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ABSTRACT
Multidrug-resistant organisms (MDROs) are increasingly implicated in both acute and chronic wound infections. The
limited therapeutic options are further compromised by the fact that wound bacteria often co-exist within a biofilm
community which enhances bacterial tolerance to antibiotics. As a consequence, topical antiseptics may be an
important consideration for minimising the opportunity for wound infections involving MDROs. The objective of this
research was to investigate the antimicrobial activity of a silver-containing gelling fibre dressing against a variety
of MDROs in free-living and biofilm states, using stringent in vitro models designed to simulate a variety of wound
conditions. MDROs included Acinetobacter baumannii, community-associated methicillin-resistant Staphylococcus
aureus, and extended-spectrum beta-lactamase-producing bacteria. Clostridium difficile was also included in the
study because it carries many of the characteristics seen in MDROs and evidence of multidrug resistance is
emerging. Sustained in vitro antimicrobial activity of the silver-containing dressing was shown against 10 MDROs
in a simulated wound fluid over 7 days, and inhibitory and bactericidal effects against both free-living and biofilm
phenotypes were also consistently shown in simulated colonised wound surface models. The in vitro data support
consideration of the silver-containing gelling fibre dressing as part of a protocol of care in the management of
wounds colonised or infected with MDROs.
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INTRODUCTION
The discovery and introduction of antibiotics
was undoubtedly one of the major advance-
ments in public health during the 20th Cen-
tury. However, the consequent and continued
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emergence of multidrug-resistant organisms
(MDROs) has led to once-considered harm-
less bacteria being feared as potentially lethal
pathogens today. In the early years of the 21st
Century, increasing awareness and concern
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with bacterial pathogens such as Acinetobacter
baumannii, methicillin-resistant Staphylococ-
cus aureus (MRSA), extended-spectrum beta-
lactamase (ESBL) producing Gram-negative
bacteria and Clostridium difficile is evident. His-
torically these organisms have been recognised
as opportunistic nosocomial pathogens, with
vulnerable hospitalised patients (e.g. critically
ill, immuno-compromised, debilitated) being
at greatest risk (1). However, with increased
antibiotic resistance, virulence and environ-
mental tolerance, these pathogens are now
becoming a serious threat in the wider, health-
ier community setting (2–4).

Key Points

• multidrug-resistant organisms
(MDROs) are increasingly impli-
cated in acute and chronic
wounds

• antibiotics have limited efficacy
• antimicrobial chemotherapy

is further compromised by
the presence biofilm which
enhances bacterial tolerance

• topical antimicrobial dressings
should be a consideration in
managing wounds colonised or
infected with MDROs

• a silver-containing gelling fibre
(HFS) dressing has been tested
against a wide variety of
MDROs using four stringent in
vitro models

• efficacy of the HFS dressing was
consistently showed in the in
vitro models, one of which was
a biofilm model

• the in vitro data support consid-
eration of the silver-containing
gelling fibre dressing as part of
a protocol of care in the man-
agement of wounds colonised
or infected with MDROs

Despite the ubiquity of Acinetobacter spp
in nature, multidrug-resistant A. baumannii
has no recognised natural habitat outside
of the hospital environment (5). Due to its
ability to survive on dry, inanimate surfaces,
acquire resistance genes and tolerate biocides
as well as antibiotics, A. baumannii is capable of
spreading within health care facilities, and its
impact in combat zones and natural disaster
areas throughout the world is increasingly
evident (5).

MRSA was first reported in 1961, and has
been a major worldwide problem in hospi-
tals since this time (6). Over the last decade,
community-associated MRSA (CA-MRSA) has
emerged globally in younger healthy indi-
viduals without obvious risk factors (e.g.
recent hospitalisation or surgery) for MRSA-
associated infection (3). CA-MRSA carries vir-
ulence determinants that are likely to play a key
role in its pathogenesis (7), including Panton–-
Valentine leukocidin, a prevalent and potent
toxin that has been associated with aggressive
soft tissue infections and pneumonia (3).

Bacteria capable of producing a variety of
ESBLs that confer resistance to penicillins
and expanded-spectrum cephalosporins have
emerged in the last 25 years, and now present
a significant risk to patients within hospital,
long-term care and community settings (8).
ESBL-producing bacteria differ from other
MDROs in that associated genes are easily
transferred via plasmids between various types
of Gram-negative bacteria including Escherichia
coli, Klebsiella pneumoniae, Pseudomonas aerugi-
nosa, Enterobacter cloacae and A. baumannii.

