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Abstract. Gene therapy using wound healing–associated
growth factor gene has received much attention as a new
strategy for improving the outcome of tissue transplanta-
tion. We delivered plasmid DNA coding for human hepa-
tocyte growth factor �hHGF� to rat free skin grafts by the
use of laser-induced stress waves �LISWs�; autografting
was performed with the grafts. Systematic analysis was
conducted to evaluate the adhesion properties of the
grafted tissue; angiogenesis, cell proliferation, and reepi-
thelialization were assessed by immunohistochemistry,
and reperfusion was measured by laser Doppler imaging
as a function of time after grafting. Both the level of an-
giogenesis on day 3 after grafting and the increased ratio
of blood flow on day 4 to that on day 3 were significantly
higher than those in five control groups: grafting with
hHGF gene injection alone, grafting with control plasmid
vector injection alone, grafting with LISW application
alone, grafting with LISW application after control plasmid
vector injection, and normal grafting. Reepithelialization
was almost completed on day 7 even at the center of the
graft with LISW application after hHGF gene injection,
while it was not for the grafts of the five control groups.
These findings demonstrate the validity of our LISW-based
HGF gene transfection to accelerate the adhesion of
grafted skins. © 2009 Society of Photo-Optical Instrumentation Engineers.
�DOI: 10.1117/1.3253325�

Keywords: nonviral gene delivery; laser-induced stress wave �LISW�;
skin grafting; hepatocyte growth factor �HGF�.
Paper 08454RR received Dec. 22, 2008; revised manuscript received
Aug. 13, 2009; accepted for publication Aug. 19, 2009; published
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1 Introduction
Gene therapy has recently received much attention as a new
strategy for improving the outcome of skin transplantation,
based on the fact that a number of growth factors related to
wound healing have been identified and extensively investi-
gated as described in the following. For gene transfer to skin
tissue, viral vectors, such as adenoviruses,1 adeno-associated
viruses,2,3 and retroviruses,4 have been used widely, but the
use of nonviral methods, including naked plasmid DNA
injection,5–7 liposomal transfection,8,9 and electroporation,10,11

is becoming increasingly important due to their safety, easy
handling, and higher targeting characteristics. However, there
still remain requirements for further improvements in effi-
ciency, flexibility, and targeting characteristics of nonviral
gene transfer methods.

We have been investigating nonviral gene transfer based
on laser-induced stress waves �LISWs� or photomechanical
waves12–14 that are generated by irradiating a solid material

1083-3668/2009/14�6�/064043/9/$25.00 © 2009 SPIE
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ith nanosecond laser pulses. On the basis of this technique,
e demonstrated that reporter genes can be transferred to

kins in rats and central nervous systems in mice in vivo, as
ell as to various types of cell lines in vitro.15–17 The most

mportant advantage of this method is its high spatial control-
ability of transfection due to the nature of a laser beam, i.e.,
ighly controllable, well-defined optical energy. In addition,
eep-located tissue can be treated by LISWs, since an LISW
s a kind of acoustic wave and it can therefore be efficiently
ropagated through tissue. Furthermore, laser energy can be
ransmitted through an optical fiber. Thus, catheter-based or
ndoscopic gene transfer may come into practical use, which
ould considerably improve the flexibility of the gene trans-

er process.
Skin transplantation is essential for treatment of full-

hickness skin injuries and defects such as severe burns, and
ts outcome is determined by adhesion of grafted tissues,
hich is completed through a spontaneous wound healing
rocess since vascular anastomosis is not applied. Wound
ealing is a complex and dynamic process that follows an
rderly sequence of events: inflammation, cell migration, an-
iogenesis, granulation tissue formation, collagen deposition,
nd reepithelialization.18 Proper balance of these biological
eactions is important for efficient progress of wound healing.

