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 Background: Our objective was to explore a synthetic alginate hydrogel delivery system for the delivery of demineralized 
bone matrix (DBM) particles for bone graft substitutes.

 Material/Methods: The physiochemical properties of surface morphology, porosity measurements, in vitro degradation, equilibrium 
swelling, and mechanical testing of combined DBM powder and alginate in amounts of 0 mg/1 mL, 25 mg/1 mL, 
50 mg/1 mL, and 100 mg/1 mL were detected. In vitro cell culture and in vivo studies using Sprague-Dawley rats 
were performed to evaluate the biocompatibility and osteoinductivity of DBM-alginate (ADBM) composites.

 Results: DBM particles were uniformly scattered in all composites, and macro-scale pores were omnipresent. All com-
posites showed a similar low degradation rate, with approximately 85% of weight remaining after 15 days. As 
the concentration of DBM particles in composites increased, degradation in collagenase and elastic modulus 
increased and the pore area and swelling ratio significantly decreased. No cytotoxicity of ADBM or alginate on 
mesenchymal stem cells (MSCs) was observed. Cell cultivation with ADBM showed greater osteogenic poten-
tial, evidenced by the upregulation of alkaline phosphatase and alizarin red staining activity and the mRNA 
expression level of marker genes RUNX2, OCN, OPN, and collagen I compared with the cells grown in alginate. 
Evaluation of ectopic bone formation revealed the osteoinductivity of the ADBM composites was significant-
ly greater than that of DBM particles. Osteoinduction of the composites was demonstrated by a cranial defect 
model study.

 Conclusions: The delivery of DBM particles using a synthetic alginate hydrogel carrier may be a promising approach in bone 
tissue engineering for bone defects.
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Background

Patients with bone loss and defects caused by trauma and ge-
netic disorders require surgical intervention, especially when 
the bone defects exceed a critical size [1]. Although autoge-
nous bone grafts are currently regarded to be the criterion 
standard for the treatment of bone defects, they are limit-
ed by graft availability, risk of donor site morbidity, and diffi-
culty in molding to the defect [2]. Demineralized bone matrix 
(DBM), which mainly contains collagen and bone morphoge-
netic proteins (BMPs), is a promising bone graft material, which 
has been used for the enhancement treatment of bone de-
fects since the 1960s [3,4]. DBM, in the most osteoinductive 
form with a maximum surface area, can facilitate the inter-
action with the humoral substance and targeting cells at the 
graft site. Nevertheless, the clinical application of DBM pow-
der is limited owing to its lack of stability, tendency to migrate 
from graft sites, and difficulties in remolding [5].

Carrier materials including hyaluronic acid, glycerol, lecithin, 
chitosan, polyorthoester, and PLGA have been used to improve 
the handling of DBM powder [6]. Furthermore, these carri-
er materials have been used to produce several commercial 
DBM carrier products [7]. Currently, moldable putty, which is 
the most popular clinical DBM form, can be suitable for bone 
defects and resisting dispersion from irrigation and blood [8]. 
The ideal delivery carrier of DBM should control release the 
active substance, have maximized functions of bone induc-
tion and conduction, and be amendable to clinical applica-
tions [9–11]. However, the optimal carrier has not been found 
or designed as yet.

Alginate (C5H7O4COONa), comprised of sequences of M 
(M-blocks) and G (G-blocks) residues interspersed with MG se-
quences (MG-blocks), is a natural copolymer obtained from al-
gal and bacterial sources. Because of its excellent biocompat-
ibility and biodegradability, alginate has been applied in cell 
and drug delivery, bone implants, and wound covering [12–14]. 
The method of crosslinking alginate with divalent cations to 
make hydrogels for cell encapsulation has been shown to be 
advantageous for biomedical applications. This behavior of 
alginate demonstrates its potential as a carrier for the deliv-
ery of DBM particles.

In this study, we used alginate as the carrier to deliver DBM 
particles. The physiochemical properties, such as surface mor-
phology, porosity measurements, in vitro degradation, equilib-
rium swelling, and mechanical testing, of DBM powder loaded 
in alginate in various ratios were detected. The biocompatibil-
ity and osteoinductivity of the DBM-alginate (ADBM) compos-
ites were evaluated in vitro and in vivo.

