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RNA-based vector delivery is a promising gene therapy approach. Recent advances in chemical modification of
mRNA structure to form modified mRNA (mmRNA or cmRNA or modRNA) have substantially improved their
stability and translational efficiency within cells. However, mmRNA conventionally delivered in solution can
be taken up nonspecifically or become cleared away prematurely, which markedly limits the potential benefit of
mmRNA therapy. To address this limitation, we developed mmRNA-incorporated nanofibrillar scaffolds that
could target spatially localized delivery and temporally controlled release of the mmRNA both in vitro and
in vivo. To establish the efficacy of mmRNA therapy, mmRNA encoding reporter proteins such as green
fluorescence protein or firefly luciferase (Fluc) was loaded into aligned nanofibrillar collagen scaffolds. The
mmRNA was released from mmRNA-loaded scaffolds in a transient and temporally controlled manner and
induced transfection of human fibroblasts in a dose-dependent manner. In vitro transfection was further verified
using mmRNA encoding the angiogenic growth factor, hepatocyte growth factor (HGF). Finally, scaffold-based
delivery of HGF mmRNA to the site of surgically induced muscle injury in mice resulted in significantly higher
vascular regeneration after 14 days, compared to implantation of Fluc mmRNA-releasing scaffolds. After
transfection with Fluc mmRNA-releasing scaffold in vivo, Fluc activity was detectable and localized to the
muscle region, based on noninvasive bioluminescence imaging. Scaffold-based local mmRNA delivery as an
off-the-shelf form of gene therapy has broad translatability for treating a wide range of diseases or injuries.
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Introduction

Gene therapy is an attractive approach to modify cel-
lular expression of key genes for therapeutic applica-

tions. Over the years, a number of approaches have been
tested, including delivery of plasmids, viruses, and RNAi.1–3

In particular, mRNA-based delivery has numerous advan-
tages over conventional plasmid or viral-based technologies,
including negligible risk of genome integration or inser-
tional mutagenesis.4 Recent advances in obtaining chemically
modified mRNA (mmRNA) by incorporation of nucleotide
analogs have shown substantially improved intracellular sta-
bility and translational efficiency while obviating innate im-

munity activation.5 With these recent advances, mmRNA
therapy has already shown promising therapeutic benefits to
treat a number of diseases.5–8 However, a major obstacle
limiting the wider adoption of mmRNA for clinical use is its
efficacy when delivered in vivo, which for soft tissue regen-
eration has predominantly been in solution.9–11 Delivery of
genetic material in solution shows dependency on injection
technique12 and variability in protein expression within spe-
cific target area.10,13,14 Previous reports of intramyocardial
injection of firefly luciferase (Fluc) mmRNA showed lucif-
erase activity beyond the injection site in the heart,14,15 and
intramuscular injection of Fluc mmRNA resulted in systemic
spread of the luciferase activity.15
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Unlike delivery in solution, biomaterials-based delivery of
genetic cargo targets cell populations located in the vicinity
of the scaffold,16 enables controlled release of the cargo,17

and obviates premature clearance associated with solution-
based delivery.18 Scaffold-based delivery of mmRNA has
been proven effective for bone regeneration.19–21 However, to
the best of our knowledge, this approach has not yet been
used for the application of therapeutic angiogenesis and soft
tissue regeneration. To stimulate muscle tissue regeneration
by enhancing angiogenesis, we developed a technology using
parallel-aligned nanofibrillar scaffolds for spatially controlled
and transient release of mmRNA. With respect to genes that
target neovessel formation, long-term uncontrolled expres-
sion of angiogenic transgenes has shown deleterious effects
such as hemangioma and tumor formation.22 Consequently,
transient delivery of therapeutic mmRNA encoding angio-
genic factors such as hepatocyte growth factor (HGF) may be
suitable for inducing angiogenesis without long-term conse-
quences.

Moreover, a three-dimensional scaffold intended for
mmRNA delivery may also provide the structural framework
for cellular recruitment and tissue formation in response to
mmRNAs that encode angiogenic factors. Since physiologi-
cal extracellular matrix (ECM) is often composed of nano-
to microscale fibrillar networks,23 we previously engineered
aligned braided nanopatterned collagen scaffolds that induced
cellular reorganization of the cytoskeleton along the direc-
tion of the nanofibrils24–26 and improved cell survival.27,28

Other studies further demonstrated a role of nanofibrillar cues
in modulating cell function, stem cell differentiation, cellular
reprogramming, and tissue morphogenesis,29–31 suggesting
that nanofibrillar scaffolds modulate basic cellular processes.

