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1 | INTRODUCTION

Biofilms are prevalent in non-healing chronic wounds and implicated in delayed
healing. Tolerance to antimicrobial treatments and the host’s immune system leave
clinicians with limited interventions against biofilm populations. It is therefore
essential that effective treatments be rigorously tested and demonstrate an impact
on biofilm across multiple experimental models to guide clinical investigations and
protocols. Cadexomer iodine has previously been shown to be effective against
biofilm in various in vitro models, against methicillin-resistant Staphylococcus
aureus biofilm in mouse wounds, and clinically in diabetic foot ulcers complicated
by biofilm. Similarities between porcine and human skin make the pig a favoured
model for cutaneous wound studies. Two antiseptic dressings and a gauze control
were assessed against mature biofilm grown on ex vivo pig skin and in a pig
wound model. Significant reductions in biofilm were observed following treatment
with cadexomer iodine across both biofilm models. In contrast, silver carboxy-
methylcellulose dressings had minimal impact on biofilm in the models, with simi-
lar results to the control in the ex vivo model. Microscopy and histopathology
indicate that the depth of organisms in wound tissue may impact treatment effec-
tiveness. Further work on the promising biofilm efficacy of cadexomer iodine is
needed to determine optimal treatment durations against biofilm.
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The presence of biofilms in chronic wounds is not
enough to establish a detrimental effect in that environ-

Initial evidence demonstrated that up to 60% of chronic
non-healing wounds contained a biofilm."? However, this
number has been shown to be closer to 80% in a recent
meta-analysis of various studies examining biofilm pres-
ence in chronic wounds.® Taking into account the hetero-
geneous distribution of biofilms across a wound* and the
potential to be located on surface and deeper tissues,” this
value is expected to be even higher according to experts in
the field.®

ment. Many chronic clinical diseases have been linked
with biofilms, ranging from implant-related infections (eg,
catheters and prosthetics); chronic lung infections, partic-
ularly in cystic fibrosis patients; middle ear infections;
gingivitis; sinusitis; and others.” This clinical impact of
biofilms was highlighted recently by the European Society
of Clinical Microbiology and
(ESCMID), with the conclusion that biofilms cause
chronic infections.®

Infectious Diseases

More specifically for wounds, in
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recent years, animal studies have clearly shown a signifi-
cant impact of bacterial biofilms on wound healing in
mouse,” ! rabbit,'? and porcine models.'® This knowl-
edge, combined with the significant clinical challenges of

. . 14-1
antimicrobial tolerance'41®

response”_19
pivotal role in delayed wound healing.
To be effective against biofilms, global experts rec-

ommend that antimicrobials must reach the bacteria in an

and the impaired immune
to these biofilm communities, validates a

active form and not be neutralised by the biofilm extracel-
lular polymeric substances (EPS).° In addition, a sus-
tained cidal concentration of antimicrobial must be
supplied'® to ensure sufficient antimicrobial activity over
the period of use. The main antimicrobial activity of
iodine is provided by the neutrally charged I, molecule.*
Biofilm research has highlighted that antimicrobials
which are less reactive are less likely to be reactively neu-
tralised by the negatively charged EPS of the biofilm and
are hypothesised to have a greater effect against biofilm
bacteria.'”> Cadexomer iodine (CI) (Iodosorb, Smith &
Nephew, Hull, UK) consists of small polysaccharide
beads (cadexomer starch) containing 0.9% iodine, which
causes the polysaccharide beads to swell in the presence
of wound exudate, allowing a slow sustained release of
iodine into the wound.*'*

CI has long been used effectively in chronic wounds and
is supported by many clinical studies demonstrating the
of barriers to healing, such as microbial
infection,2 12427 slou gh/debris,2 1,28-32

21,24,27,28,31,33,34 .. .
date ?!-2427:28,31,33 In addition, a recent meta-analysis

removal
and exu-

(Cochrane review) highlighted that CI generates higher heal-
ing rates than leg ulcers
(VLUs).>>-3¢

