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a  b  s  t  r  a  c  t

In  this  study,  calcium  phosphate  cement  (CPC)-based  scaffold  with  unidirectional  lamellar  pore  struc-
ture was  fabricated  by  unidirectional  freeze  casting.  Poly(lactic-co-glycolic  acid)  (PLGA) was  infiltrated
into  the CPC  scaffold  to improve  its  strength  and  toughness,  which  compromised  the  bioactivity  and
osteoconductivity  of CPC.  Collagen  (Col)  was  immobilized  on  the  pore  surface  of the  PLGA/CPC  scaffold
to enhance  the  bioactivity  of  the  scaffold  using  plasma  treatment  under  the  ammonia  (NH3) atmosphere.
The  immobilization  of  collagen  was  characterized  by  infrared  spectroscopy  (ATR-FTIR),  X-ray  photoelec-
tron spectroscopy  (XPS)  and  scanning  electron  microscopy  (SEM).  Compared  to  the  PLGA/CPC  composite
LGA
ollagen
caffold
ell response
lasma treatment
nidirectional lamellar pore

scaffold,  the  Col/PLGA/CPC  composite  scaffold  had  higher  contact  angle,  porosity  and  water  absorption,
while  the  compressive  strength  of  both  scaffolds  was comparable.  Rat bone  marrow  mesenchymal  stem
cells (rMSCs)  seeded  on the Col/PLGA/CPC  scaffold  showed  markedly  improved  cell  seeding,  attachment,
proliferation  and  differentiation  than  those  on  the  PLGA/CPC  scaffold.  These  results  suggest  that  the  sur-
face immobilization  of collagen  by  plasma  treatment  can  improve  the bioactivity  of  the PLGA/CPC  scaffold
and the  Col/PLGA/CPC  composite  scaffold  is  a promising  candidate  for  bone  tissue  engineering.
. Introduction

Calcium phosphate cement (CPC) has been proved to be
xtremely biocompatible and osteoconductive, which was  demon-
trated by the fast deposition of new bone on the cement surface
1,2]. Thereby CPC has been widely used as bone tissue engineering
caffold [3,4]. However, like other bioceramic scaffolds, brittleness
nd low strength are intrinsic drawbacks to be resolved for the CPC
caffold. Coating polymer [(poly(lactic acid), poly(lactic-co-glycolic
cid) (PLGA) and polycaprolactone, etc.] on the scaffold surface is
n effective approach to improve the mechanical property of the
ioceramic scaffolds [5–8]. PLGA is a FDA-approved material that
as been widely used as surgical suture material, drug carrier, and
issue engineering scaffold material due to its good mechanical
roperty, biocompatibility, and adjustable biodegradability [9–11].
evertheless, PLGA has poor cell–matrix interaction because of

acking natural recognition sites on its surface [12], and func-

ional groups for further modification [13]. If the CPC scaffold
s reinforced by PLGA coating, the polymer coating on the pore

all of CPC scaffold will prevent the bioactive CPC matrix from
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contacting directly with tissues/organs, which compromises the
biological advantages of CPC. Hence, the surface bioactivity of
polymer-coated CPC scaffold needs to be improved.

Plasma treatment is a conventional method to modify the sur-
face property of polymers [14–16]. By the use of plasma treatment,
reactive sites such as amino groups and carboxyl can be created
on the surfaces of polymers without changing other bulk proper-
ties such as mechanical and biodegradable properties. However,
the practical application of plasma-treated polymers is limited
because of short preserving time [14]. Immobilization of bioactive
molecules on the plasma-treated polymer surface was reported as
an effective method to address the weakness of short preserving
time [17–19].  Collagen, which accounts for 90% of the extracel-
lular matrix of natural bone, is beneficial for cell adhesion and
growth and has low immune response [20]. Moreover, the degra-
dation products of collagen are not harmful to tissue and cells [20].
Therefore, collagen is commonly used as a bioactive coating on the
polymeric materials [19,21].

