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A B S T R A C T   

The use of the FDA-approved osteoinductive growth factor BMP2 is widespread for bone regeneration. However, 
its clinical application has been hindered by limitations in cell permeability and a short half-life in circulation. To 
address this issue, we have developed a modified version of BMP2, referred to as Cell Permeable (CP)-BMP2, 
which possesses improved cell permeability. CP-BMP2 incorporates an advanced macromolecular transduction 
domain (aMTD) to facilitate transfer across the plasma membrane, a solubilization domain, and recombinant 
human BMP2. Compared to traditional rhBMP2, CP-BMP2 exhibits enhanced cell permeability, solubility, and 
bioavailability, and activates Smad phosphorylation through binding to BMP receptor 2. The effectiveness of CP- 
BMP2 was evaluated in three animal studies focusing on bone regeneration. In the initial study, mice and rabbits 
with critical-size calvarial defects received subcutaneous (SC) injections of CP-BMP2 and rhBMP2 (7.5 mg/kg, 3 
injections per week for 8 weeks).Following 8 weeks of administration, CP-BMP2 demonstrated a remarkable 65 
% increase in bone formation in mice when compared to both the vehicle and rhBMP2. Moreover, rabbits 
exhibited faster bone formation, characterized by a filling pattern originating from the center. In a subsequent 
study involving injured horses, hind limb bones treated with CP-BMP2 exhibited an 85 % higher bone regen
eration rate, as evidenced by Micro-CT results, in contrast to horses treated with the vehicle or rhBMP2 
(administered at 150 μg/defect, subcutaneously, once a week for 8 weeks, without a scaffold). These results 
underscore the potential of CP-BMP2 to facilitate rapid and effective healing. No noticeable adverse effects, such 
as ectopic bone formation, were observed in any of the studies. Overall, our findings demonstrate that CP-BMP2 
holds therapeutic potential as a novel and effective osteogenic agent.   

1. Introduction 

Bone repair is influenced by a variety of cellular, chemical and me
chanical cues, which regulates the local regeneration and remodeling of 
bones in response to changes or failure in the healing process [1]. The 
interactive and interdependent bone-healing process requires a localized 
and sustained supply of essential factors such as osteogenic growth 
factors and cytokines. However, limited quantities or an imbalance of 
these factors is common in older people, particularly women, leading to 
delayed recovery from severe fracture. To overcome this, patients in 
such situations require long-term treatment with exogeneous osteogenic 
factors [2]. 

The osteogenic factors used in clinical treatments include bone 
morphogenic proteins (BMPs), fibroblast growth factor (FGF)-2, 
concentrated growth factors and vitamin D [3]. BMP2, a member of the 
transforming growth factor-β (TGF-β) superfamily, is the key player in 
bone formation. When BMP2 binds to cell-surface receptors, it triggers 
osteoblast differentiation and osteoinductive activity, playing a crucial 
role in bone formation during development, fracture healing, and spinal 
fusion [4–9]. BMP2 signaling is initiated through interactions between 
BMP2 and its transmembrane receptors, the BMPRs (type I and II ser
ine/threonine kinase receptors), leading to the activatiojn of (phos
phorylation) Smads [10]. BMPR1-activated signaling results in the 
phosphorylation of R-Smads (Smad1/5/9), which bind to the common 
Smad, Smad 4, and regulate target gene transcription in the nucleus [11, 
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12]. Meanwhile, BMPR2-activated signaling promotes the expression of 
bone-related transcriptional regulators such as Runx2/Cbfa1, osterix, 
SIP1, Smurf1, NF-κB, Hoxc-8 and Tob [13]. 

Numerous studies have demonstrated that recombinant human (rh) 
BMP2 can induce osteoblast differentiation through the mobilization of 
various mesenchymal cells or preosteoclasts such as C3H10T1/2 and 
MC3T3-E1 cells [14,15] or by redirecting C2C12 myoblasts to differ
entiate into osteoblasts and suppressing myogenic differentiation [11]. 
As the only FDA-approved osteoinductive growth factor that can be used 
as a bone graft substitute, rhBMP2 has been extensively studied for its 
potential applications in a wide range of biomedical fields, from or
thopedic surgery to dental implantation [16]. The proprotein form of 
BMP2 contains 453 amino acid (aa), and the mature form comprises 114 
aa residues that are subjected to posttranslational modification, dimer
ization and proteolytic cleavage by furin in the Golgi apparatus [17]. 
The biologically active form of rhBMP2 consists of monomers that form 
a covalent homodimer through a single disulfide bond between the 
Cys-78 residues in the two subunits [18–20]. 

Despite its osteogenic potential in bone tissue engineering and 
regenerative medicine, rhBMP2’s clinical application as a protein-based 
therapeutic is limited by its weak biological activity. This is mainly due 
to its short half-life and instability in circulation [21,22]. Moreover, the 
poor retention of rhBMPs at implantation sites leads to rapid diffusion 
and clearance, reducing efficacy [23]. High doses are often required to 
sustain the osteogenic effect, but these doses can be costly and cause 
toxicity or unexpected ectopic bone formation [24]. To overcome these 
limitations, various delivery interfaces, such as scaffolds, grafts, and 
gels, are utilized to achieve the controlled release of rhBMP2 and its 
effective intracellular delivery [25,26]. This can be achieved by placing 
rhBMP2 inside a space-filling scaffold or releasing it directly from the 
surface of various carrier materials, including ceramics, metals, or syn
thetic polymers [22,27–31]. By using materials that facilitate local de
livery and diffusion, rhBMP2 can be retained at the implantation site for 
prolonged period, promoting the regenerative process in the bone 
microenvironment [32]. 

A strategy to enhance the effectiveness of rhBMP2 therapy is the 
integration of a protein transduction domain (PTD), such as TAT 
(GRKKRRQRRRPQ) peptide or similar forms [33,34]. However, the TAT 
peptide has a limited lifespan because it is taken into cells through 
endocytosis, leading to its degradation inside the cell and preventing the 
transfer of recombinant proteins from cell to cell. This transfer is crucial 
for the systemic delivery of exogenous macromolecules and tissue 
permeability [35]. 