Material	and	Methods

Preparation of DBM-alginate composites

Alginate (CAS NO. 9005-38-3, Sigma-Aldrich, USA) and CaCl2 
(Sigma-Aldrich) were dissolved in calcium-free phosphate-buff-
ered saline (PBS) to acquire 2 wt% alginate and 2 wt% CaCl2 
stock solutions. Our study was approved by the Institutional 
Review Board, and all the animal experiments were approved by 
the Medical Ethics Committee of Zhongnan Hospital of Wuhan 
University. The long bones of 4 limbs were obtained from 40 
euthanized male Sprague-Dawley (SD) rats. Then, the techni-
cal process of converting rat bones to DBM was performed by 
Hubei Osteolink Biomaterial Co., Ltd. (Wuhan, China), which 
has the exclusive certificate of DBM approved by the China 
Food and Drug Administration (CFDA). Next, the DBM parti-
cles were added slowly to the alginate solution (2 wt%) and 
stirred for 8 h to obtain a mixture with a homogeneous dis-
tribution of DBM particles. To obtain the ADBM gel scaffold, 
2 wt% CaCl2 was added to the ADBM mixture solution, and 
crosslinking (>8 h reaction) of calcium and hydroxyl of algi-
nate was maintained. The upper panels of Figure 1A show, 
from left to right, the images of synthesized ADBM gel scaf-
fold with various amounts of DBM and 1 mL alginate: DBM/al-
ginate in amounts of 0 mg/1 mL, 25 mg/1 mL, 50 mg/1 mL, 
and 100 mg/1 mL. All samples were 4 mm in diameter and 
1 mm in height. Next, ADBM gel scaffold was placed in mi-
crofuge tubes (Thermo Fisher Scientific, USA) and frozen at 
minus 80°C. To obtain dry ADBM composite, the frozen ADBM 
gel scaffold was immediately transferred to a vacuum freeze 
drier (Labconco, USA) at minus 80°C. ADBM composites with 
various amounts of DBM and 1 mL alginate were prepared 
as shown in the Table 1 and Figure 1A. The lower panels of 
Figure 1A, from left to right, show images of dry ADBM com-
posites in various amounts. The following in vitro assays were 
done on a comparative alginate volume.

Physiochemical	properties	of	the	ADBM

The physiochemical properties of the lyophilizated ADBM com-
posites, namely, the micro-morphology, porosity (evaluated as 
previously described [15]), compressive modulus, swelling ratio, 
and degradation rate (weight remaining ratio=[Wt/W0]×100%, 
where Wt and W0 were the weights of the composites at set-
ting time and beginning time, respectively [16]), were detect-
ed by scanning electron microscopy (SEM), porosity measure-
ment, mechanical testing, equilibrium swelling, and in vitro 
degradation, respectively.
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Figure 1.  Characterization of demineralized bone matrix-alginate (ADBM) composites. (A) The appearance of the prepared composites 
gel with various DBM/alginate amounts in hydrogel and dried status: 100 mg/1 mL, 50 mg/1 mL, 25 mg/1 mL, and alginate 
only (0 mg/1 mL). (B) Scanning electron microscope (SEM) images of the ADBM composites with various DBM/alginate 
amounts: alginate only (0 mg/1 mL), 25 mg/1 mL, 50 mg/1 mL, and 100 mg/1 mL; cross-sectional morphology as shown in 
Figure 1B. Scale bar: 100 µm. (C, D) In vitro degradation of ADBM composites in collagenase (C) and phosphate-buffered 
saline (D); n=3; * compared with the alginate; P<0.05. (E) The swelling ratio of ADBM composites. (F) The compressive 
modulus of ADBM composites. All error bars represent the mean±SEM for n=3, P<0.05.
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Procurement and culture of rat bone marrow-derived 
mesenchymal	stem	cells

Primary rat bone marrow-derived mesenchymal stem cells (rBM-
SCs) were extracted from the femurs of 4-week-old male rats. 
Next, the cells were resuspended in a-MEM (HyClone) medium 
containing 10% fetal calf serum (Gibco) and cultured in a 95% 
humidified incubator at 37°C in 5% CO2. Cellular immunofluo-
rescence was used to verify the phenotype of the rBMSCs with 
mouse anti-rat monoclonal antibody CD45 (ab33923) and rab-
bit anti-rat monoclonal antibody CD44 (ab24504).

3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium	
bromide assay

The cytotoxicity of the composite scaffolds was assessed by 
the 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bro-
mide (MTT) assay. All the composites were immersed in a-MEM 
medium for 3 days, and the extracted medium was used in the 
cell-based assay in vitro. The rBMSCs were cultured with the 
composite medium extract. Then, the MTT assay was used to 
detect the cytotoxicity of ADBM.

