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Abstract
Objective: To develop a novel efficient nanoparticulate carrier loaded with basic fibroblast growth factor
(bFGF). Methods: Gelatin and glycidyl methacrylate-derivatized dextran (dex-GMA) were cross-linked and
polymerized to form interpenetrating polymeric networks. The properties of the nanoparticles (NPs) were
investigated as a function of the degree of dex-GMA substitution and the concentration of gelatin used in
the preparation of the hydrogels. The morphology was observed with scanning eletromicroscopy and
transmission eletromicroscopy. The swelling, degradation, and entrapment efficiency were also deter-
mined by dynamic evaluation methods in vitro. The protein release ratio and in vitro release kinetics were
evaluated by routine procedure, and the biological activity of bFGF-loaded NPs was studied by cell prolif-
eration assay, cell attachment, and cell function. Results: The NPs have a particle size of 320 ± 20 nm. bFGF
was entrapped in the nanoparticles quantitatively (the encapsulation efficiency, 89.6 ± 0.9%). The bFGF in
vitro release kinetics fitted to zero-order and Higuchi equations. Proliferation assay, attachment assay, and
western blot showed that bFGF NPs had good biological effects on cultured bone marrow mesenchymal
stem cells and could achieve a much longer action time than bFGF solution. Conclusion: These results sug-
gested that a novel biodegradable dex-GMA/gelatin hydrogel NPs loaded with bFGF could be successfully
developed from both dextran- and gelatin-based biomaterials.
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Introduction

The growth and differentiation factors, extracellular
matrix proteins, and adhesive factors have been widely
utilized in wound healing and in regenerative area and
tissue engineering1–3. However, the lack of suitable
methods for delivering the appropriate dose of growth
factors to the objective tissue is an obstacle to the clini-
cal application. Because of the rapid clearance and rela-
tively short biological half-life of these proteins, direct
administration of the human recombinant growth fac-
tor proteins is not effective. Repeated injections or use

of the growth factors would consequently be necessary,
which is neither clinically acceptable nor economical.
For these drugs to be used therapeutically or eco-
nomically, suitable drug delivery systems such as locally
controlled delivery devices that are capable of encapsu-
lating and providing sustained release of bioactive
proteins are desirable.

Encapsulating proteins into different types of bioma-
terials is the most common method of fabricating a
controlled delivery device. Recently, a number of
organic or inorganic, natural or artificial materials have
been developed for drug delivery in experimental or
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preclinical models4–8. Dextran has attracted much more
attention for use in a controlled drug delivery system
because of its excellent hydrophilic nature and bio-
compatibility9. Dextran is a hydrophilic natural poly-
saccharide consisting of mainly α(1→6)-linked
D-glucose units and three hydroxyl functional groups
per anhydroglucose residue and is versatile for chemi-
cal modification as well as for network formation10. The
characteristic α-1,6-glucosidic linkage is hydrolyzed by
dextranases, enzymes produced by various molds, and
certain bacteria as well as by mammalian cells. So, it is
susceptible to enzymatic digestion in the body. Frequently,
for improved biocompatibility and release, investigated
oxide-hydroxide-modified cross-linked dextran is gly-
cidyl methacrylated dextran (dex-GMA), which could
be synthesized by coupling GMAs to those hydroxyl
functional groups of dextran by an experimental method
adapted from van Dijk-Wolthuis et al.11

Previous studies carried out by our group12,13 have
demonstrated that locally controlled release of insulin-like
growth factor-I (IGF-I) had good function with the locally
controlled release from dextran-co-gelatin hydrogel
microspheres. The hydrogel microspheres had a particle
size of 32 ± 2 μm. During the initial stages, the micro-
spheres sopped up and the sphere enlarged, and the drug
was rapidly released from microspheres through the exo-
teric microaperture. When the swelling was counterpoise,
the drug release would slow down and be determined by
drug pervasion and microsphere biodegradation. The
drug release profile fitted in vitro to first-order manner
and Higuchi equation had an initial burst release. More-
over, the drug had a relatively short release period. There-
fore, to meet more wide biomedical use in pharmaceutical
and biopharmaceutical fields in vivo and in vitro, design-
ing to control drug release rate over an extended duration
or at a specific time during treatment, minimizing drug
burst release, and significantly diminishing the particles
size to widen the application area are of great importance
in the drug delivery system.

In recent years, significant effort has been taken to
develop nanotechnologies for drug delivery14. Nano-
particles (NPs) have been used to provide localized
delivery of biomolecules to targeted tissues, to solubi-
lize drugs for intravascular delivery, and to improve the
stability of therapeutic agents, especially peptides, pro-
teins, and nucleic acid drugs, against enzymatic degra-
dation. The nanometer size ranges of these delivery
systems can offer certain distinct advantages for drug
delivery in tissue engineering and regenerative medi-
cine. Because of their submicrometer size, NPs have
demonstrated relatively greater intracellular uptake
than microparticles15. This permits efficient delivery of
therapeutic agents to target sites in the body16. Addition-
ally, the release of a therapeutic agent from NPs could
be controlled by modulating polymer characteristics to

achieve desired therapeutic levels in target tissue for a
duration sufficient for optimal therapeutic efficiency17,18.
Furthermore, NPs can be delivered to distant target tis-
sues either by localized delivery by a catheter-based
approach with a minimally invasive procedure or by
conjugation to a biospecific ligand, which can direct
them to the target tissue 16,17.