To address the side effects and short half-life of rhBMP2, we used an 
optimized hydrophobic cell-penetrating peptide (CPP) called advanced 
macromolecule transduction domain (aMTD). aMTD increases tissue 
permeability and systemic delivery of exogenous proteins by penetrating 
the plasma membrane [36]. By combining rhBMP2 and a 
sequence-optimized aMTD (i.e., aMTD442), we created CP-BMP2, 
which is a new cell-permeable form of rhBMP2. We expect that 
CP-BMP2 will overcome the limitations of rhBMP2, such as weak 
treatment efficacy and instability in circulation, by improved cell 
permeability [36]. 

Here, we show that the novel recombinant protein CP-BMP2, which 
is derived from BMP2, has improved cell permeability, tissue delivery, 
and bone regeneration compared to rhBMP2. These findings suggest that 
CP-BMP2 has the potential to be a more effective therapeutic option for 
the treatment of bone defects. 

2. Materials and methods 

2.1. Construction of E. coli expression vectors for the recombinant BMP 

The full-length cDNA for human BMP2 (RC214586) was purchased 
from Origene (Rockville, MD). To develop cell- and tissue-permeable 
recombinant BMP proteins, expression vectors were designed by 
fusing the DNA sequence of mature form (aa 282–396) encoding the 
human BMP2 gene with an aMTD and/or solubilization domain (SD), 
and the aMTD sequence was not included in control BMP proteins 
(Fig. 1A and). Two different SDs were screened (SDA from protein S of 
Myxococcus xanthus, 184 aa; SDB from cytochrome b of Rattus norvegicus, 
99 aa). Polymerase chain reaction (PCR) was carried out to generate the 
corresponding expression vectors for each recombinant BMP2 protein. 
The PCR mixture included 100 ng of genomic DNA, 10 pmol of each 
primer, 0.2 mM dNTP mixture, 1X reaction buffer and 2.5 U of Pfu(+) 
DNA polymerase (Doctor Protein, Korea), and the reaction included 40 
cycles of denaturation (95 ◦C), annealing (58 ◦C), and extension (72 ◦C) 
for 30 s each, followed by a final extension cycle of 72 ◦C for 10 min. 
Then, the PCR products were cloned into a specific site of the pET-28a 
(+) vector (Novagen, Darmstadt, Germany), and DNA ligation was 
performed using T4 DNA ligase (NEB, USA) at 4 ◦C overnight. For 
transformation, the plasmids were mixed with E. coli BL21(DE3)- 
CodonPlus RIL competent cells (ATCC, USA) on ice for 10 min. This 
mixture was heat-shocked in a water bath at 42 ◦C for 90 s and then 
placed on ice for 2 min. Then, the mixture was added to LB broth (ELPIS, 
Korea) and incubated in a 37 ◦C shaking incubator for 1 h. The trans
formants were plated on an LB agar plate with kanamycin (50 μg/mL). 
Plasmid DNA was extracted from a single colony, and after digestion 
with the restriction enzymes BamHI and HindIII (NEB, USA), the sizes of 
the digested DNA fragments were confirmed by 1.2 % agarose gel 
electrophoresis. 

2.2. Expression and purification of recombinant CP-BMP2 proteins 

E. coli samples containing recombinant Recontide expression vectors 
(Fig. S1A) were incubated with 1 mL of LB medium at 37 ◦C overnight 
and then inoculated in 700 mL of LB medium, followed by incubation at 
37 ◦C until the OD600 reached ~0.7. Then, 0.7 mM isopropyl-β-D-thio
galactoside (IPTG), a protein expression inducer, was added to the cul
ture medium, and the mixture was further incubated at 37 ◦C for 3 h. 
This culture medium was centrifuged at 4 ◦C and 8000 rpm for 15 min, 
and the supernatant was discarded to recover the cell pellet. The cell 
pellet was suspended in lysis buffer (50 mM NaH2PO4 and 300 mM NaCl, 
pH 8.0) and disrupted by sonication. The lysates were centrifuged at 
15,000 rpm for 10 min to obtain an insoluble fraction containing re
combinant protein. Denatured recombinant proteins were lysed using 
denaturing lysis buffer (8 M urea, 10 mM Tris, and 100 mM NaH2PO4) 
and purified using Ni-NTA resin. After washing the resin with dena
turing wash buffer (8 M urea, 10 mM Tris, 20 mM imidazole, 100 mM 
NaH2PO4), recombinant BMP2 proteins were eluted 3 times with 
denaturing elution buffer (8 M urea, 10 mM Tris, 250 mM imidazole). 
After purification, the samples were dialyzed twice using refolding 
buffer (550 mM guanidine-HCl, 440 mM L-arginine, 50 mM Tris, 100 
mM NDSB, 150 mM NaCl, 2 mM reduced glutathione and 0.2 mM 
oxidized glutathione). Finally, the buffer was replaced with a physio
logical buffer, such as DMEM, at 4 ◦C. 

Abbreviation 

BMP Bone morphogenic proteins 
aMTD Advanced macromolecular transduction domains 
CPP Cell-penetrating peptide 
SD Solubilization domain 
IV Intravenous 
SC Subcutaneous 
CT Computed tomography  
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2.3. Cell permeability analysis 

For quantitative studies of cell permeability, CP-BMP2 (2 M − 3 and 
2 M − 4) and control proteins without the aMTD and/or SD (2 M − 1, 2 
M − 2, 2 M − 3C and 2 M − 4C) were conjugated to fluorescein iso
thiocyanate isomer (FITC) according to the manufacturer’s instructions 
(Sigma‒Aldrich). RAW 264.7 cells were treated with 10 μM FITC- 
labeled recombinant proteins for 1 h at 37 ◦C in a 5 % CO2 incubator 
and washed three times with 1X phosphate-buffered saline (PBS; 
HyClone™, GE Healthcare). Then, the cells were treated with 10 μg/mL 
proteinase K (Sigma‒Aldrich) for 20 min at 37 ◦C in a 5 % CO2 incubator 
to remove proteins bound to the cell surface. The cell permeability of CP- 
BMP2 proteins was analyzed with a Guava® easyCyte™ benchtop flow 
cytometer (Millipore) by examining the median fluorescence intensity 

(MFI) normalized to that of FITC-treated cells to obtain the relative cell 
permeability (fold change). To visualize the intracellular localization of 
CP-BMP2, NIH3T3 cells were treated with 10 μM FITC-labeled proteins 
diluted in serum-free medium for 3 h at 37 ◦C in a 5 % CO2 incubator and 
fixed with 4 % formaldehyde (Sigma‒Aldrich) for 10 min at room 
temperature after washing with PBS. Intracellular delivery of these re
combinant proteins was analyzed by confocal laser scanning microscopy 
(LSM700, Zeiss, Germany). 

