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Abstract
The use of negative-pressure wound therapy (NPWT) has displayed significant

clinical benefits in the healing of infected wounds. However, the effects of NPWT

on bacterial colonisation and infection of traumatic wounds has been controversial.

The aim of this study is to evaluate the impact of NPWT treatment in rabbits with a

contaminated full-thickness wound on bacterial behaviour, including colony mor-

phology, spatial distribution, fissional proliferation, and bacterial bioburden. Full-

thickness wounds were created on the back of rabbits, and were inoculated with

bioluminescent Staphylococcus aureus. The wounds were treated with sterile gauze

dressings and NPWT with continuous negative pressure (−125 mm Hg). Wound

samples were harvested on days 0 (6 hours after bacterial inoculation), 2, 4, 6, and

8 at the centre of wound beds before irrigation. Scanning electron microscopy and

transmission electron microscopy (TEM) analyses were performed to determine the

characteristic bacteriology. Laser scanning confocal microscopy was performed to

obtain bioluminescent images, which were used to observe spatial distribution of

the GFP-labelled S. aureus within the tissue and quantify the bacterial bioburden.

NPWT resulted in sparse amounts of scattered bacteria on the wound surface or as

sparsely spaced single colonies within the tissue. Wound bioburden on day 8 in the

NPWT and gauze groups was 34.6 ± 5.5% and 141.9 ± 15.4% of the baseline

values (N = 6), respectively (P < .0001). TEM showed a lack of S. aureus active

fission within NPWT-treated tissue. NPWT can impact S. aureus colony morphol-

ogy and spatial distribution both on the surface and within wound tissue, and

reduce S. aureus as early as 48 hours after therapy initiation. Additionally, NPWT

inhibits bacterial fissional proliferation in microcolonies.
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1 | INTRODUCTION

Wound infection occurs when contamination and colonisa-
tion lead to bacterial invasion of the wound and surrounding
tissue and can lead to severe complications that delay wound
healing and may even prove fatal. Gardner et al1 reported that
the mortality rate associated with bacteraemia because of
pressure-ulcer infection was 15.4%.To prevent infection,
open-wound management and promotion of wound healing
have been the focus to stimulate development of new tech-
niques and wound-care products. In the last 20 years,
negative-pressure wound therapy (NPWT) has been widely
used in clinics for the treatment of various wounds.2-8 It is a
sealing-dressing system that applies negative pressure to a
wound bed through an open-cell sponge covered with an
occlusive dressing. Based on good clinical results, NPWT
has become an important therapeutic method to prevent
wound infection. The current literature suggests that primary
mechanisms of action of the NPWT device may include
drawing the wound edges together, stabilisation of the wound
environment, decrease in wound oedema, removal of wound
exudate, and micro-deformation of the wound surface.9

Several studies found that NPWT also displayed signifi-
cant clinical benefits in the healing of infected wounds.3,10-13

However, the effects of NPWT on bacterial colonisation and
infection of traumatic wounds have been controversial. The
initial studies using a swine model showed exciting results
that NPWT could significantly decrease the amount of bacte-
ria in the wound after 5 days of treatment.14 These results
have not been duplicated in clinical studies, in particular,
Staphylococcus aureus increased in these wounds.15,16 Boone
et al17 found the bacterial burden continued to increase and
broaden in a porcine wounds model. In addition, Lalliss
et al18 indicated that in the previous studies looking at bacte-
rial clearance from wounds, bacterial contamination was
determined using quantitative tissue-culture biopsies, swabs
from various sections of the wound, or by clinical evidence
of infection; therefore, these data offered little information
regarding the total surface area of wound contamination.
Because of these limitations, the previous results cannot com-
prehensively elucidate the impact of NPWT on the bacteria.
Meanwhile, the cooperative social trait between bacterial
cells in a S. aureus bacterial species can provide a fitness ben-
efit at the group level.19 We hypothesise that the change in
bacterial behaviour treated by NPWT is one possible contrib-
utor. Therefore, the bacterial colony morphology, spatial dis-
tribution, proliferation activity, and bacterial burden within
tissue need to be investigated simultaneously.

