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Introduction: Non-antimicrobial wound dressings can remove bacteria from wound surfaces through mechanisms such as binding 
and immobilization, which may contribute to antimicrobial stewardship.
Methods: This study evaluated four different types of dressings (gauze, carboxymethylcellulose gelling fiber [CMC], dialkylcarbamoyl 
chloride [DACC] hydrophobic coated fibers, and polyurethane [PU] foam) for removal of planktonic bacteria (all dressings) and mature 
biofilm bacteria (CMC, DACC and PU foam dressings) in vitro. Total viable counts were performed after incubation for 2, 4 and 6 hours.
Results: The percentage of CA-MRSA removed by CMC dressing was significantly (p<0.05) greater than all other dressings at all 
timepoints in the planktonic and biofilm models. A significantly greater percentage of planktonic ESBL P. aeruginosa was removed by 
CMC dressings than other test dressings with the exception of when compared to PU Foam at the 6-hour time point. Differences in the 
removal of ESBL P. aeruginosa biofilms between CMC dressings and other dressings were less pronounced, which is likely due to the 
nature of the biofilm formed.
Conclusion: CMC dressings may play an effective role in reducing bioburden of acute and hard-to-heal wounds in a clinical setting.
Keywords: antimicrobial stewardship, biofilms, microbial drug resistance, wound healing, wound infection

Introduction
Microorganism cell surfaces vary between species and within species depending on genetics, leading to differences in 
how they attach to surfaces.1 Microorganisms such as bacteria, yeast and moulds exist in two different phenotypes, which 
affect how they behave and replicate. Planktonic microorganisms consist of single, isolated cells that are unattached to 
each other and have no need to communicate with each other. They have a high metabolism and multiply rapidly, but are 
isolated, so are easier to kill with effective antimicrobials. Biofilm is a more complex structure of microbes that attach to 
each other or to a surface, such as a wound bed or wound tissues. The surface of bacterial cells aids in attachment, which 
shifts their gene expression, and leads to the beginning of the more complex phenotype, biofilm.2,3 Biofilm usually 
contains multiple species of microorganisms that can communicate with each other and are encased in a matrix of 
extracellular polymeric substances, which provides a significant structural defence.4 Biofilm microorganisms also have 
slower replication and metabolic rates compared with their planktonic counterparts. These attributes mean that biofilm is 
much more difficult to control and eradicate than planktonic microorganisms.5 Both states may impair healing6 and cause 
infection in both acute and hard-to-heal wounds,7 however, biofilm is considered a key barrier to wound healing and is 
present in the majority of hard-to-heal wounds.8

There are a variety of options to reduce bioburden in wounds, including administration of antibiotics, wound cleansers, 
physical and chemical debridement, and wound dressings, which may or may not contain antiseptics or anti-biofilm 
technologies. Treatment must be tailored according to the clinical characteristics of the wound and be continually assessed 
and adapted as the wound moves through the healing trajectory.
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Dressings can help to reduce bioburden in the wound, with many containing antiseptics such as iodine, silver or 
polyhexamethylene biguanide (PHMB).9 Such dressings have been shown to kill microorganisms in in vitro studies, ex 
vivo evaluations, and in the clinic.9,10 However, balanced against the need to manage microbial bioburden in wounds, there are 
increasing advances in antimicrobial stewardship,11 where a step-up/step-down approach has been advocated so that 
antimicrobial dressings are used only when necessary.12 Therefore, other dressings that lack antimicrobial agents, but instead 
use physical methods such as binding, adsorption, immobilization or sequestration to remove microbes, also play a part in the 
overall wound management program, when used as part of a protocol of care.

There are many types of gelling fiber dressings manufactured for wound care, such as alginates, chitosan, carbox
ymethylcellulose (CMC) and polyvinyl alcohol (PVA), which, upon absorption of wound fluid, swell and form a gel.13 

CMC gelling fiber dressing has been shown, using scanning electron microscopy in vitro, to effectively encapsulate large 
populations (up to 70%) of potentially pathogenic bacteria such as Pseudomonas aeruginosa and Staphylococcus aureus. 
Fewer bacteria were immobilized within the gel matrix of hydrated alginate wound dressings, which appeared to be 
because they did not form a uniform, cohesive gel structure.14 Staining of bacteria to visualize their viability indicated 
that the CMC dressing did not kill bacteria; however, it did immobilize them, which prevented them from multiplying.15 

Foam dressings, including polyurethane (PU) foam dressings, are widely used to help with the management of exudate.16 

Although their ability to absorb fluid has been studied widely, their ability to remove bacteria has not, as the dressing’s 
focus is usually as a barrier against external bacteria.