Taking all these factors into consideration, we recently
developed a polymeric dex-GMA/gelatin NPs incorporat-
ing basic fibroblast growth factor (bFGF) using a method
adapted from Kosmala et al.19 with modification14,20,21.
Our dex-GMA/gelatin NPs system has been developed
with the aim of (i) making an ideal delivery system that is
suitable for intravenous administration and (ii) obtaining
sustaining drug release as long as possible at the local
site. This work mainly described the synthesis, physico-
chemical properties, and biological effects of the novel
nanoparticulate protein carrier in vitro.

Materials and methods

Dextran T-40 was purchased from Xiasi Chemical Co.
(Beijing, China). Acidic gelatin with isoelectric point (IEP)
9.0 (Mw 100 kDa) was supplied by NittaGelatin Co.
(Osaka, Japan); GMAs, ammonium persulfate (APS), and
N,N,N´,N´-tetramethylethylenediamine (TEMED) were
obtained from Amresco (Solon, OH, USA). bFGF was a
product of Sigma Systems (Sigma Aldrich, St. Louis, MO,
USA), in the form of an aqueous solution (IEP 9.6).
Enzyme-linked immunoadsorption assay (ELISA) kit was
purchased from Invitrogen Systems (Invitrogen, Carlsbad,
CA, USA). All other chemicals and organic solvents were
purchased at their highest purity from Sigma Aldrich.

Preparation of the dextran-glycidyl methacrylate

Glycidyl dex-GMA with different degree of substitution
(DS: the number of GMA molecules per 100 glucose
moieties) were synthesized by coupling GMA to dextran
by a method adapted from van Dijk-Wolthuis et al.11

with alterations12,13. Briefly, dextran (5 g) was dissolved
in dimethyl sulfoxide (DMSO) solvent (50 mL) under
nitrogen atmosphere. After dissolution of 4-dimethy-
lamino-pyridine (1 g), a calculated amount of GMA was
then added at a very slow rate. The solution was stirred
at room temperature for 48 hours, after which the reac-
tion was stopped by adding an equimolar amount of
concentrated HCl to neutralize the 4-dimethylamino-
pyridine. The reaction solution was recrystallized with
dehydrated alcohol (200 mL). After vacuum filtration
for separating dex-GMA and DMSO, the resulting white
precipitate was dissolved in distilled water (10 mL) at
4°C. Subsequently, the solution was extensively dialyzed
against distilled water by dialysis membrane tubing
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having a molecular weight cutoff of 12 kD (Sigma Diag-
nostic Inc., Orlando, FL, USA) at 4°C for 72 hours with
refreshment of distilled water every 12 hours. dex-GMA
was lyophilized, and the white fluffy product was stored
at 4°C before use. The degree of GMA substitution was
determined to be 4.3% and 6.7% by 1H nuclear magnetic
resonance (NMR).

Preparation of NPs

Interpenetrating polymeric networks (IPNs) can be
formed from dex-GMA cross-linked in the presence of
gelatin. Taking the score of appearance and the size
distribution as bases, we studied the influence of the
concentration of gelatin and dex-GMA on the perfor-
mance of these NPs. Several other factors, such as APS
concentration and curing time, were found to have less
influence on those properties of the beads. Therefore,
these factors were kept constant throughout this study.
A two-factor, three-level Box–Behnken design or the opti-
mization process by a statistical software (Statgraphics
Plus, version 4.1; Manugistics Inc., Rockville, MD, USA)
was used. The best preparation method of the NPs was
optimized, and the finished products were given an ini-
tial determination, namely 20 wt.% dex-GMA and gela-
tin. In short, aqueous solutions of dex-GMA and gelatin
in 0.22 M APS (50 mg/mL) were flushed for 10 minutes
with N2 gas and subsequently transferred into a scintil-
lation vial. The best preparation method of the NPs was
optimized. Aqueous solutions of dex-GMA (20%, w/w)
and gelatin of 5% in 0.22 M APS were flushed for 10 min-
utes with N2 gas and subsequently transferred into par-
affin liquid (50 mL). The two-phase system was
vigorously mixed (vortex, type Scientific Industries,
Vortex Genie 2, Model G-560-E, maximum intensity) for
60 seconds to create a water-in-water emulsion by add-
ing Span-80 (180 μL, 50 mg/mL). Next, the emulsion
was followed by the addition of TEMED (10 μL, 20%, v/
v) at room temperature. This system was incubated for
2 hours at 37°C to polymerize the methacryloyl groups
coupled to the dex-GMA chains. The collected NPs
were hardened with 1% glyceraldehydes for 24 hours,
which was followed by freeze-drying. Using different
(DS, 4.3 and 6.7) dex-GMA, two types of dex-GMA/gela-
tin hydrogel NPs (NPs with DS 4.3 and NPs with DS 6.7,
each type consisted of three samples differing in the
concentration of gelatin) were synthesized in this study.

