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Abstract: In this article, the chitosan/gelatin/pectin (CGP)

network films were prepared to build appropriate physico-

chemical and mechanical microenvironment for attachment,

proliferation, and differentiation of mesenchymal stem cells

(MSCs). Results suggested that the hydrophilicity and me-

chanical character of CGP composites films could be modu-

lated via adjusting the pectin content in the composites.

The investigations of attachment and proliferation behaviors

of mesenchymal stem cells (MSCs) on the CGP films were

carried out. The morphology of cells was observed with he-

matoxylin/eosin staining (HE) and scanning electron micro-

scope (SEM). The osteogenic differentiation of MSCs was

investigated via ALP and polymerase chain reaction (PCR).

Results suggested that the CGP films have excellent bio-

compatibility. MSCs seeded on CGP (0.1) film show higher

proliferation capacity compared with other samples. More-

over, osteogenic differentiation of MSCs also depends on

the properties of the substrate. The MSCs seeded on CGP

(0.5) expressed the highest ALP activity, osteogenic gene

expression and mineral formation capacity. These results

suggest that the composition of the CGP network films

could effectively modulate their physicochemical and me-

chanical properties and further regulate the cell behaviors of

MSCs. VC 2010 Wiley Periodicals, Inc. J Biomed Mater Res Part B:

Appl Biomater 95B: 308–319, 2010.
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INTRODUCTION

Cell-based tissue engineering is rapidly being developed as
one of the most promising alternative therapies for bone
defects. In general, osteoblasts and mesenchymal stem cells
(MSCs) have been used as cell sources for bone tissue engi-
neering. Mesenchymal stem cells (MSCs), a heterogeneous
stem cell population within the bone marrow,1–3 can be eas-
ily isolated and expanded in vitro. Moreover, MSCs are able
to regenerate mesenchymal tissue4 and are reliant to the
extracellular environment not only to survive but also to
differentiate. On the other hand, because of their multiline-
age differentiation potential, MSCs require a controlled
microenvironment comprising of lineage-specific biochemi-
cal and biophysical cues to provide strict instructions for
their osteogenic differentiation and subsequent bone matrix
production. In previous research, the bone morphogenetic
proteins (BMP) and dexamethasone (Dex) were used to
stimulate the differentiation of MSCs along the osteogenic
lineage.5–7 However, the applications of BMPs are limited
owing to their high cost and carcinogenesis to some
extent.8,9 Long-term use of Dex can also produce grievous
side-effects.10 Therefore, it is very important to develop

novel biomaterials which could modulate the growth and
differentiation behaviors of MSCs. The main task of these
biomaterials is to provide the microenvironment for growth
and differentiation of MSCs. This goal could be realized via
adjusting the chemical structure, mechanical properties and
biodegradation behaviors et al. of the biomaterials, which
could regulate the growth and differentiation of MSC via dif-
ferent interactions between cells and biomaterials.

Natural polysaccharide and protein are widely used to
build the microenvironment for cell growth. They have
advantages in that they facilitate cell attachment and main-
tain differentiation of cells. These natural polymers include
multiple functional groups, such as, -CH3, -NH2, -OH and
COOH. Flexible and rigid chain segments of these polymers
provides the possibility to modulate the mechanical per-
formance of the microenvironment. Chitosan is a biopoly-
mer composed of units of1–4 D-glucosamine and1–4 N-acetyl-
D-glucosamine. It is analogous to GAG in structure and
exhibits numerous interesting physicochemical and biologi-
cal properties. Because of the unique cationic character, it
can interact with polyanions to mimic the extra cellular
matrices (ECM) and further modulate the cell behaviors. For
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example, hyaluronic acid and gelatin are incorporated into
the chitosan in order to mimetic the component of ECM,
comparing to chitosan, this chitosan-gelatin-hyaluronic acid
could shortened the adaptation period of cell and improve
the proliferation of fibroblast.11 Gelatin, the denatured type
of collagen, is composed of a unique sequence of amino
acids. Gelatin contains high content of the amino acids such
as glycine, proline and hydroxyproline. With a similar struc-
ture to GAGs and collagen, the chitosan/gelatin composites
has been used as tissue engineering scaffolds, mimicking
the natural extracellular matrix (ECM), for the repair of
damaged bone and cartilage with promising results.12,13 We
have developed porous chitosan/gelatin network scaffolds
via polyelectrolyte complex formation, freeze drying, and
post-crosslinking with glutaraldehyde. The bilaminar texture
for skin tissue engineering has excellent cytocompatibil-
ity.14–16 Pectins are polysaccharides enriched in galacturonic
acid and galacturonic acid methyl ester units. Combined
with proteins and other polysaccharides, pectin is skeletal
tissues of plants and closely imitates the structure of poly-
saccharides found in the extracellular matrixes of mammals.
It is worthy to mention that pectin can react to their envi-
ronments through a continuum of physical states, ranging
from dense gels to dilute solutions because of its high
molecular weight and a polyanionic nature. Pectin-based
materials also have good biocompatibility. For example,
pectin-containing matrices can improve cell adhesion and
proliferation of osteoblast when compared with plain poly
(lactic-co-glycolic acid) (PLGA) matrices17 and pectin nano-
coating may enhance the biocompatibility of bone and den-
tal implants.18 So the properties and general availability of
pectin make it viable to consider as a new biomedical mate-
rial. Although chitosan serves as a promising material for
structural assembly of tissue engineering scaffold, its biolog-
ical activity is limited as far as inducing cell attachment,
growth, and differentiation. One means to improve biological
activity of chitosan is through the use of immobilized bioac-
tive polysacchairdes. The GAGs, such as heparin, heparin
sulfate, dermatan sulfate and so forth, were covalently im-
mobilized on the surface of chitosan film. The increased
Alkaline Phosphatase (ALP) activity on all GAG surface
compared with chitosan-only membranes suggests that the
presence of GAGs on chitosan may enhance the osteogenic
differentiation potential of MSCs.19

