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Abstract: Candida auris is an emerging pathogen that needs to be controlled effectively due to its
association with a high mortality rate. The presence of biofilms on dry surfaces has been shown to
be widespread in healthcare settings. We produced a C. auris dry surface biofilm (DSB) on stainless
steel surfaces following sequential hydration and desiccation cycles for 12 days. The ASTM2967-15
was used to measure the reduction in viability of 12 commercially wipe-based disinfectants and
sodium hypochlorite (1000 ppm) against C. auris DSB. We also evaluated C. auris transferability
and biofilm regrowth post-treatment. A peracetic acid (3500 ppm) product and two chlorine-based
products (1000 ppm available chlorine) were successful in reducing C. auris viability and delaying
DSB regrowth. However, 50% of the products tested failed to decrease C. auris viability, 58% failed to
prevent its transferability, and 75% did not delay biofilm regrowth. Using three different parameters
to measure product efficacy provided a practical evaluation of product effectiveness against C. auris
DSB. Although log10 reduction in viability is traditionally measured, transferability is an important
factor to consider from an infection control and prevention point of view as it allows for determination
of whether the surface is safe to touch by patients and hospital staff post-treatment.

Keywords: Candida auris; dry-biofilm; disinfection; peracetic acid; sodium hypochlorite; chlorine
dioxide; sodium dichloroisocyanurate; transferability; regrowth

1. Introduction

Candida auris was first isolated and identified in Japan in 2009 [1]. C. auris is an emerging pathogen
responsible for many life-threating infections and it can be associated with high mortality rates [2].
C. auris infections are difficult to treat mostly due to the unpredictable resistance profile of the yeast
to anti-fungal agents, frequent misidentification, non-aggregative phenotype, and its ability to form
biofilm [3]. Higher risk of candidemia occurs in immunocompromised patients, patients that have
undergone antibiotic or anti-fungal therapy, patients after surgeries, and patients with central venous
catheters [4].

Contaminated surfaces in healthcare settings contribute to the transmission of infectious
diseases [5–7]. Vickery and colleagues [8] showed that pathogens embedded in dry surface biofilms
(DSB) remain on hospital surfaces despite rigorous surface decontamination. The widespread
presence of dry surface biofilms on healthcare surfaces has now been established [9,10]. C. auris
can persist on surfaces for weeks [11,12] and transmission of C. auris in healthcare settings have
been reported [2,4,13,14]. The elimination of C. auris from surfaces is therefore important to consider.
However, not many studies have investigated the effectiveness of disinfectants against C. auris [15].
Public Health England guidance [16] for the management and infection prevention and control of
C. auris recommends using hypochlorite at 1000 ppm available chlorine to terminally clean room or
bed space after the discharge of a C. auris infected or colonized patient. Not surprisingly, the majority
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of efficacy studies against C. auris relates to chlorine-releasing agents [14,17–19], although other
biocides have been considered, such as quaternary ammonium compounds [14,18], acetic acid [18],
peracetic acid [19], and hydrogen peroxide [17]. All these studies but one studied planktonic
(suspension of) C. auris [20]. None of these studies investigated the transferability of C. auris to
other surfaces post-treatment. Here, we investigated the efficacy of 12 commercially available products
and sodium hypochlorite 1000 ppm against C. auris DSB using a modified product efficacy test
protocol ASTM2967-15 [21] to measure decreases in viability, transferability, and biofilm regrowth
post-treatment. The evaluation of three different parameters provides a better and more practical
understanding of product efficacy against this pathogen.

2. Materials and Methods

C. auris Growth and Maintenance

C. auris (DSM 21092) was propagated overnight in malt extract broth (MEB, Oxoid, Thermo
Scientific™, Loughborough, UK) at 25 ◦C and the pellet was re-suspended in MEB following
centrifugation at 1200× g. The yeast suspension was adjusted to 1 × 106 CFU/mL.

C. auris Organic Load (OL) Dry-Biofilm Model

The C. auris DSB model is based on a recently developed Staphylococcus aureus DSB protocol [22].
Briefly, dry-biofilm formation consists of alternating hydration and desiccation phases in the presence
of an organic load (OL). Stainless steel AISI 430 discs (0.7 ± 0.07 mm thickness; 10 ± 0.5 mm diameter,
Goodfellow Cambridge Limited, Huntington, UK) were used as support. Sterile discs were placed
in wells of a Corning™ Costar™ flat-bottom cell culture plates (Fisher Scientific™, Loughborough,
UK), containing 1 mL of MEB with 5% anhydrous D-glucose (Fisher Scientific, Loughborough, UK),
3 g/L bovine serum albumin (BSA; Sigma® Life Science, Dorset, UK), and 106 CFU/mL washed
C. auris suspension. Yeasts were first allowed to attach and form a biofilm on the disc surface for
2 days at 25 ◦C under gentle agitation using an Orbit P4 plate rocker (Labnet International, Edison, NJ,
USA). The suspension was then drained from the wells, and plates were incubated at 25 ◦C for 48 h.
Following this dry phase, 1 mL of MEB with 3 g/L BSA was added to each well, and a new hydrated
phase began for 48 h. Hydrated and dry phases alternated every 48 h for a period of 12 days, ending
with biofilm in a dry phase.

Scanning Electron Microscopy (SEM) Imaging

C. auris DSB samples were prepared by overnight incubation of discs in a 2.5% glutaraldehyde
solution (ACROS Organics™, Fisher Scientific, Loughborough, UK) followed by immersion in
successive concentrations of 10%, 25%, 50%, 70%, 90%, and 100% ethanol (Honeywell, Fisher Scientific
Ltd., Loughborough, UK) for 10 min each. Prior to scanning electron microscopy (SEM, Carl Zeiss Ltd.,
Cambridge, UK) scanning, samples were coated with 20 nm of AuPd coating with a sputter coater
(SC500, Biorad, UK). Secondary electron images were acquired with a beam energy of 5 kV using an
in-lens detector on a Sigma HD Field Emission Gun Scanning Electron Microscope (Carl Zeiss Ltd.,
Cambridge, UK) at ×2000 and ×10,000 magnification and a 5 mm working distance. SEM images were
false-colored to help visualization and contrast using GNU Image manipulation program (GIMP 2.8)
software. Images were not otherwise altered.

Product Tested

The effectiveness of four commercially available wipes and eight commercially available liquid
disinfectants was tested against C. auris OL dry-biofilm (Table 1). Disinfectants were prepared
according to manufacturers’ instructions and combined with Rubbermaid® HYGEN™ disposable
microfiber cloth (Rubbermaid Products, Surrey, UK), allowing 2.5 mL of disinfectant per 1 g of wipe.
Wipes were cut into 3 × 3 cm2 squares prior to testing.
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ASTM E2967-15 Test

Disinfection tests were performed according to a modified ASTM E2967-15 test [21]. Briefly,
DSB were wiped with the Wiperator (Filtaflex Ltd., Almonte, Ontario, Canada) from both sides for 10 s
under 500 g pressure, left for 2 min at 25 ◦C, and then neutralized in Dey-Engley neutralizing (DE)
broth (Neogen® Corporation, Ayr, UK). Transfer of viable yeasts from used wipes to clean sterile disc
was not performed.

Reduction in Viability for Yeasts Embedded in Dry Biofilms

Following wiping, samples were incubated for 1 h at 25 ◦C in 2 mL DE with 100 μg/mL proteinase
K (Fisher Bioreagents™, Fisher Scientific, Loughborough, UK) and 1 g of glass beads (Fisher Scientific,
Loughborough, UK). After incubation, samples were vortexed for 2 min and then serially diluted,
and 3 × 10 μL2 drops of each dilution was plated onto tryptone soya agar (TSA; Oxoid, Thermo Fisher
Scientific, Newport, UK). Reduction in yeast viability, expressed as a log10 reduction, was calculated as
the difference between the number of yeasts recovered from untreated (control) and treated samples.

Transferability Test

Following wiping, discs were pressed 36 separate times with 100 g pressure on the surface of
DE agar. Following the transfer test, DE agar was incubated at 25 ◦C for a up to 5 days until colonies
appeared. Positive growth/adpression was recorded, and transferability was calculated as the number
of positive contact/number of adpressions.

Dry-Biofilm Regrowth

Following wiping, discs were placed in 30 mL capacity flat bottom glass bottle with 2 mL of DE
broth. The number of days for turbidity change, which is indicative of growth, was recorded. Samples
were plated on TSA to confirm yeast growth and purity.

Statistical Analysis

The statistical significance of data sets was evaluated with GraphPad PRISM® (version 7.04,
GraphPad Software, San Diego, CA, USA) using two- and one-way Analysis of Variance (ANOVA).
All experiments were performed in triplicates in three independent biological replicates unless
otherwise stated. The sample standard deviation was evaluated with Bassel’s correction.

3. Results

SEM Analysis of C. auris Dry Surface Biofilm

C. auris formed a thin biofilm that was evenly scattered throughout the stainless-steel disc surface
with no evidence of extracellular polymeric substances (Figure 1). There was no statistically significant
difference (two-way ANOVA, p = 0.06) in viable count of yeasts (log10 CFU/mL = 7.8 ± 0.3) recovered
from each disc between four independent biofilm batches.
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(a) (b) 

Figure 1. Scanning electron microscope images of C. auris organic load (OL) dry surface biofilm:
(a) ×2000 magnification; (b) ×10,000 magnification. The images presented are representative for the
whole disc surface. Observations were made on three independent triplicates of C. auris dry-biofilm,
and whole disc surface (~0.8 cm2) was investigated each time with ×500 magnification. Images of
dry surface biofilm (DSB) were colored in green to help visualization and contrast using GNU Image
manipulation program (GIMP 2.8) software. Images were not otherwise altered.

Product Efficacy

The most effective treatments including PAA-1 (3500 ppm), NaDCC-5 (1000 ppm), NaOCl-Ref
(1000 ppm), and NaOCl-3 (1000 ppm) removed or killed more than 7 log10 of C. auris embedded
in DSB (Figure 2). Peracetic acid at 3500 ppm combined with a non-woven wipe was significantly
(one-way ANOVA, p < 0.05) more effective in biofilm eradication than PAA at 250 ppm combined with
a microfiber cloth (0.84 ± 0.11 log10 reduction). NaDCC-5 was the most effective (two-way ANOVA,
p < 0.05) in killing or removing C. auris DSB compared to the other NaDCC-based products that all
failed to produce a 4 log10 reduction in viability (Figure 2). Chlorine-dioxide-based products overall
did not perform very well, achieving less than 2.5 log10 reduction even with ClO2-2 containing a higher
concentration (1000 ppm) of available chlorine (Figure 2). There was no difference (one-way ANOVA,
p = 0.22) in activity between ClO2-1 and ClO2-2. Overall, half of the products tested (ClO2-1, NaDCC-2,
and NaOCl-2) showed either a similar performance (one-way ANOVA, p > 0.05) to water combined
with the microfiber cloth or performed worse (one-way ANOVA, p < 0.05) than water combined with
the microfiber cloth (ClO2-2, NaDCC-3, and PAA-2).
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1, 3 2 1, 3 2, 3 1

3

12

Figure 2. Product efficacy in killing/removing C. auris embedded in a DSB. 1: indicates no
statistical difference (one-way ANOVA, p > 0.05) in log10 reduction/removal from surfaces; 2: log10

reduction/removal lower than wiping with water (one-way ANOVA, p < 0.05); and 3: indicates that
only two biological replicates were performed.

Only two products, PAA-1 and NaOCl-3, prevented C. auris transfer after treatment (Figure 3).
Seven out of 12 commercially available disinfectants were not effective in lowering the transferability
of C. auris from DSB post-wiping. For four product/materials combinations (ClO2-2, NaDCC-2,
NaDCC-3, and NaOCl-1), there was no statistically significant difference (one-way ANOVA, for each
pair p > 0.05) between their performance and that of water (Figure 3). The remaining three treatments
(NaDCC-4, NaOCl-2 and PAA-2) were even less effective than wiping with water (one-way ANOVA,
for each pair p < 0.05).

3 

1

3 

1, 3 

1

2, 3 1, 3 2

3

12

Figure 3. Product efficacy in preventing C. auris transferability post-wiping. 1: indicates no statistical
difference (one-way ANOVA, for each pair p > 0.05) in transferability; 2: higher transferability (one-way
ANOVA, for each pair p < 0.05) than with water control; and 3: indicates that only two biological
replicates were performed.
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The best commercial products, NaDCC-3, NaDCC-5, and PAA-1, delayed the recovery of biofilm
post-treatment for more than 4 days (5.0 ± 0.0, 4.7 ± 1.2 and 6.5 ± 2.1 days, respectively; Figure 4).
Such activity was similar (two-way ANOVA, p = 0.53) to NaOCl-Ref which delayed regrowth by
4.5 ± 0.7 days. Nine out of 12 commercial treatments failed to prevent the regrowth of C. auris DSB for
more than 2 days (Figure 4).

 

1 

1

Figure 4. Efficacy of products in preventing regrowth post-wiping. 1: indicates that only two biological
replicates were performed.

The less-reactive chemistry (as compared to the oxidizing chemistries) based on a quaternary
ammonium compound produced a 4 log10 reduction in C. auris on surfaces and reduced transferability
post-wiping to 20%.

4. Discussion

Environmental surfaces play an important role in the transmission of infection [5,6]. Infection
control regimens include the combination of cleaning and disinfection processes [16] and are often
based on the use of a disinfectant or cleaner combined with diverse materials [31]. Performance of
biocidal products still relies, however, on testing the efficacy of the formulation and not the combination
of formulation and material [22]. A number of US-based protocols to test wipe activity have been
described, but all had severe limitations in their setting or performance [31]. Recently, the ASTM2967-15
and the EN16615-15 protocols [32] have been recommended for evaluating the efficacy of antimicrobial
wipes, although EN16615-15 has recently been shown to lack stringency [33]. Both tests evaluate
the reduction in microbial number from the test surface and the transfer of micro-organisms during
wiping. Attaining a > 5log10 reduction in microbial inoculum following treatment has been, until now,
deemed to provide enough assurance that all micro-organisms would be killed on surfaces in practice.
Although this might be the case where surfaces are contaminated with a low number of microorganisms,
this might not be correct with surfaces contaminated with a high number of microorganisms or when
dry surface biofilms are present. Hence, the evaluation of microbial transferability post-treatment
is important to take into consideration to provide reassurance that a surface would be safe to touch.
The presence of DSB on healthcare surfaces has been established [8–10], and the resilience of DSB
to disinfection has been described [8]. The presence of C. auris DSB has not been yet established in
healthcare settings, although its persistence in healthcare settings has been described [11,12].

Here, we have successfully produced reproducible dry surface biofilms of C. auris on stainless steel
surfaces, for which appearance and characteristics are not dissimilar to artificial DSB of Staphylococcus
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aureus (Ledwoch, Said and Maillard, unpublished results) or DSB isolated from endoscopes [34].
These dry surface biofilms of C. auris provided a platform for testing the efficacy of commercially
available wipe-based products or formulation combined with a microfiber cloth. Here, we observed
that the majority of commercially available chlorine-releasing agents widely used by hospitals do
not effectively eradicate a C. auris DSB or lower its transferability. The ability of C. auris to form dry
surface biofilm on surfaces contribute somewhat to its resistance against disinfection. We showed
that C. auris inactivation was product dependent. NaOCl-containing products are widely used in
healthcare settings, although the efficacy of NaOCl against C. auris dried on surfaces differs in the
literature. While only 2.5–3 log10 of C. auris were killed by NaOCl (1000 ppm) within 5 min [20],
a 3000 ppm NaOCl solution resulted in reducing C. auris dried on surfaces for 2 h by 6 log10 in
1 min [18]. An 8000 ppm NaOCl solution, however, produced a 6 log10 reduction in 10 min for C. auris
dried on surfaces for 1 h [14]. Here, NaOCl-Ref (1000 ppm) and NaOCl-3 (1000 ppm) produced a
7 log10 reduction in number within 2 min following wiping.

The microfiber cloth loaded with sterile water enabled the removal of C. auris (2 log10 reduction)
but failed to prevent transfer or biofilm re-growth post wiping. Interestingly, a number of products
performed similarly to water, indicating either that the combination with the Rubbermaid® HYGEN™
disposable microfiber cloth was incompatible with the product formulation, or that the product activity
was caused by the material only. Wesgate et al. [33] recently showed that the type of material might
have a small impact on the formulation presumably because the concentration of the active ingredient
was high. In this study, it was interesting to observe that lower concentration and, possibly, the type of
material affected the efficacy of peracetic acid and NaOCl. It has also been reported that the formulation
itself impacts activity [35]. Here, different NaOCl formulations produced different results. While the
use of unformulated NaOCl (NaOCl-Ref) was effective in reducing counts of C. auris on surfaces and
prolonged biofilm regrowth, it failed to prevent C. auris transfer. The formulated NaOCl product
(NaOCl-3) containing the same concentration of available chlorine produced a high reduction in count,
thus preventing transfer but was less efficacious in delaying biofilm regrowth. NaOCl-2 containing
a lower concentration of available chlorine was not effective in reducing C. auris count, preventing
transfer, or delaying regrowth. The impact of formulation is also evident with NaDCC-based products.
Overall, the peracetic acid wipe product containing 3500 ppm of PAA performed the best against
C. auris DSB.

5. Conclusions

We successfully developed a dry surface biofilm in vitro model of C. auris. Although C. auris
has not yet been isolated from environmental DSB, its presence on surfaces and associated high
pathogenicity highlights the need to select an efficient infection control regimen. The use of
a product efficacy test such as ASTM2967-15 is essential to evaluate the efficacy of formulated
products. The additional evaluation of transferability of microorganisms post-wiping provides
important information on a product’s overall efficacy as well as reassurance that surfaces are safe
to touch post-treatment. Here, we observed that measuring log10 reduction in viability was not
enough to discriminate between product efficacy. Importantly, we observed that a number of
commercially-available formulations combined with a microfiber cloth, or products, failed to control
dry surface biofilms of C. auris. It was also clear that high concentration and an appropriate formulation
of the active ingredient was key for efficacy, with the PAA-based product performing better.
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Abstract: Infectious disease caused by pathogenic bacteria continues to be the primary challenge
to humanity. Antimicrobial resistance and microbial biofilm formation in part, lead to treatment
failures. The formation of biofilms by nosocomial pathogens such as Staphylococcus aureus (S. aureus),
Pseudomonas aeruginosa (P. aeruginosa), and Klebsiella pneumoniae (K. pneumoniae) on medical devices
and on the surfaces of infected sites bring additional hurdles to existing therapies. In this review, we
discuss the challenges encountered by conventional treatment strategies in the clinic. We also provide
updates on current on-going research related to the development of novel anti-biofilm technologies.
We intend for this review to provide understanding to readers on the current problem in health-care
settings and propose new ideas for new intervention strategies to reduce the burden related to
microbial infections.

Keywords: biofilms; anti-biofilms; nosocomial pathogens; Staphylococcus aureus; Pseudomonas
aeruginosa; Klebsiella pneumoniae

1. Microbial Biofilms and the Challenges in Infectious Disease

Bacterial infections remain a threat to human health despite the progress made in improving
the quality of health care, and continuous development of antibiotics and vaccines to control disease.
Bacterial infections can occur at any stage in human life and can often be controlled by a healthy
immune system of the host. During hospitalization, patients are exposed to pathogen sources within
the environment including medical equipment, other infected patients, and healthcare staff and are
thus susceptible to hospital-acquired infections (HAI) [1]. Immunocompromised patients, the elderly
or patients with existing chronic disease such as diabetes, cancer, cardiovascular diseases, or breakage
of skin barrier such occurs with wounds, are reported to face a higher risk of nosocomial infection [2].
The typical medical device associated with HAI are related to central line bloodstream infections,
ventilator pneumonia, and catheter urinary infections [1].

