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A B S T R A C T   

Recombinant human bone morphogenetic protein-2 (rhBMP-2) is the predominant growth factor that effectively 
induces osteogenic differentiation in orthopedic procedures. However, the bioactivity and stability of rhBMP-2 
are intrinsically associated with its sequence, structure, and storage conditions. In this study, we successfully 
determined the amino acid sequence and protein secondary structure model of non-glycosylated rhBMP-2 
expressed by an E. coli expression system through X-ray crystal structure analysis. Furthermore, we observed that 
acidic storage conditions enhanced the proliferative and osteoinductive activity of rhBMP-2. Although the 
osteogenic activity of non-glycosylated rhBMP-2 is relatively weaker compared to glycosylated rhBMP-2; how-
ever, this discrepancy can be mitigated by incorporating exogenous chaperone molecules. Overall, such infor-
mation is crucial for rationalizing the design of stabilization methods and enhancing the bioactivity of rhBMP-2, 
which may also be applicable to other growth factors.   

1. Introduction 

Bone morphogenetic protein 2 (BMP-2) is a classical member of the 
transforming growth factor-β superfamily, acting as a potent regulator to 
induce bone formation [1–3]. Given its excellent osteoinductive ability, 
BMP-2 has been approved by the Food and Drug Administration (FDA) 
for clinical applications in different bone repair situations [4]. Till now, 
high purity recombinant human BMP-2 (rhBMP-2) can be 
mass-produced with various expression systems including eukaryotic 
expression in mammalian cell cultures [5] and prokaryotic expression in 
bacteria [6]. The glycosylated rhBMP-2 (G-rhBMP-2) is considered to 
exhibit enhanced biological activity due to its high solubility resulting 
from N-linked glycosylation [7], a post-translational modification. 
However, the inclusion of serum in mammalian cell culture significantly 
escalates the production cost of glycosylated rhBMP-2. In contrast, the 
non-glycosylated rhBMP-2 (NG-rhBMP-2) expressed by the prokaryotic 

system distinguishes itself with its advantages of economic feasibility 
and exceptional yield. However, the stability and biological activity of 
NG-rhBMP-2 are inferior to those of G-rhBMP-2, posing an urgent 
challenge in its practical application. 

The biological activity of proteins is closely related to its stability and 
structure, various factors such as solution pH, temperature conditions, 
and shear stress can lead to structural changes in proteins during the 
preparation and storage of rhBMP-2 [8–10]. Thereinto, protein aggre-
gation is one of the main factors that reduce its stability, inhibit the 
biological activity, and eventually lead to protein precipitation. In 
addition, protein aggregates can also trigger non-specific activation of 
receptor molecules, leading to reduced bioactivity and high toxicity 
[11]. Therefore, optimization of preparation and storage conditions to 
reduce protein aggregation continues to be a pressing priority in main-
taining the bioactivity of rhBMP-2. Accumulated evidences suggested 
that formulation pH plays an important role in protein aggregation [12, 
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13]. Given the most proteins are amphoteric molecules, any alteration in 
the pH of the medium will inevitably impact the net charge on the 
protein surface, thereby influencing the balance between attractive and 
repulsive forces among proteins. Consequently, this can lead to signifi-
cant changes in pH within the BMP-2 system, subsequently affecting 
both stability and biological activity of rhBMP-2. These limitations serve 
as motivation for investigating the correlation between pH and bioac-
tivity of rhBMP-2 to enhance its efficacy in bone healing. 

An alternative strategy for enhancing protein activity involves the 
incorporation of molecular chaperone, which optimize their biological 
functionality by finely modulating the exposure of active sites within 
their protein conformation. For example, fibronectin (Fn) has the 
capability to augment the bioactivity of rhBMP-2 by instigating syner-
gistic signaling between growth factor receptors and integrins [14,15]. 
The co-immobilization of both rhBMP-2 and collagen type I (Col-I) can 
expedite the osteogenesis process of mesenchymal stem cells (MSCs) 
[16,17]. Heparin (Hep) possesses the ability to regulate the biological 
activity of rhBMP-2 through its heparin binding domain, thereby 
enhancing its osteogenic potential [18–20]. Furthermore, our previous 
studies have documented a semi-synthesized sulfated chitosan (SCS) 
that efficiently enhances the osteogenic activity of rhBMP-2 via acti-
vating the phosphorylation of BMP-2 receptors [21]. However, the dif-
ferences in the capacity of various molecular chaperones to enhance 
NG-rhBMP-2 activity and whether they can augment NG-rhBMP-2 ac-
tivity to a level comparable with that of G-rhBMP-2 activity remain 
unknown. 

Due to the poor solubility of NG-rhBMP-2, its biological activity is 
significantly affected during application. To address this issue, our 
group has independently designed and optimized the relevant sequences 
of BMP-2 previously, resulting in the successful preparation of highly 
bioactive NG-rhBMP-2 [22]. In this study, we performed a comparative 
analysis of its structural variances of NG-rhBMP-2 (prepared by our 
group) with the theoretical model (data from Protein Data Bank). We 
further examined the impact of varying pH storage conditions on both 
the structural integrity and biological efficacy of NG-rhBMP-2. Addi-
tionally, to elucidate the distinct biological functions between 
G-rhBMP-2 and NG-rhBMP-2, we comprehensively examined their ef-
fects on osteogenesis, osteoclastogenesis, and angiogenesis during bone 
formation. We also explored the potential of various molecular chap-
erones (e.g., Col I, Fn, Hep, and SCS) to enhance the osteogenic activity 
of NG-rhBMP-2, with the expectation that they could attain a level of 
activity comparable to G-rhBMP-2. We hypothesize these results of our 
systematic study may provide compelling evidence for the preservation 
of NG-rhBMP-2 activity throughout isolation and formulation processes 
while enhancing its clinical promotion and application. 

2. Results and discussion 

2.1. Construction and molecular structure analysis of NG-rhBMP-2 

To validate the biological activity of E. coli-expressed rhBMP-2, we 
initially conducted an analysis of its amino acid sequence and structure. 
The X-ray crystal structure analysis is a highly effective method for 
analyzing protein structures, with the key to accurate analysis lying in 
obtaining well-formed protein crystals. Therefore, in order to optimize 
the crystallization conditions and obtain higher quality rhBMP-2 crys-
tals (Fig. S1), we first optimized and screened the pH value of the 
reservoir solution and protein solution, protein concentration, and salt 
concentration (ionic precipitator). 

The formation of proteins occurs through the condensation of mul-
tiple amino acids and their classification as amphoteric electrolytes 
renders them highly sensitive to the pH level of the crystallization so-
lution [23,24]. Adjusting the pH value can consequently alter both the 
size and shape of protein crystals, thereby constituting a crucial factor 
that influences the protein crystallization process. The results revealed 
that the formation of rhBMP-2 crystals occurred within a pH range of 

5.0–5.6, whereas an increase in the reservoir liquid’s pH to 6.0 resulted 
in minimal growth of rhBMP-2 crystals (Fig. S2). In addition, the pH of 
the protein plays a crucial role in facilitating the formation of protein 
crystals. The results from rhBMP-2 crystal culture demonstrated an 
accelerated precipitation rate with increasing pH values within the 
range of 3.0–4.0, while the formation rate of rhBMP-2 crystals was slow 
and challenging (Fig. S3). 

