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At any site of infection, microbes are currently 
known to exist in two distinct phenotypic 
states: planktonic (free-living) or bio-

film (sessile/attached/aggregated). Planktonic 
microbes can attach to a suitable surface (biotic 
or abiotic) and develop into polymicrobial bio-
film aggregates. Biofilm structures contain 
aggregated microbes that are encased within a 
protective polymeric matrix called the extracellu-
lar polymeric substance and able to self-adapt to 
survive in their particular environment.1,2 The for-
mation of biofilms requires a complex interplay 

of genetic and environmental (e.g., surface, avail-
ability of nutrients) stimuli. It is not clear whether 
all bacteria have the inherent capability of form-
ing biofilm, the impetus for which is driven by 
environmental signals that drive genetic changes 
to initiate biofilm mode of growth. Non–biofilm-
forming strains are known to exist and are some-
times used as controls for experimental studies. 
However, it is theorized that the planktonic mode 
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Learning Objectives: After studying this article, the participant should be able 
to: 1. Understand the basics of biofilm infection and be able to distinguish 
between planktonic and biofilm modes of growth. 2. Have a working knowl-
edge of conventional and emerging antibiofilm therapies and their modes of 
action as they pertain to wound care. 3. Understand the challenges associated 
with testing and marketing antibiofilm strategies and the context within which 
these strategies may have effective value.
Summary: The Centers for Disease Control and Prevention estimate for human 
infectious diseases caused by bacteria with a biofilm phenotype is 65 percent and 
the National Institutes of Health estimate is closer to 80 percent. Biofilms are 
hostile microbial aggregates because, within their polymeric matrix cocoons, 
they are protected from antimicrobial therapy and attack from host defenses. 
Biofilm-infected wounds, even when closed, show functional deficits such as 
deficient extracellular matrix and impaired barrier function, which are likely 
to cause wound recidivism. The management of invasive wound infection often 
includes systemic antimicrobial therapy in combination with débridement of 
wounds to a healthy tissue bed as determined by the surgeon who has no way 
of visualizing the biofilm. The exceedingly high incidence of false-negative cul-
tures for bacteria in a biofilm state leads to missed diagnoses of wound infec-
tion. The use of topical and parenteral antimicrobial therapy without wound 
débridement have had limited impact on decreasing biofilm infection, which 
remains a major problem in wound care. Current claims to manage wound bio-
film infection rest on limited early-stage data. In most cases, such data originate 
from limited experimental systems that lack host immune defense. In making 
decisions on the choice of commercial products to manage wound biofilm 
infection, it is important to critically appreciate the mechanism of action and 
significance of the relevant experimental system. In this work, the authors criti-
cally review different categories of antibiofilm products, with emphasis on their 
strengths and limitations as evident from the published literature.  (Plast. 
Reconstr. Surg. 148: 275e, 2021.)
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of growth is a laboratory-induced phenomenon in 
the presence of abundant nutrients and that the 
biofilm mode of growth is a default mechanism 
that enables bacterial survival in their natural 
(nonlaboratory) environment.3,4 In the biofilm 
form, microbes have improved tolerance for anti-
biotics and host immune defenses.1,5–8 Specifically, 
they can share plasmids that encode resistance 
genes, and although some immune cells appear 
to interact with biofilms (Fig.  1), their function 
is “frustrated” and incomplete.9–15 Preclinical stud-
ies with Staphylococcus aureus biofilms have shown 
that they produce a cytotoxin called leukocidin 
that kills neutrophils, rendering them ineffective 
at clearing the biofilm.15

Presently, the wound healing endpoint is 
based on visual observations. According to the 
U.S. Food and Drug Administration, a wound 
covered by skin for at least 2 weeks at two con-
secutive visits without discharge is clinically deter-
mined to be closed.16 The emergent paradigm of 
wound biofilm infection has helped uncover a 
glaring knowledge gap that epithelial covering of 
wound and lack of discharge may be grossly inad-
equate to support a decision of wound closure. 

Even in the presence or history of biofilm infec-
tion, the closure rate as determined by wound size 
may not be significantly impeded, nor will there 
be any discharge, but restoration of skin barrier 
function at the site of wound closure is signifi-
cantly impaired.17–19 Thus, there is an unrecog-
nized capacity to harm functional wound healing 
because skin covering the wound cannot per-
form its critical role as a barrier against infection 
or regulate evaporative water loss. These stud-
ies heighten the need to revisit current clinical 
standards of a wound closure decision by adding 
restoration of intact skin barrier functionality as 
a criterion for healed wounds.17–19 In addition, 
biofilm infection severely compromises the extra-
cellular matrix composition (up-regulated colla-
gen-degrading enzymes and inhibited collagen 
synthesis) of the repaired skin by decreasing the 
wound-site tensile strength, making it susceptible 
to wound recurrence.19

Several current technologies demonstrate 
promise in wound diagnostics.20 Barrier func-
tion of the skin can be readily detected at the 
point of care using transepidermal water loss. 
Transepidermal water loss detection devices are 

Fig. 1. Three-dimensional imaging of biofilm and host immune cells. Porcine burn 
wound tissue infected with Pseudomonas aeruginosa and Acinetobacter baumannii 
mixed species biofilm were processed and imaged using scanning transmission elec-
tron microscopy/focused ion beam/scanning electron microscopic imaging. Shown is 
a representative three-dimensional image created from individual slices generated by 
the imager. Phagocytic cells are shown in pink interacting with extracellular polymeric 
substance (EPS) (gray haze, red arrowhead) –coated biofilm aggregates of P. aeruginosa 
(purple) and A. baumannii (green). Some of the phagocytic cells in this image appear to 
be disintegrating (yellow arrowhead).
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U.S. Food and Drug Administration approved 
for use in dermatologic care and are often used 
in non–wound-related clinical diagnostics.21–29 
Indeed, observations from ongoing studies in 
patients with wounds that have been deemed 
“closed” by a clinician identified deficient barrier 
function (high transepidermal water loss) in over 
one-third of all cases. Considered together, these 
observations lend credence to the notions that 
(1) restoration of barrier function should be fac-
tored in to a functional wound closure decision, 
and that (2) transepidermal water loss readings 
could be used as a biomarker of wound recur-
rence. Currently, National Institutes of Health–
sponsored clinical studies are in progress testing 
the significance of transepidermal water loss in 
wound care (clinicaltrials.gov NCT02577120).

Biofilm infections are a pernicious factor 
in human health30,31 according to the Centers 
for Disease Control and Infection, the National 
Institutes of Health, and the U.S. Food and Drug 
Administration. According to Centers for Disease 
Control and Infection estimates, 65 percent of all 
human infectious diseases are caused by biofilm 
bacteria. The National Institutes of Health esti-
mates that this number is closer to 80 percent.8 
Biofilm formation has been associated with infec-
tion of virtually all types of implantable medical 
devices including but not limited to intravenous 
catheters in catheter-related bloodstream infec-
tions, orthopedic implants, urinary catheters, and 

craniofacial and dental implants.5,6,32–48 It is now 
federally regulated that premarket submissions of 
medical devices must include antibiofilm strate-
gies.49 The hunt for antibiofilm solutions in health 
care has gained momentum.1,2,50–55 The objective 
of this work is to discuss antibiofilm strategies 
used in wound care. [See Video (online), which 
displays strategies to manage biofilm infection in 
wound care.]

BIOFILM MANAGEMENT IN WOUND 
CARE

Strategies to manage biofilm infection in 
wound care setting may be clustered into three 
broad categories based on the aspect of biofilm 
life cycle that is targeted: (1) adhesion inhibitors, 
(2) biofilm maturation (communication) inhibi-
tors, and (3) promoters of disruption. To achieve 
these goals, several types of physical, chemical, 
and biological agents/methods have been tested. 
None of these has formally risen to the level of 
standard of care, primarily because of scanty clini-
cal evidence. A few key agents/methods are listed 
in Tables  1 and 2. Of note, the vast majority of 
these products have not gone through U.S. Food 
and Drug Administration clinical trials to specifi-
cally secure antibiofilm claim. However, in wound 
care education sessions at national meetings, 
products are presented as biofilm-directed man-
agement products, with minimal substantiated 

Video. This video displays strategies to manage biofilm 
infection in wound care.

Table 1.  Traditional Strategies

Strategy Pros Cons

Débridement • � Standard technique used by most  
surgeons

• � Could be used in combination with  
other therapies to treat biofilm

• � On its own, débridement could push biofilm  
fragments deeper into wound tissue, promoting  
chronic wound infection

Silver-based  
treatments

• � Could be used in combination with  
other therapies that disrupt biofilm  
to release planktonic bacteria

•  Ineffective against biofilm

• � May be more effective in preventing  
the initial steps of biofilm formation

 

Iodine • � Broad-spectrum inhibitory effects  
of CI against microbial biofilms

 

• � Despite the use over many decades,  
resistance to iodine has been much less of  
a problem compared to antibiotic therapy

 

Physical methods • � Best used on abiotic surfaces such 
 as catheters

•  Wide variety of options available

•  Narrow spectrum of inhibition
•  May have negative effects against host tissue

Quorum sensing 
inhibitors

• � Wide variety of QS inhibitors or  
quenchers are available for use  
in therapeutics

• � Narrow spectrum of inhibition in application  
(specific for the strain being targeted)

• � Efficacy of these inhibitors have primarily been  
identified in in vitro studies; the few in vivo studies 
(amoeba, Caenorhabditis elegans, and mouse models) 
performed have not shown much promise

• � Possibility of the microbe developing resistance to  
the inhibitor

CI, cadexomer iodine; QS, quorum sensing.
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evidence supporting their true application as anti-
biofilm strategies. Care providers must be mindful 
of this gap in data and scientific rigor as part of 
their biofilm education at the present time.

CRITERIA FOR DEFINING BIOFILM 
INFECTION

Biofilm infection as defined in vivo based on 
criteria laid out by Parsek and Singh includes the 
following: (1) aggregate embedded in extrapoly-
meric substance matrix; (2) adherence to a sur-
face or each other; (3) persistent and localized 
infection; and (4) resistance to antimicrobial treat-
ments.56 In addition, a clinically relevant model 
of biofilm infection must allow for host-microbe 
interaction under conditions of a competent 
immune system.57,58 Scanning electron microscopy 
is currently a widely acknowledged gold standard 
to demonstrate polymicrobial aggregates adhered 
to wound surfaces and embedded in extracellular 
polymeric substance. Colony-forming unit viabil-
ity assays are not reliable because these assays do 
not account for viable but nonculturable per-
sister bacteria, which are metabolically inactive, 
transient bacterial states with an increased toler-
ance to stressors, such as antimicrobial therapy 

and starvation.59,60 We review the “antibiofilm” 
strategies below in the context of these criteria 
to address knowledge gaps the common surgeon 
working in this area may have. Also interspersed 
are areas of controversy that are briefly clarified.

