
Injectable gel graft for bone defect repair

Although bone autograft implantation is rou-
tinely used to heal critical bone defects due to its 
osteoconductive and osteogenic properties, heal-
ing bone defects caused by trauma, tumors, or 
developmental and congenital causes still remains 
a major concern in reconstructive surgery. Long-
term outcome in craniofacial reconstruction 
using autologous bone grafts is unreliable because 
of bone resorption. In addition, decreased spon-
taneous bone healing capacity of children aged 
2–10 years poses significant difficulties due to 
lack of enough autologous bone volume [1,2]. Lim-
ited graft quantity and donor site morbidity have 
intensified and instigated the development of 
improved methods for bone regeneration. There-
fore, the use of scaffolds for cells and growth fac-
tor delivery has drawn a considerable amount of 
interest in bone restoration. There are various 
materials such as cement pastes, osteoconduc-
tive and osteoinductive biomaterials, and prefab-
ricated polymers that have been investigated for 
craniofacial reconstruction and augmentation. 
Ideally, the scaffold for bone regeneration should 
be biocompatible, osteoconductive and osteoin-
ductive, nonimmunogenic, and mechanically 
strong while maintaining its elasticity [3].

Calcium phosphate cements offer several 
advantages such as ease of placement using 
injections, ability to withstand compression and 
formation of chemical bonds with bone [4–6]. 
However, previous studies have shown that 
cell migration and remodeling of this scaffold 
after long periods is minimal, resulting in poor 

assimilation into bone. Other complications 
include disintegration of material due to menin-
geal pulsatile forces, suggesting its inability to 
withstand dynamic shear force. Demineralized 
bone matrix allografts implanted using various 
carriers such as glycerol (Grafton; Osteotech, 
CA, USA) have been studied and have shown 
evidence of healing of critical size defects in as 
little as 12 weeks [7]. Similarly, InterGro (Biomet, 
IN, USA), a demineralized bone matrix/lecithin 
composite has been discovered to possess opti-
mized osteoinductive properties in a previous 
study [8]. Nonetheless, these materials are non-
settable and display weak mechanical proper-
ties. Hence, they do not provide any immediate 
protection to the brain [7].

A promising alternative to autografting is 
BMP‑2, which induces osteogenesis to repair 
bone defects and serves as the basis for tis-
sue engineering. Absorbable collagen sponges 
soaked with recombinant human BMP‑2 have 
been approved for clinical use in spinal fusion 
(INFUSE® bone graft; Medtronic, MN, USA). 
However, incorporation of BMP‑2 into the car-
rier has numerous shortcomings including rapid 
clearance from the implant site and degradation 
by the proteolytic enzymes in the body [9]. The 
initial burst in BMP‑2 has also made it difficult 
to maintain treatment efficiently throughout the 
period of tissue regeneration. Therefore, consid-
erable efforts have been focused on the develop
ment of a controllable release system, which 
provides sustainable delivery during the period 
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of healing and tissue regeneration without com-
promising its bioactive properties. Different types 
of carrier materials have been explored to increase 
the therapeutic efficacy by regulating the release 
of BMP‑2 and its bioavailability [10]. For instance, 
incorporation of BMP‑2 into biomimetic calcium 
phosphate coatings and hydroxyapatite-formed 
titanium surfaces [8,11], chemical crosslinking 
with scaffolds [12], and immobilization onto 
membrane surfaces such as chitosan nanofibers 
[10] are among several techniques investigated. 
Overall, all of the studied methods for combin-
ing BMP‑2 with a carrier are mostly physical, 
the affinity of these delivery systems to the area 
of repair is limited, and they are inadequate 
for long-term control delivery [13].

Previous studies from our laboratory showed 
that enzymatically crosslinked BMP‑2 to col-
lagen scaffolds and hydrogels could control its 
release without diminishing its biological activity 
[14,15]. Hence, the aim of this study is to examine 
the efficacy of such crosslinked BMP‑2 hydro-
gels in rat cranial defect models. An ideal mate-
rial for addressing craniofacial defect repair can 
conform to irregular shapes, rapidly solidify for 
provisional scaffolding, and assist tissue regenera-
tion by active growth factors [7]. In our previous 
study, we demonstrated that transglutaminase 
(Tg)–Gel as a biocompatible and biodegradable 
natural polymer could be used as an injectable 
cell delivery system for wound healing applica-
tions [14]. Moreover, we substantiated that BMP‑2 
is bound to gelatin by site-specific crosslinking 
with Tg, where BMP‑2 activity could be con-
trolled through cellular digestive enzymes [15]. 
The use of such a gel as a bone graft proffers 
several advantages over the preformed solid scaf-
folds, which include the capacity to fill irregular 
defects, the flexibility in incorporating growth 
factors and/or cells, and the ease of placement 
on involved bone. Therefore, in this study, we 
evaluated the ability of an injectable collagen-
based BMP‑2–Tg–Gel and tested the composite 
gel graft for bone repair. The kinetics of BMP‑2 
activity regulated through collagenase diges-
tion in  vitro and autocrine/paracrine matrix 
metalloproteinase (MMP) action in vivo were 
also studied.

