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ARTICLE INFO ABSTRACT

Keywords: Staphylococcus aureus (S. aureus) readily forms biofilms on prosthetic devices such as the pacemakers, heart
Staphylococcus aureus valves, orthopaedic implants, and indwelling catheters. Its biofilms are recalcitrant to antibiotic therapy and
Bmfﬂf_ns. pose a serious burden in the healthcare setting as they drastically increase the treatment cost and morbidity of
Am‘bm“c.sl the patient. Prevention and treatment of staphylococcal biofilms has therefore been an area of active research for
Nanop arncies the past two decades. While catheters coated with different antiseptics and antibiotics capable of preventing S.
Phytochemicals . . . . . .

Phages aureus biofilm formation have been developed, an effective therapy for the dispersal and treatment of established

staphylococcal biofilms is not yet available. Hence, many studies have focused on developing novel therapeutic
strategies that can tackle established S. aureus biofilm associated infections. This has led to the identification of
different phytochemicals (e.g., tannic acid, ellagic acid, xanthohumol etc), enzymes (e.g., Dnases, lysostaphin, a-
amylase, hyaluronidase and proteases etc.), sulfahydrl compounds (e.g, dithiothreitol, 2-mercaptoethanol),
nanoparticles (e.g., gold, silver, iron, copper and selenium), phage cocktails, antibodies and metal chelators.
Apart from the conventional techniques, the therapeutic effects of ultra sound, shock waves and photodynamic
therapy for treating S. aureus biofilms are also being investigated. Clinical validation of these studies will equip
the medical field with alternate preventive and treatment methods against staphylococcal biofilm infections.
This review provides recent updates on the preventive and therapeutic strategies explored to eradicate sta-
phylococcal biofilm formation and related infections.

1. Introduction

Staphylococcus aureus (S. aureus), is one of the leading human pa-
thogens that is responsible for a number of community acquired, no-
socomial and biofilm related infections worldwide (Archer et al.,
2011a, 2011b; Tong et al., 2015). Its pathogenic efficiency can be at-
tributed to wide range of virulence factors it produces to thwart host
immune responses (De Leo et al., 2009; Thammavongsa et al., 2015). S.
aureus infections, particularly its biofilm related infections are re-
calcitrant to clearance by antimicrobials and host defence molecules.
Biofilms also increase the opportunity for the transfer the resistance
genes between bacteria (Archer et al., 2011a, 2011b; Donlan, 2002;
Flemming et al., 2016; Hall-Stoodley et al., 2004; Romling and
Balsalobre, 2012; Weigel et al., 2007). In clinical scenario S. aureus
forms biofilms on the surfaces of the catheters (intravenous catheters,
urinary catheters, dialysis catheters etc.) and implanted medical devices
(fluid shunts, joint prostheses and pacemakers etc). S. aureus in the
biofilms are resistant to antibiotics and innate host defence
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mechanisms, such as antimicrobial peptides and neutrophil phagocy-
tosis (Otto, 2008). Treatment in such cases requires the replacement of
the infected catheters and implants with new ones and subsequent
treatment with antibiotics resulting in drastic increase in the treatment
cost (Lebeaux et al., 2014). On-going research in the last decades
identified a number of prevention and treatment strategies for tackling
S. aureus biofilm infections. The updates regarding the preventive and
therapeutic strategies explored recently to eradicate staphylococcal
biofilm formations are discussed in this review.

2. S. aureus biofilm structure

Biofilms are organized assemblage of sessile bacterial cells protected
by an extracellular matrix (ECM). S. aureus forms biofilm on catheters
and other biomaterials surfaces. Previous studies have demonstrated
that soon after implantation, catheters and other biomaterials get
coated with plasma and host ECM proteins such as fibrinogen, fi-
bronectin, thrombospondin and vitronectin (Lundberg et al., 1997). S.
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aureus has tremendous capacity to bind to both uncoated, as well as
host protein coated catheters and other biomaterials. S. aureus biofilm
development proceeds in three steps: attachment, accumulation and
dispersal (Boles and Horswill, 2008; Chessa et al., 2016; Joo and Otto,
2012; Laverty et al., 2013; Le et al., 2014; Lister and Horswill, 2014;
Moormeier et al., 2014). The biofilm formation begins with the initial
attachment of S. aureus cells to the uncoated or plasma and host ECM
proteins coated catheter and biomaterial surfaces, followed by forma-
tion of bacterial aggregates (Otto, 2008). Attachment to the surface(s) is
mediated by hydrophobic, electrostatic and van der waals interactions
(Renner and Weibel, 2011). The development of multi-layered structure
of biofilm requires intercellular aggregation of the proliferating cells
through the production of ECM (Otto, 2008). In general, ECM in S.
aureus is composed of polysaccharides, teichoic acids, extracellular
DNA (eDNA) and several surface proteins of S. aureus (Schwartz et al.,
2016), however the amount of individual components present within
the biofilms varies among the different S. aureus isolates (Sugimoto
et al., 2018). The polysaccharide in staphylococcal biofilm is named as
polysaccharide intracellular adhesion (PIA). PIA is also known as
polymeric N-acetyl- glucosamine (PNAG) and both abbreviations are
used to name actually the same molecule (Arciola et al., 2015; Lister
and Horswill, 2014). PIA/ PNAG is composed of B-1, 6-linked N-acetyl
glucosamine residues (80-85%) and an anionic fraction with a lower
content of non-N-acetylated D-glucosaminyl residues that contain
phosphate and ester-linked succinate (15-20%) (Archer et al., 2011a,
2011b) with a net positive charge that promotes intercellular ag-
gregation and attachment of S. aureus to inert surfaces (Shirtliff et al.,
2002). PIA/ PNAG synthesis in this bacterium is mediated by the
icaADBC operon (Cramton et al., 1999; Fluckiger et al., 2005). Sta-
phylococcal surface proteins such as autolysin AtlA, plays an important
role in stabilizing the biofilm structure by inducing eDNA release (Bose
et al., 2012; Speziale et al., 2014). The released eDNA will be held
within the ECM by secreted bacterial proteins such as integration host
factor (IHF) and histone-like (HU) proteins that belong to the DNABII
family. Other S. aureus surface proteins like Protein A (Merino et al.,
2009; Toledo-Arana et al., 2005), fibronectin and fibrinogen binding
factors (FnBPA and FnBPB, CIfA and CIfB) (Fitzpatrick et al., 2005;
O’Neill et al., 2009, 2008; Vergara-Irigaray et al., 2009), serine aspar-
tate repeat protein (SdrC) (Barbu et al., 2014), surface associated sta-
phylococcal protein G (SasG) (Corrigan et al., 2007), biofilm associated
protein (Bap) (Cucarella et al., 2004) and accumulation associated
proteins (Aap) (Schaeffer et al., 2015) contribute to biofilm matrix
development and stabilization (Lister and Horswill, 2014) (Fig. 1). S.
aureus surface proteins Atl, FnBPA and FnBPB, CIfA, CIfB and teichoic
acids play vital role in the initial attachment of S. aureus to the host
protein coated surfaces.

