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ARTICLE INFO ABSTRACT

Keywords: Messenger RNA (mRNA) activated matrices (RAMSs) are interesting to orchestrate tissue and organ regeneration
mRNA delivery due to the in-situ and sustained production of functional proteins. However, the immunogenicity of in vitro
BMP2 transcribed mRNA and the paucity of proper in vivo mRNA delivery vector need to be overcome to exert the
Ns1 . therapeutic potential of RAM. We developed a dual mRNAs system for in vitro osteogenesis by co-delivering NS1
Collagen-nanohydroxyapatite scaffold . I . .

Lipopolyplex mRNA with BMP2 mRNA to inhibit RNA sensors and enhance BMP-2 expression. Next, we evaluated a lip-

opolyplex (LPR) formulation platform for in vivo mRNA delivery and adapted the LPRs for RAM preparation. The
LPR formulated BMP2/NS1 mRNAs were incorporated into an optimized collagen-nanohydroxyapatite scaffold
and freeze-dried to prepare ready-to-use RAMs. The loaded BMP2/NS1 mRNAs lipopolyplexes maintained their
spherical morphology in the RAM, thanks to the core-shell structure of LPR. The mRNAs release from RAMs
lasted for 16 days resulting in an enhanced prolonged transgene expression period compared to direct cell
transfection. Once subcutaneously implanted in mice, the BMP2/NS1 mRNAs LPRs containing RAMs (RAM-
BMP2/NS1) induced significant new bone tissue than those without NS1 mRNA, eight weeks post implantation.
Overall, our results demonstrate that the BMP2/NS1 dual mRNAs system is suitable for osteogenic engagement,
and the freeze-dried RAM-BMP2/NS1 could be promising off-the-shelf products for clinical orthopedic practice.

de novo bone formation

1. Introduction osteoinductive compounds into the body. In this context, use of gene-

activated matrices (GAMs) represent a novel and attractive strategy to

Bone tissue engineering (BTE) applications and regenerative strate-
gies aim at improving current clinical practices for repairing large bone
defects resulting from trauma, congenital malformations, and surgical
resections [1,2]. BTE is a multidisciplinary field of research, combining
biology, material science, chemistry and engineering, with an ultimate
goal to create bone graft substitutes (BTE grafts) for bone repair and
regeneration [1,3]. A classical BTE graft is composed of a biocompatible
and biodegradable scaffold for supportive function, combined with
bioactive components, such as osteoinductive growth factors and/or
stem cell, for induction of osteogenesis and vascularization [4].

Gene therapy is one alternative method of introducing

promote bone repair. This type of BTE graft carries genetic information
(i.e. pDNA or mRNA, coding osteogenic proteins) instead of traditional
recombinant proteins and cells [5]. The GAMs are designed for long-
term in situ growth factors expression with proper post-translational
modifications at physiological tolerated dose. The feasibility of GAMs
as a therapeutic for bone defect repair was fist demonstrated by Fang
et al.in 1996 [6]. In their study, the GAM contained two-plasmid DNAs
encoding bone morphogenetic protein-4 (BMP-4) and parathyroid hor-
mone fragment (PTH1-34: amino acids 1-34). It was implanted into the
rat femoral osteotomy gap. The fibroblasts from invaded granulation
tissue became transfected and expressed BMP-4 and PTH1-34. Gap
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bridging was observed as early as 4 weeks post-GAM implantation. In
the next decade, more GAMs were developed. They comprised various
genes (e.g. vascular endothelial growth factor (VEGF), platelet-derived
growth factor-B (PDGF), BMP-2) delivered via either viral vectors (e.g.
adenovirus and recombinant adeno-associated virus) or non-viral vec-
tors (e.g polyethyleneimine, SuperFect™ liposome, and calcium phos-
phate) [7-11].

To avoid the risk of genome integration and low transfection effi-
ciency inherent with pDNA delivery, matrices progressively releasing
the osteogenic factors produced from mRNA or colonized by mesen-
chymal stem cells (MSC) are emerging for neoformation of bone tissue at
the implantation site [12,13]. Aliasger K. Salem group introduced in
vitro transcribed (IVT) mRNA (encoding BMP-2) activated matrices
(RAMs) for bone regeneration [14]. In a rat calvaria defect model, the
RAM induced 2-fold and 4-fold more bone tissue when compared to
GAM-pDNA (encoding BMP-2) and empty controls, respectively. These
encouraging in vivo outcomes have been followed by other studies based
on RAM containing chemically modified IVT mRNAs [15-17]. The
chemical modification is known to suppress IVT mRNA induced immune
responses [18]. Despite the advantage obtained using such chemically
modified mRNA, the main drawbacks are their high cost and the
required tuning of chemical modifications according to gene and cell
types [19].

Instead of using chemically modified mRNA, another strategy is to
co-express the mRNA of osteogenic genes with the mRNA coding for an
immune evasion protein as the influenza A virus derived NS1, known to
inhibit type I interferon (IFNa/pB) expression, protein kinase R (PKR) and
2'-5'-oligoadenlate synthase (OAS) activation [20,21]. In our previous
study, we first demonstrated that co-delivering BMP2 mRNA and NS1
mRNA in murine pluripotent stem cells (C3H10T1/2) was able to pro-
mote their osteogenic differentiation in vitro [22]. We have established
the optimal weight ratio between BMP2 and NS1 mRNAs (3:1). Dual
delivery of BMP2 and NS1 mRNA resulted in the inhibition of immune
sensors and inflammatory cytokines production and the improved
expression of osteogenic markers in comparison to the delivery of BMP2
mRNA alone.

The next step of this work is to assess the potentiality of this strategy
in vivo, which requires an effective delivery, the other challenge for
mRNA therapy besides the immunogenicity issue [23]. We have devel-
oped a lipopolyplex (Lip100/His-IPEI/RNA ternary complex, LPR)
platform capable of efficient in vitro and in vivo cell transfection with a
negligible toxicity [24,25]. The imidazole/imidazolium binary Lip100
liposomes are made of cationic O,O-dioleyl-N-(3 N-(N-methyl-
imidazolium iodide) propylene) phosphoramidate (KLN25) and neutral
0,0-dioleyl-N-histamine phosphoramidate (MM27), at a molar ratio of
1:1 [26,27]. KLN25 possesses an N-methylimidazolium polar head
conferring a permanent positive charge used for nucleic acids conden-
sation. The imidazole group of MM27 is not alkylated on the nitrogen
atoms allowing the acquisition of cationic charges at the environmental
pH below 6 and favoring the endosome destabilization and nucleic acids
release (endosome escape). The cationic polymer His-1PE], is a histidy-
lated linear polyethyleneimine [28]. As in MM27, the protonation of
imidazole groups from histidine increases endosome escape of trapped
nucleic acids leading to higher transfection efficiency compared to 1PEL
[29].

