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Abstract

Background: Stem cell-based bone tissue engineering shows promise for bone repair but faces some challenges,
such as insufficient osteogenesis and limited architecture flexibility of the cell-delivery scaffold.

Methods: In this study, we first used lentiviral constructs to transduce ex vivo human bone marrow-derived stem cells
with human bone morphogenetic protein-2 (BMP-2) gene (BMP-hBMSCs). We then introduced these cells into a
hydrogel scaffold using an advanced visible light-based projection stereolithography (VL-PSL) technology, which is
compatible with concomitant cell encapsulation and amenable to computer-aided architectural design, to fabricate
scaffolds fitting local physical and structural variations in different bones and defects.

Results: The results showed that the BMP-hBMSCs encapsulated within the scaffolds had high viability with sustained
BMP-2 gene expression and differentiated toward an osteogenic lineage without the supplement of additional BMP-2
protein. In vivo bone formation efficacy was further assessed using an intramuscular implantation model in severe
combined immunodeficiency (SCID) mice. Microcomputed tomography (micro-CT) imaging indicated rapid bone
formation by the BMP-hBMSC-laden constructs as early as 14 days post-implantation. Histological examination revealed
a mature trabecular bone structure with considerable vascularization. Through tracking of the implanted cells, we also
found that BMP-hBMSC were directly involved in the new bone formation.

Conclusions: The robust, self-driven osteogenic capability and computer-designed architecture of the construct
developed in this study should have potential applications for customized clinical repair of large bone defects or
non-unions.

Keywords: Osteogenesis, Bone tissue engineering, Bone formation, 3D bioprinting, Gene therapy, Ex vivo gene
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Background
Large bone defects, fracture-delayed unions, and non-
unions constitute 10–15% of bone fractures reported in
the USA annually [1] and are normally not repaired by
the body, thus representing a major clinical challenge.
For example, scaphoid and osteoporotic fractures, which
are common in the elderly population, are difficult to
completely heal and are often accompanied by pain or
prolonged hospitalization [2, 3]. Autologous bone graft
procedures have been considered as the “gold standard”
for nonunion fractures [4, 5], which however cause
donor site morbidity and are greatly restricted by tissue
availability [6].
Research advances in tissue engineering, involving a

combination of cells, biomaterial scaffolds, and signal-
ing molecules [7–9], have shown its potential in enhan-
cing bone healing without the use of native bone tissue
[10, 11]. Owing to their osteogenic capability upon
stimulation, relative ease of isolation, low immunogen-
icity, and lack of ethical controversial [12], mesenchy-
mal stem cells (MSCs) isolated from various adult
tissues have been tested in different animal models as a
promising cell type for bone repair, including femoral
defects [13, 14], mandibular defects [15–17], and tibial
defects [18, 19]. Scientific consensus indicates that effi-
cient osteogenesis of MSCs requires the sustained
stimulation by osteo-inductive biofactors, such as bone
morphogenetic protein-2 (BMP-2) [20]. BMP-2 is a
member of the transforming growth factor-β superfamily
and promotes bone formation by directing MSC diffe-
rentiation into osteoblasts/osteocytes, which produce the
requisite extracellular matrix of bone tissues [21–23].
Human recombinant human BMP-2 (rhBMP-2) is
currently approved by the US Food and Drug Administra-
tion (FDA) for clinical uses such as spine infusion. How-
ever, the application of BMP-2 protein still poses some
challenges, such as its short half-life and rapid systemic
clearance by the bloodstream in vivo [24], while successful
bone formation requires long-term active osteoinduction
or osteoconduction [25, 26]. To maintain a high concen-
tration of BMP-2 for extended periods of time at the
defect site, a large dose of BMP-2 protein is often applied
at the beginning, which is costly and might cause side
effects, such as edema, ectopic bone formation, and nerve
root irritation [27].
Currently, there are two major ways to overcome this

issue: (1) controlled release through physical binding/
trapping of BMP-2 protein within the delivery vehicles
[28] or (2) gene transfer-based genetic engineering of
cells with the BMP-2 gene [29]. For example, rhBMP-2
was encapsulated in poly (lactic-co-glycolic acid) (PLGA)
microparticles, with a sustained release profile of over 5
weeks, to bridge a rat critical cranial defect [30]. A gel-
atin hydrogel has also been used to trap rhBMP-2,

resulting in sustained release and uniform bone forma-
tion [31]. Controlled release technology, however, usu-
ally requires relatively complex material modifications or
fabrication and may not be able to retain the full bio-
activity of the BMP-2 released in the late period. In view
of the benefits of viral vectors, including long-term, effi-
cient gene transfer and relatively low cost [32], we and
other research groups have introduced BMP-2 gene into
cells, through in vivo [33, 34] and ex vivo [35, 36] gene
transfer, to accelerate bone healing. Compared to BMP-2
protein delivery, ex vivo gene transfer approach has been
proved to be more efficient in maintaining the BMP-2
concentration and bioactivity without the need of a large
initial dose, with the potential of promoting faster and
more efficient bone formation at the defect site.
To deliver and localize growth factors into large bone