2.4. Ex vivo bioavailability test 

Whole blood was obtained from ICR mice (male, 6 weeks) and mixed 
with Recontide and BMP2 lacking an aMTD. The ratio of protein to 
blood was 7.5 μg protein per 1 mL blood based on the results of an in vivo 

Fig. 1. Structure and physicochemical properties of CP-BMP2. (A) Schemes of the recombinant rhBMP2 and CP-BMP2 proteins and their components. (B) The 
expression, solubility and yield of rhBMP2 and CP-BMP2 proteins containing rhBMP2 and aMTD442. (C) Flow cytometry to detect the cell permeability of FITC-CP- 
BMP2 (red) in C2C12 cells. (D) CP-BMP2 levels in plasma over time. (E and F) Flow cytometry of FITC-labeled CP-BMP2 in peripheral blood mononuclear cells 
(PBMCs) (E) and splenocytes (F) over time. (For interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.) 

M. Kang et al.                                                                                                                                                                                                                                   



Materials Today Bio 25 (2024) 100983

4

study. The blood and protein samples were allowed to react for different 
time periods (5, 10, 15, 30, 60, 120, 240, and 480 min). After the re
action, plasma was separated from the blood, and histidine in the plasma 
was detected by His-ELISA (GenScript). 

2.5. In vivo bioavailability test 

ICR mice (male, 6 weeks) were intravenously administered 30 mg/kg 
FITC-labeled CP-BMP2 or control rhBMP2. Then, the blood and spleen 
were collected 5 min to 36 h later. The blood was immediately placed in 
an EDTA tube and mixed well, followed by centrifugation at 4000 rpm 
and 4 ◦C for 5 min. Plasma was removed from the centrifuged blood, and 
the buffy coat was collected in a new microtube. Then, 0.5 mL of RBC 
lysis buffer was placed in the microtube, followed by vortexing. The 
microtube was left at room temperature for 5 min, followed by centri
fugation at 4000 rpm and 4 ◦C for 5 min. When RBCs were not 
completely removed, 0.5 mL of RBC lysis buffer was added again, fol
lowed by vortexing. After removing the supernatant, the remaining 
pellet comprised peripheral blood mononuclear cells (PBMCs), and 0.3 
mL of PBS was added, followed by pipetting. The spleen was separated 
into single cells in PBS using a slide glass or cell strainer. The cells were 
collected in a microtube, which was centrifuged at 4000 rpm and 4 ◦C 
for 5 min. After removing the supernatant, 0.5 mL of RBC lysis buffer 
was added, followed by vortexing. The microtube was incubated at room 
temperature for 5 min, followed by centrifugation at 4000 rpm and 4 ◦C 
for 5 min. When RBCs were not completely removed, 0.5 mL of RBC lysis 
buffer was added again, followed by vortexing. After removing the su
pernatant, the pellet containing splenocytes was resuspended in 0.5 mL 
of PBS by pipetting. PBMCs and splenocytes were subjected to 
fluorescence-activated cell sorting (FACS) analysis (FACSCalibur; BD, 
Franklin Lakes, NJ). 

2.6. Western blot analysis to detect phosphorylated forms of Smad 1/5/9 

The levels of p-Smad 1/5/9 were analyzed via western blot assay to 
demonstrate whether CP-BMP2 increases p-Smad 1/5/9 levels in C2C12 
murine myoblast cells. After starvation with serum-free medium for 2 h, 
C2C12 cells (2 x 105 cells per well in 6-well plates) were treated with CP- 
BMP2 or BMP protein for 2 h at 37 ◦C. DPBS-washed cells were har
vested with RIPA buffer (150 mM NaCl, 1 % Triton X-100, 0.1 % SDS, 2 
mM EDTA and 50 mM Tris, pH 8.0) containing a protease and phos
phatase inhibitor cocktail (Sigma). The quantified cell lysates were 
separated by 10 % SDS‒PAGE, and the proteins were transferred to 
nitrocellulose membranes. The antibodies used were as follows: rabbit 
anti-phosphorylated Smad 1/5/9 (Cell Signaling, #13820), rabbit anti- 
Smad 1 (Cell Signaling, #6944S), and rabbit anti-β-actin (Cell Signaling, 
#4967). 

2.7. Assessment of myotube formation 

C2C12 murine myoblast cells were plated in 24-well culture plates 
(1x105 cells/well) in growth medium for 24 h. To induce differentiation, 
the cells were exposed to starvation conditions by incubation in culture 
medium containing 2 % FBS with or without CP-BMP2. After 3 days and 
7 days of culture, the cells were photographed to evaluate differentiation 
into myotubes. 

2.8. Measurement of alkaline phosphatase (ALP) activity 

To investigate if CP-BMP2 directly affects osteogenic activity, 
C3H10T1/2 mesenchymal stem cells (1 x 105 cells per well in 24-well 
plates) were treated with BMP2 for 3 days or 7 days. ALP activity was 
measured in the cell lysates according to the manufacturer’s protocol 
(cat # AS-72146). Briefly, the supernatant of the cell lysate was analyzed 
after centrifugation at 13,000 rpm for 10 min, and 10 μl of this super
natant was reacted with 200 μl of ALP substrate solution for 30 min at 

37 ◦C. After 30 min, the optical density (OD) was measured by using a 
microplate reader at a wavelength of 405 nm. Different concentrations 
of p-nitrophenyl phosphate were used as standards for ALP activity, and 
the calculated ALP activity was normalized to the total protein con
centration, which was obtained from the Bradford (Bio-Rad) protein 
assay. 

2.9. Small interfering RNA-mediated silencing 

For RNA interference, MC3T3-E1 preosteoblasts (2 x 105 cells per 
well in 6-well plates) were transfected with 10 or 15 nM siRNA (Dhar
macon™ BMPR-II siGenome™ Smartpool, siBMPRII) in Opti-MEM. The 
cells were incubated for 4 h at 37 ◦C, and the medium was replaced with 
EGM-2 after 24 h. For treatments, cells were serum-starved in DMEM for 
16 h and treated with CP-BMP2. Specific reductions in target protein 
levels were confirmed by western blot analysis wherever possible. 

