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Abstract

Vacuum-assisted closure (VAC) device is widely used to treat infected wounds in
clinical work. Although the effect of VAC with different negative pressure values
is well established, whether different negative pressures could result in varying
modulation of wound relative cytokines was not clear. We hypothesise that instead of
the highest negative pressure value the suitable value for VAC is the one which is the
most effective on regulating wound relative cytokines. Infected wounds created on
pigs’ back were used to investigate the effects of varying negative pressure values of
VAC devices. Wounds were treated with VAC of different negative pressure values
or moist gauze, which was set as control. The VAC foam, semiocclusive dresses
and moist gauze were changed on days 3, 5, 7 and 9 after wounds were created.
When changing dressings, tissues from wounds were harvested for bacteria count and
histology examination including Masson’s trichrome stain and immunohistochemistry
for microvessels. Western blot was carried out to test the expression of vascular
endothelial growth factor (VEGF) and basic fibroblast growth factor (bFGF). Results
showed that on days 3 and 5 the number of bacteria in wounds treated by VAC with 75,
150, 225 and 300 mmHg was significantly decreased compared with that in wounds
treated by gauze and 0 mmHg pressure value. However, there was no difference in
wounds treated with negative pressure values of 75 , 150, 225 and 300 mmHg at any
time spot. Immunohistochemistry showed that more microvessels were generated in
wounds treated by VAC using 75 and 150 mmHg negative pressure comparing with
that using 225 and 300 mmHg on days 3 and 5. However this difference vanished
on days 7 and 9. Morphological evaluation by Masson’s trichrome staining showed
increased collagen deposition in VAC of 75 and 150 mmHg compared with that in
VAC of 225 and 300 mmHg. Western blot showed that the expression of VEGF
and bFGF significantly increased when the wounds treated with 75 and 150 mmHg
negative pressure values compared with the wounds treated with 225 and 300 mmHg
on day 5. Treatment using VAC with different negative pressure values more than
75 mmHg has similar efficiency on reducing bacteria in the infected wound. VAC
with negative pressure values of 75 and 150 mmHg promote wound healing more
quickly than other pressure values. Moreover, comparing with vigorous negative
pressure, relatively moderate pressures contribute to wound healing via accelerated
granulation growth, increased angiogenic factor production and improved collagen
fibre deposition. Further study of this model may show other molecular mechanisms.
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Introduction

In recent years, it has been difficult to treat wounds with infec-
tion and soft tissue defect resulted from accidents, injuries,
trauma, constant pressure or burn injury. Reliable and effica-
cious treatment should not only be able to control infection
but also promote healing of wounds. Traditional therapeutic
approaches in the management of these wounds have encoun-
tered few successes.

One treatment modality that has been proved to be effi-
cient in treating those complex wounds is the vacuum-assisted
closure (VAC) device (1–3). This device consists of a vac-
uum pump, a canister with a connecting tube, an open-pore
foam and a semiocclusive dressing. A tube connecting the
dressing to a vacuum source applies sub-atmospheric pres-
sure to the wound. Argenta and Morykwas (4) and Moryk-
was et al. (5) first described the beneficial use of the VAC
device for wound healing in 1997. VAC has been showed to
enhance wound healing by increasing blood flow (6), granu-
lation tissue promotion (7), increased angiogenesis (8,9) and
bacterial clearance (5). Recently, molecular mechanisms of
wound healing by VAC therapy were discovered. Scherer
et al. (10) showed that VAC therapy induced granular tis-
sue formation, angiogenesis and cell proliferation. Derrick et
al. (11) found that the VAC treatment in diabetic rat wounds
led to more than 1·6-fold change in 5072 genes expression.
Another in vitro experiment showed that negative pressure
could help disassemble the cell junction to enhance epithelial
migration and subsequently resulted in quick wound closure
(12). Other studies confirmed that VAC therapy can lead to
increased expression of cytokines, which plays a critical role
in wound healing. Labler et al. (13) showed that neovascu-
larisation, interleukin (IL)-8 and vascular endothelial growth
factor (VEGF) in wound fluids were significantly higher in
patients treated by VAC than those treated by gauze. Another
study showed that CD31, VEGF, bFGF and collagen fibres
were also increased by treating with VAC (14).

However, the effect was changed when using different
negative pressure values. One study reported that wounds
treated with a negative pressure value of 125 mmHg exhibited
a significant increase in granulation tissue formation compared
with treatment at 25 or 500 mmHgin a swine model (8).
Morykwas et al. (4) showed that when using 125 mmHg,
blood flow increased four times but decreased when the
pressure value was 500 mmHg (15).