In this study, mmRNAs encoding green fluorescence pro-
tein (GFP), Fluc, or HGF were incorporated into aligned
collagen nanofibrillar scaffolds. The transient release kinetics,
dose-dependent effects and cellular transfection efficiency
were quantitatively assessed. To demonstrate the efficacy of
biomaterials (solid phase)-based mmRNA transfection in vivo,
Fluc mmRNA-releasing scaffolds were implanted intramus-
cularly in a murine model, in which transfected cells were
detected by bioluminescence imaging. The therapeutic benefit
of HGF mmRNA-releasing scaffolds was demonstrated by
enhanced vascular regeneration of the injured skeletal mus-
cle. These studies demonstrate a novel approach to deliver
mmRNA using biomaterials in muscle tissue, and the capa-
bility of mmRNA-loaded nanofibrillar scaffolds to localize
mmRNA delivery and elicit therapeutic effect.

Materials and Methods

Fabrication and characterization of aligned
nanofibrillar scaffolds

The aligned nanofibrillar collagen scaffolds were fabricated
using shear-based fibrillogenesis technique32,33 as described
previously.28 In brief, purified monomeric type I collagen
solution was concentrated to reach a liquid crystal state34–37

and then sheared onto a rigid surface,38 creating thin film
formed by parallel-aligned nanofibrils with 30–80 nm diam-
eter.38 To make three-dimensional thread-like scaffolds,
the membranes were dissociated from the rigid surface into
a free-standing film that self-assembled by liquid-air sur-
face tension into the thread-like scaffold.39 The scaffolds

were then crosslinked by 1-ethyl-3-(3-dimethylaminopropyl)-
1-carbodiimide hydrochloride (EDC) chemistry at 1 mg/mL
and sterilized by e-beam per standard protocols (Fibralign).
Scaffolds were assessed by routine scanning electron mi-
croscopy (SEM) as described previously.40 For initial trans-
fection studies, custom-made 96-well plates were prepared,
which had bottoms of the well coated with thin parallel-
aligned nanofibrillar collagen films (MuWells, San Diego).

Incorporation of mmRNA into aligned
nanofibrillar scaffolds

mmRNA encoding GFP, human HGF, and Fluc were
purchased from PhaRNA, LLC (Houston, TX). Each
mmRNA was synthesized using predesigned and linearized
plasmid templates integrated with extra-long stabilizing poly-A
tail (175 nucleotides long) upstream from the site of linear-
ization. The mmRNA was modified by the replacement of
uridine with 5-methoxyuridine, and posttranscriptional enzy-
matic incorporation of Cap1 structure. After the production
of the nanofibrillar scaffolds (0.3 mm thick), they were cut
into 5-mm long samples, and mmRNA was loaded into the
5-mm scaffold along with Lipofectamine MessengerMax
transfection agent (Invitrogen, Carlsbad, CA). The mmRNA-
incorporated scaffold was then freeze-dried to promote in-
filtration of the mmRNA into the scaffold. For in vitro
studies, a range of mmRNA loads (90–450 ng) was loaded
into the scaffolds. For in vivo studies, 20mg of Fluc was
loaded into each scaffold.

Kinetics of mmRNA release in vitro

The kinetics of GFP and HGF mmRNA release were
quantitatively assessed using the Quant-iT RiboGreen
Quantification Kit (Thermo Fisher Scientific) according to
the manufacturer’s instructions. The mmRNA-loaded scaf-
folds were incubated in 100 mL buffer containing 10 mM
Tris-HCl and 1 mM EDTA (TE buffer, pH 7.5). At specified
time points, the TE buffer was removed for quantification by
Ribogreen assay, and replaced with fresh TE buffer. After
14 days, the scaffolds were digested with proteinase K, and
the mmRNA released from the scaffolds was quantified as
described above to obtain the total recovered mmRNA per
scaffold (n = 3).

