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Editorial on the Research Topic
Insights Into New Strategies to Combat Biofilms

Biofilms form a complex layer with defined structures, that attach on biotic or abiotic surfaces,
are tough to eradicate and tend to cause some resistance against most antibiotics (Sahoo et al.,
2021). Although they occur on all kinds of surfaces in the outside environment, biofilms become
problematics due to their ability to colonize the human body (60-80% of all infections are due
to biofilm). Several studies confirmed that biofilm-producing bacteria are typically much less
sensitive to antimicrobials than planktonic cells (Sahoo et al., 2021; Van Puyvelde et al., 2021).
The rapid rising of antimicrobial resistance, and the need for new approaches to fill the gap in
antimicrobial drug discovery are alarming (Jouneghani et al., 2020) due to the scarcity of effective
drugs to combat the formation of biofilm infections and the need for drug discovery efforts to
overcome this challenge (Kipanga et al., 2020). One of the strategies is to increase multi-targeted or
combinatorial therapies to fight the multifactorial nature of biofilm development. Among bacteria,
several pathogenic species are highlighted by their biofilm potential, such as those belonging to
the genus Acinetobacter, Pseudomonas, Vibrio, Listeria, Staphylococcus, Streptococcus, Streptomyces,
etc. Similarly, fungi, such as Candida and Cryptococcus, are also capable of forming biofilms. The
focus of this Research Topic is to make a special contribution to the discovery of novel compounds
to combat biofilm both for bacteria and fungi. This special issue consists of 27 articles covering
diverse topics.

ANTI-STAPHYLOCOCCAL AND ANTI-BIOFILM COMPOUNDS

Staphylococcus aureus is a very common pathogen and the evolution of antibiotic resistance in
this bacterium has shown that there is no long-lasting remedy especially for hospital-acquired
infections. A wound infection by methicillin-resistant S. aureus (MRSA) may lead to sepsis and
even to death (Panda et al., 2020).

Biofilm-associated infections are one of the major concerns for the healthcare system. Most of
the current therapies available are mainly focused on the biocidal approach. Pinto et al. highlighted
the strategies to target and disrupt extracellular polymeric substances (EPS). They suggested to use
matrix disruptive agents, nanocarriers, magnetic fields, photodynamic therapy, and ultrasounds to
control the EPS of biofilms. They propose that a synergistic approach between antibiotics and EPS
disruptors can completely eradicate biofilms.

Rembe et al. studied the efficacy of three hypochlorous irrigation solutions against bacteria
such as S. aureus, Methicillin-Resistant S. aureus (MRSA) and Pseudomonas aeruginosa using an
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advanced complex in-vitro human plasma biofilm model
(hpBIOM). With the help of scanning electron microscopy
(SEM), these authors concluded that both reference agents
(polyhexanide and octenidine dihydrochloride/phenoxyethanol)
induced complete eradication of P. aeruginosa and MRSA
biofilms after 72 h compared to other tested hypochlorous wound
irrigation solutions. The complex hpBIOM model mimics the
highly challenging clinical wound micro-environment, providing
a profound base for future clinical translation (Rembe et al.).

In a very elegant research, Gangwar et al. studied for the
first time the activity of glabridin (Cy0H39O4, an isoflavane
commonly present on Glycyrrhiza glabra root) against biofilm
formation of MRSA strains. Crystal violet assay and SEM results
suggested that glabridin prevents the formation of cell clusters
and the attachment of MRSA to the surface in a dose dependent
manner. Further studies on proteomic analysis of biofilm matrix
by LC-ESI-QTOF confirmed the involvement of several proteins
in cells adhesion, such as fibronectin binding proteins (FnbA,
FnbB), serine-aspartate repeat-containing protein D (SdrD),
immunoglobulin-binding protein G (Sbi), and other virulence
factors. Moreover, several moonlighting proteins, such as
translation elongation factors (EF-Tu, EF-G), chaperone protein
(DnaK), glyceraldehyde 3-phosphate dehydrogenase (GAPDH),
and pyruvate kinase (PK) were detected on the cell surface, while
their presence was inversely proportional to surface-associated
adhesins. The results obtained from this interesting study
suggested that glabridin prevents biofilm formation in S. aureus
through modulation of the cell surface proteins (Gangwar et al.).

Another study conducted by Yu et al. investigated the
inhibitory effect of the novel small-molecule ZY-214-4
(C19H11BrNOy) on a clinical S. aureus isolates having biofilm
formation ability (confirmed by SEM). This compound
significantly suppressed the production of polysaccharides,
intercellular adhesion, cell aggregation, as well as inhibited the
expression of icaA and other biofilm-related genes (eno, clfA/B,
fnbB, fib, ebpS, psma, and psmp). Authors claim ZY-214-4 as a
potent antimicrobial compound highlighting its clinical potential
for preventing or treating S. aureus infections.

Staphylococcus epidermidis is a Gram-positive bacterium
frequently associated with biofilm-related infections. The biofilm
formation in this bacterium is mediated by the YycG/YycF two-
component system, making YycG kinase an attractive therapeutic
target. Lyu et al. developed monoclonal antibodies toward to
the extracellular domain of the histidine kinase YycG. Both
mAbs exhibited dose-dependent inhibition of S. epidermidis
biofilm formation. The antibodies induced a marked decrease
in the synthesis of polysaccharide intercellular adhesin and in
the transcriptional level of genes encoding proteins involved in
biofilm formation (Lyu et al.).

Dalbavancin (a recently developed lipoglycopeptide
antibiotic), is highly effective to prevent staphylococcal (S.
aureus and S. epidermidis) biofilm formation compared to
other four antibiotics (linezolid, vancomycin, cloxacillin, and
rifampicin). Further experiments were undertaken to check
whether biofilm-detaching compounds, such as N-acetylcysteine
(NAC) and ficin could enhance dalbavancin efficiency. Real-time
dose-response experiments showed that dalbavancin is a potent

compound preventing staphylococcal biofilm formation. Other
exciting results showed that the addition of NAC decreased the
efficacy of dalbavancin, while the addition of ficin enhanced its
efficacy (Ziemyte et al.). The authors conclude their data support
the use of dalbavancin as a favorable antimicrobial compound to
treat staphylococcal biofilm infections.

As regarding other Gram-positive bacteria, the work by Qu
et al. studied the ability of Staphylococcus capitis, an opportunistic
pathogen responsible for bloodstream infections in the neonatal
intensive care units and able to grow on indwelling central
venous catheters, to form biofilms. The authors showed that
this bacterium initiated biofilm formation only in response
to hyperosmotic conditions. Biofilm development was strongly
influenced by the presence of the element oxygen on the
surface. On the other hand, a lack of oxidized carbon species
on the surface prevented the formation of mature biofilms.
Together, this information will be used to suggest guidelines for
the preparation of hyperosmolar parenteral nutrition and the
engineering of surfaces to minimize the risk of catheter-mediated
infections due to S. capitis.