In the present work, we evaluated whether i) the dual mRNA system
(BMP2/NS1 mRNAs) is able to promote osteogenesis of human mesen-
chymal stromal cells (hMSCs); ii), the LPRs platform is suitable for in vivo
mRNA in-situ delivery and iii), BMP2/NS1 mRNAs formulated LPRs can
induce new bone tissue formation in vivo when combined in suitable
matrix.

To this aim, we delivered BMP2/NS1 mRNAs into hMSCs and
measured the BMP2 production and hMSCs osteogenic differentiation;
we then prepared LPRs with firefly luciferase mRNA and assessed the
luciferase production after intradermal administration; next, the BMP2/
NS1 mRNAs LPR nanoparticles were formulated and incorporated into
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collagen-nanohydroxyapatite scaffolds to form mRNA-activated
matrices (RAMs). The release and the translation of the mRNA con-
taining LPRs from RAMs were determined in vitro and the efficiency of
RAMs to induce de novo bone formation was evaluated by subcutane-
ously implanting them into mice back.

2. Materials and methods
2.1. IVT mRNAs preparation

The pT7-GFP [30], pT7-BMP2 and pT7-NS1 [22] plasmids were
linearized with either Spel or Notl, for mRNAs production with the
mMessage mMachine T7 kit (Ambion) according to the manufacturer’s
instructions. The poly(A) tail was added with PolyA polymerase
(Ambion). Synthesized mRNAs were purified with phenol/chloroform
and isopropanol precipitation. Purity, size and integrity of the mRNAs
were verified by a UV spectrophotometer (NanoDrop One, Thermo
Scientific) and denaturing agarose gel electrophoresis, respectively.

2.2. Cell culture

C2C12 cells were purchased from American Type Cell Collection
(ATCC), and cultured in Dulbecco’s modified eagle media (DMEM,
Sigma) containing 10% heat-inactivated fetal bovine serum (FBS;
Sigma) and 1% antibiotics (Sigma). C2C12-BRE/Luc cells containing
BMP-2 response element (BRE), which express luciferase under BMP-2
stimulation, were previously described [31]. Human MSCs were har-
vested from bone marrow obtained from discarded tissue during routine
bone surgery from 3 donors (1 woman and 2 men; 15, 22, and 31 years
old, respectively) at the Lariboisiere Hospital, Paris, France. The tissues
were collected with the respective donor’s consent in agreement with
Lariboisiere Hospital regulations. hMSCs were isolated from each do-
nor’s bone marrow using a procedure as previously reported [32,33].
Briefly, hMSCs were harvested by gently flushing the bone marrow using
complete growth medium (specifically, alpha-Minimum Essential Me-
dium (a-MEM, PAN Biotech) containing 10% heat-inactivated fetal
bovine serum (FBS; Sigma) and 1% antibiotics (Sigma). These cells were
characterized by expression of selected CD markers (specifically, posi-
tive for CD90, CD73, CD105 and negative for CD45; data not shown). At
passage 1, hMSCs from each donor were pooled at an equal ratio, and
used for experiments less than passage 8.

All cells were cultured at 37 °C in a humidified atmosphere con-
taining 5% CO,, and mycoplasma-free as evidenced by MycoAlert My-
coplasma Detection Kit (Lonza).

2.3. Lipopolyplex (LPR) preparation and characterization

The His-1PEI grafted with 16% histidine residues was synthesized as
previously described [28], and purchased from Polytheragene SAS
(Genepole, Evry, France). KLN25 and MM27 were synthesized as pre-
viously described [26,27]. The Lip100 containing an equal molar ratio
of KLN25 and MM27 was prepared as previously described [24,34].

Lipopolyplexes were prepared according to [24] with some modifi-
cations (Fig. 1A). In brief, 15 ul HEPES (10 mM, pH 7.4) containing 7.5
pg His-1PEI was added into 37.5 pl HEPES (containing 2.5 pg mRNA)
under vortex followed by 30 min incubation at RT to allow the poly-
plexes formation. Then, the polyplexes were added into liposome solu-
tion (3 pl 5.4 mM Lip100 in 197 pl HEPES), and pipetted up and down
for 5 times followed by 15 min incubation at RT, allowing the LPRs
formation.

2.3.1. LPR particle size, zeta potential and mRNA encapsulation

LPR particle size and zeta potential were measured in 10 mM Hepes
buffer, pH 7.4 by dynamic light scattering and electrophoretic mobility
using a nanoparticle analyzer SZ-100 (Horiba Scientific).

mRNA encapsulation efficiency of the LPR formulation was
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Fig. 1. Lipopolyplexes formulation and transfection efficiency. (A) Illustration of LPR preparation. mRNA was first complexed with His-1PEI to form polyplexes,
which are mixed with Lip100 liposomes to form LPR nanoparticles. (B) Agarose gel electrophoresis of LPRs and eGFP mRNA. (C, D) LPR physico-chemical char-
acterization. The representative diagram of LPRs (complexing with eGFP mRNA) hydrodynamic diameter distribution (inset: TEM image of LPR with scale bar = 100
nm), and zeta potential. (E, F) In vitro transfection efficiency. hMSC and C2C12 Cells were transfected either with LPRs containing eGFP/NS1 mRNAs (3:1 weight
ratio, 2.5 pg mRNA in total) or with Lipofectamine Messengermax (LfM) containing the same mRNAs content. 24 h post-transfection, the eGFP positive population
was quantified via flow cytometry. t-test was used for statistical analysis. (G) In vivo transfection efficiency. LPRs or LfM formulations comprising firefly luciferase
mRNA and NS1 mRNA (3:1, weight ratio, 5 pg in total) were intradermally injected. One-day post-injection, in vivo luciferase expression was observed with IVIS

Lumina LT In Vivo Imaging System.

measured through agarose electrophoresis. LPRs (5 pg Lip100/7.5 pg
His-1PEI /2.5 pug eGFP mRNA) and 2.5 pg free eGFP mRNA were run in
1% agarose gel. The mRNA retardation was observed via a gel docu-
mentation system (GeneFlash, Syngene).