Transfection with GFP and HGF mmRNA in vitro

Human fibroblasts (SCRC1041, ATCC, passages 5–10)
were expanded in Dulbecco’s modified Eagles medium with
10% fetal bovine serum and 1% penicillin/streptomycin.
For direct transfection, fibroblasts (104) were seeded into
96-well plates, either standard tissue culture-treated or those
having parallel-aligned nanofibrillar collagen film (the same
initial material as used in fabrication of the thread-like
scaffold) at the bottom of the well (n = 3). On day 1 after
seeding, fibroblasts were transfected with GFP or HGF
mmRNA at 12.5–150 ng RNA per well using Lipofectamine
Messenger Max (Invitrogen). For solid phase transfection
on scaffold, fibroblasts (105) were seeded into mmRNA-
loaded scaffolds placed into 96-well ultralow attachment
plate for 2 h. Then, the media with unattached cells were
removed and replaced with fresh media. Cells on scaffolds
were cultured for indicated time intervals (n = 3). For HGF
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mmRNA-transfected cells, aliquots of media were removed
periodically for analysis of secreted HGF protein and re-
placed with fresh media.

Intravital fluorescence imaging
and immunocytochemistry

For cells transfected with GFP-mmRNA directly, on day
1 after transfection, cells were fixed in 4% paraformalde-
hyde (Fisher Scientific), permeabilized in 0.1% Triton-X-
100 (Sigma), and stained with Hoechst 33342. For cells
transfected with HGF mmRNA directly, cells were fixed
and permeabilized as described above, and then stained
with HGF antibody (mab694, R&D Systems) followed by
Alexa Fluor 594 secondary antibody (Invitrogen) For each
condition, three wells were analyzed, with three fluores-
cence microscopy images taken for each well, and the per-
centage of GFP+ and HGF+ cells was quantified as a ratio of
positive cell count to total nuclei count. For GFP-mmRNA-
transfected cells on scaffold, live fluorescence images were
taken on day 1 or later after transfection, following fixation
as described above and staining with GFP antibody (Fisher
Scientific). For HGF-mmRNA transfected cells on scaf-
fold, the staining was performed as described above. Images
were acquired using a Leica DM IRB inverted fluorescence
microscope (Leica Microsystems) equipped with Infin-
ity 3 digital camera and Infinity Analyze software (Lumi-
nera corp.).

Immunoblotting and enzyme-linked
immunosorbent assay

For analysis of GFP expression by immunoblotting,
transfected cells grown in 96-well plates or on scaffolds
were lysed at specified time points in RIPA buffer (Thermo
Fisher Scientific) containing protease and phosphatase in-
hibitors. Protein concentration was determined by the BCA
Protein Quantification Assay Kit (Pierce). Lysate samples
adjusted to equal protein concentration were analyzed for
GFP expression with anti-GFP antibody (Novus Biologi-
cals) using automated immunoblotting assay (Wes, Protein
Simple). GFP expression was normalized to b-actin (Sigma)
expression (n = 3). In addition, HGF concentration in media
samples was measured by HGF ELISA kit (R&D Systems)
following manufacturer’s instructions (n = 4).

Cellular transfection with mmRNA-releasing scaffolds
transplanted in two murine muscle injury models

All animal experiments were performed with approval
by the Institutional Animal Care and Use Committee at the
Veterans Affairs Palo Alto Healthcare System. Male C57/
BL mice (8–10 weeks old) were anesthetized with 2%
isoflurane, and a longitudinal partial incision (10 mm
long · 1–1.5 mm deep) was made to the tibialis anterior
(TA) muscle. In the first injury model, nanofibrillar scaf-
folds loaded with 20 mg Fluc mmRNA and lipofectamine
(10 mm · 1–1.5 mm) were directly implanted into the TA
muscle (n = 4, Supplementary Fig. S1; Supplementary Data
are available online at www.liebertpub.com/tea). In the
second model, 20% of the muscle was ablated, followed by
transplantation of the scaffold into the void space (n = 4,
Supplementary Fig. S2).41 The muscle and skin were

subsequently sutured closed using 9–0 sutures (Ethicon).
Efficiency of in vivo transfection was assessed by biolu-
minescence imaging, in which the delivery of D-luciferin
into Fluc-expressing cells catalyzes the release of photons
that can be detected using a bioluminescence detection sys-
tem. For up to 9 days after implantation, animals were in-
jected intraperitoneally with d-luciferin (150mg/mL), and
bioluminescence imaging was performed with an IVIS im-
aging system (IVIS-200, Xenogen Corp.). Data were acquired
with Living Image software (Xenogen Corp.) and expressed
in units of average radiance (p/s/cm2/sr).

To fluorescently detect transfected cells in vivo, an ad-
ditional study was performed, in which nanofibrillar scaf-
folds loaded with 20 mg GFP mmRNA and lipofectamine
(10 mm · 1–1.5 mm) were implanted in the first injury
model for explantation after 24 h. After 24 h, the muscle was
cryosectioned and then imaged by confocal microscopy for
GFP expression. In addition, a GFP antibody directly con-
jugated to Alexa Fluor 594 (Fisher Scientific) was used to
confirm colocalization of GFP expression.