The aim of this study was to investigate the hypothesis
that the application of NPWT could alter bacterial behav-
ioural characteristics and the degree of bacterial bioburden
within tissue in a bioluminescent S. aureus-contaminated

full-thickness soft tissue-trauma wound. Bioluminescent
imaging not only provides more comprehensive data during
an infection study, but also generates greater statistical
meaning to the data. Transgenic bioluminescent bacterial
pathogens were used to evaluate the depth and amount of
bacterial penetration and retention in soft tissue.20 This
approach readily allows observation of either the bacterial
colony morphology or spatial distribution as well as quanti-
fication of the bacteria within wound tissue. Moreover, scan-
ning electron microscopy (SEM) and transmission electron
microscopy (TEM) are also used to determine the character-
istics of bacteriology on NPWT treatment.

2 | MATERIALS AND METHODS

2.1 | Animals

All study protocols were performed in accordance with the
protocols approved by the Medical Ethics Committee of the
General Hospital of People's Liberation Army. Thirty young,
adult, female Japanese white rabbits (pathogen free, aged
3-5 months, approximately 3 kg) were acclimated to stan-
dard housing and fed ad libitum. All animals were housed in
individual cages at constant temperature (22�C) and humid-
ity (45%), with a 12-hour light-dark cycle.

2.2 | Wound creation

The backs of the animals were shaved prior to the experi-
mental procedure. Smooth and hairless skin was obtained
using a commercial depilatory cream (Veet, Reckitt
Benckiser, Inc., India). Two paraspinal surgical sites were
marked using a circular standard template 2.5 cm in diame-
ter. All animals were anaesthetised intramuscularly by injec-
tion with ketamine (50 mg/kg) and xylazine (5 mg/kg)
before the surgical procedure. The surgical area was dis-
infected by sequential scrubbing for at least 4 minutes with
povidone-iodine solution and then removed with 70% iso-
propyl alcohol. Two bilateral symmetrical standardised
2.5 cm diameter full-thickness wound was created between

Key Messages
• negative-pressure wound therapy (NPWT) can

significantly impact the Staphylococcus aureus
colony morphology and spatial distribution either
on the surface or within tissue of the wound.

• NPWT can reduce S. aureus as early as 48 hours
after initiation of therapy and significantly inhibits
bacterial fissional proliferation in microcolonies.
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the crest of the shoulders. The incision was made down to
the dorsal muscle, followed by fasciotomies to expose the
underlying muscle. The wounds were bandaged with sterile
gauze dressings. The wound area approximately 5 cm2 was
created, and the total wound area was less than 5% of the
animal's total body surface area. All procedures were per-
formed by the same surgeon.

2.3 | Bacterial preparation and inoculation

S. aureus (RN6390-GFP) with constitutive expression of the
green fluorescent protein (GFP) was obtained from the Chi-
nese PLA Institute for Disease Control and Prevention
(Beijing, China). Once the wound model was created, the
rabbits were inoculated with 0.5 mL of 108 CFU/mL. Before
treatment, bacterial data of wound were collected as
described by Morykwas et al14 in day 0 (6 hours after bacte-
rial inoculation). The data were recorded as the number of
colony-forming units per gram tissue (CFU/g tissue). The
mean ± standard was calculated and set as the starting point
for the wound colonisation.

2.4 | Treatment and wound harvesting

The animals were randomised to each of the treatment
options. The NPWT group was covered with a polyvinyl
alcohol open-cell foam dressing, and the control group was
covered with a sterile gauze dressing. The NPWT devices
were all set to continuous suction at a negative pressure of
−125 mm Hg. Gauze dressings and the NPWT dressings
were changed every 48 hours in both groups.