Considering different effects of VAC with varying negative
pressure values and modulated cytokines by VAC, we hypoth-
esise that different negative pressures may also alter wound-
healing related cytokines to different extents. This study was
done to evaluate the effects of different negative pressures
used in VAC therapy on VEGF, bFGF and collagen fibrin as
well as the process of wound healing, which has been shown
to be modulated by VAC.

Key Messages

• vacuum-assisted closure (VAC) was developed in the
1990s and has been applied to treat a variety of chronic,
acute, traumatic, subacute and burn wounds

• the mechanism of VAC device is based on the principles
of physics

• wounds treated by VAC device can promote healing
• we discovered the molecular mechanism of wounds

treated by VAC device was
• infected wounds were the most common problem
• infected wounds were successfully created on the back

of pigs
• wounds were divided into six groups, and VAC device

was set on different negative pressure values
• the number of bacteria, number of microvessels, col-

lagen fibrin, vascular endothelial growth factor (VEGF)
and basic fibroblast growth factor (bFGF) were detected

• granulation tissue growth was quicker in wounds treated
by VAC of 150 mmHg than other groups

• it was difficult to tackle severe infected wounds and
large defects of skin and soft tissue

• the effect on wounds treated by VAC with different
negative pressure values was changed

• there is no significant difference in the number of
bacteria in wounds treated by VAC of 75, 150, 225 and
300 mmHg

• the number of microvessels in wounds treated by VAC
with 75 and 150 mmHg was more than those treated
with 300 mmHg

• the deposition of collagen fibres and the expression of
basic fibroblast growth factor (bFGF) in wounds treated
by VAC of 150 mmHg were more than those treated
with 300 mmHg

• these results suggested that VAC therapy with suitable
negative pressure values promotes better wound healing

Materials and methods

Experimental animal model and gross wound

measurement

Six pigs (Guizhou Miniature Pigs, China) weighing 15–25 kg
were purchased and housed in an approved animal care
facility. Six full-thickness wounds were created on the back of
each pig. They were anaesthetised by intramuscular injection
of ketamine (3–5 mg/kg), and then injected with 1% pento-
barbital sodium 30 mg/kg. The backs of animals were then
shaved and prepped with betadine solution and sterilised by
1% iodine and followed by 75% ethanol. Three rows of 2 cm
× 5 cm length wounds were excised down to the deep fascia
of the muscles over the spine. All 36 wounds were divided
into six groups. All of them were infected with Staphylococ-
cus aureus at the concentration of 106 colony forming units
(CFUs) per millilitre. Every wound was inoculated with 2-
ml strains. Three days later infected wounds were counted
successfully.

Wounds covered with gauze were taken as a control group.
Wounds with negative pressure of 0 mmHg were dressed
by VAC foam (VSD Inc, Wuhan, Hubei, China) and occlu-
sive dressings (VSD Inc) without suction. Wounds treated
with VAC were dressed with the standard VAC dressing
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which consists of foam, semiocclusive dressing and drainage
pipe connected to the VAC device, and then subjected to
continuous negative pressure values of 75, 150, 225, 300
mmHg. There were six groups: VAC device without suc-
tion (0 mmHg), VAC device with −75 mmHg negative pres-
sure, VAC device with −150 mmHg negative pressure, VAC
device with −225 mmHg negative pressure, VAC device with
−300 mmHg negative pressure, and a control group in which
the wounds were covered by gauze.

Tissues were collected from the central portion of the
wounds, and then bacterial count and histological and protein
analyses were taken on days 3, 5, 7 and 9 after surgery. On
day 3, dressings were changed and thereafter changed every
48 hours. The pigs were euthanised on day 9.

Bacteria counting of wounds

After removing foam dressings and gauze, cleaning surface
exudates with a sterile saline solution, biopsies were taken
under aseptic conditions using a scalpel, taking granulation
tissue from the centre of the wounds. The biopsies were taken
at the beginning of the treatment and continued until the
end of the therapy. The samples were immediately weighed,
then homogenised and diluted. The diluted samples were
placed on normal agar and chocolate agar and incubated
at 37◦C with 5% CO2 for 48 hours. The total number of
CFUs per disk and the number of CFU per species were
calculated. Biopsies were processed blinded and evaluated
by a medical microbiologist. Results of the tissue biopsies
were not revealed to the researchers until the end of the
study.

