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Abstract: Purpose: To investigate the effect of different ultrasound intensities on enhanced green fluorescence
protein (EGFP) gene expression in tissue between bone defects by ultrasound-mediated microbubble destruction
(UMMD) and to evaluate the tissue damage after transfer. Method: Thirty rabbits were randomly divided into six
groups: Al, A2, A3, A4, A5 and A6 (six in each group of A1-A4, and three in each group of A5-AB). Bone defect
models were generated on the right ulnas. On the 10" day after model generation, suspension of EGFP plasmids
and microbubbles (PM, 0.3 ml/kg) was locally injected to groups A1-A4, while plasmid-saline (PS, 0.3 ml/kg) was
locally injected to groups A5 and A6. Then, ultrasound was given to the 6 groups at 0.5 W/cm?, 1.0 W/cm?2, 1.5 W/
cm?, 2.0 W/cm?, 1.0 W/cm?, and O W/cm?, respectively, with all other parameters remaining constant. Two rabbits
were sactrificed for sample harvesting on the 3 day, 7™ day, and 14" day after gene transfer in groups A1-A4, and
all rabbits were sacrificed on the 7" day after gene transfer in groups A5 and A6. The EGFP expression was quanti-
fied by average optical density under a fluorescence microscope. Tissue damage was observed under an optical
microscope and an electron microscope. Results: On the 3™ day after transfection, groups A1 and A2 both had
higher AOD (P<0.05) when compared to the others. However, there was no significant difference between these
two groups (P>0.05). On the 7" day after transfection, AOD was significantly higher in groups A1-A4 than that in A5
and A6 (P<0.05), among which, groups A1 and A2 were the groups with the highest AOD (P<0.05). On the 14" day
after transfection, there was no significant difference in AOD measurement among all groups (P>0.05). Tissue dam-
age was detected under an optical microscope and an electron microscope in all groups at all observation points.
A correlation between the severity of tissue damage and the intensity of experimental ultrasound was observed.
Conclusions: EGFP gene can be efficiently transfected without obvious toxicity in bone defects of rabbits at 0.5 W/
cm?, when other parameters were set as follows: frequency: 1 MHz, duty ratio: 20%, and exposure duration: 1 min.
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Introduction all have their own drawbacks, including compli-
cations on the donor site, extra surgical proce-

Reconstruction of bone defects caused by trau- dures, limitation in volume, uncontrollable graft

ma, tumor resection, and infection remains a
therapeutic problem in the orthopedic field
[1-4], which brings not only long-term pain and
disability to the patients but also extra finan-
cial burdens to their families, as well as the
whole community. Traditional therapies, such
as autologous bone grafts, allogenous bone
grafts, and llizarov bone transport techniques

resorption, potential immune rejection, and
prolonged period of rehabilitation [3, 5-71.

Itis very important to identify the mechanism of
stimulating endogenous osteogenesis. Bone
morphogenetic proteins (BMPs) are believed to
be the most powerful growth factors that can
induce the osteogenic differentiation of mesen-
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chymal cells [8]. However, most growth factors
have short half-life periods and tend to gradu-
ally disappear from the site of injury [9]. With
the advances in molecular biology, gene thera-
py has been introduced to orthopedic study.
Related research has shown that BMP-2 gene
therapy can promote the healing process of
bone defects [4, 10].

Transfer technique is one of the key points in
gene therapy. Adenoviral vector has been pro-
ved to be the more efficient method, but con-
cerns over potential toxicity and immunogenic-
ity have hampered its clinical application [9,
11]. Non-viral methods are safer, but they are
limited in terms of transfection efficiencies [9,
12]. In recent years, research has shown that
ultrasound-mediated microbubble destruction
(UMMD) within the safe range of frequency,
time and intensity can improve the efficiency of
trans-membrane gene transfer. The sonopora-
tion created by ultrasound exposure can rever-
sibly increase the permeability to the plasmid
of the cell membrane. Furthermore, microbub-
bles, an ultrasonography contrast agent, can
create a cavitation with the presence of ultra-
sound, which results in a bursting of the micro-
bubbles, leading to a distribution of the plas-
mid over a specific area of interest [13]. Com-
pared to other transfer approaches, UMMD is
safe and efficient and can be easily repeated
[9, 12]. Although genes have been successfully
transferred into various cells and tissues in vivo
and in vitro by this novel method, UMMD has its
own shortcomings. The transfer efficiency by
UMMD is not only affected by the properties of
microbubbles but also related to ultrasound
parameters [9]. The optimal ultrasound param-
eters differ among different tissue types and
organs. It is difficult to apply the research find-
ings in a specific domain to another. Previous
studies have applied the UMMD transfer ap-
proach into the field of orthopedics [9, 14-17],
but no application to bone defect in vivo has
been reported yet. Ultrasound parameters, in-
cluding the intensity, time, and duty ratio, have
a critical effect on the efficiency of gene trans-
fer and expression. Inappropriate parameters
may not only reduce the efficiency but also
induce serious tissue damage [13, 18, 19].

