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Abstract

This proof-of-concept study sought to determine the effects of standard of care
(SOC) and a topically applied concentrated surfactant gel (SG) on the total
microbial load, community composition, and community diversity in non-
healing diabetic foot ulcers (DFUs) with chronic biofilm infections. SOC was
provided in addition to a topical concentrated SG, applied every 2 days for
6 weeks. Wound swabs were obtained from the base of ulcers at baseline
(week 0), week 1, mid-point (week 3), and end of treatment (week 6). DNA
sequencing and real-time quantitative polymerase chain reaction (qPCR) were
employed to determine the total microbial load, community composition, and
diversity of patient samples. Tissue specimens were obtained at baseline and
scanning electron microscopy and peptide nucleic acid fluorescent in situ
hybridisation with confocal laser scanning microscopy were used to confirm
the presence of biofilm in all 10 DFUs with suspected chronic biofilm infec-
tions. The application of SG resulted in 7 of 10 samples achieving a reduction
in mean loglO total microbial load from baseline to end of treatment
(0.8 Log10 16S copies, +0.6), and 3 of 10 samples demonstrated an increase in
mean Logl0 total microbial load (0.6 logl0 16S copies, +0.8) from baseline to
end of treatment. Composition changes in microbial communities were driven
by changes to the most dominant bacteria. Corynebacterium sp. and Streptococ-
cus sp. frequently reduced in relative abundance in patient samples from week
0 to week 6 but did not disappear. In contrast, Staphylococcus sp., Finegoldia
sp., and Fusobacterium sp., relative abundances frequently increased in patient
samples from week 0 to week 6. The application of a concentrated SG resulted
in varying shifts to diversity (increase or decrease) between week 0 and week
6 samples at the individual patient level. Any shifts in community diversity
were independent to changes in the total microbial loads. SOC and a topical
concentrated SG directly affect the microbial loads and community
composition of DFUs with chronic biofilm infections.
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1 | INTRODUCTION

Biofilms are ubiquitous in nature, but they also impact
human health both positively and negatively. In
healthcare, there is increasing recognition that biofilms
are a growing concern where they contribute to
chronic and persistent infections,® in addition to scant
reports which have demonstrated that biofilms may be
further implicated as a contributor to delayed wound
healing.”"®

A hallmark feature of biofilms is their increased tol-
erance to antimicrobial therapeutics and host defences.’
Physical removal of infected wound tissue wherever
possible in tandem with multi-faceted strategies often
represents the optimal therapeutic approach.®*° Wound
debridement and or physical removal of tissue alone
may not be successful in removing all biofilm aggre-
gates because of the macrospatial variation within
tissues," the inability of the treating clinician to visu-
ally identify and target biofilm aggregates accurately, or
where debridement is contraindicated (ie, in the pres-
ence of severe arterial disease/inadequate perfusion).
To augment debridement/standard of care (SOC) in the
management of chronic wound infections, clinicians
have increasingly adopted the widespread use of topical
antimicrobial and non-antimicrobial agents to target
biofilm, despite limited robust data on their
effectiveness.'?

A limited number of research groups have performed
human in vivo proof-of-concept studies, utilising molecu-
lar DNA sequencing and microscopy approaches to
explore the effects of topical antimicrobial wound agents
on microbial (planktonic and biofilm) communities.***>
These studies have illustrated that topical antimicrobial
therapy can lead to alterations in microbial community
composition, diversity and load, and biofilm architecture.
Recently, a non-antimicrobial, concentrated surfactant
gel (SG) demonstrated an ability to eliminate bacterial
biofilms in a porcine skin explant model with daily appli-
cation and wiping over 3-day treatment period.'® In this
proof-of-concept study, we sought to explore the effects
of SOC in addition to topical application of a concen-
trated SG on non-healing diabetic foot ulcers (DFUs)
with suspected chronic biofilm infections. Specimens
were subjected to analysis using DNA sequencing, real-
time quantitative polymerase chain reaction (quantitative
PCR [gPCR]), scanning electron microscopy (SEM) and
peptide nucleic acid fluorescent in situ hybridisation

Key messages

« standard of care (SOC) and the use of a topical
concentrated surfactant gel (SG) reduced the
total microbial load of diabetic foot ulcers with
chronic biofilm infections on average by 0.8
Logl0 (range = 0-1.6 Logl0)

« SOC in addition to the use of a topical concen-
trated SG caused reductions in the most abun-
dant  sub-operational taxonomic  units:
Corynebacterium sp. and Streptococcus sp.