Sugimoto et al., studied the importance of each component of ECM
(eDNA, proteins and PIA/ PNAG) in biofilm formation among the dif-
ferent S. aureus clinical strains using DNase I, Proteinase K and
Dispersin B. DNase I was found to be most effective in biofilm disper-
sion, followed by Proteinase K. The biofilm dispersion activity of
Dispersin B, which cleaves PIA/ PNAG, was restricted only to S. aureus
strains that produce PIA/ PNAG. Dispersin also showed significant in-
verse correlations with that of Proteinase K, suggesting independent
roles of PIA/ PNAG and proteins in each biofilm. ECM profiling of
different clinical strains revealed that while eDNA was present in all
strains, PIA/ PNAG was present only in a small number of isolates
(Sugimoto et al., 2018).

3. Therapeutic strategies to prevent biofilm formation and
disruption

The increasing incidence of biofilm associated S. aureus infections
necessitates the development of novel methods to treat them. The main
problem associated with staphylococcal biofilms is their resistance to-
wards the antibiotics and host defence mechanisms. Biofilm forming
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property endows the pathogenic strains with increased resistance to-
wards antibiotics and host defence factors (De Leo et al., 2009; Giinther
et al., 2009; Thurlow et al., 2011). This resistance is predominantly
effectuated through the diffusion barrier action of the polysaccharide
matrix (Singh et al., 2016). Additionally, the anoxic conditions and lack
of sufficient nutrients within the biofilm force S. aureus cells into a
dormant state with down regulated metabolism and impaired cell di-
vision leading to a population of slow growing persistent S. aureus cells
which impede the anti-staphylococcal activity of most antibiotics
(Chung and Toh, 2014; Lebeaux et al., 2014; Lewis, 2008; Wood et al.,
2013).

Tackling the antibiotic resistance of S. aureus in biofilms requires
development of suitable treatment(s) options. The efforts that were
made for the prevention and treatment of S. aureus biofilms can broadly
be categorized into the following major groups: (i) use of existing an-
tibiotics in combinations; (ii) repurposing of existing drugs; (ii) iden-
tification of new anti-biofilm agents; (iii) use of laser Shock waves
(LSW), ultra sound (US) and photodynamic therapies (PDT); and (iv)
development of medical implants and catheters with modified surfaces
that hinder the S. aureus attachment and biofilm development. This
review provides a concise overview of the recent findings in each of the
above mentioned topics (Fig. 2).

3.1. Antibiotics and their combinations

Several approaches were considered to use antibiotics in an ap-
propriate way to tackle S. aureus biofilm infections, which included
both treatment and prevention strategies. Treatment strategies involved
exploring the use of antibiotics at higher concentrations or in different
combinations to achieve maximum therapeutic effects. As S. aureus
biofilms are resistant to antibiotics at their minimum inhibitory con-
centrations (MIC) it became a necessity to determine the exact
minimum biofilm inhibition concentrations (MBIC; the minimum con-
centration that prevents biofilm formation) and biofilm eradication
concentrations (MBEC; minimum concentration necessary to eradicate
preformed biofilm) of different antibiotics (Kotulové and Slobodnikova,
2010; Manner et al., 2017; Mottola et al., 2016). The MIC, MBIC and
MBEC values of different antibiotics against S. aureus were determined
and presented in several previously published articles (LaPlante and
Mermel, 2009; Mottola et al., 2016; Saginur et al., 2006). In all cases
the MBIC and MBEC values of antibiotics were much higher than their
respective MICs. For example, the MIC, MBIC and MBEC values of
vancomycin against S. aureus were 1-2, 16 (8-16 times more than MIC)
and > 256 ng/ml (at least 16 times more than MBIC); and the MIC and
MBIC values of linezolid against S. aureus was 2 and > 64 ug/ml. The
higher MBIC and MBEC values make it difficult to use most antibiotics
to treat S. aureus biofilm infections, as at MBIC and MBEC values these
antibiotics may exert cellular toxicity. As single antibiotics in general
were not effective in eradicating S. aureus biofilms at their MICs, efforts
were made to identify suitable antibiotic combinations that can dis-
perse biofilm at their MICs. In vitro studies identified several antibiotic
combinations that can disperse S. aureus biofilms at their MICs. The
combinations that were found to be effective against methicillin sen-
sitive S. aureus are oxacillin (OXA), azithromycin (AZM), fusidic acid
(FA); OXA, gentamicin (GEN), FA; rifampicin (RIF), cefazolin (CFZ);
RIF, vancomycin (VAN), GEN; CFZ, AZM, FA; CFZ, ciprofloxacin (CIP),
FA; VAN, FA; VAN, AZM, FA; GEN, FA; AZM, CIP, FA; RIF, VAN; while
combinations of RIF, VAN, FA and RIF, CIP, FA were bactericidal
against methicillin resistant S. aureus biofilms (Saginur et al., 2006).
Rifampin was found to be the single most active antibiotic agent against
S. aureus biofilms (Kadurugamuwa et al., 2003; Kotulova and
Slobodnikova, 2010).

