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ABSTRACT: Osteointegration is one of the most important factors for implant
success. Several biomolecules have been used as part of drug delivery systems to
improve implant integration into the surrounding bone tissue. Chemically modified & o )
mRNA (cmRNA) is a new form of therapeutic that has been used to induce bone Transcript-activated coating
healing. Combined with biomaterials, cmRNA can be used to develop transcript- Tiimplant
activated mjatrices for l.o‘cal prptein production with osteoinductive poter}tial. In.this BMP2 cmRNA BMP2 (protein)
study, we aimed to utilize this technology to create bone morphogenetic protein 2 A Loadedinto )\~ Internalized »g Therapeutic protein
(BMP2) transcript-activated coatings for titanium (Ti) implants. Therefore, different the coating inside the cells /'~ produced by the cells
coating methodologies as well as cnRNA incorporation strategies were evaluated. Three

different biocompatible biomaterials were used for the coating of Ti, namely, poly-p,L-lactic acid (PDLLA), fibrin, and fibrinogen.
cmRNA-coated Ti disks were assayed for transfection efficiency, cmRNA release, cell viability and proliferation, and osteogenic
activity in vitro. We found that cmRNA release was significantly delayed in Ti surfaces previously coated with biomaterials.
Consequently, the transfection efficiency was greatly improved. PDLLA coating improved the transfection efficiency in a
concentration-dependent manner. Lower PDLLA concentration used for the coating of Ti resulted in higher transfection efliciency.
Fibrin and fibrinogen coatings showed even higher transfection efficiencies compared to all PDLLA concentrations. In those disks,
not only the expression was up to 24-fold higher but also the peak of maximal expression was delayed from 24 h to 5 days, and the
duration of expression was also extended until 7 days post-transfection. For fibrin, higher transfection efficiencies were obtained in
the coatings with the lowest thrombin amounts. Accordingly, fibrinogen coatings gave the best results in terms of cmRNA
transfection. All biomaterial-coated Ti surfaces showed improved cell viability and proliferation, though this was more noticeable in
the fibrinogen-coated disks. The latter was also the only coating to support significant amounts of BMP2 produced by C2C12 cells in
vitro. Osteogenesis was confirmed using BMP2 ¢cmRNA fibrinogen-coated Ti disks, and it was dependent of the cmRNA amount
present. Alkaline phosphatase (ALP) activity of C2C12 increased when using fibrinogen coatings containing 250 ng of cmRNA or
more. Similarly, mineralization was also observed that increased with increasing cmRNA concentration. Overall, our results support
fibrinogen as an optimal material to deliver cnRNA from titanium-coated surfaces.

KEYWORDS: chemically modified mRNA, fibrin, fibrinogen, PDLLA, transcript-activated matrix, implants, bone regeneration

Bone

H INTRODUCTION weak bonds (eg, van der Waals or electrostatic forces,
hydrogen bonds, or hydrophobic interactions). Thus, it is a
weak functionalization method in which particles adsorb and
desorb from the metallic surface in an uncontrolled manner.
This may lead to the fast release of bioactive molecules. In
turn, the probability of side effects due to excessive dose may
be increased.”® Nevertheless, physical adsorption is a simple
and mild method that does not disrupt the structure of
bioactive molecules. Instead, in the physical entrapment
approach, a barrier material is used to retain and protect the

For decades, biocompatible titanium (Ti) implants have been
successfully used to treat and restore hard tissue defects in
dentistry and orthopedics.”” Implant integration in the
surrounding bone tissue (osteointegration) is one of the
most important factors for implant success. Thus, many surface
modifications have been introduced on metallic implants to
support peri-implant bone formation.” Among those, surface
functionalization with osteoinductive molecules, for example,
proteins, peptides, growth factors, DNA, and enzymes has
shown promising results.’

Incorporation of osteoinductive molecules on Ti surfaces
could be achieved via chemical or physical methods. Two main
methods have been reported to physically immobilize
molecules onto implant surfaces, (i) physical adsorption and
(ii) physical entrapment within biodegradable materials.’
Physical adsorption typically occurs by the formation of
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bioactive molecules on the metallic surface. Depending on the
material used to entrap the bioactive molecule, this approach
may retain the mildness of the physical adsorption method. It
also allows for controlled release, overcoming disadvantages
associated with burst release.” Many biodegradable, synthetic,
and natural polymers have been investigated for physical
entrapment.”"® Poly(lactide) (PLA) and poly(lactide-co-
glycolide) (PLGA) are among the best established biodegrad-
able synthetic polymer coatings for metallic implants. They
feature high mechanical stability while providing an adequate
platform for local controlled release of bioactive molecules.”"*
Natural polymers such as collagen, silk fibroin, gelatin, fibrin,
and fibrinogen have also been researched to be used for
coating metallic implants."*~'® In particular, fibrin and
fibrinogen have been used for many tissue engineering
applications due to their natural advantage as the primary
healing scaffold in the body.'” They provide support for cell
adhesion, migration, and differentiation. These materials also
support extracellular matrix deposition and cell—cell inter-
actions as part of their natural function.'® Therefore, they are
good candidates for a coating material to entrap bioactive
molecules.

Several bioactive molecules have been investigated for
osteoinductivity.'”*° Some have shown suitability for metallic
implant incorporation. Relevant examples include alginylgly-
cylaspartic acid, collagen type I, and growth factors such as
fibroblast growth factor 2, transforming growth factor-f 2, and
bone morphogenetic proteins.”> Among them, bone morpho-
genetic protein 2 (BMP2) has shown positive clinical results
for bone healing."*' Although the local administration of
BMP2 has been approved by the Food and Drug
Administration (FDA), its routine clinical use remains limited.
This can be attributed to difficulties restricting the protein
activity to the area of application, its short half-life in vivo, and
its high cost.'>** Several deliver;r matrices for recombinant
BMP2 have been developed.”>™*° Yet, there is substantial
potential for improvement toward clinical applications.

Gene therapy may be an alternative to bone regeneration.”
Gene delivery, which provides the gene encoding the protein
rather than a degradable protein, is effective but very difficult
to translate into human clinical use. In recent years, messenger
RNA (mRNA) has emerged as a promising alternative to
plasmid DNA for gene delivery. Delivering mRNA poses
several advantages. For example, mRNA does not require
crossing the nuclear membrane to exert its function, which is
advantageous to non-dividing cells also. Moreover, mRNA is
considered safer due to its lack of integration into the genome
and its relatively short half-life of the transfected cells.”’~*’
Added to that, the production of desired mRNAs by in vitro
transcription (IVT) is relatively easy.”” In line with that, using
modified nucleotides during mRNA production can substan-
tially reduce its immunogenicity and improve the stability.*’
Local delivery of mRNA (transcripts) can be achieved using
non-viral vectors, which represent another safety advantage
over viral gene therapy. Numerous studies have established
lipids as efficient non-viral vectors for mRNA delivery.”' ™ In
our previous work, we have demonstrated the effectiveness of
chemically modified mRNA (cmRNA)-lipid complexes in
vitro in promoting osteogenic differentiation of mesenchymal
stem cells’”*** and in vivo in inducing bone healing in non-
critical””*° as well as critical-sized bone defects.*®

In the present study, we aimed to utilize the cmRNA
technology to create BMP2 transcript-activated coatings for
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titanium (Ti) implants. We evaluated different Ti surface
functionalization approaches as well as cmRNA incorporation
strategies. The effect of these approaches on the cmRNA
transfection efliciency and kinetics, cell viability and pro-
liferation, and osteogenic differentiation was studied using
NIH3T3 and C2CI12 cells. We hypothesize that the entrap-
ment of cmRNA-lipid complexes within a biocompatible
matrix subsequently coated on Ti implants may be beneficial
for cellular and bone regeneration outcomes. In particular,
osteogenic differentiation of cells surrounding the implant may
improve its integration in an in vivo orthotopic scenario.

B EXPERIMENTAL METHODS

cmRNA Preparation. cmRNAs that code for Metridia
luciferase (MetLuc) and BMP2 were used in this work.
MetLuc is a secreted luciferase that allows the analysis of its
expression in cell culture supernatants. In this study, MetLuc
was selected as a model for a secreted therapeutic protein also,
that is, BMP2. BMP2 was selected as a molecule to produce an
osteoinductive ¢cmRNA due to its known bone induction
potential. Moreover, BMP-2 is FDA-approved and frequently
used in clinic to treat bone fractures and non-union defects.

cmRNAs were synthesized via IVT according to the method
previously described by our group.” In brief, the correspond-
ing plasmids were added to a mixture of ribonucleotides and
T7 RNA polymerase (Thermo Fisher Scientific Baltics UAB,
Lithuania). The ribonucleotide mixture was prepared contain-
ing chemically modified ribonucleotides. For MetLuc cmRNA,
25% of S-methylcytidine-5'-triphosphate and 25% of 2-
thiouridine-5’-triphosphate were used to replace their non-
modified counterparts during IVT. For BMP2 cmRNA, 35% of
S-iodo-uridine and 7.5% of S-iodo-cytidine were used. The
chemically modified nucleotides were obtained from Jena
Bioscience GmbH, Germany. In addition, an anti-reverse cap
analogue (Jena Bioscience GmbH, Germany) was added to the
mixture. After the IVT reaction was concluded, DNase was
added to degrade the plasmid template. The resulting MetLuc
transcript was subjected to enzymatic 3'-polyadenylation, while
the BMP2 transcript had the poly-A tail encoded into the used
plasmid template (200 nucleotides in length). The transcripts
were purified by ammonium acetate precipitation and
resuspended in water for injection. The cmRNA concentration
was measured using a NanoDrop 2000C spectrophotometer
(Thermo Fisher Scientific, USA). The cmRNA quality and
integrity were assessed by automated capillary electrophoresis
(Fragment Analyzer, Agilent Technologies, USA). HPLC
(Agilent 1260 Infinity, Agilent Technologies, USA) was
performed for nucleotide analysis. As additional quality control
check, the produced cmRNAs were tested for transfection
ability of NIH3T3 cells using Lipofectamine 2000 (Supporting
Information).