CONVENTIONAL STRATEGIES

Débridement
Historically, the management of invasive 

wound infection included systemic antimicro-
bial therapy in combination with débridement. 
Although débridement can be very powerful in 
debulking hostile biofilm aggregates, lack of visu-
alization of biofilm aggregates during débride-
ment makes it a hit-or-miss type of approach that 
limits effectiveness. In worse-case scenarios not 
under the control of the care provider, débride-
ment may inadvertently push the unseen biofilm 
structures deeper, as demonstrated in a preclini-
cal study where débridement was conducted by 
a plastic surgeon.18 A clinical case is presented in 
Figures  2 and 3. Used alone, débridement may 
not be sufficient for biofilm removal. However, 
in combination with other synergistic methods, 
it could promote chronic wound healing and 

Table 2.  Emergent Strategies

Strategy Pros Cons

Electroceuticals • � Broad-spectrum application to treat a wide  
variety of pathogenic biofilms either alone or  
in combination with other treatments such  
an antibiotics

• � Apart from WED/PED, other electrochemical 
approaches may not be practically used

•  Limited clinical studies

• � WED and PED are available in a ready-to-use  
dressing format that is easy to apply with  
minimal training

•  Resistance unlikely

 

Phage therapy • � Phages are easy to propagate and are highly  
specific for the bacterial strain targeted

• � The high specificity makes the phage a  
narrow-spectrum application

• � Development of resistance is low and it can  
be targeted to dormant and persister cells

• � Stability and shelf life of phage treatments  
may be a problem

• � The concept of using a “virus” to treat bacterial 
infections is not an easy sell to clinicians

Probiotics • � Broad-spectrum effectivity with low  
possibility of resistance development

• � Low toxicity and off-target effects, and  
inexpensive to produce

• � Insufficient clinical evaluations to test the  
translational value of this intervention as a  
valid antibiofilm therapy

Antimicrobial 
peptides

• � Broad-spectrum inhibition of Gram-positive and 
Gram-negative biofilms (IDR-1018, LL-37, DJK-5)

•  AMPs are susceptible to host proteases
•  AMPs have poor bioavailability

• � Synthetic AMPs can be modified to provide  
additional bioactive properties (e.g., RN3)

•  Expensive to synthesize
•  Insufficient clinical support by means of studies

Dispersal agents • � Could be used in combination therapies where 
the dispersal agent could disrupt the biofilm  
and release planktonic cells that can be  
targeted by antibiotics or other approaches

•  Limited in vivo preclinical and clinical studies
• � Possibility of resistance development against 

these agents
• � Potential host toxicity (proteases can cause  

collateral damage)
• � Possibility of releasing an abundance of  

planktonic microbes that could overload  
the host response system and cause  
additional pathogenic effects

WED, wireless electroceutical wound dressing; PED, patterned electroceutical wound dressing; AMPs, antimicrobial peptides.
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decrease wound recurrence. For example, the 
use of resorbable antibiotic beads for aggressive 
antibiotic delivery to débrided pressure ulcers 
was found to significantly decrease (12.5 percent 
combination versus 39.4 percent débridement 
only; p = 0.03) the recurrence rate of the ulcers.61 
Despite its obvious shortcomings, sharp surgical 
débridement is still generally considered the gold 
standard for the management of biofilm because 
it disrupts the extracellular polymeric substance 
and converts biofilm bacteria to planktonic 

bacteria susceptible to antimicrobial therapy for 
a brief window of time until the biofilm can be 
reestablished.62,63

Maggot Therapy
Maggot therapy, involving the use of maggot 

excretions/secretions, have been tested using in 
vitro and ex vivo studies for débridement and 
shown to be efficient in disrupting biofilms of 
various bacterial species, including Pseudomonas 
aeruginosa and Staphylococcus aureus biofilms64–66 

Fig. 2. Aggressive tangential excision is not sufficient to eliminate biofilm infection. An 82-year-old Caucasian man sustained 37 
percent total body surface area burns to his left lower extremity and posterior trunk. On presentation to the emergency depart-
ment, the patient had escharotomy on his left leg and was admitted to the surgical intensive care unit for fluid resuscitation using 
West Penn formula. Before excision, all burn wounds were dressed with Silvadene (Pfizer, New York, N.Y.). On postburn day 3 he 
was taken to the operating room for débridement and grafting of his left lower extremity. He had aggressive tangential excision 
to fascia on the leg and split-thickness skin graft coverage of his lower extremity burns. The postdébridement fascial wound bed 
was submitted to biopsy and tested positive for biofilm infection by scanning electron microscopy as shown. On postburn day 6, 
he was taken back to the operating room for excision and grafting of the remainder of his burn wounds on his posterior trunk and 
thigh. All grafts were treated with Sulfamylon (Mylan, Canonsburg, Pa.) soaks (5% solution). The patient had poor graft take at the 
site of the wound tissue biopsy with greater than 30 percent graft loss. The patient developed progressive organ failure and died 
on postburn day 18.

Fig. 3. Biofilm in a central-line catheter taken from an inpatient with burn injury. (Left) Island of biofilm 
cells (green) embedded in matrix (gold) in lumen of catheter. (Right) Collection of bacteria embedded in 
matrix surrounding red blood cells (red) in catheter tip.
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and Enterobacter cloacae.67 However, it was also 
documented that maggot therapy may be selec-
tive in its inhibitory effect. Studies showed that 
excretions/secretions could enhance or promote 
biofilm formation of Proteus mirabilis.67 A clinical 
trial using larval débridement therapy as an anti-
biofilm therapy was completed in 2018 (clinical-
trials.gov NCT02294175), but no publications are 
documented as yet.

Ultrasound Therapy
Ultrasound therapy involves the use of low-

frequency (20 to 60 Hz) sound waves to clean the 
wound and directly stimulate immune cells.68–

70 Ultrasound therapy débridement has been 
investigated as a supportive therapy for chronic 
wounds, and is hypothesized to both débride the 
wound and promote healing by increasing cellu-
lar activity, promoting synthesis of growth factors, 
promoting fibrinolysis, and disrupting biofilm.71–74 
Although dispersal of biofilms by ultrasound ther-
apy has been studied in vitro,75 in vivo studies are 
limited. One study used colony-forming unit via-
bility assay to assess the effect of ultrasound ther-
apy. There was no significant decrease in bacterial 
count over the treatment period.76 At present, it 
remains speculative whether ultrasound therapy 
has any impact on biofilm-specific disruption in 
vivo. Interestingly, low-frequency direct contact 
ultrasound therapy was found to be effective in 
dispersing biofilms from metallic implant materi-
als and making them susceptible to disinfectant 
treatment.77 The use of ultrasound therapy with 
microbubbles containing antimicrobial agents is 
emerging as the next-generation advancement 
to regular ultrasound therapy and shown to be 
inhibitory to S. epidermidis and A. baumannii in 
in vitro studies.78,79 Two in vivo studies have been 
performed using a mouse orthopedic implant 
model (Staphylococcus species) and a rabbit cath-
eter model (S. epidermidis) that demonstrated 
potential synergistic effect against biofilms with-
out exerting toxic effects on the animal host.80,81 
Once developed further, ultrasound therapy (with 
or without microbubbles) could have promising 
biofilm-disrupting value for devices and implants.

Physical Methods
Although débridement is a physical method 

targeting a specific facet of the surgical/opera-
tive process, other physical strategies such as 
nonthermal plasma, photodynamic therapy, and 
nanotechnology address aspects in the periopera-
tive realm. The mode of action of these methods 

typically involves preventing adhesion or pro-
moting dispersion; these methods are generally 
applied to inanimate surfaces or objects.

Nonthermal Plasma
Nonthermal or atmospheric cold plasma 

involves the generation of photons, electrons, 
neutrons, and protons when exposed to the con-
stant supply of energy to a gas.82–84 The antibiofilm 
effects of atmospheric cold plasma are thought to 
be attributable to the generation of reactive oxy-
gen and nitrogen species (including organic radi-
cals). Atmospheric cold plasma has been tested 
in vitro and in a few small-animal studies as an 
antibiofilm strategy.82 Clinically, atmospheric cold 
plasmas are advantageous, primarily because of 
the ability to control and target the reactive spe-
cies to cause matrix disruption, quorum sensing 
inhibition, and induction of dispersal.82 However, 
in some cases, plasma–biofilm interactions may 
result in the development of persisters.

Photodynamic Therapy
Photodynamic therapy involves the use of a 

nontoxic photoactive dye (e.g., acridine orange, 
toluidine blue, photofrin85) that, when exposed to 
light of a specific wavelength in the presence of oxy-
gen, becomes activated and produces toxic oxygen 
species (e.g., free radicals, singlet oxygen). Its use 
for controlling biofilms has been documented in 
oral care and has sparked much interest in wound 
care. Because of the limited penetration capabil-
ity, photodynamic therapy is possibly most appli-
cable to superficial infections. A few reports have 
studied the application of photodynamic therapy 
against bacterial and fungal biofilms both in vitro 
and in vivo.86–90 Some unwanted side effects of 
photodynamic therapy include increased biofilm-
forming ability of S. aureus.91 Furthermore, photo-
dynamic therapy can cause allergic reactions and 
skin photosensitivity at the site of application. The 
application of photodynamic therapy in the clini-
cal setting for wound care requires significant test-
ing and evaluation.

Nanomaterials
The increased reactivity of nanomaterials 

(nanometer or submicron scale) and ease of con-
trol of their chemical and physical properties23 
has resulted in a surge of interest in use of nano-
materials as a therapeutic option for treatment of 
biofilm infection. Examples include (1) nanopar-
ticles made of metal or metal oxide that disrupt the 
cell membrane directly or produce free radicals; 
(2) controlled and sustained site-specific delivery 
of drugs using nanoparticles such as liposomes or 
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polymeric nanoparticles; (3) physical, irreversible 
disruption of biofilms using combination therapy 
such as gold nanoparticles or magnetic nanopar-
ticles [e.g., γ-Fe2O3 (maghemite) and Fe3O4 (mag-
netite) nanoparticles] with near-infrared light or 
alternate magnetic field; and (4) coating surfaces 
with nanoparticles to prevent adhesion of bacteria 
and development of biofilms.92

Chemical Methods
Silver-Based Management
The use of silver as an antimicrobial agent dates 

back to ancient Egypt, Greece, and Rome, where 
silver was used as a metal salt to clean wounds or 
as threads for sutures. The antimicrobial property 
of silver manifests when silver is in ionic form. The 
ionic form of silver has shown effectiveness against 
bacteria (including methicillin-resistant S. aureus 
and vancomycin-resistant enterococci), viruses, 
and fungi93 in planktonic form. On contact with 
wound exudate, silver ions can be released from 
dressings into the wound bed and kill the plank-
tonic bacteria. The efficacy of silver-based wound 
dressings has increased with the advent of silver 
nanoparticles. Silver nanoparticles are less reac-
tive and less toxic (to human cells) than ionic 
silver and more applicable to diverse clinical and 
therapeutic applications.94

Several studies have been performed to test 
the antibiofilm effect of silver. Most of these stud-
ies are preliminary because they are in vitro based 
and test the early stages (e.g., initial adhesion) of 
biofilm development. Given the known bacte-
ricidal nature of the ionic form of silver against 
planktonic microbes, it is not surprising that these 
studies show favorable effects on biofilm devel-
opment. Treating early stages with silver will kill 
microbes because they are still in the planktonic 
state and therefore biofilms will not develop. Few 
in vitro studies have addressed the impact of sil-
ver on mature biofilms, including a 2016 study by 
Bowler and Parsons, where the authors showed 
the ability of a pH-regulated augmented silver 
hydrofiber dressing to significantly decrease bio-
film.95 This study is limited by its approach in 
that it uses a standard colony-forming unit viabil-
ity assay as a means to claim antibiofilm status. 
Other studies, including those from our laborato-
ries using a chronic burn biofilm porcine model, 
have shown that once biofilm is established, silver 
treatments are of limited benefit.18,96 Various sil-
ver dressings have been tested in porcine models. 
A silver gelling fiber dressing was used against P. 
aeruginosa wound biofilm in a short-term model 
(7 days) and demonstrated an apparent decrease 

in bacterial biomass.97 The limitations of this 
study include the absence of standard criteria test-
ing56 (including the gold standard, scanning elec-
tron microscopy) to demonstrate actual biofilm 
development in the wounds. Furthermore, the 
short-term study does not address the chronic, 
persistent nature of a true biofilm and may be 
preliminary in its findings. Among the limited 
clinical studies performed with silver-based dress-
ings, no clear biofilm indicators have been tested 
to validate its antibiofilm capability. Coating med-
ical devices with ionic or metallic silver has not 
shown much promise, possibly because of inacti-
vation by organic material such as blood.98 Silver 
nanoparticle–coated catheters did not allow the 
biofilm formation by a number of pathogens 
such as Escherichia coli, Enterococcus species, S. 
aureus, and coagulase-negative Staphylococci when 
tested in vitro.99 Clinical studies testing the effects 
of silver nanoparticle–impregnated coatings 
on biofilm prevention remain to be reported. 
Studies have been performed in several small- 
and large-animal models to show the efficacy of 
silver nanoparticle–coated stents and catheters 
in reducing or preventing biofilm infection.99–102 
At high doses, silver nanoparticles could be toxic 
to human cells.103 Another serious side effect is 
increased thrombin formation and platelet acti-
vation leading to a thrombosis risk of patients 
in clinics.104 Further studies are warranted to 
address safe applications of silver nanoparticles, 
particularly in the context of direct contact with 
human cells and tissues.