defects and nonunion sites, scaffolds are often utilized as
the carrier and as the support for local tissue regene-
ration. Ideal scaffolds not only support cell growth and
differentiation, but also have functionality as a template
for effective bone healing [9, 37]. Because of the physical
and structural variations in different bones and defects,
regenerative scaffolds must offer flexible design capabil-
ities to replicate or compensate for the local tissue ana-
tomy. To meet this requirement, one method is to employ
medical imaging of the lesion and surrounding tissues or
three-dimensional (3D) models as a design template for
bone scaffold fabrication. We recently developed a live-
cell fabrication technology using visible-light-based pro-
jection stereolithography (VL-PSL), which was capable of
producing solid or porous scaffolds with desired archi-
tecture [38]. In addition, the procedure allowed live cells
to be incorporated in to the monomer solution and thus
encapsulated within the engineered scaffolds during the
fabrication procedure, without an additional cell-seeding
step. The cells were uniformly distributed throughout the
scaffolds, instead of being located primarily on the scaffold
surface, and should thus promote more complete tissue
repair. However, the poly (ethylene glycol) diacrylate
(PEGDA) used was not readily biodegradable, and the
naïve MSCs showed limited bone formation ability with-
out sustained osteogenic stimulation [39, 40].
In this study, we fabricated bony constructs that pos-

sessed sustained and self-driven osteogenic capability, as
well as a customized geometry and architecture. In this
process, as schematized in Fig. 1a, human bone marrow-
derived MSCs (hBMSCs) that had been transduced with
a lenti-BMP-2 construct were encapsulated within a gel-
atin-based scaffold using VL-PSL technology. Gelatin
was employed here as the biomaterial because it is
biocompatible and biodegradable, supplies cell-binding
ligands, and supports bone formation [41–43]. We
hypothesized that the ex vivo BMP-2 gene-transduced
hBMSCs could be uniformly distributed throughout the
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VL-PSL-fabricated scaffolds and would sustainably
express BMP-2 gene to drive hBMSC osteogenesis and
efficient bone formation in vivo without the addition of
exogenous BMP-2 protein. The extent of bone formation
was estimated based on alkaline phosphatase (ALP)
activity, gene expression analysis by real-time poly-
merase chain reaction (real-time PCR), osteocalcin im-
munohistochemistry (IHC), histological staining, and
microcomputed tomography (micro-CT) imaging. Our
findings showed rapid bone formation in vitro and in
vivo by the bone constructs fabricated with designed
geometry and architecture by this novel procedure,
suggesting its potential application for clinical repair of
large bone defects or non-union.

Methods
All chemicals used in this study were purchased from
Sigma-Aldrich (St. Louis, MO) unless otherwise stated.

Preparation of materials for visible-light projection
stereolithography (VL-PSL)
The photoinitiator lithium phenyl-2,4,6-trimethylbenzoyl
phosphinate (LAP), with absorbance ranging from ultra-
violet (210 nm) to visible (500 nm) light, was synthesized
as described by Fairbanks et al. [44]. Methacrylated
gelatin (mGL) was synthesized according to a procedure
previously described with slight modification [45, 46].
Briefly, gelatin (15 g) was dissolved in 500ml of deion-
ized H2O at 37 °C, and 15ml of methacrylic anhydride
(MA) was then added. The mixture was placed in a
37 °C shaker at 110 rpm for 24 h and then dialyzed for 4
days against deionized H2O (2000 NMWCO dialysis
tubing, Sigma-Aldrich). After lyophilization, the mGL
sponge was stored in a desiccator protected from light.
The methacrylation efficiency of mGL was ~ 80% [46].

BMP-2 gene transduction of human BMSCs (BMP-hBMSCs)
hBMSCs were isolated from human bone marrow
obtained from the femoral heads of a patient (60-year-
old male) undergoing total hip arthroplasty with

Institutional Review Board approval (University of
Washington and University of Pittsburgh). The hBMSC
isolation and culture followed a standard procedure in
our laboratory. hBMSCs were cultured in hBMSC
growth medium (GM, α-MEM containing 10% fetal
bovine serum (FBS, Invitrogen, Carlsbad, CA), 1% anti-
biotic-antimycotic, and 1.5 ng/ml FGF-2 (RayBiotech,
Norcross, GA)). Once 70 to 80% confluence was
reached, cells were passaged or cryopreserved. hBMSCs
were validated as capable of colony formation and osteo-
genic, adipogenic, and chondrogenic differentiation upon
stimulation (data not shown). All experiments were
performed with passage 3 (P3) hBMSCs. As shown in
Fig. 1b, a lentiviral construct carrying both human BMP-
2 and enhanced green fluorescent protein (eGFP) genes
driven by human cytomegalovirus (CMV) immediate
early enhancer and promoter was designed for the
genetic engineering of hBMSCs. Lentiviral preparations
were manufactured through four-plasmid DNA co-
transfection system according to our published protocol
[47]. The titer of the lentiviral preparation was estimated
by limiting dilution to be around 5 × 106 infectious units
(i.u.)/ml of GFP reporter. We transduced hBMSCs with
the BMP-2 lentiviral construct (multiplicity of infection
5) in the presence of Polybrene (8 μg/ml) for 10 h; the
transduced cells were further culture-expanded. Forty-
eight hours later, transduced cells were monitored to
determine the transfer efficiency of eGFP in living
hBMSCs under a fluorescence microscope.