While presently not classified as a MDRO,
the emergence of a hypervirulent strain of
C. difficile with increased resistance to fluo-
roquinolones has coincided with an increase

in frequency and severity of C. difficile infec-
tions (9). In addition, multidrug resistance
(clindamycin, moxifloxacin and rifampicin) has
recently been observed in a hypervirulent
strain of C. difficile (10). As a spore-forming
bacterium, C. difficile has the ability to spread
extensively in health care settings and tolerate
environmental challenges such as biocides (e.g.
alcohol) and dry inanimate surfaces. Evidence
for community-associated C. difficile is emerg-
ing in patients with no predisposing risk factors
such as advanced age, recent antibiotic therapy,
recent hospitalisation and comorbidity (2).

Many of the pathogens associated with
multidrug resistance are also common inhab-
itants of chronic and acute wounds (11). A
review of the literature indicates that MDROs
are increasingly involved in infections associ-
ated with a variety of cutaneous wound types,
including burns, combat-related, surgical and
chronic wounds (Table 1) (5,12–31). Wounds
are often characterised by a complex and poten-
tially pathogenic microflora that presents a
serious risk for both wound infection and cross
contamination. In non-progressing recalcitrant
wounds or those at risk of infection, topical
antimicrobial agents may be the first therapeu-
tic consideration for bioburden control. Where
clear signs of spreading infection are evident,
then systemic antibiotics are invariably used
(Figure 1). However, the efficacy of systemic
antibiotics will be influenced by several fac-
tors including the quality of blood flow to the
wound tissue, the types of micro-organisms
in the wound, their antibiotic-resistance profile
and by the presence of bacteria-derived biofilm
which significantly enhances their tolerance
to antibiotics (21). Particularly in situations
where MDROs are components of a wound
infection, the options and likely success of sys-
temic antibiotic therapy is uncertain. Topical
antiseptic agents are beneficial in that many
have a broader spectrum of activity than antibi-
otics and they have a much lower propensity
to induce bacterial resistance. Consequently,
topical antiseptic agents may have an impor-
tant role to play in wounds that are colonised
or infected with MDROs.

Antimicrobial dressings are used to control
wound bioburden, minimise the risk of infec-
tion and provide an antimicrobial barrier to
minimise spread of wound pathogens. One
such dressing is based on Hydrofiber® (regis-
tered trademark of ConvaTec Inc.) technology
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Table 1 Literature evidence for MDRO infections in a different wound types

Combat and natural disaster
traumatic wounds Burns

Skin and soft tissue
wounds Surgical wounds Chronic wounds

ESBL-producing bacteria 12 14, 15, 16 17, 18, 19 20, 21, 22
MRSA/CA-MRSA 12 16 23, 24, 25 19 20, 22, 24
A. baumannii 5, 13, 26, 27, 28, 29 5, 14, 29 13, 26 21
C. difficile 28 30 31 31

ESBL, extended-spectrum beta-lactamase; CA-MRSA, community-associated methicillin-resistant Staphylococcus aureus.

Figure 1. Use of topical and systemic antimicrobials in colonised/infected wounds.

containing ionic silver (HFS). The Hydrofiber®
technology comprises sodium carboxymethyl-
cellulose fibres that, in dressing format, absorb
fluid rapidly to form a cohesive gel that con-
forms closely to a wound’s topography (32).
Wound fluid is locked within the gelled dress-
ing together with harmful components such as
bacteria and caustic enzymes (32). The ionic
silver component of the dressing provides
antimicrobial protection both within the dress-
ing and at the wound-dressing interface. We
have previously shown in vitro that, because of
excellent conformability with a colonised simu-
lated shallow wound surface, the antimicrobial
action of the HFS dressing is maximised (33).

The objective of the current research was to
investigate the antimicrobial activity of the HFS
dressing against a variety of MDROs in free-
living and biofilm states, using four stringent
in vitro fluid and solid culture models.