ANTI-PSEUDOMONAL AND ANTI-BIOFILM
COMPOUNDS

Among pathogens able to form biofilm, Pseudomonas aeruginosa
is one of the most life-threatening, being able to colonize both
biotic and abiotic surfaces, including contact lenses, catheters
and various medical implants (O’Toole et al., 2000). Interestingly,
Su et al. reported that a glycosyl hydrolase produced by this
microorganism itself is able to inhibit and disperse biofilms. In
particular, they described a mutated version of the hydrolase
which is resistant to the action of human secreted proteases,
such as trypsin-like serine proteases. Promising effects against
both P. aeruginosa biofilm formation and virulence factors
production were observed by Peppoloni et al. who described
a boronic acid derivate designed as a f-lactamase inhibitor.
It showed interesting results also against the production of
quorum sensing signal molecules, important global regulator of
the expression of virulence factors and of biofilm production.
Moreover, the achieved data were confirmed also in a model
mimicking clinical settings.

It was seen that P. aeruginosa was susceptible to the innate
immune response molecule nitric oxide (NO). Hassett et al.
discussed the NO-based therapeutics. They explain that AB569
can produce NO and can be an alternative or addition to
conventional antibiotic regimens to treat highly problematic
MDR bacterial infections. The result shows that NO mediate
inactivation of the 4Fe-4S cluster of the master regulator, ANR,
and NO or its chemical generators have the ability to kill biofilms.
RNA sequencing results showed that exposure to AB569 leads
to the decrease in transcription of genes involved in the DNA,
RNA, proteins, and ATP synthesis. Antimicrobial tolerance of
biofilms has emerged as a significant challenge to healthcare
sectors as most synthetic drugs and combination therapy fail to
inhibit it. Mishra et al. pointed out that natural product-based
anti-biofilm agents like phytochemicals, antimicrobial peptides,
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and microbial enzymes can be an option as they interfere
in quorum sensing pathways, disrupting EPS and adhesion
mechanisms. It is also seen that most natural product fails in
phase II and phase III clinical trials due to the limited availability
of the compound in humans. Failure of natural medicine
in clinical trials can be checked by rigorous quality control,
pharmacokinetics and pharmacodynamics, and metabolomics of
host before clinical trials.

ANTIBIOFILM COMPOUNDS FROM
ENDOPHYTES

Among natural products, a metabolite produced by the
endophytic bacterium Streptomyces ansochromogenes has been
shown to own both antibacterial and anti-biofilm activity against
P. aeruginosa (Alves da Fonseca Amorim et al.). Maipomycin
A (MaiA) is a novel antibiofilm compound purified from
Kibdelosporangium phytohabitans XY-R10 through a bio-guided
assay. This rare actinomycete strain was isolated from the root
sediments of a mangrove plant, Kandelia candel (L.) Druce. The
authors observed that MaiA has anti-biofilm activities against
Acinetobacter baumannii and P. aeruginosa, and these effects
were partially related to its iron chelator property. Although
MaiA has weak antimicrobial effects, it is able to enhance the
efficacy of colistin against A. baumannii. The authors conclude
that MaiA is an interesting candidate to prevent Gram-negative
biofilms (Zhang et al.). It was seen that pathogens that can
present either in planktonic form or as biofilms in water-
carrying pipelines are the source accountable for the cause of
water-borne infections. Protein-based adhesives from marine
mussels, a catecholic amino acid i.e., 3,4-dihydroxyphenylalanine
(DOPA) can adhere to almost all substances. A novel catechol
derivative, dopamine-based coating material, i.e., polydopamine
(PDA), has been designed. Singh et al. discussed the potential
of PDA to be used as antibacterial nanocoating and explain its
various antimicrobial mechanisms. It was seen that antibacterial
activity of PDA is due to the catechol that produces semiquinone
and quinone that get auto-oxidized in the presence of oxygen,
generation of ROS which causes ROS dependent antibacterial
activity (Singh et al.).

IN VIVO MODELS AND ANTI-BIOFILM
COMPOUNDS

Another interesting study is completed by Wang, Gong et al.
who investigate the biological impacts of the interactions between
two important pathogens (Streptococcus suis and Actinobacillus
pleuropneumoniae) isolated from pigs suffering from severe
respiratory disease. More precisely, the authors described that,
when grown in dual-species biofilms, A. pleuropneumoniae
genes associated with virulence factors, including exotoxins and
adhesins, were significantly upregulated, while S. suis virulence
factor-related genes (cps2, gdh, mrp, and sly) were highly induced.
The authors conclude that the interspecies interactions between
S. suis and A. pleuropneumoniae may be achieved under specific

conditions and may play a vital role in the disease progression
and persistent infection (Wang, Gong et al.).

Aguilera-Correa et al. evaluated the effect of a moxifloxacin-
loaded organic-inorganic sol-gel in vitro against the formation
of different biofilms (S. aureus, S. epidermidis, and Escherichia
coli) and in vivo in a murine model. The microbiological studies
revealed that sol-gel coatings inhibited the biofilm development
and were able to treat mature biofilms of all the three bacterial
species. In the in vivo study, mice weight increased over time,
except in the E. coli-infected group without coating. Authors
conclude that moxifloxacin-loaded sol-gel coating is capable of
preventing both Staphylococcal and E. coli biofilms in prosthetic
joint infection.