2.10. Mouse critical-sized calvarial defect model 

The effect of CP-BMP2 on bone regeneration in vivo was investigated 
in a critical-sized calvarial defect model using ICR mice (6 weeks of age) 
(Dooyeol Biotech, Seoul, Korea). The mice were anesthetized with 
Zoletil (60 mg/kg) and xylazine (20 mg/kg), and the incision area was 
exposed by shaving the fur from the scalp. To create the defects, an 
incision was made in the skin on the head; two defects on both sides of 
the calvaria were made by using a 4-mm-diameter surgical trephine bur. 
The surgery sites were sutured and treated with povidone iodine. At 24 h 
after surgery, CP-BMP2 was locally injected into the surgery site, and the 
injection was repeated three times per week or once per week during the 
8-week experimental period. All mice were sacrificed after 9 weeks, the 
calvarial bone was separated, and bone regeneration was examined by 
X-ray and micro-CT. The fixed calvarial tissues were exposed to soft X- 
rays (CMP-2, Softex Co., Tokyo, Japan) under optimized exposure con
ditions (23 kV, 2 mA, 90 s), and the films were developed. Three- 
dimensional micro-CT images were analyzed with Adobe Photoshop 
CS6 (Adobe Systems, CA, USA) to measure the regenerated bone areas. 

2.11. Rabbit critical-sized calvarial defect model 

Adult, skeletally mature male New Zealand white rabbits weighing 
3.5–4 kg were randomly divided into 3 groups. Unilateral 15-mm-diam
eter critical-size defects were created in the calvarial bones of each an
imal. Group 1 served as a control group with unfilled calvarial defects. 
Group 2 had calvarial defects filled with rh-BMP2, and group 3 had 
calvarial defects filled with Recontide. All animals were killed 6 weeks 
after the initial surgery. The entire cranial vault was carefully removed 
from each animal with an oscillating saw, maintaining an intact galea, 
periosteum, and dura. The specimens were subjected to gross exami
nation for signs of inflammation, photographed, fixed in 10 % buffered 
formalin, and subjected to micro-CT imaging before decalcification for 
histologic processing. The micro-CT results showed that group 1 had 
voids without bony bridges, group 2 had new bone regeneration on the 
peripheral side of the defect, and group 3 had island-like bony particles 
throughout the defect. 

2.12. Surgical procedure: equine bone defect model (scaffold) 

Horses were premedicated with 0.05 mg/kg medetomidine hydro
chloride IV (Equadin, Dongbang Inc., Suwonsi, Korea). Five min later, 
0.03 mg/kg diazepam (Diazepam Myi Amp., Myungin Pharm Co., Seoul, 
Korea) and 2.2 mg/kg ketamine (Yuhan Ketamine 50 Inj., Yuhan Pharm 
Co., Seoul, Korea) were administered IV. Thereafter, the horses were 
intubated through the trachea, placed on a surgical table in dorsal re
cumbency and subsequently anesthetized by the inhalation of isoflurane 
(Ifran, Hana Pharm Co., Seoul, Korea) in oxygen. Three skin incisions 
were made in each hindlimb, exposing the third metatarsal bone. The 
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first incision was made 8 cm distal to the proximal aspect of the third 
metatarsal bone, the second incision was made 3 cm distal to the first 
incision, and the third incision was made 3 cm distal to the second 
incision. At each of these incisions, a bone defect was drilled (Cordless 
Driver 4, Stryker, Seoul, Korea). The drill was inserted in the dorso
palmar direction. The diameter of the drilled holes was 5 mm, and the 
depth was 10 mm, as measured by a depth gauge. For the test without a 
scaffold and with weekly injections, the three treatments included 
control (saline), CP-BMP2, and BMP2 (2M1), and these treatments were 
applied to the three different holes in a randomized manner. The skin 
was sutured with absorbable sutures (2-0 Vicryl; Johnson and Johnson, 
Seoul, Korea) by a subcuticular method. After surgery, the three treat
ments were injected into each hole at 1-week intervals for 9 weeks. For 
the test with scaffold (collagen tape) implantation, the three treatments 
included control (saline) with scaffold, Recontide with scaffold, and 
BMP2 (2M1) with scaffold, and these treatments were inserted into the 
three holes in a randomized manner. The skin was sutured with 
absorbable sutures (2-0 Vicryl; Johnson and Johnson, Seoul, Korea) by a 
subcuticular method. 

2.13. Postoperative treatment 

After surgery, 1.1 mg/kg flunixin meglumine (Fluximine®, Bayer, 
Auckland, New Zealand) was administered IV twice daily for 3 days. 
Wound dressings were applied until 9 weeks after surgery and changed 
once weekly. Operative fields were washed with sterilized saline. Peri
odic postoperative clinical checks included evaluations of body tem
perature, heart rate, respiration rate, temperature around the surgical 
site, gastrointestinal motility, capillary refilling time, blood tests (com
plete blood counts and serum electrolyte levels), and pulse quality of the 
palmar digital artery. These examinations were conducted every day for 
the first 2 weeks and once weekly thereafter. Lameness was examined 
every week with a walk and trot test on a hard surface. All evaluations 
throughout the 9-week study period were conducted by the same 
veterinarian, who was blinded to the treatments. 

2.14. Radiographic analysis 

Radiography was conducted before the operation (pre), immediately 
following the operation, and at 1 week, 3 weeks, 5 weeks, 7 weeks and 9 
weeks after the operation to evaluate healing at the bone defect sites (70 
k International Co., Gyeonggi-do, Korea). Radiographic data were 
developed using an image reading system (Blade BMD, Medien Inter
national Co., Gyeonggi-do V, 0.08 s; lateromedial view for the second 
metatarsal bone with digital Radiography; Galaxy R, Medien, Korea). 