Iodine
Iodine is an antiseptic that impacts bacterial 

cells by multiple mechanisms.105 The neutral and 
lipophilic nature of iodine could enhance the 
penetration of this molecule into biofilms.105–108 
Iodine, like silver, can kill planktonic cells rap-
idly. However, unlike silver, it is also able to inhibit 
mature biofilms of S. aureus, and P. aeruginosa 
when treated over an extended period. Extended 
release of iodine beyond the period of strong 
initial kill may be critical to continue exposing 
persister cells to antimicrobial molecules, poten-
tially resulting in ultimate death of the persisters 
and preventing biofilm reformation from these 
dormant but viable cells. Modern formulations 
of iodine, particularly in the cadexomer iodine 
combinations, that sequester iodine without limit-
ing its inhibitory functions, have been shown to 
have antibiofilm effects and also wound healing 
capabilities in experimental animal models.105,108 
Rigorous in vivo studies and human clinical trials 
are warranted.
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Hypochlorous Acid
Hypochlorous acid is known to rapidly eradi-

cate pathogenic bacteria and is less toxic to mam-
malian cells compared with hydrogen peroxide. 
Hypochlorous acid has uses as a wound cleansing 
agent and has been shown to promote wound heal-
ing in a rodent model.109–111 It is the active com-
ponent of two common wound irrigating agents: 
Dakin solution and Vashe (Urgo Medical, Fort 
Worth, Texas). Conflicting evidence (based primar-
ily on in vitro studies) presents an unclear picture 
about the efficacy of these solutions against biofilms 
of different bacterial species. One study identified 
that hypochlorous acid was bactericidal against 
Streptococcus strains but unable to disrupt biofilm.112 
Another study claimed in vivo evidence of the effi-
cacy of hypochlorous acid against biofilm from 
swab samples and exudates collected from treated 
venous stasis ulcers. The issue with this study is that 
it is unclear whether any of these wounds were con-
firmed as being infected with biofilm-forming bac-
teria.113 In this same study, in vitro efficacy against 
biofilm-forming Pseudomonas and Staphylococcus 
strains were demonstrated. It is possible that an anti-
biofilm effect could be strain specific. Additional 
studies are required to dissect the true efficacy of 
this chemical agent against biofilm mode of growth. 
Hypochlorous acid is thought to be the byproduct 
of electrical treatment modalities and is briefly dis-
cussed in the Emerging Strategies section.

Quorum Sensing Inhibitors
Bacteria communicate to adapt their behavior 

collectively to their environment by a molecular 
phenomenon called quorum sensing that involves 
the synthesis and response to small molecules 
called autoinducers.114 Quorum sensing drives 
the synthesis of virulence factors such as pyocya-
nin (P. aeruginosa), biofilm formation, and other 
activities.115 The inhibition of quorum sensing is 
called quorum quenching. Inhibitors with quo-
rum quenching effect are numerous and range 
from natural (e.g., certain types of honey116,117) 
to synthetic (e.g., furanones118–120) and have been 
used for direct testing against biofilm-forming 
bacteria in vitro. Some of these inhibitors have 
also been considered for treatment of medical 
devices such as catheters, dressings, and orthope-
dic and trauma devices,121 as a means to prevent 
the development of biofilm.

Natural Products
Manuka Honey
Manuka honey, derived from the manuka tree, 

has non–hydrogen peroxide–based antimicrobial 

properties attributed to its high content of meth-
ylglyoxal and leptosperin. A few in vitro studies 
have been performed on biofilm-forming strains 
using manuka honey alone122–126 or in combi-
nation with antibiotics.127,128 Reports suggest a 
synergistic antibiofilm effect of manuka honey 
together with antibiotics.129 One report, however, 
indicated the emergence of persister strains of P. 
aeruginosa in manuka honey–treated samples.130 
Manuka honey–based wound dressings are avail-
able on the market and are U.S. Food and Drug 
Administration cleared for use for the manage-
ment of chronic wounds and burns.131 Several 
have been tested for antibacterial (planktonic) 
activity in a clinical setting.132–136 Few in vivo stud-
ies to date have specifically addressed the antib-
iofilm activity of manuka honey.137,138 Rigorous 
clinical studies are warranted.

Emerging Strategies
Electroceuticals
Electric principle–based approaches are an 

emerging area of wound therapeutics.17,139–147 
Wireless electroceutical wound dressing inhibits P. 
aeruginosa biofilms by interfering with the quorum 
sensing pathway and antibiotic resistance mecha-
nisms.148 Preclinical porcine studies showed that 
wireless electroceutical wound dressing could pre-
vent or treat P. aeruginosa and A. baumannii mixed 
biofilms and improve visual and functional wound 
healing.17,57,149 Wireless electroceutical wound 
dressing was found to improve the healing impact 
of negative-pressure wound therapy with the need 
for fewer dressing changes in a limited-size clini-
cal case series.150 An independent group showed 
that wireless electroceutical wound dressing could 
inhibit various other pathogenic biofilm-forming 
bacteria in vitro.151,152 A second-generation pat-
terned electroceutical dressing was developed to 
treat deeper biofilm infections and was recently 
shown to be safe for human application.153 An in 
vitro agar-based model using a bioluminescent 
strain of P. aeruginosa measured biofilm inhibition 
when direct current was applied. Scanning elec-
tron microscopic imaging identified a disrupted 
biofilm architecture. Mechanistically, hypochlo-
rous acid was hypothesized to be responsible for 
the observed eradication of these biofilm-form-
ing bacteria, based on pH measurement and the 
presence of chlorotyrosine in the cellular lysates 
tested.154 Electronic scaffolds that generate hypo-
chlorous acid have been tested for their ability to 
inhibit biofilm formation using an ex vivo porcine 
ear model, promoted by the addition of malto-
dextrin (a hyperosmotic agent).155,156 Limitations 
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of such study include the lack of host immune 
defense system as part of the experimental model. 
Further clinical and mechanistic studies are 
warranted.

Phage Therapy
The basic concept involves the use of a virus 

to directly lyse a bacterial cell. Phages are very 
specific for the bacteria being targeted and can 
only gain entry into a cell in response to specific 
receptor-mediated interactions.157,158 Recent stud-
ies, however, indicate that phages may impact the 
host immune system, thereby promoting bacte-
rial infections.159–162 Bacteriophages have been 
extensively studied as therapeutic agents using 
ex vivo or in vivo wound models, including acute 
burn wound infections, alone or in conjunction 
with other therapeutics.163 Phage infections can 
degrade biofilm matrix by inducing protease syn-
thesis and cause whole bacterial cell lysis.164–166 A 
better understanding of underlying mechanisms 

must be gained to pave the way toward clinical 
testing of this interesting therapeutic strategy.

Challenges/Closing Concept
The ideal antibiofilm strategy in the context 

of wound therapy would eradicate the biofilm 
and either promote wound closure or at least 
have no adverse effect on wound healing. There 
are antibiofilm strategies tested and marketed 
that appear to be effective against bacterial bio-
films, but they do not fully consider all microbial 
(fungal, protozoan) pathogens. Furthermore, for 
biofilm of relevance to human health, there are 
two primary factors—(1) microbial mechanisms 
and (2) host response—that modulate microbial 
mechanisms over time.57 This iterative interaction 
between microbes and host defenses helps shape a 
pathogenic chronic biofilm. Therapies marketed 
as “antibiofilm” may not necessarily be useful in 
fighting wound infections, especially if they have 

Fig. 4. Levels of evidence modified for antibiofilm strategies. RCT, randomized controlled trial; NA, not applica-
ble; WED, wireless electroceutical wound dressing; PED, patterned electroceutical wound dressing; AG, silver; NP, 
nanoparticle; AMPs, antimicrobial peptides.
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been tested primarily in immunoincompetent 
(independent of host immune function) sys-
tems.15,57 Such approaches are powerful in under-
standing microbiological processes but limited 
in addressing host-associated biofilm responses. 
Translational relevance of antibiofilm therapies 
are better tested in the context of immunocom-
petent preclinical models that capture the persis-
tent nature of biofilm-infected chronic wounds.57 
Although preclinical studies ensure safety and effi-
cacy of therapeutics, there are limitations because 
of the disparate anatomy and biology of different 
animal models compared to humans. The success-
ful translation of antibiofilm therapies to the clinic 
would be better served by patient-based mecha-
nistic and outcome studies to support definitive 
antibiofilm claims in wound care. A modified rep-
resentation of levels of evidence in the context of 
antibiofilm strategies is presented in Figure 4. Most 
of the currently available antibiofilm strategies fall 
within evidence levels 3 to 5. Evidence at level 5 
should be regarded as too preliminary to act on 
clinically. The discipline awaits level 2 evidence 
that would pave the way to specific U.S. Food and 
Drug Administration claims relevant to efficacy in 
managing wound biofilm infection. Products in 
levels 4 (large-animal) and 5 would be the most 
promising based on current levels of evidence.

SUMMARY
Biofilm infection is a common but unrecog-

nized contributor to wound chronicity. It causes 
loss of skin barrier function and loss of evaporative 
water regulation. It disables the host innate immune 
response and weakens the extracellular matrix at 
the wound site. Clinicians are further challenged 
by the fact that bacteria in a biofilm state do not 
reliably grow in culture and the only way to defini-
tively diagnose biofilm infection is through scan-
ning electron microscopy, which is not clinically 
available. Challenges in biofilm detection and lack 
of rigorous testing in clinical trials severely limit 
clinical decision support. Based on the material 
discussed in this work, the following recommenda-
tions are made regarding clinical management of 
biofilm in chronic wounds. First, assume that bio-
film infection is present if wound healing is stalled. 
Second, débridement to convert bacteria from bio-
film to the planktonic state is essential to render 
them susceptible to treatment. Sharp débridement 
remains the gold standard. Noncontact methods, 
such as ultrasound, should be considered if pain is 
a limiting factor. Third, tissue specimens should be 
collected after débridement to increase the yield 

from microbiology cultures. Fourth, débridement 
must be followed by immediate topical antimicro-
bial therapy to prevent biofilm from being reestab-
lished. Fifth, wireless electroceutical dressings have 
the most scientifically rigorous preclinical testing, 
and U.S. Food and Drug Administration–approved 
products of this type are available, but insurance 
coverage may be limited. Cadexomer iodine is an 
alternative product, with some evidence of biofilm 
eradication, and is readily available. Sixth, absorb-
able antibiotic-impregnated beads are effective 
topical antimicrobial therapy in the setting of flap 
closure of wounds. Seventh, topical antimicrobial 
therapy may not be sufficient alone, especially in 
the setting of underlying osteomyelitis and flap 
closure; thus, systemic antibiotic therapy should be 
included.

Gayle M. Gordillo, M.D.
545 Barnhill Drive
Emerson Hall 232

Indianapolis, Ind. 46202
gmgordil@iu.edu

ACKNOWLEDGMENTS
This work was supported in part by National 

Institutes of Health grants DK125835, NR015676, 
and NR013898. 

REFERENCES
	 1.	 Percival SL, McCarty SM, Lipsky B. Biofilms and wounds: 

An overview of the evidence. Adv Wound Care (New Rochelle) 
2015;4:373–381. 

	 2.	 Percival SL, Vuotto C, Donelli G, Lipsky BA. Biofilms and 
wounds: An identification algorithm and potential treat-
ment options. Adv Wound Care (New Rochelle) 2015;4:389–397. 

	 3.	 Donlan RM. Biofilms: Microbial life on surfaces. Emerg Infect 
Dis. 2002;8:881–890. 

	 4.	 Jefferson KK. What drives bacteria to produce a biofilm? 
FEMS Microbiol Lett. 2004;236:163–173. 

	 5.	 Costerton JW, Montanaro L, Arciola CR. Biofilm in implant 
infections: Its production and regulation. Int J Artif Organs 
2005;28:1062–1068. 

	 6.	 Høiby N, Ciofu O, Johansen HK, et al. The clinical impact of 
bacterial biofilms. Int J Oral Sci. 2011;3:55–65. 

	 7.	 Hurlow J, Couch K, Laforet K, Bolton L, Metcalf D, Bowler P. 
Clinical biofilms: A challenging frontier in wound care. Adv 
Wound Care (New Rochelle) 2015;4:295–301. 

	 8.	 Wolcott R, Dowd S. The role of biofilms: Are we hitting the 
right target? Plast Reconstr Surg. 2011;127(Suppl 1):28S–35S. 

	 9.	 Cooper RA, Bjarnsholt T, Alhede M. Biofilms in wounds: 
A review of present knowledge. J Wound Care 2014;23:570, 
572–574, 576. 

	10.	 Donlan RM, Costerton JW. Biofilms: Survival mechanisms 
of clinically relevant microorganisms. Clin Microbiol Rev. 
2002;15:167–193. 

	11.	 Gonzalez JF, Hahn MM, Gunn JS. Chronic biofilm-based 
infections: Skewing of the immune response. Pathog Dis. 
2018;76:fty023. 

mailto:gmgordil@iu.edu?subject=
https://doi.org/10.1089/wound.2014.0557
https://doi.org/10.1089/wound.2014.0557
https://doi.org/10.1089/wound.2014.0557
https://doi.org/10.1089/wound.2014.0574
https://doi.org/10.1089/wound.2014.0574
https://doi.org/10.1089/wound.2014.0574
https://doi.org/10.3201/eid0809.020063
https://doi.org/10.3201/eid0809.020063
https://doi.org/10.1016/j.femsle.2004.06.005
https://doi.org/10.1016/j.femsle.2004.06.005
https://doi.org/10.1177/039139880502801103
https://doi.org/10.1177/039139880502801103
https://doi.org/10.1177/039139880502801103
https://doi.org/10.4248/IJOS11026
https://doi.org/10.4248/IJOS11026
https://doi.org/10.1089/wound.2014.0567
https://doi.org/10.1089/wound.2014.0567
https://doi.org/10.1089/wound.2014.0567
https://doi.org/10.1097/PRS.0b013e3181fca244
https://doi.org/10.1097/PRS.0b013e3181fca244
https://doi.org/10.12968/jowc.2014.23.11.570
https://doi.org/10.12968/jowc.2014.23.11.570
https://doi.org/10.12968/jowc.2014.23.11.570
https://doi.org/10.1128/cmr.15.2.167-193.2002
https://doi.org/10.1128/cmr.15.2.167-193.2002
https://doi.org/10.1128/cmr.15.2.167-193.2002
https://doi.org/10.1093/femspd/fty023
https://doi.org/10.1093/femspd/fty023
https://doi.org/10.1093/femspd/fty023


Copyright © 2021 American Society of Plastic Surgeons. Unauthorized reproduction of this article is prohibited. 