« Staphylococcus sp. was not affected by treat-
ment and typically increased in its relative
abundance post-treatment

« SOC and a topical concentrated SG caused
shifts in microbial community diversity

(PNA-FISH) with confocal laser scanning microscopy
(CLSM). Wound metrics and rates of healing were out-
side the scope of this proof-of-concept study and are not
included.

2 | METHODS

2.1 | Study design

A proof-of-concept study was undertaken in an out-patient
High-Risk Foot Service in Sydney, Australia (Liverpool
Hospital). Individuals aged over 18 years presenting with a
DFU were prospectively recruited over an 18-month
period. Participants were eligible if they had a non-healing
neuropathic or neuroischaemic DFU in the presence of
standard care, with a high clinical suspicion for a localised
chronic biofilm infection'” not requiring systemic antibi-
otic therapy. Eligible DFUs included wound - grades
1 and 2 (excluding exposed deep structures or bone
involvement), ischaemia - grades 0-2, infection grade
0, as per the risk stratification of Wound, Ischaemia, and
foot Infection classification (WIfI)."® Sensory neuropathy
was defined as abnormal vibration sensation, abnormal
sensation with 10-g Semmes-Weinstein monofilament,
and/or absence of Achilles deep tendon reflexes.'” Non-
healing of a DFU was defined as follows: as a DFU of
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greater than 6 weeks duration failing to respond to stan-
dard care, in addition to no observed changes in wound
metrics over a lead in period of 4 consecutive weeks prior
to enrolment. SOC was defined as being; weekly treat-
ments by a podiatrist performing appropriate wound bed
preparation through sharp conservative debridement or
curettage, wound cleansing with NaCl 0.9%, and the use
of a non-adherent absorbent wound dressing. Offloading
of plantar DFUs through a removable cast boot
(DH Offloading Walker, Ossur Australia) and for
non-plantar DFUs, a post-op shoe (Darco all-purpose boot,
Ossur Australia).

Exclusion criteria were clinical signs and current
diagnosis of an acute infection as per the International
Working Group on the Diabetic Foot - diabetic foot
infection guidelines,” known diabetic foot osteomyelitis
that was associated with an ulcer, or patients who had
received any new topical or systemic antimicrobial ther-
apy 2 weeks prior to enrolment. The reason for excluding
patients with acute clinical infection was the assumption
that these wounds would be driven predominantly by
planktonic microorganisms.

In addition to SOC, patients received the study topical
agent (concentrated SG, Plurogel®, Medline Industries
Inc), which was applied to the surface of DFUs every
2 days up to a maximum of 6 weeks. A non-adherent
absorbent dressing pad (Zetuvit, Hartmann Australia)
was applied over the topical concentrated SG for exudate
management. Tissue curettage (4-mm dermal ring
curette, Kai Medical) and wound swabs (DNA/RNA
Shield Collection Tube w/Swab, Zymo Research, Irvine,
CA) of the ulcer base were collected at each specified
timepoint following cleansing with NaCl 0.9% and con-
servative sharp debridement. Wound swabs were
collected using the Levine technique. Sample and data
collection timepoints were week 0 (baseline),
week 1, week 3 (Midpoint), and week 6 (end of treat-
ment). The presence or absence of biofilms in DFUs was
confirmed through scanning electron microscopy (SEM)
and/or peptide nucleic acid fluorescent in situ
hybridisation (PNA-FISH) with CLSM. Microbial com-
munity composition and any shifts in diversity and load
were explored through DNA sequencing (16S rRNA) and
gPCR. Clinical metadata was collected from electronic
patient medical records.

2.2 | Topical concentrated SG (Pluorgel,
Medline Industries)

Plurogel is an amorphous, water-soluble, concentrated
non-ionic poloxamer 188-based gel that utilises Micelle
Matrix Technology.
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2.3 | Outcomes

Outcomes of the study were: confirmation of biofilm
within DFU samples: differences in total microbial load
(Logl0 16S copies) between study timepoints, changes to
microbial community composition and diversity pre- and
post-treatment with a concentrated SG.