Another technology that uses a physical mode of action to attract bacteria is dressings coated with a hydrophobic fatty 
acid derivative, dialkylcarbamoyl chloride (DACC). The bacterial cell surface contains both hydrophilic and hydrophobic 
components. These hydrophobic components on the bacterial cell surface contribute to interactions with host cells and 
other surfaces to initiate colonisation, biofilm formation and infection.17 The hydrophobic properties of DACC have been 
shown to bind bacteria in both planktonic (Staphylococci) and biofilm (P. aeruginosa and methicillin-resistant S. aureus 
[MRSA]) forms.17,18 P. aeruginosa was shown to be bound for up to 20 hours without replicating.17

The aim of this study was to compare four different types of non-antimicrobial dressings in their ability and capacity 
to remove antibiotic-resistant planktonic bacteria and mature biofilm bacteria using in vitro models over short periods of 
time. The dressings tested were a gauze, a CMC gelling fiber dressing, a hydrophobic DACC-coated dressing, and a PU 
foam dressing. These are four different dressing technologies which are known to differ in their fluid handling 
capabilities,19 but to the best of our knowledge, their ability to remove planktonic and biofilm bacteria has not been 
compared.

Materials and Methods
Test Dressings
Four dressings were tested to evaluate their ability to remove bacteria from planktonic models:

● A sterile knitted viscose gauze dressing (N-A® Gauze, 3M, UK) (Gauze)
● A CMC gelling fiber dressing (Aquacel® Extra™ dressing; Convatec Ltd, UK) (CMC)
● A dressing coated with DACC (Sorbact® Compress; ABIGO Medical AB, Sweden) (DACC)
● A PU foam dressing (Mepilex®; Mölnlycke Health Care Limited, UK) (PU foam).

The CMC, DACC and PU foam dressings were also tested to evaluate their ability to remove bacteria from biofilm 
models.

Preparation of Inoculated Surface Model (Planktonic Bacteria)
Separate suspensions of each challenge organism, extended-spectrum beta-lactamase (ESBL) P. aeruginosa (NCTC 13437) 
and community-acquired MRSA (CA-MRSA) (ATTC® BAA™-1556, clone of USA300), were inoculated to a final con
centration of approximately 5×106 colony forming units (CFU)/mL in simulated wound fluid (SWF, maximum recovery 
diluent [MRD; Lab M, UK]/Foetal Bovine Serum [FBS; Biowest, France] in 50:50 v/v). Whatman Grade 1 filter discs (sterile, 
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42.5 mm diameter) were placed onto the center of pre-dried 90 mm Tryptone Soy Agar (TSA; Lab M, UK) plates (to represent 
the nutritious wound bed environment) and inoculated with a 200 μL volume of the challenge organism suspension.

Preparation of Mature Biofilm Model
Separate suspensions of each challenge organism, ESBL P. aeruginosa (NCTC 13437) and CA-MRSA (ATTC® BAA™- 
1556), were inoculated into Tryptone Soy Broth (LAB M, UK)/FBS (50:50 v/v) to give a final concentration of approximately 
1×106 CFU/mL. N-A® Gauze samples, 44 mm in diameter (the substrate for biofilm development), were added to the 
challenge organism suspensions and incubated at 35±3°C for 48 hours in a shaking incubator. Following incubation, gauze- 
biofilm samples were washed in 0.85% saline (Oxoid, Ireland), to remove planktonic and loosely adhered bacteria. Gauze- 
biofilm samples required for testing were transferred to the center of a TSA plate (to represent the nutritious wound bed 
environment). A total viable count was performed on the control gauze-biofilm samples by placing them into a stomacher bag 
containing 30 mL MRD containing 0.01% Tween 80 (Fisher Bioreagents, US). BacLight® Live/Dead™ stain (Molecular 
Probes, Invitrogen, US) was used to stain the gauze-biofilm samples to visualize the bacteria within the biofilm. The 
BacLight® Live/Dead™ stain was prepared as described by the manufacturer and then added in a 200 µL volume to 
a 1×1 cm section of the gauze-biofilm sample. This was left in darkness for 10 minutes, then confocal laser scanning 
microscopy (CLSM; LSM800 with Airyscan, Zeiss, Germany) was used to image the biofilm using ×40 objective lens with 
488 nm and 630 nm lasers to excite the fluorophores within the BacLight® Live/Dead™ stain.

