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Biofilm is a structured community of microbial cells, 
enclosed in a polymeric matrix, and adherent to 
natural or artificial surfaces or to themselves.1 These 

dynamic, heterogeneous communities maintain genetic di-
versity and variable gene expression (phenotype) that create 
behaviors and defenses that may be used to produce chronic 
infection.2,3 They work together to advance their own sur-
vival as well as the chronic nature of the infection, surround-
ed by their own secreted matrix of extracellular polymeric 
substance (EPS) that provides structural integrity and pro-

tects them from external threats.4 Biofilms are characterized 
by significant tolerance to antimicrobial agents,5 disinfec-
tants,6 and the host’s immune defenses.2,7

A biofilm can consist of 1 bacterial or fungal species, but 
more commonly exists as polymicrobial entities, containing 
diverse species of bacteria, fungi, viruses, and archaea.8 Only 
10% to 20% of a wound biofilm is composed of microorgan-
isms; the other 80% to 90% is EPS.9 The composition of EPS 
varies according to location of the biofilm and its microor-
ganisms, but generally it is a heterogeneous mix of polymers 
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Abstract: The presence of biofilm remains a challenging factor that contributes to the delayed healing 
of many chronic wounds. The major threat of chronic wound biofilms is their substantial protection from 
host immunities and extreme tolerance to antimicrobial agents. To help guide the development of wound 
treatment strategies, a panel of experts experienced in clinical and laboratory aspects of biofilm convened 
to discuss what is understood and not yet understood about biofilms and what is needed to better iden-
tify and treat chronic wounds in which biofilm is suspected. This article reviews evidence of the problem of 
biofilms in chronic wounds, summarizes literature-based and experience-based recommendations from 
the panel meeting, and identifies future and emerging technologies needed to address the current gaps 
in knowledge. While currently there is insufficient evidence to provide an accurate comparison of the ef-
fectiveness of current therapies/products in reducing or removing biofilm, research has shown that in 
addition to debridement, appropriate topical antimicrobial application can suppress biofilm reformation. 
Because the majority of the resistance of bacteria in a biofilm population is expressed by its own secreted 
matrix of extracellular polymeric substance (EPS), panel members stressed the need for a paradigm shift 
toward biofilm treatment strategies that disrupt this shield. High-osmolarity surfactant solution technol-
ogy is emerging as a potential multimodal treatment that has shown promise in EPS disruption and pre-
vention of biofilm formation when used immediately post debridement. Panel members advocated in-
corporating an EPS-disrupting technology into an antibiofilm treatment approach for all chronic wounds. 
The activity of this panel is a step toward identifying technology and research needed to improve biofilm 
management of chronic wounds.
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that include proteins, polysaccharides, 
metal ions, nucleic acids, glycoproteins, 
and phospholipids.10,11 

In 1978, Costerton et al12 found that 
bacteria have a natural tendency to ex-
ist in a biofilm phenotype by virtue of 
the “glycocalyx” of fibers that surround 
bacterial cells, encouraging adherence 
to surfaces and other cells. Since then, 
biofilm presence has been established 
in all natural ecosystems except in very 
harsh environments in the ocean and 
deep groundwater.13 The association 
of biofilms with human health and 
disease is now universally accepted in 
tuberculosis,14 periodontal disease and 
tooth decay,15 cystic fibrosis,16 and oti-
tis media and other upper respiratory 
infections.17 In fact, chronic biofilm 
infections affect every organ system 
in the human body, including skin.18 
There is growing evidence of biofilm 
infection in chronic wounds.18-20 In ad-
dition, biofilms have long been known 
to form on surfaces of medical devices, 
such as urinary catheters, endotracheal 
and tympanostomy tubes, orthopaedic 
and breast implants, contact lenses, in-
trauterine devices, and sutures.21,22

The threat of biofilms is their sub-
stantial protection from host immuni-
ties and extreme tolerance to antimi-
crobial agents; the continuing rise in 
antimicrobial resistance has placed a 
greater emphasis on correctly diag-
nosing and managing biofilm-associ-
ated infections in nonhealing, chronic 
wounds. In a seminal 2008 in vitro 
study of 50 chronic human wound 
specimens obtained from 4 differ-
ent wound types (diabetic foot ulcers 
[DFUs], pressure ulcers [PUs], venous 
leg ulcers [VLUs], and other chronic 
wounds) and 16 acute wound samples 
(blisters, skin tears, and other acute 
wounds),18 biofilm was observed via 
microscopic analysis in 30 out of 50 
(60%) of the chronic wounds and 1 out 
of 16 (6.2%) of the acute wounds. In 
another analysis of biopsy specimens 
obtained from nonhealing VLUs,23 
in vitro examination via transmission 
electron microscopy confirmed bio-

film in all 45 (100%) specimens. From  
published studies, it has not been pos-
sible to determine whether biofilms are 
more prevalent in 1 particular chronic 
wound type due to small sample sizes.24 

The fact that biofilms have been 
found to exist in the majority of non-
healing, chronic wounds sampled and 
rarely in acute wound specimens has 
led to the assumption that biofilms may 
contribute to wound healing delays and 
add to the complexity of wound treat-
ment. However, the challenge in ad-
dressing biofilm in chronic wounds has 
been translating knowledge from the 
laboratory setting into clinical practice. 
The presence of biofilm is currently 
confirmed via methods of microscopic 
analysis, appearing as large aggregates 
of cells and/or a dense extracellular 
matrix closely associated with bacte-
rial cells. Routine culturing techniques 
cannot identify the presence of biofilm. 
In addition, there are no specific clini-
cal signs that clearly point to biofilm 
involvement in an infection. Neither is 
there a definitive quantity threshold or 
specific type of biofilm that definitively 
points to biofilm as the primary cause 
of stalled wound healing. 

The most likely cause for injury and 
resulting inflammation in any chronic 
wound is repetition or resumption of 
the wound’s original cause or patient 
comorbidities that delay healing. Good 
chronic wound care is patient- and 
wound-centered, holistic, multidisci-
plinary, and evidence-based.25,26 When 
these principles are applied, chronic 
wounds can heal despite the presence 
of biofilm. Yet, there are many chron-
ic wounds that persist despite good 
wound care. Thus, the extent to which 
biofilms impact wound healing is an 
area of controversy and ongoing re-
search. Can an enhanced focus on anti-
biofilm strategies speed chronic wound 
healing, and to what extent should an-
tibiofilm strategies be considered part 
of good wound care? Scientific re-
search has shed light on the nature and 
ubiquity of biofilms in chronic wounds, 
yet many questions remain unanswered. 

A prospective, randomized controlled 
clinical trial is not yet available to sup-
port biofilm-guided care decisions; 
biofilm management care decisions are 
based on best available evidence and 
personal experience.

To help guide the development of 
wound treatment strategies, a panel 
meeting of wound healing specialists 
was organized to discuss what is un-
derstood and not yet understood about 
biofilms, and what is needed to better 
identify and treat chronic wounds in 
which biofilm is suspected. The purpos-
es of this article are to review evidence 
of the problem of biofilms in chronic 
wounds, to summarize literature-based 
and experience-based recommenda-
tions from the panel meeting, and to 
identify future and emerging technolo-
gies needed to address the current gaps 
in knowledge.

Methods
A panel of experts experienced in 

clinical and/or laboratory aspects of 
biofilm convened on November 19, 
2016 in Jacksonville, FL, to discuss the 
current state of practice in treating and 
identifying biofilm in chronic wounds. 
Panel members received an emailed 
selection of peer-reviewed studies27-32 
selected by the moderator (R.S.) to re-
view prior to the meeting. Studies were 
selected via an online literature search 
to include recent, relevant studies on 
various aspects of biofilm identification 
and treatment. The meeting was mod-
erated by 1 of the panel members, and 
notes from the meeting were recorded 
during the meeting by a medical writer 
and sponsor representative. 

The meeting was divided into sev-
eral topics determined by the mod-
erator in advance. Discussion topics 
included the extent of the problem of 
biofilm, “good” versus “bad” biofilms, 
scientific evidence to support the ex-
istence of biofilm, culturing and diag-
nostic approaches, economic implica-
tions of biofilm in DFUs, challenges 
of general surgeons in treating biofilm, 
and current effective biofilm-disrupt-
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ing treatment strategies/technologies. 
Each panelist was assigned to guide a 
roundtable discussion regarding each 
topic with respect to current evidence 
and clinical experience. Following the 
meeting, information presented and 
discussed was grouped into categories 
of “what we know,” “what we don’t 
know,” and “what we need to be suc-
cessful in treating biofilm.” Follow-up 
email communication with panelists 
continued throughout the develop-
ment of this manuscript. All subject 
matter contained in this publication 
was approved by all panel members.

Results
What We Know About Biofilm in 
Chronic Wounds:

Biofilms exist and are prevalent in 
chronic wounds. All panel members sup-
ported the concept that biofilms ex-
ist in chronic wounds and that most 
chronic wounds contain biofilm. The 
ability to identify the existence of 
biofilm in chronic wounds has been 
driven largely by advancements in 
molecular microbiology, microscopy 
technology, and techniques for the 
study of bacterial populations in situ.32 
While the majority of evidence re-
garding the ability of wound isolates 
to grow as biofilms is based on ex-
perimental in vitro models and in vivo 
animal data,33,34 several human wound 
studies also demonstrate that chronic 
nonhealing wound samples harbor 
biofilm.24,34,35 Biofilm has been found 
across all related etiologies, including 
VLUs,36 PUs,37,38 and DFUs.18

In a recent meta-analysis of 9 human 
studies (185 chronic wounds) detailing 
the presence of biofilm and bacteria in 
general through microscopy, Malone 
et al24 determined the prevalence of 
biofilms in chronic wounds was 78.2% 
(confidence interval, 61.6–89, P < 
.002). Biofilm prevalence across studies, 
identified by the percentage of posi-
tive biofilm samples, was no lower than 
60% in 3 studies, and equal to 100% 
in all remaining studies. The authors 
concluded that the results of the meta-

analysis supported clinical assumptions 
that biofilms are ubiquitous in human, 
nonhealing, chronic wounds.24 In con-
trast, biofilm has been found to be pres-
ent in only 6% of acute wounds.18

Biofilms, in addition to other factors, are 
a barrier to wound healing. During the 
meeting, there was an indepth discus-
sion on whether biofilms delay wound 
healing. Panel members concluded that 
biofilms delay wound healing at some 
level, but this is based largely on ex-
perience and mounting coincidental 
data versus controlled cause-and-effect 
research which is lacking. The bulk of 
evidence supporting the concept that 
biofilm complicates the healing process 
of chronic wounds is from the in vitro 
model and in vivo animal data.24 For 
example, the first specific evidence on 
the effect of bacterial biofilms on cu-
taneous wound healing occurred in a 
murine cutaneous wound system that 
directly demonstrated delayed reepi-
thelialization caused by the presence of 
staphylococcal biofilms.39 In vitro and 
in vivo animal data do not necessar-
ily translate to the clinical setting, and 
the extent to which biofilm stalls heal-
ing was a subject of debate among the 
panel members; this controversy is evi-
dent in practice as well as in ongoing 
research and will be covered in greater 
detail later in this article.