Lipoplex Formulation and Characterization. A non-
viral lipidoid vector was formulated using a cationic lipidoid
with dipalmitoyl phosphatidylcholine, cholesterol helper lipids,
and 1,2-dimyristoyl-rac-glycero-3-methylpolyoxyethylene
PEGylated lipid.*" Lipoplexes, that is, lipid—cmRNA com-
plexes, were formulated utilizing the solvent-exchange
method.>” In brief, an ethanol or isopropanol solution
containing lipids was rapidly injected into an aqueous buffered
solution of cmRNA (10 mM citrate buffer/150 mM sodium
chloride). The mixture was then vortexed for 15 s and
incubated at RT for 30 min to form the complexes. To remove
the excess of isopropanol, the lipoplexes were dialyzed
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Figure 1. Schematic representation of the experimental setup used for incorporation of cmRNA onto Ti disks. Of note, the diagrams used in this
scheme are not a true representation of the exact plasticware dimensions used during the experiments. (A) Surface coating and cellular experiments
were performed using 96-well plates. An image of 10 of the wells was taken for illustration purposes. Furthermore, a magnified image showing three
wells is provided for a more detailed illustration. Ti disks were placed inside the wells of a 96-well plate. Teflon ring inserts were used to keep the Ti
disks in place. (B) cmRNA incorporation on Ti surface via physical adsorption. Drawings of two representative wells are shown indicating the
sample and the control for this experiment (C) cmRNA incorporation via physical adsorption with subsequent deposition of a PDLLA protective
layer; X represents different PDLLA concentrations (0.25, 0.5, 1, 2, and 3 mg/disk). Drawings of two representative wells are shown indicating the
sample and the control for this experiment (D) cmRNA incorporation on the Ti surface via physical entrapment with fibrin and fibrinogen. Left
drawing showing fibrin entrapment, in which cmRNA lipoplexes were mixed with fibrinogen and immediately deposited onto the Ti disks.
Subsequently, an equal volume of thrombin solution was added to the fibrinogen cmRNA mixture. YEZT indicates the composition of the fibrin
coating: Y indicates the amount of fibrinogen (F) and Z indicates the amount of thrombin (T). The right drawing shows fibrinogen entrapment.
Here, the cmRNA lipoplexes were mixed with fibrinogen and deposited on the surface of Ti. IFOT indicates that no thrombin was added. Drawings
of two representative wells are shown indicating the sample and the control for this experiment.

overnight against double distilled water (ddH,O) using a
dialysis membrane (7 kDa cutoff molecular weight, Thermo
Fisher Scientific, USA). The final cmRNA concentration in the
formulated lipoplexes was 100 pug/mL with an N/P ratio of 8.

The size and zeta potential of lipoplex particles were
measured via dynamic light scattering (Malvern Zetasizer
Nano ZS, UK). Moreover, these determinations were
performed daily for up to 7 days after lipoplex formation. In
short, the formed MetLuc cmRNA and BMP2 cmRNA
lipoplexes were incubated at 37 °C. An individual sample
was used for each time of observation. In addition, samples
corresponding to blank (lipid solution) and control (i.e., freshly
formed cmRNA lipoplex) were also analyzed. Size and zeta
potential analysis was performed at RT wusing water for
injection (pH = 5.5).

To determine the complexation efficiency, concentrations of
cmRNAs before (t;) and after (t,) lipoplex formation were
determined. Complexation efficiency was analyzed over time.
For this, MetLuc cmRNA and BMP2 cmRNA lipoplexes were
incubated at 37 °C for up to 7 days. Samples were collected
daily to measure cmRNA concentrations after lipoplex
formation. In order to release the cmRNA from the lipid
complexes (and thus free for detection), treatment with a
detergent solution was performed. The solution was composed
of a 1:14 heparin and Triton X-100 mixture. The heparin used
was 40 mg/mL prepared in ddH,0. The detergent solution
was mixed 1:1 (v/v) with diluted lipoplex samples. The
mixture was incubated at 70 °C for 10 min under gentle

1123

shaking (300 rpm). Next, the mixture was centrifuged for 1
min to recollect the condensed droplets.

For quantification, a Quant-iT RiboGreen RNA assay kit
(Thermo Fisher, USA) was used following the manufacturer’s
instructions. Complexation efficiency was calculated as follows

% complexation efficiency

c¢cmRNA amount,, lipoplex(t,)

X 100

cmRNA amount .4 g, lipoplex(t,)

Furthermore, the integrity of cmRNAs released from the
lipoplexes was analyzed using an automated capillary electro-
phoresis system (Fragment Analyzer, Advanced Analytical,
USA). This analysis was performed daily for up to 7 days.

Finally, the produced lipoplexes were tested for transfection
ability using NIH3T3 cells. Transfections were performed in
triplicate using 0.025 ng of cmRNA/cell. Expression of MetLuc
and BMP2 was assessed following the methodology described
hereafter. For storage purposes, the lipoplexes were aliquoted
and freeze-dried using 5% trehalose (Sigma-Aldrich, USA) as a
cryopreservant.

Preparation of Ti Disks for cnRNA Coating. Ti foils (Ti
grade IV, thickness 50 um, ANKURO Int. GmbH,
Germany) were cut into 6 mm diameter circular disks to fit
inside the wells of a 96-well plate. The disks were degreased in
99.7% acetone (Carl Roth, Germany) for 10 min at RT in an
ultrasonic bath. Next, the disks were washed three times, first
in ddH,O and then in ethanol 80%. The last ethanol wash was

https://dx.doi.org/10.1021/acs.molpharmaceut.0c01042
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Table 1. Experimental Conditions Used for

cmRNA cmRNA
sample (Ti disk) cmRNA (ng/disk) (ng/mm? disk)
MetLuc MetLuc 62.5 32
cmRNA
125 6.4
250 12.8
500 25.5
MetLuc/PDLLA 0.25 MetLuc 500 25.5
cmRNA
MetLuc/PDLLA 0.5
MetLuc/PDLLA 1
MetLuc/PDLLA 2
MetLuc/PDLLA 3
MetLuc/1F1T MetLuc 500 25.5
cmRNA
MetLuc/1F0.5T
MetLuc/1F0.25T
MetLuc/1F0T
BMP2/1F1T BMP2 62.5 3.2
cmRNA
125 6.4
250 12.8
500 25.5
BMP2/1F0T BMP2 62.5 32
cmRNA
125 6.4
250 12.8
500 25.5
BMP2/PDLLA 0.25 BMP2 500 258.5
cmRNA
BMP2 BMP2 500 258.5
cmRNA

cmRNA Incorporation on Ti”

material
coating concentration ratio
coating methodology material (mg/disk) (F/T)
physical adsorption none n.a. na.
physical adsorption—PDLLA PDLLA 0.25 n.a.
protective layer
0.5
1
2
3
physical entrapment fibrinogen na 1:1
1:0.5
thrombin 1:0.25
1:0
physical entrapment fibrinogen na. 1:1
thrombin
physical entrapment fibrinogen n.a. 1:0
physical adsorption—PDLLA PDLLA 0.25 n.a
protective layer
physical adsorption none na. na.

“Overview of developed cmRNA Ti disks using PDLLA, fibrin, or fibrinogen as a coating biomaterial. Abbreviations: Ti, titanium; cmRNA,
chemically modified mRNA; PDLLA, poly-p,L-lactic acid; MetLuc, Metridia luciferase; BMP2, bone morphogenetic protein 2; YFZT, where Y
indicates the amount of fibrinogen, F, and Z indicates the amount of thrombin, T.

performed in an ultrasonic bath (10 min at RT). The excess
ethanol was removed and the disks were left to air-dry inside a
laminar flow cabinet. Sterilized disks were kept in an air-tight
container until further use.

Experimental Setup Used for cmnRNA Coating. Teflon
circular ring inserts were used to keep the Ti disks in place
inside the 96-well plate. The coating was confined to the
exposed Ti surfaces, as shown in Figure 1A. The ring inserts
were made using polytetrafluoroethylene Teflon 3D printer
tubes (StickandShine, Germany). The dimensions of the rings
were the following: outer diameter = 7 mm, inner diameter = 5
mm, and height = 2 mm. The rings were degreased with
acetone 99.7%, washed three times with ddH,O and three
times with ethanol 80%, and then finally autoclaved to be
sterilized. To prepare the Ti disks for further coating and
cellular experiments, the disks were placed in a 96-well plate
and subsequently fixed using the ring inserts (Figure 1A).
Next, the plates were irradiated with ultraviolet light for 1 h to
be sterilized. Meaningfully, the Ti disks and Teflon ring inserts
showed to be a highly stable system that remained in place
with no floating or flipping of the samples during
experimentation.