Unidirectional freeze-drying is an effective method to fabricate
polymer or inorganic scaffolds with unidirectional pore structure,

high porosity and pore interconnectivity [22,23]. The unidirectional
pores facilitate cells and tissue ingrowth throughout the scaffold
[24]. On the basis of our previous studies on the PLGA/CPC com-
posite scaffold with unidirectional lamellar pore structure [25,26],

dx.doi.org/10.1016/j.colsurfb.2012.10.018
http://www.sciencedirect.com/science/journal/09277765
http://www.elsevier.com/locate/colsurfb
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erein collagen was immobilized on the surface of the PLGA/CPC
caffold using plasma treatment under the ammonia (NH3) atmo-
phere to improve the cell response of the composite scaffold.
hysical and chemical properties and in vitro biological prop-
rties (cell attachment, proliferation and differentiation) of the
ol/PLGA/CPC composite scaffolds were assessed.

. Materials and methods

.1. Materials

The CPC powder used in this study was prepared by mixing
artially crystallized calcium phosphate (PCCP, median diameter
f 16.5 �m)  with dicalcium phosphate anhydrous (DCPA, median
iameter of 3.7 �m)  at a weight ratio of 1:1, as described in our
revious articles [27,28]. PCCP was synthesized from an aqueous
olution of Ca(NO3)2·4H2O (0.36 mol/L) and (NH4)2HPO4·12H2O
0.15 mol/L) by chemical precipitation method in our laboratory.
he deposits were washed to fully eliminate the remnants of NO3

−

nd NH4
+, then centrifugally separated, freeze-dried and calcined

t 450 ◦C for 2 h in a furnace to partially crystallize. The as-calcined
CCP powders were milled in a planetary mill using ZrO2 balls
t 400 rpm for 2 h. DCPA, glutaraldehyde and glycine were com-
ercially obtained from Shanghai No. 4 Reagent & H. V. Chemical

o. Ltd., China. Sodium alginate as setting accelerator was  pur-
hased from Tianjin Fuchen Chemical Reagent Co. Ltd., China. PLGA
75/25 lactide to glycolide ratio, MW:  100,000, the inherent viscos-
ty of 1.39 dL/g) was purchased from Jinan Daigang Biomaterials Co.
td., China. Type I collagen was purchased from Shanghai Qisheng
iomaterials Co. Ltd., China. Cell-culture related reagents were pur-
hased from Gibco (Invitrogen, USA) except specialized.

.2. Preparation of PLGA/CPC scaffold

The method for fabrication of PLGA/CPC scaffold has been
escribed in previous studies [25,26]. The CPC slurry was prepared
y mixing the 2 wt% (W/V) sodium alginate solution with the CPC
owder at the liquid to CPC powder ratio of 3.25 mL/g. Then the
lurry was poured into the cylindrical glass (with an inner diam-
ter of 7 mm and a height of 14 mm)  and immediately put on a
old plane to freeze. Temperature difference from bottom (−30 ◦C)
o top (room temperature) of slurry caused the orientational crys-
allization of ice. The frozen samples were freeze-dried for 48 h to
btain the unidirectional macropores. The macroporous CPC sam-
les were incubated in the incubator with 98% relative humidity
t 37 ◦C for 7 days to make sure sufficient setting reaction of CPC.
LGA was dissolved in dichloromethane (CH2Cl2) at the fraction
f 0.20 g/mL (W/V) to form a flowable solution. The porous CPC
amples were immersed in the PLGA solution, followed by vacuum
nfiltration in a vacuum desiccator for 5 h. After infiltration proce-
ure, the samples were air-dried for at least 48 h to eliminate the
emained CH2Cl2.

.3. Immobilization of collagen on the surface of PLGA/CPC
caffold

The plasma treatment of the PLGA/CPC scaffold samples was
erformed using a Omega Plasma Processor (DL-1, OPS Plasma,
hina) under the NH3 atmosphere. PLGA/CPC scaffold samples
ere first suspended in the plasma chamber. Then the chamber
as evacuated until the air pressure decreased to less than 10 Pa

y a vacuum pump. The pressure was adjusted to maintain at

0 Pa when NH3 was vented to the plasma chamber. The electri-
al power was 50 W and the treatment time was 10 min. The NH3
lasma-treated PLGA/CPC scaffolds were immersed in 4 mg/mL
ollagen solution at 4 ◦C and infiltrated under the low vacuum
interfaces 103 (2013) 209– 216

for 0.5 h, followed by incubation in a collagen solution for 3 h at
4 ◦C. The obtained samples were rinsed with deionized water to
remove the excess collagen. The samples were cross-linked with
0.02 wt% glutaraldehyde aqueous solution for 24 h, then immersed
in 0.1 M glycine aqueous solution for 2 h to remove the free alde-
hyde groups. After that, the samples were rinsed with deionized
water, then freeze-dried.

