www.nature.com/scientificreports

scientific reports

OPEN

W) Check for updates

mRNA encoding bone
morphogenetic protein-2
facilitated peri-implant bone
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This study evaluated the effectiveness of N1-methylpseudouridine-modified mRNA encoding bone
morphogenetic protein-2 (BMP-2 mRNA-LNP) in promoting bone growth and improving titanium
implant integration in rat femur bone defects. Sixteen Sprague-Dawley rats (32 femurs) were

used, with titanium wires implanted in the femoral defects. The defects were divided into four
groups (n=8): 5 ug BMP-2 mRNA-LNP, 15 pg BMP-2 mRNA-LNP, recombinant BMP-2 (rhBMP-2),

and Dulbecco’s phosphate-buffered saline (dPBS). Following euthanasia at 3 and 6 weeks, Micro-
Computed Tomography (micro-CT) was performed to assess bone volume, trabecular architecture,
and bone-to-implant contact. Push-out mechanical testing determined the maximal loading force
for implant dislodgment, while elemental analysis using Energy-Dispersive X-ray Spectroscopy (EDS)
and Scanning Electron Microscopy (SEM) assessed mineralization on the titanium surfaces. The 15 pg
BMP-2 mRNA-LNP group demonstrated significantly enhanced bone volume, trabecular thickness,
and bone-to-implant contact compared to the control group (p <0.05). Additionally, this group showed
higher calcium and phosphorus content, indicating superior mineralization. Concomitantly, the mean
maximal loading force (N) increased in the BMP-2 mRNA-LNP group, though this increase was not
statistically significant. These results suggest that BMP-2 mRNA-LNP offers a promising approach to
enhance peri-implant bone formation and bone regeneration. While the 15 pg group showed slightly
greater bone formation, most experimental parameters showed no significant differences compared
to the 5 pg group, suggesting the lower dose may offer a more cost-effective approach without
compromising efficacy.
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Periodontal disease and the development of deep dental pockets are significant contributors to tooth loss, a
condition that substantially impacts a patient’s quality of life, alongside other factors such as dental caries!.
Presently, dental implants have become a widely accepted option for missing teeth substitution®. The advantages
include stimulating and maintaining the health of the jawbone while preserving the surrounding natural teeth.
One of the major determinants of implants long-term success is the degree of osseointegration that implant
integrates with the surrounding bone>.

Osseointegration, the bone healing process following dental implant insertion, involves four phases:
hemostasis, inflammatory phase, proliferative phase, and remodeling. Throughout these stages, signaling
molecules, including cytokines, extracellular matrix proteins, and small molecules, mediate coordinated
interactions among various cell types that are crucial for successful osseointegration. Among these signaling
molecules, Bone Morphogenetic Proteins (BMPs), a group within transforming growth factor- family comprising
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of over 18 proteins, plays a critical role. BMP-2 has been widely used to induce osteogenic differentiation and
endochondral ossification in mesenchymal stem cells (MSCs) to enhance bone regeneration®-. A previous study
on BMP-2 demonstrated higher cell mineralization in vitro and greater osseointegration in vivo compared with
the control group in pig femurs after 2 weeks’.

Recombinant human BMP-2 (rhBMP-2) acts as an osteoinductive agent to repair bone defects; however, the
need for carrier agents, it’s high cost, and the risk of enhancing the inflammatory reaction are its limitations®!!.
Thus, messenger ribonucleic acid (mRNA) has emerged as an interesting alternative due to the drawbacks
above!?!3, The benefits of mRNA synthesis are that it is quick and cost-effective!*. RhBMP-2 could deliver
high-level protein production within a short translation time. Additionally, it restricts mutations and other
undesirable genetic events associated with DNA by acting in a different compartment from the host genome,
enhancing patient safety'®>. However, mRNA has some disadvantages, such as reduced stability, poor translation
capacity and high immunogenicity'®. These issues can be resolved by modifying nucleosides in the coding
sequence. In this study, BMP-2 mRNA stability and translational capacity were enhanced by substituting uridine
with N1-methylpseudouridine (m1¥), as reported by Andries et al. (2015)'°. This modification effectively
reduces cytotoxicity and immunogenicity while significantly improving protein translation and cellular viability.
By addressing the inherent challenges of unmodified mRNA—such as instability, poor translational efficiency,
and heightened immune responses—m1V¥ incorporation enables the development of safer and more effective
mRNA-based therapies for bone regeneration'”'®. Moreover, the mRNA in this study was delivered using
chemical transfection with lipid nanoparticles (LNPs), which ionized lipids with greater properties. This method
is recognized as the most widely utilized and efficient for mRNA delivery. It improves cell entry capacity and
reduces degradation rates and toxicity that resulted in high levels of protein production over prolonged periods
of translation!4-1619-2 Elangovan et al. (2015) showed that chemically modified mRNA (cmRNA) encoding
BMP-2, delivered using non-viral vectors, is effective for bone regeneration in rats compared with plasmid DNA
(pDNA) encoding BMP-2 via Micro-CT'2. Additionally, another study demonstrated that intragingival injection
of BMP-2 mRNA-LNP significantly increased the production of human BMP-2 proteins in rat gingival tissue
compared with PBS?2,

