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Abstract. A bone defect resulting from open bone trauma may
easily become infected; however, the administration of effica-
cious systemic antibiotics cannot be performed at safe levels.
Previous studies have investigated anti-infective biomaterials
that incorporate into bone and facilitate the direct application
of high-concentration local antibiotics. In the present study,
the effect of a novel porous composite with gentamicin sulfate
(GS) in treating infected femoral condyle defects was investi-
gated using a rat model. A novel porous composite biomaterial
was prepared based on a supercritical carbon dioxide fluid
technique that combined GS, demineralized bone matrix
(DBM) and polylactic acid (PLA). A rat femoral condyle frac-
ture model of infection was established. The GS/DBM/PLA
composite biomaterial was implanted and its physicochemical
characteristics, biocompatibility and ability to facilitate repair
of infected bone defect were assessed. The GS/DBM/PLA
composite biomaterial maintained the antibiotic activity of GS,
with good anti-compression strength, porosity and biocompat-
ibility. The results of the animal experiments indicated that
the GS/DBM/PLA composite biomaterial exerted marked
anti-infective effects and facilitated bone defect repair, while
simultaneously controlling infection. Porous GS/DBM/PLA is
therefore a promising composite biomaterial for use in bone
tissue engineering.
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Introduction

Bone grafting is performed on millions of patients suffering
from bone trauma and bone defects caused by wars, traffic
accidents, sports injuries, diseases and natural disasters.
Bone grafting is the second most frequently performed type
of tissue transplant following blood transfusion (1). In 1995,
Crane et al (2) proposed the concept of using bone tissue
engineering for the repair of bone defects. Since then, this tech-
nology has achieved marked progress, in fundamental research
and clinical application in repairing bone defects (3,4) and in
total joint replacement (5,6). There are three types of scaffold
materials used in bone tissue engineering: Natural, artificially
synthesized inorganic, and artificially synthesized polymers.
Generally, a single type of scaffold material does not satisfy
the current requirements for an extracellular scaffold, which
are as follows: Enhanced mechanical strength, improved
degradation time and increased biological activity. Therefore,
numerous studies have investigated the use of two or more
materials in the composition of scaffold materials (7-9). By
selecting appropriate components and adjusting the propor-
tion of each, composite materials with adjustable degradation
characteristics and mechanical properties may be produced.

It has been widely recognized that, following autogenous
bone, allograft bone is the best substitute material for bone
grafting. Demineralized bone matrix (DBM), prepared
for allograft cortical bone through grinding, washing and
decalcification, is a natural sustained-release carrier of bone
morphogenetic proteins with favorable bone induction, bone
conduction and biocompatibility properties (10,11). However,
DBM has poor mechanical properties and is difficult to
model (12). The most widely applied artificially synthesized
polymer scaffold material is polylactic acid (PLA), which has
useful mechanical properties and is easy to model, but has no
biological activity and poor cellular affinity (13). Therefore, a
composite of DBM and PLA together may exhibit advantages
compared with either material alone.

With effective utilization of antibiotics, concurrent
infection of bone defects are well controlled. However, the
postoperative infection rate of bone defects caused by open
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Figure 1: Images of GS/DBM/PLA composite biomaterial obtained using (A and B) optical microscopy and (C) scanning electron microscopy, identifying
pores between 200-400 ym and (D) 20-30 ym. GS, gentamicin sulfate; DBM, demineralized bone matrix; PLA, polylactic acid.

injuries remains as high as 20%, even when debridement is
conducted early in the procedure (14). The prevention and
treatment of infected bone defects is more difficult compared
with that of a simple bone defect (15). When a bone defect is
infected, bone grafting in the first stage does not facilitate the
union of the defect, but rather exacerbates the infection (16).
Furthermore, single-dose administration of antibiotics at the
site of bone grafting may not be effective, as systemic antibi-
otic administration cannot provide an effective concentration
of antibiotics at the bone grafting site and can also have poten-
tial adverse side effects (17). One solution to this problem is
to combine antibiotics with a scaffold material to prepare an
anti-infective tissue-engineered bone material that is able to
maintain a high local concentration of antibiotics at the bone
grafting position, and a low concentration in the circulation.
This may reduce the infection rate by increasing antibacterial
activity locally at the bone grafting site (18).