In this study, we applied UMMD as a gene tra-
nsfer approach to bone defects in rabbit mod-
els. We aimed to examine the optimal ultra-
sonic irradiation intensity for EGFP gene trans-
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fer in tissue between bone defects of rabbits
with given parameters.

Materials and methods
Animals

Thirty 3-month-old male New Zealand rabbits
weighing 2.5+0.5 kg were purchased from the
Animal Experimental Center of Sichuan Un-
iversity. Rabbits were fed with standard labora-
tory chow and water in a standard animal room
with appropriate temperature and humidity. All
animal procedures were performed under the
guidance of the Ethics Committee of West
China Hospital of Sichuan University.

Reagents

Plasmid encoding EGFP was purchased from
Tianmo Company (Beijing, China), and the con-
centration of plasmid was 1 mg/ml. SonoVue
microbubbles were purchased from BRACCO
(Milan, Italy). SonoVue containing a sulphur
hexafluoride (SF,) gas was encapsulated by a
phospholipid shell and had a mean diameter of
2.5 pm. Penicillin was purchased from United
Laboratories (Hong Kong, China).

Bone defect model

Rabbits were randomly divided into six groups
(A1: 0.5 W/cm?2+PM (EGFP plasmids and micro-
bubbles), A2: 1.0 W/cm?+PM, A3: 1.5 W/cm?+
PM, Ad: 2.0 W/cm?+PM, A5: 1.0 W/cm?2+PS
(plasmid-saline), and AG: 0 W/cm?2+PS), with six
in each group for groups A1-A4 and three in
each group for groups A5 and A6. Rabbits were
sedated by 3% pentobarbital sodium (40 mg/
kg) through an ear vein injection. Hair on the
right forelimbs was shaved after the animals
were fixed on the experimental plate. With
prone positioning, the rabbits were sterilized
and incised to expose the middle section of the
right ulna, and bone defects of 2.0 cm in length
were created. Then, incisions were sutured
layer by layer. Penicillin of 400000 u was used
through intramuscular injection at 30 minutes
pre-surgery, as well as 24 and 48 hours post-
surgery to prevent infection. After being awak-
ened, the rabbits were fed normally.

Preparation of plasmids and microbubbles
suspension

SonoVue was dissolved in 5 ml of saline and
was vibrated to be thoroughly mixed. Then, the
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plasmid and dissolved SonoVue were mixed in
a volume ratio of 1:2. The suspension was incu-
bated at room temperature for 30 minutes and
was preserved in a 4°C refrigerator.

EGFP gene transfer

On the 10" day after model generation, sus-
pension of PM (0.3 ml/kg) was injected to bone
defect sites with a 5-mm depth of needle inser-
tion in groups A1-A4 while PS was injected in
groups A5 and A6 with the same dosage and
injection pathway. Ultrasound was generated
from an ultrasound therapy device (Sonic
Master ES-2, OG Giken, Okayama, Japan) im-
mediately. The probe frequency was set at 1
MHz, and the probe area was 10 cm?. The skin
at bone defect sites was spread with coupling
gel. Ultrasound was performed at 1 MHz, duty
ratio of 20% for 1 minute at the surface of the
target area immediately, and ultrasonic inten-
sity was set at 0.5 W/cm?, 1.0 W/cm?, 1.5 W/
cm?, 2.0 W/ecm?, 1.0 W/cm?, and 0.0 W/cm?,
respectively.

Histological analysis

In groups A1-A4, two rabbits in each group were
sacrificed with an overdose of pentobarbital
sodium on the 3" day, 7" day and 14" day after
transfer. In groups A5 and AG, all rabbits were
sacrificed on the 7t" day after transfer. Two soft-
tissue samples with a size of approximately 0.5
cm*0.5 cm*0.5 cm were harvested from the
bone defect site of each rabbit, one for frozen
section and the other for transmission electron
section.