Although BMP-2 mRNA has been evaluated for enhancing bone regeneration and healing'?, its effectiveness
in promoting osseointegration for implants has not yet been investigated. In this study, we focus on peri-
implant bone formation, which evaluates bone tissue growth in contact with the implant surface as an indicator
of implant stability. The experiment was designed using titanium wires to represent dental implants with N1-
methylpseudouridine-modified mRNA encoding BMP-2 (BMP-2 mRNA-LNP) placed in the rat femurs. The
primary objective was to evaluate the effect of BMP-2 mRNA on the quality of peri-implant bone formation
of rat femurs using micro-CT, push-out test, and EDS analysis. The main aim was to assess the effect of BMP-
2 mRNA on the quality of peri-implant bone formation of rat femurs through the use of micro-CT, push-out
testing, and EDS analysis.

Results

Micro-CT

The data were collected at 3 and 6 weeks after implantation. Micro-CT evaluation with image analysis software
of the region of interest in 2D and 3D showed the bone volume and trabecular microarchitecture parameters,
i.e., bone volume (BV), bone volume fraction (BV/TV), trabecular number (Tb.N), trabecular thickness (Tb.
Th), and bone to implant contact (BIC). The bone formation in the 15 ug mRNA encoding BMP-2 group showed
greater results in several parameters than the other three groups at both time points. (Fig. 1) Full-femur imaging
prior to euthanasia was not performed. The analysis was limited to the peri-implant region of interest (ROI), as
shown in the 3D reconstructions.

In 3-week rats, BV, BV/TV were significantly higher in the 15 ug mRNA encoding BMP-2 group compared
with the other groups (p value <0.05). Other parameters, i.e., Tb.Th, Tb.N and BIC were higher in the 15 ug
mRNA encoding BMP-2 groups than the 5 uyg mRNA encoding BMP-2, rhBMP-2 group and dPBS group,
however, no significant differences were observed between the groups (p value <0.05).

In 6-week rats, bone volume (BV), bone volume fraction (BV/TV), trabecular thickness (Tb.Th), and
bone to implant contact (BIC) levels were significantly greater in the 15 pg mRNA encoding BMP-2 group
compared with the control group (dPBS) (p value <0.05). The trabecular number (Tb.N) was higher in the 15 pg
mRNA encoding BMP-group than the 5 ug mRNA encoding BMP-2, rhBMP-2 and dPBS groups, however, the
differences between the groups were not significant (p value <0.05). (Fig. 2)

There were no significant differences observed in the same substances between 3 and 6 weeks (p value <0.05).
However, in general, in the rats treated with BMP-2, bone formation was greater at 6 weeks than 3 weeks in every
parameter, except BV/TV (p value <0.05). (Fig. 2)