ANTI-FUNGAL AND ANTI-BIOFILM
COMPOUNDS

The development of chronic and recurrent infections by
Candida albicans is also attributed to biofilm formation and
C. albicans is the most prevalent human fungal pathogen in
both immunocompetent and immunocompromised individuals
(Kerkoub et al., 2018). Despite advances in antifungal therapy,
Candida infections continue to have a major impact on
mortality and morbidity, as well as on the duration and cost
of hospitalization (Tanwar et al., 2014). In this special issue,
some agents targeting Candida biofilm and other virulence
determinants were also reported, including RAFT-derived
polymethacrylates (Wu et al.), sodium new houttuyfonate (SNH)
(Wu et al.), and piperine (Priya and Pandian). In another elegant
paper, the activity of Hexyl-aminolevulinate ethosomes system
(HAL-ES) as photosensitizer for antimicrobial photodynamic
therapy against C. albicans (Wang, Song et al.) was reported.
The RAFT-Derived Polymethacrylates were effective in two
mouse models of Candidiasis: Vulvovaginal candidiasis (VVC)
and recurrent VVC (Wu et al.). The SNH showed in vitro
anti-Candida and anti-biofilm activity, inducing morphological
changes during the transition from yeast to hypha. These
effects are linked to the down-regulation of several biofilm
formation related genes from Rasl-cAMP-Efgl pathway and up-
regulation of in yeast form-associated genes (Wu et al.). SNH
also has in vivo activity in the infection model using Galleria
mellonella. Similarly, the piperine, a plant-derived alkaloid
molecule, displayed antibiofilm activities against C. albicans
(shown by confocal laser-scanning microscopy and scanning
electron microscopy) and modulated the expression of several
biofilm related and hyphal-specific genes. In addition, piperine
reduced in vivo colonization and prolonged the lifespan of
Caenorhabditis elegans infected by C. albicans without any acute
toxicity (Priya and Pandian). Transcriptomic analysis revealed
that piperine significantly downregulated the expression of
several biofilm related and hyphal-specific genes (ALS3, HWP]I,
EFGI, CPHI, etc.).

Cryptococcus neoformans is another yeast capable of causing
life threatening meningoencephalitis in patients with impaired
immunity. In a very elegant study, Villis et al. focused on
fungal infections caused by Cryptococcus genus. Natural products
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achieved from the plant Punica granatum were investigated
for their potential to kill various Cryptococcus clinical and
environmental isolates and for their activity against pre-formed
biofilms, with promising results.

ANTI-QUORUM SENSING AND
ANTI-BIOFILM COMPOUNDS

The ability to inhibit the biofilm of A. baumannii was also
evaluated for Cec4, an antimicrobial peptide known to have
antibacterial and immunomodulatory activities (Liu et al.). Cec4
could inhibit the growth and biofilm formation of a set of 200
carbapenem-resistant A. baumannii (CRAB). Importantly, the
peptide eradicated the formed biofilm by impairing its structure.
Further, Cec4 modulated the expression of 185 genes in CRAB
biofilm affecting multiple metabolic pathways, such as two-
component regulation systems, quorum sensing, and antibiotic
synthesis-related pathways (Liu et al.).

As regarding E. coli, another main biofilm-associated
opportunistic pathogen, the Cinnamomum camphora essential
oil was shown to be able to kill clinical strains isolated from
dairy cows suffering from endometritis, in either planktonic or
biofilm growth conditions, during the first 30 min of exposure
(Wang, Zhang et al.). Gram-negative bacterium, Vibrio harveyi,
has been shown to be subjected to the effect of a natural
product, Cannabigerol, which is a non-psychoactive cannabinoid
naturally present in the Cannabis plant (Aqawi et al.). Indeed,
Aqawi et al. described a reduction in the QS-regulated
bioluminescence and biofilm formation of V. harveyi. In another
work, silver nanoparticles (AgNPs) were produced from leaf
extracts of Semecarpus anacardium, Glochidion lanceolarium,
and Bridelia retusa as new approach to eradicate biofilm formed
by P. aeruginosa, E. coli, and S. aureus (Mohanta et al.).

In addition, mixed species biofilms display greater resistance
to antibiotics and disinfectants due to physical matrix barrier
and physiological interaction. This is one of the major threats
to different industries like food and human health. Rao et al.
has highlighted the use of cold atmospheric plasma (CAP)
to eliminate microbial biofilms by applying it on biotic or
abiotic surfaces. They also explain that different microbial factors
such as peptidoglycan layer thickness, biofilm thickness, matrix
production, etc. affecting the efficacy of the CAP procedure.
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Background: Vulvovaginal candidiasis (VWC) is a common infection in need of more
effective treatment. Formation of epithelium-associated Candida biofims and the
presence of persister cells are among the major contributing factors to the recurrence of
this condition. We have previously developed RAFT-derived polymethacrylates that are
effective in killing C. albicans biofilms in vitro. This study aimed to examine the clinical
potential of polymethacrylates as antifungals for treatment of recurrent VVC (RVVC).

Methods: A mouse model of VVC was used to establish vaginal epithelium-associated
biofilms, using C. albicans isolates from VVC/RVVC patients. A comparison was made
of the efficacies of polymethacrylates and conventional antifungals, clotrimazole and
nystatin, in killing Candida in epithelium-associated biofilms in vivo. Ex vivo biofilms were
used for Candida population profiling and to quantify persister cells in vaginal epithelia.
The potency of polymethacrylates and conventional antifungals against persister cells,
either as sole agents or in combination, was assessed.

Results: Polymethacrylates showed negligible local toxicity, resistance to vaginal acidity,
and outstanding in vivo activity against vaginal epithelium-associated C. albicans
biofilms. In vivo tests polymethacrylates outperformed the conventional antifungals,
nystatin and clotrimazole at concentrations 50 times below the over-the-counter
concentrations. Using polymethacrylates was associated with fewer persister cells, and
better eradication of persister cells pre-selected by conventional antifungals.

Conclusion: This study systematically assessed the clinical potential of RAFT-
derived polymethacrylates as an effective treatment for VWC/RVVC in a mouse
model. Polymethacrylates effectively killed vaginal epithelium-related C. albicans
in vivo by specially targeting biotic biofims and persister cells. Treatment presented
negligible local toxicity.

Keywords: RVVC, mouse model, antifungal treatment, RAFT-derived polymethacrylates, biotic biofilms, persister
cells, population analysis
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INTRODUCTION

Vulvovaginal candidiasis (VVC) is one of the most common
infections in women, affecting up to 75% of those of reproductive
age. A 5-8% subset of these women suffer from the very stubborn
recurrent VVC (RVVC, at least 3-4 episodes within a 12-
month period), which is resistant to currently available treatment
(Sobel, 2016). Topical preparations, such as clotrimazole cream
or nystatin suppositories are used as first-line antifungals for
VVC and RVVC (Wichtler et al., 2011; Choukri et al., 2014).
Fluconazole is also recommended by CDC as an effective oral
antifungal for induction and maintenance therapy of RVVC.
Although most C. albicans isolates from RVVC patients remain
sensitive to many azoles (Gamarra et al., 2014; Adjapong et al.,
2017), suppressive maintenance therapies using azoles often fail
to eradicate the pathogen or completely cure the infection (Fan
et al., 2015a; Mendling et al., 2015; Grinceviciene et al., 2017),
suggesting microbial strategies other than intrinsic resistance
might be involved.