The bFGF-loaded NPs were prepared by the same
procedure. bFGF-loaded dex-GMA/gelatin hydrogels
were prepared by the polymerization of an aqueous
solution of dex-GMA, mixture of the protein bFGF (con-
centration 5 μg/mL), and acidic gelatin (IEP 9.0)21 in
phosphate-buffered saline (PBS, 0.2 M, pH 7.4) as the
methods previously described22. The polymerization
was initiated by APS (concentration 50 mg/mL) and

TEMED (final concentration 60 μmoL/g). The reaction
mixture was polymerized in lagena for 1 hour. The tem-
perature increased because the liberated polymerization
heat was marginal (<0.5°C), thereby excluding thermal
denaturation of the entrapped proteins. This solution
volume was below the nanoparticle’s theoretical equi-
librium swelling volume to allow for complete drug
absorption. The resulting mixture was vortexed and
incubated at 4°C for 15 hours before freeze-drying. The
configurations of freeze-dried NPs were also examined.

Nanoparticle characterization

Nanoparticle size and size distribution
The average nanoparticle size and morphology were
examined by an S-2700 transmission electron micro-
scope (Hitachi, Tokyo, Japan) at a voltage of 80 kV. One
drop of NPs was placed on copper grids and negatively
stained with 2% phosphotungstic acid for 30 seconds.
The aqueous dispersion of the particles was drop-cast
onto a carbon-coated copper grid. The particle size was
determined by a laser diffraction particles size analyzer
(Shimadzu SALD 1100). The freeze-dried nanoparticle
morphology was examined under a scanning electron
microscope (JEOL 840A, Tokyo, Japan) at an accelerating
voltage of 5 kV and a working distance of 8.0 or 8.2 mm.

Swelling and degradation of dex-GMA/gelatin 
hydrogel NPs
To examine the behaviors of hydrogel NPs based on
dex-GMA, we determined the swelling ratios (SRs)
and degradation properties at 37°C in the presence of
dextranase. Dried dex-GMA/gelatin hydrogel NPs,
accurately weighed (Wi), were immersed in PBS (10 mM,
pH 7.4) in an orbital shaker at 120 rpm at 37°C for
24 hours to equilibrate to fully hydrated state and
weighed to obtain a wet weight. At different time inter-
vals, the swollen hydrogel NPs were removed and
washed thrice with distilled water and centrifuged
thrice, blotted dry, and lyophilized on a freeze drier for
24 hours. The dry hydrogel at different time intervals
was accurately weighed (Wt). After Wt determination,
either SR or mass remaining rate was calculated from
the following equation:

where Ws is the weight of the swollen hydrogel NPs, Wi
is the weight of dried hydrogel NPs before test, and Wt is
the weight of dried hydrogel NPs at time of t.
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Entrapment efficiency of dex-GMA/gelatin 
hydrogel NPs
The percentage value of the loaded bFGF (% bFGF
loaded) was calculated as follows: first, the amount of
drug associated with NPs was calculated as the differ-
ence between the total amount of bFGF added to the
system called bFGFt (theoretic) and the bFGF recovered
in the supernatant (bFGFs) assuming that the bFGF not
recovered in the supernatant was encapsulated in the
NPs. Subsequently, the ratio between bFGF encapsu-
lated in NPs and the mass of NPs (NPs) was calculated
and expressed as percentage (% bFGF loaded) accord-
ing to the following equation:

The entrapment efficiency of bFGF was described as
(bFGFt minus; bFGFs)/bFGFt × 100%; bFGF remaining
in the supernatant was determined with ELISA kit
(Invitrogen Systems).

In vitro release kinetic study of dex-GMA/gelatin 
hydrogel NPs
The kinetics of bFGF release from NPs with different DS
and different concentration of gelatin was determined
in PBS absent or present dextranase (final enzyme con-
centration 0.15 U/mL). Each sample was immerged in
5-mL microcentrifuge tubes containing 3.5 mL of PBS
(pH 7.4) and 0.02% (w/v) sodium azide. The samples
were incubated at 37°C under continuous agitation.
After 2, 4, 8, 16, 24 hours, 4, 8, 12, 16, 20, 24, 28, 32, and
40 days, the supernatant of each specimen was col-
lected. The amounts of bFGF in the supernatants were
determined with ELISA kit (Invitrogen). The experi-
ments were performed in quintet. The percentage of
bFGF released was determined from the following
equation: release (%) = [bFGF]ft/[bFGF]T × 100%, where
[bFGF]ft is the concentration of bFGF in the filtrate at
time t and [bFGF]T is the total amount of bFGF
entrapped in the NPs.