2.4 | Specimen collection, processing,
and analysis workflow for DNA
sequencing, qPCR, SEM, and PNA-FISH

Sample collection and storage, DNA extraction, next-
generation DNA sequencing, sequence analysis and
quality control, qPCR, and the characterisation and visu-
alisation of biofilms in DFUs using SEM and PNA-FISH
have been previously described'*'>*! and are available in
full in S1 to S8. All tissue samples were stored until the
end of the study recruitment period and processed in
bulk. Participant identifiers and group allocation were
not disclosed to the scientist undertaking the analyses.

2.5 | Statistics

Raw data (total bacterial 16S copy numbers) were log
transformed to create normally distributed data. A one-
way analysis of variance (ANOVA) was used to analyse
the differences between the mean Logl0 values of three-
independent study timepoints. For all comparisons and
modelling in this exploratory, proof-of-concept study, the
level of alpha significance was set at <0.10. Data are
given as mean, median, interquartile range (IQR), confi-
dence intervals (CI), and standard deviation (+). Data
were analysed through Statistical Package for Social Sci-
ences Version 25 (IBM Corp., Armonk, NY). The R Statis-
tical Package (R Core Development Team, 2017) was
used to generate microbial relative abundance and alpha
diversity plots and to compute genomic related data sta-
tistical analysis. Analysis of similarity (AnoSim)** using
the Bray-Curtis dissimilarity matrix was performed to
differences in microbial community composition pre and
post treatment.

2.6 | Human research ethics
Ethics approval for this study was granted by the South
West Sydney Local Health District Research and Ethics
Committee (2018/ETHO00597). Informed written consent
was obtained prior to enrolment in keeping with ethics
compliance and the study was conducted.
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3 | RESULTS

A total of 11 patients with 11 non-healing DFUs and
suspected chronic biofilm infections were enrolled. One
participant (P_2) was withdrawn from the study after
being lost to follow-up after developing an acute diabetic
foot infection requiring admission and surgical debride-
ment of the DFU 1 week after onset of study treatment.
One wound swab and one dermal ring tissue curette were
obtained from each ulcer at baseline (week 0),
week 1, week 3 (midpoint) and week 6 (end of treat-
ment). Patient demographics and wound metrics are
shown in Table 1. The presence of biofilm was confirmed
in all 10 participants with non-healing DFUs with
suspected chronic biofilm infections using SEM and
PNA-FISH (Figure 1).

3.1 | Total microbial load of DFUs

The application of SG resulted in 7 of 10 samples achiev-
ing a reduction in mean logl0 total microbial load from
baseline to end of treatment (0.8 Logl0 16S copies, +0.6),
and 3 of 10 samples demonstrated an increase in mean
Logl0 total microbial load (0.6 loglO 16S copies, +0.8)
from baseline to end of treatment (Figure 2). The mean
total microbial loads of all 10 patients grouped at baseline
was 6.4 Logl0 (£1), at midpoint 6.1 Logl0 (+0.7) and end
of treatment 6.0 Logl0 (£0.9) (Figure 1). There was no
statistical difference in the mean Logl0 values between
study timepoints (P = .63). Individual-level data on
Logl0 values are further provided as supplementary
information (S9).

3.2 | Microbial community composition
and diversity of DFUs treated with a
topical concentrated SG

Wound swabs were collected from each patient at the
intervals of week 0 (baseline), week 1, week 3, and
week 6 (end of treatment). One patient (P_9) had
missing data for week 1 (Figure 3). Data on the bacte-
ria identified are presented as sub-operational taxo-
nomic units (sOTUs). OTUs are used to categorise
bacteria based on their DNA sequence similarity. The
top five most commonly sequenced and abundant
(average abundance in %) sOTUs from patients at
week 0 (pre-treatment) were Corynebacterium sp.,
(25.9%, +31.1), Streptococcus sp., (24.2%, +27.7),
Fusobacterium sp., (10.1%, +15.3), Staphylococcus sp.,
(6.8%, +14.7), and Anaerococcus sp., (4.7%, +9.3) (Sup-
plementary data).