Biofilm formation by C. albicans on vaginal epithelia has
been long recognized as a specific fungal self-protective strategy
that leads to antifungal resistance and infection recurrence
(Harriott et al,, 2010; Muzny and Schwebke, 2015), although
its physical presence in the vagina of VVC/RVVC patients
was recently questioned (Sobel, 2016; Swidsinski et al., 2019).
Persister cells are a small population of “transiently resistant”
cells that are often associated with the specific mode of biofilm
growth (Lafleur et al., 2006; Lafleur et al., 2010; Yang et al,
2015). It is reasonable to hypothesize that epithelium-associated
C. albicans biofilms involved in RVVC may harbor persister cells.
Treatment of persister cells is known to be troublesome (Lewis,
2010). Conventional antimicrobials, unless used at the very high
doses for an extended period, often fail to eradicate persister cells
residing in biofilms (Yang et al., 2015).

Fluconazole maintenance suppressive therapy is still a
preferred option to treat RVVC caused by fluconazole-sensitive
C. albicans (Mikamo et al., 2015; Dennerstein, 2017). Other
conventional antifungals that have a broad spectrum of activity,
such as imidazole and nystatin, have been recommended for
RVVC caused by fluconazole-resistant C. albicans and other
Candida species (Fan et al., 2015a,b). Several limitations of
using conventional agents to treat RVVC have been reported,
including low efficacy in curing RVVC, possible systemic side-
effects, and the development of antifungal resistance (Howley
et al., 2016; Molgaard-Nielsen et al., 2016). The biofilm growth
model of Candida species around vaginal epithelia, the possible
involvement of persister cells, and the acidic condition of the
human vagina, have been shown to reduce the effectiveness
of some conventional and newly developed antifungals against
Candida spp. (Kasper et al., 2015; Muzny and Schwebke, 2015).
These factors highlight the importance of developing new,
effective and safe antifungal drugs that are able to overcome such
hurdles for the treatment of VVC/RVVC.

We have previously developed biocompatible RAFT-derived
cationic polymethacrylates and demonstrated their efficacy
against in vitro biofilms formed by C. albicans (Qu et al., 2016).
The aim of this study was to systematically evaluate the potential

of the polymethacrylates for the treatment of VVC/RVVC, by
examining their local toxicity, in vivo efficacy in killing biotic
biofilms and persister cells, and tolerance to acidic conditions
encountered in the human vagina, using a mouse model.

MATERIALS AND METHODS

C. albicans Strains, Antifungal Agents
and Ethical Approval

Two C. albicans clinical isolates and DAY185, a well-known
biofilm-producing laboratory strain, were used in this study.
The clinical isolates were from patients who visited the
first Affiliated Hospital, Wenzhou Medical University with
clinically diagnosed uncomplicated VVC and RVVC and were
designated as isolates VVC2 and VVC4, respectively. The clinical
isolates were identified to a species level using CHROMagar
Candida medium (CHROMagar, Paris, France) and MALDI
Biotyper Identification System (MALDI-TOF MS, BioMérieux,
Craponne, France). All strains were stored at —80°C in
15% (v/v) glycerol and streaked onto yeast-peptone-dextrose
plates (YPD, 2% peptone, 1% yeast extract, 2% glucose and
80 mg/L uridine) as working stocks. The conventional antifungals
for laboratory use, nystatin, clotrimazole, and amphotericin
B, were purchased from Merck Pty Ltd. (Nantong, China).
The clinically used antifungal preparations, nystatin vaginal
suppository and clotrimazole cream were purchased from
Polichem S.R.L (Barcelona, Spain) and Bayer Schering Parma
AG (Berlin, Germany), respectively. Two polymethacrylates,
designated as KL706 and KL708 and with similar compositions
to those described previously, were used in this study (Table 1;
Qu et al, 2016). The Ethics Review Boards of Wenzhou
Medical University approved this study (wydw2016-0214). All
animal experiments were carried out in accordance with the
National Institutes of Health guide for the care and use of
Laboratory animals.

Formulation of Antimicrobial
Polymethacrylate Hydrogels

Both polymethacrylates were formulated to final concentrations
of 20, 40, and 80 mg/L, respectively in hydrogel preparations
using a proprietary Carbopol® 940 polymer as follows:
Synperonic™ PE/F 127 emulsifier (10 g) was dissolved in water
(429 mL) with heating and then cooled to room temperature
before the addition of a stock solution of polymethacrylate
(0.01-0.04 g) in ethanol (5 mL) and wetted out completely. To
do this, the solution was stirred vigorously before the addition
of propylene glycol (50.0 g), followed by the slow addition of
Carbopol® 940 polymer (5.00 g). The final mixture was brought
to pH 7.0 using triethanolamine (0.75 g).

Qualitative Determination of the
Intravaginal Dynamics of

Polymethacrylates
Release of polymethacrylates from the formulated hydrogel
in the mouse vagina over a time course was determined,
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TABLE 1 | Details of antimicrobial polymethacrylates used in this study, KL-706 and KL-708 (Locock et al., 2014).

Polymer Structure M, (g/mol) DP MP ety (%)
(0]
S._S
HOW o \n/ \(CH2)11CH3
CN o] oS
0 0
2 \
-
KL-706 NH3 Cl 3900 24 29
(0]
S._S
HO D) m Y NCHy)1CH;
CN o oS
0 o
2 \
.-
KL-708 NH3 Cl 3100 20 48

M denotes the number average molecular weight of the polymer, DP the degree of polymerization, or the average monomer units in a polymer chain, and MPpetny, the
mole percentage of methyl side chains in the molecule, in this case compared with amino side chains.

using a previously published method (Zhang et al, 2017).
Hydrogel loaded with rhodamine-labeled KL708 at 80 mg/L was
administered to mice via an intravaginal pathway. Animals were
sacrificed at 1, 2, 8, 12, 24, and 48 h and the entire vagina
was collected and washed with saline. Fluorescent images of
the vagina were taken using an IVIS spectrum in vivo imaging
system at 550 nm.

In vivo Cervicovaginal Toxicity and

Inflammation Assessment

A mouse model was used to assess cervicovaginal toxicity
and local inflammation after polymethacrylate exposure
(Catalone et al.,, 2004). BABL/C female mice of 6-8 weeks
old were hormonally synchronized 3 days prior to the
experiment with a subcutaneous injection of 0.1 mg of
estrogen (17B-estradiol; Sigma) dissolved in 0.1 mL sesame
oil. Anesthetized mice received an intravaginal treatment
(100 pL) of either unformulated hydrogels (negative control)
or KL708-hydrogel. PBS was used as the second negative
control to document the normal tissue architecture and
inflammation status in the cervicovaginal mucosa. Mouse
vaginal lavage fluids were collected and the vaginal tissue
was surgically excised after sacrificing the animals at 48 h
post-treatment. Tissues were formalin-fixed and embedded
in paraffin using standard procedures. Gross morphological
analyses of the cervicovaginal mucosa were performed
on tissues stained with hematoxylin and eosin (H&E)
using an Olympus IX81 microscope. Concentrations of
two representative inflammatory effectors in vaginal lavage
fluids, the innate cytokine IL-18 (Netea et al, 2010) and the
alarmin S100A8 (Vogl et al., 2014), were analyzed using
commercially  available = enzyme-linked = immunosorbent
assay (ELISA) kits per manufacturers instructions. All
samples were measured in duplicate, and the assay was
repeated three times.