The increasing trend of nosocomial bacterial infections in immunocompromised hospitalized
patients is worrying as HAI are the primary cause of morbidity in the health-care setting [3,4]. In the
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United States alone, it was estimated that a total of 1.7 million HAI occurred in the year 2002 alone,
with 4.5 cases occurring for every 100 admissions, resulting in almost 99,000 deaths [5]. At the European
level, more than 2 million patients contracted HAI, with 175,000 deaths per year [6]. The incidence
of HAI are substantially lower at 7.1% and 4.5% in Europe and USA, respectively, compared to the
low and middle-income countries (LMICs), where the average prevalence of HAI is 15.5% [7]. Among
the leading bacteria that cause the HAI is Staphylococcus aureus (S. aureus), Pseudomonas aeruginosa
(P. aeruginosa), Escherichia coli (E. coli), Klebsiella pneumoniae (K. pneumoniae), Acinetobacter baumanii,
Clostridium difficile, and Enterococci [8,9]. The ability of these bacteria to form biofilms at the infected
site or on medical devices has been increasingly recognized as one of the factors causing failure in the
treatment of HAI, with biofilms estimated to contribute to approximately half of HAI [8,10]. Figure 1
shows the common site of infections related to the formation of bacterial biofilms.

1.1. Methicillin-Resistant Staphylococcus aureus (MRSA)

Staphylococcus aureus is a Gram-positive cocci-shaped bacterium that forms part of the normal flora
on the body and is frequently isolated from the skin, respiratory tract, and female lower reproductive
tract [11,12]. Infections by S. aureus were once treatable by penicillin. However, increasing resistance
towards penicillin led to the introduction of methicillin for the treatment in 1960 [13]. However, soon
after that, S. aureus acquired resistance towards methicillin, giving rise to methicillin-resistant S. aureus
(MRSA) clones [12,13]. Currently, the Center for Disease Control (CDC) reported that infections by
MRSA are the second most common cause of HAI in the USA [14]. The most common route of MRSA
transmission is through direct contact. The ability of the organism to form biofilms on tissues such
as the skin and inert indwelling device surfaces such as intravenous catheters and surgical implants
further expose susceptible individuals [15]. Development of worldwide antibiotic resistance towards
first-line therapies such as vancomycin and teicoplanin continues to hinder and restrict the successful
treatment of MRSA infection [15]. Additionally, S. aureus also can invade host cells and evade the
antimicrobial effects of administered therapies [16]. Together, these characteristics allow this organism
to remain an important pathogen.

1.2. Pseudomonas aeruginosa

P. aeruginosa is a Gram-negative, rod-shaped, facultative anaerobe ubiquitous in the environment
and forms part of the normal gut flora. Increasing resistance towards the multiple antibiotics, e.g.,
cephalosporins and carbapenem further compounds the problem due to the emergence of extremely
drug-resistant (XDR) P. aeruginosa infections [17,18]. The last available treatment resort is colistin,
a polymyxin antibiotic which was avoided for the past three decades as it may cause both neuro-
and nephrotoxicity [19–21]. Patients dependent on breathing machines or fitted with an invasive
device such as a catheter, are at risk of severe and life-threatening illness from P. aeruginosa capable
of forming biofilms on medical device surfaces [22–25]. P. aeruginosa biofilms were reported to cause
endocardial valve infection through endocardial tubes, ventilator-associated pneumonia (VAP), and
catheter-associated urinary tract infections (CAUTI). Additionally, P. aeruginosa has also been reported
to be able to grow in intravenous fluid and could enter the bloodstream and cause sepsis [26–28].

1.3. Klebsiella pneumoniae

Klebsiella pneumoniae (K. pneumoniae) is a non-fastidious, Gram-negative bacillus, and is usually
encapsulated. The bacterium is one of the normal flora present in the mouth, skin, and intestine, yet
it has been reported to cause pneumonia, urinary tract infections, and bacteremia in patients from
hospitals, nursing homes, and other healthcare facilities [18]. K. pneumoniae is known as a remarkably
resilient pathogen as it can evade and survive rather than actively suppress many components of the
immune system of the infected host [29]. The bacteria have developed resistance towards almost all
available antibiotics; fluoroquinolones, third-generation cephalosporins and aminoglycosides [30].
Recently, the emergence of the carbapenem-resistant K. pnemoniae strains which currently circulating
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across the globe has forced the administration of colistin, an old and considered the last available
antibiotic [31]. Additionally, resistance towards colistin was recently reported, showed that the bacteria
are capable of evading all types of available antibiotics, leaving no drugs left for the treatment [32].
Compounding the problem, this organism can survive and grow within the intravenous fluid and
form biofilm on medical devices such as the urinary catheter, leading to detrimental septicemia in
patients [26,33–35].

2. The Physiology of Biofilms

2.1. Definition and the Structure of the Biofilm

Biofilms have been described in environmental and technical microbiology for more than 90 years.
However, the importance of microbial biofilms in medicine has only been recognized since the early
1980s [36]. A microbial biofilm is defined as a structured consortium of microbial cells surrounded by
the self-produced matrix [37]. The rough structure can be described as polymicrobial aggregates that
resemble mats, flocs, or sludge that accumulate at interfaces. Because of the soft and fragile structure,
it is difficult to physically characterize the structure from the infected or adhered surfaces in-vivo. Thus,
characterizations of biofilm were mostly performed using in-vitro cultured biofilm cells. The thickness
of biofilms can vary depending on the species of the bacteria, the duration and the method used
to grow the biofilm. In-vitro, the biofilms of P. aeruginosa can reach 209 μm; S. aureus, 8.0 μm; and
K. pneumoniae, 231 μm [33,38,39]. Figure 2 shows the three-dimensional structure of S. aureus biofilms
visualized with a confocal microscope with the thickness of approximately 8.0 μm.

Biofilms are built of planktonic (individual) bacterial cells ‘glued’ together with self-released
extra-polymeric substances (EPS) which consists of lipopolysaccharides, proteins, lipids, glycolipids,
and nucleic acids [40]. The type of polysaccharides found within the biofilm depends on the bacteria
species, S. aureus and S. epidermidis produce poly-ß(1,6)-N-acetyl-D-glucosamine (PNAG) [41], while
P. aeruginosa produces Pel (a cationic exopolysaccharide composed of 1–4 linked galactosamine
and glucosamine sugars) and Psl (a penta-saccharide composed of D-glucose, D-mannose and
L-rhamnose) [42,43]. The nucleic acid found in EPS is known as extracellular DNA (eDNA), generated
by lysis of a subpopulation of the same bacteria under the control of quorum sensing, a mode of
communication between cells. The role of EPS is to promote adhesion and aggregation of bacteria
to the surfaces and provides stability to the biofilm structure. Direct interaction of eDNA with
extracellular calcium (Ca2+) within the biofilm induces bacterial aggregation via cationic bridging.
The positive charge of the extracellular Ca2+ modifies the bacterial cell surface charge by neutralizing
the electrostatic repulsion between negatively charged biofilm components, thus assisting cellular
aggregation and adherence of bacteria to material and tissue surface [44,45]. Once the biofilm
is established, negatively charged eDNA acts as a biofilm defence mechanism by chelating the
cationic antimicrobial peptides from the host immune system. eDNA also chelates divalent cations
triggering the bacterial transcription of genes responsible for increasing pathogenicity and resistance
to antimicrobials [46].
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Figure 1. Common site of infections related to the formation of bacterial biofilms.
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Figure 2. The three-dimensional structure of S. aureus biofilms visualized with a confocal microscope.

S. aureus biofilms were cultured in tryptic soy broth for 48 hours, fixed with 4% paraformaldehyde
and treated with wheat germ agglutinin (WGA, red) to stain n-acetylglucoseamine component of
polysaccharide and DAPI (blue) to stain the bacteria nuclear material, followed by confocal microscopy
z-stack projection that moved through 111 slices across the cell. (a) Horizontal cross-section of biofilms
and (b) Vertical cross-section of biofilms. White scale bar is 7.5 μm. The approximate thickness of the
biofilms was 7.9 ± 0.5 μm. Image adapted from Kamaruzzaman et al., 2017 [39].

2.2. Development of Biofilms

Development of biofilms generally involves several stages, represented schematically in Figure 3.
(1) Attachment of cells to surfaces: In this step, bacteria use eDNA and organelles and proteins (such
as flagella, pili, fimbriae, and outer membrane proteins) that can assist in sensing and attaching
to surfaces [47]; (2) Adhesion between cells and surfaces: Here, the EPS components consisting of
DNA, lipoproteins, and lipids secreted by the bacteria encourages cell to cell and cell to surface
adhesion; (3) Replication of cell and formation of microcolonies: In this stage, the bacteria become
encapsulated in a layer of hydrogel, which functions as a physical barrier between the community
and the extracellular environment. The bacteria within the community communicate with each other
through quorum sensing (QS), a chemical communication chemical signal that modulates cellular
functions, including pathogenesis, nutrient acquisition, conjugation, motility, and production of
secondary metabolites [48,49]. Within this stage, the biofilm will mature as cells replicate and EPS
accumulates; (4) Cell detachment from biofilms: The final stage involves the detachment of bacterial
cells from the microcolonies. Cells are then capable of forming a new biofilm colony at another
location [50,51].
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2.3. Mechanism of Antibiotic Resistance in Microbial Biofilms

Bacterial cells existing as biofilms can be 10–1000 times more resistant to antibiotics [52–54].
This condition is attributed by several factors and briefly summarised in Table 1. An excellent review on
detailed mechanism of biofilm mediated antimicrobial resistance and tolerance was recently published
by Hall & Mah (2017), thus readers are invited to refer to this article for detailed information [55].

Table 1. Mechanism of biofilm-mediated antimicrobial resistance.

Physiology of Biofilm Mechanism of Antimicrobial Resistance References

Component of the biofilm matrix

• Thick biofilm matrix • Reduced permeation of antimicrobials across
biofilm matrix

[52,54,56,57]

• Expression of polysaccharide
subunits in biofilm matrix

• Expression of PsI polysaccharides in P. aeruginosa
sequesters antimicrobials in the biofilm matrix via
electrostatic interaction

[42]

• Expression of antimicrobial
modifying enzymes in the
biofilm matrix

• Beta lactamases produced by Klebsiella pneumoniae
biofilm degrade beta lactam antibiotics [58]

• Expression of eDNA
• eDNA interacts with antimicrobials and prevent further

penetration of the agent across the biofilm matrix to
reach cellular targets

[59]

Nutritional factors

• Oxygen deprived environment

• Deeper layer of the biofilm is oxygen deprived (hypoxic).
Hypoxic conditions reduce outer membrane potential of
bacteria, diminishing intracellular transport of antibiotics
into the bacterial cells

• Hypoxia induces increased (or is new expression?)
expression of bacterial membrane efflux pumps,
potentially reducing antimicrobial accumulation in
the cell

[60–62]

• Amino acid deprived environment • Amino acid starvation activates a stringent response in
bacteria within biofilm increasing antimicrobial tolerance

[57]

Physiology of bacteria

• Small colony variants and
persister cells

• Surviving bacteria within the biofilm may change into
small colony variants and persister cells. These variants
present different phenotypes compared to the wild type
planktonic cells including greater tolerance
towards antimicrobials

[63]

Table adapted from Hall & Mah (2017) [55].

2.4. Immune Evasion of Biofilms

Bacteria within the biofilm can evade recognition by the innate immune system and thus avoid
being eliminated or controlled by the immune system. While the purpose of this article is not to
provide a comprehensive review of immune evasion of biofilms, there are aspects worth comment in
the context of novel therapies and control strategies. We direct the reader to reviews by Roilides et al.,
Le et al., and Gunn et al. for more extensive information [64–66]. Despite a clear shortage of studies
concerning biofilm recognition by the immune system compared to planktonic cells, several common
evasion mechanisms have been described. Biofilms evade the natural antimicrobial properties of innate
immune cells by thwarting pathogen recognition, phagocytosis, and cellular activation [67]. In some
cases, the cells of the innate immune system assist the process of biofilm growth and maturation [68].

Biofilms modulate leukocyte function by reducing phagocytosis, despite active migration of cells
towards the biofilm. Phagocytosis rates of biofilm material are thought to be diminished through a
lack of microbial recognition by pattern recognition receptors due to concealed or obscured bacterial
ligands such as lipoproteins, lipopolysaccharides, and nucleic acids (i.e., though EPS protection) [69].
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EPS protection also retains bacterial content within the biofilm, resulting in large complexes which
leukocytes are incapable of engulfing. Detached or homogenised (via sonication) bacteria from
biofilms are readily phagocytosed suggesting that leukocyte modulation is temporary [67]. Leukocyte
antimicrobial function and killing via oxidative burst (production of reactive oxygen species and nitric
oxide) is generally considered to be greatly reduced when considering responses against biofilms [70].
Oxidative burst is readily linked to reduced receptor mediated recognition, further highlighting the
role of the protective function of the biofilm matrix in immune evasion.

Experimental investigations with relevant HAI associated biofilms such as those of S. aureus and
P. aeruginosa continue to enhance the knowledge surrounding immune recognition in the context of
biofilms. Neutrophils are attracted to and migrate towards both S. aureus and P. aeruginosa biofilms
upon which a reduced phagocytic behaviour is observed along with decreased microbial killing [67].
Lack of S. aureus recognition by pattern recognition receptors known as Toll-like Receptors (TLR) is
likely due to ligand inaccessibility within the biofilm [69]. TLR binding and subsequent activation
potentiates phagocytosis and antimicrobial activity through oxidative burst mechanisms, thus the
arrangement of biofilms within a protective matrix serves to conceal internal components. Disruption
of P. aeruginosa biofilms to homogenised individual cells exhibited an increase in phagocytosis
demonstrating the importance of the protective nature of the biofilm matrix [67].

Understanding fundamental interactions between biofilms and the immune system presents
opportunities for novel control strategies. Glycolipids involved in quorum sensing produced by
P. aeruginosa, rhamnolipids, protects against neutrophil activity by inducing lytic necrosis [71].
Disruption of this protection via mutation or quorum inhibitors increases phagocytosis rates, thus
targeting active evasion mechanisms offers a route for innovative biofilm treatment strategies.

3. Guideline for Management of Biofilm Associated Infection

Tackling the central issue of HAI biofilms requires that diagnosis and treatment be collectively
examined (in a concerted manner) and selected to avoid senseless efforts and increase chances for
effective therapy. Several guidelines and recommendations are available for diagnosis and treatment
of biofilm infection [72,73] and are summarised in Table 2.

Table 2. Summary of guidelines for diagnosis and treatment of biofilm infections.

Steps Detail Action

Biofilm diagnosis
1. Sampling on tissue biopsy or device/prosthesis (foreign bodies).
2. Microbial cultivation and identification.
3. Antibiotic susceptibilities test.

Reporting of biofilm associated infections

Biofilm associated infections may be reported using descriptive terms.

1. Detected

e.g., ‘Microscopy shows Gram-negative rods in biofilm-like structures’

2. Suspected

e.g., ‘Growth of/PCR-detected microorganisms possibly from a biofilm infection’

Treatment of biofilm related infections

1. Removal sources of infections
1. Debridement of tissues
2. Removal of foreign bodies

2. Administration of topical antiseptics
1. Empiric therapy to prevent biofilm formation after debridement of tissues
2. Pre-emptive therapy to prevent possible biofilm reformation when specific

bacteria is detected from the debride tissue

3. Administration of antibiotics
1. Selection of antibiotics suitable for biofilm associated infections
2. Administration of antibiotics
3. Optimization of dosage

Monitoring
1. Assessment of wounds
2. Appropriate/maintenance debridement
3. Re-evaluation of antiseptics/antibiotics efficacy
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Table 2. Cont.

Steps Detail Action

Standard care 1. Set-up the advance therapies
2. Incorporation of novel techniques

Diagnosis and treatment of biofilm can be achieved by various methods, approaches in diagnosing and treating
biofilm infections will be further discussed in the following sections.

4. Diagnosis of Biofilm Mediated Infections

The diagnosis of biofilm-related infections is complex and should combine different approaches
and a multidisciplinary perspective from clinical and laboratory diagnosis [74]. The European Society
for Clinical Microbiology and Infectious Disease (ESCMID) has provided a detailed guideline to
aid clinicians in the diagnosis of biofilm related infections. Briefly the guideline emphasizes the
combination of clinical and laboratory diagnosis to facilitate clinicians in providing an effective
therapy to patients [73]. Generally, the clinical diagnosis may include clinical signs, case history,
failure of antibiotic therapy and persistent infection. For laboratory diagnosis, the following
techniques have demonstrated high efficacy, successfully discriminating between planktonic and
biofilm mediated infections.

4.1. Sonication

Sonication is a process that uses acoustic energy to agitate particles in a solution. This method is
useful and recommended to be applied to remove microbial biofilms from the biomaterial surface [75].
The suspected source of infection (e.g., implant) is removed from the patient and subjected for
sonication. The process disrupts strongly adhered biomass and releases the biofilm into the solution
allowing further analysis to further identify the microbial species [76]. Sonication has been shown to
be useful in removing biofilms from urinary catheters, cardiac implantable electronic devices, and
prosthetic implants [75–77].

4.2. Polymerase Chain Reaction (PCR)

PCR is one of the common methods used for detection of pathogens directly from clinical
specimens. The method is based on the amplification of specific conserved regions within the targeted
organism, providing high specificity and sensitivity in discriminating species of bacteria. Due to
the robustness of the method, PCR-based diagnostic tests have been used for detecting a range of
pathogens including bacteria, viruses, parasites, and fungi [78–81]. In biofilm diagnosis, PCR has been
applied to detect the microbial species that forms biofilms on tissues or biomaterials following the
sonication process. For example, PCR was used to detect coagulase negative staphylococci, S. aureus,
Cutibacterium species, Enterococci, and Candida spp. following sonication of implants in the case of
orthopedic hardware associated infections [77].

4.3. Matrix-Assisted Laser Desorption Ionization Time-of-Flight Mass Spectrometry (MALDI-TOF MS)

In recent years, matrix-assisted laser desorption ionization time-of-flight mass spectrometry
(MALDI-TOF MS) devices have become widely available, changing laboratory workflows for
identification of pathogens in most clinical microbiology laboratories [82]. The bacterial protein
profiles obtained from intact or cell extracts can be compared to a database of bacterial reference mass
spectra for rapid identification at the genus, species, and subspecies level [83]. Also, the method allows
for differentiation between planktonic and biofilm cells, as these two populations display different
spectra. The method has been tested in different species of Gram-positive and negative bacteria [84].

4.4. Fluorescence In Situ Hybridization (FISH)

FISH is a method that involves binding of short (between 18–25 base pairs), fluorescently
labeled oligonucleotides that can bind to the specific ribosomal RNA of the target organism (bacteria,
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protozoa, and yeast). Analysis involves visualization of targeted ribosomal RNA by fluorescence
microscopy [85]. This method can be applied directly on intact specimen fragments, without the need
for time consuming sub-culture. Identification of biofilms using FISH is further enhanced by the ability
to easily detect bacterial aggregation. The method has been successfully applied to detect biofilm of the
following bacteria: Streptoccous spp.; S. aureus; Gardnerella vaginalis; and Atopobium vaginae in vaginal
biofilms [85–88].

4.5. Microscopy

Microscopy is commonly used following the sonication or FISH to visualize the bacterial
aggregates in the specimen. Bacterial growth within biofilms are commonly found as aggregates
compared to individual dispersed cells observed during the growth of planktonic cells [85]. The most
common microscopy technique used to visualize microbial biofilms are scanning electron microscopy
(SEM), transmission electron microscopy (TEM), and scanning confocal laser microscopy (SCLM).
The high resolution provided by these techniques allows for depth analysis within the biofilm structure
and thus assists the diagnosis of infection mediated by microbial biofilm [89–91]. Table 3 summarizes
the common laboratory techniques employed to assist the diagnosis of biofilm mediated infections.

Table 3. The common laboratory techniques applied for laboratory diagnosis of biofilm mediated infections.