TABLE 1
healing DFUs and suspected chronic biofilm infections

Clinical metadata of eleven patients with non-

Characteristics n=11

Mean age (years) 55.7 (£8.6)

Gender (male/female) 9/2

Type of diabetes (type 1/type 2) 0/11

Duration of diabetes (years) 21.3 (+7.8)
Comorbidities

Loss of protective sensation 11

Ankle brachial index R: 1.07 (£0.19)

L: 1.10 (+0.14)

R: 0.79 (0.35)
L: 0.75 (+0.53)

Toe brachial index

Chronic kidney disease (stage 5) 1/11

Ischemic heart disease 1/11

Smoking status (never/current/past) 7/2/2

Wound characteristics
Duration of DFU prior to enrolment 53 (+49)
(weeks)

Initial WiFi score 200 (n = 8)
100 (n = 3)

Risk of amputation at 1 year Low (n = 8)

Very low (n = 3)

Plantar Forefoot
(n=6)

Dorsal forefoot
(n=1)

Plantar midfoot
(n=2)

Plantar hindfoot
(n=2)

738.45 (£437.6)

538.6 (286)

DFU location

Baseline wound surface area (mm?)

End of treatment wound surface area
(mm?)

To determine if the beta diversity changed over time,
variations of microbial communities between samples
were determined following the onset of SOC and a con-
centrated SG. Community composition between baseline
and end-of-treatment samples for the entire dataset
(week 0 vs week 6) were analysed using AnoSim with a
Bray-Curtis dissimilarity matrix. This identified no differ-
ence in the overall composition between samples for the
study group (R = —0.069, P = .883). Generally, temporal
changes to community composition were highly hetero-
geneous and only evident at the individual patient level.

As reported in previous molecular study designs,*'’
sOTUs in this study either increased or decreased in
their relative abundance; however, the most predomi-
nant sOTUs were generally not transient between
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FIGURE 1 Microscopy of select patient samples to illustrate the confirmed presence of biofilm. All images obtained at baseline (week
0). A, Scanning electron microscopy image from the wound bed surface of a DFU tissue specimen (P_11) at 19000x magnification. Red
arrows identify two small separate biofilm clusters with aggregates containing both coccoid and rod-shaped microorganisms surrounded by a
dense matrix. B, Scanning electron microscopy image from the wound bed surface of a DFU tissue specimen (P_8) showing a large aggregate
of mixed microbial cells, both coccoid and rod-shaped microorganisms. C, Demonstration of spatial organisation of bacteria using PNA-FISH
with confocal laser scanning microscopy in a non-healing DFU (P_7) with suspected chronic biofilm infection. Tissue sections were stained
with the universal bacterial probe Texas Red to illuminate bacterial cells within the tissue (red), followed by 40,6-diamidino-2-phenylindole
(DAPI), which was used as a counterstain to illuminate host cells such as neutrophils (blue)

FIGURE 2 Mean, median, 8
and interquartile range Logl0 T
16S copies at baseline (week 0), 75

7.2

midpoint (week 3), and end of
treatment (week 6) in 7
10 patients receiving standard of

o
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care in addition to topical 6.4 ==
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n
»
b

Log10 16S copies (total bacteria)
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Study Timepoints
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timepoints. Any individual patient-level changes in sp. and Streptococcus sp. frequently reduced in patient
community composition were underpinned by alter- samples from week 0 to week 6 but did not disappear
ations in the relative abundance of the most predomi- (ie, were not eradicated by treatment). In contrast,
nant sOTUs in the data set. Both Corynebacterium Staphylococcus sp., Finegoldia sp., and Fusobacterium
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other taxa represented by the “remainder” group. Data are shown for each individual patient

sp. relative abundances frequently increased in patient
samples from week 0 to week 6 (Supplementary data).
Additionally, there were other sOTUs outside of the top
five most abundant sOTUs who similarly increased or
decreased in relative abundance. sOTUs of low relative
abundance or uncommon sOTUs were most likely to be
transient, either appearing or disappearing at each time-
point (Supplementary data).

