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Co-transfection with BMP2
and FGF2 via chitosan
nanoparticles potentiates
osteogenesis in human
adipose-derived stromal
cells in vitro
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Abstract

Objective: To investigate if co-transfection of human bone morphogenetic protein 2 (BMP-2,

BMP2) and human fibroblast growth factor 2 (FGF2, FGF2) via chitosan nanoparticles promotes

osteogenesis in human adipose tissue-derived stem cells (ADSCs) in vitro.

Materials and Methods: Recombinant BMP2 and/or FGF2 expression vectors were con-

structed and packaged into chitosan nanoparticles. The chitosan nanoparticles were character-

ized by atomic force microscopy. Gene and protein expression levels of BMP-2 and FGF2 in

ADSCs in vitro were evaluated by real-time polymerase chain reaction (PCR), western blot, and

enzyme-linked immunosorbent assay. Osteocalcin (OCN) and bone sialoprotein (BSP) gene

expression were also evaluated by real-time PCR to assess osteogenesis.

Results: The prepared chitosan nanoparticles were spherical with a relatively homogenous size

distribution. The BMP2 and FGF2 vectors were successfully transfected into ADSCs. BMP-2 and

FGF2 mRNA and protein levels were significantly up-regulated in the co-transfection group

compared with the control group. OCN and BSP mRNA levels were also significantly increased

in the co-transfection group compared with cells transfected with BMP2 or FGF2 alone, suggest-

ing that co-transfection significantly enhanced osteogenesis.
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Conclusions: Co-transfection of human ADSCs with BMP2/FGF2 via chitosan nanoparticles

efficiently promotes the osteogenic properties of ADSCs in vitro.
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Introduction

Trauma, infection, and cancer can cause
bony defects, which can in turn lead to dys-
function and deformity, with an immense
impact on patient quality of life.1,2

Traditional therapy for bone defects is gen-
erally ineffective; however, gene therapy,
which aims to maintain local bone growth
factors at a therapeutic concentration, is a
promising method for boosting the healing
of bone defects.3 Other advantages of gene
therapy include the controlled release of
target gene products, thereby maximizing
local therapeutic effects and reducing sys-
temic side effects.4 However, various tech-
niques are available to deliver gene therapy,
and there is still a lack of consensus regard-
ing the optimal delivery system in the field
of bone repair.

Re-vascularization is a crucial part of
bone healing.5 Fibroblast growth factor 2
(FGF2, also known as basic FGF) is one
of the most effective factors stimulating the
migration and hyperplasia of capillary
endothelial cells, the formation of capillary
buds, and the secretion of plasminogen acti-
vators and collagenase.6 It also affects the
degradation of the extracellular matrix in
the wound,7 allowing capillaries to extend
into the wound. Bone morphogenetic pro-
teins (BMPs) are cytokines that have been
proven to induce bone differentiation and
are involved in osteogenesis. BMP-2 was
the first BMP shown to induce differentia-
tion towards cartilage and bone tissue

in vivo, and the local application of exoge-

nous BMP-2 protein or bone marrow-

derived mesenchymal stem cells (BMSCs)

transfected with the BMP-2 gene (BMP2)

was shown to aid the repair of bone

defects.8

Franceschi et al.9 found that the osteo-

genic potential could be significantly

improved by increasing expression levels

of BMP-2, -4, and -7 via adenovirus-

mediated transfection. Similarly,

Gromolak et al.10 found that in vitro treat-

ment of sheep BMSCs with FGF2 and

BMP-2 led to increased expression of osteo-

calcin (OCN) and collagen type I and a

series of osteogenic-related gene markers.

We hypothesized that co-expression of

FGF2 and BMP-2 via an effective gene

delivery system would enhance osteogene-

sis. Chitosan nanoparticles are a non-viral

gene-transfer technology that can transduce

multiple genes.11,12 We therefore evaluated

the in vitro osteogenic properties of human

adipose tissue-derived stem cells (ADSCs)

co-transfected with a BMP2/FGF2 dual-

gene system via chitosan nanoparticles.

