THE DIABETIC FOOT

The Role of Biofilm in
Non-Healing Wounds in
Patients with Diabetes

These cells play a pivotal role in hindering
the wound-healing process.

BY J. KARIM EAD, DPM, MS AND ROBERT J. SNYDER, DPM, MBA, MSC

Introduction

According to a recent meta-anal-
ysis, approximately 6.3% of patients
with diabetes worldwide are affected
by diabetic foot ulcers (DFU), trans-
lating to approximately 33 million
individuals impacted by this condi-
tion.? DFUs result from a combination

DFUs result from a combination of factors
related to the underlying pathophysiology of diabetes
and associated risk factors.

of factors related to the underlying
pathophysiology of diabetes and as-
sociated risk factors. These risk fac-
tors include poor glycemic regulation,
infection, biomechanical abnormali-

ties, poor nutritional status, peripher-
al neuropathy, and macro/micro-vas-
cular disease, among others.2

An emerging area of concern is
the role of biofilm on wound sur-

faces and within the underlying tis-
sues, adding to the list of potential
risk factors pertaining to chronic
non-healing wounds. The role of bio-

Continued on page 114
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Figure 1: This conceptual framework is used to describe the progression of bacterial colonization in wounds. All chronic wounds have some level of bac-
terial load. Healing can occur in the presence of normal levels of bacteria that are commonly found on our skin and that can even be helpful in wound
healing”’
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film in non-healing wounds among
patients with diabetes is a critical fac-
tor contributing to the prolonged and
challenging nature of these wounds.
Biofilms are complex and structured
communities of bacteria encased in a
protective matrix.?

In patients with diabetes, elevat-
ed blood glucose levels create a fa-
vorable environment for bacterial col-
onization and biofilm formation.* The
impaired immune response, com-
promised circulation, and peripheral
neuropathy further exacerbate the
problem.* When a wound becomes
chronic or fails to heal within the
expected timeframe, bacteria colo-
nize the wound bed and initiate bio-
film formation. Once biofilm is well
incorporated, bacteria are protected
from the host’s immune system and
become highly resistant to traditional
treatment options (i.e., antimicrobi-
al therapies). Many speculate that
biofilms play a pivotal role in hin-
dering the normal wound healing

isms, but their interaction and num-
bers that determine their influence on
wound healing for patients.®

Critical bacterial colonization and
wound infection are two distinct stages
in the spectrum of wound bacterial
presence, and they are characterized by
different clinical features and manage-
ment approaches.® Understanding the

ited to the wound surface) or deep
(involving underlying tissues, such
as cellulitis or abscess formation).
Infection complicates the treatment
of wounds and impedes the healing
process by: damaging tissue, reduc-
ing wound tensile strength, and by
inducing an undesirable inflammatory
response.® Thus, controlling or pre-

Critical colonization refers to a stage

where the wound is heavily colonized by bacteria, but

the bacteria do not cause overt signs of infection.

difference between these stages is es-
sential for appropriate wound care and
infection control (Figure 1). Critical
colonization refers to a stage where the
wound is heavily colonized by bacte-
ria, but the bacteria do not cause overt
signs of infection.® The bacterial load in
the wound exceeds the body’s ability
to control their growth without caus-
ing systemic symptoms or spreading

Wound infection occurs when the bacterial

burden in the wound leads to an inflammatory response,

causing damage to the surrounding tissues

and a systemic immune response.

process and exacerbating the already
impaired healing environment caused
by diabetes-related complications.*

The Bacterial Burden Continuum
The “bacterial burden continu-
um” within the context of a wound
framework is a concept that describes
the relationship between the severity
of a wound and the level of bacterial
contamination or infection present
within the wound ecosystem.® It sug-
gests that wound healing is influ-
enced by the balance between the
extent of tissue injury and the mi-
crobial load within the wound.® It
is essential to remember that not all
wounds follow a linear path along
the continuum, and wound status
can change over time.* Thus, it is
not the presence of the microorgan-

to surrounding tissues.® The wound
may show some signs of inflammation
and increased exudate (drainage) but
lacks the typical signs and symptoms
of an active infection.® Bacteria at this
stage are typically organized within
a biofilm ecosystem, which can be
more resistant to standard antimicro-
bial treatments.®

Wound Infection

Wound infection occurs when the
bacterial burden in the wound leads
to an inflammatory response, causing
damage to the surrounding tissues
and a systemic immune response.’
Typical signs of local infection include
increased redness, warmth, swelling,
tenderness, and pus or foul-smelling
discharge, among others.” Infections
can be classified as superficial (lim-
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venting infection is essential in order
for the healing process to progress
normally. Wound infections can be
caused by a variety of bacterial spe-
cies and may require surgical debride-
ment, systemic antimicrobial therapy
(oral vs. intravenous antibiotics), in
addition to local wound care.®

Systemic signs of infection in-
volve the entire body and indicate
that the infection has spread beyond
the local wound site. Some of these
symptoms include: fevers, chills,
tachycardia, and tachypnea, among
others.” These signs suggest a more
severe infection that may require ur-
gent medical attention.” Uncontrolled
infections can lead to sepsis, a poten-
tially life-threatening condition char-
acterized by systemic inflammatory
response and organ dysfunction.” Ef-
fective wound management involves
early detection and appropriate man-
agement of both critical colonization
and infection, as well as addressing
other factors that may impede the
wound healing process.’