MATERIALS AND METHODS
Four in vitro models designed to simulate
stringent clinical conditions were used to
investigate the antimicrobial efficacy of a

silver-containing Hydrofiber® dressing silver
[HFS (AQUACEL®, registered trademark of
ConvaTec Inc., Ag, ConvaTec Inc, Skillman,
NJ)] against MDROs. A Hydrofiber® dressing
without silver [HF (AQUACEL®)] was used as
a control where appropriate.

A variety of fluid and solid microbiological
culture media were used for the cultivation of
both aerobic and anaerobic bacteria. Materials
and methods are described in greater detail
elsewhere (33–36).

Multidrug-resistant organisms
A. baumannii: (NCTC 13424); A. bauman-
nii: (NCTC 13422); A. baumannii: (NCTC
13421); community-associated MRSA (CA-
MRSA USA300; HPA: H045260142); C. dif-
ficile (NCTC 11382); ESBL-producing bacte-
ria: E. coli producing TEM-3 (NCTC 13351);
E. coli producing CTX-M-15 (NCTC 13353);
P. aeruginosa producing VIM-10; VEB-1 +ve:
(NCTC 13437); E. cloacae producing AmpC
BLACT IND (NCTC13405); K. pneumoniae
producing blaCTX-M group 25 gene (NCTC
13465).
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Simulated wound fluid (SWF) model
This in vitro model was used to measure
sustained antimicrobial activity over time.
5 cm × 5 cm pieces of HFS dressing were
aseptically transferred to 10 ml volumes of
SWF (peptone saline diluents and foetal calf
serum) containing approximately 1 × 106

cfu/ml of one of the MDROs (34). All test
models were incubated at 35◦C under aerobic
conditions (with the exception of the anaerobe,
C. difficile), and total viable counts were
performed at several time points over a 7-day
test period, using 0·1% sodium thioglycollate
to neutralise residual silver activity. On day
2, each test model was re-inoculated with
approximately 1 × 105 cfu of the respective
MDRO to simulate a worst-case clinical
situation. Each bacterium was tested against
the HFS dressing on five occasions, and against
the HF dressing (control) on one occasion.

Simulated colonised shallow wound
(SCSW) model
This in vitro model was used to investigate
the effect of dressing conformability on
activity of the HFS dressing (33). Simulated
in vitro shallow wounds were prepared using
sterile gauze samples to create a standardised
impression (5 cm × 5 cm × 2–3 mm depth) in
the centre of a 140-mm agar plate [tryptone soy
agar (TSA) for aerobes and Wilkins Chalgren
agar (WCA) for C. difficile]. The simulated
shallow wound area was then inoculated with
4 ml of a suspension containing approximately
4000 viable cells of an MDRO. A 10 cm x 10 cm
piece of the HFS dressing was then applied
centrally over the simulated colonised shallow
wound such that the dressing contacted the
surrounding prominent agar (note: an adhesive
cover dressing was applied over the HFS
dressing as indicated in the manufacturer’s
instructions for use). The agar plates with
dressings were incubated under appropriate
atmospheric conditions at 35◦C for 48 hours,
after which time the dressings were removed
and the extent of bacterial growth within the
simulated shallow wound area was visualised
and photographed. All agar plates (with
dressings removed) were then re-incubated for
an additional 24 hours to enable any bacterial
growth within the simulated shallow wound
area to be visualised more clearly. Image
analysis software (ImageTool for Windows,
v3.0) was then used to quantify the extent of

bacterial growth as a percentage of the total
simulated shallow wound surface area. Each
bacterium was tested against the HFS dressing
on five occasions, and on one occasion in the
absence of the dressing (control).

Simulated colonised wound surface
(SCWS) model
This in vitro model was used to investigate
the antimicrobial activity of the HFS dressing
against a variety of MDROs seeded into agar
directly beneath the dressing (35). A sterile
layer (80 ml) of TSA (or WCA for C. difficile)
in a 140-mm Petri dish was flooded with
a second layer of molten agar (45 ml) that
had previously been seeded with ∼1 × 105