Therapeutic angiogenesis after implantation
of HGF mmRNA-releasing scaffold in murine
muscle injury model

In a separate experiment, male C57/BL mice (8–10 weeks
old) were anesthetized with 2% isoflurane, and ablation of the
TA muscle was performed as described above. The mmRNA-
releasing scaffolds encoding for either HGF or Fluc were
implanted into the void space, followed by suture closure
of the wound site (n = 4). After 14 days, the TA muscle was
explanted, and embedded in OCT embedding media for
cryosectioning of transverse tissue sections. Histological
quantification of capillary density was performed by immu-
nofluorescence staining for endothelial marker, CD31 (R&D
Systems). Four nonoverlapping images (500 · 500mm) from
transverse cryosections for each animal (n = 4 each group)
were taken within 500mm from the transplanted scaffolds
using a fluorescence microscope (Keyence). The number of
vessels was counted and expressed in the form of capillary
density (# CD31 vessels/mm2) as described previously.40,42

Statistical analysis

All data are shown as mean – standard deviation. Statis-
tical comparisons between two groups were quantified by an
unpaired t-test. For comparisons of three or more groups,
analysis of variance with Holm’s adjustment for multiple
comparisons was used. Statistical significance was accepted
at p < 0.05.

Results

Characterization of nanofibrillar scaffolds

Aligned nanofibrillar collagen scaffolds were fabricated
by shear-based fibrillogenesis to form aligned nanofibrillar
sheets, followed by self-assembly of the sheets to form
thread-like scaffolds (Fig. 1A).1 The aligned scaffolds were
further crosslinked with EDC chemistry to modulate the
degradation of the scaffold. Based on SEM, the thread-like
scaffolds were structurally characterized by parallel-aligned
nanofibrillar organization (Fig. 1B, C) with individual fibril
diameters of *30–80 nm.
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Transfection of fibroblasts with mmRNA
on aligned collagen film

To confirm the ability of cells to become transfected by
mmRNA on collagen biomaterial, the efficiency of trans-
fection using 100 ng GFP or HGF mmRNA was quantified
for cells seeded on TC plastic and cells seeded on aligned
collagen film. GFP- or HGF- positive cells were counted
after acquisition of immunofluorescence images, and the
numbers were normalized to the respective nuclei counts.
Fibroblasts grown on aligned collagen film demonstrated a
distinct alignment along the collagen fibrils and a visibly
higher fluorescence intensity compared with those cultured
on TC (Fig. 2A). Quantification of transfection efficiency
(Fig. 2B) showed that the percentage of GFP-positive cells
was significantly higher for cells cultured on aligned col-
lagen film (73.3% – 9.5%) compared with those grown on
TC plates (36.2% – 9.6%). Similarly, HGF-positive cells
were more abundant when HGF mmRNA was introduced to
cells cultured on aligned collagen film (75.8% – 7.8%)
compared with those grown on TC plates (42.8% – 11.5%).

Release of GFP mmRNA from nanofibrillar scaffolds

Next, scaffolds were loaded with a fivefold range of
mmRNA (90–450 ng), and mmRNA released in TE buffer
was then quantified using RiboGreen assay. The kinetics of
GFP mmRNA release over the course of 14 days (Fig 3A)
reflects the highest load of mmRNA (450 ng; 5 · ) having
the largest relative burst of mmRNA over 40% – 4% during
the first day, whereas the scaffold with the lowest load
mmRNA (90 ng; 1 · ) had a significantly lower initial burst
after day 1 (7% – 1%). All scaffolds, regardless of the
amount of loaded mmRNA, demonstrated an initial burst for
the first day, followed by a much slower rate of release for
the remainder of 14 days. At the end of 14 days, the
mmRNA remaining in the scaffold was extracted by pro-
teolytic degradation of the scaffolds with proteinase K.

Further quantification of the cumulative recoverable
mmRNA either released into solution or remaining in the
scaffold showed that the total amount of detectable mmRNA
ranged from 4% – 1% for the 1 · formulation to 15% – 1%
for the 5 · formulation, suggesting only partial recovery of
the loaded mmRNA.

