Electrospun fibers have been used to locally deliver therapeu-
tic DNA and RNA interference molecules while providing struc-
tural guidance cues [11,12,58-61], but a fibrous platform has yet
to be developed to deliver therapeutic mRNA for neural repair ap-
plications. To investigate and optimize fibers for immobilization
and delivery of cationic mRNA lipoplexes, we immobilized mRNA
lipoplexes to either uncoated aligned PLLA fibers or aligned PLLA
fibers coated with the anionic substrates pDOPA or DSS. Although
PLLA possesses a negative zeta potential under physiological pH,
this is likely due to the preferential adsorption of hydroxide anions
at the interface of the aqueous liquid and hydrophobic material
surface, as PLLA does not possess any reactive, anionic functional
groups [92,93]. L-DOPA is a well-characterized mussel-inspired
bio-adhesive molecule that is polymerized to form pDOPA onto
various surfaces under alkaline conditions, resulting in an abun-
dance of anionic carboxyl groups on the material surface [94,95].
Several studies have coated electrospun fibers with pDOPA to im-
prove immobilization and sustain delivery of cationic complexes
carrying non-coding RNA in the form of siRNA, miRNA, or single
guide RNA (sgRNA) [12,61,65-70]. For example, Low et al. observed
improved gene silencing by immobilizing siRNA/TKO complexes to
pDOPA-coated electrospun fibers compared to uncoated electro-
spun fibers [65], Zhang et al. observed improved gene silencing
when immobilizing miRNA/TKO complexes to pDOPA-coated elec-
trospun fibers compared to bolus delivery of miRNA/TKO [61], and
Chin et al. observed improved editing efficiencies when immobi-
lizing Cas9:sgRNA/lipofectamine complexes to pDOPA + laminin-
coated electrospun fibers compared to uncoated electrospun fibers
[70]. However, pDOPA-coated electrospun fibers have yet to be in-
vestigated with mRNA. Immobilization of the cationic gene deliv-
ery vehicles to the pDOPA-coated fibers may occur through elec-
trostatic interactions, hydrophobic interactions, hydrogen bonding,
or Shiff base or Michael addition reactions between the o-quinones
of pDOPA and amine or thiol functional groups within the gene
delivery vehicle [65,96-98]. DSS was investigated as an alternative
anionic coating. DSS is a biocompatible polysaccharide that pos-
sesses anionic sulfonate groups and was previously employed to
immobilize a cationic enzyme to electrospun fibers via electrostatic
interactions [71]. However, DSS has not been used to facilitate the
immobilization of cationic gene delivery vehicles to electrospun
fibers. The chemical structure of JetMESSENGER® is proprietary, so
the specific physical and chemical mechanisms that enable immo-
bilization of the cationic mRNA lipoplexes to both substrates in this
study are unknown.

We found that the 0.5DSS4h- and 2pDOPA4h-coated substrates
exhibited increased surface wettability and anionic characteris-
tics compared to the uncoated PLLA fibers (Fig. 2) while main-
taining a high degree of alignment and a fiber diameter of ~
2 pm (Fig. 3), which are known to be optimal morphological
features for fiber-mediated neural regeneration [62,63,82,99-101].
Still, 0.5DSS4h- and 2pDOPA4h-coated substrates showed a simi-
lar WNT-3mRNA loading efficiency and appeared to release WNT-
3mRNA at an increased rate over the first week compared to
the uncoated PLLA fibers (Fig. 4). This observation may, in part,
be due to the increased hydrophobicity of the uncoated PLLA
fiber group (Fig. 2A) supporting increased nonspecific adsorption
of the cationic mRNA lipoplexes compared to the 0.5DSS4h- and
2pDOPA4h-coated fibers. Hydrophobic surfaces facilitate increased
nonspecific adsorption from an aqueous solution driven by favor-
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able interfacial energetics, which can be irreversible or less re-
versible than the specific physical or chemical interactions that we
hypothesize occur between the cationic mRNA lipoplexes and the
0.5DSS4h- and 2pDOPA4h-coated fibers [102,103].

