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Effects of ultrasound delivered
through a mist of saline to wounds
in mice with diabetes mellitus
● Objective: To examine the effects of ultrasound administered through a fine mist of saline on
surgically placed full-thickness excisional wounds in mice with experimental diabetes mellitus.
● Method: Fifty male CD-1 mice received alloxan monohydrate (100mg/kg), a drug known to induce
diabetes mellitus.The animals received five ultrasound (n=27) or sham (n=23) treatments for 1.5
minutes, on alternate days, for 10 days, and were then sacrificed. Following sacrifice, each animal’s wound
was excised and the tissues prepared for qualitative and quantitative histological analysis.
● Results: No difference in wound-surface area was found between the groups after the treatment
period. However, blinded assessment of tissue sections revealed significantly increased deposition of
collagen and blood vessels in the granulation tissue of animals treated with ultrasound compared with
those that received sham therapy.
● Conclusion: Ultrasound delivered through a fine mist of saline significantly altered the composition
of newly formed granulation tissue in animals with experimental diabetes mellitus. Further research
needs to be completed to determine other effects of this novel ultrasound therapy and to examine its
clinical effectiveness.
● Declaration of interest: None.
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T herapeutic ultrasound, which delivers
mechanical energy in the form of sound
waves, is one of the most common
modalities used by physiotherapists to
treat musculoskeletal conditions, includ-

ing chronic wounds.1,2 The ultrasound activates
inflammatory cells, which leads to degranulation3,4

and the stimulation of phagocytosis,5 resulting
respectively in the release of inflammatory media-
tors and the facilitation of wound debridement.6,7 

These chemical mediators include growth factors
that have been shown to activate fibroblasts8 and
lead to earlier accumulation of endothelial cells in
treated tissues when compared with untreated
ones.9,10 When administered to cultured fibroblasts,
ultrasound can activate key intracellular processes
such as collagen synthesis,11-13 calcium influx,14,15

altered membrane permeability16 and stimulation of
DNA synthesis.17 Animal studies have shown that
ultrasonic energy can improve the organisation and
strength of collagen deposited in the wound.18-22

Therapeutic ultrasound accelerates closure of
chronic wounds.23-27 Currently, it is administered to
intact peri-ulcer skin using a conductive gel or via a
water bath, in to which the wound is immersed. 

In this study we used the prototype of a new
product, the Mist Therapy Ultrasound (Celleration,
Eden Prairie, Minnesota, USA), which delivers the
mechanical energy of ultrasound through a fine
mist spray (Fig 1), allowing the ultrasound to be

administered directly to the wound bed without
contact with the ultrasound applicator, thereby
minimising potential trauma to delicate capillary
buds and emerging islands of epithelium.

This study aimed to determine whether this mode
of ultrasound delivery affects the size and histologi-
cal composition of full-thickness excisional wounds
in mice with experimental diabetes mellitus.

Materials and methods
Animals
Adult (n=50) sexually mature male CD-1 mice
(Charles River Laboratories, St Constant, Quebec,
Canada), weighing between 25.0g and 35.0g, were
used. They were cared for in an approved animal
care facility (Canadian Council on Animal Care).

Diabetes induction
Following five days of acclimatisation, all animals
were anaesthetised with an intraperitoneal injec-
tion of xylazine and acepromazine (0.03ml/10g of
body weight) and given intravenous alloxan mono-
hydrate (100mg/kg of body weight; Sigma-Aldrich
Canada, Oakville, Ontario, Canada), as recom-
mended by Mount28, via the tail vein. The animals
were anaesthetised beforehand to immobilise them
and to ensure an accurate dosage.

Within seven days, alloxan monohydrate pro-
duces symptoms of diabetes mellitus, including
hyperglycaemia, polyuria and polydipsia, and results
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in reduced collagen deposition, impaired growth-
factor expression and slower healing rates than
occur in other experimental models of diabetes.28-30

Surgery and recovery
About 24 hours after confirmation of hyper-
glycaemia, the animals were anaesthetised with an
intraperitoneal injection of xylazine and acepro-
mazine (0.03ml/10g of body weight). The area
between the shoulder blades was shaved and
cleaned with a topical antiseptic solution, following
which a 1.5cm2 square full-thickness excisional
wound was made. Since wound-dressing materials
are not well tolerated by animals, the wounds were
left open for the duration of the study. 

