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Abstract: Nowadays composite scaffolds based on synthetic

and natural biomaterials have got attention to increase healing

of non-union bone fractures. To this end, different aspects of

collagen sponge incorporated with poly(glycolic acid) (PGA)

fiber were investigated in this study. Collagen solution

(6.33 mg/mL) with PGA fibers (collagen/fiber ratio [w/w]: 4.22,

2.11, 1.06, 0.52) was freeze-dried, followed by dehydrothermal

cross-linking to obtain collagen sponge incorporating PGA

fibers. Properties of scaffold for cell viability, proliferation, and

differentiation of mesenchymal stem cells (MSCs) were eval-

uated. Scanning electron microscopy showed that collagen

sponge exhibited an interconnected pore structure with an

average pore size of 190 lm, irrespective of PGA fiber incorpo-

ration. The collagen-PGA sponge was superior to the original

collagen sponge in terms of the initial attachment, prolifera-

tion rate, and osteogenic differentiation of the bone marrow-

MSCs (BM-MSC). The shrinkage of sponges during cell culture

was significantly suppressed by fiber incorporation. Incorpora-

tion of PGA fiber is a simple and promising way to reinforce

collagen sponge without impairing biocompatibility. VC 2016
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INTRODUCTION

Despite surgical or non-surgical treatment for bone frac-
tures, some of them fail to heal, and become non-unions.
Non-union can be defined as the failure of a fracture to heal
after 6 months, without further progress toward healing.1

However, the most advanced available treatments are lim-
ited in effectiveness and often result in some complications.
Thus, an alternative strategy is important in order to treat a
severe non-union fracture. The field of tissue engineering
aims to combine engineering technology and the principles
of biological science to develop plans for the regeneration
and repair of lost or damaged tissue.2 The most important
factor to enhance regeneration by tissue engineering is that
the scaffold material should be suitable for cell proliferation
and differentiation.3

The biocompatibility and biodegradability properties of
the scaffold materials are very important to provide suitable

conditions for cell seeding. Among many materials currently
available as cell scaffolds, collagen has been extensively
used and has in vivo safety proven through long-term appli-
cations in clinical trials, cosmetics, and the food indus-
tries.4–6 Collagen is the major protein of bone structure and
the natural scaffold for osteoblast migration.7 Some collagen
advantages are the low immunogenic response across spe-
cies,8,9 affluence in nature, hemostatic promotion, and ease
manipulation into different forms.10,11 However, association
with extracellular components,11, such as proteoglycans,12

seeding of osteogenic cells,13 and chemical modifications14

could enhance its applicability as a biomaterial.15 Collagen
sponges are highly porous with interconnected pore struc-
ture which is effective in infiltration of cells, supplying of
nutrients and oxygen to cells and excluding cell waste. How-
ever, according to the previous studies, collagen sponge as a
scaffold for cell proliferation and differentiation in hard
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tissue has poor mechanical strength and is not suitable for
use in bone tissue engineering.16 In order to overcome this
problem with collagen sponge, combination with other
materials should be attempted.17

The materials that are used for combination should be
bioabsorbable and it is preferable to select material that has
been clinically used. Some biodegradable synthetic poly-
mers, such as poly(glycolic acid) (PGA) and its copolymers
with L-lactic acid and D-lactic acid, have been combined into
collagen sponges for tissue engineering. PGA has US FDA
approval for clinical use in humans in a variety of medical
applications. Studies have shown that incorporation of PGA
fibers enables collagen sponge to increase its resistance to
compression in vitro.18

In this study, we aimed to produce a collagen sponges
with incorporation of PGA fibers in order to use the advan-
tages of each other. In addition, we investigated the behav-
ior of MSC extract from bone marrow (BM) in the collagen-
PGA sponge.

