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Abstract

The objective of this study was to prepare a 3-dimensional 
nanoparticle gene delivery system (3D-NGDS) based on 
collagen/chitosan scaffolds, in which plasmid transforming 
growth factor beta 1 (TGF-β1)/calcium phosphate 
nanoparticles mixed with fibronectin (FN) were used 
to transfect mesenchymal stem cells (MSCs). Scanning 
electron microscopy was used to characterise the 
microstructure of 3-dimensional collagen/chitosan 
scaffolds. An analysis performed to quantify the TGF-1 
concentrations in MSC cultures revealed that the MSCs 
transfected with the 3D-NGDS showed remarkably 
high levels of TGF-1 over long periods, retaining a 
concentration of TGF-1 of approximately 10 ng/mL 
within two weeks, with the highest level (12.6 ng/mL) 
being observed on the 6th day. An immunohistochemistry 
analysis for collagen type II revealed that much higher 
production of collagen II from the 9th to 15th day was 
observed in the 3D-NGDS-transfected MSCs than that 
in MSCs transfected by the Lipofectamine 2000 method. 
The glycosaminoglycan content of the 3D-NGDS was 
comparable to those treated with TGF-β1 as well as TGF-β1 
plus dexamethasone, and was signifi cantly higher than 
those treated with free plasmid and Lipofectamine 2000. 
A remarkable type I collagen expression inhibition of 
the 3D-NGDS at day 21 was observed via ELISA. These 
results suggested that transfection with the 3D-NGDS could 
successfully induce MSC chondrogenic differentiation in 
vitro without dexamethasone. In summary, the 3D-NGDS 
could be developed into a promising alternative method to 
transfer exogenous nucleic acid to MSCs in clinical trials.
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Introduction

Tissue engineering has emerged as an exciting research 
area aiming at the development of biological substitutes 
that restore, maintain, or improve tissue function (Ma, 
2008; Sachlos and Czernuszka, 2009). A typical tissue 
engineering approach consists of an interactive triad 
of a supportive matrix, responsive cells and bioactive 
molecules promoting differentiation and regeneration. 
A highly porous three dimensional (3D) scaffold with 
good properties is critical to control tissue formation 
in tissue engineering. Compared with the 2D surfaces, 
such as cell culture fl asks or plates, 3D scaffolds can 
provide more available surface area for cell attachment 
and spreading, simulate in vivo microenvironment for 
cell proliferation and differentiation, and govern gene 
expression in a way that correlates well with that of in vivo 
gene expression (Saraf et al., 2010). Tissue engineering 
scaffolds have played a role in providing the required local 
microenvironment for regenerative cells, supporting cell 
attachment, proliferation, and differentiation, in addition 
to the structural properties that create and maintain space 
for tissue growth (Zhang et al., 2006).
 A biodegradable matrix containing plasmid DNA 
was fi rst called a “gene-activated matrix” (GAM) (Fang 
et al., 1996; Bonadio et al., 1998). In the fi eld of tissue 
engineering and regenerative medicine, delivering 
plasmid DNA encoding for various growth factors, 
signalling molecules and bioactive molecules to cells 
has more advantages than does continuously injecting 
cytokines because proteins are not as stable as DNA 
(Bonadio et al., 1998). Proteins may denature and lose 
their functionality, while DNA will retain its structural 
and functional integrity in many solvents, making DNA 
compatible with a wider range of scaffold preparation 
methods. Additionally, the intracellular expression of the 
delivered plasmids can be sustained over a period of days 
so as to mitigate the drawbacks of the short half-lives of 
most biological factors (Aviles et al., 2010; Bonadio et al., 
1999; Saraf et al., 2010). The sustained release of plasmids 
can be modulated by controlling the scaffold processing 
parameters or adopting such methods as microsphere 
encapsulation (Jang and Shea, 2006), microparticle or 
nanoparticle incorporation (Luu et al., 2003), and layer-
by-layer assemblies with cationic polymers (Jewell and 
Lynn, 2008).
 To date, a number of biomaterials have been explored 
for various tissue engineering scaffolds, ranging 
from synthetic materials such as polylactic acid and 
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polyglycolic acid (PLGA) copolymers, polylactic acid- 
polyethylene glycol (PLA-PEG) block copolymers (Luu 
et al., 2003), polycaprolactone, poly-hydroxybutyrate 
and polyethylene terephthalate (Tang and Wu, 2006), 
to natural polymers such as collagen (Yow et al., 2009; 
Sun et al., 2009), chitosan (Suh and Matthew, 2000), 
fi brin (Saul et al., 2007), fi broin (Garcia-Fuentes et al., 
2009), hyaluronan (HA) (Hemmrich et al., 2005) and so 
on. Natural scaffolds are functionally superior to non-
informational synthetic polymers because they provide an 
extracellular matrix and informational signalling molecules 
such as gelatin, collagen, and glycosaminoglycan (GAG). 
Collagen is a widely used natural polymer that contains 
both acidic and basic amino acid residues (Samuel et 
al., 2002; Tan et al., 2001) and exists in many tissues 
and organs. Chitosan is a natural polysaccharide derived 
from the partial deacetylation of chitin, and has been 
reported to be nontoxic, biocompatible, biodegradable 
and non-antigenic, which has led it to become an 
attractive candidate for cartilage tissue engineering (Suh 
and Matthew, 2000; Xu et al., 2008b). Moreover, the 
polysaccharide backbone of chitosan is structurally similar 
to that of glycosaminoglycan, a major component of the 
extracellular matrix (ECM) of bone and cartilage. One 
of the most interesting features of chitosan is its cationic 
nature due to the primary amine groups that provide a high 
positive charge density in an acidic solution, which allows 
for an easy combination with negatively charged polymers 
such as collagen. The exclusive use of any of these two 
materials has limitations owing to their own inherently poor 
mechanical properties (Suh and Matthew, 2000; Yow et al., 
2009). Thus, combined use of chitosan and collagen is a 
better strategy for scaffold construction. The applications 
of porous chitosan/collagen scaffolds in tissue engineering 
have been widely reported (Tan et al., 2001; Peng et al., 
2006). In our present study, fi bronectin (FN) was used to 
fabricate porous chitosan/collagen scaffolds because it is 
one of the ECM components of articular cartilage, which 
contains the amino acid sequence Arg-Gly-Asp (RGD) 
(Sottile et al., 2000), a widely occurring cell adhesive 
motif originally discovered in FN. It is reported that each 
subunit of FN is composed of three different components, 
designated type I, II and III modules. These modules 
comprise various functional domains from the N-terminus 
(Hang et al., 2005), which are relatively resistant to 
proteases and contain the binding sites for macromolecules 
such as collagen, fi brinogen, fi brin, and proteoglycans, as 
well as cells (Kaspar et al., 2006).
 To achieve the goal of tissue regeneration, various 
growth factors have generally been introduced into 
tissue-engineered systems to improve tissue-forming 
effi ciency. For instance, platelet-derived growth factor 
(PDGF) (Hafeman et al., 2010; Johnson et al., 2010), 
transforming growth factor beta-1 (TGF-β1) (Lee et al., 
2004) insulin-like growth factor (IGF) (Xu et al., 2008a; 
Wang et al., 2009), vascular endothelial growth factor 
(VEGF) (Mao et al., 2009; Kanczler et al., 2008), and 
fi broblast growth factor (FGF) (Briganti et al., 2010) 
have recently been widely employed in regenerative 
medicine and tissue engineering. TGF-β1, a member of 