2.3.2. LPR morphology

LPR morphology was analyzed by transmission electron microscopy
(TEM) using a Philips CM20/STEM electron microscope operating at 50
kV. TEM samples were prepared according to the technique of negative
staining using uranyl acetate as reported by Perche et al., [30]. Five ml
LPR solution in HEPES buffer was deposited on a carbon-coated copper
grid for 5 min; and then adsorbed with filter paper. 5 ml uranyl acetate
2% in RNase-free water was then, deposited on the grid for 10 s. Samples
were dried at room temperature for 20 min before TEM observation.

2.3.3. LPR transfection efficiency
One day before in vitro transfection, 1 x 10° C2C12 cells/well were
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seeded onto 24-well plate. The next day, 1.875 pug GFP/0.625 pg NS1
mRNAs were formulated into LPRs, and delivered to C2C12 cells. Lip-
ofectamine™ MessengerMax (LfM, Invitrogen) complexing same
amount of mRNA was set as control. 24 h post-transfection, the GFP
expression was quantified by flow cytometry (FACSort, Becton
Dickinson).

For in vivo transfection, LPRs containing 3.75 pg Fluc/1.25 pg NS1
mRNAs were intradermally injected into mouse skin. LfM/mRNA com-
plexes intradermal injection was set as control. 24 h post-injection, the in
vivo luciferase expression was observed with IVIS Lumina LT In Vivo
Imaging System (PerkinElmer). The radiance quantification was done
using the Living Image® software (Perkin Elmer) with the same
threshold of minimal signal.

2.4. Osteogenic commitment of hMSCs

Lipofectamine™ MessengerMax (LfM) was wused for hMSCs



P. Wang et al.
transfection according to the manufacturer’s protocol.

2.4.1. Quantification of BMP-2 released by transfected hMSCs

hMSCs were seeded in a 12-well plate at 1 x 10° cells/well. The next
day, cells were transfected with either 1 pg BMP2 mRNA or 0.75 pg
BMP2 mRNA/0.25 pg NS1. Every 12 h, half culture medium (containing
the released BMP-2) was collected and replaced with fresh growth me-
dium. Collected media were stored at —80 °C before BMP-2 quantifi-
cation. BMP-2 contents were determined by ELISA (Abcam Kkit)
following the manufacturer’s instruction. The absorbance was measured
at 450 nm (°V spectrophotometer, PerkinElmer) and BMP-2 contents
were calculated based on a standard curve (range: 0-4000 pg/ml human
BMP-2).

2.4.2. Osteoblastic differentiation assay of transfected hMSCs

5 x 10* hMSCs were seeded into each well of 12-well plate, and
cultured in growth medium for one week until confluence. Then, 0.5 pg
BMP2 mRNA or 0.325 pg BMP2 mRNA/0.125 pg NS1 mRNA were
delivered as lipoplexes to the cells. The cell culture medium was
changed to modified osteogenic medium, which consisted of the growth
medium plus 10 mM beta-glycerophosphate (-GP, Sigma) and 150 pM
ascorbic acid-2-phosphate (As2P, Sigma).

Atday 1, 3, 5, 7, 14, and 21 post-transfection, the gene expressions of
Runx2, Alkaline phosphatase (ALP), osteocalcin (OCN), osteopontin
(OPN) were quantified by real-time quantitative reverse-transcription
polymerase chain reaction (RT-qPCR) according to a previous report
[35]. Briefly, total RNA was isolated and purified by TRIzol (Life
technology)-chloroform method. RNA concentration and purity were
measured using Nanodrop (ThermoFisher). First-strand cDNA synthesis
kit (Thermo Scientific) was used for reverse transcription following the
manufacturer’s protocol. qPCR was performed using the Luna qPCR
Master Mix (NEB) with a Light Cycler© 480 PCR system (Roche). The
gPCR data were analyzed by the comparative “2Ct method using the
GAPDH RT-qPCR signal as an internal control for normalization. Primers
for RT-qPCR were synthesized by Eurogentec, and the sequences were
listed in Supplementary Table 1.

Alizarin Red staining was performed 28 days post-transfection to
evaluate the calcium deposition within the extracellular matrix. Cells
were washed with DPBS and then fixed in 4% p-formaldehyde for 30 min
at room temperature (RT) followed by 2 times washes with distilled
water (dH20). The extracellular calcium deposits were stained by
incubating the cells in Alizarin red S (Sigma) solution (saturated in
dH;0, pH 4.1). Nonspecific staining was removed by washing cell layers
with dH0 five times under gentle agitation. To quantify the minerali-
zation, the alizarin red dye was subsequently extracted with cetylpyr-
idinium chloride (Sigma) solution (10% in 10 mM sodium phosphate)
for 30 min at RT. Absorbance was then measured at 560 nm using the
Victor 3V spectrophotometer (PerkinElmer).

2.5. Collagen-nanohydroxyapatite scaffolds preparation and
characterization

The collagen-nanohydroxyapatite scaffolds (CoLL-nHA) were pre-
pared as reported previously [36,37] with some modifications. Briefly,
the collagen (Calf skin type I collagen, MP Biomedicals) was first hy-
drated in 0.1 M acetic acid overnight at 4 °C. The nano-sized hydroxy-
apatite (<50 nm, Sigma) was dispersed in 0.1 M acetic acid by applying
two runs of sonication, for 30 min each. The hydroxyapatite suspension
was then dropped into the collagen slurry under vortexing (final
collagen concentration was 0.75% w/v). The resultant CoLL-nHA mix
was further homogenized overnight at 4 °C using a roller mixer (Cat
Ingenieurbuero™ RM540), then degassed under vacuum for 1 min, and
dispatched into polypropylene containers. The CoLL-nHA suspension
was frozen at —80 °C for 2 h with a cooling rate of 1 °C/min and
lyophilized by sublimation at —80 °C and 0.1 mbar for at least 16 h
(Bioblock Scientific). The CoLL-nHA scaffolds were then crosslinked by
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incubating the foams with 1-ethyl-3-(3-dimethylaminopropyl) carbo-
diimide hydrochloride (EDC) and N-hydroxysuccinimide (NHS) [38] in
95% ethanol at RT for 3 h. The scaffolds were then washed five times in
distilled water for 15 min each and freeze-dried by described above.

Three types of scaffold were prepared: collagen scaffold without nHA
(CoLL); scaffold containing collagen and nHA at the mass ratio of 1:1
(CoLL-1nHA), and 1:3 (CoLL-3nHA).

2.5.1. Microstructure

The scaffold microstructures were observed with a scanning electron
microscope (SEM) (Zeiss Ultra Plus, Carl Zeiss) after mounting on SEM
stubs and coating with gold-palladium.