It has been revealed that wound healing is regulated by a
umber of growth factors, such as basic fibroblast growth
actor �bFGF�, transforming growth factor-� �TGF-��,
latelet-derived growth factor �PDGF�, epidermal growth fac-
or �EGF�, keratinocyte growth factor �KGF�, vascular endot-
elial growth factor �VEGF�, and hepatocyte growth factor
HGF�.19 Adhesion of transplanted tissue, which is completed
hrough a wound healing process, is initiated by angiogenesis,
nd accelerated angiogenesis can therefore effectively im-
rove the outcome of transplantation; earlier adhesion is im-
ortant to decrease the risk of infection. Since VEGF, bFGF,
nd HGF are known to enhance angiogenesis,20–22 the secre-
ion of these growth factors that are up-regulated by gene
ransfection is a promising strategy for accelerating the wound
ealing process and hence adhesion of skin grafts and skin
aps.23–27

In our previous study, we attempted to deliver the human
GF �hHGF� gene to rat skin grafts by the use of LISWs ex

ivo; autografting was performed using the grafts with the
bjective of accelerating angiogenesis in the grafted tissue.28

t 3 days after grafting, it was found that the density of
D31-positive cells was significantly greater for the grafted

issue with hHGF gene transfer by LISWs than the densities
n three control groups: normal grafting without any treat-

ent, grafting with injection of hHGF gene �no LISWs�, and
rafting with application of LISWs after control plasmid vec-
or injection. However, further investigation is needed to vali-
ate the efficacy of LISW-based hHGF gene delivery for im-
roving the adhesion of grafted skin; evaluation of
eperfusion, cellular proliferation, and reepitheliarization in
rafted skin is essential.

In the present study, we performed experiments to validate
ISW-based delivery of a therapeutic vector construct carry-

ng the hHGF gene to rat free skin grafts for accelerating their
dhesion. We first optimized laser fluence to maximize the
oncentration of hHGF expressed in the grafted skins. Distri-
ution of gene expression in the grafted tissue was also as-
ournal of Biomedical Optics 064043-
sessed by using the LacZ gene to analyze the outcome of gene
expression. With the grafts transfected under optimum condi-
tions, we performed autografting and analyzed angiogenesis,
cell proliferation, and reepithelialization based on immunohis-
tochemistry for the grafted tissue and evaluated recovery of
blood perfusion by laser Doppler imaging �LDI�. The results
were compared with those obtained for five control groups:
grafting with hHGF gene injection alone, grafting with con-
trol plasmid vector injection alone, grafting with LISW appli-
cation alone, grafting with LISW application after control
plasmid vector injection, and normal grafting.

2 Materials and Methods
The protocols in this study were approved by the Committee
on Ethics of Animal Experiments of the National Defense
Medical College.

2.1 Construction of Plasmid DNA
Human HGF �hHGF� expression plasmid vector was con-
structed by insertion of hHGF cDNA �2.2 Kb�21 into the NotI
site of pcDNA3.1 �Invitrogen Corp., Carlsbad, California�. A
cDNA clone coding for hHGF was provided by AnGes MG,
Inc. �Japan�. The vector was driven by a cytomegalovirus
�CMV� promoter. The vector used as a control vector was a
CMV vector plasmid not containing HGF cDNA �Invitrogen
Corp.�. Plasmid DNA encoding �-galactosidase �E1081� was
purchased from a commercial source �Promega, Madison,
Wisconsin�. The �-galactosidase expression vector was driven
by an SV40 promoter. Each plasmid was transformed into
Escherichia coli competent cells and then amplified and puri-
fied on a Qiagen column �Qiagen, Inc., Hilden, Germany�
according to the manufacturer’s manual.