Materials and Methods

Primary culture and identification of

human ADSCs

Fat tissue was extracted from the omental

fat of a healthy woman undergoing abdom-

inal surgery. ADSCs were isolated by type I
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collagenase digestion, as described by Peng

et al.13 Briefly, fatty tissues were separated

and washed in phosphate-buffered saline

(PBS), and cells were dissociated for 30

minutes with 0.75% type I collagenase

(1710001; Gibco, MA, USA) in

Dulbecco’s modified Eagle medium

(DMEM; Gibco). After digestion, the

digested cells were collected by centrifuga-

tion (4�C, 1000� g for 10 minutes) and sus-

pended in DMEM supplemented with 10%

fetal bovine serum (FBS; Gibco), 100 U/mL

penicillin, and 100 U/mL streptomycin

(Sigma, MO, USA) in a humidified atmo-

sphere containing 5% CO2 at 37�C. The

cells were grown to approximately 80%

confluence, digested with 0.25% pancreatic

enzyme/0.02% ethylenediaminetetraacetic

acid (EDTA) solution, and the reaction

was stopped with DMEM containing FBS

before passage. The study protocol was

approved by the Institutional Ethics

Committee of Sir Run Run Shaw

Hospital, Zhejiang University School of

Medicine. The patient provided written

consent for donating her fat tissues for

research purposes.
To identify ADSCs, adherent P3 cells

were harvested, washed, and suspended in

fluorescence-activated cell sorting (FACS)

buffer (Lonza, Basel, Switzerland). The

cells were then incubated with human Fc

block (564220, 1:10; BD Pharmingen, San

Jose, CA, USA) for 15 minutes at 4�C fol-

lowed by washing in FACS buffer

twice, and incubated with anti-CD45-

phycoerythrin, anti-CD31-allophycocyanin

(APC), anti-CD34-fluorescein isothiocya-

nate (FITC), anti-CD44-APC, anti-CD29-

FITC, and anti-CD105-APC for 45 minutes

at 4�C, respectively. All the antibodies were

purchased from BioLegend (San Diego,

CA, USA). The cells were finally washed

twice with FACS buffer and analyzed

using a DxFLEX Flow Cytometer

(Beckman Coulter Inc., Brea, CA, USA).

Construction of pEGFP-N2-hBMP-2/
pTagRFP-C-hFGF2 recombinant
expression vectors

Full-length human BMP2/FGF2 were
cloned by Shanghai Biological Engineering
Ltd. (Shanghai, China). The recovered gene
fragments were inserted into pEGFP-N2/
pTagRFP-C expression vectors (Genscript,
Hangzhou, China) (Figure 1) at a

Figure 1. Diagram showing structures of recom-
binant expression vectors for over-expression of
BMP2 and FGF2 in vitro. Schematic structures of
(a) pEGFP-N2-hBMP-2 and (b) pTagRFP-C-hFGF2.
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concentration ratio of 9:1 at 16�C for

8 hours using a Rapid DNA Ligation Kit

(Thermo Fisher Scientific, MA, USA),

according to the manufacturer’s instruc-

tions) and then transformed into competent

Escherichia coli JM 109 for amplification.

pEGFP-N2-hBMP-2/pTagRFP-C-hFGF2

recombinant plasmids were extracted from

E. coli JM109 using a Mini Plasmid

Purification Kit (Macherey-Nagel GmbH

& Co., Germany) according to the manu-

facturer’s instructions. Recombinant plas-

mid vectors were verified by double

restriction enzyme digestion: 1lg of recom-

binant plasmid was digested by Bgl II and

EcoR I at 37�C for 8 hours, and 5 lL of the

digestion product was analyzed by agarose

gel electrophoresis. Positive plasmids were

also sequenced by TaKaRa Biotechnology

Co., Ltd. (Dalian, China).