MATERIALS AND METHODS

Preparation and culture of MSCs
Mesenchymal stem cells (MSCs) from reamer-irrigator-
aspirate (RIA) were isolated from three patients with long
bone fracture. About 5–20 mL, RIA were collected in a
syringe containing 10,000 IU heparin to prevent coagula-
tion. Cell extraction was performed according to the
lympholyte-H (Cedarlane, Canada) protocol. Briefly, after
centrifugation with Ficoll, mononuclear cells was collected
from the milky interface layer and washed twice in
phosphate-buffered saline (PBS). The cell pellets were
resuspended in Dulbecco’s modified Eagle’s medium
(DMEM) with low glucose content, 100 U/mL penicillin,
100 mg/mL streptomycin, and 10% fetal bovine serum
(FBS) (all reagents from Gibco) and cultured in T75 flasks
at 378C in a 5% CO2 atmosphere. Non-adherent cells were
removed after 3 days by medium exchange, and adherent
cells were allowed to grow with medium replacement every
2 days. After 10 days in culture, isolated colonies of MSC
became apparent. They were harvested by trypsinization
with aqueous solution of 0.05% trypsin and 1 mM ethylene-
diaminetetraacetic acids (EDTA) in 0.1 M PBS, pH 7.4 for
3–5 min at 378C and reseeded in new flasks at a density of
5–10 3 103 cells/cm2. The cells used at P3.

Fabrication of collagen sponge
An aqueous solution of type I collagen, prepared from por-
cine tendon by pepsin treatment (6.33 mg/mL, pH 3.0) in
HCl, was purchased from Nitta Gelatin Inc. The non-woven
fabric of PGA fiber, 20 mm in diameter (0.5 mm in thickness,
200–210 g/m2) was gifted by Dr. Hossein Hosseinkhani (Tai-
pei, Taiwan). DMEM and FBS were purchased from Gibco.

Collagen sponges with different amounts of PGA fiber
were fabricated using the dehydrothermal method. In order
to remove oils and fats, PGA non-woven fabric was immersed
in acetone for 1 h and washed three times with double-
distilled water for 10 min at 258C. PGA fiber was loosened
by using tweezers to obtain the PGA component. Then, differ-

ent collagen/fiber ratios (w/w) 4.22, 2.11, 1.06, and 0.52
(1.5, 3, 6, and 12 mg) were homogeneously were placed into
a 24-well tissue culture flask (Biofill) and 1 mL of collagen
solution was poured into each well. The resulting collagen
solution was frozen at 2208C for 24 h to obtain collagen
sponge incorporating PGA fiber. The freeze-dried sponge was
dehydrothermally cross-linked at 1408C for 12 h under 0.1
torr vacuum conditions. This cross-linking method was
selected because it is toxicologically more acceptable than
the chemical cross-linking alternative. A similar preparation
procedure was performed using only the collagen solution, to
obtain collagen sponge without PGA fiber incorporation. Scaf-
folds were sterilized with ethylene oxide gas at 408C.

Morphological observation
The appearance and infrastructure of collagen sponges, with
and without PGA fiber incorporation, were observed with a
scanning electron microscope (SEM; Leo, 1450 VP, Ger-
many). The collagen sponges were cut with a razor blade.
Sponge cross sections were coated with gold on an ion sput-
terer (E-1010; Hitachi) at 50 mtorr and 5 mA for 30 s and
viewed by SEM at a voltage of 15 kV. The pore size of colla-
gen sponges was calculated as the geometric mean of the
major and minor diameters of the pores from the pictures
of cross sections of the sponges.19–21

Sponge characterization
The porosity of the sponge was measured by a liquid substi-
tution method. Isopropanol with density qi was used as the
displacement liquid and operated at 48C.22 In this method, a
density bottle was used to measure the porosity of the scaf-
fold. A density bottle filled with isopropanol was weighed
(W1). A sponge sample of weight Ws was immersed in the
density bottle and then weighed (W2). The sponge saturated
with isopropanol was taken removed and then the density
bottle was weighed (W3).

