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Preface to ”Microbial Biofilms in Healthcare:

Formation, Prevention and Treatment”

An estimated 99% of the world’s bacteria live in close proximity with other bacteria in a biofilm. 
In a biofilm, the bacteria are enclosed in exopolymeric substances (EPS) and are generally attached 
to a surface. The biofilm phenotype and the surrounding EPS increase the tolerance of bacteria to 
desiccation and biocide action, resulting in bacterial persistence on surfaces long after free-swimming 
or planktonic bacteria are killed. In this book, we investigate the role of biofilms in breast and dental 
implant disease and cancer. We include in vitro models for investigating treatment of chronic wounds 
and disinfectant action against Candida sp. Also included are papers on the most recent strategies for 
treating biofilm infection ranging from antibiotics incorporated into bone void fillers to antimicrobial 
peptides and quorum sensing.

Karen Vickery

Special Issue Editor
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Special Issue: Microbial Biofilms in Healthcare:
Formation, Prevention and Treatment

Karen Vickery
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Received: 19 June 2019; Accepted: 21 June 2019; Published: 22 June 2019

Abstract: Biofilms are a structured community of microorganisms that are attached to a surface.
Individual bacteria are embedded in a bacterial-secreted matrix. Biofilms have significantly increased
tolerance to removal by cleaning agents and killing by disinfectants and antibiotics. This special
issue is devoted to diagnosis and treatment of biofilm-related diseases in man. It highlights the
differences between the biofilm and planktonic (single cell) lifestyles and the diseases biofilms cause
from periodontitis to breast implant capsular contracture. Biofilm-specific treatment options are
detailed in experimental and review manuscripts.

Keywords: biofilms; dry surface biofilms; periodontitis; breast implants; Candida auris; calcium
sulphate; antibiotic; topical negative pressure wound therapy; antimicrobial peptides

Introduction

Biofilms are ubiquitous with an estimated 99% of the world’s bacteria living enclosed in a biofilm.
The problems that biofilm cause in industry have been well documented and methods to reduce their
impact have been explored since before the middle of the last century. However, the extent to which
biofilms play a significant detrimental role in chronic disease and implantable medical device failure
has only been acknowledged over the past few decades whilst the role they play in surface and surgical
instrument decontamination failure has only recently been highlighted.

Biofilms are a structured community of microorganisms that are attached to a surface. In healthcare,
environmental biofilms take three forms: traditional hydrated biofilms which form in wet areas such
as showers, water pipes and sinks; biofilms that form on dry surfaces such as benchtops and curtains,
called dry surface biofilms (DSB); and build-up biofilms (BUB) that form on surgical instruments
subjected to cycles of use, decontamination (cleaning and disinfection) and drying during storage.
In addition, biofilm forms in human tissue such as the lung of cystic fibrosis sufferers and in chronic
wounds, and biofilms on implantable medical devices lead to their failure. The importance of biofilms in
healthcare arises due to biofilms’ increased tolerance to biocides and increased tolerance to desiccation
when compared with planktonic organisms of the same species.

Biofilms’ increased tolerance to desiccation means that they can survive dry conditions which
readily kills planktonic bacteria. DSB have been shown to survive over 12 months in a sterile container,
on a bench without any nutrition, and they are particularly tolerant to disinfectants [1,2]. DSB have
been detected on over 90% of dry hospital surfaces in four countries (Australia, Brazil, Saudi Arabia
and the United Kingdom) [1,3–5]. In this special issue, Ledwoch and Maillard investigated the efficacy
of 12 commercial disinfectants and 1000 ppm sodium hypochlorite (recommended as the disinfectant of
choice by Public Health England) against DSB composed of Candida auris [6]. They initially developed
a DSB model of this emerging pathogen and then used this model DSB in a modification of the
ASTM2967-15 Wiperator test to measure decrease in C. auris viability, transfer of C. auris and biofilm
re-growth following treatment. Similar to bacterial DSB, C. auris DSB showed increased tolerance to
common disinfectant agents.

Materials 2019, 12, 2001; doi:10.3390/ma12122001 www.mdpi.com/journal/materials1
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Bacteria can attach to host tissue and any implantable medical device. In this issue, Kamaruzzaman
et al. review the bacterial species that are principally isolated from healthcare associated infection, the
body sites where biofilms cause disease, diagnosis and treatment options [7]. They go on to describe the
mechanisms of antimicrobial tolerance and evasion of host immune response which biofilm exhibits.
Mempin et al. review the surface characteristics of different types of breast implants and how this
affects bacterial attachment [8]. They also describe how biofilm formation on breast implants leads to
capsular contracture and its possible role in the potentiation of breast implant associated Anaplastic
Large Cell Lymphoma (ALCL). Frédéric et al. review the role that oral biofilm plays in periodontitis
and peri-implantitis and the limitations of treatment options [9]. The poor response of chronic wounds
to treatment promoted Tahir et al. to investigate whether physically altering biofilms’ architecture
increased its sensitivity to biocides [10]. They did this by utilizing their topical negative pressure
wound therapy model. In this special issue, other treatment options that were experimentally explored
included Laycock et al.’s work on the efficacy of antibiotic release from calcium sulphate bone void filler
beads [11]. As calcium sulphate is completely biocompatible and absorbed by the body, combining it
with antibiotics and using this combination locally would serve to increase antibiotic release at fracture
sites and reduce the need for high dose systemic use of antibiotics.

In this special issue, three reviews address various antibiofilm treatment strategies. Biofilm
formation and maturation can be stopped by preventing bacterial attachment or by interfering with
bacterial quorum sensing. Once formed, biofilm removal can be induced by use of chemical and
quorum sensing dispersal agents. Beitelshees et al. reviewed biofilm formation and how bacterial
phenotype changes during biofilm development [12]. They relate bacterial phenotype to the anti-biofilm
strategy. Yasir et al. reviewed the major antibiofilm mechanisms of the action of antimicrobial peptides
and how these prevent biofilm formation and disrupt mature biofilms [13]. Subhadra et al. reviewed
the recent advances in preventing biofilm formation and inducing its dispersal by interfering with
quorum sensing [14].

Conflicts of Interest: The author declares no conflict of interest.
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The Effect of Negative Pressure Wound Therapy with
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Abstract: Background: To investigate the effect of negative pressure wound therapy (NPWT)
with and without instillation (NPWTi) on in vitro mature biofilm. Methods: Mature biofilms of
Pseudomonas aeruginosa and Staphylococcus aureus were grown under shear (130 rpm) on polycarbonate
coupons in a CDC biofilm reactor for 3 days. Coupons containing biofilms were placed in a sterile
petri dish and sealed using NPWT or NPWTi. Coupons were exposed to treatment for 24 h with
NPWT alone or with instillation of: Povidone iodine solution (PVP-I) (10% w/v equivalent to 1% w/v
available iodine, BETADINE®, Mundipharma, Singapore), surfactant based antimicrobial solution
with polyhexamethylene biguanide (SBPHMB) (Prontosan®, B Braun Medical, Melsungen, Germany),
Gentamicin 1 μg/mL (GM) (G1264 Sigma-Aldrich Pty Ltd., Castle Hill, Australia) Rifampicin
24 μg/mL (RF) (R3501 Sigma-Aldrich Pty Ltd., Castle Hill, Australia) and NaCl 0.9% (Baxter,
Deerfield, IL, USA). Bacterial cell viability and biofilm architecture pre-and post-treatment were
assessed using colony forming units (cfu), Live/Dead viability staining, confocal laser scanning
microscopy (CLSM) and scanning electron microscopy (SEM). Results: Significant reductions were
obtained in S. aureus biofilm thickness (65%) and mass (47%) when treated with NPWTi as compared
to NPWT only. NPWTi with instillation of SBPHMB, PVP-I and RF achieved between 2 and 8 log10

reductions against S. aureus biofilm (p < 0.05–0.001). Conversely, PVP-I and SBMO achieved a 3.5 log10

reduction against P. aeruginosa (p < 0.05). Conclusions: NPWT alters biofilm architecture by reducing
biofilm thickness and mass, but this does not affect bacterial cell viability. NPWT with instillation of
certain antimicrobials solutions may provide a further synergistic effect in reducing the number of
viable biofilm microorganisms. Our in vitro model may be used for screening the effectiveness of
antimicrobials used under instillation prior to animal or human studies.

Keywords: biofilm; chronic wounds; instillation therapy; in vitro

1. Introduction

The causality of a wound that experiences a delay in healing can be multifactorial and attributed
to factors such as local tissue hypoxia/poor perfusion, repetitive ischemia-reperfusion injury [1],
microbial infection [2], inadequate offloading or compression therapy [3]. Perhaps the most
significant of these factors are the cases where chronic wounds become complicated by pathogenic
microorganisms. These may exist as planktonic rapidly dividing cells that invade host tissues and
induce an acute infection [4]. Conversely, some microorganisms that complicate chronic wounds may

Materials 2018, 11, 811; doi:10.3390/ma11050811 www.mdpi.com/journal/materials5
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alter their phenotype, differing markedly in both their physiology and activity. These microorganisms
are sessile, attach to surfaces or other microorganisms, form aggregates, and regulate the production
of an extracellular polymeric substance (biofilm) [5]. The hallmark features of these microorganisms
are their tolerance to antimicrobials, the host immune responses and environmental stresses.

These wounds are a challenge for any clinician and ensuring their resolution can often involve
a complex array of pathways that may involve surgical or sharp conservative debridement of any
infected non-viable tissue. Even in this scenario the ability for a surgeon/clinician to remove all
non-viable tissue and any microorganisms not visible to the naked eye is likely not possible [6].
Post-surgical debridement wound care is therefore a critical step to ensure a newly ‘acute’ wound
continues through the orderly continuum of repair. To augment this process negative pressure wound
therapy with instillation (NPWTi) and dwell time is an adjunctive treatment modality for selected
complex wounds complicated by invasive infection or extensive biofilm [7,8].

Evidence for NPWT with or without instillation/dwell time on the microbial load of wounds
is limited [9–11] with little data available for its action/s against microbial biofilms [12]. Previously
our group demonstrated that NPWT resulted in a physical disruption to biofilm architecture [13].
This change resulted in a synergism between NPWT and a solid dressing (silver impregnated
foam) eradicating an in vitro biofilm [14]. In this study we aim to test the effectiveness of
NPWT with instillation and dwell time of topical antimicrobial solutions, against 3-day mature
S. aureus and P. aeruginosa biofilms. We hypothesize that NPWT alters biofilm architecture and thus
improves penetration of antimicrobials through the extracellular polymeric substance of biofilm
forming microorganisms.

2. Materials and Methods

2.1. Bacterial Test Strains

Biofilm forming reference strains utilized in vitro were S. aureus (ATCC® 25923™),
(methicillin-sensitive S. aureus (MSSA) and P. aeruginosa (ATCC® 25619™).

2.2. Solutions Used for Instillation Therapy

Details regarding the solutions used, any incorporated antimicrobials and tested concentration
levels, and their respective manufacturers are noted in the Supplementary Materials (Table S1). Briefly,
surfactant based antimicrobial solution with polyhexamethylene biguanide (SBPHMB; Prontosan®,
B Braun Medical, Melsungen, Germany), povidone iodine (PVP-I) antimicrobial solution 10% w/v
equivalent to 1% w/v available iodine (BETADINE®, Mundipharma, Singapore), Saline (NaCl) 0.9%
(Baxter, Deerfield, IL, USA). The systemic antimicrobials tested were, gentamicin (GM) 1 μg/mL and
Rifampicin (RF) 24 μg/mL, both diluted in NaCl 0.9% (Baxter International, Deerfield, IL, USA).

2.3. In Vitro CDC Biofilm Reactor

P. aeruginosa and S. aureus were grown separately under shear (130 rpm) at 35 ◦C on 24 removable
polycarbonate coupons in a CDC biofilm reactor (BioSurface Technologies Corp., Bozeman, MT, USA).
S. aureus biofilm was grown in 15 g/L (50%) tryptone soya broth (TSB) (Sigma Aldrich, St. Louis, MO,
USA) in batch phase for 24 h and then replaced with fresh media 6 g/L (20% TSB) flowing through the
chamber at 80 mL/h for a further 48 h. P. aeruginosa was grown in 600 mg/L (2%) TSB in batch phase
for 24 h and then with fresh media (TSB 2%) flowing through the chamber at 80 mL/h for a further
48 h. Coupons were harvested by washing gently, three times, in phosphate buffered saline (PBS) to
remove loosely attached and planktonic bacteria. The number of bacteria per coupon was 3.52 × 107

and 2.3 × 107 for S. aureus and P. aeruginosa, respectively. Bacterial biofilm was gently scraped off from
the outer side of each coupon using a 12.5% sodium hypochlorite-soaked paper towel, and then again
washed three times in TSB to remove residual chlorine.
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2.4. In Vitro NPWTi Model

The NPWTi utilized in this study was the V.A.C. Ulta negative pressure wound therapy system
(Acelity, San Antonio, TX, USA) incorporating the V.A.C. Veraflo therapy that allows the controlled
instillation of topical solutions. Modifications to the system were necessary due to the tubular shape of
the V.A.C. Veraflo dressing system, in keeping with previously published reports [13].

Five biofilm containing coupons were placed on top of 3% bacteriological agar (Thermo Scientific,
Basingstoke, UK) in a sterile petri dish. The sterile NPWT dressing (V.A.C.® GRANUFOAM™)
were added on top of the coupons until the petri dish was completely full, thus ensuring equal
pressure application to all five biofilm covered coupons. An airtight seal was produced using a sterile
semi-impervious dressing (V.A.C.® dressing system). In order to emulate wound exudate, coupons
were bathed with TSB (30 g/L) at a flow rate of 40 mL/h via an inflow channel [15,16]. Excess fluid
was drained via a gravity drainage tube, situated on the opposite side from the nutrition in-flow, for
chambers not subjected to NPWT and via a centrally placed V.A.C.® Veralink Cassette for chambers
subjected to NPWT (Figure 1).

 
(a) 

 
(b) 

 
(c) 

Figure 1. (a) Schematic presentation of modified wound model with polycarbonate coupons (green).
(b) New wound model with Veraflo dressing system. (c) Experimental setup of instillation + V.A.C.
therapy. Green circles represent biofilm coated polycarbonate coupons.
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Five coupons for each test antimicrobial solution were exposed to the following treatment
variables: (i) control with no treatment; (ii) NPWT alone with no instillation; (iii) instillation of
antimicrobial plus continuous NPWT at 125 mmHg (except during the 20 min instillation treatment
periods); and (iv) instillation of antimicrobial solution with no NPWT. The instillation cycles were as
follows: instillation every 6 h with 35 mL of saline or test antimicrobial with a 20 min dwell time in a
24 h time period. Instillation with TSB was then continued for another 6 h before harvesting.

2.5. Bacterial Viability cfu/log10

At the end of each treatment period, the numbers of residual bacterial colony forming units (cfu)
per coupon were tested in triplicate by sonication in an ultrasonic bath (Soniclean, Stepney, Australia)
for 10 min with a sweeping frequency of 42–47 kH at 20 ◦C.

Coupons were then vortexed for two min in 2 mL of PBS followed by sequential 10-fold dilution
and plate count. Pre- and post-exposure average cfu/coupon was expressed as log10.

