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Abstract Demineralized bone matrix (DBM) has 
been regarded as an ideal bone substitute as a native 
carrier of bone morphogenetic proteins (BMPs) and 
other growth factors. However, the osteoinductive 
properties diverse in different DBM products. We 
speculate that the harvest origin further contribut-
ing to variability of BMPs contents in DBM prod-
ucts besides the process technology. In the study, 
the cortical bone of femur, tibia, humerus, and ulna 
from a signal donor were prepared and followed 
demineralizd into DBM products. Proteins in bone 
martix were extracted using guanidine-HCl and col-
lagenase, respectively, and BMP-2 content was 
detected by sandwich enzyme-linked immunosorbent 

assay (ELISA). Variability of BMP-2 content was 
found in 4 different DBM products. By guanidine-
HCl extraction, the average concentration in DBMs 
harvested from ulna, humerus, tibia, and femur 
were 0.613 ± 0.053, 0.848 ± 0.051, 3.293 ± 0.268, 
and 21.763 ± 0.344, respectively (p < 0.05), while 
using collagenase, the levels were 0.089 ± 0.004, 
0.097 ± 0.004, 0.330 ± 0.012, and 1.562 ± 0.008, 
respectively (p < 0.05). In general, the content of 
BMP-2 in long bones of Lower limb was higher than 
that in long bones of upper limb, and GuHCl had 
remarkably superior extracted efficiency for BMP-2 
compared to collagenase. The results suggest that the 
origin of cortical bones harvested to fabricate DBM 
products contribute to the variability of native BMP-2 
content, while the protein extracted method only 
changes the measured values of BMP-2.

Keywords Demineralized bone matrix · Bone 
morphogenetic protein · Protein extraction · Enzyme-
linked immunosorbent assay

Introduction

Repair of large bone defects is one of the major 
therapeutic goals in orthopaedic fields, resulting 
from trauma, infection and resection of tumors. Iliac 
crest bone graft which possesses three essential ele-
ments of bone regeneration, including osteogenesis, 
osteoinduction, and osteoconduction, is the gold 
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standard for bone reconstruction (Zhang et al. 2019). 
However, some notable drawbacks, such as harvest-
related complications in donor, prolonged operative 
time, limited volume, and poor bone quality in cer-
tain patients, limit the utility of autograft (Loeffler 
et  al. 2012; Campana et  al. 2014). Therefore, bone 
substitutes have been prepared by tissue engineering 
technology, mainly consisting of hydroxyapatite, cal-
cium ceramics, bioactive glasses, recombinant bone 
morphogenetic proteins, and combinations of these. 
Unfortunately, none of them is the ideal alternatives 
(Campana et  al. 2014; Greenwald et  al. 2001; Bae 
et al 2013; Bhamb et al. 2019).

Demineralized bone matrix (DBM) derived from 
cortical bone, is prepared by decalcification pro-
cess. The leaving collagenous interwoven structure 
provides the scaffold for bone ingrowth following 
implantation, and the non-collagen protein, refer-
ring to bone morphogenetic proteins (BMPs) and 
other growth factors render the osteoinductive poten-
tial. As the native carriers of BMPs, DBM is widely 
used in orthopaedic and dental applications (Huber 
et  al. 2017). Many researchers deemed the BMP in 
DBM as the key role to exert the osteoinduction, and 
attempted to investigate the collection of content of 
BMP in DBM and the osteogenic phenomenon both 
in vitro and vivo (Murray et al. 2007; Oliveira Pinho 
et al. 2021; Katz et al. 2009; Honsawek et al. 2005). 
In general, BMP contents exhibit variability in differ-
ent DBM products, considering these factors: donor 
age and gender (Schwartz et  al. 1998), particle size 
(Pietrzak and Ali 2015), residual calcium content 
(Pietrzak et al. 2011), carriers (Bal et al. 2021), steri-
lization (Ku et al. 2022), and storage conditions such 
as moisture and temperature (Han et al. 2005). Due to 
heterogeneity in DBM formulation, protein extraction 
and BMP detection methods, these results cannot be 
compared directly.