Ti Coating via Physical Adsorption. Sterilized Ti disks
were physically coated by addition of 30 uL of MetLuc
cmRNA lipoplexes dispersed in 20% v/v ethanol solution.
Several cmRNA concentrations, in the range of 500—62.5 ng/

1124

disk were used for the coating. This cmRNA concentration
screening was performed to determine the optimal cmRNA
concentration/disk in terms of transfection efficiency. Next,
cmRNA-coated disks were allowed to air-dry overnight inside
the laminar flow cabinet. A schematic representation of the
coating procedure is shown in Figure 1B. Also, a sample
overview is presented in Table 1. The samples coated following
this methodology will be termed hereafter MetLuc Ti disks.
Ti Coating via Physical Adsorption and Using a Poly-
p,L-lactic Acid Protective Layer. A cmRNA concentration of
500 ng/disk was selected to perform the coating using poly-
p,L-lactic acid (PDLLA; Resomer R 203 H, Sigma-Aldrich,
USA). First, Ti disks were coated with MetLuc cmRNA
lipoplexes, as described in the previous section. Then, a layer of
PDLLA was deposited onto the dried MetLuc cmRNA-coated
Ti disks. To achieve this, PDLLA was dissolved in ethyl acetate
(99.8%, Sigma-Aldrich, USA). Different PDLLA concentra-
tions (ie, 0.25, 0.5, 1, 2, and 3 mg/disk) were used for the
coating.12 Thereafter, the cmRNA/PDLLA-coated Ti disks
were left to air-dry under the laminar cabinet for 3 h with a
subsequent step of vacuum-drying (500 Torr) in a closed
desiccator for 1 h. The coating procedure and PDLLA layer
deposition were performed at RT. In addition, control samples
were produced by depositing a PDLLA layer on Ti disks
without previous cmRNA coating. Thus, the corresponding
controls had the same polymeric coating, but did not contain

https://dx.doi.org/10.1021/acs.molpharmaceut.0c01042
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MetLuc cmRNA lipoplexes. A schematic representation of the
coating procedure and PDLLA layer deposition is illustrated in
Figure 1C and a sample overview is presented in Table 1. The
samples coated using the PDLLA protective layer will be
termed hereafter MetLuc/PDLLA X Ti disks, where X
indicates the different PDLLA concentrations used for the
coating.

Ti Coating via Physical Entrapment Using Fibrin and
Fibrinogen. For this experiment, Tissucol (Baxter, Austria)
was used as a fibrin source. The components of the kit are
fibrinogen (66 mg/mL) and thrombin (100 IU/mL). MetLuc
cmRNA lipoplexes were mixed with fibrinogen and immedi-
ately deposited onto the Ti disks using 15 uL per disk. Care
was placed to ensure a homogeneous distribution on the
surface of the disks. Next, an equal volume of thrombin
solution was added to the fibrinogen—cmRNA mixture and
mixed gently to allow for coagulation to start on the disk’s
surface. The fibrin-coated Ti disks were then incubated for 30
min inside a cell culture incubator (5% CO, and 37 °C). This
ensured complete coagulation and fibrin gel formation. After
incubation, the fibrin-coated samples were frozen for 1 h at
—80 °C and then freeze-dried (Alpha 2-4, Martin Christ,
Germany) for 48 h. The primary drying cycle was performed
for the first 24 h using a shelf-temperature of =30 °C and a
vacuum of 0.05 mbar. A secondary drying was done for the
final 24 h at 4 °C and 0.025 mbar vacuum. The concentration
of cmRNA used was 500 ng/disk. The coating steps are
illustrated in Figure 1D. The plates containing the ready-to-use
samples were vacuum-sealed and stored at 4 °C until further
use.

To evaluate the effect of fibrin composition on the coating
performance, the amount of thrombin was reduced during gel
formation. Thus, different fibrinogen (F) to thrombin (T)
ratios, that is, 1:1, 1:0.5, 1:0.25, and 1:0 (v/v) were used.
Therefore, a set of samples was generated, that will be termed
hereafter MetLuc/YFZT Ti disks, where Y indicates the
amount of fibrinogen F = 1 and Z indicates the amount of
thrombin T. Thus, a sample was obtained that was coated with
fibrinogen only (ie, F/T = 1:0 or 1FOT, Figure 1D right
drawing). A sample overview is presented in Table 1. In
addition, control samples were produced by forming the fibrin
gel (different compositions) but without previous cmRNA
addition.

Morphological Characterization of Ti Coatings. The
surface profile of different coatings developed in this study was
studied using a confocal laser scanning microscope-based
profilometer (VK-X250, KEYENCE, Japan) in combination
with its MultiFileAnalyzer analysis software (KEYENCE,
Japan). To determine the surface roughness, three regions of
interest (ROI) and four lines of interest (LOI) were selected
per sample. ROI and LOI were used to calculate the arithmetic
mean heights over surface (Sa) and over line (Ra),
respectively. In addition, the surface of the coatings was
imaged using a scanning electron microscope (Teneo, FEI,
USA) at a magnification of 2000X, an accelerating voltage of 2
keV, and a working distance of approximately 10 mm. Prior to
SEM imaging, the samples were sputter-coated with a gold
layer (SC7620, Quorum, UK) for increasing the surface
conductivity.

Incorporation of BMP2 cmRNA into Ti Coatings. In
order to coat the Ti disks with BMP2 cmRNA, the best coating
methodologies were selected from the above-described ones.
High transfection efficiency and good cell compatibility were
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the main parameters considered for the selection. Thus,
fibrinogen [F/T ratio: 1:0 (v/v)], fibrin [F/T ratio: 1:1 (v/v)],
and PDLLA (0.25 mg PDLLA/disk) coatings were performed.
Moreover, uncoated Ti (cmRNA incorporated via physical
adsorption onto the metallic surface) was prepared and used as
control. The concentration of BMP2 ¢cmRNA used was 500
ng/disk. The obtained samples will be termed hereafter
BMP2/1F0T Ti disks (fibrinogen), BMP2/1F1T Ti disks
(fibrin), BMP2/PDLLA 0.25 Ti disk (PDLLA), and BMP2 Ti
disks (Ti only). A sample overview is presented in Table 1.

BMP2 Release from BMP2 cmRNA-Coated Ti Disks.
BMP2/1FOT (fibrinogen), BMP2/1F1T (fibrin), BMP2/
PDLLA 0.25, and BMP2 Ti disks were incubated in Dulbecco’s
modified Eagle’s medium (DMEM, Sigma-Aldrich, USA)
supplemented with 1% penicillin/streptomycin (P/S, Sigma-
Aldrich, USA) antibiotics and without serum at 37 °C for up to
7 days. The supernatants were collected after 2 h and then
daily for up to 7 days. In addition, a sample was collected on
days 10 and 14 to confirm whether BMP2 cmRNA could be
detected in the supernatants at prolonged releasing times. The
samples were immediately frozen at —80 °C until further
analysis. Fresh DMEM was added to the Ti disks to maintain a
volume of 200 uL during the release experiment. At day 7,
disks in which the cmRNA was entrapped within a 3D matrix
(i.e, BMP2/1F1T and BMP2/1FOT Ti disks) were digested to
investigate whether cmnRNA was still present inside the matrix.
Therefore, disks were harvested, washed with PBS and digested
with 0.05% trypsin (Thermo Fisher, USA) by incubating the
samples at 37 °C for 1 h. The digested samples were also
collected for analysis.

c¢mRNA was quantified in the supernatants and digested
samples after treatment with a heparin/Triton X-100 detergent
solution. For quantification, the Quant-iT RiboGreen RNA
assay kit was used following the instructions of the
manufacturer. Details on both methods, detergent treatment,
and RiboGreen quantification can be found in previous
sections. Measurements were performed using a microplate
reader (Tecan, Infinite M200 PRO, Switzerland). The results
were reported as percent of control (ie, fresh lipoplexes
containing 500 ng of BMP2 cmRNA) corresponding to the
initial amount of cmRNA incorporated into the coating.

Cell Culture. The NIH3T3 cell line (mouse embryonic
fibroblasts, ATCC CRL-1658) was used for transfections on
MetLuc cmRNA-coated Ti disks. It is known that mRNA
transfections of NIH3T3 cells are reproducible and result in
elevated expression levels. Thus, this cell line was used to
initially evaluate the transfection efficiency using the different
coating methodologies previously described. NIH3T3 cells
were cultured in DMEM containing 4.5 g/L glucose and 0.584
g/L L-glutamine (Sigma-Aldrich, USA). DMEM was supple-
mented with 10% fetal bovine serum (FBS) and 1% P/S, both
from Sigma-Aldrich, USA.

The C2C12 cell line (mouse muscle myoblast, ATCC CRL-
1772) was used for transfections on BMP2 cmRNA-coated Ti
disks. This cell line is able to differentiate into osteoblasts in
the presence of recombinant BMP2.*® Therefore, this cell line
was selected to functionally evaluate possible differentiation
due to cell-produced BMP2 as a result of cmRNA transfection.
C2C12 cells were cultured in DMEM containing 4.5 g/L
glucose, 0.584 g/L L-glutamine (Sigma-Aldrich, USA),
supplemented with 10% FBS and 1% P/S. This culture
medium was also used during BMP2 transfection experiments.
However, for the in vitro differentiation experiments, low
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glucose DMEM (1 g/L glucose and 0.584 g/L Lr-glutamine)
was used after supplementation with 2% FBS, 1% P/S, 10 mM
f-glycerophosphate (AppliChem, Germany), and 200 uM
ascorbic acid (Sigma-Aldrich, USA). The cells were cultured
and kept at 37 °C in a humid 5% CO, cell culture incubator.