2.2 Measurement of hHGF Protein Expressed in
Grafted Skin

We examined the expression of hHGF in the grafted rat skins
to determine the optimum gene transfer conditions. We used
Sprague-Dawley rats weighing 360 to 420 g. They were
anesthetized by intraperitoneal injection of pentobarbital so-
dium �50 mg /kg animal weight�, and their dorsal hairs were
clipped and depilated. Dorsal skin of a rat, measuring
20 mm�20 mm, was exsected for use as a graft, and its
subcutaneous fat was removed; four grafts were obtained
from one rat. Each graft was placed upside-down on a
3-mm-thick plastic plate, and hHGF expression vector plas-
mid DNA �10 �l, 1.0 �g /�l� was injected into the graft from
the top, hence the reverse side, using a syringe �80601,
Hamilton Company, Reno, Nevada� with a 27-G needle
�Terumo, Tokyo, Japan�. A 0.5-mm-thick black natural rubber
disk was used as the laser target; a 1-mm-thick transparent
polyethylene terephthalate sheet was bonded to the top sur-
face of the target to confine the laser-induced plasma. The
laser target was placed on the gene-injected site, and the target
was irradiated with three 532-nm, 6-ns �FWHM� laser pulses
at a laser fluence of 0.6, 1.2, and 1.8 J /cm2 to generate
LISWs �Fig. 1�. The laser spot diameter on the target was
3 mm. After application of LISWs, autografting was per-
formed, i.e., the graft was transplanted onto the donor site of
the rat. At 1 day after the operation, punch biopsy of samples
of 5 mm in diameter was performed for gene-transferred
November/December 2009 � Vol. 14�6�2
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rafted skins. Five grafts were analyzed at each fluence: 0,
.6, 1.2, and 1.8 J /cm2. Tissue samples obtained from the
ites of gene injection into the grafts were homogenized in an
HGF extract solution containing 1 mM /L phenylmethylsul-
onyl fluoride �Institute of Immunology, Tokyo, Japan� for
min. The homogenate was centrifuged at 15,000�g for

0 min at 4 °C. The concentration of hHGF protein ex-
ressed in the tissue sample was measured by an enzyme-
inked immunosorbent assay �ELISA� using an anti-human-
GF monoclonal antibody �Institute of Immunology, Tokyo,

apan�. With this assay, no cross-reaction with rat HGF is
xpected.

.3 Histological Analysis of �-Galactosidase
Expression

o analyze sites of �-galactosidase expression, punch biopsy
f samples of 5 mm in diameter was performed for gene-
ransferred grafted skins at 1 day after application of LISWs.
he excised samples were fixed in cold 4% paraformaldehyde

n phosphate-buffered saline �PBS� for 2 h, washed in PBS
or 1 h, and then stained in X-gal 5-bromo-4-chloro-3-iindol-
-d-galactopyranoside solution ��-gal staining kit, Invitoro-
en, Carlsbad, California� at 37 °C overnight. The stained
amples were embedded in optical coherence tomography
OCT� compound �Sakura Finetek USA, Inc., Torrance, Cali-
ornia� in liquid nitrogen, cut into 5-�m-thick axial sections,
nd counterstained with hematoxylin and eosin �HE�.

.4 Delivery of hHGF Gene to Skin Grafts by LISWs
and Autografting

e delivered the hHGF gene to rat skin grafts by using
ISWs with the objective of enhancing their adhesion after
utografting. This experiment was performed using the opti-
um experimental conditions described earlier, i.e., at a laser
uence of 1.2 J /cm2. Dorsal skin of a rat, measuring
0 mm�20 mm, was exsected for use as a graft, and its
ubcutaneous fat was removed; two grafts were obtained from
ne rat. Human HGF expression plasmid vector �10 �l,
.0 �g /�l� was injected into the graft; the gene was injected
t the four corners and the center �five points� of the graft.
ISWs, which were generated by irradiating a laser target
ith three laser pulses, were applied to each gene-injected

ite. After application of LISWs, the graft was transplanted

ig. 1 Configuration for hHGF gene transfer into a rat skin graft by
aser-induced stress waves �LISWs�.
ournal of Biomedical Optics 064043-
onto the donor site of the rat �hHGF plus LISWs�. As con-
trols, autografting was performed under five other conditions:
�1� hHGF plasmid was injected into the grafts but no LISWs
were applied �hHGF alone�; �2� control vector �CV� was in-
jected into the grafts but no LISWs were applied �CV alone�;
�3� after CV injection, LISWs were applied to the grafts �CV
plus LISWs�; �4� LISWs were applied to the grafts without
any plasmid injection �LISWs alone�; and �5� neither plasmid
injection nor LISWs was applied �normal grafting�. In the
back of each rat, grafting was performed at two sites symmet-
ric to the axis of vertebrae. To protect the grafted skins and to
avoid infection, the back was covered with nonadhering
dressing �ADAPTIC, Johnson and Johnson, Gargrave, Skip-
ton, UK�, and the dressing was replaced every day. During the
experiment, rats were singly caged with free access to food
and water at an ambient temperature in the range of
25 to 28 °C.