2.4. Materials characterization

2.4.1. Morphological characterization
The morphology of the composite scaffolds was  observed with

an environmental scanning electron microscope (Quanta 200, FEI,
the Netherlands). After being dried, the scaffold samples were
mounted on an aluminum stub by carbon tape and sputtered with
gold. An accelerating voltage of 2–15 kV was used to characterize
the morphology of composite scaffolds.

2.4.2. ATR-FTIR spectroscopy and X-ray photoelectron
spectroscopy

FTIR spectra were recorded on a Bruker (Germany) Vector 33
IR analyzer equipped with an attenuated total reflectance (ATR)
accessory, which provided surface analysis. The spectra consisted
of 16 scans and measured at a resolution of 4 cm−1 in the spectral
range of 4000–600 cm−1. The surface elemental composition of the
composite scaffolds was  analyzed by XPS (Axis Ultra DLD, Kratos,
Britain). A standard Al K� excitation source (1.5 kV, 10 mA)  was
employed.

2.4.3. Static contact angle
As shown in Fig. 1, the pore surface of the PLGA/CPC scaffold

was basically fully covered by PLGA film with hardly any CPC
matrix exposed. Therefore, the measurements of the surface con-
tact angles of the scaffolds were conducted on the PLGA films.
The PLGA solution at the concentration of 0.2 g/mL (W/V) was  cast
into the polytetrafluoroethylene mold. The PLGA film was obtained
after complete vaporization of CH2Cl2. The NH3 plasma-treated
and collagen-immobilized PLGA films were obtained according to
the aforementioned methods. Static contact angles of the films
were measured with a contact angle analyzer (OCA15, Dataphysics,
Germany) using the sessile drop technique at 25 ◦C. The measure-
ments were carried out in the air with water as the probe liquid.
The static contact angle was the average of six different sites on the
films.

2.4.4. Water absorption
The water absorption of the scaffolds was  measured by the fol-

lowing procedure. After being immersed in deionized water at 37 ◦C
for 6 h, the scaffolds were taken out, then the water on the surface
of the scaffolds was wiped off gently with a wet sponge, followed
by immediately measuring the weight of the scaffolds. The water
absorption was  calculated with the following equation:

Water absorption = W1 − W0

W0
× 100%

where W0 and W1 denote the weight of the scaffolds before and
after being immersed in water, respectively. The water absorption
of the scaffolds was the average of six replicates.

2.4.5. Compressive strength test
The compressive strength of the cylindrical scaffolds (diam-
eter = 7 mm,  height = 14 mm)  was measured using a universal
material testing machine (INSTRON 5567, INSTRON, Britain) at a
crosshead speed of 0.5 mm/min. Six replicates were tested for each
scaffold and the average value was  calculated.



F. He et al. / Colloids and Surfaces B: Biointerfaces 103 (2013) 209– 216 211

f CPC 

2

t
d
b
b
t
a
s
c

P

2

s
o
w
(
o
0
t
b
m
w
w

2

w
A
p

Fig. 1. Surface morphology of the internal pore wall o

.4.6. Porosity determination
The porosity of the scaffolds was measured using a Archimedes

echnique with ethanol as the displacement liquid. The weight of a
ried sample was recorded as G1 and the weight of a specific gravity
ottle full of ethanol as G2. The scaffold sample was put into the
ottle and evacuated under vacuum for 0.5 h to remove the air in
he scaffold sample. The weight of the bottle together with ethanol
nd scaffold sample was recorded as G3. The weight of the scaffold
ample full of ethanol was measured as G4. The porosity (P) of the
omposite scaffold was calculated using the following equation:

 = G4 − G1

G4 − (G3 − G2)
× 100 %

The porosity of the scaffolds was the average of six replicates.