Materials & methods
�� Materials & reagents

BMP‑2 of a stock concentration of 100 ng/µl 
was obtained from R&D Systems (MN, USA) 
and stored at -80°C until use. Unless otherwise 
stated, all chemicals and reagents were purchased 
from Sigma-Aldrich (MO, USA).

Microbial Tg from Streptomyces mobaraense 
was obtained from Ajinomoto (Japan), and it 
was further purified with SP Sepharose Fast 
Flow beads (Sigma-Aldrich) as described [14,15]. 
Tg activity was titrated by the o‑phthaldialde-
hyde assay by using casein as a substrate [16], and 
protein concentration was tested by the Brad-
ford method (Bio-Rad, CA, USA) [17] utilizing 
bovine serum albumin as a standard.
Gelatin Type B 225 Bloom (Sigma-Aldrich) 
was dissolved and autoclaved in distilled water 
to make 15% gelatin stock. 15% gelatin stock 
solution was then diluted with 2× phosphate-
buffered saline (PBS) to make 7.5% gelatin 
and stored at 4°C until use. BMP‑2 with a final 
concentration of 2000 ng/ml was mixed with 
gelatin, with or without 12 U/ml Tg crosslinking 
to create Tg-crosslinked gelatin gel with BMP‑2 
(BMP‑2–Tg–Gel) and a BMP‑2/gelatin blend, 
respectively.

�� Cell culture
Mouse C2C12 myoblast cells (American Type 
Culture Collection [ATCC], VA, USA) and 
mouse NIH 3T3 fibroblast cells (ATCC) were 
cultured in high glucose DMEM (Mediatech, 
VA, USA) supplemented with 10% (v/v) fetal 
bovine serum (Lonza, MD, USA) and 1% (v/v) 
penicillin–streptomycin (Mediatech) at 37°C 
in a humidified atmosphere of 5% CO

2
. The 

medium was changed every 2–3  days. Cells 
were subcultured when they reached 70% con-
fluence using 0.25% trypsin and 0.02% EDTA 
solution.

�� C2C12 cell-based ALP activity assay
BMP‑2 activity was measured by using the 
method, as described in [15,18]. Briefly, gelatin 
or BMP‑2/gelatin blend or BMP‑2–Tg–Gel was 
applied to the transwell inserted in a 24-well 
cell culture plate seeded with 5 × 105 C2C12 
cells/well. Following the 48 h of coincubation 
at 37°C, the cell lysate was collected by wash-
ing the cells with PBS and homogenizing the 
cells with buffer solution (0.1% Triton X-100 
in 1× PBS). After three freeze–thaw cycles, 
ALP activity was quantified by using p-NPP as 
a substrate (Pierce, IL, USA). The absorbance 
at 405 nm was measured by a multiplate reader 
(Molecular Devices, CA, USA) after 30 min 
of incubation at 37°C. The ALP activity was 
specified as an arbitrary unit of ALP absorb-
ance. For tethered BMP‑2, BMP‑2 was released 
from Tg–Gel by adding 5 U/ml Type II micro-
bial collagenase for 60 min (Worthington, NJ, 
USA) before the ALP activity test.
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�� MMP gelatinolytic zymography assay
MMP expression was assayed from cell culture 
conditional medium by gelatin zymography [15]. 
The cell-cultured medium was changed 24 h 
prior to the predetermined time points into a 
serum-free medium. The conditional medium 
was collected and stored at -20°C until assayed. 
Zymographic activities were revealed by 10% 
gelatin gel (Bio-Rad).