It is known that if biofilm forma-
tion is prevented, in every one of the 
medical conditions known to harbor 
biofilm (ie, chronic sinusitis, burn in-
fection, catheter infection, pulmonary 
infection in cystic fibrosis patients, 
ventilator-associated pneumonia, and 
urinary stent infection), the condition 
disappears.40 Panel members affirmed 
that in their experience, when all bar-
riers to wound healing were addressed 
and the wound remained recalcitrant, 
applying antibiofilm therapies gener-
ally improved healing of the wound. 
However, in order to achieve good 
outcomes during use of and without 
use of antibiofilm wound treatment 
strategies, panel members emphasized 
that it is critical to simultaneously 

employ a multidisciplinary approach 
that involves established principles of 
holistic wound care and good wound 
bed preparation including offloading. 
Microorganisms rarely invade healthy 
tissue unless it is compromised by 
drying out,41 for example, and this is 
true for acute and chronic wounds. 
Antibiofilm treatment cannot substi-
tute for adequate patient and wound 
optimization, including adherence to 
the TIME framework (tissue, infec-
tion/inflammation, moisture balance, 
and edge of wound) in chronic wound 
care.25,26 Identifying and addressing 
all cause(s) of tissue injury is a vital 
first step toward healing any chronic 
wound that displays signs of inflamma-
tion or unexplained healing delay.

Routine culture is not an effective means 
of identifying biofilm bacteria. There was 
unanimous agreement among panel 
members that a routine clinical wound 
culture is an ineffective method of ana-
lyzing biofilm populations in chronic 
wounds and is therefore not recom-
mended. The recommendation is based 
on the experiences of the panel mem-
bers as well as general knowledge that 
the success of conventional bacterial 
wound culture methods is based on 
assessing free-floating populations of 
a single species during its logarithmic 
growth phase.32 Bacteria in their plank-
tonic versus biofilm states differ signifi-
cantly in their morphology, mode of 
communication, and metabolism. 

Conventional culturing methods 
lack sensitivity for identifying bacte-
ria within their complex polymicro-
bial communities of immobile organ-
isms embedded in an EPS matrix, and 
studies have consistently demonstrat-
ed failure of culture methods in de-
tecting the types of organisms present 
in wound biofilms.42-45 Deoxyribonu-
cleic acid (DNA)-based technologies, 
or molecular methods, are capable of 
identifying and quantifying a wide 
range of microorganisms and have 
been shown to be better suited than 
traditional cultures for evaluating the 
microbial biofilm community.46 In a 
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comparative study44 of culturing ver-
sus molecular identification of bacte-
ria in 168 chronic wounds, 17 differ-
ent bacterial groups were identified 
with culture, whereas 338 different 
bacterial groups were identified with 
molecular testing. While most bac-
teria identified with culture testing 
were also identified with molecular 
testing, the majority of bacteria iden-
tified with molecular testing were not 
identified with culture testing. A sep-
arate study45 showed standard bacte-
riological cultures identified an aver-
age of 3 common bacterial species in 
wound cultures, in contrast to high-
throughput pyrosequencing, which 
identified an average of 17 genera in 
each wound. Implementation of per-
sonalized topical therapeutics guided 
by molecular diagnosis may result in 
statistically and clinically significant 
improvements in outcome.28,47

Dowd et al48 used deep sequencing 
molecular methods (pyrosequencing) 
in an in vitro model to identify ma-
jor populations of bacteria present in 
the wound fluid samples of 3 different 
wound types — DFUs, VLUs, and PUs 
— and found that there are specific 
major populations of bacteria in all 
chronic wound types, including Staph-
ylococcus and Pseudomonas, as well as 
markedly different bacteria populations 
in each of the 3 different wound types. 
In a larger study using 16S ribosomal 
DNA (rDNA) pyrosequencing in an 
in vitro model to analyze the makeup 
of the bacterial communities present 
in samples obtained from patients with 
chronic DFUs (N = 910), VLUs (N = 
916), PUs (N = 767), and nonhealing 
surgical wounds (N = 370), Wolcott et 
al32 reported wound samples contained 
a high proportion of Staphylococcus and 
Pseudomonas species in 63% and 25% 
of all wounds, respectively. However, a 
high prevalence of anaerobic bacteria 
and bacteria traditionally considered 
commensal was also observed. Results 
suggested neither patient demographics 
nor wound type influenced the bacte-
rial composition of the chronic wound 

environment and empiric antibiotic se-
lection need not be based on or altered 
for wound type.32 

Surgical or conservative sharp wound de-
bridement is effective in removing biofilm 
from an open wound surface. There was 
strong agreement among panel mem-
bers that surgical or conservative sharp 
wound debridement and physical re-
moval/disruption of biofilms are criti-
cal to promote healing in wounds in 
which biofilm is suspected. The impor-
tance of debridement is well established 
in national and international guide-
lines27,49; although the exact impact 
of debridement is unclear, definitive 
research has shown physical removal/
debridement of wound biofilm reduces 
biofilm burden.47 Panel members ac-
knowledged that while debridement 
is one of the most important treatment 
strategies against biofilm, it does not re-
move all biofilm or prevent biofilm re-
growth, partly because biofilm typically 
spreads perivascularly below the surface 
of the wound.50 Sharp debridement has 
been shown to reduce microbial num-
bers by 1 to 2 logs,51 highlighting the 
need for additional topical treatment to 
suppress regrowth.

In addition to the physical removal 
of biofilm, clinical, animal, and in vi-
tro models have demonstrated that 
debridement opens a time-dependent 
window during which applied topical 
treatments can suppress biofilm refor-
mation.52 Serial debridement is recom-
mended to continually remove mature 
biofilm, immediately followed by mul-
timodal biofilm wound management 
strategies.47,52 Immediately following 
debridement, while biofilm microbes 
are disorganized and insufficiently pro-
tected by the disrupted matrix, they are 
forced to become metabolically active 
to reconstitute the matrix and thus 
more susceptible to antiseptics, bio-
cides, and antibiotics. In a study using 4 
different in vitro and ex vivo models,52 
all models demonstrated that at least 
within the first 24 hours after sharp 
debridement, the biofilm community 
was more susceptible to selective topi-

cal antibiotics, and after maturing for 
up to 48 hours became increasingly 
tolerant. Original tolerance levels were 
reached by 72 hours.52 Topical dressings 
and lavage or therapeutic irrigation are 
among the recommended strategies 
immediately post debridement to sup-
press regrowth of the biofilm or to fur-
ther reduce microbials through killing 
microbial cells.34,52,53

Use of ultrasound debridement re-
ceived mention during the panel meet-
ing as an employed method of remov-
ing mature biofilms. In vitro data using 
semisolid agar or a relevant pigskin 
explant model has demonstrated the 
effectiveness of ultrasound debride-
ment in reducing mature biofilms.54,55 

Simultaneous use of several modalities 
(eg, ultrasonic wound debridement to-
gether with conservative sharp wound 
debridement using a scalpel or loop cu-
rette) may improve success,56 but data 
on combination debridement tech-
niques is limited.

Biofilms have a natural ability to rebuild 
rapidly. There was consensus among 
panel members that a major challenge 
in treating biofilms is their natural abil-
ity and strength to rapidly rebuild af-
ter sharp debridement and biofilm re-
moval. Biofilm may reform in a wound 
by the growth of fragments left behind 
following debridement or cleansing, 
the spread of planktonic bacteria re-
leased from the remaining biofilm, and 
the growth of biofilm by newly intro-
duced microorganisms.57 In vivo, the 
regrowth of mature biofilms can oc-
cur within 72 hours, but early presence 
of biofilms can be detected within 24 
hours post debridement.52

Systemic antibiotics are of limited use in 
managing biofilm. Panel members main-
tained that the planktonic concept of 
a single antibiotic or single biocide to 
eradicate the microbial pathogen is not 
valid for chronic infections. There is no 
strong evidence to support the use of 
empiric or traditional, culture-guided 
systemic antimicrobial agents to pre-
vent or treat biofilm infections in the 
treatment of wound-associated infec-
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tions.28,58,59 For more than a decade, 
systemic antibiotics have been known 
to have limited use in treating biofilms 
due to various protective mechanisms 
that include: 1) restricted penetration 
by the EPS; 2) nutrient limitation and 
the dormant state of bacteria in the 
biofilm, which creates little or no activ-
ity for antibiotics to disrupt; 3) adaptive 
responses (resistance); and 4) formation 
of persister cells.5 

Evidence in at least one in vitro 
study30 has shown oxygen limitation 
inside the biofilm likely plays a role in 
the tolerance of Pseudomonas aeruginosa 
biofilm to ciprofloxacin and tobramy-
cin.While tobramycin and ciprofloxa-
cin penetrated biofilms of P aeruginosa, 
they failed to kill the bacteria. Phil-
lips et al30 suggested this reduced an-
tibiotic susceptibility is likely due to 
oxygen depletion within the biofilm, 
which restricts bacterial metabolic ac-
tivity to a narrow zone adjacent to the 
air interface.60 Further, facultative and 
obligate anaerobic bacteria and bacte-
rial strains, such as Staphylococcus aureus, 
Streptococcus pneumonia, and enterococci 
strains, which live or grow without the 
presence of oxygen, have shown ever-
increasing phenotypic resistance to a 
variety of antibacterial treatments.61 