With these considerations, the present study investigated
the effect of a novel gentamicin sulfate (GS)/DBM/PLA
porous composite for the treatment of an infected femoral
condyle defect in a rat model.

Materials and methods

Preparation of DBM and PLA. The ethics committee of
Shanxi Medical University (Taiyuan, China) approved the
present study. Human cortical bones from numerous healthy
and certified donors were ground and sifted to prepare bone
powder with a diameter of 200-300 ym. The bone powder was
frozen, ultrasonically washed with distilled water for 3 days,
decalcified in 0.6 N HCI at 4°C for 48 h and lyophilized. A
1-g sample of 0.5x10%, 1x10° or 5 x10° Da PLA (Daigang
Biomaterial Co., Ltd., Jinan, China) was mixed with 2 g NaCl
(diameter, 200-300 ym, determined by molecular sieve), at a
PLA-to-NaCl ratio of 1:2. The mixed composition was put

into a 10-ml supercritical cylinder reactor vessel linked to
supercritical (SC)-CO, reaction apparatus (SFE-2; Applied
Separations, Inc., Allentown, PA, USA). The pressure of the
container was gradually raised to 20 MPa and the tempera-
ture was increased to 37°C, and was maintained at 37+1°C,
with the pressure variation kept within 0.1 MPa of this. After
maintaining the temperature and pressure for 30 min, they
were decreased slowly over 15 min to room temperature and
pressure. PLA samples were then removed from the vessel and
leached with distilled water for 48 h to completely remove the
NaCl. Following lyophilization, the samples were packed in
a three-layer aseptic package (Fuhua Medical Packing Co.,
Ltd., Nantong, China) and irradiated with 20 kGy *°Co (China
Nuclear Power Engineering Co., Ltd, Beijing, China) for ster-
ilization.

Preparation of porous GS/DBM/PLA composite biomate-
rial. To produce the biomaterial, 0.6 g DBM (particle size,
200-300 ym; Shanxi Provincial Tissue Bank, Taiyuan, China)
and 0.4 g PLA (molecular weight, 1x10%; Daigan Biological
Materials, Jinan, China) were weighed at a DBM-to-PLA ratio
of 3:2, in addition to 0.5 g GS powder (BBI Life Sciences
Corporation, Shanghai, China) and 2 g NaCl (diameter,
200-300 um). These materials were all white powders and
were mixed thoroughly prior to being placed into the 10-ml
supercritical reactor vessel. The vessel was then linked to
the supercritical CO, reaction apparatus and the prepara-
tion proceeded as described for the DBM and PLA. Optical
and scanning electron microscope (JSM-6360LVV; JEOL,
Ltd., Tokyo, Japan) images of the composite biomaterial are
presented in Fig. 1. GS/DBM/PLA was prepared to a ratio of
5:3:2.

Characteristics of the porous GS/DBM/PLA composite bioma-
terial. For the evaluation of the biomechanical properties of
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Figure 2. Release curve of GS/DBM/PLA in vitro.