�� Autocrine reactivation of BMP‑2
Cells that were able to induce spontaneous BMP‑2 
activation were tested by coculturing C2C12 cells 
in gel tethered with BMP‑2. C2C12 cells were 
detached using 0.25% trypsin and 0.02% EDTA 
to obtain a single-cell suspension, and then sus-
pended in Tg–Gel or BMP‑2–Tg–Gel at a cell 
density of 3 × 105 cells/ml. 100 µl of the gel–cell 
mixture was pipetted into each well of a 48-well 
cell culture plate. The encapsulated cells were 
cultured for 2, 4, 6, 9 and 11 days at 37°C in a 
humidified atmosphere of 5% CO

2
. The intracel-

lular ALP activity of the cell–gel constructs was 
quantified by the C2C12 cell-based ALP activity 
assay to procure the bioactivity of BMP‑2.

�� Paracrine reactivation of BMP‑2
NIH 3T3 cells were used to assess the response 
of the MMPs to BMP‑2–Tg–Gel. A total of 
4.5 × 104 NIH 3T3 cells/ml was seeded into 
each well of a 96‑well cell culture plate; 200 µl 
complete medium was used on day 0 for cell 
attachment. Subsequently, 100 µl of the cul-
tured medium was replaced by Tg-crosslinked 
3% gel tethered with 6 ng/µl BMP‑2. The cell 
culture medium of NIH 3T3 cells incubated 
with BMP‑2–Tg–Gel was harvested daily and 
stored at -20°C until being further examined. 
The accumulated samples underwent a MMP 
gelatinolytic zymography assay and a C2C12 
cell-based ALP activity assay to determine 
the presence of MMP and BMP‑2 activity, 
respectively.

�� In vitro calvaria bone defect model
Calvaria parietal bones were dissected from the 
heads of 4‑day-old C57BL/6 mice. Throughout 
circular defects of 1.0 mm in diameter were cre-
ated in the parietal bones using a skin puncher. 
The parietal bones were categorized into three 
groups: group I was empty (control), group II 
with insertion of Tg–Gel, and group III with 
insertion of 100  ng of BMP‑2 tethered with 
Tg–Gel (BMP‑2–Tg–Gel). A total of 20  µl 
of insertion was pipetted to fill the defect site 
accordingly. The induced bone defect models 

were cultured with the concave side faced down-
ward in a six‑well cell culture plate containing 
complete medium at 37°C in a humidified 
atmosphere of 5% CO

2
 for 12 days. The cell 

culture medium was changed every 2 days.

�� In vivo cranial defect repair with 
BMP‑2–Tg–Gel
All animals used in this study followed the proto-
cols that were approved by the Institutional Ani-
mal Care and Use Committees (IACUC) of the 
University of Southern California (CA, USA).

Para-calvaria models
Twenty-four 2‑month-old Fischer-344 rats 
(National Cancer Institute, MD, USA) were 
randomly divided into four groups with different 
scaffold constructions. Group I consisted of gela-
tin only, group II consisted of Tg–Gel, group III 
comprised 1 µg of BMP‑2 mixed with 100 µl of 
gelatin and group IV comprised 1 µg of BMP‑2 
tethered with 100 µl of Tg–Gel. Each animal was 
infused with 100 µl of the prepared gel by using 
a G-27 needle subcutaneously injected over the 
parietal bone of the calvaria. The rats were eutha-
nized 28 days after commencing the injections 
and the calvarial bones were removed for histo-
logical study. The removed calvarial bones were 
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Figure 1. Induced ALP activity associated with various gel and/or BMP‑2 
preparations. BMP‑2 served as a positive control and gelatin served as a negative 
control for ALP activity induced by BMP‑2. BMP‑2/gelatin blend denotes BMP‑2 
mixed with the gel but without any Tg crosslinking, and BMP‑2–Tg–Gel indicates 
BMP‑2 tethered with gel crosslinked with Tg where BMP‑2 remained in a bound 
state. Released BMP‑2 represents BMP‑2 activity released by bacterial collagenase 
from BMP‑2–Tg–Gel (n = 4). Data are expressed as mean ± standard deviation. 
*p < 0.01. 
BMP‑2–Tg–Gel: Transglutaminase-crosslinked gelatin gel with BMP‑2; NS: Not 
significant; Tg: Transglutaminase. 
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fixed, decalcified, and sectioned for hematoxylin 
and eosin (H&E) staining.