Evaluation of Bacterial Removal by Test Dressings Using Planktonic and Biofilm Models
Test dressing samples (5×5 cm portions) were applied on top of the inoculated filter discs/gauze-biofilms. To ensure 
maximum dressing contact between dressing and filter disc/gauze-biofilms, a metal disc (approximately 3 cm in diameter 
and 8 g in weight) was applied centrally over the dressings prior to incubation. The test samples were incubated at room 
temperature for 2, 4 and 6 hours. Short durations were used to examine the binding ability of the dressings, which 
avoided the potential of bacterial multiplication which would happen over longer timepoints and affect results. Five 
repeats were prepared for each test dressing, at each time point and for both challenge organisms. Filter disc/gauze- 
biofilm controls without dressings were assessed at 0, 2, 4 and 6 hours for each organism, ensuring that total numbers of 
the challenge organisms were monitored throughout testing.

Total Viable Counts for Planktonic and Biofilm Models
Following incubation, each dressing was transferred to a stomacher bag containing a 40 mL volume of MRD containing 
0.01% Tween 80 (Fisher, UK). All samples were homogenized in the stomacher for 4 minutes to loosen and remove the 
bacteria from the dressings (historical usage of this method has shown effective recovery of bacteria from dressing 
materials within this laboratory; data not shown). Counts were performed on all test set-ups. For filter disc/gauze-biofilm 
following dressing application and for the no-dressing filter disc/gauze-biofilm controls, the total viable counts were 
performed as above but in 30 mL of MRD containing 0.01% Tween 80. To confirm differences between the dressings 
(for both planktonic and biofilm data), statistical analysis was performed where results for CFU/filter, CFU/gauze or 
CFU/dressing, and percentage of challenge organism removed into each dressing ([CFU recovered from dressing ÷ total 
CFU [the amount recovered from the dressing and the remaining numbers on the surface, ie, filter or gauze]] × 100), were 
compared for significant differences at each time point for each organism using one-way analysis of variance (ANOVA) 
and Tukey grouping. Results with an ANOVA p value of <0.05 and sample means in different Tukey groups (illustrated 
with different symbols per timepoint) were considered to be significantly different. If test dressing columns have the 
same symbol within that timepoint, then they were not classed as significantly different.

Results
Removal of Planktonic ESBL P. aeruginosa and CA-MRSA
Total viable counts remained high for the no-dressing filter disc control throughout the 6-hour test period for both ESBL 
P. aeruginosa (≥2.5×105 CFU/filter disc) and CA-MRSA (≥3.1×105 CFU/filter disc). The mean percentage of ESBL 
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P. aeruginosa and CA-MRSA taken up by the test dressings compared with the total amount present is illustrated in 
Figure 1. Comparing the mean ranges over the testing periods for ESBL P. aeruginosa, the CMC dressing removed 41– 
58% of the total amount of bacteria compared with 12–21% for the gauze dressing, 4–8% for the DACC dressing and 
12–27% for the PU foam dressing. An even greater difference was observed for CA-MRSA cells, where the CMC 
dressing removed 77–79% of total bacteria compared with 20–25% for the gauze dressing, <1% for the DACC dressing 
and 10–15% for the PU foam dressing. The differences in ability to remove bacteria between the CMC dressing and the 
other test dressings were shown to be statistically significant (p<0.05 and a different Tukey group to the other test 
dressings) for planktonic CA-MRSA following 2, 4 and 6 hours contact with the inoculated surface; this was also 
observed with planktonic ESBL P. aeruginosa, with the exception of CMC dressings compared to PU Foam at the 6-hour 
time point (Figure 1).

