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Background: The authors developed a noncontact low-frequency ultrasound
device that delivers high-intensity mechanical force based on phased-array
technology. It may aid wound healing because it is likely to be associated with
lower risks of infection and heatinduced pain compared with conventional
ultrasound methods. The authors hypothesized that the microdeformation it
induces accelerates wound epithelialization. Its effects on key wound-healing
processes (angiogenesis, collagen accumulation, and angiogenesis-related
gene transcription) were also examined.

Methods: Immediately after wounding, bilateral acute wounds in C57BL/6] mice
were noncontact low-frequency ultrasound- and sham-stimulated for 1 hour/day for
3 consecutive days (10 Hz/90.6 Pa). Wound closure (epithelialization) was recorded
every 2 days as the percentage change in wound area relative to baseline. Wound
tissue was procured on days 2, 5, 7, and 14 (five to six per time point) and subjected
to histopathology with hematoxylin and eosin and Masson trichrome staining, CD31
immunohistochemistry, and quantitative polymerase-chain reaction analysis.
Results: Compared to sham-treated wounds, ultrasound/phased-array—treated
wounds exhibited significantly accelerated epithelialization (65 + 27 percent ver-
sus 30 + 33 percent closure), angiogenesis (4.6 + 1.7 percent versus 2.2 = 1.0
percent CD31" area), and collagen deposition (44 + 14 percent versus 28 + 13 per-
cent collagen density) on days 5, 2, and 5, respectively (all p < 0.05). The expres-
sion of Notch ligand delta-like 1 protein (DIl1) and Notchl, which participate in
angiogenesis, was transiently enhanced by treatment on days 2 and 5, respectively.
Conclusions: The authors’ noncontact low-frequency ultrasound phased-array
device improved the wound-healing rate. It was associated with increased early
neovascularization that was followed by high levels of collagen-matrix produc-
tion and epithelialization. The device may expand the mechanotherapeu-
tic proangiogenesis field, thereby helping stimulate a revolution in infected

wound care.

ver the past few decades, negative-pressure
wound therapy (also known as microdefor-

mational wound therapy) has revolutionized
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the treatment of complex wounds. It involves aspi-
ration of noninfected wounds by a vacuum pump
through a porous sponge.' It is thought that it
effectively accelerates wound healing, at least in
part by subjecting the wound surface to mechanical
forces that promote angiogenesis, nerve regenera-
tion, and the proliferation of cells in the wound.*™
However, the contact between the wound and the
sponge means that negative-pressure wound ther-
apy increases the risk of infection and pain.’
Another mechanotherapeutic approach to
wound healing that is widely used in the field is
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the use of ultrasonic waves. At present, three types
of ultrasound-based devices have been devel-
oped to manage wounds in the clinic, namely,
contact high-frequency shock-wave ultrasound
devices,”’ contact high-frequency focused ultra-
sound devices, and noncontact low-frequency
ultrasound devices. High-frequency shock-wave
therapy has been used in the clinic for the past
10 years to induce early tissue repair.*'' The con-
tact high-frequency focused ultrasound device is
a phased-array device, namely, it consists of an
array of ultrasound transducer units that produce
ultrasound waves with phase delays. Both of these
contact high-frequency devices associate with
thermal damage and pain and the consequent
distress of the patient. They are also associated
with an increased risk of infection. With regard to
noncontact low-frequency ultrasound devices, the
most well-known is MIST (Celleration Inc., Eden
Prairie, Minn.), which consists of a transducer
wand and an applicator that produces a saline
mist through which the ultrasonic waves pass.'*"
Other devices use a gel interface. Like the contact
devices, these noncontact devices also increase
the risk of infection.