In a vitro study, Bae et  al (2006) detect BMP-2, 
4, and 7 in 9 commercially available DBM prepares 
using 3 different manufacturer’s production lots of 
each DBM formulation. They found a higher variabil-
ity in concentration of BMPs among 3 different lots 
of the same DBM formulation than that among differ-
ent DBM formulations. To further verify the intravar-
iability in the same DBM formulation, Bae assessed 
the BMP in ten lots of a single DBM product. The 
results depicted a significant lot-to-lot variability in 

terms of both BMP concentrations (BMP-2 range 
from 22 to110 pg/mg DBM and BMP-7 range from 
44 to 125 pg/mg DBM) (Bae et al. 2010). If the for-
mulation and process of DBM are constant, then 
the harvest site of cortical bone used for formulat-
ing DBM is defined as a clinical variable. Thus, we 
hypothesize that the native BMP content varies in dif-
ferent long bone.

The objectives of this study were 1) to extract pro-
teins in DBM products derived from four different 
human long bone and compare the quantity of BMP-2 
among them, 2) to Compare the extracted efficiency 
for BMP-2 of the GuHCl and collagenase methods. 
This would provide further insight into the native 
BMPs with bone as well as the diverse osteoinductive 
properties of DBM.

Materials and methods

Preparation of DBM

Samples were obtained from cortical sections of 
4 different long bones (femur, tibia, humerus, and 
ulna) of a signal donor. Briefly, the bone was conse-
quently cleaned of soft tissue, washed, defatted, lyo-
philized and milled into particles with size ranging 
from 315 to 710  μm. The particles were demineral-
ized in 0.6 N hydrochloric acid for 25  min at room 
temperature, then rinsed in phosphate buffer solution 
(pH: 5.5–7.5), followed by lyophilized. The residual 
calcium concentration in the DBM was 2% (percent 
weight [w/w]) by atomic absorption spectroscopy. 
The DBM samples were sorted into fDBM, tDBM, 
hDBM, and uDBM according to their origins.

Protein extraction

300 mg DBM samples were placed into 5 mL of 4 M 
guanidine-HCI (GuHCI) in 0.05 M Tris–HCl (pH 7.4) 
and stirred at 4 °C for 24 h, followed by centrifuged at 
20000  g speed for 15  min, and the supernatant was 
collected. The precipitate was then resuspended in 
5  mL of fresh GuHCl/Tris–HCl solution and stirred 
for an additional 5  h, followed by centrifugation 
and retention of the supernatant. The two superna-
tants were combined and dialyzed against 500 mL of 
0.05  M Tris–HCl with a 10  KDa molecular weight 
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cutoff membrane for 15 h at 4 °C. The Tris–HCl was 
then replaced with an equivalent volume of fresh 
buffer, and dialysis continued for an additional 10 h. 
The liquid in the dialysis bag was extractable pro-
tein, which was transferred to a new centrifuge tube, 
and measured the volume. Three independent guani-
dine extractions were performed for each type of 
specimen.

The aliquots of each sample were extracted by col-
lagenase digestion. 300  mg particles were placed in 
6  ml 20  mM Tris–HCl (pH 8.0) solution contained 
with 0.1  mM NaCl, 50  mM  CaCl2, 50  mM  MgCl2, 
1 mM N-ethylmaleimide, 0.1 mM benzosulfonyl fluo-
ride, and 0.1 mM benzamidine-HCl. Commercial col-
lagenase was added into solution for a final concen-
tration of 25 collagenase digestion units (CDUs)/ml, 
and shacked continuously overnight at 37  °C. Then 
tubes were centrifuged at 20000 g speed for 15 min, 
and the supernatant was transferred to a bag with a 
10 KDa molecular weight cutoff and dialyzed into 
500 ml distilled water overnight at 4 °C. The sample 
volume was recorded followed by BMPs analysis. 
Each group particle was extracted for three times.

BMPs assays

Sandwich enzyme-linked immunosorbent assay 
(ELISA) was used to assess the amounts of BMP with 
Commercially available quantikine kits purchased 
from MULTI SCIENCES (LIANKE) BIOTECH, 
CO, LTD (human BMP-2 ELISA Kit, sensitivity, 
1.73 pg/ml; BMP-7 ELISA Kit, sensitivity, 2.06 pg/
ml). ELISA was run in strict accordance with the 
instructions and in duplicate for each extraction. The 
concentration of BMPs was defined as the measured 
value by ELISA multiplied by the volume of the 
extraction and then divided by the mass of the DBM, 
and was expressed as ng/g DBM.

Statistical analysis

The data were represented as means with standard 
errors. The significance of differences among multi-
ple groups was determined by one way ANOVA and 
a post hoc test. Student t test was used for compar-
ing the extracted efficiency of GuHCl and collagenase 
methods. A p value of less than 0.05 was considered 

to be statistically significant. The SPSS 25.00 soft-
ware was utilized.