CI has previously been demonstrated to be highly effec-
tive against mature biofilms in multiple in vitro models
incorporating various conditions, such as low and high
exudate,37 clinically relevant media,38 or clinically relevant
substrates such as porcine tissue.'®***° Against biofilm,
in vitro and mouse histology results suggested that the prod-
uct physically dehydrates and absorbs bacteria and biofilm
microcolonies to the cadexomer bead,?? and these are rapidly
killed by iodine.”*” The sustained antimicrobial effect
enables the effective disruption and killing of biofilm bacte-
ria for up to 3 days.'® In addition, a recent study has
highlighted significant efficacy against methicillin-resistant
Staphylococcus aureus (MRSA) biofilms in a mouse wound
model.>” A silver carboxymethyl cellulose (CMC) dressing
supplemented with a chelating agent and a surfactant was
chosen for comparison with CI in these studies because of
suggested anti-biofilm activity,*' although its efficacy
against biofilm has recently been called into question.>”

A recent consensus paper from 10 global biofilm experts
has highlighted the need for models used to assess treat-
ments against biofilms to be as clinically relevant as possible

standard care in venous

Key Messages

e cadexomer iodine demonstrated superior efficacy against bio-
films in porcine explant and porcine wound biofilm models
compared with a carboxymethyl cellulose (CMC) silver
dressing

e a limited effect on biofilms was observed for CMC silver
dressing with similar results to the gauze control

e microscopy, histopathology scores, and quantitative microbi-
ology results all demonstrate a substantial reduction in the bio-
film character of the infection and level of bacteria between
the cadexomer iodine gel and the other treatment groups in
pig wounds

e protocols investigating the ideal duration of treatment in

patients are needed to optimise the effect against biofilms

using mature biofilms, media containing blood proteins, and
a test that is able to demonstrate a measureable reduction of
biofilm bacteria specifically over the treatment period.® Bio-
film models grown on animal skin provide a useful platform
for the initial screening of effective biofilm treatments and
can act as a valuable bridge to animal models and, ulti-
mately, clinical outcomes following an intervention. Exten-
sive similarities between porcine and human skin make the
pig a particularly desirable model for cutaneous wound
studies.***

In this study, both the porcine explant model™ and a por-
cine wound model'? were used to assess the anti-biofilm

144

efficacy of CI against mature biofilms, providing valuable
information for wider clinical studies and treatment guidance
with this antiseptic.

2 | METHODS

2.1 | Ex vivo porcine skin biofilm model

2.1.1 | Bacterial culture

Biofilm-forming strains Pseudomonas aeruginosa PAOI1
and Staphylococcus aureus ATCC-35556 were streaked for
isolation on tryptic soy agar (TSA; Difco, Becton, Dickinson
and Company, Sparks, Maryland) plates from frozen stock
cultures and were incubated overnight at 37°C for 16 to
18 hours. A culture tube containing 5 mL of tryptic soy
broth (TSB; Difco, Becton Dickinson and Company) was
inoculated with an isolated colony and incubated overnight
at 37°C. For each organism, a separate flask containing
50 mL of TSB was inoculated with 150 pL of overnight cul-
ture and incubated at 37°C in a water bath at 150 rpm until
the culture reached an optical density (OD640) between 0-2
and 0-4 (early-log phase). The optical density of each culture
was determined using a spectrophotometer (UNICO 1100,
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United Products & Instrument INC, Dayton, New Jersey),
and the viable colony-forming units (CFUs) per millilitre
were verified by spread plate-cultured colony counts.