.5. Rat bone marrow mesenchymal stem cells (rMSCs) harvest

rMSCs were obtained from bilateral femora of Fischer 344/N
yngeneic rats. Both femora were cut away from the epiphysis
f the rat. Bone marrow was flushed out of the marrow cavity
ith 15 mL  of culture medium minimal essential medium eagle

MEME) containing 10% fetal bovine serum (FBS) and 1% antibi-
tics (100 U/mL penicillin G, 100 �g/mL streptomycin sulfate and
.25 �g/mL amphotericin B). The bone marrow suspension was
ransferred into a 75 cm2 tissue culture polystyrene flask and incu-
ated at 37 ◦C in a humidified incubator with 5% CO2. The culture
edium was refreshed every 3 days to remove dead cells and
astes produced by metabolism of cells. After about 90% confluence
as reached, the rMSCs were passaged.

.6. Cell culture and cell seeding
The Col/PLGA/CPC scaffolds and PLGA/CPC scaffolds (control)
ere cut into disks with 7 mm in diameter and 2.5 mm  in height.
fter being sterilized by gamma  radiation (15 kGy), the disks were
ut into 24-well plates and pre-wetted with MEME  solution for
scaffold (a, c) and PLGA/CPC composite scaffold (b, d).

12 h. rMSCs at passage 1 were used. For assays of cell attach-
ment and proliferation, 35 �L of cell suspension (106 cells/mL) was
seeded onto the surface of the samples in 24-well plates. The cell-
seeded samples were incubated at 37 ◦C in a humidified incubator
with 5% CO2 for 2 h to allow the cells to adhere onto the sample
surface, followed by addition of 1 mL  of culture medium to each
well to cover the sample. The culture medium was renewed every
3 days.

2.7. Cell attachment and proliferation

The morphology and distribution of rMSCs cultured on the scaf-
folds were observed using a Live/Dead kit (Biotium, USA) according
to standard protocol provided by the manufacturer. Only “Live”
assay was  performed in this study. The stained cell-sample con-
structs were observed under a fluorescence microscope (Zeiss
Axioskop 40, Germany). In addition, the scaffold constructs were
cut along the direction parallel to the pore orientation to observe
the penetration of rMSCs into the internal pores.

Cell proliferation was evaluated by WST-8 assay using a CCK-8
kit (Dojindo Laboratories, Japan) according to the manufacturer’s
instructions.

2.8. Alkaline phosphatase (ALP) activity

40 �L of cell suspension (2.5 × 106 cells/mL) was  seeded onto
each sample in 24-well plate. Then 1 mL  of culture medium (MEME
supplemented with 10% FBS, 10 mM sodium �-glycerophosphate,
10 nM dexamethasone and 82 mg/mL  vitamin C) was  added. After
being cultured for 7 and 14 days, the cell-sample constructs were
washed twice with PBS. An aliquot of 400 �L of 0.05% Triton X
was added into each well, and the mixture was incubated at 4 ◦C

for 2 h. The supernatant was  tested for total protein content and
ALP activity. Total protein content was  assayed by the Bradford
method using a Bio-Rad protein assay reagent kit (Bio-Rad Labo-
ratories Inc., Japan) according to the manufacturer’s instructions.
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Fig. 2. ATR-FTIR spectra of collagen and various treated PLGA/CPC scaffolds: (a)
PLGA/CPC composite scaffold; (b) Col/PLGA/CPC composite scaffold; (c) Pure colla-
gen;  (d) Col/PLGA/CPC scaffold after being extensively rinsed with deionized water;
(e)  collagen-coated PLGA/CPC scaffold without NH3 plasma treatment after being
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Fig. 3. XPS survey scan spectra of surfaces of PLGA/CPC scaffold, NH3 plasma-treated
xtensively rinsed with deionized water.

he ALP activity of the rMSCs was assayed using a LaboassayTM ALP
it (Wako Pure Chemicals, Japan) in accordance with the manufac-
urer’s instructions.

.9. Statistics/data analysis

All data points are an average of at least three replicates and
xpressed as mean ± standard deviation (SD). Statistical compar-
sons were performed by one-way analysis of variance (ANOVA)
or multiple comparisons. A value of p < 0.05 was considered statis-
ically significant.