the cytokine family, possesses multifunctional capacities 
that regulate many aspects of cellular activity, including 
cell proliferation, differentiation, and extracellular 
matrix (ECM) metabolism, in a time- and concentration-
dependent manner (Elisseeff et al., 2001). Previous studies 
have reported that TGF-β1-loaded scaffolds may enhance 
cartilage formation (Lee et al., 2004; Guo et al., 2006). 
Because traumatic injuries or contracting degenerative joint 
diseases have gained prevalence worldwide and articular 
cartilage has a limited capacity for regeneration or repair, 
which may cause serious suffering and inconvenience, 
there is a need to fi nd a highly effi cient and feasible therapy 
apart from conventional surgery. Thus, our group used 
TGF-β1 to stimulate cartilage tissue formation.
 Calcium phosphate is a commonly used gene 
transfection agent in non-viral gene delivery because 
Ca2+ can form ionic complexes with phosphates on the 
nucleic acid backbone of plasmid DNA by the electrostatic 
interaction between the positively charged Ca2+ and the 
negatively charged nucleic acid (Keeney et al., 2010; 
Roohani-Esfahani et al., 2010). Following the methods 
of previous studies, we prepared plasmid DNA/calcium 
phosphate nanoparticles (CP-pDNA-NPs) by incorporating 
negative plasmid DNA-encoding TGF-β1 into calcium 
phosphate nanoparticles. CP-pDNA-NPs were then mixed 
with FN and loaded into collagen/chitosan scaffolds 
to construct a 3D nanoparticle gene delivery system 
(3D-NGDS). The objective of this work is to report a 
novel non-viral, long-term gene delivery system with high 
transfection effi ciency for tissue engineering.