To overcome these issues, we developed a
noncontact low-frequency ultrasound device that
induces wound microdeformation and thereby
accelerates healing by delivering high-intensity
mechanical force by means of phased-array tech-
nology (noncontact low-frequency ultrasound
phased-array) without any contact. In the present
preclinical study, we asked whether noncontact
low-frequency ultrasound phased-array therapy
improves acute wound healing. First, we identi-
fied the radiation parameters by which our device
most reliably induced a homogenous hollow point
in extracellular matrix—-mimicking hydrogel when
it was held at a substantial distance away. Thereaf-
ter, we generated acute cutaneous wounds in mice
and assessed the effect of applying our device on
wound closure and maturation. To determine
the underlying mechanisms by which noncontact
low-frequency ultrasound phased-array therapy
improved wound healing, we also assessed the
effect of treatment on epithelialization, angiogen-
esis (including angiogenesis-related gene signal-
ing), and collagen accumulation.

MATERIALS AND METHODS

Radiation Optimization
The methods used to identify the optimal
radiation parameters of our device for inducing

microdeformation in cutaneous wounds are
described in supplemental digital content.

Animals

All animal experiments were performed
according to the guidelines prescribed by the Ani-
mal Care and Use Committee of Nippon Medical
School. The protocol was approved by the Animal
Experiments Ethical Review Committee of Nip-
pon Medical School (approval number 28-011).
Male C57BL/6] mice (8 to 9 weeks old; average
weight, 25.0 = 5.0 g) from Charles River Labora-
tories International (Yokohama, Japan) were used
in all animal experiments. Mice were housed indi-
vidually in temperature- and humidity-controlled
vivaria. Mice were allowed to adapt to their vivar-
ium for 1 week before experiments began. In
total, 102 mice were used in this study.

Generation of the Wound-Healing Model and
Noncontact Low-Frequency Ultrasound Phased-
Array Treatment

Mice were anesthetized with 1.5 to 2% isoflu-
rane and their dorsal skin was shaved. On each
mouse, a 6-mm-diameter inked tube was stamped
twice, once on the left and once on the right of the
dorsal midline, to mark the margins of two round
6-mm-diameter full-thickness wounds that were
then generated under a microscope with micro-
scissors. The wounds were 1 cm apart. The wounds
were subsequently stented as described previously
to minimize skin contracture and ensure heal-
ing by secondary intention.'*"” Briefly, an 8-mm-
diameter silicone stent was sutured to each wound
using 5-0 silk (Natume, Tokyo, Japan). Before
the first treatment, both wounds were covered
with an adhesive 7-pm film dressing (Skinix Air-
wall, MA-E5050; Kyowa, Tokyo, Japan) to protect
the wound. This dressing was used because of its
thinness and its ability to release water vapor: this
prevents excessive dryness in the wound. On each
mouse, the right and left wounds underwent non-
contact low-frequency ultrasound phased-array
stimulation and sham treatment, respectively.
The treatments were applied for 3 consecutive
days starting immediately after wounding (days
0, 1, and 2). Briefly, the ultrasound phased-array
transducer was held 160 mm above the surface
of the wound.'” No coupler gels were used. The
transducer then generated 5.1 W/cm™ irradia-
tion with a wavelength of 40 kHz ultrasound and
a 10-Hz pulse frequency for 60 minutes. For the
sham-treated control wounds, the transducer was
applied but not activated. After each of the next
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two treatments, the dressing was removed from
both wounds and new dressings were placed.

Macroscopic Analysis of the Wounds

On days 0, 2, 5, 7, 9, and 14, the wound edges
were traced on a transparent polypropylene sheet.
The wounds were also photographed with a DMC-
GF7W camera (Panasonic Corp., Osaka, Japan) on
the same days. The tracings and Image] software
(National Institutes of Health, Bethesda, Md.)
were used to determine the degree of epitheliza-
tion, which was defined as the epithelialized area
divided by the total area of the wound on day 0.