Implants and catheters coated with different antiseptics (silver sul-
fadiazine, chlorhexidine etc) and antibiotics (minocycline, rifampin etc)
were developed as strategies to prevent S. aureus foreign body asso-
ciated biofilm development. Sampath et al have compared the biofilm
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Fig. 1. Steps involved in S. aureus biofilm development and its resistance mechanisms. Biofilms form by initial attachment of S. aureus to biotic or abiotic surfaces.
Subsequently, S. aureus divides to form multilayer aggregates and later mature biofilm, where S. aureus get encased into the ECM composed of polymeric N-acetyl
glucosamine, teichoic acids, and proteins. Biofilm embedded S. aureus are resistant to antibiotics and innate host defence mechanisms, such as neutrophil and

macrophage medicated phagocytosis.

inhibitory properties of catheters containing silver sulfadiazine and
chlorhexidine on the external surface and chlorhexidine in the lumens
to the catheters impregnated with minocycline on its external surfaces
and rifampin on its luminal surfaces in a rat model. Both catheters
prevented S. aureusbiofilm development (Sampath et al., 2001). Using a
murine model of bacterial colonization of subcutaneously inserted ca-
theters, Tran et al, demonstrated that organoselenium antimicrobial
agent selenocyanatodiacetic acid (SCAA) coated hemodialysis catheters
(HDC) inhibit S. aureus biofilm formation (Tran et al., 2012). A major
concern of the antibiotic coated implants and catheters is that their use
might lead to the development of resistant strains.

3.2. Identification of new anti-biofilm agents

Constant efforts were also made to develop new anti-biofilm agents
which led to the identification of several repurposed drugs, phyto-
chemicals, metal chelators, nanoparticles, antimicrobial peptides
(AMPs), enzymes, bacteriophages and antibodies that can combat sta-
phylococcal biofilm associated infections. The next section focuses on
the potential of these agents.

3.2.1. Repurposed drugs

Development of new therapeutic molecules requires extensive re-
search with costs running into hundreds of millions of dollars over
longer duration of time (usually 10-12 years). As development of
completely new and effective drug molecules is increasingly becoming
difficult, alternative strategies such as repurposing of existing Food and
Drug Administration (FDA) approved drugs for the treatment of mul-
tiple diseases are gaining popularity. This approach has several ad-
vantages, including avoidance of high costs and long duration of time

required for development of novel antibiotics, also there is an added
benefit of utilizing compounds with known pharmacological properties
(Deftereos et al., 2011; Corsello et al., 2017; Hernandez et al., 2017).
For example, Auranofin, a drug used for the treatment of rheumatoid
arthritis, has been repurposed to treat S. aureus, K. pneumoniae, HIV and
few parasitic infections (Caroli et al., 2012; Chirullo et al., 2013;
Sharlow et al., 2014; Aguinagalde et al., 2015). Enoxacin, a broad-
spectrum fluoroquinolone antibacterial agent has been repurposed to
treat fungal infections (Breger et al., 2007). Active research in drug
repurposing led to the identification of a number of existing drug mo-
lecules such as thioridazine, niclosamide, carmofur and auranofin with
anti-biofilm activities. Thioridazine, an anti-psychotic medicine used to
treat schizophrenia potentiated the activity of tobramycin, linezolid
and flucloxacillin against S. aureus biofilm cells (Van den Driessche
et al., 2017). Niclosamide, a medication used to treat tapeworm in-
fections; Carmofuran, an antineoplastic agent and auranofin, an anti-
rheumatic agent were also found to act against pre-formed staphylo-
coccal biofilms (Gwisai et al., 2017; Thangamani et al., 2016; Torres
et al., 2016; Van den Driessche et al., 2017). However, the anti-biofilm
activity of all the above-mentioned repurposed drugs was tested only
under in vitro conditions and requires further in vivo validation.

3.2.2. Chelators and sulfhydryl compounds

Cations (e.g., Mg®*, Fe®*, Ca®>") play important role in microbial
adherence, biofilm formation, and bacterial growth by promoting inter
bacterial interactions, aggregation and inhibition of PIA/ PNAG
synthesis. High affinity metal ion chelators such as ethylenediamine
tetraacetic acid (EDTA), ethylene glycol tetra acetic acid (EGTA) and
tri-sodium citrate (TSC) inhibit biofilm formation as they sequester the
ions and obstruct inter bacterial interactions (Abraham et al., 2012).
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Fig. 2. Recent developments in prevention and treatment strategies against S. aureus biofilm. Biofilm formation could be inhibited using implants with altered surface
morphology and anti-microbial coating. Chelators and sulfhydryl compounds have also demonstrated to possess biofilm inhibitory activities. A number of compounds
and their combinations (eg, repurposed drugs, nanoparticles, antibodies, phages, enzymes etc) are also identified to have activities against mature biofilm.
Abbreviations: ECM = extracellular matrix; CHAP = Cysteine, histidine dependant amidohydrolase/peptidase; Ce6= chlorin e6; OXA = oxacillin;
AZM = azithromycin; GEN = gentamicin; FA = fusidic acid; RIF = rifampicin; CFZ = cefazolin; VAN = vancomycin; CIP = ciprofloxacin; TOBRA = tobramycin;
TMP = trimethoprim; EtOH = ethanol; EDTA = ethylenediamine tetraacetic acid; TSC = tri-sodium citrate; DTT = dithiothreitol; SCAA = selenocyanatodiacetic

acid.

It was observed that sulfhydryl compounds such as dithiothreitol
(DTT), beta-mercaptoethanol and cysteine also cause significant in-
hibition of biofilm formation in S. aureus. They mainly affect the initial
adhesion of S. aureus. Thiol treatment upregulates expression of several
proteins involved in the Embden Meyerhof pathway and Pentose
Phosphate pathway that boost glucose metabolism resulting in reduced
UridinediphosphateN-acetylglucosamine (UDP-GIcNAc) availability for
PIA/ PNAG synthesis. As UDP-GIcNAc is required for PIA/ PNAG
synthesis (Arciola et al., 2015; Wu et al., 2011) and synthesis of PIA/
PNAG is necessary for S. aureus biofilm development, decreased avail-
ability of UDP-GIcNAc leads to a reduction in its biofilm development.