In vivo VVC Model and Cultivation of
Mouse Vaginal Epithelium-Associated
Candida Biofilms

Vulvovaginal candidiasis was induced in mice essentially as
described by Harriott et al. (2010). C. albicans cells were grown
for 20 h in YPD (200 rpm, 30°C) and resuspended to a density
of ~ 7 x 10° CFU/mL. One-hundred microliters of Candida
suspension was used to infect mice via the intravaginal pathway.
Infected vaginal tissue was surgically collected after euthanizing
animals 3 days post-infection. C. albicans biofilms that formed
on vaginal epithelia were qualitatively examined using scanning
electronic microscopy (SEM).

Antifungal Susceptibility Tests for
Planktonic Cells and Cells Residing in

Epithelium-Associated Biofilms

Broth dilution susceptibility testing was carried out for
C. albicans cells grown as planktonic cultures, by following the
CLSI guideline M27-A3, except RPMI-1640 at pH 4.0 and pH
7.2 were used respectively, as growth media. Polymethacrylate
solutions at concentrations ranging from 1 to 128 mg/L were
tested. For in vivo biofilm antifungal susceptibility testing,
C. albicans epithelium-associated biofilms were established in the
mouse vagina as described above. Nystatin vaginal suppository
and clotrimazole cream at 4000 mg/L (OTC preparations), and
hydrogels loaded with KL706 and KL708 respectively, at 20, 40,
and 80 mg/L were delivered as a single dose to infected vagina via
an intravaginal pathway. Treatment lasted for 24 h before infected
animals were sacrificed, and the entire vagina was surgically
excised. The vaginal tissues were weighted with a Mettler Toledo
PB603-S milligram balance, washed three times with PBS, and
homogenized with a tissue homogenizer. Viable counts were
performed for tissue suspensions by plating an aliquot onto
YPD plates followed by further incubation at 35°C for 48 h.
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Colony-forming-unit (CFU) of Candida cells per gram of vaginal
tissue (CFU/g) was calculated for quantitative assessment of
fungal biofilm survivors after antifungal treatment. Mouse vagina
treated with PBS and blank hydrogels served as negative controls.
Six biological repeats were carried out for this experiment.

Population Profiling of Infected Vaginal
Tissues and ex vivo Quantification of

Persister Cells

Profiling the population of C. albicans cells within infected
tissues was carried out using a previously published method,
with modification (Yang et al, 2015). Approximately 0.3 g
of infected vaginal tissues were homogenized with a tissue
homogenizer in 1 mL of RPMI-1640. Suspensions of Candida
cells were adjusted to a density of ~ 1 x 108 CFU/mL with
RPMI-1640 and a hemocytometer, and further confirmed with
CFU-based viable counts. One-hundred microliters of fungal
suspension was challenged with nystatin, clotrimazole, and
KL706 prepared in RPMI-1640 at increasing concentrations
ranging from planktonic MIC to 1024 mg/L for clotrimazole,
2048 mg/L for nystatin, and 256 mg/L for KL706. Our
preliminary study found such high concentrations were effective
against vaginal epithelium-associated C. albicans biofilms ex vivo.
Viable counts were performed after exposing fungal suspensions
to antifungal agents at various concentrations for 24 h, and
the highest concentrations for an extra 24 h (48 h in total)
and 48 h (72 h in total). To avoid antifungal carryover, the
antifungal treated suspensions were centrifuged at 3000 g for
5 min, washed with PBS, and resuspended to the same volume
of YPD broth. Viable counts were performed by plating serially
diluted aliquots onto YPD plates followed by incubation at
35°C for 72 h to maximize the recovery of persister cells. The
lowest concentration of antifungals and the shortest treatment
duration that led to the lowest number of fungal survivors were
chosen as the antifungal regimens for persister cell quantification.
The percentage of persister cells were calculated as follows:
(fungal density after antifungal treatment)/(fungal density before
antifungal treatment) x (100%).

Potency of Polymethacrylates in Further
Killing Persister Cells Pre-selected by

Conventional Antifungals

As persister cells residing in biofilms might be antimicrobial-
dependent (Yang et al., 2015), we further evaluated the
effectiveness of polymethacrylates in killing persister cells that
have been pre-selected by conventional antifungals. A population
of ~1 x 108 CFU/mL of fungal cells from infected vaginal
tissues were treated with amphotericin B at 100 mg/L for
24 h, washed with PBS to remove the amphotericin B, and
then subjected to treatment using nystatin (2048 mg/L), or
clotrimazole (1024 mg/L), or KL706 (80 mg/L) or KL708
(80 mg/L) for another 24 h. Viable counts were carried out to
recover and quantify survivor persister cells as described earlier.
To increase the detection sensitivity, a one mL volume of the
treated suspension was pelleted, washed three times with PBS,
and resuspended into 100 pL of PBS, followed by spreading and

recovering on YPD plates. The experiment was repeated three
times in duplicate.

Data Analysis and Statistical Methods
One-way ANOVA or a non-parametric test (Mann-Whitney U
test) was carried out to compare two means, depending upon
the data distribution. Statistical significance was assumed at the
p-value of less than 0.05. Data analysis was performed using
Minitab 16 (Minitab, State College PA, United States).

RESULTS

Formulation of Polymer Loaded
Hydrogels and Intravaginal Sustainability
of RAFT-Derived Polymethacrylates

Figure 1A is an example of a formulated hydrogel of
polymethacrylate KL708. Figure 1B showed a gradual
diminution of rhodamine-labeled KL708 from the hydrogel
for a 48-h period after infusion into the mouse vagina. The
slow decay of fluorescence intensity in the vagina supported
the stability, for at least 48 h, of such a drug delivery system
in the vaginal environment and a prolonged contact between
polymethacrylate and the vaginal epithelia, paving the foundation
for intravaginal application of this system.