Volume 148, Number 2 • Antibiofilm Strategies

285e

	12.	 Roilides E, Simitsopoulou M, Katragkou A, Walsh TJ. How 
biofilms evade host defenses. Microbiol Spectr. 2015;3. 

	13.	 Rybtke M, Hultqvist LD, Givskov M, Tolker-Nielsen T. 
Pseudomonas aeruginosa biofilm infections: Community struc-
ture, antimicrobial tolerance and immune response. J Mol 
Biol. 2015;427:3628–3645. 

	14.	 Watters C, Fleming D, Bishop D, Rumbaugh KP. Host responses 
to biofilm. Prog Mol Biol Transl Sci. 2016;142:193–239. 

	15.	 Bhattacharya M, Berends ETM, Chan R, et al. Staphylococcus 
aureus biofilms release leukocidins to elicit extracellular trap 
formation and evade neutrophil-mediated killing. Proc Natl 
Acad Sci USA. 2018;115:7416–7421. 

	16.	 U.S. Food and Drug Administration. Chronic cutaneous 
ulcer and burn wounds: Developing products for treatment. 
Available at: https://www.fda.gov/regulatory-information/
search-fda-guidance-documents/chronic-cutaneous-ulcer-
and-burn-wounds-developing-products-treatment. Accessed 
September 9, 2019.

	17.	 Barki KG, Das A, Dixith S, et al. Electric field based dressing 
disrupts mixed-species bacterial biofilm infection and restores 
functional wound healing. Ann Surg. 2019;269:756–766. 

	18.	 Roy S, Elgharably H, Sinha M, et al. Mixed-species biofilm 
compromises wound healing by disrupting epidermal bar-
rier function. J Pathol. 2014;233:331–343. 

	19.	 Roy S, Santra S, Das A, et al. Staphylococcus aureus biofilm infec-
tion compromises wound healing by causing deficiencies in 
granulation tissue collagen. Ann Surg. 2020;271:1174–1185. 

	20.	 Sen CK, Ghatak S, Gnyawali SC, Roy S, Gordillo GM. 
Cutaneous imaging technologies in acute burn and chronic 
wound care. Plast Reconstr Surg. 2016;138(Suppl):119S–128S. 

	21.	 Altemus M, Rao B, Dhabhar FS, Ding W, Granstein RD. 
Stress-induced changes in skin barrier function in healthy 
women. J Invest Dermatol. 2001;117:309–317. 

	22.	 Firooz A, Zartab H, Sadr B, et al. Daytime changes of skin 
biophysical characteristics: A study of hydration, transepi-
dermal water loss, pH, sebum, elasticity, erythema, and color 
index on Middle Eastern skin. Indian J Dermatol. 2016;61:700. 

	23.	 Grice K, Sattar H, Baker H, Sharratt M. The relationship of 
transepidermal water loss to skin temperature in psoriasis 
and eczema. J Invest Dermatol. 1975;64:313–315. 

	24.	 Grice K, Sattar H, Sharratt M, Baker H. Skin temperature 
and transepidermal water loss. J Invest Dermatol. 1971;57: 
108–110. 

	25.	 Madison KC. Barrier function of the skin: “La raison d’être” 
of the epidermis. J Invest Dermatol. 2003;121:231–241. 

	26.	 Mohd Noor N, Hussein SH. Transepidermal water loss 
in erythrodermic patients of various aetiologies. Skin Res 
Technol. 2013;19:320–323. 

	27.	 Nikam VN, Monteiro RC, Dandakeri S, Bhat RM. 
Transepidermal water loss in psoriasis: A case-control study. 
Indian Dermatol Online J. 2019;10:267–271. 

	28.	 Rowe MI, Taylor M. Transepidermal water loss in the infant 
surgical patient. J Pediatr Surg. 1981;16:878–881. 

	29.	 Shahidullah M, Raffle EJ, Rimmer AR, Frain-Bell W. 
Transepidermal water loss in patients with dermatitis. Br J 
Dermatol. 1969;81:722–730. 

	30.	 Barker JC, Khansa I, Gordillo GM. A formidable foe 
is sabotaging your results: What you should know 
about biofilms and wound healing. Plast Reconstr Surg. 
2017;139:1184e–1194e. 

	31.	 Wolcott RD, Rhoads DD, Dowd SE. Biofilms and chronic 
wound inflammation. J Wound Care 2008;17:333–341. 

	32.	 Arciola CR, Campoccia D, Speziale P, Montanaro L, Costerton 
JW. Biofilm formation in Staphylococcus implant infections: A 
review of molecular mechanisms and implications for bio-
film-resistant materials. Biomaterials 2012;33:5967–5982. 

	33.	 Costerton JW, Montanaro L, Arciola CR. Bacterial commu-
nications in implant infections: A target for an intelligence 
war. Int J Artif Organs 2007;30:757–763. 

	34.	 Dasgupta MK, Costerton JW. Significance of biofilm-adher-
ent bacterial microcolonies on Tenckhoff catheters of CAPD 
patients. Blood Purif. 1989;7:144–155. 

	35.	 Dasgupta MK, Kowalewaska-Grochowska K, Costerton JW. 
Biofilm and peritonitis in peritoneal dialysis. Perit Dial Int. 
1993;13(Suppl 2):S322–S325.

	36.	 Ehrlich GD, Stoodley P, Kathju S, et al. Engineering 
approaches for the detection and control of orthopaedic 
biofilm infections. Clin Orthop Relat Res. 2005;437:59–66. 

	37.	 Hall-Stoodley L, Stoodley P, Kathju S, et al. Towards diag-
nostic guidelines for biofilm-associated infections. FEMS 
Immunol Med Microbiol. 2012;65:127–145. 

	38.	 Holland SP, Pulido JS, Miller D, et al. Biofilm and scleral 
buckle-associated infections: A mechanism for persistence. 
Ophthalmology 1991;98:933–938. 

	39.	 Kowalewska-Grochowska K, Richards R, Moysa GL, Lam K, 
Costerton JW, King EG. Guidewire catheter change in cen-
tral venous catheter biofilm formation in a burn population. 
Chest 1991;100:1090–1095. 

	40.	 Marrie TJ, Sung JY, Costerton JW. Bacterial biofilm formation 
on nasogastric tubes. J Gastroenterol Hepatol. 1990;5:503–506. 

	41.	 Matsukawa M, Kunishima Y, Takahashi S, Takeyama K, 
Tsukamoto T. Bacterial colonization on intraluminal surface 
of urethral catheter. Urology 2005;65:440–444. 

	42.	 Nickel JC, Heaton J, Morales A, Costerton JW. Bacterial bio-
film in persistent penile prosthesis-associated infection. J 
Urol. 1986;135:586–588. 

	43.	 Stoodley P, Ehrlich GD, Sedghizadeh PP, et al. Orthopaedic 
biofilm infections. Curr Orthop Pract. 2011;22:558–563. 

	44.	 Kathju S, Nistico L, Lasko LA, Stoodley P. Bacterial bio-
film on monofilament suture and porcine xenograft after 
inguinal herniorrhaphy. FEMS Immunol Med Microbiol. 
2010;59:405–409. 

	45.	 Kathju S, Nistico L, Tower I, Lasko LA, Stoodley P. Bacterial 
biofilms on implanted suture material are a cause of surgical 
site infection. Surg Infect (Larchmt.) 2014;15:592–600. 

	46.	 Kathju S, Nistico L, Hall-Stoodley L, Post JC, Ehrlich GD, 
Stoodley P. Chronic surgical site infection due to suture-
associated polymicrobial biofilm. Surg Infect (Larchmt.) 
2009;10:457–461. 

	47.	 Kathju S, Lasko LA, Nistico L, Colella JJ, Stoodley P. 
Cutaneous fistula from the gastric remnant resulting from 
a chronic suture-associated biofilm infection. Obes Surg. 
2010;20:251–256. 

	48.	 Kathju S, Nistico L, Melton-Kreft R, Lasko LA, Stoodley P. Direct 
demonstration of bacterial biofilms on prosthetic mesh after 
ventral herniorrhaphy. Surg Infect (Larchmt.) 2015;16:45–53. 

	49.	 U.S. Food and Drug Administration. Draft guidance for 
industry and FDA staff: Premarket notification (510(k)) 
submissions for medical devices that include antimicro-
bial agents. Available at: https://www.federalregister.gov/
documents/2007/07/19/E7-13952/draft-guidance-for-
industry-and-food-and-drug-administration-staff-premarket-
notification. Accessed November 3, 2019.

	50.	 Bjarnsholt T, Alhede M, Jensen PØ, et al. Antibiofilm 
properties of acetic acid. Adv Wound Care (New Rochelle) 
2015;4:363–372. 

	51.	 Finnegan S, Percival SL. EDTA: An antimicrobial and anti-
biofilm agent for use in wound care. Adv Wound Care (New 
Rochelle) 2015;4:415–421. 

	52.	 Finnegan S, Percival SL. Clinical and antibiofilm efficacy 
of antimicrobial hydrogels. Adv Wound Care (New Rochelle) 
2015;4:398–406. 