2.15. Computed tomography evaluation 

All horses were anesthetized with 2.2 mg/kg ketamine (Yuhan Ke
tamine 50 Inj., Yuhan, Seoul, Korea) and euthanized with 0.1 mL/kg T- 
61 (T-61, Hansoo Pharm Co., Gyeonggi-do, Korea) at 9 weeks after 
surgery. The legs were dissected from the body and examined using 
computed tomography (CT). The CT instrument (Somatom Emotion16, 
Siemens Ltd., Seoul, Korea) was calibrated using an air and water 
phantom before the test, and control areas were evaluated. Limbs were 
placed on the CT bed and examined. CT data were processed using three- 
dimensional image processing software (Syngo CT, Siemens Ltd., Seoul, 
Korea). Each image was resliced into three 0.5-mm-wide pieces using 
analytical software. 

2.16. Statistical analyses 

Statistical analyses were performed with GraphPad Prism software 
using an unpaired Student’s t-test (two-tailed) when two groups were 
compared or using one-way ANOVA followed by Tukey’s multiple 
comparisons test when more than two groups were compared. 

Differences at p < 0.05 were considered statistically significant. Data are 
presented as the mean ± SD or the mean ± SEM. 

3. Results 

3.1. Screening of the structure optimized CP-BMP2 for intracellular 
delivery of rhBMP2 

One of the major challenges in the clinical use of rhBMP2 is its short 
half-life in cells, plasma and tissues, which is largely determined by 
several intrinsic factors such as protein transfer, solubility, stability and 
cell localization. These factors are interrelated, making it difficult to find 
a straightforward solution to extend the half-life of rhBMP2. To improve 
its intracellular delivery of rhBMP2 to bone defect sites, we attempted to 
create a cell-permeable form of rhBMP2 by conjugating a sequence 
optimized peptide fragment known as aMTD to the N-terminal of the 
rhBMP2 mature peptide. aMTD is known to function as a driver engine 
[36], which can freely transfer proteins through membranes without 
energy, as demonstrated by Chung et al. [35]. To enhance the solubility 
of the conjugated rhBMP2, we also added a solubilization domain A 
(SDA) from the protein S of Myxococcus xanthus as described by 
Kobayashi et al. [37]. The resulting CP-BMP2 derivatives, are both 
cell-permeable and highly soluble bio-better drug candidates. 

To find the best construct, 14 CP-BMP2 derivatives with a distinct 
aMTD sequences were created (Fig. S1A) and evaluated for their phys
icochemical properties, including solubility, yield, and cell perme
ability. Most of the CP-BMP2 derivatives showed improved solubility 
and yield (Fig. S1B). To assess cellular uptake, the fluorescein-5- 
isothiocyanate (FITC)-labeled proteins were incubated with C2C12 
cells, a myoblast subclone. Some of CP-BMP2 derivatives exhibited 
much higher cell permeability than rhBMP2 without an aMTD (e.g., ca 
11.5-fold higher for aMTD442 and 8.5-fold higher for aMTD24) 
(Fig. S1C). The best 4 CP-BMP2 derivatives were chosen based on sol
ubility, yield and cell permeability. Their activity was then determined 
by evaluating relative alkaline phosphatase (ALP) activity as a marker 
for bone formation (Fig. S1D). Thus, aMTD442 was selected as the key 
driver sequence to be linked to CP-BMP2 for its superior cell perme
ability and ALP activity. Finally, we obtained the structurally optimized 
CP-BMP2, which is a 329 aa residue linear polypeptide with a weight of 
37 kDa, consisting of a His-tag, aMTD442, mature rhBMP2 peptide, and 
SDA (184 aa) (Fig. 1A). 

3.2. CP-BMP2 exhibits both improved cell permeability and stability 

Having established CP-BMP2 as a lead candidate for bone regener
ation study (Fig. 1A), we wanted to verify its molecular properties of CP- 
BMP2 in vitro and in vivo. First, we transfected into C2C12 cells with the 
expression vector (plasmid) encoding the CP-BMP2 gene and purified 
the resulting protein. The purified CP-BMP2 protein showed the ex
pected molecular weight of 37 kDa and had good solubility and yield 
(Fig. 1B). It also had increased cell permeability in C2C12 cells as seen 
by flow cytometry (Fig. 1C). Next, we tested the stability of CP-BMP2 in 
vitro by administering it intravenously (IV) to mice and measuring the 
amount of BMP2 in plasma (>65 ng/mL) over 8 h, while that of rhBMP2 
rapidly decreased within 30 min (Fig. 1D). This suggests that CP-BMP2a 
has a longer half-life than rhBMP2. To further examine the impact of the 
aMTD442 on the stability and uptake of CP-BMP2, we administered (IV) 
FITC-labeled rhBMP2 and CP-BMP2 protein to mice and evaluated their 
relative stability in cells. Our results showed that CP-BMP2 had a higher 
FITC intensity in peripheral blood mononuclear cells (PBMCs) and 
splenocytes compared to rhBMP2 (red-line in Fig. 1E and F). However, in 
the case of rhBMP2, there were essentially no noticeable peak signals 
within the same period of time measured (blue-line in Fig. 1E and F). 
These results suggest that CP-BMP2 is structurally stable with a longer 
half-life than rhBMP2 alone. We also investigated whether addition of 
aMTDs to rhBMP2 stimulates cellular uptake of CP-BMP2 in cells, found 
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that consistent with the results in plasma and splenocytes (Fig. 1D and 
E), the FITC intensity in cells treated with CP-BMP2 was much higher 
than that in cells treated with rhBMP2 (Fig. S2A). Additionally, CP- 
BMP2 remained in the blood and mice for a longer period of time than 
rhBMP2 (Fig. S2B and C). Overall, these results suggest that the addition 
of aMTD to rhBMP2 significantly improves the solubility, stability, cell 
permeability, and pharmacodynamics of rhBMP2, making CP-BMP2 a 
promising candidate for further study and potential clinical 
applications. 