Cranial defect models
Twelve 2‑month-old Fisher-344 rats were ran-
domly divided into three groups: Tg–Gel (con-
trol); 200 ng of tethered BMP‑2; and 500 ng of 
tethered BMP‑2 mixture. The cranial defect was 
created by using a specially manufactured drill 
bit, which included a lip to restrict the depth of 
the circular cutting to create a circular opening 
of 5 mm in diameter in the skull of each rat. A 
total of 100 µl of the prepared scaffold mixture 
was applied to the defect site by using a G-27 
needle, and the skin incision was closed with a 
4-0 Vicryl suture (Ethicon, NJ, USA). The rats 
were euthanized 14 days after commencing the 
injections, and the calvarial bones were removed 
for x‑ray imaging and histological evaluation. 
The removed calvarial bones were fixed, decal-
cified and sectioned for H&E. Faxitron images 

were analyzed and calculated by ImageJ software 
(NIH, MD, USA).

�� Statistical analysis
Data were expressed as mean ± standard devia-
tion for easier comparison. The Student’s t-test 
was performed to examine the difference between 
the in  vivo cranial defect models. Statistical 
significance was set at p < 0.05 in all analyses.

Results
�� Tethered BMP‑2 activity in gel graft

BMP‑2 activity in a gel microenvironment, with 
or without Tg, was tested by using the C2C12 
cell-based ALP activity assay as shown in Figure 1. 
Without Tg crosslinking, the 7.5% type B gelatin 
solidified within 60 min at room temperature, 
and subsequently dissolved in 2 h when incubated 
in culture medium at 37°C. Under these condi-
tions, full BMP‑2 activity was released (Figure 1, 
BMP‑2/gelatin blend) within 2 h of incubation. 
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Figure 2. Tethered BMP‑2 reactivation as a result of autocrine MMP‑2 secretion by C2C12 cells. (A) Reactivated BMP‑2 activity 
from BMP‑2–Tg–Gel by a C2C12-derived proteinase. Cell membrane associated with ALP activity was tested by harvesting the cells at 
predetermined time periods (days 2, 4, 6, 9 and 11; n = 4). Data are expressed as mean ± standard deviation. (B) Gelatin zymograph 
showed native MMP‑2 secretion from C2C12 cells grown in gel for 2, 4, 6, 9 and 11 days. (C) Cell morphology with or without tethered 
BMP‑2 gel on days 0 and 11. 
*p < 0.01. 
BMP‑2–Tg–Gel: Transglutaminase-crosslinked gelatin gel with BMP‑2; std: Standard; Tg–Gel: Transglutaminase-crosslinked gelatin gel.

Regen. Med. (2014) 9(1)44 future science group



Injectable gel graft for bone defect repair Research Article

By contrast, when Tg was used to crosslink the gel 
with BMP‑2, the gel solidified within 20 min at 
room temperature and remained in the gelation 
state for more than 48 h at 37°C. Less than 10% 
of the BMP‑2 activity (Figure 1, BMP‑2–Tg–Gel) 
was detected, indicating that there was little to no 
BMP‑2 leakage. However, when collagenase was 
used to digest the gelatin, the full tethered BMP‑2 
activity was released (Figure 1, released BMP‑2), 
which approximately equalled the level released 
by the positive control (Figure 1, BMP‑2).

�� Tethered BMP‑2 reactivation by 
autocrine MMP
C2C12 cells were selected to study BMP‑2 reacti-
vation via autocrine fashion based on the follow-
ing facts: C2C12 cells are BMP‑2 reporter cells 
and they are able to express MMP‑2 when grown 
in a 3D gel environment [15]. Moreover, C2C12 is 
a premyoblast cell whose ALP expression is close 
to baseline levels without BMP stimulation. How-
ever, the question of whether autocrine MMP 
expression by C2C12 can activate tethered BMP‑2 
remained unclear. In this study, C2C12 cells were 
embedded in BMP‑2–Tg–Gel and were allowed 
to culture for a total of 11 days. The resulting ALP 
activity is shown in Figure 2. The encapsulated cells 
in the BMP‑2–Tg–Gel microenvironment dem-
onstrated higher BMP‑2 activity than those cells 
loaded in Tg–Gel (Figure 2A). In addition, a gradual 
increase in MMP‑2 along with an increase in ALP 
activity over time was observed (Figure 2A & 2B). 
This suggested that the cellular MMP activity 
may serve as a cell-controllable switch to turn on 
tethered BMP‑2 in a Tg–Gel system. The cells 
in the BMP‑2–Tg–Gel tended to aggregate and 
further substantiate cell differentiation from a 
single rounded cell to an extended branch net-
work (Figure 2C). However, more rounded cells and 
relatively less elongated cells were found in the 
Tg–Gel without BMP‑2.