Three animals in both groups were, respectively,
sacrificed on days 0 (6 hours after bacterial inoculation),
2, 4, 6, and 8, and wound samples were harvested from the
erector spinae muscle at the centre of the wound beds. Six
biopsy samples in each study group were excised at each
time point. The wound specimens were excised as
1 × 1 × 0.2 cm3 and 1 × 1 × 0.5 mm3 cubes from the sur-
face of the wound, quickly fixed in 2.5% glutaraldehyde in
0.1 M phosphate-buffered saline (PBS) (pH 7.2) and stored
at 4�C overnight for preparation of SEM and TEM samples.
For fluorescence imaging using laser scanning confocal
microscopy, the specimens were longitudinally excised as
1 × 1 × 0.5 cm3 cubes perpendicular to the surface of the
wound and embedded in O.C.T. Compound (Sakura Finetek,
Torrance, California), snap frozen in liquid nitrogen, and
stored at −80�C.

2.5 | Scanning electron microscopy

Wound samples were washed three times in PBS, dehydrated
through an ethanol series and hexamethyldisilazane and

mounted using double-sided tape to specimen stubs,
followed by gold-platinum (50:50) ion coating (108 Auto
Sputter Coater; TedPella, Inc., Redding, California). Imaging
of the sample wound surface was accomplished using SEM
(S-3400 N, Hitachi, Tokyo, Japan).

2.6 | Laser scanning confocal microscopy and
fluorescence quantitation

The muscle specimens were cut into 6-μm thick sections
using a cryostat and mounted on glass slides. Section slides
were observed using an argon confocal laser scanning
microscope (Olympus FV1000, Tokyo, Japan) to capture the
spatial distribution and quantitation of the GFP-labelled
S. aureus. To observe the general spatial distribution of the
GFP-labelled bacteria, laser scanning confocal microscopy
images of one view were captured at ×40 magnification
within the superficial layer of tissue.

The images to quantify the fluorescence intensity of
GFP-labelled S. aureus were captured at ×20 magnification.
Three views were created in the centre of wound continu-
ously perpendicular to the surface along the Y-axis. A stack
of images was created from a series of five consecutive
images taken along the Z-axis at 1-μm intervals for each
view. The three sequential images of the same Z-axis were
conjoined to a seamless image using the FV10-ASW 4.1
software embedded on an Olympus FV-1000. Such five
images were created to analyse the mean fluorescence inten-
sity for one sample (Figure 1). The tissue boundary was
identified by referring to differential interference contrast
images. The scan speed was set at 4 ms/pixel with a scan
area of 512 × 512 pixels, and the power of the 488-nm laser
was set at 4.5% according to the power slider.

Digital images were captured using the same parameters
and were analysed by two blinded independent observers.
The fluorescence intensity was observed in the region of
interest, and the fluorescence signal from samples was quan-
tified using the FV10-ASW 4.1 software. The mean percent-
age of relative fluorescence intensity was obtained at each
time point compared with the mean baseline fluorescence
intensity (day 0) for each animal.

2.7 | Transmission electron microscopy

Samples were washed with PBS buffer then post-fixed with
1% OsO4 for 1 hour. The specimens were dehydrated in a
graded series of ethanol and absolute acetone, followed by
embedding in capsules. The specimens were stained using
uranyl acetate and alkaline lead citrate, and observed in a
transmission electron microscope (HT7700, Hitachi, Tokyo,
Japan).
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2.8 | Statistical analysis

All data are presented as the mean ± SD, and statistical com-
parisons of the means were performed on measured samples
using the paired Students t-test. All statistical analyses were
performed with SPSS software (SPSS 19.0, SPSS Inc., Chi-
cago, Illinois). The significance level was set at P < .05.

3 | RESULTS

Thirty animals were survived according to the scheduled
experimental plan. The successful creation of contaminated
wounds (bacterial counts = 6.5 ± 0.32 × 107 CFUs/g tissue)
was confirmed at 6 hours after bacterial inoculation (day 0).
Under SEM, the wound-bed surface was abundantly
colonised with planktonic bacteria 6 hours after inoculation.

In the gauze group, S. aureus congregated to multiply and
populated the surface with grapelike clusters gradually. In
the NPWT group, bacteria were sparsely visible and
scattered on the surface at the end of the study (Figure 2).