https://doi.org/10.1128/microbiolspec.MB-0012-2014
https://doi.org/10.1128/microbiolspec.MB-0012-2014
https://doi.org/10.1016/j.jmb.2015.08.016
https://doi.org/10.1016/j.jmb.2015.08.016
https://doi.org/10.1016/j.jmb.2015.08.016
https://doi.org/10.1016/j.jmb.2015.08.016
https://doi.org/10.1016/bs.pmbts.2016.05.007
https://doi.org/10.1016/bs.pmbts.2016.05.007
https://doi.org/10.1073/pnas.1721949115
https://doi.org/10.1073/pnas.1721949115
https://doi.org/10.1073/pnas.1721949115
https://doi.org/10.1073/pnas.1721949115
https://www.fda.gov/regulatory-information/search-fda-guidance-documents/chronic-cutaneous-ulcer-and-burn-wounds-developing-products-treatment
https://www.fda.gov/regulatory-information/search-fda-guidance-documents/chronic-cutaneous-ulcer-and-burn-wounds-developing-products-treatment
https://www.fda.gov/regulatory-information/search-fda-guidance-documents/chronic-cutaneous-ulcer-and-burn-wounds-developing-products-treatment
https://doi.org/10.1097/SLA.0000000000002504
https://doi.org/10.1097/SLA.0000000000002504
https://doi.org/10.1097/SLA.0000000000002504
https://doi.org/10.1002/path.4360
https://doi.org/10.1002/path.4360
https://doi.org/10.1002/path.4360
https://doi.org/10.1097/SLA.0000000000003053
https://doi.org/10.1097/SLA.0000000000003053
https://doi.org/10.1097/SLA.0000000000003053
https://doi.org/10.1097/PRS.0000000000002654
https://doi.org/10.1097/PRS.0000000000002654
https://doi.org/10.1097/PRS.0000000000002654
https://doi.org/10.1046/j.1523-1747.2001.01373.x
https://doi.org/10.1046/j.1523-1747.2001.01373.x
https://doi.org/10.1046/j.1523-1747.2001.01373.x
https://doi.org/10.4103/0019-5154.193707
https://doi.org/10.4103/0019-5154.193707
https://doi.org/10.4103/0019-5154.193707
https://doi.org/10.4103/0019-5154.193707
https://doi.org/10.1111/1523-1747.ep12512258
https://doi.org/10.1111/1523-1747.ep12512258
https://doi.org/10.1111/1523-1747.ep12512258
https://doi.org/10.1111/1523-1747.ep12349617
https://doi.org/10.1111/1523-1747.ep12349617
https://doi.org/10.1111/1523-1747.ep12349617
https://doi.org/10.1046/j.1523-1747.2003.12359.x
https://doi.org/10.1046/j.1523-1747.2003.12359.x
https://doi.org/10.1111/srt.12048
https://doi.org/10.1111/srt.12048
https://doi.org/10.1111/srt.12048
https://doi.org/10.4103/idoj.IDOJ_180_18
https://doi.org/10.4103/idoj.IDOJ_180_18
https://doi.org/10.4103/idoj.IDOJ_180_18
https://doi.org/10.1016/s0022-3468(81)80839-1
https://doi.org/10.1016/s0022-3468(81)80839-1
https://doi.org/10.1111/j.1365-2133.1969.tb15931.x
https://doi.org/10.1111/j.1365-2133.1969.tb15931.x
https://doi.org/10.1111/j.1365-2133.1969.tb15931.x
https://doi.org/10.1097/PRS.0000000000003325
https://doi.org/10.1097/PRS.0000000000003325
https://doi.org/10.1097/PRS.0000000000003325
https://doi.org/10.1097/PRS.0000000000003325
https://doi.org/10.12968/jowc.2008.17.8.30796
https://doi.org/10.12968/jowc.2008.17.8.30796
https://doi.org/10.1016/j.biomaterials.2012.05.031
https://doi.org/10.1016/j.biomaterials.2012.05.031
https://doi.org/10.1016/j.biomaterials.2012.05.031
https://doi.org/10.1016/j.biomaterials.2012.05.031
https://doi.org/10.1177/039139880703000903
https://doi.org/10.1177/039139880703000903
https://doi.org/10.1177/039139880703000903
https://doi.org/10.1159/000169586
https://doi.org/10.1159/000169586
https://doi.org/10.1159/000169586
https://doi.org/10.1097/00003086-200508000-00011
https://doi.org/10.1097/00003086-200508000-00011
https://doi.org/10.1097/00003086-200508000-00011
https://doi.org/10.1111/j.1574-695X.2012.00968.x
https://doi.org/10.1111/j.1574-695X.2012.00968.x
https://doi.org/10.1111/j.1574-695X.2012.00968.x
https://doi.org/10.1016/s0161-6420(91)32199-7
https://doi.org/10.1016/s0161-6420(91)32199-7
https://doi.org/10.1016/s0161-6420(91)32199-7
https://doi.org/10.1378/chest.100.4.1090
https://doi.org/10.1378/chest.100.4.1090
https://doi.org/10.1378/chest.100.4.1090
https://doi.org/10.1378/chest.100.4.1090
https://doi.org/10.1111/j.1440-1746.1990.tb01431.x
https://doi.org/10.1111/j.1440-1746.1990.tb01431.x
https://doi.org/10.1016/j.urology.2004.10.065
https://doi.org/10.1016/j.urology.2004.10.065
https://doi.org/10.1016/j.urology.2004.10.065
https://doi.org/10.1016/s0022-5347(17)45747-8
https://doi.org/10.1016/s0022-5347(17)45747-8
https://doi.org/10.1016/s0022-5347(17)45747-8
https://doi.org/10.1097/BCO.0b013e318230efcf
https://doi.org/10.1097/BCO.0b013e318230efcf
https://doi.org/10.1111/j.1574-695X.2010.00691.x
https://doi.org/10.1111/j.1574-695X.2010.00691.x
https://doi.org/10.1111/j.1574-695X.2010.00691.x
https://doi.org/10.1111/j.1574-695X.2010.00691.x
https://doi.org/10.1089/sur.2013.016
https://doi.org/10.1089/sur.2013.016
https://doi.org/10.1089/sur.2013.016
https://doi.org/10.1089/sur.2008.062
https://doi.org/10.1089/sur.2008.062
https://doi.org/10.1089/sur.2008.062
https://doi.org/10.1089/sur.2008.062
https://doi.org/10.1007/s11695-009-9921-8
https://doi.org/10.1007/s11695-009-9921-8
https://doi.org/10.1007/s11695-009-9921-8
https://doi.org/10.1007/s11695-009-9921-8
https://doi.org/10.1089/sur.2014.026
https://doi.org/10.1089/sur.2014.026
https://doi.org/10.1089/sur.2014.026
https://www.federalregister.gov/documents/2007/07/19/E7-13952/draft-guidance-for-industry-and-food-and-drug-administration-staff-premarket-notification
https://www.federalregister.gov/documents/2007/07/19/E7-13952/draft-guidance-for-industry-and-food-and-drug-administration-staff-premarket-notification
https://www.federalregister.gov/documents/2007/07/19/E7-13952/draft-guidance-for-industry-and-food-and-drug-administration-staff-premarket-notification
https://www.federalregister.gov/documents/2007/07/19/E7-13952/draft-guidance-for-industry-and-food-and-drug-administration-staff-premarket-notification
https://doi.org/10.1089/wound.2014.0554
https://doi.org/10.1089/wound.2014.0554
https://doi.org/10.1089/wound.2014.0554
https://doi.org/10.1089/wound.2014.0577
https://doi.org/10.1089/wound.2014.0577
https://doi.org/10.1089/wound.2014.0577
https://doi.org/10.1089/wound.2014.0556
https://doi.org/10.1089/wound.2014.0556
https://doi.org/10.1089/wound.2014.0556


Copyright © 2021 American Society of Plastic Surgeons. Unauthorized reproduction of this article is prohibited. 

286e

Plastic and Reconstructive Surgery • August 2021

	53.	 Jones EM, Cochrane CA, Percival SL. The effect of pH on 
the extracellular matrix and biofilms. Adv Wound Care (New 
Rochelle) 2015;4:431–439. 

	54.	 Percival SL, McCarty SM. Silver and alginates: Role in wound 
healing and biofilm control. Adv Wound Care (New Rochelle) 
2015;4:407–414. 

	55.	 Salisbury AM, Mayer D, Chen R, Percival SL. Efficacy of 
concentrated surfactant-based wound dressings in wound 
repair and biofilm reduction. Adv Wound Care (New Rochelle) 
2018;7:315–322. 

	56.	 Parsek MR, Singh PK. Bacterial biofilms: An emerging link to 
disease pathogenesis. Annu Rev Microbiol. 2003;57:677–701. 

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

	58.	 Lebeaux D, Chauhan A, Rendueles O, Beloin C. From in 
vitro to in vivo models of bacterial biofilm-related infections. 
Pathogens 2013;2:288–356. 

	59.	 Lewis K. Persister cells. Annu Rev Microbiol. 2010;64:357–372. 
	60.	 Kim JS, Chowdhury N, Yamasaki R, Wood TK. Viable but 

non-culturable and persistence describe the same bacterial 
stress state. Environ Microbiol. 2018;20:2038–2048. 

	61.	 Khansa I, Barker JC, Ghatak PD, Sen CK, Gordillo GM. Use 
of antibiotic impregnated resorbable beads reduces pres-
sure ulcer recurrence: A retrospective analysis. Wound Repair 
Regen. 2018;26:221–227. 

	62.	 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;18:54–56. 

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

	64.	 Brown A, Horobin A, Blount DG, et al. Blow fly Lucilia seri-
cata nuclease digests DNA associated with wound slough/
eschar and with Pseudomonas aeruginosa biofilm. Med Vet 
Entomol. 2012;26:432–439. 

	65.	 van der Plas MJ, Jukema GN, Wai SW, et al. Maggot excre-
tions/secretions are differentially effective against bio-
films of Staphylococcus aureus and Pseudomonas aeruginosa. J 
Antimicrob Chemother. 2008;61:117–122. 

	66.	 Cowan LJ, Stechmiller JK, Phillips P, Yang Q, Schultz G. 
Chronic wounds, biofilms and use of medicinal larvae. Ulcers 
2013;2013:1–7. 

	67.	 Bohova J, Majtan J, Majtan V, Takac P. Selective antibiofilm 
effects of Lucilia sericata larvae secretions/excretions against 
wound pathogens. Evid Based Complement Alternat Med. 
2014;2014:857360. 

	68.	 Chang YR, Perry J, Cross K. Low-frequency ultrasound 
debridement in chronic wound healing: A systematic review 
of current evidence. Plast Surg (Oakv.) 2017;25:21–26. 

	69.	 Paliwal S, Mitragotri S. Therapeutic opportunities in biologi-
cal responses of ultrasound. Ultrasonics 2008;48:271–278. 

	70.	 Ennis WJ, Lee C, Gellada K, Corbiere TF, Koh TJ. Advanced 
technologies to improve wound healing: Electrical stimu-
lation, vibration therapy, and ultrasound. What is the evi-
dence? Plast Reconstr Surg. 2016;138:94S–104S. 

	71.	 Lai J, Pittelkow MR. Physiological effects of ultrasound mist 
on fibroblasts. Int J Dermatol. 2007;46:587–593. 

	72.	 Scherba G, Weigel RM, O’Brien WD Jr. Quantitative assess-
ment of the germicidal efficacy of ultrasonic energy. Appl 
Environ Microbiol. 1991;57:2079–2084. 

	73.	 Stanisic MM, Provo BJ, Larson DL, Kloth LC. Wound 
debridement with 25 kHz ultrasound. Adv Skin Wound Care 
2005;18:484–490. 

	74.	 Suchkova V, Siddiqi FN, Carstensen EL, Dalecki D, Child S, 
Francis CW. Enhancement of fibrinolysis with 40-kHz ultra-
sound. Circulation 1998;98:1030–1035. 

	75.	 Crone S, Garde C, Bjarnsholt T, Alhede M. A novel in vitro 
wound biofilm model used to evaluate low-frequency ultra-
sonic-assisted wound debridement. J Wound Care 2015;24:64, 
66–69, 72. 

	76.	 Escandon J, Vivas AC, Perez R, Kirsner R, Davis S. A prospec-
tive pilot study of ultrasound therapy effectiveness in refrac-
tory venous leg ulcers. Int Wound J. 2012;9:570–578. 

	77.	 Granick MS, Paribathan C, Shanmugam M, Ramasubbu N. 
Direct-contact low-frequency ultrasound clearance of bio-
film from metallic implant materials. Eplasty. 2017;17:e13.

	78.	 Dong Y, Chen S, Wang Z, Peng N, Yu J. Synergy of ultrasound 
microbubbles and vancomycin against Staphylococcus epidermi-
dis biofilm. J Antimicrob Chemother. 2013;68:816–826. 

	79.	 Fu YY, Zhang L, Yang Y, et al. Synergistic antibacterial 
effect of ultrasound microbubbles combined with chitosan-
modified polymyxin B-loaded liposomes on biofilm-pro-
ducing Acinetobacter baumannii. Int J Nanomedicine 2019;14: 
1805–1815. 

	80.	 Li S, Zhu C, Fang S, et al. Ultrasound microbubbles 
enhance human β-defensin 3 against biofilms. J Surg Res. 
2015;199:458–469. 

	81.	 Zhu C, He N, Cheng T, et al. Ultrasound-targeted microbub-
ble destruction enhances human β-defensin 3 activity against 
antibiotic-resistant Staphylococcus biofilms. Inflammation 
2013;36:983–996. 

	82.	 Gilmore BF, Flynn PB, O’Brien S, Hickok N, Freeman T, 
Bourke P. Cold plasmas for biofilm control: Opportunities 
and challenges. Trends Biotechnol. 2018;36:627–638. 

	83.	 Mai-Prochnow A, Murphy AB, McLean KM, Kong MG, 
Ostrikov KK. Atmospheric pressure plasmas: Infection 
control and bacterial responses. Int J Antimicrob Agents 
2014;43:508–517. 

	84.	 Ziuzina D, Boehm D, Patil S, Cullen PJ, Bourke P. Cold 
plasma inactivation of bacterial biofilms and reduction 
of quorum sensing regulated virulence factors. PLoS One 
2015;10:e0138209. 

	85.	 Hu X, Huang YY, Wang Y, Wang X, Hamblin MR. 
Antimicrobial photodynamic therapy to control clinically 
relevant biofilm infections. Front Microbiol. 2018;9:1299. 

	86.	 Wang Y, Wu X, Chen J, et al. Antimicrobial blue light inacti-
vation of Gram-negative pathogens in biofilms: In vitro and 
in vivo studies. J Infect Dis. 2016;213:1380–1387. 

	87.	 de Freitas MTM, Soares TT, Aragão MGB, Lima RA, Duarte 
S, Zanin ICJ. Effect of photodynamic antimicrobial chemo-
therapy on mono- and multi-species cariogenic biofilms: A 
literature review. Photomed Laser Surg. 2017;35:239–245. 

	88.	 Mamone L, Ferreyra DD, Gándara L, et al. Photodynamic 
inactivation of planktonic and biofilm growing bacteria 
mediated by a meso-substituted porphyrin bearing four basic 
amino groups. J Photochem Photobiol B 2016;161:222–229. 

	89.	 Dovigo LN, Pavarina AC, Ribeiro AP, et al. Investigation of 
the photodynamic effects of curcumin against Candida albi-
cans. Photochem Photobiol. 2011;87:895–903. 