Minimum Cervicovaginal Toxicity of
RAFT-Derived Polymethacrylates

Toxicity of polymethacrylates to cervicovaginal tissues was
determined by examining the morphology of vaginal epithelia
and local inflammation. Hematoxylin and eosin staining showed
no significant change in the gross appearance of the vaginal
mucosa after exposure to hydrogels loaded with KL708 at
40 mg/L or 80 mg/L, or KL706 at 40 mg/L for 48 h,
when compared with hydrogel or non-hydrogel PBS controls
(Figure 2A). No apparent epithelial disruption in the mouse
vagina was noticed when challenged with these products.
Vaginal epithelia remained protected by a covering of keratin,
and the integrity of the squamous epithelia appeared intact
(Figure 2A). Minor sloughing was observed when KL-706
was used at 80 mg/L, however this involved only the upper
epithelia (Figure 2A). No significant inflammatory responses
were induced in mouse vagina by polymethacrylate-loaded
hydrogels, even at a high polymer concentration of 80 mg/L, as
indicated by the level of inflammatory cytokine IL-1p and alarmin
S100A8 (Figure 2B).

Acidic Vaginal Environment Did Not
Compromise Anti-candida Activity of
Polymethacrylates

Minimum inhibitory concentrations were determined for both
conventional antifungals and polymethacrylates, using the
standard broth-dilution method but with RPMI prepared at
a neutral pH (7.2) and a pH comparable to that in the
human vagina (4.0) respectively,. All but one of the MICs
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Polymethacrylate
loaded hydrogel . }

FIGURE 1 | Intravaginal retention and slow decay of polymethacrylates formulated as hydrogel in vivo. Fluorescence-labeled polymethacrylate KL-708 was
formulated into hydrogels (A) and administered intravaginally to mice. Retention of guanylated polymer in mouse vagina was monitored in situ, using an in vivo IVIS
spectrum imaging system at different time points of 0, 2, 8, 12, 24, and 48 h (B). Substantial amounts of polymethacrylates were found in mouse vagina even at
48 h post-administration.
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FIGURE 2 | Cervicovaginal toxicity of polymethacrylates and local inflammation. (A) Histopathological presentation of mouse vaginal tissues after exposure to
polymethacrylate at 40 and 80 mg/L for 48 h. HE staining showed neglectable morphological changes of vaginal epithelia and underlying tissues. (B) Inflammation
responses induced by polymethacrylate-loaded hydrogels. Inflammatory cytokine IL-1p and alarmin S100A8 were used as indicators.
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derived for the polymethacrylates were identical under acidic
conditions, indicating a high tolerance of these polymers to
acidic conditions found within the human vagina (Table 2). The
acidic condition, however, significantly compromised antifungal
activities of conventional drugs, by increasing their MICs by
4-16-fold (Table 2).

Polymethacrylates Were Superior to
Conventional Antifungals in Killing
Epithelium-Associated Biofilms in the
Vagina

We first examined in vivo biofilm formation of C. albicans on
mouse vaginal epithelia at 48 h post-infection. A characteristic
epithelium-associated biofilm structure was observed with SEM,
consisting of yeast and hyphal cells embedded in vaginal mucosae
(Figure 3A, with the clinical isolate VVC4 as an example).
We further examined the antifungal efficacy of all agents
against such epithelium-associated biofilms formed by VVC4
and laboratory strain DAY185. KL706 and KL708 at 40 mg/L
were effective in killing epithelium-associated biofilms formed
by either C. albicans DAY185 or VVC4 (Figures 3A,B). KL706
at 80 mg/L, a concentration 50 times less compared to that of
conventional antifungals tested, killed significantly more biofilms
than either nystatin or clotrimazole at 4000 mg/L (p < 0.05
and p < 0.01, respectively). KL708 at 80 mg/L also showed
a higher potency than clotrimazole at 4000 mg/L in killing
epithelium-associated C. albicans biofilms in the mouse vagina
(Figure 3B, p < 0.05).

Polymethacrylate Treatment of
Epithelium-Associated C. albicans
Biofilms Resulted in Fewer Persister

Cells Than Conventional Antifungals

Population analysis profiling was performed to determine
antifungal regimens (concentration and duration) that can be
used to successfully isolate and quantify persister cells residing

TABLE 2 | In vitro susceptibility of C. albicans strains to conventional antifungals
and polymethacrylates at different pHs.

Antifungals MIC (mg/L) for C. albicans isolates

DAY185 Fold VVC2 Fold vvC4 Fold

change change change

pH=7.2
Nystatin 4 2 4
Clotrimazole 0.5 2 1
KL706 16 16 16
KL708 16 16 32
pH =4.0
Nystatin 16 4 32 16 32 8
Clotrimazole 8 14 8 4 16 16
KL706 32 2 32 2 32 2
KL708 32 2 32 2 32 1

in epithelium-associated C. albicans biofilms. Typical three-
subpopulation patterns were established when nystatin and
KL706 were used as the selecting agents (Figure 4A): Over 99.9%
of biofilm cells were susceptible and responded to both agents
at 16 mg/L; a small population of cells demonstrated tolerance
to nystatin and KL706 at higher concentrations (16-1024 mg/L
for nystatin, and 16 128 mg/L for KL706) but could be killed
if antifungal concentration and/or exposure time were further
increased; a very small population of cells survived the most
potent antifungal regimens, such as nystatin at 2048 mg/L and
KL706 at 256 mg/L for 48 or 72 h. In contrast; a gradually
descending pattern was found when fungistatic clotrimazole was
used to select biofilm persister cells (Figure 4A). Thus, the
regimens chosen to isolate persister cells in epithelium-based
biofilms grown in the mouse vagina were 2048 mg/L x 48 h
for nystatin, 256 mg/L x 48 h for KL706 and KL708, and
1024 mg/L x 72 h for clotrimazole.

In general, fewer persister cells were detected after exposing
vaginal epithelium-associated biofilm cells to KL706 or KL708
than to clotrimazole or nystatin (Figure 4B and Supplementary
Table S1). When epithelium-associated biofilms formed by
C. albicans VVC4 and VVC2 were studied, average proportions of
persister cell selected by KL706 and KL708 reached 0.08 & 0.03%
(mean + SEM) and 0.10 £ 0.01%, and 0.17 4+ 0.02% and
0.21 £ 0.02%, respectively. Conventional antifungal drugs
nystatin isolated 0.16 4= 0.02% and 0.28 £ 0.02% persister cells,
and clotrimazole selected 0.43 £ 0.02% and 0.51 £ 0.02% from
biofilms formed by VVC4 and VVC2 respectively (Figure 4B).
The same trend was noticed when C. albicans laboratory
reference strain DAY185 was studied. It was also noticed
that vaginal epithelium-based biofilms formed by clinical
isolates VVC4 and VVC2 harbored more persister cells than
C. albicans DAY185, a clinically relevant isolate related to
systemic infections, regardless of selecting antifungals used.