Improved results have been reported 
with systemic antibiotics that have been 
personalized based on molecular-guided 
diagnostics in identifying biofilm. A ret-
rospective cohort study28 was performed 
to compare the wound healing out-
comes of 3 large cohorts that received 
different solutions to manage wound 
bioburden: 1) standard of care (SOC) 
patients who were prescribed systemic 
antibiotics on the basis of empiric and 
traditional culture-based methodologies, 
2) group 2 patients who were prescribed 
an improved selection of systemic anti-
biotics based on the results of molecu-
lar diagnostics, and 3) group 3 patients 
who received personalized topical thera-
peutics (including antibiotics) based on 
molecular diagnostics identification. Pa-
tients in all cohorts were otherwise sub-
ject to the same biofilm-based wound 

care protocol. Results showed that in the 
SOC group, 48.5% of patients (244/503) 
healed completely during the 7-month 
study period. This increased to 62.4% 
(298/479 [sic28]) in treatment group 2 
and 90.4% (358/396) in treatment group 
3. Cox proportional hazards analysis re-
vealed the time to complete closure de-
creased by 26% in treatment group 2 (P 
< .001) and 45.9% in treatment group 3 
(P < .001) compared with SOC.28

Importantly, antibiotics should be 
used only after ensuring the diagnosis 
is correct and all of the patient’s risk 
factors for tissue breakdown and de-
layed healing have been addressed. A 
wound’s bacterial bioburden is typi-
cally not a sole cause of tissue break-
down, and prophylactic antibiotic use 
without confirmed infection has been 
associated with delayed healing of all 
etiologies of leg ulcers.62 Rigorously 
applied, basic, good clinical practice is 
a powerful tool to use before expos-
ing patients to the risk of developing 
antibiotic-resistant organisms. For ex-
ample, heavy microbial burdens have 
been shown to decline as venous ul-
cers heal when managed solely with 
moist wound healing and sustained 
graduated compression.63 

Appropriate topical antimicrobial ap-
plication can suppress biofilm reformation. 
In addition to following established 
principles of patient and wound bed 
preparation, the addition of appropri-
ate topical antimicrobials immediately 
following sharp debridement can posi-
tively affect wound healing in which 
biofilm is suspected. Because of the 
rapidity with which biofilm reforms, 
quickly identifying the type and sus-
ceptibility of bacteria involved using 
rapid polymerase chain reaction (PCR) 
allows directed strategies such as appli-
cation of specific topical antibiotics and 
biocides to increase the effectiveness of 
the debridement.64,65 

Application of antimicrobials is 
time-dependent (within 24–48 hours). 
Wolcott et al47 determined that debrid-
ing the wound every 7 days assisted in 
wound healing for the first 3 days (43% 

of the week), while adding appropri-
ate topical biocides and personalized 
systemic antibiotics (based on results 
of molecular diagnostics) had a lasting 
effect in wound healing for 6 days, or 
approximately 86% of the week. 

What We Do Not Know About 
Biofilm in Chronic Wounds:

It is not possible to determine which bio-
films protect and which are virulent. The 
concept of when a wound biofilm 
could have a helpful or neutral effect 
was discussed during the panel meet-
ing. The lack of definitive published re-
search on this concept has resulted in 
extrapolations and integration of data 
from multiple fields and is far from con-
clusive. There are numerous examples 
of biofilms that are “good” for health; 
these commensal (normal) bacteria are 
present in humans in vast numbers. 
Commensal bacteria produce biofilm 
communities that help the “good” bac-
teria compete more effectively with 
other bacteria that could produce an 
“opportunistic” infection. Examples 
include Lactobacillus in the vagina, S 
epidermidis on the intact epithelium of 
skin, and several species in the lower 
intestine and colon. These organisms 
protect people from pathogens and tox-
ins, help boost immune defenses, digest 
cellulose and salvage energy, and syn-
thesize vitamin K.66,67 An imbalance of 
bacteria in the gut — especially from 
antibiotic use, stress, or lack of dietary 
fiber — increases the risk of disease.

However, these nonpathogenic com-
mensal biofilms can revert to patho-
genic or virulent biofilms under stress.9 
In fact, when these beneficial com-
mensal bacteria penetrate the epithelial 
cell layer of their respective tissues, they 
always produce destructive infection.68 
None of these normal, beneficial com-
mensal bacteria is actually inside the 
epithelial cell layer that serves as a bar-
rier to bacterial penetration. What we 
do not know is how much biofilm can 
exist in a wound before it becomes a 
barrier to healing. Do we want to get 
rid of all the biofilm?
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In the SIDESTEP study, Lipsky et 
al69 found that many methicillin-resis-
tant S aureus (MRSA)-positive patients 
displayed positive responses to antibiot-
ic treatments that were insufficient for 
this organism. Patients’ chronic wounds 
colonized by Pseudomonas also healed 
when treated with ertapenem similar to 
wounds treated with antipseudomonal 
therapy. From this and other studies, 
authors have concluded that certain 
bacteria can colonize wounds with-
out impairing wound healing. How-
ever, these results are based primarily 
on studies that were performed using 
culture-based approaches, which are 
inadequate for assessing polymicrobial 
samples.32 Investigators have suggested 
it is not the biofilm as such that repre-
sents the greatest obstacle in healing a 
chronic wound, but rather its virulence 
and pathogenicity.9 Numerous factors, 
including the composition of the bio-
film, its physiochemical properties, the 
native microbiota and their virulence/
pathogenicity, microbial numbers, the 
host’s pathophysiology, and immuno-
logical fitness, control the effect of a 
pathogenic biofilm in a wound and its 
resistance to interventions. Owing to 
these variables, there is still question as 
to why some biofilm-infected wounds 
heal whereas others do not.

The exact mechanisms by which biofilms 
can delay wound healing are unknown. 
Biofilms share a common pattern of 
development that includes attachment, 
microcolony formation, maturation, 
and dispersion. While the initial at-
tachment is reversible, attachment be-
comes stronger as microbe cells begin 
to multiply and differentiate, changing 
their gene expression patterns in ways 
that promote survival.10,22 This is usu-
ally the result of a bacterial communi-
cation process called quorum sensing that 
enables bacteria to control and react 
to changes in cell population density.70 
Once firmly attached, the microbes 
begin to secrete a surrounding EPS, 
resulting in the formation of microcol-
onies. Fully mature biofilms continu-
ously shed these microcolonies as well 

as planktonic bacteria and biofilm frag-
ments, which are then able to spread 
and attach to other parts of the wound 
bed or to other wounds, forming new 
biofilm colonies.21,22

However, the exact mechanisms by 
which biofilms can delay wound heal-
ing remain the subject of ongoing re-
search. Panel members emphasized that 
virtually all evidence comes from in 
vitro or animal model data, which does 
not necessarily translate to the clini-
cal setting. Several mechanisms have 
been proposed. At least some biofilms 
are thought to delay wound healing by 
producing sustained hyperinflamma-
tion, feeding on plasma exudate, and 
damaging host tissues.36,71-74 Controlled 
animal model studies have suggested 
the presence of biofilm in wounds de-
lays healing by interfering with granu-
lation tissue formation, epithelializa-
tion,39,75,76 and host defenses.77,78  

Recent research79 involving oxygen 
microsensors and transcriptomics has 
suggested that bacterial biofilm and 
responding leukocytes consume oxy-
gen in chronic wounds, which may 
impede wound healing by depleting 
oxygen required for healing. Anaer-
obes that flourish in this oxygen-
depleted state are increasingly patho-
genic and resistant to antibacterial 
treatments.61 In addition, because the 
biofilm matrix protects enclosed bac-
teria from systemically administered 
antimicrobials, antibodies, comple-
ment, and phagocytosis,80,81 the typi-
cal host immune response (eg, neu-
trophils and macrophages and their 
products, matrix metalloproteinases, 
neutrophil elastase, and reactive oxy-
gen species [ROS]) appears to be less 
effective against biofilms compared 
with planktonic bacteria.82,83 Large 
clinical studies are needed to confirm 
the mechanisms by which biofilms 
delay wound healing to inform prod-
uct development and treatment.

The relative effect of biofilm presence 
on stalled wound healing is unknown. 
Panel members emphasized the need 
for more high-level science to deter-

mine the functional biofilm effect on 
wounds, which is currently unknown. 
Wound healing is a complex, multifac-
torial process, and there are a myriad of 
reasons wounds stall, including biofilm. 
Elevated proteases, ROS, and exotoxins 
all cause chronic wounds. These inflam-
matory factors could be caused by the 
host immune system, planktonic bac-
teria, biofilm, repeated physical injury, 
nutrition, and ischemia (Figure 1).84,85 
In addition, composition and virulence 
of biofilms differ, as do pathophysi-
ological conditions of the host — all of 
which vary the effect of the biofilm on 
wound healing. 

Likewise, the complex etiology as 
well as lack of robust data to quantify 
the level of biofilm bacteria in DFUs 
makes it impossible to know the rela-
tive impact of biofilm on DFU healing. 
Currently available evidence is anec-
dotal.18,86,87 Particularly because it in-
volves a weight-bearing structure, each 
DFU is complex, with many factors at 
play. Inflammation in a DFU can have 
many causes other than biofilm, includ-
ing weight-bearing, repetition of injury, 
a lower prealbumin level, and an im-
paired host who may not be mounting 
a physiological response. Perfusion and 
biomechanics need to be prioritized, 
with consideration of total contact 
casting in appropriate cases.