Construction of plasmid packaging

chitosan nanoparticles and transfection

The chitosan nanoparticles were prepared

largely according to the double emulsifica-

tion solvent evaporation method.14 Briefly,

two kinds of chitosan (448869; Sigma,

C8320; Solarbio, China) were dissolved in

1% acetic acid (0.3 mg/mL, final concentra-

tion) and 0.01 M NaOH solution was added

to adjust the pH to 5 to 6. The chitosan

solution was sterilized using a vacuum

filter (0.22 lm) (A solution). The con-

structed plasmids (containing FGF2 and

BMP2) were diluted in 100 lg/mL (B solu-

tion), and a 1:1 mixture of A and B solu-

tions (containing either single or dual genes)

was then used to obtain chitosan nanopar-

ticles containing either the individual genes

or both genes.
ADSCs were disseminated in 6-well

plates at a concentration of 106 cells per

well. After 12 to 20 hours, 50 mL chitosan

nanoparticles were added to the medium for

6 hours. The ADSCs were examined by

flow cytometry 48 hours after transfection
to evaluate the transfection efficiency.

Physicochemical characterization of
chitosan nanoparticles

Chitosan–plasmid nanoparticles were sub-
jected to 0.8% agarose gel electrophoresis
followed by ethidium bromide staining
and ultraviolet imaging. For morphological
observation, the chitosan-plasmid nanopar-
ticles were diluted 1:15 with 30mmol/L
Na2SO4, fixed on clean mica, and dried
with N2. The nanoparticles were then exam-
ined using an atomic force microscope
(SPI3800N, DI instrument Nanoscope 3D
Multimode SPM; Veeco, CA, USA) and
dynamic light scattering (Malvern
Instruments, Malvern, UK).

Real-time polymerase chain

reaction (PCR)

Total RNA was isolated from ADSCs and
reverse transcribed to cDNA using cDNA
Synthesis Kits (Takara, Tokyo, Japan)
according to the manufacturer’s instruc-
tions. PCR primers were designed using
Primer 5 software. The PCR primers
(Nanjing Sirui Technology Co. Ltd.) used
are listed in Table 1. Real-time PCR reac-
tions were carried out using the MultiGene
Gradient System (Labnet, NJ, USA) in a
96-well clear optical reaction plate with
optical adhesive covers. Reactions were
run in duplicate in 5 lL, including 2 lL of
cDNA solution and 3lL of a homemade
target-specific mix composed of 5/6
2�Power SYBR Green Master Mix
(Toyobo, Japan) and 1/6 100 mM primer
solution. The PCR program was: 95�C for
10 minutes, followed by 40 cycles of 15 s at
95�C, and 1 minute at 60�C. PCR was car-
ried out using a 7500 Fast Real-Time PCR
system, and the data were analyzed with
7500 software v2.0.1 (both Applied
Biosystems, Foster City, CA, USA).
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Enzyme-linked immunosorbent assay
(ELISA)

The concentrations of human BMP-2 and
FGF2 proteins in the supernatants of the
cultured ADSCs were detected by ELISA
(Invitrogen, MA, USA) according to the
manufacturer’s instructions.

Western blot analysis

ADSCs were collected in RIPA buffer (con-
taining 0.2% Triton X-100, 5mmol/L
EDTA, 1mmol/L phenylmethylsulfonyl
fluoride, 10 lg/mL leupeptin, 10 lg/mL
aprotinin, and 100mmol/L NaF and
2mmol/L Na3VO4) and lysed for 30 minutes
on ice. Protein concentrations were assayed
using a Bio-Rad protein kit (Hercules, CA,
USA). Equal amounts of sample per well
were loaded in a sodium dodecyl sulfate-
polyacrylamide gel. The proteins were
then transferred onto 0.45-lm pore-size
positively-charged polyvinylidene difluoride
membranes (Millipore, Germany) and
blocked with 5% dry milk in PBS with
0.1% Tween-20 at room temperature. The
blots were challenged with primary antibod-
ies in blocking solution overnight at 4�C,
washed three times with PBST (0.1%
Tween-20), and challenged with horseradish
peroxidase-conjugated goat anti-rabbit,
rabbit anti-goat, or mouse anti-mouse anti-
bodies, respectively, followed by detection
with an enhanced chemiluminescent substrate
(Pierce, Rockford, IL, USA). The primary
antibodies were mouse monoclonal anti-

BMP-2 (Abcam, Cambridge, MA, USA),
rabbit polyclonal anti-FGF2 (Abcam), or
mouse monoclonal anti-b-Actin (Santa Cruz
Biotechnology, Santa Cruz, CA, USA).