Biofilm Mediated Infections Bacterial Species Techniques References

Chronic otitis media S. pneumoniae, M. catarrhalis, P. aeruginosa, S.
aureus, and K. pneumoniae PCR and SEM [92]

Periprosthetic Infection Coagulase-negative Staphylococci, Propionibacterium
spp., Streptococci and Enterococci Sonication & PCR [93]

Chronic wound P. aeruginosa and S. aureus TEM & FISH [93]

Catheter-associated infection E. coli Sonication & SEM [76]

Chronic rhinosinusitis S. aureus and P. acnes FISH [94]

Cystic fibrosis P. aeruginosa FISH and light
microscope [93]

5. The Potency of Existing Therapies against Microbial Biofilm

Existing antibiotics are useful resources for the treatment of infections with potential formation
of biofilm and are summarized in Table 4. Application of suitable antibiotics that are effective
against biofilm can improve the outcome, reduce relapse, and improve recovery of the patients.
Effective eradication of biofilms could be achieved with high doses of antibiotics, combined with
drugs that weaken the biofilm. Efficient treatment of biofilm infections demands a well-established
multidisciplinary collaboration which includes: removal of the infected foreign bodies, selection
of biofilm-active and -penetrating antibiotics, systemic or topical antibiotic administration in high
dosage combinations, and administration of anti-quorum sensing or biofilm dispersal agents [72].
Specifically, treatment of biofilms requires effective and well-penetrating antibiotics to ensure a
sufficient concentration of effective antibiotic at the site of biofilm infection. In general, macrolides,
lincosamides, tetracyclines, rifamycins, quinolones, fusidic acid, nitroimidazole, sulfonamides,
and oxazolidinones penetrate better in tissues and cells than beta-lactam (including penicillins,
cephalosporins, and carbapenems), aminoglycosides, glycopeptide, and polymyxin [72]. Antimicrobial
agents such as meropenem, colistin, and azithromycin are good candidates for combination strategies
which maintain their activity under conditions of reduced oxygen tension and low metabolic activity
as found in deeper layers of biofilms. Some of the widely used antibiotics such as azithromycin,
ceftazidime, and ciprofloxacin have Quorum Sensing Inhibitor (QSI) activity in addition to their
conventional antibiotic activity. An example of a drug that can be included in combination approaches
for P. aeruginosa biofilm infection is azithromycin. The drug has been shown to inhibit or reduce the
production of several of the virulence factors (elastase and rhamnolipids) of P. aeruginosa, as well as
the matrix component alginate as well as inhibiting quorum sensing. More drugs like azithromycin
are required, ideally with higher potency [95].

84



Materials 2018, 11, 1705

T
a

b
le

4
.

Su
m

m
ar

y
of

ex
is

ti
ng

an
ti

bi
ot

ic
re

gi
m

en
s

ac
co

rd
in

g
to

th
e

sp
ec

ifi
c

m
ic

ro
bi

al
sp

ec
ie

s.

B
a

ct
e

ri
a

B
io

fi
lm

S
it

e
o

f
In

fe
ct

io
n

A
n

ti
b

io
ti

c
R

e
g

im
e

n
D

u
ra

ti
o

n
R

o
u

te
o

f
A

d
m

in
is

tr
a

ti
o

n
R

e
fe

re
n

ce
s

P.
ae

ru
gi

no
sa

Lu
ng

in
fe

ct
io

n
in

cy
st

ic
fib

ro
si

s
(C

F)

0.
5–

2
M

U
co

lis
ti

n,
tw

ic
e

da
ily

C
on

ti
nu

ou
s

In
ha

la
ti

on
[9

6]
30

0
m

g
to

br
am

yc
in

,t
w

ic
e

da
ily

28
da

ys
on

/o
ff

cy
cl

es

75
m

g
az

tr
eo

na
m

,t
hr

ee
ti

m
es

da
ily

28
da

ys
on

/o
ff

cy
cl

es

32
.5

m
g

or
65

m
g

ci
pr

ofl
ox

ac
in

,o
nc

e
da

ily
28

da
ys

Lu
ng

in
fe

ct
io

n
in

no
n-

C
F

br
on

ch
ie

st
as

is

1
M

U
co

lis
ti

n,
tw

ic
e

da
ily

C
on

ti
nu

ou
s

In
ha

la
ti

on
[9

7]

32
.5

m
g

ci
pr

ofl
ox

ac
in

,t
w

ic
e

da
ily

28
da

ys
In

ha
la

ti
on

[9
8]

P.
ae

ru
gi

no
sa

an
d/

or
S.

au
re

us
R

hi
no

si
nu

si
ti

s
3

dr
op

s
ofl

ox
ac

in
0.

3%
,t

hr
ee

ti
m

es
da

ily
28

da
ys

N
as

al
dr

op
s

[9
9]

S.
au

re
us

W
ou

nd
s

M
up

ir
oc

in
2%

oi
nt

m
en

t
-

C
ut

an
eo

us
[1

00
]

S.
au

re
us

C
at

he
te

rs

50
m

g/
m

L
da

pt
om

yc
in

24
h

C
at

he
te

r
lu

m
en

[1
01

]
10

m
g/

m
L

ti
ge

cy
cl

in
e

10
m

g/
m

L
ri

fa
m

pi
ci

n

10
m

g/
m

L
co

tr
im

ox
az

ol
e

+
25

00
U

/m
L

he
pa

ri
n

12
–2

4
h

C
at

he
te

r
lu

m
en

[1
02

]

M
in

oc
yc

lin
e-

ri
fa

m
pi

n
-

C
oa

ti
ng

[2
8]

K
.p

ne
um

on
ia

e
C

at
he

te
rs

do
ri

pe
ne

m
an

d
to

br
am

yc
in

-
C

at
he

te
r

lu
m

en
[1

03
]

P.
ae

ru
gi

no
sa

O
rt

ho
pe

di
c

pr
oc

ed
ur

es
1

g
to

br
am

yc
in

+
12

or
24

M
U

co
lis

ti
n

+
40

g
po

ly
m

et
hy

lm
et

ha
cr

yl
at

e
-

In
tr

ao
pe

ra
ti

ve
(P

M
M

A
be

ad
s)

[1
04

]

S.
au

re
us

O
rt

ho
pe

di
c

pr
oc

ed
ur

es

40
m

g/
m

L
to

br
am

yc
in

+
1

g
va

nc
om

yc
in

+
10

m
L

pa
ck

et
of

ca
lc

iu
m

su
lf

at
e

-
In

tr
ao

pe
ra

ti
ve

(c
al

ci
um

su
lf

at
e

be
ad

s)
[1

04
]

2
m

g/
m

L
ge

nt
am

ic
in

aq
ue

ou
s

so
lu

ti
on

-
In

tr
ao

pe
ra

ti
ve

(i
nj

ec
ti

on
)

[1
05

]

85



Materials 2018, 11, 1705

The current combination regimen recommended for the treatment of carbapenem-resistant
K. pneumoniae (CR-KP) includes high-dose carbapenem therapy (first-line antibiotic), which is combined
with colistin and or tigecycline, gentamicin, or fosfomycin (second-line antibiotics). Synergistic
interactions between the first-line and second-line antibiotics minimize the use of extremely high
doses and the emergence of resistance, as well as potentiate the effectiveness of individual agents.
Rifampicin is also occasionally considered for inclusion in combination regimens because of its ability
to penetrate intracellular sites and biofilms, which could be important in the treatment of CR-KP
infections involving prosthetic material. A new antimicrobial with activity against CR-KP, ceftolozone,
is a potent new cephalosporin that is not degraded by current AmpC cephalosporinases or affected by
known porin mutations and efflux pumps circulating in CR-KP strains. When tested in combination
with tazobactam, the drug has demonstrated promising activity in-vitro against multi-drug resistant
Gram-negative isolates, including CR-KP [72].

6. Promising Novel Therapies for Prevention and Treatment of Biofilm Associated Infections

6.1. Nanoparticles

Nanoparticles are particles that have an internal structural measurement or external dimensions
within the nanometers size and can be acquired from metallic, metal oxide, semiconductor, polymer, or
carbon-based materials [16,106]. There are two major groups of nanoparticles, organic (e.g., micelles,
dendrimers, liposomes, hybrid, and compact polymer) and inorganic nanoparticles (e.g., fullerenes,
quantum dots, silica, gold, and graphene) [107]. Nanoparticle-mediated antibacterial activities
depend on the composition, surface modification, intrinsic properties, and the bacterial species [108].
The reported mechanisms of antibacterial activities include disruption of the bacterial membrane,
condensation of the bacterial genome and induction of reactive oxygen species that can be harmful
to the physiology of the bacteria [109–111]. Graphene, one of the recently discovered nanoparticles,
exhibits antibacterial activity through direct interaction of the compound with the bacterial membrane,
causing stress to the membrane, releasing the intracellular contents and bacterial cell death [107].

Additionally, nanoparticles are reported to have anti-biofilm activities by effectively removing
and preventing formation of biofilm on surfaces. Table 5 summaries nanoparticles with anti-biofilm
activities. The mechanisms of nanoparticle anti-biofilm activity have only been partially understood.
For example, silver nanoparticles mediate anti-biofilm activity by suppressing the polysaccharide
intercellular adhesion (PIA) synthesis, thus preventing bacterial adhesion to surfaces [112]. On the
other hand, zinc oxide (ZnO) prevents biofilm formation by inhibiting microbial growth and prevents
biofilm to reach a steady state [113]. Additionally, Yadav et al. demonstrated that graphene oxide
coated on surfaces reduced attachment of bacteria, thus preventing biofilm formation [107].

Application of nanoparticles as an antibacterial provides several advantages compared to
conventional antibiotics. Nanoparticles have multiple modes of action and range of bacterial targets
which would require several bacterial mutations to resist antimicrobial activity. As such nanoparticles
present a considerable advantage over conventional antibiotics as they offer an option where there
is a reduced likelihood to develop resistance based on intrinsic properties [114]. This is especially
important when there is an increase of bacteria resistance of new strains against most potent antibiotics.
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Table 5. Examples of nanoparticles with anti-biofilm activities.

Type of Nanoparticles Microbial Biofilm References

Silver (immobilized on titanium) S. intermedius [112]

Silver P. aeruginosa, Shigella flexneri, S. aureus and
S. pneumonia [115]

Titanium dioxide S. aureus and P. putida [116]

Selenium and selenium dioxide S. aureus, P. aeruginosa and Proteus mirabilis [117]

Zinc oxide and combination of
zinc oxide and hydroxyapatite Streptococcus sp. [113]

Graphene oxide E. coli and S. aureus [107]

6.2. Diterpenoids

Diterpenoids are a group of plant-derived metabolites composed of two terpene units with
molecular formula C20H32. Based on number of rings present in the molecular structure, diterpenoids
were classified into acyclic (e.g., phytanes), monocyclic (e.g., Cembrene A), bicyclic (e.g., labdanes,
halimanes, and clerodanes), tricyclic (e.g., pimaranes, abietanes, cassanes, and dehydroabietic
acid), tetracyclic (e.g., trachylobanes and kauranes,), and macrocyclic diterpenes (e.g., taxanes,
cembranes) [118]. These metabolites have shown potential values to substitute antibiotics for the
treatment of antibiotic-resistant and biofilm forming microbes such as S. aureus. Abietane-type
diterpenoids extracted from the root of Salvia sclarea, a medicinal plant used for easing stomach
ache, diarrhoea, sore throat swelling, and headaches, revealed microbicidal and microbiostatic activity
against S. aureus as well as acanthamoeba, a free-living amoeba. The active compound, salvipisone,
showed potential anti-biofilm activity against the antibiotic-resistant Staphylococci, greater than
most reported antibiotics [16]. Dehydroabietic acid (DA), an abietane-type diterpenoid found in
the resin of coniferous trees, is effective in the inhibition of S. aureus biofilm formation in the low
molar range, while the effective dose that reduced the viability and biomass of the formation of a
biofilm was just two to four-fold higher than the inhibitory dose [119]. Hybrids of DA and selected
amino acids resulted in potent fast-acting disassembly of biofilms and weakened the integrity of
the bacterial membrane. Also, the DA-amino acid hybrids are potentially more resistant against
proteolysis as compared to DA alone. The concentration of bactericidal dose is only three to six
folds higher than the bactericidal dose [120]. 8-hydroxyserrulat-14-en-19-oic acid, a plant-derived
serrulatane diterpenoid (extracted from the Australian medicinal plant Eremophila neglecta) showed
anti-biofilm formation activity against Gram-positive bacterial but not Gram-negative bacteria by
inhibiting the macromolecular biosynthesis of the bacterial membrane [121]. Table 6 summarises
examples of diterpenoids with anti-biofilm activities

Table 6. Examples of diterpenoids with anti-biofilm activities.

Type of Diterpenoids Microbial Biofilm Mechanism of Action (Hypothetical) References

Abietane (natural)

• salvipisone
• aethiopinone

S. aureus, S. epidermidis NA [14]

Abietane (synthetic)

• dehydroabietic acid scaffold
with different amino acids

S. aureus, S. epidermidis Bacterial membrane or the peptidoglycan
(PG) layer [81]

Diterpene

• serrulatane compound
8-hydroxyserrulat-14-en-19-oic
acid (EN4)

S. aureus
(methicillin-susceptible
and methicillin-resistant),
S. epidermidis

Membranolytic properties as well as a
general inhibition of macromolecular
biosynthesis

[83]
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6.3. Biomacromolecules

Biomacromolecules such as polysaccharides, naturally secreted polymers, aliphatic, cyclic, and
aromatic organic acids were studied for their potential in preventing and constraining biofilm formation
or resolving the formed biofilm. Distinct from antibiotics, these macromolecules do not target specific
intracellular molecules within the microbes. Instead, with their amphiphilic characteristics, the cationic
group of the molecules facilitates microbial targeting and water solubility; while the hydrophobic
group induces membrane lysis; being attracted to the microbial membrane via interaction between
their cationic groups and the anionic membrane’s surface. Upon physical interaction, the hydrophobic
group penetrates the microbial membrane leading to membrane destabilization and cytoplasmic
content leakage. Antimicrobial agents with physical membrane disruption mechanisms are less likely
to be targeted by antimicrobial resistance [122]. Polysaccharides produced by a bacterium may affect
biofilm formation of other species through competition and cooperation phenomena [123]. For instance,
K. pneumoniae capsular polysaccharide was suggested to restrict biofilm formation in several clinically
important Gram-positive and Gram-negative bacterial species such as S. epidermidis, S. aureus, E. coli,
and Enterobacter aerogenes [124,125]. Extracellular polymeric substances such as natural high molecular
weight polymers secreted by bacteria have also been suggested to be anti-biofilm candidates [126].
Interruption of bacterial signaling systems such as quorum sensing affects bacterial biofilm formation.
In case of a mixed culture, acyl-homoserine lactonase produced by Bacillus cereus showed inhibition
and settlement of Vibrio cholera biofilm [127]. On the other hand, commercial organic acid products
usually used in food industry showed the ability to reduce Salmonella enterica viable count and biofilm
post-treatment, but not total elimination of the bacterium [128].

Incorporating macromolecules with anti-biofilm properties onto the surface of biomaterials has
gained increasing interest, especially in implant-associated medical devices such as intravascular
catheters, urinary catheters, and orthopedic implants [129]. Coating of biomaterial surface with
natural or modified polysaccharide polymers such as hyaluronic acid, heparin, and chitosan revealed
promising findings in battling implant-associated biofilm infections [130]. Table 7 summarises
examples of examples of biomacromolecules with anti-biofilm activities.

Table 7. Examples of biomacromolecules with anti-biofilm activities.

Type of Macromolecule Microbial Biofilm Mechanism of Action (Hypothetical) References

Polyether ether
ketone–octafluoropentyl methacrylate

surface
- Reduced protein adsorption [91]

AHL lactonase (AiiA), a
metallo-beta-lactamase produced by

Bacillus spp.
Vibrio cholerae

blocks quorum sensing in
Gram-negative bacteria by hydrolyzing

N-acyl-homoserine lactones (AHLs)
[89]

Chitosan-based surface coating S. aureus, S. epidermidis anti-adhesive and bactericidal via
contact membrane disruption [92]

K. pneumoniae capsular polysaccharide S. aureus, S. epidermidis, E. coli NA [87]

Commercially available organic acid
water additives Salmonella Typhimurium biofilms

Interference to intracellular pH
homeostasis, membrane structure,

osmolality and macromolecule
synthesis

[90]

Synthetic PDMEA MeI polymers S. epidermidis, S. aureus, E. coli and
P. aeruginosa, Candida albicans Membrane disruption [84]

6.4. Honey

Honey, an ancient wound remedy has gathered renewed interest in its clinical potential for
inhibiting a wide range of infectious agents and promoting rapid wound healing [131]. The availability
of medical grade honey with laboratory proven effects at the cellular and molecular level against
certain microorganisms is not uncommon [131–134]. Mechanisms of bacterial inhibition within biofilm
formation attributed to honey is a particular focus due to the increasing multidrug resistance of
biofilm-associated organisms. Fortunately, there is accumulating evidence to show honey displays
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activity in both preventing the formation of a biofilm either through interfering with adherence to host
cells or interfering with quorum sensing and disrupting an established biofilm. Several types of honey
have been shown to exhibit anti-biofilm activity in-vitro (Table 8).

Besides being used alone, honey also exhibits synergistic activity in combination therapy with
certain antibiotics for planktonic cells [135–137]. Although promising, the application of honey as
an antibacterial, anti-biofilm, and wound healing promoting alternative is still primarily confined
to in-vitro testing. This is mainly due to the varying reports describing different sources of honey,
the strain of bacteria, biofilm stage, optimum dosage used, and wound/biotic conditions that might
influence the effectiveness of honey when being applied. A few in-vivo model using merino sheep
and albino mice demonstrated that anti-biofilm activity was found in honey used, but advised that
optimal clinical application should be titrated carefully as tissue toxicity and rejection of the necrosed
area from the epidermis was also found with increasing concentration [138,139]. However, care also
should be taken on the biofilm-enhancing action of low doses (<MIC) of honey that could be due to
a stress response, which has been observed when bacteria in biofilms are exposed to sub-inhibitory
concentrations of antibiotics [140].

Table 8. Examples of honey with anti-biofilm activity.

Type of Honey Microbial Biofilm Source

Manuka • P. aeruginosa, Streptococcus pyogenes, S. aureus, Klebsiella spp., Proteus
mirabilis *, E. coli, Acinetobacter baumannii, Clostridium difficile

[141–148]

Clover • P. aeruginosa, S. aureus, Klebsiella spp., Proteus mirabilis [141,149]

Pumpkin • Bacillus subtilis (B. subtilis) [150]

Chestnut and thyme • B. subtilis, S. aureus [150]

Euphorbia • B. subtilis, S. aureus, P. aeruginosa, E. coli [150,151]

Chaste • B. subtilis, S. aureus, S. epidermis [150]

Multifloral
• B. subtilis, S. aureus, S. epidermis
• Staphylococcus mutans
• Listeria monocytogenes

[150]

Eucalyptus • B. subtilis, S. aureus [150]

Honeydew • B. subtilis, S. aureus, S. epidermis, S. aureus, S. agalactiae, P. aeruginosa,
E. faecalis *

[145,150]

Lavender, strawberry
and citrus • P. aeruginosa, S. aureus & MRSA [152]

Sidr • P. aeruginosa, S. aureus, E. coli [151]

* With a certain degree of resistance.

6.5. Antimicrobial Peptides

Antimicrobial peptides (AMPs) are peptides molecules which are produced by many tissues and
cell types in a variety of invertebrate, plant, and animal species. The natural peptides are generally
made up of 10–50 amino acid residues, positively charged (+2 to +9), with around 50% of hydrophobic
properties and diverse sequences and structures [153]. The antimicrobial activities of these peptides
are attributed by the amino acid composition, ampipathicy, cationic charge, and size that allow them
to attach and insert themselves into the bacterial membrane bilayers to form pores and thus, kill the
bacteria [154]. Other than working effectively against planktonic bacterial cells, AMP has also been
shown to be effective against biofilms. Mataraci, 2012 evaluated the anti-biofilm activities of two
AMPs, indolicin and CAMA: cecropin (1–7)-melittin A (2–9) amide which was found to inhibit MRSA
biofilms formation [9]. Additionally other AMPs are currently highlighted as a promising approach to
prevent biofilm formation or to treat established biofilms, for instance, LL-37, HBD3, hep-20, IDR-1018
are able to inhibit several species of biofilm formation by either down-regulating the genes essential
for biofilm development or up-regulate the expression of genes resulting in a marked attenuation of
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biofilm production and even by altering the architecture and reducing the amount of extracellular
matrix [155–157]. AMPs also are known as host defense peptides are essential components of innate
immunity in higher organisms, contributing to the first line of defense against infections [158]. While
investigating possible anti-biofilm peptides from natural resources, synthetic peptides produced either
by de novo synthesis or by modification gained increased interest based on their improved biological
functions and reduced size, which in turn reduces production costs [159,160]. A curated list of useful
AMP along with their antimicrobial properties has been documented by de Luca and held within a
database called BaAMP accessed via www.baamps.it [161].