	90.	 Bliss JM, Bigelow CE, Foster TH, Haidaris CG. Susceptibility 
of Candida species to photodynamic effects of photofrin. 
Antimicrob Agents Chemother. 2004;48:2000–2006. 

	91.	 Kashef N, Akbarizare M, Kamrava SK. Effect of sub-lethal 
photodynamic inactivation on the antibiotic susceptibility 
and biofilm formation of clinical Staphylococcus aureus iso-
lates. Photodiagnosis Photodyn Ther. 2013;10:368–373. 

	92.	 Kim MH. Nanoparticle-based therapies for wound bio-
film infection: Opportunities and challenges. IEEE Trans 
Nanobioscience 2016;15:294–304. 

	93.	 Leaper D. Appropriate use of silver dressings in wounds: 
International consensus document. Int Wound J. 
2012;9:461–464. 

https://doi.org/10.1089/wound.2014.0538
https://doi.org/10.1089/wound.2014.0538
https://doi.org/10.1089/wound.2014.0538
https://doi.org/10.1089/wound.2014.0541
https://doi.org/10.1089/wound.2014.0541
https://doi.org/10.1089/wound.2014.0541
https://doi.org/10.1089/wound.2017.0782
https://doi.org/10.1089/wound.2017.0782
https://doi.org/10.1089/wound.2017.0782
https://doi.org/10.1089/wound.2017.0782
https://doi.org/10.1146/annurev.micro.57.030502.090720
https://doi.org/10.1146/annurev.micro.57.030502.090720
https://doi.org/10.1089/wound.2014.0587
https://doi.org/10.1089/wound.2014.0587
https://doi.org/10.1089/wound.2014.0587
https://doi.org/10.3390/pathogens2020288
https://doi.org/10.3390/pathogens2020288
https://doi.org/10.3390/pathogens2020288
https://doi.org/10.1146/annurev.micro.112408.134306
https://doi.org/10.1111/1462-2920.14075
https://doi.org/10.1111/1462-2920.14075
https://doi.org/10.1111/1462-2920.14075
https://doi.org/10.1111/wrr.12638
https://doi.org/10.1111/wrr.12638
https://doi.org/10.1111/wrr.12638
https://doi.org/10.1111/wrr.12638
https://doi.org/10.12968/jowc.2009.18.2.38743
https://doi.org/10.12968/jowc.2009.18.2.38743
https://doi.org/10.12968/jowc.2009.18.2.38743
https://doi.org/10.12968/jowc.2010.19.8.77709
https://doi.org/10.12968/jowc.2010.19.8.77709
https://doi.org/10.12968/jowc.2010.19.8.77709
https://doi.org/10.1111/j.1365-2915.2012.01029.x
https://doi.org/10.1111/j.1365-2915.2012.01029.x
https://doi.org/10.1111/j.1365-2915.2012.01029.x
https://doi.org/10.1111/j.1365-2915.2012.01029.x
https://doi.org/10.1093/jac/dkm407
https://doi.org/10.1093/jac/dkm407
https://doi.org/10.1093/jac/dkm407
https://doi.org/10.1093/jac/dkm407
https://doi.org/10.1155/2013/487024
https://doi.org/10.1155/2013/487024
https://doi.org/10.1155/2013/487024
https://doi.org/10.1155/2014/857360
https://doi.org/10.1155/2014/857360
https://doi.org/10.1155/2014/857360
https://doi.org/10.1155/2014/857360
https://doi.org/10.1177/2292550317693813
https://doi.org/10.1177/2292550317693813
https://doi.org/10.1177/2292550317693813
https://doi.org/10.1016/j.ultras.2008.02.002
https://doi.org/10.1016/j.ultras.2008.02.002
https://doi.org/10.1097/PRS.0000000000002680
https://doi.org/10.1097/PRS.0000000000002680
https://doi.org/10.1097/PRS.0000000000002680
https://doi.org/10.1097/PRS.0000000000002680
https://doi.org/10.1111/j.1365-4632.2007.02914.x
https://doi.org/10.1111/j.1365-4632.2007.02914.x
https://doi.org/10.1128/AEM.57.7.2079-2084.1991
https://doi.org/10.1128/AEM.57.7.2079-2084.1991
https://doi.org/10.1128/AEM.57.7.2079-2084.1991
https://doi.org/10.1097/00129334-200511000-00012
https://doi.org/10.1097/00129334-200511000-00012
https://doi.org/10.1097/00129334-200511000-00012
https://doi.org/10.1161/01.cir.98.10.1030
https://doi.org/10.1161/01.cir.98.10.1030
https://doi.org/10.1161/01.cir.98.10.1030
https://doi.org/10.12968/jowc.2015.24.2.64
https://doi.org/10.12968/jowc.2015.24.2.64
https://doi.org/10.12968/jowc.2015.24.2.64
https://doi.org/10.12968/jowc.2015.24.2.64
https://doi.org/10.1111/j.1742-481X.2011.00921.x
https://doi.org/10.1111/j.1742-481X.2011.00921.x
https://doi.org/10.1111/j.1742-481X.2011.00921.x
https://doi.org/10.1093/jac/dks490
https://doi.org/10.1093/jac/dks490
https://doi.org/10.1093/jac/dks490
https://doi.org/10.2147/IJN.S186571
https://doi.org/10.2147/IJN.S186571
https://doi.org/10.2147/IJN.S186571
https://doi.org/10.2147/IJN.S186571
https://doi.org/10.2147/IJN.S186571
https://doi.org/10.1016/j.jss.2015.05.030
https://doi.org/10.1016/j.jss.2015.05.030
https://doi.org/10.1016/j.jss.2015.05.030
https://doi.org/10.1007/s10753-013-9630-2
https://doi.org/10.1007/s10753-013-9630-2
https://doi.org/10.1007/s10753-013-9630-2
https://doi.org/10.1007/s10753-013-9630-2
https://doi.org/10.1016/j.tibtech.2018.03.007
https://doi.org/10.1016/j.tibtech.2018.03.007
https://doi.org/10.1016/j.tibtech.2018.03.007
https://doi.org/10.1016/j.ijantimicag.2014.01.025
https://doi.org/10.1016/j.ijantimicag.2014.01.025
https://doi.org/10.1016/j.ijantimicag.2014.01.025
https://doi.org/10.1016/j.ijantimicag.2014.01.025
https://doi.org/10.1371/journal.pone.0138209
https://doi.org/10.1371/journal.pone.0138209
https://doi.org/10.1371/journal.pone.0138209
https://doi.org/10.1371/journal.pone.0138209
https://doi.org/10.3389/fmicb.2018.01299
https://doi.org/10.3389/fmicb.2018.01299
https://doi.org/10.3389/fmicb.2018.01299
https://doi.org/10.1093/infdis/jiw070
https://doi.org/10.1093/infdis/jiw070
https://doi.org/10.1093/infdis/jiw070
https://doi.org/10.1089/pho.2016.4108
https://doi.org/10.1089/pho.2016.4108
https://doi.org/10.1089/pho.2016.4108
https://doi.org/10.1089/pho.2016.4108
https://doi.org/10.1016/j.jphotobiol.2016.05.026
https://doi.org/10.1016/j.jphotobiol.2016.05.026
https://doi.org/10.1016/j.jphotobiol.2016.05.026
https://doi.org/10.1016/j.jphotobiol.2016.05.026
https://doi.org/10.1111/j.1751-1097.2011.00937.x
https://doi.org/10.1111/j.1751-1097.2011.00937.x
https://doi.org/10.1111/j.1751-1097.2011.00937.x
https://doi.org/10.1128/AAC.48.6.2000-2006.2004
https://doi.org/10.1128/AAC.48.6.2000-2006.2004
https://doi.org/10.1128/AAC.48.6.2000-2006.2004
https://doi.org/10.1016/j.pdpdt.2013.02.005
https://doi.org/10.1016/j.pdpdt.2013.02.005
https://doi.org/10.1016/j.pdpdt.2013.02.005
https://doi.org/10.1016/j.pdpdt.2013.02.005
https://doi.org/10.1109/TNB.2016.2527600
https://doi.org/10.1109/TNB.2016.2527600
https://doi.org/10.1109/TNB.2016.2527600
https://doi.org/10.1111/j.1742-481X.2012.01091.x
https://doi.org/10.1111/j.1742-481X.2012.01091.x
https://doi.org/10.1111/j.1742-481X.2012.01091.x


Copyright © 2021 American Society of Plastic Surgeons. Unauthorized reproduction of this article is prohibited. 

Volume 148, Number 2 • Antibiofilm Strategies

287e

	 94.	 Chen X, Schluesener HJ. Nanosilver: A nanoproduct in 
medical application. Toxicol Lett. 2008;176:1–12. 

	 95.	 Bowler PG, Parsons D. Combatting wound biofilm and 
recalcitrance with a novel anti-biofilm Hydrofiber wound 
dressing. Wound Med. 2016;14:6–11. 

	 96.	 Phillips PL, Yang Q, Davis S, et al. Antimicrobial dressing 
efficacy against mature Pseudomonas aeruginosa biofilm on 
porcine skin explants. Int Wound J. 2015;12:469–483. 

	 97.	 Davis SC, Li J, Gil J, et al. Preclinical evaluation of a novel 
silver gelling fiber dressing on Pseudomonas aeruginosa in 
a porcine wound infection model. Wound Repair Regen. 
2019;27:360–365. 

	 98.	 Rai M, Yadav A, Gade A. Silver nanoparticles as a new gen-
eration of antimicrobials. Biotechnol Adv. 2009;27:76–83. 

	 99.	 Roe D, Karandikar B, Bonn-Savage N, Gibbins B, Roullet 
JB. Antimicrobial surface functionalization of plastic 
catheters by silver nanoparticles. J Antimicrob Chemother. 
2008;61:869–876. 

	100.	 Lee TH, Jang BS, Jung MK, Pack CG, Choi JH, Park DH. 
Fabrication of a silver particle-integrated silicone poly-
mer-covered metal stent against sludge and biofilm for-
mation and stent-induced tissue inflammation. Sci Rep. 
2016;6:35446. 

	101.	 Wang R, Neoh KG, Kang ET, Tambyah PA, Chiong E. 
Antifouling coating with controllable and sustained silver 
release for long-term inhibition of infection and encrusta-
tion in urinary catheters. J Biomed Mater Res B Appl Biomater. 
2015;103:519–528. 

	102.	 Wen W, Ma LM, He W, et al. Silver-nanoparticle-coated bili-
ary stent inhibits bacterial adhesion in bacterial cholangitis 
in swine. Hepatobiliary Pancreat Dis Int. 2016;15:87–92. 

	103.	 Mohanty S, Mishra S, Jena P, Jacob B, Sarkar B, Sonawane 
A. An investigation on the antibacterial, cytotoxic, and 
antibiofilm efficacy of starch-stabilized silver nanoparticles. 
Nanomedicine 2012;8:916–924. 

	104.	 Stevens KN, Crespo-Biel O, van den Bosch EE, et al. The 
relationship between the antimicrobial effect of cath-
eter coatings containing silver nanoparticles and the 
coagulation of contacting blood. Biomaterials 2009;30: 
3682–3690. 

	105.	 Fitzgerald DJ, Renick PJ, Forrest EC, et al. Cadexomer iodine 
provides superior efficacy against bacterial wound biofilms 
in vitro and in vivo. Wound Repair Regen. 2017;25:13–24. 

	106.	 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 microscopy. 
J Dermatol. 2004;31:529–534. 

	107.	 Malone M, Johani K, Jensen SO, et al. Effect of cadexomer 
iodine on the microbial load and diversity of chronic non-
healing diabetic foot ulcers complicated by biofilm in vivo. 
J Antimicrob Chemother. 2017;72:2093–2101. 

	108.	 Roche ED, Woodmansey EJ, Yang Q, Gibson DJ, Zhang H, 
Schultz GS. Cadexomer iodine effectively reduces bacterial 
biofilm in porcine wounds ex vivo and in vivo. Int Wound J. 
2019;16:674–683. 

	109.	 Robson MC, Payne WG, Ko F, et al. Hypochlorous acid as 
a potential wound care agent: Part II. Stabilized hypochlo-
rous acid. Its role in decreasing tissue bacterial bioburden 
and overcoming the inhibition of infection on wound heal-
ing. J Burns Wounds 2007;6:e6.

	110.	 Sakarya S, Gunay N, Karakulak M, Ozturk B, Ertugrul B. 
Hypochlorous acid: An ideal wound care agent with power-
ful microbicidal, antibiofilm, and wound healing potency. 
Wounds 2014;26:342–350.