In general terms, there was a clustering of bacteria
(green) within the shallow tissue of the wound bed 6 hours
after inoculation in confocal imaging. In the control group,
the bacteria invaded deep into the wound, with dense and
numerous colonies within the infected tissue by day
8. NPWT resulted in single colonies of S. aureus scattered
sparsely (Figure 3).

Quantitative analysis of the relative fluorescence intensity
of GFP-labelled S. aureus in tissue was also performed to
quantify the bacteria amount within the wound at each time
point. The bacterial fluorescence intensity before treatment
was similar between the two groups (N = 6) (P = .72).

FIGURE 1 The samples and observation setup are diagrammed. (A) The muscle specimens were longitudinally excised as 1 × 0.5 × 1 cm3

cubes perpendicular to the surface of the wound. (B) The specimen was sectioned with 6-μm thickness, and three views were created continuously
along the Y-axis perpendicular to the surface of the wound. (C) Five consecutive images were created taken along the Z-axis at 1-μm intervals at
each view

FIGURE 2 Scanning electron microscopy of wound bed surfaces infected with Staphylococcus aureus. (GAUZE group) S. aureus
congregated to multiply and populated the surface with grapelike clusters gradually; (NPWT group) bacteria were sparsevisible and scattered on the
surface at the end of the study
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NPWT effectively reduced the amount of S. aureus within
the contaminated wounds compared with gauze dressings at
day 2, 4, 6, and day 8 (P < .001). At the final time point, the
wound tissue treated with NPWT or gauze contained 34.6
± 5.5% and 141.9 ± 15.4% of the baseline values (N = 6),
respectively (Figure 4). There was a significant difference of
bioburden in wounds between two groups.

Before treatment, the bacteria that had successfully
colonised the wounds were fissiparous. At day 8 of NPWT
treatment, fissiparous S. aureus cells were rare in bacterial
microcolony. In contrast, actively dividing bacteria and
every fissional phase of S. aureus could be detected within
tissue with gauze dressings (Figure 5).

4 | DISCUSSION

In the present study, we found a significant effect of NPWT
on both distributive morphology, proliferation state, and
amount of bacteria in the wound compared with conven-
tional gauze treatment. Using SEM, we demonstrated sparse
amounts of scattered bacteria on the planar wound surface
treated with NPWT when compared with gauze treatment.
Within wound tissue, NPWT resulted in single S. aureus
colonies scattered sparsely under laser scanning confocal
microscopy, and using fluorescence quantitation, the
bacterial-load reduction was even more pronounced within
wound tissue, where it was approximately four times lower
in NPWT-treated wounds than in gauze-treated wounds
(34.6 ± 5.5% and 141.9 ± 15.4% vs baseline, respectively).
Under TEM, fissiparous bacteria were rare within NPWT-
treated tissue.

The microbial bioburden in a wound can range from con-
tamination, colonisation, localised infection, spreading infec-
tion, and ultimately to systemic infection if not controlled
appropriately.21 The organisms were readily able to infect
the wounds, with levels of approximately 108 organisms per
gram of tissue.14 In our model, the microbial bioburden
(bacterial counts = 6.5 ± 0.32 × 107 CFUs/g tissue) was
able to reproduce infection model reliably.

The bacteria colonial morphology and distribution charac-
teristics observed on the surface of the wound using SEM
were not reported previously. To observe the original bacterial
situation of the wound, only aseptic saline was used to douche
the wound without formal debridement. Images of colonies
were successfully captured in our model using SEM. The dif-
ference of colonial morphology and distribution characteristics

FIGURE 3 Laser scanning confocal microscopy of the GFP-labelled S. aureus (green) within infected tissue (magnification ×40). (GAUZE
group) The bacteria invaded deep into the wound, with dense and numerous colonies at the indicated time points; (NPWT group) Single colonies of
S.aureus scattered sparsely

FIGURE 4 Bacterial fluorescence quantitation in the wound
compared with baseline levels. Comparison of the percentage of
Staphylococcus aureus remaining in the wound at various time points
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between the two groups was clear. We hypothesise that the
major mechanism was because of the shear forces at the
wound interface between the tissue and the foam on
continuous negative pressure suction.22 The compressive forces
prevent bacteria from congregating as grapelike clusters of cocci.