For cryosection preparation, soft tissue was
placed immediately in a frozen microtome for
15 mins and trimmed and embedded, then
4,6-diamidino-2-phenylindole nuclear counter-
stains were performed. Longitudinal sections
were sliced as thinas 20-umto 40-um intervals.
Two frozen sections were stained with Dapi and
one was stained with H&E. Dapi-stained sec-
tions were observed under a fluorescence
microscope (LEICA DFC495, Germany) with
200x magnification field of view. Images of five
typical points expressing green fluorescence
protein in each frozen section were captured
for semi-quantitative analyses using pathologi-
cal image analysis software (Image-Pro Plus
6.0, Media Cybernetics, USA). The data were
expressed as average optical density (AOD).
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For H&E staining, the tissues were cut in a fro-
zen microtome into 5-uym slices and stained
with H&E to observe the damage to the tissue
under a general microscope (OLYMPUS DP70,
Japan).

For transmission electron section, samples
were fixed in 4% p-formaldehyde and 1% glutar-
aldehyde in 0.1 M phosphate buffer (pH 7.2) for
48 h. The specimens were post-fixed in 2%
osmium tetroxide for 1 h (Electron Microscopy
Science, Hatfield, PA) and dehydrated in a grad-
ed series of ethanol solutions (from 50% to
100%) and propylene oxide. The samples were
then embedded in epoxy resin LX 112 (SIGMA-
Aldrich) and incubated for 24 h at 37°C, and
the resin was polymerized for 48 h at 60°C.
Sixty-nanometer sections were cut transversely
using an Ultracut UCT ultramicrotome (Leica)
with respect to the main axis of collagen fibers,
stained with 5% uranyl acetate, and placed on
electron microscopy one-slot grids coated with
Formvar film. The sections were then observed
at 100 kV with a Jeol 1011 transmission elec-
tron microscope (JEOL Ltd., Tokyo, Japan) con-
nected to a Gatan digital camera driven by
Digital Micrograph software (Gatan, Pleasanton,
CA).

Statistical analysis

Data are presented as the mean + SD. Dif-
ferences among groups were evaluated with
one-way analysis of variance, and LSDs or
Tamhane-tests were used between two groups
at the same time point. Differences among dif-
ferent time points were evaluated with one-way
analysis of variance, LSDs were used between
different time points in the same group. The
significance was defined as a p-value <0.05.
SPSS16.0 statistical analysis software (SPSS,
Chicago, IL, USA) was used for data analysis.

Results
General state of rabbits

The general conditions were good in all ani-
mals, and there were no rabbit deaths. The
wounds were free of inflammation, suppuration
and exudation after surgery in all periods.

Local changes in gross samples

The tissue around the bone defect was pale yel-
low in color. Hyperemia and swelling of tissue
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was detected. Many blood clots were observed
between the broken ends of the bone defect.

Green fluorescent protein expression of differ-
ent groups within the same period

On the 3" day after transfer, green fluores-
cence was detected in groups A1-A4. Green
fluorescent protein expression was found in
skeletal muscle cells, fibroblasts, vascular
endothelial cells, cartilage tissue and nerve tis-
sue, among which the skeletal muscle cells had
the strongest expression. Overall, the AOD of
green fluorescence declined with increasing
ultrasound intensity (Figure 1A). Groups Al
and A2 had higher AOD (P<0.05) when com-
pared to other groups, but there was no signifi-
cant difference between these two groups
(P>0.05) (Figure 1B). On the 7" day after trans-
fer, all groups had green fluorescence expres-
sion (Figure 2A), and there was a downtrend of
AOD with the increase of ultrasound intensity in
groups A1-A4 (Figure 2B). Similarly, groups Al
and A2 had higher AOD (P<0.05), while there
was no significant difference (P>0.05) between
the two. Groups A5 and A6 had lower AOD
(P<0.05) when compared to the other four
groups. On the 14™ day after transfer, green
fluorescence expression can still be found in all
groups (Figure 3A), but there was no difference
in AOD among all groups (P>0.05) (Figure 3B).