However, due to the risk of limb 
loss, pursuing an antibiofilm strategy in 
treating DFUs has particular relevance. 
A heightened awareness of biofilm 
presence in DFUs is needed because of 
the potential for amputation if untreat-
ed. Employing biofilm-based wound 
management strategies in treating 
DFUs may also save health care system 
costs. A retrospective analysis87 reported 
a reduction in total charges of 68% for 
patients with DFUs that were treated 
with biofilm-based wound manage-
ment guided by molecular diagnostics, 
personalized gels, and commercially 
available topical antibiotics versus con-
ventional wound care. More research 
needs to be performed to determine 
true cost savings. 
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Similarly, antibiofilm strategies 
should be aggressively pursued in sur-
gical wounds that contain sutures and 
implanted devices because of the high 
risk and cost of surgical wound com-
plications caused by infection88 such 
as dehiscence and removal of infected 
implanted devices. These risks high-
light the importance of a multifaceted 
approach in treating wounds in which 
biofilm is suspected. Even after more 
than 30 years of biofilm research, there 

are still no definitive, classic, nonde-
structive, and noninvasive clinical in-
dicators that can positively reveal the 
presence of a wound biofilm, particu-
larly a virulent pathogenic biofilm.9

Panel members recommended that 
when a biofilm is suspected in a non-
healing wound, clinicians should ini-
tially focus on aggressive debridement 
and broad-spectrum antibiofilm man-
agement strategies to combat these 
multicellular organisms before biofilm 

is confirmed via molecular methods. 
A “step-down/step-up” approach has 
recently been proposed as the cur-
rent best antibiofilm treatment strategy 
(Figure 2),89 and it was advocated by 
panel members. The principle of this 
strategy is to aggressively initiate mul-
tiple broad-spectrum therapies first to 
rapidly and effectively reduce wound 
biofilm levels and reduce inflammation, 
ROS, and protease levels. Once the 
wound transitions out of the inflamma-

Figure 1. Factors that contribute to the existence of a chronic wound.
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Figure 2. Outline of the “step-down/step-up” approach to biofilm-based wound care. (Adapted from Schultz et al83).
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tory stage, therapy would be gradually 
stepped down to include personalized 
topical antiseptics, advanced wound 
care therapies, debridement, and con-
tinued management of host factors. 
Goals of the “step-down/step-up” ap-
proach are to speed wound healing, 
lower overall cost, and reduce the risk 
of amputation. Ultimately, to best serve 
clinical practice, it is vital to understand 
whether biofilms play a causal or an as-
sociative role in delaying healing and 
whether biofilm-guided decisions are as 
effective, reliable, valid, and accurate as 
those guided by well-established signs 
and symptoms of infection. Testing this 
hypothesis requires a well-designed, 
randomized controlled study.  

Molecular analyses cannot yet differenti-
ate between planktonic and biofilm bacteria. 
Panel members recommended molec-
ular analysis over cultures in identify-
ing and quantifying biofilm bacteria in 
wounds. Rapid PCR was the favored 
diagnostic approach, as supported by 
the literature.44 Even so, it is not yet 
possible with this method to abso-
lutely determine the type of bacteria 
within a wound bed. An array of dif-
ferent biofilms can exist throughout 
a wound environment, including on 
the wound surface, as collective cells 
dispersed within the wound exudate, 
in slough or on necrotic tissue, on the 
wound dressing, or on anything that 
falls into the wound. In a wound bed 
with both abiotic and biotic biofilms, 
as well as nonpathogenic and patho-
genic biofilms, it is difficult to deter-
mine the presence of biofilm.

Nevertheless, studies have shown 
significantly better accuracy in detect-
ing diverse polymicrobial communities 
and the presence of bacteria, including 
strictly anaerobic bacteria, with mo-
lecular analyses versus standard cul-
ture techniques.18,44 Culture-free 16S 
rDNA sequencing, an advanced clini-
cal molecular microbiological method 
increasingly employed to investigate 
the microbiota of chronic infections, 
can quickly quantify bacteria at a spe-
cies level in a wound fluid sample.44 

However, a major limitation to the 
observations made by 16S rDNA and 
ribosomal ribonucleic acid (rRNA) 
analyses is that molecular techniques 
based on the amplification of DNA 
do not differentiate between live, dead, 
and dormant community members.46 
Current 16S rDNA and rRNA analy-
ses provide a low-resolution snapshot 
of microbial life living on surfaces and 
cannot determine whether bacteria are 
in a planktonic or a biofilm state.  

In fact, no current advanced method 
of molecular identification/detection 
can discriminate between planktonic 
and biofilm-growing bacteria or identify 
organisms responsible for delayed heal-
ing. Although panel members acknowl-
edged most bacteria exist in a biofilm 
state and molecular tests can be used to 
identify the major types and quantities 
of bacteria present in chronic wound 
fluid, they considered it a “leap” to de-
clare all molecular-identified bacteria as 
biofilm. Therefore, even clinical studies 
using modern sequencing technologies 
to identify bacteria lack robust evidence 
that the identified bacteria exist as a bio-
film. Until it is possible to determine 
actual levels of biofilm bacteria in a 
wound, it is not possible to accurately 
compare effectiveness of different treat-
ment strategies on biofilm reduction.

Results from in vitro and animal test-
ing do not often translate to clinical practice. 
Practical considerations and host factors 
not yet understood affect the extent to 
which in vitro and animal tests of anti-
biofilm agents translate to clinical prac-
tice. The vast majority of biofilm test-
ing has been in vitro or animal testing. 
In biologically diverse environments, 
factors such as chloride ions, proteins, 
phosphates, and lipids in particular are 
known to affect antimicrobial efficacy.90 
The in vivo wound environment con-
tains sera, blood, and tissue fluid, which 
can all affect the bioavailability of any 
agent applied to the wound bed. 

The delivery material or platform is 
also important to ensure sustainability 
and efficacy of the antimicrobial. As 
an example, the extent of silver activ-

ity will vary in different in vitro and in 
vivo environments. It has been reported 
that even at low concentrations (5 μg/
mL-1) ionic silver (Ag+) is highly effi-
cacious on microorganisms in vitro.91,92 
In addition, silver has been shown to be 
effective in reducing biofilms in and on 
medical devices.93 While silver has been 
shown to have antibiofilm efficacy in 
liquids,94 as with all antimicrobials, at 
low levels it also has a reduced efficacy 
on biofilms.95 Bjarnsholt et al96 evaluat-
ed the efficacy of silver on P aeruginosa 
biofilms and found the concentration 
of silver in currently available wound 
dressings was much too low for treat-
ment of chronic biofilm wounds. Panel 
members concluded that considerably 
more in vivo research is required to 
determine the extent in which in vitro 
testing translates to clinical practice.96

Evidence is insufficient to compare ef-
fectiveness of current therapies/products 
in reducing or removing biofilm. Antimi-
crobial agents, which include topical 
disinfectants, antiseptics, and antibiot-
ics, are used extensively in antibiofilm 
treatment. However, very few in vitro 
or in vivo comparative studies have 
been performed with the scientific 
rigor required to determine efficacy 
of any 1 commercially available topi-
cal antimicrobial agent commonly used 
to treat biofilm, such as iodine, silver, 
silver sulfadiazine, polyhexamethylene 
biguanide (PHMB), sodium hypochlo-
rite, methylene blue and gentian violet, 
or mupirocin. The methodologies of 
these few studies differ widely, making 
it impossible to perform a systematic 
review of therapy results across studies. 
Panel members acknowledged that be-
cause of this lack of comparative data, 
they rely on weak evidence and their 
own experience when choosing com-
mercialized antimicrobial dressings as 
an antibiofilm strategy. Adding to the 
complexity is that all biofilms differ, as 
do host factors. 

As an example of differing endpoints 
and comparators, a comparative in vitro 
test of biocompatibility (measurement 
of activity in relation to its cytotoxicity) 
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by Müller and Kramer97 demonstrated 
the superiority of PHMB compared to 
chlorhexidine, povidone-iodine, triclo-
san, silver, and sulfadiazine. In a clinical 
study evaluating a PHMB-containing 
biocellulose dressing, Lenselink and 
Andriessen98 showed a significantly re-
duced mean wound area and increased 
granulation tissue coverage over 24 
weeks in wounds where biofilm was 
suspected, but biofilm presence and/or 
type of organisms was not identified or 
measured in any of these patients. In a 
different systematic in vitro compari-
son of antimicrobial wound dressings, 
5 strains of Acinetobacter baumannii, P ae-
ruginosa, and MRSA were tested against 
4 antimicrobial wound dressings con-
taining silver, honey, or PHMB using 
both a planktonic and immobilized cell 
model.99 Across all species and models 
used, the nanocrystalline silver-coated 
dressing exhibited the best antimicro-
bial activity, being at least as good as all 
the other dressings.99

The most compelling evidence, 
although weak, appears to favor ef-
fectiveness of cadexomer iodine in 
treating biofilm. Phillips et al30 re-
cently reported that 100% cadexomer 
iodine has superior efficacy compared 
with diverse dressings including time-
released silver, PHMB gel, calcium 
alginate with silver, and povidone io-
dine against P aeruginosa biofilms in an 
ex vivo model. In an in vivo mouse 
model and in vitro study using confo-
cal laser scanning microscopy, Akiyama 
et al100 suggested cadexomer iodine 
soaks up S aureus cells encircled by 
glycocalyx, directly destroys biofilm 
structures, collapses glycocalyx during 
dehydration, and can subsequently kill 
S aureus cells within biofilm.

Superior in vitro efficacy of ca-
dexomer iodine versus silver-based dress-
ings was further demonstrated against 
MRSA using multiple biofilm mod-
els with log reduction. In an additional 
mouse model, cadexomer iodine had a 
significantly greater impact on MRSA 
biofilm in mouse wounds than silver 
dressings or mupirocin-based dressings 

on gram-stained histology sections and 
quantitative microbiology from biopsy 
samples (> 4 log reduction in CFU/g 
versus 0.7–1.6, P < .0001).101 Lastly, in 
a study designed to compare the anti-
microbial effectiveness of silver- and io-
dine-containing wound dressings against 
preformed mature P aeruginosa and S au-
reus biofilms of pathogenic wound bac-
teria grown in vitro,102 both test dressings 
displayed an antimicrobial effect against 
the target species biofilms, although the 
iodine dressing was more efficacious un-
der the set experimental conditions.

Cadexomer iodine has been suggested 
to provide sufficient iodine for biofilm 
suppression without causing significant 
damage to the host,100 but controversies 
remain regarding potential cytotoxicity 
and systemic absorption with prolonged 
use.103,104 In an in vitro 3-dimensional fi-
broblast-populated collagen gel model, a 
matrix component native to the wound 
environment, all iodine products test-
ed, including cadexomer iodine, were 
shown to be toxic to fibroblasts beyond 
24 hours of application.104 Conclusions 
from this study are in line with the US 
Food and Drug Administration guide-
lines, which advise short-term use of 
iodine-based antiseptics. 