Histologic Analyses of the Wounds

Mice were killed by continuous isoflurane
inhalation on postoperative days 2 (immediately
after the second treatment/sham treatment), 5,
7, and 14, and their wounds were excised, fixed
with 4% paraformaldehyde, embedded in O.C.T.
compound (Sakura Finetek, Tokyo, Japan), and
frozen with dry ice in acetone. Frozen tissue sec-
tions (20-um thick) were cut vertically from the
central region of the wound. Sections were then
dried with a dryer for 2 hours. To observe the
wound-healing process, five to six sections per
wound were stained with hematoxylin and eosin.
To semiquantify collagen production, five to six
sections per wound were also stained with Masson-
trichrome stain as described previously.'”'"® This
staining procedure displays the light-green mature
collagen and the hematoxylin-purple cell nucleus.
All stained sections were then photographed at
4x magnification using a high-resolution camera
(DP-74; Olympus). Images were analyzed using
imaging software (cellSens; Olympus). All imag-
ing analyses were performed in a double-blinded
manner (i.e., sections were photographed and
analyzed by two researchers who were blinded in
terms of treatment). The density of the collagen
in the wound was quantified by measuring the
total collagen-stained area and dividing it by the
total wound area. The thickness of each granu-
lated wound (from the dorsal muscle fascia to its
uppermost surface) was also measured using a
low-power field at 4x objective (UPlanF10.13 NA).

Immunohistochemical Analysis of Wound
Angiogenesis

CD31 is a marker of angiogenesis."* To measure
the vascular density in wounds, 10-pm-thick frozen
sections of the day 2, 5, 7, and 14 wounds were pre-
pared as described above for histologic analyses, then
dried for 2 hours, fixed with 4% paraformaldehyde,
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blocked with 0.1 M phosphate-buffered saline con-
taining 1% normal goat serum at 25°C, and stained
for 2 hours at 25°C with anti-CD31 antibody (Puri-
fied Rat Anti-mouse CD31, Mec13.3; BD Pharmin-
gen, Franklin Lakes, N.J.) diluted 1:100 in 5%
donkey serum. Primary antibody binding was visual-
ized by incubating the section for 1 hour at room
temperature with the secondary antibody, Alexa
Fluor 488 (Thermo Fisher Scientific K.K., Tokyo,
Japan), diluted 1:1000 in 0.1 M phosphate-buffered
saline. For 3,3-diaminobenzidine staining, the sec-
tion was incubated for 2 hours with biotinylated sec-
ondary antibodies, followed by incubation with DAB
Substrate (Takara Bio, Inc., Tokyo, Japan). Counter-
staining was performed with Mayer’s hematoxylin.
These stained images were analyzed as described
above for the histologic images.

Quantitative Polymerase Chain Reaction

On days, 2, 5, and 7, awound sample was excised
under the microscope and immediately frozen with
liquid nitrogen. Total RNA was extracted using
RNAiso Plus (Takara Bio). RNA quantification was
performed using NanoDrop One (Thermo Fisher
Scientific K.K.). Total RNA (400 ng) was reverse-tran-
scribed with a random primer using an iScript Select
cDNA Synthesis kit (Bio-Rad Laboratories, Hercules,
Calif.). Quantitative polymerase chain reaction was
performed using TagMan Gene Expression Master
Mix and the premixed gene-specific TagMan probe
and primer pair (Thermo Fisher Scientific K.K.).
(See Figure, Supplemental Digital Content 1, which
shows a list of the Notch signaling pathway members
and the assay identification numbers of the quanti-
tative polymerase chain reaction kits that were used
to measure Notch signaling during wound healing,
http://links.lww.com/PRS/D89S.) Relative expression
was analyzed using the 24 method.

Statistical Analyses

All quantitative macroscopic, histopatho-
logic, and polymerase chain reaction values were
expressed as mean + SD. The Wilcoxon ¢ test was
used for pairwise comparisons. Statistical signifi-
cance was defined as a value of p < 0.05. All sta-

tistical analyses were performed using IBM SPSS
Version 18 (IBM Corp., Armonk, N.Y.).