In patients with diabetes, partic-
ularly those with poorly controlled
blood sugar levels, the immune sys-
tem can be compromised, making
them more susceptible to infections.
When a wound occurs, whether due
to injury, surgery, or other factors,
the risk of infection is higher com-
pared to individuals without diabetes.

Secondary signs of infection in
patients with diabetes include the
following’:

e Slow or Delayed Healing:
Wounds in individuals with diabetes

Continued on page 115
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In the process of biofilm formation, the glycocalyx is formed
comes before the EPS (Extracellular Polymeric Substance).
The glycocalyx helps the bacterial cells adhere to the surface
and each other, forming a loose and initial aggregation.
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During the biofilm maturation phase, EPS provides structural support,
protection, and a microenvironment for the bacterial community, while quorum
sensing coordinates the behavior of bacterial cells within the biofilm and
regulates gene expression to support biofilm development and survival.
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The cellular metabolic activity of bacteria within a biofilm is typically lowered during the later stages
of biofilm formation, contributing to antibiotic resistance. This phenomenon is often associated with the
reduced susceptibility of biofilm bacteria to antibiotics compared to their planktonic (free-floating)

counterparts
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Figure 2: During the biofilm maturation phase, the glycocalyx and Extracellular Polymeric Substance (EPS) and quorum sensing play crucial roles in shap-
ing the structure and behavior of the biofilm community.”
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tend to heal more slowly, making
them more susceptible to infections.
The impaired blood flow, nerve
damage, and high blood sugar levels
can hinder the body’s natural heal-
ing process.

¢ Acute Wound Deterioration

® Redness and Warmth: The area
around the infected wound may ap-
pear red and feel warm to the touch
due to the body’s immune response
and increased blood flow.

® Foul Odor: Infected wounds
may produce a foul-smelling dis-
charge due to the breakdown of tis-
sues and the presence of bacteria.

To effectively manage non-healing wounds in diabetic

patients with biofilms, healthcare professionals need to

adopt comprehensive wound care strategies.

e Increased Pain (in a painless
foot): Infected wounds can become
more painful, especially if the infec-
tion spreads or becomes more se-
vere. The presence of bacteria and
inflammation in the wound can lead
to heightened discomfort.

e Increased Swelling: Infections
can lead to increased localized swell-
ing around the wound site as the
body responds to the invading patho-
gens and inflammation.

podiatrym.com

e Discharge or Pus: The wound
may exude a yellowish or greenish
fluid known as pus, which contains
dead white blood cells and bacteria.

To effectively manage non-healing
wounds in diabetic patients with bio-
films, healthcare professionals need
to adopt comprehensive wound care
strategies. This may include regular
debridement to remove the biofilm
and infected tissue, offloading pres-
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sure from the wound to improve blood
flow, controlling blood glucose levels,
using topical antimicrobial agents or
dressings specifically designed to tar-
get biofilms, and considering advanced
wound therapies when necessary. It’s
important to note that biofilm-related
wound management is a challeng-
ing area of research and requires a
multidisciplinary approach involving
wound care specialists, podiatrists,
infectious disease experts, and other
healthcare professionals to provide the
best possible outcomes for patients
with diabetes dealing with chronic/
non-healing wounds.

The Biofilm Matrix: Understanding
the Pathogenesis and Implications

for Effective Treatment
In the process of biofilm forma-
tion, the glycocalyx typically comes
before the Extracellular Polymeric
Substance (EPS). The formation of
a biofilm is a complex and dynamic
process that involves multiple stages.
Here’s a general sequence of events':
e Jnitial Attachment: Free-floating
(Planktonic) microorganisms encoun-
Continued on page 116
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ter a surface and attach to it through
weak, reversible interactions.'® During
this stage, the bacteria begin produc-
ing a thin layer of glycocalyx. The
glycocalyx helps the bacterial cells

adhere to
the sur-
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face and each other, forming a loose
and initial aggregation.'

e [Irreversible Attachment: Once
attached, the microorganisms pro-
duce adhesive substances that pro-
mote irreversible attachment to the
surface, making it more difficult to
dislodge."