2.5 Measurement of Blood Flow by Laser Doppler
Imaging

Blood flow within the grafted skins was examined by laser
Doppler imaging �Periscan System, Primed, Sweden�; blood
flow signals can be correlated with the density of neovascu-
larities in the grafted tissue. From day 1 to day 7 after trans-
plantation, measurement was performed for a 20 mm
�20 mm area on the grafted skin. Integrated blood flow sig-
nals were also used to assess reperfusion in the grafted skins.
More than six grafts were examined in each condition.

2.6 Immunohistochemical Analysis
Anti-rat CD31/PECAM-1 �platelet endothelial cell adhesion
molecule-1� antibody was used to investigate vasculogenesis
in the grafted skin.29 Specimens were excised from the grafted
skins, and they were fixed in ethanol and embedded in paraf-
fin blocks. Deparaffinized sections of the specimens were in-
cubated overnight with anti-rat CD31 �BD Biosciences, Fran-
klin Lakes, New Jersey� at a dilution of 1:5 and then
incubated for 30 min with biotinylated rabbit anti-mouse im-
munoglobulins �DAKO, Inc., Tokyo, Japan� at a dilution of
1:200. For digital histological images, CD31-positive pixels
were discriminated on the basis of RGB values, and the total
number of CD31-positive pixels in the grafted skin was
counted. For each condition, three rats were examined. A tis-
sue slice with a full width of the graft ��20 mm� was ob-
tained, and its 14-mm portion at the middle was analyzed; 12
to 15 digital images were combined to form an image of one
tissue slice. To analyze the cell proliferation activity and
reepithelialization in the grafted skin, anti-rat Ki-67
antibody30 and anti-human AE1+AE3 antibody31 were used.
Specimens were excised from the grafted skins, and they were
fixed in neutral buffered formalin and embedded in paraffin
blocks. Deparaffinized sections of the grafts were incubated
overnight with anti-rat Ki-67 �DAKO, Inc., Tokyo, Japan� at a
dilution of 1:250 and anti-human AE1+AE3 �DAKO, Inc.� at
a dilution of 250 and then incubated for 30 min with biotiny-
lated rabbit anti-mouse immunoglobulins �LSAB-2 rat kit,
DAKO, Inc.� against Ki-67 and peroxidase-conjugated goat
anti-mouse and rabbit immunoglobulins �Rat MAX MULTI,
Nichirei, Inc., Tokyo, Japan� against AE1+AE3.
November/December 2009 � Vol. 14�6�3
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.7 Statistical Analysis
tatistical analysis was performed using the two-tailed Stu-
ent t-test. A value of p�0.05 was considered statistically
ignificant. All values are expressed as means�SD.

Results
.1 Optimal Laser Irradiation Conditions for LISW-

Based Gene Transfection into Skin Grafts
igure 2 shows the protein level of hHGF expressed in the
rafted skin at 24 h after LISW application. At a laser fluence
f 0 J /cm2, i.e., with plasmid injection only, hHGF concen-
ration in the graft was as low as 1.4 pg /mg tissue. A twofold
ncrease in hHGF concentration was obtained at a laser flu-
nce of 1.2 J /cm2 �P�0.05�. No further increase in hHGF
oncentration was observed at a higher fluence �1.8 J /cm2�.
he protein level and its fluence dependence were similar to

hose observed in our previous experiment on hHGF gene
elivery to rat native skin �not graft�.28 On the basis of these
esults, we determined the optimal laser fluence for the fol-
owing experiments to be 1.2 J /cm2.

.2 Distribution of �-Galactosidase Expression in
Grafted Skin

igure 3 shows the expression of lacZ gene in the grafted
kins at 24 h after grafting. Intense gene expression was ob-
erved in an area of approximately 3 mm in diameter �Fig.
�a��. This area corresponded to a laser spot on the target,
emonstrating the capability of our method for highly site-
pecific transfection. A cross section of the grafted skin
tained with hematoxylin and eosin shows that the gene was
fficiently expressed not only in the epidermal layer but also
n the upper layer of the dermis and the hair follicles �Fig.
�b��. In the case of hHGF alone, limited gene expression was
bserved along with the track of a needle �data not shown�.