the composite biomaterials, specific gravity was measured
as an indication of porosity, and compressive strength and
elastic modulus were determined using an RGT-20A micro-
computer-controlled electronic universal testing machine
(Shenzhen Reger Instrument Co. Ltd., Shenzhen, China).
Cytotoxicity was detected in the mouse fibroblast cell line
L-929 (Shanxi Provincial Tissue Bank) using an MTT assay.
Briefly, mouse fibroblast cells at passage 3 were cultured
together with extracts of GS/DBM/PLA and DBM/PLA in
96-well culture plates, with DMEM medium serving as a
control. After culturing for 1, 2, 3,4, 5, 6 and 7 days, MTT
solution (Sigma-Aldrich, St. Louis, MO, USA) was added to
each well and the cells were cultured for an additional 4 h.
Subsequent to this, 150 1 DMSO was added to each well and
the optical density was examined using a Model 680 microplate
reader (Bio-Rad Laboratories, Inc., Hercules, CA, USA) at a
wavelength of 570 nm to determine cell viability in the pres-
ence of these compounds. Next, the prepared GS/DBM/PLA
composite was trimmed to uniform size (10 x 5 mm). Fifteen
test tubes were prepared and 10 ml normal saline was added
to each under sterile conditions. The prepared GS/DBM/PLA
materials were put into test tube 1, soaked for 4 h at 37°C
and the next day removed to test tube 2. Then, the process
was repeated from tube 2 to tube 3, successively up to
tube 15 (day 15). During this time, the gentamicin in the
GS/DBM/PLA composite gradually leached into the normal
saline. A microbial inhibitory concentration test was then
conducted on the saline in each of the tubes to determine the
antibacterial concentration at different times and to produce
an in vitro release curve of gentamicin (Fig. 2). Subsequent
to this, prepared GS/DBM/PLA composite was trimmed to
uniform size (5 x 5 mm), and placed into the muscle of rats
(described below). At postoperative days 1,4, 7,9, 12 and 15,
3 mm muscular tissue around the implanted materials was
removed and 2 mm blood was collected from the abdominal
aorta [using heparin anticoagulant (Sigma-Aldrich)]. The
biological samples were stored in a cryogenic refrigerator
(DW-25L92; Haier Group, Qindao, China) at -20°C. Then,
under sterile conditions, the preserved muscle tissue and blood
were homogenized in phosphate-buffered saline solution,
centrifuged for 10 min at 37°C, 2,300 x g, and the supernatant
was collected. Microbial inhibitory concentration was detected
in this saline by a golden Staphylococcus microbiological
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Figure 3. Release curve of GS/DBM/PLA in vivo.

test, based on flat colony counting methods (Shanxi Medical
University), and an in vivo release curve was mapped (Fig. 3).

Preparation of the animal model. A total of 84 Wistar rats
were used (Shanxi Medical University Medical Laboratory
Animal Center). These were kept at 26°C, in pathogen-free
conditions with a 12-12 h light-dark cycle. The body weight
of rats was ~300 g, and the sample included male and female
rats. The requisite approval was obtained from the local ethics
committee. The rats were divided into four groups, as follows:
The control group, in which no experiment was conducted;
the GS/DBM/PLA plus Staphylococcus aureus (SA) group;
the DBM/PLA plus SA group; and the DBM/PLA without SA
group, with 21 rats per group. The rats were anesthetized with
0.6% pentobarbital sodium (30 mg/100 g; Merck Millipore,
Darmstadt, Germany) and fixed prostrate to the operating
platform. Following depilation and sterilization around the
femoral condyle, with drapes covering the skin, subcutaneous
tissue and deep fascia were incised by layer. The muscles were
bluntly dissected to prepare for a bilateral femoral condyle
defect. A 1-cm incision on the lateral femoral condyle was
made to expose the lower end of the femur. The incision did
not penetrate into the articular cavity in order to protect the
articular cartilage (Fig. 4A). A dental ball drill (diameter,
1.6 mm) was applied to drill in from the lateral side of the
femoral condyle along the bone shaft axis (Fig. 4B), reaching
the bone cortex on the opposite side but not damaging it. Then,
the defect in the condyle was enlarged until it was 60-70%
of the volume of the femoral condyle (Fig. 4C). The defect
was washed with sterile saline and dried with a sterile gauze.
Then, 10 ul SA standard solution (1x10' CFU/ml; Shanxi
Medical University) was injected into the defect by pipette
(Fig. 4D). After 30 min, ~80 mg GS/DBM/PLA or DBM/PLA
was implanted into the defect. Following suturing, the incision
was tightly covered, but the operated limb was not fastened.
The rats were fed conventionally following the operation. Rats
were sacrificed prior to the following experiments using an
injected overdose of pentobarbital sodium (40-60 mg/100 g),
at 4, 6 or 8 weeks after the first operation.