Several comprehensive works reviewing various aspects of AMPs have been performed [155–157].
Success of AMPs in both antimicrobial and anti-biofilm activities are collectively due to several
characteristics namely: (i) rapid bactericidal effects; (ii) high plasticity in different microenvironments;
(iii) good penetration into the matrix of extracellular polymeric substances (EPS); (iv) anti-quorum
sensing; (v) host response modulator; and (vi) synergistic effects with other conventional and
unconventional antimicrobial compounds [155]. The mechanisms exhibited by AMPs are illustrated in
a different state in Figure 4.

6.6. Antimicrobial Polymer

Antimicrobial polymers are synthetic polymers covalently linked with functional groups with
high antimicrobial activity such as amino, hydroxyl, and carboxyl groups [162]. Antimicrobial
polymers are effective against a range of bacteria including the bacteria commonly associated with
HAIs [163]. Due to the long and repeating chain of active and charged functional groups, the common
mechanism of antimicrobial activity is through disruption of the cell wall or cytoplasmic membranes.
Takahashi et al. demonstrated that cationic homopolymer PE0 and copolymer PE31 containing 31% of
ethyl methacrylate was effective in removing biofilm of Staphylococcus mutans (S. mutans) compared to
chlorohexidine and the cationic surfactant that was tested at the same concentration [162]. Another
study by Li et al. showed that cationic monomer, methacryloxylethylcetyl dimethyl ammonium
chloride (DMAE-CB) was also effective in the removal of a biofilm of S. mutans, the common bacteria
associated dental problems [164]. Peng et al. modified the polyurethane compound, the main
compound for catheter by copolymerization of an amine functionalized N-substituted diol to give
a cationic polyurethane (Tecoflex-NH3), and showed that the cationic polyurethane shown contact
killing of E. coli and prevent build-up of biofilm on the surfaces, thus, reducing the chances of CAUTI,
one of the main causes of the nosocomial infections [165]. Another example of an antimicrobial
polymer is Polyhexamethlene biguanide (PHMB), a cationic polymer that has been used in the clinic
for over than 40 years with no sign of bacterial resistance [166]. PHMB mediates antibacterial activities
through disruption of the cell wall and condensation of the bacterial chromosome [111], and recent
discovery demonstrate PHMB efficacy in killing intracellular bacteria [16,167]. PHMB is also effective
against biofilms from a range of bacterial species and thus effective when applied for the treatment of
wound infections [39,168,169]. Though there are increasing findings for polymer mediated anti-biofilm
activities, the complete mechanism of the activities is not fully understood. The anti-biofilm activities
posed by the polymers could possibly be due to the interaction of the charged group on the polymer
structure with the eDNA or Ca2+, thus disrupting the biofilm structure and cause destabilization.
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7. Summary and Outlook

Biofilms, a form of protective armour for the bacteria, are generally more resistant to the treatment.
Biofilms will remain a challenge for the prevention and control of infection; thus it is critical that
we continue to explore and understand the physiology and structure of biofilms to develop an
improved, innovative, and novel targeted therapies. Based on promising in-vitro studies and reports
investigating the use of nanoparticles, AMPs, diterpenoids, and biomacromolecules; we propose that
these compounds should be the focus of future novel biofilm control strategies. Further studies focusing
on the efficacy and tolerability in-vivo are required to ascertain the level of translation of in-vitro results
to clinical resolution of infections caused by biofilms. Together with the increased understanding of the
fundamental biology of biofilms, the application of novel or repurposed compounds will undoubtedly
improve the prospect of treating and resolving biofilm infection within clinical settings.
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Abstract: 15 different antibiotics were individually mixed with commercially available calcium
sulfate bone void filler beads. The antibiotics were: amikacin, ceftriaxone, cefuroxime, ciprofloxacin,
clindamycin, colistamethate sodium, daptomycin, gentamicin, imipenem/cilastatin, meropenem,
nafcillin, rifampicin, teicoplanin, tobramycin and vancomycin. The efficacy of specific released
antibiotics was validated by zone of inhibition (ZOI) testing using a modified Kirby–Bauer
disk diffusion method against common periprosthetic joint infection pathogens. With a subset
of experiments (daptomycin, rifampin, vancomycin alone and rifampin and vancomycin in
combination), we investigated how release varied over 15 days using a repeated ZOI assay. We also
tested the ability of these beads to kill biofilms formed by Staphylococcus epidermidis 35984, a prolific
biofilm former. The results suggested that certain antibiotics could be combined and released
from calcium sulfate with retained antibacterial efficacy. The daptomycin and rifampin plus
vancomycin beads showed antimicrobial efficacy for the full 15 days of testing and vancomycin
in combination with rifampin prevented resistant mutants. In the biofilm killing assay, all of the
antibiotic combinations showed a significant reduction in biofilm bacteria after 24 h. The exposure
time was an important factor in the amount of killing, and varied among the antibiotics.

Keywords: calcium sulfate; antibiotics; release; zone of inhibition; biofilm

1. Introduction

Musculoskeletal infection represents a serious problem for patients, operating surgeons and the
economic wellbeing of the healthcare system. Infection is a serious and debilitating complication
of many clinical conditions and surgical procedures. Increasing resistance to current antibiotics is,
according to the World Health Organization (WHO), “a problem so serious that it threatens the
achievements of modern medicine” [1]. Reported in the Review of Antimicrobial Resistance, by 2050,
“today’s already large 700,000 deaths every year would become an extremely disturbing 10 million
every year, more people than currently die from cancer” [2]. The levels of antibiotics required to
successfully manage infection are rising as bacterial resistance increases, to such a point where
systemic levels required to be effective against the infection are increasingly toxic to the patient.
An area gaining increasing interest is the combination and local release of antibiotics from suitable

Materials 2018, 11, 2265; doi:10.3390/ma11112265 www.mdpi.com/journal/materials103



Materials 2018, 11, 2265

implantable materials. The benefits of local release at the site of infection are significant and include the
ability to provide very high local levels of antibiotic, many times the minimal inhibitory concentration
(MIC), with serum levels and associated toxicity remaining low. Reduced systemic administration may
then be possible as, in addition to toxicity, exposure to antibiotics can lead to disruption of the normal
human colonic flora and increased susceptibility to colonization and toxin production by Clostridium
difficile (C. difficile). C. difficile causes an inflammation of the colon and deadly diarrhea, and is one of
the most common microbial causes of healthcare associated infections in USA hospitals [3]. One of the
most adopted materials used in combination with antibiotics is poly-methyl methacrylate bone cement
(PMMA) [3]. A number of commercially available antibiotic-loaded PMMA bone cements are shown
in Table 1, where gentamicin is the most common combined antibiotic.

Table 1. Antibiotic-loaded PMMA cements.

Name Antibiotic Manufacturer CE Mark FDA 510 (k)

CEMEX® Genta CEMEX® Genta CEMEX® Genta Yes K043403

Copal® G + C
Gentamicin,
Clindamycin

Heraeus GmbH,
Hanau, Germany Yes No

Copal® G + V
Gentamicin,
Vancomycin

Heraeus GmbH,
Hanau, Germany Yes No

Palacos® R + G Gentamicin Heraeus GmbH,
Hanau, Germany Yes K031673

Palamed® G Gentamicin Heraeus GmbH,
Hanau, Germany Yes K050855

Smartset GHV Gentamicin
Depuy

Orthopaedics,
Rosemont, IL, USA

Yes K033563

Simplex® P Tobramycin
Stryker,

Kalamazoo, MI,
USA

Yes K014199

VancogeneX® Vancomycin,
Gentamicin

Tecres S.P.A,
Verona, Italy Yes No

There is valid evidence to support the use of antibiotic-loaded PMMA in the form of spacers,
bone cement for anchoring a prosthesis or as beads on a wire, however, there are still a number of
significant disadvantages. PMMA is not absorbed in the body and needs a further operation for
removal. In addition, the dead space following removal of the PMMA beads must be managed.
Due to the way the antibiotic is contained within the material, following an initial burst release, it can
continue to release sub-inhibitory levels over an extended time period increasing the risk of bacterial
resistance [4–6]. PMMA is not suitable for thermosensitive antibiotics because of the high temperatures
generated during curing. The combination of antibiotics with alternative biomaterials is now the subject
of extensive investigation. A number of antibiotic-loaded biomaterials have received the European CE
mark approval (Table 2) but have yet to be approved by the USA FDA (Food and Drug Administration).
All these materials have advantages including good biocompatibility and drug/material compatibility
but can have inherent disadvantages such as too rapid or inconsistent elution or, in the cases of calcium
phosphates and composites, slow to incomplete absorption, which may present a potential nidus for
infection. There is also a risk of damage to articulating surfaces from hard, non-absorbable biomaterials
such as Hydroxyapatite (HA) with the migration of particles into the joint space, producing third-body
wear and subsequent osteolysis [7].
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Table 2. Antibiotic-loaded biomaterials (CE marked).

Name Composition Antibiotic Manufacturer

Cerament™ G Calcium sulfate/HA Gentamicin Bonesupport AB, Lund,
Sweden

Cerament™ V Calcium sulfate/HA Vancomycin Bonesupport AB, Lund,
Sweden

Collatamp® G Collagen Gentamicin EUSAPharma Ltd., Hemel
Hempstead, UK

Herafill® beads G
Calcium

sulfate/Calcium
carbonate

Gentamicin Heraeus GmbH, Hanau,
Germany

Osteoset® T Calcium sulfate Tobramycin Wright Medical Technology,
Inc., Memphis, TN, USA

One material with high potential is pure calcium sulfate. It is completely absorbed in the body
and is biocompatible. Calcium sulfate has a long history of clinical use. Its first reported use in
combination with a medicament was as early as 1892 when Dreesman and colleagues added 5% phenol
(carbolic acid) solution to treat bone cavities as a result of tuberculosis osteomyelitis in long bones [8].
A typical residence time for calcium sulfate beads implanted in a contained bone defect is reported
as 4 to 13 weeks [9–12]. In a soft tissue site and a site with high fluid exchange this time period may
be considerably less (around three weeks) [13–15]. The antibiotic will elute predominantly over the
first few days (burst release) followed by a gradual reduction in concentration as the calcium sulfate
resorbs [16–18]. As there is a very small temperature rise on curing, mixing of heat labile antibiotics
is possible [19,20]. With a well-established biocompatibility and resorption profile, calcium sulfate is
increasingly being used in clinical practice for local antibiotic release [21–24].

Recent research has been carried out on the elution of specific antibiotics from calcium sulfate [16]
but little work has been reported on the antimicrobial efficacy of the eluted antibiotic. In this study,
investigations into the in vitro efficacy of the antibiotic(s) released from the calcium sulfate was carried
out through zone of inhibition (ZOI) testing using the disk diffusion method against a range of
susceptible pathogens, and compared to the published data according to the European Committee on
Antimicrobial Susceptibility Testing (EUCAST) breakpoints [25] and Clinical and Laboratory Standards
Institute (CLSI) M100 Standards [26]. In addition, in a subset of experiments, we used a repeated zone
of inhibition assay and in vitro grown biofilms to expand on previous experiments with vancomycin
and tobramycin [27], and to assess how the local elution of daptomycin and rifampicin alone and
in combination with vancomycin may release over time and its efficacy of killing staphylococcal
biofilms. Daptomycin has shown promise in treating patients with osteomyelitis or orthopaedic device
infections when delivered systemically [28] and rifampicin has been shown to have good activity
against staphylococcal biofilms but should be used in combination with other antibiotics due to
concerns over resistance [29].

2. Materials and Methods

2.1. Preparation of Calcium Sulfate Beads

All bead/antibiotic combinations were prepared using a commercially available synthetic
recrystallized calcium sulfate hemi-hydrate—CaSO4

1
2 H2O (SRCS) (Stimulan® Rapid Cure,

Biocomposites, Staffordshire, UK). This material is produced from pharmaceutical grade reagents
without the addition of other excipients such as steric acid, to give a high purity, hydrophilic material
having a physiological pH 10 cc packs of SRCS containing 20 g of calcium sulfate hemihydrate powder
were used.

15 different antibiotics were selected based on published or ‘data on file’ clinical reports of their
use with calcium sulfate [11,12,14,15,21–24] (Table 3). A number of bacteria were tested including
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S. epidermidis ATCC12228, P. aeruginosa NCTC 13437, S. aureus ATCC 6538, Acinetobacter Baumanii NCTC
134242, S. aureus 12493 MRSA, E. faecalis NCTC 12202, P. acnes NCTC 737 and E. faecalis NCTC 12201.
For daptomycin, the maximum dose was referenced from the USP (United States Pharmacopeia) [30].
Sterile saline was used in the mixing of amikacin and daptomycin, replacing some or all of the mixing
solution provided in the SRCS pack. The use of a 0.9% sodium chloride solution was found to speed up
the setting reaction for these retarding antibiotics. The resultant paste, together with added antibiotic
was pressed into hemispherical cavities, 6 mm diameter, in a flexible rubber mold where it was allowed
to hydrate and set accordingly.

Table 3. Antibiotics tested in this study.

Antibiotic Manufacturer

Amikacin Sulfate Hospira Ltd., Maidenhead, UK
Ceftriaxone Sodium Apotex Corporation, Toronto, ON, Canada

Cefuroxime Stravencon, London, UK
Ciprofloxacin Hydrochloride Medisca Inc., Las Vegas, NV, USA

Colistamethane Sodium Sigma-Aldrich, Dorset, UK
Clindamycin (Dalacin C® Phosphate) Pfizer, Tadworth, UK

Daptomycin (Cubicin®) Novartis, Basel, Switzerland
Gentamicin Sulfate Hospira Ltd., Maidenhead, UK

Imipenem/Cilastatin (Zienam®) Merck & Co., Inc, Kenilworth, NJ, USA
Meropenem Trihydrate Fresenius Kabi Ltd., Cestrian, UK

Nafcillin Sodium Sandoz, Princeton, NJ, USA
Rifampicin Sigma-Aldrich, Dorset, UK

Teicoplanin (Targocid®) Sanofi-Aventis, Guildford, UK
Tobramycin Sulfate Hospira Ltd., Maidenhead, UK

Vancomycin Hydrochloride Hospira Ltd., Maidenhead, UK

2.2. Zone of Inhibition Testing

Tryptone soya agar (TSA) plates were seeded with a 0.2 mL suspension of the relevant organism
containing approximately 108 CFU (Colony Forming Units)/mL. The plates were transferred to an
incubator operating at 33 ± 2 ◦C for 30 min. The plates were then removed from the incubator and
a single 6 mm antibiotic-loaded bead was placed on the surface of the agar. The plates were then
incubated at 33 ± 2 ◦C for 24 h, after which time they were removed from the incubator and examined
for any clear zones around the test sample. Zones were measured to the nearest mm where no obvious
growth could be detected by the unaided eye. Samples were tested in triplicate and an average
diameter was recorded. Zone diameters were compared to published data according to the European
Committee on Antimicrobial Susceptibility Testing (EUCAST) breakpoints and Clinical and Laboratory
Standards Institute (CLSI) M100 Standards [26] where applicable. It is important to note that this
assay was not designed to determine breakpoint zones of the challenge strains against the various
antibiotics. Breakpoint testing is performed using well-defined amounts of antibiotics loaded onto
filter papers, which have well-characterized and reproducible release kinetics. Rather this assay was
used to determine that the antibiotic was (1) released from the bead and (2) had retained antibiotic
potency. Presence of a zone of inhibition was demonstrative that both these conditions were true.
The known breakpoints from the standard method guidelines were provided as a reference guide.

2.3. Repeat Zone of Inhibition Testing

To assess how long the beads may release antibiotic, we used a modified Kirby–Bauer disk
diffusion assay as previously reported [27]. Staphylococcus aureus NCTC 13143 EMRSA-16 (an MRSA
strain) and S. epidermidis ATCC 35984, a prolific biofilm former was used as the challenge organisms.
First, a lawn of bacteria was spread onto TSA plates using 50 μL of an overnight culture grown for
15 h at 37 ◦C. A single bead containing (in mg/5 cc pack SRCS) either (a) daptomycin (500 mg),
(b) vancomycin (500 mg), (c) rifampicin (300 mg) or (d) a combination of vancomycin and rifampicin
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(500 mg + 300 mg) were placed on the agar plate using sterile forceps and incubated at 37 ◦C for 24 h.
Zones of inhibition (ZOI) were measured and photographed, and then the beads were aseptically
transferred onto a freshly prepared lawn of bacteria in a laminar flow hood as previously described [27].
This process was repeated each day until the ZOI was lost or the beads broke up. The area (cm2) of
the ZOI was calculated using Image J (version 1.48) image analysis package. Area, rather than the
diameter of the ZOI for these tests was reported to account for irregularities in the shape of the ZOI
as the beads dissolved over time. We assessed the release and antimicrobial activity into agar rather
than into an aqueous solution (which is another common method for measuring release kinetics) since
we were interested in assessing the area of antimicrobial activity that a single bead might have in a
diffusion-dominated environment such as what might be found adjacent to tissue.

2.4. Biofilm Killing Assay

S. epidermidis ATCC 35984 was used as the challenge organism. Overnight broth cultures were
diluted in fresh Tryptone soya broth (TSB) to an optical density (OD) corresponding to 106 cells/mL.
4 mL of the culture was added to each well of a 6 well plate (for viable cell counts) or tissue culture
plates (MatTek, Corp.) (for confocal microscopy). Biofilms were grown for 72 h at 37 ◦C with a daily
TSB nutrient exchange. Ten, 4.8 mm diameter beads were placed into each well plate and incubated
at 37 ◦C for a further 24 h, 72 h or 1 week, with daily media changes. For cell counts, the wells were
rinsed with 4 mL Hanks Buffered Salt Solution (HBSS) and a cell scraper was used to transfer the
biofilm into 1 mL of HBSS. After scraping into 1 mL HBSS, the cells were vortexed using a lab bench
vortexer for 20 s to homogenize the biofilm bacteria. A 10-fold serial dilution was plated onto tryptic
soy agar (TSA; Sigma-Aldrich, St. Louis, MI, USA). Following incubation for 24 h at 37 ◦C, viable
cell counts were performed, and the data expressed as CFU/cm2. Concurrently, confocal scanning
laser microscopy (CSLM) of the biofilm was performed after 24h, 72 h and 1-week exposure to the
beads. The biofilm was stained with Live/Dead Baclight (Invitrogen), which stains live cells green
and dead cells red. After a 30 min incubation the plates were gently rinsed and observed using an
inverted confocal laser scanning microscope (Leica DMI600 SP5, Wetzlar, Germany). The images were
rendered using the freely downloadable NIH ImageJ. Each channel (green and red) was optimized
for contrast using the “auto” setting. The channels were then merged using the “make composite”
function. The individual z-sections in the stack were then compressed to show the full biomass in a
2-dimensional representation using “Z-project” with “sum slices”, and finally saved as a JPEG image.

2.5. Statistics

Viability CFU data were tested for normality using the Shapiro–Wilk test. Since the data were not
normal (p > 0.05) they were compared using a Mann–Whitney rank sum test (Sigma-Plot, San Jose, CA,
USA) for not normally distributed data, and a difference was considered significant when the p value
was <0.05.