Cell Counting Kit-8 (CCK-8) and lactate
dehydrogenase (LDH) release assays

ADSCs were disseminated in 96-well plates at
a concentration of 2000 cells per well and then
transfected with BMP2 and/or FGF2. After
24 hours, the viability of the ADSCs and cyto-
toxic effects were determined using a CCK-
8 kit (Dojindo, Japan) and a LDH release
kit (Beyotime Institute of Biotechnology,
Jiangsu, China), respectively, according to
the manufacturer’s instructions.15,16

Statistical analysis

Data were analyzed using SPSS Statistics
for Windows, Version 19.0 (SPSS Inc.,
Armonk, NY: IBM Corp, USA). Data
were expressed as mean� standard error
of the mean. One-way ANOVA or two-
way repeated measures ANOVA was used
for multiple group comparisons. A proba-
bility of P< 0.05 was considered statistical-
ly significant.

Results

Physicochemical characterization of
chitosan nanoparticles

We characterized the physicochemical
properties of the chitosan nanoparticles

Table 1. Primer design for real-time polymerase chain reaction.

Gene Forward primer Reverse primer

BMP-2 CCAAGATGAACACAGCTGGTCACAGA CCCACGTCACTGAAGTCCACG

FGF2 GGAGAAGAGCGACCCTCACATCA GCCAGGTAACGGTTAGCACACACT

18S rRNA GACTCAACACGGGAAACCTCAC CCAGACAAATCGCTCCACCAAC

BSP CGAACAAGGCATAAACGGCACCA CTCCATTGTCTTCTCCGCTGCT

OCN CAGTTCTGCTCCTCTCCAGGCA CATCCATAGGGCTGGGAGGTCA

BMP-2, bone morphogenetic protein-2; FGF2, fibroblast growth factor 2; BSP, bone sialoprotein; OCN, osteocalcin.
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using nano-atomic force microscopy. The

Solarbio chitosan nanoparticles were

larger and showed more precipitation than

the Sigma nanoparticles (Figure 2a-d). We

therefore used the Sigma chitosan nanopar-

ticles for all subsequent experiments. The

chitosan–plasmid nanoparticles were irregu-

larly spherical with a compact structure. The

particle size was uniformly about 200 nm

and the zeta potential was 30 mV, suggesting

that the chitosan nanoparticles had been

prepared successfully (Figure 2e and 2f).

Human ADSC culture, identification, and

transfection

ADSCs were examined morphologically

under an inverted microscope. After a further

7 days of culture, the ADSCs became spindle

shaped and merged to form adherent cell

clusters (Figure 3a). FACS analysis showed

expression of the ADSC markers CD44,

CD29, and CD105 in the cultured ADSCs

(99.5%, 99.3%, and 86.8%, respectively)

(Figure 3b-d), but only a few cells (1.42%)