Binding of ESBL P. aeruginosa and CA-MRSA Mature Biofilms
Visualization of the ESBL P. aeruginosa and CA-MRSA biofilms on the gauze substrate stained with BacLight™ Live/ 
Dead® using CLSM confirmed the presence and viability of mature biofilm (Figures 2A and B). Initial biofilm counts for 
ESBL P. aeruginosa and CA-MRSA were approximately 1.5×1010 and 2.7×1010 CFU/gauze-biofilm, respectively. Total 
viable counts for the no-dressing gauze-biofilm control remained high for both ESBL P. aeruginosa (≥4.8×109CFU/ 
gauze-biofilm) and CA-MRSA (≥8.4×108 CFU/gauze-biofilm) throughout the 6-hour test period. The mean percentage of 
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Figure 1 Percentage mean (± standard deviation as shown by error bars in graph) of planktonic (A) ESBL P. aeruginosa and (B) CA-MRSA cells removed by the test dressings 
at 2, 4 and 6 hours. N=5. ANOVA and Tukey grouping was performed to establish significance differences between dressings at each timepoint (p<0.05). Test dressings with 
different symbols (*, #, ⱡ) were significantly different (p<0.05) to the rest of the dressings at that timepoint. Test dressing with the same symbol within each timepoint panel 
were not significantly different.
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ESBL P. aeruginosa and CA-MRSA biofilm cells taken up by the test dressings compared with the total amount of 
bacteria present is illustrated in Figure 3, with statistical difference illustrated in the graph. Comparing the mean ranges 
over the testing periods for ESBL P. aeruginosa, the CMC dressing removed 58–60% of the total amount of bacteria 
compared with 15–39% for the DACC dressing and 26–39% for the PU foam dressing. In general, a lower percentage of 
MRSA biofilm was removed by the test dressings, however there was still a significantly greater proportion removed by 
the CMC dressing (16–42% of total bacteria) than the DACC dressing (<1%) and the PU foam dressing (approximately 
2%). These differences in ability to remove biofilm between the CMC and the other dressings were shown to be 
significant (p<0.05 and a different Tukey group to other dressings) for CA-MRSA following 2, 4 and 6 hours contact 

Figure 2 T0 hour confocal laser scanning microscopy image of (A) ESBL P. aeruginosa and (B) CA-MRSA biofilm on N-A® gauze prior to application of test dressings. 
Bacteria were stained with BacLight® Live/Dead™ stain, which stains live bacteria green and dead bacteria red.
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with the biofilm (Figure 3). In contrast, due to result variation leading to larger error bars, CMC dressing only removed 
significantly more ESBL P. aeruginosa than the DACC dressing and PU foam dressing at 4 hours (p-<0.05) (Figure 3).

Discussion
The dressings tested were able to remove varying degrees of planktonic and biofilm bacteria from surfaces, which 
interestingly, did not appear to be related to fluid handling capabilities. For example, foam dressings tend to have high 
fluid handling capacity19 yet this did not aid bacterial removal by the PU foam dressing under test. The CMC dressing 
physically removed more planktonic and mature biofilm bacteria (ESBL P. aeruginosa and CA-MRSA) than the gauze, 
DACC and PU foam dressings tested in this study. These differences were all statistically significant for the CMC dressing, 
with the exception of planktonic ESBL P. aeruginosa at 6 hours and ESBL P. aeruginosa biofilm at 2 and 6 hours.

The removal of planktonic ESBL P. aeruginosa and CA-MRSA in the current study are consistent with observations 
by Walker et al who also demonstrated that up to 70% of planktonic pathogens (S. aureus and P. aeruginosa) are retained 

0

10

20

30

40

50

60

70

80

90

100

2 hour 4 hour 6 hour

%
 E

S
B

L 
asonigurea.

P
re

m
ov

ed

CMC DACC swab PU foam

0

10

20

30

40

50

60

70

80

90

100

2 hour 4 hour 6 hour

%
 C

A
-

devo
mer

A
S

R
M

A

B

*

*

*

*

*

*

*

#

# # # # #

*

*
*

#

#

Figure 3 Percentage mean (± standard deviation as shown by error bars in graph) of mature biofilm of (A) ESBL P. aeruginosa and (B) CA-MRSA removed by the test 
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in CMC dressings through sequestration.14 A previous in vitro study by Bowler et al, compared the ability of CMC, 
DACC and two alginate dressings (Algosteril®, Les Laboratoires Brothier, and Kaltostat®, Convatec) to sequester and 
retain planktonic bacteria.13 The CMC dressing and the DACC dressing both effectively retained 60–80% of S. aureus 
and P. aeruginosa, whereas the two alginate dressings retained only 10% of S. aureus and 30–40% of P. aeruginosa. The 
retention of bacteria by the DACC dressing in this earlier study was much higher than observed in the current study, 
which is likely a result of the different testing methods used. The previous study used a model that evaluated the uptake 
of bacteria from a solution, whereas the current study assessed the uptake of bacteria when attached to a surface, which is 
more likely to represent how bacteria would be present in a real wound environment.

