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Abstract
There is no question that new antibiotics are sorely needed as bacteria become 
more and more resistant. However, another important cause of antibiotic failure 
is the tolerance bacteria exhibit to treatment when they are present within a bio-
film. In contrast to the heritable changes bacteria undergo when acquiring new 
resistance determinants, tolerance is a reversible phenotype that is dependent 
upon being in a biofilm. Therefore, approaches that can successfully disrupt bio-
films are likely to potentiate the efficacy of antibiotics. Biofilm removal by 
mechanical means is the conventional and most straightforward approach and 
includes desloughing and debridement. However, newer experimental approaches 
that target integral components of the biofilm itself are now showing promise.
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1	 �Introduction

In their simplest definition, biofilms are communities of microorganisms, adhered 
to a surface or to each other, and surrounded by an extracellular matrix (ECM). This 
ECM can be comprised of materials originating from the microbes themselves, or 
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from the host or the environment, and serves as an excellent defensive strategy that 
enables microorganisms to survive in harsh environments. While ECM components 
vary widely depending on the biofilm environment and the microorganisms present, 
they are typically very hydrated and composed of polysaccharides, proteins, and 
extracellular DNA and RNA (Flemming et al. 2000; Dötsch et al. 2012).

Microorganisms make up less than 10% of the dry mass of most biofilms, with the 
ECM representing the remainder (Flemming and Wingender 2010). Living within 
the confines of the ECM not only protects the resident microbes from the environ-
ment, but also from the host immune system and any antimicrobials that have been 
administered. In fact, it has been shown that biofilm-dwelling bacteria can be up to 
1000 times more tolerant to antibiotic agents than free-living planktonic cells (Mah 
and O’Toole 2001). Thus, as an alternative approach to traditional therapies, which 
directly target the causative pathogens, many researchers have turned their attention 
towards degrading the protective ECM, giving traditional antimicrobials and host 
defenses a fighting chance against the liberated, more-susceptible pathogens.

The central dogma concerning biofilm development begins with the attachment 
of a single planktonic cell to a surface, which is usually exposed to an aqueous 
medium. After attachment, microcolony formation is characterized by the growth of 
non-motile colonies that begin producing an ECM. Through quorum sensing path-
ways, other planktonic cells can be attracted to a microcolony in the subpopulation 
stage. This quickly gives rise to the macrocolony stage with the development of 
large towers or mushroom-shaped colonies. A macrocolony can become activated 
by the introduction of stressful environmental factors or even signal molecules pro-
duced by other cells that will lead to the final stage of biofilm development known 
as dispersion (Yang et al. 2011; Yang et al. 2012). However, it should be noted that 
most of what we know concerning biofilm development is derived from in vitro 
studies conducted with a few select microorganisms, and it is clearly very different 
from what occurs in vivo for many different types of infections. For example, to our 
knowledge, there have been no observations of the characteristic macrocolony 
shapes (e.g., towers and mushroom-shaped structures) in clinical biofilm samples. 
And while some biofilms found in the body are surface-associated and quite large 
(e.g., dental plaque or implant-associated biofilms), most biofilms seen in samples 
taken from tissue-associated infections, such as lung, wound, and middle ear, tend 
to be small aggregates that are surrounded by both bacterial and host-derived ECM 
(DeLeon et al. 2014; Watters et al. 2014; Sonderholm et al. 2017). Despite their size 
and structural differences, these biofilms are still exceptionally tolerant to antimi-
crobials and contribute significantly to a chronically infected state.

Biofilm-associated infections are so difficult to treat that once a biofilm forms 
in vivo, the only real treatment option is to remove it. However, removal of biofilms 
from an infection site is always problematic. If the biofilm is located on a foreign 
body, for example, removal could be as simple as taking out a catheter, or as difficult 
as replacing an artificial joint. While this can involve the expense and risk of a revi-
sion surgery, it is still more straightforward than the removal of a tissue-associated 
biofilm. In these infections, biofilms can be located deep within the tissue, muscle, 
or bone and often amputation is the only option. In this chapter, we will discuss the 
current standards of care and experimental strategies for the removal of biofilm 
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from tissue-associated infections. In most cases, biofilm removal or disruption is not 
in itself antimicrobial, but is simply a way to reduce bacterial load and/or weaken 
biofilms so that conventional antimicrobials are more effective.