We also investigated the effect of protein concentration on protein 
crystal formation. The results demonstrate that an increase in protein 
concentration within the range of 1.0–3.0 mg/mL leads to accelerated 
precipitation rate, enhanced crystal appearance rate, and increased 
crystal size (Fig. S4). The protein crystals observed in the experimental 
group with a concentration of 1.0 mg/mL rhBMP-2 measured approxi-
mately 80 μm × 80 μm × 60 μm; whereas those in the group with a 
concentration of 2.0 mg/mL were around 200 μm × 200 μm × 150 μm; 
and finally, almost complete precipitation was observed in the group 
with a concentration of 3.0 mg/mL. Furthermore, it was found that 
concentrations below 1 mg/mL failed to yield any rhBMP-2 crystals 
within a period of four weeks. These findings indicate that protein 
concentration significantly influences both the formation rate and size of 
rhBMP-2 crystals. The addition of salt precipitants, such as ionic pre-
cipitant Li2SO4, can disrupt the hydration layer surrounding proteins, 
thereby diminishing their affinity for water and enhancing intermolec-
ular binding to facilitate crystal formation [25]. Experimental findings 
demonstrate that rhBMP-2 crystals fail to form in the absence of added 
salt, while concentrations ranging from 25 to 75 mM exhibit minimal 
crystallization. Notably, consistent crystal formation is observed within 
the concentration range of 100–150 mM (Fig. S5). Furthermore, an in-
crease in salt concentration correlates with a higher probability of 
microcrystal occurrence. These results underscore the indispensable role 
of Li2SO4 as a crucial precipitating agent for promoting rhBMP-2 crys-
tallization. The comprehensive screening outcome of rhBMP-2 crystal-
lization was documented in Table S1. 

The diffraction pattern of the rhBMP-2 crystal is obtained through X- 
ray diffraction of 2.6–2.9 Å. The space group of rhBMP-2 is R32, which 
belongs to the tripartite system, and its cell parameters are a = b =
94.21 Å, c = 101.58 Å, α = β = 90◦, γ = 120◦ (Fig. 1a). Upon comparison 
with specific structural parameters of the model protein (Protein Data 
Bank code: 3BMP) [26], it was observed that both rhBMP-2 crystal space 
groups belonged to R32, with a total of 3732 and 4645 data sets 
respectively utilized for meticulous structural analysis, indicating an 
exceptional level of integrity (Table S2). Rcryst serves as an invaluable 
indicator for assessing the accuracy of the modified protein structure by 
quantifying discrepancies in diffraction point amplitudes between 
observed and calculated values. Typically, an acceptable Rcryst value 
after most corrections hovers around approximately 20 %, whereas in 
our experimental group it measures approximately at a slightly higher 
but still commendable rate of about 20.7 %, thus unequivocally con-
firming the veracity and precision achieved in rhBMP-2’s structural 
analysis. 

The three-dimensional structure of rhBMP-2 was reconstructed using 
PyMOL software, revealing that compared to the PDB-reported rhBMP- 
2, amino acid residues No. 1–11 at the N-terminal were not visible in the 
experimental group, while only residues No. 1–8 were invisible in the 
protein library rhBMP-2. This suggests that the N-terminal peptide chain 
of rhBMP-2 in the experimental group may exhibit enhanced motor 
activity (Fig. 1b). Both rhBMP-2 sequences are identical and derived 
from amino acids No. 283–396 encoded by gene P12643. In comparison 
to the secondary structure reported in literature, rhBMP-2 in the 
experimental group possesses an additional α-helix (23Phe - 26Val) and 
a longer β-folded segment (β5 - β8), indicating a potentially more 
compact molecular structure for rhBMP-2 in this setting (Fig. 1c). 
Together, these results suggest that the molecular structure of rhBMP-2 
expressed by Escherichia coli was consistent with the primary structure 
documented in the PDB, while exhibiting similarities in both secondary 
and spatial conformation. 
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2.2. Effect of formulation pH on rhBMP-2-induced osteogenesis 

In addition to its structural composition, the biological activity of 
proteins is intricately linked to solution pH, which can induce alter-
ations in protein structure during the preparation and storage of rhBMP- 
2. To clarify the effect of formulation pH on the aggregation of rhBMP-2, 
we analyzed the diameter of protein at different formulation pH con-
ditions. Z-average diameter analysis revealed that the rhBMP-2 exhibi-
ted a smallest particle size (~130 nm) at the formulation pH condition of 
4.5 (Fig. 2a) compared to the other groups, indicating that the rhBMP-2 
particles did not occur significant aggregation. The particle size of 
rhBMP-2 gradually increased with the formulation pH conditions 
becoming alkaline, and reached its maximum value of 300 nm at pH 6.5 
(Fig. 2a). Additionally, zeta potential measurements showed that 
rhBMP-2 had a positive charge under acidic conditions, while it trans-
ferred to negative charge under alkaline conditions (Fig. 2b). As rhBMP- 
2 is an acidic protein, the hydrogen ions could be easily adsorbed on the 
surface of protein under acidic conditions, which induce an intermo-
lecular repulsion between rhBMP-2 to reduce the protein aggregation 
[27]. With the increase of pH value, the surface charge of rhBMP-2 was 
neutralized and the intermolecular repulsion between proteins was 
disappeared. Particularly, zeta potential measurements revealed that the 
rhBMP-2 at the formulation pH condition of 6.5 exhibited a neutral 
charge, which weakened the intermolecular repulsion and resulted to a 
serious aggregation and precipitation of rhBMP-2. 

We further investigated the difference of protein aggregation of 
rhBMP-2 at different formulation pH conditions using a quartz crystal 
microbalance with dissipation monitoring (QCM-D) measurement. An 
obvious reduction in frequency was detected with the initial injection of 
rhBMP-2 into the QCM-D chamber (Fig. S6a). However, a significant 
difference in Δf was observed among the experimental groups. The Δf of 
rhBMP-2 at the adsorption equilibrium states was 23.5 ± 0.6 at the 
formulation pH value of 4.5 (Fig. S6b). As the buffer changed from acidic 
to alkaline, the detected Δf gradually increased and reached a maximum 
at pH 6.5. Additionally, a specific ΔD/Δf value was calculated to show 

the induced energy dissipation per unit detected mass (Fig. S6c). The 
result suggested that a mass uptake on the surface induced a significant 
increase in dissipation, which correlates to a viscoelastic surface film. 
Thus, we further calculated the adsorbed mass of rhBMP-2 using a Voigt- 
based viscoelastic model. As depicted in Figs. S6d and a smallest weight 
change about 426.0 ± 10.6 ng/cm2 could be observed when rhBMP-2 
stored at the buffer of pH 4.5. With the increasing value of pH, the 
saturated adsorption capacity of rhBMP-2 gradually increased and 
reached a peak at pH 6.5 (~1844.3 ± 62.0 ng/cm2). This was mainly 
attributed to the high aggregation of rhBMP-2 at the pH 6.5 condition. 
Together, the results suggest that rhBMP-2 in an acid condition is more 
stable relative to neutral and alkaline conditions. 