3.2.3. Nanoparticles

Nanotechnology is gaining tremendous importance in recent days as
drug delivery vehicles. The success of nanoparticles as therapeutic
agents is attributed to their small size (less than 1pm) and higher
surface to mass ratio which facilitate effective interactions with the
biological systems (Singh and Lillard, 2009). The field of nano-
technology provides novel approaches to tackle S. aureus biofilm as-
sociated infections. Several nanomaterials, nanoparticles (NP) and drug
encapsulated nanoparticles have been shown to possess better anti-
bacterial and anti-biofilm activities. The anti-biofilm activities of na-
noparticles are due to their enhanced interaction and penetrative cap-
abilities within the biofilm matrix than the existing free drug molecules
(Mu et al., 2016; Pelgrift and Friedman, 2013). Silver and Zinc oxide
(ZnO) nanoparticles; and sustained nitric oxide releasing nanoparticles

were found to interfere with S. aureus adhesion and thus prevent its
biofilm formation (Mihu et al., 2017). Additionally, synergistic anti-
biofilm activity of silver and Zinc oxide (ZnO) nanoparticles was ob-
served when used in combinationwith antibiotics (Chaudhari et al.,
2012). Chaudhari et al., demonstrated that while gentamicin and
chloramphenicol failed to disperse S. aureus biofilms individually, sy-
nergistic effect of silver nanoparticles along with these antibiotics re-
sulted in enhanced dispersion of S. aureus biofilms (Chaudhari et al.,
2012). Applerot et al., demonstrated synergism between -chlor-
amphenicol, ampicillin, erythromycin and ZnO nanoparticles against S.
aureus biofilm (Applerot et al., 2012). Lellouche et al., reported the
antimicrobial activity of fluoride nanomaterials (Lellouche et al., 2009).
Magnesium fluoride (MgF5) NP and yttrium fluoride (YF3) NP coated
catheters were able to reduce S. aureus colonization on catheter surfaces
significantly compared to the uncoated controls (Lellouche et al.,
2012b, 2012a, 2009). Phosphatidylcholine-decorated gentamicin
loaded gold nanoparticles also demonstrated superior anti-biofilm ef-
ficacy against S. aureus (Mu et al., 2016).

3.2.4. Antimicrobial peptides (AMPs)

Anti-microbial peptides (AMPs) are key components of innate im-
munity in humans and other higher organisms. Most AMPs are posi-
tively charged, amphipathic in nature; and shorter than 50 amino acids.
AMPs can bind to and disrupt bacterial membranes (Diamond et al.,
2009; Li et al., 2017). Till date, more than 5000 AMPs have been dis-
covered or synthesized (Zhao et al., 2013). In addition to their
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antimicrobial activity some of these AMPs also possess anti-biofilm
activity against S. aureus. These include RNAIIl-inhibiting peptide (RIP;
YSPWTNF) (Giacometti et al., 2003) and LL-37 (LLGDFFRKSKEKIGK-
EFKRIVQRIKDFLRNLVPRTES). However, when tested under in vivo
conditions RIP exhibited low anti-biofilm activity (Zhou et al., 2016)
and LL-37 was not very stable (Moncla et al., 2011). Thus, several of
their derivatives were synthesized to enhance their in vivo antimicrobial
and anti-biofilm activities. The derivatives which showed enhanced
anti-biofilm activities include synthetic RIP (16P-AC; cusco-YKPVTNF-
ST-YKPVTNF-conp2) (Zhou et al., 2016) and D-LL-37 (protease-resistant
enantiomer of LL-37) (Dean et al., 2011). Several other truncated de-
rivatives of LL-37 were also synthesized, viz., GF-17 (FKRIVQRIKDFL-
RNLV; residues 17 to 32 of LL-37 and protease sensitive), 17BIPHE2
(GXKRIVQRIKDXLRNLV, where X is biphenylalanine; was developed
based on GF-17 sequence, was protease resistant and was found to be
more effective than LL-37 and GF-17) (Mishra et al., 2015), KE-18
(KEFKRIVQRIK; residues 15 to 25 of LL-37) and KR-12 (KRIVQRIKD-
FLR; residues 18 to 29 of LL-37) (Luo et al., 2017). NA-CATH:ATRA1-
ATRA1 (KRFKKFFKKLKNSVKKRFKKFFKKLKVIGVTFPF), a derivative of
natural snake cathelicidin also demonstrated in vitro anti-biofilm ac-
tivity against S. aureus (Dean et al., 2011). Other AMPs such as Bac8-
¢kt (RLWVLWRR; synthetic) (Zapotoczna et al., 2017), tachyplesin I
(KWCFRVCYRGICYRRCR; derived from horseshoe crab) (Jorge et al.,
2017), citropin 1.1 (GLFDVIKKVASVIGGL; green tree frog Litoria ci-
tropa), temporin A (FLPLIGRVLSGIL; derived from the frog Rana tem-
poraria) (Dawgul et al., 2016) and Larvae Immune Peptides 7 complex
(FLIP7; isolated from the maggots of blowfly Calliphora vicina) (Gordya
et al., 2017) demonstrated anti-biofilm properties against S. aureus.
Although larger than AMPs, human Short-palate lung and nasal epi-
thelial clone 1 (SPLUNCI1) protein possess anti-biofilm activity against
S. aureus. SPLUNCI is a 256-amino acid multifunctional protein se-
creted by the human respiratory tract. SPLUNC1 helps in maintaining
fluid homeostasis in airway epithelia and possess antimicrobial activity
(Britto and Cohn, 2015). Yu et al., have demonstrated that the a4 re-
gion (ILKPGGGTSGGLLGGLLGKVTSVIPGLNNI) of SPLUNCI is re-
sponsible for its anti-biofilm activity. A synthetic derivative of a4 re-
gion, which was named as a4M1 peptide
(ILKKWWGTSGGLLGGLLGKVTSVIKGLNNI) demonstrated at least
seven fold higher in vitro anti-biofilm activity than a4 region (Yu et al.,
2018). Among these AMPs only the activity of RIP, 16P-AC and Bac8-
c?5Le were validated both under in vitro and in vivo conditions. 16P-AC
and Bac8c>**" demonstrated significant biofilm disrupting activity,
whereas RIP showed superior biofilm disrupting activity only in com-
bination with antibiotics (Table 1).

3.2.5. Engzymes as biofilm disrupting agents

Research is underway to understand the efficacy of different en-
zymes that can destabilize S. aureus biofilms through degradation of its
cell wall or ECM. Different cell wall hydrolases that can degrade the
pentaglycine bridges in the S. aureus cell wall (eg, Lysostaphin, Cysteine
histidine dependant amidohydrolase/peptidase, endolysins) (Bradford,
2011; Ibberson et al., 2016; Kaplan et al., 2004), proteases (eg, V8
protease, staphopains and cysteine proteases) and DNases were iden-
tified to be effective against S. aureus biofilms. Lysostaphin, a glycyl
glycine endopeptidase, which cleaves the pentaglycine cross-bridge of
staphylococcal cell wall possess the ability to disrupt S. aureus biofilms
(Kokai-Kun et al., 2009). Bacteriophage endolysins including Cysteine,
histidine dependant amidohydrolase/peptidase from phage K (CHAPK),
LysH5 from phage vB-SauS-philPLA88 and endolysin from phill phage
have been found to possess the ability to lyse and disrupt the complex
structure of staphylococcal biofilms (Fenton et al., 2013; Gutiérrez
et al., 2014; Sass and Bierbaum, 2007; Walencka et al., 2005; Wu et al.,
2003).