2.6. Confocal Laser Scanning Microscopy

Bacterial cell viability pre- and post-exposure was also assessed using BacLight™ (Live/Dead
Bacterial Viability Kit, 7012, Molecular Probes, Invitrogen, Carlsbad, CA, USA) in conjunction with
confocal laser scanning microscopy (CLSM) (Olympus FluoView™ FV1000, Tokyo, Japan). Following
staining, coupons were fixed with 4% paraformaldehyde for 1 h and washed thrice with PBS for
10 min. 2D images were obtained within 24–48 h of staining. 3D images were obtained from three
separate areas per coupon. Images were built with 0.2 μm optical sections and analyzed for average
thickness, biofilm mass and percentage of viable cells, using the IMARIS 7.7.2 software (Bitplane,
Zurich, Switzerland) and ImageJ program (scriptable Java application for scientific image processing).
A 63× water immersion objective lens was used to capture images with reduced background noise at
10×, 20× and 40× magnifications. To minimize image artefacts these dual labelled (Syto-9 and
propidium iodide) samples were sequentially scanned at 488 nm fluorescence excitation (green
emission) and then at 543 nm (red emission) collected in the green and red regions, respectively.
Line averaging (×2) was used to capture images with reduced noise.

Biofilm architecture was analyzed using IMARIS (Bitplane AG, Zurich, Switzerland) software
to quantify 3-D CLSM images by: (1) Average thickness is the distance (μm) between the top of a
biofilm and the substratum on which the biofilm resides. It provides a measure of the spatial size of
biofilm; (2) Average biofilm biomass (μm3), is defined as the volume of bacterial cells below μm2 area.
The value excludes the non-cellular components (e.g., EPS and water channels) of biofilm volume.

2.7. Scanning Electron Microscopy

For SEM, one coupon each from selected antimicrobial treatment were fixed in 3% glutaraldehyde,
dehydrated through serial dilutions of ethanol and then immersed in hexamethyldisilazane
(Polysciences Inc., Warrington, FL, USA) for 10 min before being aspirated dry and air dried for
at least 48 h. Coupons were then mounted on specimen stubs, gold coated and examined at low and
high magnifications (JOEL 6480LA SEM, Tokyo, Japan).

Statistical Analysis

Statistical analysis on cfu data was performed using the Sigma Plot 11 statistical program
(Scientific Graphing Software: SigmaPlot® Version 11 by Systat Software, Inc., San Jose, CA, USA).
Pre and post bacterial viability between treatment groups were analyzed by performing one-way
analysis of variance (ANOVA). For non-normally distributed data a Kruskal-Wallis one-way analysis
of variance on ranks was performed, and if significant, the Tukey test for all pair wise multiple
comparisons were conducted to determine which treatment groups were significantly different from
each other.
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3. Results

All experiments were conducted over a 24 h test period. Control coupons of S. aureus and
P. aeruginosa receiving no treatment increased in the number of biofilm bacteria from a starting cfu of
7.4 log10 cfu/coupon to 8.3 log10 cfu/coupon (0.9 log10 cfu/coupon increase, p = 1.0). The effects of
NPWT, NPWTi and instillation alone on bacterial viability after 24 h are reported.

3.1. NPWT on Bacterial Viability cfu/log10

NPWT had little effect on S. aureus biofilms demonstrating a 1.2 log10 cfu/coupon reduction
(control no treatment = 7.4 log10 cfu/coupon vs. NPWT = 6.2 log10 cfu/coupon p > 1.0) while
numbers increased in the case of P. aeruginosa by 0.7 log10 cfu/coupon (control no treatment = 7.4 log10

cfu/coupon vs. NPWT = 8.1 log10 cfu/coupon p > 1.0).

3.2. Instillation Alone vs. NPWTi on Bacterial Viability cfu/log10

Bacterial viability of S. aureus and P. aeruginosa following Instillation or NPWTi are reported in
Figures 2 and 3 and Table S2. Instillation with NaCl or PVP-I 1/10 demonstrated an equal reduction in
S. aureus biofilms (0.8 log10 cfu/coupon, p = 0.2). When challenged against P. aeruginosa biofilms, NaCl
reduced cfu by 0.6 log10 per coupon and PVP-I reduced cfu by 1.6 log10 per coupon (p = 0.1). SBPHMB
was highly effective in reducing both S. aureus (5.6 log10 cfu/coupon p < 0.001) and P. aeruginosa
biofilms (5.4 log10 cfu/coupon p = 0.01). RF achieved a 1.7 log10 cfu/coupon reduction against S. aureus
(p = 0.09) and GM achieved a 1.22 log reduction cfu/coupon against P. aeruginosa (p = 0.1).

Figure 2. Mean log10 reduction of colony forming units (cfu) of S. aureus remaining on coupons
following treatment with instillation alone or negative pressure wound therapy with instillation
(NPWTi). Statistically significant from controls is shown by *, p value < 0.001 = (***), p value < 0.01 = (**),
p value < 0.05 = (*).
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Figure 3. Mean log10 reduction of cfu of P. aeruginosa remaining on coupons following treatment with
(n = 5) and without (n = 5) application of topical negative pressure. Statistically significant from controls
is shown by p value < 0.01 = (**).

NPWTi demonstrated significant increases in effectiveness against both S. aureus and P. aeruginosa
when compared to instillation alone. When challenged against S. aureus, NPWTi using NaCl
demonstrated a 1.4 log10 cfu/coupon reduction, (p = 0.1), PVP-I a 3.4 log10 cfu/coupon reduction
(p = 0.05), SBPHMB an 8.3 log10 cfu/coupon reduction (p = 0.001) and RF a 2.1 log10 cfu/coupon
reduction (p = 0.05). For P. aeruginosa, NPWTi using NaCl demonstrated a 0.4 log10 cfu/coupon
(p = 0.1), PVP-I a 1.3 log10 cfu/coupon reduction (p = 0.2), SBPHMB a 7.3 log10 cfu/coupon reduction
(p < 0.0001) and GM a 4.1 log10 cfu/coupon reduction (p = 0.01).

3.3. Microscopy

Given that SBPHMB demonstrated a greater efficacy than all other antimicrobials used in our
biofilm models, we explored this agent in greater detail using both SEM and confocal microscopy
with LIVE/DEAD stain. SEM images of S. aureus and P. aeruginosa biofilms from coupons undergoing
instillation only with SBPHMB or NPWTi using SBPHMB are depicted in Figure 4. Minimal changes
in biofilm structure of S. aureus and P. aeruginosa are noted in the SEM images (Figure 4a,c) following
instillation of SBPHMB for 24 h. SEM identified dense coccoid and rod shaped microbial aggregates,
respectively, embedded in a thick continuous EPS. Therefore, post-treatment with instillation only was
ineffective. In contrast, SEM images of NPWTi using SBPHMB treated coupons showed significant
reductions in biofilm EPS and in the number of microbial aggregates (Figure 4b,d). This was particularly
evident for S. aureus biofilms, which demonstrated complete eradication of cocci aggregates and
extracellular polymeric substance (EPS) (Figure 4b).
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(a) (b) 

  
(c) (d) 

Figure 4. (a) SEM images of S. aureus biofilm coupon using SBPHMB/Instillation only for 24-h identifies
dense coccoid bacteria embedded in EPS after treatment; (b) demonstrates an overall reduction in
S. aureus biofilm after 24-h treatment with NPWTi using SBPHMB; (c) illustrates P. aeruginosa biofilm
coupon using SPHMB/Instillation only for 24-h; (d) after 24-h treatment with NPWTi using SBPHMB.
Arrows indicate biofilm aggregates.

Bacterial cell viability pre- and post-exposure of NPWTi with SBPHMB were analyzed using
LIVE/DEAD stain with CLSM. This identified up to 97% reduction in live cells while live cells reduced
by 3% in NPWT only treated S. aureus biofilm (Figure 5). The effects of NPWT with or without
instillation on biofilm thickness and biomass are noted in Figures 6 and 7. Control coupons receiving
no treatment had an average biofilm thickness of 57 μm and an average biomass of 1,264,111 μm3.
Coupons with S. aureus biofilms treated with NPWT alone had average thickness of 41 μm and biomass
of 1,081,458 μm3. In comparison, coupons with S. aureus biofilms treated with NPWTi SBPHMB
experienced a 65% reduction in biofilm thickness (pre-treatment biofilm thickness = 57 μm versus
post-treatment biofilm thickness = 19.8 μm, p < 0.0003), and a 48% reduction in total biofilm biomass
(pre-treatment biofilm biomass = 1,264,111 μm3 versus post-treatment biofilm biomass = 770,968 μm3,
p = 0.05).
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(a) 

 
(b) 

Figure 5. CLSM (30 μm) images of S. aureus biofilm with LIVE/DEAD® BacLight™ Bacterial Viability
Kit, (a) pre-treatment with NPWTi using SBPHMB and (b) post-treatment with NPWTi using SBPHMB.
Live bacteria are stained green and dead bacteria are stained red.

  
(a) (b) 

Figure 6. Demonstrates >60% reduction in S. aureus biofilm thickness (a) and >45% reduction in
S. aureus biofilm biomass (b). S. aureus biofilm biomass pre-treatment NPWTi using SBPHMB.
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Figure 7. Demonstrates a 97% reduction in S. aureus biomass of live/dead cells after NPWTi
using SBPHMB.

4. Discussion

NPWTi is reported to improve wound healing over NPWT alone, by enhancing autolytic and
mechanical debridement and reducing the microbial load [17]. However there has been limited
information detailing the increased efficacy of NPWTi over standard negative pressure with respect to
microbial biofilms. The outcomes of this study confirm our previous work [13] and clearly demonstrate
that NPWT alters in vitro biofilm architecture, reduces biofilm thickness and biomass, and decreases
the diffusion distances for the penetration of antimicrobials through biofilms. We suggest that this
action likely creates a synergy with antimicrobial solutions used under NPWTi (some antimicrobials
have higher efficacy than others).

Given there has been a tremendous surge in research exploring anti-biofilm strategies for use
in healthcare associated chronic infections, various agents have been explored that have included
peptides, antiseptics, oral and topical antimicrobials. The methods of delivering these treatments have
also varied and have included coatings, drug eluting, wound gels, nanoparticles, irrigations, and
solutions. To complicate the picture, various methodologies to quantify outcomes measures have been
used both in vitro and in animal models, and this lack of standardization makes comparing the results
of different studies difficult [18]. The in vitro model utilized in this study is standardized, reproducible
and easy-to-use. Furthermore this in vitro model offers a useful screening tool to identify potential
antimicrobial solutions with greater efficacy against microbial biofilms when used under NPWTi, prior
to undertaking animal or human studies.

These studies are often more complex requiring both a skilled laboratory/research group in
addition to being costly. This has likely contributed to the limited studies to date (either in vitro or
animal models), which have explored NPWTi using saline solutions or antimicrobial solutions against
mature biofilms. Singh et al. [19] used an in vivo animal model to demonstrate the role of NPWT
with antimicrobial instillation (Prontosan®, B Braun Medical, Melsungen, Germany) against clearance
of infection and biofilm formation of infected spinal implants compared to traditional treatment
modalities. A biofilm-forming methicillin-resistant S. aureus strain was grown for seven days in vivo,
on implanted titanium rods that were then subjected to either wet to dry dressings (control arm) or
NPWTi for a further seven days. The mean bacterial loads and presence of biofilm were lower in
pigs receiving NPWTi (the experimental group was 6647 cfus/mL and 13,303 cfus/mL in the control
group and SEM revealed the presence of uniform biofilm formation across the surface of control group
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instrumentation, the experimental group was positive for biofilm formation but with many skipped
areas with no biofilm).

In another porcine skin explant model using NPWTi of various antimicrobial solutions,
Phillips et al. [12] identified that SBPHMB and PVP-I reduced 3-day mature biofilms of P. aeruginosa
by 4 log10 and 5 log10 respectively. In concluding, the authors hypothesize the potential synergy
experienced was due to macrodistortion/microdistortion forces produced by negative pressure therapy,
altering the biofilm EPS matrix structure sufficiently to enhance the penetration of the antimicrobial
agents into the biofilm.

This can be clearly demonstrated by our confocal microscopy and in previous work by our
group [13], which illustrates changes to biofilm architecture under negative pressure. We illustrate
that NPWT significantly reduced biofilm thickness but has no effect on biomass which is concordance
with viability results showing no reduction in bacterial numbers. In other words, the NPWT physically
disrupts biofilm architecture by compressing it but does not kill the bacteria. In comparison, NPWTi
significantly reduced both S. aureus biofilm thickness (reduced by 65%) and total biofilm mass (reduced
by 48%), which was mirrored by a significant reduction in cell viability. This suggests a potential
synergism between NPWT and the antimicrobial solution. The study results reflect that the synergism
between antimicrobials and NPWT seems dependent upon bacterial species in addition to the type of
antimicrobial used. For example, at the concentrations used for Rifampicin during instillation only,
there was little to no effect on S. aureus biofilms even when RF was used under NPWTi.

5. Conclusions

With regards to wound care products in general, the majority of data on anti-biofilm strategies
have been undertaken in vitro. This represents a challenge for clinicians where in vitro data may be
based on laboratory methods that lack both standardized approaches and clinical relevance. The
results obtained from in vitro testing which identify an effective wound care product, may therefore
not translate into the same efficacy or outcomes when used clinically in vivo. Our in vitro model
allows the simple and effective screening of antimicrobial solutions that may be used by clinicians as
part of NPWTi therapy. However, the in vitro data generated from this model are a necessary precursor
to further testing in more clinically relevant scenarios (that are often significantly more expensive)
such as animal models or human studies, where results can be correlated.

Supplementary Materials: The following are available online at http://www.mdpi.com/1996-1944/11/5/811/s1,
Table S1: Biocide clinical concentration and concentration used for in vitro wound model efficacy testing. Betadine
and Prontosan concentration expressed as dilution of commercially available product. Table S2: Mean number of
S. aureus and P. aeruginosa remaining on no treatment coupons and treatment coupons following four instillations
of saline or biocide in 24 h with and without application of NPWT. Controls for S. aureus is 4.23 × 107 and
for P. aeruginosa is 2.3 × 107. Number of samples, n = 5. Statistically significant from controls is shown by *,
p value < 0.001 = (***), p value < 0.01 = (**), p value < 0.05 = (*).
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Abstract: Despite many discoveries over the past 20 years regarding the etio-pathogenesis of
periodontal and peri-implant diseases, as well as significant advances in our understanding of
microbial biofilms, the incidence of these pathologies still continues to rise. This review presents
a general overview of the main protagonists and phenomena involved in oral health and disease.
A special emphasis on the role of certain keystone pathogens in periodontitis and peri-implantitis
is underlined. Their capacity to bring a dysregulation of the homeostasis with their host and the
microbial biofilm lifestyle are also discussed. Finally, the current treatment principles of periodontitis
and peri-implantitis are presented and their limits exposed. This leads to realize that new strategies
must be developed and studied to overcome the shortcomings of existing approaches.