Materials and Methods

Chemicals and materials
Chitosan (Deacetylation Degree > 95 %, MW < 5000 
kDa) was obtained from Marine Biotech Ltd. (Zhejiang, 
China). Murine collagen was obtained from TianXinFu 
Medical Appliance Co. Ltd. (Beijing, China). Dulbecco’s 
Modifi ed Eagle’s Medium (DMEM), fetal bovine serum 
(FBS), penicillin–streptomycin, trypsin-EDTA (0.25 % 
trypsin/0.02 % EDTA) in Hank’s buffered salt solution, 
PicoGreen dsDNA Quantitation kit, and calcium/
magnesium-free phosphate-buffered saline (PBS) were 
obtained from Gibco-Invitrogen (Grand Island, NY, USA). 
Rat TGF-1 plasmid was generously provided by Dr. 
Guang-Jian Zhang of the Medical College of Wisconsin 
(Milwaukee, WI, USA). Purifi ed TGF-1 plasmid was 
prepared using a Pure Yield Plasmid Midiprep Kit 
(Promega, Madison, WI, USA). A Rat TGF-β1 ELISA Kit 
was purchased from Yantai Science and Biotechnology Co. 
Ltd. (Shandong, China). Papain, chondroitin-4-sulphate 
dilution, dexamethasone (Dex) and DL-dithiothreitol 
(DTT) were purchased from Sigma-Aldrich (St. Louis, 
MO, USA).
 The experimental protocol was approved by the 
University Ethics Committee for the Use of Experimental 
Animals and conformed to the Guide for Care and Use of 
Laboratory Animals.
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Preparation of  collagen/chitosan scaffolds
Two-percent (w/v) chitosan and collagen solutio ns were 
prepared separately in 1 % (v/v) acetic acid solvent at 37 
C. Homogeneous mixture solutions with different weight 
ratios of chitosan/collagen (10:1, 5:1, 2:1,  1:1, 1:2, 5:1) 
were transferred into 6-well plates. T he 6-well plates were 
left in vacuum for 3 h at room temperature for soluble gas 
remo val. The plates were then cooled at 4 C for 30 min a nd 
rapidly transferred into a -20 C freezer and kept overnight. 
The next day, the chitosan and collagen mixtures were 
lyophilised at -80 C for 48 h until they were completely 
dried. The resulting scaffolds (area 2 cm2, thickness 3.0 
mm) were neutralised in 0 .3 M NaOH and washed in 
double-distilled water until the pH of the last washing 
solution reached 7.4. The neutralised scaffolds were 
lyophilised agai n and baked in an oven  at a temperature of 
120 C overnight for fi xation and sterilisation.
 The water-uptake and water-retention abilities of 
the scaffolds were determined as follows. Dry scaffolds 
were weighed (Wd), immersed in distilled water for 24 
h, gently blotted with fi lter paper to remove the excess 
water, and weighed (Ww) to determine water uptake. To 
measure the water-retention capability, the wet scaffolds 
were transferred to centrifuge tubes with fi lter paper at 
the bottom, centrifuged at 500 rpm for 3 min and weighed 
immediately (Wrw). The water absorption rate (Rab) as well 
as water retention  rate (Rret) of the scaffolds at equilibrium 
were calculated using equations (1) and (2).

 Rab (%) = [(Ww - Wd) / Wd] × 100 (1)
 Rret (%) = [(Wrw - Wd) / Wd] × 100 (2)

Preparation of plasmid TGF-β1
The plasmid TGF-1 was amplifi ed in Escherichia coli host 
stain DH5α and purifi ed by column chromatography with 
the PureYield™ Plasmid Maxiprep Start-Up Kit (Promega, 
Madison, Wisconsin, USA) according to the manufacturer’s 
protocol. Ampicilin was used to select plasmid TGF-β1 
(pTGF-β1)-transformed cells. The DNA concentration 
was detected by measuring the UV absorbance at 260 nm 
with an ultraviolet spectrophotometer. UV spectroscopy 
showed that the A260/A280 absorbance was between 
1.8 and 1.9, which indicated that no protein or RNA was 
present. The detail information regarding the structure of 
plasmid TGF-β1 is shown in Fig.1.

Preparation of the 3-dimensional nanoparticle gene 
delivery system (3D-NGDS)
To complete the 3D-NGDS, CP-pDNA-NPs (calcium 
phosphate nanoparticles encapsulating plasmid TGF-β1) 
and FN were incorporated into collagen/chitosan scaffol ds. 
The preparation of CP-pDNA-NPs was performed 
according to an established method (Morgan et al., 2008) 
using plasmid TGF-β1 in place of negatively charged dyes. 
The CP-pDNA-NPs were spherical and well-dispersed with 
an average size of approximately 20 nm (data not shown). 2 
mL sterilised PBS, pH 7.4, containing CP-pDNA-NPs and 
fi bronectin was fi ltered and loaded onto the dry collagen/
chitosan scaffolds. 2 mg plasmid DNA and 1 g FN were 
used per mg of scaffold. The loaded scaffolds were kept at 
4 C overnight for the full incorporation of CP-pDNA-NPs 

into the collagen/chitosan complex. Next, the scaffolds 
were lyophilised at -80 C for 24 h before use.

Scanning electron microscopy (SEM) analysis of 
3D-NGDS
The structural morphology of the scaffolds was examined 
by fi eld-emission SEM (JEOL JSM5410, Tokyo, Japan). 
The pore size was estimated based on a minimum of 30 
pores from different areas along the cross section of the 
scaffolds. Three scaffolds of each group and three different 
cross sections of each scaffold were used to estimate the 
pore size.

In vitro release test of plasmid DNA from the 
3D-NGDS
The pDNA release test was performed according to a 
published report (Nie and Wang, 2007). Briefl y, a 25 mg 
3D-NGDS sample was added to 5 mL PBS, pH 7.4, which 
was the release medium in this experiment. The mixture 
was placed in an orbital shaker bath at 37 °C and 120 rpm. 
A 1-mL sample was split from the release mixture after 24 
h (day 1) and stored at -20 °C before DNA quantifi cation. 
Before the release mixture was placed back in the shaker 
for further analysis, 1 mL fresh PBS was added to the 
release mixture to bring the total volume to 5 mL. This 
procedure was repeated on day 3, day 6, day 9, day 12 
and day 15. In the two parallel studies, PBS containing 
1 g/mL chitosanase or 1 g/mL collagenase was used 
as the release medium. The DNA concentrations of the 
release buffers were determined using a PicoGreen dsDNA 
Quantitation kit.
 To mimic physiological conditions, additional pDNA 
release studies were performed in the cell culture medium, 
cell culture medium plus chitosanase, and cell culture 
medium plus collagenase, according to the same operation 
procedure as that described above.