Bioactivity of bFGF-loaded dex-GMA/gelatin 
hydrogel NPs

Isolation and culture of bone marrow mesenchymal 
stem cells from mouse
Mesenchymal stem cells (MSCs) from bone marrow of
Sprague–Dawley mouse were isolated and cultured by a
method described by Kopen et al.23 The cells were
determined by fluorescence-activating cell sorting
(Beckman Coulter, Fullerton, CA, USA) analysis before
the experiments by directly conjugated antibodies
against anti-mouse CD44 [fluorescein isothiocyanate
conjugate (FITC); Invitrogen], anti-CD29 (FITC; Caltag,

San Francisco, CA, USA), anti-CD45 (FITC; Invitrogen),
and anti-CD90 (FITC; Invitrogen). The cells between
passage 3 and passage 5 were used.

Cell proliferation assay
Sprague–Dawley mouse bone marrow MSCs (BMSCs)
were detached from the culture flasks by trypsin–EDTA,
and the cell suspension was adjusted at 5 × 104 cells/mL
in culture medium. One hundred microliters of this cell
suspension containing 5 × 103 cells was seeded in
each well of a 96-well tissue culture plate (GIBCO Life
Technologies, Karlsruhe, Germany). Cells were culti-
vated in the DMEM containing 4500 mg/L D-glucose,
100 IU/mL penicillin, 100 g/mL streptomycin, 50 μg/mL
ascorbic acid, and 10% FCS in the absence (control) or
presence of 10 ng/mL bFGF and 1 mg/mL bFGF-loaded
NPs (dex-GMA/gelatin hydrogel NPs, equal to 10 ng/mL
bFGF) at 37°C in humidified air containing 5% CO2 for 2,
3, 5, 7, and 10 days. After being cultured, the metabolic
cell activity was measured by tetrazolium salt assay.
Cells were incubated for 4 hours with tetrazolium salt
[3-(4,5-dimethylthiazol 2-yl)-2,5-diphenyl-2,5-tetrazolium
bromide (MTT), final concentration 0.5 mg/mL] at 37°C.
Formed formazan crystals were solubilized, and the
absorbance was measured at 540 nm wavelength by a
microtiter plate reader (Titertek, Helsinki, Finland).

Cell attachment
Cell attachment was measured by a modified colori-
metric method according to Landegren24 with some
modifications. Briefly, passage 3 cells were detached
from tissue culture flasks with a 0.05% trypsin/0.1% EDTA
solution. The cells were subsequently washed in serum-
free media. Then the bone MSCs were re-seeded onto
60-mm dishes at a density of 1 × 105 cells per dish and
allowed to attach for different times (3, 6, and 24 hours)
in the DMEM containing 10% FCS in the absence (con-
trol) or presence of 10 ng/mL bFGF and 1 mg/mL bFGF-
loaded NPs (dex-GMA/gelatin hydrogel NPs, equal to
10 ng/mL bFGF) at 37°C in humidified air containing
5% CO2. Then, nonadherent cells were removed by wash-
ings with 0.1 M PBS (pH 7.4). Chromogenic substrate
solution of 500 μL [7.5 mM substrate (p-nitrophenyl N-
acetyl β-D glucosaminide); 0.1 M Na citrate, pH 5, 5% (v/v)
Triton-X 100] was added for 2 hours at 37°C in humidi-
fied atmosphere. Reaction was stopped with 5 mM
EDTA/50 mM glycine (pH 10.4). Resulting chromophore
was measured spectrophotometrically at 405 nm.

Cell function
Cell secretion of fibronectin and collagen I was deter-
mined by western blot. Passage 3 cells were seeded onto
60-mm dishes at a density of 1 × 105 cells per dish in the
DMEM containing 10% FCS in the absence (control) or
presence of 10 ng/mL bFGF and 1 mg/mL bFGF-loaded

%
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NPs (dex-GMA/gelatin hydrogel NPs, equal to 10 ng/mL
bFGF) at 37°C in humidified air containing 5% CO2.
The cells were harvested after 7 days. Cell lysates were
prepared by adding 1 mL boiling lysis buffer (1% SDS),
1 mm sodium ortho-vanadate, and 10 mm Tris (pH 7.4)
to BMSCs pellets. The protein concentration was quan-
titated with the BCA protein quantitation kit (Pierce
Biotechnology, Rockford, IL, USA). Sixty micrograms of
total cell lysate was electrophoresed on 12% for collagen
I or 15% for fibronectin. Protein was isolated by SDS–
PAGE electrophoresis, transferred onto polyvinylidene
difluoride (Bio-Rad Laboratories, Hercules, CA, USA)
by the semidry electrophoretic transfer technique,
blocked with 5% skimmed milk and incubated with
semidry electrophoretic transfer technique, blocked
with 5% skimmed milk and incubated with polyclonal
antibody against collagen I (SantaCruz, CA, USA) or a
monoclonal antibody against fibronectin (Sigma)
overnight at 4°C, and then incubated with the corres-
ponding second antibody at room temperature for
1 hour after washing the membranes. An immunode-
tection kit was used for fluorescence detection (Pierce).