2.5.2. Pore size and porosity

Pore size was measured using the ImageJ software (1.52a, National
Institutes of Health) according to previously reported study [39].
Briefly, 50 randomly selected pores from each of 8 SEM images (from
two different samples) were analyzed. The circularities were assumed as
1 for pore size calculation.

Porosity was assayed by the liquid displacement method [40,41].
Briefly, the scaffold was immersed in 1 ml (V1) distilled water in a cy-
lindrical container, and a vacuum was applied for 1 min allowing water
fully infiltrate into the scaffold. After that, the total volume of water plus
scaffold was defined as V2. Then, the water-impregnated scaffold was
removed from the container, the remaining water volume was V3 and
the porosity was calculated as follows:

Porosity = (V1-V3) / (V2-V3).

2.5.3. Mechanical strength

The mechanical measurements were performed at room temperature
using a tensile testing machine (AG-X, Shimadzu) with a crosshead
speed of 2 mm/min and a load cell of 5 kN. The compressive strength
(Cs) was determined with the following Equation:

Cs = F/A.

where F corresponds to the load strength (N) at the time of fracture
and A represents the scaffold contact area (mm).

2.5.4. Cytocompatibility

1 x 10* C2C12 cells suspended in 100 pl medium were dropped onto
each type of scaffold (cylindrical in shape, 6 mm diameter x 2.5 mm
height), and incubated for 2 h to allow cell adhesion, then cultured after
addition of culture medium.

Cell proliferation inside the scaffolds was measured with Cell Pro-
liferation Kit II (XTT) (Sigma-Aldrich) according to the manufacturer’s
instruction with minor modifications. Briefly, at defined time points, cell
constructs were washed twice with DPBS with gentle squeezing for
complete medium removal. After removing the remnant DPBS with an
absorbent tissue, the cell constructs were immerged into the reaction
mix (200 pl culture medium, 50 pl XTT solution, and 1 pl electron-
coupling reagent) and maintained for 4 h. From each well, 100 pl of
solution was transferred into 96-well plate, and the absorbance was read
at 450 nm and 650 nm with Victor 3V spectrophotometer (PerkinElmer).

Cell density and morphology were observed with confocal laser
scanning microscopy (LSM510, Zeiss). The constructs were washed as
described above, and then fixed with methanol (90%) at —20 °C for 30
min; the cells containing constructs were blocked with PBS-1% BSA at
RT for 1 h, incubated with anti-actin antibody (Sigma) at RT for 2 h;
after washing, the constructs were incubated with Alexa Fluor® 488
conjugated secondary antibody (Invitrogen) at RT for 2 h before
observation.

2.6. mRNA activated matrices (RAMs) preparation and characterization
The LPRs were prepared as described above, except that the total

volume was decreased 10-fold and containing 5% sucrose. Concentrated
LPRs containing 20 pg mRNA were loaded into each CoLL-1nHA scaffold
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disc (6 mm x 2.5 mm), which were then freeze-dried. The mRNA acti-
vated matrices (RAMs) were stored at —20 °C for further usage.

The SEM observation and mechanical test of RAMs were performed
as described in Section 2.3.1 and 2.3.3.

2.6.1. LPRs release kinetics. The RAMs were immerged in 1 ml RNase-
free TE buffer (10 mM Tris-HCl, 1 mM EDTA, pH 7.5) and incubated
at 37 °C. At scheduled time points, 800 pl TE buffer was collected and
replaced with fresh RNase-free TE buffer. All collected samples were
stored at —80 °C for further measurement. The released LPRs were
labeled with Quant-iT™ RiboGreen (Invitrogen) following the manu-
facturer’s instruction, and then quantified by a spectrophotometer
(excitation: 490 nm; emission: 525 nm) (Victor 3V, PerkinElmer).

2.6.2. In vitro LPRs release and transfection. 1 x 10° C2C12-BRE/Luc
cells were seeded into each well of 24-well plate. The next day, RAMs
either containing 20 pg BMP2 mRNA (RAM-BMP2) or 15 pg BMP2/ 5 pg
NS1 mRNAs (RAM-BMP2/NS1) were added into each well. At the
defined time points, cells were lysed (RIPA, Thermofisher) and stored at
—80 °C. Luciferase activity was measured as previously reported [34].
Cells transfected with fresh prepared LPRs containing 1 ug BMP2 mRNA
or 0.75 pg BMP2/0.25 pg NS1 mRNAs were set as control.

2.7. In vivo de novo osteogenesis

2.7.1. In vivo implantation

The osteoinductive potential of scaffolds was assessed in vivo in a
mouse ectopic model. Four-week-old, male, BALB/c mice were pur-
chased from Janvier, and handled in accordance with the European
Directive 2010/63/EU regarding the protection of animals used for
scientific purposes. All animal experiments were performed with the
approval of the French ministry of research (approval number:
15910-2,020,030,213,573,920). The RAM-BMP2 and RAM-BMP2/NS1
were subcutaneously implanted into mice back as previously described
[42] (one RAM per mouse, n = 8 per group). Empty CoLL-1nHA scaffolds
were used as control (n = 3). Eight weeks post-implantation, the mice
were sacrificed through cervical dislocation. The RAMs were excised
and fixed in 4% paraformaldehyde.

2.7.2. Micro-computed tomography (uCT) analysis

The new bone formation induced by the BMP-2-expressing RAMs
was determined by p-CT analysis using a Skyscan 1172 high resolution
p-CT scanner (Bruker). Images were acquired using the following set-
tings: voltage 80 kV, current 100 pA, exposure for 810 ms, and 0.4-de-
gree rotation-step settings, through a 0.5 mm-thick aluminium filter.
The initial pixel size at these settings was 6 pm. The scanned images of
each implant were reconstructed as a stack of slices using Nrecon soft-
ware (Bruker). The new bone volume per each scaffold was determined
using the CTAn software (v1.15.4.0; Bruker; grayscale threshold values
within 123-240). The binarization threshold was determined by Otsu’s
method, based on histograms of 3D pCT scans of bone containing
scaffolds.

2.7.3. Histological analysis

Retrieved implants were processed for decalcified histology. Samples
were decalcified in ethylenediaminetetraacetic acid (14.5% w/v) at 4 °C
for 2 weeks, and embedded in paraffin. Some sequential sections of each
specimen were stained with Masson’s Trichrome and TRAP staining.