All animals received an analgesic (buprenorphine,
0.05mg/kg) following surgery for pain control. 

Treatment
After the surgery, the diabetic animals were ran-
domly assigned to receive either ultrasound (n=27)
or sham treatment (n=23). 

The ultrasound was administered on alternate
days via a fine mist of prewarmed saline for 1.5
minutes, delivering approximately 15ml of saline.
The animals had a total of five treatments over 10
days, which was delivered at a frequency 45kHz and
an intensity of approximate 0.1Watt/cm2. The ultra-
sound applicator was held perpendicularly, no more
than 1.0cm away from the wound bed. 

Animals receiving the sham treatment were
treated in a similar manner for 1.5 minutes, when
they received a similar volume of saline via an
intravenous drip held at a perpendicular distance of
1.0m above the wound bed.

Determination of blood glucose and body weight
Body weights were recorded, using an electronic
balance accurate to 1.0mg (ER–60A; Johns Scien-
tific, Canada), at the time of surgery and after 10
days of sham or ultrasound treatment when the
animals were sacrificed. 

Blood glucose was determined immediately
before surgery. A blood glucose level of more than
11.0mmol/l was considered to represent the pres-
ence of diabetes mellitus (Table 1). 

Determination of wound size
Each wound was photographed at surgery before
the administration of either the ultrasound or sham
treatment and again following eschar removal at
the time of sacrifice. Wound-surface area was deter-
mined from the digital images using a previously
validated computerised technique.31

Tissue processing and staining
Following sacrifice, each wound site was excised to
a depth sufficient to include the newly formed
granulation tissue, adjacent wound edge and peri-
ulcer skin, and some of the underlying skeletal
muscle. Tissue samples were fixed in 10% phos-
phate buffered solution (PBS) formalin and assigned
a numerical code to conceal identification of either
the sham or ultrasound treatment group. 

Tissues were subsequently processed through
graded alcohols, embedded in paraffin, sliced into
sections 5µm thick, placed on microscope slides
and stained using haematoxylin and eosin (H&E)
stain (Sigma-Aldrich Canada, Oakville, Ontario,
Canada) and a picro-Sirius Red Fast Green (SRFG)
staining technique (Sigma-Aldrich). Haematoxylin
and eosin bind to nuclei and cytoplasmic compo-
nents respectively.32 Sirius Red binds to collagen and
Fast Green to non-collagenous protein.33 

Analysis
Qualitative histological analysis
The cross-sections were examined by an experi-
enced ‘blind’ assessor to identify differences
between the histological appearance of tissues from
the mice who had sham treatment and those
treated with true ultrasound. 

The collagenous material, indicated by the red
stain, was examined for the presence of distinct
fibres of collagen and for the organisation and den-
sity of the collagenous material. The presence and
distribution of blood vessels in the granulation tis-
sue were also assessed.

Table 1. Body weight and blood glucose measurements taken
before and after treatments

Body weight (g) Blood glucose (mmol/l)

Group No. Surgery Sacrifice Surgery

Ultrasound 27 31.5 ±3.0* 30.2 ±3.1 31.2 ±4.6

Control 23 31.2 ±1.8* 29.3 ±2.3 29.9 ±8.5

Body weight and blood glucose levels were recorded in both animal groups (ultrasound and
control) before treatment on the day of surgery and after treatment on the day of sacrifice 

* A significant decrease in body weight was observed in both groups
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Fig 1. Mist Ultrasound Transfer — the device used to deliver the ultrasound
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Quantitative histological analysis
● Collagen deposition Computerised image ana-
lysis (Northern Eclipse, Empix Imaging, Missis-
sauga, Ontario) was used to obtain a colour
densitometric measurement of the amount of red
and green stain on sections of wounded tissues pre-
viously stained with the SRFG-dye technique. The
ratio of the intensity of the red collagen stain over
the intensity of the green protein stain was
expressed as a collagen/non-collagenous protein
ratio, as previously validated.33-36