With confocal imaging, the use of bioluminescent
engineered bacterial strains enables a visual assessment of
the bacterial colonisation and infection process. There was a
clustering of bacteria (green) within the shallow tissue after
contamination, and the bacteria gradually colonised and
invaded deep into the wound. It is important to note that the
bacteria deep within the wound only formed discrete single
colonies on NPWT treatment, and differ from the numer-
ously gathered bacteria that formed large localised colonies
in the gauze group. Our results indicate that distinct bacterial
behaviour occurs within tissue depending on the form of
treatment.

The effect of NPWT on bacterial load has been contro-
versial.15-17,23 There are several possible reasons for studies
presenting inconsistent bacterial wound count results in con-
trolled experiments. First, the variety of wound models and
the level of initial contamination in these studies potentially
play a role in bacterial clearance. Extensive surgical debride-
ment prior to NPWT dressing was not applied in all studies.
The technique applied to bacterial quantification can lead to
spurious results. Quantitative cultures in in vitro culture used
in all of the previous studies could not assess the real-time
bacterial phenotypes in wound. The types of bacteria con-
taminating the wounds can lead to disparities in the degree
of infection.

Using this model, we have shown that NPWT decreases
S. aureus bacterial counts in a contaminated full-thickness
soft-tissue wound as early as 48 hours after initiating therapy.

The wounds had more bacteria in the gauze group compared
with the NPWT group throughout the treatment process; this
difference was significant. The results of the present study do
not reflect the trend reported by Lalliss, who also used biolu-
minescent bacteria for quantitative analysis, and found that
NPWT treatment did not significantly reduce the counts.18

We suggest the following potential reasons: first, the soft tis-
sue wound we used was different from the complex open
fracture wound they created. NPWT can create a better
wound-healing environment by increasing blood flow and
granulation tissue within the wound bed, which can augment
the host's response to injury and bacterial contamination.24

NPWT can clear more bacteria in a soft-tissue wound than in
an open-fracture wound. In addition, there was a significant
disparity between the bacteria quantification on the surface of
wounds analysed by Lalliss using a photon-counting camera
and within tissue using fluorescence quantitation in our study.
The greater blood perfusion within the soft tissue than on the
surface of an open-fracture wound is more conductive to bac-
terial removal.

Bacterial colony of S. aureus in the wounds that received
NPWT displayed an inactive proliferative state compared
with the bacteria in the gauze group. The fissional prolifera-
tion of bacteria requires a suitable environment and the nec-
essary nutrients. The continuous suction during NPWT may
physically force out the oedema and nutrients required for
bacterial multiplication. The decrease in proliferation further
reduces the bacterial load in the wound.

There are limitations to this study. An animal-model
study using a single type of wound and only one species of
bacteria was performed. Standard debridement was not per-
formed on the animals to eliminate this as a confounder for
bacterial behaviour, and the treatment period was relatively

FIGURE 5 Transmission electron microscopy of the bacterial fissiparous state. (GAUZE group) Actively dividing phase of S. aureus could be
detected within tissue; (GAUZE group) A few number of fissiparous S. aureus cells were detected
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short. In addition, although systemic antibiotics are normally
administered in the treatment of infected wounds, they were
not used in the present study in an effort to minimise con-
founding variables and to allow independent assessment of
the tested interventions. Despite these limitations, the results
clearly demonstrate that wounds treated with NPWT had a
significant effect on bacterial behaviour and reduced the
S. aureus present. It is possible that this bacteriologically rel-
evant data may only be demonstrated when using an animal
wound model similar to that in the present study.

5 | CONCLUSIONS

In summary, this study demonstrates that in a contaminated
full-thickness wound model, NPWT can impact the
S. aureus colony morphology and spatial distribution either
on the surface or within tissue of the wound, and reduce
S. aureus as early as 48 hours after initiation of therapy. In
addition, NPWT inhibits bacterial fissional proliferation in
microcolonies.
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