The following scaffold parameters, including the volume
of the sponge pore (Vp), the density of the sponge skeleton
(Vs), and the porosity (e), were calculated23

Vp5ðW22W32WsÞ=qi

Vs5ðW12W21WsÞ=qi

e 5 Vp=ðVp1VsÞ

Maximum water absorption of sponges was checked after
shaking samples in PBS at 300 rpm on an orbital shaker
(VISION, model: VS-8480, Korea) at 378C for 24 h. The equa-
tion for the maximum water uptake is24

Water absorption %ð Þ
5 ðWet weight 2 Initial dried weight½ �=
Initial dried weightÞ 3 100

The diameter of sponges with and without PGA was checked
in MSC culture after 14 days. The equation for the contrac-
tion (shrinkage) is24
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Shrinkage %ð Þ
5 ð Initial diameter 2 Diameter after 14 days½ �
=Initial diameterÞ 3 100

The sample number was three for each experimental group.

Fourier transforms infrared spectroscopy
Infrared (IR) spectra were recorded using a PERKIN EIMER
FT-IR spectrophotometer PARAGON 1000 in the wave num-
ber region 400–4000 cm21.

Cell seeding into collagen sponge
MSCs were seeded into sponges by the agitated seeding
method. Prewetted sponge was placed into a tube (15 mL/
sterile tube), and then 0.5 mL of cell suspension containing
1 3 106 cells was added to the tube, followed by culturing
by shaking the sponge–cell mixture at 300 rpm on an
orbital shaker (VISION, model: VS-8480, Korea) for 6 h, then
incubated for 2 h at 378C in a 5% CO2 in 24-well plate.
After that, 1 mL of DMEM supplemented with 15% FBS and
13 of 100 U/mL penicillin and 100 m/mL streptomycin
(Gibco) was added to each sponge.

DNA assay
The number of cells attached to each sponge was deter-
mined by fluorometric quantification of cell DNA assay.25

Briefly, the cell-seeded sponge after 48 h was washed with
PBS and cells present in the sponge were lysed in a buffer
solution (pH 7.4) containing proteinase K (0.5 mg/mL),

sodium dodecyl sulfate (0.2 mg/mL) and 30 mM saline-
sodium citrate (SSC) at 558C for 12 h, with occasional mix-
ing. The cell lysate (100 lL) was mixed with SSC buffer
(400 mL) in a glass tube. After mixing with a dye solution
(500 mL) (composition: 30 mM SSC and Hoechst 33258 dye
[1 lg/mL]), the fluorescence intensity of the mixed solution
was measured with a fluorescence spectrometer (synergy
H4 Hybrid Reader; Biotek) (excitation, 355 nm; emission,
460 nm). A calibration curve between DNA and cell number
was prepared by using cell suspensions with different cell
densities. The DNA assay was performed three times inde-
pendently for every experimental sample.

MTT assay
Proliferation of MSCs on sponges was determined by the
MTT 3-(4,5-dimethylthiazol-2-yl)22,5-diphenyl-2H-tetrazo-
lium bromide (atocell) assay. The sponges were transferred
into a new 24-well plate, and 1 mL of MTT solution
(0.5 mg/mL) was added to each well. After incubation at
378C for 4 h in a 5% CO2, MTT was taken up by the active
cells and reduced in the mitochondria to insoluble purple

FIGURE 1. Frame structure and scanning electron microscopy photographs of a collagen sponge with and without PGA fibers. (A) with PGA fiber

incorporation (B) without PGA fiber incorporation. (C) Cross-sectional scanning electron microscopy photographs of a collagen sponge without

PGA fiber incorporation (collagen/fiber ratio [w/w]: 6.33) and collagen sponges incorporating PGA fibers with different collagen/fiber ratio (w/w)

(D) 4.22, (E) 2.11, (F) 1.06, and (G) 0.52.

TABLE I. Characterization of the Collagen Sponge With and

Without PGA Fiber Incorporation

Collagen/fiber
ratio (w/w) 6.33 4.22 2.11 1.06 0.52

Porosity (%) 84.12 87.75 88.34 90.15 91.38
Average pore

size (mm)
184 188 190 194 198
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formazan granules. Subsequently, the medium was dis-
carded and the precipitated formazan was dissolved in
DMSO (150 mL/well). The optical density of the solution
was evaluated using a microplate spectrophotometer after
subtraction of OD 570 nm. The viable cell number was
determined using a linear calibration curve between OD and
predetermined cell concentration.