Cell Transfection on MetLuc cmRNA-Coated Ti Disks.
For transfection, NIH3T3 were seeded at 10* cells/disk in a
96-well plate. The disks were coated with MetLuc cmRNA
using each of the coating methodologies described before. As
previously mentioned, cmRNA concentrations were in the
range of 500—62.5 ng/disk depending on the coating
methodology utilized. This means that 50—6.25 pg cmRNA/
cell were tested for transfection efficiency. Cell-seeded disks
were cultured for up to 10 days at 37 °C in a humidified 5%
CO, cell culture incubator.

In our study, 100 uL of the cell culture supernatant were
collected daily starting 24 h after seeding the cells on MetLuc
cmRNA-coated Ti disks. The medium collection continued for
up to 7 (PDLLA) or 10 (fibrinogen and fibrin) days depending
on the coating type. The same volume of fresh medium was
added after each collection. Collected supernatants were frozen
at =20 °C until further MetLuc analysis. MetLuc expression
was measured by adding 20 yL of 0.05 mM coelenterazine
(Synchem, Germany) to 50 uL of the collected supernatant in
CoStar white 96-well plates. Luminescence was measured
using a microplate reader (Tecan, infinite M200 PRO,
Switzerland). For data treatment, supernatants collected from
cells seeded on coated Ti disks without cmRNA, that is, un-
transfected cells, were considered as blank sample. The
obtained values were corrected to the total volume (100 uL)
and the results are reported in relative light units.

Cell Viability and Proliferation after Transfection
with MetLuc cmRNA-Coated Ti Disks. Cell viability was
assayed by Alamar Blue. Therefore, cell seeding was performed
as previously described and observation times were set to 1, 3,
7, and 14 days post-transfection. Thereafter, the cell culture
medium was removed from each well and replaced with 10%
alamarBlue solution (MyBioSource, USA) prepared in cell
culture medium. Next, the cell culture plates were incubated
for 3 h at 37 °C and 5% CO, in a humidified incubator. The
content of each well was rapidly transferred to a black 96-well
plate (Thermo Fisher, USA). Fluorescence was measured at
the excitation wavelength of 544 nm and the emission
wavelength of 590 nm using a FLUOStar Omega plate reader
(BMG Labtech, Germany). As positive control, cells seeded
directly on the 96-well plate (in the presence of Teflon inserts)
were used (Figure 1A). Moreover, alamarBlue solution (ie.,
10% prepared in cell culture medium) incubated under the
same conditions as the samples was used as blank. The values
obtained for the blank were deducted from all samples, and
activity (%) was calculated as follows

activity (% of positive control)

(fluorescence vaIuesmple — fluorescence valuey, ;)

= X 100
(fluorescence value

positive control fluorescence valuey, )

After alamarBlue assessment, samples were recovered,
washed three times with PBS, and used to evaluate cell
proliferation. PicoGreen assay, a method based on the
determination of double-stranded DNA (dsDNA), was used
for this purpose. For this, the Quant-iT PicoGreen dsDNA
assay kit (Molecular Probes-Life Technologies, USA) was
used. After washing the cells, the Ti disks were carefully
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removed from the plates and transferred to a separate
Eppendorf tube. Then, 250 uL of ddH,0 was added and the
samples were frozen at —80 °C. Frozen samples were exposed
to three cycles of freezing and rapid thawing at 37 °C in a
water bath. Thereafter, the tubes containing the samples were
vortexed to break down the cells with subsequent DNA release.
From each sample, 50 uL was used to determine the dsDNA
concentration. The assay was performed following the
manufacturer’s instructions. The results were calculated
according to the standard curve in dsDNA pg/mL. Also, the
total volume of samples, that is, 250 uL, was taken into
consideration. Both, alamarBlue and PicoGreen assays were
done in triplicate. Moreover, these assays were repeated at least
twice to guarantee technical replicates. Relevantly, in both
assays, cells seeded on plain Ti disks (ie, disks with no
biomaterial coating and no cmRNA loading) were used as
material control. The obtained data were normalized to this
control.

Cell Transfection on BMP2 cmRNA-Coated Ti Disks.
For transfection, C2C12 were seeded at 10* cells/disk in a 96-
well plate. The disks were coated with BMP2 cmRNA via
physical entrapment using fibrinogen or fibrin, as described
before. cmRNA concentrations used were 250 ng/disk and 500
ng/disk, respectively. Thus, 25 pg cmRNA/cell and 50 pg
cmRNA/cell were administered, respectively. Cell-seeded disks
were cultured for up to 4 days at 37 °C in a humidified 5%
CO, cell culture incubator. As previously described, trans-
fections were performed in DMEM supplemented with 10%
FBS and 1% P/S. The supernatants were collected daily for
ELISA measurements to measure cell-produced BMP2. BMP2
amounts were determined using human BMP2 ELISA kits
(R&D Systems, USA) following the manufacturer’s instruc-
tions. The experiment was done using biological triplicates and
independently repeated at least three times.

Alkaline Phosphatase Activity of C2C12 Transfected
on BMP2 cmRNA-Coated Ti Disks. Alkaline phosphatase
(ALP) activity was measured, as a first indication of osteogenic
differentiation, on days 5, 7, and 10 after C2C12 cells were
seeded onto the BMP2/1F0T Ti and BMP2/1FI1T Ti disks. In
this case, the functionality of all four cmnRNA concentrations
initially screened for expression (i.e, in the range of S00—62.5
ng/disk) was evaluated. These experiments were conducted in
low-glucose, low-serum (i.e, 2% FBS) cell culture medium.
Also, f-glycerophosphate and ascorbic acid were added to
guarantee the occurrence of ECM deposition and mineraliza-
tion under the BMP2 stimulus.”” A medium control consisting
of cells seeded on tissue culture plastic and cultured in this
supplemented medium was routinely carried out in all the
experiments. This sample was systematically evaluated for ALP
to rule out a possible medium stimulation.

To assess ALP, the method described by Katagiri et al. was
modified to meet our setup requirements.40 In brief, the
culture medium was removed from the plates and cells were
washed three times with PBS. Next, the samples were frozen at
—80 °C until further processing. After thawing, S0 mM Tris—
HCI containing 0.1% Triton X-100 buffer (pH 7.5) was added
to the samples and the plates were shaken for 20 min.
Thereafter, 25 uL of cell lysate was transferred to a new 96-well
plate. Next, 100 pL of 10 mM 4-nitrophenyl phosphate
disodium salt hydrate (pNPP, Sigma-Aldrich, USA) was added.
To prepare the pNPP solution, the salt was dissolved in ALP
buffer (i.e., SO mM glycine and 100 mM Tris-base containing 2
mM MgCl,, and pH was adjusted to 10.5 with NaOH). The
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Figure 2. MetLuc cmRNA and BMP2 cmRNA lipoplex characterization. (A) Size and zeta potential over time after lipoplex formation. Multiple,
unpaired t-test corrected for multiple comparisons by a Holm—Sidak method was performed for data analysis. (B) Complexation efficiency of
cmRNA in the lipidoid particles using a non-viral cationic lipid vector. Complexation efficiency is shown over time. (C) Integrity of MetLuc
cmRNA and BMP2 cmRNA after complexation. cmRNA was released from the lipidoid particles by heparin—Triton treatment prior to integrity
analysis by HPLC. A reference sample was used that consisted of freshly prepared cmRNA complexes. The results are plotted over time after

lipoplex formation.

mixture was incubated at RT for 1 h and then quenched with
0.2 M NaOH. The absorbance was measured at 405 nm
wavelength using the Tecan microplate reader mentioned
previously. The ALP activity was calculated according to a p-
nitrophenol (pNP, Sigma-Aldrich, USA) standard curve. To
obtain the standard curve, pNP solutions of known
concentrations were prepared in ALP buffer. The results are
reported in pNP concentrations per time unit (¢mol/mL/h).
Furthermore, the obtained results were normalized to the Ti
material control described previously. The experiment was
done using quadruplets and independently repeated twice.

Alizarin Red Staining and Quantification. To detect
calcium deposits, C2C12 cells were seeded on BMP2/1FOT Ti
disks and BMP2/1F1T Ti disks following the same seeding
and culture procedures previously described for ALP. Similarly,
cmRNA amounts in the range of 500—62.5 ng/disk were
investigated. Furthermore, the obtained results were normal-
ized to the Ti material control. This control was also used to
confirm the absence of mineralization produced by plain Ti.
For Alizarin Red, the observation time was set to 35 days to
ensure the occurrence of matrix deposition in vitro. Alike the
ALP assay, a medium control was evaluated for mineralization
to exclude a possible medium stimulation.

For the assay, cells were fixed using ice-cold 96% ethanol for
30 min. Next, Alizarin Red staining solution 0.5% (Sigma-
Aldrich, USA) was added and samples were incubated for 10
min. Thereafter, cells were washed five times for 5 min with
ddH,O0 to remove the excess of Alizarin Red. For
quantification, the dye was retrieved using 10% hexadecylpyr-
idinium chloride (Sigma-Aldrich, USA) solution. To ensure
complete dye extraction, samples were incubated for 1.5 h. The
solution was then transferred to a new 96-well plate and the
absorbance was measured at 562 nm wavelength using the
Tecan microplate reader. The results were calculated from the

Alizarin Red dye standard curve. This experiment was done in
quadruplet and independently repeated twice.