Radiographic observation and bone density analysis. Three
rats (six sites of femoral condyle defects) in each group were
selected and anesthetized with 0.6% pentobarbital sodium
(30 mg/100 g) at 4, 6 and 8 weeks after the operation described
above. To investigate new bone growth and reconstruction
of bone, radiographs were captured using an SMX-1000
Plus X-ray inspection system (Shimadzu, Kyoto, Japan). The
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Figure 4. Infection modeling and composite biomaterial implants in a rat model with femoral condyle fracture deficiencies. Images show the (A) exposure
of the femoral condyle fracture during surgery, (B) dental drill removing the deficiencies, (C) addition of Staphylococcus aureus solution to the wound and

(D) implantation of the composite biomaterial.

grayscale value per unit area of defect was measured using
image analysis software (Image-Pro Plus version 5.0; Media
Cybernetics, Inc., Rockville, MD, USA) to evaluate the bone
repair condition instead of bone mineral density.

Biomechanical compression tests. Four rats from each group
were selected and the left femoral condyles were inspected at
4,6, and 8 weeks after the operation. For comparison, the left
femoral condyles of the Wistar rats in the control group with
normal age and weight were inspected at the same position. The
femoral condyles were fixed onto the biomechanics machine
(WD-P4204; Jinan Test Machine Co., Ltd., Jinan, China) table
and compressed at a rate of 5 mm/min. During the process,
the femoral condyle displacement/time and displacement/load
were determined. A displacement of 2 mm (femoral condyle
thickness, ~5 mm) was defined as structural damage and this
pressure (the breaking load) was used to evaluate the carrying
capacity (compression area, ~24 mm?).

Histological observation. Four rats from each group were
selected and the right femoral condyles were inspected at
4, 6 and 8 weeks after the operation. The bone at the bilateral
femoral condyle (weight, ~2 g) was excised until sterile condi-
tions. The samples were then fixed in 10% neutral buffered
formalin for 24 h, decalcified in 50% formic acid, dehydrated
in an 80-100% ethyl alcohol series, a 95-100% hyaline xylene
series and prepared for paraffin embedding. The samples were
sectioned longitudinally at 5 ym and stained with hematoxylin

and eosin (Sigma-Aldrich). The bone union in the grafted
area was then observed under an optical microscope (IX73;
Olympus Corporation, Tokyo, Japan).

Statistical analysis. Data analysis was performed using SPSS
version 18.0 statistical software (SPSS, Inc., Chicago, IL,
USA). Data are presented as the mean + standard deviation.
The porosity was analyzed by rank correlation, and intergroup
comparisons were carried out by one-way analysis of vari-
ance using the multi-sample average. If the homogeneity of
variance was satisfied, the intergroup multiple comparisons
were conducted with the method of least significance differ-
ence, and for heterogeneity, Tamhane's T2 post hoc test was
applied to the intergroup multiple comparisons. Comparisons
between two group were performed using the Student's t-test
or t-test (for heterogeneity of variance) using the independent
sample average. The optical density value measured by the
cytotoxicity test was analyzed through factorial design vari-
ance analysis. P<0.05 was considered to indicate a statistically
significant difference.

Results

Physical and chemical properties of GS/DBM/PLA and
DBM/PLA. The porosity of the composite biomaterials
GS/DBM/PLA (5:3:2) and DBM/PLA (3:2) were evaluated
using a t-test. The porosity of GS/DBM/PLA (77.08%) was
significantly reduced compared with DBM/PLA (79.71%)
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Table I. Porosity of GS/DBM/PLA and DBM/PLA composite
biomaterials (n=5).
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Table II. Compressive strength and elastic modulus of
GS/DBM/PLA and DBM/PLA composite biomaterials (n=5).

Composite material Porosity (%)

Composite material Compressive strength Elastic modulus

GS/DBM/PLA
DBM/PLA

77.08+1.63*°
79.71+1.23*»

GS/DBM/PLA
DBM/PLA

13.82+2.00°¢
11.82+0.94%4

100.99+7.28*°
108.71+4.19*"

2t=2.877; "P=0.021. GS, gentamicin sulfate; DBM, demineralized
bone matrix; PLA, polylactic acid.