�� Tethered BMP‑2 paracrine activation
NIH 3T3 cells were chosen to test if neighboring 
cells such as fibroblasts would reactivate tethered 
BMP‑2 due to their ability to release MMPs in 
response to their surrounding environment [19,20]. 
As shown in Figure 3, the NIH 3T3 cells produced 
MMP‑2 and MMP‑9 when they were incubated 
with the BMP‑2–Tg–Gel (Figure 3A). Moreover, 
the tethered BMP‑2 releasing rate (as a function 
of ALP activity) increased with the NIH 3T3 cells 
incubation time from day 1 to 4. The BMP‑2 
activity declined on the fifth day, which might 
be due to degradation or digestion of BMP‑2 
over a prolonged culture period. Furthermore, 

the BMP‑2–Tg–Gel group exhibited higher ALP 
activity than the Tg–Gel group indicating that 
surrounding cells might be involved in aiding the 
reactivation of tethered BMP‑2 (Figure 3B). Scru-
tinizing these data and observations, the teth-
ered BMP‑2 in the bone graft might be activated 
through the environmental cells in a paracrine 
fashion.

�� Ex vivo repair model
The phase contrast images of the induced 1.0‑mm 
murine calvaria defects treated with either vehi-
cle (control) or Tg–Gel, with or without tethered 
BMP‑2 for 6 and 12 days, are shown in Figure 4. 
The defects without any gel application remained 
wide open on days 6 and 12, with few cells grow-
ing toward the central hole at day 12 (Figure 4A–D). 
However, improved results were obtained when 
using Tg–Gel as a scaffold (Figure  4E–H), with 
some of the cells at the edge of the defect starting 
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Figure 3. Reactivation of the tethered BMP‑2 in transglutaminase-
crosslinked gelatin gel by NIH 3T3 cells. (A) Gelatin zymograph showed native 
MMP‑2 and MMP‑9 secretion from NIH 3T3 cells for days 1–5. MMP‑2 and MMP‑9 
have the molecular weight of 72 and 92 kDa, respectively. (B) ALP activity was 
tested by harvesting the cell culture medium of NIH 3T3 that was incubated with 
BMP‑2–Tg–Gel on days 1–5. C2C12 cells were exposed to each medium for 48 h at 
37°C before the ALP activity assay (n = 4). Data are expressed as mean ± standard 
deviation. 
*p < 0.05; **p < 0.01.  
BMP‑2–Tg–Gel: Transglutaminase-crosslinked gelatin gel with BMP‑2; 
Tg–Gel: Transglutaminase-crosslinked gelatin gel.
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to grow inward. The cells reached the center of 
the defect by day  12. Importantly, a striking 
contrast was observed in the defect treated with 
BMP‑2–Tg–Gel. At day 6, the cells grew from the 
edge toward the center uniformly. Moreover, the 
cells traveled significantly further to the center of 
the defect than the Tg–Gel group, where half of 
the defects were covered with cells and soft tissues. 
By day 12, the cells and the dense extracellular 
matrix shielded the entire defect (Figure 4I–L).

�� Bone formation in the cranial 
overlay model
Animals were euthanized 28  days after sub
cutaneous injection of 100  µl of various gel 

preparations over the calvaria. A semiquantitative 
histological score scale was used to evaluate new 
bone formation and gel contour, as shown in 
Figure 5. Gelatin without Tg crosslinking com-
pletely dissolved at the injection site after 28 days, 
and no new bone formation was visualized regard-
less of the concentration of BMP‑2, as depicted 
in Figure 5 (group I and III), indicating that rapid 
diffusion of BMP‑2 and degradation of scaffold 
failed to induce bone formation. When gelatin 
was crosslinked with Tg (Figure 5, group II), the 
gel contour on the top of the calvaria was still well 
preserved after 4 weeks. Furthermore, infiltration 
of fibroblasts, inflammation cells and neovessel 
invasion were observed. A small area of new bone 
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Figure 4. Bone repair through gel constructs in calvaria bone organ culture model. Phase contrast images of 1.0‑mm defects on 
days 6 and 12 of various treatments. Empty served as a negative control without any gel. A total of 20 µl of assigned gel construct was 
applied to each calvaria defect placed at the bottom of a 24-well cell culture plate accordingly. Images (A, C, E, G, I & K) were 
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BMP‑2–Tg–Gel: Transglutaminase-crosslinked gelatin gel with BMP‑2; Tg–Gel: Transglutaminase-crosslinked gelatin gel.
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was formed inside the gel graft adjacent to the 
bony calvaria, indicating Tg–Gel is an osteo
conductive scaffold. In group IV, BMP‑2–Tg–Gel 
induced new bone formation within the contour 
of the gel graft and approximately 80% of the gel 
graft was replaced by mature bone after 4 weeks 
(Figure 5, group IV). In addition, blood vessels 
were found evenly scattered throughout the new 
bone area and the remaining remodeled gel edge 
was lined up with the osteoblasts.