Histology and immunohistochemical analysis

Granulation tissues of wounds were harvested and bisected,
with half placed in 4% paraformaldehyde for 3 days, other half
snap-frozen in liquid nitrogen and then stored at −80◦C for
Western blot. The fixed tissues were embedded in paraffin and
cut into 4-μm sections. Sections were placed on glass slides
for routine haematoxylin and eosin (H&E) staining. Masson’s
trichrome stain for collagen fibres in the wound was detected
by performing standard protocol and blindly assessed indepen-
dently. Images were acquired with 20× objective microscope
lens. Then tissue section images were analysed using Image
Pro-Plus 6.0 (Media Cybernetics, Bethesda, MA). Six high-
power fields of 200× non-overlapping areas were randomly
selected at each section. The ratios of blue areas (collagen
fibres) in a whole high-power field were also calculated by
the Image Pro-Plus 6.0 analysis system.

Vasculature in the granulation tissues was assessed by stain-
ing for Factor VIII. Tissues were cut at 5 μm thickness.
Sections were deparaffinized and treated with 20 mg/ml pro-
tenase K (Roche Inc., Basel, Switzerland) for 15 minutes.
After washing with phosphate buffered saline (PBS), endoge-
nous peroxidase was blocked for 5 minutes. Then sections
were washed again with PBS and treated with blocking

reagent. Primary multiclone Rabbit anti-pig antibody of Fac-
tor VIII ((Santa Cruz Biotechology Inc., Santa Cruz, CA;
1:1000) was applied to the sections and incubated at room
temperature for 1 hour, rinsed again with PBS repeatedly, and
then the sections were incubated with fluoresceine isothio-
cyanate (FITC)- or rhodamine-conjugated secondary antibody
(Santa Biotechnology Inc.) for 30 minutes. Antibodies were
visualised by treating with avidin–biotinylated enzyme com-
plex, then with peroxidase substrate solution for 2 minutes.
They were counter-stained with Mayer’s haematoxylin for 5
minutes. The stained blood microvessels on each slide were
counted in the most vascular area of the section. Briefly, this
method involves scanning tissue sections under high mag-
nification to identify the hotspot. Within the hotspot, the
number of vessels in a high-power field of 400× over six
non-overlapping areas was counted.

Western blot analysis

Granulation tissues were homogenised in buffer with an added
protease inhibitor cocktail (Roche Inc., Switzerland), made
of 50 mM Tris, 10 mM NaCl, 1% NP40 and 0·02% sodium
azide. Homogenates were placed into filtered centrifuge tubes
and centrifuged at 13 000 rpm for 10 minutes at 4◦C. Aliquots
were dissolved in Laemmli buffer and boiled at 95◦C for 5
minutes, and the proteins separated by 10% sodium dodecyl
sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) were
transferred to polyvinylidene difluoride (PVDF) membranes.
Membranes were blocked for 1–2 hours with 5% milk. The
membranes were incubated with a primary antibody at 4◦C
overnight for either VEGF (Santa Biotechnology Inc., 1:200
dilution), bFGF (Santa Biotechnology Inc., 1:200 dilution) or
β-actin (Santa Biotechnology Inc, 1:10000) as a loading con-
trol. Blots were then washed several times with Tris-buffered
saline containing 0·05% Tween-20 (TBST). Following this,
blots were incubated for 1 hour with a horseradish-peroxidase
(HRP)-coupled secondary antibody, then washed again with
TBST. Blots were incubated with a luminescent HRP sub-
strate for 1 minute and positive signals were detected. All
primary and secondary antibodies were obtained from Santa
Biotechnology Inc..

Densitometric quantification of the immuneblot bands was
performed using high-resolution flatbed scanner (Hewlett-
Packard Company, Palo Alto, CA) and Image J densitometry
software. The optical densities of at least three replicates of
six group samples were quantified. The densities of the VAC
for pressure values of 0, 75, 150, 225, 300 mmHg and wounds
treated by control were expressed on the basis of their relative
intensities to the control.

Statistical analysis

All results were expressed as the mean ± standard deviation,
and statistical comparisons of the means were performed on
measured sample using unpaired Student’s t-test. Statistical
significance was accepted when P value was less than 0·05.
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Figure 1 Bacterial growth kinetics in six groups of in vivo wound models. The number of bacteria is counted on days 0, 3, 5 and 7. The symbol *
shows that there was no significant difference between vacuum-assisted closure (VAC) of 75, 150, 225 and 300 mmHg on days 3, 5 and 7 (P > 0·05)
and there is notable significant difference between the VAC of 75, 150, 225 and 300 mmHg with the control (P < 0·01).