To further determine the structural stability of rhBMP-2 at different 
formulation pH conditions, circular dichroism (CD) spectroscopy anal-
ysis was used to calculate the secondary structure compositions (% 
α-helix, β-sheet, β-turn, and random coil) of rhBMP-2 in the solution. CD 
spectra analysis showed that the secondary structures of rhBMP-2 were 
relatively stable in acidic condition, the percentage of α-helix, β-sheet, 
β-turn, and random coil structures of rhBMP-2 at the formulation pH 
value of 4.5 and 5.5 was 13.0 %, 25.6 %, 17.8 %, and 43.6 %, respec-
tively (Fig. 2c and d). As the buffer changed from acidic to alkaline, the 
proportion of β-sheet structure significantly increased, while the pro-
portion of random coil structure gradually decreased. Typically, when 
rhBMP-2 was stored at the solution of formulation pH value of 8.5, the 
α-helix and β-sheet structure of rhBMP-2 increased to 15.7 % and 29.7 
%, while the random coil structure decreased to 36.9 % (Fig. 2d). This 
result suggests that the formulation pH condition plays an important 
role in the regulation of secondary structure of rhBMP-2. 

Molecular fluorescence spectroscopy is an effective technique to 
establish conformational modifications and protein interactions in so-
lution because of its good selectivity and high sensitivity. Tryptophan 
(Trp), tyrosine (Tyr), and phenylalanine (Phe) are the fundamental 
fluorophores existing in any protein [28,29]. Steady-state fluorescence 
spectroscopy analysis showed that the emission spectra of rhBMP-2 at 
different formulation pH showed a well-defined peak centered at 340 

Fig. 1. Molecular structure of E. coli-derived rhBMP-2. (a) The data processing flowchart of rhBMP-2 crystals. The X-ray diffraction analysis was performed to 
obtain the diffraction pattern of rhBMP-2. (b) Comparative analysis of the folding topology between the experimental group rhBMP-2 and the model group rhBMP-2 
(PDB code: 3BMP). (c) Comparisons of the amino sequences and secondary structures of the experimental group rhBMP-2 and the model group rhBMP-2: blue arrows 
and red cylinders represent β-sheets and α-helix, respectively. 
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nm corresponding to Trp emission, which exhibited no obvious differ-
ence among the experimental groups (Fig. 2e). However, with the 
increasing value of formulation pH, the emission intensities (Imax) of 
rhBMP-2 significantly increase accompanied by a marginal blue shift 
(λemmax) of ~1 nm (Fig. 2e and Table 1). The blue shift of emission 
maximum indicated the polarity attenuation surrounding the Trp 
microenvironment. Next, we adopted synchronous fluorescence spec-
troscopy to further investigate the microenvironmental and conforma-
tional alteration around Trp in rhBMP-2 at different formulation pH 

conditions. Similar to the results of steady-state fluorescence spectros-
copy analysis, a well-defined peak appeared at 340 nm in all groups 
(Fig. 2e). With the increasing value of formulation pH, the emission 
intensities (Imax) of rhBMP-2 significantly increase from 342.8 nm to 
341.0 nm accompanied by a marginal blue shift (λemmax) of ~1.8 nm 
(Table 1). 

Previous studies demonstrated that the maximum emission wave-
length (λemmax) in molecular fluorescence spectroscopy was always 
associated with the solvent microenvironment in which Trp residues 
located [28,30]. When λemmax was above 330 nm, it indicated that Trp 
residues were exposed in a polar environment and located in the surface 
layer of the protein molecule. On the contrary, the Trp residue was 
considered to be located in a non-polar environment inside the protein 
molecule. In this study, the λemmax of the Trp residues measured by the 
fluorescence spectra was between 341 nm and 343 nm, indicating that 
the λemmax was in a polar environment, which was consistent with the 
observation of the three-dimensional structure of rhBMP-2 (Fig. 2e). In 
addition, a marginal blue shift of Trp in rhBMP-2 occurred with the 
increasing value of formulation pH, indicating that the Trp residue was 
deeply buried inside the cavity of the protein, and the surrounding 

Fig. 2. Influence of formulation pH on the stabilization and bioactivity of E. coli-derived rhBMP-2. (a–b) Ζ-average diameter (a) and ζ-potential (b) of rhBMP- 
2 molecule at different formulation pH conditions. (c–d) CD signal spectra of rhBMP-2 (c) and quantifiaction analysis (d) at different formulation pH conditions. (e) 
Fluorescence spectroscopy analysis of rhBMP-2. (f) Cell viability of rhBMP-2 aggregates formed at different formulation pH conditions. (g) ALP relative activity 
normalized to the mass of rhBMP-2. (h) Histological assessment of H&E staining and Masson’s trichrome staining was performed to evaluate rhBMP-2-induced 
ectopic bone formation under varying formulation pH conditions. RhBMP-2 amount: 10 μg. Scale bars, 100 μm. 

Table 1 
Fluorescence parameters of steady-state fluorescence spectra (a) and synchro-
nous fluorescence spectra (b) of rhBMP-2 at different formulation pH conditions 
(Imax: maximum fluorescence intensity, λemmax: maximum emission 
wavelength).  

Group pH 4.5 pH 5.5 pH 6.5 pH 7.4 pH 8.5 

Imax (a) 254.5 267.0 390.5 439.3 468.1 
λemmax (a) 342.2 342.0 342.0 341.8 341.2 
Imax (b) 189.9 330.0 372.6 389.5 426.3 
λemmax (b) 342.8 342.4 341.8 341.6 341.0  
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microenvironment was less polarity and greater hydrophobicity [31]. 
However, Trp residue itself was a non-polar group with great hydro-
phobicity. The entrapment of Trp residue made the surface of rhBMP-2 
molecules more hydrophilic, which may lead to changes in the function 
of rhBMP-2. These results suggest that the different formulation pH 
conditions will result in the structural change of rhBMP-2. RhBMP-2 
stored in alkaline condition can not only lead to protein aggregation, but 
also in structural changes that lead to loss of biological activity. 

Previous studies provide added evidence that the aggregation of 
proteins can be inherently highly cytotoxic [11]. To investigate the ef-
fect of protein aggregation on the cell viability, we anchored the 
rhBMP-2 on the Au chips with the injection of different pH buffer as 
mentioned above, and further examined the cell viability of C2C12 with 
the treatment of rhBMP-2 at different formulation pH conditions on day 
1 and day 3. The results indicated that rhBMP-2 in all experimental 
groups exhibited a favorable cell viability on C2C12 cells on both day 1 
and day 3 (Fig. 2f). Over time, the cell number progressively increased 
with the treatment of rhBMP-2, and rhBMP-2 at pH 5.5 appeared to have 
the most excellent ability to promote cell proliferation. Additionally, we 
further assessed the alkaline phosphatase (ALP) expression of C2C12 
cells in response to rhBMP-2 induction at different formulation pH 
conditions. The rhBMP-2 at pH 4.5 exhibited a highest level in 
osteoinductive activity relative to the other groups. With the increase of 
pH, the osteogenic activity of rhBMP-2 per unit mass gradually 
decreased (Fig. 2g). These results indicate that the aggregation of 
rhBMP-2 decreases the activity of rhBMP-2. 