EPS-disrupting technology is emerging. 
High-osmolarity surfactant solution 
technology is emerging as a potential 
multimodal treatment that has shown 
promise in EPS disruption and preven-
tion of biofilm formation when used 
immediately post debridement. This 
technology is composed of a surfac-
tant (benzalkonium chloride) and a 
high osmolarity citrate buffer at 4 pH 
in a poly(ethylene) glycol hydrogel.29  
Osmolarity refers to the concentration 
of a solution expressed as the total num-
ber of solute particles per liter. Antimi-
crobial activity of the high-osmolarity 
solution (HOS) is focused primarily on 
degrading the biofilm matrix and then 
lysing the bacteria within it.31 

With help of the surfactant, the high-
ly concentrated acid component within 
the gel breaks down biofilm EPS by re-
moving ionic metal bonds (x-links) be-

tween EPS polymers and allowing for 
penetration. This allows bacteria to be 
down-regulated. The solution has high 
osmolarity, which buffers the product 
to remain effective despite depletion. 
Its pH is favorable to biofilm disrup-
tion throughout multiple biofilm mi-
croenvironments. Persister cells are also 
exposed to treatment when biofilm is 
removed; the gel remains present and 
prevents EPS-bond formation so per-
sisters cannot regrow biofilm. Adequate, 
continuous antimicrobial efficacy has 
been reported to be maintained for up 
to 5 days,29 and an HOS gel has shown 
synergy with topical antibiotics.31

Preliminary research regarding HOS 
gel is scant but promising. In vitro 
quantitative analysis using strains isolat-
ed from wounds showed HOS gel re-
duced the viability of 5 different wound 
pathogens — S aureus, S epidermidis, P 
aeruginosa, A baumannii, and Klebsiella 
pneumonia — by 6 to 8 log10 CFU/
disc.29 In vivo, the gel prevented biofilm 
formation for 72 hours when applied 
at the time of wounding and infec-
tion, and eliminated biofilm infection 
when applied 24 hours post wounding 
and infection.29 In a clinical study31 that 
compared wound volume reduction 
over 4 weeks with SOC biofilm-based 
wound care treatment versus HOS gel 
versus SOC + HOS gel, the wound 
volume reduction was 47%, 62%, and 
72% (P < .05) for SOC, HOS gel, and 
SOC + HOS gel, respectively, and the 
percentage of wounds healed during 
the 4 weeks was 53%, 80%, and 93% 
(P < .05). Wolcott31 concluded that the 
study demonstrated the value of multi-
ple, simultaneous strategies in managing 
chronic wounds. The Table29-31,100,103-118 

displays the comparative mechanisms of 
action of HOS gel and other common-
ly used topical antimicrobials in disrupt-
ing biofilm formation.

Discussion
Identification and Treatment 
Strategies Needed:

Develop a test model that identifies 
planktonic cells versus pathogenic biofilm. 
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Table. Comparative mechanisms of action of topical antimicrobials in disrupting biofilm formation

Mechanisms Addressed

Type/
Compound 
Base

Trade 
Name 
Examplea Actives

Physical and 
Chemical 
Disruption of 
Biofilm Supportive 
Structures (Matrix) 

Application of 
High-continuous 
Concentrations of 
Cidal Strategies 
to Individual 
Microbial Cells

Preservation of Host 
Healing Cells

Bacterial 
Resistance

Quaternary 
ammonia 
(detergents)

MicroKlenz 
Antimicrobi-
al Solution

Benze-
thonium 
chloride

No Yes Surfactant at low concentra-
tions does not harm host 
tissue.

Development 
of microbial 
resistance is well-
documented.105 

Polyhexameth-
ylene/betaine/
biguanide 

Prontosan Undecylen-
amidopro-
pyl betaine, 
polyami-
nopropyl 
biguanide

Polyhexamethylene 
biguanide (PHMB) 
solutions may block 
microbial attachment to 
surfaces; 0.02% PHMB 
solution has effectively 
removed an artificial 
Pseudomonas aeruginosa 
biofilm in vitro.106 

Yes Low concentrations of beta-
ines and biguanides may not 
harm host tissue, depending 
upon chemical structure.105,107

PHMB-containing dressings 
have shown high toxicity in 
vitro for various tested cell 
lines107; however, low toxicity 
with PHMB solutions has also 
been reported.
Cytotoxicity influenced by ad-
ditives and biomaterials.106

Poor chance of 
development 
of resistance to 
PHMB; resistance 
not reported.105

Collagen with 
PHMB 

PuraPly  
Antimicro-
bial

PHMB No published evidence 
showing effectiveness of 
collagen-PHMB dress-
ings against biofilm.

Unknown Unknown Poor chance of 
development 
of resistance to 
PHMB; resistance 
not reported.105 

Hypochlorite Dakin’s  
Solution

Bleach; 
chlorine

Yes at high 
concentration108 

Yes There is evidence that hypo-
chloric acid may contribute to 
the tissue injury associated 
with inflammation; toxic to 
fibroblasts and keratino-
cytes.109,110 

Reports of de-
velopment of ac-
quired resistance 
to certain patho-
gens to chlorine is 
very limited.111

Silver SilvaSorb; 
Thermazene

Ionic silver; 
silver sulfa-
diazine

No No Silver nitrate and silver dress-
ings have been found to be 
cytotoxic in vitro, but results 
have not translated to in vivo 
settings.112

Microbial resis-
tance is rare.110

Topical 
antibiotics

Neosporin;
Bactroban 
Cream

Bacitracin 
zinc salt, 
neomycin, 
polymyxin 
B; mupi-
rocin

No Yes — Mupirocin 
(gram-positive only)

Various concentrations of 
topical antibiotics have shown 
in vitro tissue toxicity.113

No evidence of cytotoxicity 
found with mupirocen.114

Increased resis-
tance rates have 
been associated 
with increased 
use of neomycin, 
bacitracin, and 
mupirocin.115,116

Iodine IODOSORB Cadexomer 
iodine

Limited ex vivo, in vivo, 
and in vitro evidence 
that cadexomer iodine 
reduces biofilm in 
wounds and may 
destroy biofilm 
structures30,100

Yes May provide sufficient iodine 
for biofilm suppression 
without causing significant 
damage to the host,100,117 but 
controversies remain regard-
ing potential cytotoxicity and 
systemic absorption with 
prolonged use.103,104

No — bacteria are 
not able to de-
velop a resistance 
to denaturing.
Iodine-resistant 
microbial strains 
are exceptionally 
rare.118

Biofilm disrup-
tion technology

BlastX Benzal-
konium 
chloride, 
citrate

Yes29,31 Yes29 Yes — high osmolarity + 
surfactant does not harm 
host tissue.31

No — bacteria are 
not able to de-
velop a resistance 
to cell lysis.31

a   MicroKlenz Antimicrobial Solution: Medline Industries, Mundelein, IL; Prontosan: B. Braun Medical Inc, Bethlehem, PA; PuraPly Antimicrobial: Organogenesis, Canton, MA; Dakin’s 
Solution: Century Pharmaceuticals Inc, Indianapolis, IN; SilvaSorb: Medline Industries, Mundelein, IL; Thermazene: Crown Laboratories, Inc, Johnson City, TN; Neosporin: Johnson 
& Johnson, New Brunswick, NJ; Bactroban Cream: GlaxoSmithKline, Research Triangle Park, NC; IODOSORB: Smith & Nephew, Andover, MA; BlastX: Next Science, Jacksonville, FL
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Figure 3. Recommended step-down/step-up approach with use of biofilm-disruption technology for antibiofilm treatment of wounds.
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All panel members identified the ur-
gent need for an accurate method of 
identifying planktonic cells versus 
biofilm in measuring biofilm levels. 
This is needed both for research and 
clinical practice to create a consistent 
process of comparing the efficacy of 
all antimicrobial strategies in biofilm 
reduction. Research performed using 
a novel biofilm model that would be 
established by first killing all planktonic 
cells was advocated by panel members. 
Planktonic cells would be eradicated 
from the model via a bleach solution. 
This method can be available now to 
serve as an interim solution for evaluat-
ing efficacy of antibiofilm treatments in 
laboratory testing. (Personal communi-
cation with Greg Schultz, PhD.)

Create a readily available, clinical point-
of-care method to identify type of microbes in 
a biofilm. A quick, point-of-care clinical 
method of identifying microbes in a 
wound biofilm is needed. Current best 
practices of molecular identification are 
relegated to a few research labs, which 
is not practical for the vast majority of 
clinicians. A simple point-of-care RNA 
biofilm test made available to all clini-
cians would replace traditional culture 
techniques and guide biofilm-specific 
treatment of chronic wounds in an un-
precedented way.

Incorporate EPS-disrupting materials/
technology into antibiofilm treatment ap-
proach for all wounds. Much of the re-
sistance of bacteria in a biofilm popu-
lation is expressed by the EPS matrix. 
In addition to the physical barrier of 
an EPS matrix, RNA, proteins, and 
waste products excreted by the bacte-
ria contained within the EPS matrix 
react with active treatment chemicals, 
preventing treatments from interacting 
with the bacteria.31 The bacteria with-
in biofilms have developed pheno-
typic-resistance mechanisms; they are 
not actively dividing, and may contain 
persister cells that are capable of recre-
ating the biofilms after any treatment 
application that is not completely ef-
fective. Since the EPS matrix provides 
so much protection, panel members 

stressed the need for a paradigm shift 
toward biofilm treatment strategies 
that disrupt this shield.

Existing technologies classically 
used to treat biofilms are intended to 
either penetrate the EPS matrix or 
to use dispersing agents, which typi-
cally target a narrow range of bacte-
rial biofilms.31 These chemicals can 
be cytotoxic and/or damaging to the 
environment as well. Since wound 
biofilms generally consist of great di-
versity of microbial species including 
bacteria, yeast, and fungus, pursuing 
multiple concurrent strategies (mul-
timodal approach) for treatment is 
critical. According to Wolcott et al,31 a 
multimodal approach should include a 
physical means to disrupt the EPS ma-
trix. One way to accomplish this is to 
break down biofilm EPS by removing 
bonds of bacterial ions between EPS 
polymers to allow rapid penetration.31 

There should also be a chemical 
means to disrupt the wound biofilm 
matrix. This could involve a material 
that would allow penetration of 4 mm 
to 5 mm to break through the ions 
that cross-link the network together. 
Disrupting synergies between different 
microbial species within the biofilms 
is also necessary for effective treat-
ment, as is disruption and prevention 
of attachment of microbial cells. Fur-
thermore, persister cells need to be ex-
posed to treatment when biofilm is re-
moved. A material that remains present 
and prevents EPS-bond formation so 
that persister cells cannot regrow the 
biofilm is necessary. Lastly, the strat-
egy should disrupt the communication 
language within the biofilm and pro-
vide application of high, continuous 
concentrations of cidal strategies to 
the individual microbial cells compos-
ing the biofilm. This biofilm disruption 
strategy would ideally be incorporated 
into the step-down/step-up approach 
as shown in Figure 3.