Cell attachment
SEM observation was performed to evaluate the morphology
of MSCs attached to collagen sponges in normal medium. In

this method, the culture medium was discarded and sponges
were washed with PBS for three times. Adhered cells on the
sponges were fixed with 4 mL of 4% formaldehyde for 90
min at 48C. After washing with PBS for three times, adhered
cells were dehydrated in an ethanol-graded series (30%,
40%, 50%, 60%, 70%, 80%, 90%, and 100%) for 1 h and
allowed to dry in a clean bench at room temperature and
observed with an SEM (Leo, 1450 VP, Germany).

Live/dead staining
To demonstrate cell viability over the whole period of 3D cul-
ture, propidium iodide/fluorescein diacetate (PI/FDA) stain-
ing (PI; Sigma, 81845 and FDA; Sigma, F73378) was
performed. The grafts were rinsed three times with PBS and
incubated for 15 min at 378C with 2 mg/mL FDA solution.
After incubation, the grafts were rinsed again three times
with PBS and incubated with 0.1 mg/mL PI solution for 2 min
at room temperature. After an additional washing step, the
grafts were analyzed under a fluorescent microscope (Olym-
pus BX51).26

Evaluation of osteogenic differentiation
To evaluate the osteogenic differentiation of the MSCs, their
intracellular alkaline phosphatase (ALP) activity and bone
osteocalcin content were measured. For this purpose, cell-
seeded collagen sponge incorporating PGA was cultured by
a procedure similar to that described above, but using
DMEM with low glucose content supplemented with 10%
FBS, 10 nM dexamethasone, 50 mg/mL ascorbic acid, and
10 mM b-glycerophosphate (differentiation medium). Nor-
mal medium was used as a control. The ALP activity was
determined using an ALP assay kit (Lot. No. APF; Sigma).
Cultured sponge was washed three times with PBS, minced
with scissors, and homogenized in lysis buffer solution
(0.2% triton X-100, 10 mM Tris–HCl, 1 mM MgCl2, and pH
7.5). Sample lysate (2 mL) was centrifuged at 12,000 rpm
for 10 min at 48C and the ALP activity of the supernatant
was assayed using p-nitrophenyl phosphate as a substrate.
To determine calcium deposition, cultured sponges were
washed three times with PBS. The MSCs were then detached
from the scaffold by treatment with an aqueous solution of
0.05% trypsin and 1 mM EDTA in 0.1 M PBS, pH 7.4 (Gibco,
25200) for 20 min at 378C and after 24 h in low glucose
DMEM with 10% FBS. MSCs attached on the plate and fixed
with 3% formaldehyde for 10 min at room temperature. To
stain the differentiated cells, the samples were immersed in
alizarin red at pH 4 for 10 min at room temperature, and
washed with PBS three times. The alizarin red was then
removed and replaced by PBS, and the pictures were taken
by Eyepiece camera (AM4023; Dino-lab digital microscope,
USA).

Statistical analysis
Results (mean6 SD) were reported as three independent
stages. Statistical analyses were performed by GraphPad
Prisme 6 using ANOVA, with Tukey’s post-hoc to reveal sig-
nificant differences between the data and p values<0.05
were considered significant.