Quantification of transfection on GFP
mmRNA-loaded scaffold

After characterizing the release kinetics of mmRNA
from scaffolds, the scaffold loaded with fivefold range of
mmRNA (1 · = 90, 3 · = 270, and 5 · = 450 ng) were seeded
with human fibroblasts. On day 1 after seeding/transfection,
life fluorescence imaging revealed GFP-positive cells
aligned along the scaffold axis, with less positive cells on
1· -loaded scaffold and more GFP-positive cells on the
3· and 5· loaded scaffolds (Fig. 3B). To substantiate these
results, we further analyzed GFP based on immunoblotting,
in which the dose dependency of GFP mmRNA loading
correlates to the percentage of GFP-positive cells as well as
GFP protein abundance by immunoblotting (Supplementary
Fig. S3). Immunoblot quantification of GFP expression in
cell lysates obtained on day 1 after transfection by immu-
noblotting showed a clear dose dependency (Fig. 3C, Sup-
plementary Fig. S4). Furthermore, temporal kinetics of GFP
expression in fibroblasts seeded on 1· - and 5· -loaded
scaffold showed that fibroblasts transfected on scaffolds
with the highest load had the expression maintained through
day 5 of culture, while those seeded/transfected on low-load
scaffolds had lower and shorter GFP expression (Fig. 3D,
Supplementary Fig. S4).

Verification of mmRNA release and transfection
for HGF mmRNA-loaded scaffold

Based on the data demonstrating that a 450-ng GFP
mmRNA load into scaffold provides for reliable transfection

FIG. 1. Characterization of aligned
nanofibrillar scaffold. (A) The sche-
matic shows the shear-based fabrica-
tion of collagen film, and subsequent
delamination to form a free standing
3D scaffold as follows: (1) loading
collagen material into the applicator;
(2) shearing the loaded material onto
support; (3) collagen film drying on
the support; (4) conversion of the
collagen film (detached from the sup-
port) into thread. (B, C) Scanning
electron microscopy images show the
nanofibrillar organization of the col-
lagen film (B) and surface structure of
3D collagen scaffold. Scale bar: 2 mm
(B), 100mm (C). 3D, three-
dimensional. Color images available
online at www.liebertpub.com/tea
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of fibroblasts and sustainable GFP expression, a set of scaf-
folds were loaded with a similar amount of HGF mmRNA.
These HGF mmRNA-loaded scaffolds showed an average
load recovery of 48.8% – 10.7% and demonstrated an
mmRNA release profile comparable to the GFP mmRNA-
loaded scaffold (Fig. 4A). HGF-expressing cells aligned on
scaffold 1 day after transfection were observed after staining
with HGF antibodies (Fig. 4B). The concentration of HGF
protein released into media by fibroblasts seeded and then
transfected on HGF mmRNA-loaded scaffolds was measured
by HGF ELISA. The results show that HGF concentration
was sustained for at least 15 days (Fig. 4C). In contrast, the
levels of HGF released into media from control scaffolds with
no mmRNA load were significantly lower, with the highest
values at 383 pg/mL (Supplementary Table S1, vs. 6936 pg/mL

for the HGF mmRNA-loaded scaffolds), suggesting that the
detected HGF was predominantly derived from exogenous
HGF.

Cellular transfection with Fluc or GFP
mmRNA-releasing scaffolds in murine
intramuscular transplantation models

To verify these findings from in vitro studies, transfection
efficiency was further assessed in vivo. Based on studies
suggesting that mmRNA loading suitable for in vivo trans-
fection range between 10 and 100mg11 aligned scaffolds
loaded with Fluc mmRNA (20mg) were transplanted into
the murine TA muscle after a partial incision into the muscle
(Supplementary Fig. S1). Bioluminescence detection of Fluc
protein expression in vivo demonstrated a positive signal as
early as 3 h after transplantation, followed by a peak in
signal after day 1 and a gradual loss of Fluc signal within
7 days (Fig. 5A, B). The localized bioluminescence signal
indicated that the transfected cells signal was primarily lo-
calized to the site of implantation in the TA muscle. To
verify cellular transfection, in separate experiments the TA
muscle of mice were intramuscularly implanted with GFP
mmRNA-releasing scaffolds, and the muscle tissue was
explanted after 24 h to coincide with peak of transfection.
Fluorescence imaging of GFP revealed the presence of
transfected muscle cells (Fig. 5C). These results were fur-
ther confirmed by the use of fluorescently tagged GFP an-
tibody, showing colocalization of the fluorescently tagged
GFP antibody to direct GFP fluorescence in the muscle
tissue (Supplementary Figs. S5 and S6).