Bone scaffold fabrication using VL-PSL
Live-cell scaffold fabrication using VL-PSL was performed
following our established, published protocol [38]. Briefly,
mGL was dissolved in Hank’s balanced salt solution
(HBSS, Invitrogen) at 10% (w/v), and the pH of the
solution was adjusted to 7.4 using 10N NaOH. While
protected from light, LAP was added to an mGL solution
at 0.6% (w/v) until dissolved completely. The final solution
was referred to as PSL solution. Lentiviral BMP-2-trans-
duced hBMSCs were pelleted and resuspended in PSL

Fig. 1 a Fabrication scheme of bone scaffold using VL-PLS, with simultaneous incorporation of lenti-BMP-2 vector-transduced hBMSCs. b
Structure of the BMP-2 lentiviral construct used in this study. CMV pro., cytomegalovirus promoter; HIV, human immunodeficiency virus; LTR, long-
terminal repeat. eGFP was used as the reporter
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solution at a final density of 2 × 106 cells/ml. The cell-
laden PSL solution was immediately poured into the base-
ment plate in the VL-PSL device, and live-cell gelatin
scaffolds were produced using a computer-aided design
(CAD)-derived 3D structure at default resolution
(Additional file 1: Figure S1). The fabrication of scaffolds
with 2mm height took approximately 30min. After VL-
PSL, the constructs were washed in HBSS twice and then
cultured in GM without FGF-2. This group was referred
to as “Gene.” As control, naïve constructs encapsulating
untransduced hBMSCs were fabricated using the same
condition but included 100 ng/ml BMP-2 during the fab-
rication process. This group was referred to as “Protein.”
The culture medium of both groups was changed at day 2
and day 7, and then every 3 days using GM without FGF-2
or BMP-2.

BMP-2 activity tested by ELISA and alkaline phosphatase
(ALP) staining
The BMP-2 protein in the medium of both the Protein
and Gene groups at day 7 was quantified using an ELISA
kit (R&D, Minneapolis, MN), following the manufacturer’s
instructions. At day 14, ALP activity in both groups was
analyzed by direct ALP staining with the Leukocyte Alka-
line Phosphatase Kit (86R, Sigma) following the manufac-
turer’s instructions. Briefly, the cultured constructs were
removed from the culture medium, immersed in the stain-
ing solution, and returned to the incubator for 1 h. The
staining of whole constructs or cells was imaged using a
DSL camera (T3i, Cannon, Japan) or a microscope
(CKX41, Olympus, Japan) equipped with a color camera
(DFC321, Leica, Germany).

Real-time RT-PCR
Total RNA was extracted using TRIzol reagent (Invitro-
gen, Carlsbad, CA) following the standard protocol and
purified with the RNeasy Plus Mini Kit (Qiagen, Hilden,
Germany). A SuperScript III kit (Invitrogen, Carlsbad,
CA) was utilized to complete the reverse transcription
with random hexamer primer. Real-time RT-PCR was
performed using a StepOnePlus thermocycler (Applied
Biosystems, Foster City, CA) and SYBR Green Reaction
Mix (Applied Biosystems). The expression of osteogenic
marker genes, including osteocalcin (OCN) and bone
sialoprotein II (BSP II), was analyzed. The 18S transcript
level was used as an endogenous control, and gene ex-
pression fold changes were calculated using the com-
parative CT (ΔΔCT) method.

Mechanical testing
Constructs from the Protein or the Gene groups at days
0 or 56 post-fabrication were tested under 10% uniaxial,
unconfined compression in an electromechanical tester
with a 250-g load cell (ElectroForce 3200, Bose, Eden

Prairie, MN). The construct cylinders (5 mm D× 2mm
H) were placed between stainless steel disks and pre-
loaded to 0.6 g. The samples were subjected to 10%
strain applied at room temperature using a constant rate
(0.05%/s). Compressive moduli of constructs were deter-
mined from the slope of force versus displacement plots.

Immunohistochemistry (IHC)
After 28 days of culture, cells within the scaffolds were
fixed in formalin (10% phosphate buffer, Fisher Scien-
tific) and characterized by IHC for the expression of
OCN. Heat-mediated antigen retrieval was performed
with sodium citrate buffer (pH 6.0) for 20 min at 95 °C.
Endogenous peroxidase was blocked with 3% H2O2 in
methanol for 10 min, and nonspecific binding was
suppressed with 1% horse serum in PBS for 45 min.
Following antigen retrieval and blocking, the samples
were incubated with rabbit anti-OCN primary antibody
(1:200) (Abcam ab93876, Cambridge, MA) or an isotype
control antibody (Abcam) overnight at 4 °C, followed by
30min of incubation with horse anti-rabbit biotinylated
secondary antibodies (Vector Laboratories, Burlingame,
CA). Staining was developed by incubating the samples
with horseradish peroxidase-conjugated streptavidin
(Vector Laboratories) and treating the samples with the
Vector® NovaRED™ peroxidase substrate (Vector Labora-
tories). Following IHC, the samples were counterstained
with hematoxylin, dehydrated, mounted, and cover-
slipped, and images were captured with an Olympus
CKX41 microscope (Center Valley, PA).