Statistical analysis

All quantitative data were expressed as the mean ± SD.
Nonparametric one-way analysis of variance and multi-
ple comparisons were used to test for the assays of mul-
tiple comparisons to compare with the control by
Software (SPSS 11.0). For the cell growth assay, a para-
metric analysis of variance based on the Turkey test was
used. All assays were performed thrice, and a value of
P < 0.05 was considered to be statistically significant.

Results and discussion

Synthesis of dex-GMA/gelatin hydrogel NPs

The amount of hydroxyl groups per dextran glucose ring
substituted by GMA was estimated by the published
1H-NMR method25. There is an anomeric proton
attached to the C1 position of dextran glucose ring and
appears at 4.5–5.5 ppm in NMR spectrum, where the pro-
tons of hydroxyl groups appear. This proton does not
react during the GMA substitution reaction, whereas
some of the other protons of other hydroxyl groups are
substituted by GMA. So the ratio of the normalized inte-
grated intensities of the sum of the hydroxyl group peaks
to the normalized integrated intensities of the anomeric
proton peak, which can be used to estimate the DS. For
un-substituted pure dextran, the ratio should be 3;
whereas after substitution by GMA, this ratio should be
more than 3. Thus, the DS could be calculated from the
following ratio: 3 (difference of the NMR proton intensity

between dextran and dextran derivatives)/dextran. We
have prepared two types of dex-GMA having DS 4.3%
and 6.7%. It was found that the solubility of dex-GMA was
greatly improved even with very low DS.

Gelatin and dextran are a pair of protein–polysaccharide,
which can form IPNs from dex-GMA cross-linked in the
presence of gelatin14,19. Materials formed from IPNs
share properties characteristic of each network. Enzy-
matically degradable IPNs from proteins and polysac-
charides have been previously prepared. Both dextran
and gelatin have great potential as biomaterials alone,
but combining their properties can form hydrogel that
may be selectively enzymatically degradable but not
hydrolytically degradable. The drug delivery systems
would selectively deliver their contents only at sites
where appropriate biological enzymes are present and
not simply in solution. Furthermore, gelatin would
improve the biocompatibility when used in vivo. Chemi-
cal cross-linking of gelatin is accomplished traditionally
with dilute solutions of glutaraldehyde or formaldehyde,
but these cross-linking agents have been shown to be
toxic. So in this study, thermal hardening with 1% glycer-
aldehyde was performed on the NPs.

Characterization of NPs

Nanoparticle size
The NPs prepared in the discontinuous phase have a
particle size of 320 ± 20 nm, and the DS of dex-GMA has
no significant impact on particle size distribution.
Figure 1 shows the size distribution of NPs prepared in
this process. Almost all NPs had sizes ranging from 260
to 380 nm in diameter, and about 89.2% of the NPs were
in an even narrower size range of 280–340 nm, and the
results were 10–60 μm, 60%, 20–40 μm, respectively, in
our previous studies13.

Figure 1. (A) Scanning electron micrograph, ×20,000; (B) transmis-
sion electron micrograph, ×30,000; (C) size distribution of dex-GMA/
gelatin hydrogel nanoparticles.
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Swelling and degradation
When dex-GMA/gelatin hydrogel NPs were incubated
in the presence of dextranases (10 U/mL) at pH 7.4, a
total degradation quickly occurred, and the degrada-
tion was evaluated. As a result, those hydrogel NPs
were degraded between 20 and 40 days according to
the DS of dex-GMA and the concentration of gelatin in
PBS at 37°C in the presence of approximately 3 ng/mL
dextranase.

Figure 2A shows the swelling behavior of dex-GMA/
gelatin hydrogel NPs when incubated in 10 mM PBS at
pH 7.4. The hydrogel NPs showed a progressive swelling
in time, which was followed by a dissolution phase (in
case of DS 6.7, a longer period was needed for complete
dissolution). Figure 2B shows the dependence of maxi-
mum SRs at 37°C on the concentration of gelatin for
hydrogel NPs. Within our prediction, the maximum SR
of dex-GMA/gelatin hydrogel NPs decreased with an
increase of the concentration of gelatin. Gelatin concen-
tration of 5% had the highest SR, whereas the concen-
tration of 2% was in the middle and the concentration of
0.2% obtained the smallest SR. On the other hand, as
shown in Figure 3A, the DS of dex-GMA significantly
influenced the swelling behavior of dex-GMA/gelatin
hydrogel NPs. As a result, DS 4.3 and gelatin concentra-
tion of 5% gained the highest SR (45.1 ± 3.5%). The mass
loss of dex-GMA/gelatin hydrogel NPs was also deter-
mined. As shown in Figure 2C, mass remaining value of
hydrogel NPs obtained from dex-GMA with DS 4.3
remained below the type of dex-GMA with DS 6.7. By
the end of day 20, these hydrogel NPs were completely
degraded. Hydrogel NPs obtained from dex-GMA DS
6.7 exhibited slower degradation rates. So the conclu-
sion can be drawn that the degradation of those hydro-
gel NPs was mainly influenced by the concentration of
gelatin and DS of dex-GMA. This indicated that the
hydrolysis of dex-GMA/gelatin hydrogel NPs would occur
through a bulk erosion mechanism: A similar mecha-
nism of hydrolysis was observed for poly(glycolic acid)/
poly(lactic acid) polymers and poly(propylene fuma-
rate-co-ethylene glycol) hydrogels17,23. All hydrogels
had very high water content [defined as (SR − 1)/SR]
exceeding 97%, thereby facilitating the exchange of
small hydrophilic molecules and nutrients between the
hydrogel NPs and the cells.