expressed the immune cell marker CD45

(Figure 3e). These results suggested successful

culture of human ADSCs in vitro.
We also assessed the transfection effi-

ciency by FACS analysis. After 48 hours

of co-transfection, 19.03%� 1.74% of

cells expressed BMP2-EGFP and FGF2-

RFP, 14.13%� 3.06% only expressed

FGF2-RFP, 22.53� 3.94% only expressed

BMP-EGFP, and 44.30%� 5.21% of cells

expressed neither. These results indicated

Figure 2. Physicochemical characterization of chitosan nanoparticles by nano-atomic force microscopy.
(a, b) The Solarbio chitosan nanoparticles were larger and showed more precipitation; (c, d) the Sigma
chitosan nanoparticles were smaller, with no precipitation. At higher definition, the chitosan–plasmid
nanoparticles were generally spherical, but could also be irregular, with compact structure. The particle
size was about 200 nm (e, f).
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Figure 3. Characterization of human adipose-derived stromal cells (ADSCs) in vitro. (a) ADSCs became
spindle shaped and formed adherent clusters after 7 days in culture. (b-e) Fluorescence-activated cell sorting
showed expression of CD44, CD29, CD105, and CD45 in cultured ADSCs, confirming their stem cell
nature. Values expressed as mean� standard error (n¼4).
APC, allophycocyanin; FITC, fluorescein isothiocyanate; PE, phycoerythrin.
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that both pEGFP-N2-hBMP-2 and

pTagRFP-C-hFGF2 were successfully

transfected (Figure 4a and 4b).

FGF2 and BMP2 mRNA levels after

transfection

To explore if the transfected ADSCs

expressed BMP2 and/or FGF2, we detected

the respective mRNA levels of these genes
by real-time PCR. FGF2 and BMP2
mRNA levels were up-regulated in the
co-transfection group compared with the
control group (7.87-fold change,
P< 0.001; 3.1-fold change, P< 0.001,
respectively). However, the FGF2 and
BMP2 mRNA levels were slightly lower

Figure 4. Successful transfection of human adipose-derived stromal cells (ADSCs) with BMP2 and FGF2.
(a, b) At 48 hours after transfection, pTagRFP-C-hFGF2 plasmid caused expression of red fluorescent
protein (RFP) and pEGFP-N2-Hu-BMP2 plasmid caused expression of green fluorescent protein (GFP) in
ADSCs. (c) Relative mRNA expression levels of FGF2 and BMP2 (n¼6 from 3 independent experiments).
***P<0.001 vs control group, ###P<0.001 vs FGF2-transfected group, $$P<0.01 vs BMP2-transfected group.
(d, e) Western blotting showed the protein expression levels of FGF2 and BMP-2 (n¼4 from 2 independent
experiments). ***P<0.001 vs control group, ##P<0.01 vs FGF2-transfected group, $$P<0.01 vs BMP2-
transfected group. (f) Protein expression pattern of BMP-2 levels in cell supernatants (n¼3 from 3 inde-
pendent experiments) determined by enzyme-linked immunosorbent assay (ELISA). ***P<0.001 vs control
group, ###P<0.001 vs BMP2-transfected group. (g) Protein expression pattern of the FGF2 in cell super-
natants (n¼3 from 3 independent experiments) determined by ELISA. ***P<0.001 vs control group,
###P<0.001 vs FGF2-transfected group. Values given as mean� standard error. trans, transfected; cont,
control; h, human.
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than in the corresponding single-gene trans-
fection groups (7.87� 0.15 vs 9.00� 0.13,
P< 0.001; 3.11� 0.02 vs 3.54� 0.02,
P< 0.01, respectively) (Figure 4c). These
results indicated that transfection with the
vectors containing FGF2 and BMP2 led to
transcription of the respective genes in the
ADSCs.

FGF2 and BMP-2 protein levels after
transfection

FGF2 and BMP-2 protein expression levels
were increased 1.47-fold and 1.49-fold in
the co-transfection group compared with
the control group (Figure 4d and 4e).
However, the protein expression levels in
the co-transfection group were significantly
lower than in the corresponding single-gene
transfection groups (147.67%� 6% vs
178.3%� 4.1%, P< 0.01; 148.7%� 7.2%
vs 181.22%� 9.9%, P< 0.01, respectively).
These results suggest that chitosan-
mediated co-transfection of BMP2/FGF2
into human ADSCs resulted in expression
of the respective proteins.

Secretion of FGF2 and BMP-2 in cell
supernatant

We evaluated the release of FGF2 and
BMP-2 into the cell supernatant by
ELISA. Both FGF2 and BMP-2 protein
expression levels were up-regulated in the
co-transfection group compared with the
control group, consistent with the results
of western blotting. There was no signifi-
cant difference in FGF2 levels between the
BMP2-transfected and control groups, and
no significant difference in BMP-2 levels
between the FGF2-transfected and control
groups (Figure 4f and 4g). This indicated
that vector-induced expression of one
factor did not influence the expression of
the other factor in terms of local release,
suggesting the importance of co-expression
of BMP2 and FGF2.