. Results

.1. ATR-FTIR

FTIR spectra of the PLGA/CPC scaffold surface before and after
arious treatments are shown in Fig. 2. Both the ester bond at
000–1300 cm−1 and carbonyl peak (C O stretching) at 1737 cm−1

ppeared on all the scaffold surfaces, while no characteristic peak
f PO4

3− appeared. After collagen was immobilized on the surface
f PLGA/CPC scaffold, two new strong vibration peaks appeared at
650 and 1550 cm−1, which corresponded to amide I ( CONH )
nd amide II ( NH2) (Fig. 2b). The peak shape of the FTIR spec-
rum of Col/PLGA/CPC scaffold surface was similar to that of pure
ollagen (Fig. 2c). After being extensively rinsed with deionized
ater, those obvious vibration peaks at 1650 and 1550 cm−1 were

till present (Fig. 2d). As for PLGA/CPC scaffold coated with col-
agen layer without plasma treatment, the peaks at 1650 and
550 cm−1 disappeared after being extensively washed (Fig. 2e),
nd the resulting FTIR spectrum was similar to that of PLGA/CPC
caffold without any treatment (Fig. 2a).

.2. XPS

The elemental composition of the surface of the PLGA/CPC scaf-

old before and after modification was identified by XPS analysis
Fig. 3a). Calcium (Ca) and phosphorus (P) were detected on the sur-
aces of all scaffolds. The XPS quantitative analysis of the PLGA/CPC
caffold surface exhibited that Ca and P only comprised 3.65% and
PLGA/CPC scaffold and Col/PLGA/CPC scaffold (a). Deconvoluted N1s spectra of NH3

plasma-treated PLGA/CPC scaffold (b) and Col/PLGA/CPC scaffold (c).

2.15% of the surface compositions of the PLGA/CPC scaffold,
respectively. XPS spectra of plasma-treated and collagen-
immobilized PLGA/CPC scaffolds exhibited a new peak at
400.0 eV, which corresponded to the nitrogen element (N1s).
The deconvoluted N1s spectra of the plasma-treated scaffold
and collagen-immobilized scaffold are shown in Fig. 3b and c.
The original N1s spectrum of the plasma-treated scaffold was
resolved into four components with binding energies of 398.8,
399.5, 400.2 and 401.2 eV, of which the former three bind-
ing energies were attributed to NH while the last one to

polaron C N+. The deconvoluted N1s spectrum of the collagen-
immobilized scaffold was assigned to NH (399.1, 399.7 and
400.5 eV).
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ig. 4. SEM micrographs of PLGA/CPC scaffold (a, d) and Col/PLGA/CPC scaffold (b, c,
o  the long axis of the cylindrical sample. Parts (d–f) represent the cross section par
f  the internal pore wall of Col/PLGA/CPC scaffold.

.3. SEM

The morphology of the PLGA/CPC scaffold before and after
mmobilization of collagen is shown in Fig. 4. The PLGA/CPC scaf-
old sample showed unidirectional lamellar pores with width in
he range of 100 �m–150 �m,  and length larger than 300 �m even
p to 1–2 mm (Fig. 4a and d). After immobilization of collagen, the
ore surface was covered by the collagen layer (Fig. 4g), and the

nternal macropores of the scaffold were filled with reticular colla-
en fibers. The scaffold still maintained high interconnectivity with
he existence of collagen.

.4. Contact angle, water absorption, porosity and compressive
trength

The contact angle of the PLGA film before and after surface mod-
fication is shown in Fig. 5a. The contact angle on the PLGA film was
6.6 ± 2.8◦, and decreased to 25.3 ± 1.1◦ after being treated by NH3
lasma. When collagen was immobilized on the surface of PLGA
lm, the contact angle sharply increased to 103.7 ± 3.8◦. The water
bsorption, porosity and compressive strength of the PLGA/CPC
caffold before and after modification are shown in Fig. 5b–d. The
ater absorption of the PLGA/CPC scaffold was 36.63 ± 3.95%. After

eing treated by NH3 plasma, it increased to 58.94 ± 3.70%. Fur-
hermore, after collagen was immobilized on the surface of the
LGA/CPC scaffold, the water absorption reached 67.49 ± 5.50%,
hich was nearly two times as high as that of PLGA/CPC scaffold
ithout modification (Fig. 5b).