Fig. 1. The structure of plasmid TGF-1.
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Preparation and culture of mesenchymal stem cells 
(MSCs)
MSCs were isolated from the femur shafts of 3-week-old 
male Wistar rats according to the technique reported by 
Lennon and Caplan (2006). Briefl y, both ends of the rat 
femurs were cut away from the epiphyses and the bone 
marrow was fl ushed out by a syringe (21-gauge needle) 
with 1 mL Dulbecco’s Modifi ed Eagle’s Medium (DMEM), 
supplemented with 10 % foetal bovine serum (FBS) and 
50 U/mL penicillin and streptomycin. The cell suspension 
(5 mL) was placed into two T-25 fl asks (Iwaki Glass, 
Funabashi, Japan) and cultured at 37 C in a 95 % air, 5 % 
CO2 atmosphere. The medium was changed on the fourth 
day of culture and every 3 d thereafter. When the cells 
of the fi rst passage became subconfl uent, which usually 
occurred 7-10 d after seeding, the cells were detached from 
the fl ask by being treated with PBS solution containing 0.25 
% trypsin and 0.02 % EDTA for 5 min at 37 C. Cells were 
normally subcultured at a density of 2×106 cells/cm2. The 
cells of the second passage at subconfl uence were used for 
all of the experiments.

Cell seeding into the 3D-NGDS
MSCs were seeded into the 3D-NGDS according to an 
agitated seeding method, which was effective in seeding 
cells homogenously into the porous 3D scaffolds. Briefl y, 
0.5 mL cell suspension (2×106 cells/mL) and the scaffold 
were placed in 12 mL tubes (Iwaki Glass, Funabashi, 
Japan) on an orbital shaker (Bellco Glass, Vineland, NJ, 
USA) and agitated at 37 C and 300 rpm for 6 h. The MSC-
seeded scaffolds were thoroughly washed with calcium/
magnesium-free PBS to eliminate non-incorporated cells 
before the ensuing experiments.

Transfection of MSCs with the 3D-NGDS
MSCs were transfected conventionally by CP-pDNA-NPs 
or by the 3D-NGDS. Briefl y, MSC cultures were prepared 
at a concentration of 2×106 cells/mL. For the conventional 
method, 0.5 mL MSC cell cultures (1×106 cells/mL) were 
plated into 24-well-plates (Corning Inc., Corning, NY, 
USA), and cultured at 37 C with 5 % CO2 until 70 % 
confl uence was reached. Then 10 g CP-pDNA-NPs was 
added into each well and incubated with MSCs for 4 h 
before replacement with fresh medium. For the 3D-NGDS 
method, 0.5 mL MSCs (1×106 cells/mL) was seeded into 
the 3D-NGDS (containing 10 g of CP-pDNA-NPs) 
according to the above-mentioned procedure. TGF-1 
concentrations in the MSC culture medium were tested 
at day 3 and day 6 with a rat TGF-1 ELISA kit (USCN 
Life Science & Technology, Missouri City, TX, USA). All 
experiments were repeated three times.

Long-term transfection tests with the 3D-NGDS
The long-term transfection effi ciencies (up to 15 d) of 
the 3D-NGDS were determined. MSC cultures were 
prepared at a concentration of 2×106 cells/mL. A 500 
L cell suspension (100,000 cells) was added into each 
3D-NGDS and incubated in 24-well plates for 30 min 
to allow for cell attachment (day 0). Then, 1 mL of 
additional culture medium was added into each well, and 
the plates were incubated at 37 C with 5 % CO2. After 

24 h, MSC-seeded 3D-NGDSs were tra nsferred into new 
24-well plates to eliminate cells that had attached to the 
polystyrene wells rather than the scaffolds. For comparison, 
the transfection effi ciencies of free plasmid TGF-1 or 
plasmid TGF-1 plus 1 g Lipofectamine 2000 with FN 
in collagen/chitosan scaffolds were also determined. After 
transfections, the MSCs were further incubated for 15 d. 
The cell culture media were replaced with fr esh media on 
day 3, day 6, day 9, day 12 and day 15, and the replaced 
media were collected and immediately frozen at -80 C for 
determination of TGF-1 content. The TGF-1 levels in 
the MSC culture media were determined with a rat TGF-1 
ELISA kit (USCN Life Science & Technology, Missouri 
City, TX, USA). All experiments were repeated three times.

Immunohistochemical analysis of  MSCs cultured in 
the 3D-NGDS
The MSCs cultured in the 3D-NGDS were washed with 
PBS and fi xed in 10 % neutral-buffered formalin before 
immunohistochemical analysis. Samples were dehydrated 
through a graded ethanol series, embedded in paraffi n, 
and sectioned into 5 mm thick slices. For histological 
evaluation, sections were  deparaffinised, rehydrated 
through a series of graded ethanol baths, and stained 
with toluidine blue (pH 2.5). To identify cartilaginous 
ECM, sections were incubated with a rabbit anti-rat 
Col-II antibody (Santa Cruz Biotechnology, Santa Cruz, 
CA, USA) before being incubated with the horseradish 
peroxidase (HRP)-labeled secondary antibody (Boster, 
Wuhan, China).