FIGURE 2. Water absorption and shrinkage of collagen sponges. (A)

Sponges were immersed in PBS at 300 rpm for 24 h at 378C. The

results were expressed as the Water absorption (%) 5 ([Wet

weight 2 Initial dried weight]/Initial dried weight) 3 100. Each experi-

ment was repeated independently three times in triplicate tests and

data are shown as mean 6 SD. *p< 0.05; significant against the water

absorption of collagen sponge without PGA fiber incorporation (colla-

gen/fiber ratio [w/w]: 6.33). (B) Sponges were immersed in MSC cul-

ture for 14 days at 378C. The result were expressed as the Shrinkage

(%) 5 ([Initial diameter 2 Diameter after 14 days]/Initial diameter) 3

100. Each experiment was repeated independently three times in trip-

licate tests and data are shown as mean 6 SD. *p< 0.05; significant

against the shrinkage of collagen sponge without PGA fiber incorpo-

ration (collagen/fiber ratio [w/w]: 6.33). (C) Photographs of collagen

and collagen-PGA sponges 14 days after culturing at 378C.
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RESULTS

Morphological and physical properties of collagen-PGA
sponges
Morphology of collagen sponges with or without PGA fiber
incorporation and SEM photographs of cross sections of col-
lagen sponges incorporating various amounts of PGA fibers

(Fig. 1) shows irrespective of the amount of fiber incorpo-
rated, every collagen sponge possessed an average pore size
of 190 mm (Table I). The morphological characteristics are
summarized in Table I and their intrastructural appearance
is similar. Although some PGA fibers were exposed in the
pores of PGA-incorporated sponges, the internal structure is
similar to that of sponges without PGA fiber incorporation.

Evaluation the maximum water absorption of sponges
showed decreasing water absorption rate of collagen
sponges with increasing amounts of PGA fiber weight [Fig.
2(A)]. Figure 2(B,C) shows the diameter change of collagen
sponges with and without PGA fibers incorporation in MSC
culture after 14 days.

Fourier transforms infrared spectroscopy analysis
Figure 3 shows the Fourier transforms infrared spectros-
copy (FTIR) peak of collagen sponge before and after dehy-
drothermal cross-link. The result showed different peaks at
1640 cm21, indicates the differences in the functional
groups before and after cross-linking.

Cell attachment and proliferation of collagen sponges
Cell attachment on the surface of fiber in normal media
shows in [Fig. 4(A)]. As shown, cells have a tendency on the
surface of fiber. Figure 4(B) shows the number of cells
attached in collagen sponges with or without PGA fiber
incorporation 6 h after seeding with agitation. There was a

FIGURE 3. FTIR spectra of collagen sponge, before and after dehydro-

thermal cross-link. Different peak in 1640 cm21 indicates the differen-

ces in the functional groups before and after cross-linking.

FIGURE 4. The number of MSCs attached to collagen sponges. (A) Scanning electron microscopy photographs of cell adhesion on surface of

fibers in normal media at 378C in a 5% CO2. (B) The number of MSCs attached to collagen sponges in normal media at 378C in a 5% CO2. The

results were expressed as the DNA assay method. Each experiment was repeated independently three times in triplicate tests and data are

shown as mean 6 SD. (a) *p< 0.05; significant against the cell number attached to collagen sponge without PGA fiber incorporation (collagen/

fiber ratio [w/w]: 6.33), (b) *p< 0.05; Significant against the cell number attached to collagen sponges with PGA fiber (collagen/fiber ratio [w/w]:

0.52) to (collagen/fiber ratio [w/w]: 6.33, 4.22, 2.11, 1.06).
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significant difference in cell number between the original
collagen sponges and the collagen-PGA sponges at collagen/
fiber ratio of 0.52.

Cell viability
MTT assay was used to compare cell viability on the colla-
gen scaffolds with and without PGA. PGA scaffold grows
with the most viable cells [Fig. 5(A)]. The results showed
higher rate of viable cells in collagen-PGA sponges at colla-
gen/fiber ratio of 0.52 in compassion with other tested scaf-
fold. Also, cell viability within the scaffold was determined
by using live/dead staining (FDA/PI) after three-
dimensional arrangement of expanded MSC in PGA fibers
and cultured them for 3 weeks [Fig. 5(B)]. The results indi-
cated that MSCs are distributed homogeneously. The green
staining cell proliferation of collagen sponges, with and
without different weights of PGA, shows the MSCs to be via-
ble and partly round-shaped cells.