Materials functionalized with L-DOPA or sulfonate groups like
those in DSS can facilitate cell adhesion [104-107]. However, we
showed that the 0.5DSS4h and 2pDOPA4h coatings alone did not
alter Schwann cell adhesion compared to the uncoated PLLA fibers
(Fig. 5). This may be due to the high surface area and ECM mim-
icking nature of aligned electrospun fibers, known to improve
Schwann cell adhesion [100,108-110], overcoming adhesive effects
of DSS or pDOPA. We found that the 2pDOPA4h+mRNA fiber plat-
form was the only group to support reduced Schwann cell adhe-
sion after 24 h (Fig. 5). However, the ELISA data showed that the
2pDOPA4h+mRNA fiber platform supported the highest levels of
Schwann cell secretion of NT-3 protein after 24 h (Fig. 6), indi-
cating that this fiber platform likely facilitated increased Schwann
cell uptake of the WNT-3mRNA/JetMESSENGER® lipoplexes. Uptake
of cationic molecules is known to induce cellular toxicity [90,111-
113]; thus, the increased uptake of cationic mRNA lipoplexes by
Schwann cells on the 2pDOPA4h-+mRNA fiber platform may ex-
plain why we observed decreased adhesion and increased NT-3 se-
cretion after 24 h on this platform.

We found that the 2pDOPA4h+mRNA fiber platform supported
the highest Schwann cell secretion of NT-3 protein over 21 days
(Fig. 6). Gene delivery from electrospun fibers can be facilitated
through the release of the genetic material and uptake by cells
local to the material [58,69] or through direct uptake at the ma-
terial/cell interface by cells that populate the scaffold [66,70].
Therefore, the WNT-3mRNA release from the 2pDOPA4h+mRNA
fibers (Fig. 4B) could have, in part, improved mRNA delivery to
Schwann cells, resulting in increased NT-3 secretion. Additionally,
the 2pDOPA4h surface coating may influence electrospun fiber me-
chanical properties and surface chemistry in a manner that stim-
ulates direct cellular uptake of the lipoplexes immobilized to the
fiber surface, improving transfection efficiency and increasing NT-
3 secretion [114-116]. The greatest levels of NT-3 secretion were
observed from all experimental groups on day 1 and continued to
decrease thereafter. This may, in part, be due to the increased re-
lease of WNT-3mRNA at earlier time points and an increased con-
centration of WNT-3mRNA lipoplexes available on the fiber sur-
face for direct uptake by Schwann cells cultured onto the WNT-
3mRNA-loaded electrospun fibers. Whereas, at later time points,
WNT-3mRNA delivery relied more on direct cellular uptake of the
remaining WNT-3mRNA lipoplexes immobilized to the fiber sur-
face. Due to the possible combination of mRNA delivery through
release from the fiber scaffold and direct uptake from cells cul-
tured onto the fiber surface, it would be beneficial to investigate
implantation of this guidance conduit alone or pre-seeded with
Schwann cells to determine which method would be most bene-
ficial.

We found that the DRG neurite outgrowth data reflected those
observed in the Schwann cell NT-3 secretion ELISA data. Fur-
thermore, the whole DRG explants cultured in the presence of
Schwann cells cultured on the 2pDOPA4h+mRNA fiber platforms
extended the longest neurites that covered the greatest area
(Fig. 7). In previous literature, NT-3 protein has been added to pure
or co-cultured Schwann cells and neurons at concentrations rang-
ing from 10-106 pg/mL to elicit a response on Schwann cells and/or
sensory neurons in vitro [17,27,29,31,117-119]. Specifically, Santos
et al. found NT-3 protein concentrations as low as 5000 pg/mL in-
creased neurite outgrowth from rat DRG explants compared to the
unstimulated control [27]. We showed the 2pDOPA4h+mRNA fiber
platforms stimulated Schwann cell secretion of NT-3 at a concen-
tration of ~5000 pg/mL at the 1-day time when DRG explant cul-
ture began, and the NT-3 concentration at each subsequent time
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point fell between 10-10° pg/mL for at least 14 days (Fig. 6 and
Table S5). These findings indicate that the 2pDOPA4h-+mRNA fibers
support Schwann cell secretion of NT-3 at levels capable of stimu-
lating DRG neurite outgrowth.

Direct treatment with NT-3 protein supports PNS and central
nervous system regeneration, but clinical translation is limited by
the protein’s short half-life (1.28 4+ 0.07 min) and the need for re-
peated administration [36,40]. As an alternative, Ad and AAV viral
vectors have been used to upregulate the production of NT-3 over
a sustained period to increase neurite outgrowth in vitro [28] and
improve peripheral nerve regeneration in vivo [36,120-123]. How-
ever, Ad and AAV therapeutics are limited by packaging capacity
and long-term safety concerns related to immunogenicity or inser-
tional mutagenesis [49,124,125]. mRNA therapeutics provide a non-
viral approach to enable transient expression with high efficiency
in hard-to-transfect primary PNS cells. To our knowledge, only
one prior study investigates NT-3mRNA delivery from biomaterials
to improve outcomes following peripheral nerve injury; Yang and
colleagues loaded adipose-derived exosomes carrying mRNA tran-
scripts encoding NT-3 into the intraluminal alginate filler of a hol-
low silicon nerve graft. NT-3mRNA/exosome delivery from the graft
increased in vivo levels of NT-3 protein and improved functional
outcomes following implantation into a 1 cm rat sciatic nerve in-
jury model compared to unloaded control grafts. Still, regenerative
outcomes were inferior to the autograft positive control [126]. This
NT-3mRNA/exosome-loaded synthetic nerve graft did not present
substantial guidance cues; thus, the regenerative capacity of this
synthetic nerve graft could potentially be improved by incorporat-
ing aligned electrospun fibers, like those used in this study.