Conclusion
Although the understanding of bio-

films has grown considerably during the 

past decade, much remains unknown. 
It is well established that biofilms are 
ubiquitous in nature and are prevalent 
in chronic wounds. The primary threat 
of biofilms is their substantial protec-
tion from host immunities and ex-
treme tolerance to antimicrobial agents. 
While biofilms are known to be a bar-
rier to wound healing, to what extent 
and by which mechanisms remains a 
subject of continued research. There are 
no established clinical signs of biofilms 
in wounds or readily available, accu-
rate methods of bacteria identification. 
Thus, prospective, controlled clinical 
studies to evaluate treatment strategies 
have been difficult to perform, resulting 
in weak evidence. Results from in vitro 
and animal testing have not necessarily 
translated to clinical practice.

Surgical or conservative sharp 
wound debridement is a well-ac-
cepted means of effectively removing 
biofilm from an open wound sur-
face. However, it does not remove all 
biofilm or prevent biofilm regrowth. 
There is a need for appropriate topical 
antimicrobial treatments in addition to 
debridement to suppress biofilm ref-
ormation. Rapid, molecular identifi-
cation of the types and susceptibility 
of bacteria involved is recommended 
and available in certain laboratories; 
the procedure allows directed strate-
gies such as the application of person-
alized topical antibiotics and biocides 
that may improve wound healing. 
However, current methods of mo-
lecular analyses cannot yet differenti-
ate between planktonic versus biofilm 
bacteria in order to quantify efficacy 
of various topical treatments on bio-
film reduction. Panel members iden-
tified an urgent need for diagnostics 
that can accurately identify planktonic 
cells versus biofilm as a means to eval-
uate efficacy of treatments in reducing 
biofilm. In addition, a point-of-care 
tool is needed in the clinical setting 
to quickly identify microbials in a bio-
film to guide treatment. 

A paradigm shift toward EPS-
disrupting technology is needed to 



14     WOUNDS® JUNE 2017 woundsresearch.com

Wound Biofilm

improve healing rates of wounds in 
which biofilm is suspected. The EPS-
disrupting technology would employ 
a multimodal approach to remove 
biofilm and prevent its reformation. 
The multimodal approach should 
cause physical and chemical disrup-
tion of the EPS matrix, disruption of 
synergies between different microbial 
species, disruption and prevention of 
microbial cell attachment, exposure of 
persister cells to treatment, and pro-
vide continuous cidal contact on the 
individual microbial cells making up 
the biofilm.31 High-osmolarity sur-
factant solution technology is emerg-
ing as a potential multimodal treat-
ment that when used in tandem with 
debridement shows promise in EPS 
disruption and prevention of biofilm 
formation with no cytotoxicity. 

The activity of this panel is a step 
toward identifying technology and re-
search needed to address current gaps 
in knowledge of biofilm management. 
Innovations in biofilm-disrupting 
technology and molecular diagnostics 
are required to move wound biofilm 
research and treatment forward. New 
technologies need to be inexpensive, 
not harmful to host cells or the envi-
ronment, and easily accessible for wide 
clinical adoption. The hope is that large, 
controlled, prospective studies would 
follow and provide robust evidence 
needed to improve antibiofilm treat-
ment of chronic wounds. n  

References
1. Hall-Stoodley L, Stoodley P. Biofilm for-

mation and dispersal and the transmission 
of human pathogens. Trends Microbiol. 
2005;13(1):7–10.

2. International Wound Infection Insti-
tute. Wound infection in clinical prac-
tice. Wounds International 2016. www.
wounds-uk.com/pdf/content_11897.pdf. 

3. Hall-Stoodley L, Stoodley P. Evolving 
concepts in biofilm infections [published 
online ahead of print April 6, 2009]. Cell 
Microbiol. 2009;11(7):1034–1043.

4. Ereshefsky M, Pedroso M. Rethinking evo-
lutionary individuality [published online 
ahead of print May 26, 2015]. Proc Natl Acad 
Sci U S A. 2015;112(33):10126–10132.

5. Stewart PS, Costerton JW. Antibiotic 
resistance of bacteria in biofilms. Lancet. 
2001;358(9276):135–138.

6. Malone M, Goeres DM, Gosbell I, Vick-
ery K, Jensen S, Stoodley P. Approaches to 
biofilm-associated infections: the need for 
standardized and relevant biofilm methods 
for clinical applications [published online 
ahead of print December 9, 2016]. Expert 
Rev Anti Infect Ther. 2017;15(2):147–156.

7. Leid JG, Willson CJ, Shirtliff ME, Hassett 
DJ, Parsek MR, Jeffers AK. The exopoly-
saccharide alginate protects Pseudomonas 
aeruginosa biofilm bacteria from IFN-
gamma-mediated macrophage killing. J 
Immunol. 2005;175(11):7512–7518.

8. Flemming HC, Wingender J, Szewzyk U, 
Steinberg P, Rice SA, Kjelleberg S. Bio-
films: an emergent form of bacterial life. 
Nat Rev Microbiol. 2016;14(9):563–575. 

9. Percival SL, Vuotto C, Donelli G, Lipsky 
BA. Biofilms and wounds: an identifica-
tion algorithm and potential treatment 
options. Adv Wound Care (New Ro-
chelle). 2015;4(7):389–397.

10. Flemming HC, Neu TR, Wozniak DJ. The 
EPS matrix: the “house of biofilm cells” 
[published online ahead of print August 3, 
2007]. J Bacteriol. 2007;189(22):7945–7947.

11. Sutherland I. Biofilm exopolysaccharides: 
a strong and sticky framework. Microbiol-
ogy. 2001;147(Pt 1):3–9.

12. Costerton JW, Geesey GG, Cheng KJ. How 
bacteria stick. Sci Am. 1978;238(1):86–95.

13. Costerton JW, Lewandowski Z, Caldwell 
DE, Korber DR, Lappin-Scott HM. Mi-
crobial biofilms. Ann Rev Microbiol. 1995; 
49:711–745.

14. Ojha AK, Baughn AD, Sambandan D, et 
al. Growth of Mycobacterium tuberculosis 
biofilms containing free mycolic acids and 
harbouring drug-tolerant bacteria [pub-
lished online ahead of print May 5, 2008]. 
Mol Microbiol. 2008;69(1):164–174.

15. Marsh PD, Bradshaw DJ. Dental plaque as a 
biofilm. J Ind Microbiol. 1995;15(3):169–175.

16. Lam J, Chan R, Lam K, Costerton JW. 
Production of mucoid microcolonies by 
Pseudomonas aeruginosa within infected 
lungs in cystic fibrosis. Infect Immun. 1980; 
28(2):546–556.

17. Hall-Stoodley L, Hu FZ, Gieseke A, 
et al. Direct detection of bacterial bio-
films on the middle-ear mucosa of chil-
dren with chronic otitis media. JAMA. 
2006;296(2):202–211.

18. James GA, Swogger E, Wolcott R, et 
al. Biofilms in chronic wounds [pub-
lished online ahead of print Decem-
ber 13, 2007]. Wound Repair Regen. 
2008;16(1):37–44.

19. Bjarnsholt T, Kirketerp-Møller K, Jensen, 
PØ, et al. Why chronic wounds will not 
heal: a novel hypothesis. Wound Repair 
Regen. 2008;16(1):2–10.

20. Davis SC, Ricotti C, Cazzaniga A, 
Welsh E, Eaglstein WH, Mertz PM. 
Microscopic and physiologic evidence 
for biofilm-associated wound colo-
nization in vivo. Wound Repair Regen. 
2008;16(1):23–29.

21. Costerton JW, Stewart PS, Greenberg EP. 
Bacterial biofilms: a common cause of per-
sistent infections. Science. 1999;284(5418): 
1318–1322.

22. Donlan RM, Costerton JW. Biofilms: 
survival mechanisms of clinically rel-
evant microorganisms. Clin Microbiol Rev. 
2002;15(2):167–193.

23. Honorato-Sampaio K, Guedes AC, Lima 
VL, Borges EL. Bacterial biofilm in 
chronic venous ulcer [published online 
ahead of print March 21, 2014]. Braz J 
Infect Dis. 2014;18(3):350–351.

24. Malone M, Bjarnsholt T, McBain AJ, et 
al. The prevalence of biofilms in chronic 
wounds: a systematic review and meta-
analysis of published data. J Wound Care. 
2017;26(1):20–25.

25. Snyder RJ, Fife C, Moore Z. Compo-
nents and quality measures of DIME (de-
vitalized tissue, infection/inflammation, 
moisture balance, and edge preparation) 
in wound care. Adv Skin Wound Care. 
2016;29(5):205–215. 

26. Leaper DJ, Schultz G, Carville K, Fletcher 
J, Swanson T, Drake R. Extending the 
TIME concept: what have we learned in 
the past 10 years? Int Wound J. 2012;9(2 
suppl):1–19.

27. Bianchi T, Wolcott RD, Peghetti A, et 
al. Recommendations for the manage-
ment of biofilm: a consensus document. J 
Wound Care. 2016;25(6):305–317.

28. Dowd SE, Wolcott RD, Kennedy J, Jones 
C, Cox SB. Molecular diagnostics and 
personalised medicine in wound care: 
assessment of outcomes. J Wound Care. 
2011;20(5):232, 234–239.

29. Miller KG, Tran PL, Haley CL, et al. Next 
science wound gel technology, a novel 
agent that inhibits biofilm development 
by gram-positive and gram-negative 
wound pathogens. Antimicrob Agents Che-
mother. 2014;58(6):3060–3072. 

30. Phillips PL, Yang Q, Davis S, Sampson 
EM, Azeke JI, Hamad A, Schultz GS. 
Antimicrobial dressing efficacy against 
mature Pseudomonas aeruginosa biofilm on 
porcine skin explants [published online 
ahead of print September 13, 2013]. Int 
Wound J. 2015;12(4):469–483. 



JUNE 2017  WOUNDS®     15woundsresearch.com

Current Perspectives and Strategies on Biofilm Disruption and Treatments

31. Wolcott R. Disrupting the biofilm ma-
trix improves wound healing outcomes. J 
Wound Care. 2015;24(8):366–371. 

32. Wolcott RD, Hanson JD, Rees EJ, et al. 
Analysis of the chronic wound micro-
biota of 2,963 patients by 16S rDNA py-
rosequencing [published online ahead of 
print December 10, 2015]. Wound Repair 
Regen. 2016;24(1):163–174.

33. Ganesh K, Sinha M, Mathew-Steiner 
SS, Das A, Roy S, Sen CK. Chronic 
wound biofilm model. Adv Wound Care. 
2015;4(7):382–388.