Osteogenic differentiation
Figure 6(A,B) shows MSCs differentiated to osteocytes. Cal-
cium deposits of differentiated cells were qualified by aliza-
rin red after 21 days. Figure 6(C) shows ALP activity of
MSCs cultured on collagen sponge, and on collagen-PGA
sponges at collagen/fiber ratio of 0.52. ALP activity of MSC
cultured in the bone differentiation medium was always
high for the collagen sponge reinforced with PGA fiber
incorporation, as compared to collagen sponge without PGA
fiber incorporation. In induction medium, incorporation of
PGA fibers enhanced ALP activity.

DISCUSSION

When a bone fracture is not healed after 6 months, it can
be clinically defined as non-union.27 This decrease is often
found in regions complicated by infection or tissue defects.
This phenomenon may be the results of decrease in the
population of progenitor cells (like MSCs) in local tissue.
The field of tissue engineering can use for healing non-
union bone fractures. Biomaterial scaffolds, such as biode-
gradable polymers, have been used in tissue engineering.
Collagen is the principle component of extra cellular matrix
(ECM) and one of most important materials to fabricate an
artificial ECM in tissue engineering.

Non-woven polyglycolide fabrics have been extensively
used as scaffolding matrices for tissue regeneration due to
their excellent degradability, good initial mechanical proper-
ties and protective cell viability on the matrices. The biode-
gradation of PGA is appropriate for orthopedic use, such as
fracture fixation. In in vivo, PGA degrades to glycine which
enters the tricarboxylic acid cycle and breaks up into carbon
dioxide and water and finally excreted by the kidneys.28

In this work, we have attempted to reach on an opti-
mum concentration of PGA fibers and investigated their role
in the osteogenic differentiation.

SEM observation has revealed that PGA fiber incorpora-
tion has no influence on the inter-pore structure of collagen
sponge (Fig. 1). The pore structure and the interconnected
features of collagen sponge could be reserved by incorporat-

ing PGA fiber. Based on this finding, it is possible to
compare the efficiency of sponges in the cell scaffold only
from the viewpoint of sponge reinforcement. The inner-pore
structure and the interconnected feature of collagen sponge
would give cells a three-dimensional space suitable for
proliferation.

Water absorption behavior [Fig. 2(A)] showed that the
hydrophobic property of PGA fibers has a major influence
on decreasing the tendency of sponge to an aqueous
medium. By decreasing water absorption and providing a
physical network between fibers and collagen, the shrinkage
of collagen sponge decreases [Fig. 2(B,C)]. Shrinkage is one
of the most important deficiencies of collagen sponges.16

The space generated by the fiber-based suppression of
sponge shrinkage is necessary for the oxygen and nutrients
supply in the sponge and excretion of the waste products.29

Incorporation of PGA fibers suppressed the shrinkage of col-
lagen sponges with increasing amount of PGA fibers

FIGURE 5. Viability of MSCs in sponges. (A) Cell viability on the colla-

gen scaffolds with and without PGA. The results were expressed as

proliferation of MSCs on sponges. Each experiment was repeated

independently three times in triplicate tests and data are shown as

mean 6 SD. *p< 0.05; significant against the viability of cells on colla-

gen sponge without PGA fiber incorporation (collagen/fiber ratio [w/

w]: 6.33). (B) Cell viability staining with PI/FDA. The staining shows a

homogeneous cell distribution of viable cells within the scaffold.

(Magnification 103.)

6 TOOSI ET AL. PGA-COLLAGEN COMPOSITE SCAFFOLD



incorporated. It is likely that the shrinkage of collagen
sponge without fiber reinforcement collapses the inner-pore
structure, resulting in worse conditions of cell proliferation
and the consequent cell death for a long culture period.
Takamoto et al. and Mohajer et al. have reported that colla-
gen sponge shrinkage was suppressed with increasing
amount of PET and PP/PET fibers incorporated.16,29

FTIR provides information on protein structure. Among
them, the amide I band (peptide bond C@O stretch;
1650 cm21) is especially sensitive to secondary structures.30

Thus, information on protein structure is obtained from anal-
ysis of broad peaks consisting of overlapping component
bands. This is accomplished by applying such techniques as
FTIR. Our result indicates the differences in the functional
groups before and after cross-linking (Fig. 3). Because by
physical cross-linking, such as the dehydrothermal method,

some free radicals, such as COOH or NH2 in collagen the mol-
ecule can bind and cross-link the collagen molecules to each
other.