Viability and osteogenic ability of ADSCs
and assessment of cytotoxic effects after
transfection with BMP2 and/or FGF2

We explored the cell viability and cytotoxic
effects of transfection on ADSCs by CCK-
8 and LDH release assays, respectively. The
viability of ADSCs increased significantly
after transfection with BMP2 or FGF2,
with the greatest effect following co-
transfection with both genes (Figure 5a).
In addition, there were no obvious toxic
effects in ADSCs transfected with BMP2
and/or FGF2 (Figure 5b).

We evaluated the mRNA expression
levels of OCN and BSP to explore the
effects of gene co-transfection via chitosan
nanoparticles on osteogenesis in ADSCs.
OCN and BSP mRNA levels were signifi-
cantly higher in the co-transfection group
compared with the single-gene transfection
groups and the control group, suggesting
significant enhancement of osteogenesis
(Figure 5c and 5d).

Discussion

Gene therapy for bone defects involves the
local transfection of target cells with osteo-
genic genes that can be transcribed and
translated into proteins. Expression of the
proteins stimulates the target cells, thereby
promoting bone formation via autocrine or
paracrine mechanisms. Gene therapy
ensures the targeted release of the gene
product, maximizes the local therapeutic
effect, and reduces systemic side effects.
Moreover, several genes can be transduced
together, leading to synergistic regulation of
endogenous protein synthesis, and
enhanced biological activity compared
with the administration of exogenous
recombinant proteins. Gene therapy is
thus considered as the most promising ther-
apy for maintaining an effective local ther-
apeutic concentration of growth factors to
aid the repair of partial bone defects.17–19

Hu et al. 9



ADSCs isolated from the blood vessels

of adipose tissue exhibit similar morpholo-

gy, immunophenotype, and differentiation

properties to mesenchymal stem cells from

bone marrow (BMSCs) and umbilical cord

blood. Numerous studies have shown that

ADSCs have the potential to differentiate

into fat, bone, cartilage, and muscle derived

from mesoderm.20–22 Single-cell cloning

experiments have confirmed the pluripotent

differentiation of ADSCs.23,24 Although

BMSCs were the first to be found to have

osteogenic potential and were thus consid-

ered as seed cells for bone tissue engineer-

ing,25,26 the number of BMSCs in the bone

marrow is limited, and although in vitro

Figure 5. Co-transfection of BMP2 and FGF2 via chitosan nanoparticles increased cell viability and oste-
ogenic ability of human adipose-derived stromal cells (ADSCs) in vitro. The cell viability and cytotoxic effects
on ADSCs were measured by (a) Cell Counting Kit-8 (CCK-8) and (b) lactate dehydrogenase (LDH) assays,
respectively (n¼ 6 from 3 independent experiments). *P< 0.05, **P< 0.01, ****P< 0.0001. Relative mRNA
expression levels of (c) osteocalcin (OCN) and (d) bone sialoprotein (BSP) (d) showed that co-transfection
had a synergistic effect on osteogenesis, evidenced by higher expression of the osteogenesis markers
BSP and OCN compared with single-gene transfection. Values given as mean� standard error (n¼ 6
from 3 independent experiments). ***P< 0.001 vs control group, ###P< 0.001 vs FGF2-transfected group,
$$$P< 0.001 vs BMP2-transfected group.
OD, optical density; trans, transfected; cont, control.
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expansion can produce large numbers of
cells, it also leads to the loss of stem cell
characteristics and potential changes in the
differentiation potential.27,28 Compared
with BMSCs, ADSCs have several advan-
tages, such as a wide variety of sources, rich
content, little trauma to the donor during
harvesting, and in vitro amplification capa-
bility.24,29 ADSCs have thus become an
important source of seed cells for bone
tissue engineering.