1t=2.056; *P=0.074; “t=2.028; ‘P=0.077. GS, gentamicin sulfate;
DBM, demineralized bone matrix; PLA, polylactic acid.

Table III. OD values for the proliferation of mouse fibroblast L929 cells in the presence of composite biomaterials (n=5).

Composite biomaterial

Day Control DBM/PLA GS/DBM/PLA Mean OD F-value P-value
1 0.392+0.040 0.515+0.022 0.395+0.051 0.434+0.070 15.618 <0.001
2 0.474+0.060 0.577+0.027 0.457+0.044 0.503+0.069 10.152 0.003
3 0.582+0.019 0.546+0.044 0.584+0.019 0.570+0.033 2.616 0.114
4 0.716+0.081 0.744+0.047 0.702+0.040 0.721+0.057 0.651 0.539
5 1.306+0.053 1.272+0.043 1.282+0.066 1.287+0.053 0.504 0.616
6 1.388+0.045 1.346+0.029 1.392+0.037 1.375+0.041 2.328 0.140
7 1.325+0.027 1.304+0.036 1.316+0.035 1.315+0.032 0.478 0.632
Mean 0.883+0.415*° 0.901+0.366° 0.876+0.413*° 0.886+0.394 4.318 <0.001
F 380.161 562.808 498.743 1376.194 - -

1F=2.983; "F=4.318. The F-value column represents the difference between the three groups, whereas the F row represents the difference in
a single group over the 7-day period. OD, optical density; GS, gentamicin sulfate; DBM, demineralized bone matrix; PLA, polylactic acid.

Table IV. Cell toxicity of GS/DBM/PLA and DBM/PLA leach-
ates.

Group 1 2 3 4 5 6 7

GS/DBM/PLA 0 1 0 1 1 0 1
DBM/PLA* 0 0 1 0 1 1 1

23:2. GS, gentamicin sulfate; DBM, demineralized bone matrix;
PLA, polylactic acid.

(t=2.877; P=0.021; Table I). The compressive strength and
elastic modulus of the GS/DBM/PLA and DBM/PLA mate-
rials were evaluated using a t-test (Table II). The t-values
were 2.056 and 2.028, and the P-values were 0.074 and 0.077,
respectively. Thus, there was no significant difference between
the two groups with regards to compressive strength or elastic
modulus, although the compressive strength and elastic
modulus of GS/DBM/PLA was slightly inferior to that of
DBM/PLA. Table III presents the data demonstrating the
effects of GS/DBM/PLA and DBM/PLA composite genta-
micin leachate on cellular proliferation and Table IV presents
the cytotoxicity rating of GS/DBM/PLA and DBM/PLA

composites. There are significant differences in the cell optical
density values at different time points (F=1376.194; P<0.001),
and the difference is also significant between GS/DBM/PLA
and DBM/PLA (F=2.983; P<0.001). From days 3 to 7, there
is no statistical difference among the control, DBM/PLA and
GS/DBM/PLA groups. The relative rate of cellular prolif-
eration from days 3 to 7 was >90% following treatment with
GS/DBM/PLA composite leachate and the cell toxicity rating
was 0 or 1, indicating that the GS/DBM/PLA composite was
almost non-cytotoxic relative to the DBM/PLA composite
material.

X-ray observation. Representative X-rays of the three different
groups are presented in Fig. 5. In the GS/DBM/PLA group
containing SA, at 4 weeks following implantation, the defect
repair area appeared cloudy, and the density of this was
highest at the center of the repair area (Fig. 5SA). At 6 weeks
after implantation, the flocculent resistance projection grew
denser (Fig. 5A). At 8 weeks following implantation, the resis-
tance projection at the defect region was nearly as dense as
normal bone (Fig. 5A). In the DBM/PLA group containing SA,
at 4 weeks following implantation there was clear and uniform
flocculent resistance projection in the defect repair area
and the defect center was radiolucent (Fig. 5B). At 6 weeks
following implantation, the flocculent resistance projection
grew denser and more uniform, but there remained a large
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Figure 5. X-ray radiographs of the implanted biomaterial for the (A) non-operated control, (B) GS/DBM/PLA and (C) DBM/PLA group. (a) 4 weeks, (b) 6 weeks
and (C) 8 weeks after surgery. GS, gentamicin sulfate; DBM, demineralized bone matrix; PLA, polylactic acid.