Determination of GAG content
The GAG content of five groups was determined in 
this study, including free plasmid, Lipofectamine 2000, 
3D-NGDS, TGF-1 and TGF-1 plus Dex. Three days 
after transfection, the scaffolds were lyophilised for 24 
h and digested in papain (0.5 mg/mL in 50 mM sodium 
phosphate, 1 mM EDTA, 2 mM DTT, pH 8.0 at 65 C) 
for 24 h and subsequently diluted 10-100 times for the 
1,9-dimethylmethylene blue (DMMB) colorimetric assay 
(Farndale et al., 1986). A GAG reference calibration curve 
was generated using a chondroitin-4-sulphate dilution 
(Sigma-Aldrich, St. Louis, MO, USA) dissolved in PBS 
at concentrations ranging from 10 to 100 g/mL. 10 L of 
each chondroitin-4-sulphate dilution was combined with 
100 L DMMB solution in a 96-well plate. The absorbance 
at 520 nm was measured in each well using a plate reader 
(Beckman Coulter AD340, Fullerton, CA, USA). From 
the linear regression generated from the GAG calibration 
curve expressing absorbance at 520 nm as a function 
of chondroitin-4-sulphate concentration, the total GAG 
weight per milligram dry weight of scaffold was calculated. 
The same procedure was repeated on day 12 and day 21.

Determination of type I collagen expression
The type I collagen expression level was determined in 
fi ve groups: free plasmid, Lipofectamine 2000, 3D-NGDS, 
TGF-1 and TGF-1 plus Dex. The free plasmid group was 
used as the blank control. Three days after transfection, 
the culture medium was collected and tested with a 
competitive inhibition ELISA kit (Yantai Science and 
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Biotechnology Co. Ltd., Shandong, China) according to 
the manufacturer’s instruction. The same procedure was 
repeated on day 12 and day 21.

Statistical analysis
Data were analysed by one or two-factor analysis of 
variance (ANOVA), Student’s t-test and the Fisher’s 
protected least-squares differences (FLSD) post hoc test 
to determine the signifi cance (signifi cance accepted at p 
< 0.01) of the difference between selected groups using 
SPSS statistic software (SPSS, Chicago, IL, USA). Data 
were presented as the mean ± the standard error of the 
mean (SEM).

Results

Microstructures and physico-chemical properties of 
the collagen/chitosan scaffolds and the 3D-NGDS
According to direct visual examination, the lyophilised 
3D-NGDS samples were colourless, stiff and inelastic, 
while the hydrated and neutralised samples were soft, 
spongy, fl exible and elastic.
 To fi nd the suitable weight ratio of collagen/chitosan 
in the 3D-NGDS preparation, collagen/chitosan scaffolds 
with various weight ratios were analysed by SEM and 
their representative microstructures are shown in Fig. 
2. The scaffolds prepared with a 2:1 (collagen/chitosan) 
weight ratio were observed to have highly porous and 
interconnected pore structures (Fig. 2C) and good water-
retention rates (Table 1). Thus, this 2:1 ratio was used in 
the following 3D-NGDS preparations. In the 3D -NGDS 
samples (Fig. 3C and 3D), the CP-pDNA-NPs were 
well coated on the collagen/chitosan scaffolds. Based 
on the quantitative SEM analysis, the pore sizes of the 
collagen/chitosan scaffolds (Fig. 3A) and 3D  -NGDS 
samples (Fig. 3C) were both in the range of 50-100 m. 
Thus, the incorporation of CP-pDNA-NPs into collagen/
chitosan scaffolds did not change the scaffolds’ ability to 
accommodate cells.

Long-term release of plasmid DNA from the 
3D-NGDS
In vitro tests were performed to monitor the pDNA 
release from the 3D-NGDS. Chitosanase and collagenase 

were used to digest the collagen/chitosan scaffolds in the 
3D-NGDS and guarantee the highest release of pDNA. The 
long-term release profi les of plasmid DNA in PBS and cell 
culture medium are shown in Figs. 4A and 4B, respectively. 
There was no obvious difference between these two release 
medium systems. In fact, pDNA seemed to have a linear 
release pattern both in PBS and cell culture medium until 
day 15 with or without chitosanase/collagenase. Even 
without any enzyme, more than 80 % of the pDNA was 
released from the 3D-NGDS by day 15. These results 
suggest that pDNA could be released from the 3D-NGDS 
in a sustained and linear fashion, and the PBS release 
medium system could achieve almost the same effect as 
the cell culture medium for the in vitro release of pDNA.

T GF-β1 concentrations in MSC cultures transfected 
with th e 3D-NGDS
The TGF-1 concentration in MSC cultures were tested on 
day 3 and day 6 post transfection. Interestingly, the MSCs 
transfected with th e 3D-NGDS showed remarkably high 
medium levels of TGF-β1, exhibiting values of up to 12.3 
ng/mL and 12.6 ng/mL on day 3 and day 6, respectively, 
(Fig. 5). Compared with those of cell cultures transfected 
by traditional methods, the TGF-1 concentrations were 
enhanced by fi vefold on both day 3 and day 6. The high 
TGF-1 concentration was probably caused by the highly 
effi cient transfection of MSC cells in the 3D-NGDS.