Polymethacrylates Demonstrate Activity
Against Persister Cells Following

Conventional Antifungal Treatment

Ex vivo biofilms were used to examine the effectiveness
of polymethacrylates in killing persister cells pre-selected by
conventional antifungal agent amphotericin B. When challenging
persister cells preselected with amphotericin B at 100 mg/L,
polymethacrylates at 128 mg/L showed a significantly higher
fungicidal activity relative to the conventional agents, nystatin
and clotrimazole at 1024 mg/L (Figure 5). KL706 further killed
75, 94, and 82% of pre-selected persister cells of DAY185, VVC2,
and VVC4, and KL708 eradicated 64, 90, and 75% of these
persister cells. This opens the door for novel and more efficient
combination therapies for RVVC, using conventional antifungals
sequentially combined with polymethacrylates.

DISCUSSION

The current antifungal regimens for VVC/RVVC, recommended
by CDC and based on 2015 Sexually Transmitted Diseases
(STD) Treatment Guidelines, have been widely followed by
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FIGURE 3 | Antifungal activities of polymethacrylates against C. albicans grown as vaginal epithelium-associated biofims. (A) Scanning electron microscopy of
epithelium-associated biofilms formed by C. albicans VVC4 in the mouse vagina, before and after treatment with KL708 at 40 and 80 mg/L. (B) Quantitative
assessment of anti-infective efficacy of polymethacrylates against vaginal epithelium-associated C. albicans biofilms. C. albicans cells grown as biotic biofilms on
mouse vaginal epithelia were treated with polymethacrylates at 40 and 80 mg/L and conventional antifungal drugs at clinical doses. Mouse vaginal tissue was
removed after treatment and homogenized for viable counts. Survivors were recovered after 72 h incubation on YPD plates. Polymethacrylates at non-toxic
concentrations (80 wg/mL) demonstrated a significantly higher activities in killing epithelium-associated biotic C. albicans biofims than conventional antifungals. No
difference was found between the two negative controls (PBS control and hydrogel-only control) and only that of hydrogel-only was shown. *p < 0.05, **p < 0.01.

general practitioners and gynecologists. Among the conventional  and still remain effective against acute VVC. Their effectiveness
antifungals recommended by CDC, imidazoles (including for RVVC, however, are suboptimal, as recurrence of infection
clotrimazole, miconazole and econazole), the polyene nystatin, is common after an initial course of fluconazole or clotrimazole
and fluconazole have been on the market for more than 35 years  and ongoing antifungal maintenance therapy is often required
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FIGURE 4 | (A) Ex vivo population profiling of vagina epithelium-associated C. albicans biofims using different antifungal agents. Mice were infected with C. albicans
via the intravaginal pathway. After 3 days, infected vaginal tissues were harvested and homogenized. Fungal suspensions containing persister cells were challenged
with antifungals at increasing concentrations for 24, 48, and 72 h. Experimental results identified a small population remaining tolerant to antifungals at very high
concentration, even for an extended treatment period (48 or 72 h). Polymers KL706 only required a relatively low concentration of 256 mg/L and 24-48 h to reach
the persister cell plateau, however the conventional antifungal agents need a higher concentration of 1024 mg/L or 2048 mg/L to reach this plateau. (B) Proportions
of C. albicans persister cells in epithelium-associated biofilms selected by different antifungal agents. Total persister cells were isolated by exposing homogenized
mouse vaginal tissues infected with C. albicans to antifungal agents at a specific concentration (1024 mg/L for clotrimazole, 2048 mg/L for nystatin, and 256 mg/L

duplicate.

for KL706 and KL708, based on population analysis data). Such regimens have been found to be able to isolate persister cells from infected vaginal tissues. The
proportion of persister cells was calculated as the proportion of survivor cells out of total population. Shown are the average of three to four biological repeats in

(Tapia et al., 2017; Crouss et al.,, 2018). This is possibly due to
the low efficacy of conventional antifungals in eradicating biotic
biofilms and persister cells that have grown on vaginal epithelia
and in underlying tissues.

We have recently developed a new class of antimicrobial
polymethacrylates that have shown high potency against
in vitro C. albicans biofilms (Qu et al, 2016). This study
was designed to examine clinical potential of polymethacrylates
as an effective treatment for VVC/RVVC. In the current
study, polymethacrylates demonstrated several properties as
topical agents for VVC/RVVC, including high efficacy in killing
epithelia-based C. albicans biofilms and persister cells, ease of
formulation as a hydrogel for topical application, and low toxicity
to local vaginal tissue. Unlike other newly proposed antifungal
substances from natural sources that often need to be combined
with conventional agents such as fluconazole or miconazole
for high in vivo effectiveness (Gao et al., 2016; Esposito et al.,

2018; Fernandes Costa et al., 2019), polymethacrylates provide
a distinct advantage as they can be used as a sole therapy. They
also outperformed clotrimazole and nystatin, two market leading
antifungals, at 50 times less the equivalent clinical concentration
in killing biotic C. albicans biofilms grown on vaginal epithelia.
Moreover, polymethacrylates were able to maintain their activity
in the acidic human vaginal environment, a major hurdles for
drug development, since antifungals are often less effective under
acid conditions (Ilkit and Guzel, 2011). Similar to valproic acid
(Chaillot et al., 2017), both KL706 and KL708 demonstrated pH-
independent antifungal efficacy, exhibiting only a 2-fold shift at
pH 4.0 compared with pH 7.2, superior to many conventional
antifungals and even the newly developed antifungal CD101
(Boikov et al., 2017).

The in vivo efficacy of polymethacrylates for VVC/RVVC
found in this study is thought to be based on their unique activity
against biotic biofilms and persister cells formed by C. albicans.
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FIGURE 5 | Polymethacrylates demonstrate activity against persister cells
pre-selected by conventional antifungals. Ex vivo biofilms were used to
examine the effectiveness of polymethacrylates in killing persister cells
pre-selected by conventional antifungal agent amphotericin B. Mice were
infected with C. albicans via the intravaginal pathway. After 3 days, infected
vaginal tissues were harvested and homogenized. Fungal suspensions
containing persister cells were challenged with amphotericin B at 100 mg/L
for 24 h, followed by polymethacrylates (128 mg/L), nystatin (1024 mg/L) or
clotrimazole (1024 mg/L) for another 24 h. Viable counts were carried out to
determine the number of survivor fungal cells. Polymethacrylates at 128 mg/L
showed a significantly higher fungicidal activity relative to the conventional
agents such as nystatin and clotrimazole at 1024 mg/L. AB: amphotericin B;
AB + nystatin: fungal suspension was pre-treated with amphotericin B

(100 mg/L) for 24 h and then by nystatin at 1024 mg/L for another 24 h.