Among the different glycogen hydrolases, a-amylase was effective
in biofilm detachment, while dispersin B was found to reduce inter-
bacterial adherence and bacteria-surface attachment of S. aureus
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(Bradford, 2011; Kaplan et al., 2004). Although the mechanism of ac-
tion of a-amylase on S. aureus biofilm is not elucidated so far, dispersin
B acts by hydrolysing the PNAG of biofilm matrix (Kaplan et al., 2004).
Hyaluronidase, another glycogen hydrolase was also effective in dis-
persing S. aureus biofilm. It cleaves the glycosidic linkages of hyaluronic
acid of the host extracellular matrix (ECM) used by S. aureus for biofilm
matrix formation thus leading to biofilm disruption (Ibberson et al.,
2016).

In the quest for methods that can disrupt the biofilms, attempts have
also been made to use proteases encoded by staphylococci. S. aureus
encodes 10 proteases of which seven are serine proteases [SplA-F and
V8 protease (sspA)], two are cysteine proteases [Staphopain A (ScpA)
and Staphopain B (SspB)] and one is a metalloprotease [Aureolysin
(Aur)] (Kolar et al., 2013; Shaw et al., 2004). Among these proteases,
V8 protease was found to reduce S. aureus biofilm formation and pro-
mote biofilm detachment through autolysin (AtlA) inactivation (Chen
et al., 2013). The role of staphopains ScpA and SspB, cysteine proteases,
in hampering biofilm integrity has been demonstrated by Mootz et al.,
(Mootz et al., 2013). While both ScpA and SspB prevent biofilm for-
mation, ScpA has also been shown to disperse established biofilms
(Mootz et al., 2013). Aureolysin has been found to proteolytically
cleave and activate SspA which in turn activates SspB (Nickerson et al.,
2010). Loughran et al., confirmed that Aur prevents biofilm formation
and disperses preformed biofilms (Loughran et al., 2014).

Proteases such as proteinase K, trypsin, LasB elastase, flavourzyme
and neutrase from external sources have also been found to be effective
in biofilm disassembly (Gilan and Sivan, 2013). Proteinase K and
trypsin are serine proteases that are verified as efficient inhibitors of
biofilm formation (Elchinger et al., 2014; Gilan and Sivan, 2013). LasB,
a staphylolytic enzyme secreted by Pseudomonas aeruginosa cleaves the
pentaglycine bridge of S. aureus. Studies have shown that LasB has a
mode of action similar to that of lysostaphin and both the enzymes have
demonstrated the ability to prevent biofilm formation and disperse
preformed S. aureus biofilms. Other enzymes which were found to be
effective against staphylococcal biofilms were flavourzyme, an amino-
protease from Aspergillus oryza and neutrase from Bacillus amylolique-
faciens. However, flavourzyme was only effective against S. epidermidis,
whereas neutrase was effective against both S. aureus and S. epidermidis.
The reason behind the specific anti-biofilm activity of flavourzyme
against S. epidermidis and not against S. aureus is not yet studied
(Elchinger et al., 2014).

Similar to proteases, nucleases from different sources also showed
anti-biofilm efficacy. Mann et al and Kiedrowski et al., reported the
anti-biofilm activity of staphylococcal nuclease (Nuc) (Kiedrowski
et al.,, 2011; Mann et al., 2009). The recombinant human DNase
(Dnasel) was also effective in preventing S. aureus biofilms formation,
however none of the nucleases were effective in disrupting mature
biofilms (Kaplan et al., 2012).

3.2.6. Phytochemicals

Plant extracts and plant derived compounds have been used from
the ancient times to combat infectious diseases in humans in different
parts of the world. Plant derived compounds, including several poly-
phenolic compounds and flavonoids, exhibit wide range of biological
activities such as anti-inflammatory, anti-allergic, hepatoprotective,
anti-thrombotic, anti-carcinogenic and vasodilatory actions. Many of
these plant-derived compounds also have weak antibiotic activity that
is several orders of magnitudes weaker than that of common antibiotics
produced by bacteria and fungi. Despite their weaker antibiotic activity
some of these phytochemicals have potent anti-biofilm activity.

Extracts of the plants Kaempferia rotunda L., Caesalpinia sappan L.,
Cinnamomum burmanii Nees ex Bl., C. sintoc L., and Nymphaea nouchali,
L. Chilense, Tagetes minuta, T. absinthioides, and L. Divaricata have been
found to possess anti-biofilm activities (Pratiwi et al., 2015; Romero
et al., 2016). Apart from these extracts several specific phytochemicals
such as Ferulic acid [Source plant: Ferula foetida (Asafoetida)], Tannic
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Table 1
In vivo validated S. aureus biofilm treatment strategies.
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Compounds

Animal

Experimental outcome

Reference

Rifampicin

Daptomycin

ML:8 (Major constituent: caprylic acid) and Citrox

Selenocyanatodiacetic acid (SCAA)

4-Benzylamino) cyclohexyl 2-hydroxycinnamate (BCHA)

Gentamicin-EDTA

Nitric oxide-releasing nanoparticles (NO Np)

Surface modification of commercial (TIVAP) using
methylcellulose (MeCe) and polyethylene glycol (PEG)
derivatives

Lysostaphin

Mixture of trimethoprim + ethanol + and calcium
Ethylenediaminetetraacetic acid

Silver nanoparticles (Ag Np)

Shock waves

RNA III inhibiting peptide (RIP)

Antimicrobial peptide 16P-AC

BALB/c mice

Sprague-
Dawley(SD)
rats

SD rats

BALB/c mice.