It was well known that the swelling ability of
hydrogel NPs was an important factor in regulating
many of their properties, such as permeability to
hydrophilic or hydrophobic drugs, biocompatibility,
rates of enzymatic or hydrolytic degradation, and
mechanical characteristics15,16. The presence of
chemically or enzymatically degradable bonds, that
is, glucosidic linkages and ester groups, in the dex-
GMA/gelatin hydrogel NPs conferred a potential bio-
degradability to these systems. This result suggested

that dextran chains be still available to enzymatic
hydrolysis by dextranases even after derivatization with
GMA residues and further cross-linking.

Entrapment efficiency of dex-GMA/gelatin 
hydrogel NPs
bFGF could be encapsulated in the NPs with a very high
efficiency. When bFGF was added to the phase-separated
system, the encapsulation efficiency was 89.6 ± 0.9%

Figure 2. Swelling and degradation properties of dex-GMA/gelatin
hydrogel nanoparticles obtained from different DS of dex-GMA (DS 4.3
and 6.7) and different concentration of gelatin in the polymerizing
solution (pH 7.4, 37°C). (A) swelling ratio (SR) of dex-GMA/gelatin
hydrogel nanoparticles (20 wt.% dex-GMA; 5 wt.% gelatin) as a func-
tion of time when immersed in 10 mM PBS. (B) Maximum swelling
of dex-GMA/gelatin hydrogel nanoparticles (concentration of gelatin
equals 5%, 2%, and 0.2%) when immersed in 10 mM PBS, *P < 0.05.
(C) Mass remaining (%) during degradation of dex-GMA/gelatin
hydrogel nanoparticles (20 wt.% dex-GMA; 5 wt.% gelatin) when
immersed in 10 mM MPBS with the presence of dextranase (2 ng/mL).
Data are shown as mean ± SD (n = 6).

50
(A)

(B)

(C)

40

30

20

10S
w

el
lin

g 
ra

tio
 (

%
)

M
ax

im
um

 s
w

el
lin

g 
ra

tio
 (

%
)

M
as

s 
re

m
ai

ni
ng

(%
)

Swelling time (days)

0.2% gelatin 2% gelatin 5% gelatin

0
0

60

40

20

0

120

100

80

60

40

20

0
0 10 20

Degradation time (days)
30 40

DS = 4.3

DS=4.3

DS=4.3

DS=6.7

DS=6.7

DS = 6.7

2 4 6 8 10 12



Novel dex-GMA/gelatin nanoparticles 1425

(mean ± SD). For five independently prepared nanopar-
ticle batches, the bFGF-loaded % was 1 × 10−3%. After
stored at 4°C in gelsiccation for about 6 months, the size
of dex-GMA/gelatin NPs ranged from 290 to 390 nm in
diameter, and the entrapment efficiency was also as
high as 85.6 ± 1.9%.

In vitro release of bFGF in PBS
The release of bFGF from the dex-GMA/gelatin hydro-
gel NPs studied was diffusion controlled. The apparent
release rate was calculated from Higuchi plots. The
release rate of bFGF from the dex-GMA/gelatin hydro-
gel NPs was affected by both the degree of GMA substi-
tution of the dextran used and the concentration of
gelatin. The effect of the degree of GMA substitution of
the dextran on the release rate of bFGF was studied.