To investigate the storage stability of rhBMP-2 under varying 
formulation pH, the bioactivity of rhBMP-2 was assessed following 
storage at different formulation pH for a specified duration. As the 
storage time increased, a significant decline in ALP quantitative detec-
tion was observed (Fig. S7). The highest expression of ALP with respect 
to rhBMP-2 was observed when stored at pH 4.5, indicating that this 
condition better preserved the biological activity of rhBMP-2 over time. 
However, after 28 days of storage, the activity of rhBMP-2 decreased in 
all groups, suggesting that it should be utilized within two weeks irre-
spective of the pH conditions. Furthermore, in order to further investi-
gate the bone-inducing activity of rhBMP-2 under varying pH 
conditions, we conducted a comparative analysis of its osteogenic po-
tential using a well-established ectopic osteogenesis model generated in 
the hind limb muscle bag of mice. H&E staining analysis showed that a 
denser trabecular bone could be observed with the treatment of rhBMP- 
2 stored at pH 4.5 and pH 5.5 (Fig. 2h). In contrast, the trabecular bone 
formation in the other groups was clearly less pronounced, and cartilage 
formation occurred instead. Since BMP-2-induced osteogenesis via a 
classic endochondral ossification, residual cartilage tissue represented a 
slowing of the bone-induction process. In addition, Masson trichrome 
analysis also showed that rhBMP-2 stored at an acidic condition 
exhibited a higher bioactivity compared to that in neutral or alkaline 
conditions. Specially, the group of pH 4.5 exhibited a greater area of 
collagen-richen trabecular bone that stained with a navy-blue color, 
while the groups of pH 7.2 and pH 8.5 showed a greater area of chon-
drocytes that stained with a pale color (Fig. 2h). These results suggest 
that rhBMP-2 stores at acidic condition can better maintain its osteo-
genic activity in vivo. 

2.3. Effect of glycosylation modification on osteogenic activity of rhBMP- 
2 

Previous studies have indicated that native BMP-2 and its recombi-
nant counterparts produced in mammalian cells undergo post- 
translational modifications via N-linked glycosylation [7], which is a 
crucial factor influencing the solubility and bioactivity of BMP-2. In 
contrast, bacterially produced BMP-2 lack this glycosylation, resulting 
in reduced solubility. To compare the osteogenic activity of G-rhBMP-2 
and NG-rhBMP-2, we initially examined their impact on ALP expression 
in C2C12 cells. In the low concentration range, an increase in protein 

concentration led to a corresponding elevation in ALP activity of both 
rhBMP-2 induced by C2C12 cells (Fig. 3a), indicating a clear 
dose-dependent relationship for the in vitro osteogenic activity of 
NG-rhBMP-2 and G-rhBMP-2. However, G-rhBMP-2 exhibited superior 
in vitro osteogenic activity when used at equivalent concentrations 
(Fig. 3a). 

The Smad1/5/9 is the classical signaling pathway by which rhBMP-2 
transduces signals to the nucleus, thereby coordinating the transcrip-
tional regulation and expression of osteogenic genes [32]. Compared to 
the Control group, NG-/G-rhBMP-2 treatment induces up-regulation of 
p-Smad1/5/9 and Runx2 expression levels, indicating activation of the 
intracellular Smad signaling pathway by NG-/G-rhBMP-2 and subse-
quent signal transduction to the nucleus. Quantitative analysis reveals a 
significant increase in p-smad1/5/9 and Runx2 expression levels in the 
NG-/G-rhBMP-2 group, with no significant difference observed in total 
Smad1/5/9 protein expression. Moreover, the relative intensity of 
p-smad1/5/9 is higher in the G-rhBMP-2 group compared to the 
NG-rhBMP-2 group. Additionally, we conducted an investigation into 
the expression of osteogenic genes induced by rhBMP-2 at various time 
intervals. QPCR analysis revealed a significant up-regulation of ALP and 
OCN gene expression on day 3 and day 7 upon rhBMP-2 induction. 
Specifically, the expression of ALP gene was significantly increased at 
day 3 but decreased at day 7, while the expression of OCN gene reached 
its peak at day 7. Moreover, compared to the NG-rhBMP-2 group, the 
G-rhBMP-2 group exhibited a significant enhancement in both ALP and 
OCN gene expression levels. These findings provide compelling evidence 
for the superior osteogenic activity of G-rhBMP-2 at the genetic level. 

To further elucidate the disparity in pro-osteogenic activity between 
NG-rhBMP-2 and G-rhBMP-2, we conducted additional investigations 
into the osteoinductive potential of these rhBMPs using a mouse ectopic 
bone model. The in vivo X-ray imaging and digital photographs revealed 
the presence of heterotopic bone formation in both NG-rhBMP-2- and G- 
rhBMP-2-treated groups. However, there was no significant change 
observed in the size of ectopic bone generated at 2 weeks and 4 weeks 
(Fig. 4a and b). The wet weight results revealed no significant difference 
between G-rhBMP-2 and NG-rhBMP-2 after 2 weeks, while the G- 
rhBMP-2 group exhibited a slight increase in wet weight at 4 weeks 
(Fig. 4c). Conversely, the ash weight of G-rhBMP-2-induced ectopic 
bone was higher than that of the NG-rhBMP-2 group at both 2 and 4 
weeks, indicating a greater capacity of G-rhBMP-2 to induce new bone 
formation (Fig. 4d). These findings were further bolstered by the anal-
ysis conducted using SRμCT (Fig. 4e and f). 

Masson’s trichrome staining revealed that both rhBMP-2 groups 
exhibited dense interconnected bone trabecular structures forming 
islands at 2 weeks, with abundant presence of bone marrow tissues 
between the trabeculae (Fig. 4g). Moreover, the G-rhBMP-2 group dis-
played larger trabeculae compared to the NG-rhBMP-2 group. By 4 
weeks, both groups experienced bone resorption, characterized by 
adipocyte-filled vesicles within the ectopic bone and a reduction in the 
number of trabeculae along with their increased dispersion (Fig. 4g). 
These experimental observations align well with the findings obtained 
from ectopic ash reweighing. Previous studies have reported that the 
administration of a high dose of rhBMP-2 is invariably associated with 
the activation of osteoclasts, thereby leading to bone resorption [33,34]. 
To investigate the impact of two types of rhBMP-2 on osteoclast acti-
vation during the initiation of bone formation, we utilized 
tartrate-resistant acid phosphatase (TRAP) staining to identify and label 
osteoclasts in rhBMP-2-induced heterotopic bone. The TRAP staining 
revealed the presence of osteoclasts surrounding the trabecular bones in 
both groups (Fig. 4h). Comparatively, the NG-rhBMP-2 exhibited a 
larger TRAP-positive area, indicating a higher number of osteoblasts and 
increased bone absorption activity (Fig. 4h). Together, these results 
suggest that G-rhBMP-2 exhibits superior osteoinductive activity 
compared to NG-rhBMP-2. 