2.8. Statistical analysis

Unless otherwise indicated, the numerical data are expressed as
mean + standard deviation with n = 3. Statistical analysis was
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performed using GraphPad Prism version 6.07 (GraphPad software).
Any p-value less than 0.05 was considered statistically significant. Spe-
cifically, * represents P < 0.05; ** represents P < 0.01; *** represents P
< 0.001; **** represents P < 0.0001.

3. Results
3.1. LPR generates higher in vivo mRNA delivery efficacy than in vitro

To efficiently deliver BMP2 and NS1 mRNAs, we compared LPR
formulation with a commercial vector Lipofectamine™ MessengerMax
(LfM). LPR formulation was prepared by a well-established two-step
approach. First, mRNA was complexed with His-1PEI (1/3, mRNA/His-
IPEI weight ratio), and the resulting polyplexes were mixed with
Lip100 liposomes (1/2, mRNA/Lip100 weight ratio) [24,34] (Fig. 1A).
The agarose gel electrophoretic mobility shift assay, in which no free
mRNA migration was observed (Fig. 1B), confirmed the complexation of
mRNA. The LPRs had a mean hydrodynamic diameter of 208 nm with
the core morphology of mRNA/His-IPEI complex surrounded by the
lipid bilayer structure of Lip100 liposome (Fig. 1C-insert). The mean
zeta potential of LPRs were slightly positively charged (+ 18.9 + 0.6
mV) as shown in Fig. 1D.

As the main goal of our study was to evaluate the efficiency of our
strategy for de novo bone formation following subcutaneous implanta-
tion of RAM and myoblasts from back muscle could be one of the sources
of cells that can colonize the implanted scaffold, we checked their ability
of LPR to transfect murine C2C12 cells, a myoblast cell line. As shown in
Fig. 1E, LPRs transfection resulted in only 27% of transfected cells whilst
LfM led to 83% of positive cells. For clinical relevance, hMSC trans-
fection was performed as well. Similarly, LPRs yielded 9% transfection
efficiency which was 73% for LfM (Fig. 1F). However, the trend was
completely reversed in vivo following intradermal injection, a strong
bioluminescence around the injection site was observed following LPRs
injection, while, no detectable signal was found on the site injected with
LfM/mRNA complexes (Fig. 1G).

3.2. BMP2/NS1 mRNAs delivery favors hMSC osteogenic commitment

Before evaluating the efficiency of our strategy for RAMs implanta-
tion in vivo, we first sought to assess whether the delivery of BMP2
mRNA and NS1 mRNA is also able to enhance BMP-2 production in
human mesenchymal stem cells. For those experiments, we used LfM as
commercial standard for the mRNA delivery. We performed the trans-
fection at the BMP2: NS1 mass ratio of 3:1 based on our previous study
[22]. The BMP-2 content was quantified in culture media collected every
12 h (Fig. 2A). Compared to the transfection of BMP2 mRNA alone, co-
transfection with NS1 mRNA increased significantly the BMP-2 pro-
duction from the early (12 h-24 h) to the later (48 h-60 h) time points.
Following BMP2/NS1 mRNAs transfection, the peak of BMP-2 produc-
tion started at 24 h and maintained up to 36 h. The BMP-2 expression
steadily increased up to 36 h. By contrast, following the transfection of
BMP-2 mRNA alone, the maximal BMP-2 content was obtained in the
first 12 h, and then decreased as a function of time. These data confirm
that the platform is potentially translatable in human context at least
concerning the ratio between the mRNA of the osteogenic gene and that
of NS1.

The osteogenic differentiation of hMSCs was evaluated by quanti-
fying osteogenesis-related gene expression and extracellular matrix
(ECM) mineralization (Fig. 2B—D). On day 1, 3, 7, 14 and 21 post-
transfection, transcripts were quantified by RT-qPCR (Fig. 2B).
Throughout the measuring time, the Runx2, ALP, OPN and OCN
expression in BMP2/NS1 group was higher than that in BMP2 group.
However, no significant differences were found, excepted for Runx2
expression on day 3. Both Runx2, OPN and OCN shown a two stages
expression profile with different peaking times, i.e., day 3 for Runx2, day
7 for OPN, and day 3 for OCN. Interesting, ALP expression peaked on day
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Fig. 2. hMSCs osteogenic commitment. (A) The secreted BMP-2 from hMSCs transfected with either 1 pg BMP2 mRNA (BMP2) or 0.75 pg BMP2/0.25 pg NS1
mRNAs. Secreted BMP-2 was quantified by ELISA every 12 h post-transfection. 2way ANOVA, Sidak’s multiple comparisons test, was used for statistical analysis. (B)
The expression of transcripts of osteoblastic genes was measured at day 1, day 3, day 7, day 14 and day 21 post-transfection by RT-qPCR, and normalized to non-
treated cells (NT). 2"-AACt method was used in the calculation. 2way ANOVA, Tukey’s multiple comparisons test, was used for statistical analysis. (C) The calci-
fication of extracellular matrix (ECM) was observed via ARS staining, 28 days post-transfection. Top, photographs of wells; bottom, micrographs (10x) taken from the
above white circles indicated areas. (D) The extracellular calcium was quantified by dissolving the ARS-aggregates into 10% cetylpyridinium chloride (CPC) followed
by an optical density (OD) assay at 560 nm. Ordinary one-way ANOVA, Tukey’s multiple comparisons test, was used for statistical analysis.

1 post-transfection, and sharply decreased on day 3. Twenty-eight days
post-transfection, the deposited calcium was stained with Alizarin Red S
(ARS) and quantified (Fig. 2C, D). Compared to the NT group and BMP2
group, the BMP2/NS1 group showed more calcium nodules. Quantifi-
cation results, by dissolving the ARS staining in 10% cetylpyridinium
chloride solution, demonstrate that the BMP2/NS1 mRNAs delivery
induced significantly higher calcium deposition than NT group, while
the BMP2 mRNA delivery did not.