Push-out test

The mean maximum loading force (N) was attained at the juncture where the applied force results in the initial
dislodgement of the titanium wire from the rat’s femur. The mean maximum loading force (N) for the 15 g
mRNA encoding BMP-2 group was higher than other groups at 3 and 6 weeks, however, the difference was not
significant between the control and experimental groups (p value <0.05). At 3 weeks, the 5 ug and 15 uyg mRNA
encoding BMP-2 groups exhibited higher maximum forces compared with the other two groups. However, at 6
weeks, only the 15 pg mRNA encoding BMP-2 group demonstrated a greater value than the other groups. The
push-out value of implants in all groups demonstrated an increase at 6-weeks post-implant placement compared
with the 3-week groups. None of these differences were significant (p-value < 0.05) (Fig. 3).
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Fig. 1. Representative 3D reconstructed micro-CT images of bone volume around titanium implants at

3 weeks (A-D) and 6 weeks (E-H) after implantation. The region of interest (ROI) is centered around the
implant. Images represent: dPBS group (A and E), rhBMP-2 group (B and F), 5 uyg mRNA-BMP-2 group (C
and G), and 15 ug mRNA-BMP-2 group (D and H). These images illustrate the peri-implant bone response for
each treatment.

Energy-dispersive X-ray spectroscopy (EDS) & scanning electron microscopy (SEM)

After the push-out test, the dislodged titanium implant was analyzed using SEM/EDS. The surface elements
of the implant predominantly consisted of titanium (Ti), calcium (Ca), phosphorus (P), and oxygen (O). The
outcomes observed in the 3-week and 6-week groups demonstrated similar trends in the EDS results.

The weight% of titanium in the machined implants generally decreased from 3 to 6 weeks in almost every
group, except for the dPBS group. The titanium percentage in the 15 ug mRNA encoding BMP-2 group was the
lowest compared with the other groups and was significantly lower than the control group (dPBS) at 3 and 6
weeks (p value <0.05), which is consistent with the micro-CT analysis. Furthermore, although the percentage
of titanium in the 5 uyg mRNA encoding BMP-2 group also decreased compared with the other two groups
(rhBMP-2 and dPBS), the difference was not significant. (Fig. 4)

The calcium and phosphorus weight percentages in the retrieved machined implants from the 15 pg mRNA
encoding BMP-2 group were significantly higher than those in the dPBS group at 3- and 6-weeks (p value <0.05).
The 5 ug mRNA encoding BMP-2 and rhBMP-2 also had higher weight percentages of calcium and phosphorus
compared with the dPBS group. (Fig. 3)

Regression analysis indicated a positive correlation between the estimated tissue coverage area observed
in EDS and BIC observed in micro-CT analysis (R?=0.684) in the 6 week groups. These findings suggest the
accuracy and precision of the EDS analysis method and micro-CT analysis for BIC within a 3-12 voxel distance.
(Fig. 5)

High-magnification scanning electron microscopy (SEM) images revealed more well-developed tissue
remnants on the implants in the experimental groups compared with the control groups. The interface tissue on
the machined implants treated with dPBS, rhBMP-2, 5 ug mRNA encoding BMP-2 and 15 ug mRNA encoding
BMP-2 is shown in Fig. 6.

Discussion

This study demonstrates BMP-2 mRNAs effectiveness in enhancing peri-implant bone formation, marking the
first investigation of its application in this context. By evaluating bone regeneration and bone-to-implant contact
at 3 and 6 weeks, we observed consistently higher micro-CT parameters—BV, BV/TV, Tb.N, Tb.Th, and BIC—in
BMP-2 mRNA-treated groups compared to controls. These findings align with previous research highlighting
BMP-2’s pivotal role in bone regeneration and peri-implant bone formation in mammalian models. Prior studies
with rhBMP-2 demonstrated accelerated bone healing and improved bone-implant contact, with significant
increases in bone volume and density observed in histological and histomorphometric analyses**?*, Similarly,
our study reinforces BMP-2’s efficacy but offers a novel approach using mRNA to localize protein expression,
potentially mitigating the systemic side effects associated with rhBMP-2.