3.3. CP-BMP2 activates the BMP2 signaling pathway through BMPR2 
binding 

It is well known that a typical BMP2 signaling in canonical pathway 
confers Smad phosphorylation through binding to BMPR1 or BMPR2 
[10]. To investigate if CP-BMP2 retains the biological activity of BMP2, 
we measured Smad phosphorylation in C2C12 cells by Western blot 
analysis. CP-BMP2 induced Smad phosphorylation (Fig. 2A–C) in a dose- 
and time-dependent manner similar to rhBMP2 (Fig. 2B and C). We 
confirmed that CP-BMP2 works through the BMPR2-mediated signaling 
pathway by treating transfected C2C12 cells with dorsomorphin (10 
μM), a BMPR inhibitor, and observing that it effectively blocked Smad 
phosphorylation induced by both CP-BMP2 and rhBMP2 (Fig. 2D). The 
depletion of rhBMPRII by its own siRNA reduced Smad phosphorylation 
by CP-BMP2 in treatment in C2C12 cells (Fig. 2E), further suggesting 
that CP-BMP2 triggers Smad phosphorylation via binding to BMPR2. 
BMPR is expressed in intracellular golgi apparatus or endoplasmic 

reticulum (ER) [38]. Therefore, in order to prove that CP-BMP2 binds 
not only to BMPR on the membrane surface but also to BMPR in intra
cellular Golgi apparatus or ER, distribution location of CP-BMP2 in cells 
was analyzed using immunocytochemistry, and it was found that 
CP-BMP2 Localized to BMPR of Golgi or ER (Fig. 2F). 

CP-BMP2 also blocked myotube formation in C2C12 cells (Fig. 2G) 
and increased ALP activity to a greater extent compared to rhBMP2 
proteins (Fig. 2H), indicating that BMP2 in CP-BMP2 retains its bio
logical activity. 

3.4. CP-BMP2 promotes bone regeneration in a mouse critical-size 
calvarial defect model 

To investigate if CP-BMP2 promotes bone regeneration through 
inducing osteogenesis in a clinical setting, we used a mouse model with 
critical-size calvarial defects, a commonly used method for analyzing 
bone regeneration analyses [39,40]. To determine the optimal drug 
dosage, we subcutaneously (SC) injected different doses (0.75, 3.75, 7.5, 
15, 75, and 150 mg/kg) of CP-BMP2 into the mice once a week for a 
maximum of 8 weeks and found that the defects recovered in a 
dose-dependent manner when CP-BMP2 was used at the relatively lower 
doses (0.75–7.5 mg/kg). However, an increase in bone regeneration was 
not seen at a dose of 7.5 mg/kg or higher (Fig. 3A and B). After repeated 
SC injections of vehicle, rhBMP2 or CP-BMP2 at a dose of 7.5 mg/kg (3 
times per week for 8 weeks), all mice were sacrificed, and bone regen
eration was assessed using soft X-ray radiography and micro-CT imaging 
(Fig. 3C). The relative impact (-fold change) on bone regeneration was 

Fig. 2. CP-BMP2 activates the BMP2 signaling pathway through BMPR II binding. (A) Western blot analysis of p-Smad and Smad following treatment of rhBMP2 
and CP-BMP2 (1 μM) treatment. (B) Dose-dependent activation of p-Smad by rhBMP2 and CP-BMP2 (0–10 μM) treatment. (C) Time-dependent activation of p-Smad 
by rhBMP2 and CP-BMP2 after 0, 15, 30, 60, and 120 min. (D) Treatment with the rhBMP2 antagonist dorsomorphin inhibited the ability of CP-BMP2 to increase p- 
Smad levels. (E) Depletion of BMPR II by treatment of its own siRNA decreased p-Smad activation by CP-BMP2. Cells were treated with vehicle, rhBMP2, or CP-BMP2 
at identical concentrations for the same duration as described. (F) Representative confocal images of co-localization of CP-BMP2 (green) and BMPR II (yellow). (G) 
Morphological changes in C2C12 cells following CP-BMP2 treatment. (H) ALP activity in mesenchymal stem cells (C3H10T1/2) following CP-BMP2 treatment. (For 
interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.) 
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evaluated by counting pixels in the covered area of the calvarial defect 
using ImageJ software (National Institutes of Health, Bethesda, MD). 
Animals treated with CP-BMP2 without a scaffold showed more than 
4-fold greater defect recovery, as measured by pixel area, compared to 
those treated with only rhBMP2 (Fig. 3D). CP-BMP2 treatment stimu
lates bone regeneration to a greater extent than rhBMP2 alone, which 
requires a scaffold. To find the optimal frequency for treatment, we 
conducted a study in which mice were SC injected with either vehicle, 
rhBMP2 or CP-BMP2 at a dose of 7.5 mg/kg, either once per week or 
three times per week for 8 weeks. The bone regeneration was evaluated, 
and we found that the mice receiving CP-BMP2 once per week or three 
times per week showed similar recovery levels of 78 % and 65 %, 
respectively (Fig. 3E and F). Based on these results, the optimal fre
quency, dose, and duration were determined to be 7.5 mg/kg with once 
per week for 8 weeks. The results indicate that treating calvarial defects 
with CP-BMP2 is more effective in terms of bone regeneration compared 
to treatment with rhBMP2 without a scaffold. 

3.5. CP-BMP2 enhances bone repair in a rabbit bone defect model 

After finding the ideal dose of CP-BMP2 for small animal models 
(mice), we evaluated its effect on bone healing in rabbits with critical- 
size calvarial defect. The rabbits received SC injections of either a pla
cebo, rhBMP2, or CP-BMP2 at a dose of 7.5 mg/kg, three times per week, 
for 8 weeks without any scaffold support. To assess the bone regenera
tion, we used micro-CT imaging. Our results showed that both rhBMP2 
and CP-BMP2 induced bone regeneration to a similar extent. However, 
the pattern of bone regeneration and degree of inflammation were 
noticeably different between the two groups (as shown in Fig. 4A). In 
particular, the defects in the rabbits treated with rhBMP2 recovered 
gradually from the edges, with some signs of inflammation, while the 
rabbits treated with CP-BMP2 recovered faster and steadily from the 
center of the defect. Additionally, the two groups exhibited distinct 
morphologies in histological sections of the calvaria defect samples 
taken at 8-week intervals. Furthermore, CP-BMP2 induced osteogenesis 

Fig. 3. CP-BMP2 enhances bone regeneration in a mouse critical-size calvarial defect model. (A) Soft X-ray acquired 8 weeks after repeated subcutaneous 
injections of CP-BMP2 at different doses from 0.75 to 150 mg/kg (1 times per week for 8 weeks). Vehicle was injected at an identical concentration and frequency. (B) 
Quantification of relative bone regeneration activity based on the surface area of new bone tissue covering the defect area when animals were treated with different 
dosages of CP-BMP2. (c and d) Soft X-ray images and μCT images (C) and quantification (D) of the relative amount (area coverage, %) of regenerated bone according 
to the frequency (3 times per week) of treatment with 7.5 mg/kg CP-BMP2. (e and f) Soft X-ray images (E) and quantification of the relative amount (area coverage, 
%) (F) of regenerated bone when animals were treated with 7.5 mg/kg once 1 or 3 times per week for 8 weeks. 
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from the inside of the defect, while rhBMP2 did so from the edges (as 
shown in Fig. 4B). It is worth noting that the control group showed no 
signs of bone regeneration 8 weeks after treatment initiation. Our 
findings suggest that CP-BMP2 is more effective than rhBMP2 in both 
rodent and non-rodent models in the absence of scaffold support. 