Osteogenic differentiation

For osteogenic differentiation, the cells were divided into 3 
subgroups according to the culture media and ADBM compos-
ite medium extract. The cells were cultured for 7 or 14 days, 
and the media was replaced every 3 days.

Alkaline	phosphatase	and	alizarin	red	staining	assay

The osteogenic ability of the rBMSCs was measured by alka-
line phosphatase (ALP) and alizarin red staining (ARS) after 7 
or 14 days of culture in osteogenic media, respectively [17].

Ectopic bone formation and cranial defect model

Fifteen male SD rats (200–250 g, 6–8 weeks old), purchased 
from Beijing HFK Bioscience Co, Ltd (Beijing, China), were used 
for the ectopic bone formation and cranial defect model. ADBM 
composite, DBM, or alginate was implanted in a muscle pouch 
of the SD rats’ back for 8 weeks (n=5 in each group). The DBM 

particles and alginate scaffold were used as the control groups. 
Eight weeks after the implantation, the rats were adminis-
tered pentobarbital sodium anesthesia and euthanized by dis-
location of the spine. The sample tissues were then removed. 
The tissue samples were examined by X-ray (DigitalDiagnost, 
Philips Healthcare, the Netherlands) to evaluate the level of 
ectopic bone formation. The density of the bone regeneration 
area containing the newly formed bone was determined with 
the Lane and Sandhu radiological scoring system [18]. Images 
were photographed with an optical microscope and the lev-
el of bone tissue regeneration was calculated based on he-
matoxylin and eosin (H&E) staining images according to Lane 
and Sandhu histological scoring criteria [19].

Statistical analysis

All statistical analyses were carried out using SPSS for Windows 
version 17.0 (SPSS, Chicago, IL, USA). Measurement data are 
expressed as mean±standard error of the mean. An indepen-
dent t test was used to compare the means of 2 groups. The 
means of 3 or 4 treatment groups were compared using one-
way analysis of variance (ANOVA). An analysis of enumeration 
data was performed by the chi-square test. A P value less than 
0.05 was considered statistically significant. All graphs were 
generated with GraphPad Prism 6.0 (GraphPad Software, Inc, 
USA). Details of the methods used are presented in the sup-
plementary materials.

Results

Characterization	of	the	ADBM	composites

The microstructure of the freeze-dried ADBM composite with 
various amounts of DBM and 1 mL alginate was observed us-
ing SEM to further illustrate the interconnected porous struc-
ture. The pore size of the freeze-dried pure alginate scaffold 
was 300 to 480 μm and that of the composite with a DBM/al-
ginate amount of 25 mg/1 mL was 150 to 400 μm, as shown 
in Figure 1B. The pore size of composites with DBM/alginate 
amounts of 50 mg/1 mL and 100 mg/1 mL were 100 and 
400 μm, respectively, according to the SEM images, as shown 
in Figure 1B. These macro-scale sized pores were omnipresent, 

Group Ratio DBM	(gram) Alginate	(milliliter)

Alginate 0 mg/1 ml 0 mg 1 ml

ADBM-25 25 mg/1 ml 25 mg 1 ml

ADBM-50 50 mg/1 ml 50 mg 1 ml

ADBM-100 10 0mg/1 ml 100 mg 1 ml

Table 1. The demineralized bone matrix (DBM)-alginate composite with various amounts of DBM and 1 mL alginate.
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and DBM particles were uniformly scattered in the 3 ADBM 
composites. These characteristics are advantageous for MSCs 
to attach in 3-dimensional cell culture, as well as for substance 
transport and diffusion. As the amount of DBM particles in the 
composites increased, the pore area decreased; porosities of 
81.9%, 62.3%, 45.7%, and 32.6% were found for the compos-
ites with DBM/alginate amounts of 0 mg/1 mL, 25 mg/1 mL, 
50 mg/1 mL, and 100 mg/1 mL, respectively.