Keywords: periodontitis; peri-implantitis; biofilms; oral bacteria

1. Introduction

1.1. Microbes and Their Human Hosts

Humans are usually colonized from birth by many microbes that usually live in harmony with
their host as commensal or symbiotic communities [1]. Among these, bacteria live in or on the human
body, on mucosal surfaces or on the skin, and contribute in many ways to the host’s life [2]. Indeed,
in the healthy state, the commensal microbiota plays a protective role, like an invisible shield, against
exogenous pathogens. Microbes also participate in food digestion, contribute to the synthesis of
certain vitamins, and can educate our immune system [2,3]. It is estimated that the number of bacteria
covering the human body is ten times greater than that of the eukaryotic cells of which we are
composed [2,4]. Humans have, most likely, co-evolved with these microbes that have provided us with
genetic and metabolic attributes [5]. Consequently, they are defined as “metaorganisms” [3]. Most of the
microorganisms in humans are located in the gastrointestinal tract, where their concentration reaches
its highest level in the colon with approximately 1011–1012 cells/mL [6]. In fact, these indigenous
microbes are usually essential in maintaining a healthy state, contrary to what was previously believed.

1.2. The Oral Microbiome

At the entrance of the upper digestive tract is the oral cavity (mouth), which is a very complex
ecosystem that can harbor more than 150 different species of bacteria in one individual [7], as well as
other types of microbes including archaea, fungi, protozoa and viruses [8]. More than 700 bacterial
species have been isolated and identified from oral samples. They normally act as symbiotic
communities with the host [9] but are also able to initiate a number of diseases in certain situations.
The difference between a commensal and a symbiotic microbiota is subtle but important to clarify.
The term commensal refers to partners that can live together but have no obvious mutual benefits [1].
A symbiosis is more than that; it is a relationship where both individuals (host and microbes) live in
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harmony and co-dependently. It is a real cooperation, a host–microbe mutualism [5]. For instance,
periodontal pockets provide an ideal habitat for anaerobic proteolytic bacteria to grow, with anaerobic
conditions and nutrients like peptides secreted in the gingival crevicular fluid [10]. Conversely, humans
can also take advantage of the presence of oral microbes in various ways. First, commensals act as
a natural barrier against exogenous or opportunistic pathogens. This barrier of resistance towards
colonization is well illustrated when oral candidiasis develops after an antibiotic regimen [11]. Another
example is the capability of the oral microbiota to metabolize inorganic nitrate from green vegetables,
which is beneficial to the human body. Oral bacteria reduce inorganic nitrate into nitrite, which is
then absorbed in the stomach before entering the blood stream [12]. There, it is transformed into
nitric oxide, which is antihypertensive and vasoprotective [13]. Bacterial nitrite production by oral
nitrate-reducing bacteria has also been shown to have antimicrobial effects against acidogenic bacteria
such as Streptococcus mutans and to consequently reduce bacterial acid production and contribute to
caries prevention [14]. These examples illustrate the mutual benefits between oral microbes and their
human host.

Approximately 60% of the bacterial species that inhabit the oral cavity are not cultivable [15].
Culture-independent methods developed in the last two decades, such as checkerboard DNA–DNA
hybridization or 16S rRNA gene sequencing, have provided considerable additional knowledge on the
nature of the microbiotas associated with oral health and disease [16,17]. In the mouth, various types of
tissues, growth conditions and nutrients are encountered in the development of different communities.
Indeed, some bacteria are much more prevalent in some environments of the oral cavity than in others
because they find ideal conditions to survive. For instance, the microbiota of the saliva resembles that
of the tongue and differs significantly from that present on teeth and root surfaces [18,19]. Microbial
community differences also occur between different people, even in health [15].

At present, the oral microbiota is one of the best-characterized microbiotas in humans because
saliva and biofilms are easily harvested from oral surfaces. Its analysis is important for our
understanding of its role in the development and pathogenesis of infectious oral diseases. It has
been studied in various sites and conditions, such as around teeth or oral implants, and significant
differences in its constitution have been demonstrated between health and disease states [15,17,20–24].
The principal findings of these studies showed that archaea, a group of single-celled microorganisms,
were restricted to a small number of methanogen species, whereas more than 700 oral bacterial species
belonging to different phyla (Actinobacteria, Bacteroidetes, Firmicutes, Proteobacteria, Spirochaetes,
Synergistetes and Tenericutes and the uncultured divisions GN02, SR1 and TM7) were observed [8].

1.3. Oral Microbial-Shift Diseases

Oral health is linked to the equilibrium between the host and its commensal microbiota.
Qualitative and/or quantitative shifts of the oral microbiome can lead to dysbiosis, an imbalance
that is responsible for the development of microbe-related pathologies [25]. For instance, various
oral diseases like periodontitis and peri-implantitis are strongly associated with dysbiotic microbial
communities [26]. Some studies also reported a more relative but interesting association between
some oral bacteria and a priori non-infectious disease like oral cancer. Hence, Porphyromonas gingivalis
and Fusobacterium nucleatum have potential antigens like FimA and FadA adhesins that could lead to
the development and progression of carcinomas (epithelial cell cancers) [27]. Additionally, a clinical
study revealed an association between inadequate dental hygiene and an increased risk of oral cancer,
especially in heavy alcohol consumers [28]. The authors of that report proposed that the risk could be
related to the production of acetaldehyde; indeed, oral bacteria in saliva can metabolize ethanol into
acetaldehyde, a known carcinogen. Furthermore, non-oral infections such as endocarditis, brain or
lung abscesses, hip arthroplasty infections, and septicemias have also been correlated to oral bacteria
that can access the blood stream through untreated caries lesions or via the periodontal/peri-implant
pockets [29]. Finally, several systemic conditions like diabetes, preterm birth and cardiovascular
diseases have been associated with periodontal disease and their microbiota in epidemiological
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studies [30–32]. Many human diseases are thus caused or influenced, directly or indirectly, by the oral
microbiome. The present article will focus on two important infectious oral diseases: periodontal and
peri-implant diseases.

2. Periodontal and Peri-Implant Diseases

2.1. Definition

Periodontitis and peri-implantitis are two major oral diseases that we have to deal with in
periodontal practice. They are polymicrobial inflammatory diseases that lead to the destruction of the
tissue supporting the tooth/implant. Without treatment, they result in tooth/implant loss.

2.2. Epidemiology

Periodontitis is one of the most frequent infections in humans and is often recognized as the
leading cause of tooth loss in adults [25]. It can lead to oral and potentially systemic disabilities.
Recent epidemiological data from the Global Burden of Disease (GBD) 2010 study suggest that
periodontitis is the sixth-most prevalent condition in the world [33]. Its frequency has increased
slightly since 1990 and ranges between 10.5% and 12% of the population, depending on the region [34].
Additional information from the National Health and Nutrition Survey (NHANES) 2009–2010 presents
the periodontal health status of adults in the U.S.; nearly 4000 patients (aged >30 years) were examined,
and periodontitis was observed in more than 47% of the sample [35]. More precisely, 8.7%, 30.0%
and 8.5% had mild, moderate and severe periodontitis, respectively. The prevalence was significantly
higher in older participants (periodontitis was present in around 25% of young adults versus 70% of
patients older than 65 years).

The epidemiology of peri-implantitis, a biological complication of oral implants, is less well
studied compared to that of periodontal diseases because of the relatively recent development of
this disease. Two important Swedish cross-sectional studies of 662 and 216 subjects evaluated the
prevalence of peri-implantitis on Brånemark System® implants with a documented function time of
at least 5 years. The recorded values of peri-implantitis were 28% and 16% for the studied patients,
and 12% and 7% at the implant level, respectively [36,37]. However, it was stated at the sixth European
Workshop on Periodontology, organized by the European Federation of Periodontology in 2008, that
very few epidemiological data of peri-implant diseases were available and that research should be
conducted in a way that establishes accurate estimations of the disease and associated risk factors [38].
Since then, several studies have evaluated the prevalence and incidence of peri-implantitis in various
populations, implant systems and clinical situations [39–45]. The values varied widely between the
studies, from 9% to 47% at the patient level. These differences were partly due to the definition of
peri-implantitis, which differed between the studies, and to the mean function time of the implants.
The incidence of peri-implantitis tended to increase in patients without supportive therapy [46] and
with time of function [42]. A recent systematic review, which evaluated the current epidemiology
of peri-implant diseases, retained only 15 articles reporting on the topic and meeting the inclusion
criteria [47]. In that review, no limits on function time were applied but at least 100 patients had to
be included and subject-level data had to be reported for the study to be eligible. Weighted mean
prevalence of mucositis and peri-implantitis at the patient level was 43% and 22%, respectively.
Although the first consequence of these biological complications is implant loss, the systemic effects of
such infections are still unknown.

2.3. Etiology

An emerging concept is the strong association between oral dysbiosis and oral disease [48]. In the
healthy mouth, teeth are surrounded by the periodontium. This entity represents the tooth-supporting
tissues and is composed of five elements: the gingiva, the alveolar mucosa, the alveolar bone,
the periodontal ligament and the cementum (Figure 1). Each of these components is essential for
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maintaining the proper attachment and function of the teeth. All the structures found in the mouth
(including teeth and implants) are permanently soaked in saliva containing billions of microorganisms
(bacteria, viruses, archaea, protozoa, fungi; 108 cells/mL) [49]. In the healthy mouth, conditions
are appropriate for these microbes, which live in harmony with the host and participate in many
physiological reactions. Using various saliva proteins, they can adhere to biotic and abiotic surfaces,
and form oral biofilms. On mucosal surfaces, the shedding mechanism occurring during oral epithelial
turnover is a natural effective means of reducing microbial adhesion. But this protective phenomenon
does not occur on tooth or implant surfaces, where the dental biofilm can accumulate in the
periodontal/peri-implant crevice and stay in contact with the gingival epithelium (Figure 1).

 

Figure 1. Periodontal/peri-implant tissues in health and disease. In the diseased state, the dysbiotic oral
biofilm (yellow) that accumulates on the tooth/implant surface is responsible for the destruction
of the supporting tissues through unresolved inflammation. This leads to the formation of
periodontal/peri-implant pockets.

In susceptible patients, if dysbiotic, these sticky microbial communities elicit an inflammatory
host response that can damage the surrounding tissues including the alveolar bone. The precise
pathogenic pathways that lead to tissue destruction are still poorly understood but research conducted
during the past decade has provided significant insight into this old enigma [25,50]. For example,
the dysbiotic oral microbiota involved in these pathologies can induce direct tissue destruction through
proteolytic enzymes. Additionally, the periodontal/peri-implant tissues will be damaged because of
a non-resolving innate and acquired immunity response [25].

The microbial etiology of periodontal disease was first proposed in the late 1800s, when the
germ theory changed the world’s understanding of disease. However, specific pathogens remained
elusive at this time, which led in the mid-1920s–1930s to the suggestion of other causes like trauma or
disuse atrophy. Then, in the late 1950s, when it was observed that gingival inflammation resolved after
routine cleaning and dental plaque removal, the belief returned that microbes were non-specifically
involved in the etiology of periodontal disease: the so-called “non-specific plaque hypothesis” [51].
This theory placed importance on the entire community as a causative entity, rather than potential
specific periodontal pathogens. Later, in the 1970s and 1980s, detailed cultural studies characterized
dental plaque bacterial composition and revealed significant differences between healthy mouths
and those with periodontitis [52]. This led to the “specific plaque hypothesis”, in which the disease
was strongly believed to be associated with the presence of certain pathogenic microorganisms [53]
because these species were not (or were hardly) detectable by culture in healthy subjects. Considerable
research efforts were then engaged to identify pathogens responsible for periodontal disease,
and molecular technologies allowed the manufacturing of DNA probes. In 1998, a landmark study
was performed in 185 volunteers (25 healthy; 160 with periodontitis) using whole genomic probes
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and the DNA–DNA checkerboard hybridization technique [16]. The researchers collected 13,261
subgingival plaque samples and identified three major pathogenic bacteria that were very often
encountered together and strongly associated with severe periodontitis. These bacteria, namely
Porphyromonas gingivalis, Tannerella forsythia and Treponema denticola, were called the “red complex”
bacteria and accepted as strong etiological agents of periodontal disease. However, although these
periopathogens were identified as potential causative agents of periodontitis at this time using
microarray techniques, data collected since the early 2000s, during a period that saw enormous
advances in microbiome characterization—first with Sanger sequencing and then with next generation
sequencing—demonstrated that the situation is much more complex than that. Indeed, many works
during the past 15 years have focused on the precise characterization of microbial profiles associated
with oral health, and periodontal and peri-implant diseases using these novel technologies that
sequence the bacterial 16s rRNA gene for microbial identification [15,17,21,23,24,54]. New information
came out of these studies: first, the well-known microorganisms of the red complex could be found
in sites and subjects in the absence of disease; second, new potential periopathogens emerged, some
of which were not necessarily Gram-negative (Filifactor alocis, Peptostreptococcus spp.). These new
candidates also outnumber the classical red complex species in the diseased sites but their pathogenic
properties remain to be discovered [55].

The current model of periodontal/peri-implant disease, the “polymicrobial synergy and dysbiosis”
model, tries to integrate the numerous theories from the past. It is based on the hypothesis that disease is
provoked by a dysbiotic community shaped progressively by the introduction (even at low abundance)
of keystone pathogens like Porphyromonas gingivalis [56]. In some clinical situations (physical disruption
of the epithelium, antibiotic regimen, pathogen infection, host genetic defects, bacterial gene
modification, tobacco smoking), these kinds of pathogens could colonize and develop into the
commensal community by immune subversion, and then influence the whole symbiotic microbiota
to become more pathogenic and initiate disease [20,48]. The microbiota is then progressively shaped
by environmental changes into a more inflammophilic community composed of large proportions of
pathobionts capable of maintaining dysbiosis and subsequent disease [57–59]. This model combines the
previous “polymicrobial disruption of homeostasis” [25] and the “keystone pathogen hypothesis” [60].
According to this model, the key pathogens do not directly cause disease (as specific pathogens),
but manipulate, through bacterial communication, the commensal microbiota that globally changes its
metabolic activities to increase its pathogenicity.

2.4. Microbial Ecology of Dental Plaque

Saliva contains thousands of free-floating bacteria per milliliter that progressively deposit and
adhere to dental/implant surfaces, first by non-specific physicochemical means and then by specific
interactions with surface-adsorbed saliva proteins. The initial colonizers of early dental plaque in
the first few days are essentially composed of Gram-positive bacteria, mostly cocci. The population
then becomes increasingly complex, shifting progressively to a largely Gram-negative community
with the appearance of rods, filamentous organisms, vibrios and spirochetes [61]. This maturation of
undisturbed dental plaque is very important because it is associated with the clinical development
of gingival and peri-implant mucosal inflammation [62,63]. This microbial succession is mediated by
coaggregation between different bacterial species that corresponds to intergeneric specific cell-to-cell
recognition via surface adhesins and receptors (Figure 2) [64].
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Figure 2. Intergeneric coaggregation among oral bacteria [64].