In this study, peri-implant bone formation was assessed using micro-CT, push-out testing, and EDS/SEM,
providing insights into bone volume, mineralization, and implant stability. However, these methods do not
directly evaluate true osseointegration, which involves both mechanical interlocking and biological integration
at the bone-implant interface*™°. To clarify this distinction, the term ‘osseointegration’ was replaced with “peri-

Scientific Reports |

(2025) 15:17852 | https://doi.org/10.1038/541598-025-02931-x natureportfolio


http://www.nature.com/scientificreports

www.nature.com/scientificreports/

o,
BV (mm?) BV/TV '( %0)
* = — g L] <
N
- =
h 2
E g
g ‘ £
P \ S
g ‘ g
3 =
s S 13.16
5 | 0.718 =
é | ‘ 0.587 ’ o.Jss e H ) ‘ 9.74 | 88 i
g 0414 0394 0.421 0.407 & 103 g5 6.91 6.73
dPBS rhBMP-2 BMP-2 mRNA 5 pg BMP-2 mRNA 15 pg dPBS rhBMP-2 BMP-2 mRNA 5 ug BMP-2 mRNA 15 pg
Substances Substances
Tb.N (1/mm) Tb.Th (mm)
*
g £
£ g
5 | |
2 -]
£ ! | 2
: | E
2 34 s 0.06 0,059 0.064
= 337 3. s X
313 = o A 0.056
g 264 250 2.92 261 1291 § 0.053 0.052 0.05 0.052
z 3
& =
dPBS rhBMP-2 BMP-2 mRNA 5 pg BMP-2 mRNA 15 pg dPBS rhBMP-2 BMP-2 mRNA 5 ug BMP-2 mRNA 15 pg
Substances
Substances
BIC (%)
~ *
IS
g
-
5
B
=
E 69.19
= 65.97 65.01 99
S 5685 5591 5437 sa37 23!
g
=
dPBS rhBMP-2 BMP-2 mRNA 5 pg BMP-2 mRNA 15 pg
Substances
3 weeks 6 weeks

Fig. 2. Comparison of bone formation and trabecular micro-architecture at 3 and 6 weeks after implantation
within the region of interest between groups. BV =bone volume; BV/TV =bone volume fraction;
Tb.N =trabecular number; Tb.Th =trabecular thickness; and BIC =bone to implant contact. * indicates

significant difference, P<0.05.
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Fig. 3. Comparison of push-out test which performed maximum loading force (N) at 3 and 6 weeks after
implantation within the region of interest between groups. *indicates significant difference, P<0.05.
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Fig. 4. Comparison of EDS elemental analysis percentage of a 3- and 6-week implant recovered after the
push-out test between groups. The elements are Titanium, Calcium and Phosphorus, respectively. *indicates a
significant difference, P<0.05.
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Fig. 5. Regression analysis indicated a positive correlation between the estimated tissue coverage area and
Bone-to-Implant Contact (BIC) observed in micro-CT analysis (R?=0.684) in 6 weeks group (N=14), P<0.05.

implant bone formation” throughout the manuscript. Future studies with porous titanium implants are planned
for comprehensive assessment.

The 3- and 6-week time points were selected to evaluate early and mid-term bone healing, which are key
for assessing initial intervention efficacy. BMP-2 promotes osteoblast differentiation and extracellular matrix
production, especially during the first few weeks of healing®. In rats, significant bone healing activity typically
occurs within 4 weeks, with peak cellular activity in the early reparative phase, during which mesenchymal
stem cells differentiate into osteoblasts, and callus formation and mineralization occur. These processes support
later stages of bone remodeling and long-term implant stability?®. While our study focused on early healing,
future studies extending to 12 weeks may reveal more about long-term regeneration and BMP-2 mRNAS full
therapeutic potential.

Our findings show that BMP-2 mRNA concentration influenced outcomes, with the 15 pg group showing
the best results and significant differences from the control in micro-CT and EDS analyses. However, most
experimental parameters showed no significant differences between the 5 and 15 pg BMP-2 mRNA groups
(p value <0.05), except for BV and BV/TV, suggesting that the 5 ug dose may be more cost-effective without
compromising efficacy. Further studies are needed to determine the optimal therapeutic dosage.

Scientific Reports|  (2025) 15:17852 | https://doi.org/10.1038/s41598-025-02931-x nature portfolio


http://www.nature.com/scientificreports

www.nature.com/scientificreports/

Fig. 6. Scanning Electron Microscopy (SEM) images of titanium implant surfaces at 3 weeks (A-D) and 6
weeks (E-H) post-implantation. Three levels of magnification (150x, 300x, 1000x) are shown for each group
from left to right. Images represent: dPBS group (A and E), thBMP-2 group (B and F), 5 ug mRNA-BMP-2
group (C and G), and 15 pg mRNA-BMP-2 group (D and H). These images show surface-level tissue coverage
and morphology, contributing to interpretation of peri-implant integration.