In this work, our aim was to develop a network compos-
ite made by chitosan, gelatin, and pectin, providing a suita-
ble microenvironment capable of enhancing the growing
and osteogenic differentiation of MSCs. It is well known that
MSCs are highly sensitive and responsive to mechanical
environment and MSCs will commit to osteogenic lineage
when cultured on rigid bone-like substrate.20 Compared
with chitosan and gelatin, pectin has more rigid chain seg-
ments and higher mechanical strength. So the introducing of
pectin to chitosan-gelatin networks will improve the stiff-
ness of the substrate and promote the osteogenic differen-
tiation of MSCs. A large number of functional groups of
pectin could also change the chemical environment of chito-
san-gelatin network for MSCs. One can combine pectin into

chitosan-gelatin network via surface modification, ionically
or covalent crosslinking. Covalently crosslinking is advanta-
geous over surface modification and ionically complex since
it creates a more uniform and stable substrate. So in this ar-
ticle, different physicochemical and mechanical microenvir-
onments for MSCs were built through preparation of chito-
san, gelatin, and pectin (CGP) network films with a series of
pectin contents using 1-ethyl-(3,3-dimethylaminopropyl)
carbodiiminde (EDC) as a crosslinking agent. The chemical
structure of CGP network, surface properties, and the me-
chanical properties of the films were investigated. The water
state in CGP composites was also evaluated. The attachment,
proliferation, and differentiation behaviors of MSCs on CGP
films were examined in detail.

MATERIALS AND METHODS

Materials
Chitosan was supplied by Haihui Bioengineering Co. (Qing-
dao, China). Its degree of deacetylation was 85%, viscous
average molecular weight was 2.0 � 105 g mol�1. Pectin
(from citrus fruits), 1-ethyl-(3,3-dimethylaminopropyl) car-
bodiiminde (EDC), N-hydroxysuccinimide (NHS) and gelatin
(Type B) were purchased from Sigma (St. Louis, MO). 2-
Morpholinoethane sulphonic acid (MES) was purchased
from Shanghai Shenggong Biology Engineering, China.

Preparation of crosslinked CGP films
Totally, 2% chitosan acetate solution, 4% gelatin aqueous
solution, and 2% pectin aqueous solution were prepared.
After adding EDC, NHS, and MES into pectin solution, the
solution was stirred at 25�C for 4 h. Then, gelatin and chito-
san solution were added in the solution and stirred. The
mixed solution was poured into polystyrene petri dishes
before gel formed and dried at room temperature. The
detail weight composites of CGP films were listed in Table I.

The films were immerged into double-distilled water for
a day and the solution were changed with fresh water every
4 h. After washing with Dulbecco’s Phosphate-Buffered Sa-
line (D-PBS) and drying, the films were sterilized by 60Co c-
irradiation (at 2.5 dosage of Mrad).

Chemical characterization
Fourier transformed infrared (FTIR) spectrometer (NICOLET
Nexus-470 ARK FTIR’USA) was used to characterize the
interaction among chitosan, gelatin and pectin. Infrared
spectra were recorded on spectrophotometer.

TABLE I. Preparation Parameters of CGP Composites

Sample

Chitosan
(2 wt %)
(mL)

Gelatin
(4 wt%)
(mL)

Pectin
(2 wt %)
(mL)

EDC
(g)

NHS
(g)

MES
(g)

CG 105 52.5 0 1.97 0.28 2.19
CGP(0.1) 100 50 10 2.05 0.29 2.28
CGP(0.5) 84 42 42 1.71 0.24 1.90
CGP(1.0) 70 35 70 2.14 0.30 2.38
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Hydrophilicity of CGP films and the state of absorbed
water in CGP films
To investigate the hydrophilicity of the films, the static con-
tact angles of water on CGP films were measured using a
contact angle goniometer (Model JY-82; Chengde Experimen-
tal Machine Plant, China). Deionized distilled water was
dropped onto the surface of the CGP film before measuring.
Every data presented were the mean values of at least six
independent measurements.