RESULTS

Optimal Irradiation Parameters of Our

Noncontact Low-Frequency Ultrasound Device
We first identified the optimal wound irra-

diation parameters of our original airborne
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Fig. 1. (Continued)
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noncontact low-frequency ultrasound phased-
array device'® by generating gelatin- and sodium
hyaluronate—based hydrogels that mimic extracel-
lular matrix and treating different area sizes with
the device at a variety of distances and/or pulse
frequencies. Our screening analysis with pressure-
sensitive fluorescent imaging showed that our
device produced a homogeneous hollow point
in a 6-mm-diameter area of the hydrogel when
the transducer was held 160 mm above the focus
point and a pulse frequency of 10 Hz was used.
The output force was 16 mN (measured) and
then the stimulation pressure was approximately
90.6 Pa (calculated). Thus, our device provides
high power (5.1 W/cm?) despite being held at a
substantial distance from the wound (160 mm).
Monitoring with a noncontact visual infrared
thermometer showed that our device does not
exert a thermal effect (<0.4 kW/cm?). [See Fig-
ure, Supplemental Digital Content 2, which shows
acoustic waves generated by noncontact low-fre-
quency ultrasonic compression generated with
phased-array technology and identification of
the optimal irradiation parameters. (Above) Two-
dimensional schematic depiction of the acoustic
waves generated by the noncontact low-frequency
ultrasound phased-array device. The wavelets rep-
resent ultrasound waves that are emitted by each
transducer with delayed excitation. The associ-
ated waves are phased near the focal point. The
total output force at the focal pointis 16 mN. The
spatial resolution is 15 mm. (Center) Extracellular

Fig. 1. Details of the murine wounding and treatment protocol
and quantification of epithelialization. (Above) Schematic depic-
tion of the treatment protocol. The gray lightning symbols indi-
cate when noncontact low-frequency ultrasound phased-array
(NLFU-PA) treatment was performed. The arrowheads indicate
when the wound was photographed macroscopically (black and
white arrowheads) and/or subjected to histopathologic evalua-
tion (black arrowheads). (Second row) Macroscopic view of the
treated and sham-treated wounds. Representative images of
six mice are shown. This experiment was repeated twice. Similar
results were obtained. Scale bar = 5 mm. (Third row) Degree of
wound epithelialization. The data of six mice per time point are
expressed as mean and standard deviation. This experiment was
repeated twice. Similar results were obtained. (Below) Hematoxy-
lin and eosin-stained sections of the sham-treated (below, left)
and noncontact low-frequency ultrasound phased-array-treated
wounds (below, right ) on days 2 (the inflammatory phase), 7 (the
proliferative phase), and 14 (the mature phase). Representative
images of five or six mice (the numbers are shown in parenthe-
ses on the x axis) per time point are shown. This experiment was
repeated four times. Similar results were obtained. Scale bar =
500 pm.
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matrix-mimicking hydrogels composed of gelatin
and sodium hyaluronate (Zhang T, Yan Y, Wang
X, et al. Three-dimensional gelatin and gelatin/
hyaluronan hydrogel structures for traumatic
brain injury. ] Bioact Compat Polym. 2007;22:19-
29) were loaded with calcein AM (Sigma-Aldrich,
St. Louis, Mo.) and mounted on the stage of
an inverted microscope. Noncontact ultrasonic
irradiation of 16 mN at a pulse frequency of 10
Hz was applied at a height of 160 mm to yield
a homogenous hollow point in a 6 mm-diameter
area of the hydrogel. A representative image of
six experiments is shown. Fluorescence of the cal-
cein AM (excitation, 480 nm; emission, 510 nm)
was observed in real-time on the stage of an
inverted microscope (FV-3000; Olympus, Tokyo,
Japan) with a 1.25x objective (PlanApo 0.04 NA;
Olympus). (Below) Analysis of the temperature
distribution on the murine wound surface during
noncontact low-frequency ultrasound phased-
array irradiation for 60 minutes. Thermography
(VT02; Fluke, Everett, Wash.) showed that the
ultrasound irradiation did not increase the tem-
perature of the wound. The pseudo-color temper-
ature distribution image displays the temperature
in degrees Celsius. A representative image of six
experiments is shown, http://links.lww.com/PRS/
D899.1"