Long-term TGF-β1 expression of MS Cs tr ansfected 
with th e 3D-NGDS
To study the long-term transfection efficiency of the 
3D-NGDS, the MSCs were cultured for 15 d and the 
TGF-1 concentrations in the culture medium were 
recorded every three days. As shown in Fig. 6, for the 
MSCs transfected with the 3D-NGDS, the TGF-1 
concentrations reached their peaks on day 6, and then 
slowly declined to approximately 10 ng/mL by day 15. 
In comparison, the TGF-1 concentrations of MSCs 
transfected by the Li pofectamine 2000 method in collagen/
chitosan scaffolds showed a more drastic drop after 
day 6. On day 15, the TGF-1 concentrations of MSCs 
transfected with the 3D-NGDS were 6-fold higher than 
those of the Lipofectamine 2000 method. These results 
clearly demonstrate that the 3D-NGDS method imparted 
a signifi cant improvement in the long-term transfection 
effi ciency of TGF-1 in MSCs.

Table 1. Water uptake and retention abilities of collagen and chitosan scaffolds with different collagen/
chitosan weight ratios.

Collagen/
Chitosan

(w/w)a 10:1 5:1 2:1 1:1 1:2 1:5 1:10

Rab
b

Rret
c

1850 ±2.98

1132 ±1.17

2130 ±1.55

1045 ±0.62

2304 ±1.49

980 ±0.77

2559 ±1.90

923 ±0.48

2604 ±2.11

872 ±0.63

2933 ±1.02

691 ±0.78

2990 ±1.60

653 ±1.12

aDifferent weight ratios of collagen/chitosan.
bWater absorption rate of scaffolds measured after 24 h (n = 5).
cWater retention rate of scaffolds measured after 24 h (n = 5).
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Fig. 2. SEM results of collagen/chitosan scaffolds prepared with different weight ratios of collagen/chitosan: 10:1 
(A), 5:1 (B), 2:1 (C), 1:1 (D), 1:2 (E) and 1:5 (F).

Observation of collagen type II in the long-term 
cultured MSCs transfected with th e 3D-NGDS
It was observed that MSCs could be transformed into 
cartilaginous ECM in the presence of 10 ng/mL of 
exogenous TGF-β1 protein. To confi rm the transformation 
effect of the TGF-β1 on MSCs transfected by different 
methods, an immunohistochemistry analysis for collagen 
type II was performed. The MSCs transfected by the 
3D-NGDS method, Lipofectamine 2000 method or free-
plasmid DNA were tested on day 9, day 12 and day 15. As 

shown in Fig. 7, the structures stained with DAB (brown) 
represented collagen type II. The MSCs transfected by 
the 3D-NGDS method showed the highest production 
of collagen type II between day 9 and day 15 (Figs. 7G-
7I), while a much lower production of collagen type II 
was observed in cells transfected by the Lipofectamine 
2000 method. This fi nding suggests that the 3D-NGDS 
was more effective in the TGF-β1-plasmid-induced MSC 
transformation compared with the conventional methods.
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GAG content
The results of GAG content determination are shown in 
Fig. 8. Comparable GAG contents were observed between 
the 3D-NGDS group and TGF-1 group, as well as TGF-1 
plus Dex group throughout the whole process, indicating 
the effective transfection and chondrogenic differentiation 
of the 3D-NGDS. However, there was a signifi cant increase 
in the GAG content from day 12 to day 21 in the three 
groups: D-NGDS, TGF-1 and TGF-1 plus Dex (p < 
0.01). Interestingly, a remarkably higher GAG content (p 
< 0.01) in the 3D-NGDS group was observed compared 
with that of the free-plasmid DNA and Lipofectamine 2000 
groups on day 21, thereby indicating the superiority of the 
3D-NGDS group with respect to gene delivery and effi cient 
in vitro induction of chondrogenic differentiation of MSCs 
relative to both the free plasmid and Lipofectamine 2000 
groups.

Type I collagen expression
The type I collagen expression rate was calculated using the 
concentration of type I collagen in the free-plasmid group 
as a standard, and the relative type I collagen expression 
levels of the other four groups were obtained by dividing 
by the standard level. As shown in Fig. 9, the type I 
collagen expression was suppressed in the tested groups 

(Lipofectamine 2000, 3D-NGDS, TGF-1 and TGF-1 
plus Dex) over time. The inhibitory effects on the type I 
collagen expression of the 3D-NGDS, TGF-1 and TGF-1 
plus Dex were comparable throughout the whole process, 
which were much more pronounced than that observed 
for Lipofectamine 2000. Particularly, compared with that 
observed in the Lipofectamine 2000 group, a signifi cant 
suppression of type I collagen expression was observed in 
the 3D-NGDS group on day 21 (p < 0.01).