3. Results

3.1. Preparation of Calcium Sulfate Beads

Of the 15 antibiotics selected, 12 were in a lyophilized powder form. Where the powdered
antibiotics were mixed with the SRCS by combining the powders together and then adding the aqueous
mixing solution, all except ceftriaxone, daptomycin and imipenem/cilastatin allowed the SRCS to
set hard but extended the setting time out from 4 min to a maximum of 20 min. For the powdered
antibiotics that significantly delayed the setting time, the effect was reduced by hydrating the SRCS
prior to the addition of the antibiotic thus initiating the calcium sulfate setting reaction whilst unloaded.
This technique allowed the SRCS to set when ceftriaxone, daptomycin and imipenem/cilastatin were
added. In addition, replacing the mixing solution with sterile saline reduced the set time even further
with daptomycin. For the tobramycin and gentamicin liquid formulations, these were supplied in
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2 mL vials, each containing 80 mg of antibiotic. For both these antibiotics, 3 vials were used to provide
the required 6 mL for hydration of the SRCS, giving a dose of 240 mg. This was a limiting factor in
the maximum dose, which may be combined. Two of the liquid antibiotic formulations; amikacin
and clindamycin, were commercially provided in volumes of 2 mL and 4 mL. Additional fluid was
required to make the volume up to 6 mL, required to fully hydrate the SRCS. For these antibiotics,
a quantity of the aqueous mixing solution was accurately added via a syringe to make the volume
up to the required 6 mL. Neither of these antibiotic combinations would set hard when the aqueous
mixing solution was used, therefore, sterile saline was investigated as an alternative. This method
allowed for the production of fully hardened amikacin-loaded beads. The clindamycin, which is in the
form of a phosphate, may chemically react with the calcium sulfate, precipitating out as an insoluble
calcium phosphate. In addition, this formulation of clindamycin contained benzyl alcohol and EDTA
(ethylenediaminetetraacetic acid) as excipients. The ability of SRCS to set hard with Clindamycin
in the form tested here was not achieved, therefore was unable to be combined in this way and no
microbiology data was obtained.

3.2. Zone of Inhibition Testing

Zone diameters for each antibiotic/SRCS bead combination are shown in Table 4. Where EUCAST
clinical breakpoint data [31] or CLSI M100 data [26] were available, they were included for reference.
SRCS beads mixed with rifampicin achieved zones which fell below the CLSI M100 breakpoint data
for both S. epidermidis and a methicillin-resistant strain of S. aureus. Interestingly, SRCS beads mixed
with ciprofloxacin had varying success, depending on the species of bacteria under investigation.
Ciprofloxacin-loaded SRCS beads were tested against a range of Gram-negative species including
P. aeruginosa and Acinetobacter Baumanii. The zones of inhibition recorded for these species, fell below
the EUCAST and CLSI breakpoints for the respective bacteria (12 and 15 mm respectively) (Table 4).
Conversely, when SRCS were mixed with ciprofloxacin and tested against a range of Gram-positive
species, the SRCS-loaded beads were able to generate zones measuring 36 and 25 mm (for S. epidermidis
and S. aureus respectively). The observed zones were greater than the EUCAST and CLSI breakpoint
for these bacterial species tested against this antibiotic. All other antibiotic combinations produced
a clear zone against susceptible species and where breakpoint data was available, exceeded the
breakpoint diameter, demonstrating an above MIC elution concentration and maintained efficacy
(Table 4). For the vancomycin SRCS beads with Enterococcus faecalis, two vancomycin resistant control
strains were used. NCTC 12201 (VanA-type glycopeptide resistance, Erythromycin resistant) and
NCTC 12202 (VanA-type glycopeptide resistance). The results demonstrated that the high burst release
concentration could exceed the vancomycin MIC of these two strains which are reported to exceed
256 μg/mL [32]. EUCAST and CLSI breakpoints have not been published for these strains but the
zones observed were larger than the published breakpoints for susceptible strains of E. faecalis (Table 4).

Table 4. Zones of Inhibition (ZOI) data with EUCAST clinical breakpoint tables v 6.0 and CLSI
M100 breakpoints.

Antibiotic Conc.
per 10cc Pack SRCS

Species
Zone

Diameter
(mm)

EUCAST/
CLSI M100

Zone Diameter
Breakpoint (mm)

Note

Susceptible
≥ Resistant ≤

Amikacin
500 mg/2 mL

S. epidermidis
(ATCC 12228) 30

EUCAST 22 a 19 a
a Coagulase negative

staphylococci
CLSI - - n/a

P. aeruginosa
(NCTC 13437) 20

EUCAST 18 c 15 c c Pseudomonas spp.
CLSI 15 12 -

Ceftriaxone
1 g

S. aureus
(ATCC 6538) 47

EUCAST - - n/a
CLSI - - n/a

S. epidermidis
(ATCC 12228) 31

EUCAST - - n/a
CLSI - - n/a
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Table 4. Cont.

Antibiotic Conc.
per 10cc Pack SRCS

Species
Zone

Diameter
(mm)

EUCAST/
CLSI M100

Zone Diameter
Breakpoint (mm)

Note

Susceptible
≥ Resistant ≤

Cefuroxime
1.5 g

S. aureus
(ATCC 6538) 47

EUCAST - - n/a
CLSI - - n/a

S. epidermidis
(ATCC 12228) 22 EUCAST

CLSI
-
-

-
-

n/a
n/a

P. aeruginosa
(NCTC 13437) 28

EUCAST - - n/a
CLSI - - n/a

Acinetobacter
Baumannii

(NCTC 134242)
22 EUCAST

CLSI
-
-

-
-

n/a
n/a

Colistamethane
Sodium
400 mg

S. aureus
(ATCC 6538) 9 EUCAST

CLSI
-
-

-
-

n/a
n/a

S. epidermidis
(ATCC 12228) 11 EUCAST

CLSI
-
-

-
-

n/a
n/a

P. aeruginosa
(NCTC 13437) 13 EUCAST

CLSI
-
-

-
-

n/a
n/a

Ciprofloxacin
1 g

P. aeruginosa
(NCTC 13437) 17 EUCAST

CLSI
25 c

21
22 c

15

c Pseudomonas spp.
-

Acinetobacter
Baumannii

(NCTC 134242)
15 EUCAST

CLSI
21 d

21 d
21 d

15 d

d Acinetobacter spp.
d Acinetobacter spp.

Ciprofloxacin
1 g

S. epidermidis
(ATCC 12228)

S.aureus (NCTC
12493) MRSA

(NCTC 134242)

36
25

EUCAST
CLSI

EUCAST
CLSI

20 b

21 b

20 b

21 b

20 b

15 b

20 b

15 b

b Staphylococcus spp.
b Staphylococcus spp.
b Staphylococcus spp.
b Staphylococcus spp.

Daptomycin
1 g

S. epidermidis
(ATCC 12228)

E. faecalis *
(NCTC 12202)

25
13.5
31
11

EUCAST
CLSI

EUCAST
CLSI

-
-
-
-

-
-
-
-

n/a
n/a
n/a
n/a

P. acnes
(NCTC 737)
P. aeruginosa

(NCTC 13437)

EUCAST
CLSI

EUCAST
CLSI

-
-
-
-

-
-
-
-

n/a
n/a
n/a
n/a

Gentamicin
240 mg

S. aureus
(ATCC 6538)
S. epidermidis
(ATCC 12228)

20
30

EUCAST
CLSI

EUCAST
CLSI

18
15 b

22 a

15 b

18
12 b

22 a

12 b

-
b Staphylococcus spp.

a Coagulase negative
staphylococci

b Staphylococcus spp.

Imipenem &
Cilastatin

500 mg

S. aureus
(ATCC 6538) 58

49

EUCAST
CLSI

-
-

-
-

n/a
n/a

S. aureus (NCTC
12493) MRSA

EUCAST
CLSI

-
-

-
-

n/a
n/a

S. epidermidis
(ATCC 12228) 60 EUCAST

CLSI
-
-

-
-

n/a
n/a

Meropenem
1 g

S. epidermidis
(ATCC 12228) 56

37

EUCAST
CLSI

-
-

-
-

n/a
n/a

S. aureus (NCTC
12493) MRSA

EUCAST
CLSI

-
-

-
-

n/a
n/a

P. aeruginosa
(NCTC 13437) 28

22

EUCAST
CLSI

24 c

19
18 c

15

c Pseudomonas spp.
-

Acinetobacter
Baumannii

(NCTC 134242)

EUCAST
CLSI

21 d

18 d
15 d

14 d

d Acinetobacter spp.
d Acinetobacter spp.
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Table 4. Cont.

Antibiotic Conc.
per 10cc Pack SRCS

Species
Zone

Diameter
(mm)

EUCAST/
CLSI M100

Zone Diameter
Breakpoint (mm)

Note

Susceptible
≥ Resistant ≤

Nafcillin
1 g

S. aureus
(ATCC 6538) 51 EUCAST

CLSI
-

22 b
-

21 b

n/a
b Staphylococcus spp.
Cefoxitin (Oxicillin

surrogate)

S. epidermidis
(ATCC 12228)
P. aeruginosa

(NCTC 13437)

57
13

EUCAST
CLSI

-
22 b

-
21 b

n/a
b Staphylococcus spp.
Cefoxitin (Oxicillin

surrogate)
EUCAST

CLSI
-
-

-
-

n/a
n/a

Rifampicin
600 mg

S. epidermidis
(ATCC 12228) 15

11

EUCAST
CLSI

-
20 b

-
16 b

n/a
b Staphylococcus spp.

S. aureus (NCTC
12493) MRSA

EUCAST
CLSI

-
20 b

-
16 b

n/a
b Staphylococcus spp.

Teicoplanin
400 mg

S. aureus
(ATCC 6538)

S. aureus (NCTC
12493)

18
26
23

EUCAST
CLSI

EUCAST

-
-
-

-
-
-

n/a
n/a
n/a

MRSA
S. epidermidis (ATCC

12228)

CLSI
EUCAST

CLSI

-
-
-

-
-
-

n/a
n/a
n/a

Tobramycin
1.2 g

S. aureus
(ATCC 6538)
S. epidermidis
(ATCC 12228)

19
28

EUCAST
CLSI

18
-

18
-

-
n/a

EUCAST
CLSI

22 a

-
22 a

-

a Coagulase negative
staphylococci

n/a

Vancomycin
1 g

S. aureus
(ATCC 6538)
S. epidermidis
(ATCC 12228)

21
23

17–18
12–13

EUCAST
CLSI

EUCAST
CLSI

-
-
-
-

-
-
-
-

n/a
n/a
n/a
n/a

E. faecalis *
(NCTC 12201)

E.faecalis *
(NCTC 12202)

EUCAST
CLSI

EUCAST
CLSI

12 e

17 e

12 e

17 e

12 e

14 e

12 e

14 e

e Enterococcus spp.
e Enterococcus spp.
e Enterococcus spp.
e Enterococcus spp.

* Denotes Vancomycin Resistant Control Strains. (a–e) Represent the breakpoints for that particular species.

3.3. Repeat Zone of Inhibition Testing

In the case of beads tested against S. aureus NCTC 13143 EMRSA-16 strains, large ZOIs were
maintained for 20 days in the case of rifampicin and rifampicin and vancomycin in the combination
beads (Figure 1). In the case of daptomycin-loaded beads, the size of the ZOI was smaller (~4 cm2) but
were also maintained for the 20 days duration. A similar trend was seen for beads tested against a S.
epidermidis ATCC 35984 strain.
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Figure 1. Repeated zone of inhibition (ZOI) of S. aureus NCTC 13143 EMRSA-16 and S. epidermidis
ATCC 35984 Stimulan® beads loaded with rifampicin, rifampicin and vancomycin or daptomycin.
Assays were performed in triplicate and data expressed as the mean and 1SD.

At the end of the 20 day assay, suspected resistance was noted developing in the rifampicin-only
loaded beads, as shown by an internal ring of viable bacteria within the ZOI (Figure 2A,C). This was
not observed on plates that had been exposed to beads containing rifampicin and vancomycin in
combination (Figure 2B,D).

 

Figure 2. Representative image of the Zones of Inhibition (ZOI) observed with (A,B) S. epidermidis
ATCC 35984 and(C,D) S. aureus NCTC 13143 EMRSA-16 at day 20 of rifampicin and vancomycin in
combination, showing no evidence of resistant colonies (B,D) and rifampicin alone (A,C) showing
potential resistant mutant colonies growing within the ZOI (black arrows).

3.4. Biofilm Killing Assay

Beads loaded with rifampicin, and vancomycin and rifampicin in combination were able to
achieve a 2-log reduction in CFU/cm2 at 24 h (Figure 3) with CSLM imaging showing a concurrent
marked reduction in biofilm mass (Figure 4). After 72 h contact time, rifampicin alone achieved a
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5-log reduction in CFU/cm2 (Figure 3) with the combination of vancomycin and rifampicin showing
no growth on the plate. CSLM imaging showed almost complete removal of the biofilm with only a
few single cells remaining (Figure 4). However, at one week, regrowth was noted in rifampicin and
rifampicin and vancomycin treatment groups and reformation of microcolonies noted with CSLM
imaging (Figure 4). Additionally, the combination of rifampicin and vancomycin demonstrated a
3-log regrowth relative to CFU/cm2 data at 72 h suggesting that the regrowth may have been due to
some cells that were rendered viable but nonculturable at 72 h. Daptomycin-loaded beads resulted in
an approximate 7-log reduction in CFU/cm2 relative to unloaded beads after 24 h contact time with
mature S. epidermidis biofilms (Figure 3). There was little further change over the next seven days.
CSLM imaging corroborated the CFU data showing a significant reduction in biofilm and total surface
coverage observed at day 7 relative to unloaded beads (Figure 4). Interestingly, in the biofilm exposed
to the rifampicin only beads, after 7 days there was the appearance of larger aggregates, which had
both live (green) and dead (red) cells suggesting the proliferation of resistant mutants. In the control
most of the cells were still live (green) however, there were patches of red (dead or compromised)
cells suggesting that the cells may have been undergoing starvation due to nutrient limitation. In the
biofilms exposed to the combination of vancomycin and rifampicin there was a sparse covering of
cells, which were mainly live, while in the daptomycin-exposed biofilm there were very few cells and
these were only very faintly stained green (Figure 4).

Figure 3. Effect of unloaded beads as well as vancomycin (Vanco), rifampicin (Rif), rifampicin and
vancomycin in combination (Vanco + Rif) and daptomycin (Dapto) loaded beads on established S.
epidermidis ATCC 35984 biofilms at contact times at days (D) 1,3 and 7. Dashed line is the detection limit.
No beads were added as a positive control for biofilm growth. Mean and 95% CI (n = 3), *indicates
statistically significant differences from the unloaded beads (p < 0.05).
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Figure 4. Representative CSLM images showing S. epidermidis ATCC 35984 biofilm (live cells stained
green and dead and membrane compromised cells stained red or yellow) following treatment for 24
h and 1 week with unloaded beads (negative control) and beads loaded with rifampicin (Rifampin),
rifampicin and vancomycin, and daptomycin. Scale bars: 25 μm.

4. Discussion

With the exception of clindamycin, the calcium sulfate in combination with the antibiotics tested,
set hard, maintaining its function as a void filler. All antibiotics used in this study were IV formulations.
Antibiotic capsules and tablets contain different excipients to IV formulations and these may create
additional risks if administered locally. Ceftriaxone, although included here, is contraindicated when
mixing with a calcium-containing product such as Ringer’s solution, Hartmann’s solution or parenteral
nutrition containing calcium. The reason for this contraindication is the risk of crystalline precipitates
forming in the lungs and kidneys. Although this risk is for IV administration, the risks should
be considered if used in combination with calcium sulfate in this application and warrants further
investigation. The ability of SRCS or any biomaterial to mix and set with antibiotics, and demonstrate
release and potency alone or in combination in in vitro laboratory studies, does not imply safety or
efficacy in clinical use, and in vitro results may not be indicative of clinical performance.

A number of independent studies have shown that calcium sulfate beads may be used in revision
arthroplasty for PJI (Periprosthetic Joint Infection), with favorable outcomes [21,33,34]. However,
their use is not without risk. One potential risk is transitory hypercalcemia in vivo and this has been
reported in literature, [15,21] although only when the material has been implanted in soft tissue sites
and in larger volumes. More recent studies however, have shown that there is no significant difference
in incidences of hypercalcemia when compared with other antibiotic-loaded materials [35].

This study demonstrates that a wide range of antibiotics can be incorporated into the SRCS and
retain potency against a wide range of common bacterial pathogens associated with PJI using an in vitro
zone of inhibition assay. Where EUCAST or CLSI breakpoints were available for specific antibiotics
against susceptible pathogens, the same antibiotics when eluted from the SRCS all maintained their
antimicrobial activity with the exception of ciprofloxacin and rifampicin. This assay is a relatively
simple test which can be used to assess whether antibiotics as monotherapy or in combination, which (a)
are currently used to treat orthopedic infections systemically or (b) show promise in in vitro studies
also have potential to be eluted locally by SRCS made up as beads or in other forms. Although the
standardized Kirby–Bauer disc diffusion method is used as a quick and convenient method of assessing
the susceptibility of a given organism to a given antibiotic [36], modifications of the assay allow it to be
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used to assess the release and maintenance of potency from materials other than filter paper, such as
how we have done with materials such as SRCS, and PMMA as detailed in previous studies [27].
The results for ciprofloxacin against Pseudomonas aerugonisa (NCTC 13437) and Acinetobacter baumannii
(NCTC 134242) showed a smaller zone than the breakpoint data for Pseudomonas spp. (Table 4).
This may be due to the susceptibility of the specific species or other factors such as compatibility with
the SRCS or reduced elution.

The quantity of each antibiotic held in the disks used in the EUCAST or CLSI M100 may differ to
the quantity of antibiotic in the SRCS beads, therefore, correlation to the clinical breakpoints should not
be inferred and these values are included for reference and demonstration of susceptibility only. Future
work should focus on testing the release of antibiotics from SRCS as per the guidance of EUCAST or
CLSI in order to make a more direct comparison of the efficacy of released antibiotic from SRCS beads.

We further modified the method to assess the longevity of release in vitro by placing SRCS
on new spread plates daily. The ZOI for daptomycin started at approximately 4 cm2 and slowly
reduced to 2 cm2 after 20 days of the experiment for both the EMRSA and S. epidermidis challenge
strains. This behavior was very similar to that seen with vancomycin and tobramycin assessed
previously [27]. Interestingly the SRCS beads containing vancomycin and rifampicin or rifampicin
alone had much greater ZOIs of between 14 cm2 and 10 cm2 against EMRSA and S. epidermidis,
respectively. These remained relatively constant over the full 20 days of testing.

Rifampicin has been noted to have “excellent activity on adherent staphylococci” [37] and
biofilms [29]. However, since it is known that there is rapid emergence of resistance when used
in monotherapy [38] it is used in combination with other antibiotics. Indeed, in our assay we noted
growth within the ZOI of the beads loaded with rifampicin alone (Figure 2). Since the plates were
spread freshly every day it was possible that the growth came from bacteria carried over with the
bead that had been exposed to rifampicin for an extended period. Interestingly, the beads with both
vancomycin and rifampicin showed no evidence of the emergence of resistance. However, to more fully
assess the potential for the development of resistance with vancomycin and rifampicin, more stringent
studies are required. The S. epidermidis biofilm killing assay showed different patterns of killing
with the various antibiotics. Vancomycin-alone only caused an approximate 1-log reduction after
1 and 3 days exposure but by 7 days there was a 6-log reduction illustrating the importance of
prolonged exposure to high concentrations of antibiotics when treating biofilms. Rifampicin alone was
more effective, showing an approximate 2-log reduction after 1 day and 5-log reduction after 3 days,
however, there was significant regrowth at day 7. The confocal image showed large cell clusters had
formed suggesting the emergence of resistant mutants within this time period (Figure 4). Rifampicin
and vancomycin in combination reduced the biofilm to below detectable levels after 3 days (>7-log
reduction) but there was a “bounce” back at day 7 to an approximate 5-log reduction compared to
the control unloaded beads. Although there was no evidence of new colony formation from the
confocal data, more work needs to be done to assess the potential for the emergence of resistance
with this combination. However, a combination of vancomycin and rifampicin has been shown to
be more effective than vancomycin alone in treating PJI in a mouse model [39], and the local release
of rifampicin from SRCS in combination with other antibiotics to treat orthopedic biofilm infections
shows promise. Although daptomycin resulted in the lowest ZOI in the diffusion assay, it caused the
greatest reduction in biofilm (approximately 6 logs) after only 1-day exposure, however, little further
reduction was seen after the longer exposure periods.