Wistar rats

CD/SD rats

SD rats

CD/SD rats

CF-1 mice

New Zealand
white rabbits

SD rats

BALB/c mice

Wistar rats

SD rats

S. aureus Xen 29 pre-colonized catheter segments were
implanted subcutaneously. Seven days post infection,
rifampicin was administered intraperitoneally every 12h for 4
consecutive days. 90% reduction in S. aureus biofilm was
observed.

Catheters were inserted in the jugular vein and were inoculated
with S. aureus. Treatment with 5 mg/ml daptomycin as catheter
lock solution along with systemic daptomycin (s.c.) for four
consecutive days led to complete clearance of established
biofilms.

The preimplanted jugular vein catheters were inoculated with
S. aureus strain USA300. Five days post infection, antibiotic lock
therapy (ALT) with 50 pul ML:8 or Citrox was instilled into the
lumen of the catheter daily for 4 days. Rats also received a
subcutaneous injections of vancomycin (50 mg/kg of body
weight) every 12h throughout the duration of the experiment
to prevent systemic infection. Both ML:8 and citrox were
prevented S. aureus biofilm formation.

SCAA coated hemodialysis catheters (HDC) were inserted
subcutaneously on the back of the mouse and S. aureus AH133
was injected in the area of inserted catheter. S. aureusbiofilm
formation on SCAA coated HDC catheter was inhibited.

S. aureus precolonized polyethylene catheter was inserted into
the urinary bladder of day 7 pregnant rat. Treatment with
gentamicin and BCHA resulted in marked inhibition of biofilm
development.

S. aureus biofilms on totally implantable venous access ports
(TIVAP) were treated with Gentamicin-EDTA ALT for 5 days in
conjunction with systemic vancomycin injections. Treatment
with gentamicin- EDTA ALT prevented initial adherence of S.
aureus with TIVAP.

Heparinized polyethylene catheters were inserted above the
right atrium and were instilled with S. aureus strain USA300.
24 h postinfection 5 mg/ml of NO Np was injected to the
catheter lumen. NO Np treated catheters exhibited low bacterial
burden compared to untreated catheter.

TIVAP surface modified with MeCe and PEG derivatives were
implanted in rats and were infected with S. aureus. Modification
of the TIVAP by MeCe and PEG derivatives inhibited initial
surface adhesion of S. aureus.

Catheters were placed in the jugular vein.

i) A single pre-instillation of lysostaphin (10 mg/kg) in
catheters completely protected catheterized mice from a
subsequent biofilm infection.

ii) Lysostaphin (15 mg/kg) and nafcillin (50 mg/kg) three times
a day for 4 days eradicated established S. aureus biofilms from
implanted catheters.

Silicone catheter placed in the right external jugular vein, was
inoculated with S. aureus and allowed to form intralumenal
biofilm. ALT for 2 h/day for 7 days led to significant reduction
of bacterial burden within the catheters.

Medullary cavity of rat hind leg was inoculated with S. aureus
ATCC 35984 and Ag Np immobilized or pure Titanium
Kirschner wire was inserted into the cavity. Ag-Np was found to
reduce the risk of implant associated peri prosthetic infection
(PPD).

S. aureus was inoculated at the suture site generated by small
incision made in the abdomen. Three days post infection, the
mice were treated with ciprofloxacin alone, shock wave
treatment alone, or shock wave (once per day) and
ciprofloxacin for next 3 days. Shock waves treated mice
biofilms became more susceptible to ciprofloxacin, while
ciprofloxacin alone was ineffective in treating the suture site
infection.

Dacron grafts were soaked in solutions containing RIP and
different antibiotics (mupirocin, quinupristin-dalfopristin,
levofloxacin and rifampin) for 20 minutes prior to implantation
in the subcutaneous pocket of Wistar rats. S. aureus strains were
inoculated on the grafts. Combination of antibiotic and RIP
displayed significant reduction in the S. aureus biofilm
formation, compared to RIP and the antibiotics alone.

0.8 cm sterile stents were inserted into the rat bladders and
were infected with S. aureus. Rats were treated using 16P-AC.
The biofilm formation in the stents was significantly decreased.

(Kadurugamuwa et al.,

2003)

(Van Praagh et al., 2011)

(Hogan et al., 2016)

(Tran et al., 2012)

(Balamurugan et al.,
2015)

(Chauhan et al., 2012)

(Mihu et al., 2017)

(Chauhan et al., 2014)

(Kokai-Kun et al., 2009)

(Chandra et al., 2018)

(Qin et al., 2014)

(Gnanadhas et al., 2015)

(Giacometti et al., 2003)

(Zhou et al., 2016)

(continued on next page)
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Table 1 (continued)
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Compounds Animal

Experimental outcome

Reference

Antimicrobial peptide Bac8c>°M*" SD rats

Pre-implanted Rat Jugular Vein Catheters were infected with S.
aureus strain USA300lux. Administration of D-Bac8c
catheter lock solution along with systemic vancomycin
injection for 5 days was highly effective in eradicating S. aureus
biofilm infection.

(Zapotoczna et al., 2017)

2,5Leu,

acid [Source plants: Quercus species (Oak), Camellia sinensis (Tea)]
(Payne et al., 2013), Ellagic acid [Source plants: Rubus idaeus (Rasp-
berry), Fragaria ananassa (Strawberry), Rubus fruticosus (Blackberries),
Punicagranatum (Pomegranate)] (Fontaine et al., 2017; Quave et al.,
2012), gallic acid [Source plants: Quercus species (Oak)] (Liu et al.,
2017; Luis et al., 2014), caffeic acid [Source plants: Coffea species]
(Luis et al., 2014), chlorogenic acid [Source plants: Coffea species and
Camellia sinensis] (Luis et al., 2014), Xanthohumol [Source plant: Hu-
mulus lupulus] (Rozalski et al., 2013), genistein [Source plant: Genista-
tinctoria] (Moran et al., 2014), protocatechuic acid [Source plant: Ca-
mellia sinensis] (Moran et al., 2014), p-hydroxybenzoic acid [Source
plants: Vitexagnus-castus and Hypericum perforatum] (Mordn et al.,
2014), plumbagin [Source plants: Plumbago zeylanica]l (Nair et al.,
2016), Protocatechuic acid [Source plant: Hibiscus sabdariffa], Genistein
[Source plants: Flemingia vestita and F. macrophylla], resveratrol [Source
plants: Rubus idaeus (raspberry), Vitis vinifera (Grapes)], Sanguinarine
[Source plant: Sanguinaria canadensis (bloodroot)] (Moran et al., 2014),
Baicalein [Source plant: Scutellaria baicalensis] (Chen et al., 2016) and
Hamamelitannin [Source plant: Hamamelis virginiana (witch hazel)]
(Brackman et al., 2016) have been studied for their biofilm inhibitory
properties. Most of the plant derivatives hold great promise to tackle S.
aureus biofilm infections; however they require further in vivo experi-
mental validations as all the data obtained from plant derived com-
pounds are based on in vitro results. Few recent studies considered the
combinatorial use of antibiotics and phytochemicals against S. aureus
biofilms. Synergism was observed between combinations of oxacillin
with xanthohumol (Rozalski et al., 2013); ciprofloxacin with quinine,
pyrrolidine or reserpine; erythromycin with pyrrolidine; tetracycline
with pyrrolidineormorin (Abreu et al., 2016) and vancomycin (VAN)
with baicalein or hamamelitannin (Brackman et al., 2016; Chen et al.,
2016).