After CGP films were soaked in water for 24 h, a Differen-
tial Scanning Calorimeter (DSC) was used to measure the state
of water absorbed in CGP network film. The weight of the films
was ca. 8–10 mg. Samples were cooled from room temperature
down to �50�C and then heated to 70�C at a heating rate of
5�C/min. The heat of fusion was evaluated from thermogram
area using pure water as a standard; therefore, the weight of
freezing water (Wtf) in film can be obtained from the fusion
heat of the sample at 0�C. The percentage of nonfreezing water
(Wnf) was estimated by subtracting the fraction of freezing
water from the total water content.21

Mechanical properties
Mechanical properties of CGP films were evaluated using
mechanical instrument (M350-10KN, Testometric, England)
equipped with fixed grips lined with thin rubber on the
ends. The CGP films strips were 80 mm long and 10 mm
wide and the ends were mounted on the grips using stick
tape. The initial grip separation was set at 40 mm, and the
crosshead speed was 1 mm/s. Young’s modulus, percentage
elongation at break, tensile strength were determined from
stress-strain curves obtained from uniaxial tensile tests to
membrane failure.

Cell experiments
MSCs were isolated from the bone shaft of femurs of three-
week-old male mouse according to the technique reported
by Lennon et al.22 and expression with CD44þ and CD71þ.
These cells were expanded using a-MEM complete media
and grown at 37�C and 5% CO2. The 3rd passage cells were
used in the subsequent cultures.

Cell attachment. Cell attachment on the CGP film and CG
film at different time intervals was studied. Culture me-
dium (500 lL) containing 50,000 MSCs were added to
wells covered with different films. The cells were allowed
to attach to the films undisturbed in a humidified incuba-
tor (37�C, 5% CO2) for 2, 4, and 7 h, respectively. At each
time interval, unattached cells were removed by thor-
oughly washing with PBS. The attached cells were digested
and counted. The adhesion rate was calculated using
below formula.

Adhesion Rate ¼ Attached cell number on CGP film

50;000
� 100%

Cell viability. The MTT assay was used as a measure of rel-
ative cell viability. After the MSCs were cultured in 24-well
tissue culture plates covered by CG and CGP composites

films for 3, 7, and 10 days, the cell viability was evaluated
using the MTT assay, in which 50 lL of MTT (Sigma, 5 mg/mL
in Dulbecco’s PBS) was added to each well and incubated
at 37�C, 5% CO2 for 4 h. After removal of the medium,
the converted dye was dissolved with acidic isopropanol
(0.05 M HCl in absolute iospropanol). Solution (100 lL)
of each sample was transferred to a 96-well plate. Ab-
sorbance of converted dye is measured at a wavelength
of 570 nm using an enzyme-linked immunosorbent assay
(ELISA) plate reader (TECAN SPECTRA III).

Cell morphology. A 500 lL cell suspension with approxi-
mately 3.0 � 104 cells was seeded on the top of CG and
CGP network film in 24-well tissue culture plates. After the
MSCs were cultured for 7–21 days at 37�C and 5% CO2, the
cell-grown film samples were fixed with 2.5% glutaralde-
hyde in 0.1 M PBS (pH 7.2), followed the specimens were
dehydrated throw a graded series of ethanol, vacuum dried,
and gold coated for scanning electronmicroscope (SEM,
XL30, PHILIPS, Holand) observation. In addition, at each
time point, the cell-grown film samples were fixed with
4 wt % formalin solution for 30 min at 4�C. Then, dehy-
drated in ascending series of ethanol and stained according
to standard hematoxylin/eosin staining (HE) protocols and
mounted in permanent medium.

ALP activity. For the experiment of MSC osteogenic differ-
entiation, the cell seeded on CG, CGP films, and TCPS was
cultured with/without osteogenic medium (OS medium)
which contains 50 lg/mL L-ascorbic acid, 10 mmol/L b-
(magnesium phosphate) pentahydrate, and 10 nmol/L dexa-
methasone (Dex). The ALP activity was determined by the
p-nirophenylphosphate hydrolysis method using ALP Assay
Kit (Sigma Co.) at 7, 14, and 21 days. The ALP activity in
the culture media was expressed as p-nirophenylphosphate
nmol/105cells in accordance with manufacturer’s protocol
since total proteins in the media were mainly from serum
in media and could not be used to normalize all samples.

Real-time quantitative RT-PCR. MSCs were cultured on
the CGP(0.5) film and TCPS with/without OS medium for
7 days, 14 days, and 21 days in 6-well tissue culture plates.
At each time point total RNA was extracted from cells. The
final elute was stored at �80�C. The RNA was reverse tran-
scribed to cDNA using first Strand cDNA Synthesis Kit
(TOYOBA, Japan), Brief, the reaction system included 5 lL
RNA, 4 lL 5�RT Buffer, 2 lL dNTP, 1 lL Rnase Inhibitor,
1 lL Rever Tra Ace, 6 lL Rnase free H2O, and Random
Primer 1 lL. The reverse transcribed occurred for 10 min
at 30�C, for 20 min at 42�C, 85�C for 5 min, and for 5 min
at 4�C. Then, amplified by polymerase chain reaction (PCR)
using primer sets using prime sets (Table II). Cycling condi-
tions were as follows: 97�C for 5 min followed by 40 cycles
of amplification (95�C denaturation for 5 s, 55�C annealing
for 30 s, 72�C elongation for 15 s). The PCR products were
analyzed by electrophoresis on a 1.5% agarose gel stained
with SYBR gold nucleic acid gel stain, and quantitative
mRNA expression of osteocalcin (OCN) and osteopontin
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(OPN) was characterized by real time RT-PCR (Roter-gene
3000, Corbett Research, United States) using SYBR Green
dye (TOYOBA, Japan), relative gene ratios of OCN and OPN
versus b-actin gene were measured.