3.6. CP-BMP2 promotes bone regeneration in large animals without 
scaffold 

To examine the effect of CP-BMP2 on bone regeneration in large 
animals, three-hole defects in the 3rd metatarsal bones of hind limbs 
were created in racehorses (Fig. 5A). One limb received three treatments 
(vehicle, rhBMP2, and CP-BMP2) without scaffolds (150 μg/defect) once 
a week for 8 weeks, while the other limb received the same three 
treatments with scaffolds in a randomized manner. The assessment of 
bone fracture healing involved the use of Portable X-ray at various time 
points both before and after the operation. Radiographic data analysis 
using ImageJ yielded significant insights. Notably, CP-BMP2, when 
administered without a scaffold, demonstrated a superior bone regen
eration rate of 33 % compared to rhBMP2 without a scaffold at the 9- 
week mark (the upper panel in Fig. 5B or the right panel in Fig. 5C). 
Conversely, when both rhBMP2 and CP-BMP2 were applied with scaf
folds, they exhibited a comparable degree of bone regeneration (as 
illustrated in the lower panel of Fig. 5B or the left panel of Fig. 5C). The 
effectiveness of CP-BMP2 treatment without a scaffold was further 
supported by Micro-CT imaging, highlighting substantial morphological 
recovery (Fig. 5D). Quantitative analysis of the micro-CT images 
emphasized that CP-BMP2’s ability to regenerate bone without a scaf
fold surpassed that of rhBMP2 by more than 85 % (Fig. 5E). 

These results demonstrate that CP-BMP2 effectively promotes bone 
regeneration without a scaffold, showing a clear difference from 
rhBMP2. Our micro-CT results were confirmed histologically. Tissue 
samples from animals treated with rhBMP2 or CP-BMP2 showed clear 
evidence of osteoblast activation and woven bone formation (Fig. 5F). 
Additionally, a cement line was observed at the border of the compact 
bone, signifying the deposition of new bone material [41]. In particular, 

animals treated with CP-BMP2 exhibited an increased fibroblast prolif
eration around the membrane. While rhBMP2 treatment showed higher 
levels of osteoblast activation and woven bone compared to the vehicle 
group, CP-BMP2 treatment showed a larger area of bone regeneration, 
covering most of the previously damaged area. This suggests that 
CP-BMP2 is more effective than rhBMP2 in promoting bone regenera
tion in large animals, particularly in the absence of a scaffold. In 
contrast, treatment with the vehicle or rhBMP2 resulted in the presence 
of macrophages, giant cells, and fibroblasts surrounding the scaffold, 
along with dead cells in the defect center. 

4. Discussion 

In this study, we developed CP-BMP2, an engineered form of BMP2, 
which showed superior cell permeability and increased bioavailability 
compared to rhBMP2 when administered in circulation. We assessed the 
therapeutic potential of CP-BMP2 for bone regeneration using three 
animal models (mouse, rabbit, and horse). Our findings highlight several 
advantages of CP-BMP2 over the current biologic, rhBMP2, which 
typically requires a scaffold for treating bone defects. Firstly, CP-BMP2 
addresses stability issues observed in other cell-based agents, including 
rhBMP2, bone marrow mesenchymal stem cells, and adipose tissue- 
derived stem cells, when exposed to biofluids. This enhanced stability 
makes CP-BMP2 highly promising for preclinical and clinical trials. 
Secondly, CP-BMP2 can be conveniently administered through simple 
syringe-based injections, eliminating the need for painful surgeries, 
carrier scaffolds, or additional implants often associated with rhBMP2 
treatment. Lastly, the unique properties of CP-BMP2 suggest that lower 
doses (e.g., 3.75–7.5 mg/kg) may be effective in clinical applications 
compared to rhBMP2. This dose reduction could offer significant bene
fits in terms of cost-effectiveness and reduced potential side effects. 
Thus, our study demonstrates that CP-BMP2 represents an innovative 
approach with significant potential as an osteogenic agent for bone 
regeneration. 

The biological activity of BMP2 can be assessed through in vitro and 
in vivo methods. In vitro evaluation involves measuring the activation of 

Fig. 4. CP-BMP2 enhances bone regeneration in a rabbit critical-size calvarial defect model. (A) μCT images acquired 8 weeks after repeated subcutaneous 
injections of 7.5 mg/kg CP-BMP2 (3 times per week for 8 weeks). (B) Histological analysis of bone tissue cross-sections following CP-BMP2 treatment. For histological 
analysis, hematotoxin & eosin and Masson’s trichrome staining was performed. 
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the Smad signaling pathway and the transformation of myoblasts into 
osteoblasts using the C2C12 cell model [42]. Another approach is to 
observe the stimulation of alkaline phosphatase (ALP) activity, a marker 
of osteogenesis, through the BMP-2 signaling pathway [10]. In our 
study, we examined the effects of adding a specific CPP called aMTD442 
to C2C12 cells. We found that the addition of aMTD442 enhanced the 
phosphorylation of R-Smads in a dose- and time-dependent manner. 
This was accompanied by a change in cell morphology towards an 
osteoblastic shape and an increase in ALP activity and in particular, 
CP-BMP2 can enter the cell directly by aMTD442 and directly bind to 
BMPR present in the Golgi apparatus and ER, so it can be seen that it 
tends to be independent of cell surface receptors (Fig. 2). These results 
suggest that the inclusion of aMTD442 does not impede the ability of 
rhBMP2 to promote bone regeneration and that CP-BMP2 functions 
identically to rhBMP2 in cells either directly or indirectly through BMPR 
II-independent Smad signaling. However, further investigation is 
required to understand how aMTD442 enhances the interaction between 
rhBMP2 and BMPR2 and strengthens the osteogenic signaling pathway. 
Additional research will shed light on the underlying mechanisms and 
provide a comprehensive understanding of the synergistic effects of 
aMTD442 and rhBMP2 in bone regeneration. 