To determine if the alpha diversity (within sample
richness and evenness) changed over time, the number of
observed sOTUs (Figure 4A) and Shannon index
(Figure 4B) (total number of sOTUs and their evenness
within the samples) was plotted for each time interval for
each individual patient sample. The application of a con-
centrated SG resulted in varying shifts to diversity
(increase or decrease) between week 0 and week 6 sam-
ples at the individual patient level. Any shifts in commu-
nity diversity were independent to changes in the total
microbial loads. For example, if community diversity
increased, total microbial load did not increase, and vice
versa. Despite any alterations in community diversity

(Figure 4B), these changes were typically transient,
occurring at time intervals of week 1 and week 3. How-
ever, by week 6, in most cases (excluding P_4, P_7 and,
P_11), community diversity re-established itself to similar
levels noted at baseline.

4 | DISCUSSION

Microbial biofilms that form on human tissue have been
implicated as causes of chronic infection. Previous studies
in the areas of DFUs>*"*"'* and diabetic foot osteomyeli-
tis*** have identified that biofilms are often (but not
always) polymicrobial in nature. Several alterations to
growth, behaviour, and function render them highly toler-
ant to many antimicrobial treatments and host defences.”**
Physical removal and/or disruption of biofilms plays a piv-
otal role in wound care and this is typically undertaken by
means of surgical or sharp conservative debridement. One
limitation to physical debridement performed by a clinician
is the inability to visualise or appreciate where biofilm
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FIGURE 4 Comparison of alpha diversity in patient samples. A, Sample richness determined by the number of observed sOTUs and B,

Shannon diversity, number of observed sOTUs, and their evenness

aggregates are located within a wound bed. This may lead
to an inability to remove all locally infected chronic tis-
sue.” In this study, we sought to determine the effects of a
non-antimicrobial, concentrated SG on microbial commu-
nities (both planktonic and biofilm) in non-healing DFUs
in addition to SOC.

We demonstrate that SOC and a concentrated SG is
able to reduce the total microbial load of DFUs with
suspected chronic biofilm infection (mean 0.8 Logl0 16S
copies, +0.6). This is similar to the in vivo effects
achieved by an antimicrobial based wound agent in two
previously published studies on DFUs complicated by
biofilms."*'* We hypothesise that the concentrated SG
facilitates autolytic debridement, sequestering microor-
ganisms that are removed when the gel is wiped away at
each visit. Further, non-ionic surfactants aid in
solubilising disaggregation of proteins, and can prevent
protein adhesion to surfaces.® Microbial biofilms are typ-
ically defined by their surface association, aggregation
and production of extracellular matrix. The concept that
a non-ionic surfactant can interfere with these aggrega-
tions, or solubilise their matrix, appears feasible.'®

However, we are not able to hypothesise if this in turn
directly effects host wound repair.

Supporting clinical evidence does seem to suggest that
topical agents may play an important role in improving
wound healing rates in wounds complicated by chronic
biofilm infections. One such clinical study by Kim and
colleagues (2018)*” of 43 patients (22 experimental,
21 control) with chronic wounds were randomised to a
12-week treatment with a high osmolarity topical surfac-
tant wound gel (experimental) or a broad-spectrum anti-
microbial ointment (control). Outcomes were to assess
the effects of treatment on wound healing rates (wound
size reduction and wound closure rates). Wound size in
patients treated with a high osmolarity topical surfactant
wound gel decreased significantly with a 71% reduction
in wound area compared with 24% for the control
(P < .001). Furthermore, 53% of patients treated with the
high osmolarity topical surfactant wound gel achieved
closure by 12 weeks as opposed to 17% who were treated
with a broad-spectrum antimicrobial ointment (P < .01).

However, no single DFU in this study exhibited eradi-
cation of microorganisms, nor was any Logl0 reduction
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greater than 1.6 Logl0. This trend has been observed by
our group in three previous in vivo testing on DFUs with
chronic biofilm infections.'**?® The summation of our
groups' in vivo human DFU studies have illustrated that
no one topical antimicrobial has achieved reductions in
the total microbial loads of >2.5 Log10. This may suggest
one of two (or both) scenarios occur. Firstly, any effects
to either planktonic or biofilm communities occur at the
superficial wound surface interface, and thus any micro-
organisms spatially distributed in deeper tissue remain
unaffected. Secondly, the concentrated surfactant has a
minor affect to biofilm and removes mostly planktonic
microorganisms.