2.1.2 |

The ex vivo model of biofilm on porcine skin explants used
in this study is similar to that described previously.'®**
Briefly, large sheets of fresh pig skin, approximately 20 cm
by 30 cm (8 x 12 in.), were obtained from a commercial
meat processing company and thoroughly cleaned, with hair
closely trimmed. The subcutaneous fat layer was trimmed to
leave approximately 1 to 2 mm thickness of subcutaneous
fat. A large, partial-thickness
0.508 mm deep (0.020 in.), was mechanically created using
an electric Paget's dermatome. Individual explants, 12 mm
in diameter, were punched from the wound area using
12 mm skin biopsy punches. The pig skin explants were
sterilised using chlorine gas for 45 minutes and were then
washed thrice in sterile saline. Explants were transferred to
90 mm diameter petri dishes containing 0.5% soft TSA sup-
plemented with antibiotics (50 pg gentamicin per ml for

Explant preparation

wound, approximately

P. aeruginosa or 20 pg doxycycline per ml for S. aureus) to
limit the overgrowth of bacteria to the bottom of the
explants. Sterile explants were inoculated with 20 pL of
10’ CFU/mL of P. aeruginosa PAO1 or S. aureus ATCC-
35556, and the explants were incubated at 37°C for 3 days
to develop mature biofilms of P. aeruginosa or were incu-
bated for 4 days to develop mature biofilms of S. aureus.
Explants were then transferred to fresh 90 mm petri dishes
with 0.5% soft TSA plus antibiotics and treated with the
three test materials as described below.
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A continuous layer of CI gel (Iodosorb gel, Smith &
Nephew Medical), ~1 mm thick, was then applied to the top
surface of pig skin explants; the gel was covered with moist-
ened gauze, and a sterile glass slide was placed on top of the
gauze to reduce drying. Similarly, a sheet of the CMC silver
dressing (Aquacel Ag + Extra, ConvaTec, Deeside, UK)
was applied to the biofilm layer of explants; sterile water
was added, and the dressing was covered with a glass slide.
Dressings were removed and replaced daily for 3 days. After
24, 48, and 72 hours of incubation, the CI gel or CMC
dressing was removed, and explants were placed in 24-well
culture plates and washed thrice for 5 minutes with sterile
distilled water. To measure CFUs of biofilm bacteria, four

Explant model treatment

explants were submerged in 50X MIC antibiotic (50 pg/mL
gentamicin for P. aeruginosa or 20 pg/mL doxycycline for
S. aureus) for another 24 hours in a 37°C incubator to kill
any remaining planktonic bacteria. The explants were then
transferred into individual sterile 15 mL centrifuge tubes
containing 5 mL of PBS with 5 ppm Tween 20 and were
sonicated five times for 90 seconds with 1 minute between
sonication cycles. Suspensions were vortexed for 10 seconds,

serial dilutions were plated in triplicate, and CFUs were
measured after 24 hours of incubation at 37°C. To measure
the CFU of total bacterial counts (planktonic plus biofilm
bacteria), the remaining five explants for each test condition
were placed in 24-well culture plates and washed thrice for
5 minutes with sterile distilled water; were then transferred
to individual sterile 15 mL centrifuge tubes containing 5 mL
of PBS with 5 ppm Tween 20; and were sonicated, vortexed,
diluted, and plated to determine CFUs as described.

22 |
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Four female 30 to 35 kg Yorkshire-cross pigs were obtained
from Charles Real Hog Farm. All procedures with animals
were approved by the Bridge PTS TACUC committee. Ani-
mals received humane care according to the National
Research Council's ‘Guide for the Care and Use of Labora-

tory Animals'.*®

Porcine wound model

Animals

222 |

Pigs were pre-medicated with an intramuscular injection of
atropine (0.05 mg/kg; Med-Pharmex, Inc., Lake Forest, Cal-
ifornia) and anaesthetised with Tiletamine-Zolazepam
(4.4 mg/kg, intramuscular, Putney, Inc., Portland, Oregon)
followed by inhalation of 2% to 5% Isoflurane USP mixed
with oxygen.

The dorsal and lateral thorax of the pigs were clipped,
washed with an antimicrobial-free soap, and shaved with a
razor. Each animal was intubated and prepared for surgery

In vivo wounding and infection

using isopropyl alcohol to disinfect the skin surface. On each
pig, 24 full-thickness wounds (1.5 cm diameter) were cre-
ated using a trephine and excision, 12 per side, with wounds
spaced 2 cm apart. Dilute epinephrine was applied on gauze
sponges for 10 minutes to achieve haemostasis.