Mineralization observation. Von Kossa staining was car-
ried out to characterize the biological mineralization of dif-
ferentiated osteoblasts. A 500-lL cell suspension with
approximately 3.0 � 104 cells was seeded on the top of CG
and CGP network film in 24-well tissue culture plates. After
7, 14, and 21 days, the CGP network films with the mineral
deposit was fixed with 10% phosphate-buffered formalin for
10 min, washed once with distilled water and dehydrated
throw a graded series of ethanol. Then, 2% silver nitrate so-
lution was added. Then the samples were exposed to direct
sunlight for 20 min, after which the plate was rinsed with
water. Sodium thiosulfate (5%) was added for 3 min, the
plates were then rinsed in water and counter stained with
acid fuchsin for 5 min. The plates were washed with deion-
ized water, and then twice with 95% ethyl alcohol and
100% ethyl alcohol and finally dried in air. At last the min-
eralization was observed under a phase contract microscope
(Olympus, Tokyo, Japan).

MSCs seeded CG and CGP network films were treated
with culture medium or with OS medium as previously
described for up to 21 days. At days 7, 14, and 21 days, the
samples were treated as description in part 2.6.3. Then, the
Ca content were analyses using an energy dispersive X-ray
analyzer (EDX), which was directly connected to SEM and
environmental mode was the same with that of SEM analy-
sis (SEM-EDX).

Statistical/data analysis
The in vitro cellular tests were performed on three replicate
samples, and the data were represent as mean 6 SD. Statis-
tical difference was analyzed using one-way analysis of var-
iance (ANOVA), and p values <0.05 or 0.01 were considered
significant.

RESULTS

Construction of physicochemical microenvironment
Figure 1 show the FTIR spectra of chitosan, gelatin, pectin
and the CGP composite films. The FTIR spectrum of chitosan
[Figure 1(a)] shows peaks assigned to the saccharine struc-
ture at 897 and 1153 cm�1 and a strong amino characteris-
tic peak at around 1597 cm�1. The shoulder peak at

1655 cm�1 is attributed to the amide I band of N-acylated
chitosan.23 It also shows characteristic peaks of CAN
stretching band at 1550 cm�1. The characteristic peak of
pectin [Figure 1(c)] shows the stretching band of carbonyl
bond C¼¼O (1750 cm�1) and hydroxyl (3430 cm�1) bond.
Figure 1(e) shows the characteristic peaks of CGP film. Dur-
ing the formation of CGP network with the existing of EDC/
NHS, carboxylic acid groups of gelatin or pectin can be con-
verted into amides with EDC. Furthermore, EDC seems to
mediate anhydride formation between intramolecular or
intermolecular carboxyl groups in gelatin and pectin. The
resultant acid anhydride may readily react with a hydroxyl
group of pectin or chitosan to yield an ester bond. On the
other hand, the carboxylic groups of pectin can react with
amino groups of gelatin or chitosan and form amide groups.
These reactions result in the formation of covalent crosslink
network among chitosan, gelatin and pectin. The absorption
increase of C¼¼O at 1735 cm�1 corresponding to ester group
suggests the reaction between carboxylic and hydroxyl
groups. Peaks at 1645 cm�1 contributing to amide group
also prove the reaction between carboxylic and amino
groups. Therefore, the crosslinking involves the activation of
carboxylic groups of pectin or gelatin, followed by the for-
mation of amide groups and ester groups among gelatin,
chitosan, and pectin.24

Water contact angle is one of the most effective parame-
ter to characterize the hydrophobicity or hydrophilicity. A
smaller contact angle corresponds to a better hydrophilicity
of the film. The angle of CG films is 51.2 6 0.6�. The angles
decrease with the increasing of pectin content, the angles of
CGP (0.1), CGP (0.5), and CGP (1.0) are 45.0 6 0.8� , 43.2 6
1.2� , and 40.8 6 0.6�, respectively. This investigation shows
that the pectin could improve the hydrophilicity of CG film.
However, the swelling degree decreases with the enhancing
of pectin content in CGP network. As shown in Table III,
1 mg dry CG film could absorb ca. 7.84 6 0.56 mg water,
but only 1.35 6 0.04 could be absorbed in CGP(1.0)

TABLE II. Description of the Designed Primers (Osteocalcin,

Osteopontin and b-Actin ) for RT-PCR

Gene Primer sequences
Size
(bp)

OCN Forward: 50-GCATCTATGGCACCACCGTTTA-30 129
Reverse: 50-GCATCTATGGCACCACCGTTTA-30

OPN Forward: 50-TCCTGTCTCCCGGTGAAAGTG-30. 249
Reverse: 50-ATGGTCTCCGTCGTCATCGTC-30

b-actin Forward: 50-AGATTACTGCCCTGGCTCCTAG-30. 150
Reverse: 50-CGGACTCATCGTACTCCTGCTT-30

FIGURE 1. FTIR spectra of (a) chitosan, (b) gelatin, (c) pectin, (d) CG,

and (e) CGP (1.0) network film. [Color figure can be viewed in the

online issue, which is available at wileyonlinelibrary.com.]