BMP-2 plays an important role in bone
formation and healing.30–33 Moreover,
Bouyer et al.34 and Tarek et al.35 developed
effective delivery systems using film-coated
poly(lactic-co-glycolic acid) (PLGA) and
PLGA/magnesium hydroxide scaffolds to
improve the in vivo bone regeneration
potential of BMP-2. Recombinant human
BMP-2 is the only drug approved by the
U.S. Food and Drug Administration as an
osteogenesis-promoting factor.32 Dragoo
et al.36 first reported the deposition of
large amounts of calcium in the extracellu-
lar matrix in vitro after virally mediated
BMP2 gene transfection in human
ADSCs. In vivo studies showed the forma-
tion of bone marrow cavity cells after trans-
fection with BMP2, compared with fat-like
tissue in the control group.37 OCT4 has
been suggested to act as a downstream
mediator for BMP-induced bone regenera-
tion.38 Panetta et al.39 demonstrated that
exogenous human ADSC recombinant
human BMP-2 could significantly enhance
osteoblast activity in vitro in a
concentration-dependent manner. Down-
regulation of the nuclear factor-jB signal-
ing pathway was suggested to be involved in
BMP-2-mediated repair of articular carti-
lage via upregulation of angiogenesis fac-
tors.40 Other BMP family proteins,
including BMP-9, can also promote osteo-
blastic differentiation of MSCs both in vitro
and in vivo, but probably via different
mechanisms.41 FGF2 is a polypeptide that
promotes cell growth and bone tissue

repair, and exogenous FGF2 was shown

to promote bone formation;42 however,

exogenous FGF2 is easily degraded within

the body, thus reducing its efficacy.43 The

FGF2 gene can now be transfected into

osteoblasts, leading to over-expression of

FGF2 protein and the promotion of osteo-

genesis in vivo. FGF-2 and BMP-2 have

demonstrated synergistic effects on bone

induction in vivo via the extracellular

signal-regulated kinase signaling path-

way.44 Peroxisome proliferator-activated

receptor-c and Runt-related transcription

factor 2 have been suggested to be the two

major transcription factors involved at var-

ious intersecting signaling pathways regu-

lating adipogenesis and osteogenesis.45

Interestingly, in addition to commonly rec-

ognized cell components such as osteoblasts

and osteoclasts, emerging evidence also

supports the role of macrophages as immu-

nomodulators for the various cytokines

involved during the bone regeneration

process.46

Biomaterial scaffolds have been used

extensively to deliver growth factors to

induce new bone formation.47,48 Chitosan,

as a non-viral gene vector, is both biocom-

patible and biodegradable, and is also a safe

and easy-to-construct polymer molecule

that can protect DNA from degradation.49

Most previous studies have been based on

the expression of individual genes via viral

vectors, while the main innovation of the

current study involved the use of chitosan

nanoparticles as a non-viral gene transfer

vector for multiple genes, to produce a syn-

ergistic effect on osteoblasts. We successful-

ly constructed high-performance chitosan

nanoparticles carrying BMP2 and FGF2

genes, which could co-transfect both these

genes into human ADSCs, resulting in

BMP-2/FGF2 protein expression.

Importantly, our results showed good syn-

ergy between the two plasmids, resulting

in a significantly higher osteogenic index

Hu et al. 11



(i.e. BSP and OCN) compared with trans-

fection with either gene alone.
This study had several limitations. First,

we were not able to analyze the direct uptake

of nanoparticles into the cells owing to

our laboratory capacity. However,

co-transfection of BMP2 and FGF2 via chi-

tosan nanoparticles showed good efficiency,

indirectly indicating the successful entry of

the nanoparticles into the cells. Second,

we could not assess the in vivo osteogenic

efficacy of the chitosan nanoparticles

co-transfected with BMP2 and FGF2

owing to the lack of a suitable animal

model. However, further experiments are

planned to address this in the future.

Conclusion

The results of this preliminary study suggest

that co-transfection of BMP2 and FGF2 by

chitosan nanoparticles into human ADSCs

has a good synergistic osteogenic effect.
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