cfu/ml of one of the MDROs, to create a
seeded agar layer ∼2 mm in depth. Following
incubation under appropriate atmospheric
conditions at 35◦C for 4 hours to initiate
growth, 10 cm × 10 cm pieces of HFS dressings
were applied to the centre of each seeded
agar plate and pressed down gently to
ensure good contact with the agar surface
before the application of a secondary adhesive
cover dressing (as stated in manufacturer’s
instructions for use). All seeded agar plates
were then incubated aerobically (with the
exception of the anaerobe, C. difficile) at 35◦C
for 48 hours, following which the dressings
were aseptically removed and photographs
of the agar plates were taken. Agar plates
(with dressings removed) were then re-
incubated for a further 24 hours to enable clear
visualisation of any remaining viable cells.
To assess bacteriostatic and/or bactericidal
activity against the MDROs, a stab culture was
taken from the centre of each seeded agar plate
using a sterile loop and then sub-cultured on
to DE Neutralising agar (fastidious anaerobe
agar containing 0·1% sodium thioglycollate
for C. difficile) to neutralise any residual
silver activity. Following incubation under
appropriate atmospheric conditions, the sub-
cultured agar plates were observed for the
presence or absence of bacterial growth. Each
bacterium was tested against the HFS dressing
on five occasions, and on one occasion in the
absence of the dressing (control).

Biofilm model (poloxamer)
This in vitro model was used to assess the
antimicrobial activity of the HFS dressing
when each of the MDROs was expressing
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a biofilm phenotype (36). Twenty millilitre
volumes of Mueller Hinton broth (or Wilkin’s
Chalgren broth for C. difficile) containing 30%
poloxamer were separately dispensed into
90 mm Petri dishes and allowed to solidify.
An additional 10 ml of liquid poloxamer-broth
medium containing at least 1·5 × 105 cfu/ml
of one of the MDROs was dispensed over the
original poloxamer layer to create a seeded
overlay. All seeded poloxamer plates were
allowed to solidify at 36◦C for 4 minutes and
then incubated under appropriate atmospheric
conditions at 35◦C for 4 hours to initiate
growth. A 5 cm × 5 cm piece of the HFS
dressing was saturated with 0.1% peptone
water (∼4 ml) and aseptically transferred to
a seeded poloxamer plate and plates were then
incubated at 35◦C for up to 48 hours. Following
incubation, a corrected zone of inhibition
(CZOI) was calculated for each challenge
organism and photographs were taken. Each
bacterium was tested against the HFS dressing
on five occasions, and on one occasion in the
absence of the dressing (control).

RESULTS
Simulated wound fluid model
All MDROs tested in this model were sus-
ceptible to the HFS dressing over a 7-day

test period (Figure 2). High populations of
A. baumannii, C. difficile and ESBL-producing
bacteria (> 106 cfu/ml) were reduced by a fac-
tor of ∼100 000 within 48 hours in the presence
of the HFS dressing, and sustained antimi-
crobial activity was evident thereafter, despite
re-inoculation of a heavy load of the respec-
tive MDRO on day 2. An approximate 100-
fold reduction in CA-MRSA was observed in
the presence of the HFS dressing in the first
48 hours, and no viable cells were detected (i.e.
below the limit of detection) by day 7. The
HF dressing (control) showed no antimicrobial
activity.

SCSW model
Growth of each MDRO, expressed as a
percentage of the total surface area of the
simulated shallow wound beneath the HFS
dressing, is shown in Table 2 (column A),
with photographic examples in figure 3A
and B. In this in vitro model, the extent
of bacterial growth (average of five tests)
beneath the HFS dressing ranged from 0% (K.
pneumoniae) to 8·6% (A. baumannii) of the total
inoculated simulated shallow wound surface
area; this compared with 100% growth of
each organism in the absence of the HFS
dressing.

Figure 2. Simulated wound fluid model (SWF): antimicrobial action of the HFS dressing against MDROs over 7 days using the SWF
model.
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Table 2 SCSW model: percentage bacterial growth, bacteriostatic and bactericidal activity

C
A B Bactericidal activity

MDRO

Mean % growth (in
SCSW and SCWS
model) (n = 5)

Bacteriostatic activity
(visual observation in

SCWS model)

(sub-culture from
the seeded agar in

SCWS model)