�� Bone repair in the cranial 
defect model
Finally, bony defect repairs by injectable bone 
grafts were tested in rat cranial defect models. 
100 µl of the injectable bone graft was applied by 
syringe delivery to the cranial bone defect area. 
The gel bone graft covered the defect without 
diffusion or migration, possibly owing to the 
additional crosslinking reaction between the 
gel and collagenous tissues at the defect site. In 
Figure 6, x‑ray imaging revealed that there was lit-
tle bone formation in the control group (Tg–Gel 
without BMP‑2) 14  days after bone grafting 
(Figure 6A). Furthermore, obvious bone formation 
was observed in the tethered BMP‑2 test arms 
(Figure 6A). ImageJ demonstrated that the area of 
new bone formation depended on the concentra-
tion of the tethered BMP‑2 (Figure 6B, 0 vs 200 ng, 
p < 0.05; 200 vs 500 ng, p < 0.01). H&E exami-
nation (as shown in Figure 7) revealed new bone 
formation within the defect with the greatest 
observed in the 500 ng BMP‑2–Tg–Gel group 
and lowest in the control group. The area of new 
bone formation in the 200 ng BMP‑2–Tg–Gel 
group (Figure 7B & 7E) was greater than those in 
the Tg–Gel group (Figure 7A & 7D), yet smaller than 
the area in the 500 ng BMP‑2–Tg–Gel group 
(Figure 7C & 7F). Moreover, new bone area was not 
only observed adjacent to the calvarial bone, but 
also in the center of the Tg–Gel. There was little 
bone formation visualized in the control group 
(Figure 7A & 7D), but its position near the edge of the 
defect reveals that Tg–Gel is an osteoconductive 
scaffold.

Discussion
BMP‑2 is essential for initiating fracture healing 
[21], as well as for osteoinduction of dural pericytes 
in calvarial defect models [22]. However, obsta-
cles such as high cost, short retention time, and 
side effects caused by the large amount of BMP‑2 
required to promote osteogenesis have limited its 
widespread use. It has been demonstrated that a 
prolonged presence of BMPs within the defect 
site is desirable for bone regeneration [23]. BMP‑2 
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Figure 5. Comparison of bone formation with different gel constructs in 
the cranial overlay models. After 28 days of subcutaneous injection, explants 
underwent histology evaluation. Hematoxylin and eosin staining was performed 
for group I (gelatin), group II (transglutaminase-crosslinked gelatin gel), group III 
(gelatin/BMP‑2 blend) and group IV (transglutaminase-crosslinked gelatin gel with 
BMP‑2). The right panels (400×) demonstrate higher magnification images of the 
boxed sections in the left panels (40×). These were taken to better visualize the 
new tissue formation. The higher magnification images of group II and IV show 
tissue ingrowth into the scaffold, while group I and III demonstrated no bone 
regeneration.  
-: No bone; +: 1–25% bone; ++++: 75–100% bone; Tg: Transglutaminase.
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released from gelatin alone or other ceramic scaf-
folds produces a large initial burst, resulting in an 
imbalanced release of BMP‑2 [12]. In this study, 
we introduced Tg–Gel, which regulated the 
release of BMP-2 and promoted bone reconstruc-
tion in the induced cranial defect models. We 
also demonstrated that BMP‑2–Tg–Gel could be 
administered in a semiliquid form to fit any defect 
and solidified to serve as a tissue regeneration and 
remodeling scaffold.