Later, in more advanced disease states such as periodontitis, the diversity of the periodontal
microbiota increases further. It is composed supragingivally of a dense filament-containing plaque and
subgingivally of flagellated bacteria, spirochetes and small Gram-negative bacteria [65]. More recent
studies analyzing the initial composition of early dental plaque have confirmed, with molecular
techniques, that most of the early colonizers were Gram-positive and belonged to the genera
Streptococcus spp. and Actinomyces. Some Gram-negative genera, like Neisseria (aerobes) or Veillonella
(anaerobes), were also observed [66,67]. Nevertheless, these culture-independent methods have
demonstrated that even in healthy situations and in early dental plaque, some periopathogens like
those of the red complex or Aggregatibacter actinomycetemcomitans could be found. This was also the
case in the pockets of newly abutment-connected dental implants [68]. Surprisingly, these studies
highlighted real differences in the microbial profiles of the participants, demonstrating a significant
subject-specificity of the initial dental plaque biofilm.

After a few days, the accumulation of dental plaque biofilms in the periodontal or peri-implant
sulcus induces clinical signs of inflammation, including increases in probing pocket depths, gingival
index and gingival crevicular fluid (GCF) flow [62,63]. Thus, the early colonizers, mainly Gram-positive
aerobes composed of Streptococcus spp. and Actinomyces spp., influence the local environment, which,
in turn, becomes suitable for secondary colonizers such as Fusobacterium nucleatum. This bacterium
acts as a “bridging species”. Indeed, through coaggregation, it allows the adhesion of late colonizers
and periopathogens like Porphyromonas gingivalis [10,64]. This succession during the colonization
of the periodontal/peri-implant crevice shows how the accumulation of commensal bacteria can
induce (if important and undisturbed) a change in the local habitat (↑pH, ↑GCF, ↓Eh (Redox potential),
↓O2) that allows periopathogens to colonize the periodontal/peri-implant crevice. This shift from
a symbiotic microbial community to a more complex and aggressive microbiota is a risk predisposing
the site to disease. This sequence is in accordance with what has been called the “ecological plaque
hypothesis” of periodontal disease (Figure 3) [69].
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Figure 3. The ecological plaque hypothesis (Adapted from [69]).

It is now well accepted that dental biofilms play a key role in the initiation and progression of
periodontal and peri-implant diseases. However, the precise mechanisms leading to homeostasis
disruption and the detailed pathways of pathogenesis are still unclear.

2.5. Pathogenesis of Periodontal and Peri-Implant Diseases

Although the etiology of periodontal and peri-implant diseases is bacterial, and some
well-characterized pathogens display destructive virulence factors, the pathogenesis of periodontitis
and peri-implantitis is essentially mediated by the host response [70]. Certain advances in the past
15 years instilled a new appreciation of pathogenesis. Indeed, it has been demonstrated that even in
health, the periodontal or peri-implant tissues that are in close contact with the dental biofilm show an
active immune response, which is physiological. This low-grade inflammation is complex and involves
both innate and acquired immunity as well as the complement system, the major link between the
two arms of the immune system [71,72]. Dysregulation in the production of inflammatory mediators
in response to the dysbiotic microbial challenge leads to the production of toxic products by the host
cells. When produced in excess, these toxic products are responsible for tissue destruction around
teeth and oral implants [70]. Additionally, the identification of Toll-like receptors (TLRs) highlighted
how both commensal and pathogenic bacteria can initiate innate immune responses [73,74]. Finally,
the discovery that most bacteria live in biofilms as tenacious multicellular communities has been
important for our understanding of how microorganisms could resist the host immune response
and even some conventional anti-infective approaches [25]. Figure 4 illustrates the pathogenesis of
periodontal and peri-implant diseases.
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Figure 4. Schematic of the pathogenesis of periodontal and peri-implant diseases (PMNs:
polymorphonuclear neutrophils; MMPs: matrix metalloproteinases; LPS: lipopolysaccharides).
(Adapted from [75]).

To cope with constant contact with microorganisms and their virulence factors in the periodontal
and peri-implant pockets, the host orchestrates the expression of defense mediators. First, direct
recognition of bacteria (or virulence factors) by resident cells occurs through interaction between the
TLR and bacteria, and this mediates the production of chemokines. Thereafter, intercellular adhesion
molecules and E-selectin are produced at the surface of local endothelial cells. These molecules
initiate the transit of polymorphonuclear neutrophils (PMNs) from the gingival vessels to the
junctional epithelium, where they act as the first line of defense in the periodontium and peri-implant
mucosae. This migration is guided by a gradient of interleukin (IL)-8, a cytokine produced in
abundance by gingival epithelial cells [76]. PMNs are essential in maintaining periodontal health,
as individuals with congenital diseases characterized by a deficiency of PMNs, such as leukocyte
adhesion deficiencies or neutropenia, systematically develop periodontal diseases [77]. To eliminate
aggressive pathobionts, PMNs employ various antimicrobial strategies, including phagocytosis,
reactive oxygen species production and intra- or extracellular degranulation of specific enzymes [78].
In addition to IL-8, the host also expresses other mediators that contribute to innate immunity and
that are encountered in the gingival or junctional epithelia. Of these innate molecules, β-defensins,
CD14 and lipopolysaccharide-binding protein play a role in the neutralization of oral pathogens as
well as TLRs [74] and neutrophil extracellular traps (NETs) [79]. TLRs are host-cell receptors that
recognize commensal and pathogenic microbes and launch immune reaction pathways to defend the
host against microbial invasion. NETs form a web-like structure of decondensed nuclear chromatin
or mitochondrial DNA that is released in the extracellular spaces by PMNs and is associated with an
array of antimicrobial molecules, including peptides. Their aim is to eliminate invading periodontal
or peri-implant pathogens. In parallel to this innate immunity, periodontal and peri-implant tissues
produce numerous cytokine and chemokine molecules that, in a refined equilibrium, help maintain
a healthy situation. However, some of them—like IL-1β, tumor necrosis factor (TNF)-α, IL-6 and
IL-17—are known as strong pro-inflammatory molecules that, without appropriate control, can lead
to tissue destruction. Indeed, these signaling molecules stimulate the activation of enzymes and
transcription factors that in turn recruit more immune cells and degrade the surrounding tissues by
maintaining a continual loop of local inflammation [71,75]. Three protein pathways—nuclear factor
kappa B (NF-κB), cyclo-oxygenase (COX) and lipo-oxygenase (LOX)—are activated in periodontal and
peri-implant diseases and play key roles in maintaining inflammation and bone resorption. COX and
LOX produce lipid mediators such as prostaglandins and leukotrienes (eicosanoids) by the oxidation
of arachidonic acid. These lipid signaling molecules are pro-inflammatory, and the consequence of
the prolonged elevation of their concentration is alveolar bone resorption [70]. The NF-κB pathway is
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another system probably related to bone resorption in periodontitis and peri-implantitis. Normally,
the mechanisms that regulate bone deposition and resorption during remodeling are mediated
through the refined equilibrium between the expression of two molecules: receptor activator of
NF-κB ligand (RANKL) and osteoprotegerin (OPG) [25]. Indeed, RANKL, produced by several
cell types, interacts with its receptor, RANK, located on the membrane of osteoclast precursors.
This interaction allows them to finish their differentiation into active osteoclasts that will resorb
the alveolar bone. OPG is a soluble RANKL receptor that is secreted by osteoblasts and, at high
concentrations, prevents RANK–RANKL interaction and limits bone resorption. OPG formation is
regulated by transforming growth factor β, and RANKL is induced by pro-inflammatory cytokines
like IL-1β and TNF-α. Together, this demonstrates how the production of pro-inflammatory mediators
can influence the RANKL/OPG ratio and contribute to periodontitis and peri-implantitis (Figure 5).

 

Figure 5. The NF-κB model of bone resorption during periodontal and peri-implant diseases [25].

Periodontitis and peri-implantitis also involve the destruction of the connective tissues including
collagens, proteoglycans and other components of the extracellular matrix. The degradation of
this extracellular matrix is performed by matrix metalloproteinases, a group of enzymes including
collagenases. They are released locally by immune cells (macrophages or PMNs) or resident tissue cells
(mostly gingival fibroblasts, because of their high number) [75]. All these immune and inflammatory
reactions that lead to periodontal and peri-implant diseases are induced by the microorganisms that
develop on enamel and titanium surfaces as microbial biofilms in close contact with the junctional and
sulcular epithelia of their host. The biofilm mode of growth of dental plaque is likely to influence the
pathogenicity of oral microbes.

3. Current Treatment Principles of Periodontitis and Peri-Implantitis

Despite all the discoveries of the past 20 years regarding the etio-pathogenesis of periodontal and
peri-implant diseases, as well as the significant advances in our understanding of microbial biofilms,
the incidence of these pathologies continues to rise [34,80]. Even though peri-implant diseases present
some physio-pathological specificities [81,82] histo-pathological particularities [83] and are associated
with microbiomes that seems to differ from those of periodontitis [23,84], they are recognized as
biofilm-induced inflammatory diseases. They are often, and in many ways, compared to periodontitis.
Both diseases are thus related to a switch from a symbiotic to a dysbiotic microbiota [56].
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The main objective of peri-implantitis treatment is hence anti-infective as it is for periodontitis [85].
Control of the subgingival dysbiotic dental biofilm to restore homeostasis between the microbial
community and its host remains the main purpose of currently available clinical treatments for these
pathologies. This primarily involves giving instructions for proper oral hygiene, as well as nonsurgical
mechanical debridement of the periodontal and peri-implant pockets. If performed carefully, these
noninvasive mechanical therapeutic approaches most often allow the control of inflammation and
disease in periodontitis [86]. Unfortunately, for advanced lesions with probing pocket depths of
≥7 mm, these treatments are less efficient, with about 15% showing no improvement [87]. Results of
such treatment on furcation-involved teeth are also less beneficial, requiring more aggressive (surgical
flaps) or alternative anti-infective approaches [88].

Few studies have investigated the efficacy of treatments of peri-implantitis lesions, but recent
clinical trials and systematic reviews have shown that a nonsurgical mechanical approach is not
sufficient for controlling the disease [89–93]. The relative failure of mechanical treatments in these
clinical situations can be related to the fact that the disinfection is insufficient, leading to recolonization
of the affected pocket and continued disease progression. Some local factors, such as a deep pocket,
unfavorable root anatomy, or a rough surface threads, can explain the difficulty of achieving complete
and efficient mechanical debridement. The recolonization of the periodontal or peri-implant pocket
by a dysbiotic community can also come from pathogens that had previously infiltrated the dentin
tubuli [94] or the periodontal/peri-implant tissues [95]. To improve clinical results, some authors
proposed the use of conventional antibiotics or local antiseptics as adjunctive methods to the
mechanical debridement of diseased pockets. Indeed, the clinical benefits of antibiotics used in this
way have been demonstrated, and their use is now recommended for the treatment of aggressive
periodontitis [96]. The use of antibiotics has also been suggested for severe periodontitis, though only
when necessary, as the body of evidence for this is weaker [97]. However, considering the increase in
incidence of microbial resistance (and the mild risk of the patient developing an allergy), the use of
antibiotics should be kept to a minimum.

Subgingival irrigation as a nonsurgical treatment of periodontal and peri-implant diseases
remains controversial [98], with a lack of randomized controlled clinical trials, and data that do
not allow the discrimination between the relative efficacy of various available methods [99]. Therefore,
the development of new strategies to better treat severe periodontitis and peri-implantitis is still
needed. To this end, two distinct approaches can be considered. The first would try to improve the
host’s immune/inflammatory response to the microbial challenge. The second would investigate new
pre-clinical and clinical strategies to control more efficiently the periodontal and peri-implant biofilms
and pathogens associated with periodontitis and peri-implantitis.

4. New or Recent Antibiofilm Strategies

It is estimated that 99% of bacteria on earth live in biofilm aggregates [100] and most infectious
diseases (65%) are related to the development of such sessile communities [101]. To counteract the
natural resistance/tolerance of microbial biofilms against antimicrobial agents and to mitigate their
pathologic consequences, new strategies are being considered and studied. They can be classified into
four main categories according to Bjarnsholt et al. [102]: (a) prevention, (b) weakening, (c) disruption,
and (d) killing (Figure 6).

The first approach, (a), aims to prevent biofilm formation through antibiotic prophylaxis or
by modifying surface characteristics using antimicrobial or anti-adhesive coatings. For instance,
silver nanoparticles on titanium surfaces are currently being evaluated for use in dentistry [103].

Weakening, (b), refers to interfering with signaling molecules, virulence factors and/or
biofilm-forming properties to make the biofilm more susceptible to conventional antimicrobial agents
and to the natural host defense system. To achieve this, quorum sensing inhibitors, inhibitors of small
RNAs (messengers involved in biofilm formation), specific antibodies against virulence factors, or
metabolically inactive metal ions that can interfere with iron metabolism are being tested in vitro [102].
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Figure 6. The four anti-biofilm strategies. (Adapted from [102]).

The third antibiofilm approach, (c), aims to disorganize the biofilm structure in order to disrupt
the communication network between its cells and to make them more susceptible to antimicrobials.
For example, Alhede et al. [104] showed that vortexing Pseudomonas aeruginosa biofilms was a valuable
in vitro method of increasing their sensitivity towards tobramycin. Another method for the same
purpose is to use biological molecules such as enzymes (DNAses or dispersin B) that target
the extracellular matrix components of the biofilm that are responsible, in part, for its cohesive
property [105,106]. Nevertheless, the most efficient method for treating a biofilm infection is by
mechanically or surgically removing the biofilm. Two basic examples of biofilm removal are tooth
brushing and scaling, and root planning. These mechanical methods are the first choice when the
contaminated surface can be accessed. Unfortunately, this is not always possible and innovative
antibiofilm approaches need to be developed.

The fourth strategy for controlling microbial aggregates, (d), is by killing biofilm cells by
specific and/or nonspecific anti-infective means. New synergistic approaches involving small
molecules (2-aminoimidazoles) capable of dispersing biofilm bacteria, and conventional antibiotics,
have been proposed to better combat biofilm aggregates [107]. Furthermore, the use of bacteriophages
(viruses that contaminate bacterial cells) [108], antimicrobial peptides [109] or photodynamic
therapy [110] have also been investigated in the past decade as innovative antibiofilm strategies.
Finally, among the numerous antibiofilm approaches that have been suggested, an interesting electrical
enhancement of the effects of several antibiotics and industrial biocides have been described against
different types of bacterial biofilms [111–113]. Electric currents have also been reported to have
a bactericidal effect [114] in addition to detaching adherent bacteria [115] and preventing their
adhesion [116]. The mechanisms by which these phenomena occur have not been elucidated in detail,
but may be related to a better diffusion of antimicrobials through the biofilm [117], the electrolytic
generation of oxygen [118] or the electrochemical formation of antimicrobial oxidants [119]. Electric
currents might also lead to the degradation of the bacterial membrane, resulting in the leakage
of the cytoplasmic constituents [114]. They could potentially have another physical effect on the
charged extracellular matrix, which would induce a weakening of its structure. These antibiofilm
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phenomena, which have been described as bioelectric and electricidal effects, could be of great interest
to the field of oral care, particularly in the treatment of advanced or refractory periodontal and
peri-implant infections.