Exogenous administration of osteogenic proteins to promote tissue 
healing often leads to undesired tissue formation, immunogenicity, and 
necessitates invasive procedures, thus limiting its clinical utility [43]. 

The key to successful bone regeneration lies in maintaining a sufficient 
concentration of bone healing factors, such as BMP2, with prolonged 
activity specifically at the site of the bone defect. Ideally, protein-based 
biologics should be delivered intracellularly to achieve optimal plasma 
levels and target the precise area of the bone defect (Figs. 3 and 4). 
CP-BMP2, with its ability to facilitate direct transmission of rhBMP2 into 
cells, tissues, and body fluids, while also enabling longer retention at the 
bone defect site, offers a potential solution. This innovative approach 
may require lower doses and provide enhanced osteogenic differentia
tion effects by combining prolonged retention and improved delivery 
efficiency. Moreover, the hydrophobic nature of the aMTD platform 
employed for intracellular BMP2 delivery, demonstrated across model 
animals with varying body sizes, makes it a promising candidate for 
delivering other biologics, thereby expanding their therapeutic potential 
(Figs. 3–5). Further investigations are necessary to comprehensively 
understand the pharmacodynamics and mechanism of action underlying 
the effectiveness of CP-BMP2. Continued research in this area will shed 
light on the intricate workings of CP-BMP2 and advance our knowledge 
of its therapeutic applications. 

The clinical application of protein-based biologics is confronted with 
several challenges, including poor solubility, rapid degradation, inter
nalization, and fast clearance from circulation following administration. 
In response, the fields of regenerative medicine and drug delivery have 
developed various strategies to create stable recombinant proteins 

Fig. 5. CP-BMP2 without a collagen scaffold can enhance bone regeneration in a horse limb defect model. (A) Schematic diagram of the horse limb defect 
model and X-ray images showing 3 defect holes per hind limb. CP-BMP2 was administered with or without a collagen scaffold (n = 6). (B) X-ray images captured at 
several time points: 1, 3, 5, 7, and 9 weeks. (C) Quantification of bone regeneration based on X-ray images captured at week 9. (d and e) CT images (D) and 
quantification (E) of bone regeneration in the limb area at week 9. (F) Histological analysis of bone tissue cross-sections following CP-BMP2 treatment. For his
tological analysis, Masson’s trichrome staining was performed. The yellow-dotted line indicates the original defect bone area. (For interpretation of the references to 
color in this figure legend, the reader is referred to the Web version of this article.) 
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capable of targeted delivery for promoting bone healing. These ap
proaches often involve combining elements such as scaffolds, osteogenic 
proteins, stem cells, and genetic material to enhance osteogenesis and 
bone regeneration [44]. Comparative studies between these modified 
treatments and BMP2 alone have demonstrated a significant enhance
ment in the ability to heal bones and an extended presence of the 
therapeutic agent within bone defects across diverse animal models 
[44]. 

Our research indicates that CP-BMP2 has the potential to replace 
rhBMP2 treatment combined with a scaffold. This innovative approach 
effectively overcomes many inherent challenges associated with the 
clinical utilization of protein-based biologics. The presence of advanced 
macromolecular transduction domains (aMTDs) in CP-BMP2 likely 
contributes to its success by facilitating efficient protein transport across 
the plasma membrane, improving stability, and enhancing permeability 
[35]. Mechanistically, the short hydrophobic CPP sequences consisting 
of 12 amino acids enable proteins to directly cross the plasma membrane 
by insertion into the lipid bilayer, without requiring an energy source 
[35]. 

Studies have shown that the controlled or burst release of BMP2 
enhances osteogenesis [45–48]. However, the rapid degradation of 
rhBMP2 after initial release presents a challenge. To address this, pre
vious studies on horse bone regeneration using rhBMP2 have utilized 
carriers to retain the protein at the defect site [44,49,50]. These studies 
have indicated that a collagen scaffold may protect rhBMP2 from rapid 
clearance. Interestingly, in the absence of a 3D scaffold, CP-BMP2 was 
found to fill the gap in the equine bone defect model and showed 
accelerated bone regeneration compared to rhBMP2 (Fig. 5). Repeated 
administration of CP-BMP2 (3 injections) without a scaffold also 
significantly increased bone regeneration in the equine model (Fig. 5D 
and E). This suggests that CP-BMP2 is retained longer at the damaged 
site than rhBMP2, even without a scaffold or carrier. These findings 
highlight the difference between scaffold-supported rhBMP2 and 
aMTD-mediated rhBMP2 (CP-BMP2) in terms of sustainable efficacy for 
bone regeneration. CP-BMP2 has also the potential to shorten therapy 
duration for bone injury without causing complications. 

5. Conclusion 

CP-BMP2 demonstrates superiority over BMP2 based on three key 
factors: (1) Efficient Cell-to-Cell Transfer Mechanism: CP-BMP2 lever
ages aMTD’s efficient cell-to-cell transfer mechanism, facilitating 
enhanced delivery across both outer and inner bone layers. This mech
anism ensures the effective transportation of proteins to preosteocytes 
within damaged bones. (2) Direct Penetration to Preosteocytes and 
Osteocytes: In addition to the cell-to-cell transfer mechanism, CP-BMP2 
exhibits the ability to reach preosteocytes and osteocytes through direct 
penetration. This dual approach activates both receptor-dependent and 
receptor-independent Smad signaling pathways. (3) Prolonged Thera
peutic Effects: CP-BMP2 has the potential to remain in the body for an 
extended period, ensuring continuous therapeutic effects. This persis
tent presence activates p-Smad, inducing the expression of the bone 
formation biomarker ALP, ultimately promoting rapid osteogenesis. In 
conclusion, our findings strongly support the potential further devel
opment of CP-BMP2 as an osteogenic biobetter drug candidate. This 
innovative compound enhances local bone growth by sustaining the 
activation of the osteogenic signaling pathway in the affected bone- 
defect area. 
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