.3 Histological Analysis of Vascular Endothelial
Cells in Grafted Skin

igure 4�A� shows cross-sectional images of the grafted skins
ith immunohistochemical staining using anti-rat CD31/

ig. 2 Effect of laser fluence on hHGF concentration in the grafted
kin in a rat at 24 h after LISW application �N=5�. Values are ex-
ressed as means±standard error �*p�0.05�.
ournal of Biomedical Optics 064043-
PECAM-1 antibody on day 3 after grafting. The results ob-
tained with skin grafts treated under the four different condi-
tions �hHGF plus LISWs, hHGF alone, CV alone, and normal
grafting� were compared. The grafted skin with hHGF gene
plus LISWs showed a much larger number of CD31-positive
cells than did those of the three other conditions; many
stained vascular structures were observed in the graft with
hHGF gene plus LISWs. Figure 4�B� shows the averaged dis-
tributions of CD31-positive pixel numbers, i.e., CD31-
positive cells in the horizontal direction for three rats �n=3�.
A considerably greater distribution of CD31-positive cells
was observed over the whole range of the graft of hHGF gene
plus LISWs compared with those of the three control groups;
there were significant differences in the total number of
CD31-positive cells over the graft between hHGF gene plus
LISWs and the three control groups �P�0.05, Fig. 4�C��.

3.4 Evaluation of Reperfusion in Grafted skin by
Laser Doppler Imaging

Figure 5�A� shows laser Doppler images of the grafted skin
with hHGF gene transfer by LISWs �hHGF plus LISWs� and
the grafted skins of the five controls �hHGF alone, CV alone,
CV plus LISWs, LISWs alone, and normal grafting� on days
2, 3, and 4 after transplantation. Before day 3, blood flow
signal was low in all cases, while on day 4, the signal for the
graft with hHGF gene plus LISWs was much higher than
those of the five other conditions. Figure 5�B� shows the in-
creased ratio of the blood flow signal on day 4 to that on day
3 for 6 to 9 rats in each condition; there was a significant
difference in the increased ratio between hHGF gene plus
LISWs and the five other conditions �P�0.05�. As described
in the following, no infection was observed for any of the
grafted skins during the experiment, but partial or total necro-
sis was observed for grafted skins with delayed reperfusion.

Fig. 3 Expression of �-galactosidase in grafted skin in a rat at 1 day
after transplantation. �a� White-light photograph of the upper surface
and cross section of the grafted skin. �b� Photomicrograph of the
grafted skin counterstained with hematoxylin and eosin.
November/December 2009 � Vol. 14�6�4
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.5 Histological Analysis of Cell Proliferation in
Grafted Skin

igure 6 shows the expression of Ki-67 antigen in the grafted
kin with hHGF gene plus LISWs and that of normal grafting
n day 3 after transplantation; the tissues in both images cor-
espond to the edge portions of the grafted skins. No evident
ell-proliferative activity was observed in the normal grafted
kin, while cell proliferation was considerably activated in the

ig. 4 Results of evaluation of angiogenesis for grafted skins in rats
lone, �c� control vector �CV� alone, and �d� normal grafting. �A� C
nti-rat CD31/PECAM-1 antibody at 3 days after transplantation. Scal
he horizontal direction for the grafted skins; the depth-integrated C
epth-integrated CD31-positive cell numbers for the grafted skin
eans±standard error �*p�0.05�.
ournal of Biomedical Optics 064043-
grafted skin with hHGF gene plus LISWs, especially in the
hair follicles.

3.6 Histological Analysis of Reepitheliarization in
Grafted Skin

Figure 7 shows the expressions of cytokeratin in cross sec-
tions of grafted skins on days 3, 5, and 7 after transplantation.
There was no discernible difference in reepitherialization be-

ifferent graft treatment conditions: �a� hHGF plus LISWs, �b� hHGF
tions of the grafted skins with immunohistochemical staining using
ndicate 500 �m. �B� Averaged distributions of CD31-positive cells in
ositive cells number at each point is shown �N=3�. �C� Area- and
ed from the distributions in Fig. 4�B�. Values are expressed as
under d
ross sec
e bars i
D31-p