3.2.7. Staphylococcal phages

Another potential therapeutic approach is phage therapy using
staphylococcal phages. Phages are naturally occurring viruses that in-
fect bacteria. Though quite popular in the Eastern European countries,
phage therapy never gained enough importance in the rest of the world.
However, they offer certain benefits over antibiotics. Bacteriophages
can effectively target specific bacteria without affecting the commen-
sals and even can Kkill the antibiotic resistant bacteria (Lin et al., 2017;
Mattila et al., 2015). Even though bacteriophages are larger than an-
tibiotics, they are reported to infect biofilm embedded bacteria and
therefore are more effective than antibiotics in killing bacteria within
the biofilms (Abedon, 2015; Harper et al., 2014).

Lytic phages with an ability to replicate inside the host are best
suited for therapeutic use. Polyvalent phage K was acclaimed to inhibit
biofilm formation of S. aureus (Lungren et al., 2013). Phage cocktails
were also used to target staphylococcal biofilms. Alves et al., demon-
strated that a combination of BacteriophageK and DRA88 (a broad host
range phage) can effectively reduce S. aureus biofilm biomass within
48 h (Alves et al., 2014). Further, Drilling et al., used a phage cocktail of
unknown composition which reduced biofilm of S. aureus (Drilling
et al., 2014).

3.2.8. Antibodies
Numerous efforts were made to develop vaccines and therapeutic

antibodies that can prevent and treat S. aureus infections. Attempts
were made to use capsular polysaccharide (type 5 and 8), clumping
factor-A and B, fibronectin binding protein, ABC transporter and ami-
dase etc as vaccine candidates; and clumping factor A, adenosine tri-
phosphate binding cassette transporter and teichoic acids etc as ther-
apeutic antibodies (Nair et al., 2015). The efficacy of these antigens and
antibodies was extensively tested in S. aureus induced sepsis model
animals. However, little work has been carried out to design vaccines or
therapeutic antibodies against S. aureus biofilm infections. In one study
Lam et al, tested affinity-purified polyclonal antibodies, for their bio-
film inhibitory properties against PhnD antigen (phosphonate ABC
transporter substrate binding protein) and have found that the PhnD-
specific antibodies blocked S. aureus biofilm development at the initial
attachment and aggregation stages. PhnD-specific antibodies were also
found to serve as opsonins that enhance biofilm engulfment by neu-
trophils (Lam et al., 2014). In other studies Xiong and Estellésa et al.,
used a human monoclonal antibody, TRL1068, against S. aureus bio-
film. TRL1068 has high affinity against DNABII proteins which parti-
cipates in holding eDNA within the biofilm extracellular matrix.
TRL1068 was able to disrupt preformed S. aureus biofilm under in vitro
and in vivo conditions (Estellés et al., 2016; Xiong et al., 2017). Ad-
ditionally, synergism was observed between TRL1068 and the anti-
biotic daptomycin (Estellés et al., 2016).

3.3. Surface modifications of medical implants and catheters

Increased threat of S. aureus biofilm associated infections widened
the search for alternative methods for preventing biofilm formation on
the surface of implants and prosthetic devices. As biofilm formation is
influenced by the physical properties of the biomaterials, cell surface
dynamics is an important determining factor in the attachment of sta-
phylococcal to biomaterial surfaces. Surface dynamics include the hy-
drophobicity, topology and electrostatic interactions. Hydrophobicity
of the implant surface increases bacterial adhesion, especially on the
plastic and metal surfaces. Surface modifications with methylcellulose,
poly vinyl pyrrolidone, polyethylene glycol, poly ethylene oxide (PEO)
and poly propylene oxide (PPO) were shown to have reduced staphy-
lococcal adherence (Bridgett et al., 1992; Chauhan et al., 2014).

Commercially used standard biomaterials for implants include ti-
tanium, titanium alloy stainless steel, cobalt-chromium-molybdenum
alloy and ultra-high-molecular-weight polyethylene. When the influ-
ence of surface morphology of biomaterials on S. aureus adhesion and
biofilm formation was assessed, it was found that increased surface
smoothness enhanced S. aureus attachment while increased surface
roughness of the implant materials reduced S. aureus attachment
(Lorenzetti et al., 2015; Singh et al., 2011). Creation of rough implant
surfaces through nanopatterning using titanium oxide significantly re-
duced binding of S. aureus with the implant (Getzlaf et al., 2016).