Green fluorescent protein expression of differ-
ent period in the same group

Gene expression gradually increased in groups
Al and A2 over time, and a significant differ-
ence between day 3 and day 14 was detected
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Figure 1. Green fluorescent protein
expression on the 3™ day after trans-
fer. A. Green fluorescent protein ex-
pression in skeletal muscle cells un-

der fluorescence microscope (x200).
B. Average optical density in different
treatment groups. *Represents that
there was a significant difference
(P<0.05).

(P<0.05) (Figure 4A, 4B). While the AOD was on
the decline between both the 3™ and 7™ day
after transfer, which then rose again between
the 7" and 14" day after transfer in groups A3
and A4, and there was a significant difference
in AOD among different interested time points
(P<0.05) (Figure 4C, 4D).

Tissue damage under optical microscope

On the 3" day after transfer, soft tissue edema
and a small amount of neutrophil infiltration
were detected in group Al. Signs of necrosis
such as cytolysis, karyorrhexis and phagocyto-
sis of inflammatory cells were not seen. In
group A2, the tissue edema was much more
severe. The number of inflammatory cells
increased and very few muscle cells were being
swallowed by inflammatory cells. In group A3,
muscle cell necrosis was also detected. In
group A4, tissue edema aggravated and partial
muscle cells lysed. At the same time, there was
desmoplasia around muscle bundles (Figure
5A). Tissue damage reduced in all groups on
the 7t day after transfer, and tissue was almost
completely repaired on the 14" day after trans-
fer (Figure 5B and 5C).

Damage of muscle cells under transmission
electron microscope

On the 3" day after transfer, swelling of muscle
cells and vacuole degeneration were detected
in groups A1-A3. The mitochondria and sarco-
plasmic reticulum in some muscle cells were
apparently swelling in group A3. In group A4,
signs of necrosis, such as cytolysis and karyor-
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Figure 2. Green fluorescent protein expression on the 7" day after transfer. A. Green fluorescent protein expression in skeletal muscle cells under a fluorescence
microscope (x200). B. Average optical density in different treatment groups. *Represents that there was a significant difference (P<0.05).
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Figure 3. Green fluorescent protein
expression on the 14" day after
transfer. A. Green fluorescent pro-
tein expression in skeletal muscle
cells under fluorescence microscope
(x200). B. Average optical density in
different treatment groups.
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Figure 4. Average optical density of different periods in the same group. (A) 0.5 W/cm?+PM. (B) 1.0 W/cm?+PM. (C)
1.5 W/cm?+PM, and (D) 2.0 W/cm?+PM. *Represents that there was a significant difference (P<0.05).

rhexis were detected. The myofilaments had an
irregular arrangement, and the gaps among
myofilaments were broadened (Figure 6A).
Damage of muscle cells was reduced on the 7"
day after transfer (Figure 7A).
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Damage

of vascular endothelial cells under

transmission electron microscope

On the 3 day after transfer, vascular endothe-
lial cells were activated with formal cell connec-
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Figure 5. Tissue damage under an optical microscope at different times (x200). A. The 3™ day after transfer. B. The 7™ day after transfer. C. The 14" day after
transfer. The black arrow indicates neutrophils infiltration. The yellow arrow indicates the lysed muscle cells. The blue arrow indicates muscle cells swallowed by
inflammatory cells. The red arrow indicates the necrosis of muscle cells.
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Figure 6. Tissue damage under a transmission electron microscope on the 3" day after transfer. A. Muscle cells. B.
Vascular endothelial cells. The yellow arrow indicates vacuole degeneration. The red arrow indicates karyorrhexis.
The blue arrow indicates disorganized myofilaments. The purple arrow indicates non-structural area.

tion in groups A1l and A2. The Endoplasmic
reticulum was activated and no evidence was
found to reveal cell necrosis. Swelling of mito-
chondria and vacuoles in cytoplasm was dis-
covered in groups A3 and A4. In group A4, a
large area of non-structural area around the
endothelial cells was detected (Figure 6B).
Damage of vascular endothelial cells was re-
duced on the 7" day after transfer (Figure 7B).

Discussion

Many previous studies have shown that UMMD
can successfully transfect genes into various
tissues and cells both in vivo and in vitro. Gene
transfer mediated by UMMD has been demon-
strated in the heart, liver, blood vessels, kidney,
and skeletal muscle [13, 20-24]. Nonetheless,
there is reportedly no study that examines the
application of this novel gene transfer method
in bone defects. Inappropriate ultrasonic pa-
rameters, especially the critical ones such as
irradiation intensity, can not only reduce the
transfection efficiency but also lead to side
effects such as tissue damage.