Animal and scaffold intramuscular implantation
To evaluate in vivo bone formation, the bioactive scaf-
folds (the Protein or the Gene groups, 4 samples per
group) were individually implanted intramuscularly in
both hindlimbs in 2-month-old severe combined
immunodeficiency (SCID)/J mice (Jackson Laboratory,
Bar Harbor, ME) using an Institutional Animal Care and
Use Committee (IACUC)-approved protocol (15014817).
The experiment was conducted in conformity with the
“Guiding Principles for Research Involving Animals and
Human Beings” as adopted by The American Physio-
logical Society. Mice were randomly assigned to each
group. After 56 days, the mice were sacrificed, and
samples were collected as follows: (a) One sample ran-
domly from each group was fixed in formalin for histo-
logical analysis; (b) Three samples from each group were
put in PBS for immediate mechanical testing and then
placed in 1 N HCl for calcium quantitation.
In addition to assessment of bone formation, we also

examined if the transplanted BMP-hBMSCs could directly
contribute to the formation of bone tissues. Since only
samples in Gene group could form bone, four constructs
from this group were implanted intramuscularly. After 14
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or 28 days, samples were collected for histology analysis.
For tracking of BMP-hBMSC distribution in the newly
form tissues, an eGFP antibody was used (Abcam) with
the same IHC procedure described above.

Micro-CT imaging
Ectopic bone formation, including morphology and
mineralization, was monitored using micro-CT by
means of a Scanco vivaCT 40 system (Wayne, PA) at 14,
28, and 56 days post-implantation. Before the imaging
procedure, mice were anesthetized (3% isoflurane by
inhalation for maintenance) and allowed to recover
before returning to the housing room.

Mechanical test
The mechanical properties of samples after 56 days of
implantation were assessed using a material testing
instrument (3200 Electroforce, Bose, MA) over a span of
8 mm at a cross-head displacement rate of 0.05 mm/sec-
ond, as shown in Additional file 1: Figure S2A. Load-dis-
placement curves were recorded, and peak forces were
determined.

Calcium quantitation
The samples were immersed in 1 ml of 1 N HCl and
then ground into small pieces using a plastic pestle in
1.5-ml microcentrifuge tubes. After 3 days, undissolved
tissues were pelleted by centrifugation at 12,000g for 10
min. The calcium concentration in the supernatant was
then measured using a Calcium Colorimetric Assay Kit
(Abnova, Taiwan).

Histological analysis
After 56 days of intramuscular implantation, samples were
fixed for 1 week and then decalcified for 1 h in a formic
acid decalcifier (Immunocal, Decal Chemical Corporation,
Tallman, NY). Decalcified samples were washed, dehy-
drated, embedded in paraffin and sectioned. Half of the
samples were stained with hematoxylin and eosin (H&E)
using a standard protocol. OCN IHC was performed as
described before.

Statistical analysis
Data are presented as the mean ± standard deviation
(SD). Two-tailed Student’s t test was used for determin-
ing the statistical significance of two-group comparisons.
At least three samples from each group were evaluated
for all in vitro and in vivo experimental analyses.

Results
Efficiency of VL-PSL scaffold fabrication
As shown in Fig. 1a, VL-PSL was utilized to fabricate
gelatin scaffolds that not only possessed a customized
geometry and architecture but also containing

encapsulated BMP-hBMSCs. The lentiviral BMP-2 con-
struct included a human BMP-2 gene cassette followed by
an eGFP reporter gene cassette. Both cassettes were driven
by the CMV promoter, separately (Fig. 1b). eGFP gene
expression allowed the detection of BMP-hBMSCs within
the scaffolds and the assessment of gene transduction effi-
ciency. Additional file 1: Figure S3 shows the same area
under phase and fluorescence microscopy, showing lenti-
BMP-2-transduced hBMSCs cultured on tissue culture
plastic (TCP). The transduction efficiency was estimated
to be approximately 65–70% at 1 week after transduction
based on the ratio of eGFP-positive cells. No cytotoxicity
was observed during the transduction process, as demon-
strated by cell viability assessed by means of ethidium ho-
modimer-1 (EthD-1) staining, as well as cell proliferation
quantified using the CellTiter 96 Aqueous Cell Pro-
liferation Assay on day 7 (data not shown).

Activity of secreted BMP-2 and osteogenic gene
expression of hBMSCs in 2D culture
The activity state of the BMP-2 produced by BMP-
hBMSCs was evaluated by examining the level of osteo-
genesis stimulation in hBMSC cultures, based on histo-
chemical assessment of ALP activity. As shown in
Additional file 1: Figure S4A, BMP-hBMSCs showed
high ALP activity, as indicated by strong blue staining,
while naïve hBMSCs had no visible staining. The expres-
sion of genes related to osteogenesis, such as OCN and
BSP II, in BMP-hBMSCs also showed a dramatic
increase (Additional file 1: Figure S4B). Taken together,
these results showed that the BMP-2 produced by BMP-
hBMSCs was bioactive and able to drive hBMSCs
efficiently toward osteogenic differentiation.