Next, toward applying mmRNA-releasing scaffolds for
treatment of muscle injuries, we implanted Fluc-mmRNA-
releasing scaffolds into the ablated TA muscle after surgi-
cally removing 20% of the muscle. The scaffolds filled the
void space (Supplementary Fig. S2). Quantification of bio-
luminescence imaging similarly demonstrated a peak signal
on day 1 localized to the site of implantation (Fig. 6).

We further evaluated the therapeutic potential of mmRNA-
releasing scaffold for delivery of the angiogenic growth factor,
HGF, into the site of the ablated TA muscle. Two weeks after
scaffold implantation, a significantly higher capillary density
(610 – 90/mm2) was induced by the HGF mmRNA-releasing
scaffolds than by control Fluc-mmRNA-releasing scaffolds
(460 – 90/mm2), based on quantification of immunofluo-
rescence staining for endothelial marker CD31 (Fig. 7).
Together, these studies substantiate the in vitro findings
that mmRNA can be successfully delivered from scaffolds
and demonstrate an in vivo functional effect of therapeutic
angiogenesis in a clinically relevant injury model.

Discussion

In recent years, mmRNA-based therapy has become a
promising approach due to the negligible risk of mmRNA
integration into the genome, low immunogenicity, transient
mode of expression, natural biodegradation pathways, and
efficiency of translation of the encoded therapeutic protein
directly by translational machinery of mammalian cells. In
previous studies, it has been demonstrated that translational
rate of in vitro synthesized mRNA (IVT-RNA) depends on
its transfection efficiency, which in turn directly correlates
with overall IVT-mRNA toxicity.43,44 Independently, it has

FIG. 2. Transfection efficiency of GFP and HGF mmRNA
in human fibroblasts seeded on aligned nanofibrillar colla-
gen film and TCP. Cells seeded on TCP or on collagen film
were transfected for 1 day with 100 ng mmRNA added di-
rectly into the media. (A) Fluorescence microscopy images
of GFP- and HGF-positive cells on TCP and aligned col-
lagen film. (B) Quantification of the GFP- or HGF-positive
cells. Percentage of the positive cells represents the ratio of
positive cell count to nuclei count (n = 3). *Statistically
significant comparison ( p < 0.05). Scale bar: 100mm. TCP,
tissue culture plastic; HGF, hepatocyte growth factor; GFP,
green fluorescence protein. Color images available online at
www.liebertpub.com/tea
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been shown that introduction of chemically modified nu-
cleotide analogs into IVT-mRNA (mmRNA), for example,
of 5-methylcytidine and pseudouridine, ablates triggering of
cellular innate immunity mechanism and thus significantly
reduces such mmRNA toxicity through reduction of apoptosis
and release of cytokines.9,43,45 It was as well reported that
structural modifications of mRNA with artificial cap analogs,
chimeric untranslated regions, constant sufficiently long poly-
A tail, and introduction of modified nucleotides into mRNA
sequence significantly improve stability of such mmRNA
molecules compared to their native mRNA analogs.46,47

The current approach, in which mmRNA is delivered
in solution, is limited by nonspecific cellular transfection
or premature clearance from the target tissue. Using a
biomaterials-based delivery approach, we showed that
mmRNA release and cellular transfection can be successfully
achieved using aligned nanofibrillar scaffolds. The salient
findings from this study are as follows: (1) GFP mmRNA
incorporated into aligned nanofibrillar collagen scaffolds dis-
played an initial burst of release during the first day, followed
by an incremental release over 14 days, although the total
recovered mmRNA suggests partial degradation of the
mmRNA (Fig. 3A); (2) human fibroblasts could be transfected

with mmRNA-releasing scaffolds with as little as 90 ng of
GFP mmRNA (Fig. 3B); (3) the efficiency and persistence of
transfection correlated with the dose of mmRNA loaded into
the scaffold (Fig. 3C, D); (4) Fluc mmRNA transfection could
be detected intramuscularly for at least 7 days based on bio-
luminescence imaging (Fig. 5 and 6); (5) cellular transfection
using HGF mmRNA-releasing scaffolds exemplified thera-
peutic relevance of this scaffold-based mmRNA delivery ap-
proach (Fig. 4), and finally, (6) increased capillary density
after intramuscular implantation of HGF mmRNA-releasing
scaffolds verified angiogenic efficiency of this scaffold-based
mmRNA delivery approach (Fig. 7).