The porosity of the PLGA/CPC scaffold was 58.50 ± 2.50%.
fter NH3 plasma treatment and further immobilization of col-

agen, the porosity of the scaffold increased to 63.50 ± 3.39% and
3.84 ± 1.30%, respectively (Fig. 5c). The compressive strength of
he PLGA/CPC scaffold was 5.04 ± 0.44 MPa, after plasma treatment
nd further immobilization of collagen, the compressive strength of
he scaffold was 5.19 ± 0.21 MPa  and 5.16 ± 0.52 MPa, respectively
Fig. 5c).

.5. Cell attachment
The morphology and distribution of rMSCs cultured on the
LGA/CPC scaffold and Col/PLGA/CPC scaffold were evaluated after
, 3 and 7 days of culture (Fig. 6). Compared to the PLGA/CPC
nder different magnifications. Parts (a–c) represent the cross section perpendicular
 the long axis of the cylindrical sample, and (g) represents the surface morphology

scaffold, the Col/PLGA/CPC scaffold exhibited much more cells
with better spread and elongated shape. After 7 days of culture,
the cells nearly fully covered the outer surface of the Col/PLGA/CPC
scaffold. With respect to PLGA/CPC scaffold, unremarkable cell
proliferation was  observed on its outer surface compared to that
on the 3rd day. No cell was visible in the internal pores of both
scaffolds on the 3rd day. After 7 days of culture, the cells migrated
into the internal pores of both scaffolds.

3.6. Cell proliferation

The cell proliferation on the Col/PLGA/CPC scaffold and
PLGA/CPC scaffold is shown in Fig. 7a. After 1 day of culture, the
cell number on the Col/PLGA/CPC scaffold was higher than that on
the PLGA/CPC scaffold. As culture time prolonged, the cell num-
ber on both the scaffolds increased, and the difference in cell
number on the Col/PLGA/CPC scaffold and PLGA/CPC scaffold also
increased. Fig. 7b shows the cell growth rate on the PLGA/CPC scaf-
fold and Col/PLGA/CPC scaffold. On the 3rd day, the cell growth
rate on the Col/PLGA/CPC scaffold was  slightly higher than that
on the PLGA/CPC scaffold (65.16 ± 12.22% versus 63.10 ± 24.85%).
Nevertheless, after 7 days of culture, the cell growth rate on the
Col/PLGA/CPC scaffold was  significantly higher than that on the
PLGA/CPC scaffold (132.84 ± 41.25% versus 46.83 ± 20.63%).

3.7. ALP activity

The ALP activity of rMSCs on the PLGA/CPC scaffold and
Col/PLGA/CPC scaffold on the 7th and 14th day is shown in Fig. 8. On
day 7, the ALP activity of rMSCs on the PLGA/CPC scaffold was much
lower than that on the Col/PLGA/CPC scaffold. After 14 days of cul-
ture, ALP activity of rMSCs on both the scaffolds increased, while the
cells on the Col/PLGA/CPC scaffold exhibited a significantly higher
ALP activity than those on the PLGA/CPC scaffold.

4. Discussion

In our previous studies, a PLGA/CPC scaffold with unidirectional

lamellar pore structure was fabricated [25,26]. SEM images of the
pore surface of PLGA/CPC scaffold showed that PLGA film covered
the surface of the CPC matrix (Fig. 1), which indicated that bioactive
CPC matrix was prevented from interacting with cells and tissue by
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Fig. 5. Contact angle (a), water absorption (b), porosity (c) and compressive strength (d) of PLGA/CPC scaffold, NH3 plasma-treated PLGA/CPC scaffold and Col/PLGA/CPC
scaffold. Data presented as mean ± SD, n = 6.

Fig. 6. Fluorescence photographs of rMSCs on the PLGA/CPC scaffold and Col/PLGA/CPC scaffold after 1, 3 and 7 days of culture. (I) represents the photograph of the interior
of  PLGA/CPC scaffold or Col/PLGA/CPC scaffold after 3 or 7 days of culture.
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Fig. 7. Proliferation of rMSCs on the PLGA/CPC scaffold and Col/PLGA/CPC scaffold
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a).  Cell growth rate on the PLGA/CPC scaffold and Col/PLGA/CPC scaffold on the 3rd
against the 1st day) and the 7th (against the 3th day) day (b). Data presented as

ean ± SD, n = 3. *p < 0.05, **p < 0.01.