3.3. nanoHydroxyapatite reinforces collagen matrix

In a view of producing RAMs, we decided to prepare biomimetic
collagen-based scaffolds that bear different percentage of nano-
hydroxyapatite, the main inorganic bone component. Three types of
collagen-based scaffolds with collagen/nanohydroxyapatite weight
ratio of either 1/0 (CoLL), 1/1 (CoLL-1nHA) or 1/3 (CoLL-3nHA) were
produced by a freeze-drying approach using acetic acid as a porogen.
The scanning electron microscopy was performed to observe their
porous structure (Fig. 3A). CoLL (Fig. 3A-a) and CoLL-1nHA (Fig. 3A-c)
exhibited similar microstructure with connected macro- (>100 pm) and
micro-pores (<50 pm), whilst CoLL-3nHA (Fig. 3A-e) was denser and
devoid of micropores. The SEM images observed under the high
magnification revealed embedded nHA particles (Fig. 3A-d and f). Two
key parameters, ie. pore size and porosity, of porous scaffold were
quantified. As shown in Fig. 3B and C, CoLL, CoLL-1nHA and CoLL-
3nHA had an average pore size/porosity of 168.7 pm/ 91.26%, 151
pm/ 89% and 165.9 pm/ 76%, respectively. Compared to CoLL, both
CoLL-1nHA and CoLL-3nHA demonstrated higher compressive strength
in axial and radial orientations (Fig. 3D). The differences between CoLL
and CoLL-3nHA are significant.

The cytocompatibility of the three collagen-based scaffolds was
evaluated by seeding C2C12 cells (Fig. 4A). One day after cell seeding,
XTT assay results reveal that more cells were attached to CoLL-1nHA
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compared to CoLL-3nHA and CoLL. The OD values significantly
increased from day 1 to day 3 and remained steady at day 7, indicating
that the cells were proliferating within the scaffolds during the first 3
days post-seeding followed by a stagnation. No significant differences in
cell viability were observed among each type of scaffold tested. Actin
filaments of cells were labeled to visualize the cell distribution within
the CoLL-1nHA scaffold (Fig. 4B). At day 1, faint labeling corresponding
to few dispersed cells were observed in the scaffold matrix. One week
later, one can observe a dense cellular network filling the field.

3.4. LPRs resistant to freeze-drying

To produce RAM, LPRs or LfM/mRNA complexes containing 20 pg
mRNA were dropped onto CoLL-1nHA and then freeze-dried (Fig. 5B-
insert). We performed scanning Electron Microscopy (SEM) experiments
to visualize the structure of RAM and vector/mRNA nanoparticles in
RAM. The SEM images show the two RAMs had similar porous structure
(Fig. 5A-top and B-top), but strongly differed in the morphology of
vector/mRNA complexes. Whereas LPRs maintained their spherical
morphology (Fig. 5B-bottom), the LfM/mRNA nanoparticles broke and
collapsed (Fig. 5A-bottom).

The LPRs loading did not impact the average pore size of CoLL-1nHA
(Fig. 5C), while increased its mechanical strength (Fig. 5D). Compared
to CoLL-1nHA, the axial compressive strength and radial compressive
strength of RAM increased 6.3-fold and 1.7-fold, respectively.

3.5. RAM serves as LPRs release platform

The loading efficiency and release kinetics of LPRs from RAM were
then evaluated (Fig. 6. A). The quantification of unloaded LPRs, which
leaked into the container during RAM preparation revealed that 74%
LPRs were absorbed by the CoLL-1nHA scaffold. The release of LPRs
from RAMs was monitored along time. The kinetics showed a fast release
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Fig. 3. Characterization of collagen and collagen-nanohydroxyapatite scaffolds. (A) The representative SEM images of collagen scaffold (CoLL: a, b), collagen-
nanohydroxyapatite scaffold with 1: 1 mass ratio of collagen to nanohydroxyapatite (CoLL-1nHA: ¢, d), and 1: 3 mass ratio of collagen to nanohydroxyapatite
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The open porosities of CoLL, CoLL-1nHA and CoLL-3nHA calculated by the liquid displacement method (n = 4). Ordinary one-way ANOVA, Tukey’s multiple
comparisons test, was applied for statistical analysis. (D) The scaffolds’ compressive strength. The axial and radial mechanical performances of the three types of
scaffold (n = 4). Statistical analysis was calculated with 2way ANOVA, Tukey’s multiple comparisons test.

in the first 120 h (37% of loaded LPRs) followed by a slow release ending
up to 46% afterwards (Fig. 6. B). In order to assess the activity of
released LPRs, the BMP2 mRNA containing-RAMs were incubated with
C2C12-BRE/Luc cells, a stable cell line containing a BMP-response
element fused with firefly luciferase reporter gene [31] (Fig. 6C), and
the luciferase activity was monitored over time (Fig. 6D). Four experi-
mental groups were set for comparison, i.e. RAM containing BMP2
mRNA (RAM-BMP2), RAM containing BMP2/NS1 mRNAs (RAM-BMP2/
NS1), LPRs containing either BMP2 mRNA (BMP2) or BMP2/NS1
mRNAs (BMP2/NS1) (Fig. 6D). Maximal luciferase expression was
observed 24 h post-transfection in the presence of freshly prepared LPRs
(both BMP2 and BMP2/NS1 groups) and luciferase activity gradually
decreased over time until 168 h (7 days). In contrast, in the presence of
RAMs (both RAM-BMP2 and RAM-BMP2/NS1), the kinetics curve
showed a peak of luciferase expression at later time, i.e. after 72 h of
incubation; although decreasing over time, a noticeable luciferase ac-
tivity was measured until 336 h (14 days) post-incubation. As a result,
RAMs promoted luciferase expression for a duration of 2-fold longer
than with fresh LPRs. More interestingly, the combination NS1 mRNA
with BMP2 mRNA (either in LPR groups or in RAM groups) significantly
enhanced the luciferase activity: the areas under the curve (AUC) for
BMP2/NS1 and RAM-BMP2/NS1 were 2.4- and 3-fold higher than the
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ones obtained with BMP2 and RAM-BMP2/NS1 groups, respectively.
These observations are consistent with our previous findings related to
the beneficial effect of NS1 mRNA [22].

3.6. RAM-BMP2/NS]1 induces de novo bone formation in vivo

RAM-BMP2, RAM-BMP2/NS1 and CoLL-InHA scaffolds were
implanted subcutaneously into the mice back for 8 weeks. Following
surgical retrieval, there was no evidence of inflammation or rejection
around any scaffold; RAM-BMP2/NS1 explants were also found to be
well vascularized (Fig. 7A). Specimens were examined for micro-CT and
histological analyses. Representative micro-CT images and quantifica-
tion of the new bone tissue from these images are shown in Fig. 8. No
bone deposit was found in CoLL-1nHA scaffolds proving that these
matrices were not osteoinductive per se. Whereas a minimal bone tissue
was observed in some RAM-BMP2 scaffolds, bone deposits were
observed in 7 out of 8 RAM-BMP2/NS1 samples (Fig. 7B). In four of
them, the bone tissue is surrounded the scaffold as a thin peripheral shell
connected with internal trabeculae. Quantification of the bone using
uCT-analysis confirmed significantly (2.1-fold) enhanced bone forma-
tion when BMP2 mRNA was co-delivered with NS1 (Fig. 7C).