BMP-2 mRNA demonstrates comparable efficacy to rhBMP-2 while offering additional advantages,
including localized expression that minimizes systemic side effects like ectopic bone formation, inflammation,
and swelling!"1%20-27-29 Tt js also more scalable and cost-effective due to in vitro transcription'®!5. These benefits
make BMP-2 mRNA a promising and economical alternative for clinical use.

Mechanistically, BMPs mediate osteogenesis via canonical and non-canonical pathways. In canonical
signaling, BMPs bind to type I and II serine/threonine kinase receptors, forming a complex that phosphorylates
Smad1/5/8. These R-Smads associate with Smad4, translocate to the nucleus, and regulate osteoblast
differentiation through transcription factors such as PEBP2aA/Cbfal. Non-canonical pathways, including the
MAPK cascade, also influence gene expression®®3!. BMP-2 primarily activates osteogenic genes through the
Smad pathway, including Runx2, Osx, Col I, OPN, and OC*33,

This study represents the first instance of BMP-2 being directly injected into rat femurs without a carrier
system. Previous studies on thBMP-2 and BMP-2 mRNA have commonly used collagen or hydrogel scaffolds®**°,
which provide structural support for new bone formation and help maintain necessary shape and structure of
the regenerating tissue*®. However, these methods require a significant quantity of rhBMP-2, increasing costs
and the risk of side effects such as inflammation and ectopic bone growth®. Additionally, the use of collagen can
provoke immune responses, complicating its clinical application’®.

Considering these limitations and the long bone anatomy of the rat femur with its dense outer and spongy
inner layers acting as a sealed compartment for BMP-2%, scaffolds were not employed in this study. Instead, a
direct injection technique was utilized, mimicking the clinical scenario of applying BMP-2 into a bone defect
before implant placement. This method was efficient, straightforward, and aligned with the study’s objectives
while ensuring the rats’ safety. Furthermore, encapsulating BMP-2 mRNA in LNPs through chemical transfection
addressed challenges associated with scaffold use by enhancing mRNA stability, protecting against nuclease-
mediated degradation, and promoting cellular uptake, ultimately improving treatment efficacy’”-2140.

The significantly higher bone volume observed in the BMP-2 mRNA-LNP groups suggests potential benefits
for enhancing local bone density at implant sites, particularly in osteoporosis patients with reduced skeletal mass
due to imbalances in bone resorption and formation?!. BMP-2 mRNA-LNP may help address this imbalance
by promoting bone volume. Metallic artifacts limited bone-to-implant contact assessment*>*, so we chose to
measure BV/TV within 3-12 voxels, which correlated well with other parameters and tests.

Butz et al. (2006) reported strong correlation between BV/TV and histological bone structure within 3-30
voxels from the implant**. Additionally, Schouten et al. (2009) found artifacts near implants may overestimate
bone volume. Thus, measuring from at least 3 voxels away helps ensure accuracy®.

At 3 and 6 weeks post-implantation, experimental groups showed higher maximum forces than controls,
though differences were not statistically significant (p<0.05). Factors such as implant alignment, trimming
precision, and small sample size may have influenced the results, despite use of an optimized rat femur model
with standardized protocols including crosshead speed, trimming, and 2-3 mm bone exposure!®*’. Moreover,
push-out test accuracy can be affected by variables like jig fit, alignment, and bone mechanics*®*°. The non-linear
properties of bone further highlight the need for consistent testing conditions to minimize stress distribution
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errors®. Although push-in tests better replicate chewing forces, the push-out method in this study enabled
detailed elemental analysis of the titanium surface.

Peri-implant bone formation on smooth machined implants was evident by 3 weeks, as shown by micro-CT
and EDS. SEM/EDS analysis of implants post push-out test revealed Ti weight percentages indicating exposed
surface area. Bone-implant contact is typically greater near the metaphysis, where trabecular bone is abundant,
than in the diaphysis of the rat femur®!. To enhance accuracy, this research measured elemental percentages at
three distinct points, calculating their average for greater accuracy.