Angiogenesis is essential for orchestrating the process of new bone 
formation [35]. Previous studies have also demonstrated the angiogenic 
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potential of rhBMP-2 [36–38]. Therefore, we further compared the 
angiogenic capabilities between NG-rhBMP-2 and G-rhBMP-2. SRμCT 
analysis revealed the presence of well-defined blood vessels in both 
groups of ectopic bones, forming an interconnected vascular network at 
2 weeks (Fig. 4i). Notably, there was no significant disparity observed in 
the quantity of blood vessels between the two groups (Fig. 4j). Immu-
nohistochemical staining revealed that the expression of CD31 sur-
rounding the bone trabeculae in both groups of ectopic bone samples, 
exhibiting a distinctive brown ring structure indicative of blood vessel 
presence (Fig. S8). Furthermore, within the ring area, distinct red blood 
cells were observed, suggesting that these newly formed capillaries 
possess functional capabilities for nutrient and oxygen transport 
(Fig. S8). These results suggest that both NG-rhBMP-2 and G-rhBMP-2 
demonstrate remarkable efficacy in promoting neovascular growth, 
exhibiting no discernible disparity between them. 

2.4. SCS enhanced NG-rhBMP-2-induced osteogenesis 

Accumulating evidence suggests that the osteoinductive activity of 
rhBMP-2 can be enhanced through controlled release of the carrier [39, 
40], regulation of protein conformation [41,42], and exposure of the 
protein’s active site [21] et al. Consequently, the incorporation of 
chaperone molecules into NG-rhBMP-2 is expected to augment its 
osteoinductive activity while simultaneously ensuring 
cost-effectiveness. To evaluate the potential of chaperone molecules in 

augmenting the bioactivity of NG-rhBMP-2, we introduced four specific 
chaperones - collagen I (Col-I), fibronectin (Fn), heparin (Hep), and 
sulfated chitosan (SCS) - and examined their impact on 
rhBMP-2-induced osteogenesis. Col-I functions as a commercially 
available scaffold that effectively regulates the controlled release of 
rhBMP-2 [17], thereby preserving its bioactivity. The binding of Fn to 
rhBMP-2 is believed to synergistically enhance osteogenesis through 
integrin activation [14]. Hep and SCS, as sulfated polysaccharides, can 
potentiate the osteogenic activity of rhBMP-2 by interacting with its 
heparin binding domain [21]. A brief explanation of group names and 
dosage was summarized in Table 2. 

C2C12 mouse myoblasts, a widely recognized cell line, were 
employed to assess the in vitro osteogenic potential by inducing differ-
entiation into osteoblasts upon exposure to rhBMP-2 [43]. After stimu-
lation with rhBMP-2, ALP activity in all groups exhibited a 
concentration-dependent response to rhBMP-2 (Fig. 5a). Notably, 
G-rhBMP-2 demonstrated significantly higher optical density values, 
indicating enhanced ALP induction activity even at lower concentra-
tions (Fig. 5a). EC50 values were further analyzed to evaluate the 
osteoinductive activity, where higher values indicate lower bioactivity. 
The results confirmed the commonly observed phenomenon that 
G-rhBMP-2 exhibited greater in vitro activity compared to NG-rhBMP-2. 
Surprisingly, Col I demonstrated a negative regulatory effect on the ALP 
activity of NG-rhBMP-2 (Fig. 5b). We propose that this phenomenon is 
primarily attributed to the entanglement of dispersed type I collagen 

Fig. 3. Comparative analysis of osteogenic activity variations in rhBMP-2 derived from diverse sources. (a) ALP activity was detected in C2C12 cells cultured 
with different concentrations of NG-rhBMP-2 and G-rhBMP-2 for 3 days (n = 3). (b–d) Representative electrophoresis images were visualized using ECL plus reagents 
(b), and the relative intensities of target proteins normalized to GAPDH are shown in (c–d). (e–f) The expression levels of gene markers ALP (e) and OCN (f) were 
measured in C2C12 cells cultured with NG-/G-rhBMP-2 after 3 and 7 days (n = 3). NG-rhBMP-2 and G-rhBMP-2 denote rhBMP-2 that lacks glycosylation and rhBMP- 
2 that is glycosylated, respectively. *P < 0.05 and #P < 0.05 represent statistically significant difference compared with Control and NG-hBMP-2 group, respectively. 
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fibers resulting from non-specific binding to rhBMP-2, which hinders 
access to the active site and consequently diminishes the osteoinductive 
capacity. SCS had been found to enhance the ALP activity of 
NG-rhBMP-2; however, it remained lower than that of G-rhBMP-2 
(Fig. 5b). ALP staining assay revealed that G-rhBMP-2 elicited a signif-
icantly higher level of ALP expression compared to NG-rhBMP-2. 

However, C2C12 cells treated with SCS and NG-rhBMP-2 exhibited a 
comparable blue-purple ALP protein expression to that induced by 
G-rhBMP-2 (Fig. 5c). In addition, the long-term effect of the chaperone 
molecules on matrix mineralization of C2C12 cells was assessed by 
Alizarin Red S staining after 14 days of culture. Similarly, Col I inhibited 
rhBMP-2-dependent bone mineralization (Fig. 5d). In contrast, BMP-2 
combined with SCS obviously enhanced matrix mineralization relative 
to both G-rhBMP-2 and NG-rhBMP-2 alone, while Fn and Hep showed 
minimal effects (Fig. 5d). 

Next, we assessed the impact of chaperone molecules on rhBMP-2- 
induced osteogenesis in a well-established murine ectopic bone model. 
In order to enhance the augmenting effect of chaperone molecules on 
rhBMP-2’s osteogenic activity, lower concentrations of rhBMP-2 (2 μg) 
were employed, while a high concentration of G-rhBMP-2 (20 μg) served 
as a positive control. Quantitative analysis of SRμCT reconstructions 
revealed that in the presence of 2 μg NG-rhBMP-2, SCS had, by far, the 
highest mean volume of new ossified tissue relative to other control 
treatments containing an equal dose of NG-rhBMP-2 (Fig. 6a and b). The 
osteogenic potential of SCS with NG-rhBMP-2 in vivo was comparable to 
that of the equivalent dose of G-rhBMP-2 (LG-rhBMP-2), but lower than 
that of the high dose of G-rhBMP-2 (HG-rhBMP-2) (Fig. 6b). Further-
more, histological analysis using H&E staining and Masson’s trichrome 
staining corroborated the findings obtained from SRμCT imaging 
(Fig. 6c). Treatment with SCS in conjunction with 2 μg NG-rhBMP-2 
exhibited robust formation of trabecular bone, characterized by a 
more densely deposited collagen on the newly formed bone, which was 
visually labeled with a blue color (Fig. 6c). Our previous study 

Fig. 4. The effect of glycosylation on the osteogenic activity induced by rhBMP-2. (a–b) X-ray images (a) and digital photos (b) of ectopic bone formation 
induced by NG-/G-rhBMP-2 at 2 weeks and 4 weeks in mice. Scale bars: 1 cm. (c–d) Wet weight (c) and ash weight (d) of ectopic bone induced by NG-/G-rhBMP-2 (n 
= 6). (e–f) 3D SRμCT reconstructed views of ectopic bone (e) and the percentage (f) of bone volume (BV) to total volume (TV) at 2 and 4 weeks (n = 3). RhBMP-2 
amount: 10 μg. Scale bars: 1 mm. (g) Histological evaluation of ectopic bone sections stained with Masson’s trichrome at 2 and 4 weeks. TB: trabecular bone, F: 
fibrous tissue. Scale bars: 200 μm. (h) TRAP staining of ectopic bone sections at 2 weeks. Black arrow: positive area of the osteoclasts. Scale bars: 200 μm. (i–j) 3D 
SRμCT reconstructed views of vessel formation (i) with quantitative analysis of vessel volume (j) (n = 3). Scale bars: 1.5 mm. G-rhBMP2 referred to glycosylated- 
rhBMP-2, NG-rhBMP-2 referred to non-glycosylated-rhBMP-2. 