34. Seth AK, Geringer MR, Hong SJ, 
Leung KP, Mustoe TA, Galiano RD. 
In vivo modeling of biofilm-infected 
wounds: a review [published online 
ahead of print July 15, 2012]. J Surg Res. 
2012;178(1):330–338.

35. Kalan L, Loesche M, Hodkinson BP, et al. 
Redefining the chronic-wound microbi-
ome: fungal communities are prevalent, 
dynamic, and associated with delayed 
healing. MBio. 2016;7(5):pii:e01058–16. 

36. Wolcott RD, Gontcharova V, Sun Y, Dowd 
SE. Evaluation of the bacterial diversity 
among and within individual venous leg 
ulcers using bacterial tag-encoded FLX 
and titanium amplicon pyrosequencing 
and metagenomic approaches. BMC Mi-
crobiol. 2009;9:226. 

37. Percival SL, McCarty SM, Lipsky B. Bio-
films and wounds: an overview of the ev-
idence. Adv Wound Care (New Rochelle). 
2015;4(7):373–381.

38. Smith DM, Snow DE, Rees E, et al. Eval-
uation of the bacterial diversity of pres-
sure ulcers using bTEFAP pyrosequenc-
ing. BMC Med Genomics. 2010;3:41.

39. Schierle CF, De la Garza M, Mustoe 
TA, Galiano RD. Staphylococcal bio-
films impair wound healing by delaying 
reepithelialization in a murine cutane-
ous wound model. Wound Repair Regen. 
2009;17(3):354–359.

40. del Pozo JL, Patel R. The challenge of 
treating biofilm-associated bacterial in-
fections [published online ahead of print 
May 30, 2007]. Clin Pharmacol Ther. 
2007;82(2):204–209.

41. Brölmann FE, Eskes AM, Goslings JC, et 
al; REMBRANDT study group. Ran-
domized clinical trial of donor-site wound 
dressings after split-skin grafting [pub-
lished online ahead of print January 24, 
2013]. Br J Surg. 2013;100(5):619–627.

42. Hoffman LR, Déziel E, D’Argenio DA, 
et al. Selection for Staphylococcus aureus 
small colony variants due to growth in 
the presence of Pseudomonas aeruginosa 
[published online ahead of print Decem-

ber 15, 2006]. Proc Natl Acad Sci U S A. 
2006; 103(52):19890–19895.

43. Fux CA, Costerton JW, Stewart PS, 
Stoodley P. Survival strategies of in-
fectious biofilms. Trends Microbiol. 
2005;13(1):34–40.

44. Rhoads DD, Wolcott RD, Sun Y, Dowd 
SE. Comparison of culture and molecu-
lar identification of bacteria in chronic 
wounds [published online ahead of print 
February 23, 2012]. Int J Mol Sci. 2012; 
13(3):2535–2550.

45. Han A, Zenilman JM, Melendez JH, et 
al. The importance of a multifaceted ap-
proach to characterizing the microbial 
flora of chronic wounds. Wound Repair 
Regen. 2011;19(5):532–541.

46. Human Microbiome Project Consor-
tium. Structure, function and diversity of 
the healthy human microbiome. Nature. 
2012; 486(7402):207–214.

47. Wolcott RD, Kennedy JP, Dowd SE. 
Regular debridement is the main tool 
for maintaining a healthy wound bed 
in most chronic wounds. J Wound Care. 
2009;18(2):54–56.

48. Dowd SE, Sun Y, Secor PR, et al. Survey 
of bacterial diversity in chronic wounds 
using pyrosequencing, DGGE, and full 
ribosome shotgun sequencing. BMC Mi-
crobiol. 2008;8:43.

49. Høiby N, Bjarnsholt T, Moser C, et al; 
ESCMID Study Group for Biofilms 
and Consulting External Expert Wer-
ner Zimmerli. ESCMID guideline for 
the diagnosis and treatment of biofilm 
infections 2014 [published online ahead 
of print January 14, 2015]. Clin Microbiol 
Infect. 2015;21(1 suppl):S1–S25.

50. Schaber JA, Triffo WJ, Suh SJ, et al. Pseu-
domonas aeruginosa forms biofilms in 
acute infection independent of cell-to-
cell signaling [published online ahead of 
print June 11, 2007]. Infect Immun. 2007; 
75(8):3715–3721.

51. Schwartz JA, Goss SG, Facchin F, Avdagic 
E, Lantis JC. Surgical debridement alone 
does not adequately reduce planktonic 
bioburden in chronic lower extremity 
wounds. Wound Care. 2014;2(9):S4, S6, 
S8 passim.

52. Wolcott RD, Rumbaugh KP, James G, et 
al. Biofilm maturity studies indicate sharp 
debridement opens a time-dependent 
therapeutic window. J Wound Care. 2010; 
19(8):320–328.

53. Wolcott RD, Cox SB, Dowd SE. Healing 
and healing rates of chronic wounds in 
the age of molecular pathogen diagnos-
tics. J Wound Care. 2010;19(7):272–278, 
280–281.

54. Crone S, Garde C, Bjarnsholt T, Alhede 
M. A novel in vitro wound biofilm 
model used to evaluate low-frequency 
ultrasonic-assisted wound debride-
ment. J Wound Care. 2015;24(64):64, 
66–69, 72.

55. Runyan CM, Carmen JC, Beckstead 
BL, Nelson JL, Robison RA, Pitt WG. 
Low-frequency ultrasound increases 
outer membrane permeability of Pseu-
domonas aeruginosa. J Gen Appl Microbiol. 
2006;52(5): 295–301.

56. Carmen JC, Roeder BL, Nelson JL, et 
al. Ultrasonically enhanced vancomycin 
activity against Staphylococcus epidermidis 
biofilms in vivo. J Biomater Appl. 2004; 
18(4):237–245.

57. Phillips PL, Wolcott RD, Fletcher J, 
Schultz GS. Biofilms made easy. Wounds 
International.com. 2010. 1(3). www.
woundsinternational.com/media/is-
sues/288/files/content_8851.pdf. 

58. Lipsky BA, Berendt AR, Cornia PB, et al; 
Infectious Diseases Society of America. 
Executive summary: 2012 Infectious Dis-
eases Society of America clinical practice 
guideline for the diagnosis and treatment 
of diabetic foot infections. Clin Infect Dis. 
2012;54(12):1679–1684.

59. Howell-Jones RS, Wilson MJ, Hill KE, 
Howard AJ, Price PE, Thomas DW.  A review 
of the microbiology, antibiotic usage and re-
sistance in chronic skin wounds [published 
online ahead of print January 13, 2005].  
J Antimicrob Chemother. 2005;55(2):143–149.

60. Walters MC 3rd, Roe F, Bugnicourt A, 
Franklin MJ, Stewart PS. Contributions 
of antibiotic penetration, oxygen limita-
tion, and low metabolic activity to toler-
ance of Pseudomonas aeruginosa biofilms to 
ciprofloxacin and tobramycin. Antimicrob 
Agents Chemother. 2003;47(1):317–323.

61. Fair RJ, Tor Y. Antibiotics and bacte-
rial resistance in the 21st century. Perspect 
Medicin Chem. 2014;6:25–64. 

62. Ennis WJ, Meneses P. Clinical evaluation: 
outcomes, benchmarking, introspection, 
and quality improvement. Ostomy Wound 
Manage. 1996;42(10A suppl):40S–47S.

63. Gilchrest B, Reed C. The bacteriology of 
chronic venous ulcers treated with oc-
clusive hydrocolloid dressing. Br J Derma-
tol. 1989;121(3):337–344. 

64. Attinger C, Wolcott R. Clinically ad-
dressing biofilm in chronic wounds. 
Adv Wound Care (New Rochelle). 
2012;1(3):127–132.

65. Wolcott RD, Dowd SE. A rapid molecu-
lar method for characterising bacterial 
bioburden in chronic wounds. J Wound 
Care. 2008;17(12):513–516.



16     WOUNDS® JUNE 2017 woundsresearch.com

Wound Biofilm

66. Edwards R, Harding KG. Bacteria and 
wound healing. Curr Opin Infect Dis. 
2004;17(2):91–96.

67. Mueller C, Macpherson AJ. Layers of 
mutualism with commensal bacteria pro-
tect us from intestinal inflammation. Gut. 
2006; 55(2):276–284.

68. Kim M, Ashida H, Ogawa M, Yoshikawa 
Y, Mimuro H, Sasakawa C. Bacterial in-
teractions with the host epithelium. Cell 
Host Microbe. 2010;8(1):20–35.

69. Lipsky BA, Armstrong DG, Citron DM, 
Tice AD, Morgenstern DE, Abramson 
MA. Ertapenem versus piperacillin/
tazobactam for diabetic foot infections 
(SIDESTEP): prospective, randomised, 
controlled, double-blinded, multicentre 
trial. Lancet. 2005;366(9498):1695–1703.

70. Horswill AR, Stoodley P, Stewart PS, 
Parsek MR. The effect of the chemical, 
biological, and physical environment on 
quorum sensing in structured microbial 
communities [published online ahead of 
print September 19, 2006]. Anal Bioanal 
Chem. 2007;387(2):371–380.

71. Wolcott R, Dowd S. The role of biofilms: 
are we hitting the right target? Plast Re-
constr Surg. 2011;127(1 suppl):28S–35S. 

72. Jesaitis AJ, Franklin MJ, Berglund D, et  
al. Compromised host defense on Pseudo-
monas aeruginosa biofilms: characterization 
of neutrophil and biofilm interactions.  
J Immunol. 2003;171(8):4329–4339.

73. Zhao G, Usui ML, Lippman SI, et al. 
Biofilms and inflammation in chronic 
wounds. Adv Wound Care (New Ro-
chelle). 2013;2(7):389–399.

74. Zhao G, Usui ML, Underwood RA, et 
al. Time course study of delayed wound 
healing in a biofilm-challenged diabet-
ic mouse model. Wound Repair Regen. 
2012;20(3):342–352. 

75. Seth AK, Geringer MR, Gurjala AN, et 
al. Treatment of Pseudomonas aeruginosa 
biofilm-infected wounds with clinical 
wound care strategies: a quantitative study 
using an in vivo rabbit ear model. Plast Re-
constr Surg. 2012;129(2):262e–274e.