area of transparent zones that could be observed in the defect
area (Fig. 5B). At 8 weeks following implantation, the floccu-
lent resistance projection was more dense and the transparent
zones in the center of the defect were smaller and irregular
(Fig. 5C). In the DBM/PLA group without SA, at 4 weeks
following implantation, there was flocculent resistance projec-
tion in the defect repair area and the transparent zones in
the center of defect were not obvious (Fig. 5A). At 6 weeks
following implantation, the flocculent resistance projec-
tion was uniform and dense (Fig. 5B). At 8 weeks following
implantation, the defect region was nearly as dense as normal
bone (Fig. 5C).

Analysis of bone density measurement. Variance analysis was
conducted to evaluate the gray values (bone mineral density)
of materials collected at 4, 6 and 8 weeks post-operation,
and there was significant difference recorded at each point
(Table V). At 4 weeks, F=56.248, P<0.001; at 6 weeks,

F=57.704,P<0.001; and at 8 weeks, F=25.793, P<0.001. Further
intergroup comparisons demonstrated statistical differences
between each pair of groups (P<0.001). The grey value of the
DBM/PLA group without SA was highest, and that of the
DBM/PLA group containing SA was the lowest. In addition,
the grey value of the GS/DBM/PLA group containing SA
was significantly higher compared with the DBM/PLA group
containing SA. These results suggest that the DBM/PLA
material could promote the repair of bone defects and that
GS/DBM/PLA was beneficial to bone defect repair as a result
of its ability to reduce local infection.

Biomechanical compression tests. Variance analysis was
conducted to evaluate the breaking load and breaking
strength of composite materials at 6 and 8 weeks following
operation, and there was significant difference between these
values (Table VI). At 6 weeks, F=50.381, P<0.001, and at
8 weeks, F=93.291, P<0.001. Further intergroup comparison
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Table V. Bone mineral density (pixels; gray value) of bone repair in the area surrounding the composite material (n=0).
Gray value (pixels)
Composite material Week 4° Week 6° Week 8°
Non-operated control 2.223+0.328 2.505+0.574 3.993+0.597
GS/DBM/PLA 1.230+0.265¢ 1.693+0.296¢ 2.850+0.555¢
DBM/PLA 3.333+0.420%¢ 4.520+0.494%¢ 5.968+1.035%¢

“F-value, 56.248; "F-value, 57.704; ‘F-value, 25.793; ‘P<0.05 vs. non-operated control group; °P<0.01 vs. GS/DBM/PLA. GS, gentamicin

sulfate; DBM, demineralized bone matrix; PLA, polylactic acid.

Table VI. Anti-compression biomechanical evaluation of the femoral condyle in the presence of a composite material with, or

without, SA (n=4).

Week 6° Week 8°
Composite material Load (N) Strength (MPa) Load (N) Strength (MPa)
GS/DBM/PLA (with SA) 288.284+31.255 12.012+1.302 363.029+23.828 15.126+0.993
DBM/PLA (with SA) 192.376+15.811¢ 8.01£0.659¢ 248.687+21.465¢ 10.362+0.894¢
DBM/PLA (without SA) 322.530+32.802¢ 13.439+1.367¢ 412.902+11.7484 17.204+0.490°¢
Normal control group 88.696+22.174¢ 17.651x1.012¢ 527.878+33.655¢¢ 21.995+1.402¢¢

“F-value, 50.381; *F-value, 93.291; °P<0.05 vs. non-operated control group; ‘P<0.05 vs. GS/DBM/PLA; °P<0.05 vs. DBM/PLA. GS, gentamicin

sulfate; DBM, demineralized bone matrix; PLA, polylactic acid.

demonstrated that, except for the GS/DBM/PLA group
containing SA and the DBM/PLA group without SA at
6 weeks (P=0.097), there was statistical difference among the
other groups (P<0.05). The analysis indicated that the breaking
load and breaking strength were highest in the normal control
group, followed by the DBM/PLA group without SA, and
that the breaking load and breaking strength were lowest in
the DBM/PLA group containing SA, which was lower than
those in the GS/DBM/PLA group containing SA. These
differences were statistically significant and suggest that the
DBM/PLA material can promote the repair of bone defects
and that GS/DBM/PLA supported bone defect repair applying
its anti-infection properties.