5. Conclusions

The use of locally released antibiotics from synthetic recrystallized calcium sulfate may offer
significant benefits in the management of surgical site infections. The ability to combine different
antibiotics could enable a therapy tailored to the offending pathogens. The exposure time, type of
antibiotic(s) released from SRCS and the challenge bacterial strain can all influence the kinetics of
biofilm killing and thus, in vitro results with one set of conditions should not be over generalized.
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Abstract: Microbes are known to colonize surfaces and form biofilms. These biofilms are communities
of microbes encased in a self-produced matrix that often contains polysaccharides, DNA and proteins.
Antimicrobial peptides (AMPs) have been used to control the formation and to eradicate mature
biofilms. Naturally occurring or synthetic antimicrobial peptides have been shown to prevent
microbial colonization of surfaces, to kill bacteria in biofilms and to disrupt the biofilm structure.
This review systemically analyzed published data since 1970 to summarize the possible anti-biofilm
mechanisms of AMPs. One hundred and sixty-two published reports were initially selected for this
review following searches using the criteria ‘antimicrobial peptide’ OR ‘peptide’ AND ‘mechanism of
action’ AND ‘biofilm’ OR ‘antibiofilm’ in the databases PubMed; Scopus; Web of Science; MEDLINE;
and Cochrane Library. Studies that investigated anti-biofilm activities without describing the possible
mechanisms were removed from the analysis. A total of 17 original reports were included which have
articulated the mechanism of antimicrobial action of AMPs against biofilms. The major anti-biofilm
mechanisms of antimicrobial peptides are: (1) disruption or degradation of the membrane potential
of biofilm embedded cells; (2) interruption of bacterial cell signaling systems; (3) degradation of
the polysaccharide and biofilm matrix; (4) inhibition of the alarmone system to avoid the bacterial
stringent response; (5) downregulation of genes responsible for biofilm formation and transportation
of binding proteins.

Keywords: biofilm; antimicrobial peptides; mechanism of action; medical devices; biomaterials

1. Biofilms

A biofilm is a group of organisms such as fungi, bacteria, and viruses, existing in a sessile form and
surrounded by a self-produced extracellular matrix. Costerton et al. [1] proposed a basic definition of
biofilm as “a structured community of bacterial cells enclosed in a self-produced polymeric matrix and
adherent to an inert or living surface” and Hall-Stoodley et al. [2] defined biofilms as “surface-associated
microbial communities, surrounded by an extracellular polymeric substance (EPS) matrix”. A biofilm
can also be called “an aggregate of microbial cells adherent to a living or nonliving surface, embedded
within a matrix of EPS of microbial origin” [3]. Recently, biofilms have been described as complex
sessile communities of microbes found either attached to a surface or buried firmly in an extracellular
matrix as aggregates [4]. The matrix can be composed of exopolysaccharides, proteins, nucleic acids,
and other cellular debris collectively called extra polymeric substances (EPS) [5–7].

1.1. Biofilm Formation

The process of biofilm formation on biomaterials begins by the initial adhesion of planktonic
bacteria to surfaces and then aggregation into smaller groups of bacteria known as microcolonies.
Following attachment, EPS such as proteins, glycoproteins, glycolipids, and extracellular DNA are
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synthesized [8]. Glycopeptides, glycolipids and lipopolysaccharides help to keep the biofilms intact [9].
In mature biofilms, the microcolonies differentiate into distinct phenotypes which are significantly
different in gene expression than their planktonic counterparts [10]. The differentiation can be triggered
by the accumulation of quorum sensing molecules such as N-acyl homoserine lactones that facilitate
cell to cell communication [1].

Starvation conditions are known to promote the formation of biofilms, and bacteria grown or
living under starvation are known to have higher antibiotic tolerance. Biofilm formation can be an
adaptation of microorganisms to hostile environments [11,12]. Under hostile conditions bacteria can
activate the stringent response (which can be characterized by the production of “alarmones”) by
synthesizing the signaling nucleoside guanosine pentaphosphate or tetraphosphate ((p)ppGpp) which
can cause the inhibition of RNA synthesis when amino acids are in low concentrations [13]. RelA
and SpoT are homologous proteins that are responsible for modulating intracellular concentrations of
(p)ppGpp, often conserved among Gram-negative and Gram-positive bacteria, with a few exceptions
such as S. aureus [14]. This stringent response plays an important role in the development of biofilms
as mutants lacking RelA and SpoT produce comparatively fragile and antibiotic sensitive biofilms [15].
The exact role of (p)ppGpp in biofilm formation is not known, but it is likely that hostile conditions
trigger transcription of hundreds of genes responsible for altered intracellular metabolism and energy
conservation through suspension of cell division [15].

Biofilm formation can occur on a variety of surfaces, including living tissues, medical devices,
industrial or potable water system piping, or on surfaces in the natural aquatic environment [16].
Approximately 99% of the microbial world exists as biofilms [17,18] and these biofilms are diverse
containing a wide range of microbes [19]. For example, more than 500 types of bacteria are present in
biofilms in the oral cavity [20].

1.2. Characteristics of Biofilms

Biofilm embedded cells are not as sensitive to antimicrobials compared with their planktonic
counterparts. [21] They are highly resistant to conventional antibiotics, up to 1000 times more than
planktonic bacteria. This is related in part to the slow growth rate and low metabolic activity of cells
in biofilms [15,22,23]. In addition, the EPS matrix surrounding biofilms, which can make up to 50%
to 90% of the total biomass of biofilms, resists the penetration of antimicrobials [16,24–30]. Moreover,
microbes in biofilms can have a high rate of mutation and exchange of resistance genes on mobile
genetic elements [31,32] which can also lead to increase in the overall resistance of cells in biofilms.

1.3. Biofilm-Associated Infections

Biofilms pose a serious threat to public health because of their potential to cause biomaterial-
associated infections due in-part to the high resistance of biofilms to antimicrobials agents [33].
About 80% of bacterial infections in humans are caused by biofilms [1,12,23]. Biofilm mediated infection
can be divided into two categories, non-device and device associated infections [34,35].

The first category involves biofilm formation on host tissues such as epithelial, mucosal surfaces,
and teeth. These can cause infections associated with cystic fibrosis (CF) patients, foot ulcers in diabetic
patients, chronic otitis media or rhinosinusitis, chronic prostatitis, recurrent urinary tract infections,
and dental caries and periodontitis [36,37].

The second category of infections arises due to the microbial colonization of abiotic objects,
for example indwelling medical devices such as central venous or urinary catheters, joint or dental
prostheses, heart valves, endotracheal tubes, intrauterine devices, and dental implants [34,35,38].
Microbes can detach from these biofilms and disseminate to the surrounding tissues or to the
bloodstream, further exacerbating the infection [39]. Worldwide production of biomedical devices
and tissue engineering-related objects is approximately $180 billion per annum [37]. According to
current estimates, over 5 million medical devices or implants are used annually in the U.S.A. alone [37].
About 60–70% of nosocomial infections are associated with biomaterials or implants [37]. Regardless
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of the sophistication of the biomedical implant and tissue engineering constructs, all medical devices
are susceptible to microbial colonization and can cause infections [40–42]. Biofilm growth on medical
devices can be extremely difficult to eradicate, with only a few treatment options such as removal of
the infected device or use of large doses of antibiotics [43]. However, this increases treatment costs
and may increase the potential for the development of antibiotic resistance and cytotoxicity [44].
Moreover, removal may not be an easy option for patients with medical devices for critical care such
as pacemakers. The clinical significance of biofilm-associated infections and their inherent resistance
to antimicrobials urgently demand development of novel anti-biofilm compounds.

2. Antimicrobial Peptides

Antimicrobial peptides (AMPs) have a varying number (from five to over a hundred) of amino
acids, most commonly L forms, with molecular weights between 1–5 KDa. AMPs have a broad
spectrum of activity ranging from viruses to parasites [45]. AMPs are generally cationic in nature,
and often referred as cationic host defense peptides because of their role in the immune response [46].
They are also known as cationic amphipathic peptides [47], cationic AMPs [48], and α-helical AMPs [49].
Recently, a few anionic antimicrobial peptides have been reported which have a net charge ranging
from −1 to −7, and a length from 5 to circa 7 amino acid residues [50]. AMPs have been recognized as
promising alternatives to conventional antibiotics due to their multiple target sites and non-specific
mechanism of action which reduces the chances of resistance development. AMPs exhibit strong
anti-biofilm activity against multidrug resistant as well as clinically isolated bacterial biofilms [51].
AMPs can interfere in the early stages of biofilm formation to prevent the initial adhesion of bacteria to
surfaces [51]. They can destroy mature biofilms by encouraging microbial detachment or killing [52].
Here we focus on the anti-biofilm action of AMPs against different Gram-positive and Gram-negative
bacteria, with emphasis on their mechanism of action.

Based on their secondary structure, AMPs are generally categorized into four groups (1) α-helical
AMPs; (2) β-sheet AMPs; (3) extended AMPs; and (4) cationic loop AMPs [53]. Alpha-helical peptides
are the largest group of AMPs representing 30–50% of all AMPs of known secondary structure [54–56].
These peptides commonly consist of 12–40 amino acids and contain an abundance of helix stabilizing
amino acids such as alanine, leucine, and lysine [56]. Beta-sheet AMPs usually consist of two to ten
cysteine residues that from one to five inter-chain disulfide bonds that help the peptides to form
the beta-sheet [57]. Beta-sheet antimicrobial peptides include the defensin family of peptides [58,59].
Defensins consist of two to three antiparallel beta-sheets however, in some cases alpha-helical or
unstructured segments can be found at their N- or C-termini [60]. Compared with α-helical antimicrobial
peptides, the defensins adopt a globular structure in aqueous solutions [60,61]. Despite extensive
variations in length, amino acid composition and net positive charge, β-strands are observed in all α-
and β-defensins [62,63]. Extended AMPs are not folded into α-helix or β-sheet structures. These AMPs
often contain high numbers of arginine, tryptophan, proline or cystine residues [64]. Some of these AMPs
can fold into defined amphipathic molecules in bacterial membranes, but often these are not membrane
active [65]. The proline-rich insect-derived pyrrhocoricin, drosocin and apidaecin peptides penetrate
membranes and exert their antimicrobial activities by interacting with intracellular proteins such as
the heat-shock protein DnaK and GroEL to inhibit the DnaK ATPase and chaperone-assisted protein
folding related activities, respectively [66,67]. Cationic loop AMPs are proline-arginine rich peptides,
and because of their high numbers of proline residues, they rarely form amphipathic characteristics and
tend to adopt polyproline helical type-II structures [68].

2.1. Mechanism of Action of AMPs against Planktonic Bacteria

The mechanism of action of AMPs usually starts by interacting with negatively charged moieties
such as lipopolysaccharides (LPS) in the outer membranes of Gram-negative bacteria and lipoteichoic
acid (LTA) in the cell wall of Gram-positive bacteria [69–71]. Once AMPs cross or produce pores in the
outer membrane or the cell wall of bacteria, disruption of cytoplasmic membranes occurs followed by
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cell lysis [72]. The mechanisms of action of AMPs have been divided into pore-forming and non-pore
models [73]. Pore-forming models include the barrel stave and the toroidal pore models. Non-pore
models include the carpet model. AMPs can also inhibit the synthesis of cell walls, DNA, RNA and
protein, and activate enzymes such as autolysins that induce autolytic death [66,74,75].

2.2. Mechanism of Action against Biofilms

In this review, we systemically analyzed all published data since 1970 to summarize all the
possible anti-biofilm mechanisms of antimicrobial peptides. A total of 162 published reports were
initially selected for this review following search criteria using ‘antimicrobial peptide’ OR ‘peptide’
AND ‘mechanism of action’ AND ‘biofilm’ OR ‘antibiofilm’ in the databases PubMed, Scopus, Web of
Science, MEDLINE, and Cochrane Library. The studies investigated the antimicrobial activity of AMPs
against a variety of microorganisms. A total of 17 original reports qualified for our review which have
articulated the mechanism of anti-biofilm action of AMPs. These reports are included in this review.

Several overlapping anti-biofilm mechanisms of AMPs are reported in the literature. Following
careful consideration, we found five major anti-biofilm mechanisms: (1) disruption or degradation of
the membrane potential of biofilm embedded cells; (2) interruption of bacterial cell signaling systems;
(3) degradation of the polysaccharide and biofilm matrix; (4) inhibition of the alarmone system to
avoid the bacterial stringent response; (5) downregulation of genes responsible for biofilm formation
and transportation of binding proteins.

Certain synthetic AMPs can rapidly degrade pre-established biofilms of P. aeruginosa [52].
Although the mechanism of biofilm degradation is poorly understood, the rapid destruction of biofilm
embedded cells [52] may indicate that they act by disrupting the membranes of the bacteria. Table 1
and Figure 1 summarize the mechanisms of biofilm inhibition and degradation of various AMPs.
Mechanistic studies have tended to focus on the membrane-disrupting properties of AMPs [76,77].

(i) disruption or degradation of the membrane potential of biofilm embedded cells

Three bacteriocins (nisin A, lacticin Q, and nukacin ISK-1) can destroy the membrane potential
of biofilm embedded cells of S. aureus (an MRSA strain) and can cause the release of ATP from the
cells [78]. An engineered peptide RN3(5-17P22-36) [79] derived from the cationic proteins of eosinophil
granules [80,81] can kill bacteria via membrane disruption. However, this membrane depolarization of
cells in biofilms was 2–3-fold less compared with planktonic bacteria at the same concentration [79].
A frog skin-derived AMP esculentin (Esc (1-21) can permeabilize the cytoplasmic membrane of
P. aeruginosa PAO1 in biofilms and cause release of β-galactosidase [82]. However, this effect was
slower and did not result in comparable β-galactosidase release compared to its action on planktonic
cells [82]. The AMP (CSA)-13 can quickly penetrate into biofilms and permeabilize the cell membranes
of biofilm cells of P. aeruginosa [83].

(ii) interruption of the bacterial cell signaling system

Human cathelicidic LL-37 and indolicidin can prevent biofilm formation of P. aeruginosa possibly
by down-regulating the transcription of two major quorum-sensing systems, Las and Rhl [84].
Another mechanism by which AMPs have been shown to inhibit the formation of biofilms is by
increasing twitching motility in P. aeruginosa by stimulating the expression of genes needed for type IV
pilli biosynthesis and function [84,85]. The main function of type IV pilli is to increase the movement
of bacteria on surfaces, which may facilitate removal of cells [86].

(iii) degradation of the polysaccharide and biofilm matrix

AMPs can also act on the extracellular polymeric matrix of bacterial biofilms. For example,
peptide PI can degrade the EPS produced by Streptococcus mutans leading to reductions in biofilms
formed on polystyrene or and saliva-coated hydroxyapatite [87]. An anti-biofilm peptide derived from
maggots of the blowfly Calliphora vicina can degrade the biofilm matrix produced by drug resistant
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Escherichia coli, Staphylococcus aureus and Acinetobacter baumannii but the mechanism of degradation
was not investigated [88]. Human liver-derived antimicrobial peptide hepcidin 20 can reduce the mass
of extracellular matrix and alter the architecture of biofilms of S. epidermidis by targeting polysaccharide
intercellular adhesin (PIA) [89]. Another peptide S4(1–16) M4Ka, a derivative of S4, has been shown
to act against immature P. aeruginosa biofilms by disintegration and release of membrane lipids,
detachment of bacteria and inhibition of biofilm formation [90]. The fish derived AMP piscidin-3 has
nucleosidase activity and can destroy extracellular DNA of P. aeruginosa by coordinating with Cu2+

through its N-terminus [91].

(iv) inhibition of the alarmone system to avoid the bacterial stringent response

Anti-biofilm peptides may act by targeting an almost universal stringent stress response in both
Gram-positive and Gram-negative bacteria [92]. Many bacteria produce the signaling nucleotides
guanosine 5′-diphosphate 3′-diphosphate (ppGpp) and (p)ppGpp, that can regulate the expression
of a plethora of genes [93,94] and are important in biofilm formation [95]. The AMPs 1018, DJK-5,
and DJK-6 can block the synthesis and trigger degradation of (p)ppGpp in both Gram-positive and
Gram-negative bacteria, and this can lead to reduction in biofilm formation which in turn increases
susceptibility to AMPs [15]. Some other AMPs such as DJK-5 and 1018 can act on the stringent response
in P. aeruginosa by suppressing spoT promoter activity [96]. DJK-5 and DJK-6 can degrade (p)ppGpp
on P. aeruginosa biofilms to higher extent than 1018 [14].

(v) downregulation of genes responsible for biofilm formation and transportation of binding proteins

Biofilm formation by staphylococci is an accumulative process which crucially depends upon
the synthesis of polysaccharide intercellular adhesin molecule PIA encoded by icaADBC locus in
staphylococci [97]. Human β-defensin 3 (hBD-3) can reduce the expression of icaA, icaD and icaR genes
of Staphylococus epidermidis ATCC 35,984 thereby reducing biofilm formation [98]. AMPs can inhibit
genes controlling the mobility of extrachromosomal elements and transport and binding proteins [99].
A peptide Nal-P-113, can inhibit Porphyromonas gingivalis biofilm formation by down-regulating
genes such as PG0282 and PG1663 which encode ABC transporter and ATP-binding protein [99].
ABC transporters have been involved in cell-to-surface and cell-to-cell interactions in biofilms
formation [100,101]. Figure 2 summarizes the targets sites of representative anti-biofilm AMPs.

Figure 1. Anti-biofilm activity and mechanism of action of antimicrobial peptides (AMPs). AMPs effect
mainly involve prevention of bacterial attachment and inhibition of biofilm formation or disruption of

pre-formed biofilms. activation inhibition.
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Figure 2. Representation of the different targets of anti-biofilm AMPs. × signs indicate inhibition
and/or action on targets sites.

3. Biofilm Resistance to AMPs

3.1. Interaction with EPS

It is thought that biofilm mediated resistance to AMPs is mainly due to their interaction with
EPS, however the exact mechanism of interaction remained unknown in large number of cases [102].
Although most of the substances in EPS are negatively charged, the positively charged exopolymer
PIA (which is composed of poly-N-acetyl glucosamine) can cause electrostatic repulsion of the cationic
AMPs [103]. PIA protects S. epidermidis and S. aureus from the bactericidal actions of cationic AMPs
such as LL-37 and human β-defensin [103]. PIA can also protect bacteria in biofilm from anionic AMP
such as dermcidin (a human epithelial secreted) [102]. So, the role of PIA in protection of bacterial
biofilms may be due to sequestration of AMPs along with electrostatic repulsion [102].

Gram negative bacteria such as P. aeruginosa secrete an anionic extracellular polysaccharide known
as alginate which is made up of the uronic acid D-mannuronate and C-5 epimer-L guluronate [104,105].
Alginate can interact with positively charge AMPs and protect P. aeruginosa biofilm embedded cells
from attack of AMPs [106]. Wild-type strains such as PAO1, PA14 (a mucoid cystic fibrosis strain),
and FRD1 (a mutant which lacks alginate producing ability) can be easily killed by human leukocytes
and their peptides within 4 h of exposure, [107] but became resistant in the presence of alginate [107].
Alginate can bind and induce an α-helical conformation for AMPs such as magainin II and cecropin P1
which is similar to their interaction with cytoplasmic membranes, suggesting that alginate can mediate
hydrophobic interactions with AMPs despite its hydrophilic nature [106]. Alginate can trap AMPs in
hydrophobic microdomains which consist of pyranosyl C–H groups that are inducible upon formation
of AMPs-alginate complexes due to charge neutralization between the two species [108]. However,
with the exception of cystic fibrosis, mucoid strains of P. aeruginosa account for only 1% of isolates from
infections [109] so the role of mucoid strains in medical device related infections is limited. In contrast
to mucoid strains, non-mucoid strains contain low levels of alginate [110] but can use either Pel or Psl
(a structural cationic exopolysaccharide) to develop biofilms [111].