ORIGINAL RESEARCH REPORT

JOURNAL OF BIOMEDICAL MATERIALS RESEARCH B: APPLIED BIOMATERIALS | NOV 2010 VOL 95B, ISSUE 2 311



network. Moreover, the change of water state has taken
place as the addition of pectin. And according to our previ-
ous studies,25,26 the water in polymer matrix can be gener-
ally classified into three species: nonfreezing bonding, freez-
ing intermediate, and freezing free water. The nonfreezing
water cannot freeze even at -196�C, while the freezing inter-
mediate and freezing free water freeze at about �20�C and
0�C, respectively. The heat release at about 10�C did not
occurred, thus, there is no freezing intermediate water in
CGP network. The percent of nonfreezing water (Wnf) in
the CG is about 4.3%, the Wnf increase with the pectin con-
tent in CGP composites. It arrive about 10.9 % in CGP (1.0).

Construction of mechanical microenvironment
The tensile strength and Young’s modulus could be modu-
lated via adjusting the content of pectin in CGP. As shown in
Figure 2(a), the addition of pectin to CG films could increase
tensile strength and Young’s modulus of CGP films (p <

0.01), which indicating an increase in stiffness because of

the addition of pectin and the increasing of EDC concentra-
tion. The highest tensile strength (13.5 6 1.08 MPa) and
Young modulus (608 6 98 MPa) appeared in CGP (0.5).
And the CGP (0.5) have the lowest elongation at break (21.8
6 11.1%) [Figure 2(b)].

The response of mesenchymal stem cells on CGP films
Attachment and proliferation. As the basis of cell prolifer-
ation and differentiation, cell attachment is an important
measure to evaluate the biocompatibility of biomaterials. To
assess cellular adhesion, MSCs were seeded on the CGP
films with 50,000 cells. Adhesion rate of MSCs to CGP films
is shown in Figure 3. For all the periods, the cell’s attach-
ment rate maintained at a significantly higher degree on the
surface of CGP (0.1), CGP (0.5), and CGP (1.0) than that on
CG film. Figure 4 illustrated the MTT assay in term of form-
azan absorbance as a measure of MSCs viability seeded on
CGP films after 3, 7, and10 days culture. The cells prolifer-
ated to higher degrees as culturing period extending, sug-
gesting good cell viability on all films. In addition, MTT
assay absorbance of MSCs cultured on CGP films displays
differences according to the different pectin content. MSCs
seeded on CGP (0.1) show the highest proliferation capabil-
ity (p < 0.01) comparing with other samples. Upon cells
contacting biomaterials, the cells undergo morphological
changes to stabilize the cell-biomaterial interface. The whole
process of adhesion and spreading consists of cell attach-
ment, filopodial growth, cytoplasmic webbing, flattening of
the cell mass, and ruffling of peripheral cytoplasm, which
progresses in a sequential fashion.27 Figure 5 shows the cell
morphology of MSCs seeded on the CGP films for a period
of 7 and 21 days culture. The cells increased over time and

TABLE III. Swelling Degree of CGP Network Films

CG CGP(0.1) CGP(0.5) CGP(1.0)

Swelling degree (Water (mg)/dry film (mg)) 7.84 6 0.56 3.48 6 0.29 2.49 6 0.33 1.35 6 0.04

FIGURE 2. (a) Tensile strength and Young Modulus of CG and CGP

films; (b) Elongation at break of CG and CGP films. [Color figure can be

viewed in the online issue, which is available at wileyonlinelibrary.com.]

FIGURE 3. The attachment behaviors of MSC cells on CG and CGP

films over 7h time frame, initial seeding density was 50,000 cells/cm2;

bars ¼ means 6 SD (n ¼ 3).

312 LI ET AL. MESENCHYMAL STEM CELLS BEHAVIORS



became confluent at day 7 in all groups. The grown cells
tended to form a confluent monolayer covering the entire
surface at 21 days.