Gelatin is able to be readily transform from 
solid phase to liquid phase or vice versa repeatedly. 
The flexible thermal transformative property of 
the gel allows it to be easily injected into defects 
of any size and shape. However, the mechani-
cal property of gelatin itself is relatively weak. 
Thus, it is important to develop a material that 
has a higher solidification rate, is thermally and 
mechanically stable under physiological condi-
tions, and has a controllable degradation rate 
in vivo [5,24]. In our study, the 7.5% gelatin took 
approximately 1 h to solidify at room temperature 
and 2 h for it to return to liquid state at 37°C. 
By using Tg as an enzymatic crosslinking agent, 
we were able to covalently bind the gel’s e-amino 
group of lysine and g-carboxamide group of glu-
tamine to produce a biocompatible and physi-
ologically robust cellular scaffold [25–27]. Tg took 
approximately 30 min to crosslink with the gel, 

which was considerably faster than the gelatin 
without any crosslinking. Once the crosslinked 
gel solidified, the gel remained intact without 
degradation for the entire 4 weeks of our in vivo 
test period and the shape of the gel was well pre-
served. The demonstrated characteristic of the 
Tg–Gel as a scaffold is crucial in supporting the 
defect site until the bone is fully restored. In addi-
tion, the injectable Tg–Gel reduces the need for 
handling and minimizes the invasive procedures 
needed as opposed to conventional autograft or 
allograft implantations.

The effects of BMP‑2 are concentration 
dependent. Due to the rapid local clearance and 
short biological half-life of BMP‑2, its clinical 
application is not always cost effective [28]. High 
dose application of BMP‑2 has been used to 
address this problem; yet, this invariably leads to 
undesirable effects. Previous studies showed that 
high dosage or continuous injection of BMP‑2 
could exacerbate the quality of the bone forma-
tion and its mechanical properties while inducing 
abnormal structure [29]. Moreover, adverse clini-
cal effects such as seromas, cyst-like bone forma-
tion, significant soft tissue swelling, stimulation 
of bone resorption, heterotopic and excessive bone 
formation, and nerve cell reaction in unintended 
areas have also been identified [15,29–31]. Therefore, 
several groups [8,28,30], including our laboratory, 
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Figure 6. Bone repair in cranial defect models. After 14 days of subcutaneous injection, x‑ray images of calvaria bone repair were 
captured for the 12 rat models. (A) Faxitron images of bone repair at the defect site 14 days after the administration of tethered BMP‑2 
(0, 200 and 500 ng). (B) New bone area was analyzed and calculated using ImageJ software (NIH, MD, USA). Data are expressed as 
mean ± standard deviation. 
*p < 0.05; **p < 0.01. 
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have devoted extensive efforts to improve the 
delivery of BMP‑2. Protein conjugation is one of 
the many approaches to control the activity of 
proteins and prolong their half-life. Fontana et al. 
demonstrated that Tg could be used to protect the 
cleavage site from proteolysis through covalent 
linkage between peptides [32]. In some proteins, 
the sites of Tg reaction are also the sites of proteol-
ysis, and thus, the bonds formed by the Tg are not 
cleavable or digestible by any known enzymes [32]. 
This has suggested that a reaction method could 
be incorporated into our system to prevent pro-
teolysis when the sites are occupied. Previously, 
Sato et. al. bound alkylamine derivatives of poly-
ethylene glycol to IL‑2 and discovered that this 
extended the half-life of IL‑2 to approximately 
four-times the half-life of the unbound IL‑2 [33].

We took advantage of the fact that BMP‑2 
has endogenous reactive sites for Tg to bind to, 
allowing it to be tethered onto a suitable reac-
tive scaffold such as gelatin [15,34]. In our previ-
ous study [15], we showed that the osteoinductive 
potential of high BMP‑2 doses could be regulated 
by tethering it with a degradable matrix through 
enzymatic crosslinking. The tethering of BMP‑2 
to the Tg–Gel not only prevented its initial burst 
release, but also allowed the BMP‑2 bioactivity 
to be controlled by cell–material interaction. The 
amount of initial burst of BMP‑2 detected in the 
BMP‑2–Tg–Gel (10% of the total amount of 
BMP‑2) was insignificant when compared with 
the BMP‑2/gelatin blend, where gelatin alone 
as the BMP‑2 carrier exhibited an initial burst 

release of more than 80% of the total amount of 
BMP‑2 [12]. The trivial initial burst observed in 
our study might be due to the diffusion of free-
state BMP‑2 from the Tg–Gel right after injec-
tion. The small amount of untethered BMP‑2 
may be crucial in triggering the repair cascade at 
the beginning of the healing state, but the optimal 
dosage requires further examination. The major-
ity of the BMP‑2 tethered to the Tg remained in 
its latent state until it was activated by proteinases 
secreted from the cells. It is worth noting that 
the dosage of BMP‑2 used in this animal study is 
less than the required amount for similar animal 
models, where 5–40 µg of BMP‑2 is needed for 
effective bridging of the defect [29,35]. However, 
we substantiated that less than 1 µg of BMP‑2 
was sufficient to promote bone repair in our study.