5. Concluding Remarks

Periodontitis and peri-implantitis are two major biofilm-induced inflammatory diseases that lead
to the loss of teeth and oral implants if left untreated. These diseases are also associated with systemic
conditions such as diabetes or cardiovascular diseases. Unfortunately, currently available treatments
are not always successful, so innovative antibiofilm approaches need to be developed. Many strategies
have been developed in that way and tested in vitro, as outlined above, but their clinical applicability
is sometimes difficult. Considerable research efforts are needed, and additional anti-inflammatory
approaches should be investigated to improve treatment efficacy.
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Abstract: Breast implantation either for cosmetic or reconstructive e purposes is one of the most
common procedures performed in plastic surgery. Biofilm infection is hypothesised to be involved
in the development of both capsular contracture and anaplastic large cell lymphoma (ALCL).
Capsular contracture is one of the principal reasons for breast revision surgery and is characterised
by the tightening and hardening of the capsule surrounding the implant, and ALCL is an indolent
lymphoma found only in women with textured implants. We describe the types of breast implants
available with regard to their surface characteristics of surface area and roughness and how this might
contribute to capsular contracture and/or biofilm formation. The pathogenesis of capsular contracture
is thought to be due to biofilm formation on the implant, which results in on-going inflammation.
We describe the current research into breast implant associated ALCL and how implant properties
may affect its pathogenesis, with ALCL only occurring in women with textured implants.

Keywords: biofilm; breast implant; textured: capsular contracture; anaplastic large cell lymphoma;
BIA-ALCL

1. Introduction

Breast implantation, either for cosmetic or reconstructive purposes, is one of the most common
procedures performed in plastic surgery. In 2015, in the United States of America alone, more than
280,000 women had breast enlargement surgery and an estimated 106,000 breast cancer patients
underwent post-mastectomy breast reconstruction, which often involved insertion of implantable
medical devices [1].

2. Breast Implants

Basic designed silicone breast implants were first introduced in the early 1960s [2]. As each
new “generation” of implant has been introduced, their design has undergone major improvements.
Modern breast implants can be divided into categories based on implant filling (silicone or saline),
surface texture (textured or smooth), and shape (round or anatomic), each of which have slightly
different properties [3,4].

Silicone or saline implant filling:
Saline implants are sold as empty silicone elastomer shells and are filled to the appropriate volume

with sterile saline in the operating room. The silicone filling comes as either a “fluid form” that is
not cohesive enough to maintain an anatomic shape or a “form-stable” more viscous and greater
cross-linked silicone gel that has cohesive properties [5]. The cohesive gel increases form stability
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and correlates with better shape retention when compared with saline or fluid form silicone filled
implants [6].

Textured or smooth outer surface:
Smooth breast implants move within the breast implant pocket to give a more natural

movement [5], while aggressive texturisation of the implant surface improves integration between the
living host and the implant by enhancing tissue adhesion, growth and proliferation of the host blood
supply, enhancement of cellular migration, and fibroblast adhesion [7,8]. Texturisation is thought to
increase device stability as it helps prevent rotation in the breast pocket or migration of implants [5].

Currently available breast implants can be categorised into 4 different surface types based on the
3D to 2D surface area ratio (high >5, intermediate 3–5, low 2–3 and minimal <2) and surface roughness
expressed as a multiple of the value of smooth implants (high > 150, intermediate 75–150, low 25–75
and minimal <25) [9]. Figure 1 describes the implant surface classification system and representative
scanning electron microscope pictures of breast implants.

Figure 1. Implant surface classification and representative examples of implants.

The first textured implant, released in 1968, incorporated a 1.2–2 mm polyurethane foam (PU)
coating on its outer surface, which adhered to the surrounding tissues, and subsequently delaminated
from the silicon implant producing a relatively non-contractible capsule and thus reduced the risk of
capsular contracture [10,11]. However, polyurethane (PU) coated silicone implants were voluntarily
removed from the USA market in 1991, due to reporting of an association between polyurethane
and the carcinogen 2,4-toluenediamine (TDA) [12]. This withdrawal lead to the development of
alternative technologies to modify the outer silicone shell, including bonding the PU foam coating
to the silicon surface, e.g., the Silimed PU implant, which retains the aggressive texture but prevents
delamination [4]. This implant has been classified as surface type 4 (Figure 1) [9].

The salt-loss technique of producing a textured surface is produced by adding salt crystals to
the silicone before curing, which are then washed from the surface leaving behind a pitted surface
with randomly sized and arranged interconnected pores [13]. The pores promote adherence to the
surrounding tissue [14–16] and make these devices relatively immobile [16]. Allergan Biocell is
produced by the salt-loss technique and has pores with an average diameter of 600–800 μm and
depth of 150–200 μm [15] and is an example of a surface type 3 implant (Figure 1) [9]. A micro
textured implant (with an average pore size of 100 to 150 μm diameter) manufactured by Polytech
Mesmo through a vulcanisation process that coats the surface of the uncured implant with ammonium
carbonate [6,17] has also been classified as a surface type 3.

Negative contact imprinting, such as with Mentor Siltex, creates a less aggressive textured silicone
surface by pressing the uncured silicone mandrel into PU foam. This results in an implant surface
of type 2 with average pore diameters of 70–150 μm and depth of 60–275 μm and is meant to mimic
the PU foam (Figure 1) [15]. In contrast to Silimed PU and Biocell, Siltex does not adhere to the
surrounding tissue and is not immobile [10]. Motiva, using a propriety method of negative imprinting,
manufacture the nanotextured SilkSurface and the micro-textured VelvetSurface (Figure 1). The pore
depth on the VelvetSurface is 40–100 μm [18] which is shallower than Mentor Siltex. Along with
smooth implants, nanotextured implants are classified as surface type 1 (Figure 1) [9].
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3. Capsular Contracture

Complications of breast augmentation include hematoma, seroma, infection, altered nipple
sensation, asymmetry, scarring, swelling, rupture, leakage and capsular contracture (CC) but CC is
thought to be the most common complication and frequently requires surgical revision [19]. In 2015,
43,000 implant removal procedures were reported in the United States of America [1], and the Food
and Drug Administration (FDA) reports that between 20 to 40% of augmentation patients and 40 to
70% of reconstruction patients had reoperations during the first eight to ten years after receiving their
breast implants [20]. CC is a common reason for reoperation in Australia, being responsible for 38.9%
of the 5290 breast implant revisions occurring between 2012 and 2016 [21]. Surgical revisions following
CC result in poorer aesthetic outcome and a high rate of recurrence of CC [22,23].

Upon insertion of a breast implant, a foreign body reaction is induced, which is essentially an
excessive fibrotic response that encloses the implant. CC is contracture of the peri-prosthetic capsule,
which is characterised by the tightening and hardening of the tissue capsule around the breast implant.
CC eventually leads to distortion of the implant [24,25]. Individual studies have reported incidence
rates of CC ranging from 1.3 to 45% [23,26–30]. The wide range of CC rates is attributed to differences
in follow-up times, as CC rate increases with time following implantation, as well as different type of
implants and differing surgical techniques being used throughout the various studies [4].

The degree of CC is classified using the Baker clinical grading system which divides CC into four
grades [31]. A grade I breast looks and feels natural, while grade II breasts have minimal contracture
where the surgeon can tell surgery has been performed but there are no clinical symptoms. Grade III
and IV are clinically significant and symptomatic, where grade III describes moderate contracture
with some firmness felt by the patient, and grade IV describes severe contracture that is obvious from
observation and symptomatic in the patient [31].

With each new implant generation, the incidence of CC has decreased, although whether this is
due to implant design or better surgical technique, or a combination of both, is unclear. Historically, the
type of fill was thought to influence the development of CC. Older generation silicone gel devices were
characterised by higher gel bleeds and rupture rates compared to current generation implants [5,32,33].
The rates of CC were six-fold higher with these older devices than with devices containing low-bleed
silicone gel fillings [34] or cohesive silicone gel fill implants [22,35–39].

The benefits of textured implants in reducing CC remains controversial. Systematic reviews
of comparative clinical studies concluded texturisation may reduce the incidence of early capsular
contracture if the implant was placed under the breast glandular tissue, but had no significant effect
if placed under the pectoral muscle [29,40]. Smaller comparative or split breast studies, inserting
one smooth and one textured implant in the same patient, are evenly divided as to the benefit of
texturisation [41–48]. Many of these published reports lack adequate description of implant type,
surgical technique, outcome assessment, and have short follow-up or the time period of follow-up is
not stated. Several early randomised controlled trials reported textured implants had lower rates of
clinically significant CC compared to smooth surface implants [42,45]. Similarly, some later prospective
trials and metanalysis of 16 randomised controlled trials combined with two case-control studies,
involving 4412 patients, have shown that smooth implants are more likely to develop CC [40,48,49].
However, the follow-up of most of these studies has been less than five years. When 715 of these
patients were followed for 10 years there was no difference in the rate of CC [23]. It is likely that
the effect of surface technology is of some benefit but is one of many factors that impact on clinical
outcome, and the aetiopathogenesis of CC is likely to be multifactorial.

4. Aetiopathogenesis of Capsular Contracture (CC)

In 1981, Burkhardt and co-workers [50] were the first to propose that subclinical infection led to
CC. However, the lack of culture positivity in many clinical studies of CC delayed the acceptance of
this hypothesis. The detection of a Staphylococcus epidermidis biofilm in a patient with recurrent CC
led to the hypothesis that the proposed subclinical infection is due to biofilm formation on the breast
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implant [51]. The presence of biofilm on implants obtained from CC patients was confirmed using
scanning electron microscopy [25]. The likelihood of bacterial isolation was increased by mincing,
sonication, and broth culture of a piece of implant or tissue, rather than using a swab to collect samples.
Using this improved method of culture, the authors found a significant relationship between culture
positivity (p < 0.0006) and the presence of S. epidermidis (p < 0.01) with CC. Subsequently, the degree of
Baker grade CC has been shown to directly correlate with the number of bacteria in humans [52] and
in the porcine model [53]. The biofilm hypothesis helps explain the lack of culture positivity in older
studies where sonication was not employed, as biofilm bacteria are notoriously difficult to culture [54].

An alternative, to the biofilm hypothesis is that CC is purely an immunological response (reviewed
in Headon [4]). The principal cell type within the capsule include activated macrophages, lymphocytes,
and fibrocytes, and the number of lymphocytes and fibrocytes correlate with Baker grade [4]. However,
the trigger for activating these cells is unknown. The presence of silicon particles has been postulated
as a trigger. The amount of silicon in capsular macrophages is greater in higher grade CC and is
associated with increased inflammation [55]. In contrast, the biofilm hypothesis proposes that the
immunological response is activated by biofilm infection. The patient’s endogenous flora or bacteria
present at the time of surgery gain access to the breast implant during or following placement. Once in
contact with the implant, they attach to the prosthetic surface and form a biofilm. If implants are
contaminated with only low numbers of bacteria, the host can contain the biofilm to a level that
produces minimal inflammation [53]. However, once bacterial numbers reach a critical point, the host
response is overwhelmed, and the bacteria continue to proliferate and trigger a chronic inflammatory
response, leading to subsequent fibrosis and accelerated CC [53].

Frequently, organisms that are part of the microflora of the skin or the breast, such
as Cutibacterium acnes (formally Proprionibacterium acnes) and coagulase-negative staphylococci,
particularly S. epidermidis, are commonly isolated from CC samples [25,50,52,56–59]; however, any
bacterial species can be involved and multiple species can be grown from one breast [25,59].

Further evidence for bacterial involvement in CC aetiopathogenesis is provided by artificial
inoculation of implants, resulting in increased CC development in animal models [56,60,61].
In the porcine model, breast pocket inoculation of S. epidermidis led to biofilm development, and
biofilm formation was associated with a four-fold increased risk of developing contracture (odds
ratio = 4.1667) [61].

Additional evidence to support the subclinical biofilm hypothesis is that strategies to prevent
breast implant infection appear to be effective. Animal studies have shown that antimicrobial coated
implants can significantly reduce the genesis of biofilm and subsequent CC [62,63], whilst clinical
studies utilising antibiotic or antiseptic breast implant pocket irrigation at time of surgery have shown
a significant reduction in CC [24,64]. The reduction in CC following biocide irrigation has been
confirmed in two comparative clinical trials that showed a 10-fold reduction in CC utilising either
betadine and/or topical antibiotics in pocket irrigation [65,66].

Other strategies to prevent bacterial contamination of the implant by modifying surgical technique
have resulted in decreased CC rates (reviewed by Deva et al. [19]). These include modification of
implantation site (subpectoral position reduces access of breast flora to the implant through the natural
musculofascial barrier); avoiding periareolar and transaxillary incisions, which have higher rates of
CC compared to submammary incisions; use of a nipple shield; and use of an introductory shield to
prevent the implant touching the skin surface [19].

The occurrence of unilateral contracture following bilateral insertion of identical breast implants
means that systemic or implant material-related causes are also less likely [52]. Thus, although
contracture remains poorly understood, it is likely to be multifactorial in origin, and of all the theories
on the potential aetiology of CC, the subclinical infection hypothesis remains the leading theory.
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5. Breast Implant Associated Anaplastic Large Cell Lymphoma

In 2011, the FDA identified a possible association between textured breast implants and anaplastic
large cell lymphoma (BIA-ALCL) [67], a rare T- or null-cell non-Hodgkin lymphoma first described by
Stein and co-workers [68]. It was recognised as a distinct cancer by the World Health Organisation in
2016 [20]. As of 2017, over 500 cases were reported worldwide, and recent epidemiological studies
suggest that the number will continue to rise [69–71]. Australia has a high incidence rate with
70 confirmed cases of BIA-ALCL, including four deaths by August 2016 [70,72]. The Australian
Therapeutic Goods Administration estimates the risk of developing BIA-ALCL to be between 1:1000
and 1:10,000 for women with breast implants [70,72]. However, the true incidence of BIA-ALCL is
likely to be higher due to under reporting and the lack of accurate breast implant sales figures.

BIA-ALCL generally presents as a localised late peri-implant seroma containing malignant cells
in one breast and less commonly as a tumour mass attached to the capsule, and regional lymph node
involvement is seen in around 5–10% of patients. In the Australian cohort, all patients were exposed to
textured implants with 85% of cases associated with implants with a high surface area (surface type 3
or 4, Figure 1) [70]. BIA-ALCL occurs an average of seven to ten years after implant placement but
can range from 0.4 to 20 years [70,73–75]. Treatment for the majority of patients consists of complete
surgical excision of diseased tissue, implants, and the surrounding fibrosis capsule, while adjuvant
chemotherapy is only recommended for patients with advanced disease (reviewed by Clemens and
co-workers [76]).

BIA-ALCL seroma fluid is composed of large, pleomorphic cells with horseshoe-shaped nuclei and
are anaplastic lymphoma kinase (ALK) negative. Immunophenotypically they are diffusely positive
for CD30 and T-cell markers such as CD3, CD4 [76–80]. Additionally, in cell lines developed from
clinical cases of BIA-ALCL antigen presentation markers (HLA-DR, CD80, CD86), IL-2 receptors (CD25,
CD122) and IL-6 receptors are present [80–82]. BIA-ALCL cells show clonal TCR gene arrangement
and/or the demonstration of phenotypic aberrancy, including CD4 and CD8 co-expression [76,79,80].