Results

Bacterial colonies counts

In this study, all 36 wounds were infected by bacteria with
density of 7·2 × 109 CFU per gram tissue prior to the
operation. Wounds treated by VAC of 75, 150, 225 and 300
mmHg bacterial counts showed significant decrease in number
compared to gauze and 0 mmHg (Figure 1). There was no
significant difference between wounds treated by VAC device
pressures of 75, 150, 225 and 300 mmHg. The bacterial count
decreased to less than 105 CFU per gram tissue in wounds
treated by VAC with 75, 150, 225 and 300 mmHg on day 7
(Figure 1B,C). Number of bacteria remained above 105CFU
per gram of tissue in wounds treated with gauze and VAC of
0 mmHg (Figure 1C,D).

Density of microvessels

On days 3, 5 and 7, microvessels of wounds were counted
by staining for Factor VIII (Figure 2). On days 3 and
5, VAC device of 75, 150 and 225 mmHg effectively
resulted in increasing microvessels number as shown in
Figure 3A,B. VAC of 150 mmHg was the most effective
one. In contrast, VAC of 300 mmHg resulted in decreas-
ing microvessels number comparing with gauze and VAC
of 0 mmHg. On day 7, there was no significant difference
between VAC of 150 mmHg and control (Figure 3C). Fur-
thermore, the VAC of 75 and 150 mmHg had well devel-
oped, larger calibre vessel compared with the control, 0 and
300 mmHg.

Collagen fibrin

Collagen fibrin formation was enhanced by the VAC of 75,
150, 225 and 300 mmHg compared with wounds treated
with gauze and 0 mmHg on day 5 by histological analysis
(Figure 4). The collagen fibrin deposition of wounds treated
by VAC of 75 and 150 mmHg was significantly higher than
that treated by VAC of 300 and gauze. There were no statis-
tical difference between VAC of 300, 0 and gauze (Figure 5).

Express of VEGF and FGF-2 protein

VEGF and bFGF were well verified to promote angiogenesis
in the wound healing cascade (16,17). To test the effect of
VAC with different negative pressures on wound healing
Western blot for VEGF and bFGF was performed. The
expression of VEGF and bFGF in wounds treated with
different methods was assayed. On day 5, the expression
of VEGF and bFGF of VAC of 75 and 150 mmHg was
significantly higher than VAC of 300 mmHg and gauze
(Figure 6). Specially, the expression of VEGF increased four
manifolds in the VAC of 75 and 300 mmHg compared to
the wound treated by the control. Expression of bFGF in
wounds treated with VAC of 75 mmHg was less than VAC of
0 mmHg. This result suggested that VAC of 150 mmHg was
most effective in regulating VEGF and bFGF.

Discussion

Wound healing is a complex series of biochemical and cellu-
lar events, including haemostasis, inflammation, proliferation
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Figure 2 Microvessels in the granulation tissues of wound are shown by staining for Factor VIII on day 3. Wound treated with vacuum-assisted
closure (VAC) of (A) 0 mmHg, (B) 75 mmHg, (C) 150 mmHg, (D) 225 mmHg, (E) 300 mmHg and (F) wound treated with gauze (control). Microvessels
are shown in brown colour.

and remodelling. Successful healing is contingent on con-
tinuous processes of biochemical signal pathways from a
wide range of cell types throughout the antibody. Lack of
wound progression is relative to a number of factors, including
increased protease production, infection, vascular disease and
nutritional state. There are a variety of cellular, biochemical
and mechanical methods that affect the normal wound heal-
ing sequences (18–20). An effective treatment that improves
wound healing is considered to involve more than one of
these components. The VAC device, proven to be efficient by
clinical application, can provide a new insight at molecular
events of wound healing (10). Previous clinical and experi-
mental studies have shown that the VAC therapy can better
promote wound healing when the negative pressure value is
set at 125 mmHg (21,22) compared with others. Furthermore,
some studies of VAC device have shown that it can improve

removal of oedema fluid (23), increase blood flow, formation
of granulation tissue and bacterial clearance.