Results

Variability of BMP-2 concentrations in 4 differ-
ent DBM products was detected by ELISA method. 
When samples were extracted by GuHCl, the ranges 
spanned were considerable, from 0.6 to 22  ng of 
BMP-2 per gram of DBM. The average concentration 
(and standard deviation) in DBMs harvested from 
ulna, humerus, tibia, and femur were 0.613 ± 0.053, 
0.848 ± 0.051, 3.293 ± 0.268, and 21.763 ± 0.344, 
respectively. The differences between each two 
groups were significant (p < 0.05). In general, the 
content of BMP-2 in long bones of Lower limb was 
higher than that in long bones of upper limb. Of note, 
the concentration of BMP-2 of group fDBM was 
highest, at a lever that was nearly 35.5fold greater 
than that in group uDBM.

Using collagenase extraction method, the values of 
BMP-2 in group uDBM, hDBM, tDBM, and fDBM 
were 0.089 ± 0.004, 0.097 ± 0.004, 0.330 ± 0.012, and 
1.562 ± 0.008, respectively. Compared to GuHCl, the 
contents of BMP-2 extracted by collagenase were 
significantly reduced (p < 0.05). However, it should 
be emphasized that the trends of BMP-2 concentra-
tion either in all DBM samples or in the upper and 
lower limbs were stationary. The datas were showed 
in Table 1 and Fig. 1.

Discussion

Due to the excellent osteoinductivity, many DBM 
products are successfully used in clinical bone recon-
struction, mainly including bone cyst, trauma, spi-
nal and extremity, and maxillofacial surgery, and 

Table 1  BMP-2 concentration in four DBM products

Group BMP-2 (ng/g DBM)

GuHCl Collagenase

uDBM 0.613 ± 0.053 0.089 ± 0.004
hDBM 0.848 ± 0.051 0.097 ± 0.004
tDBM 3.293 ± 0.268 0.330 ± 0.012
fDBM 21.763 ± 0.344 1.562 ± 0.0083
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are verified safety and effective (Pacaccio and Stern 
2005; Dinopoulos and Giannoudis 2006; Drosos et al. 
2007, 2015). However, other in vivo studies reveal a 
low level of evidence concerning efficiency in criti-
cal sized defects (van Houdt et al. 2017; Alaee et al. 
2014). Most possible explanation for a diverse oste-
oinductive capacity might be a variable amount of 
growth factors especially BMP-2 in the different 
DBM products.

Previous studies have evaluated the content of sev-
eral growth factors in DBM products, such as BMP-2, 
BMP-4, BMP-7, vascular endothelial growth factor 
(VEGF), platelet derived growth factor (PDGF), Insu-
lin like growth factor (IGF), and fibroblast growth 
factor (FGF). Among these cytokines, BMP-2 is the 
hotpot as it considered by experts to be one of the 
most osteogenic elements. Doner gender and age, 
demineralized process, particle size, sterilization 
and storage condition, have been successively found 
to play pivotal role in the variability of BMP-2 in 
DBM formulations. However, to our knowledge, there 
is no direct evidence that the harvest site of cortical 
bone might influence the content of BMP-2 in DBM 
products.

In this work, we measured the content of BMP-2 
in DBM products harvested from different long bones 
of single donor. In addition, the manufacturing pro-
cess of DBM and biochemical assay methods were 
homogeneous. Regardless of GuHCl or collagenase 
extraction, the trend of BMP-2 concentration was 
fDBM > tDBM > hDBM > uDBM, indicating that 
the distribution of BMP-2 varies in different long 

bones, and the contents in lower limbs were higher 
than those in upper limbs. One possible explanation is 
that the content of BMP-2 is heterogeneous in differ-
ent bones at embryonic stage, just like mesenchymal 
stem cells (MSCs). An animal experiment showed 
that the proliferative capacity and homing efficiency 
depended on the microanatomical location of stem 
cells (Ellis et al. 2011). Siclari et al. (2013) attempted 
to separately isolate endosteal bone marrow using a 
unique enzymatic digestion approach and to perform 
CFU-F assay, in his report, he found that endosteal 
bone marrow contained a higher concentration of 
mesenchymal progenitors than central bone marrow, 
even within the same long bone, and attributed this 
phenomenon to the different rates of bone remolding. 
Since BMP-2 can act on mesenchymal stem cells and 
induce differentiation into osteoblasts/osteocytes and 
can attract osteoclasts, key cell types that carry out 
bone remodeling, herein, we convinced that the con-
tents of BMP-2 in different long bone were related to 
their distinct remodeling rates. Furthermore, the con-
tent of BMP-2 in long bone might change even after 
individual birth. An interesting founding was that the 
long bones of lower limbs contained more BMP-2 
than the upper limbs. As we know, the long bones of 
the lower limbs are weight-bearing bones, while the 
long bones of the upper limbs are mainly connective 
bones, and in this sense, compared to the latter, the 
former has a special biomechanical environment. We 
speculate another possible explanation that postnatal 
biomechanics alter the remolding microenvironment 
of different long bones, resulting in the variable dis-
tributions of BMP-2 in the lower and upper limbs. 
Maybe this discrepancy only occurs in long bones of 
humans but not animals with quadruped locomotion, 
which need the evidence supported by basic animal 
experiments.