Noncontact Low-Frequency Ultrasound Phased-
Array Accelerated Acute Wound Epithelialization

To determine the effect of our noncontact
low-frequency ultrasound phased-array device on
wound healing, we subjected a commonly used
murine model of wound healing to treatment at
the parameters established by the hydrogel exper-
iments. Thus, two round 6-mm-diameter wounds
were generated on either side of the dorsal mid-
line, and the right wound was treated with non-
contact low-frequency ultrasound phased-array
for 60 minutes/day for 3 consecutive days, start-
ing immediately after wounding. The left wound
was sham-treated (control) with the device on the
same days (Fig. 1, above). Macroscopic analyses
showed how the raw wounds (red with an exu-
date) epithelialized (light pink and dry surfaces)
over time. The treatment significantly accelerated
wound closure, which was defined as full epithe-
lialization over the granulated tissue from the
wound edge. Thus, the treated wound showed sig-
nificant wound closure on day 5. By contrast, the
sham-treated wound only reached that stage 1 to 2
days later (Fig. 1, second row). Indeed, Image] soft-
ware analysis of the wounds showed that on day 5,
65 + 27 percent and 30 + 23 percent of the total
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(day 0) treated and sham-treated wound surfaces
had epithelialized, respectively (p < 0.05). Simi-
larly, on day 7, 95 + 4 percent and 81 + 9 percent
of the treated and sham-treated wound surfaces
had epithelialized, respectively (p < 0.05) (Fig. 1,
third row).

The mice were killed on days 2, 5, 7, and 14
and their wounds were subjected to histologic
evaluation. Hematoxylin and eosin staining indi-
cated the degree of inflammatory cell infiltra-
tion of the wound bed along with the degree of
epithelialization. This shows the progression of
the three phases of wound healing (i.e., inflam-
matory, proliferative, and maturation phases)
(Fig. 1, below). The treated wounds were more
advanced at all three phases of wound heal-
ing than the sham-treated wounds. Specifically,
although both wounds contained inflammatory
cells on day 2, there were fewer inflammatory
cells in the treated wounds on day 7. Moreover,
the treated wounds exhibited complete epithe-
lialization on day 14, unlike the sham-treated
wounds (Fig. 1, below).

Noncontact Low-Frequency Ultrasound Phased-
Array Treatment Enhanced Early Angiogenesis

When we subjected the murine wounds to
immunohistochemistry with anti-CD31 antibody,
we found that the treated wounds exhibited
enhanced neovascularization at all time points
(days 2, 5, 7, and 14) (Fig. 2, above). Indeed,
image analysis showed that on day 2, the treated
wounds had significantly larger CD31" areas rela-
tive to total wound area (4.6 + 1.7 percent) than
the sham-treated wounds (2.2 + 1.0 percent) (p
< 0.05). This disparity was also observed on days
5 (9.9 = 2.8 percent versus 6.5 + 2.7 percent), 7
(7.3 + 3.5 percent versus 4.7 + 2.9 percent), and
14 (2.6 + 0.7 percent versus 1.5 + 0.8 percent)
(all p < 0.05) (Fig. 2, below). To determine where
CD31 localizes in the treated wounds, the CD31*
area in a noncontact low-frequency ultrasound—
treated wound on day 5 was first identified.
Thereafter, we performed immunogold-labeling
microscopy on ultrathin sections of the CD31*
areas of this day-5 wound. We observed that the
endothelial cells stained more intensely with anti-
CD31 antibody than the other cell types. [See
Figure, Supplemental Digital Content 3, which
shows (above) the CD31+ area in the immuno-
histochemistry-stained section of the noncontact
low-frequency ultrasound-treated wound on day
5. Scale bar = 500 pm. (Below) Immunoelectron
microscopic analysis of wound angiogenesis. Low-
power (below, left) and high-power (below, right)