LGA film. Therefore, it is necessary to improve the cell response of
he composite scaffold. SEM images, XPS spectrum and FTIR spec-
rum of the pore surface of PLGA/CPC scaffold demonstrated that
he surface components of PLGA/CPC scaffold were dominated by
LGA (Figs. 1–3).  In this case, the surface modification of PLGA/CPC
caffold was mainly focused on the PLGA film. Coating collagen is a
ommon method to improve surface wettability and cell response
f synthetic polymer scaffold. However, physically adsorbed col-
agen coating on the polymer surface is liable to be removed from

he scaffold surface. By using the plasma treatment, abundant polar
roups, which can bond to biomolecules by polar interaction and
ydrogen bonding, are introduced onto the surface of polymeric
aterial [29]. In this study, we immobilized the collagen on the

ig. 8. ALP activity of rMSCs on the PLGA/CPC scaffold and Col/PLGA/CPC scaffold
fter 7 and 14 days of culture. Data presented as mean ± SD, n = 3. *p < 0.05, **p < 0.01.
interfaces 103 (2013) 209– 216 215

surface of PLGA/CPC scaffold by the plasma treatment under the
NH3 atmosphere.

As shown in Fig. 3b, NH and C N+ were deposited on
the surface of PLGA/CPC scaffold after the NH3 plasma treatment.
The pKa values of NH and collagen are 10.5 and 4.8, respec-
tively. Hence, at pH 7.2, NH and collagen display positive and
negative charges, respectively. In this case, collagen can be immo-
bilized on the surface of NH3 plasma-treated PLGA/CPC scaffold
by polar interaction, hydrogen bonding and electrostatic interac-
tions between these opposite charges, as reported by Yang and Bei
[29] and Feng et al. [30]. Enriched NH , which were detected on
the surface of Col/PLGA/CPC scaffold, originated from the amino
acid sequence of the collagen molecules. FTIR spectra exhibited
that the spectral shape of Col/PLGA/CPC scaffold was  similar to
that of pure collagen irrespective of peak intensity (Fig. 2b and
c). This indicates that the PLGA/CPC scaffold was covered by col-
lagen layer, which was  supported by the SEM observation of the
Col/PLGA/CPC scaffold surface (Fig. 4g). After being extensively
washed with deionized water, the two  characteristic vibration
peaks for NH2 and CONH were still visible (Fig. 2d). As for
collagen-coated PLGA/CPC scaffold without NH3 plasma treat-
ment, the characteristic peaks disappeared (Fig. 2e). The results of
ATR-FTIR analysis demonstrated that the binding force between
collagen and PLGA/CPC scaffold was enhanced by pretreatment of
NH3 plasma, which made the collagen immobilized on the scaf-
fold surface. SEM images of the Col/PLGA/CPC scaffold showed
that besides covering the pore surface of the scaffold, collagen
also partly filled in the macropores of the scaffold with reticu-
lar formation. Nevertheless, the Col/PLGA/CPC scaffold retained
unidirectional lamellar macroporous structure and high pore inter-
connection, providing space for the ingrowth of cells and new bone
tissue (Fig. 4).

Compared to PLGA film, the contact angle of the NH3 plasma-
treated PLGA film decreased significantly due to the introduced
hydrophilic groups ( NH and C N+). However, the contact angle
of the collagen-immobilized PLGA surface markedly increased.
This is because the collagen used in this study had structural
integrity, which caused higher contact angle [31]. The high water
absorption of scaffold can promote the infiltration of cell solution
into the scaffold and facilitate cell seeding [21]. Compared to the
PLGA/CPC scaffold, the water absorption of NH3 plasma-treated
PLGA/CPC scaffold markedly increased due to the introduction of
hydrophilic groups. The further increase in water absorption of
Col/PLGA/CPC scaffold was caused by high water affinity of the col-
lagen. Plasma treatment does not change the bulk properties of
materials such as mechanical and biodegradable properties. Conse-
quently, the compressive strength of NH3 plasma-treated scaffold
remained unchanged. Furthermore, the compressive strength of
Col/PLGA/CPC scaffold also hardly changed because of extremely
low mechanical strength of collagen. The porosity of scaffolds
was measured using the Archimedes method with ethanol in
this study. OH of ethanol is easy to combine with NH by
hydrogen bond. In this case, compared to the PLGA/CPC scaffold,
more ethanol could be taken by NH3 plasma-treated PLGA/CPC
scaffold and Col/PLGA/CPC scaffold due to rich NH groups
on the surface of both scaffolds. Consequently, plasma-treated
PLGA/CPC scaffold and Col/PLGA/CPC composite scaffold pre-
sented a higher porosity than the PLGA/CPC scaffold, even though
collagen occupied a small part of space in the Col/PLGA/CPC scaf-
fold.