2	 �Mechanical Techniques to Remove Biofilms

Despite the enormous effort and resources devoted to combatting biofilms, in some 
cases, the simplest of means are still the most effective. For example, some studies 
show that mechanical treatment is the most commonly used and/or effective 
method of biofilm removal (Sladek et  al. 2007; Barbara and Cogan 2015). 
Mechanical removal of biofilms is traditionally very effective while also being 
relatively simple, and includes any method that removes biofilm by physical force. 
This includes everything from surgical debridement of tissue to ablation via non-
thermal plasma jet.

While tissue-associated biofilm infections encompass a broad spectrum of infec-
tions (Lebeaux et al. 2013), mechanical removal of biofilm is most often associated 
with wounds. Therefore, most of the focus of this section will be in regard to wound 
infections, for which the most commonly used methods for removal of biofilm-
infected tissue fall under two blanket terms, desloughing and debridement.

2.1	 �Desloughing

The “slough” present in wounds is composed of devitalized tissue, white blood 
cells, fibrin, and debris and can present in several forms (Young 2014). It is nor-
mally yellow or yellow/brown and can be superficial and wet, thick and slimy, or 
become dry and encrusted. Removal of slough is an important step for minimizing 
infection risk because it acts as a safe haven for bacterial colonization and subse-
quent biofilm formation (Milne 2015, Percival and Suleman 2015). If the slough is 
hydrated, it can be mechanically scraped, washed, or sucked off a wound. If slough 
presents itself as a dry crust, then the first step is to hydrate it to allow autolysis to 
naturally occur. To hydrate the wound, a moist environment can be created by using 
either an occlusive dressing to trap moisture in the wound, or by applying a hydrat-
ing topical treatment, such as, hydrogel, alginate, or hydrofoam (Percival and 
Suleman 2015). Additionally, hydrating dressings infused with antimicrobials can 
be used to prevent bacterial colonization of slough.

2.1.1	 �Wet-to-Dry Gauze
If an individual’s wound is not capable of autolytic desloughing, then a series of 
mechanical desloughing methods can be employed (Young 2014; Milne 2015; 
Percival and Suleman 2015). A method known as wet-to-dry gauze slough removal 
has been popular among healthcare providers in the past and, depending on the 
wound, can also act as a debridement method. Wet-to-dry gauze debridement is 
implemented through the addition of a saline-soaked gauze bandage to a wound, 
where it is left to dry. While the bandage dries, it incorporates with outer layers of 
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necrotic tissue, exudate, and wound scab. After the gauze is given ample time to dry, 
a healthcare provider will remove the bandage, thereby debriding the wound (Cowan 
and Stechmiller 2009). While often effective, this method is time-consuming, pain-
ful for the patient, and can take some time to show improvement (Milne 2015). New 
methods, such as monofilament debridement pads, negative pressure wound therapy 
(NPWT), or slough-trapping wound dressings have gained prevalence in recent 
years as the beneficial effects of clean, efficient desloughing are being realized 
(Percival and Suleman 2015).

2.1.2	 �Monofilament Debridement Pads
Monofilament debridement pads (MDP) are composed of polyester fibers that bind 
to loose material on the wound surface. They are used to clean wounds in a similar 
manner to a sponge when cleaning dishes. Laboratory and clinical studies using a 
commercially available MDP, called Debrisoft®, have shown that it is able to effec-
tively remove wound slough and decrease the bacterial load of both planktonic and 
biofilm-associated Pseudomonas aeruginosa (Wilkinson et al. 2016; Schultz et al. 
2018). Additionally, clinical studies have revealed that patient pain is significantly 
lower when using Debrisoft® in comparison to the wet-to-dry gauze method 
(Schultz et al. 2018).

2.1.3	 �Slough-Trapping Dressings
Slough is rich in inflammatory material and can act as a safe-haven for infectious 
bacteria (Percival and Suleman 2015), so the expedient removal of slough can 
enhance tissue regranulation and decrease risk of infection (Milne 2015; Percival 
and Suleman 2015; Young et al. 2016). In addition, molecular methods for detecting 
bacteria in patient wounds suggests that anaerobic bacteria may play a larger role in 
chronic and necrotizing soft tissue infections (NSTI) than previously thought (Dowd 
et  al. 2008; Zhao-Fleming et  al. 2017). From these findings, we can reasonably 
surmise that by exposing the underlying tissue to air through slough removal, 
healthcare providers may be inadvertently impairing infectious anaerobic bacteria. 
To minimize these risks, healthcare providers must regularly deslough high slough-
producing chronic wounds, and to help automate this process, researchers have 
developed slough absorbent wound dressings. A 2017 study on KytoCel®, a com-
mercially available slough absorbent dressing, showed that 19 of 27 high slough-
producing patients exhibited enhanced healing when treated with the 
chitosan-composed dressing (Stephen-Haynes et al. 2018). A similar dressing com-
posed of chitosan was imbued with silver nanoparticles to give the slough absorbent 
dressing antimicrobial properties (Liang et al. 2016). As shown in their study, chito-
san alone had no antimicrobial properties, but the inclusion of silver nanoparticles 
provided significant antibacterial activity against common pathogens, such as 
Staphylococcus aureus and P. aeruginosa (Liang et al. 2016).