The aetiopathogenesis of BIA-ALCL is unknown, but it is thought that chronic inflammatory
stimulus leads to T-cell dysplasia in patients that are genetically susceptible. It is postulated that a
milieu rich in immune stimulatory cytokines, which promotes rapid division of host lymphocytes, may
cause the initial tumorigenic changes that lead to BIA-ALCL in some patients. Autocrine production
of IL-6 has been identified as a driver of tumorigenesis in some diffuse large B-cell lymphomas, as
well as solid tumours, including breast, lung, and ovarian carcinomas [83–85]. The cytokine profile
of BIA-ALCL cell lines, specifically IL-6, TGF-β and IL-10, has also been shown to induce immune
suppressor cell populations (Tregs and myeloid-derived suppressor cells), which may inhibit host
anti-tumour immunity and facilitate cancer development [86,87].

One theory is that biofilm infection, combined with host factors such as the patient’s genetic
background and their immune response, activate T-lymphocytes and trigger polyclonal proliferation
and, with time, in some cases monoclonal proliferation and the eventual development of ALCL [88]
Figure 2.

In support of the biofilm infection theory, chronic biofilm infection with Helicobacter pylori, and
hence ongoing inflammation, is recognized as being the causal agent in the development of gastric
lymphoma [89], and antibiotic treatment alone in patients with low grade malignancy results in
remission in 80% [90]. Similarly, a phase II clinical trial showed regression of adnexal marginal zone
lymphoma in 65% of patients given doxycycline monotherapy for the treatment of Chlamydophila psittaci
(n = 34) [91]. Therefore, it is plausible that chronically infected breast implants may mediate similar
inflammatory and neoplastic processes resulting in the development of a T cell lymphoma. In support
of biofilm being the chronic inflammatory stimulus, significantly more bacteria attach to textured
implants compared to smooth implants [9]. In the porcine model this correlated with a 63-fold increase
in the number of lymphocytes attached to textured implants compared to smooth implants, whilst
in clinical samples of CC the number of lymphocytes surrounding breast implants is positively and
significantly correlated (r = 0.83) with the number of bacteria [53].
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Figure 2. Suggested biofilm aetiopathogenesis of breast implant associated-anaplastic large cell
lymphoma (BIA-ALCL).

The strongest support for the role of bacterial biofilm in the aetiopathogenesis of BIA-ALCL
was the detection of biofilm in clinical samples using qPCR, with visual confirmation of biofilm
presence using fluorescent in situ hybridisation and scanning electron microscopy [88]. Analysis of
the microbiome (bacterial community genetic profile), using next generation sequencing, showed a
significantly greater proportion of Gram-negative bacteria in BIA-ALCL specimens compared with
non-tumour CC specimens (Figure 3), suggesting that different bacterial species may preferentially
trigger lymphocyte activation [88].

 

Figure 3. Percentage of Gram-positive (coloured blue) and Gram-negative (coloured red) organisms in
capsules obtained from contracted breasts and in BIA-ALCL samples [88].

The development of BIA-ALCL is likely to be a complex process resulting from an interplay of
host, implant and microbial factors, including the patient’s genetic background, immune response,
the textured implant surface, and bacterial phenotype. However, the rarity of BIA-ALCL presents
a challenge for conducting meaningful epidemiologic studies, and although the pathogenesis of
BIA-ALCL is undergoing active research, the drivers of this malignancy remains poorly understood.
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Abstract: Various bacterial species cycle between growth phases and biofilm formation, of which the
latter facilitates persistence in inhospitable environments. These phases can be generally characterized
by one or more cellular phenotype(s), each with distinct virulence factor functionality. In addition,
a variety of phenotypes can often be observed within the phases themselves, which can be dependent
on host conditions or the presence of nutrient and oxygen gradients within the biofilm itself
(i.e., microenvironments). Currently, most anti-biofilm strategies have targeted a single phenotype;
this approach has driven effective, yet incomplete, protection due to the lack of consideration of
gene expression dynamics throughout the bacteria’s pathogenesis. As such, this article provides an
overview of the distinct phenotypes found within each biofilm development phase and demonstrates
the unique anti-biofilm solutions each phase offers. However, we conclude that a combinatorial
approach must be taken to provide complete protection against biofilm forming bacterial and their
resulting diseases.

Keywords: bacterial biofilms; commensal bacteria; bacterial phenotypes; anti-biofilm strategies;
anti-adhesion; dispersion

1. Introduction

Until recently, there was little appreciation for the relationship between a bacterial phenotype
and the organism’s pathogenesis. However, recent work has provided evidence that biofilms act as a
primary stage of pathogenesis for up to 80% of bacterial diseases [1]. A list of common opportunistic
pathogens can be found in Table 1. Interestingly, bacterial communities themselves are often
asymptomatic and potentially beneficial (i.e., the microbiome). They can form on respiratory, digestive,
skin, and urogenital epithelial cells, altogether colonizing a combined surface area of 300–400 m2 of
tissue in humans [2]. While these colonies do not normally cause disease directly, disturbances in
the local environment, such as viral infections or mechanical disruption, can trigger a phenotypic
shift, which causes the dispersion of virulent bacteria from the biofilm. This phenotypic shift has
been associated with the upregulation of virulence factors that enable the bacteria to disseminate
into normally sterile regions such as the middle ear, lungs, brain, and blood, thus causing clinical
conditions including otitis media, pneumonia, bacterial meningitis, and bacteremia, respectively [3,4].

Diseases caused by these dispersed bacteria are currently regulated through the use of antibiotics.
However, the increasing prevalence of antibiotic resistance highlights that these measures may be
short lived. Furthermore, most antibiotics are unsuccessful at clearing recalcitrant bacterial biofilms,
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which have the ability to partially protect normally susceptible bacteria even from high levels of
antibiotics [5]. Incomplete clearance can also leave behind metabolically dormant bacteria, such as
persister cells, a distinct cell type which is unaffected by antibiotics [6]. This is of particular concern
as biofilms have been implicated in chronic infections, inflammation, and various genetic conditions,
thus further driving the need for alternative approaches [7]. For example, Pseudomonas aeruginosa
colonies exacerbate complications such as chronic inflammation in patients suffering from cystic
fibrosis, a genetic condition of the lungs [8,9].

Table 1. List of colonizing bacterial pathogens.

Pathogen Disease Colonization Site Incidence Rate A Fatality Rate A

Streptococcus pneumoniae Pneumonia Nasopharynx 9.5 A 1.14 A

Staphylococcus aureus (MRSA) Skin infection Nasopharynx, Skin 22.72 A 2.88 A

Group A Streptococcus Strep throat Pharynx 5.8 A 0.58 A

Haemophilus influenzae Bacteremia Nasopharynx 1.99 A 0.29 A

Neisseria meningitidis Meningitis Nasopharynx 0.12 A 0.01 A

Legionellosis Atypical pneumonia Lungs 1.42 A 0.1 A

Moraxella catarrhalis Otitis media Nasopharynx N/A 0 A

Group B Streptococcus Septicemia Gastrointestinal tract 9.6 A 0.53 A

Porphyromonas gingivalis Periodontal disease Oral Cavity 9.24 B -

Escherichia coli
Pseudomonas aeruginosa

Klebsiella pneumoniae

Catheter- Associated Urinary
Tract Infection (CAUTI) Bladder Catheter 3.3 C 17.3 C

Ventilator-Associated
Pneumonia (VAP) Ventilator 3.3 C 15.2 C

Escherichia coli
Staphylococcus aureus

Pseudomonas aeruginosa

Prosthetic Joint
Infections (PJI) Prosthetic Joints (e.g., hip, knee) 1.5–2.5 D 2.5 D

A Incidence or Fatality rate of disease per 100,000 obtained from CDC’s Active Bacterial Core Surveillance program.
B [10]. C Incidence rate per 1000 Catheter/Ventilator-days; Fatality rate per 100 CATUI/VAP cases [11]. D Incidence
rate per 100 arthroplasties; Fatality rate per 100 PJI cases [12].

One shortcoming of current antimicrobial strategies is the inability to compensate for the
transcriptional and phenotypic differences present in unique phases of bacterial pathogenesis.
For example, commercially available pneumococcal conjugate vaccines (PCVs) target capsular
polysaccharides (CPs) that are expressed during the colonizing phase of Streptococcus pneumoniae
infection. However, PCVs protect against only 13 of the >95 serotypes (serotypes correspond to different
versions of CPs) of S. pneumoniae that cause disease in humans. Therefore, these vaccines are not
capable of preventing colonization of non-vaccine type (NVT) S. pneumoniae, which has led to a marked
global increase in infectious pneumococcal disease (IPD) caused by NVT serotypes [13]. Furthermore,
these vaccines are ineffective at providing protection against virulent bacteria released from the
biofilm which have shed their CPs [14]. Therefore, using PCVs as the example, further protection
may be offered by taking into account characteristics of other phenotypes (e.g., biofilm-detached)
observed during S. pneumoniae pathogenesis. However, the development of such therapeutics is further
complicated by phenotype variation that results from the presence of microenvironments [15,16].
It should also be noted that the presence of multiple species can affect bacterial phenotype, which has
been previously covered in detail [17] and will not be discussed in this review. Finally, even if a strategy
succeeds in dispersing existing biofilms, the method of dispersion may result in virulent bacteria
that are phenotypically distinct from both their planktonic and biofilm counterparts [18,19]. As these
bacteria could result in the subsequent biofilm formation or infectious disease, this long neglected
phenotype should be accounted for in anti-biofilm strategies.

In this review, we provide an overview of the various phenotypes that exist throughout the
pathogenesis of single species bacterial biofilms and highlight those studies that have made use of
this knowledge to develop specific antimicrobial therapies (Table 2). However, no solution presented
below is likely to become a comprehensive anti-microbial. Instead, we contend that, by understanding

48



Materials 2018, 11, 1086

the phenotypes observed in each phase of biofilm development, a comprehensive picture of a target
pathogen can be leveraged to inform the development of next-generation therapeutics and vaccines.

Table 2. Summary of anti-biofilm strategies by biofilm phase.

Target Bacteria Anti-Microbial Strategy Reference

Anti-Adhesion Phenotype Strategies

Type I Pili Escherichia coli
Pilicide ec240 [20]

SAMan [21]

P-fimbrate Escherichia coli Synthetic galabinose [22]

Spy0128 and Spy0130 Group A Streptococcus Vaccination [23]

StrA Streptococcus mutans Morin [24]

StrA Staphylococcus aureus pyrazolethione and pyridazinone [25]

Anti-Biofilm Phenotype Strategies

AHL Molecules Pseudomonas aeruginosa SsoPox-W263I [26]

c-di-GMP Stenotrophomonas maltophilia BsmR [27]

LuxS Streptococcus pneumoniae CRISPR [28,29]

PIA Staphylococcus dispersin B [30]

eDNA Pseudomonas aeruginosa DNAse I (Pulmozyme®) [31]

PNAG S. aureus Monoclonal Antibody [32]

Persister Cells Escherichia coli Mitomycin C [33]

Persister Cells Pseudomonas aeruginosa Cisplatin [34]

Persister Cells Pseudomonas aeruginosa
Escherichia coli cis-2-Decenoic Acid [35]

Anti-Dispersed Bacteria Phenotype Strategies

GlpO Streptococcus pneumoniae Vaccine with GlpO Antigen [36,37]

PncO Streptococcus pneumoniae Vaccine with PncO Antigen [36,37]

2. Biofilm Development Overview

Upon entering a host, bacteria are confronted with several environmental challenges such as
shear forces generated by bodily fluids, host immune responses, and shifts in nutrient availability.
To survive, bacteria adapt by regulating gene transcription to exhibit more favorable phenotypes for the
host environment, which often culminates in biofilm development [15,38–40]. However, throughout
this process, a diversity of factors result in many phenotypes that differ between biofilm phases
and within the biofilm itself [16]. As this results in inconsistently expressed therapeutic targets and
changes in metabolic state, the heterogeneity of phenotypes present a distinct challenge for developing
antimicrobial treatments.

The first step in biofilm formation involves the adherence of planktonic bacteria to anatomical
surfaces, such as host epithelial cells, followed by their propagation into complex cellular communities.
This process can be generalized into four stages: (1) reversible bacterial adhesion; (2) semi-irreversible
attachment; (3) biofilm maturation; and (4) induced bacterial dispersion, all of which are represented
by unique phenotypes [41]. Each phase offers many targets for anti-biofilm strategies (Figure 1).
The first stage, initial reversible adhesion, is driven by locomotive appendages (i.e., flagella) and
initiated as a response to environmental factors such as interactions with host immune cells, van der
Waals and electrostatic interactions between bacterial and host surfaces, and shear forces within
the body [42–44]. The second stage, semi-irreversible attachment, is driven by a variety of complex
mechanisms that involve bacterial surface anchor proteins and macromolecule assemblies such as
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pili [45–47]. After a semi-irreversible attachment has been achieved, biofilm maturation is initiated
with the production of an external matrix composed of extracellular polymeric substances (EPS) such
as polysaccharides, extracellular DNA (eDNA), lipids, and proteins [48]. During or after biofilm
maturation, environmental stimuli (i.e., changes in microenvironment, temperature, pH, nutrient
concentration, microbial variability, and cell density) can induce the release of bacteria from the biofilm
matrix (the last stage), which can then disseminate to new anatomical locations and cause disease [49].

Figure 1. Biofilm formation and therapeutic targets. Schematic drawing of three generalized phases
of biofilm formation: bacterial adhesion, biofilm maturation, and dispersion. Characteristics for
each phase that represent therapeutic targets or provide opportunities for anti-biofilm strategies
are highlighted.

Quorum Sensing During Biofilm Formation

To understand the variety of bacterial phenotypes observed during biofilm formation, it is
essential to have an understanding of quorum sensing (QS). In general, this process makes use of a
two-component signaling transduction system (TCSTS), which consists of an intercellular response
regulator, a membrane-bound histidine kinase sensor, and a signal peptide (i.e., autoinducer (AI)).
When AIs accumulate to a threshold concentration, the signaling system will directly or indirectly
regulate the transcription of important genes [50,51]. Both Gram-positive and Gram-negative
bacteria are known to make use of QS; however, Gram-negative bacteria use luminescence (Lux)
I/LuxR-type quorum sensing, which utilizes the signaling molecule acyl-hormoserine lactone (AHL),
while Gram-positive pathogens encode for an oligopeptide-two-component-type quorum sensing
system. A third QS pathway, distinguished by a luxS-encoded autoinducer 2 (AI-2), has also been
identified in both Gram-negative and -positive bacteria [52] and has recently been described as the
most widespread QS system identified to date [53,54].

The QS pathways have been shown to promote biofilm growth and dispersion through
the regulation of essential virulence factors. For example, the expression of luxS in immature
pneumococcal biofilms has been shown to upregulate the virulence factor ply and lytA genes [55].
Interestingly however, the upregulation of this pathway has exhibited an inhibitory effect on
Staphylococcus epidermidis, thus demonstrating the complexity of QS in bacterial biofilms. Other factors
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for early biofilm development, such as the release of eDNA, have been linked to the expression of the
cyclic-peptide-dependent accessory gene regulator (agr). Under certain conditions, this QS system
regulates the production of autolysin E (AtlE), an enzyme that instigates the release of eDNA and
facilitates surface attachment [56].