e Extracellular Polymeric Sub-
stance (EPS) Production: The at-
tached microorganisms start produc-

ing EPS, which consists of poly-
saccharides, proteins, and
nucleic acids. EPS acts

as a glue that
holds the
biofilm

Assess
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Maintenance
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together and anchors it to the sur-
face.’® The EPS also hinders the migra-
tion of cells essential for wound heal-
ing, such as fibroblasts and keratino-
cytes. The EPS also create a physical
barrier that prevents wound closure
and re-epithelialization.™
® Microbial Growth and Coloniza-
tion: The microorganisms within the
biofilm multiply and grow, creating
multiple layers of cells. Different spe-
cies of microorganisms can co-exist
within the biofilm, creating a diverse
community."
e Formation of Water Channels:
As the biofilm grows, it forms chan-
nels that allow nutrients and waste
products to flow in and out, main-
taining the biofilm’s viability."
® Maturation and Three-Di-
mensional Structure: Over
time, the biofilm ma-
Continued on
page 117
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Figure 3: Summary of the step-down/step-up approach to biofilm-based wound care.” (Adapted from Schultz, et al.)
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tures, and its structure becomes more organized and
complex. The biofilm can develop into mushroom-like
structures, towers, or flat layers, depending on the specif-
ic microorganisms and environmental conditions.'

e Spatial Gradients: Biofilms exhibit spatial gradients,
with oxygen and nutrient levels varying throughout the
structure. This creates micro-environments where bacteria
experience different conditions, leading to variable sus-
ceptibility to antimicrobial agents."

e Detachment and Dispersal: Within the mature
biofilm, some microorganisms detach and disperse to
colonize new surfaces, allowing the biofilm to spread and
potentially cause infections or other adverse effects.'

e Resistance to Antimicrobial Agents: The biofilm’s
EPS matrix provides protection and reduces the effective-

Quorum sensing is a communication
system used by many bacteria to
coordinate their behavior and regulate
gene expression in response to changes

in population density.

ness of antimicrobial agents, making it more challenging
to treat biofilm-related infections."

Quorum Sensing

Quorum sensing is a communication system used by
many bacteria to coordinate their behavior and regulate
gene expression in response to changes in population
density.”? It allows bacteria to monitor their environment
and respond collectively when a certain threshold of bac-
terial cells is reached."” This system plays a crucial role in
the pathogenicity of biofilms."> The biofilm’s EPS hinders
the host’s immune cells from effectively reaching and
eliminating the bacteria.”? The biofilm structure reduces
the ability of immune cells to detect and respond to the
bacteria, allowing the biofilm to persist and evade the im-
mune system.'

Both the glycocalyx and the EPS (extracellular poly-
meric substance) play important roles in the formation
and maintenance of biofilms in chronic non-healing
wounds, but they are distinct components with different
functions within the biofilm structure.

Glycocalyx
The glycocalyx is a layer of glycoproteins, glycolipids,
and other carbohydrates that covers the surface of many
cells, including bacteria. In the context of biofilms, the
glycocalyx forms a protective and adhesive matrix around
bacterial cells. It is produced by the bacteria themselves
and consists of polysaccharides and other molecules. The
Continued on page 118
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glycocalyx serves several key func-
tions in biofilms:

e Adhesion: The glycocalyx helps
bacteria adhere to surfaces, includ-
ing the wound bed, allowing them
to establish and maintain a stable
attachment.

e Protection: The glycocalyx pro-
vides a physical barrier that protects
bacteria within the biofilm from en-
vironmental stressors, immune cells,
antibiotics, and other threats.

e Nutrient and Waste Exchange:
The matrix of the glycocalyx allows
for the exchange of nutrients and
waste products within the biofilm
structure.

e Cooperation: Bacteria within
the biofilm can communicate and co-
ordinate their activities using signal-
ing molecules embedded in the gly-
cocalyx. This communication, known
as quorum sensing, enables the bac-
teria to act collectively and adapt to
changing conditions.

EPS (Extracellular Polymeric
Substance)>:

The EPS is a complex mixture of
polymers, including polysaccharides,
proteins, nucleic acids, and lipids,
produced and secreted by bacteria
within a biofilm.* It forms the struc-
tural framework within the maturated
biofilm and plays a crucial role in its
development and maintenance. EPS
has several important functions in
biofilms:

e Matrix Formation: The EPS
forms a three-dimensional matrix
that holds the bacterial cells together
in a cohesive structure, promoting
stability and protection.

e Retention of Water and Nutri-
ents: The EPS matrix retains water,
which helps create a micro-environ-
ment with different chemical and
physical properties compared to the
surrounding environment. This mi-
cro-environment supports bacterial
growth and allows for efficient nutri-
ent and waste exchange.

® Antibiotic Resistance: The EPS
matrix can create physical barriers
that limit the penetration of antibi-
otics into the biofilm, contributing
to antibiotic resistance in chronic
wound infections.

e Mechanical Protection: EPS
adds mechanical strength to the bio-
film, helping it resist physical distur-
bances and shear forces.