s, deriv
November/December 2009 � Vol. 14�6�5
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ween the groups on day 3 �Figs. 7�a�, 7�d�, 7�g�, 7�j�, 7�m�,
nd 7�p��. On day 5, however, more efficient reepithelializa-
ion occurred on the edge of the grafted skin with hHGF gene
lus LISWs �Fig. 7�b�� compared with that in the five control
roups �Figs. 7�e�, 7�h�, 7�k�, 7�n�, and 7�q��. The grafted skin
ith hHGF gene plus LISWs showed almost completed reepi-

helialization on day 7 �Fig. 7�c��; the newly formed epider-
is had more than five cell layers. On the other hand, epider-
is in the five control groups was deficient and a scab

ormation was partially observed �Figs. 7�f�, 7�i�, 7�l�, 7�o�,
nd 7�r��.

ig. 5 Results of laser Doppler imaging for grafted skins in rats under
he different graft treatment conditions: �a� hHGF plus LISWs, �b�
HGF alone, �c� control vector �CV� alone, �d� CV plus LISWs, �e�
ISWs alone, and �f� normal grafting. �A� Laser Doppler images at 2, 3,
nd 4 days after transplantation. Laser Doppler images of a 15 mm
15 mm area of the grafted skins are shown. The level of blood flow

ignal was subdivided into 28 sections, for which different colors were
llocated. The section of the lowest signal level is displayed in dark
lue, whereas the section of the highest signal level is displayed in
ed. �B� Increased ratio of blood flow signal within the grafted skins
rom day 3 to day 4 �N=6 to 9�. Values are expressed as
eans±standard error �*p�0.05, **p�0.01, hHGF plus LISWs versus
thers�. �Color online only.�

ig. 6 Expression of Ki-67 in the grafted skins at 3 days after gene
ransfer: �a� application of LISWs after hHGF gene injection, and �b�
either injection of hHGF gene nor application of LISWs.
ournal of Biomedical Optics 064043-
3.7 Measurement of Weights of Rats after Grafting
Weights of the rats �four rats in each condition� were mea-
sured for 3 weeks after grafting. Although about 30% of the
rats showed a weight reduction of more than 10%, with a
maximum reduction of 18% until 5 days after grafting, the
weights recovered to their initial levels within one week after
grafting in most cases. Since dependence of weight reduction
on experimental conditions was not observed, the weight re-
ductions seemed to be caused by invasion due to grafting, not
due to additional treatments such as gene transfer. No infec-
tion was observed during the period of experiments under all
conditions.

4 Discussion
In the present study, we delivered a therapeutic vector con-
struct carrying the hHGF gene to free skin grafts of rats by
applying LISWs; autografting was performed with the grafts.
We observed acceleration of both the reperfusion of blood
flow and reepithelialization for the grafted skins with LISW-
based hHGF gene delivery compared with that for the grafted
skins of the five control groups. For efficient adhesion of
grafted skins, earlier recovery of blood flow and reepithelial-
ization are essential, since transplanted tissue should be pro-
vided with nutrients and oxygen by blood flow and infection
should be avoided by wound closure. Thus, the results ob-
tained in this study demonstrate that our gene delivery method
is valid for accelerating adhesion of skin grafts.

In this study, we delivered a gene to skin grafts by apply-
ing LISWs ex vivo, while a gene can be delivered to a wound
bed �subcutaneous tissue� or tissue around the wound in vivo
with the objective of accelerating grafted skin adhesion or
wound healing. For example, Meuli et al. reported that a high
level of gene expression in mice was achieved by simply in-
jecting a plasmid into tissue around the wound.32 However,
the present study showed that efficient gene expression in the
grafted skin was not achieved by only injecting a plasmid into
the grafts �Fig. 2�, and no significant acceleration of graft
adhesion was observed in this case �Figs. 4, 5, and 7�. This is
presumably associated with reduced tissue viability of the
skin grafts in our ex vivo case. However, ex vivo gene transfer
can provide a unique advantage for skin transplantation; gene
delivery can be spatially and temporally separated from the
recipients, considerably increasing the flexibility of treatment
and operation.