The mmRNA appeared to have undergone partial degra-
dation in the aligned collagen scaffolds. The potential reasons
could be due to the stability of mmRNA in the presence of
naturally derived biomaterials such as purified collagen,
which could contain trace amounts of RNAses or other en-
zymes. Another contributing factor to the degradation of
mmRNA could be the negative pressure associated with the
freeze drying step for incorporating mmRNA into the scaf-
fold. As the use of mmRNA is relatively recent, there is
limited knowledge of the stability of mmRNA when sub-
jected to harsh temperature and pressure changes associated

FIG. 3. Characterization of
GFP mmRNA release from
scaffold and in vitro trans-
fection. (A) Cumulative
mmRNA release from GFP
mmRNA-loaded aligned na-
nofibrillar scaffolds
expressed relative to the total
recovered mmRNA (n = 3).
Initial mmRNA loadings into
scaffolds were 90 ng (1 · );
270 ng (3 · ), or 450 ng (5 · ),
(n = 3). (B) Live fluorescence
images of GFP one day after
seeding of human fibroblasts
on GFP mmRNA-releasing
nanofibrillar scaffolds. (C)
Immunoblot quantification of
GFP expression in cell ly-
sates after 1 day of transfec-
tion for varying initial loads
of mmRNA. Graph shows
GFP protein normalized to b-
actin (n = 3). (D) Immunoblot
quantification of GFP ex-
pression time course (n = 3).
*Statistically significant re-
lationship, compared to
1 · mmRNA loading at the
same time point ( p < 0.05).
Scale bar: 100 mm. Color
images available online at
www.liebertpub.com/tea
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with freeze drying. The greater release of HGF mmRNA,
compared with GFP mmRNA, could be due to the differences
in nucleotide compositions and coding sequence length be-
tween the two mmRNAs, with both factors possibly affecting
the rate of mmRNA degradation, optimal conditions for the
complexation with lipofectamine (mmRNA: Lipofectamine
Ratio), and dynamics of the complex interaction with the tube
surface during the release procedure. Although the conditions
used resulted in a stable transfection for both GFP and HGF

mmRNA, further optimization would benefit therapeutic ef-
ficacy of HGF mmRNA.

Despite partial degradation of the mmRNA in the nanofi-
brillar scaffolds, the mmRNA could successfully transfect
cells both in vitro and in vivo. Our studies suggest that loading
of 20mg of Fluc mmRNA was sufficient for observing a signal
as early as 3 h after implantation, with a peak signal after
1 day. Similar findings were also reported by Sultana et al.11

who demonstrated that maximal intracardiac bioluminescence
signal on day 1 in the myocardium when injected with 100mg
mmRNA in sucrose citrate buffer.

Compared to conventional systemic delivery approaches,
mmRNA release from scaffold enables localized delivery of
the transcript at higher concentration, and thus, a lower
amount of mRNA might be required to exert therapeutic

FIG. 4. Characterization of HGF mmRNA release from
scaffold and in vitro transfection. HGF mmRNA (450 ng,
5 · ) was loaded into scaffolds. (A) Cumulative mmRNA
release from HGF mmRNA-loaded aligned nanofibrillar
scaffold expressed relative to the total recovered mmRNA
(n = 3). (B) HGF-positive cells on HGF-mmRNA scaffold,
1 day after seeding. (C) HGF concentration in media from
fibroblasts cultured on HGF mRNA-loaded scaffold quan-
tified by HGF ELISA (n = 4). Dotted line denotes the highest
detectable level of endogenous HGF in control samples.
*Statistically significant relationship, compared to day 0
( p < 0.05). Scale bar: 100mm. Color images available online
at www.liebertpub.com/tea

FIG. 5. In vivo transfection with Fluc mmRNA-releasing
scaffolds after intramuscular implantation in mice. Scaffolds
were implanted to the TA muscle after a partial thickness
incision. (A) Bioluminescence images show Fluc signal
localized to the murine TA muscle, showing peak signal on
day 1 (arrow). Initial mmRNA loading was 20mg. (B) Time
course of Fluc transfection over 9 days (n = 4). (C) GFP
signal from intramuscularly implanted scaffold releasing
GFP mmRNA after 1 day of implantation. Dotted line de-
notes threshold for a positive signal. *Statistically signifi-
cant relationship, compared to day 0 ( p < 0.05). Scale bar:
100mm. Fluc, firefly luciferase; TA, tibialis anterior. Color
images available online at www.liebertpub.com/tea
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effect in the target tissue. The duration of the expression of
regenerative factors is another critical parameter in devel-
oping mature tissues. Incorporation of mRNA complexes
into the scaffold may enable controlled release of the bio-
active molecule at the implantation site, which potentially
maintains the protein expression at the therapeutic level.48