It is important to diminish bacteria in infected wounds,
which hinders wound healing. It has been debated whether
VAC therapy is useful to reducing bacteria of infected wounds.
Some clinical studies have shown that VAC therapy can
decrease the bacterial number in infected wound (3). On
the contrary, other clinical studies proved that there was
no difference in bacterial count between the VAC therapy
groups and non-VAC therapy groups (24). Deva Boone (25)
showed that the bacterial burden in all wounds continued to
increase and broadened to include local skin flora, which had
been absent immediately after wounding. This study showed
that VAC device of negative pressure promoted reduction
of bacteria, but there was no significant difference in VAC
of different negative pressure. This result suggested that

© 2012 The Authors
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Figure 3 Microvessel counts of granulation tissues. On days 3 (A) and 5 (B), * shows that there are significantly higher microvessels in vacuum-
assisted closure (VAC) of 150 mmHg than in VAC of 300 mmHg (P < 0·05) and control (P < 0·01). The symbol ** shows that there is no significant
difference between VAC of 300 mmHg and control (P > 0·05). On day 7 (C), * shows that there is no significant difference between VAC of 0 mmHg
and control, and VAC of 150 mmHg is notably higher than that of 300 mmHg (P < 0·05). The symbol ** shows that VAC of 300 mmHg is significantly
less than control (P < 0·05).

increasing negative pressure value did not facilitate bacterial
clearance.

Tissue adaptation to changing physical stresses is a basic
requirement for growth and survival of living systems (26).
Wounds treated by VAC of negative pressure can result in
cellular strain and microdeformations at the foam–wound
interface (27). Microdeformations induce cellular proliferation
and angiogenesis on the wound in vivo study (10). Ilizarov
et al. applied mechanical stress to stimulate mitosis in
wound tissues and new vessels were formed (28). Other
histologic studies showed that when changing VAC device
after application, small blood vessels of granulation tissue
increased (29,30). One study showed statistically significant
increase of microvessel density in VAC-treated wounds as
compared with gauze on day 3 when the negative pressure
value was set at 125 mmHg (14). This study shows that
wounds treated by VAC with suction displayed increasing
microvessel density. Meanwhile, for VAC with negative
pressure values of 75 and 150 mmHg, the microvessel density
of wounds was more than VAC of 300 mmHg. This result may
suggest that it was harmful to angiogenesis when wounds were
treated by VAC pressure that was too high.

VEGF and bFGF are involved in vasculogenesis and
angiogenesis of wounds. Cells were subjected to biaxial
cyclical stretch, following which the expression of VEGF
and bFGF increased. It was shown that mechanical stretch
regulates VEGF and bFGF gene expression in cultured
pulmonary artery smooth muscle cells (31). Sharone Jacobs
et al. (14) designed an animal model experiment which has
shown that VAC therapy led to increased expression of VEGF

and bFGF, in the first 5 days. This study also shows that the
expression of VEGF and bFGF notably increased in wounds
treated by VAC of 75 and 150 mmHg. However, there was
no difference in the expression of VEGF and bFGF between
wounds treated by VAC of 300 mmHg and gauze. It maybe
suggested that high mechanical force did not stimulate the
tissue proliferation and angiogenesis.

One study showed that collagen deposition of wounds
increased when negative pressure value was set at 125 mmHg
compared with the gauze. Greene et al. (32) showed that
dramatic differences in collagen response and decreases in the
matrix metalloproteinase (MMP)-9 and MMP-2 were recorded
in the wounds treated by VAC compared with those treated by
non-VAC. A consecutive study of chronic wounds showed a
decrease in MMP-1 and MMP-13 (33). This study shows that
organisation of collagen fibres increased in wounds treated by
VAC of 75 and 150 mmHg and also shows that VAC with
suitable negative pressure can better promote wound healing.

The major limitation of this study was that it failed to mea-
sure the volume of granulation precisely and that we did not
compare the growth speed of wounds in each group. In addi-
tion, the number of wounds in each group was small, and the
duration of observation at 9 days was too short to effectively
evaluate infected wound healing. The other possible mecha-
nisms may be involved in regulating gene expressions which
were related to growth of granulation and angiogenesis.
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Figure 4 Collagen fibrins are shown by Masson’s trichrome stain on day 5. Collagen fibrins are shown in blue colour. (A) Wound treated with
vacuum-assisted closure (VAC) of (A) 0 mmHg, (B)75 mmHg, (C) 150 mmHg, (D) 225 mmHg, (E) 300 mmHg and (F) wound treated with gauze
(control).

Figure 5 On day 5, * shows that there is no significant difference
between vacuum-assisted closure (VAC) of 150 and 75 mmHg
(P > 0·05), but notably higher than VAC of 300 mmHg and control
(P < 0·05). ** shows that VAC of 300 mmHg is higher than control
(P < 0·05).
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