Bone scaffold fabrication using VL-PSL
Constructs were next fabricated with BMP-hBMSCs
incorporated into gelatin scaffolds using VL-PSL with
different architectures (Additional file 1: Figure S1). Using
our VL-PSL apparatus, the resolution could be as low as
70 μm, and the maximum dimension of scaffold was up to
90mm× 75mm× 100mm (L ×W×H). In this study, we
used scaffolds with a cylindrical shape (5mm D× 2mm
H), which could be manipulated readily for different tests
and quantitative analyses. As control, constructs were also
fabricated with naïve hBMSCs incorporated into gelatin
scaffolds using VL-PSL, with the addition of BMP-2
protein (0.1 μg/ml). We used “Gene” and “Protein” to
designate the scaffolds loaded with BMP-hBMSCs or
naïve hBMSCs with BMP-2 protein, respectively. The
morphology of infected hBMSCs within scaffold after VL-
PSL was shown in Additional file 1: Figure S5.
Some of the 3D samples were cultured in growth

medium for in vitro analysis, and the rest of samples
were implanted into the muscle of severe combined
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immunodeficiency (SCID) mice for in vivo bone forma-
tion assessment.

BMP-2 production and osteogenesis of hBMSCs within
VL-PSL-fabricated constructs
After 3 days of in vitro culture, the VL-PSL fabricated
constructs loaded with cells in the Gene or Protein
group were placed in the fresh growth medium for
another 5 days. The level of BMP-2 in the medium on
day 8 and day 56, collected as medium in a 5-day culture
period, was quantified using ELISA for BMP-2. As
shown in Fig. 2a, after 5 days of culture, the BMP-2 con-
centration in the Gene group was 32 ng/ml, which was
higher than the dose (10 ng/ml) reported to be required
for the induction of hBMSC osteogenesis [48]. The
BMP-2 concentration in the Protein group was < 0.5 ng/
ml at the same time point, considerably lower than its
initial concentration (100 ng/ml) or the concentration in
the Gene group at same time point, as a result of release
from the scaffold as well as dilution after the medium
changes. As expected, significantly higher expression
levels of the osteogenic genes, including OCN and BSP
II, were detected in the hBMSCs in the Gene groups
than those in the Protein group (Fig. 2b).
Interestingly, hBMSCs in the Protein group within the

3D scaffold had higher expression of OCN and BSP II
than those grown on 2D tissue culture plastic (TCP, data
not shown), suggesting that short exposure to BMP-2
and 3D gelatin scaffold culture was able to facilitate
hBMSC osteogenesis to some extent. After 56 days of
culture, the concentration of BMP-2 that accumulated
for 5 days in the Gene group in the culture medium was
measured to be 24 ng/ml, which was lower than that at
the beginning but still higher than the effective concen-
tration (10 ng/ml) needed for osteogenesis [48]. BMP-2
was not detectable in the Protein group at this time.
Consistent with the observed levels of BMP-2 gene

expression, continuous eGFP gene expression was also
observed in BMP-hBMSCs encapsulated within scaf-
folds. As shown in Additional file 1: Figure S6, strong
eGFP expression remained detectable in the BMP-
hBMSCs within the scaffolds at day 56.
In vitro osteogenesis was also assessed by ALP staining

and OCN IHC. As shown in Fig. 3a, the hBMSCs in the
Gene group showed substantially more intense staining
than those in the Protein group, suggesting higher ALP
expression. OCN IHC revealed OCN deposition in the
constructs in the Gene group (Fig. 3b). In contrast, OCN-
positive staining was sparse within the scaffolds in the
Protein group (the control), indicating poor osteogenesis
after 14 days of culture. Mechanical testing results pro-
vided further support. Immediately after fabrication, the
constructs of the Gene and Protein groups had similar
compressive modulus, with no significant difference
(Fig. 2c). However, after 56 days of in vitro culture, the
Gene group constructs were significantly stronger, attain-
ing a compressive modulus of 42.5 kPa, compared to 13.4
kPa at the beginning of culture. In contrast, the stiffness
of the constructs of the Protein group did not change
substantially (14.2 kPa) and was significantly lower than
that of the Gene group. In summary, hBMSCs that had
been transduced with the BMP-2 gene exhibited high level
of BMP-2 production within the VL-PSL-fabricated
gelatin scaffolds, and this high level of expression resulted
in sustained osteogenesis of the encapsulated hBMSCs
without the addition of exogenous BMP-2 protein.