Histological examination of the explants was consistent with
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radiographic findings. Representative gross view of CoLL-1nHA controls
confirmed absence of bone tissue and revealed a substantial colonization
of the scaffold with fibrous tissue, but only peripheral (< 500 mm of
depth) (Fig. 8A and D), the center of the scaffold remained acellular
(Fig. 8E). RAM-BMP2 matrices were entirely colonized with highly
vascularized fibrous tissue and minimal bone tissue was observed at the
periphery of the scaffold (Fig. 8 B, G, F). The Masson’s Trichrome
staining, which identifies bone and osteoid matrix, revealed the large
bony ossicles induced by RAM-BMP2/NS1. The bone tissue was orga-
nized as thin and mature bone trabeculae present mainly at the outer
part of the implants and forming a shell (Fig. 8C, H); the center of the
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ossicles was occupied by bone marrow, containing numerous adipo-
cytes, and by dense fibrous tissue (Fig. 8I). Additionally, Tartrate
Resistant Acid Phosphatase (TRAP) staining, which reveals the presence
of osteoclasts or osteoclast-like multinucleated giant cells (MNGC), was
found either on the bone surfaces (Fig. 8L) or in soft tissue close to the
bone tissue (Fig. 8K, L), indicating some extent of osteoclastic activity
and, therefore, of bone remodeling activity.

4. Discussion

These last years, the delivery of mRNA for therapeutic purposes has
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hoc test was used for statistical analysis.

gained remarkable progress [43], with extended application from
vaccination to protein replacement therapies, such as cardiovascular
regeneration [44]. The use of mRNA coding osteogenic proteins for bone
regeneration is a field still in its infancy as it started from 2015 [14], and
most of the studies are based on mRNA bearing modified nucleosides to
improve their translatability [15-17]. Today, mRNA therapeutics are
still costly due to the complex supply chain of their production including
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the addition of chemically modified nucleosides.

Unlike previously reported studies using chemically modified
mRNA, here we report an alternative strategy using non-modified
mRNAs to prepare bone graft substitutes, i.e. mRNA activated matrix
(RAM), for in vivo osteoinduction. The mRNAs platform contains BMP2
mRNA and NS1 mRNA that works as an adjuvant to enhance BMP-2
expression by inhibiting host cell immune responses [22].
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(Fb) Fibrous tissue; (b) Bone tissue; (bm) fatty bone-marrow like tissue; (v) vessels; (red arrows) TRAP staining. (For interpretation of the references to colour in this

figure legend, the reader is referred to the web version of this article.)

Our data shown in fig. 2 indicate that the optimal ratio of NS1 and
BMP2 mRNAs determined for murine cells is also efficient for human
cells. In line with our previous results, BMP2/NS1 mRNA transfected
hMSCs yielded a significantly higher amount of BMP-2, than single
BMP2 mRNA transfected cells. Interestingly, in those cells, the produced
amount of BMP-2 from the dual mRNAs delivery was stable up to 60 h.
As aresult, one could expect to get a significant expression of osteogenic
genes in the transfected hMSCs. However, no significant difference be-
tween the BMP2/NS1 group and BMP2 group was observed for most of
the osteogenic genes and the deposited extracellular calcium. This
phenomenon could be caused by two reasons. First, the transient
expression profile of administered mRNA. After 3 days, the BMP2/NS1
group and BMP2 group had similar BMP-2 expression. In contrast, the
MSCs osteogenic differentiation needs 2 weeks of continuous stimula-
tion. Second, it has been reported that human derived MSCs have low
responsiveness to BMPs [45,46]. Thus, although the BMP2/NS1 group
resulted in significantly higher BMP-2 than the BMP2 group in the first 3
days, no significant difference was induced in gene level of osteoblastic
markers (except for Runx2 at day 3). Despite those data, the significant
enhanced production of BMP2 with the dual mRNAs delivery is
encouraging and opens the room for improvement.

In clinical practice, bone grafts are critical for reconstructing massive
bone loss or complex non-union defects [47]. According to a recent
investigation from Zion market research, the global bone grafts and
substitutes market was approximately $ 2745 million in 2018 and is
expected to generate around $ 4235 million by 2026, registering a
compound annual growth rate (CAGR) of 5.6% during the forecast
period (accessed on 3rd January 2020). To meet this increasing demand,

197

the aim of the BTE is to construct bone substitutes (BTE grafts) that as
close as possible to the gold standard autografts through components,
structure and function mimicking [1,48].

RAM have emerged as an advanced approach for constructing bone
graft substitutes with the combination of BTE technology and mRNA-
therapy technology [14,16].

Here, the collagen and nanohydroxyapatite (nHA), which represent
the primary organic and inorganic compound in natural bone, were
chosen to produce the basal porous scaffold. In preliminary experiments,
we compared the type I collagen from bovine Achilles tendon and calf
skin. As shown in S. Fig. 1, the bovine Achilles tendon collagen made
scaffold exhibited closed pore structure which decreased its water ab-
sorption ability. The low pore interconnection will lead to less fluid
exchange and cell invasion, and finally less or no new bone formation
during in vivo application [40]. The likely explanation of this phenom-
enon is the solubility and fibrillar level differences between the two
kinds of collagen. In Achilles tendon, the collagen fibers and fibrils are
highly cross-linked and organized as parallel strands along the loading
axis [49], which makes it acid-insoluble. In contrast, skin collagen fi-
brils, especially for young species, are less cross-linked and randomly
distributed in the dermal layer of skin [50]. During scaffold preparation,
the collagen from calf skin homogeneously dissolved in acetic acid so-
lution resulting in continuous interpenetrating ice network after
freezing, and forming interconnective porous structure after sublima-
tion. While, the bovine Achilles tendon only swelled, even after three
times longer incubating time. Thus, the calf skin collagen was selected as
basal material for further combination with nHA.

As expected, the nHA reinforced collagen scaffold (CoLL-1nHA,
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CoLL-3nHA) had an increased mechanical strength, especially in axial.
During scaffolds freeze-drying, the aqueous solution was sublimated
mainly through axial direction leading more pores aligned in the axial
direction. It was reported that the mechanical properties of a porous
scaffold depend on the direction of the loading along the pore channels
[51]. More nHA in CoLL-3nHA decreased its interconnection degree (in
terms of porosity). The elimination of micropores from the pore walls,
and the non-embedded nHA, to some extent, resulted in its low porosity.
Both the porosity, the permeability and the mechanical properties are
crucial parameters for the BTE scaffold, influencing host cell ingrowth,
migration and proliferation [1,40]. For instance, Lewandrowshi et al.,
found that the poly(propylene fumarate) scaffold has a higher porosity
generating a greater and deeper bone ingrowth in rat tibias defect model
[52] due to higher level of vascularization and fluid permeability [53].