Inoculation of wounds was as previously described, 6+
using a mixed inoculum including P. aeruginosa and Staph-
ylococcus epidermidis. All 12 wounds on a side were cov-
ered with a strip of gauze; the gauze was saturated with
inoculum, covered with plastic wrap, and left in place for
15 minutes, and then, the contaminated wrap and gauze
were removed and discarded. The pig wounds were dressed
with saline-moistened non-adherent dressings and secondary
coverings as described below, and bacterial biofilm was
allowed to form over 48 hours. Buprenorphine (0.02 mg/kg)
(Hospira, Inc., Lake Forest, California) was administered to
provide short-term pain relief, and a Fentanyl patch
(50 pg/h) (Fentanyl transdermal system, PAR Pharmaceuti-
cal Co. Inc, Spring Valley, New York) was secured to the
shaved skin for longer-term pain management and replaced
after 3 days. At 48 hours after inoculation, punch biopsies
were taken from select wounds to determine the bacterial
bioburden before treatment. These wounds were excluded
from future analysis.
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At the 48-hour point, treatment was initiated with once-daily
treatment for 2 days. CI gel was loaded into syringes, and

In vivo treatment

0.5 mL was dispensed per wound. CMC silver dressings
were punched to generate 1.5 cm diameter circular swatches
for application to individual wounds. All wounds were cov-
ered with sterile, moistened non-adherent Curad dressings
(Medline, Northfield, Minnesota). CI gel and control-treated
wounds received non-adherent gauze pads moistened with
saline. The Curad dressings used to cover CMC silver-
treated wounds were moistened with sterile water rather than
saline to avoid potential salt inactivation of silver. Curad
dressings were squeezed to remove excess fluid. The non-
adherent dressings were secured with medical tape and cov-
ered with an occlusive pad, and pigs were wrapped with a
layer of elastic bandage.

After the first 24 hours of treatment, gentle removal of
the CMC silver dressing and the bulk of remaining CI gel
formulations were performed prior to reapplication. Use of
limited saline for wetting was acceptable if it assisted in
avoiding stripping of wounds (eg, by the CMC dressing
being stuck to the wound). Wounds were not washed or vig-
orously scrubbed. Wounds were then treated and re-dressed
as described above.
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After the second 24-hour treatment, central biopsies were

Endpoints

taken for quantitative microbiology using a 4-mm biopsy
punch, and an adjacent strip of tissue was also cut through
each wound for histology analysis. Histology tissue samples
were fixed, processed, paraffin-embedded, sectioned, Gram-
stained, and evaluated by a certified histopathologist. For
microbiological processing, biopsy tissues were each placed
into a pre-weighed vessel containing neutralising DE broth,
tared, homogenised, serially diluted, drop-plated on agar
media, and incubated to determine the bacterial counts. Each
sample was evaluated on TSA, Mannitol Salts Agar (MSA),
and Pseudomonas Isolation Agar (PIA) to determine total
bacterial, staphylococcal, and pseudomonal counts (CFU/g),
respectively.

Analysis by the histopathologist included a description
of the infection and wound bed, as well as a scaled score of
biofilm character: 1—no significant bacteria observed; 2—
individual bacteria observed; 3—some microcolony(ies) of
bacteria; 4—Ilarger colony of bacteria observed or extensive
microcolonies; 5—connected microcolonies, many large col-
onies, or extended segments of bacterial communities. Based
on the histopathologist's biofilm scores of the Gram-stained
tissue sections, 10 samples for each treatment, with biofilm
scores encompassing the median score for each treatment,
were selected and examined by light microscopy. Images
were taken for these 10 samples (per treatment) of represen-
tative regions showing substantial biofilm characteristics or

M- WiLey- L«

the presence of bacteria in the cases where biofilm was not
clearly observed in the sample.