76. Pastar I, Nusbaum AG, Gil J, et al. Interac-
tions of methicillin-resistant Staphylococcus 
aureus USA300 and Pseudomonas aeruginosa 
in polymicrobial wound infection [pub-
lished online ahead of print February 22, 
2013]. PLoS One. 2013;8(2):e56846.

77. Seth AK, Geringer MR, Galiano RD, 
Leung KP, Mustoe TA, Hong SJ. Quanti-
tative comparison and analysis of species-
specific wound biofilm virulence using 
an in vivo, rabbit ear model [published 
online ahead of print June 16, 2012]. J 
Am Coll Surg. 2012;215(3):388–399.

78. Nguyen KT, Seth AK, Hong SJ, et al. De-
ficient cytokine expression and neutrophil 
oxidative burst contribute to impaired 
cutaneous wound healing in diabetic, bio-
film-containing chronic wounds. Wound 
Repair Regen. 2013;21(6):833–841.

79. James GA, Ge Zhao A, Usui M, et al. Mi-
crosensor and transcriptomic signatures of 
oxygen depletion in biofilms associated 
with chronic wounds [published online 
ahead of print February 16, 2016]. Wound 
Repair Regen. 2016;24(2):373–383.

80. Löffler B, Tuchscherr L, Niemann S, Pe-
ters G. Staphylococcus aureus persistence in 
non-professional phagocytes. Int J Med 
Microbiol. 2014;304(2):170–176.

81. Van Gennip M, Christensen LD, Alhede 
M, et al. Inactivation of the rhlA gene in 
Pseudomonas aeruginosa prevents rhamno-
lipid production, disabling the protection 
against polymorphonuclear leukocytes.  
APMIS. 2009;117(7):537–546.

82. Bjarnsholt T, Jensen PØ, Burmølle M, et 
al. Pseudomonas aeruginosa tolerance to  
tobramycin, hydrogen peroxide and 
polymorphonuclear leukocytes is quo-
rum-sensing dependent. Microbiology. 
2005;151(Pt 2):373–383.

83. Voynow JA, Fischer BM, Zheng S. Prote-
ases and cystic fibrosis [published online 
ahead of print March 14, 2008]. Int J Bio-
chem Cell Biol. 2008;40(6–7):1238–1245.

84. Clokie M, Greenway AL, Harding K, et 
al. New horizons in the understanding of 
the causes and management of diabetic 
foot disease: report from the 2017 Diabe-
tes UK Annual Professional Conference 
Symposium [published online ahead 
of print January 23, 2017]. Diabet Med. 
2017;34(3):305–315.

85. Schäfer M, Werner S. Oxidative stress in 
normal and impaired wound repair. Phar-
macol Res. 2008;58(2):165–171.

86. Kumar D, Banerjee T, Chakravarty J, Singh 
SK, Dwivedi A, Tilak R. Identification, an-
tifungal resistance profile, in vitro biofilm 
formation and ultrastructural characteris-
tics of Candida species isolated from dia-
betic foot patients in Northern India. Indian  
J Med Microbiol. 2016;34(3):308–314.

87. Wolcott R. Economic aspects of biofilm-
based wound care in diabetic foot ulcers.  
J Wound Care. 2015;24(5):189–190, 192–194. 

88. Edmiston CE Jr, Krepel CJ, Marks RM, 
et al. Microbiology of explanted suture 
segments from infected and noninfected 
surgical patients [published online ahead 
of print November 21, 2012]. J Clin Mi-
crobiol. 2013;51(2):417–421. 

89. Schultz G, Bjarnsholt T, James GA, et 
al; Global Wound Biofilm Expert Panel. 

Consensus guidelines for the diagno-
sis and treatment of biofilms in chronic 
non-healing wounds. Wound Repair and 
Regeneration. Unpublished data 2017. 

90. Ip M, Lui SL, Poon VK, Lung I, Burd A. 
Antimicrobial activities of silver dressings: 
an in vitro comparison. J Med Microbiol. 
2006;55(Pt 1):59–63.

91. Yin HQ, Langford R, Burrell R. Com-
parative evaluation of the antimicro-
bial activity of Acticoat antimicrobial 
barrier dressing. J Burn Care Rehabil. 
1999;20(3):195–200. 

92. Schreurs WJ, Rosenberg H. Effect of sil-
ver ions on transport and retention of 
phosphate by Escherichia coli. J Bacteriol. 
1982;152(1):7–13. 

93. Gentry H, Cope S. Using silver to reduce 
catheter-associated urinary tract infec-
tions. Nurs Stand. 2005;19(50):51–54.

94. Wu MY, Suryanarayanan K, van Ooij WJ, 
Oerther DB. Using microbial genomics 
to evaluate the effectiveness of silver to 
prevent biofilm formation. Water Sci Tech-
nol. 2007;55(8–9):413–419. 

95. Silvestry-Rodriguez N, Sicairos-Ruelas 
EE, Gerba CP, Bright KR. Silver as a 
disinfectant. Rev Environ Contam Toxicol. 
2007;191:23–45.

96. Bjarnsholt T, Kirketerp-Møller K, Kris-
tiansen S, et al. Silver against Pseudomonas  
aeruginosa biofilms. APMIS. 2007;115(8): 
921–928.

97. Müller G, Kramer A. Biocompatibil-
ity index of antiseptic agents by parallel 
assessment of antimicrobial activity and 
cellular cytotoxicity [published online 
ahead of print March 25, 2008]. J Antimi-
crob Chemother. 2008;61(6):1281–1287. 

98. Lenselink E, Andriessen A. A cohort 
study on the efficacy of a polyhexanide 
containing biocellulose dressing in the 
treatment of biofilms in wounds. J Wound 
Care. 2011;20(11):534, 536–539.

99. Shoukat K, Pilling S, Rout S, Bradbury 
J, Humphreys PN. A systematic com-
parison of antimicrobial wound dress-
ings using a planktonic cell and an im-
mobilized cell model. J Appl Microbiol. 
2015;119(6):1552–1560. 

100. Akiyama H, Oono T, Saito M, Iwatsuki K. 
Assessment of cadexomer iodine against 
Staphylococcus aureus biofilm in vivo and in 
vitro using confocal laser scanning micros-
copy. J Dermatol. 2004;31(7):529–534.

101. Fitzgerald DJ, Renick PJ, Forrest EC, 
et al. Cadexomer iodine provides su-
perior efficacy against bacterial wound 
biofilms in vitro and in vivo [published 
online ahead of print December 5, 2016]. 
Wound Repair Regen. 2017;25(1):13–24. 



JUNE 2017  WOUNDS®     17woundsresearch.com

Current Perspectives and Strategies on Biofilm Disruption and Treatments

102. Thorn RM, Austin AJ, Greenman J, 
Wilkins JP, Davis PJ. In vitro comparison 
of antimicrobial activity of iodine and 
silver dressings against biofilms. J Wound 
Care. 2009; 18(8):343–346.

103. Sood A, Granick MS, Tomaselli NL. 
Wound dressings and comparative ef-
fectiveness data. Adv Wound Care (New 
Rochelle). 2014; 3(8):511–529.

104. Cochrane CA, Shearwood C, Walker 
M, Bowler P, Knottenbelt DC. The ap-
plication of a fibroblast gel contrac-
tion model to assess the cytotoxicity of 
topical antimicrobial agents. Wounds. 
2003;15(8):265–271.

105. Wessels S, Ingmer H. Modes of action 
of three disinfectant active substances: a 
review [published online ahead of print 
September 27, 2013]. Regul Toxicol Phar-
macol. 2013;67(3):456–467.

106. Hübner NO, Kramer A. Review on the 
efficacy, safety and clinical applications of 
polihexanide, a modern wound antisep-
tic [published online ahead of print Sep-
tember 8, 2010]. Skin Pharmacol Physiol. 
2010;23(Suppl):17–27.

107. Rembe JD, Fromm-Dornieden C, Schäfer 
N, Böhm JK, Stuermer EK. Comparing 
two polymeric biguanides: chemical dis-
tinction, antiseptic efficacy and cytotox-
icity of polyaminopropyl biguanide and 
polyhexamethylene biguanide [published 
online ahead of print June 14, 2016]. J 
Med Microbiol. 2016; 65(8):867–876. 

108. Sakarya S, Gunay N, Karakulak M, Ozturk 
B, Ertugrul B. Hypochlorous acid: an ideal 
wound care agent with powerful micro-
bicidal, antibiofilm, and wound healing 
potency. Wounds. 2014;26(12):342–350.

109. Pullar JM, Vissers MC, Winterbourn 
CC. Living with a killer: the effects of 
hypochlorous acid on mammalian cells. 
IUBMB Life. 2000;50(4–5):259–266.

110. Lipsky BA, Hoey C. Topical antimicro-
bial therapy for treating chronic wounds. 
Clin Infect Dis. 2009;49(10):1541–1549.

111. Inatsu Y, Kitagawa T, Bari ML, Nei D, 
Juneja V, Kawamoto S. Effectiveness of 
acidified sodium chlorite and other sani-
tizers to control Escherichia coli O157:H7 
on tomato surfaces. Foodborne Pathog Dis. 
2010;7(6):629–635.

112. White R, Cutting K. Exploring the ef-
fects of silver in wound management — 
what is optimal? Wound Clinic Business. 
2006; 18(11):307–314. 

113. Cooper ML, Boyce ST, Hansbrough 
JF, Foreman TJ, Frank DH. Cytotoxic-
ity to cultured human keratinocytes of 
topical antimicrobial agents. J Surg Res. 
1990;48(3):190–195.

114. Boyce ST, Warden GD, Holder IA. Cy-
totoxicity testing of topical antimicrobial 
agents on human keratinocytes and fi-
broblasts for cultured skin grafts. J Burn 
Care Rehabil. 1995;16(2 Pt 1):97–103.

115. Patel JB, Gorwitz RJ, Jernigan JA. 
Mupirocin resistance. Clin Infect Dis. 
2009;49(6):935–941. 

116. Bessa GR, Quinto VP, Machado DC, et 
al. Staphylococcus aureus resistance to topi-
cal antimicrobials in atopic dermatitis. An 
Bras Dermatol. 2016;91(5):604–610.

117. Rhoads DD, Wolcott RD, Percival SL.  
Biofilms in wounds: management strate-
gies. J Wound Care. 2008;17(11):502–508.

118. Sibbald RG, Leaper DJ, Queen D. Iodine 
made easy. Wounds Int. 2011;2(2):S1–S6.