In vivo bone formation
In vivo bone formation ability of the hBMSC-laden
constructs was assessed by intramuscular implantation
into SCID mice. Freshly fabricated constructs of the
Gene or the Protein group were inserted into the
hindlimb muscle pocket of SCID mice. At 14, 28, and
56 days post-operation, the mice were anesthetized and

Fig. 2 Bioactive BMP-2 produced by encapsulated BMP-hBMSCs promoted hBMSC osteogenesis. a BMP-2 concentration in the medium from the
culture with the constructs from the Protein and Gene groups. Day 8 and Day 56 were the medium collection times. (n = 3). b Relative
osteogenic gene expression in hBMSCs in the Protein and Gene groups. All data were normalized to the Protein group. (n = 3). c Compressive
moduli of constructs from different groups at different time. (n = 4). **p < 0.05
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underwent micro-CT imaging of both implantation sites
(Fig. 4a). Detectable mineralized areas in the BMP-
hBMSC constructs were seen as early as day 14, suggest-
ing rapid bone formation in the Gene group. With time,
the new tissue became dense and more calcified. At day
56, the whole construct was completely ossified. There-
fore, all samples were collected for analysis at this time
point. In the control, consisting of similar implantation
of a naïve cell/BMP-2 protein-laden construct, no sign
of ossification was observed, which could be due to the
low level of BMP-2 protein retained in the scaffolds,
resulting from both the short half-life of BMP-2 and
rapid systemic clearance by the bloodstream. As shown
in Fig. 4b, the bone volume in the Gene group was
11.69 ± 0.41 mm3 at 14 days, subsequently reduced
somewhat (6.89 ± 0.25 mm3 at 28 days), and then con-
tinuously increased to 11.8 ± 0.85 mm3 at 56 days. As
expected, the bone density increased concomitantly and
gradually with time, from 230.60 ± 0.28 to 338 ± 35.25
and then 417.12 ± 21.41 mg hydroxyapatite (HA)/ccm.
Additionally, in comparison, as shown in Fig. 5a, the
scaffolds of the Protein group maintained their struc-
ture and transparency after 56 days of in vivo implant-
ation. In contrast, in the Gene group, the implanted
constructs were no longer transparent. Importantly, the
constructs maintained the cylindrical shape without ir-
regular ossification outside, suggesting that most of the
ossification happened within the constructs.
The mechanical properties of the implants were then

analyzed. Additional file 1: Figure S2 shows the test
device (S2a) and typical force-displacement curves of

the Gene and the Protein groups in this test (S2b). The
highest force peaks were recorded (Fig. 5b). The Pro-
tein group showed much lower force than the Gene
group. The results were consistent with the calcium
quantitation data (Fig. 5c). The calcium density of the
Gene group was approximately 40 μg/μl, which was
higher than that in the mouse mandible bone (4.8 μg/
μl) [49]. New bone formation after 56 days of implant-
ation in vivo was further characterized by histological
analysis. In the Protein group, only spongy structures
were observed without bony tissue or any OCN-posi-
tive area (Fig. 6a and b, top panel). In the Gene group,
new bone formation and OCN-positive staining were
observed over a wide area from the edges to the center
of the constructs. Many osteocytes were found in the
interior of the new bone (Fig. 6a, b, bottom panel,
arrows).
In a separate implantation study, we further investi-

gated whether the grafted BMP-hBMSCs were directly
involved in new bone formation beyond supplying
BMP-2 by performing GFP IHC. As shown in Fig. 7a,
BMP-hBMSCs were highly enriched in the early bone
tissue area after 14 days. Most of these BMP-hBMSCs
surrounded the bone tissues but some were clearly
observed in the center, indicating the engraftment of
hBMSCs. At day 28, the area of bone tissues in-
creased, and GFP-positive regions were still seen
throughout the tissues (Fig. 7b). We also noticed
some GFP-negative bone tissues, which suggested that
these tissues originated from host cells. In summary,
BMP-hBMSCs not only produced BMP-2 to drive

Fig. 3 Scaffolds encapsulating BMP-hBMSCs showed much higher ALP activity and OCN deposition in the matrix. a ALP staining of the constructs
in the Protein and Gene groups after 14 days of culture. The purple staining indicated the presence of ALP. b OCN deposition was detected by
IHC in both groups after 14 days of culture. The brown staining, indicated by arrows, indicates OCN-positive deposition. Bar = 100 μm
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osteogenesis but also directly contributed to new
bone formation by host cells.

Discussion
Large bone defects and non-unions require bioactive
constructs that not only match the defect anatomy
structure but also drive sustained osteogenesis until
healing is complete. In this study, we employed a novel
VL-PSL technology to fabricate a structurally precise 3D
bone scaffold using 3D models/medical imaging as the
template and simultaneously incorporated hBMSCs that
had been modified ex vivo with a lentiviral BMP-2 con-
struct to promote efficient osteogenesis within the cell-
seeded scaffolds. The results showed efficient BMP-2
production in hBMSCs through the gene transfer
approach that led to rapid and high-yield osteogenesis in
vitro, as well as efficient ectopic bone formation
uniformly throughout the construct upon intramuscular
implantation in SCID mice.
The function of BMP-2 in promoting hBMSCs osteo-

genesis and bone regeneration has been widely tested in
different animal models and clinical trials [50]. It has
been reported that long-term BMP-2 activity within the

defect site promotes more efficient bone formation than
short-time activity [25, 51]. Therefore, stable, continu-
ous, local delivery of bioactive BMP-2 to the defect site
is critical for successful bone repair. Ex vivo gene trans-
fer is an attractive potential option because this
approach can result in BMP-2 production directly by the
transplanted cells, overcoming the requirement of
repeated BMP-2 admission or a complex protein delivery
technology, as well as eliminating potential immune
response caused by direct delivery of gene vectors in
vivo [52]. For the purpose of cell tracking and transfec-
tion efficiency assessment, we have designed a lentiviral
vector to co-express both BMP-2 and eGFP, as demon-
strated by the strong eGFP fluorescence signal in the
BMP-hBMSCs within the construct for 56 days (Add-
itional file 1: Figure S6).
Although applications of BMP-2-transduced hBMSCs

for bone repair have been reported [39, 53], cell-based
bone tissue engineering still needs to be further opti-
mized. Due to the strong osteo-inductive capability of
BMP-2, ex vivo transduced hBMSCs should not reach
other healthy sites, especially at the early stage when
high gene expression activity is high. Cell leakage from