2.3 | Statistical analysis

For the ex vivo pig skin biofilm model, values for each of
the test conditions were compared for significant differences
with all other test conditions using anova (with Tukey post-
hoc test) at each time point (Day 1, 2, or 3) for each count
type (Total or Biofilm).

For the in vivo pig wound model, quantitative counts
after completion of treatment were analysed by aNova with
Tukey HSD comparison of pairs, histopathology biofilm
scores by the Steel-Dwass method, and bacterial category
results (eg, presence of Gram-positive bacteria) by Pearson
contingency table y* tests. As y* tests indicated significant
differences among the three groups for the bacterial catego-
ries examined, post hoc y” tests were also performed on the
treatment pairs to examine which treatments differed.

3 | RESULTS

3.1 | Ex vivo porcine explant model

The effect of CI dressing (Iodosorb gel, Smith & Nephew
Medical) and CMC silver dressing (Aquacel Ag + Extra,
ConvaTec) compared with a gauze control was assessed
against mature biofilms grown on porcine tissue explants.
The CI dressing significantly reduced levels of
P. aeruginosa biofilm from greater than 7 Log;o CFU/sam-
ple to the detection limit of the test (0.7 log;o CFU/sample)
within 24 hours. This extent of biofilm kill was sustained
across the 72-hour test period. This reduction in biofilm
counts was highly significant (P < 0.0001) versus both the
CMC silver dressing and the gauze control at each time point
over the 72-hour test. In contrast, biofilm counts for the gauze
control and the CMC silver dressing showed minimal reduc-
tions over the 3-day period, with significantly higher biofilm
counts observed following incubation with the CMC silver
dressing compared with the gauze control by 48 and 72 hours
(P = 0.0015 and 0.0134, respectively) (Figure 1).

Similar reductions were observed using CI against total
bacterial counts (planktonic and biofilm), with kill to detec-
tion limit observed by 24 hours and maintained over the
3-day test. All reduction values were highly significant com-
pared with both the CMC silver dressing and the gauze con-
trol (P < 0.0001). Conversely,
observed using the CMC silver dressing on total counts
compared with the non-antimicrobial control, with a slight

a minimal effect was

increase observed by 3 days of treatment (P = 0.0022).
Against S. aureus, a >4 log mean reduction in biofilm
level was observed following 24 hours of CI treatment, and
this reduction was highly significant (P < 0.0001) compared
with the gauze control and the CMC silver dressing. Further
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FIGURE 1

Pseudomonas aeruginosa biofilm counts and total bacterial counts (planktonic and biofilm) following treatment with cadexomer iodine

(CI) dressing, carboxymethy] cellulose (CMC) silver dressing, and gauze control over a 3-day period (n = 5 for total bacterial counts, n = 4 for biofilm

counts). Detection limit of test is 0.7 log CFU/sample; Day 0 = 3 day biofilm growth counts on porcine tissue before treatment. Values shown are mean

counts with 95% confidence intervals

CI treatment produced biofilm kill to the detection limit (>5
log reduction) by 48 hours, and this efficacy was maintained
at 72 hours, with a highly significant difference compared
with the CMC dressing and the gauze control (P < 0.0001).
Sterile gauze or CMC silver dressings did not substantially
reduce CFUs at any time point over the 3-day treatment and
did not differ significantly at 3 days (Figure 2).

Total bacterial counts were reduced markedly following
CI treatment over the 3-day period; however, the rate of
kill was not as rapid as that seen against P. aeruginosa,
with kill to the detection limit by 3 days only. The reduc-
tions observed were highly significant (P = 0.0001 or
greater) compared with both the CMC dressing and the
gauze control at all time points. As observed with
P. aeruginosa, the CMC dressings had a limited impact on
the total bacterial counts over the test period compared
with the control, although the difference was statistically
significant on the final 2 days.