Following treatment with a concentrated SG, we dem-
onstrate reductions in the relative abundance of the most
predominant sOTUs identified in patient samples; Coryne-
bacterium sp. and Streptococcus sp. One exception to this
finding was the increased relative abundance of Staphylo-
coccus sp. post-treatment, and it seems this microorganism
was unaffected by SOC and a concentrated SG. Similar
findings have been reported elsewhere."” The increased
relative abundance of Staphylococcus sp. was typically
observed in wounds that were the predominant sOTUs
that decreased in abundance following treatment. This
can be seen in patient samples P_8 to P_11 where reduc-
tions in the abundance of Corynebacterium sp. and Strepto-
coccus sp. were met with the increased abundance of
Staphylococcus sp. The latter patient samples (P_9 to
P_11) had concomitant increases in microbial loads (S9).
This diversity shift may have occurred as nutrient avail-
ability increased or where mutual benefit arose.”

This study identified that SOC and a concentrated SG
were able to reduce the total microbial loads and alter
community composition and diversity over a 6-week treat-
ment period. The shifts in microbial communities and
reductions in the most abundant bacteria identified in this
study are similar to findings reported by Loesche and col-
leagues.* The study by Loesche and colleagues identified
shifts in microbial communities were associated with
faster healing and improved outcomes, and community
stability was associated with non-healing. Interestingly,
the onset of SOC and treatment with a concentrated SG
seem to cause a disruption to community composition and
diversity in most patients, but this effect seems to stabilise
as community diversity re-establishes itself to similar
levels noted at baseline. Future studies of larger sample
sizes with longer treatment/data collection durations and
data on wound metrics are needed. This may help deter-
mine if disruption and then stabilisation of microbial com-
munity composition and diversity in individual patients
correlates to non-healing-healing-non-healing, or if con-
tinual disruption to microbial community composition
and diversity leads to greater healing outcomes.

41 | Study limitations

The primary aim of this proof-of-concept study was to
ascertain the effects (if any) of a topical concentrated SG
on microbial biofilm communities and not the effect on
wound healing. As a proof-of-concept design with
10 patients, the small sample size is not sufficiently
powered to correlate against wound healing data and
thus our results provide a snapshot to support larger
study designs of which the results can be generalised to
the population affected by DFUs.

Without controlled conditions afforded by in vitro
biofilm models, planktonic microorganisms likely con-
taminated samples. The total microbial load of DFUs
likely reflects the presence of both planktonic and biofilm
cells. However, our visualisation techniques (SEM and
PNA-FISH) support the predominance of biofilm aggre-
gates within tissue specimens, identifying significant
aggregates of microbial cells. PNA-FISH utilises compos-
ite sections at different depths of tissue to offset limita-
tions of SEM. PNA-FISH was more accurate in this study
in determining the extent of microbial aggregation in
DFU specimens. When viewing tissue specimens under
SEM, we commonly encountered difficulties regarding
the spatial distribution of biofilms within tissue. These
difficulties were predominantly associated with a large
percentage of aggregates not being readily visible on the
most outer surface of the tissue sections. Instead, many
were located at deeper orientations or in pockets/crevices
of tissue. This may explain a potential limitation of using
topically applied agents for use in wounds, which may
not have an ability to penetrate tissue or access deeper
orientated microbial cells.

There are limitations of JPCR (based on 16S rRNA
gene) with its inability to distinguish from viable and
non-viable cells in samples predominantly composed of
biofilm phenotype cells with low metabolism. The log
reductions noted in this study therefore represents the
minimal response and we acknowledge that some of the
bacteria detected by qPCR could be dead, resulting in a
lower calculable Log10 for the topical concentrated SG.

As a research group, we have previously utilised
molecular and microscopy approaches to explore the
effects of different topical agents on the wound micro-
biome. We commonly used tissue specimens for both
gPCR and 16S rRNA sequencing under the assumption
that a wound swab may not detect microorganisms that
have invaded deeper into tissue. Our rationale for using
wound swabs in this study is supported from recent evi-
dence identifying that wound swabs from DFUs using the
Levine method were found to effectively detect bacteria at
a similar or higher frequency to those recovered from tis-
sue biopsy samples when using 16S rRNA sequencing.*
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