The sustained yet temporal release of mRNA transcript can

also prevent inappropriately high expression of the encoding
protein, resulting in lower risk of abnormal tissue formation
reported for DNA vectors.49

The morphology and physicochemical properties of the
scaffold play a significant role in determining transfection
efficiency of mRNA, through regulating transcript stability,
endocytosis, and cell trafficking.50 Natural tissue develop-
ment is a complicated process that requires spatially and
temporally patterned expression of different types of proteins,
signaling molecules, and matrix molecules in the cellular
environment. mRNA incorporation into the aligned scaffold
may recreate the spatial patterns in encoded protein expres-
sion by the oriented cells attached to the scaffold, which can
potentially direct the tissue formation and development of
spatially patterned structures such as blood vessels.48,51

Postfabrication nonspecific adsorption of mRNA to the
scaffold not only minimizes the risk of mRNA degradation
during the fabrication/encapsulation process but also locates
the mRNA near/on the surface of the scaffold, which may
facilitate the cellular uptake by the cells attached to the
substrate. The increased surface area and three-dimensional
porous structure of the nanofibrillar scaffold may also con-
tribute to uniform distribution of mRNA complexes
throughout the scaffold. The scaffold material is another key
factor in developing functional gene-activated constructs.
As an exogenous material, the scaffold may trigger in-
flammatory responses. The use of collagen as one of the
main components of natural ECM can minimize the inflam-
matory responses, and subsequently reduce mRNA degrada-
tion and elimination of the transfected cells [52]. Moreover,
the scaffold material can modulate transfection efficiency not
only through regulating cell adhesion and subsequent trans-
fection but also by determining the cell internalization path-
way of the gene complex [53].

Having shown a therapeutic effect of HGF-mmRNA-
releasing scaffold in a clinically relevant injury model, we
envision that scaffold-based delivery of mmRNA may be
applied for treatment of a variety of diseases, including
those of the cardiovascular, nervous, and musculoskeletal
systems. For example, for treatment of peripheral arterial
disease that is characterized by vascular obstructions in the
limbs, the scaffold loaded with mmRNA-encoding angio-
genic factors could be transplanted to the skeletal muscle
adjacent to the vascular obstruction to allow for transient
growth factor delivery to augment neovascularization. The
findings from this work have important implications for the
design of gene therapy for soft tissue regeneration.

Conclusion

In summary, we demonstrated that aligned nanofibrillar
scaffolds are a potent vehicle for cellular transfection using
mmRNA. The scaffolds released mmRNA in a transient and
temporally controlled manner. When the scaffolds were
cultured with human fibroblasts in vitro, cellular transfection
could be observed for at least 5 days, and the transfection
efficiency correlated with the amount of loaded mmRNA.
Furthermore, scaffold-based delivery of mmRNA into in-
jured skeletal muscle resulted in localized cellular trans-
fection, and the angiogenic effect of scaffold-based HGF
mmRNA release could be observed at 14 days after trans-
plantation. The long-term impact of scaffold-based mmRNA

FIG. 6. Bioluminescence imaging depicts in vivo trans-
fection with Fluc mmRNA-releasing scaffolds transplanted
into a mouse traumatic muscle injury model. Scaffolds were
implanted into the void space of the TA muscle after 20%
ablation of the muscle. Time course of Fluc transfection
over 9 days (n = 4). Dotted line denotes threshold for a
positive signal. *Statistically significant relationship, com-
pared to day 0 ( p < 0.05).

FIG. 7. Therapeutic effect of HGF mmRNA-loaded scaf-
folds on vascular regeneration of traumatically injured mus-
cle. Immunofluorescence analysis of angiogenesis by
treatment of HGF mmRNA-releasing scaffolds, compared to
control Fluc mmRNA-releasing scaffolds, at 2 weeks after
muscle injury by 20% ablation of the TA muscle in mice.
Capillary density was quantified based on CD31 expression
adjacent to the site of implanted scaffold. Data are presented
as mean – standard deviation (n = 4). *Statistically significant
relationship, compared to day 0 ( p < 0.05). Scale bar: 100mm.
Color images available online at www.liebertpub.com/tea
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delivery technology is an off-the-shelf form of gene therapy
for human patients affected by a broad range of diseases or
injuries.
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