In the previous research of various growth fac-
tors in bone materials, the commonly used protein 
extractants mainly include guanidine hydrochloride, 
urea, sodium dodecyl sulfate, and collagenase. In this 
study, we extracted the proteins in DBM with both 
GuHCl and collagenase, and found that GuHCl had 
significantly superior extracted efficiency for BMP-2 
compared to collagenase. Three possible explana-
tions could account for this difference. First, as a 
protein dissociating agent, GuHCl can extracted the 
soluble bone morphogenetic proteins which associate 
with the collagen matrix through noncovalent bonds 

Fig. 1  The trend of BMP-2 concentration in different long 
bones was femur > tibia > humerus > ulna, regardlessof pro-
tein extracted methods. Furthermore, GuHCl had remarkably 
superior extracted efficiency for BMP-2compared to colla-
genase



701Cell Tissue Bank (2024) 25:697–703 

1 3
Vol.: (0123456789)

such as ionic or hydrophobic. While collagenase 
destroys the substrate to which the BMPs are associ-
ated, allowing their release and detection by follow-
ing ELISA method (Pietrzak et  al. 2006). It is pos-
sible that these methods differ in their efficiency of 
BMP extraction. Second, the water bath temperature 
maintains at 37 °C, compared to 4 °C in the GuHCl 
extracted process. The former is more conducive to 
the digestion of endogenous protease, resulting in 
reduction of absolute amount of BMPs. Finally, the 
purity of commercial collagenase maybe also a rea-
son for the low efficiency of BMPs extraction.

The scope of BMP-2 concentration in DBM prod-
ucts ranges greatly, and direct comparison among the 
measured value in previous study is unrealistic, due to 
the heterogeneity of DBM samples. However, a gen-
eral accepted viewpoint is that BMPs concentration is 
in nanogram quantities per gram of DBM, in accord-
ance with our findings in the present study. Also of 
note, this work merely demonstrated the trends of 
BMP-2 concentration in different long bones, not the 
defined value, because neither GuHCl nor collagenase 
can extract all native content of BMP-2 in bones. That 
is to say, only extractable proteins can be measured 
and quantified. Pietrzak et  al. (2012) found bovine 
DBM still actively eluting BMP-7 after 84 days with 
the amount eluted equivalent to 6 times the baseline 
level, indicating that BMP should be continuously 
released with the time of water bath. Pietrzak and Ali 
(2017) investigated the release of BMPs 2, 4, and 7 
extracted from a clinical human DBM putty with 
GuHCl. The results showed that the baseline of BMP 
2, 4, 7 concentrations were 28.1 ± 1.3  ng/g DBM, 
0.577 ± 0.056 ng/g DBM, and 92.9 ± 7.5 ng/g DBM, 
and relative to baseline, the proportions released by 
7  days were 11.1%, 3.9%, and 29.3%, respectively. 
This is strong evidence of 2 compartments in DBM 
differing by their affinity for BMPs (Houdt et  al. 
2017) and limitations of GuHCl extraction method, 
suggesting that published concentrations of BMPs in 
DBM are underestimates of the true values.

This study had some limitations. First, in order 
to maintain the absolute homogenization of DBM 
included in the study, a single donor was selected. 
Subject to the limitation of materials, the sample size 
is relatively small. Second, only BMP-2 was detected 
in the work, other growth factors concentrations in 
DBM harvested from different long bones were not 
be disclosed.

Conclusion

The distribution of BMP-2 in different long bones 
are variable. The origin of cortical bones harvested 
to fabricate DBM products significantly affects the 
BMP-2 content, and long bones of lower limbs con-
tain greater BMP-2 concentration than that of upper 
limbs. Its influence on the osteoinductivity of DBM 
urgent to be proved by ongoing vitro and vivo studies.
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