The presence of the biofilm trig-
gers a prolonged and exaggerated
inflammatory response at the wound
site.’? Chronic inflammation can im-
pair the normal wound-healing pro-
cess, delaying the formation of gran-
ulation tissue and the closure of the
wound.” Even after successful treat-
ment of an initial infection, residual
bacteria within the biofilm can cause
recurrent infections. Bacteria within
the biofilm ecosystem exhibit higher

tion surpasses the Minimum Inhibi-
tory Concentration (MIC).*®

To effectively act on biofilm-form-
ing microorganisms, antimicrobial
agents must overcome several key
obstacles that are inherent to the bio-
film structure and behavior. Some
include:

e Increased Number of Resistant
Mutants: Within the biofilm, there
is a higher likelihood of genetic mu-
tations occurring due to the dense
bacterial population and exposure
to stressors, including antimicrobial
agents. This increased mutation rate
can lead to the development of resis-

The presence of the biofilm

triggers a prolonged and exaggerated inflammatory

response at the wound site.

resistance to antimicrobial agents,
including oral and topical antibiot-
ics. Bacteria living in a biofilm can
exhibit a 10 to 1,000-fold increase
in antibiotic resistance compared to
similar bacteria living in a plankton-
ic state.

Biofilms are also resistant to
immune Kkilling and clearance. The
aforementioned EPS acts as a phys-
ical barrier, preventing antibiotics
from effectively reaching and kill-
ing the bacteria within the biofilm."
Some antibiotics can penetrate bio-
films, including fluoroquinolones, ri-
fampin, and ampicillin.'® However,
these antibiotics are not able to eradi-
cate 100% of biofilm bacteria.'

Biofilm-forming bacteria are en-
cased in a matrix that can exclude
antibiotics and the host immune re-
sponse.’® Other antibiotics, like to-
bramycin, ciprofloxacin, and tetra-
cyclines, preferentially kill the met-
abolically active bacteria located in
the outer part of the biofilm.” How-
ever, the non-growing bacteria in
the inner part of the biofilm survive
treatment.” The lower the antibiotic
concentration, the longer it takes to
kill 5% of the bacteria in the bio-
film.'® This holds true for several
antibiotic subclasses, and it applies
solely when the antibiotic concentra-
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tant bacterial strains, making it more
challenging to eradicate the biofilm."

¢ High Cell Density: Biofilms con-
sist of a high concentration of bac-
terial cells in a confined space. This
high cell density can create a physical
barrier, limiting the penetration of
antimicrobial agents into the deeper
layers of the biofilm.*

e Complex Molecular Exchange
Pathways: Bacteria within the biofilm
communicate and interact through
various signaling molecules. This
communication allows the biofilm
community to act collectively, leading
to increased resistance to antimicro-
bial agents.

e Substance Delivery Challenges:
The biofilm matrix hinders the effi-
cient delivery of antimicrobial agents
to the bacterial cells. The EPS acts
as a protective shield, preventing the
antimicrobials from reaching their
targets effectively.?

e Efflux Pump Activity: Bio-
film-forming bacteria may up-regu-
late efflux pumps, which are cellu-
lar transporters that actively pump
antimicrobial agents out of the bac-
terial cells. This efflux mechanism
reduces the intracellular concentra-
tion of antimicrobials, contributing
to resistance.?

Continued on page 119
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e Persister Cells: Within the biofilm, some bacteria
can enter a dormant and highly tolerant state known as
persister cells. These cells are not actively dividing and
are highly resistant to antimicrobial agents, allowing them
to survive treatment and potentially re-initiate the infec-
tion once conditions become favorable.?

Understanding the microbiology/molecular frame-
work of biofilms in chronic non-healing wounds is
of vital importance as it provides critical information
about the specific bacterial species present, their anti-
microbial resistance profiles, and their potential role in
hindering wound healing. However, to date, there are
no routine diagnostic modalities currently available to
confirm biofilm presence.

Various techniques can provide more information on
the bacterial network; such as tissue biopsy, curettage,
sonication, or specialized swabs designed to collect bio-
film samples more effectively. However, there are sig-
nificant and potential challenges associated with these
processes. Identifying the biofilm-forming bacteria helps
in selecting appropriate antimicrobial therapies that spe-
cifically target the biofilm.

Biofilm bacteria may exhibit different antibiotic resis-
tance patterns compared to planktonic bacteria, making
targeted treatment crucial for successful wound man-
agement.” Additionally, these complex communities can
be highly heterogeneous, with various bacterial species
present in different parts of the wound.* Standard wound
swab cultures may not accurately detect biofilms since
they only sample the wound surface and may miss deeper
biofilm layers.*

Advanced specialized sampling techniques and ad-
vanced imaging methods are required for more accurate
detection.* For instance, advanced imaging techniques
like confocal laser scanning microscopy (CLSM) and scan-
ning electron microscopy (SEM) can be employed to visu-
alize and confirm the presence of biofilms in the wound
samples. Without bedside diagnostic tests, clinicians
should rely on particular signs and symptoms to confirm
the presence of biofilms.**