rMSCs on the Col/PLGA/CPC scaffold exhibited better spread and
elongation than those on the PLGA/CPC scaffold (Fig. 6). As shown

in Fig. 7a, on the 1st day, the cell number on the Col/PLGA/CPC
scaffold was  1.5 times as high as that on the PLGA/CPC scaffold,
which indicated that the cell seeding rate of Col/PLGA/CPC scaffold
was much higher than that of PLGA/CPC scaffold. The higher cell
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eeding rate of the Col/PLGA/CPC scaffold was attributed to that
he collagen layer immobilized on the scaffold provided natural
dhesion sites for cell attachment, and the reticular collagen filled
n the macropores of the scaffold hindered the cells from falling
ff the scaffold [28]. As prolongation of culture time, much higher
ell growth rate on the Col/PLGA/CPC scaffold than that on the
LGA/CPC scaffold can also be explained by the bioactivity of col-
agen, whose effect on cell attachment and proliferation has been

ell confirmed [19–21].  ALP activity is considered as an early stage
arker of osteogenic differentiation of rMSCs because it degrades

he organic phosphoesters in bone, which promotes the deposition
f calcium minerals in bone [32]. In the present study, the ALP activ-
ty on the Col/PLGA/CPC scaffold was significantly higher than that
n the PLGA/CPC scaffold. Seyedjafari et al. [33] and Salasznyk et al.
34] reported that collagen was beneficial for osteogenic differenti-
tion. Thereby the collagen was contributive to the increase in ALP
ctivity on the Col/PLGA/CPC scaffold. In addition, the fast cell pro-
iferation on the Col/PLGA/CPC scaffold may  lead to cell aggregation,

hich also promoted the cell differentiation [35].
Collagen, PLGA and CPC are commonly used as scaffold mate-

ials. However, single material cannot meet requirements of an
xcellent scaffold. Low mechanical strength and fast degradation
nhibit application of plain collagen scaffold [36]. Poor bioactivity
nd stiffness are the main problems for plain PLGA scaffold to be
olved [37]. Brittleness and low mechanical strength are intrinsic
efects of plain CPC scaffold [38]. In the present study, the colla-
en on the surface of Col/PLGA/CPC composite scaffold is beneficial
or cell adhesion and proliferation and osteogenic differentiation
t the early stage of implantation. PLGA bears a large proportion of
he mechanical load applied on the scaffold. Although the mechan-
cal strength of the scaffold decreases with gradual degradation of
LGA film on the surface of the porous CPC matrix when implanted,
ore and more CPC matrix can be exposed to the surrounding tis-

ue simultaneously, which facilitates new bone regeneration in the
omposite scaffold. Consequently, the ingrowth of new bone tis-
ue can compensate the decrease in mechanical strength caused by
egradation of PLGA. In a word, the Col/PLGA/CPC composite scaf-
old with unidirectional pore structure can meet the requirements
t various stages after implantation in vivo.

. Conclusion

The collagen was immobilized on the surface of PLGA/CPC scaf-
old by NH3 plasma treatment to obtain a Col/PLGA/CPC composite
caffold with unidirectional lamellar pore structure, suitable com-
ressive strength and bioactive surface. Compared to the PLGA/CPC
caffold, contact angle, water absorption and porosity of the
ol/PLGA/CPC scaffold increased while the compressive strength
emained unchanged. The cell seeding, attachment, proliferation
nd differentiation on the Col/PLGA/CPC composite scaffold were

arkedly better than those on the PLGA/CPC composite scaffold.

he Col/PLGA/CPC composite scaffold fabricated in this study is a
romising candidate for eligible bone tissue engineering scaffold
ue to its satisfactory biocompatibility and cell response.
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