Degradation was reported in terms of normalized compos-
ites relative to the dry composites of each group, as shown in 
Figure 1C and 1D. Figure 1C shows the degradation character-
istics of composites in collagenase. Within each group, the re-
maining weight decreased with progressive culture in 5 U/mL 
collagenase. After 15 days, the remaining weight rate was 
83.17±4.96%, 56.20±3.40%, 40.27±0.64%, and 27.23±2.57% 
for composites in DBM/alginate amounts of 0 mg/1 mL, 25 
mg/1 mL, 50 mg/1 mL, and 100 mg/1 mL, respectively, which 
was proportional to DBM with collagen as the major compo-
nent. The composite with the DBM/alginate amount of 100 
mg/1 mL was degraded thoroughly in as little as 12 days, where-
as the composites with DBM/alginate amounts of 50 mg/1 mL 
and 25 mg/1 mL had remaining weights of 44.93±3.31% and 
57.50±2.27%, respectively, after 12 days. The degradation rate 
gradually accelerated as the DBM mass concentration amount 
in composites increased. Analysis of the in vitro degradation in 
PBS first showed that all composites had a similar degradation 
speed of ~85% remaining weight after 15 days, as shown in 
Figure 1D. This suggests that the hydrolysis rate of the ADMB 
complex is mild in PBS. Alginate is insensitive to collagenase, 
resulting in a similar high remaining weight in collagenase in 
PBS after 15 days.

Absorption of body fluid is another feature of DBM composites. 
The swelling ratios of composites were measured as a func-
tion of immersion time in PBS at 37°C, as shown in Figure 1E. 
After 16 h of immersion in PBS, all composites with DBM/al-
ginate amounts of 0 mg/1 mL, 25 mg/1 mL, 50 mg/1 mL, 
and 100 mg/1 mL reached their maximum equilibrium swell-
ing state with swelling ratios of 38.95±2.17%, 29.95±4.27%, 
24.23±2.42%, and 15.46±1.043%, respectively. The swelling ra-
tio significantly declined with increasing DBM particles in the 
composites. The compressive mechanical test showed that the 
elastic modulus significantly increased as the concentration of 
DBM particles were increased in the composites. The compres-
sive modulus of the composites with DBM/alginate amounts of 
0 mg/1 mL, 25 mg/1 mL, 50 mg/1 mL, and 100 mg/1 mL were 
29.44±2.128, 72.59±3.29, 167.30±9.56, and 206.75±15.91, re-
spectively, as shown in Figure 1F. These results indicated that 
as ADBM content increased, the structure became denser (the 
results of electron microscopy analysis were the same) and 
the compressive modulus was also higher.

Here, we produced an alginate hydrogel carrier to transport 
DBM powder (ADBM composite). We found that, with increas-
ing DBM content, the physical properties of degradation and 
modulus of elasticity increased, while porosity and swelling 
rate decreased. These characteristics are beneficial for the use 
of ADBM complex in the treatment of bone defect.

In vitro cell study

Because it had superior phenotypic characteristics compared 
to the other groups, we used the 100 mg DBM+1 mL alginate 
(ADBM-100) group in the following experiments and compared 
it to a control group.

Cytotoxicity assay results

The BMSC phenotype was verified by CD44-positive and CD45-
negative expression (Figure 2A). MTT assays were performed 
on the MSCs in the 4 groups to determine whether the com-
posites had cytotoxic effects, as shown in Figure 2B. There 
were no significant differences in the optical density (OD) val-
ues among the groups at each time point.

ADBM composite promoted osteogenic differentiation 
in vitro

ALP staining intensity in the ADBM-100 composite group was 
greater than that in the control (alginate) group (Figure 2C). 
Induced ALP activity in the ADBM-100 group was distinctly high-
er than that in the control group (Figure 2D). As determined by 
ARS quantification, exposure of MSCs in the ADBM-100 group 
to osteogenic medium induced a 50% to 60% increase in calci-
um deposition (1.39±0.23 OD/mL), which was larger than the 
increase in the control group (0.78±0.16 OD/mL), as shown 
in Figure 2E. The formation of calcium deposits was signifi-
cantly higher in the ADBM group than in the control group. 
ARS staining showed that the number of black nodules was 
higher in the ADBM-100 group than in the DBM control group 
(Figure 2C). These results suggested the ADBM-100 compos-
ite had a greater capacity to promote osteogenic differentia-
tion and mineralization than the control.