The EDS analysis of exposed titanium weight percentages in the 6-week group positively correlated with
average tissue coverage, aligning with BIC trends observed in micro-CT. This correlation highlights EDS as
a potential surrogate measure for BIC®>%, High titanium levels indicated areas without peri-implant bone
formation, while calcium and phosphorus presence suggested mineralized tissue and peri-implant bone
formation.

The higher bone-to-implant contact in the 15 pg BMP-2 mRNA group at 6 weeks suggests greater bone
formation compared to the 3-week group. However, limitations such as small sample size, optimal dosage, and
study duration should be considered. This study did not address the implants load-bearing function®. Future
research should include longer durations and additional time points to better assess bone regeneration dynamics.

Future studies could improve precision by using one femur as control and the other as experimental, though
this requires larger sample sizes. Additional analytic methods like histology, immunohistochemistry, and
resonance testing could validate findings, as in prior rhBMP-2 studies>*%*. Human studies are essential to
translate BMP-2 mRNA findings from animal models to clinical practice and link micro-CT results to clinical
outcomes. Future studies should also assess both short- and long-term effects of BMP-2 mRNA on bone healing
and examine various implant types, such as SLA or rough surfaces, to improve clinical relevance.

Investigating different BMP-2 mRNA concentrations offers a promising direction for future research.
Identifying the optimal dose to maximize efficacy while minimizing side effects is essential. Understanding
the dose-dependent effects on peri-implant bone formation could enhance clinical outcomes, making BMP-2
mRNA a valuable tool in bone regeneration and clinical applications. Based on our findings, the 5 g BMP-2
mRNA-LNP dose demonstrates comparable effectiveness to the higher dose and may serve as a more cost-
effective and clinically practical option for peri-implant bone regeneration.

Materials and methods

Animal model

This study used sixteen male Sprague-Dawley (SD) rats, each 10 weeks old and weighing more than 250 g.
The rats were procured from Nomura Siam International Co. Ltd (Bangkok, Thailand), and the experimental
procedures were approved by the Animal Care and Use Committee of Chulalongkorn University Laboratory
Animal Center (CULAC) (#2173019). All experimental procedures were performed in accordance with relevant
institutional guidelines and regulations. This study is reported in accordance with the ARRIVE guidelines
(https://arriveguidelines.org). The rats were accommodated in facilities with controlled lighting (Standard
fluorescent) and temperature (21 + 1 °C) receiving a standard rat diet and ad libitum access to water throughout
both the preoperative and postoperative phases.

Implant design & production of mRNA encoding BMP-2 and rhBMP-2

Dental titanium implants were represented by grade 5 Eli ASTM F136 medical-grade titanium wires. These
wires had an external diameter of 0.5 mm and a length of 10 mm (Fig. 7). The N1-methylpseudouridine
modified mRNA encoding BMP-2 (m11{-BMP-2 mRNA) utilized in this study was provided by the University
of Pennsylvania®®. It is synthesized using a linearized plasmid DNA template, co-transcriptionally capped with
CleanCap, and purified via cellulose-based chromatography. The uridine residues were substituted with N1-
methylpseudouridine to enhance stability and reduce immunogenicity.

The mRNA was supplied in powder form, reconstituted in phosphate-buffered saline (PBS), and used at 5 pg
and 15 pg in a total injection volume of 50 pL per femur??. The lipid nanoparticle (LNP) formulation used for
encapsulation was based on a patented technology by Acuitas Therapeutics (W02017004143), which enhances
intracellular delivery via ionizable lipid components. These ionizable lipids become positively charged in the
acidic endosomal environment, facilitating endosomal escape and cytoplasmic mRNA release.

Grade 5 Eli ASTM F136 Titanium

Diameter =0.5 mm I l > )

Y

<
a

Length = 10 mm

Fig. 7. Schematic presentation of the titanium implant wire used in this study (grade 5 Eli ASTM F136
titanium, 0.5 mm diameter, 10 mm length).
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For thBMP-2, this study used INFUSE" Bone Graft (rhBMP-2/ACS) from Medtronic Spinal and Biologics,
Memphis, TN. Following the ThBMP-2 concentration of 0.08 pg/uL from a previous study by Angle et al.
(2012)%, a total of 4 pg rhBMP-2 was reconstituted in PBS and delivered in a 50 uL injection volume.