For the MSC attachment experiment, the agitation cul-
ture was used because MSC could be homogeneously seeded
into the collagen sponge.18,31–33 Some research has shown
that the agitation method was more efficient in cell attach-
ment than static method.32,33 The increased number of cells
attached with the incorporation of PGA fibers was signifi-
cantly higher than that of the original collagen sponge.
Because PGA fiber incorporation suppresses the shrinkage
of collagen sponge, it is possible that the pores available for
cells entering the inside space of sponges is maintained,
resulting in a larger number of cells entered and attached
(Fig. 4). Takamoto et al. have reported that shrinkage of col-
lagen sponge without fiber reinforcement collapses the

FIGURE 6. Differentiation capacities of MSCs toward osteoblast in sponges. (A and B) Calcium deposition photographs of collagen sponges with

PGA fiber (collagen/fiber ratio [w/w]: 0.52) in bone differentiation media after 21 days at 378C in a 5% CO2. (C) ALP activity in bone differentiation

media at 378C in a 5% CO2. The results were expressed as the ALP assay kit. Each experiment was repeated independently three times in tripli-

cate tests and data are shown as mean 6 SD. (a) *p< 0.05; significant against the ALP activity of collagen sponge without PGA fiber incorpora-

tion (collagen/fiber ratio [w/w]: 6.33). (b) *p< 0.05; Significant against the ALP activity of collagen sponges with PGA fiber (collagen/fiber ratio

[w/w]: 0.52) to (collagen/fiber ratio [w/w]: 6.33, 4.22, 2.11, 1.06).
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inner-pore structure, resulting in worse conditions of cell
proliferation and the consequent cell death for a long cul-
ture period.29

For treatment of non-union fractures, we need scaffolds
that can provide the facility of diffusion of various medium
and factors inside the sponges and give MSC better differen-
tiation to osteoblast. In this study (Fig. 6), alizarin red stain-
ing confirmed MSCs differentiation to osteoblast and ALP
activity increased in scaffold reinforced with PGA than in
the original collagen scaffold. According to the chemical
structure of PGA, incorporation fibers do not have any inter-
action with cells under differentiation media. The improve-
ment in cellular activity on the collagen-PGA sponges at
collagen/fiber ratio of 0.52 may originate from the stability
of sponge in differentiation media and the initial higher
level of cell attachment and proliferation. Hosseikhani et al.
have reported that PA nanofibers enhanced in vitro differen-
tiation of MSCs.34 The osteogenic differentiation also
depended of the fiber amount was observed. It is highly
conceivable that the reinforcement of collagen sponge facili-
tated the diffusion of various osteogenic differentiation fac-
tors like into the inside of sponge and consequently gave
MSC better differentiation conditions. Also, another studies
showed that the initial cell attachment directly affects such
other cellular responses as movement, proliferation, and
phenotype expression of cells through the internal signal
transduction.35 Therefore, the improvement in cellular activ-
ity on the sponge with collagen/fiber ratio (w/w) of 0.52
may be originated from the stability of sponge in differen-
tiation media and initial higher level of cell attachment and
proliferation.

CONCLUSIONS

Fabrication of collagen sponge reinforced with biodegrad-
able PGA fibers as bone tissue-engineered scaffold was stud-
ied in this work. The in vitro investigation has shown that
incorporation of PGA fibers had an impressive effect on
physical properties as well as increasing cell attachment,
proliferation, and differentiation. These results suggest that
PGA fiber incorporation is a suitable method to enhance
physical stability without using toxic materials, and for use
as treatment of non-union fractures. Further, in vivo investi-
gation is necessary to find the reactions of biodegradable
fibers under real conditions.
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