The most effective treatment pathway to address bio-
film-infested chronic wounds involves a comprehensive
and multi-modal approach.** Since biofilms are highly
resistant structures, a combination of strategies is needed
to treat them effectively.* First, an accurate assessment
of the wound is crucial to determine the presence and ex-
tent of the biofilm.>* This includes evaluating wound size,
depth, presence of undermining or sinus tracts, signs of
infection, and tissue viability. Debridement is an essential
step to remove necrotic tissue, debris, and biofilm from
the wound bed.*

This can be achieved through various methods such
as sharp debridement, mechanical debridement, enzy-
matic debridement, or autolytic debridement. Biofilms
have been shown to regain antibiotic resistance 72 hours
after debridement, suggesting reduced efficacy of treat-

Continued on page 120
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ment and delayed wound healing.*
This crucial window highlights the
importance of timely removal/de-
bridement of all non-viable tissue
in order to create a healthier wound
environment that is more responsive
to healing.”

Topical antimicrobial agents play
a crucial role in targeting the bacteria
within the biofilm. These agents can
be applied directly to the wound bed
after a thorough debridement to dis-
rupt the biofilm and control infection.
The application of topical antimicro-
bial agents within the 72-hour win-
dow can potentially suppress biofilm
reformation.*

In some cases, systemic antibi-
otics may also be prescribed based
on the severity of the infection.
Use of advanced wound dressings
with antimicrobial properties can
aid in reducing biofilm burden and

The current understanding of
biofilm pathogenesis and its im-
pact on wound healing has led in-
dustry leaders to develop innova-
tive approaches to combat biofilm
and accomplish their role in the
wound-healing process.

Some of these emerging therapies
include:

e Antimicrobial Peptides (AMPs):
Antimicrobial peptides are short
chains of amino acids with potent
antimicrobial properties. Research-
ers are investigating the use of spe-
cific AMPs that can disrupt biofilm
structures and kill bacteria within the
biofilm. AMPs offer the advantage
of broad-spectrum activity against
various microbes while potentially
minimizing the risk of antimicrobial
resistance.”

® Enzymatic Disruption: Enzy-
matic agents are being studied to
break down the extracellular matrix

Early detection, coupled with effective biofilm-targeting

strategies, holds the potential to improve outcomes,

reduce amputation rates, and enhance the quality of life

for patients with diabetic foot ulcers.

promoting wound healing.** Sil-
ver, iodine, and other antimicrobi-
al-impregnated dressings have been
shown to be effective in managing
biofilm-infested wounds.*” Manag-
ing blood glucose levels is critical
in promoting wound healing and re-
ducing the risk of infection.?® Prop-
er glycemic control helps prevent
the development of chronic wounds
and supports overall wound healing
processes.”

Patient education on proper
wound care protocols, early report-
ing of any non-healing wounds, and
maintaining good foot hygiene are es-
sential for successful wound manage-
ment and the prevention of biofilm
formation. Regular follow-up visits
with healthcare professionals are nec-
essary to monitor wound progress,
evaluate the effectiveness of the dy-
namic treatment plan, and make ad-
justments as needed.

of biofilms. Certain enzymes can de-
grade the biofilm’s EPS, making it
more susceptible to traditional anti-
microbial agents and the body’s im-
mune response.*

—For example: Bromelain-based
debridement is considered a non-in-
vasive method of wound debride-
ment, which can be particularly ben-
eficial for patients who cannot tol-
erate more aggressive debridement
techniques.!

—This method involves the use
of a concentrate of proteolytic en-
zymes enriched in bromelain, which
is derived from pineapples.®

—Bromelain is a mixture of
proteolytic enzymes that can break
down proteins.*!

—Bromelain’s enzymatic action is
generally more selective in targeting
non-viable tissue, minimizing dam-
age to healthy tissue.”!

® Quorum Sensing Inhibition:
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Quorum sensing is a communica-
tion mechanism used by bacteria to
coordinate their activities, includ-
ing biofilm formation. Inhibition of
quorum sensing disrupts this com-
munication, potentially preventing
biofilm development or making ex-
isting biofilms more vulnerable to
eradication.?

® Bacteriophages: Bacteriophages
are viruses that infect and destroy
specific bacteria. Researchers are ex-
ploring the use of bacteriophages
that target biofilm-forming bacte-
ria. These phages can penetrate the
biofilm and lyse the bacterial cells,
reducing the biofilm’s integrity and
viability.®

e Nanoparticles: Nanoparticles,
particularly those with antimicrobi-
al properties, are being studied as
a means to disrupt biofilms. Some
nanoparticles can penetrate the bio-
film matrix and release antimicro-
bial agents directly at the site of
infection.*

e Photodynamic Therapy (PDT):
PDT involves the use of photo-sen-
sitizers that, when exposed to spe-
cific wavelengths of light, produce
reactive oxygen species.” These re-
active oxygen species can damage
bacterial cells and disrupt biofilm
structures.*

While these novel therapies show
promise, more research is needed to
understand their safety, efficacy, and
clinical applicability fully. As our un-
derstanding of biofilm pathogenesis
continues to evolve, these innovative
therapies hold the potential to rev-
olutionize wound management and
improve outcomes for patients with
chronic wounds, especially those
with diabetes.