It should also be noted that there is a difference in sites of
efficient gene expression between the in vivo case described
earlier and our ex vivo case. The group mentioned earlier re-
ported efficient gene expression mainly in adipocytes,32 while
we observed strong gene expression in the epidermis, fibro-
blasts, and hair follicles in the tissue after grafting �Fig. 3�. It
is known that activation, proliferation, and migration of kera-
tinocytes both in the epidermis and hair follicles are important
for epidermal regeneration after skin transplantation.33–35 Hair
follicles have a complex structure with many cell types, and
stem cells reside in the bulge, their permanent upper
portion.36,37 Participation of follicular cells in reepithelializa-
tion has been known for many years. Ito et al. reported that
stem cells from the bulge quickly ascend the follicle in re-
sponse to wounding and ultimately comprise about 30% of
the new cells in the healed wound.38 Since efficient gene ex-
November/December 2009 � Vol. 14�6�6
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ression was observed in both the epidermal layer and hair
ollicles in the present study �Fig. 3�, accelerated adhesion of
rafted skin is attributable to the activation of epithelial cells
nd endothelial cells, which are both targeted cells of HGF.
air follicles are considered to be an ideal target for acceler-

ted skin regeneration by gene therapy, since they can pro-
uce many kinds of cytokines and proteins. Thus, our gene
elivery technique might be useful not only for accelerating
dhesion of grafted skins but also for healing various types of
ounds.

HGF is known to be a mitogen for endothelial cells and
eratinocytes; its effect on angiogenesis has been reported for
abbit, rat, and mouse ischemic hindlimb models and even
uman patients with peripheral arterial disease.22,39–41 In this
tudy, early recovery of blood flow �3 to 4 days after graft-
ng� was observed for the grafted skins with LISW-based de-
ivery of hHGF gene compared with that for the grafted skins
f the five control groups �Fig. 5�. This indicates that blood
erfusion was recovered even in the top layer of the grafted
kins with hHGF gene delivery as early as 3 to 4 days after
rafting, since the measurement depth of the LDI used in this
tudy was only about 0.2 mm. On the other hand, newly
ormed vessels with CD31-positive vascular endothelial cells
ere observed in the depth range of 0.7 to 1.7 mm on the

ame postgrafting day for the grafted skin with hHGF gene
elivery �Fig. 4�A��. This suggests that connection of neovas-
ularities formed in the bottom part of the grafted skin with
emaining native blood vessels in the grafts contributes to
ecovery of blood perfusion.

Importantly, there was no significant difference either in
eperfusion or in reepithelialization between the grafted skin
ith control vector injection and normal grafted skin. Al-

hough it is known that unmethylated CpG motifs in bacterial
NA trigger an inflammatory response that inhibits gene

xpression,42 we observed neither increase nor decrease in
herapeutic effect. This suggests that therapeutic effects ob-
ained in the present study, i.e., accelerated angiogenesis and
eepithelialization, resulted from production of hHGF proteins
y gene transfer, not from natural immunity by macrophages
nd dendritic cells.

ig. 7 Expressions of keratins in the grafted skins with immunohis
ransplantation: �a–c� hHGF plus LISWs; �d–f� hHGF alone; �g–i� con
ormal grafting �3 and 5 days: edge of grafted skin; 7 days: center
ecipient: left side is graft, and right side is recipient. Scale bars indic
ournal of Biomedical Optics 064043-
Characteristics of LISWs are similar to those of shock
waves, and it has recently been reported that shock waves
accelerate angiogenesis or reperfusion.43–45 Actually, we ob-
served in our previous study that application of LISWs alone
�without gene transfer� improved angiogenesis in the grafted
skin to some extent.28 In the present study, however, we did
not observe any significant effects by applying LISWs alone
�CV plus LISWs and LISWs alone in Figs. 5 and 7�. This also
supports our claim that therapeutic effects obtained in the
present study were due to production of hHGF proteins by
gene transfer. The effect of LISWs on angiogenesis is likely to
be sensitive to experimental conditions such as pressure
value. Further study is needed to evaluate the effect of LISWs
on angiogenesis.