Observing green fluorescent protein express-
ion on the 3™ day and 7" day after transfer,
our experiments showed that under the same
mechanical indexes, duty ratio and irradiation
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time, the gene expression efficiency decreased
upon the increase of the ultrasound intensity.
When intensity of ultrasound was set at 0.5 W/
cm?, the soft tissue expressed the strongest
green fluorescence, followed by 1.0 W/cm?, 1.5
W/cm? and 2.0 W/cm? on the 3 day and 7t" day
after transfer. However, there was no signifi-
cant difference between the 0.5 W/cm? group
and the 1.0 W/cm? group. The reason, com-
bined with the optical microscope and trans-
mission electron microscope results, may be
that strong ultrasound irradiation induced soft
tissue edema, cell damage and inflammatory at
bone defect sites, which directly affect the suc-
cessful transfection and expression of the tar-
get gene.

On the 14" day after transfer, the cells have
mostly finished their self-repair with the resolu-
tion of inflammation; hence, the target cells
transfected with different ultrasound intensi-
ties can fully express EGFP. Thus, groups with
different irradiation intensities had no differ-
ences in EGFP expression on the 14™ day after
gene transfer.

In low irradiation intensity groups (0.5 W/cm?
and 1.0 W/cm?), the EGFP expression increased
with time. EGFP expression may be related to
the condition of the target cells. In this study,
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Figure 7. Tissue damage under transmission electron microscope on the 7™ day after transfer. A. Muscle cells. B. Vascular endothelial cells. The yellow arrow indi-
cates mitochondria swelling. The blue arrow indicates vascular endothelial cells.
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alleviation of the tissue edema and cell dam-
age shown by light microscope and electron
microscope aligned with the tissue self-repair
process over time. It seems that the ability to
express EGFP may gradually increase with the
self-repair of cells and the resolution of inflam-
mation, although the increase may be subtle.
The fact that no significant differences were
found among some different time points may
be caused by insufficient animals or short
observation intervals.

In higher irradiation intensity groups (1.5 W/
cm? and 2.0 W/cm?), strongest EGFP expres-
sion was detected on the 14™ day after trans-
fer, followed by the 3 day and the 7" day. Our
hypothesis is that there was some edema, but
live targeted cells did not lose their function of
gene expression on the 3™ day after higher
intensity of ultrasound irradiation. However,
since some edema cells could not self-repair
and eventually die a weaker fluorescence inten-
sity will be seen on the 7" day after transfer. On
the 14™ day after transfer, the strongest fluo-
rescence observed was caused by the enhance-
ment of tissue recovery and cell proliferation.

UMMD could enhance EGFP expression in mul-
tiple types of cells at bone defect sites accord-
ing to these study results. Although the EGFP
expression is untargeted transfection and the
expression intensity among different cells are
different, the underlying mechanism remains
unclear. It is suspected that non-targeted
microbubbles used in this study and different
responses to ultrasound energy for different
cells should be jointly responsible for the above
findings. It is also suspected PM concentra-
tions were not the same in different areas of
the bone defect site around local injection. All
kinds of cells may receive EGFP gene by UMMD,
when microbubbles were destructed by ultra-
sound irradiation. Consequently, multiple kinds
of cells will express EGFP eventually. Because
skeletal muscle cells were bigger in size than
other cells, they may get to absorb more PM.
Therefore, a stronger expression of EGFP can
be detected in muscle cells. One of the other
reasons may be related to the fact that skeletal
muscle cells are located in the superficial layer
while other cells were located in deeper levels
in bone defect areas. Skeletal muscle cells
could receive more gene plasmids than other
cells in deeper layers because ultrasonic ener-
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gy decays with the increase of distance. This
non-targeted gene transfer technology may
arguably have some potential risks and may
reduce efficiency of transfection. Therefore,
targeted microbubbles for specific cells in bone
defects should be invented in the future as in
other organs [25, 26].

Conclusion

UMMD can promote EGFP gene transfection
and expression at the bone defect site in rab-
bits. Moreover, 0.5 W/cm? ultrasound intensity
can achieve higher efficiency of gene transfec-
tion with mild tissue damage under the same
condition. Ultrasonic irradiation intensity of 0.5
W/cm? is appropriate in the future UTMD exper-
iments for rabbit bone defection.
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