Conclusion
Non-healing wounds among pa-
tients with diabetes continues to pose
a significant challenge to both pa-
tients and healthcare providers due
to their chronicity and resistance to
healing. The presence of biofilms in
DFUs plays a pivotal role in hinder-
ing the wound-healing process and
contributing to recurrent infections.
Biofilms create a hostile environ-
ment that shields bacteria from the
immune system and antimicrobial
Continued on page 121
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treatments, leading to prolonged in-
flammation and delayed tissue repair.

As researchers delve deeper into
the mechanisms of biofilm formation
and resistance, promising treatment
approaches are emerging, including
biofilm-disrupting agents, advanced
topical antimicrobials, and innovative
combination therapies. Nevertheless,
the management of DFUs and bio-
films demands a personalized and
multidisciplinary approach, focusing
on wound debridement, optimizing
glycemic control, and implementing
preventive measures.

Early detection, coupled with
effective biofilm-targeting strate-
gies, holds the potential to improve
outcomes, reduce amputation rates,
and enhance the quality of life for
patients with diabetic foot ulcers.
Continued research and collabora-
tion among experts in the field are
essential to unraveling the com-

podiatrym.com

plexities of biofilms and advancing
wound care interventions in this
challenging clinical scenario. PM

References

' Saeedi P, Petersohn I, Salpea P, et
al. Global and regional diabetes prev-
alence estimates for 2019 and projections
for 2030 and 2045: Results from the Inter-
national Diabetes Federation Diabetes
Atlas, 9th edition. Diabetes Res Clin Pract
[Internet] 2019;157(107843):107843. Avail-
able from: http://dx.doi.org/10.1016/j.dia-
bres.2019.107843

> McDermott K, Fang M, Boulton AJM,
Selvin E, Hicks CW. Etiology, Epidemiolo-
gy, and Disparities in the Burden of Dia-
betic Foot Ulcers. Diabetes Care. 2023 Jan
1;46(1):209-221. doi: 10.2337/dci22-0043.
PMID: 36548709; PMCID: PM(C9797649.

* Karygianni L, Ren Z, Koo H, Thurnheer
T. Biofilm Matrixome: Extracellular Compo-
nents in Structured Microbial Communities.
Trends Microbiol. 2020 Aug;28(8):668-681.
doi: 10.1016/j.tim.2020.03.016. Epub 2020
Apr 21. PMID: 32663461.

*Shi M, Du Z, Qi Y, Li W, Hu H, Lin X,
Wang S, Tang Z, Zhou M. Wound microen-

NOVEMBER/DECEMBER 2023 | PODIATRY MANAGEMENT @

vironment-responsive glucose consumption
and hydrogen peroxide generation synergistic
with azithromycin for diabetic wounds heal-
ing. Theranostics. 2022 Mar 6;12(6):2658-
2673. doi: 10.7150/thno.64244. PMID:
35401823; PMCID: PM(C8965477.

* Kingsley A. The wound infection con-
tinuum and its application to clinical prac-
tice. Ostomy Wound Manage. 2003 Jul;49(7A
Suppl):1-7. PMID: 12883156.

¢ SARVIS, CONNIE M. RN, CON(C),
CWD, IIWCC, MN, FCCWS. Calling on
NERDS for critically colonized wounds.
Nursing 37(5):p 26-27, May 2007. | DOI:
10.1097/01.NURSE.0000268753.88927.82

7 Wound infection in clinical practice.
An international consensus. Int Wound
J. 2008 Jun;5 Suppl 3(Suppl 3):iii-11. doi:
10.1111/j.1742-481X.2008.00488.x. PMID:
18489408; PMCID: PMC7951552.

® Gabriel A, Shores J, Bernstein B, de
Leon J, Kamepalli R, Wolvos T, Baharestani
MM, Gupta S. A clinical review of infect-
ed wound treatment with Vacuum Assist-
ed Closure (V.A.C.) therapy: experience
and case series. Int Wound J. 2009 Oct;6
Suppl 2(Suppl 2):1-25. doi: 10.1111/j.1742-

Continued on page 122



THE DIABETIC FOOT

Role of Biofilm (from page 121)

481X.2009.00628.x. PMID: 19811550; PMCID:
PMC7951685.

° Gardner SE, Frantz RA, Doebbeling
BN. The validity of the clinical signs and
symptoms used to identify localized chronic
wound infection. Wound Repair Regen. 2001
May-Jun;9(3):178-86. doi: 10.1046/j.1524-
475x.2001.00178.x. PMID: 11472613.