views of the immunogold-labeled microscope
image. N, nucleus of the endothelial cell; P, peri-
cyte. Black dots delineated by white dashes indi-
cate the CD31+ cytoplasm of the endothelial cells.
Representative images of five ultrathin sections
from one noncontact low-frequency ultrasound-
treated wound are shown. Scale bars = 5 pm in
the left image and 500 nm in the right image.
Wound angiogenesis was assessed by immunoelec-
tron microscopic analysis as described previously
(Brandstaetter H, Kishi-Itakura C, Tumbarello DA,
Manstein DJ, Buss F. Loss of functional MYO1C/
myosin lc, a motor protein involved in lipid raft
trafficking, disrupts autophagosome-lysosome
fusion. Autophagy 2014;10:2310-2323). Briefly,
the preembedding gold enhancement immuno-
gold method was performed on semithin sections
that were prepared in the same way as the speci-
mens for histologic analyses. The sections were
washed with 0.1 M phosphate-buffered saline and
blocked for 30 minutes at room temperature by
immersion in a droplet of 0.1 M phosphate-buff-
ered saline containing 1% bovine serum albumin
and 0.1% saponin. Thereafter, the sections were
placed in a droplet of 0.1 M phosphate-buffered
saline containing rat anti-CD31 antibody (BD
Pharmingen, diluted 1:100) for 24 hours at 4°C.
After washing with 0.1 M phosphate-buffered
saline, the sections were incubated for 2 hours at
room temperature with 1.4 nm nanogold colloi-
dal particles diluted 1:20 (Nanoprobes, Yaphank,
N.Y.) in a solution consisting of 0.1 M phosphate-
buffered saline containing 1% bovine serum albu-
min and 0.1% saponin. They were then washed
with 0.1 M phosphate-buffered saline, fixed with
1% glutaraldehyde in 0.1 M phosphate-buffered
saline for 10 minutes, washed with water, treated
with gold enhancement (Nanoprobes), washed
again with water, and then fixed with 1% osmium
tetroxide in 0.1 M phosphate-buffered saline.
Finally, the sections were dehydrated with a
graded series of ethanol and embedded in Epon
812 (Polysciences, Inc., Warrington, Pa.). The
ultrathin sections were then mounted on copper
grids, stained with uranyl acetate, and examined
by transmission electron microscopy (JEM-1400
plus; JEOL, Tokyo, Japan), http://links.lww.com/
PRS/D900.1*°

Noncontact Low-Frequency Ultrasound Phased-
Array Facilitated Collagen Production in the
Acute Wound

To observe collagen production, we subjected
the sections from the day 0, 2, 5, 7, and 14 non-
contact low-frequency ultrasound-treated and
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Fig. 2. Quantification of angiogenesis. (Above) Immunohistochemical analysis of CD31 expression. Representative images of five
or six mice (the numbers are shown in parentheses) per time point are shown. Scale bar = 200 pm. (Below) Percentage of area that
is CD31*. The data of five or six mice (the numbers are shown in parentheses on the x axis) per time point are expressed as mean
and standard deviation. This experiment was repeated three times. Similar results were obtained. *p < 0.05, as determined by the
Wilcoxon t test. NLFU-PA, noncontact low-frequency ultrasound phased-array.

sham-treated wounds to Masson-trichrome stain-
ing and low-power photography (Fig. 3, above).
Image analysis then served to measure the density
of collagen in the tissue above the muscle fascia.
Relative to the total area of the wound, the treated
wounds had significantly greater collagen density
(44 £ 14 percent) than the sham-treated wounds
(28 £ 13 percent) on day 5 (p < 0.05). This signifi-
cant difference was also observed on days 7 (53 +
12 percent versus 38 + 19 percent) and 14 (52 +
12 percent versus 39 + 7 percent) (both p < 0.05)
(Fig. 3, second row). Moreover, when the thickness
of the granulated tissue in the wounds was mea-
sured (i.e., from the dorsal muscle fascia to the
top of the wound surface), the treated wounds
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had significantly thicker granulated tissue than
the sham-treated wounds on days 5 (740 + 310 pm
versus 520 + 250 pm) and 14 (990 + 170 pm versus
540 + 160 pm) (both < 0.05) (Fig. 3, third row and
below).