Three measurements were recorded within a ran-
domly selected 0.16 x 0.16µm region examined
under 20X magnification: 
● Newly formed granulation tissue immediately
below the epidermis in the wound base
● Tissue adjacent to the wound edge 
● Dermis of surrounding unwounded skin (Fig 2).
● Blood vessels Using cross-sections of the wound
site previously stained using H&E, a ‘blinded’ asses-
sor, using 40X magnification, counted the number
of blood vessels in the 0.16 x 0.16µm region. regions
sampled corresponded to those used to determine
the collagen/non-collagenous protein ratio. 

Data analysis
A two-tailed independent samples t-test (a=0.05)
was used to identify changes in the body weights of
animals in the two treatment groups over the
experimental period. A two-tailed independent
samples t-test (a=0.05) was also used to identify dif-
ferences between the surface area of the wounds,
the amount of collagen and the number of blood
vessels present in the granulation tissue of animals
in the two groups.

Results
Body weight and blood glucose
Body weights of the animals in the ultrasound and
sham-treatment groups were similar at the start of
the experiment. They decreased significantly dur-
ing the experimental period, which is consistent
with alloxan-induced diabetes.30

Blood-glucose levels were the same in both
groups, and were three times the level of that in
mice without diabetes mellitus.

Wound size
Wound-surface area in both groups decreased over
the experimental period, but there was no sig-
nificant difference between the ultrasound group
(0.30 ±0.26cm2) and the sham treatment group
(0.30 ±0.17cm2) (Table 2). 

Qualitative histological analysis
The granulation tissue of mice in the ultrasound
group appeared to be different to that of mice in the
sham group. In the former, the collagenous tissue

appeared to be densely associated, although distinct
collagen fibres could not be identified (Fig 2). Also,
there was a distinct transition between the wound
bed and the neighbouring uninjured tissue at the
wound edge (Fig 2). In contrast, distinct, thick,
coarse collagen fibres appeared throughout the
granulation tissue and at the wound edge of the
animals who had received sham treatment (Fig 2). 

In tissue sections taken from animals treated with
ultrasound, areas of blood vessels were consistently
noted in the granulation tissue and hypodermis.
These highly vascularised areas were often found in
the granulation tissue at the wound edge and were
frequently associated with several empty vacuoles
(Fig 3). Fewer, less obvious, blood vessels and vac-
uoles were noted throughout the granulation tissue
and hypodermis of the animals that had undergone
sham treatment (Fig 3).

Quantitative histological analysis
● Collagen deposition The ratios of red-staining
collagen fibres to green-staining proteinous tissue

Table 2.Wound sizes in the ultrasound and control groups

Wound size (surface area, cm2)

Group No. Mean ±standard Mean ± standard
deviation deviation

Surgery Sacrifice

Ultrasound 27 1.53 ±0.41 0.30 ±0.26

Control 23 1.51 ±0.33 0.30 ±0.17
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Fig 2. Collagen:protein ratio

Collagen: protein ratio = 0.92 ±0.06 Collagen: protein ratio = 0.82 ±0.14

Ultrasound treatment Sham treatment (control)

A significantly (p<0.05) higher collagen-protein ratio was measured in the superficial (S)
region of the granulation tissue of animals with diabetes mellitus treated with ultrasound
than in the controls
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determined in selected regions of granulation tissue
were significantly greater in tissues taken from ani-
mals treated with ultrasound (0.92 ±0.06) than with
sham treatment (0.82 ±0.14). This suggests that the
effects of sound energy increase the relative amount
of collagen deposited in granulation tissue (Fig 2).
● Blood vessels Significantly more blood vessels
(p<0.05) were present in the granulation tissue of
animals treated with ultrasound (41.3 ±23.0) than
with sham treatment (25.7±20.3) (Fig 3).