' Percival SL, McCarty SM, Lipsky
B. Biofilms and Wounds: An Overview of
the Evidence. Adv Wound Care (New Ro-
chelle). 2015 Jul 1;4(7):373-381. doi: 10.1089/
wound.2014.0557. PMID: 26155379; PMCID:
PMC4486148.

"' Penesyan, A., Paulsen, L.T., Kjelleberg,
S. et al. Three faces of biofilms: a microbi-
al lifestyle, a nascent multicellular organ-
ism, and an incubator for diversity. npj Bio-
films Microbiomes 7, 80 (2021). https://doi.
org/10.1038/s41522-021-00251-2

12 Rutherford ST, Bassler BL. Bacterial
quorum sensing: its role in virulence and
possibilities for its control. Cold Spring Harb
Perspect Med. 2012 Nov 1;2(11):a012427.
doi: 10.1101/cshperspect.a012427. PMID:
23125205; PMCID: PMC3543102.

¥ Guo S, Dipietro LA. Fac-
tors affecting wound healing. J Dent
Res. 2010 Mar;89(3):219-29. doi:
10.1177/0022034509359125. Epub 2010 Feb 5.
PMID: 20139336; PMCID: PM(C2903966.

" Prinzi, A., & Rohde, R. (n.d.). The
role of bacterial biofilms in antimicrobial
resistance. ASM.org. https://asm.org/Arti-
cles/2023/March/The-Role-of-Bacterial-Bio-
films-in-AntimicrobialRe#: ~ :text = The %20
role % 200f % 20biofilms % 20in,living % 20
in % 20a % 20planktonic % 20state

" Jiang Y, Geng M, Bai L. Targeting Bio-
films Therapy: Current Research Strategies
and Development Hurdles. Microorganisms.
2020 Aug 11;8(8):1222. doi: 10.3390/microor-
ganisms8081222. PMID: 32796745; PMCID:
PMC7465149.

' Lebeaux D, Ghigo JM, Beloin C. Bio-
film-related infections: bridging the gap be-
tween clinical management and fundamental
aspects of recalcitrance toward antibiotics.
Microbiol Mol Biol Rev. 2014 Sep;78(3):510-
43, doi: 10.1128/MMBR.00013-14. PMID:
25184564; PMCID: PMC4187679.

7 Ciofu, O, Rojo-Molinero, E, Macia,
MD, Oliver, A. Antibiotic treatment of biofilm
infections. APMIS 2017; 125: 304-319.

'8 Miisken M, Pawar V, Schwebs T, Bihre
H, Felgner S, Weiss S, Hdussler S. Breaking
the Vicious Cycle of Antibiotic Killing and
Regrowth of Biofilm-Residing Pseudomonas
aeruginosa. Antimicrob Agents Chemother.
2018 Nov 26;62(12):e01635-18. doi: 10.1128/
AAC.01635-18. PMID: 30297365; PMCID:
PMC6256772.

¥ Uruén C, Chopo-Escuin G, Tommassen
J, Mainar-Jaime RC, Arenas J. Biofilms as

Promoters of Bacterial Antibiotic Resistance
and Tolerance. Antibiotics (Basel). 2020 Dec
23;10(1):3. doi: 10.3390/antibiotics10010003.
PMID: 33374551; PMCID: PMC7822488.

* Abebe GM. The Role of Bacterial
Biofilm in Antibiotic Resistance and Food
Contamination. Int J Microbiol. 2020 Aug
25;2020:1705814. doi: 10.1155/2020/1705814.
PMID: 32908520; PMCID: PMC7468660.

2 Preda VG, S?ndulescu O. Communi-
cation is the key: biofilms, quorum sens-
ing, formation and prevention. Discover-
ies (Craiova). 2019 Sep 30;7(3):e100. doi:
10.15190/d.2019.13. PMID: 32309618;
PMCID: PMC7086079.

* Soto SM. Role of efflux pumps in the
antibiotic resistance of bacteria embedded in
a biofilm. Virulence. 2013 Apr 1;4(3):223-9.
doi: 10.4161/viru.23724. Epub 2013 Feb 4.
PMID: 23380871; PMCID: PMC3711980.

# Persister cells and the riddle of biofilm
survival. Lewis K. Biochemistry (Moscow)
2005;70(2):267-274.

* Schultz, G., Bjarnsholt, T., James,
G.A., Leaper, D.J., McBain, A.J., Malone, M.,
Stoodley, P., Swanson, T., Tachi, M., Wolcott,
R.D. and (2017), Consensus guidelines for
the identification and treatment of biofilms in
chronic nonhealing wounds. Wound Rep and
Reg, 25: 744-757. https://doi.org/10.1111/
wiT.12590

* Snyder RJ, Bohn G, Hanft J, Hark-
less L, Kim P, Lavery L, Schultz G, Wol-
cott R. Wound Biofilm: Current Perspectives
and Strategies on Biofilm Disruption and
Treatments. Wounds. 2017 Jun;29(6):S1-S17.
PMID: 28682297.