Statistical Analysis. Statistical analysis was done using
GraphPad Prism version 7.00 software (GraphPad, USA).
Multiple comparisons between groups were done using either
one-way or two-way analysis of variance (ANOVA) with
Tukey’s correction and 95% confidence intervals (Cls). In
addition, a comparison of two groups over time was performed
using multiple t-test corrected with Holm—Sidak. Outlier
values were identified via the “identify outliers” function in
software using the ROUT method, which can identify any
number of outliers with the Q value set to 10%. The sample
size (n) varies between different assays. A minimum of n = 3
and a maximum of n = 8 replicates were used throughout the
entire study. Moreover, experiments were independently
repeated, at least twice, to ensure reproducibility. This is
mentioned in the “Experimental Methods” section and in the
figures of each particular experiment. p > 0.05 was considered
not significant. Moreover, p values were reported using the
GraphPad style as follows: p < 0.05 was indicated with *, p <
0.01 was indicated with **, p < 0.001 was indicated with ***
and p < 0.0001 was indicated with ***%*,

B RESULTS

c¢mRNA Coding for MetLuc and BMP2. Two different
cmRNA molecules that coded for MetLuc and BMP2,
respectively, were obtained. The fragment analysis of both
produced cmRNAs indicated adequate integrity, no degrada-
tion, and no additional byproducts (Figure S1 of the
Supporting Information). Additionally, the peaks corresponded
with the expected number of nucleotides for each cmRNA.
Moreover, the nucleotide analysis showed proper capping
efficiency and incorporation rate of the modified nucleotides.
Transfections of NIH3T3 cells in the monolayer with the
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Figure 3. Morphological characterization of polymer coatings on Ti disks. (A) SEM images, (B) laser profilometer images, and (C) height profiles.
From left to right, IFOT Ti disks (fibrinogen), 1F1T Ti disks (fibrin), PDLLA 3 Ti disks (3 mg/disk), PDLLA 0.25 Ti disks (0.25 mg/disk), and Ti
disks (uncoated). (D) Quantification of arithmetic mean heights over surface (Sa) for all analyzed Ti disks. Multiple comparisons between groups
were analyzed using one-way ANOVA with Tukey’s correction and 95% Cls. *p < 0.05, ***p < 0.001, and ****p < 0.0001.

obtained cmRNAs using Lipofectamine 2000 showed effective
protein translation (Figure S2 of the Supporting Information).

cmRNA Lipoplexes: Characterization, Stability, and
Coating Incorporation. cmRNA lipoplexes featuring the
average size (i.e., hydrodynamic diameter) of 135.3 + 11.6 nm
for MetLuc and 62 + 2 nm for BMP2 cmRNAs were obtained
successfully. MetLuc cmRNA lipoplexes were consistently
significantly bigger than BMP2 cmRNA lipoplexes (Figure 24,
p <0.002). The possible changes on the lipoplex size over time
was evaluated. No statistical differences were found for the
lipoplexes size over a period of 7 days (Figure 24, p > 0.05).
Interestingly, a positive zeta potential of 16.3 + 0.9 mV was
found for MetLuc cmRNA, while a low, near zero 1.79 + 1.6
mV was found for BMP2 cmRNA. Statistical significance was
found when comparing the zeta potential of MetLuc cmRNA
to that of BMP2 cmRNA (Figure 24, p < 0.0002). Similar to
the lipoplexes’ size, the zeta potential did not show significant
variation over time (Figure 2A,p > 0.05). However, for BMP2
cmRNA, the zeta potential became 0.08 + 0.93 mV at day 5
and changed negative (—0.174 + 1.37 mV) at day 7 after
formulation.

MetLuc and BMP2 ¢cmRNAs were efliciently incorporated
into the lipidoid particles. Figure 2B shows a mean
complexation efficiency of 92.6% for MetLuc and 95.6% for
BMP2 cmRNA. The complexation efficiency slightly increased
over time reaching values close to 100%. The integrity of
MetLuc and BMP2 cmRNA was well preserved after
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complexation and over time. This can be concluded from
Figure 2C, where RNA quality number (RQN) values of 9.6
and 10 were obtained for MetLuc cmRNA and BMP2 cmRNA,
respectively. In addition, RQN values above 8 were obtained
for all samples collected at different incubation times (up to 6
days post-complexation), indicating that little degradation
occurred over days of incubation.

Biomaterial Coating of Ti Disks: Morphological
Characterization. Ti disks’ surface profile featured parallel
polishing lines (Figure 3A,B right panel), and the sample was
characterized by an average Sa of 0.25 pm (Figure 3D).
PDLLA coating of the Ti disks slightly changed the surface
profile. Figure 3 shows the SEM images, surface images, and
surface profile of the highest and lowest concentrations of
PDLLA used (ie, 3 and 0.25 mg/disk). To appreciate these
results for all the PDLLA concentrations used, please see
Figure S3 of the Supporting Information. By increasing the
polymeric concentration, a rougher surface profile was
obtained in which the polishing lines on the plain Ti disk
were no longer observed (Figures 3A—C and S3A—C of the
Supporting Information). This observation was confirmed by
the quantification results of Sa and Ra (Figures 3D and S3D of
the Supporting Information). The values of Sa and Ra for
PDLLA 0.5 Ti disks and PDLLA 0.25 Ti disks were similar to
those obtained for Ti disks (uncoated). A slight increase in the
surface roughness parameters was observed for PDLLA 1 Ti,
PDLLA 2 Ti, and PDLLA 3 Ti disks (Figures 3D and S3D of
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Figure 4. Transfection of NIH3T3 cells on MetLuc Ti and MetLuc PDLLA Ti disks. (A) MetLuc expression on Ti disks in which cmRNA was
incorporated by means of physical adsorption. Different concentrations of cmRNA were used. The insert chart is a blow-up graph of day 1 after
transfection showing the effect of different cmRNA concentrations used. **** indicates a significant decrease in expression after day 1 for the 500
ng cmRNA disk (p < 0.0001). Statistical significance on the insert chart is indicated by *p = 0.0169 (250 vs 62.5 ng), **p = 0.0011 (500 vs 250 ng),
and ****p < 0.0001 (500 vs 125 ng and 500 vs 62.5 ng). (B) MetLuc expression obtained using MetLuc PDLLA Ti disks. MetLuc cmRNA was
incorporated on Ti disks by means of physical adsorption with a subsequent deposition of a PDLLA protective layer. PDLLA concentrations varied
from 0.25 up to 3 mg/disk. Statistical significance was indicated by ** (p < 0.01) and *** (p < 0.001). In addition, letters from a to e are used to
indicate specific significance on each observation day. On day 1, a indicates a significantly lower expression for MetLuc/PDLLA 3 Ti when
compared to all other groups (p < 0.0109); b indicates a significantly lower expression for MetLuc/PDLLA 2 Ti when compared to MetLuc/
PDLLA 0.5 Ti, MetLuc/PDLLA 0.25 Ti, and MetLuc Ti disks (p < 0.0005); c indicates a significantly lower expression for MetLuc/PDLLA 1 Ti
when compared to MetLuc/PDLLA 0.25 Ti and MetLuc Ti disks (p < 0.0001). On day 2, d indicates a significantly lower expression for MetLuc/
PDLLA 3 Ti, MetLuc/PDLLA 2 Ti, and MetLuc/PDLLA 1 Ti when compared to MetLuc/PDLLA 0.5 Ti and MetLuc/PDLLA 0.25 Ti (p <
0.001). On day 3, e indicates a significantly lower expression for MetLuc/PDLLA 3 Ti, MetLuc/PDLLA 2 Ti, and MetLuc/PDLLA 1 Ti when
compared to MetLuc/PDLLA 0.25 Ti (p < 0.001). Similar to day 2, on day 4, d indicates a significantly lower expression for MetLuc/PDLLA 3 Tj,
MetLuc/PDLLA 2 Ti, and MetLuc/PDLLA 1 Ti when compared with MetLuc/PDLLA 0.5 Ti and MetLuc/PDLLA 0.25 Ti (p < 0.03). Two-way
ANOVA, followed by Tukey’s test was performed to analyze the data presented in (A,B). The results of statistical analysis are depicted in Tables S1

and S2 of the Supporting Information, respectively.

the Supporting Information). However, this increase of the
surface roughness with higher PDLLA concentrations was
statistically not significant. In contrast, the fibrin and fibrinogen
coatings significantly impacted the surface roughness and the
morphology of the coating. 1FOT Ti disks (fibrinogen) and
1F1T Ti disks (fibrin) showed substantially rougher surface
profiles than those of PDLLA Ti disks and Ti disks (Figure
3A—C left panel). The values of Sa were significantly higher for
the 1FOT Ti disk (fibrinogen) and 1F1T Ti disk (fibrin)
samples when compared to those of PDLLA Ti disks (all
concentrations) and Ti disks. Sa = 3.97 ym was obtained for
1FOT Ti disks (fibrinogen), while a value of 2.12 um was
obtained for 1F1T Ti disks (fibrin) (Figure 3D). Similarly, Ra
was 4.21 ym for 1FOT Ti disks (fibrinogen) and 2.01 ym for
IFIT Ti disks (fibrin) (Figure S3D of the Supporting
Information). Interestingly, although Sa and Ra values are
noticeably higher for fibrinogen coatings, no statistical
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significance was found between those and the ones coated
with fibrin.