2.1.4	 �Negative Pressure Wound Therapy (NWPT)
NPWT is an emerging technique used in the treatment of acute and chronic wounds. 
Since the early 2000s, NPWT has gained increasing popularity for the treatment of 
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chronic and burn wounds due to a number of published studies describing increased 
healing rates and decreases in biofilm formation within the wound (Langer et al. 
2015; Young et al. 2016). NPWT works by maintaining constant low vacuum pres-
sure on the wound. This vacuum pressure removes wound slough and bacteria 
within the slough or on the surface of the wound, and also aids in increasing blood 
flow to the wound bed. For this reason, NPWT is especially effective in treating 
wounds, such as diabetic foot ulcers, where peripheral blood flow is low and the risk 
of chronic infection is high. Alone, NPWT does not usually exhibit a significant 
reduction in bacterial load within infected wounds (Yang et  al. 2017). However, 
when used in conjunction with topical antimicrobial treatments, NPWT has been 
shown to aid in a significant reduction of bacterial load (Yang et al. 2017). This is 
likely due to NPWT’s ability to mechanically disrupt biofilm and remove obstacles 
such as wound slough from the wound bed.

2.2	 �Surgical Debridement

Wound debridement is the surgical removal of necrotic, infected, or otherwise com-
promised tissue (Milne 2015), which can be toxic to the surrounding tissue, cause 
slower wound healing rates, and provide accessible nutrients for bacterial coloniza-
tion. Surgical removal of compromised tissues is considered invasive when com-
pared to alternative methods of debridement or desloughing, and can also be very 
painful. For these reasons, surgical debridement is typically only performed on 
patients with a high risk of sepsis by well-trained personnel. The tools used in surgi-
cal debridement have not advanced significantly in recent years, and most health-
care providers still use standard surgical scissors, scalpels, and forceps (Percival and 
Suleman 2015). Plasma scalpels have been available since the mid-1970s, and while 
they do offer the benefit of immediate cauterization of the wound and maintenance 
of sterility, they are cost prohibitive (Guild et al. 2017). Regardless of methodology, 
early intervention of surgical debridement can prevent significant future morbidity 
and/or mortality for chronically infected patients (Hsu et al. 2015).

2.2.1	 �Maggot Wound Therapy (MWT)
As archaic as it sounds, using maggot debridement therapy (MDT) to treat chronic 
wounds has proven to be an effective method for both desloughing and debride-
ment, resulting in quicker healing rates among a variety of wound types (Sun et al. 
2014). Maggots used in MDT are sterile and derived from the Phaenicia (Lucilia) 
sericata fly (Sun et al. 2014). They clean infected wounds by consuming necrotic 
tissue with a high degree of fidelity and have recently been found to secrete antimi-
crobials effective at killing a variety of pathogens, most notably methicillin-resistant 
Staphylococcus aureus (MRSA) (Bowling et  al. 2007). With this newly realized 
potential of MDT, researchers have begun experimenting with maggots genetically 
engineered to secrete new varieties of antimicrobials or wound-healing factors 
(Linger et al. 2016). Utilizing maggots as both a wound cleaner and producer of 
healing factors can bring treatment options to the masses that are normally not 

Approaches for Disrupting Tissue-Associated Biofilms



532

affordable, as long-term antimicrobial or growth factor regimens are extremely 
expensive.

2.2.2	 �Sound Energy
Sonication is the application of sound energy to an environment. In respect to bio-
film disruption, varying intensities of ultrasonication have been used to disrupt a 
biofilm, or even target and kill the bacteria within a biofilm. Ultrasonication during 
wound treatment uses frequencies above 20 kHz. Low-intensity sonication is gen-
erally nonspecific because it employs non-focused pulses of ultrasound over a 
broad area of tissue. Results show that low-intensity ultrasound pulses have the 
ability to disrupt a variety of bacterial biofilms in vitro (Crone et al. 2015). For 
example, high ultrasound frequency of 580 kHz is optimal for the disintegration of 
bacterial aggregates without causing cell death, while using lower frequencies of 
20 and 40 kHz resulted in colony forming unit (CFU) reduction of Escherichia coli 
and Klebsiella pneumonia (Ermolaeva et  al. 2011). Alternatively, low-intensity 
ultrasound can be used to optimize antibiotic treatment of P. aeruginosa biofilm 
infections, resulting in increased CFU reduction over antibiotic or ultrasound treat-
ments alone (Kopel et al. 2011).