3.2. Adaptive Resistance Mechanism

Staphylococci have a peptide sensing system known as aps, which was first recognized in S.
epidermidis [112]. The aps consist of two-component system that has a sensor histidine kinase (ApsS)
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and a DNA-binding response regulator (ApsR). A third component (ApsX) is also found only in some
staphylococci species [112]. This aps system can protect Gram positive bacteria including methicillin
resistant S. aureus (MRSA) strains from action of AMPs [113]. The aps system upregulates D-alanylation
of teichoic acid and increases the expression of putative AMP efflux pumps [114]. A D-alanine deficient
mutant of E. faecalis produced less biofilm but was more resistant to AMPs than the wild type [115].
The PhoP/PhoQ genetic system found in P. aeruginosa and Salmonella enterica [116] is used to sense
AMPs [117]. This system tends to change the structure of LPS by addition of aminoarabinose to lipid
A, which has the effect of decreasing the net negative charge of lipopolysaccharides [118]. Therefore,
this system may also confer resistance of biofilm bacteria to AMPs. A two-component regulatory
system pmrA-pmrB identified in P. aeruginosa that regulates resistance to polymyxin B, polymyxins E,
cattle indolicidin and LL-37 [119] modifies lipopolysaccharides in the outer membrane of bacteria and
this reduces the AMPs interaction with the outer membrane [120,121] this confering resistance.

3.3. Heterogeneity

Biofilms consist of structurally and functionally diverse bacterial populations and maintain a
micro-environment which controls microbial activity, intracellular signaling and metabolic and genetic
material exchange [122]. These properties can establish cellular and communal behaviors which result
in tolerance and persistence of cells in the presence of antimicrobials [122]. For example, colistin can
kill low metabolically active P. aeruginosa in biofilms but cannot destroy metabolically active cells [123].
This resistance to colistin in biofilms may be due to physiological tolerance [124]. E. coli possessing
IncF plasmids can differentiate into structured and unstructured biofilms and can produce genetically
regulated tolerant subpopulations [124]. Colistin can kill a small number of genetically tolerant bacteria
in structured biofilms but can kill a high number of bacteria in unstructured biofilms. [124].

3.4. Synergy of Anti-Biofilm AMPs with Antibiotics

The anti-biofilm activity of AMPs can be enhanced against biofilms by combining them
with antibiotics [125–128]. Combination strategies are useful since they can target a variety of
microbial communities present with different metabolisms cells in low pH, hypoxic or low nutritious
environments [129]. AMP-1018 can prevent initial bacterial attachment to surfaces by inhibiting the
synthesis of (p)ppGpp [23]. When 1018 was used in combination with ceftazidime, ciprofloxacin,
imipenem, or tobramycin, at sub-MIC this combination could inhibit 50% biofilms produced by
P. aeruginosa, E. coli, A. baumannii, K. pneumoniae, S. enterica, and methicillin-resistant S. aureus
(MRSA) [23]. Similarly, colistin in combination with temporin A (TEMP-A), citropin 1.1 (CIT-1.1) and
tachyplesin I (TP-I-L) can eradiate mature biofilms of drug resistant P. aeruginosa and S. aureus [130].
AMPs can act synergistically with antibiotics against biofilm following two types of mechanism. Firstly,
AMPs-antibiotic combinations can degrade biofilms matrix then AMPs act alone and disperse biofilms
embedded cells [131]. AMP-antibiotic combinations can also be used against fungal biofilms [132].
An antifungal plant defensin derived peptide HsLin06_18 acts synergistically with caspofungin against
Candida glabrata and Candida albicans. HsLin06_18 was shown to act by permeabilization cell membrane
which facilitated caspofungin penetration into the fungal cells, inducing death at a sub-inhibitory
concentration [132].

4. Future Considerations

Treating bacterial infections caused by biofilm-producing microorganisms is a troublesome task
and a major challenge for health care systems. Antibiotic therapy or antibiotic releasing products are not
adequate to control biofilm related infections, particularly due to the emergence of antibiotic resistant
infections. Currently, there is no clear answer for the management and prevention of these infections.
Use of very high concentrations of antibiotics in attempts to disrupt or prevent biofilm formation
can be associated with cytotoxicity and poor prognosis. Hence, finding an alternative class of drugs
to address biofilm-related infections represents a promising strategy. AMPs have broad-spectrum
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antimicrobial activity and are generally immune to development of bacterial resistance [45,133] and
can work synergistically with first line antibiotics. AMPs have several promising characteristics that
can be used to inhibit biofilms. However, there is limited information on the interaction of AMPs with
biofilm components. More research is needed to understand their precise mechanisms of action such
as inhibiting QS signals that restrict biofilm formation and interfere with signaling pathways involved
in the synthesis of EPS. Molecular modelling approaches may provide insights on action of AMPs on
biofilms. AMP-AMP and AMP-drug combinations that can induce biofilm matrix degradation could
be the potential areas of future anti-biofilm research.

In conclusion, this review found that AMPs have a variety of active anti-biofilm mechanisms
that could be exploited for clinical applications to eradicate biofilms. It is clear that AMPs have
high potential for further development as an active anti-biofilm agent, particularly in the high-risk
environments such as hospital settings. AMPs could be used as a stand-alone therapy or in combination
with other antimicrobials to eradicate biofilms. Further in vivo investigations are warranted to better
understand the complex host environment that may affect their efficacy by reducing their activity and
stability. Moreover, the role of immunomodulatory activities must be evaluated in complex biofilm
environment in vivo.
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Abstract: Biofilm formation in healthcare is an issue of considerable concern, as it results in
increased morbidity and mortality, imposing a significant financial burden on the healthcare system.
Biofilms are highly resistant to conventional antimicrobial therapies and lead to persistent infections.
Hence, there is a high demand for novel strategies other than conventional antibiotic therapies
to control biofilm-based infections. There are two approaches which have been employed so far
to control biofilm formation in healthcare settings: one is the development of biofilm inhibitors
based on the understanding of the molecular mechanism of biofilm formation, and the other is to
modify the biomaterials which are used in medical devices to prevent biofilm formation. This review
will focus on the recent advances in anti-biofilm approaches by interrupting the quorum-sensing
cellular communication system and the multidrug efflux pumps which play an important role in
biofilm formation. Research efforts directed towards these promising strategies could eventually lead
to the development of better anti-biofilm therapies than the conventional treatments.

Keywords: biofilm formation; healthcare; biofilm inhibition; quorum sensing; multidrug efflux pumps

1. Introduction

Biofilms are surface-attached groups of microbial cells that are embedded in a self-produced
extracellular matrix and are highly resistant to antimicrobial agents [1–3]. Biofilms can attach to all
kinds of surfaces, including metals, plastics, plant and body tissue, medical devices and implant
materials [4]. Biofilm formation on indwelling medical devices and implants such as heart valves,
pacemakers, vascular grafts, catheters, prosthetic joints, intrauterine devices, sutures and contact
lenses poses a critical problem of infection [5]. The use of intravascular catheters for patient care can
give rise to central line-associated blood stream infection (CLABSI), and approximately 250,000 cases
of primary blood stream infections are reported each year in the USA [6]. Thus, CLABSI results in
significant morbidity and mortality and huge increases in healthcare costs. The bacteria most frequently
associated with healthcare-associated infections include Staphylococcus aureus, Staphylococcus epidermidis,
Enterococcus faecalis, Escherichia coli, Klebsiella pneumoniae, Proteus mirabilis, Pseudomonas aeruginosa
and Acinetobacter spp. [5,7]. Among the biofilm-forming bacteria, S. aureus and S. epidermidis are
predominantly isolated from cardiovascular devices [8,9]. It has been estimated that S. aureus
and S. epidermidis contribute to 40–50% of prosthetic heart valve infections and 50–70% of the
catheter biofilm infections [10]. In recent years, Acinetobacter spp. have emerged as the most
important nosocomial pathogens involved in a variety of nosocomial infections, including bacteremia,
urinary tract infection, soft-tissue infections and secondary meningitis [11–14]. The Acinetobacter spp.
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have the ability to colonize and form biofilms on medical devices such as implants, cardiac valves,
artificial joints, catheters, etc. [11,15].

Biofilm formation is initiated when the cells attach and adhere to surfaces. The attachment of
microbial cells to biomaterials can be facilitated by factors such as bacterial motility, increased shear
forces, and hydrodynamic and electrostatic interactions between the microorganism and surface [16].
The adherence of bacteria to biomaterials through cell-surface and biomaterial-surface interactions is
mediated by multiple factors, which include cell surface proteins, capsular polysaccharide/adhesin,
protein autolysin, etc. [17,18]. For example, Staphylococcal species display cell-surface proteins, namely
staphylococcal surface protein-1 and -2 (SSP-1 and SSP-2) [17], which are essential for adhesion of
S. epidermidis to polystyrene [19]. In addition, host factors can also mediate the adherence of bacterial
cells to implants, as the implant surfaces are usually covered by host plasma and other extracellular
components [20]. Once attached to the surfaces, the bacterial cells will proliferate, aggregate and
differentiate into biofilm structures [21]. Bacterial cells can detach from mature biofilms and spread to
other organ systems, thereby contributing to persistent chronic infections [21,22].

Biofilms are complex structures with customized living environments with differing pH, nutrient
availability and oxygen [23]. A worrying feature of biofilm-based infections is the increased tolerance
of biofilm cells to biocides compared to planktonic bacteria [24]. The increased drug resistance could
be attributed to plasmids containing genes for multidrug resistance, as biofilms form an ideal niche for
plasmid exchange [25]. The mechanisms by which biofilms represent increased drug resistance also
include slow or incomplete penetration of antimicrobial agents through the extracellular polymeric
matrix, the formation of persister or dormant cells in a spore-like non-dividing state, slow growth rate
of cells in the biofilm, thereby reducing the number of targets for antimicrobial molecules, etc. [26–28].
In addition to the difficulty in treating biofilm with conventional antimicrobial therapy, the treatment is
further hindered by increased antibiotic resistance, as bacterial cells acquire resistance under antibiotic
selective pressure [29]. For example, it has been reported that more than 70% of hospital isolates of
S. epidermidis are methicillin resistant [30]. Thus, there is a high demand for alternative strategies to
control biofilm-based infections other than antibiotic therapy. Considering the number of patients
suffering from biofilm-based device-related infections, several strategies have been developed in the
past few decades. This review will discuss the most successful antibiofilm approaches so far, as well as
some of the more promising prospects for the control of these biofilm-based infections.

2. Strategies for the Control of Biofilms

There have been three major strategies considered so far to control biofilm formation or to target
different stages of biofilm development. The first approach is inhibiting the initial attachment of
bacteria to biofilm-forming surfaces, thereby reducing the chances of biofilm development. The second
approach targets the disruption of biofilm during the maturation process [31]. The third strategy is the
signal interference approach, in which the bacterial communication system or the quorum sensing (QS)
system is interfered with as QS coordinates biofilm formation/maturation in pathogenic bacteria [32].
The different antibiofilm strategies and agents discussed in this review are summarized in Table 1.

Table 1. Various strategies for the control of biofilms.

Strategy Methods/Agents Examples References

Inhibition of
initial biofilm

attachment

(i) Altering chemical
properties of biomaterials (i) Antibiotics, biocides, iron coatings (i) [33–43]

(ii) Changing physical
properties of biomaterials

(ii) Use of hydrophilic polymers, superhydrophobic
coatings, hydrogel coatings, heparin coatings (ii) [44–49]
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Table 1. Cont.

Strategy Methods/Agents Examples References

Removal of
biofilms

(i) Matrix degrading
enzymes

(i) Polysaccharide-degrading enzymes (Dispersin B,
Endolysins); Nucleases (Deoxyribonuclease I) and
Proteases (Proteinase K, trypsin)

(i) [50–55]

(ii) Surfactants
(ii) Sodium dodecyl sulfate (SDS),
cetyltrimethylammonium bromide (CTAB), Tween 20
and Triton X-100, surfactin, rhamnolipids

(ii) [56–60]

(iii) Free fatty acids, amino
acids and nitric oxide donors

(iii) Cis-2-decenoic acid, D-amino acids, nitric oxide
generators such as sodium nitroprusside (SNP),
S-nitroso-L-glutathione (GSNO) and
S-nitroso-N-acetylpenicillamine (SNAP)

(iii) [61–64]

Biofilm inhibition
by quorum
quenching

(i) Degradation of QS signals (i) Lactonases, acylases and oxidoreductases (i) [65–71]

(ii) Inhibition of signal
synthesis

(ii) Use of analogues of AHL precursor
S-adenosyl-methionine (SAM),
S-adenosyl-homocysteine (SAH), sinefugin,
5-methylthioadenosine (MTA), butyryl-SAM; SAM
biosynthesis inhibitor cycloleucine, AHL synthesis
inhibitors such as nickel and cadmium

(ii) [72–79]

(iii) Antagonizing signal
molecules

(iii) AHL analogues (bergamottin,
dihydroxybergamottin, cyclic sulfur compounds,
phenolic compounds including baicalin hydrate and
epigallocatechin); AI-2 analogues (ursolic acid,
isobutyl-4,5-dihydroxy-2,3-pentanedione (isobutyl-DPD)
and phenyl-DPD); AIP analogues (cyclic peptides such
as cyclo (L-Phe-L-Pro) and cyclo(L-Tyr-L-Pro), RNAIII
inhibiting peptide (RIP) and its homologues)

(iii) [80–96]

(iv) Inhibition of signal
transduction

(iv) Use of halogenated furanone or fimbrolide,
cinnamaldehyde, virstatin (iv) [97–103]

(v) Inhibition of signal
transport

(v) Use of copper or silver nanoparticles,
Phe-Arg-β-naphthylamide (PAβN) (v) [104–106]

2.1. Inhibition of Initial Attachment

The initial attachment of cells to the biofilm-forming surfaces happens within an average of the
first 2 days of biofilm formation. Inhibition of initial attachment of cells to the surfaces is a potential
strategy to prevent biofilm formation rather than targeting the dispersal of established biofilms.
The attachment of bacteria to surfaces is mediated by several factors, including adhesion surface
proteins, pili or fimbriae, and exopolysaccharides [107,108]. The surfaces that are rough, coated with
surface conditioning films and more hydrophobic are prone to ease biofilm formation [109–111].
Thus, the initial attachment of cells can be prevented by altering the chemical or physical properties of
indwelling medical devices.

2.1.1. By Altering the Chemical Properties of Biomaterials

The commonly used chemical methods to modify the surface of biomedical devices in order
to prevent biofilm formation include antibiotics, biocides and ion coatings [33]. Catheters coated
with antibiotics such as minocycline and rifampin have been shown to decrease the incidence
of biofilm-associated bloodstream infection by S. aureus in healthcare [34]. In addition, catheters
impregnated with different antibiotics, including nitrofurazone, gentamicin, norfloxacin, etc.,
are suggested to have a role in preventing biofilm-associated urinary tract infections [35].

High-throughput screening of chemical libraries has led to the identification of several small
chemical molecules as potential drug candidates for controlling biofilm formation and infection.
These molecules do not elicit antimicrobial activity, and thus decrease the likelihood of the development
of resistance due to the absence of selective pressure against biofilm formation. In Streptococcus pyogenes
and S. aureus, a series of small molecules inhibited the expression of many key virulence factors that
are involved in biofilm formation and infection [112,113]. The early stages of biofilm formation in
S. aureus, S. epidermidis and E. faecalis were inhibited by several aryl rhodamines [114]. In Vibrio cholerae,
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small molecules inhibited the induction of cyclic di-GMP, which is a second messenger controlling
the switch between planktonic and sessile lifestyle of bacteria [115,116]. In addition, N-acetylcysteine,
a mucolytic agent, was reported to inhibit the production of exopolysaccharides in biofilms in
S. epidermidis [36].

Several antimicrobial peptides are also known to interfere with biofilm formation in different
bacterial pathogens. For example, peptide 1018 is considered to be a biofilm inhibitor in P. aeruginosa,
E. coli, A. baumannii, K. pneumoniae, S. aureus, Salmonella typhimurium, Burkholderia cenocepacia [37].
In addition, lantibiotics (nisin, subtilin, epidermin and gallidermin), a class of peptide antibiotics,
are reported to inhibit biofilm formation in S. aureus, Lactococcus lactis and S. epidermidis [38,39].

Chelators that interfere with the function of metal ions in biofilm formation are also considered to
be biofilm inhibitors [117]. Metallic silver, silver salts, and silver nanoparticles have been widely used
as antimicrobial agents in medical implants against bacteria such as E. coli, S. aureus, Klebsiella species,
P. aeruginosa, S. typhimurium, and Candida albicans [118,119]. The silver treatment inhibits the replication
of DNA, expression of ribosomal and cellular proteins, and respiration process, leading to cell
death [40–42]. It has been reported that silver ion-coated implants inhibited S. aureus biofilm formation
without causing silver accumulation in host tissues [120]. In addition, in the presence of nanoparticles,
antibiotics such as penicillin G, amoxicillin, erythromycin, clindamycin, and vancomycin displayed
increased antibacterial activity against S. aureus [121].

The antibacterial agent coatings on medical devices are typically effective for a short time
period due to the leaching of the agent over the course of time [33]. Thus, the immobilization of
antimicrobial agents on device surfaces using long, flexible polymeric chains has been an effective
contribution in controlling biofilm formation in the long run. For example, the attachment of
N-alkylpyridinium bromide, an antibacterial agent, to a polymer, poly(4-vinyl-N-hexylpyridine)
was capable of inactivating 99% of S. epidermidis, E. coli, and P. aeruginosa on medical devices [43].

2.1.2. By Changing the Physical Properties of Biomaterials

Biofilm formation begins with a weak reversible adhesion of bacterial cells to the surface of
medical devices. If bacteria are not immediately detached from the surface of devices, they anchor
permanently, using cell adhesion structures such as pili, and form biofilms [44]. Hydrophobicity
and surface charge of implant materials play an important role in determining the ability of
bacteria to anchor to surfaces [43]. Thus, modification of the surface charge and hydrophobicity
of polymeric materials using several backbone compounds and antimicrobial agents has proven
to be effective for biofilm prevention [43]. Hydrophilic polymers such as hyaluronic acid [45] and
poly N-vinylpyrrolidone [46] on polyurethane catheters and silicone shuts, respectively, have been
known to reduce the adhesion of S. epidermidis. In addition, various hydrogel coatings which
reduce bacterial adhesion due to their hydrophilic properties have also been developed especially
for ureteral stents [47]. Superhydrophobic surfaces are reported to reduce bacterial adhesion
and biofilm formation due to their extremely low wettability [49,122,123]. Tang et al. observed
reduced adherence of S. aureus on superhydrophobic titanium surfaces [124]. Also, the adhesion
of S. aureus and P. aeruginosa was significantly reduced on superhydrophobic fluorinated silica
coating [125]. Crick et al.demonstrated reduced adhesion of S. aureus and E. coli on AACVD (aerosol
assisted chemical vapor deposition)-coated superhydrophobic surfaces compared to uncoated plain
glass [123]. It has been reported that heparin interferes with bacterial adhesion and colonization [48].
The heparin coating makes the vascular catheter negatively charged, thereby preventing thrombosis
and microbial colonization, eventually contributing to reduction of catheter-related infections [126,127].
Surface roughness can also influence biofilm formation, as rough, high-energy surfaces are more
conducive to biofilm formation compared to smooth surfaces [128]. It is noted that the surface
roughness can alter the hydrophobicity, thus in turn affecting bacterial adherence [128].
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2.2. Biofilm Removal

Mature biofilms are highly tolerant to antimicrobials due to the altered growth rate of cells
in the biofilm and the emergence of resistant subpopulations [129,130]. Also, biofilms favor the
horizontal transfer of antibiotic resistance genes among cells [131]. Thus, it is of utmost importance
to understand the antibiotic resistance properties of strains in biofilms when designing new drug
treatments. Though conventional antibiotics have been proven to be critical in eliminating bacterial
pathogens, they extensively damage the host microbiota, making the environment favorable for
opportunistic pathogens. Hence, the agents that interfere with the initial biofilm development or
biofilm structure have great potential in controlling biofilm-related infections.