	111.	 Rani SA, Hoon R, Najafi RR, Khosrovi B, Wang L, Debabov 
D. The in vitro antimicrobial activity of wound and skin 

cleansers at nontoxic concentrations. Adv Skin Wound Care 
2014;27:65–69. 

	112.	 Romanowski EG, Stella NA, Yates KA, Brothers KM, 
Kowalski RP, Shanks RMQ. In vitro evaluation of a hypo-
chlorous acid hygiene solution on established biofilms. Eye 
Contact Lens 2018;442(Suppl 2):S187–S191. 

	113.	 Day A, Alkhalil A, Carney BC, Hoffman HN, Moffatt LT, 
Shupp JW. Disruption of biofilms and neutralization of bac-
teria using hypochlorous acid solution: An in vivo and in 
vitro evaluation. Adv Skin Wound Care 2017;30:543–551. 

	114.	 Papenfort K, Bassler BL. Quorum sensing signal-response 
systems in Gram-negative bacteria. Nat Rev Microbiol. 
2016;14:576–588. 

	115.	 Heilmann S, Krishna S, Kerr B. Why do bacteria regulate 
public goods by quorum sensing? How the shapes of cost 
and benefit functions determine the form of optimal regu-
lation. Front Microbiol. 2015;6:767. 

	116.	 Lee JH, Park JH, Kim JA, et al. Low concentrations of honey 
reduce biofilm formation, quorum sensing, and virulence 
in Escherichia coli O157:H7. Biofouling 2011;27:1095–1104. 

	117.	 Truchado P, Gil-Izquierdo A, Tomás-Barberán F, Allende A. 
Inhibition by chestnut honey of N-Acyl-L-homoserine lac-
tones and biofilm formation in Erwinia carotovora, Yersinia 
enterocolitica, and Aeromonas hydrophila. J Agric Food Chem. 
2009;57:11186–11193. 

	118.	 He Z, Wang Q, Hu Y, et al. Use of the quorum sensing 
inhibitor furanone C-30 to interfere with biofilm forma-
tion by Streptococcus mutans and its luxS mutant strain. Int J 
Antimicrob Agents 2012;40:30–35. 

	119.	 Hentzer M, Riedel K, Rasmussen TB, et al. Inhibition of 
quorum sensing in Pseudomonas aeruginosa biofilm bac-
teria by a halogenated furanone compound. Microbiology 
(Reading) 2002;148:87–102. 

	120.	 Yang S, Abdel-Razek OA, Cheng F, et al. Bicyclic bromi-
nated furanones: A new class of quorum sensing modula-
tors that inhibit bacterial biofilm formation. Bioorg Med 
Chem. 2014;22:1313–1317. 

	121.	 Rémy B, Mion S, Plener L, Elias M, Chabrière E, Daudé 
D. Interference in bacterial quorum sensing: A biopharma-
ceutical perspective. Front Pharmacol. 2018;9:203. 

	122.	 Hannan A, Bajwa AE, Riaz S, Arshad U, Saleem S, Bajwa 
UI. In vitro Salmonella typhi biofilm formation on gall-
stones and its disruption by Manuka honey. Pak J Pharm Sci. 
2018;31:129–135.

	123.	 Maddocks SE, Jenkins RE, Rowlands RS, Purdy KJ, Cooper 
RA. Manuka honey inhibits adhesion and invasion of medi-
cally important wound bacteria in vitro. Future Microbiol. 
2013;8:1523–1536. 

	124.	 Maddocks SE, Lopez MS, Rowlands RS, Cooper RA. Manuka 
honey inhibits the development of Streptococcus pyogenes 
biofilms and causes reduced expression of two fibronectin 
binding proteins. Microbiology (Reading) 2012;158:781–790. 

	125.	 Majtan J, Bohova J, Horniackova M, Klaudiny J, Majtan 
V. Anti-biofilm effects of honey against wound patho-
gens Proteus mirabilis and Enterobacter cloacae. Phytother Res. 
2014;28:69–75. 

	126.	 Piotrowski M, Karpiński P, Pituch H, van Belkum A, Obuch-
Woszczatyński P. Antimicrobial effects of Manuka honey on 
in vitro biofilm formation by Clostridium difficile. Eur J Clin 
Microbiol Infect Dis. 2017;36:1661–1664. 

	127.	 Liu M, Lu J, Müller P, et al. Antibiotic-specific differences in 
the response of Staphylococcus aureus to treatment with anti-
microbials combined with manuka honey. Front Microbiol. 
2014;5:779. 

	128.	 Liu MY, Cokcetin NN, Lu J, et al. Rifampicin-manuka honey 
combinations are superior to other antibiotic-manuka 

https://doi.org/10.1016/j.toxlet.2007.10.004
https://doi.org/10.1016/j.toxlet.2007.10.004
https://doi.org/10.1016/j.wndm.2016.05.005
https://doi.org/10.1016/j.wndm.2016.05.005
https://doi.org/10.1016/j.wndm.2016.05.005
https://doi.org/10.1111/iwj.12142
https://doi.org/10.1111/iwj.12142
https://doi.org/10.1111/iwj.12142
https://doi.org/10.1111/wrr.12718
https://doi.org/10.1111/wrr.12718
https://doi.org/10.1111/wrr.12718
https://doi.org/10.1111/wrr.12718
https://doi.org/10.1016/j.biotechadv.2008.09.002
https://doi.org/10.1016/j.biotechadv.2008.09.002
https://doi.org/10.1093/jac/dkn034
https://doi.org/10.1093/jac/dkn034
https://doi.org/10.1093/jac/dkn034
https://doi.org/10.1093/jac/dkn034
https://doi.org/10.1038/srep35446
https://doi.org/10.1038/srep35446
https://doi.org/10.1038/srep35446
https://doi.org/10.1038/srep35446
https://doi.org/10.1038/srep35446
https://doi.org/10.1002/jbm.b.33230
https://doi.org/10.1002/jbm.b.33230
https://doi.org/10.1002/jbm.b.33230
https://doi.org/10.1002/jbm.b.33230
https://doi.org/10.1002/jbm.b.33230
https://doi.org/10.1016/s1499-3872(15)60410-6
https://doi.org/10.1016/s1499-3872(15)60410-6
https://doi.org/10.1016/s1499-3872(15)60410-6
https://doi.org/10.1016/j.nano.2011.11.007
https://doi.org/10.1016/j.nano.2011.11.007
https://doi.org/10.1016/j.nano.2011.11.007
https://doi.org/10.1016/j.nano.2011.11.007
https://doi.org/10.1016/j.biomaterials.2009.03.054
https://doi.org/10.1016/j.biomaterials.2009.03.054
https://doi.org/10.1016/j.biomaterials.2009.03.054
https://doi.org/10.1016/j.biomaterials.2009.03.054
https://doi.org/10.1016/j.biomaterials.2009.03.054
https://doi.org/10.1111/wrr.12497
https://doi.org/10.1111/wrr.12497
https://doi.org/10.1111/wrr.12497
https://doi.org/10.1111/j.1346-8138.2004.tb00549.x
https://doi.org/10.1111/j.1346-8138.2004.tb00549.x
https://doi.org/10.1111/j.1346-8138.2004.tb00549.x
https://doi.org/10.1111/j.1346-8138.2004.tb00549.x
https://doi.org/10.1093/jac/dkx099
https://doi.org/10.1093/jac/dkx099
https://doi.org/10.1093/jac/dkx099
https://doi.org/10.1093/jac/dkx099
https://doi.org/10.1111/iwj.13080
https://doi.org/10.1111/iwj.13080
https://doi.org/10.1111/iwj.13080
https://doi.org/10.1111/iwj.13080
https://doi.org/10.1097/01.ASW.0000443255.73875.a3
https://doi.org/10.1097/01.ASW.0000443255.73875.a3
https://doi.org/10.1097/01.ASW.0000443255.73875.a3
https://doi.org/10.1097/01.ASW.0000443255.73875.a3
https://doi.org/10.1097/ICL.0000000000000456
https://doi.org/10.1097/ICL.0000000000000456
https://doi.org/10.1097/ICL.0000000000000456
https://doi.org/10.1097/ICL.0000000000000456
https://doi.org/10.1097/01.ASW.0000526607.80113.66
https://doi.org/10.1097/01.ASW.0000526607.80113.66
https://doi.org/10.1097/01.ASW.0000526607.80113.66
https://doi.org/10.1097/01.ASW.0000526607.80113.66
https://doi.org/10.1038/nrmicro.2016.89
https://doi.org/10.1038/nrmicro.2016.89
https://doi.org/10.1038/nrmicro.2016.89
https://doi.org/10.3389/fmicb.2015.00767
https://doi.org/10.3389/fmicb.2015.00767
https://doi.org/10.3389/fmicb.2015.00767
https://doi.org/10.3389/fmicb.2015.00767
https://doi.org/10.1080/08927014.2011.633704
https://doi.org/10.1080/08927014.2011.633704
https://doi.org/10.1080/08927014.2011.633704
https://doi.org/10.1021/jf9029139
https://doi.org/10.1021/jf9029139
https://doi.org/10.1021/jf9029139
https://doi.org/10.1021/jf9029139
https://doi.org/10.1021/jf9029139
https://doi.org/10.1016/j.ijantimicag.2012.03.016
https://doi.org/10.1016/j.ijantimicag.2012.03.016
https://doi.org/10.1016/j.ijantimicag.2012.03.016
https://doi.org/10.1016/j.ijantimicag.2012.03.016
https://doi.org/10.1099/00221287-148-1-87
https://doi.org/10.1099/00221287-148-1-87
https://doi.org/10.1099/00221287-148-1-87
https://doi.org/10.1099/00221287-148-1-87
https://doi.org/10.1016/j.bmc.2014.01.004
https://doi.org/10.1016/j.bmc.2014.01.004
https://doi.org/10.1016/j.bmc.2014.01.004
https://doi.org/10.1016/j.bmc.2014.01.004
https://doi.org/10.3389/fphar.2018.00203
https://doi.org/10.3389/fphar.2018.00203
https://doi.org/10.3389/fphar.2018.00203
https://doi.org/10.2217/fmb.13.126
https://doi.org/10.2217/fmb.13.126
https://doi.org/10.2217/fmb.13.126
https://doi.org/10.2217/fmb.13.126
https://doi.org/10.1099/mic.0.053959-0
https://doi.org/10.1099/mic.0.053959-0
https://doi.org/10.1099/mic.0.053959-0
https://doi.org/10.1099/mic.0.053959-0
https://doi.org/10.1002/ptr.4957
https://doi.org/10.1002/ptr.4957
https://doi.org/10.1002/ptr.4957
https://doi.org/10.1002/ptr.4957
https://doi.org/10.1007/s10096-017-2980-1
https://doi.org/10.1007/s10096-017-2980-1
https://doi.org/10.1007/s10096-017-2980-1
https://doi.org/10.1007/s10096-017-2980-1
https://doi.org/10.3389/fmicb.2014.00779
https://doi.org/10.3389/fmicb.2014.00779
https://doi.org/10.3389/fmicb.2014.00779
https://doi.org/10.3389/fmicb.2014.00779
https://doi.org/10.3389/fmicb.2017.02653
https://doi.org/10.3389/fmicb.2017.02653


Copyright © 2021 American Society of Plastic Surgeons. Unauthorized reproduction of this article is prohibited. 

288e

Plastic and Reconstructive Surgery • August 2021

honey combinations in eradicating Staphylococcus aureus 
biofilms. Front Microbiol. 2017;8:2653. 

	129.	 Campeau ME, Patel R. Antibiofilm activity of manuka 
honey in combination with antibiotics. Int J Bacteriol. 
2014;2014:795281. 

	130.	 Camplin AL, Maddocks SE. Manuka honey treatment 
of biofilms of Pseudomonas aeruginosa results in the emer-
gence of isolates with increased honey resistance. Ann Clin 
Microbiol Antimicrob. 2014;13:19. 

	131.	 U.S. Food and Drug Administration. 510K summary for 
DermaSciences Medihoney dressings with active Manuka 
honey. Available at: https://www.accessdata.fda.gov/cdrh_
docs/pdf8/K080315.pdf. Accessed September 9, 2019.

	132.	 Carter DA, Blair SE, Cokcetin NN, et al. Therapeutic 
manuka honey: No longer so alternative. Front Microbiol. 
2016;7:569. 

	133.	 Johnston M, McBride M, Dahiya D, Owusu-Apenten R, 
Nigam PS. Antibacterial activity of manuka honey and its 
components: An overview. AIMS Microbiol. 2018;4:655–664. 

	134.	 Kamaratos AV, Tzirogiannis KN, Iraklianou SA, 
Panoutsopoulos GI, Kanellos IE, Melidonis AI. Manuka 
honey-impregnated dressings in the treatment of neuro-
pathic diabetic foot ulcers. Int Wound J. 2014;11:259–263. 