High-intensity ultrasound does not actually use higher frequencies of ultrasound 
than low-intensity ultrasound in most cases, as the name suggests. Instead, high-
intensity ultrasound differs from low-intensity in that it is usually composed of mul-
tiple ultrasound sources that converge on a single point. This technique allows 
healthcare providers to focus treatment within a 3D space for the destruction of 
necrotic tissue by creating a heating effect at the convergence point. High-intensity 
ultrasound has also been successfully used to destroy E. coli biofilms, and the bac-
teria within them (Bigelow et  al. 2009). Treatment using this method raises the 
effectiveness of ultrasound therapy against biofilm, and even makes targeting infec-
tions below the surface of healthy tissue possible. Unfortunately, collateral tissue 
damage via the heating effect created through converging ultrasound frequencies 
may limit the number of cases for which this therapy can be considered a viable 
option.

2.2.3	 �Cold Plasma
Non-thermal plasma (NTP), or cold plasma, is being investigated as a new method 
for aiding in the sterilization and debridement of wound infections. While there are 
many plasma types, NTP denotes plasma operating near normal atmospheric pres-
sure and ambient temperature. The majority of previous investigations into using 
NTP to fight biofilm contamination has centered on treating delicate surfaces, 
including heat-sensitive plastics and food items prone to contamination, such as let-
tuce. A recent study reported that a quick 15-second treatment of Salmonella bio-
films on food contact surfaces resulted in over a 2-log reduction in CFU (Niemira 
et al. 2014). Promising results such as these have led to increased interest in apply-
ing NTP technology to dentistry and medicine.
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2.2.3.1	 NTP Treatment of Dental Biofilms
In regard to removing the biofilm (plaque) from teeth, traditional methods include 
tooth brushing and antimicrobial mouth rinses, such as chlorhexidine (CHX). 
However, NTP therapy has been adapted for disinfecting dental biofilms, and shows 
great promise in clinically relevant studies against biofilms grown from the mouth 
microbiota of healthy volunteers through saliva collection. Researchers often choose 
to study biofilms grown by isolates collected from saliva because the oral microbi-
ota is very complex and is known to contain a wide variety of pathogenic microor-
ganisms that contribute to severe mouth infection, such as Pseudomonas, 
Staphylococci, Enterococci, Candida, and some species of anaerobic bacteria 
(Leonhardt et al. 2003; Botero et al. 2005). Proof of concept studies have shown that 
treating S. mutans and mixed-population saliva-derived biofilms grown on Ti disks 
with NTP resulted in a CFU decrease of over 5 logs for both biofilm types, while 
CHX decreased S. mutans and saliva-derived biofilms by only 3.36 and 1.5 logs, 
respectively (Koban et al. 2011). Increasingly clinically relevant studies have been 
performed on surfaces that mimic tooth enamel, and have shown a 96% reduction in 
S. mutans biofilm when a multimodal approach was taken that paired CHX with 
NTP (Hong et al. 2016).

2.2.3.2	 NTP Treatment of Wound Biofilms
With the increasing prevalence of multi-drug-resistant pathogens, the search for 
new ways to combat biofilm-associated wound infections is becoming a popular 
endeavor. Naturally, many researchers have begun characterizing NTP efficacy 
against the most common infection-associated pathogens. Short NTP treatments 
significantly reduce the bacterial load of all ESKAPE pathogens (Flynn et al. 2015). 
However, treatment effect is dependent on species and strain (Ermolaeva et al. 2011; 
Flynn et al. 2015). Moreover, Gram-positive bacteria are more susceptible to NTP 
than Gram-negative bacteria, but lack of efficacy can be remedied using longer 
treatment times or higher intensity treatments (Ermolaeva et al. 2011). The consen-
sus is that NTP antimicrobial attributes primarily stem from the production of reac-
tive oxygen species (ROS), which disrupt bacterial membranes (Ermolaeva et al. 
2011; Flynn et  al. 2015; Xu et  al. 2015). In addition to the production of ROS, 
researchers have noticed that NTP exhibits ablative properties against the outermost 
surface of the biofilm (Xu et al. 2015; Xu et al. 2017). NTP also effects more than 
just the bacterial cells themselves, as evidence suggests that NTP may be able to 
target and significantly disrupt specific quorum sensing-controlled factors such as 
pyocyanin and elastase production (Ziuzina et al. 2015).