Involvement of the Notch Signaling Pathway

To elucidate the mechanisms underlying the
beneficial effect of our device, we examined the
effect of noncontact low-frequency ultrasound
phased-array on Notch signaling. Therefore,
we assessed the mRNA expression of EphB2,”
Notchl/3,”” Heyl/2,”** delta-like 1 protein (DII)
1/4,** Jagl/2,” EphB4,” and two relevant tran-
scription factors, Myt and Hes5**' (see Figure,
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Fig. 3. (Continued)
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Supplemental Digital Content 1, http://links.lww.
com/PRS/D898).

We found that, compared with sham treat-
ment, noncontact low-frequency ultrasound
phased-array treatment significantly elevated the
expression of DII1 on days 2 (160 + 72 percent ver-
sus 100 + 89 percent) and 5 (180 + 72 percent ver-
sus 100 + 110 percent) (both p<0.05) (Fig. 4, above
and center). Treatment also significantly increased
Notchl expression on day 5 (190 + 68 percent ver-
sus 100 + 58 percent) (p < 0.05) (Fig. 4, center).
These treatment-induced temporal changes are
consistent with the treatmentinduced changes in
angiogenesis, as observed by our histologic analy-
ses (Fig. 2).

DISCUSSION

Our noncontact low-frequency ultrasound
phased-array device significantly accelerated
wound closure and maturation. This was associ-
ated with an early rise in angiogenesis that was
followed later by amplified epithelialization
and collagen production. We also analyzed the
expression of several angiogenesis-related genes
to elucidate the possible biological mechanisms
by which our device accelerates wound heal-
ing. We observed that the device significantly
increased the transient expression of DII1 and
Notchl soon after starting noncontact low-fre-
quency ultrasound phased-array treatment. DII1
was expressed first, which suggests that it drove
Notchl expression. The temporal association of
these changes with early angiogenesis suggests
that these genes drive the beneficial effects of
noncontact low-frequency ultrasound phased-
array treatment.

Fig. 3. Quantification of collagen production. (Above and third
row) The sham-treated and treated wounds were sectioned and
treated with Masson trichrome stain. High-power (above) and
low-power (third row) views of the sham-treated (left images)
and treated (right images) wounds on days 2 (above, leftimages),
5 (above, right images), 7 (below, left images), and 14 (below,
right images). Representative images of five or six mice (the
numbers are shown in parentheses on the x axis) per time point
are shown. This experiment was repeated three times. Similar
results were obtained. Scale bars = 200 pm (above) and 500 pym
(third row). (Second row and below) Density of collagen tissue rel-
ative to the total wound area (second row) and the thickness of
granulation tissue (below) in the wounds. The data of five or six
mice per time point are expressed as mean and standard devia-
tion. This experiment was repeated three times. Similar results
were obtained. *p < 0.05, as determined by the Wilcoxon t test.
NLFU-PA, noncontact low-frequency ultrasound phased-array.
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Several innovative and potential therapeutic
devices such as MIST'*"* and those that provide
negative-pressure wound therapy”* and extracor-
poreal shock-wave therapy”'' accelerate wound
healing by placing mechanical pressure on the
wound surface and thereby inducing tissue micro-
deformation. All existing devices of this nature use
direct contact or an aqueous gel or water as the
coupling medium. The pressure induces hydro-
dynamic cavitation and acoustic microstream-
ing; these effects cause the cells in the wound to
express angiogenesis-related genes. As a result,
these devices induce neovascularization,®®!'%!?
which is a crucial early step in wound healing.