9.0
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Using an established model,"® P. aeruginosa and Staphylo-

Porcine full-thickness infection model

Quantitative microbiology

coccus epidermidis biofilm was allowed to form over 2 days
in porcine full-thickness wounds after an initial inoculation,
followed by 2 days of treatment with antimicrobial dress-
ings. Significant differences were seen between CI gel,
CMC silver dressings, and control in reducing quantitative
bacterial wound tissue counts. Figure 3 shows the quantita-
tive microbiology results for samples prior to treatment
(2-day-old biofilm) and control, CMC silver, and Cl-treated
samples after 2 days of treatment. The total, pseudomonal,
and staphylococcal counts were similar prior to treatment. A
trend of increasing P. aeruginosa and decreasing staphylo-
cocci with control treatment suggests that, in the absence of
antimicrobial treatment, P. aeruginosa may have competed
wound environment than

more effectively in the

I -#--CMC silver

8.0 T
70 N‘;/I I

dressing Biofilm

--+--Gauze Biofilm

6:0 '\"‘\R\“-\l
\ s

___________ -1 — -CI gel Biofilm

5.0 N
\ \\

——Gauze Total

Bacterial Counts
(Log,, CFU/ sample)

4.0
3.0 A \

—=—CMC silver

dressing Total

—e—CI gel Total

\
2o N TR
1.0 \{\ = \\
e — — — —
0.0 T T T 1
0 1 2 3
Day

FIGURE 2

Staphylococcus aureus biofilm counts and total bacterial counts (planktonic and biofilm) following treatment with cadexomer iodine

(CI) dressing, carboxymethy] cellulose (CMC) silver dressing, and gauze control over a 3-day period (n = 5 for total bacterial counts, n = 4 for biofilm

counts). Detection limit of test is 0.7 log CFU/sample; Day 0 = 4 day biofilm growth counts on porcine tissue before treatment. Values shown are mean

counts with 95% confidence intervals
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4 - X2 P value all three 0.026  <0.0001 <0.0001 0.003
treatments
3 4 x* P value CMC silver 0.008 0.548 0.006 NA
versus control
2- ! \' ' x* P value CI gel versus 0.018  <0.0001 <0.0001 0.017
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Y O ()
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FIGURE 3 Wound bioburden (total, pseudomonal, and staphylococcal

log;o CFU/g) prior to treatment (2-day-old biofilm, n = 16) and after 2 days
of daily therapy with control dressing, carboxymethyl cellulose (CMC)
silver dressing, or cadexomer iodine (CI) gel (n = 20). Values shown are
means with 95% confidence intervals, with mean numerical values also
indicated

S. epidermidis. Treatment with CI gel resulted in substantial
log;p CFU/g reductions versus the control in total counts
(2.3) and pseudomonal counts (3.3), both highly significant
effects (P < 0.001). CMC silver dressing had lesser but also
statistically significant (P < 0.001) log,, CFU/g reductions
versus control in total counts (1.5) and pseudomonal counts
(1.85). However, the effect of CI gel was significantly
greater than that of the CMC silver dressing for both total
counts (P < 0.05) and pseudomonal counts (P < 0.01). CI
gel had a modest but significant effect versus control for
staphylococcal counts (P < 0.05). Staphylococcal counts

(3]
1
|
|

H
1

N
1

Median Biofilm Score
w

FIGURE4 The median values and interquartile range of histopathology
scoring for biofilm character of the wound infection (n = 20)

following CMC silver dressing treatment did not differ sig-
nificantly from control (P > 0.05).