Figure 3A shows the release rate from dex-GMA/
gelatin hydrogel NPs containing 5% (w/w) gelatin and
20% (w/w) glycidyl dex-GMA. Both NPs exhibited similar
bFGF release profiles in standard PBS. No obvious burst
release values from NPs under different DS (4.3 and 6.7)
were found (Table 1). Both NPs exhibited a phase 1 release
rate of approximately 5.8% per day from days 1–12 and a
phase 2 release rate of approximately 0.8% per day from
days 12–40. Accordingly, in vitro release of bFGF showed
that the release was faster in the presence of dextranase
in PBS than the absence of dextranase (P < 0.05). The
release profiles of bFGF from NPs as a function of time
showed that bFGF-releasing kinetics in vitro fitted to
zero-order and Higuchi equations. The release profile
in vitro was in accord with the two-phase kinetics law
and more than 70% drug were released during 12 days.
Furthermore, changing the DS of dex-GMA might influ-
ence bFGF release (Figure 3A). As the DS increased, the
release rate at 37°C decreased. Figure 3B shows the
effect of the gelatin concentration on the bFGF release
rate from the hydrogel NPs containing 20% (w/w) dex-
GMA with 4.3 substitution. The results showed that the
release profiles were significantly different between the
NPs with different concentration of gelatin. The release
rate increased as the gelatin concentration increased at
37°C. The bFGF release duration from NPs could be varied
from 24 to 40 days in accordance with different concentra-
tion of gelatin. These indicate that the release of the
dex-GMA/gelatin hydrogel NPs be markedly affected by
the gelatin concentration. These results suggest that we
could obtain hydrogel NPs with an appropriate release
profile by adjusting the degree of GMA substitution and
the gelatin concentration. This might have important
clinical meanings. In tissue or bone defect or tissue
engineering, the need for concentration and interval of
bFGF may be different15,16,18,19,21. NPs could meet dif-
ferent demands of tissue regeneration, even at high con-
centration, could provide rapid release by decreasing the
DS of dex-GMA and increasing the gelatin concentration,

Figure 3. In vitro release of bFGF in PBS. (A) Profile of bFGF release
from hydrogel nanoparticles with different DS. The values represent
the mean ± SD (n = 6). There was no significant difference between
the durations of bFGF release from hydrogel nanoparticles with
high and low DS of dex-GMA. (B) Cumulative release of bFGF from
hydrogel nanoparticles prepared with different concentration of
gelatin in the presence of dextranase. *P < 0.05, **P < 0.01, signifi-
cant differences of 5% gelatin group compared with 0.2% gelatin
groups and 2% gelatin group compared with 0.2% gelatin groups at
the same time-point. #P < 0.05, significant difference of 5% gelatin
group was compared with 2% gelatin groups (P > 0.05). The values
represent the mean ± SD (n = 6).
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Table 1. Phase 1 and 2 release rates and final cumulative bFGF release
from nanoparticles in buffers of PBS and PBS with dextranase.

Nanoparticles 
(DS of dex-GMA)

Buffer

PBS with 
dextranase PBS

Phase 1 release rates
(% day) (days 1–12)

4.3 5.8 ± 0.4 4.2 ± 0.4

6.7 6.6 ± 0.5* 5.1 ± 0.5*

Phase 2 release rates 
(% day) (days 12–40)

4.3 0.8 ± 0.2 0.9 ± 0.1

6.7 1.4 ± 0.2* 0.36 ± 0.1*

Final cumulative 
release (%)

4.3 92.1 ± 1.8 77.5 ± 2.1

6.7 85.3 ± 2.3* 70.3 ± 3.1*

Reported significances (*P < 0.05) for the respective parameters
result from comparing nanoparticles synthesized by different DS of
dex-GMA in each buffer.
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and promote secondary release by decreasing the DS
of dex-GMA and increasing the gelatin concentra-
tion. The functionary mechanism needs to be studied
further.

Bioactivity of bFGF-loaded dex-GMA/gelatin 
hydrogel NPs

Characteristics of BMSCs in culture
The MSCs attached on culture dishes sparsely, and the
majority of the cells displayed a spindle-like shape.
Mouse surface marker for MSCs has yet to be identified.
The putative MSCs used in the experiments expressed
CD29, CD44, and CD90 at moderate to high levels by
flow cytometry analyses. The cells were negative for
CD45 (a surface marker for hematopoietic stem cells)
(Figure 4).

Mouse BMSCs cultured with bFGF NPs
BMSCs cultured with bFGF NPs or bFGF were in
shuttle or spindle-like shape and formed ‘hill and valley’

characteristic at confluence in 8 days. But when cells
were incubated in the culture medium in the absence of
bFGF, the cells became decrepit, with multiple inter-
connected umbos in different sizes and much granule-
like substances in the surface of cells.

Proliferation assay of cell
To examine the cytotoxicity of the NPs and the biologi-
cal activity of released bFGF, a cell proliferation assay
was performed by BMSCs. BMSCs were incubated in
the culture medium in the presence or absence of 10 ng/mL
bFGF and 1 mg/mL bFGF-loaded NPs (dex-GMA/
gelatin hydrogel NPs, equal to 10 ng/mL bFGF). Signifi-
cant differences were found between the control group
and the bFGF or bFGF-NPs group in 2 days (P < 0.05),
but there were no statistical differences between bFGF
and bFGF-NPs group (P > 0.05). After 6 days, the differ-
ence became significant between bFGF and bFGF-NPs
group (P < 0.05) and more significant after 8 days (P < 0.01)
(Figure 5A). This finding implies that these NPs can be
useful as protein carriers without any significant

Figure 4. The bone marrow mesenchymal stem cells were determined by fluorescence-activating cell-sorting analysis (CD29, CD44, CD90, and CD45).
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cytotoxic effects and can protect the bioactivity of
loaded proteins.