Immobilization of WNT-3mRNA/JetMESSENGER® lipoplexes to
the 2pDOPA4h fibers enabled the delivery of WNT-3mRNA, in-
creased Schwann cell secretion of NT-3, and stimulated DRG neu-
rite outgrowth. However, this platform has several limitations
that should be addressed before conducting in vivo studies. First,
although the JetMESSENGER® provides some protection for the
mRNA, surface immobilization of mRNA lipoplexes directly ex-
poses them to environmental changes, like pH and temperature,
that can reduce the bioactivity of highly sensitive mRNA. Sec-
ond, the current platform does not allow for fine control of the
duration and dose of WNT-3mRNA that is delivered. Although
the current approach enabled mRNA release for 28 days and in-
creased Schwann cell secretion of NT-3 for 21 days, this will likely
need to be extended to enable robust regeneration following trau-
matic injuries. Lastly, considerable variability in Schwann cell se-
cretion of NT-3 amongst the replicates of each group was observed.
This is likely due to biological variability and the variability in
the surface coating and immobilization procedures. This consid-
erable variability along with the decrease of NT-3 secretion from
Schwann cells cultured on the 2pDOPA4h+mRNA fibers at later
time points may, in part, explain why the 2pDOPA4h+mRNA fiber
group significantly increased Schwann cell secretion of NT-3 com-
pared to the negative control PLLA fibers at each time point except
day 10.

The limitations can be overcome by utilizing other mRNA
lipoplex loading methods that provide better protection and en-
able more controlled delivery of the WNT-3mRNA. An alternative
method is to incorporate the mRNA lipoplexes within a fiber sur-
face coating. For example, Zhang et al. utilized a layer-by-layer
coating technique to immobilize pDNA/PEIpro within the surface
coating on aligned electrospun fibers [127]. Another method is to
incorporate the mRNA lipoplexes into the core of coaxial electro-
spun fibers. Coaxial electrospun fibers have been employed in vari-
ous tissue engineering applications to extend and control the deliv-
ery of pDNA [128-131] and RNA interference molecules [132-137].
Still, these methods have yet to be investigated for the delivery of
mRNA from electrospun fibers.
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The electrospun fiber scaffolds investigated serve as versatile
non-viral mRNA delivery platforms. The mRNA transcript, gene de-
livery vehicle, and surface coatings can be modified to regulate dif-
ferent desired proteins, optimize transfection efficiency, enable tar-
geted delivery, and tune loading efficiency and release kinetics. Ad-
ditionally, the electrospun fiber morphological characteristics can
be tuned to optimize the scaffolds for regeneration of different
tissues [12]. Fine-tuning each of these aspects of the electrospun
fiber-mediated mRNA delivery platforms enables further optimiza-
tion for potential use in various tissue engineering applications.

5. Conclusion

In conclusion, we developed the first electrospun fiber-based
mRNA delivery platform for neural tissue engineering applications.
This versatile platform has the potential to provide cells with tun-
able topographical features and local, sustained, non-viral delivery
of mRNA to guide regenerating tissue and enable transient expres-
sion of the desired protein. Here, we fabricated aligned electrospun
fibers functionalized with DSS or pDOPA, immobilized cationic
WNT-3mRNA/JetMESSENGER® lipoplexes to the fiber surface, and
characterized their ability to upregulate Schwann cell secretion of
NT-3 and, in turn, enhance neurite outgrowth from whole DRG
explants in vitro. We found that 2pDOPA4h+mRNA fibers pro-
moted the highest levels of NT-3 protein secretion from Schwann
cells over 21 days, which stimulated increased neurite outgrowth
from DRG explants compared to the uncoated PLLA control and
PLLA+mRNA fiber groups. These observations demonstrate the re-
generative potential of the WNT-3mRNA/JetMESSENGER® lipoplex-
immobilized pDOPA-coated aligned electrospun fiber platform and
support future testing in an in vivo peripheral nerve injury model.
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