Alkaline phosphatase activity. Expression of alkaline phos-
phatase (ALP) activity is a characteristic feature of osteoblasts.
Figure 6 shows the total ALP activity of MSCs cultured on the
surfaces of CG, CGP films, and TCPS with/without OS medium.
One can find that MSCs seeded on all samples did not exhibit
any ALP activity at day 7 [Figure 6(a,b)] with/without OS me-
dium. While, the MSCs seeded on CGP (0.5) and CGP (1.0) films
shows high ALP activity at day 14. And this phenomenon does
not appear on the other samples and TCPS. In addition, the
cells on the CGP (0.5) showed statistically higher ALP activity
levels than those cells on the CGP (1.0) films. More importantly,
the ALP activity of MSCs cultured without OS medium on CGP
films is higher than that of with OS medium. At day 21,
although the MSCs seeded on the other samples also showed
the ALP activity, but the MSCs on the CGP (0.5) films still main-
tained the highest ALP activity. This result indicated that pectin
compound is very important for the osteogenic of MSCs. On
the other hand, osteoblast-like cells can spread, adhere and
grow on stiffer matrices, that means the mechanical microen-
vironment of CGP (0.5) with tensile strength (13.561.08 MPa)
and Young modulus (608698 MPa) is relatively more appro-
priate for the differentiation of MSCs.

FIGURE 4. Proliferation levels of MSCs on the surface of CG and CGP net-

work films over a 10-day period; bars ¼ means 6 SD (n ¼ 6), Cells were

seeded initially at a density of 1.0 � 105 cells/mL. (*p< 0.05, **p< 0.01).

FIGURE 5. HE staining images and SEM images of MSCs cultured on CG and CGP films for 7 day and 21 day. [Color figure can be viewed in the

online issue, which is available at wileyonlinelibrary.com.]
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Expression of osteogenic markers. To confirm the osteo-
genic differentiation of MSCs, RT-PCR assay was performed
to reveal the expression level of OCN, OPN, and b-actin
mRNA using the primers indicated (Table II). The b-actin
was utilized as control for RT-PCR assay. One can find that
b-actin mRNA expression was observed for MSCs cultured
on all substrates after 7 days, 14 days, and 21 days. [cf. Fig-
ure 7(a)]. And as shown in Figure 7(b,c), there are also
expressions of OCN and OPN genes on the TCPS without OS
medium within 21 days. While, OCN expression was signifi-
cantly increased on CGP (0.5) substrates with or without OS
medium at all time points studied when compared with
TCPS without OS (p < 0.05) (cf. Figure 7(a,b)]. Moreover,
comparing with TCPS without OS medium, OPN expressions
of cells cultured on CGP films were significantly enhanced
at all time point (p < 0.01). However, no obvious difference
was found between CGP (0.5) with/without OS medium and
TCPS with OS medium (cf. Figure 7(a,c)]. Recent studies
indicated that mRNA levels of OCN and OPN are up-regu-
lated during osteogenic differentiation of MSCs in vitro.28

The up-regulated expression of OPN is related to early
osteogenic differentiation of MSCs, while up-regulated
expression of OCN is related to mineralized tissue formation
by MSCs during later stages of differentiation.29 Therefore,

MSCs have the highest expression of osteogenic markers on
CGP (0.5).

Mineral deposition. To further examine the effect of CGP
films on the osteogenic differentiation of MSCs, Von Kossa
staining was carried out. SEM-EDX was also used to analyze
the content of calcium and phosphate of the cells-CGP films
constructs. By day 21, black staining for calcification was

FIGURE 6. Alkaline phosphatase (ALP) activity of MSCs seeded on CG,

CGP films and TCPS, (a) without OS medium (OS(�)) and (b) with OS

medium (OS(þ)), bars ¼ mean 6 SD (n ¼ 6), **p < 0.01; Cells were

attached initially at a density of 1.0� 105 cells/ml. (*p < 0.05, **p < 0.01).

FIGURE 7. RNA expression levels of MSCs measured by RT-PCR. (a)

The PCR products were analyzed by electrophoresis, expression of

osteogenic markers by human MSCs on CG, CGP films, and TCPS at

7, 14, and 21 days with and without OS medium. The relative gene

ratios of OCN (b) and OPN (c) versus the b-actin gene. Experiment

groups were significantly different, *p < 0.05 or **p < 0.01, in com-

parison to control (TCPS) without OS medium at each time point.

(OS(�): without OS medium, OS(þ): with OS medium).

314 LI ET AL. MESENCHYMAL STEM CELLS BEHAVIORS



observed on the CGP (0.5) and CGP (1.0) films (cf. Figure
8). And this phenomenon is not obvious at day 14. And the
content of calcium and phosphorous were detected on the
samples incubated in culture medium alone or with OS me-
dium at day 21 (cf. Figure 9). Without OS medium, the con-
tent of calcium on CG films is 0.01%, and the content of cal-
cium on CGP films is higher than that on CG film, it is about
0.03% on CGP (0.1) film and 0.16% on CGP(1.0), and the
maximum value (0.48%) appear on the CGP (0.5) films sur-
face. These results suggested the formation of calcium/phos-
phate minerals on the cell-CGP constructs. And CGP (0.5)
are more favorable for the calcium deposits.

Take together of ALP activity, RT-PCR analyses and for-
mation of mineral, the CGP composite is more suitable than
CG for supporting MSCs osteogenic differentiation and their
commitment to form bone tissue.