Optimization of cnRNA Coating on Ti Disks: Physical
Adsorption. Ti disks coated with MetLuc cmRNA lipoplexes
were able to effectively transfect NIH3T3 cells (Figure 4A).
The highest MetLuc expression levels were observed at 24 h
after transfection for all cmRNA concentrations tested.
Increasing the amount of cmRNA to 500 ng/disk resulted in
a significant increase on MetLuc expression at 24 h post-
transfection (blown-up insert in Figure 4A, p = 0.0011).
Interestingly, a rapid decay of MetLuc expression was observed
at 48 h post-transfection. By day 5 after transfection, MetLuc
expression was negligible. No significant differences were
found among the different cmRNA concentrations evaluated
from day 2 post-transfection onward (Figure 44, p > 0.05). A
significant interaction between the cmRNA concentration and
the expression over time was indicated by ANOVA (Table S1
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Figure S. Transfection of NIH3T3 cells with MetLuc/1FZT Ti disks, where Z indicates different amounts of thrombin used. MetLuc Ti and
MetLuc/PDLLA 0.25 Ti disks were used for comparison. (A) Comparison of MetLuc expression obtained over time using Ti disks in which 500 ng
MetLuc cmRNA was incorporated by means of physical adsorption, physical adsorption with a subsequent deposition of a PDLLA protective layer,
or physical entrapment. Two-way ANOVA, followed by Tukey’s test was performed for data analysis. The results of statistical analysis are depicted
in Table S3 of the Supporting Information. (B) Direct comparison between fibrin (MetLuc/1F1T) and fibrinogen (MetLuc/1FOT) coating in
terms of MetLuc expression: effect of MetLuc cmRNA concentration incorporated into the coating. Multiple, unpaired t-test corrected for multiple
comparisons by a Holm—Sidak method was performed for data analysis. (C) MetLuc expression at day 3 (expression peak) for the MetLuc/1FOT
Ti disks with different amounts of cmRNA loaded into the coating. *p < 0.05, **p < 0.01, ***p < 0.001, and ****p < 0.0001. Repeated measures
of one-way ANOVA, followed by Tukey’s test were performed for data analysis.

of the Supporting Information). In fact, a different pattern of
expression decay over time can be observed that is dependent
on the cmRNA concentration used (Figure 4A).

Physical Adsorption with PDLLA Layer. The addition of
a PDLLA protective layer to the MetLuc Ti disks prolonged
the levels of MetLuc expression over a period of 7 days (Figure
4B). Interestingly, little effect was observed at 24 h post-
transfection. At this time of observation, comparable
expression levels were obtained for MetLuc Ti disks and for
the best sample among the PDLLA Ti disks (i.e, MetLuc/
PDLLA 025 Ti disks) (p = 0.1850). Among the different
PDLLA concentrations tested, the layer with the lowest
polymeric concentration, that is, 0.25 mg/disk gave the best
results. In fact, MetLuc expression was clearly dependent on
the concentration of the PDLLA protective layer. The results
indicated improved translation as the concentration of PDLLA
in the coating decreased. A significant interaction between the
PDLLA concentration and the expression over time was shown
by ANOVA (Table S2 of the Supporting Information).
Remarkably, from 48 h post-transfection onward, MetLuc/
PDLLA 0.25 Ti and MetLuc/PDLLA 0.5 Ti resulted in higher
MetLuc expression when compared to MetLuc Ti disks. Yet,
this increase in expression was statistically significant only for
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48 and 72 h post-transfection (MetLuc/PDLLA 0.25 Ti: p =
0.0002 for 48 h and p = 0.0009 for 72 h; MetLuc/PDLLA 0.5
Ti: p = 0.0034 for 48 h). PDLLA concentrations between 1
and 3 mg/disk resulted in negligible MetLuc expression at 48 h
post-transfection and until the end of the experiment.
Physical Entrapment with Fibrin and Fibrinogen.
Entrapment of MetLuc cmRNA lipoplexes inside fibrin and
fibrinogen positively impacted MetLuc expression. The levels
of expression were higher than those obtained for MetLuc Ti
disks and for all formulations of MetLuc/PDLLA Ti disks
(Figure SA). This was statistically significant at 72 h post-
transfection and onward (p < 0.05 for all comparisons).
Remarkably, entrapment within a fibrin or fibrinogen network
delayed the expression peak to S days post-transfection. As a
reminder, this peak was observed at 24 h after transfection on
MetLuc Ti disks and MetLuc/PDLLA Ti disks. Furthermore, a
prolonged expression was observed when using fibrin or
fibrinogen. At 7 days post-transfection, significant levels of
MetLuc were detected in the supernatants for MetLuc/1EXT
Ti disks (p < 0.0001). MetLuc expression was detectable for up
to 10 days after transfection. Interestingly, fibrinogen coating
resulted in the highest MetLuc expression for all times of
observation analyzed, with the exception of 3- and 4-days post-
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Figure 6. (A) Cell viability and (B) cell proliferation of NIH3T3 cells cultured on MetLuc Ti, MetLuc/PDLLA 0.25 Ti, MetLuc/1F1T Ti (fibrin),
and MetLuc/1FOT Ti (fibrinogen) disks. The obtained results were normalized to material control, i.e., uncoated titanium. The loaded cmRNA
amount was 500 ng/disk. *p < 0.05; **p < 0.01. Two-way ANOVA, followed by Tukey’s test was performed to analyze the data. The results of
statistical analysis are depicted in Tables S4 and S$ of the Supporting Information.
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Figure 7. (A) BMP2 cmRNA release from BMP2 Ti, BMP2/PDLLA 0.25 Ti, BMP2/1F1T Ti (fibrin), and BMP2/1F0T Ti (fibrinogen) disks.
The loaded BMP2 cmRNA amount was 500 ng/disk. For fibrin and fibrinogen coatings, the material was enzymatically digested after 7 days and
the amount of cmRNA was assayed (digest). *p <0.0S, ¥*p < 0.01, and ****p < 0.0001 comparing BMP2/1F1T Ti (fibrin) and BMP2/1F0T Ti
(fibrinogen). At 2 h, $ (BMP2 Ti and BMP2/PDLLA 0.25 Ti) indicates p values < 0.0001 vs fibrin and fibrinogen. No differences were found
between MetLuc Ti and MetLuc/PDLLA 0.25 Ti disks for this time of observation. At day 1, & (BMP2/PDLLA 0.25 Ti) indicates p values <
0.0001 compared to all studied groups. (B) BMP2 produced in vitro by C2C12 cells as a result of BMP2 cmRNA transfections on BMP2/1F1T Ti
(fibrin) and BMP2/1F0T Ti (fibrinogen) disks. Two different cnRNA amounts were used, i.e., 250 and 500 ng/disk. n.d. indicates not detected. *p
<0.0S, *#p < 0.01, and ***p < 0.001. Two-way ANOVA, followed by Tukey’s test was performed to analyze the data. In the case of (A), a mixed-
effect model (REML) was used. The results of statistical analysis are depicted in Tables S6 and S7 of the Supporting Information.

transfection. At those times of observation, MetLuc/1F0.5T Ti was found for cell proliferation over time (Table S5 of the
and MetLuc/1F0.25T Ti disks showed the highest MetLuc Supporting Information). In fact, a clearer effect of the disk
expression. The increase in MetLuc expression for the coatings was observed in the cell proliferation ability (Figure
fibrinogen coating was significant when compared to all fibrin 6B). Cell proliferation significantly increased in the fibrin- and
formulations at day S (p < 0.01) and day 7 (p < 0.03) post- fibrinogen-coated MetLuc disks (p < 0.03) although this effect
transfection. In fact, lowering the thrombin concentration in was less noticeable over time. Interestingly, at day 14 of cell
the composition of the fibrin gel gradually increased the seeding, MetLuc/PDLLA 0.25 Ti and MetLuc 1F1T Ti
MetLuc expression. (fibrin) disks resulted in significantly higher cell proliferation
Next, the effect of fibrin and fibrinogen coating on MetLuc compared to the MetLuc Ti disks (p = 0.0023 for PDLLA and
expression was studied for different cmRNA concentrations p = 0.0048 for fibrin).
(Figure SB). The superiority of fibrinogen coating showed to BMP2 cmRNA-Activated Ti Disks. BMP2 cmRNA was

be independent of the amount of cnRNA entrapped inside the quickly released from BMP2 Ti disks and BMP2/PDLLA 0.25
network. As expected, MetLuc expression increased with Ti disks (Figure 7A, p < 0.0001). BMP2 Ti disks showed a
increasing cmRNA concentrations (Figure SC, p < 0.05). burst release of BMP2 cmRNA after 2 h that rapidly decayed