322 |
A certified histopathologist examined Gram-stained tissues

Histopathology biofilm and bacteria scoring

for the same 20 wounds used for each treatment to evaluate
quantitative counts, scoring each sample on a 5-point scale
for biofilm character. Control and CMC silver dressing had
median scores indicating substantial levels of biofilm, in
contrast to CI gel, for which the median score only indicated
the presence of bacteria (Figure 4). The reduction in biofilm
score for CI gel was highly significant versus CMC silver
dressing and control (P < 0.0001). CMC silver dressing was
not found to differ significantly from control (P > 0.05).
The histopathologist also provided an indication of the
presence of Gram-negative and Gram-positive bacteria in
each sample. Table 1 tabulates the percentage of different
types of bacteria observed for each treatment, as well as sta-
tistical analysis (y*) of which groups differed. Nearly all of
the control samples (90%) had both Gram-positive and
Gram-negative bacteria present, and 100% contained bacte-
ria. Samples treated with CMC silver dressing also had bac-
teria in 100% of samples and had Gram-negative bacteria
present in 90% of the samples (P = 0.548 versus control),
with 50% of samples having both Gram-positive and Gram-
negative bacteria present (P = 0.006 versus control). CI gel
alone, of all the treatments, had samples where no bacteria
were present, at 25% (P = 0.017 versus CMC silver and
control). In addition, CI gel significantly reduced categories
of bacteria versus the other treatments as only 30% of CI-
treated samples contained Gram-negative bacteria
(P <£0.0001 versus CMC silver and control), and only 20%
had both Gram-positive and Gram-negative bacteria
(P = 0.047 versus CMC silver and P < 0.0001 versus con-
trol). CI gel and CMC silver dressing had a similar number
of samples where gram-positive bacteria were observed at
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FIGURE 5

Representative images of biofilm/bacteria observed for Gram-stained tissue from wounds treated with control (A-C), carboxymethyl cellulose

(CMC) silver dressing (D-F), or cadexomer iodine (CI) gel (G-I). Arrows by colour point to Gram-negative bacteria (black), Gram-positive bacteria (orange),

carboxymethylcellulose silver dressing material (white), or cadexomer iodine beads (yellow)

60% to 65% (P = 0.744), a significant decrease relative to
95% for control (P < 0.02 for CMC silver and CI gel).

3.2.3 | Imaging of Gram-stained tissues

In an effort to obtain images presenting the typical bacterial
presence/biofilm level for each treatment, we examined a
significant number of samples (10/treatment) encompassing
the median biofilm score. Images were taken for each sam-
ple of regions showing substantial biofilm character or the
presence of bacteria in the cases where biofilm was not
clearly observed in the sample. Figure 5 shows representa-
tive images for each treatment to indicate key observations.
Nearly all control samples exhibited extended segments
and/or large colonies of Gram-negative biofilm near the sur-
face of the wound tissue (Figure SA-C, black arrows). Colo-
nies of Gram-positive bacteria were also observed in nearly
all control samples, often at somewhat greater depth within
the wound tissue (Figure 5B,C, orange arrows). The majority
of wounds treated with CMC silver dressing likewise exhib-
ited extended segments of Gram-negative biofilm or large
colonies of Gram-negative biofilm near the surface of the
wound tissue (Figure 5D.E, black arrows). Colonies of

Gram-positive bacteria were also observed in the majority of
CMC silver-treated samples, often at somewhat greater
depth within the wound tissue (Figure 5E,F, orange arrows).
CMC silver dressing material was also observed in some
samples (Figure SF, white arrows). For CI gel, samples
exhibited limited or no clear presence of Gram-negative bac-
teria (Figure 5G, black arrow). Gram-positive bacteria were
present in the majority of samples, often occurring at sub-
stantial depth within the wound tissue (Figure 5H, orange
arrow). Cadexomer beads were observed in some samples
(Figure 51, yellow arrows).

4 | DISCUSSION

Biofilms are present in up to 78% of chronic wounds® and
are linked to delayed wound healing.”'*'* Multifaceted
strategies combining aggressive debridement and, where
possible, cleansing and treatment with effective anti-biofilm
antiseptics are recommended to treat these biofilms,é"‘&49
which are  normally tolerant to  antimicrobial

intervention.'*'®
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This study demonstrates the superior effect of CI gel
compared with CMC silver dressing in both ex vivo and
in vivo porcine biofilm models and is in agreement with pre-
vious studies using similar models.'®>"3! The efficacy
in vivo is reduced in absolute magnitude compared with the
ex vivo model, a common occurrence with transition
towards more clinically relevant and biologically complex
contexts. Such data showing effects in the laboratory, com-
bined with animal models, may start to bridge the gap
between experimental findings and impact of treatments
clinically, thus helping to guide clinician treatment decisions
were biofilm is suspected. Furthermore, in the clinic, CI has
been reported to show a significant reduction in biofilm
using both microscopy and quantitative counts by polymer-
ase chain reaction (PCR), along with a concurrent reduction
in MMP-2 and MMP-9.>