DISCUSSION

The plasticity of MSCs offers an opportunity for new strat-
egy of treatment in the field of tissue engineering and re-
generative medicine. The proliferation of MSCs cells in a
suitable substrate and the maintenance of the osteogenic
differentiation phenotype are very vital for bone tissue engi-
neering. Therefore, it is important to develop a novel bioma-
terial substrate for the proliferation and differentiation of
MSCs, which could provide appropriate physiochemical and
mechanical microenvironment. Concerning these open ques-
tions, many biomaterials have been employed to build the
microenvironment. Donzelli et al.30 and George et al.31

found that collagen scaffold supports MSC distribution, pro-
liferation, and differentiation into osteoblasts. But its short
degradation time may be a limitation for a future applica-
tion in bone tissue regeneration. The objective of this

FIGURE 8. Images of Von Kossa staining after 7, 14, and 21 days of MSCs cultured with/without OS medium.
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research is to build appropriate physiochemical and me-
chanical microenvironment to modulate the proliferation
and osteogenic differentiation behaviors of MSCs using the
CGP network composites.

The CGP network has controllable physiochemical prop-
erties. Pectin is enriched in hydroxyl and carboxyl, and the
addition of pectin in chitosan-gelatin composites could influ-
ence the surface physicochemical performance of compo-
sites. Compared with CG film, the relative content of C¼¼O of
CGP (1.0) film increases to 11.28% from 9.62%. This indi-
cated that the addition of pectin makes the CGP film surface
is enriched with C¼¼O. The hydrophilicity of CGP film is
greatly increased with the addition of pectin. Although the
higher hydrophilicity of CGP films is resulted from the exits
of pectin when compared with CG film, the swelling degree
of CGP films reduced with the content of pectin increasing.
It is well known that the hydroxyl and carboxyl groups are

benefit to improve the hydrophilicity, but the crosslink
degree of CGP networks increase owing to lots of carboxyl
groups of pectin. Therefore, the swelling degree reduced
with the enhancing of pectin content. Moreover, it is possi-
ble to form hydrogen bond between the CGP and water mol-
ecule. So the percent of nonfreezing water in the swollen
CGP films increases with the enhancing of pectin content
(Figure 2).

As tissue engineering biomaterials, the mechanical
strength is an important factor that should be considered
when selecting the matrix materials. The mechanical proper-
ties of CGP composites films are controlled not only by the
crosslink degree and the ratio of rigid chain segment (chito-
san and pectin) to flexible chain (gelatin), but also the elec-
trostatic interactions among each component. To improve
the mechanical properties of CGP composites, the covalent
crosslinking among chitosan, gelatin, and pectin was

FIGURE 9. SEM-EDX analysis of the construct of MSC cultured on CGP films. MSC seeded on CG, CGP(0.1), CGP(0.5), and CGP(1.0) films were

cultured in culture medium alone (a, c, e, and g) or with OS medium (b, d, f, and h) and analysed with SEM-EDX at 21 day.
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introduced to prepare CGP films. In view of the toxicity of
the cross-linked agent, a water-soluble carbodiimide, 1-
ehtyl-(3, 3-dimethylaminopropyl) carbodiiminde (EDC), is
preferably used, because it is not incorporated into the
cross-linked product but simply converted into a water-
soluble urea derivative. Therefore, FTIR spectra of EDC
crosslinked films [Figure 1(e)] suggest that carboxyl groups
of pectin or gelatin reacted with amino groups of gelatin or
chitosan. And the ester linkages formed between the car-
boxyl groups of pectin and hydroxyl groups of gelatin or
pectin. It is well known that the introduce of rigid chain
segment could improve the materials’ mechanical strength,
thus, the tensile strength and Yong modulus of CGP films
increase because of the addition of pectin. However, the me-
chanical strength of CGP (1.0) is lower than that of
CGP(0.5), which may be caused by the decrease of electro-
static interaction and crosslinking degree owing to lack of -
NH2 groups. The pH value here adopted for the preparation
of CGP films is about 3.0–5.0, that is benefit for the forma-
tion of polyelectrolyte complex (PEC). At this pH value, the
chitosan and pectin are charged and the electrostatic inter-
action between chitosan and pectin is the strongest. At
lower pH values (below pH ¼ 2), pectin will be unionized
and the importance of electrostatic interactions are sup-
pressed, and an interaction between pectin and chitosan are
probably mainly based on the formation of hydrogen bond-
ing.32 So the mechanical strength of CGP films could be
modulated via addition of pectin.

In the processing of tissue engineering, it is important
to develop suitable biomaterials that could modulate the ad-
hesion, proliferation, migration, and differentiation behav-
iors of cells and then promote the formation of tissues and
organs. MSCs showed higher attachment and proliferation
capacity on CGP films than that on CG film (Figures 3 and
4). There are more positive charges on the surface of CG
films than that of CGP films, which were attributed to the
larger amount of amine groups (-NH2) in CG films. So the
CG film surface was more suitable for the attachment of
negatively charged cells. However, CGP film was more
hydrophilic, which improve the attachment and proliferation
of MSCs.33 At the cooperating of these factors, CGP film
could improve the attachment and proliferation of MSCs
comparing to CG films. On the other hand, the surface posi-
tive charges decrease owing to the increasing of pectin con-
tents, which is not of benefit for the proliferation of MSCs
with negative charge. Therefore, MSCs seeded on CGP (0.1)
exhibit the best proliferation activity than others. Of course,
the detail reason should be further studied.