Cell Viability and Proliferation of NIH3T3 Seeded on after 1 day of incubation. At 2 days, minimal BMP2 cmRNA
cmRNA Ti Disks, Uncoated and Coated with PDLLA, was detected. A similar BMP2 cmRNA release pattern was
Fibrin, or Fibrinogen. Coating of MetLuc Ti disks with observed for BMP2/PDLLA 0.25 Ti disks. The burst release
either PDLLA, fibrin, or fibrinogen seems to positively impact occurred up to 1 day (p < 0.0001) with subsequent full decline

the cell viability. The alamarBlue results shown in Figure 6A at 2 days post-incubation. In contrast, BMP2 ¢cmRNA was
indicated better cell viability for PDLLA-coated disks at 24 h released from BMP2/1F0T Ti and BMP2/1F1T Ti disks up to
after cell seeding. Nevertheless, an improved cell viability was 6 days in vitro (Figure 7A). At day 7 post-transfection,
observed for all coatings when compared to MetLuc Ti disks negligible amounts of BMP2 cmRNA were found in either the
for later times of observation, that is, 14 days after seeding. Yet, supernatants or the cell lysates. The release profile showed a

no significant interaction was found by ANOVA between the burst release of BMP2 cmRNA from BMP2/1F0T Ti as early
type of coating and the cell viability over time (Table S4 of the as 2 h after incubation in media (p = 0.0035). Thereafter, both
Supporting Information). In contrast, a significant interaction coatings showed similar release patterns. For BMP2/1FOT Ti,
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Figure 8. In vitro osteogenesis of C2C12 cells as a result of BMP2 cmRNA transfection using BMP2/1F1T Ti (fibrin) and BMP2/1F0T Ti
(fibrinogen) disks. Different BMP2 ¢cmRNA amounts were incorporated into the coatings, namely, 62.5 125, 250, and 500 ng/disk. (A) ALP
activity determined at S, 7, and 10 days after transfection. The obtained results were normalized to material control, i.e., uncoated titanium.
Statistical significance is indicated by *p < 0.05, **p < 0.01, and ***p < 0.001. In addition, at day 7, $ indicates a p value of 0.0053 (500 ng
cmRNA/disk in fibrin vs fibrinogen) and & indicates a p value of 0.0026 (250 ng cmRNA/disk in fibrin vs fibrinogen). (B) Alizarin Red staining in
a representative plate corresponding to the BMP2/1FO0T Ti (fibrinogen) disks. (C) Alizarin Red quantification at 35 days after transfection. *p <
0.05, *¥*¥p < 0.01, ¥**p < 0.001, and ****p < 0.0001. Two-way ANOVA, followed by Tukey’s test was performed to analyze the data presented in
(A,C). The results of statistical analysis are depicted in Tables S8 and S9 of the Supporting Information, respectively.

a peak on BMP2 cmRNA release was observed at 3 days post-
incubation while for BMP2/1F1T Ti disks this was detected at
4 days post-incubation. Thereafter, BMP2 c¢cmRNA release
from both coatings showed decay over time. In fact, no BMP2
cmRNA was detected in samples collected at days 10 or 14
post-release. Noteworthily, the area under the release curve
was 78.75 for BMP2/1FOT Ti disks and 82.93 for BMP2/
1F1T Ti disks.

BMP2/1F0T Ti (ﬁbrinogen) disks and BMP2/1F1T Ti
(fibrin) disks were used to evaluate the transfection efficiency
of BMP2 cmRNA. BMP2 protein production was detected
only in the C2CI12 cell culture supernatants of the BMP2/
1FOT Ti disks (Figure 7B). Interestingly, cells entrapped in the
BMP2/1FIT coating did not produce detectable BMP2
proteins at any of the studied observation times (up to 4
days). For the two different amounts of BMP2 cmRNA loaded
into the BMP2/1FOT Ti disks, that is, 500 and 250 ng/disk,
the levels of produced BMP2 were significantly higher for S00
ng/disk (Figure 7B, p < 0.03). A significant interaction
between the cmRNA concentration and the BMP2 expression
over time was shown by ANOVA (Table S7 of the Supporting
Information).

Osteoinduction. Besides the transfection capability, one
important parameter for such osteoinductive transcript-
activated matrix is its functionality. To test this, ALP activity
and calcium deposition were evaluated post-transfection. An
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increase in ALP activity was detected in C2C12 cells entrapped
within the BMP2/1F0T-coated Ti disks (Figure 8A).

The highest cnRNA concentrations used in those disks, that
is, 500 and 250 ng/disk, significantly stimulated ALP activity of
cells up to 7 days post-transfection (p < 0.005). At day 10,
however, only the 500 ng/disk resulted in elevated ALP
activity although not significant. No increase in ALP activity
was detected in C2C12 cells transfected on BMP2/1F1T Ti
disks (fibrin) for any time of observation. Here, no significant
interaction was found by ANOVA between the sample group
and the ALP activity over time (Table S8 of the Supporting
Information). Similarly, Alizarin Red staining confirmed the
formation of calcified nodules on the surface of BMP2/1F0T
Ti disks (Figure 8B,C). Calcium deposits proportionally
decreased with the cmRNA concentration used (Figure 8C).
This decrease was found to be significant (p < 0.018) except
for the direct comparison between the disks with 125 and 62.5
ng of cmRNA (p = 0.12). In fact, a significant interaction was
found by ANOVA between the cmRNA concentration used
and the concentration of Alizarin Red detected over time
(Table S9 of the Supporting Information). Contrarily,
negligible calcium deposition was detected for the BMP2/
1F1T Ti disks (fibrin) (Figure 8C).

Neither ALP activity nor positive Alizarin Red staining was
detected on uncoated Ti disks used as material control.

https://dx.doi.org/10.1021/acs.molpharmaceut.0c01042
Mol. Pharmaceutics 2021, 18, 11211137


http://pubs.acs.org/doi/suppl/10.1021/acs.molpharmaceut.0c01042/suppl_file/mp0c01042_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.molpharmaceut.0c01042/suppl_file/mp0c01042_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.molpharmaceut.0c01042/suppl_file/mp0c01042_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.molpharmaceut.0c01042/suppl_file/mp0c01042_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.molpharmaceut.0c01042/suppl_file/mp0c01042_si_001.pdf
https://pubs.acs.org/doi/10.1021/acs.molpharmaceut.0c01042?fig=fig8&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.molpharmaceut.0c01042?fig=fig8&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.molpharmaceut.0c01042?fig=fig8&ref=pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.molpharmaceut.0c01042/suppl_file/mp0c01042_si_001.pdf
https://pubs.acs.org/doi/10.1021/acs.molpharmaceut.0c01042?fig=fig8&ref=pdf
pubs.acs.org/molecularpharmaceutics?ref=pdf
https://dx.doi.org/10.1021/acs.molpharmaceut.0c01042?ref=pdf

Molecular Pharmaceutics

pubs.acs.org/molecularpharmaceutics

B DISCUSSION

Orthopedic metallic implant success is greatly reliant on
integration with the surrounding bone. Loosening of the
implant has been reported as one of the main causes of implant
failure in orthopedics."" This is even more noticeable in
patients who feature poor bone quality and quantity
surrounding the implantable device. To avoid this, the ideal
implant should be able to promote osteointegration and
minimize infections. Biocompatibility and corrosion resistance
are also desired features.”” Much research has been conducted
in terms of materials science to improve metallic implant bio-
teatures, having surface coating at the forefront. In this work,
we describe the development of biocompatible and osteogenic
BMP?2 transcript-activated coatings to titanium surfaces.

Transcript therapy, that is, using mRNA to translate into
therapeutic proteins, has recently been shown to be highly
attractive for bone tissue healing.”””>**** We and others
developed cmRNA coding for BMP2*7**7%** and BMP9**¢
that showed osteogenic potential in vitro and in vivo. In recent
in vivo investigations, it has been demonstrated that when the
BMP is synthesized endogenously, expression of BMP needs to
be neither prolonged nor present in high concentrations for
effective bone healing.”” This makes transcript therapy
particularly attractive for bone regeneration. However, the
applicability of mRNA relies on eradicating its intrinsic
immunogenicity and instability. This can be achieved by
introducing modifications to the mRNA during the IVT
production. In this study, we successfully produced cmRNAs
by using chemically modified cytidine and uridine. We
substituted up to 35% ribonucleotides with their modified
analogues. Carlsson et al. reported that a full substitution of
uridine with N1-methylpseudouridine in VEGF-A mRNA
resulted in a nonimmunogenic and functional cmRNA.**
Based on our previous findings, we also introduced a
translation initiator of short S'UTR (TISU) sequence and
deleted an upstream open reading frame and an extra
polyadenylation signal, followed by an adenylate—uridylate-
rich region as part of the mRNA modifications to improve the
translational efficiency.” By applying these modifications to
mRNA in this study, we successfully obtained cmRNAs that
encoded MetLuc and BMP2. Our results demonstrated high
integrity and lack of degradation of MetLuc cmRNA and
BMP2 c¢cmRNA. Furthermore, both ¢cmRNAs showed high
transfection efficiency when administered to NIH3T3 and
C2C12 cells. This is in agreement with our previous work*>*’
and the work of Kormann et al.*° that show improved mRNA
stability, and thus, translational efficiency after modifications
have been done.

Once complexed with cationic lipidoid vectors, BMP2
cmRNA lipoplexes featured small size and also low zeta
potential (<2 mV). Close to zero zeta potential may favor the
agglomeration of lipoplexes. Therefore, we evaluated the
stability of formed lipoplexes for up to 7 days. Interestingly,
no agglomeration was detected and the dispersion remained
homogeneous in size distribution (polydispersity index < 0.2).
This coincides with our previous observations and with that of
Li et al®® The authors obtained the highest luciferase
expression for lipoplexes whose zeta potential was close to
zero. They concluded that size, not surface charge, was the
major determinant of lipofection efficiency. Additional
stabilization of BMP2 ¢cmRNA may have been provided by
the cationic lipidoid used in our study to form the lipoplexes.
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These lipids provide moderate attachment to the negative
backbone of the RNA, which helps to stabilize the complex.>!
Although the impact of lipoplex size on transfection efficiency
is controversial (reviewed in ref 52), it has been reported that
particles with a smaller size would gain high transfection
efﬁciency.53 Also, small particle size, that is, <80 nm has been
reported as a requirement for high efficiency in vivo delivery.**
This is a crucial feature for the translation of these complexes
into the clinical arena.