In terms of biological performance, the addition of nHA did not show
any significant influence on cell growth. Compared to CoLL and CoLL-
3nHA, the CoLL-1nHA preserved slightly more cells, which could be
caused by its high porosity, and the rough wall surface. This is in line
with the study from Yuan et al., who showed that the surface roughness
enhances the attachment, proliferation of anchorage-dependent bone
forming cells [54].

To note, all scaffolds prepared in this study underwent chemically
crosslinking (EDC: NHS: collagen carboxyl group molar ratio of 10: 4: 1),
enabling them more resistance to enzyme degradation during in vivo
usage (S. Fig. 2). In addition, the crosslinking resultant mechanical
enhancement has been shown to increase osteoblast cell number and
cellular distribution within collagen scaffolds [55]. Overall, the
outstanding physical and biological performances of CoLL-1nHA giving
it the valuable interesting candidate for preparing RAM.

IVT mRNA mediated immunogenicity and lacking of efficient in vivo
delivery vector are the main obstacles relating to mRNA therapy
application. By introducing NS1, we resolved the immunogenicity con-
cerning. Next, we need a proper vector to deliver the therapeutic nRNAs
to exert their function in vivo.

We previously reported a lipopolyplex (LPR) formulation to delivery
small interfering RNA (siRNA) in vitro [24]. The Lip100/His-1PEI/siRNA
formulated LPRs were more efficient than formulations made with
commercial vectors, ie. JetPRIME™, INTERFERin® and Lipofect-
amine™2000. The formulation was then transferred to this study to
complex and deliver mRNA. During in vitro and in vivo transfection
studies, LPRs showed a reversed trend compared to the commercial
vector (Lipofectamine™ MessengerMax, LfM). We are not surprised by
the results, as LfM is designed and optimized for in vitro cultured cell
transfection, and LPRs for in vivo environment. Indeed, in our previous
studies, although different in polymer and liposome, the LPRs formu-
lation has been successfully used for in vivo vaccination, against tumors
and influenza A virus [25,30].

On the other hand, from the aspect of surgical handling and cost of
transport and storage, a ready-to-use RAM is more in line with market
demand. After freeze-drying, within the RAM, the majority of LPR par-
ticles maintained a spherical shape, while LfM/mRNA particles
collapsed, highly due to lack of supportive polyplex cores. The structure
integrity helped the LPRs preserve their mRNA delivery ability.
Compared to one-time transfection, the protein expression from the
RAM groups was increased over 72 h prior to decrease. From the LPRs
release profile, we conclude that this phenomenon could be generated
by multiple transfections of cells thanks to continuously released LPRs.

Compared to the basal scaffold (CoLL-1nHA), the LPRs loading
enhanced compressive strength, especially in the axial direction. The
LPRs were prepared in HEPES buffer containing 5% sucrose, thus, after
sublimation, the HEPES and sucrose molecules homogeneously deposit
on pore walls, which may contribute to the mechanical changes as
tougheners.

The observed ectopic bone formation in mice induced by the BMP2
mRNA containing-matrices confirmed the osteoinductive performance
of the RAM system. The co-delivery of NS1 mRNA with BMP2 mRNA
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significantly (2-fold) improved the potential of RAMs to promote new
bone formation. The 3D p-CT images and histology revealed that RAM-
BMP2/NS1 induced large bony ossicles, typical of BMP-2-induced
ectopic bone induction with the formation of a shell enclosing thin
bone trabeculae and fatty bone marrow. The cells involved in the ectopic
bone include both (i) cells that are transfected with the delivered mRNA
and consequently produce and secrete the BMP-2 protein and (ii) cells
that are activated by the paracrine BMP-2 and induce the bone matrix
synthesis: Regarding the latter cells, it is reported that the ectopic bone
formation mediated by BMP-2 results from osteogenic differentiation of
circulating mesenchymal precursor cells (including myoblast [56] and
adipocyte [57,58] progenitors and pericytes [59]), which are locally
exposed to the growth factor; For the former cells, they may be the same
as the latter ones (i.e. recruited local osteoprogenitors) or any other type
of cells recruited within the scaffold, including inflammatory cells
(monocytes /macrophages) or fibroblasts. The single delivery of BMP2
mRNA promoted minimal bone tissue which were entirely invaded by
highly vascularized fibrous tissue. It is known that BMP-2 promotes bone
formation in a dose-dependent manner [60]. At lower dose, BMP-2 did
not induce bone formation, instead exert functions of cell chemotaxis
and angiogenesis [61,62]. In contrast to RAM-BMP2/NS1 and RAM-
BMP2, CoLL-1nHA scaffolds prepared without mRNA paucity of bone
tissue induction and were only peripherally invaded by host tissue.

Although, the subcutaneous ectopic model has the advantage of
evaluating the “true” osteoinductive capability of constructs since
osteogenesis and osteoconduction mediated by the bone bed of the
recipient animal does not occur at this location, considering the thera-
peutic application, an in-situ bone defect repair study is in progress
combining the advanced 3D printing technology to optimize the mRNA
delivery matrix. We believe that, when applied in the osteoprogenitors
enrich environment, the RAM-BMP2/NS1 can further exert its function
and induce as higher new bone tissue as reported previously [14], and
the osteoinductive mechanism will be assessed afterwards.

5. Conclusion

In this study, we demonstrated the non-modified dual mRNAs
(BMP2/NS1 mRNAs) system was capable to substantially improve the
production of BMP-2 when applied to hMSCs in vitro, however, leading
to slightly enhancement in osteogenic commitment. The main results
concern the use of Lip100/His-IPEI based LPR that can serve as an
mRNA delivery formulation for the production of RAMs made with
collagen-nanohydroxyapaptite scaffold. RAMs-BMP2/NS1 were able to
mediate a high and prolonged in vitro BMP-2 expression and, excitingly,
in vivo new bone induction. Taken together, these results provided the
basis for translating this RAM-BMP2/NS1 matrix into in vivo bone defect
intervention. Moreover, as an advanced combination of mRNA therapy
and tissue engineering, the RAM technology has broad potential appli-
cations, such as for wound healing, skin, cartilage and vertebral disc
regeneration.
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