Discussion

In this work, we selected natural, ECM-derived collagen to 
which appropriate amounts of chitosan and FN were added 
to construct a 3D nanoparticle gene delivery system. Figs. 
2A-2F show the microstructure of the collagen/chitosan 
scaffolds with different collagen/chitosan weight ratios. 
The optimal porous structure of the collagen/chitosan 
blend scaffold that we prepared was at a collagen-to-
chitosan weight ratio of 2:1 (Fig. 2C). The result was a 
highly porous scaffold that was suitable for cell attachment 
and proliferation with a good water-retention rate and the 
ability to release plasmids in a sustained manner. After 
incorporating calcium phosphate nanoparticles, the pore 

Fig. 3. SEM results of collagen/chitosan scaffolds (A and B) and the CP-pDNA-NP-incorporated 3D-NGDS (C 
and D). Two different magnifi cations are shown for each sample.
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sizes of the collagen/chitosan scaffolds and 3D-NGDS 
samples, both of which were in the range of 50-100 m, 
did not change notably, as shown in Figs. 3A and 3C.
 In this study, we innovatively used FN to connect 
calcium phosphate nanoparticles to the porous collagen/
chitosan scaffolds. FN is known as an adhesion molecule 
that is involved in many cellular processes including tissue 
repair, embryogenesis, blood clotting, and cell migration/
adhesion (Hattori and Maitani, 2007). FN can serve as 
a general cell adhesion molecule by anchoring cells to 
collagen or proteoglycan substrates as well as organising 
cellular interaction with the ECM by binding to different 
components of the extracellular matrix and to membrane-
bound FN receptors on cell surfaces (Bingham and Potts, 
2010).
 The source of cells is another important component of 
tissue engineering strategy. MSCs are promising candidates 
for tissue engineering because of their easy isolation 
and proliferation, and their capacity to differentiate into 
many different kinds of cell lineages in vitro by providing 
appropriate factors (Yang et al., 2008; Wang et al., 2005) 
and to express transgenes effi ciently (Yow et al., 2009). 
In our experiment, we chose MSCs to be seeded into the 
3D-NGDS because of their excellent tissue-engineering 
properties. The 3D-NGDS was used to mimic the in vivo 
microenvironment required for cell proliferation and 
differentiation. This strategy therefore provided suitable 
conditions for the expression of plasmid TGF-1 in vitro, 
which contributed much to the remarkably high level of 
TGF-1 expression after transfection (up to 12.3 ng/mL 
and 12.6 ng/mL on day 3 and day 6, respectively) (Fig. 6). 
The samples displayed an enhanced TGF-1 expression 
level compared with those reported in a previous 
study, which employed a novel gene-modifi ed tissue-
engineering approach for cartilage regeneration by using 
stable TGF-1-transfected MSCs seeded into chitosan 
scaffolds, resulting in an MSC-generated active TGF-1 
concentration that was as low as 8 ng/mL on day 2 (Guo et 

Fig. 4. Cumulative release rate of plasmid DNA from 
the 3D-NGDS. (A) Three release conditions were tested: 
PBS, PBS with 1 g/mL chitosanase, and PBS with 1 
g/mL collagenase; (B) three release conditions were 
tested: cell culture medium, cell culture medium with 1 
g/mL chitosanase, and cell culture medium with 1 g/
mL collagenase.

Fig. 5. TGF-1 concentrations in MSC culture medium. 
MSCs transfected with CP-pDNA-NPs or the 3D-NGDS 
were tested on day 3 and day 6 post-transfection. The 
TGF-1 concentrations from CP-pDNA-NPs are shown 
in black bars, and those from the 3D-NGDS are shown 
in grey bars (*, p < 0.01 Student’s t-test).

Fig. 6. Long-term TGF-1 expressions of MSCs 
transfected by the 3D-NGDS method, Lipofectamine 
2000 method, or free plasmid. The TGF-1 concentrations 
were tested on day 3, day 6, day 9, day 12 and day 15 
(*, p < 0.01, Student’s t-test).
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Fig. 7. Immunohistochemistry results of the MSCs transfected by different methods. The collagen type II synthesis 
by the MSCs was verifi ed on day 9 (Panels A, D and G), day 12 (Panels B, E and H), and day 15 (Panels C, F and 
I) post transfection. The MSCs transfected with free plasmid in collagen/chitosan scaffolds are shown in Panels 
A, B and C; the MSCs transfected with Lipofectamine 2000 in collagen/chitosan scaffolds (with FN) are shown in 
Panels D, E and F; the MSCs transfected with the 3D-NGDS method are shown in Panels G, H and I.

Fig. 8. GAG content in different groups: free plasmid, Lipofectamine 2000, 3D-NGDS, TGF-1, 
and TGF-1 plus Dex on day 3, 12, and 21 (from left to right) (*, p < 0.01, Student’s t-test).
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al., 2007). This fi nding is probably due to the fact that the 
3D-NGDS possesses a highly porous structure with proper 
pore size and mechanical strength that provides a suitable 
microenvironment for MSC survival and differentiation, 
as well as the considerably large inner surface, which 
greatly enhances the opportunities for CP-pDNA-NP to 
contact and enter into MSCs. The elaboration of a more 
accurate mechanism would require further investigation 
in our future work.
 One remarkable fi nding gathered from our present study 
is that the 3D-NGDS cannot only display a considerably 
high level of TGF-1 expression but also maintain a 
relatively long-term (15 d) sustained release of TGF-1, 
with a concentration of approximately 10 ng/mL on the 
15th day (Fig. 6). No burst release occured during the 
whole process after transfection. As shown in Fig. 6, the 
3D-NGDS group clearly stimulated the cellular process 
compared with the pure collagen/chitosan free plasmid 
DNA and the Lipofectamine-seeded collagen/chitosan 
groups. It is interesting to note that in the Lipofectamine-
seeded collagen/chitosan group, a drastically reduced 
release of TGF-1 from approximately 11 ng/mL on the 
6th day to less than 2 ng/mL on the 15th day was observed, 
which was considerably lower than that of the 3D-NGDS 
during the same time course (p < 0.01). This result may 
be attributed to the fact that this 3D-NGDS degraded 
gradually over a relatively long time course (>15 d). Fig. 
4 shows that pDNA could be released from the 3D-NGDS 
in a sustained linear fashion with or without chitosanase/
collagenase. This result proves that this 3D-NGDS was 
stable and immune to degrading enzymes, which make it 
suitable to be implanted into organs in vivo. The locally 
enhanced TGF-1 concentration in our experiment could 
act as an excellent driving force for the differentiation 
MSCs.
 The turnover of the ECM is one of the most basic 
requirements for the adequate repair and regeneration of 