Histological observation. In the GS/DBM/PLA group
containing SA, after 4 weeks, a small area of inflammatory
tissue was observed among the implanted biomaterial (Fig. 6).
After 6 weeks, mesenchymal cells grew into the implanted
bone, and a number of inflammatory cells and polykaryocytes
were also observed. Osteoblasts could be seen around the
implanted material. After 8 weeks, the implanted area was
completely substituted by new bone tissue and the condition of
bone union was similar to that of the DBM/PLA group without
SA at 8 weeks. In the DBM/PLA group containing SA after
4 weeks, the implanted material was covered by inflammatory
fibrous tissue in which a large amount of inflammatory cells
were observed. After 8 weeks, the implanted material was
almost absorbed by the inflammatory fibrous tissue, despite
some DBM fragments, and the implanted area was saturated
with inflammatory fibrous tissue.

Discussion

In the present study, the GS/DBM/PLA porous composite was
prepared using a SC-CO, fluid technique, and DBM/PLA was
the sustained-release carrier for GS. It was observed that the
porous GS/DBM/PLA composite material accelerated repair
of bone defects while controlling infection in the rat model.

Poly(methyl methacrylate) (PMMA) was the earliest
sustained-release drug material applied in clinical practice,
and it achieves evident curative effect in the treatment of bone
infections and bone defect repairs. However, PMMA has a
number of limitations, including poor histocompatibility,
heat release during polymerization, toxicity of its monomer,
a second operation required to remove it and inadequate drug
release (19). These disadvantages of PMMA impose many
restrictions on its clinical application (20,21).

A number of studies have been conducted on the mate-
rials that can provide sustained-release of antibiotics. For
anti-infective bone defect repair, studies have investigated
composites to contain antibiotics including allogeneic
bone (22,23), alginates (24), hydroxyapatites (25) and beta
tricalcium phosphate (26). However, appropriate biological
activity, degradability and mechanical strength cannot be
satisfied by a single material, and therefore creating an
anti-infective material that contains two different methods
of producing sustained-release of antibiotic with desirable
properties is a vital area of research. The DBM/PLA material
prepared in the present study was demonstrated to have favor-
able biocompatibility, bone inductive activity and mechanical
properties. When composited with GS, it exhibited good
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Figure 6. Histological images, stained with hematoxylin and eosin, of biomaterial implanting (A) after 4 weeks, displaying a small area of inflammatory tissue
among the implanted biomaterial, (B) after 6 weeks, displaying mesenchymal cells growing into the implanted bone with a number of inflammatory cells,
multinucleated cells around the demineralized bone matrix and osteoblasts in the lacuna, and (C) after 8 weeks, when the implanting area was fully covered
with new-borne bone tissue, showing complete dissipation of inflammation (magnification, x100).

anti-infective ability, effectively inhibiting the growth of SA
and promoting the union of bone defects.

After grafting, degradable material may fill the cavity
of the bone defect and release a high concentration of anti-
biotics. Compared with systemic administration, this method
avoids adverse antibiotic side effects as well as bacterial
drug resistance (27). In addition, degradable material does
not require a second operation to remove it; space for bone
growth is provided as the material degrades (28). The degrad-
able sustained-release materials PLA, polyglycolic acid and
their copolymer poly(glycolide-co-lactide) have numerous
advantages, including high local drug concentration, long
maintenance time, lack of toxic and allergic reactions and
acceptable compatibility with most antibiotics (29,30). In
addition, these materials can usually be metabolized in
the human body and their decomposition products, carbon
dioxide and water, have no toxic or other adverse side effects
in humans (31).