Surgical procedure

The rats underwent a one-week acclimatization period before the surgical procedures. 11-week-old male
Sprague-Dawley rats were anesthetized with 2.0-5.0% isoflurane for surgery. Inhalation anesthesia was chosen
due to the short surgical duration (25-30 min), allowing for rapid induction, easier control of anesthesia depth,
and faster recovery. Compared to injectable agents, it also reduces the risk of overdose and prolonged sedation,
making it more suitable for this animal model®>.

Preoperative analgesia comprised 12.5 mg/kg Tramadol. Anesthesia maintenance used 0.5-3% isoflurane.
Local anesthesia involved a 2 mg/kg lidocaine injection along the incision line. A 10 mm incision at the knee
joint exposed the distal femur after dislocating the patella.

The study utilized 16 Sprague-Dawley rats, resulting in 32 femurs that were randomly assigned to four
different implant groups (n=8 femurs per group): dPBS, 4 ug rhBMP-2, 5 ug BMP-2 mRNA-LNP?, and 15 pg
BMP-2 mRNA-LNP. The randomization of femurs and independent analysis of right and left knees ensured
unbiased results. Titanium wires were implanted in the femoral defects, and the femurs were allocated as follows:

1. Micro-CT Analysis: All 8 femurs from each group were analyzed using micro-computed tomography (mi-
cro-CT) to assess bone volume (BV), bone volume fraction (BV/TV), trabecular number (Tb.N), trabecular
thickness (Tb.Th), and bone-to-implant contact (BIC).

2. Push-out Mechanical Test: to evaluate the mechanical stability of the implants, 4 femurs from each group
were subjected to the push-out test, where the maximum loading force required to dislodge the implant was
recorded.

The titanium wires were prepared under sterile conditions. The defect holes were created using a 25 mm
longitudinal hand drilling with a 25G gauge needle, aligned parallel the long axis of the bone to create a 0.6 mm
circular hole from the distal side of the femur. Next, 50 ul of dPBS with different substances were injected into
the respective group’s femurs using a 27-gauge insulin needle. A titanium wire was implanted into the hole, and
the opening site was closed using Bone wax W810 (Ethicon’, NJ, United States).

The knee joint was repositioned, and closure was performed in three layers: the joint capsule with interrupted
4/0 Monosyn sutures, the subcutaneous layer with subcuticular 4/0 Monosyn, and the outer skin layer externally
with 4/0 nylon. Local anesthesia, 0.5% bupivacaine, was administered along the incision line. All procedures
were conducted under antiseptic conditions. Two SD rats shared a cage with a partition. Subcutaneous injections
of 5 mg/kg Carprofen or 12.5 mg/kg Tramadol were given for 2 days. For antibiotic prophylaxis, 10 mg/kg
Enrofloxacin was injected daily for 5 days. Rats had access to food and water ad libitum, and the surgical wound
was disinfected with Betadine daily. Sutures were removed after 7 days. At 3 and 6 weeks after implantation, the
rats were euthanized through CO, inhalation. The rat femurs were collected, with the soft tissues removed, and
the samples were disinfected using 2% chlorhexidine and 70% ethanol. A 13-millimeter section was cut from
the femurs, 13 millimeters from the knee joint, using a carborundum disc. The sections were then promptly
immersed in 10% neutral buffered formalin overnight and stored at 4 °C to preserve the biological tissue. (Fig. 8)

Micro-computed tomography imaging

Eight specimens from each group were immersed in 10% Phosphate-Buffered Saline (PBS), 10x concentration
with a pH of 7.4. before micro-CT imaging in a high-resolution scanning mode was performed. The machine in
this study was HCT 35 by Scanco Medical AG with setting of 70 kVp, 114 pA, 8 W, with a 6 um voxel size. The
scanning focused on a 4 mm area, located 6-10 mm from the insertion point of implant placement (Fig. 9A and
B). The measurement area, centered around the implant, had a cylindrical shape (4 mm high, 2 mm diameter).
Bone volume (BV) [mm?], bone volume fraction (BV/TV) [%], trabecular number (Tb.N) [1/mm], trabecular
thickness (Tb.Th) [mm], and BV/TV in a circumferential zone representing bone-to-implant contact (BIC) [%],
were assessed?!.