Fig. 4 The micro-CT images and the bone volume and density of constructs at days 14, 28 and 56 days after implantation. a Representative
reconstituted 3D micro-CT imaging from two groups at different time points. b Direct bone volume and mean bone density of new bone tissues
in the Gene group at days 14, 28, and 56. (n = 4)
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the defect site will also decrease effective cell number,
thus impairing the regeneration effect. Therefore, a
hydrogel scaffold able to retain the cells in position until
the scaffolds degrade is desired. Among biodegradable
biomaterials, gelatin scaffolds in different forms have
been widely used because of their biocompatibility and
because of their mechanical and biodegradable charac-
teristics that represent a favorable microenvironment to
promote biochemically, structurally matched natural
bone healing [43]. On the basis of safety, gelatin has also
been used as a carrier to deliver BMP-2 protein to a
bone defect site [54]. Therefore, gelatin is a good vehicle
for comparing the effects of the protein delivery and in
vivo gene delivery strategy. As shown in Figs. 5 and 6,
the scaffolds in the Gene group resulted in robust bone
formation, as indicated by high bone density strictly
found to be restricted within the constructs without out-
side growth, thus minimizing the side effects caused by
bone formation outside of scaffolds. These results
strongly suggest that the bone scaffolds used in this
study maintain localized osteogenesis and bone forma-
tion within the construct, critical for the safety of tissue
engineering products.
To achieve successful and long-term bone repair,

structural and geometric matching of the biomaterial
scaffold is another critical requirement. For example, a
scaffold used for facial reconstitution or repair must
retain the desired, original geometry in order to main-
tain human identity. Replication of the precise bone
surface architecture after repair allows proper joint load
distributions for normal daily activity [55]. Additionally,
anatomic matching between grafts and host tissue will
greatly reduce the gap between the graft and host tis-
sues, and accelerate tissue fusion, critical for restoring
the function of injured tissues. Therefore, the process of
scaffold fabrication should ideally be capable of produ-
cing anatomically matched 3D scaffolds that fit the
defect site, using computerized design or medical
imaging, such as CT and magnetic resonance imaging
(MRI) [56]. With conventional fabrication technology, it
is very difficult or sometimes impossible to produce a
patient- or defect-specific bone scaffold, despite the
application of this technology in the engineering of a
variety of tissues [57]. Among the various modeling
methods, solid freeform fabrication (SFF) utilizes a com-
puter to complete the whole process, thus promising the
greatest ability to precisely control the geometry of bone
scaffolds. For example, Shek et al. used an SFF polypro-
pylene fumarate/TCP composite to fabricate a scaffold
that could be matched to a specific patient defect geo-
metry [58]. In the present study, we applied VL-PSL to
produce a structurally precise, standard cylindrical shape
to generate new bone constructs (Figs. 3, 4a, and 5a); in
future studies, we will examine the application of

Fig. 5 Constructs laden with lentiviral BMP-2-transduced hBMSCs
were stiffer and had more calcium deposition after 56 days of
implantation in vivo. a Macroscopic images showed new tissue
formation in the Gene group construct. Scale = 1 mm, whereas those
from the Protein Group remained morphologically unchanged. b
Stiffness test. Maximum peak force was considerably higher in the
Gene group constructs. (n = 3). c Total calcium content in the
constructs. Again, the Gene group showed considerably higher
calcium accumulation. (n = 3)
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medical imaging guided VL-PSL for other anatomically
specific bone tissue printing.
Another significant advantage of this technology is

that live cells were incorporated within the scaffolds, not
only on the surface, which is often observed when cells
are seeded onto scaffolds. Therefore, osteogenesis and
matrix remodeling can take place throughout the entire
structure of the scaffold, therefore not dependent on
migration and/or invasion of cells from the surface to
the inside. Such uniform cell distribution should dramat-
ically reduce the time of complete new bone formation,
especially within the depth of the scaffolds. As shown in
micro-CT imaging and H&E staining (Figs. 4a and 6),
bone formation (Gene group) in the center and margin
area occur almost simultaneously, which is very impor-
tant for uniform healing and proper bone function [24].