A. baumannii (NCTC 13422) 0·8 No visible growth No growth/Bactericidal
A. baumannii (NCTC 13424) 8·6 No visible growth No growth/Bactericidal
A. baumannii (NCTC 13421) 5·6 No visible growth No growth/Bactericidal
E. coli (ESBL) (NCTC 13351) 3·1 No visible growth No growth/Bactericidal
E. coli (ESBL) (NCTC 13353) 6·5 Occasional creeping growth around

the edge
No growth/Bactericidal*

P. aeruginosa (ESBL) (NCTC 13437) 0·9 No visible growth No growth/Bactericidal
E. cloacae (ESBL) (NCTC 13405) 0·6 Sporadic colonies within agar No growth/Bactericidal*
K. pneumoniae (ESBL) (NCTC 13465) 0·0 Sporadic colonies within agar No growth/Bactericidal*
CA-MRSA (USA 300) 5·0 No visible growth No growth/Bactericidal
C. difficile (NCTC 11382) 0·0 No visible growth No growth/Bactericidal

MDRO, multidrug-resistant organism; ESBL, extended-spectrum beta-lactamase; CA-MRSA, community-associated methicillin-resistant
Staphylococcus aureus; SCSW, simulated colonised shallow wound; SCWS, simulated colonised wound surface.
Controls without dressing showed 100% growth in the simulated shallow wound area (A) (n = 1).
∗ Initial observation of agar plates showed extensive areas of clearing with sporadic colonies which are likely to be cell variants within the
population. Subsequent culture of a clear zone of agar beneath HFS dressing placement indicated bactericidal effect.

SCWS model
The observed bacteriostatic and/or bactericidal
effects of the HFS dressing against the MDROs
are shown in Table 2 (columns B and C,
respectively), with visual examples of the
antimicrobial activity in Figure 3C and D.
In this in vitro model, the HFS dressing
killed each bacterium within the seeded agar
layer (SCWS) directly beneath the dressing,
as confirmed by subsequent sub-culture from
an area of agar where no visible growth
was evident (bactericidal effect). However,
with respect to two of the ESBL-producing
bacteria (E. cloacae and K. pneumoniae) sporadic
colonies were visible within the seeded agar
when dressings were removed after 48 hours
(Figure 3C). Although confirmed as being the
respective ESBL strains, colonial morphology
was somewhat different to the predominant
E. cloacae and K. pneumoniae populations,
indicating the possibility of persister cell
variants. In addition, occasional creeping
growth of one E. coli strain (NCTC 13353)
was observed on the outer edge of the zone
of clearing (which is also likely to have been
associated with a persister cell variant), but
the HFS dressing was shown to be bactericidal
against the parent population following sub-
culture. Confluent growth of each organism
was observed on seeded agar plates in

the absence of the HFS dressing (control),
confirming the viability of each MDRO over
the test period.

Biofilm model (poloxamer)
Anti-biofilm activity of the HFS dressing was
observed against all MDROs that were cul-
tured in a biofilm-like phenotype, with zones
of inhibition ranging from 3·2 mm (E. cloacae)
to 6·9 mm (P. aeruginosa) (Figure 4). Figure 3E
and 3F shows example CZOIs for A. baumannii
and C. difficile, respectively. Confluent growth
of all organisms was observed in the absence
of the HFS dressing.

DISCUSSION
The MDROs investigated in this study, includ-
ing C. difficile, are all known to colonise
and potentially infect a variety of dermal
wounds (5,12–31). Since bacteria are capable
of forming biofilm on living tissue (e.g. a
wound bed) which enhances their tolerance
to antimicrobial agents (21) and host immune
cells, it was considered important to investi-
gate the susceptibility of these MDROs to the
selected silver-containing wound dressing in
their most natural and tolerant form, as well
as their less natural free-living form. Biofilm
bacteria isolated from diabetic foot ulcers have

© 2012 The Authors
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A B

C D

E F

Figure 3. Examples of: growth of A. baumannii (NCTC 13421) (A) and community-associated methicillin-resistant Staphylococcus
aureus (CA-MRSA) (B) beneath the HFS dressing in the simulated colonised shallow wound (SCSW) model; bactericidal activity of
the HFS dressing against K. pneumoniae (C; with the exception of persister cell variant colonies) and CA-MRSA (D) in the simulated
colonised wound surface (SCWS) model; zones of inhibition against A. baumannii (NCTC 13421) (E) and C. difficile (F) in the biofilm
model.

been shown to be more tolerant to antibiotics
than non-biofilm bacteria (21). Local delivery of
antimicrobial agents is considered to be of ben-
efit in resolving infection, particularly when
biofilm bacteria are present (12).