Push-out test

The specimens were immersed in 70% formalin. Following saline rinsing, the rat femurs were placed in
customized silicone putty indexes for support during trimming. To account for varying implant angulations,
the femurs were viewed in relation to the horizontal plane by micro-CT scout view before cutting. The femurs
were trimmed at the medial aspect to expose a 10-mm length from the insertion point to the end of the implant
and the distal femur was further trimmed to expose a 3-mm length at the distal end of the implant by a dental
carborundum diamond disc, a round steel bur, and #11 blade without overheating, maintaining a flat cross-
sectional plane perpendicular to the implant path.

The customized blocks for this study were clear PVC tubes containing clear self-cure acrylic resin to secure
the specimens. The block’s lower half had a central tube for the titanium wire during the push-out test. After
resin polymerization, the rat femur’s medial aspect was vertically embedded in the block, exposing the distal
part~3 mm. A dental surveyor was used to evaluate the implant plane, and the upper part of the block was
filled with clear self-cured resin, leaving ~ 1 mm of the distal femur exposed. The push-out test was conducted
24 hours post-polymerization.

The push-out test utilized a universal material testing system (EZ-S; SHIMADZU, Kyoto, Japan) with a
custom stainless steel pushing rod (3 mm diameter) on a 500-N load cell. The push-out rod approached the
specimen without touching it before applying the downward compression force. The load-displacement curve
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Fig. 8. The region of interest for micro-CT analysis extended from 6-10 mm in length from the insertion
point. The region of interest for the push-out test extended from 0-10 mm in length from the insertion point.

The region of interest for the EDS and SEM analysis extended from 3-10 mm in length from the insertion
point.
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Fig. 9. The scanning focused on a 4 mm high area, located 6-10 mm from the insertion point of implant
placement. (A) The schematic diagram of micro-CT analysis region. (B) Radiograph image showed the region
of interest.

recorded the maximum loading force (N). The axial load on the implant was applied at a crosshead speed of
1 mm/min. The test was stopped before the pushing rod contacted the bone.

Energy dispersive X-ray spectroscopy (EDS) and scanning electron microscope (SEM)

Following the push-out test, the displaced titanium implants were retrieved from the femurs without washing™.
The implant surfaces were scanned using Energy Dispersive X-ray Spectroscopy (EDS) with a Quanta 250
instrument from FEI, Oregon, USA. The settings of the machine in this present study were 20.00 kV and HV
(High vacuum) mode. The EDS analysis comprised of three segments, covering the implant’s entire length,
excluding a 3-mm section exposed during the trimming for the push-out test to ensure precision in analyzing
the elemental constituents. The mean measurements from these three segments were used to determine the
elemental composition of titanium (Ti), calcium (Ca), and phosphorus (P) for each implant. The influence of
the interface tissue coverage on the bone-to-implant contact of the implant was evaluated. The coverage area of
the interface tissue was measured based on the Ti weight% across the entire implant surface: 2nr(100-Ti%)/100
(mm?)%. The recovered implants underwent additional scrutiny via Scanning Electron Microscopy (SEM) using
the Quanta 250 instrument from FEI, Oregon, USA. The settings of the machine in this present study were
20.00 kV and HV (High vacuum) mode>>>>,
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Statistical analysis

This study utilized SPSS version 22.0 (SPSS Inc, Chicago, IL). One-way ANOVA, followed by Tukey’s and
Bonferroni post hoc tests, was employed to analyze data with a normal distribution and equal variance across
the four groups. Statistical significance was determined at a 5% level (p-value <0.05). Regression analysis was
conducted to determine the relationship between the tissue coverage area and Bone-to-Implant Contact (BIC)
as observed in the micro-CT assessment. Outcome assessments (micro-CT, push-out tests, SEM/EDS) were
conducted by investigators blinded to experimental group assignments.

Data availability
The datasets generated and/or analyzed during the current study are available from the corresponding author
on reasonable request.
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