In the planktonic model in this current study, filter discs were used to contain the inoculated challenge organism, 
keeping it in a particular area of the TSA to ensure that the dressing came into contact with all bacteria present. Filters are 
commonly used in microbiology when performing solution sampling to ascertain how many bacteria are present,20 or as 
a substrate for biofilm growth.21 In common with these tests, in this study a nutrient agar was placed under the filter 
enabling the bacteria to be supplied with nutrients and replicate whilst being immobilized on the filter. It is therefore not 
unexpected that the total viable counts remained high for the no-dressing filter disc control throughout the 6-hour test 
period for both test species. Confirmation of the suitability of gauze as a substrate for biofilm growth was shown by 
visualization of the biofilm using CLSM, where mature viable biofilm was observed. In addition, total viable counts 
remained high for both test organisms during the 6-hour test period, ensuring that the biofilm bacteria remained viable 
throughout the testing period.

In the current study, the CMC dressing removed a similar percentage of the total amount present for ESBL P. aeruginosa 
regardless of whether it was in planktonic or mature biofilm phenotype. In contrast, the amount of CA-MRSA removed by the 
CMC dressing was markedly influenced by the bacterial phenotype, with far greater amounts of planktonic bacteria removed 
compared to the mature biofilm phenotype. Although the difference between bacterial phenotypes was more apparent for CA- 
MRSA for all dressings, the results obtained for ESBL P. aeruginosa showed greater variation, as shown by the larger standard 
deviations, suggesting that all the dressings performed inconsistently against biofilms for both challenge organisms. This is 
likely due to the extracellular polymeric substance (EPS) produced by the bacterial cells within the biofilms, protecting the 
bacterial cells and reducing their removal. It was also observed that more biofilm bacteria were removed by all dressings for 
ESBL P. aeruginosa compared with MRSA, with DACC and PU foam dressings barely removing any CA-MRSA biofilm 
bacteria, which could also be an indication of how the dressings are able to bind different types of biofilms. It is widely known 
that ESBL P. aeruginosa biofilms are more mucoid, due to the production of alginate in the EPS,22,23 than CA-MRSA 
biofilms; this was visually apparent during this testing (data not shown). Previous studies have also shown differences between 
S. aureus/MRSA and P. aeruginosa biofilms, showing MRSA with cells packed close together, forming dense biofilms and 
P. aeruginosa less close to each other.24 Therefore, these physical biofilm differences may have caused the differences in 
bacteria/biofilm uptake observed between dressings in this study.

DACC is a hydrophobic dressing, which was exhibited via the difference in bacteria removal between the challenge 
organisms in this study. DACC removed planktonic and biofilm ESBL P. aeruginosa bacteria more successfully when 
compared with CA-MRSA. This is likely due to the nature of the cell surface of CA-MRSA; the production of carbohydrate 
polymer and teichoic acid in their cell wall has been shown to decrease their removal by hydrophobic dressings.17

Retention of bacteria within a wound dressing could raise concerns regarding potential risk of infection. However, 
a previous in vitro laboratory study that stained bacteria to visualize their viability found that, although CMC dressings 
did not kill bacteria, they immobilized them and prevented them from replicating, as there was no increase in numbers 
over 20 hours.15 Likewise, a study investigating the binding capacity of different strains of bacteria to dressings coated 
with DACC determined that microbes, including P. aeruginosa, once bound to the dressing, did not multiply.18

A limitation of the current study is that the study duration of 6 hours is relatively short compared with wound dressing 
use in a clinical setting, where they may remain in contact with the wound for several days. The duration of this study 
was, however, limited by the in vitro setting, as a longer duration would have resulted in further multiplication of the 
organisms on the filter or gauze, due to the lack of antimicrobial agents present in the dressings tested, making any 
standardization and hence interpretation of the results difficult. Another limitation is that the models only included single- 
species bacterial biofilm, whereas it is well known that wound biofilm is often polymicrobial and may also include 
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yeasts, fungi and molds. However, single-species filter disc and gauze-biofilm models have been used in studies 
published previously, demonstrating that they are accepted as appropriate methods.25–27 These are all future study 
adaptations that could be performed; in addition, other biofilm models could be used, eg, Centers for Disease Control 
(CDC) reactor, colony biofilm drip flow reactor, or Lubbock chronic wound biofilm model.28,29

The ability of CMC dressings to most effectively remove antibiotic-resistant P. aeruginosa and MRSA bacteria in 
both planktonic and biofilm forms suggests they may play an effective role in reducing bioburden in the management of 
acute and hard-to-heal wounds in a clinical setting. Our study has tested a small but representative number of different 
dressing technologies, yet there are other dressings that claim to sequester or retain bacteria30 and hence further testing of 
such dressings is warranted.
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