Differentiation of MSCs is one of the key processes for
bone regeneration. Understanding the role of cell-matrix
interactions in the regulation of lineage-specific differentia-
tion of MSCs is an active field of research. To maintain the
proper cell phenotype for functional bone formation, the
biomaterials should be able to guide the osteogenic differen-
tiation of MSCs through appropriate cell-materials interac-
tions. For CGP network film, the introducing of pectin plays
an important role in promoting the osteoblast differentia-
tion of MSCs. It is interesting that CGP (0.5) is the optimal

substrate for osteogenic differentiation of MSCs in our
experiment conditions. MSCs seeded on CGP (0.5) showed
the highest ALP activity level at day 14 both with and with-
out OS medium and the high ALP activity maintained until
day 21. And the OCN and OPN expressions of MSCs were
significantly increased on CGP (0.5) substrates with or with-
out OS medium at all time points studied when compared
to TCPS without OS. Formation of mineral on CGP (0.5)
could be observed during this period. The ALP activity of
MSCs seeded on CGP (1.0) was also detected at day 14, but
it was lower than that on CGP (0.5). These findings might
due to (a) chemical properties of CGP: Possible chemical ex-
planation of our results is related to the presence of func-
tional groups on the CGP film surface that may favor certain
differentiation pathways for MSCs. Amounts of hydroxyl
groups of pectin would regulate the osteoblast-specific gene
expression, ALP activity, and matrix mineralization.12,34 And
carboxyl groups of pectin also could promote the osteogenic
differentiation of MSCs35–37; In addition, chitosan and gela-
tin also elevated the calcium deposition, ALP activity, and
the expression of OCN and OPN.38,39 The relative presenta-
tion of certain functional groups on the CGP films may effec-
tively modulate the osteogenic differentiation of MSCs. (b)
hydrophilicity of CGP: Osteogenic responses of MSCs to
hydrophilic surface are moderately better than the hydro-
phobic surface.40 Eriksson et al.41 found that the rate and
extent of bone formation are increased when implants with
increased hydrophilicity are implanted in bone. The hydro-
philic silk fibroin are more beneficial to osteogenic differen-
tiation of MSCs.42 Therefore, hydrophilic CGP composites
can improve the osteogenic differentiation capacity of MSCs.
(c) Stiffness of CGP film: MSCs are highly sensitive and re-
sponsive to mechanical stimulation in vitro.43 It is now
known that MSCs commit to neurogenic lineage when cul-
tured on soft substrates, to myogenic lineage when cultured
on stiffer muscle-like substrates, and to osteogenic lineage
when cultured on rigid bone-like substrates.20 MSCs differ-
entiations into connective tissue lineages (i.e., bone, carti-
lage, ligaments, and tendons) require materials with higher
mechanical strength to closely mimic the tissue mechanical
properties. Osteoblasts do not appear branched on soft sub-
strates.44,45 In addition, the increasing stiffness of the ma-
trix is favorable for ECM deposited, which can provide a
suitable microenvironment for cell growth. Discher et al.43

found the MSCs could differentiation into different type cells
on different elastic modulus matrix, neurogenic markers are
clearly highest on 0.1–1 KPa gels, while myogenic markers
(center) are highest on 11 KPa gels and osteogenic markers
are highest on 34 KPa gels. And we found MSCs seeded on
CGP (0.5) films with the highest tensile strength and
Young’s modulus strength exhibit the highest ALP activity
level (Figure 6) and Ca content (Figure 9).

CONCLUSIONS

In order to build the suitable physicochemical and mechani-
cal microenvironment for the attachment, proliferation and
differentiation of MSCs, the chitosan/gelatin/pectin (CGP)
network films were prepared. Incorporating pectin could
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improve the hydrophilicity of the CG films, and enhance car-
boxyl group content on the surface. The mechanical per-
formance of CGP network films were adjusted via the cross-
linking degree, the ratio of rigid chain segments and
electrostatic interactions among each component, CGP (0.5)
has the highest mechanical strength than the other samples.
MSCs derived from rats cultured on CGP network films
show well-developed filopodia than that on CG network
film, and more cells adhered on CGP network films than on
CG network film. In addition, MSCs seeded on CGP (0.1)
show higher proliferation capacity compare with other sam-
ples. Moreover, osteogenic differentiation of MSCs also
depended on the properties of substrate; they exhibit higher
ALP activity, osteogenic gene expression, and mineral forma-
tion capacity owing to the comprehensive effect of physico-
chemical and mechanical character of CGP network compo-
sites. These results reveal that the CGP network composite
substrate has the potential to control the behaviors of MSCs.
Therefore, the results provide evidences of the potential of
CGP composites in bone tissue engineering.
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