Table 2 
Experimental groups in different experiments in this paper.  

Experiment Group name Dosage 

In vitro osteogenic 
experiment 

G-rhBMP-2 or NG- 
rhBMP-2 

0.8 μg/mL 

Col I 0.8 μg/mL NG-rhBMP-2 and 8 
μg/mL Col I 

Fn 0.8 μg/mL NG-rhBMP-2 and 3.2 
μg/mL Fn 

Hep 0.8 μg/mL NG-rhBMP-2 and 
25.6 μg/mL Hep 

SCS 0.8 μg/mL NG-rhBMP-2 and 
51.2 μg/mL SCS 

In vivo ectopic bone 
model 

LG-rhBMP-2 2 μg 
HG-rhBMP-2 20 μg 
NG-rhBMP-2 2 μg 
Col-I 2 μg NG-rhBMP-2 and 20 μg Col 

I 
Fn 2 μg NG-rhBMP-2 and 8 μg Fn 
Hep 2 μg NG-rhBMP-2 and 64 μg Hep 
SCS 2 μg NG-rhBMP-2 and 128 μg 

SCS  
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confirmed that SCS could amplify the signaling of rhBMP-2 via 
enhancing the binding between rhBMP-2 and BMP-2 receptors (BMPRs) 
and activating the phosphorylation of Smad pathway, which in turn 
promote the osteogenesis [21]. Additionally, previous studies have also 
indicated that the release kinetics of growth factor play a crucial role in 
inducing bone formation [44,45]. Heparin and SCS effectively modulate 
the in vivo release by binding to the heparin binding domain of growth 
factors, thereby enhancing their osteogenic efficacy. Interestingly, 
despite reports on Fn’s affinity for BMP-2 binding, it does not exert a 
significant impact on BMP-2’s ability to induce bone formation in vivo. 
This highlights the importance of improving its biological activity while 
considering controlled growth factor release. Together, these results 
suggest that the utilization of SCS as potentiators can significantly 
enhance the osteoinductive activity of NG-rhBMP-2, bringing it to a 
comparable level with G-rhBMP-2. 

3. Conclusion 

In this study, we successfully analyzed the structure of non- 
glycosylated BMP-2 protein expressed by E. coli, revealing a remark-
able degree of consistency with the protein database. Remarkably, our 
findings unveiled that rhBMP-2 exhibited enhanced structural stability 
and osteoinductive activity in an acidic environment owing to its 
inherent acidity. Additionally, although the biological activity of non- 
glycosylated rhBMP-2 is comparatively lower than that of glycosylated 

rhBMP-2, we have observed a significant enhancement in its bioactivity 
through the introduction of chaperone molecules such as SCS. These 
findings provide a foundation for the rational design of rhBMP-2 stabi-
lization and enhancement of its bioactivity, thereby improving the 
clinical efficacy of BMP-2. 

4. Experimental section 

4.1. Materials 

Mouse myoblasts (C2C12) were purchased from the American Type 
Culture Collection. E. Coli-derived recombinant human bone morpho-
genetic protein-2 (rhBMP-2) was independently developed by our 
research team and produced by Shanghai Rebone Biomaterials Co. Ltd 
(Shanghai, China). Human 293 cell-expressed rhBMP-2 were purchased 
from Proteintech Group, Inc. (IL, USA). 4-nitrophenyl phosphate diso-
dium salt hexahydrate (PNPP-Na), 1-(4, 5-dimethylthiazol-2-yl)-3, 5- 
diphenylformazan (MTT), and tartrate resistant acid phosphatase 
(TRAP) staining kit were purchased from Sigma-Aldrich (St. Louis, MO, 
USA). All cell-culture-related reagents were available from Gibco (Grand 
Island, NY, USA). 

4.2. Cultivation of rhBMP-2 crystals 

The crystallization of rhBMP-2 was performed as previously 

Fig. 5. Sulfated polysaccharides enhanced the osteogenic activity of NG-rhBMP-2 in vitro. (a) RhBMP-2 dose-response curves obtained by incubating C2C12 
cells with rhBMP-2-and different bioactive molecules for 72 h. (b) Quantification of median effective concentration (EC50) values based on (a). (c) ALP staining of 
C2C12 cells cultured with rhBMP-2 (800 ng/mL) in the presence of different bioactive molecules. Scale bars, 100 μm. (d) Mineralization of C2C12 cells cultured with 
rhBMP-2 (800 ng/mL) in the presence of different bioactive molecules. Scale bars, 100 μm. 
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described [26]. Briefly, a solution containing 2.5 mg/mL rhBMP-2 in 50 
mM acetate buffer (pH 3.5) was prepared. Initial crystallization trials 
were conducted using a 50%-screen with high concentrations of 
tert-butanol as the precipitant agent. However, further optimization 
attempts failed to refine the crystallization conditions utilizing 
tert-butanol alone, leading to the discovery that lithium sulfate acted as 
an essential co-precipitant. By employing a combination of tert-butanol 
at acidic pH and the hanging drop vapor diffusion method at 20 ◦C, 
delicate yet high-quality trigonal crystals were successfully obtained. 
The reservoir solution consisted of 50 mM citrate buffer (pH 5.4), 100 
mM lithium sulfate, and 12 % (v/v) tert-butanol. Crystallization initia-
tion involved mixing 2 μL of reservoir solution with an equal volume of 
protein solution. 

To optimize the crystallization conditions and obtain higher quality 
rhBMP-2 crystals, the pH values of the reservoir solution and protein 
solution were systematically screened within a range of 5.0–6.0 and 3.0 
to 4.0, respectively. Additionally, the protein concentration was varied 
from 1.0 to 3.0 mg/mL, while the lithium sulfate concentration ranged 
from 0 mM to 150 mM in order to identify optimal conditions for crystal 
formation. 

4.3. Analysis of rhBMP-2 crystal structure 

The crystal structure analysis of rhBMP-2 primarily involves index-
ing the diffraction pattern to determine central symmetry and extinc-
tion, thereby establishing the crystal’s space group. The intensity of 
diffracted spots is converted into amplitude of the structure factor for 
structure determination. Molecular replacement is employed to solve 
phase and phase angle problems, yielding an initial structure. Subse-
quently, the initial protein molecular model is adjusted based on 

established stereochemical models such as bond length and bond angle 
constraints. 