ADBM-100 composite induced expression of osteogenic 
genes in vitro

Reverse transcription-polymerase chain reaction was used to 
analyze the variation of mRNA expression of the 3 groups on 
day 7. The mRNA expression levels of marker genes includ-
ing RUNX2, OPN, OCN and collagen I were markedly upreg-
ulated by ADBM-100 compared with the control (Figure 2F). 
Our results showed that, in vitro, ADBM-100 significantly pro-
moted the expression of osteogenesis-related genes including 
RUNX2, OPN, OCN, and collagen I compared with the control.
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Figure 2.  In vitro cell study. (A) Phenotypic verification of bone marrow mesenchymal stem cells (MSCs) and immunofluorescence 
against CD44, CD45, and DAPI. (B) 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) assay of demineralized 
bone matrix-alginate (ADBM)-100 composites on MSCs and the statistical histogram of optical density (OD) values in the 
control and ADBM groups. (C) ADBM-100 composite promoted osteogenic differentiation in vitro. Representative images of 
alkaline phosphatase (ALP) and alizarin red staining (ARS) are displayed. (D) ALP activity. (E) The OD value of calcium deposits 
detected with ARS. (F) The effects of the ADBM-100 composite on MSCs. RUNX2, OPN, OCN, and collagen I, which are marker 
genes of osteogenic differentiation, were upregulated.
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refers to the inflammatory cells.
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Plane	radiographic	results	in vivo

In the plain radiographs, mineralized calcified tissue formation 
of the ADBM-100, DBM, and control groups was observed at 
8 weeks. However, the radio-opacity of the ADBM-100 group 
showed a greater intensity than that of the DBM and control 
groups, as shown in Figure 3. This outcome indicates that the 

X-ray

Sham ADBM-100

HE

Sham ADBM-100

A

B

Figure 4.  (A, B) Representative images of X-ray and hematoxylin and eosin staining of cranial defects. “NB” represents the newly 
formed bone. “FI” represents the fibrous tissue.

ectopic bone formation induction activity of the ADBM-100 
group was greater than that of the DBM and control groups.

Histological results in vivo

According to the results of the decalcified H&E staining and 
Masson’s trichrome staining, newly formed mineralized ectopic 
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calcified tissues were present in the ADBM-100 and DBM 
groups, indicating that DBM is osteoinductive, as shown in 
Figure 3. In contrast, no bone marrow, bone, or cartilage 
was observed around the alginate in the alginate-only group. 
Furthermore, the volume of mineralization of newly formed 
bone tissue in the ADBM-100 group was greater than that in 
the DBM and control groups. Immunohistochemistry was used 
to semi-quantitatively analyze maker gene expression for each 
group. Osteopontin (OPN) and osteocalcin (OCN) are markers 
of the mature Ob phenotype and are involved in bone miner-
al deposition. Immunohistochemistry analysis revealed that 
the expression of OPN and OCN in the ADBM-100 group was 
greater than that in the DBM and control groups.

Cranial defect model results in vivo

A cranial defect model was used to demonstrate the bone re-
generation of ADBM-100 composites in vivo. As detected in 
plain radiographs, newly formed bone tissue that filled the 
largest portion of the bone defect was observed in the site im-
planted with the ADBM-100 composite scaffold after 8 weeks, 
while no newly formed bone was found in the sham control 
group (Figure 4A). The Lane and Sandhu radiological score 
in the ADBM-100 group (5.34±1.32) was significantly higher 
than that of the control group (0.97±0.28). This was further 
demonstrated by H&E staining (Figure 4B). The bone defect 
area of the sham control group was filled with fibrous tissue; 
however, newly formed bone was observed in the bone de-
fect area of the ADBM-100 group. The Lane and Sandhu his-
tological score in the ADBM-100 group (6.98±1.44) was sig-
nificantly higher than that of the control group (1.46±0.58).

Discussion

The present study explored the novel synthetic hydrogel car-
rier alginate for the delivery of DBM particles. Composites 
were fabricated with DBM particles that were homogeneous-
ly dispersed within biodegradable alginate hydrogel. First, the 
physiochemical characteristics of the composites were inves-
tigated. SEM demonstrated that macro-scale pores were om-
nipresent and DBM particles were uniformly scattered in the 
composites with various amounts of DBM and 1 mL alginate. 
As the concentration of DBM particles increased in the com-
posite, the pore area and swelling ratio decreased because 
the DBM particles partially occupied the pore area formed 
by the alginate. Alginate is gaining significance, particular-
ly as a bone tissue biomaterial, owing to its biocompatibility 
and gel-forming properties. To date, several composites such 
as alginate-protein [20], alginate-bone morphogenetic pro-
tein-2 [21], alginate-polymer [22], alginate-ceramic [23], algi-
nate-bioglass [24], and alginate-biosilica [25] composites have 
been investigated. These alginate composites show improved 

biochemical properties including biocompatibility, cell prolif-
eration and adhesion, porosity, mechanical strength, alkaline 
phosphatase enhancement, excellent mineralization, and os-
teogenic differentiation [26].