Combat and natural disaster-related trau-
matic wounds are particularly susceptible
to gross bacterial contamination, and the
prevalence of MDROs has been reported
(12,14,27,29). Prompt and appropriate wound
care is considered to be essential, involving
aggressive surgical debridement to remove

devitalised tissue and bacteria, cleansing and
antimicrobial prophylaxis (both systemic and
topical) (12,14). Due to the nature of traumatic
wounds such as combat-related extremity
injuries, significant anatomical and physiologi-
cal derangement in local tissue is common (12).
In view of the increasing consideration of top-
ical antimicrobial agents in such wound types,
Corrado (37) stated that a topical antimicro-
bial dressing must be selected according to the
lesion characteristics, such as shape, size, level
of exudate and presence of undermined tissue.

© 2012 The Authors
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Figure 4. Poloxamer biofilm model: Inhibitory activity of the HFS dressing against MDROs (zone size in mm).

Consequently, consideration of the physical,
as well as the antimicrobial properties of a
dressing is important to ensure that it inter-
acts optimally with the wound environment.
The technology of the HF and HFS dress-
ings used in the current studies allows the
dressings to rapidly hydrate in contact with
wound fluid and form a cohesive gel that locks
fluid and bacteria within the dressing, and
forms intimate contact with a wound surface
thus eliminating dead spaces where bacteria
may proliferate. The excellent conformability
of the gelled HFS dressing following hydration
allows maximum exposure of silver ions to the
colonised wound surface where the majority of
bacteria reside, thus maximising the antimicro-
bial effect (33,35).

Using a variety of stringent in vitro models
designed to simulate clinical challenges as best
possible, the kill rate, anti-biofilm efficacy and
effect of dressing conformability associated
with the HFS dressing has been showed
against a variety of MDROs. Irrespective of
test method used, consistent antimicrobial
activity of the HFS dressing was showed.
However, in the SCWS in vitro model, despite
bactericidal activity being observed against
parent populations directly beneath the HFS
dressing (i.e. extensive zones of clearing and
no growth on sub-culture), sporadic colonies
of K. pneumoniae and E. cloacae, and occasional
creeping growth of a strain of E. coli (NCTC
13353) were evident in the respective tests. In
these cases, it is most likely that the colonies
were silver-tolerant persister cell variants
of the parent and HFS dressing-susceptible
population. An association between persister
cells and recalcitrance in chronic infections is

known to exist, the process involving tolerant
phenotypic variants of a normal cell population
that become as susceptible as the original
population when pressure from exposure to an
antimicrobial agent falls (38). When each of the
MDRO persister variants were sub-cultured
onto fresh agar in the absence of the HFS
dressing, colonial morphology resembled that
of the parent population, which is a recognised
trait of persister cell phenotypes.

While it is acknowledged that only one
of many currently available silver dressings
was evaluated in this study, the antimicrobial
activity of silver in different dressing types is
known to be variable. This is largely influenced
by the dressing technology and the by extent to
which it is able to make the antimicrobial agent
accessible to micro-organisms, as has been
showed in several in vitro studies (33,35,39).
Although we consider that the stringent in vitro
methodologies generated robust antimicrobial
efficacy data against a wide spectrum of
MDROs, studies to confirm the clinical impact
of antimicrobial dressings would be beneficial.
However, the HFS dressing has been shown to
reduce wound bioburden, infection and pain
in clinical studies (40–42).

Demonstrating the in vitro antimicrobial
efficacy of the HFS dressing against a variety
of MDROs may not only indicate potential
clinical benefit in preventing or controlling
endogenous wound infections where antibiotic
options are limited and tolerated by biofilm
phenotypes, but it may also act as an
antimicrobial barrier to prevent the spread of
such pathogens into the wider community.
Hawkes et al. (43) stated that the goal for
control of CA-MRSA was to prevent its spread

© 2012 The Authors
394 International Wound Journal © 2012 Blackwell Publishing Ltd and Medicalhelplines.com Inc



MDROs, wounds, antimicrobial dressing

from colonised individuals to others in the
community and advised that any draining
lesions should be covered. The HFS dressing
may provide infection control benefits in this
respect, as well as providing antimicrobial
prophylaxis in wounds that are at risk of
infection by multidrug-resistant bacteria.
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30 Kruszyńska DA, Mikucka A, Gospodarek E,
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