* Wolcott RD, Rumbaugh KP, James G,
Schultz G, Phillips P, Yang Q, et al. Biofilm
maturity studies indicate sharp debridement
opens a time- dependent therapeutic win-
dow. J Wound Care 2010; 19: 320-8.

* Kostenko V, Lyczak J, Turner K,
Martinuzzi RJ. Impact of silver-containing
wound dressings on bacterial biofilm viabili-
ty and susceptibility to antibiotics during pro-
longed treatment. Antimicrob Agents Chemo-
ther. 2010 Dec;54(12):5120-31. doi: 10.1128/
AAC.00825-10. Epub 2010 Sep 20. PMID:
20855737; PMCID: PM(C2981228.

% Lobmann R., Zemlin C., Motzkau
M., Reschke K., Lehnert H. Expression of
matrix metalloproteinases and growth fac-
tors in diabetic foot wounds treated with
a protease absorbent dressing. J. Diabetes
Complicat. 2006;20:329-335. doi: 10.1016/j.
jdiacomp.2005.08.007.

» Ribeiro S. M., Felicio M. R., Boas E.
V., Gongalves S., Costa F. F., Samy R. P.,
et al. (2016). New frontiers for anti-biofilm
drug development. Pharmacol. Therap. 160
133-144. 10.1016/j.pharmthera.2016.02.006

3 Qulahal, N., Martial-Gros, A., Bon-
neau, M., Blum, L. J. (2007). Removal of
Meat Biofilms From Surfaces by Ultrasounds
Combined With Enzymes and/or a Chelating

@ NOVEMBER/DECEMBER 2023 | PODIATRY MANAGEMENT

Agent. Innov. Food Sci. Emerg. Technol. 8,
192-196. doi: 10.1016/j.ifset.2006.10.001

* Shoham Y, Krieger Y, Tamir E, Silber-
stein E, Bogdanov-Berezovsky A, Haik J,
Rosenberg L. Bromelain-based enzymatic de-
bridement of chronic wounds: A preliminary
report. Int Wound J. 2018 Oct;15(5):769-775.
doi: 10.1111/iwj.12925. Epub 2018 Apr 25.
PMID: 29696785; PMCID: PMC7950085.

* Naga, N.G., El-Badan, D.E., Ghanem,
K.M. et al. It is the time for quorum sensing
inhibition as alternative strategy of antimi-
crobial therapy. Cell Commun Signal 21, 133
(2023). https://doi.org/10.1186/512964-023-
01154-9.

* Chegini Z, Khoshbayan A, Taati Mogh-
adam M, Farahani I, Jazireian P, Shariati A.
Bacteriophage therapy against Pseudomonas
aeruginosa biofilms: a review. Ann Clin Mi-
crobiol Antimicrob. 2020 Sep 30;19(1):45.
doi: 10.1186/s12941-020-00389-5. PMID:
32998720; PMCID: PMC7528332.

* Thambirajoo M, Maarof M, Lokana-
than Y, Katas H, Ghazalli NF, Tabata Y, Fauzi
MB. Potential of Nanoparticles Integrated
with Antibacterial Properties in Prevent-
ing Biofilm and Antibiotic Resistance. An-
tibiotics (Basel). 2021 Nov 2;10(11):1338.
doi: 10.3390/antibiotics10111338. PMID:
34827276; PMCID: PMC8615099.

* de Melo WC, Avci P, de Oliveira MN,
Gupta A, Vecchio D, Sadasivam M, Chandran
R, Huang YY, Yin R, Perussi LR, Tegos GP,
Perussi JR, Dai T, Hamblin MR. Photody-
namic inactivation of biofilm: taking a lightly
colored approach to stubborn infection. Ex-
pert Rev Anti Infect Ther. 2013 Jul;11(7):669-
93. doi: 10.1586/14787210.2013.811861.
PMID: 23879608; PMCID: PMC4336791.

Dr. Ead is a fellow-
ship-trained podiatric
surgeon who is a gradu-
ate from the University
of Southern California’s
Limb Preservation fel-
lowship program under
the tutelage of Drs.
Laura Shin and David
Armstrong. He received
his surgical training
from HCA Florida Westside Hospital. In the Fall
of 2023, Dr. Ead will be establishing a new Podi-
atry service at the St. Frances Cabrini—CHRIS-
TUS Health system in Alexandria, Louisiana.

Dr. Snyder is Dean,
Professor, and Director
of Clinical Research at
Barry University School
of Podiatric Medicine.
He has served as Prin-
cipal Investigator on
more than 60 random-
ized clinical trials. In
2018, Dr. Snyder was
inducted as Faculty
Fellow of Podiatric Medicine, Royal College of
Physicians and Surgeons (Glasgow).

s

podiatrym.com