To achieve our goal of incorporating BMP2 cmRNA
lipoplexes onto the surface of Ti, we evaluated several surface
functionalization methodologies. This evaluation was per-
formed using a MetLuc (reporter) cmRNA. In our study, we
decided to employ physical methods, that is, physical
adsorption and physical entrapment. This is justified by the
simplicity of these methodologies when compared with, for
example, covalent binding that requires previous introduction
of chemical functional groups on the surface of Ti. In addition,
physical methods guarantee a lack of interference with the
structure of the used biomolecules,® in our case with the
cmRNA lipoplexes. The available literature supports our
selection; physical methods have been utilized successfully in
functionalizing the surface of Ti implants with biomole-
cules.>* ¢ As expected, the incorporation of cmRNA lip-
oplexes via biomaterial coatings led to better results than
directly depositing cmRNA complexes on Ti. In our study, we
used PDLLA, fibrin, and fibrinogen as biomaterials for cnRNA
surface incorporation. We speculate that the use of coatings
made of these biomaterials may aid in protecting the cmRNA
lipoplexes from the surrounding environmental factors, such as
temperature and pH,”” and from RNase degradation.
Importantly, biomaterial coatings may also delay fast
desorption and uncontrolled release of lipoplexes from the
metallic surface. Our results confirmed this statement. BMP2
cmRNA was released significantly faster from uncoated Ti
when compared to PDLLA-, fibrin-, or fibrinogen-coated Ti
surfaces. This is in agreement with the observations of Jia and
Kerr.”® The authors reported an initial burst release of
ibuprofen from titanium dioxide nanotubes that was followed
by 90% release within the first hour of incubation. By coating
the surface of titanium dioxide nanotubes with PLGA, the
release was prolonged for up to 9 days. Bae et al. also observed
a rapid release of BMP2 protein from titanium when no
polymer coating was used.”” In our study, coating with PDLLA
still resulted in a fast cnRINA release characterized by an initial
burst. Nevertheless, it did show a positive effect on the cmRNA
transfection efficiency. It is worth mentioning that this positive
effect could be maximized by adjusting the percentage of
polymer in the coating. We observed an increase in cmRNA
transfection in coatings with the lowest PDLLA concentration.
This is in line with the reports of Kolk et al. using plasmid
DNA."” The authors found higher gene-transfer efficiencies in
titanium surfaces with the thinner PDLLA coating. Thinner
coatings were obtained using the lowest PDLLA concen-
trations. Strobel et al.’ and Sun et al.®" described that titanium
coated with low concentrations of PDLLA and PLGA,
respectively, resulted in fast release of the entrapped drug.
Based on these reports and our own results, we can postulate
that polymeric coatings featuring low polymer concentrations
may allow for a faster release of vector, thereby increasing the
cellular uptake and transfection. Interestingly, in our study,
coating of titanium with fibrin and fibrinogen resulted in more
efficiency than that of PDLLA in terms of transfection
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efficiency. To establish a direct comparison between these
coating materials is difficult because the physical entrapment
strategy used was different for each case. We could not find any
report directly comparing these materials for coating metallic
surfaces. They all may be an appealing choice depending on
the specific application of the coated implant. In the case of
fibrin and fibrinogen, they form a 3D fibrous network that
allow drug entrapment and cell colonization. These features
are very much desired for a gene-transfer matrix. Surprisingly,
fibrinogen coating resulted in a slightly faster release of BMP2
cmRNA than fibrin. It also supported higher transfection
efficiencies and prolonged production of BMP2 protein by
transfected cells. Jeon et al observed that by increasing
thrombin in the composition of fibrin, the release rate of
entrapped drugs decreased.”” One explanation for this
observation may be based on the structure of the 3D network.
Gels formed at low concentrations of thrombin or no thrombin
at all (ie, fibrinogen) feature thin fibrils.®> Also, as the
concentration of thrombin decreases in fibrin gels, less dense
cross-linked gels are formed.”” This may result in a faster
diffusion of entrapped molecules. In addition to that, the
fibrinogen structure that can be formed without thrombin®*
has excellent adsorption on titanium surfaces.”> This might
lead to a more stable coating than fibrin. Another important
point to consider is the biocompatibility and cell-attractant
properties of fibrinogen. Fibrinogen is known to promote cell
attachment and proliferation.’® It has also been reported to
stimulate cell infiltration into 3D scaffolds.”” These cellular
features of fibrinogen may have increased the cellular
attachment to the fibrinogen-coated titanium, thereby
increasing the transfection efficiency. In fact, all three coatings
enhanced cell viability and proliferation when compared to the
uncoated titanium surface. Cells may have been stimulated to
attach to and colonize the coating by the highly biocompatible
materials used in this study. On the other hand, biomaterial
coatings prevent cells to be exposed to high doses of cmRNA
lipoplexes in short time. Such fast exposure to high
concentrations of lipoplexes may lead to increased toxicity.
In fact, it has been reported that plasmid DNA complexes
loaded into 3D matrices show reduced toxicity.”*” In these
matrices, due to the co-localization of cells and lipoplexes,
exposure to plasmid DNA complexes is rather gradual.
Identically, in our study, cmnRNA lipoplexes are not delivered
at once into the cells but in a sustained fashion from the
transcript-activated coatings deposited onto the titanium
surfaces.

Cells transfected using the BMP2 cmRNA/fibrinogen-
coated Ti (ie, BMP2/1FOT Ti disks) were able to secrete
BMP2 in vitro that resulted in subsequent osteogenic
differentiation. ALP activity increased and mineralization was
also observed to be dependent on the cmRNA amount present
on the coating. These results corroborate our previous
published data in which osteogenesis strongly depends on
the cmRNA dose used.””** This holds true both in vitro and in
vivo. From our published data, we have established 20 pg of
BMP2 cmRNA/cell (human mesenchymal stem cell mono-
layers) to be osteogenic in vitro.”” In this work, 50 pg of BMP2
cmRNA/cell was necessary to induce ALP activity and
mineralization. It is worth mentioning that here a 3D coating
was developed (instead of the cell monolayers used
previously). Also, different cell types were used in both
studies. In vivo, BMP2 cmRNA amounts higher than S ug
seems to be necessary to heal a S mm critical bone defect in
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rats.” The optimal cmRNA dose for enhancing in vivo
osteointegration of Ti implants using our titanium-activated
matrices will be the subject of future research. Nevertheless, we
estimate that 23 ug of BMP2 cmRNA would be necessary to
coat 80% of the MiniHip (Corin Group, UK) stem in order to
successfully achieve osteointegration in a patient. This
estimation was performed for MiniHip hip prosthesis size 3
(length = 89 mm and media-to-lateral diameter = 25.8 mm),
which is commonly used in patients.”” Considering that >5 ug
of BMP2 cmRNA seems to be necessary to treat a rat S mm
non-union bone defect,”® 23 ug of cmRNA per human hip
prosthesis stem appears to be a feasible amount that grants
affordability to this newly developed treatment. Moreover, 23
ug of cmRNA can be easily produced at low cost. The
expected costs for producing GMP-grade cmRNA for clinical
use are reported to be up to 10-folds lower than its
recombinant protein counterpart.”’ Yet, to fully assess the
feasibility of these newly developed implants, their in vivo
biomechanical performance should be evaluated. Limitations
of our work include lack of these biomechanical studies. The
available literature demonstrated improvement on the
biomechanical performance for fibrinogen- or PLGA-coated
Ti screws’””* as well as for PDLLA Ti surfaces’* after in vivo
implantation. Remarkably, the authors showed tight integra-
tion of the material coatings to the Ti surfaces. This allowed
the conclusion of the high adhesion features of the coatings to
the metallic surfaces, regardless of the in vivo implantation
methodology used.

To the best of our knowledge, cmRNA transcript-activated
metallic implants have not been reported before. One study
from Wu et al. reported microRNA-functionalized titanium
surfaces by using mimics (miR-29b) and antagomirs (miR-
138).”” In a more recent study, Liu et al incorporated
antagomir (miR-204)—gold nanoparticles into a PLGA coating
on titanium surfaces.”” Both studies showed improved in vitro
osteogenesis. Our work along with these two studies pioneers
in demonstrating the potentiality that RNA therapeutics can
bring to the field of metallic implants’ osteointegration for
dentistry and orthopedic applications.

B CONCLUSIONS

We have investigated different methods for coating cmRNA on
titanium surfaces. We found that metallic coating using
biomaterials greatly improve the outcome of cmRNA transfer
as well as cellular responses. Fibrinogen stands out as an
optimal material for the coating of titanium. Our results
supported that fibrinogen coating provided sustained delivery
of loaded cmRNA lipoplexes, increased the transfection
efficiency and attracted cells to the coating layer, and thereby
improved the overall outcome. BMP2 cmRNA loaded onto
fibrinogen-coated titanium disks induced ALP activity and
mineralization of C2C12 cells in vitro, both indicators of
successful osteogenic differentiation.

Overall, our findings support the use of fibrinogen as a
biomaterial for loading RNA therapeutics to be used on
metallic implant surfaces. Particularly, in the areas of ortho-
regeneration, this biomaterial—nucleic acid combination allows
obtaining transcript-activated matrices with outstanding
features.
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