4.4. Preparation of rhBMP-2 solution at different formulation pH 
conditions 

The obtained rhBMP-2 solution was stored in an acidic sodium cit-
rate buffer. To equilibrate the pH values, the rhBMP-2 solution was first 
dialyzed at 4 ◦C with 0.02 M NaH2PO3 and Na2HPO3 buffer using a 
Float-a Lyzer® G2 dialysis device (Spectra, USA) for 24 h. As rhBMP-2 is 
easy to precipitate under alkaline condition, we re-adjusted the pH value 
of rhBMP-2 to 4.5, 5.5, 6.5, 7.4, and 8.5 for further study. 

4.5. Particle size analysis and zeta potential measurement 

For analysis the stability of rhBMP-2 at different formulation pH 
conditions, particle size and zeta (ζ) potential were measured using a 
Malvern Zetasizer Nano ZS90. Before detection, rhBMP-2 was diluted 
into 0.05 mg/mL in ultrapure water at different formulation pH condi-
tions. Background reading from ultrapure water alone was subtracted 
from the final measurements. 

4.6. Circular dichroism (CD) spectroscopy 

For analysis the change of secondary structure in rhBMP-2, CD 
analysis was used to detect the information that affected by the 
formulation pH. Briefly, rhBMP-2 with a concentration of 0.1 mg/mL at 
different formulation pH conditions was analyzed in a range of 
195~205 nm at a band width of 1 nm, scan speed of 20 nm/s and path 
length 1 mm. CD spectra deconvolution software CDNN was applied to 

Fig. 6. Sulfated polysaccharides enhanced bone formation. (a-b) 3D SRμCT reconstructed views of ectopic bone (a) and the percentage (b) of bone volume (BV) 
to total volume (TV) at 2 weeks (n = 3). RhBMP-2 amount: 2 μg. Scale bars: 1 mm. (c) Histological assessment of H&E staining and Masson’s trichrome staining was 
performed to evaluate rhBMP-2-induced ectopic bone formation with different bioactive molecules at 2 weeks. RhBMP-2 amount: 2 μg. Scale bars: 100 μm. 
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analyze the differences in secondary structure. Background reading from 
phosphate buffered saline (PBS) alone was subtracted from the final 
measurements. 

4.7. Steady-state and synchronous fluorescence spectroscopy 

Fluorescence spectroscopy was carried out in NaH2PO3 and 
Na2HPO3 solution at different formulation pH conditions on an RF- 
5301PC spectrofluorometer (Shimazu). Fluorescence emission spectra 
of rhBMP-2 were recorded from 280 to 440 nm. The excitation spectra in 
steady-state fluorescence spectroscopy and synchronous fluorescence 
spectroscopy 295 nm and 220 nm. The fluorescence data for rhBMP-2 
were obtained at 25 ◦C using a 1 × 1 cm cuvette. All spectra were cor-
rected for background and adjusted for dilution caused by the addition 
of different formulation pH solution. 

4.8. Quartz crystal microbalance with dissipation (QCM-D) study 

QCM-D (Q-Sense AB, Sweden) was used for in situ monitoring the 
surface deposition of rhBMP-2, so as to investigate the stability and 
aggregation of rhBMP-2 protein at different formulation pH conditions. 
The measurement was performed at 22 ± 0.05 ◦C by real time moni-
toring the alteration in the resonance frequency (Δf, Hz) and dissipation 
factor (ΔD, × 10− 6) at 25 MHz. The diameter of the Au chip was 12 mm. 
Briefly, 0.02 M NaH2PO3 and Na2HPO3 buffer with different pH value 
was injected to obtain equilibrium with a stable baseline. RhBMP-2 (50 
μg/mL) with different formulation pH conditions was then injected into 
the chamber at a rate of 20 μL/min until stability. The adsorbed mass, 
Δm (ng/cm2), is directly calculated based on a Voigt-based viscoelastic 
model. 

4.9. Cell viability assay 

To exclude the effect of formulation pH condition on the cell 
viability, rhBMP-2 pre-treated with different pH conditions was 
anchored on the Au chips and sterilized with 75 % ethanol. Subse-
quently, C2C12 cells were seeded on the rhBMP-2-modified chips at a 
density of 2.0 × 104 cells/well. After the incubation period of 1 day and 
3 days in Dulbecco’s modified Eagle’s medium (DMEM) containing 10 % 
FBS and 1 % penicillin-streptomycin, the media were aspirated and 
washed with PBS for three times. The viability of C2C12 cells treated 
with rhBMP-2 at different formulation pH conditions was evaluated with 
a MTT assay according to the manufacturer’s procedure. For control, the 
C2C12 cells were directly seeded on the 24-well plate and incubated for 
the same time. All samples were tested in sextuplicate, and the results 
were normalized to control and expressed as mean ± SD. 

4.10. Alkaline phosphatase (ALP) activity assay 

ALP activity was usually measured as a marker of osteoblast differ-
entiation. To assess the effect of formulation pH conditions on the 
rhBMP-2-induced osteogenic activity, C2C12 cells were seeded on the 
rhBMP-2 pre-treated Au chips at a density of 5.0 × 104 cells/well. After 
attaching overnight in DMEM containing 10 % FBS, 100 U/mL peni-
cillin, 100 μg/mL streptomycin, the media were replaced with DMEM 
containing 2 % FBS and incubated for an additional 5 days with each day 
change. Subsequently, media were removed and washed several times 
with PBS, the cells were lysed with 200 μL of 1 % Nonidet P-40/well for 
60 min. A 50 μL volume of the cell lysate was incubated with 100 μL of 
PNPP-Na (2 mg/mL) for 30 min at 37 ◦C and stopped with adding 
another 50 μL of 0.1 M NaOH buffer. The ALP activity was assessed by 
reading the OD value at 405 nm with a SpectraMax M2 microplate 
reader (Molecular Devices, USA). Data were normalized to the respec-
tive total protein levels using a BCA Kit (Beyotime, China). For control, 
the cells were incubated without the addition of rhBMP-2. All samples 
were tested with five replicates and expressed as mean ± SD. 

For analysis of the storage stability of rhBMP-2 at different formu-
lation pH, the stock solution was subjected to centrifugation in an ul-
trafiltration tube and subsequently re-dispersed in varying pH solutions 
at 4 ◦C for durations of 3, 7, 14, and 28 days. The ALP activity of the 
reconstituted samples was determined through co-culture with C2C12 
cells over a period of 3 days. 

To compare the osteoinductive activity of G-rhBMP-2 and NG- 
rhBMP-2, C2C12 cells were seeded in 24-well plates and allowed to 
adhere overnight. Subsequently, the culture medium was replaced with 
DMEM containing 2 % FBS and rhBMP-2 (800 ng/mL), followed by 
quantification of ALP activity after a 3-day incubation period. 