This study demonstrated that the Tg–Gel itself 
was an osteoconductive graft, and it enhanced 
bone formation in the rat calvaria overlay and the 
cranial defect models when tethered with BMP‑2. 
The Tg–Gel crosslinked with BMP‑2 prolonged 
the persistence of the BMP‑2 locally to allow 
the osteoprogenitor cells to migrate to the target 
site and differentiate into osteoblasts. With the 
aid of the Tg–Gel, the de-activated BMP‑2 was 
slowly released by the proteinase action through 
both autocrine and paracrine pathways at the 
repair site.

Conclusion
It has become evident that an adjuvant material 
for repairing genetic or accidental bone defects 
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Figure 7. Osteoinductivity of transglutaminase-crosslinked gelatin gel with BMP‑2 in vivo 
cranial defect models. A total of 14 days after grafting, explants underwent histology evaluation 
(arrow indicates bone defect edge, * indicates new bone formation). Hematoxylin and eosin staining 
was performed for group (A) transglutaminase-crosslinked gelatin gel (Tg–Gel), (B) Tg–Gel + 200 ng 
BMP‑2 and (C) Tg–Gel + 500 ng BMP‑2 (magnification: 20×). Bone formation and tissue 
reorganization in the boxed areas of (A–C) are shown with higher magnification in (D–F), respectively.
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needs to mimic the physiological environment 
to support and control the release of the growth 
factors to amplify the regenerative capacity. 
Nonetheless, there are two key aspects that must 
to be taken into consideration for fabricating a 
practical physiological scaffold: chemical signals, 
such as growth factors and cytokines, which are 
crucial for tissue repair; and mechanosignals, 
such as stress and strain, which are important 
adjuvants for material design. We believe that we 
have begun to successfully address some of these 
important parameters.

Future perspective
BMP‑2 has been known to induce bone forma-
tion. However, BMP‑2 without tethering with any 
scaffold produces a large initial burst which has 
limited its widespread use in healing bone defects. 
Moreover, the high concentrations of BMP at the 
defect sites cause adverse effects. To circumvent 
such limited functionality or vitality, BMP‑2 can 
be crosslinked with Tg–Gel. This allows for a con-
trollable release of BMP‑2, avoids the initial burst 
and prolongs the half-life of BMP‑2. Although 
this chemical signal (BMP‑2) demonstrated bone 
formation, mechanical signals play a vital role 
in influencing cell behavior. Therefore, further 

evaluation of the material properties including 
stiffness, pore size, and degradation rate and the 
synergetic effects of mechanical and chemical sig-
nals are warranted for optimally mimicking the 
physiological microenvironment of the target site.
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Executive summary

Controlling BMP‑2 activity

�� Controlling BMP‑2 activity was critical for bone reconstruction.

�� This study demonstrated that BMP‑2 tethered to a gelatin gel by using transglutaminase (Tg) as a crosslinking agent controlled its activity 
and prolonged its half-life.

�� The tethered BMP‑2 could be reactivated through autocrine and paracrine pathways.

�� The reactivated BMP‑2 was measured by the presence of matrix metalloproteinase proteins.

Bone formation in vitro & in vivo

�� Tg-crosslinked gelatin gel (Tg–Gel) with its osteoconductive properties was capable of promoting bone formation.

�� Tg–Gel with BMP‑2 (BMP‑2–Tg–Gel) induced greater bone formation throughout the experiment compared with BMP‑2 and Tg–Gel alone.

�� Less than 1 µg of BMP‑2 was sufficient to induce new bone formation in rat animal models.

Injectable drug delivery system for bone defects

�� BMP‑2–Tg–Gel as an injectable drug delivery system may provide minimally invasive surgical procedures in treating irregularly shaped bone 
defects (e.g., cranial defects).

�� The BMP‑2–Tg–Gel introduced in this study demonstrated promising results and may be an alternative approach for the treatment of 
critical bone defects.
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