2.2.1. Matrix-Degrading Enzymes

The biofilm matrix is usually composed of exopolysaccharides (EPS), extracellular DNAs (eDNAs),
and proteins [132–134]. The EPS and eDNAs contribute to antibiotic resistance by preventing
the diffusion of antimicrobials or by inducing antibiotic resistance [135,136]. Dissociation of the
biofilm matrix is an effective antibiofilm approach, as the matrix accounts for more than 90% of
dry mass, and dissociation of the same will expose the sessile cells to antibiotics and host immune
defence [137]. Biofilm matrix-degrading enzymes fall into three categories: polysaccharide-degrading
enzymes, nucleases and proteases [50]. Dispersin B is a bacterial glycoside hydrolase produced by
Actinobacillus actinomycetemcomitans which hydrolyzes poly-N-acetylglucosamine (PNAG), a major
matrix exopolysaccharide of Staphylococcus spp. and E. coli [138]. In addition, the application
of Dispersin B in combination with triclosan effectively reduced biofilm formation in S. aureus,
S. epidermidis, and E. coli [51]. Endolysins, a class of peptidoglycan hydolases produced by
bacteriophages are reported to digest the cell wall of bacteria thereby disrupting biofilms [52].
Deoxyribonuclease I which is capable of digesting eDNA is known to disperse biofilms in
several bacteria including Staphylococcus strains, A. baumannii, E. coli, Haemophilus influenzae,
Klebsiella pneumoniae, Psuedomonas aeruginosa, etc. [53,54]. The matrix proteins can be effectively cleaved
by Proteinase K contributing to biofilm prevention and biofilm dispersal [55]. It was demonstrated
that the treatment with dispersin B followed by Proteinase K or trypsin successfully eradicated
Staphylococcus biofilms [55]. The in vivo application of matrix-degrading enzymes is limited, as the
treatment can elicit inflammatory and allergic reactions in the host against these enzymes [139].

2.2.2. Surfactants

Surfactants are reported to have antimicrobial and antibiofilm activities [140]. The surfactants
sodium dodecyl sulfate (SDS), cetyltrimethylammonium bromide (CTAB), Tween 20 and Triton X-100
are known to promote either biofilm dispersal or detachment [56–58]. A biosurfactant, surfactin,
which is a cyclic lipopeptide produced by B. subtilis, is reported to inhibit biofilm formation and induce
biofilm dispersal in S. typhimurium, E. coli and P. mirabilis [59]. Rhamnolipids are principal glycolipids
produced by many bacteria, including P. aeruginosa, and cause biofilm dispersal in a number bacterial
strains [57,60].

2.2.3. Free Fatty Acids, Amino Acids and Nitric Oxide Donors

Free fatty acids are shown to have antibiofilm activity against several pathogenic bacteria. It was
reported that P. aeruginosa produces an organic compound cis-2-decenoic acid which is capable
of dispersing the already established biofilms by E. coli, K. pneumoniae, P. mirabilis, S. pyogenes,
B. subtilis, S. aureus, and C. albicans [61]. The diffusible signal factor, cis-11-methyl-2-decanoic
acid produced by Xanthomonas campestris induces biofilm dispersal by controlling the production
of exopolysaccharide-degrading enzyme [141]. However, it has also been reported that fatty acids play
an important role in the initial stages of biofilm formation in B. subtilis, as the lipids form structural
component of extracellular matrix of biofilms [142]. In S. aureus, B. subtilis and P. aeruginosa, a mixture
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of D-amino acids triggered the disassambly of biofilm by releasing amyloid fibers, which are the
proteinaceous component of the extracellular matrix [62,63]. While many L-amino acids promote
biofilm formation in P. aeruginosa, in the case of tryptophan, both D- and L-isoforms inhibited biofilm
formation and caused biofilm dispersal [143,144]. Nitric oxide (NO) generators such as sodium
nitroprusside (SNP), S-nitroso-L-glutathione (GSNO) and S-nitroso-N-acetylpenicillamine (SNAP)
are reported to induce biofilm dispersal in P. aeruginosa [64]. A low dose of NO generators dispersed
P. aeruginosa biofilms both in vitro and in cystic fibrosis sputum, and enhanced the effect of antibiotics
on biofilm-dispersed cells [145].

2.3. Biofilm Inhibition by Quorum Quenching

Quorum sensing (QS) is an important cellular communication system in many Gram-negative
and Gram-positive bacteria. QS mediates the regulation of various genes according to the density of
signaling molecules in the surrounding environment [146]. The signaling molecules of the QS system
are denoted as autoinducers [147]. Based on signaling molecules, the QS system is categorized into
three; N-acyl homoserine lactones (AHLs)-based (Gram-negative bacteria), autoinducing peptide
(AIP)-based (Gram-positive bacteria), and autoinducer-2 (AI-2)-based (both Gram-negative and
Gram-positive bacteria) [148,149]. During biofilm formation, following the initial attachment, the cells
secrete QS molecules, which modulate bacterial gene expression, transforming planktonic lifestyle into
a sessile form [150–152]. Since QS plays a crucial role in biofilm formation [153], it has been suggested
that QS inhibition (quorum quenching; QQ) would be an interesting strategy to prevent biofilm
formation [154]. In addition, QS regulates the production of virulence factors and pathogenesis factors
in most pathogens, and thus the QS system can be considered a potential target for the development of
new antimicrobial agents [155,156]. The various quorum-quenching strategies that can be beneficial for
controlling biofilm formation are depicted in Figure 1. The major advantage of controlling biofilm by
QQ is that this strategy reduces the risk of multidrug resistance, making the strategy of great clinical
interest for use in the prevention of biofilm-based infections.

 

Figure 1. Schematic representation of various quorum-quenching strategies to control biofilm formation.
LuxI and luxR genes encode AHL signal synthase and AHL receptor/activator protein respectively.
AHL signal synthase is responsible for the production of AHLs, which are diffused (short chain) or
pumped (long chain) out of the bacterial cell to the surrounding medium before being taken up into the
nearby bacterial cells. The AHL binds to the receptor protein and the AHL-receptor complex activates
the expression of quorum-sensing target genes. The quorum-quenching strategies that have been
used for attenuating AHL-mediated phenotypes include the inhibition of AHL synthesis, inhibition of
signal transport, degradation of signal molecules, inhibition of AHL receptor synthesis, inhibition of
AHL-receptor complex formation, inhibition of the binding of AHL-receptor complex to the promoters
of target genes etc.
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2.3.1. Degradation of QS Signals

AHLs can be degraded by specific enzymes such as lactonases that hydrolyze the lactone ring in
the homoserine moiety and acylases that cleave off the acyl side chain, and the activity can be altered
by reductases and oxidases [157]. Most of the AHL-degrading enzymes were discovered in bacterial
species [158], though some are found in eukaryotes [159,160]. It has been reported that the application
of QQ enzymes inhibits biofilm formation in several bacterial strains [65–70]. Quorum-quenching
enzymes disrupt the biofilm architecture, which increases the antibiotic susceptibility of the cells [71].
Significant reduction of biofilm formation and increased sensitivity to antibiotics was noticed in
P. aeruginosa after treatment with lactonase [71]. The oxidoreductases reduced the signaling molecules
AHL and AI-2 to QS-inactive hydroxy-derivatives in K. oxytoca and K. pneumoniae [70].

2.3.2. Inhibition of Signal Synthesis

Several reports have shown that mutations affecting AHL synthesis have an adverse effect on biofilm
formation. For example, P. aeruginosa strain that lacked the production of 3-oxo-C12-HSL resulted in
impaired biofilm formation [161]. The mutation in the gene encoding for AHL synthesis enzyme in
B. cenocepacia K56-2, B. cenocepacia J2315, Aeromonas hydrophila and Serratia liquefaciens led to defective
biofilm formation [162–165]. In addition, the mutants of several Vibrio spp., Streptococcus spp. and
Staphylococcus spp. that are deficient in AI-2 synthesis were not able to produce biofilms properly.
Thus, blocking signal production has been considered as a promising strategy to control biofilm formation.
Analogues of AHL precursor molecule, S-adenosyl-methionine (SAM), such as S-adenosyl-homocysteine
(SAH), sinefugin, 5-methylthioadenosine (MTA), and butyryl-SAM, are known to inhibit biofilm formation
in P. aeruginosa [72]. Also, the SAM biosynthesis inhibitor cycloleucine is reported to inhibit AHL
production [73]. The antibiotic azithromycin interferes with signal synthesis in P. aeruginosa, and thus
significantly clears biofilm in mouse model of cystic fibrosis [74,75]. In addition, several inhibitors
for the key enzymes (5′-methylthioadenosine/S-adenosylhomo-cysteine nucleosidase (MTAN) and
S-ribosylhomocysteinase (LuxS) involved in AI-2 synthesis are shown to reduce biofilm formation [76,77].
In B. multivorans, nickel (Ni2+) and cadmium (Cd2+) inhibited the expression of genes responsible for AHL
production thereby inhibiting cell-cell signaling and subsequently biofilm formation [79]. The inhibitory
effect of Cd2+ in quorum sensing was also reported in Chromobacterium violaceum [78].

2.3.3. Antagonizing the Signal Molecules

Researchers have screened for many signal analogues that antagonize QS signaling, thereby
preventing biofilm formation [166–168]. AHL analogues in which the lactone ring was replaced by
a cyclopentyl or a cyclohexanone ring adversely affected biofilm formation in Serratia marcescens
and P. aeruginosa [169,170]. Many natural compounds are also reported to antagonize AHL-based QS
signaling, and those include bergamottin and dihydroxybergamottin from grapefruit juice, cyclic sulfur
compounds from garlic, patulin, and penicillic acid from a variety of fungi, etc. [80–82]. Treatment with
patulin, ajoene and garlic extracts resulted in increased antibiotic susceptibility of P. aeruginosa biofilms
and increased clearance of P. aeruginosa in in vivo pulmonary infection model [83–85]. In addition,
some phenolic compounds including baicalin hydrate and epigallocatechin blocked AHL QS and
affected biofilm formation of B. cenocepacia, B. multivorans and P. aeruginosa [86–88]. It was noted that the
antibiotic susceptibility of B. cenocepacia and P. aeruginosa increased after treatment with baicalin hydrate
in different in vitro biofilm models [86–88]. Thus, the concept of combining QS inhibitor (QSI) and
antibiotics would be a better strategy to control biofilm formation by pathogenic bacteria. In addition,
it has been noticed that biofilm formation can be effectively controlled by combining QSIs and
QQ enzymes. Recently, Fong et al. reported the synergistic effect of a QS inhibitor, G1, which competes
with AHL to bind to the response regulator and QQ enzyme, AHL lactonase, to effectively control
biofilm formation and virulence by P. aeruginosa [171].
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Several compounds that antagonize AI-2 signaling have also been reported to exhibit
antibiofilm activity. The AI-2 analogues ursolic acid, isobutyl-4,5-dihydroxy-2,3-pentanedione
(isobutyl-DPD) and phenyl-DPD inhibited biofilm formation and removed preformed biofilms in
E. coli and P. aeruginosa [89,90]. Although other compounds, including pyrogallol and its derivatives,
some nucleoside analogues, boronic acids, and sulfones have been identified to antagonize AI-2
signaling, only a few have been investigated for their antibiofilm activity [172,173].

Several AIP analogues, such as truncated forms of AIP, and probiotic bacteria-producing natural
cyclic dipeptides, such as cyclo(l-Phe-l-Pro) and cyclo(l-Tyr-l-Pro), have been developed to antagonize
QS signaling in Gram-positive bacteria. However, the experimental evidence on the anti-biofilm
activities of these compounds is highly limited [91–93]. The most investigated QS inhibiting peptide
is the RNAIII inhibiting peptide (RIP), which is produced by coagulase-negative Staphylococci.
RIP interferes with the QS response by inhibiting the production of RNAIII, a key component of
QS response in S. aureus [94]. RIP and several RIP homologues have been reported to have anti-QS
and anti-biofilm activity against Staphylococcus spp. A RIP analogue, FS3, prevented S. aureus biofilm
formation in a rat vascular graft model [95]. In addition, a non-peptide RIP analogue, hamamelitannin,
blocked QS in Staphylococcus spp., and potentially inhibited biofilm formation in in vitro and in vivo rat
model of graft infection [96]. Several natural compounds, including phytol, anthocyanidins, extracts
from Ricinus communis, freshwater bryozoan Hyalinella punctata and selected sponges, and ricinine
derivatives, are also known to exhibit anti-biofilm or anti-microbial and anti-quorum sensing activities
in P. aeruginosa [174–178]. However, the exact mechanisms by which these compounds display
anti-quorum sensing activities are not known.

2.3.4. Inhibition of Signal Transduction by Interfering with Response Regulator Activity

The QS system can also be hindered at the level of signal transduction cascade. The natural
compounds, halogenated furanone or fimbrolide and cinnamaldehyde which are isolated from red
algae Delisea pulchra and cinnamon bark, respectively, interfere with signal transduction and affect
biofilm formation, thereby increasing antibiotic susceptibility in several pathogenic bacteria [97–100].
Both compounds block AI-2 and AHL-type QS systems, and thereby affect biofilm formation in
V. harveyi [101,102]. The halogenated furanone and cinnamaldehyde inhibits AI-2 QS and AHL QS
by decreasing the DNA-binding ability of the response regulator LuxR, which is important for the
signal transduction cascade, or by displacing AHL from its receptor, respectively [101,102,179,180].
In addition, the natural furanone inactivates LuxS and accelerates LuxR turnover, thereby blocking
AI-2 and AHL QS signaling system, respectively [181,182]. Cinnamaldehyde is widely used as
a flavoring agent in food and beverages, while the application of furanones is limited because of their
toxicity [100,183]. We reported previously that virstatin, a small organic molecule, prevents biofilm
formation by interfering with the QS system in A. nosocomialis [103]. It was noticed that virstatin
inhibits the expression of the response regulator, AnoR, which is a positive regulator of the AHL
synthase gene, anoI in A. nosocomialis [103]. The repression of AnoR leads to decreased synthesis
of AHL (Figure 2), adversely affecting the signal transduction cascade. Virstatin or its derivatives
can be considered potential agents to inhibit the QS system and to control biofilm-based infections,
and further studies in this direction could lead to the development of better antibacterial therapeutics.
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Figure 2. Effect of virstatin on the production of AHL. Bioassay was carried out to check the effect of
virstatin on the production of AHLs in A. nosocomialis. For this, the strain was cultivated overnight in
Luria Bertani (LB) medium at 30 ◦C, and the cells were washed with LB and diluted to an OD600 of 1.
The cells were treated with different concentrations of virstatin (20, 50, 100 mM), which was dissolved
in dimethyl sulfoxide (DMSO), and 5 μL of the samples were spotted onto chromoplate overlaid with
A. tumefaciens NT1 (pDCI41E33) [184,185]. Synthetic N-(3-hydroxy-dodecanoyl)-L-homoserine lactone
(OH-dDHL) was spotted as a positive control. The plates were incubated at 30 ◦C for 22 h, followed
by the detection of the color zone surrounding the bacteria. A representative chromoplate image
with 100 mM virstatin and images of color zones from different concentrations of virstatin are shown.
WT, A. nosocomialis wild type; +ve C, OH-dDHL; vir20, vir50 and vir100; wild-type cells treated with
20, 50 and 100 mM virstatin respectively.

2.3.5. Inhibition of Signal Transport

The signaling molecules need to be exported and released into the extracellular space to be
sensed by other bacteria for effective cell-to-cell communication. The role of multidrug-resistant
(MDR) efflux pumps in signal traffic was first reported in P. aeruginosa, in which AHLs with long side
chains are actively transported across the cell membrane through the MexAB-OprM efflux pump [186].
In P. aeruginosa, the expression of the autoinducer-producing gene and the genes encoding the virulence
factors is limited by the intracellular concentration of the autoinducer [187]. The involvement of the
MDR efflux pump in the QS system has also been reported in E. coli, in which the overexpression of the
QS regulator SdiA led to the increased expression of the AcrAB efflux pump [188]. In Bacteroides fragilis,
an opportunistic pathogen of the gastrointestinal tract, the BmeB efflux pump controls the intracellular
AHL concentration by effluxing AHL outside of cells [189]. In addition, the expression of the MDR
efflux pump, BpeAB-OprB, was reported to be essential for the export of six AHL inducers to the
extracellular environment in B. pseudomallei [190,191]. Thus, the inhibition of the efflux pump would be
a promising strategy to alter QS signaling cascade, thereby preventing biofilm formation and virulence.

Several studies have provided evidence to show the link between the physiological function of
efflux pump and biofilm formation. In E. coli and Klebsiella strains, the inhibition of the efflux pump
activity using efflux pump inhibitors (EPIs) reduced biofilm formation [192]. The genetic inactivation
or the chemical inhibition of efflux pump activity resulted in impaired biofilm formation in S. enterica
serovar typhimurium [193]. The effect of efflux pump inhibitors to prevent biofilm formation was also
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demonstrated in P. aeruginosa and S. aureus [105], in which copper nanoparticles work well as EPI
and anti-biofilm agents [104]. In addition, in P. aeruginosa, the MDR efflux pump, MexAM-OPrM was
disrupted by silver nanoparticles [194]. Recently, it was observed that the well-characterized EPI,
Phe-Arg-β-naphthylamide (PAβN) alter the expression of QS molecules and QS-dependent virulence
phenotypes in P. aeruginosa PAO1, as well as in clinical isolates [106]. The application of EPIs not only
helps to reduce the biofilm-forming capacity of bacteria, but also to revive the bactericidal effect of
conventional antibiotics [195].

It has been reported previously that AHLs with long side chains are exported out through the
MexAB-OprM pump in P. aeruginosa [186], and the expression of the pump is modulated by the
intracellular concentration of autoinducer molecules [196]. In addition, we have identified previously
that A. nosocomialis produces AHL with long side chain, N-(3-hydroxy-dodecanoyl)-L-homoserine
lactone (3OH-C12-AHL) as signaling molecules [103], and these AHLs might be actively transported
through the efflux pumps. Thus, it can be postulated that the QS system controls the activity of
the efflux system, contributing to the effective transport of AHLs across the cell membrane, in turn
contributing to virulence and biofilm formation. Further studies in this direction would unravel in
depth the role of the QS system in controlling the activity of these efflux pumps. The MDR efflux
pumps and the regulators modulating them would be potential targets for the development of better
therapeutics for biofilm-based infections.

3. Conclusions

In this review, we discuss the current strategies and future perspectives for developing improved
therapeutics for controlling biofilm-based infections. The various approaches for modulating biofilm
formation on medical devices are addressed in detail, with special emphasis on quorum-quenching
strategies. Significant advances have been made in understanding the role of quorum sensing in biofilm
formation in the past few years. In addition, several studies have shown that multidrug efflux pumps
play a potential role in controlling biofilm formation. However, the fundamental mechanisms by which
the QS systems exert the regulatory functions on biofilm formation are poorly understood. In this
review, we postulate that QS systems regulate the activity of multidrug efflux pumps in transporting
QS molecules across the cell membrane, thereby affecting biofilm formation. We propose that the
transcriptional factors modulating the QS system and/or efflux pumps would be potential targets for
developing QSIs. It is of utmost importance to improve our understanding of the molecular mechanism
by which QS systems regulate biofilm formation and multidrug efflux pumps, as it will eventually be
of help in developing better therapeutics for the treatment of problematic biofilm-related infections.
Furthermore, detailed research is needed to understand the effect of these QSIs on different stages
of biofilm formation and to validate their applicability on humans. Since QSIs do not induce any
antibiotic resistance, they can be of great potential in the future for the treatment of biofilm-based
infections in healthcare settings.
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