Another ubiquitous bacterial signaling system utilizing the second messenger signal,
cyclic di-GMP (c-di-GMP), has been shown to control the transition from planktonic to biofilm bacteria
and vice versa in multiple bacterial species [57], including P. aeruginosa [58,59] and Vibrio cholerae [60].
Unlike QS, which relies on a small number of signaling cascades to regulate transcription, c-di-GMP
signaling requires multiple pathways dependent on the c-di-GMP levels to control a vast number of
cellular functions [61]. This variation in molecule concentration is achieved through the use of two
classes of enzymes, diguanylate cyclase (DGC) and phosphodiesterase (PDE), capable of producing
or degrading c-di-GMP molecules, respectively. The resulting increase or decrease in c-di-GMP
concentration is sensed by either riboswitch RNAs or c-di-GMP receptor proteins [62]. An increase
in c-di-GMP levels has been linked with biofilm formation, while a decrease in concentration has
been shown to result in biofilm dispersion [63]. This trend has been well defined in P. aeruginosa,
which possesses genes encoding for five DGCs (WspR, SadC, RoeA, SiaD, and YfiN/TpbB) that help
control c-di-GMP levels and regulate the transcription of genes for the transition from planktonic
to biofilm bacteria and at least three PDEs (DipA (Pch), RbdA, and NbdA) that have been linked
to biofilm dispersal [63]. The DGC WspR, for example, regulates the EPS production necessary for
biofilm formation [64], while the PDE known as NbdA initiates biofilm dispersion upon exposure to
nitric oxide [65].

3. Bacterial Adhesion

As mentioned above, the first critical step in biofilm formation is reversible bacterial adhesion
to a surface within an anatomical location (e.g., the nasopharynx), which occurs in response to
environmental stimuli, such as changes in nutrient availability and adhesion surface characteristics
(i.e., surface roughness and charge) [42,66]. Other factors, such as the deposition of material by
non-adhering, or detached, bacteria and the presence of naturally occurring eDNA have also been
shown to increase the rate of bacterial adhesion [67,68]. During this process, planktonic bacteria are
sequestered to cellular surfaces through the physical forces in the surrounding fluid or through the
use of locomotive appendages. These appendages (e.g., flagella), as well as other adhesion structures
(pili and curli), define the phenotypes observed during this phase, and adhesion often does not occur
without them. For example, one study demonstrated that Streptococcus pyogenes cells lacking functional
pili were unable to bind to tonsil epithelium or human keratinocytes [45].

Perhaps due to their importance in bacterial survival, both Gram-negative and -positive bacteria
express a variety of pili that facilitate adhesion to host cells. The most characterized cell-surface
adhesion molecule in Gram-negative bacteria is the type 1 fimbrin D-mannose specific adhesin (FimH),
which facilitates bacterial binding to host glycoproteins through the use of surface-exposed terminal
mannose residues [69]. Other structures of note include the P-pili, which use the PapG adhesin to bind
to host oligosaccharides, and the thin amyloid fibers known as curli. The latter adhesion appendage is
found in a fraction of biofilm-forming bacteria, such as clinical isolates of Escherichia coli, and lacks
specific receptor-ligand affinity [70]. In contrast to Gram-negative bacteria, whose pili are embedded
within the outer membrane, Gram-positive bacteria adhesion structures are embedded within their cell
wall. Although only two types of Gram-positive pili have been identified to date (sortase assembled
pili and type IV pili), these structures have demonstrated mechanisms of adhesion similar to analogous
structures in Gram-negative bacteria [71].

Not long after bacteria have accumulated at cellular surfaces, cells begin to form irreversible
attachments leading to the initiation of biofilm formation [41,43]. During this critical step,
various bacterial genes encoding diverse and vital adhesion surface structures are upregulated,
such as those responsible for the expression of surface-anchored proteins that promote adhesion
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to host receptors [45–47]. The most well studied group of surface proteins, primarily observed in
Gram-positive bacteria, are microbial surface components recognizing adhesive matrix molecules
(MSCRAMMs) [72]. Examples of these molecules include clumping factor B (ClfB) of Staphylococcus
aureus [73], pneumococcal adherence and virulence factor B (PavB) of S. pneumoniae [74], and the
M protein of S. pyogenes [75]. Interestingly, there is a large diversity of adhesion proteins which may
have arisen as an evolutionary mechanism for evading host immune responses by interfering with the
complement system and promoting inflammation. S. aureus, for example, expresses 24 different surface
adhesion proteins that are implicated in immune evasion [76]. One of these proteins, clumping factor
A (ClfA), promotes the destruction of complement factor C3b, which is recognized by receptors
on host phagocytes [77–79]. Furthermore, expression of these proteins is dependent on location
within the host, thus suggesting that host-pathogen relationships may have driven the evolution of
MSCRAMMs [80,81].

Anti-Adhesion Therapies

A better understanding of adhesion phenotypes led to antimicrobial strategies that target bacteria
in the early phases of biofilm development. This is most evident in the number of strategies targeting
adhesion structures, which often include competitively inhibiting bacterial adhesins and/or host
receptors with the use of receptor-like molecules [82,83]. This approach has many advantages
as carbohydrate-based inhibitors closely mimic host molecules and therefore are unlikely to be
toxic or immunogenic [84]. For example, one study found that synthetic galabinose compounds
outcompete the binding of P-fimbrated E. coli to galabinose-containing structures expressed on
host cell surfaces [22]. In a similar fashion, several mannosides and mannose conjugates have
been examined for their ability to inhibit type 1 pili-mediated adhesion, which has led to the
identification of a potential therapeutic derived from the mannosidic squaric acid derivative SAMan
(p-[N-(4-ethylamino-2,3-dioxocyclobut-1-enyl)amino]phenyl a-D-mannoside) [21]. This compound
exhibited a 90% inhibition of E. coli attachment to human epithelial cells, making it a strong potential
candidate for anti-adhesion therapy. A second popular anti-adhesion strategy is to inhibit the assembly
of bacterial pili [85–87]. These molecules, often called pilicides, are small molecule inhibitors designed
to dysregulate these adhesion appendages and prevent colonization. For example, Greene et al.
engineered a molecule called pilicide ec240 which targets type 1 piliation of uropathogenic E. coli
(UPEC) by downregulating genes in the fim operon, the same operon that encodes for FimH, a fimbrial
adhesin associated with surface adhesion [20].

Many studies have also demonstrated the protective capabilities of vaccines composed of pili
components [88–91]. Encouraging results have been observed when using pilus component proteins
Spy0128 and Spy0130 from Group A Streptococci (GAS), which were able to confer >70% protection
in murine models [23]. However, there is evidence that the interaction between pathogen adhesion
structures and host immune response could improve bacterial adhesion. It has been found that,
when recognized by the host immune system, the FimH adhesion properties are significantly enhanced
by the resulting antibodies [92], suggesting that this protein may be ineffective as an antigen target in
anti-bacterial vaccines.

The inhibition of MSCRAMMs has also demonstrated potential as a method to prevent bacterial
adhesion. To prevent S. aureus and other Gram-positive infections, some studies have targeted sortase
A (StrA), which enables bacterial adhesion to host cell membranes. Since this protein is not essential for
bacterial growth, using StrA inhibitors creates minimal selective pressure that would lead bacteria to
develop drug resistance, giving it a strong advantage over some current strategies (i.e., antibiotics) [93].
Interestingly, some promising StrA inhibitors are currently derived from biological sources such as
plants and marine invertebrates [94]. For example, a compound found in many Chinese medicinal
herbs, known as morin, has shown remarkable capabilities to reduce Streptococcus mutans biofilm
formation through the inhibition of StrA [24]. Not surprisingly, there has also been interest in
developing synthetic small molecule MSCRAMM inhibitors. These include pyrazolethione and
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pyridazinone compounds, both of which were found to have a significant negative effect on pathogen
docking [25].

One cited advantage of anti-adhesion therapy is the belief that bacteria are less likely to identify an
evolutionary escape mechanism, as doing so would adversely affect the pathogen’s ability to colonize
the host [95]. However, many pathogens encode for more than one mechanism of adhesion which
allows for host localization even when one mechanism has been blocked [95,96]. Therefore, long-term
and effective anti-adhesion strategies must compensate for these diverse biological strategies.

4. Biofilm Maturation

As a biofilm matures, bacteria begin to shift away from adhesion phenotypes by downregulating
genes controlling the expression of ahesions and pili and upregulating factors essential to survival
in a bacterial community. In fact, as much as 50% of bacterial proteomes within a biofilm can be
differentially expressed when compared to planktonic bacteria of the same species [97]. Multiple
phenotypes arise within the biofilm during this process due to the presence of microenvironments
(i.e., gradients of signaling compounds, nutrients, chemicals, oxygen, and bacterial waste) which can
then govern the bacterial function and metabolic state. Therefore, cells in a mature biofilm are not
only phenotypically distinct from planktonic and adhering bacteria, they also form phenotypically
distinct regions within an individual biofilm [16,98]. This heterogeneity has also been shown to lead
to a division of labor in which cells perform specialized tasks to benefit the cellular community [99].
Common examples found within mature biofilms include biofilm matrix producers and persister cells,
both of which provide unique challenges as well as promising targets for anti-biofilm strategies.

4.1. Extracellular Matrix Producers

The matrix producing cells within bacterial biofilms are responsible for the production of EPSs
(i.e., polysaccharides, nucleic acids, lipids, and proteins) [100]. In some bacterial biofilms, such as
Bacillus subtilis, this cell type is located primarily in the core of the biofilm in order to maintain its
structure and rigidity [98]. Beyond providing structure, the EPS produced enhances biofilm formation
by facilitating cell-cell communication and acting as a shield against numerous environmental hazards
(i.e., antibiotics). They also serve as an external digestion system by breaking down lysed bacterial
cells into nutrients that can be recycled to cells within the biofilm [48]. The most common components
of the biofilm matrix are exopolysaccharides, eDNA, and proteins; however, the composition of EPSs
is highly dependent on bacterial species and host conditions.

Matrix producing bacteria have been shown to excrete exopolysaccharides, the type of which
can also impact bacterial phenotype. For example, during early biofilm formation, P. aeruginosa
expresses a non-mucoid phenotype. These bacteria primarily produce Pel and Psl as structural
exopolysaccharides, which have been found to play roles in increasing biofilm cell density and
initial cell attachment, respectively [101–103]. However, over time, this bacterium can switch to the
mucoid phenotype, which poses particular problems for cystic fibrosis patients. This switch, due to
genetic mutations of the anti-sigma factor MucA, has been attributed to the overexpression of the
exopolysaccharide alginate which enhances resistance to antibiotics and host immune cells as well
as provides matrix structure [104,105]. As with all EPSs, the type of exopolysaccharide produced
varies between bacterial species. However, there is one that is conserved throughout many microbial
species, encompassing both Gram-positive and –negative bacteria: poly-β(1-6)-N-acetylglucosamine
(PNAG) [102,106]. In bacteria such as S. aureus, this polysaccharide provides the main functional
component of intracellular adhesion [107].

A second category of EPS, eDNA, which can facilitate adhesion during the early phase of
biofilm development, has recently been shown to provide structural support within the biofilm
matrix. However, the structural contribution of eDNA varies between bacterial species. For example,
while eDNA is only a minor component in S. epidermidis biofilms, it is a major structural component
in P. aeruginosa biofilms. To demonstrate this, an absence of eDNA in P. aeruginosa biofilms has been
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shown to negatively impacts 3-dimensional (3D) biofilm development without impairing individual
cell growth, further establishing a role for eDNA in biofilm structure [108]. To build upon this theory,
studies have hypothesized that eDNA may be used as scaffolding for the initial 3D structure as the
integrity of mature biofilms is only minimally impacted by DNase, an enzyme that can completely
dissolve biofilms in their early phases [108]. eDNA is also capable of interacting with other EPSs,
such as Psl and Pel, which results in strong biofilm “skeletons” capable of reducing the effectiveness
of DNase [109]. The presence of eDNA within the matrix could be the result of passive release
from dead cells, active release from physiologically active cells, or bacteriophage infection spurring
release [110]. For example, in some cases, eDNA appears to originate from a small subpopulation of
autolytic cells, the activation of which are controlled by the cidA gene in S. aureus [111]. This gene,
in turn, is regulated by the LytSR two-component regulatory system [112]. In contrast, nontypeable
Haemophilus influenzae (NTHI) has recently been shown to secrete chromosomal DNA during biofilm
maturation via a two-pore system. It has been shown that this bacteria uses an inner-membrane pore
(TraCG) to transport eDNA to the periplasm and ComE to secrete the EPS to the biofilm matrix [113].

Matrix-producing bacteria also excrete matrix proteins. While EPS and eDNA have understood
roles in biofilm structure, little is known about the roles proteins play in the biofilm matrix and
information regarding the identities of these proteins is scarce. A recent proteomic study sought
to characterize the proteins found in the P. aeruginosa matrix and found that they were composed
largely of outer membrane proteins, secreted proteins, and the contents of lysed cells, including
many well-characterized virulence factors [114]. One such protein, cyclic diguanylate-regulated TPS
partner A (CdrA), was shown to link cells to the Psl exopolysaccharide, thus reinforcing the biofilm
matrix [115]. In addition, DNA binding proteins, like DNA-binding protein HU (PA1804), are also
common contributors to EPSs and are thought to alter gene transcription. However, despite their DNA
biding properties, it is not yet known if they interact with eDNA [116].

4.2. Persister Cells

During biofilm maturation, microenvironments form that have distinct impacts on bacterial
phenotype. These regions can be divided into three generalized categories: (1) an oxygen and substrate
rich zone on or near the surface of the biofilm; (2) an intermediate substrate rich and oxygen depleted
zone in which cells depend heavily on fermentation; (3) and a substrate and oxygen depleted zone
consisting of metabolically dormant near the adhesion surface [16].

Most matrix-producing cells can be found within the first two zones. However, within substrate
and oxygen depleted zones of a biofilm a divergent subpopulation of persister cells can be found,
which has been a hindrance to the development of effective antimicrobial strategies. These cells exist as a
small portion of biofilms that are tolerant to antibiotics while remaining protected from the host immune
system. As such, the susceptible cells are killed during an antibiotic regimen, leaving the persister
cells to repopulate the biofilms. This not only renders the antimicrobial strategy ineffectual, but can
also lead to chronic infections [6]. Like antibiotic resistant bacteria, which obtain resistance through
genetic mutations, persister cells are notoriously difficult to treat. However, in contrast to antibiotic
resistant cells, persister cells obtain tolerance via transition to a metabolically dormant state that no
longer expresses most antimicrobial targets, without undergoing any genetic modifications [117,118].