Discussion
The present study is the first to examine the effect
of ultrasound delivered through a fine mist of saline
on the size and histological composition of wounds
surgically placed in an impaired model of healing.

Ultrasound administered directly to the wound
bed through a fine mist of saline did not accelerate
wound closure. However, it did produce a signifi-
cant increase in the relative amount of collagen and
a significantly greater number of blood vessels in
granulation tissue at the wound site in mice given
ultrasound, when compared with the sham treat-
ment group.  

Increases in collagen deposition seen in the pres-
ent study may, in part, be due to ultrasound-
induced intracellular mechanisms previously
documented in in vitro studies using cultured
fibroblasts 3-9,11-17 and in previous animal studies.10,18-22

Increased collagen deposition has been reported
following ultrasound treatment of the wound bed
and the intact peri-ulcer skin of excisional wounds
created in pigs.21

Dyson and Pond reported that administration of
ultrasound to open wounds in the ears of rabbits
resulted in morphological changes in fibroblasts.22

They suggested that ultrasound stimulated the
molecular processes of fibroblasts responsible for
collagen synthesis.

In vitro studies have suggested that ultrasound
can act directly on fibroblastic cells to stimulate
DNA synthesis and fibroblast proliferation.12,17 In
addition, calcium-ion fluxes respond to changes in
membrane permeability14.15 by acting as chemical
signals, or as second messengers, controlling the
cell’s enzymatic activity and stimulating the
increased synthesis and then secretion of pro-
teins.7,13 Harvey et al. reported that cultured human
skin and muscle fibroblasts synthesised more pro-
tein than unsonicated controls.8 Similarly, Webster
et al. found an increase in both collagen and gen-
eral protein synthesis in human embryonic fibro-
blasts following exposure to ultrasound.11,13

In the present study tissues treated with ultra-
sound had highly vascularised areas within the
newly formed granulation tissue. These qualitative
observations were consistent with quantitative
measures of the number of blood vessels identified
in wounds subjected to ultrasound. 

Young and Dyson also found a significant
increase in the number of blood vessels in wounds
treated with 0.75MHz ultrasound compared with
sham treatment.9

Ultrasound-induced angiogenesis may be medi-
ated through the direct effects of sound energy on
endothelial cells, or effected indirectly by the
release of many angiogenic factors from cells in the
area (okay?). For example, macrophages play a crit-
ical role in stimulating angiogenesis, and produce
and release potent angiogenic factors such as
fibroblast growth factor and tumour necrosis factor-
alpha.37 Mast cells also release heparin, which is
thought to facilitate endothelial cell migration and
angiogenesis.37

Dyson and colleagues showed that ultrasound
applied to either macrophages or mast cells can
alter membrane permeability and stimulate their
ability to form and/or liberate stored chemical
mediators.4,6

Ultrasound-induced release of endogenous stores
of growth factors would be advantageous for people
with diabetes, in whom healing is impaired.
Reduced expression of growth factors? and recep-
tors has been well documented in diabetes
mellitus.38,39

While exogenous administration of platelet-
derived growth factor (PDGF) can accelerate healing
of chronic wounds in humans40,41 and experimental
wounds in diabetic animals,42 this intervention is
expensive. 

Preliminary research conducted by the present

Fig 3. Comparison of granulation tissue in ultrasound and sham
treatment (control) groups

4 J O U R N A L  O F  WO U N D  C A R E   VO L  1 3 , N O  5 , M AY 2 0 0 4

Ultrasound treatment Sham treatment (control)

A larger number of blood vessels, indicated by the arrows, and empty vacuoles (V) were
observed in the granulation tissue of mice with diabetes mellitus treated with ultrasound
compared with the controls 
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investigators revealed that transforming growth
factor β (TGFβ) was co-localised with collagen in
the wounds of animals that had been treated with
ultrasound.43

Further research is needed to determine whether
administration of ultrasound can increase the
quantity of endogenous growth factors, such as
PDGF and TGF, and/or their receptors, in the
wounds of animals with diabetes mellitus.