Concerns of biocompatibility issues between NTP and host tissue have also been 
noted. Reductions in cell epithelial viability have been seen in several cell and NTP 
types (Haertel et al. 2012, Wende et al. 2014). However, short treatments of approxi-
mately 10 seconds resulted in no distinguishable decreases in survival (Wende et al. 
2014). Correlating with cell viability, data show that treatment times greater than 
10  seconds can result in a significant decrease in DNA synthesis through the 
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disruption of ssDNA (Wende et al. 2014). These results should provide a cautionary 
tale to researchers investigating NTP for medical applications, and further investi-
gation into the effects of NTP on host cells is of great importance so that we can 
carefully optimize therapeutic treatments with the patient’s safety in mind.

3	 �Degrading and Disrupting the ECM

One of the major challenges that researchers are faced with when developing ECM-
specific therapeutics is that the composition of the matrix is highly variable, depend-
ing on the microorganisms present, the age and maturity of the biofilm, nutrient and 
substrate availability, environmental forces, and a plethora of other applicable con-
ditions of the host environment (Koo et  al. 2017a, b). Considering the variable 
makeup of the ECM, any realistic approaches to effectively disrupting it should be 
multifaceted. The most practical and effective strategies, especially for inherently 
complex, highly polymicrobial biofilms such as those present in chronic wound 
infections (Wolcott et al. 2015), are those that will target highly conserved ECM 
components that are produced by a broad spectrum of pathogens, while at the same 
time avoiding collateral damage to the host. Clinically, such a therapy could be 
implemented, regardless of the specific microbial makeup of each individual infec-
tion and be expected to augment traditional antimicrobial agents.

Targeting specific ECM components as a means of therapeutic intervention is not 
a novel concept. In 2002, Whitchurch et al. were the first to show that exogenously 
added DNase I could inhibit the formation of, and degrade established P. aerugi-
nosa biofilms in vitro, leading to dispersal (Whitchurch et al. 2002). Similarly, in 
2003, Kaplan et al. found that dispersin B, a glycoside hydrolase produced by A. 
actinomycetemcomitans, could degrade the polysaccharide, poly(1,6)-N-acetyl-D-
glucosamine (PNAG), by hydrolyzing β(1,6) glycosidic linkages, leading to struc-
tural collapse of the biofilm in  vitro (Kaplan et  al. 2003). However, despite 
increasing research efforts on medical biofilm dispersal (Fleming and Rumbaugh 
2017), clinical application is virtually non-existent, with the exception of Dornase 
alpha (Pulmozyme®), an FDA-approved therapy for the treatment of lung biofilms 
presenting in cystic fibrosis patients (Wagener and Kupfer 2012a, b). Thus, despite 
the promising future of ECM targeting for medical biofilm eradication, there is still 
quite a bit of work to be done, especially in handling the diverse compositional 
makeup of biofilms from species to species, and case to case. In this section, we 
provide an overview of the current state of ECM-targeting strategies, and discuss 
the logistics of future clinical application.

Active degradation of mature biofilm ECM can be accomplished by various 
means, and in this section, we discuss three particularly promising approaches: the 
utilization of ECM-targeted enzymes, antibiofilm peptides, and dispersal molecules. 
In the interest of broad-spectrum applicability, only the strategies which can be 
practically effective against the ECM of a range of microbial species will be 
considered.
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3.1	 �ECM-Targeted Enzymes

Some of the most extensive work in targeting structural ECM components has been 
the exogenous addition of enzymes that have one or more ECM-integral targets 
(Fleming and Rumbaugh 2017). Three of the most ubiquitous targets of interest 
have been proteins, polysaccharides, and extracellular DNA (eDNA).