	135.	 Molan P, Rhodes T. Honey: A biologic wound dressing. 
Wounds 2015;27:141–151.

	136.	 White R. Manuka honey in wound management: Greater 
than the sum of its parts? J Wound Care 2016;25:539–543. 

	137.	 Paramasivan S, Drilling AJ, Jardeleza C, Jervis-Bardy J, 
Vreugde S, Wormald PJ. Methylglyoxal-augmented manuka 
honey as a topical anti-Staphylococcus aureus biofilm agent: 
Safety and efficacy in an in vivo model. Int Forum Allergy 
Rhinol. 2014;4:187–195. 

	138.	 Qamar MU, Saleem S, Toleman MA, et al. In vitro and in 
vivo activity of manuka honey against NDM-1-producing 
Klebsiella pneumoniae ST11. Future Microbiol. 2018;13:13–26. 

	139.	 Ashrafi M, Alonso-Rasgado T, Baguneid M, Bayat A. The 
efficacy of electrical stimulation in experimentally induced 
cutaneous wounds in animals. Vet Dermatol. 2016;27:235–e57. 

	140.	 Ashrafi M, Alonso-Rasgado T, Baguneid M, Bayat A. The 
efficacy of electrical stimulation in lower extremity cuta-
neous wound healing: A systematic review. Exp Dermatol. 
2017;26:171–178. 

	141.	 Devine P. Electric stimulation and wound healing. J Wound 
Ostomy Continence Nurs. 1998;25:291–295. 

	142.	 Hunckler J, de Mel A. A current affair: Electrotherapy in 
wound healing. J Multidiscip Healthc. 2017;10:179–194. 

	143.	 Kloth LC. Electrical stimulation technologies for wound 
healing. Adv Wound Care (New Rochelle) 2014;3:81–90. 

	144.	 Reid B, Zhao M. The electrical response to injury: Molecular 
mechanisms and wound healing. Adv Wound Care (New 
Rochelle) 2014;3:184–201. 

	145.	 Thakral G, Lafontaine J, Najafi B, Talal TK, Kim P, Lavery 
LA. Electrical stimulation to accelerate wound healing. 
Diabet Foot Ankle 2013;4. 

	146.	 Torkaman G. Electrical stimulation of wound healing: A 
review of animal experimental evidence. Adv Wound Care 
(New Rochelle) 2014;3:202–218. 

	147.	 Ud-Din S, Bayat A. Electrical stimulation and cutaneous 
wound healing: A review of clinical evidence. Healthcare 
(Basel) 2014;2:445–467. 

	148.	 Banerjee J, Das Ghatak P, Roy S, et al. Silver-zinc redox-
coupled electroceutical wound dressing disrupts bacterial 
biofilm. PLoS One 2015;10:e0119531. 

	149.	 Banerjee J, Das Ghatak P, Roy S, et al. Improvement of 
human keratinocyte migration by a redox active bioelectric 
dressing. PLoS One 2014;9:e89239. 

	150.	 Ghatak PD, Schlanger R, Ganesh K, et al. A wireless elec-
troceutical dressing lowers cost of negative pressure wound 
therapy. Adv Wound Care (New Rochelle) 2015;4:302–311. 

	151.	 Kim H, Makin I, Skiba J, et al. Antibacterial efficacy test-
ing of a bioelectric wound dressing against clinical wound 
pathogens. Open Microbiol J. 2014;8:15–21. 

	152.	 Kim H, Park S, Housler G, Marcel V, Cross S, Izadjoo M. An 
overview of the efficacy of a next generation electroceutical 
wound care device. Mil Med. 2016;181(Suppl):184–190. 

	153.	 Roy S, Prakash S, Mathew-Steiner SS, et al. Disposable pat-
terned electroceutical dressing (PED-10) is safe for treat-
ment of open clinical chronic wounds. Adv Wound Care (New 
Rochelle) 2019;8:149–159. 

	154.	 Dusane DH, Lochab V, Jones T, et al. Electroceutical 
treatment of Pseudomonas aeruginosa biofilms. Sci Rep. 
2019;9:2008. 

	155.	 Sultana ST, Atci E, Babauta JT, et al. Electrochemical scaf-
fold generates localized, low concentration of hydrogen 
peroxide that inhibits bacterial pathogens and biofilms. Sci 
Rep. 2015;5:14908. 

	156.	 Sultana ST, Call DR, Beyenal H. Maltodextrin enhances 
biofilm elimination by electrochemical scaffold. Sci Rep. 
2016;6:36003. 

	157.	 Burrowes B, Harper DR, Anderson J, McConville M, Enright 
MC. Bacteriophage therapy: Potential uses in the control 
of antibiotic-resistant pathogens. Expert Rev Anti Infect Ther. 
2011;9:775–785. 

	158.	 Shlezinger M, Khalifa L, Houri-Haddad Y, et al. Phage ther-
apy: A new horizon in the antibacterial treatment of oral 
pathogens. Curr Top Med Chem. 2017;17:1199–1211. 

	159.	 Bollyky PL, Secor PR. The innate sense of bacteriophages. 
Cell Host Microbe 2019;25:177–179. 

	160.	 Secor PR, Michaels LA, Smigiel KS, et al. Filamentous bac-
teriophage produced by Pseudomonas aeruginosa alters the 
inflammatory response and promotes noninvasive infection 
in vivo. Infect Immun. 2016;85:e00648–e00616. 

	161.	 Sweere JM, Van Belleghem JD, Ishak H, et al. Bacteriophage 
trigger antiviral immunity and prevent clearance of bacte-
rial infection. Science 2019;363:eaat9691. 

	162.	 Van Belleghem JD, Dabrowska K, Vaneechoutte M, Barr JJ, 
Bollyky PL. Interactions between bacteriophage, bacteria, 
and the mammalian immune system. Viruses 2018;11:10. 

	163.	 Pires DP, Melo L, Vilas Boas D, Sillankorva S, Azeredo J. 
Phage therapy as an alternative or complementary strategy 
to prevent and control biofilm-related infections. Curr Opin 
Microbiol. 2017;39:48–56. 

	164.	 Packer MS, Rees HA, Liu DR. Phage-assisted continuous 
evolution of proteases with altered substrate specificity. Nat 
Commun. 2017;8:956. 

	165.	 Santos SB, Costa AR, Carvalho C, Nóbrega FL, Azeredo J. 
Exploiting bacteriophage proteomes: The hidden biotech-
nological potential. Trends Biotechnol. 2018;36:966–984. 

	166.	 Young R. Phage lysis: Three steps, three choices, one out-
come. J Microbiol. 2014;52:243–258. 

https://doi.org/10.3389/fmicb.2017.02653
https://doi.org/10.3389/fmicb.2017.02653
https://doi.org/10.1155/2014/795281
https://doi.org/10.1155/2014/795281
https://doi.org/10.1155/2014/795281
https://doi.org/10.1186/1476-0711-13-19
https://doi.org/10.1186/1476-0711-13-19
https://doi.org/10.1186/1476-0711-13-19
https://doi.org/10.1186/1476-0711-13-19
https://www.accessdata.fda.gov/cdrh_docs/pdf8/K080315.pdf
https://www.accessdata.fda.gov/cdrh_docs/pdf8/K080315.pdf
https://doi.org/10.3389/fmicb.2016.00569
https://doi.org/10.3389/fmicb.2016.00569
https://doi.org/10.3389/fmicb.2016.00569
https://doi.org/10.3934/microbiol.2018.4.655
https://doi.org/10.3934/microbiol.2018.4.655
https://doi.org/10.3934/microbiol.2018.4.655
https://doi.org/10.1111/j.1742-481X.2012.01082.x
https://doi.org/10.1111/j.1742-481X.2012.01082.x
https://doi.org/10.1111/j.1742-481X.2012.01082.x
https://doi.org/10.1111/j.1742-481X.2012.01082.x
https://doi.org/10.12968/jowc.2016.25.9.539
https://doi.org/10.12968/jowc.2016.25.9.539
https://doi.org/10.1002/alr.21264
https://doi.org/10.1002/alr.21264
https://doi.org/10.1002/alr.21264
https://doi.org/10.1002/alr.21264
https://doi.org/10.1002/alr.21264
https://doi.org/10.2217/fmb-2017-0119
https://doi.org/10.2217/fmb-2017-0119
https://doi.org/10.2217/fmb-2017-0119
https://doi.org/10.1111/vde.12328
https://doi.org/10.1111/vde.12328
https://doi.org/10.1111/vde.12328
https://doi.org/10.1111/exd.13179
https://doi.org/10.1111/exd.13179
https://doi.org/10.1111/exd.13179
https://doi.org/10.1111/exd.13179
https://doi.org/10.1016/s1071-5754(98)90026-2
https://doi.org/10.1016/s1071-5754(98)90026-2
https://doi.org/10.2147/JMDH.S127207
https://doi.org/10.2147/JMDH.S127207
https://doi.org/10.1089/wound.2013.0459
https://doi.org/10.1089/wound.2013.0459
https://doi.org/10.1089/wound.2013.0442
https://doi.org/10.1089/wound.2013.0442
https://doi.org/10.1089/wound.2013.0442
https://doi.org/10.3402/dfa.v4i0.22081
https://doi.org/10.3402/dfa.v4i0.22081
https://doi.org/10.3402/dfa.v4i0.22081
https://doi.org/10.1089/wound.2012.0409
https://doi.org/10.1089/wound.2012.0409
https://doi.org/10.1089/wound.2012.0409
https://doi.org/10.3390/healthcare2040445
https://doi.org/10.3390/healthcare2040445
https://doi.org/10.3390/healthcare2040445
https://doi.org/10.1371/journal.pone.0119531
https://doi.org/10.1371/journal.pone.0119531
https://doi.org/10.1371/journal.pone.0119531
https://doi.org/10.1371/journal.pone.0089239
https://doi.org/10.1371/journal.pone.0089239
https://doi.org/10.1371/journal.pone.0089239
https://doi.org/10.1089/wound.2014.0615
https://doi.org/10.1089/wound.2014.0615
https://doi.org/10.1089/wound.2014.0615
https://doi.org/10.2174/1874285801408010015
https://doi.org/10.2174/1874285801408010015
https://doi.org/10.2174/1874285801408010015
https://doi.org/10.7205/MILMED-D-15-00157
https://doi.org/10.7205/MILMED-D-15-00157
https://doi.org/10.7205/MILMED-D-15-00157
https://doi.org/10.1089/wound.2018.0915
https://doi.org/10.1089/wound.2018.0915
https://doi.org/10.1089/wound.2018.0915
https://doi.org/10.1089/wound.2018.0915
https://doi.org/10.1038/s41598-018-37891-y
https://doi.org/10.1038/s41598-018-37891-y
https://doi.org/10.1038/s41598-018-37891-y
https://doi.org/10.1038/srep14908
https://doi.org/10.1038/srep14908
https://doi.org/10.1038/srep14908
https://doi.org/10.1038/srep14908
https://doi.org/10.1038/srep36003
https://doi.org/10.1038/srep36003
https://doi.org/10.1038/srep36003
https://doi.org/10.1586/eri.11.90
https://doi.org/10.1586/eri.11.90
https://doi.org/10.1586/eri.11.90
https://doi.org/10.1586/eri.11.90
https://doi.org/10.2174/1568026616666160930145649
https://doi.org/10.2174/1568026616666160930145649
https://doi.org/10.2174/1568026616666160930145649
https://doi.org/10.1016/j.chom.2019.01.020
https://doi.org/10.1016/j.chom.2019.01.020
https://doi.org/10.1128/IAI.00648-16
https://doi.org/10.1128/IAI.00648-16
https://doi.org/10.1128/IAI.00648-16
https://doi.org/10.1128/IAI.00648-16
https://doi.org/10.1126/science.aat9691
https://doi.org/10.1126/science.aat9691
https://doi.org/10.1126/science.aat9691
https://doi.org/10.3390/v11010010
https://doi.org/10.3390/v11010010
https://doi.org/10.3390/v11010010
https://doi.org/10.1016/j.mib.2017.09.004
https://doi.org/10.1016/j.mib.2017.09.004
https://doi.org/10.1016/j.mib.2017.09.004
https://doi.org/10.1016/j.mib.2017.09.004
https://doi.org/10.1038/s41467-017-01055-9
https://doi.org/10.1038/s41467-017-01055-9
https://doi.org/10.1038/s41467-017-01055-9
https://doi.org/10.1016/j.tibtech.2018.04.006
https://doi.org/10.1016/j.tibtech.2018.04.006
https://doi.org/10.1016/j.tibtech.2018.04.006
https://doi.org/10.1007/s12275-014-4087-z
https://doi.org/10.1007/s12275-014-4087-z