Surface conjugation of biomaterials with antibiotics and other
synthetic compounds are also under investigation. Antoci Jr et al de-
monstrated that titanium surfaces covalently derivatized with vanco-
mycin resist S. aureus surface colonization (Antoci et al., 2007). Baveja
et al reported that furanone coating inhibited staphylococcal adhesion
and slime production on the surface of biomaterials (Baveja et al.,
2004). Nano textured titania embedded with silver nanoparticles pos-
sess anti-biofilm activity (Mohandas et al., 2017; Qin et al., 2014).
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3.4. Laser Shock waves (LSW), ultra sound (US) and photodynamic
therapy (PDT)

With staphylococcal biofilms associated surgical site and prosthetic
joints infections on rise, unconventional methods were also analysed.
These include treatment with laser shock waves, ultra sound and pho-
todynamic therapy which act by disrupting biofilms (Barra et al., 2015;
Donnelly et al., 2009; Fu et al., 2013; Garcia et al., 2015; Gnanadhas
et al., 2015; Mai et al., 2016; Pérez-Laguna et al., 2017; Sharma et al.,
2008). Laser shock waves are high energy waves travelling at super-
sonic speed and ultra sound is an oscillating sound which is beyond the
upper limit of the human hearing range. Both these techniques were
highly effective in disassembling biofilms and also augment antibiotic
therapy. The in vitro and in vivo disruption of S. aureus biofilms by
minimally invasive laser shock waves increase their susceptibility to the
antibiotics ciprofloxacin and gentamicin (Gnanadhas et al., 2015; Qi
et al., 2016). Similarly low frequency ultra sound treatment also en-
hanced the effect of antibiotic therapy on staphylococcal biofilms.
Photodynamic therapy uses light of a particular wavelength to activate
photosensitizing agents which produce reactive oxygen species that are
deleterious to the bacteria. Photosensitizers such as malachite green
(Rosa et al., 2015), methylene blue (Rosa et al., 2015), sinoporphyrin
sodium (Mai et al., 2016), toluidine blue O (Rosa et al., 2015; Sharma
et al., 2008), chlorin e6 (Park et al., 2012) and 5-aminolevulinic acid
(Zhang et al., 2017) were effective in staphylococcal biofilm disruption.
The anti-biofilm effect of 5-aminolevulinic acid was found to increase
when used in combination with netilmicin, vancomycin, and cefaclor
antibiotics (Zhang et al., 2017).

4. Conclusions and perspective

S. aureus is included in the ‘high’ priority category of World health
organization list of antibiotic resistant pathogens that pose a threat to
human health. One of the strongest survival tactics used by S. aureus is
the biofilm formation which is difficult to treat using antibiotics. The
standard treatment of S. aureus biofilm infections include removal of
the infected foreign bodies and systemic or topical antibiotic adminis-
tration in high dosage, which requires hospital readmission, additional
surgical procedures leading to tremendous increase in treatment costs.
Therefore, research on the prevention and treatment of the staphylo-
coccal biofilm claims utmost importance. Recent research reports
highlight several innovative preventive and therapeutic strategies that
could be adopted to tackle S. aureus biofilm infections, which includes
use of appropriate antibiotic combinations, phytochemicals, enzymes,
AMPs, sulfahydr]l compounds, nanoparticles, phages, and metal chela-
tors. Unfortunately, only a few of these anti-biofilm agents were tested
under in vivo conditions (Table 1). The vast majority of the in vitro
identified anti-biofilm agents require further in vivo verification and
validation, as many of these in vitro identified anti-biofilm agents do
have certain disadvantages. For example, even though phage therapy is
advantageous for the reason that phages are in general bacteria specific
but their biological origin hinders their therapeutic use. Metal chelators
and sulfhydryl agents showed excellent anti-biofilm activities, but are
unsuitable for systemic application. For example, animal studies de-
monstrated the chelating agent EDTA is cytotoxic and weakly geno-
toxic. Sulfadryl agent dithiothreitol may cause skin irritation and organ
toxicity. Metallic nanoparticles at higher dose may exert toxicity as was
observed for silver nanoparticles. In vivo rat model experiments de-
monstrated that high doses of silver nanoparticles exert both cytotoxic
and genotoxic effects (Wen et al., 2017). Nucleases and enzymes can
disrupt the biofilm extracellular matrix, but they are protein in nature
and their systemic application is again restricted due to their possibility
of activating immune responses. Hence, the above mentioned anti-
biofilm agents may only be considered to be developed as antimicrobial
catheter lock solutions. Antimicrobial catheter lock (ACL) solutions are
used to fill the catheter tubes when they are not in use. A number of
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antibiotics and other compounds (Daptomycin, Gentamicin-EDTA,
ML:8-Citrox and trimethoprim-ethanol-calcium-EDTA) have been
tested recently as ACL solutions in animal models (Chauhan et al.,
2012; Hogan et al., 2016; Van Praagh et al., 2011). Other than the
above-mentioned anti-biofilm agents, few synthetic compounds have
also been reported to inhibit S. aureus biofilm formation. 11-triphe-
nylsilyl-10,11-dihydrocinchonidine (Skogman et al., 2012), 1,3- Bis-(2-
hydroxy-phenyl)-propenone (Bozic et al., 2014), 4-(Benzylamino)cy-
clohexyl 2-hydroxycinnamate, 2-[(Methylamino)methyl]phenol
(Balamurugan et al., 2015), Ethyl gallate, Hexyl gallate, Octadecyl
gallate, (E)-N'-(4-bromo-benzylidene)benzohydrazide, (2E)-1-(3",4’-di-
methoxyphenyl)-3-(2-naphthyl)-2-propen-1-one down-regulate biofilm
development of S. aureus (de Lima Pimenta et al., 2013). Further re-
search is necessary for the development of most appropriate anti-bio-
film agents for systemic applications. In this regard cyto-compatible
and biocompatible phytochemicals, drug loaded polymeric nano-
particles and repurposed drugs may act as better therapeutics. A
number of phytochemicals also acts in synergy with antibiotics. Ad-
ditionally, laser shock waves, ultra sound and photodynamic therapy
act by disrupting biofilms and demonstrated synergism with antibiotics.
Under the present conditions, development of an effective vaccine and
therapeutic antibodies against S. aureus biofilms are highly desirable.
While developing biofilm dispersive compounds it is necessary to recall
that catheters and other biomaterials get coated with host proteins soon
after implantation. Specific S. aureus proteins such as, Atl, FnBPA and
FnBPB, CIfA, CIfB and teichoic acids play vital role in initial attachment
of S. aureus with host protein coated surfaces. Thus, prevention of initial
attachment of S. aureus with catheters and other biomaterials could be
another therapeutic strategy. To summarize, in this review we have
discussed the recent developments in the S. aureus biofilm prevention
and treatment options, and their possible use and limitations. However,
most findings described in this review require further in vivo validation.
So far, only one clinical trial was registered where the efficacy of S.
epidermidis serine protease (Esp) protein was intended to test for its S.
aureus biofilm disrupting activities in venous ulcer patients wounds, but
this study was prematurely withdrawn due to the unavailability of
sufficient amount of purified Esp protein (NCT01646502). Further
studies are necessary to identify more suitable biofilm disrupting
agents.
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