3.1.1	 �Exoprotein-Targeting
For many pathogens, proteins constitute a significant percentage of total ECM mass 
(Lasa and Penades 2006; Jiao et al. 2010; Muthukrishnan et al. 2011; Speziale et al. 
2014). Exoproteins are important not only for the role they play in maintaining and 
modifying the matrix (Zhang and Bishop 2003; Kaplan 2010), but also for surface 
and ECM scaffolding adhesion and the overall structural stability of the biofilm 
(Lasa and Penades 2006; Hobley et al. 2015). Therefore, proteases are a potential 
tool of interest for the deconstruction of the ECM matrix. For example, proteinase 
K is a serine protease that cleaves peptide bonds adjacent to the carboxylic group of 
aliphatic and aromatic amino acids, and has been experimentally effective against 
the biofilms of multiple Gram-positive and Gram-negative bacterial species 
(Chaignon et al. 2007; Patterson et al. 2007; Fredheim et al. 2009; Izano et al. 2009; 
Medina and Kadouri 2009; Kumar Shukla and Rao 2013; Nguyen and Burrows 
2014; Cui et al. 2016). Another protease with proven broad-spectrum antibiofilm 
efficacy is trypsin, which targets peptides at the carboxyl side of the positively 
charged amino acids, lysine, and arginine (Chaignon et al. 2007; Patterson et al. 
2007; Niazi et al. 2014; Banar et al. 2016). It should be noted that, while both pro-
teinase K and trypsin are well-documented antibiofilm agents, potential host toxic-
ity due to the presence of target peptides within eukaryotic tissue must be considered, 
as is the case with many other proteases.

3.1.2	 �eDNA-Targeting
Another vital ECM component for the adhesion and stability of biofilms is eDNA, 
which can play an important role in the initial stages of biofilm development, as 
well as in protecting mature biofilms from physical stress and antibiotics as both an 
internal scaffolding and a protective cap (Whitchurch et al. 2002; Das et al. 2013; 
Jakubovics et al. 2013; Alhede et al. 2014; Okshevsky and Meyer 2015; Sena-Velez 
et  al. 2016). Ribonucleases that can break down eDNA represent an extensively 
studied and clinically applicable class of antibiofilm agent. In fact, Dornase Alpha, 
marketed as Pulmozyme®, represents the only widely used ribonuclease currently 
approved by the FDA (Wagener and Kupfer 2012a, b). Although Dornase alpha is 
used medically to break up DNA-rich mucus in the lungs of cystic fibrosis patients, 
it has the potential to treat a wide range of biofilm infections and has been shown 
effective against multiple pathogens (Hall-Stoodley et al. 2008; Kaplan et al. 2012; 
Claudius et al. 2015). Similarly, DNAse 1, first shown to break down established 
biofilms in 2002, has also shown promise as a prospective broad-spectrum antibio-
film agent (Whitchurch et al. 2002; Inoue et al. 2003; Nemoto et al. 2003; Rice et al. 
2007; Thomas et  al. 2008; Fredheim et  al. 2009; Izano et  al. 2009; Medina and 
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Kadouri 2009; Svensson et al. 2009; Tetz et al. 2009; Harmsen et al. 2010; Martins 
et al. 2010; Tetz and Tetz 2010; Conover et al. 2011; Godeke et al. 2011; Seper et al. 
2011; Sahu et al. 2012; Rajendran et al. 2013; Waryah et al. 2016).

3.1.3	 �Exopolysaccharide-Targeting
The major ECM component for a wide range of biofilm-dwelling microbes are exo-
polysaccharides (Flemming and Wingender 2010). Their ubiquity is such that 
“Exopolysaccharide” and “Extracellular Polymeric Substance” are often times used 
as  interchangeable, if not erroneous, descriptors for the “ECM” abbreviation. In 
addition to being a major biofilm structural component that is vital to overall 
mechanical stability, polysaccharides play a host of other roles for biofilm initiation 
and persistence, including but not limited to surface and scaffolding adhesion, 
microbial aggregation, desiccation tolerance, nutrient sorption and storage, enzyme 
binding, and physical protection against antimicrobials and host defenses 
(Wingender et al. 2001; Flemming and Wingender 2010; Bales et al. 2013; Limoli 
et al. 2015; Watters et al. 2016). Considering their pervasiveness and utility, poly-
saccharides are a common target for anti-biofilm researchers, and glycoside hydro-
lases are at the forefront of prospective biofilm dispersal strategies. For example, 
Dispersin B, a glycoside hydrolase specific for the polysaccharide, PNAG, has been 
shown to degrade the ECM of both Gram-positive and Gram-negative pathogens 
that contain the polysaccharide (Kaplan et al. 2004; Itoh et al. 2005; Izano et al. 
2007a, b; Yakandawala et  al. 2011; Fazekas et  al. 2012; Gawande et  al. 2014; 
Waryah et al. 2016) and is currently being pursued by Kane Biotech Inc. as an anti-
biofilm agent for use in wound, oral, and lung infections in combination with 
DNAse 1 (Biotech 2017).