Moreover, the elastic modulus significantly increases with an 
increased concentration of DBM particles in the composites. 
These features are advantageous for MSC attachment a in 
3-dimensional cell culture, as well as in substance transport 
and diffusion. In the present study, as the concentration of 
DBM particles increased in the composite, the pore area de-
creased. DMB is mainly composed of collagen and is sensitive 
to collagenase, whereas alginate is insensitive to collagenase; 
this characteristic causes the gradual acceleration of the deg-
radation rate of ADBM composites as DBM content increases. 
Thus, ADBM composites are degradable, which is the key fea-
ture for DBM delivery. Further, ADBM composites have a low 
degradation rate in PBS solution. This suggests that, in physi-
ological conditions, the hydrolysis rate of the ADBM compos-
ites is low where various enzymes are present. Furthermore, 
its in vitro degradation and pore size allow the diffusion of 
BMPs. Therefore, alginate hydrogel may be a potential carri-
er of DBM particles. The ADBM-100 composite was the most 
favorable option for further in vitro and in vivo studies, based 
on its degradation rate, pore size, elastic modulus, and swell-
ing properties.

To further investigate biomedical function in the present study, 
the MTT assay was performed; no cytotoxicity of ADBM or al-
ginate on MSCs was observed. Compared with the control 
group, ADBM and DBM particles induced osteogenic forma-
tion on MSCs and ectopic implantation, indicating that the es-
tablished methods for composite preparation maintained the 
bioactivity of the DBM particles. Moreover, cell culture with 
ADBM-100 showed greater osteogenic potential, as evidenced 
by the upregulation of ALP activity, the OD value of calcium 
deposits in ARS staining, and the mRNA expression level of 
marker genes compared with only DBM particles. Additionally, 
ectopic bone formation in our in vivo study revealed the great-
er osteoinductivity of the ADBM composites compared to only 
DBM particles, as evidenced by X-ray and histological exam-
inations. Ultimately, ADBM composites maintained a high-
er level of osteogenic bioactivity than DBM particles alone. 
Furthermore, the osteoinduction of the composites was dem-
onstrated by the cranial defect model study.

The following factors may contribute to the intended effects 
of in vitro and in vivo experiments. First, when delivered by 
an alginate 3-dimensional scaffold, composites are enriched 
by an interconnected porous structure and maximum surface 
area to interact with the humoral substance and target cells. 
This specific spatial structure is beneficial to the attachment 
of cells, infiltration of substance from the surrounding tissue, 
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and diffusion of BMPs to implantation sites. BMPs are respon-
sible for bone formation during bone regeneration and remod-
eling [27]. Owing to their osteoinductive action, BMP-2 and 
BMP-7 have been used in a range of insurmountable treat-
ments where intervention of efficient bone regeneration is de-
manded. Additionally, bioengineering and biopharmaceutical 
research suggest that a good understanding of the relation-
ship between delivery conditions and the stability of BMPs is 
a prerequisite for effective treatments [28]. Second, the spe-
cific carrying characteristic of alginate prevents the DBM parti-
cles from migrating from graft sites. In general, for orthopedic 
surgeons, structural stability is important to restore stability 
and promote healing at the fracture site [29]. Local structur-
al stability is essential for the formation of new cartilage and 
ossification. Additionally, application of DBM powder is lim-
ited by difficulties with handling and molding; however, as 
demonstrated by the present in vivo study, the ADBM com-
posites facilitated implantation into rat bone defects. Finally, 
as an excellent inert carrier, alginate rarely causes inflamma-
tion around the graft sites, ensuring a favorable physiological 
environment for bone formation.

Conclusions

The present study represents a novel application of a synthetic 
alginate hydrogel for the delivery of DBM particles. The delivery 
system maintains a higher level of osteogenic bioactivity than 
DBM particles alone, owing to its specific spatial structure and 
advantages in handling and shaping. We also demonstrated 
that ADBM composites can promote ectopic osteogenesis in 
vivo. In conclusion, ADBM composites are a new potential op-
tion in bone tissue engineering for the treatment of bone de-
fects. There is also potential for the use of ADBM composites 
with stem cell transplantation in other fields.
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