defective tissues. In this study, a series of studies including 
an immunohistochemistry analysis for type II collagen, 
GAG content determination and suppression of type I 
collagen expression were performed. As indicated in Fig. 
7, the MSCs transfected by the 3D-NGDS method showed 
the highest production of type II collagen between the 9th 
and 15th day (Figs.7G-7I), while a much lower type II 
collagen content was observed in cells transfected by the 
Lipofectamine 2000 method. This fi nding suggests that 
TGF-β1-transfected-MSCs seeded into the 3D-NGDS 
could successfully become an important component 
of chondrocyte extracellular matrices. Furthermore, 
the 3D-NGDS was more effective in facilitating the 
transformation of plasmid TGF-β1-transfected MSCs 
compared with those of conventional methods. The 
signifi cantly elevated GAG content of the 3D-NGDS 
compared with those of the free plasmid and Lipofectamine 
2000 groups (Fig. 8) indicate the high efficacy of 
transfection and differentiation. Interestingly, the GAG 
content of the 3D-NGDS was comparable to the contents of 
the TGF-β1 group and TGF-β1 plus Dex group, indicating 
that a successful chondrogenic differentiation could be 
realised without Dex. This result suggests great progress 
in chondrogenic differentiation from MSCs. This fi nding 
was probably due to the fact that the 3D scaffold could 
provide an environment that mimics in vivo conditions 
for cell differentiation, which facilitated cell attachment. 
The results of the type I collagen inhibition study show 
that the type I collagen expression of the 3D-NGDS group, 
the TGF-β1 group and the TGF-β1 plus Dex group was 
markedly suppressed on day 21. This fi nding provides 
further evidence for effective chondrogenic differentiation. 
In conclusion, MSCs incorporated with the 3D-NGDS 
could achieve successful chondrogenesis in vitro. Further 
in vivo investigations will be carried out in our future work 
to ascertain the tissue regeneration effect of the 3D-NGDS 
as the non-viral gene carrier.

Fig. 9. The type I collagen expression rate of Lipofectamine 2000, 
3D-NGDS, TGF-1, and TGF-1 plus Dex on day 3, 12, and 21 (from 
left to right) (*, p < 0.01, Student’s t-test).
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Conclusions

In this study, we constructed a 3D-NGDS to deliver plasmid 
TGF-β1 into MSCs, resulting in the sustained release of 
TGF-β1 with an elevated concentration for a relatively long 
time course compared with the results of previous studies 
(Barry et al., 2001; Guo et al., 2007). By comparing the 
sustained release of TGF-β1 between the 3D-NGDS and 
Lipofectamine 2000 groups, our results show that this 
3D-NGDS exhibited a higher TGF-β1 expression level 
and sustained TGF-β1 release, while the group transfected 
with Lipofectamine 2000 exhibited burst release by the 
6th day. Immunohistochemistry analysis revealed the 
clear expression of type II collagen. The GAG content of 
the 3D-NGDS, which was comparable to the contents of 
groups treated with TGF-β1 as well as TGF-β1 plus Dex, 
and the remarkable type I collagen expression inhibition 
of the 3D-NGDS, indicate that MSCs incorporated with 
the 3D-NGDS can achieve chondrogenic differentiation 
without Dex in vitro, thereby offering a notably promising 
alternative method of tissue regeneration.
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Discussion with Reviewer

Reviewer I: TGF-β1 is known to bind to both collagen 
and fi bronectin. Therefore, measurements of TGF-β1 in the 
medium over extended timeframes may represent not only 
long term transfection, but also sustained TGF-β1 release 
from scaffolds, which would have affi nity for the growth 
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factor. It is noteworthy that this type of phenomenon 
may be operative in many other similar studies, as many 
common biomaterials used as tissue engineering scaffolds 
have high affi nity for proteins. Examples include calcium 
phosphate minerals, collagen, several polysaccharides (e.g. 
heparin), and most ECM proteins.
Authors: As described in the section on “Preparation of 
the 3-dimensional nanoparticle gene delivery system”, 
CP-pDNA-NPs (calcium phosphate nanoparticles 

encapsulating plasmid TGF-β1) were incorporated into 
the scaffold. Thus, it was likely that the sustained release 
of CP-pDNA-NPs from the scaffold resulted in the long-
term sustained transfection of the cells, leading to the 
long-term presence of TGF-β1. Because TGF-β1 could 
bind to collagen and/or fi bronectin, TGF-β1 sequestration 
may possibly contribute to the long-term release. The exact 
mechanism of this phenomenon will be investigated in our 
future work.