4.3. Anti-Biofilm Strategies

As bacterial sensing (i.e., QS and c-di-GMP signaling) drives phenotypic variation during biofilm
maturation, it is unsurprising that inhibition of these processes can provide effective antimicrobial
strategies. A number of methods have been developed that fall under two categories: QS inhibiters
and quorum quenchers (QQs) (Figure 2). The first method, QS inhibition, aims to block QS by
introducing small-molecule analogs that outcompete signal molecules [119]. Using this strategy,
it is possible to alter cellular phenotypes expressed within mature biofilms. For example, the agr
signaling pathway, despite being implicated in initial cell adhesion under certain conditions, is also
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capable of inhibiting important biofilm matrix proteins (fibronectin-binding proteins (FnBPs) and
Protein A) produced by S. aureus [56,120]. To exploit this natural system as an anti-biofilm strategy,
it is possible to activate the arg signaling system through the addition of autoinducing peptides
(AIPs). When combined with serine proteases, AIPs were highly effective at dispersing established,
mature biofilms; however, this strategy would be ineffective at targeting agr deficient strains [121].
Conversely, quorum quenchers shut down QS via enzyme inhibitors which can be classified as:
(1) lactonases; (2) acylases; and (3) oxidoreductases [122]. Most QQ enzymes identified to date fall
under the category of lactonases, due to their ability to degrade AHL molecules [123–125]. One such
enzyme, SsoPox-W263I, was capable of decreasing the virulence of clinical isolates of P. aeruginosa from
diabetic foot ulcers by disrupting QS and reducing biofilm formation [26]. Finally, many strategies have
attempted to disrupt c-di-GMP signaling due to its large role in regulating the bacterial phenotypes
that produce exopolysaccharides and matrix proteins. For example, high levels of c-di-GMP have
been linked to increased production of the polysaccharides Pel and Psl and the protein CdrA in
P. aeruginosa [115,126]. Therefore, degradation of this compound presents an interesting anti-biofilm
solution. One PDE of interest, the regulatory enzyme BsmR not only degrades c-di-GMP, but also
upregulates genes associated with biofilm dispersal, making it a strong antimicrobial candidate [27].

Figure 2. Targeting quorum sensing. Schematic of QS in bacteria as well as methods to block this
signaling mechanism. AHL dependent QS within biofilms (left) can be blocked using competitive
QS inhibition that outcompete AHL for AHL receptors (middle) or quorum quenching enzymes that
inactivate AHL signals (right).

An additional strategy to modify phenotypes within mature biofilms is the transcriptional
alteration of essential enzymes. This is possible due to technologies such as CRISPR (clustered regularly
interspaced short palindromic repeats), which allows for the alteration of any target gene [127].
One target of particular interest is LuxS, the enzyme that synthesizes AI-2, as it has been shown to
influence matrix producing phenotypes. For example, it regulates the production of eDNA through
the activation of LytA-dependent autolysis activity in S. pneumoniae [128]. As eDNA provides structure
to biofilms, inhibition of LuxS could prevent biofilm formation or weaken existing communities.
Interestingly, recent studies demonstrated that CRISPR inhibition (i.e., CRISPRi) could knockdown
luxS which, in turn, prevented metabolically active E. coli from developing biofilms, likely due to the
prevention of EPS production through AI-2 inhibition [28,29]. These studies appear to be the first
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attempts to utilize CRISPR in an effort to prevent or eliminate biofilms; however, it may be possible to
knockout other genes essential to biofilm maturation.

Instead of targeting various phenotypes, it is also possible to target cellular products in order
to weaken or disperse mature biofilms [129,130]. The introduction of dispersion proteins, such as
dispersin B of Aggregatibacter actinomycetemcomitans, has the ability to inhibit initial biofilm formation,
detach existing colonies, and compromise the physical integrity of the matrix in staphylococcal biofilms
by attaching to the exopolysaccharide PIA [30,48,49,131,132]. The enzyme DNase may also be effective
at dispersing early-staged biofilms and increasing their susceptibility to antibiotics by targeting
eDNA within the matrix, thus leading many researchers to analyze its potential as an anti-biofilm
therapy [30,133,134]. This strategy has culminated in Genentech’s Pulmozyme®, a recombinant human
DNase I that targets P. aeruginosa infections of cystic fibrosis patients. Antibody-based therapies
(i.e., monoclonal antibodies) may also be able to eliminate mature biofilms [135–137]. One antigen of
interest is PNAG, an exopolysaccharide that is conserved in many bacterial species, and antibodies
targeting this antigen have been shown to prevent and eliminate bacterial biofilms [138]. This success
has led to the development of an anti-PNAG monoclonal antibody which has completed a Phase I
clinical trial [32,139].

While the strategies detailed above may be effective at targeting the matrix producing phenotypes,
resulting dispersion may leave persister cells behind which can repopulate the biofilm. As these
cells are metabolically dormant, anti-microbial compounds targeting persister cells must be capable
of entering cells without the need for active transport. In addition, their mechanism of action must
require no innate cellular machinery [140]. Such compounds exist and include the chemotherapeutic
agents mitomycin C and cisplatin [33,141]. Additionally, studies have shown that persister cells can be
reawakened, after which they can be targeted with traditional antibiotics. This has been done with
cis-2-decenoic acid, which revitalized protein synthesis within the previously dormant cells [35].

5. Dispersion

During or after biofilm maturation, a subpopulation of bacteria can disperse from the biofilm
matrix to colonize other regions of the host. This population represents a phenotype distinct from
both planktonic and biofilm bacteria [141,142]. During this phase, genes for motility and virulence
are upregulated in response to environmental cues (i.e., cell density, febrile conditions, bacteriophage
infection, changes in nutrient availability) [4,143]. Dispersion can occur as either single motile cells or
as multicellular aggregates.

Interestingly, the dispersed single motile cell phenotype has a greater capacity to develop biofilms
when compared with planktonic bacteria [19]. However, high density aggregates, which retain similar
phenotypes to biofilm bacteria, surpass both planktonic and single dispersed cells in the ability
to form biofilms, making them important to disease pathogenesis [144]. As further evidence that
biofilm detachment plays a large role in bacterial diseases, there is also increasing evidence that
certain methods of dispersal can result in the release bacteria more virulent than their planktonic
counterparts [4]. For example, fever-induced biofilm release of pneumococci has been shown to result
in bacterial dissemination to the lungs and blood to a greater degree than observed for planktonic
bacteria in murine models [36], and it is now apparent that the biofilm colonization phase is essential
for disease progression. As the end goal of most anti-biofilm strategies is biofilm dissemination, there is
a possibility of inadvertently activating this phenotype; therefore, secondary measures (e.g., antibiotics,
vaccines) should be taken to prevent further spread of disease.

In addition, many biofilms are asymptomatic and potentially beneficial to the host
(i.e., microbiota) [145]. Therefore, a better understanding of the biofilm-released phase offers the
potential for innovative strategies targeting opportunistic pathogens while leaving potentially beneficial
bacteria in place. This idea was put into practice during the recent transcriptome analysis of
planktonic, biofilm-forming, and biofilm-released cells which identified protein antigens specific to
the biofilm-release phase [4]. Two of these proteins, alpha-glycerophosphate oxidase (GlpO) and
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the bacterocin PncO, were found to be homologous throughout S. pneumoniae strains and offered
complete protection against this virulent phenotype in murine models when combined into a single
vaccine [36,37]. To our knowledge, this is the first strategy to specifically target biofilm-detached
bacteria, while leaving the biofilm intact.

6. Conclusions

To develop effective therapeutic strategies against biofilm-forming bacteria, it is essential to
understand the phenotypic diversity that is observed within these biofilms. These differences pose many
challenges to researchers targeting these colonizing bacteria. However, with a better understanding
comes the potential for effective treatment and vaccination strategies such as those mentioned above.
While each strategy mentioned in this review has its strengths, few have ever demonstrated the
coverage needed to provide full protection against their target pathogen. This is due to the fact
that many strategies focus only on one aspect of bacterial diversity. Therefore, combining strategies
may provide universal protection against diseases caused by biofilm forming bacteria. For example,
as biofilm dispersion therapies may result in virulent biofilm-released bacteria, secondary treatments
may be required to prevent the further spread of disease. In summary, this review presents evidence
that taking phenotypic differences into account will enable the development of widely effective
anti-infective solutions.
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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].
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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

89



Materials 2018, 11, 1705

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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from hairy roots of Salvia sclarea L.: Salvipisone as a potential anti-biofilm agent active against antibiotic
resistant Staphylococci. Phytomedicine 2007, 14, 31–35. [CrossRef] [PubMed]

121. Nowakowska, J.; Griesser, H.J.; Textor, M.; Landmann, R.; Khanna, N. Antimicrobial properties of
8-hydroxyserrulat-14-en-19-oic acid for treatment of implant-associated infections. Antimicrob. Agents
Chemother. 2013, 57, 333–342. [CrossRef] [PubMed]

122. Tan, J.P.K.; Coady, D.J.; Sardon, H.; Yuen, A.; Gao, S.; Lim, S.W.; Liang, Z.C.; Tan, E.W.; Venkataraman, S.;
Engler, A.C.; et al. Broad Spectrum Macromolecular Antimicrobials with Biofilm Disruption Capability and
In Vivo Efficacy. Adv. Healthc. Mater. 2017, 6, 1–9. [CrossRef]

123. Nadell, C.D.; Drescher, K.; Foster, K.R. Spatial structure, cooperation and competition in biofilms. Nat. Rev.
Microbiol. 2016, 14, 589–600. [CrossRef] [PubMed]

124. Donlan, R.M. Biofilms and device-associated infections. Emerg. Infect. Dis. 2001, 7, 277–281. [CrossRef]
[PubMed]

98



Materials 2018, 11, 1705

125. Dos Santos Goncalves, M.; Delattre, C.; Balestrino, D.; Charbonnel, N.; Elboutachfaiti, R.; Wadouachi, A.;
Badel, S.; Bernardi, T.; Michaud, P.; Forestier, C. Anti-biofilm activity: A function of Klebsiella pneumoniae
capsular polysaccharide. PLoS ONE 2014, 9, e99995. [CrossRef]

126. Brian-Jaisson, F.; Molmeret, M.; Fahs, A.; Guentas-Dombrowsky, L.; Culioli, G.; Blache, Y.; Cérantola, S.;
Ortalo-Magné, A. Characterization and anti-biofilm activity of extracellular polymeric substances produced
by the marine biofilm-forming bacterium pseudoalteromonas ulvae strain TC14. Biofouling 2016, 32, 547–560.
[CrossRef] [PubMed]

127. Augustine, N.; Kumar, P.; Thomas, S. Inhibition of Vibrio cholerae biofilm by AiiA enzyme produced from
Bacillus spp. Arch. Microbiol. 2010, 192, 1019–1022. [CrossRef] [PubMed]

128. Pande, V.; McWhorter, A.R.; Chousalkar, K.K. Anti-bacterial and anti-biofilm activity of commercial organic
acid products against Salmonella enterica isolates recovered from an egg farm environment. Avian Pathol.
2018, 47, 189–196. [CrossRef] [PubMed]

129. Francolini, I.; Donelli, G. Prevention and control of biofilm-based medical-device-related infections. FEMS
Immunol. Med. Microbiol. 2010, 59, 227–238. [CrossRef] [PubMed]

130. Junter, G.A.; Thébault, P.; Lebrun, L. Polysaccharide-based antibiofilm surfaces. Acta Biomater. 2016, 30,
13–25. [CrossRef] [PubMed]

131. Cooper, R. Honey as an effective antimicrobial treatment for chronic wounds: Is there a place for it in modern
medicine? Chronic Wound Care Manag. Res. 2014, 1, 15–22. [CrossRef]

132. Simon, A.; Traynor, K.; Santos, K.; Blaser, G.; Bode, U.; Molan, P. Medical honey for wound carestill the latest
resort. Evid.-Based Complement. Altern. Med. 2009, 6, 165–173. [CrossRef] [PubMed]

133. Biglari, B.; Swing, T.; Büchler, A.; Ferbert, T.; Simon, A.; Schmidmaier, G.; Moghaddam, A. Medical honey in
professional wound care. Expert Rev. Dermatol. 2013, 8, 51–56. [CrossRef]

134. Watts, R.; Frehner, E. Evidence Summary: Wound management: Medical-grade honey. Wound Pract. Res.
2017, 25, 117–120. [CrossRef]

135. Müller, P.; Alber, D.G.; Turnbull, L.; Schlothauer, R.C.; Carter, D.A.; Whitchurch, C.B.; Harry, E.J. Synergism
between Medihoney and Rifampicin against Methicillin-Resistant Staphylococcus aureus (MRSA). PLoS ONE
2013, 8, 1–9. [CrossRef] [PubMed]

136. Liu, M.Y.; Cokcetin, N.N.; Lu, J.; Turnbull, L.; Carter, D.A.; Whitchurch, C.B.; Harry, E.J. Rifampicin-manuka
honey combinations are superior to other antibiotic-manuka honey combinations in eradicating
Staphylococcus aureus biofilms. Front. Microbiol. 2018, 8, 1–12. [CrossRef] [PubMed]

137. Liu, M.; Lu, J.; Müller, P.; Turnbull, L.; Burke, C.M.; Schlothauer, R.C.; Carter, D.A.; Whitchurch, C.B.;
Harry, E.J. Antibiotic-specific differences in the response of Staphylococcus aureus to treatment with
antimicrobials combined with manuka honey. Front. Microbiol. 2014, 5, 1–9. [CrossRef] [PubMed]

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

139. El-Kased, R.F.; Amer, R.I.; Attia, D.; Elmazar, M.M. Honey-based hydrogel: In vitro and comparative in vivo
evaluation for burn wound healing. Sci. Rep. 2017, 7, 1–11. [CrossRef]

140. Lu, J.; Carter, D.A.; Turnbull, L.; Rosendale, D.; Hedderley, D.; Stephens, J.; Gannabathula, S.; Steinhorn, G.;
Schlothauer, R.C.; Whitchurch, C.B.; et al. The Effect of New Zealand Kanuka, Manuka and Clover The effect
of New Zealand kanuka, manuka and clover honeys on bacterial growth dynamics and cellular morphology
varies according to the species. PLoS ONE 2013, 8, e55898. [CrossRef] [PubMed]

141. Abbas, H.A. Comparative Antibacterial and Antibiofilm Activities of Manuka Honey and Egyptian Clover
Honey. Asian J. Appl. Sci. 2014, 2, 110–115.

142. Majtan, J.; Bohova, J.; Horniackova, M.; Klaudiny, J.; Majtan, V. Anti-biofilm effects of honey against wound
pathogens proteus mirabilis and enterobacter cloacae. Phyther. Res. 2014, 28, 69–75. [CrossRef] [PubMed]

143. Campeau, M.E.M.; Patel, R.; Campeau, M.E.M.; Patel, R. Antibiofilm Activity of Manuka Honey in
Combination with Antibiotics. Int. J. Bacteriol. 2014, 2014, 1–7. [CrossRef] [PubMed]

144. Wang, Y.-L.; Yu, Q.-H.; Chen, S.-K.; Wang, Y.-H. In-vitro Activity of Honey and Topical Silver in Wound Care
Management. Drug Res. 2015, 65, 592–596. [CrossRef] [PubMed]

145. Sojka, M.; Valachova, I.; Bucekova, M.; Majtan, J. Antibiofilm efficacy of honey and bee-derived defensin-1
on multispecies wound biofilm. J. Med. Microbiol. 2016, 65, 337–344. [CrossRef] [PubMed]

99



Materials 2018, 11, 1705

146. Halstead, F.D.; Webber, M.A.; Oppenheim, B.A. Use of an engineered honey to eradicate preformed biofilms
of important wound pathogens: An in vitro study. J. Wound Care 2017, 26, 442–450. [CrossRef] [PubMed]
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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
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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

122



Materials 2018, 11, 2468

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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