Even with highly conserved targets, however, a single glycoside hydrolase may 
not be universally efficacious, especially when considering the exceedingly com-
plex, polymicrobial infections that can contain dozens of different microbial species 
coexisting within one biofilm, as is often the case in chronic wound infections 
(Wolcott et al. 2016). Thus, combinatorial therapies that contain enzymes with dif-
fering targets are of interest. For example, in 2017, researchers showed that 
α-amylase and cellulase, each targeting a separate, conserved, glycosidic linkage, 
were able to degrade polymicrobial biofilms and increase antibiotic effectiveness 
(Fleming et  al. 2017). Such multi-glycoside hydrolase combinations, especially 
when coupled with additional classes of enzymes that target other conserved struc-
tural components, such as the previously mentioned exoproteins and eDNA, have 
the potential to greatly bolster broad-spectrum applicability and clinical practicality. 
However, it must be considered that the more multifaceted the therapy, the more 
cautious we must be to avoid collateral damage to the host.

3.1.4	 �Antibiofilm Peptides
In response to the rapid rise of antibiotic resistance, antimicrobial peptides (AMPs) 
have received a lot of attention as alternative microbicidal agents, and to date, more 
than 2600 AMPs have been discovered (Wang et al. 2016). Most of these peptides, 
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however, have only been tested against planktonic cells, with their efficacy against 
biofilm-dwelling microbes still understudied. Additionally, due in large part to the 
fact that they are microbicidal, there is the possibility of resistance arising against 
AMPs in a similar fashion to antibiotics. Antibiofilm peptides (ABPs), however, 
possess distinct structure–activity relationships when compared to AMPs and are 
defined as AMPs that exhibit antibiofilm activity below their minimal inhibitory 
concentration (MIC) (Pletzer et al. 2016; Pletzer and Hancock 2016). The ability of 
ABPs to degrade biofilms at sub-microbicidal levels make them promising adjunc-
tive agents to existing antibiotic therapies. An example of an ABP that has shown 
considerable promise is the human cathelicidin, LL-37, which has demonstrated 
antibiofilm activity far below MIC. Similarly, innate defense regulator peptide 1018 
(IDR-1018), a 12-amino acid synthetic peptide that triggers the degradation of the 
(p)ppGpp bacterial stringent response signal, is another ABP that has exhibited 
broad-range efficacy against both Gram-positive and Gram-negative organisms, dis-
persing the bacteria and augmenting antibiotic efficacy against them (de la Fuente-
Nunez et al.2014; Reffuveille et al. 2014; Wang et al. 2015).

3.1.5	 �Dispersal Molecules
Other molecules that are detrimental to the ECM matrix, but do not exhibit enzy-
matic activity, and are not derivatives of AMPs, can be classified as dispersal mol-
ecules. These are molecules that can directly act on ECM constituents by multiple 
means, including binding to and destabilizing ECM scaffolding, and acting as a 
detergent that can disrupt the adhesion of biofilm cells and matrix components. For 
example, rhamnolipids are a type of biosurfactant that are produced by a number of 
bacterial species, including P. aeruginosa (Boles et al. 2005), that exhibit bimodal 
activity in biofilms. At lower concentrations, rhamnolipids promote the biofilm 
mode of life by driving fluid channel maintenance and allowing for robust ECM 
structure, with rhamnolipid-negative biofilms appearing flat and formless (Davey 
et al. 2003; Pamp and Tolker-Nielsen 2007; Glick et al. 2010). At higher concentra-
tions, however, rhamnolipids trigger biofilm dispersal for a range of bacterial spe-
cies by increasing cellular motility, thus inhibiting adherence to the substratum 
(Boles et  al. 2005; Quinn et  al. 2013; Bhattacharjee et  al. 2016; De Rienzo and 
Martin 2016). Another example of a potential biofilm dispersal molecule is urea 
which has been shown effective against the biofilms of both Gram-positive and 
Gram-negative bacteria, possibly by disrupting structurally important ECM hydro-
gen bonds (Chen and Stewart 2000, Brindle et al. 2011).