The CMC dressing was developed to specifically address
wound biofilm41; however, the minimal effect reported
across all models in this study following treatment with the
CMC silver dressing concurs with other published data using
clinically relevant biofilm models®’ and, more widely, the
suggestion that silver may have little impact on biofilms at
the concentrations found in current dressings™ despite the
addition of supplementary surfactants. Furthermore, case
studies using the dressing on wounds with suspected biofilm
do not measure the impact on biofilm specifically, highlight-
ing the need for more appropriately designed clinical studies
to demonstrate effective anti-biofilm strategies.>*

Most experts in the field agree that biofilms are not pre-
sent uniformly across wounds and that biofilms may be
located both on the surface of wounds and deeper in the tis-
sue.* In this study, images were taken of 10 Gram-stained
tissue samples from the pig model encompassing the median
value of biofilm score for each treatment group, where each
image represented the significant biofilm/bacteria observed
in the sample. These images agree with the histopathology
scores and quantitative microbiology, showing substantial
reduction in the biofilm character of the infection and level
of bacteria between the CI gel and the other two treatment
groups in these pig wounds. These findings align with previ-
ous biofilm microscopy and quantification findings follow-
ing clinical CI use in DFU wounds with suspected biofilm,*
where a reduction in biofilm was observed microscopically
in addition to a reduction in bacterial counts analysed by
quantifiable PCR.

S. epidermidis was observed deeper in tissue than
P. aeruginosa. This result was surprising given past clini-
cal sample studies of P. aeruginosa versus S. aureus® and
lesser virulence/invasiveness expected of S. epidermidis
versus S. aureus. However, this localisation may be more
of an aspect of the model, and less representative of
human clinical wounds, because the healthy young pigs
exhibited robust granulation during the pre-treatment,
biofilm-formation phase of the study despite the presence

of substantial microbial bioburden. Thus, the presence of
S. epidermidis deeper in tissue may represent more occur-
rences of granulation tissue formation on top of this organ-
Perhaps the
localisation difference actually represents greater host toler-

ism rather than penetration into tissue.

ance for a less pathogenic organism.

The observed depth of the different bacterial species is
still important in interpreting the results. A strong clearance
of dense Gram-negative biofilm at the wound surface was
observed following CI treatment, similar to strong clearance
of MRSA biofilm at the wound surface seen previously in a
1.37 This data, combined with the detected depth
of S. epidermidis in the pig tissue, may explain the reduced

mouse mode

impact of CI on this organism compared with the pseudomo-
nads. The cross-model results demonstrate the potential of
CI for addressing biofilm with a broad spectrum of coverage
near the wound surface.

Duration of treatment is also an area needing greater
exploration with regard to biofilm treatment. CI demon-
strated a significant impact on both Gram-negative and
Gram-positive biofilm in the porcine ex vivo model with
only 3 days of treatment, albeit slightly slower against the
S. aureus populations. However, the dynamic nature of ani-
mal models (and therefore human wounds) obviously adds
complexity and a greater challenge to any treatment as indi-
cated by the somewhat smaller reductions observed in the
pig model counts. This has also previously been demon-
strated in a mouse biofilm model compared with in vitro
testing.37 The recent paper by Malone and colleagues
highlighted that three applications of CI over 7 days of treat-
ment may not be sufficient to address biofilm completely in
all clinical cases,” emphasising that more studies are
required to ascertain the optimum duration of antiseptic
treatment to provide the most benefit against biofilm and that
successful protocols for planktonic infections may not be
applicable to biofilms, with longer treatment durations
required.
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