For analysis of the effect of chaperone molecules on the NG-rhBMP- 
2-induced ALP expression, C2C12 cells were seeded in 96-well plates at a 
density of 1.0 × 104 cells/well and allowed to adhere overnight. Sub-
sequently, the culture medium was replaced with DMEM containing 2 % 
FBS and various concentrations of rhBMP-2. After a 3-day incubation 
period, ALP activity was quantified. The bioactivity was assessed by 
fitting the experimental data to a four-parameter logistic equation 
model. 

4.11. ALP staining 

The presence of ALP was stained using a BCIP/NBT Alkaline Phos-
phatase Color Development Kit (Beyotime, China) according to the 
manufacturer’s instructions. Briefly, cells were fixed with 4 % para-
formaldehyde 10 min after incubation with rhBMP-2 for 3 days, washed 
three times with PBS and stained with staining buffer for 30 min at room 
temperature. Following, the samples were washed twice with deionized 
water. The stained samples were captured under a light microscope. 

4.12. Mineralization assay 

After incubation with rhBMP-2 for 10 days, the C2C12 cell layer was 
washed with PBS, fixed with 4 % paraformaldehyde for 10 min, stained 
for 30 min in 2 % Alizarin Red S (ARS, pH 4.2) solution (Beyotime, 
China), and gently washed twice with deionized water. The stained 
samples were captured under a light microscope. 

4.13. Western blot analysis 

The C2C12 cells were seeded in 24-well plates at a density of 1.0 ×
105 cells/well in DMEM supplemented with 10 % FBS and incubated 
overnight. Subsequently, the cells were starved with DMEM containing 
2 % FBS for 6 h followed by treatment with rhBMP-2 at a concentration 
of 0.4 μg/mL for another 6 h. For western blot analysis, total proteins 
were extracted from the treated C2C12 cells using RIPA lysis buffer 
supplemented with 1 mM PMSF. An equal number of proteins was 
separated by an SDS-polyacrylamide gel (8 %) and transferred to a 
nitrocellulose membrane (Millipore, USA) via electrotransfer. The 
membranes were then blocked using a solution of 5 % BSA and subse-
quently incubated overnight at 4 ◦C with primary antibodies against p- 
Smad1/5/9, Smad1/5/9, Runx2, and GAPDH (dilution: 1:1000; CST). 
This was followed by incubation with their corresponding secondary 
HRP-conjugated antibodies (dilution: 1:1000; CST). Protein signals were 
detected using the ECL chemiluminescent system (Tanon, China). 

4.14. Quantitative RT-PCR analysis 

The gene expression levels were determined using a CFX96 Touch™ 
PCR Detection System (Bio-Rad, USA) through real-time reverse tran-
scription PCR. C2C12 cells were seeded at a density of 5.0 × 104 cells/ 
well in DMEM (10 % FBS) and allowed to adhere overnight in 24-well 
plates. Subsequently, the medium was replaced with DMEM (2 % FBS) 
supplemented with G-rhBMP-2 and NG-rhBMP-2 for continuous culture 
periods of 3 days and 7 days, were extracted from C2C12 cells using an 
RNAiso Plus TRIzol reagent (Takara, Japan), followed by reverse 
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transcription into complementary DNA (cDNA) using the PrimeScript™ 
RT reagent kit according to the manufacturer’s instructions. Finally, 
qPCR was performed using TB Green® Premix Ex Taq™ (Takara, 
Japan). The primer sequences used in this study are listed in Table S3. 
Glyceraldehyde-3-phosphate dehydrogenase (GAPDH) was employed as 
a reference gene. Results were analyzed using the comparative Ct 
(2− ΔΔCt) method and expressed as fold changes relative to the control 
group. All samples were assayed in triplicate. 

4.15. Ectopic bone formation experiment 

Male C57BL/6 mice (6 weeks old, jsj-lab. Shanghai, China) were 
utilized for in vivo assessment of osteogenesis activity. Following 
anesthesia with an intraperitoneal injection of sodium pentobarbital 
(0.08 mg/g body weight), gelatin sponge containing rhBMP-2 was 
implanted into the leg muscle pouches of the mice. X-ray imaging was 
performed to evaluate the size of ectopic bones after 2 or 4 weeks of 
implantation. Subsequently, the mice were euthanized using an over-
dose injection of pentobarbital to obtain specimens. The fresh ectopic 
bones were promptly photographed using a digital camera. The weights 
of all samples were measured in wet and ash states (incinerated at 
800 ◦C in a muffle). 

4.16. Synchrotron radiation-based micro-computed tomography (SRμCT) 

After administering an overdose injection of pentobarbital, the 
thoracic cavity of mice was opened and a needle was inserted into the 
left ventricle to flush out the blood with heparinized saline solution. 
Subsequently, Microfil reagent (MV-120, Flow Tech. Inc., USA) was 
injected into the vasculature. The mice were then stored at 4 ◦C over-
night to allow for gelation of the Microfil substance. The ectopic bones 
were retrieved and fixed in 4 % paraformaldehyde before being imaged 
using SRμCT to determine their volume. Following this, decalcification 
of the ectopic bones was carried out using 15 % neutral EDTA, and 
angiography images were obtained using SRμCT as well. All SRμCT 
measurements were performed at beamline BL13B of Shanghai Syn-
chrotron Radiation Facility (SSRF, Shanghai, China), with a voxel size 
set at 9 μm. Brucker software was utilized for visualizing the three- 
dimensional structure based on slice images. 

4.17. Histology analysis 

For histological analysis, the ectopic bones were fixed with formal-
dehyde solution for a duration of 3 days. Subsequently, they were 
decalcified using a 10 % neutral EDTA solution and then embedded in 
paraffin after undergoing dehydration through a graded series of 
alcohol. Serial sections with a thickness of 4.5 μm were stained utilizing 
hematoxylin & eosin (H&E) as well as Masson trichrome techniques to 
visualize tissue structures and extracellular matrix components respec-
tively. Tartrate resistant acid phosphatase (TRAP) staining was con-
ducted with a Leukocyte Acid Phosphatase Kit from Sigma following the 
manufacturer’s instructions to identify osteoclasts. Additionally, 
immunostainings targeting CD31 were conducted to specifically detect 
blood vessels within the ectopic bone samples. Briefly, the sections were 
incubated overnight at 4 ◦C with a primary antibody against mouse 
CD31 (diluted 1:100; Abcam, Cambridge, UK) after pre-blocking with 
10 % goat serum for 1 h at room temperature. Subsequently, they were 
incubated with an HRP-conjugated secondary antibody (diluted 1:250; 
Abcam, Cambridge, UK). Finally, the CD31 positive expression was 
labeled using the DAB substrate. The sections were then treated with 
hematoxylin and mounted. The stained samples were captured under a 
light microscope and the vessel area was quantified using Image J 
software. 

4.18. Statistical analysis 

The quantitative data were presented as the mean ± SD and analyzed 
using Origin 8.5 (OriginLab Corp., Northhampton, MA, USA). Statistical 
comparisons were conducted through one-way analysis of variance 
(ANOVA) followed by Tukey’s post hoc test. Statistical significance was 
achieved at a confidence level exceeding 95 % (P < 0.05). 
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