In general, angiogenesis or increase in vascular formation
occurs 2 to 3 weeks after HGF gene transfection.40,46 The
reason why we observed enhanced angiogenesis as early as
3 to 4 days after grafting is not clear, but it is possible that
the expression of HGF and its receptor c-met was increased in
response to wounding.47 It is also possible that the level of rat
endogenous HGF is up-regulated by the effect of exogeneous
hHGF gene transfection.23,48

In the present study, we demonstrated the effect of accel-
erated adhesion for autografts by LISW-based hHGF gene
transfection. Although autografting is ideal for early adhesion
because of the absence of rejection, its application is limited
for large-area severe skin injuries such as extended burns.
Thus, allografts and cultured skin substitutes are used for im-
mediate coverage of the wounds.49,50 The use of allografts is
expanding due to the establishment of skin bank networks.
However, since skin is a highly immunogenic organ, allograft-
ing causes immune reaction, resulting in defluxion of grafts.
Continuous administration of calcineurin inhibitors is used to
suppress such reaction after transplantation, but the use of
these agents has been shown to increase the risk of infection
and to sometimes have serious side-effects, including occur-
rence of a malignant tumor. Therefore, an alternative strategy
for immunosuppression is needed, and HGF gene transfer has
recently received much attention as a possible alternative
strategy. HGF ameliorates the progression of experimental au-

ical staining using antikeratin antibodies at 3, 5, and 7 days after
ctor �CV� alone; �j–l� CV plus LISWs; �m–o� LISWs alone; and �p–r�
ed skin�. Dotted lines indicate the boundary between the graft and

�m.
tochem
trol ve

of graft
ate 500
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oimmune myocarditis, a Th1-type dominant immune re-
ponse, inducing production of Th2 cytokines.51 In addition, it
as been reported that HGF suppresses the development of
h2-type immune responses as well,52–54 and Yamamura et al.

eported that HGF reduced acute and chronic rejection of car-
iac allografts.55 Thus, our HGF gene transfer technique
ight also be useful for controlling rejection in skin allograft-

ng.
Cultured skin substitutes with genetic modification have

lso been developed as high-performance bioengineered skin;
n most cases, a growth factor gene is transferred to kerati-
ocytes in the cultured skin substitutes by using a retrovirus
ector.56–58 The use of lipofectamine-mediated gene transfec-
ion has also been reported for the same purpose.59 However,
hese methods require a time-consuming process for culturing
ransfected keratinocytes on a fibrin matrix before grafting.
ur gene transfection method might be applicable to cultured

kin substitutes immediately before grafting, enabling much
ore efficient preparation of high-performance bioengineered

kins.
Nonviral gene delivery, including our LISW-based

ethod, is free from serious virus-related side effects, such as
utagenicity, immunogenicity, and carcinogenicity. In addi-

ion, the transgene is not inserted into genomic DNA by non-
iral methods, and the gene is therefore expressed transiently.
his characteristic is desirable for transplantation and wound
ealing since no gene expression is needed after completion
f the wound healing process; continuous gene expression
ould have detrimental effects. There are also advantages in
ur LISW-based method when compared with conventional
hysical methods, such as electropolation and ultrasound.
uch higher site specificity of transfection can be achieved

y our method due to the excellent spatial controllability of
aser energy, reducing the risk of side effects. Our method
eems to be minimally invasive; for skin tissues, we observed
either apoptosis nor inflammation under typical conditions
or gene transfer �data not shown�. For clinical application,
owever, we need much more data on interaction of LISWs
ith tissues. Investigation on the effect of LISWs at gene and
rotein levels is an important part of our future works; the
ossible accelerated angiogenesis by LISWs �without gene
ransfer� described earlier suggests the effect of LISWs either
t gene or protein level. Long-term functional or behavioral
nalysis should also be conducted, especially when LISWs
irectly interact with a central nerve system.

In conclusion, we have demonstrated for a rat autograft
odel that delivery of the hHGF gene to skin grafts by using

aser-induced stress waves ex vivo results in significant accel-
ration of reperfusion of blood and reepithelialization. This
uggests that our gene delivery method is useful for acceler-
ting adhesion of transplanted tissue and hence improving the
utcome of skin transplantation. In recent years, automated
igh-speed laser scanning for arbitrary-shaped objects has
een established in industry; this technology can be benefi-
ially applied to gene delivery to various types and shapes of
rafts and bioengineered tissues as well as wounds both ex
ivo and in vivo.
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