Attachment assay
To observe the attachment ability of MSCs in differ-
ent culture media, we carried out the attachment
assay. Significant differences were found between
control group and bFGF or bFGF-NPs group after
3 hours (P < 0.05), but there were no statistical

differences between bFGF and bFGF-NPs group (P >
0.05) (Figure 5B).

Changes in collagen I and fibronectin expression in 
the PBMCs
Collagen I and fibronectin expression were determined
to observe the function of MSCs in different culture
media. Figure 6A shows the representative western blot
of collagen I and fibronectin expression of BMSCs cul-
tured with different culture media 7 days later. Signifi-
cant differences were found between control group and
bFGF or bFGF-NPs group, and between bFGF and
bFGF-NPs group (P < 0.05 or <0.01) (Figure 6B and C).
Collagen I and fibronectin expression were the highest
in BMSCs cultured in PDGF-NPs group.

MSCs are nonhematopoietic multipotent stem cells
that could differentiate into cells, such as cardiomyo-
cytes and fibroblast, and also hard tissue cells, such
as osteoblast and cementoblast, under the proper
conditions in vitro and in vivo26–28. MSCs play a key
role for some tissue regeneration. Furthermore, con-
sidering their advantages, such as the ease of obtain-
ing bone marrow aspiration by a simple routine and
the ability to self-renew, MSCs have been considered to
be the ideal seeded cells for stem cells transplantation
therapy research and tissue engineering27,28. So, in
our study, we chose MSCs as the experimental model
in vitro.

Growth factor played a very important role in
proliferation, secretion, attachment, mitogen, and

Figure 5. Effects of bFGF nanoparticles on cell metabolism (MTT
assay) and cell attachment in mouse bone marrow mesenchy-
mal stem cells. (A) MTT assay was used to determine the effects
of bFGF nanoparticles on the metabolism of bone marrow stem
cells. Cells were cultured in different culture for 2, 3, 5, 7, and
10 days in the presence (bFGF or bFGF NPs) or absence of
10 ng/mL bFGF (values are expressed as mean ± SD, n = 6). *P <
0.05, **P < 0.01, significant differences of control group were
compared with bFGF groups or bFGF-NPs groups at the same
time point. #P < 0.05, ##P < 0.01, significant differences of bFGF
group were compared with bFGF-NPS group. (B) The attachment
of bone marrow stem cells were observed after culture in differ-
ent cultures for 1, 3, 24 hours in the presence (bFGF or bFGF-
NPs) or absence of 10 ng/mL bFGF (values are expressed as
mean ± SD, n = 6). *P < 0.05, **P < 0.01, significant differences of
control group were compared with bFGF groups or bFGF-NPs
groups at the same time point.
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differentiation for the stem cells. bFGF was reported to
have a variety of biological activities29 and to be effec-
tive in enhancing wound healing through induction of
neovascularization30 and regeneration of tissue31 and
cartilage32 when administrated in the form of a solu-
tion. So we used bFGF as the experimental drug in this
study.

Extracellular matrix secretion was regarded as one of
the most important functions of cells. Cell proliferation,
attachment, and differentiation, as well as the tissue
regeneration all depend on the extracellular matrix
secretion. Collagens are fibrous, extracellular matrix
proteins with high tensile strength and are the major
components of connective tissue, such as tendons and
cartilage33. Collagens also play a role in cell adhesion,
which is important for maintaining normal tissue archi-
tecture and function, such as bone strength and platelet
activation34,35. Fibronectin is an extracellular matrix
glycoprotein present on most cell surfaces, in extracel-
lular fluids, and in plasma. It has been shown to be
involved in various functions including cell adhesion,
cell motility, and wound healing36,37. According to these
profiles and the outcome of our experiment, we hypo-
thesized that more powerful secretion of FN and VN in
bFGF NPs of MSCs would mainly be the cause of high
adhesion rate in our research.

Conclusions

It was optimized that the novel method for preparing
controlled size NPs by employing paraffin liquid (20 wt.%
dex-GMA; DS 6.7%) and 5% gelatin and cross-linking
with glyceraldehyde created IPNs with the most repro-
ducible behavior. This strategy led to NPs of an average
diameter of 320 nm (transmission electron microscope)
from 250 to 380 nm and below encapsulating water-
soluble polysaccharide and a stable long-term release
of bFGF. Proliferation assay, attachment assay, and
western blot showed that bFGF NPs had good biological
effects on cultured BMSCs and could achieve a much
longer action time than the same concentration of bFGF
solution. Future work needs to be focused on optimiz-
ing the concentration of cross-linking agent or the dura-
tion of cross-linking to synthesize the therapeutically
effective hydrogel NPs capable of surviving in the body
for longer periods of time.
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