The GS/DBM/PLA porous composite prepared in the
current study combined the advantages of its three compo-
nents: The easy modelling and good biomechanical properties
of PLA, the biocompatibility and bone induction properties of
DBM and the broad-spectrum antibacterial activity of GS. As
a result, the composite has the favorable properties required
to treat infected bone defects. As previously reported, when
the porosity of a biomaterial is >60%, new bone tissue can
grow from the surface inwards along the intercommunicated
pores, forming a network structure (32). The porosity of the

GS/DBM/PLA porous composite in the present study was
77.1%, and its compressive strength and elasticity modulus were
101.0+7.3 and 13.8+2.0 MPa, respectively. Cell compatibility is
another important indicator affecting bone tissue engineering
material. The cytotoxicity grade of the GS/DBM/PLA porous
composite in this study was rated as O or 1, which is almost
nontoxic. This satisfies the essential requirements for bone
tissue engineering scaffold material.

In the present study, the materials were processed at <37°C
to ensure bioactivity during compositing. During the SC-CO,
reaction process, low pressure may lead to oversized and uneven
pores, while excessive pressure may cause complete swelling
of the material and collapse of the pores (33). The reaction
pressure in the present study was 20 MPa and ideal porosity
was obtained; the porosity of the DBM/PLA composite was
>65% and increased with the proportion of DBM, reaching
79.7% at the optimal composite proportion of DBM/PLA (3:2).
High porosity enlarges the contact area between the scaffold
material and cells, thus promoting the cell adhesive growth
and facilitating the entrance of oxygen and nutrients, and the
excretion of metabolic products.

Response time is another crucial factor that influences the
size of pores in PLA material. The porosity of the material
formed from pure PLA after 30 min of SC-CO, reaction is
relatively high and the pore size is ~300 ym; a reaction that
is much shorter or longer is not beneficial to the formation of
pores on the PLA surface (34). If the reaction time is too short
the segmental motion will be incomplete, and if the reaction



time is too long the chain segments will rearrange and there
will be fewer pores. Adequate infiltration time ensures that
carbon dioxide will infiltrate the sample sufficiently, and after
pressure reduction and foaming, a porous scaffold material
with high porosity will be obtained (35,36). Therefore, in the
present study the reaction time was set to 30 min.

The pressure reduction time also has a marked influence
on the porosity of the composite material. If the pressure
reduction time is too short, the PLA will rapidly separate from
the supercritical system and the curing speed will be high.
Furthermore, the speed of CO, overflowing out of the PLA
will be high, leading to a low expansion rate (37). If the pres-
sure reduction time is prolonged to 15 min, the curing speed
of the PLA and the overflow speed of the carbon dioxide will
reduce, leaving sufficient time for a uniform foam to form and
solidify, resulting in a microporous structure of relatively large
diameter (38). On this basis, the current study adopted 15 min
as the pressure reduction time.

Bucholz (39) proposed that the pore diameter of bone
substitute material should not be <100 xm, in order to avoid
stunting the growth of bone. However, if the pore diameter is
>500 pm, the strength and cell adhesion rate of the material
would be adversely affected. Porter et al (40) considered that
a pore diameter of >200 pm is essential for bone conduction,
and a pore diameter between 200 and 400 ym is ideal for bone
growth. Therefore, the pore diameter of the DBM/PLA porous
composite prepared in the present study was between 200 and
400 ym. Thus, the material was able to promote the growth of
bone tissue into the material and facilitate cell adhesion and
nutrient diffusion. In addition, there were small pores (diam-
eter, 20-30 ym) on the pore wall of the material which may
assist the growth of bone tissue and blood vessels.

In conclusion, the GS/DBM/PLA porous composite
prepared by the SC-CO, fluid technique has favorable porosity,
mechanical properties, bone induction/conduction ability, local
antibacterial ability and bone defect repair efficacy. Therefore,
the GS/DBM/PLA porous composite is a potentially viable
bone tissue engineering material for the repair of infective
bone defects.
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