Noncontact  low-frequency  ultrasound
phased-array treatment is noninvasive, does not
involve direct contact with the wound, does not
require any coupling medium, and is relatively
simple to set up and use relative to the conven-
tional devices. In the literature, the maximum
intensity of existing noncontact low-frequency
ultrasound devices is 3 W/cm™2." Despite the fact
that it is a high-intensity device, our device does
not induce any heat and is therefore likely to be
painless. Most importantly, we provided the first
evidence showing that this device significantly
accelerated the closure of acute murine wounds,
and that this benefit was associated with a potent
and early up-regulation of angiogenesis. Endo-
thelial cells play a crucial role in wound heal-
ing because the microvasculature they produce
not only maintains systemic homeostasis, it also
mediates the evolution of immune responses
after wounding and the subsequent proliferative
and maturation phases of wound healing.” Our
data are consistent with the fact that wound heal-
ing in mice is associated with angiogenesis sig-
naling on days 3 and 5 after wounding.” We also
observed that our device amplified collagen pro-
liferation. It is likely that this is secondary to the
early effect of the device on angiogenesis. This
is supported by Maan et al., who reported that
noncontact low-frequency ultrasound treatment
involving a saline mist improves wound healing
and that this associates not only with greater col-
lagen deposition but also higher expression of
angiogenic cytokines such as vascular endothelial
growth factor."”” We also found that noncontact
low-frequency ultrasound phased-array treat-
ment may promote early angiogenesis through
the rapid transient increase of first DII1 and
then Notchl activation. Notch signaling plays an
important role in wound angiogenesis: several
studies show that it regulates wound healing,
including the repair of the epidermal barrier
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and the dermis, and that this activity is associated
with the production of proangiogenic factors by
the wound.” In addition, Notch plays essential
physiologic functions in the development of the
circulatory system, including the blood vessels,”’
and has been implicated in postnatal angiogen-
esis.” It has been shown that shear stress elevates
the transcription of several Notch-related arte-
rial endothelial cell markers,” namely, Notch1/3
and the Notch ligands DIl1/4, and the expres-
sion of the Notch-related venous endothelial
cell marker EphB4.”' The fact that DII1 was up-
regulated before angiogenesis is consistent with
Sorensen et al., who showed that DII1 is crucial
for Notchl activation in fetal arterial endothelial
cells.”” Thus, a DII1/Notchl signaling pathway
may mediate the positive effect of our device on
acute wound healing. This is supported by Patel
et al., who showed that the lack of Notch signal-
ing causes excessive fibrosis in wounds and that
this results in delayed wound healing.™

CONCLUSIONS

In conclusion, our findings suggest that non-
contact low-frequency ultrasound phased-array
treatment may exert its clinical effects on acute
wounds by up-regulating first DIl and then
Notchl, which in turn initiate important wound-
healing processes, specifically, early angiogenesis.
Further studies assessing the effect of noncontact
low-frequency ultrasound phased-array treatment
on delayed wound healing in diabetic mice and
other models of pathologic wound healing are
warranted. In addition, studies that examine how
the mechanical stress provided by our device and
others activates mechanosensors and induces
molecular mechanosignaling are needed. More-
over, studies that compare our device to existing
therapies in terms of pain and infection rates will
be valuable. These studies with our device are
likely to expand the field of mechanotherapeutic
proangiogenesis, thereby helping to bring about

Fig. 4. Notch signaling during wound healing. The mRNA
expression of genes involved in the Notch signaling pathway
was measured in the treated and sham-treated wounds on days
2 (above), 5 (center), and 7 (below) using quantitative polymerase
chain reaction. The treated wound data are expressed relative to
the sham-treated wound data, which were set at 100 percent.
The data of five or six mice per time point are expressed as mean
and standard deviation. This experiment was repeated four
times. Similar results were obtained. *p < 0.05, as determined by
the Wilcoxon t test. NLFU-PA, noncontact low-frequency ultra-
sound phased-array.
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a new revolution in the care of not only chronic
wounds but also acute wounds.
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