In summary, specifically targeting extracellular ECM components represents a 
promising approach to degrading biofilms. Additionally, attacking highly conserved 
biofilm targets with a multifaceted, non-microbicidal therapy may be the most prac-
tical way to combat complex, polymicrobial infections with an eclectic, chimeric 
mix of matrix constituents, while at the same time carrying the decreased risk of the 
pathogens developing additional resistances. In this way, traditional antimicrobial 
therapies and host defenses can be augmented, and infections can be more readily 
cleared.
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3.1.6	 �Dispersal Signal Manipulation
Another avenue of research for the eradication of pathogenic biofilm infections is 
the manipulation of dispersal signals. Dispersal signals are mediated by certain 
molecules whose decreased or increased presence triggers active ECM degradation 
by biofilm microbes. By harnessing our knowledge of active biofilm dispersal 
mechanisms, we can theoretically design clinical interventions involving the addi-
tion or sequestration of key molecules involved in biofilm dispersal pathways 
(Fleming and Rumbaugh 2017).

One method of biofilm dispersal signal manipulation is the sequestration or deg-
radation of molecules whose increased concentration is associated with biofilm for-
mation and maintenance. Cyclic di-GMP (c-di-GMP) is a nearly ubiquitous 
intracellular secondary messenger molecule with broad-spectrum involvement in 
the biofilm life cycle of both Gram-positive and Gram-negative organisms (Jenal 
et al. 2017). Universally, increased c-di-GMP levels are almost always associated 
with the biofilm mode of life, and a plethora of studies over the last decade have 
focused on the modulation of c-di-GMP as a means of biofilm inhibition and disper-
sal (Jakobsen et  al. 2017). Many of these focus on small-molecule inhibition of 
diguanylate cyclases, which synthesize c-di-GMP from two molecules of GTP, or 
by direct degradation by certain phosphodiesterases that deconstruct c-di-GMP into 
the linear dinucleotide, pGpG (Jakobsen et al. 2017).

An essential nutrient required for the formation and persistence of biofilms in a 
range of pathogens is iron (Banin et al. 2005; Lin et al. 2012; Oglesby-Sherrouse 
et al. 2014). Thus, iron chelators and competitive inhibitors (such as gallium) serve 
as potential agents that can trigger biofilm dispersal (Koo et al. 2017a, b). For exam-
ple, lactoferrin, a globular, iron-binding glycoprotein vital to the innate immune sys-
tem, so named because of its high abundance in milk, can sequester iron away from 
the biofilm microbes and has been shown effective against a variety of pathogens 
(Ammons and Copie 2013; Reffuveille et al. 2014; Fleming and Rumbaugh 2017).

For other molecules, an increase in concentration can trigger inhibitory changes 
in ECM-production pathways (i.e., c-di-GMP) or induce the production of matrix 
degradation enzymes. One example is nitric oxide, which has been shown to regu-
late the levels of c-di-GMP in a conserved manner across microbial species (Barraud 
et al. 2009; Barraud et al. 2015; Howlin et al. 2017). While biofilm pathogens pro-
duce nitric oxide endogenously in order to trigger dispersal, exogenously added 
nitric oxide has shown promise as a potential biofilm therapeutic agent, which 
largely acts by stimulating phosphodiesterase activity (Barraud et al. 2015).

Another molecule whose decreased concentration is associated with dispersal in 
multiple species is Cis-2-decenoic acid (CDA) (Davies and Marques 2009; 
Rahmani-Badi et al. 2014, 2015; Sepehr et al. 2014). CDA is a fatty acid cross-
kingdom signaling molecule, or diffusible signal factor. As an extracellular signal-
ing molecule recognized by both bacteria and fungi, CDA has the potential to trigger 
the dispersal of complex, polymicrobial biofilms, by inducing the expression of 
matrix-degrading enzymes by both prokaryotes and eukaryotes (Davies and 
Marques 2009). It should be noted that, just as with enzymatic therapy, the most 
applicable therapies are those that would induce multiple dispersal signals, thereby 
reducing the effect of redundant signaling pathways.
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4	 �Conclusions

The tendency of pathogens to live within the protection of a biofilm affords them 
greatly increased tolerance to antimicrobials, the host immune system, and environ-
mental stressors, and is a compounding factor in the alarming rise of antibiotic 
resistance. Therefore, as an alternative to the traditional approach of directly target-
ing the infecting microbes, many researchers have turned their attention toward 
anti-biofilm-specific strategies. In this chapter, we highlighted many of the mechan-
ical and chemical approaches to the removal of tissue-associated biofilms, from 
simple, age-old techniques such as surgical debridement and maggot wound ther-
apy, to cutting-edge technologies like non-thermal plasma, monofilament debride-
ment pads, and small-molecule dispersal signal manipulation. As we better 
understand the enormous impact that biofilm-associated infections have on medi-
cine, such strategies offer a way forward in their effective management.
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