In this study, we have achieved approximately 70%
transduction efficiency of eGFP gene in the hBMSCs,
which is slightly lower than the efficiency observed in
rabbit BMSCs (90%) [59], but the transduced hBMSCs
produce significant quantities of BMP-2 up to 56 days,
shown to be sufficient to promote long-term osteogen-
esis of hBMSCs, without prior cell sorting via flow
cytometry. In comparison, the amount of BMP-2 found
in the medium in the Protein group was very low due to
early release from the scaffold and subsequent dilution
by culture medium change. Another consideration is
that the newly produced BMP-2 protein by the BMP-
hBMSCs is physically bound to gelatin protein, thus
resulting in its slow release, which has been exploited
for BMP-2 delivery in another study [31]. Interestingly,
the hBMSCs in the Protein group had enhanced

Fig. 7 BMP-2-transduced hBMSCs were directly involved in new bone formation. GFP immunostaining was used to track the BMP-hBMSCs. a
Fourteen days after implantation, massive engraftment of GFP-positive cells was seen not only on the edge of the new bone but also at the
center. b At day 28, more bone tissue and increased GFP-positive area were observed. GFP-negative bone tissues (indicated by an asterisk) were
also noticed, suggesting their origin from host cells. Bar = 200 μm

A B

Fig. 6 BMP-2-transduced hBMSCs promote bone formation in vivo after 56 days of implantation in vivo. a H&E staining. No bone tissue was
observed in the Protein group; in contrast, in the Gene group, bone tissues were observed at the margin and in the center area, suggesting
uniform bone formation throughout the scaffolds. b OCN IHC. Bone formation in the Gene group was further confirmed by strong OCN
deposition (brown), indicated by arrows. Bar = 200 μm. I, implanted scaffolds; M, muscle tissue
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osteogenic gene expression (Fig. 2b), indicating that the
encapsulated BMP-2 had already initiated the osteogen-
esis process, but because subsequent BMP-2 levels were
much lower in the Protein Group than the Gene group
at the same time point, the hBMSCs in the Protein
group were not able to form observable new bone. These
results further support the importance of long-term
BMP-2 activity in promoting bone formation [25].
The contribution of transplanted MSCs to the bone

formation process has been reported [60, 61]. In our
study, we observed BMP-hBMSCs localized within some,
but not all, bone tissues (Fig. 7). This finding agreed with
a previous report of a mixture of donor- and host-de-
rived cells in regenerated bone [61]. It is noteworthy that
a strongly eGFP-positive area was always present in the
more naïve bone tissues than in mature bones,
suggesting the critical role of BMP-hBMSCs during
osteogenesis. This phenomenon has also been seen in
other studies [60, 62]. This phenomenon is probably due
to the replacement of donor cells by host cells or to a
quiescent state of hBMSCs within the dense bone
matrix, or more likely induced osteogenesis of host cells
by the BMP-2 released by the BMP-hBMSCs.
There are some limitations in this study. For example,

the photocrosslinked gelatin scaffold has relatively poor
mechanical properties at the beginning (approximately
25 kPa compressive modulus), and the gel structure may
not be optimal for bone formation. We have recently
developed new biodegradable polymers made from poly-
D,L-lactic acid/polyethylene glycol/poly-D,L-lactic acid
(PDLLA-PEG), which had a compressive modulus up to
1.8MPa [63, 64]. We are currently testing the utility of
this novel biomaterial for bone tissue engineering. In
addition, in this study, an ectopic bone formation model
was used, which does not directly address the reparative
potential of the methodology. The successful outcomes
from this proof-of-concept study serve as the basis for
future studies on direct bone repair in vivo, including
the use of a larger animal model, such as rabbit.

Conclusion
In this study, we have utilized VL-PSL to fabricate gelatin
scaffolds laden with BMP-2-transduced hBMSCs, which
showed long-term BMP-2 production (up to 56 days) and
strongly promoted bone formation in vitro and in vivo.
This BMP-2-expressing, hBMSC-encapsulating VL-PSL
based construct is potentially applicable for the treatment
of large bone defects. The medical imaging-guided fabri-
cation capability of VL-PSL will further allow this bio-
active scaffold to precisely fit the desired local anatomical
structure. In further experiments, the repair capability of
this bioactive construct in vivo will be determined by
implantation in cranial or long bone defects.

Additional file

Additional file 1: Figure S1. Under computerized control, VL-PSL is
able to fabricate scaffolds with different geometries (A) and internal
architectures, such as a porous structure (B). Bar = 5 mm in (B). Figure S2.
Mechanical test. (A) The device for mechanical test. (B) Representative
force-displacement curve of the tested samples from the Gene and
Protein groups (in vivo study) in this test. Figure S3. hBMSC transduced
with a lentiviral BMP-2 and eGFP containing gene construct and
maintained in 2D culture. (A) Phase contrast microscopy; and (B)
Epifluorescence microscopy. Bar = 200 μm. Figure S4. ALP activity and
osteogenesis-associated gene expression in naïve hBMSCs (Control) and
lentiviral BMP-2 construct transduced hBMSCs (BMP-2). The latter showed
significantly higher ALP staining (A, purple) and enhanced OCN and BSP II
expression as measured by real-time PCR (B). Figure S5. 3D confocal
imaging of hBMSCs within scaffolds. hBMSCs (green) were infected with
Lentiviral-BMP-2-eGFP. Bar = 100 μm. Figure S6. Strong eGFP expression
in lentiviral BMP-2 transduced hBMSCs encapsulated in gelatin scaffolds
remained after 56 days in culture. Bar = 100 μm. (PDF 1824 kb)
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