The mechanism of wound closure in loose-
skinned animals, such as those used in this study, is
different to that in the tight, adherent skin of
humans. In the former, wounds close primarily by
the process of contraction, whereas in humans, 
re-epithelialisation plays a much greater role. 

However, the changes in collagen deposition and
angiogenesis documented in this study may not
have affected the mechanisms underlying wound
contraction. 

The similar wound-closure rates in this study
contrast with the work of Dyson and Smalley,44 who
reported that administration of traditional ultra-
sound within 72 hours of injury could be used to
promote wound contraction. These discrepancies
may be due to alterations in the timeline of ultra-
sound administration, or may represent differences
in the cellular responses to ultrasound when
administered through a fine mist spray. 

We, like other authors,45-48 felt it important to use
an impaired healing model when studying the abil-
ity of a novel treatment modality to accelerate the
healing process. 

We have previously reported significantly lower
collagen levels in both wounded and unwounded
regions of skin taken from alloxan-induced diabetic
mice, compared with normal non-diabetic mice.34

In addition, collagen deposition was delayed in
the granulation tissue of the alloxan-treated dia-
betic animals following wounding, and there was a
strong correlation between lower or delayed colla-
gen deposition and impaired wound closure.34

Lower collagen and impaired wound closure are
both consistent with cutaneous changes associated
with diabetes mellitus secondary to alloxan mono-
hydrate.28-30,32,49-55

Diabetes mellitus is associated with decreases in
the production of collagen and the rate at which
proline is incorporated into collagen. Healing takes
longer in wounds that require collagen forma-
tion.50,51 In addition, the hydroxyproline content in
the polytetrafluoroethylene wound cylinders was
significantly less in rats injected with alloxan
monohydrate than in the non-injected controls.28

Smith et al. reported pathological changes in the
epidermis and granulation tissue of mice five days
following injection of alloxan monohydrate.45 

Therefore, in the present study, although the
seven-day period between the injection of alloxan

monohydrate and wounding may not be long
enough to generate complications of diabetes melli-
tus, such as atherosclerosis, neuropathy and
retinopathy, it was sufficient to interfere with the
cellular processes associated with the deposition of
new granulation tissue.

Each animal had a single wound located in an
identical region between the shoulder blades to
ensure a consistent blood supply between wounds,
and to eliminate the potential for overflow of
chemical mediators, which may occur in a
multiple-wound model.

Collagen deposition was measured by obtaining a
colour densitometric measurement of the amount
of red and green stain on sections of wounded
tissues previously stained via the SRFG-dye tech-
nique using computerised image analysis. 

The ratio of the intensity of the red collagen
stain over the intensity of the green protein stain
was expressed as a collagen:non-collagenous pro-
tein ratio. This method is based on the selective
binding of Sirius Red to collagen, read at an optical
density of 540nm, and Fast Green to non-collage-
nous proteins, read at an optical density of
600nm.36 Houghton et al. showed there was a high
correlation (r=0.98) between Sirius Red absorbance
spectra and hydroxyproline (OH-proline) amino
acid content.36

Determination of the OH-proline amino acid
content is a commonly used and well-recognised
measure of collagen content. A high correlation 
(r=0.98) was also found between the optical density
of Fast Green stain and leucine content.36 This tech-
nique has been shown to be effective in the quan-
tification of collagen in small tissue samples.34,35

Using a ratio helps to eliminate the measure-
ment error that can arise from uneven illumination
or shading on the image, and potential differences
in the intensity of the stains, which may occur
when staining a large number of slides at different
time periods.

Conclusion
Use of relatively low intensity, low frequency ultra-
sound delivered through a fine mist resulted in
increased collagen production and an increase in
the number of blood vessels in the granulation 
tissue of animals with diabetes mellitus. These stim-
ulatory effects on collagen synthesis and angiogen-
esis are similar to those documented previously in
studies in which ultrasound was administered via
traditional application techniques.  

Additional experimental research to further char-
acterise the cellular and physiological effects of this
new ultrasound therapy is warranted, and clinical
research to examine the effects of this new therapy
on chronic wounds, including diabetic wounds,
will be of interest. ■
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