*p < 0.05, **p < 0.01.

Antifungal resistance stemming from the formation of Candida
biofilms in VVC has been noted by several studies, mostly based
on antifungal susceptibility tests using 96-well microplate biofilm
assays (Gao et al, 2016; Sherry et al., 2017). Abiotic biofilms
developed in 96-well microplates, however, might differ from
biotic epithelium-based biofilms in many aspects, including their
resistance to antimicrobial agents (Bjarnsholt et al., 2013). We
carried out antifungal susceptibility testing on Candida biofilms
established in a mammalian vagina that closely mimic the clinical
environment of human VVC. Though the mouse vagina differs
from that of women in various physical aspects and may have
different responses to Candida infections, it is still the preferred
in vivo model for drug development, in the context of cost-
effectiveness and labor-intensity (Vecchiarelli et al., 2015).
Harriott et al. (2010) successfully demonstrated vaginal
epithelium-based Candida biofilms using a mouse VVC model
and raised the hypothesis that biofilm formation by Candida
might be an initiating event for VVC (Harriott et al., 2010).
The role of biofilms in the pathogenesis of VVC/RVVC was
recently challenged by Swidsinski et al. (2019). Swidsinski
et al. (2019) used fluorescent in situ hybridization (FISH) on

vaginal biopsies from VVC patients and found no evidence
of typical biofilm structures on vaginal epithelia or underlying
tissues. It should be noted that biotic biofilms found in vivo
often fail to present the typical three-dimensional mushroom
structure, a biofilm morphology frequently reported by in vitro
studies. In vivo biofilms uniquely grow as monolayers or
microcolonies (Bjarnsholt et al, 2013), and detections of
such structures often require experimental methods of higher
resolutions such as SEM. From microbiological and clinical
aspects, it is also reasonable to assume the involvement of
Candida biofilms and persister cells in VVC/RVVC, as the
recurrence pattern of RVVC coincides with the model of
recurrent biofilm infections and persister cells proposed by
Lewis (2010). Clinical isolates of C. albicans from the same
RVVC patients over different periods of time, despite therapy,
were found to be genetically identical, supporting the possible
involvement of persister cells in the recurrence of RVVC
(Fodor et al., 2002).

One of the major limitations of this study is that no
other Candida species were included. Non-C. albicans Candida
species have recently emerged as important etiological agents
of VVC/RVVC (Richter et al., 2005; Gamarra et al.,, 2014). In
contrast to C. albicans, some non-C. albicans Candida species
are unable to form typical biofilms in vitro or in vivo, or are
intrinsically resistant to many conventional antifungals (Guzel
et al, 2013). A future study is required to examine the effect of
polymers against VVC/RVVC caused by other Candida species.

CONCLUSION

This study systematically assessed the clinical potential of
RAFT-derived polymethacrylates as an effective treatment for
VVC/RVVC in a mouse model. Polymethacrylates effectively
killed vaginal epithelium-related C. albicans in vivo by specially
targeting biotic biofilms and persister cells, outperforming
other market leading antifungals. Treatment presented
negligible local toxicity.

DATA AVAILABILITY STATEMENT

The datasets generated for this study are available on request to
the corresponding author.

ETHICS STATEMENT

The Ethics Review Boards of Wenzhou Medical University
approved this study (wydw2016-0214). All animal experiments
were carried out in accordance with the National Institutes of
Health guide for the care and use of Laboratory animals.

AUTHOR CONTRIBUTIONS

YQ and XW conceived and designed the study. SZ,
XX, LS, BX, WQ, WZ, KL, and YQ carried out the
experiments. YQ, SZ, XW, and MD performed the data

Frontiers in Microbiology | www.frontiersin.org

November 2019 | Volume 10 | Article 2592


https://www.frontiersin.org/journals/microbiology/
https://www.frontiersin.org/
https://www.frontiersin.org/journals/microbiology#articles

Wu et al.

RAFT-Derived Polymethacrylates as a Superior Treatment for RVVC

analysis. YQ wrote the manuscript. YQ, MD, and XW edited the
manuscript. All authors reviewed the manuscript and provided
critical comments.

FUNDING

This work was supported by the National Natural Science
Foundation of China (Grant Number 81772241 to YQ); the
National Natural Science Foundation of China (Grant Number
81873822 to XW); the 551 Talent Program of Wenzhou (to XW);
and the Shenzhen Science and Technology Innovation Project
(Grant Number JCY20170818100355168 to XW).

REFERENCES

Adjapong, G., Hale, M., and Garrill, A. (2017). A comparative investigation of azole
susceptibility in Candida isolates from vulvovaginal candidiasis and recurrent
vulvovaginal candidiasis patients in Ghana. Med. Mycol. 55, 686-689. doi: 10.
1093/mmy/myw122

Bjarnsholt, T., Alhede, M., Alhede, M., Eickhardt-Sorensen, S. R., Moser, C., Kuhl,
M., et al. (2013). The in vivo biofilm. Trends Microbiol. 21, 466-474. doi: 10.
1016/j.tim.2013.06.002

Boikov, D. A., Locke, J. B., James, K. D., Bartizal, K., and Sobel, J. D. (2017). In vitro
activity of the novel echinocandin CD101 at pH 7 and 4 against Candida spp.
isolates from patients with vulvovaginal candidiasis. J. Antimicrob. Chemother.
72, 1355-1358. doi: 10.1093/jac/dkx008

Catalone, B. J., Kish-Catalone, T. M., Budgeon, L. R,, Neely, E. B., Ferguson,
M., Krebs, F. C, et al. (2004). Mouse model of cervicovaginal toxicity
and inflammation for preclinical evaluation of topical vaginal microbicides.
Antimicrob. Agents Chemother. 48, 1837-1847. doi: 10.1128/aac.48.5.1837-
1847.2004

Chaillot, J., Tebbji, F., Garcia, C., Wurtele, H., Pelletier, R., and Sellam, A. (2017).
pH-dependant antifungal activity of valproic acid against the human fungal
pathogen Candida albicans. Front. Microbiol. 8:1956. doi: 10.3389/fmicb.2017.
01956

Choukri, F., Benderdouche, M., and Sednaoui, P. (2014). In vitro susceptibility
profile of 200 recent clinical isolates of Candida spp. to topical antifungal
treatments of vulvovaginal candidiasis, the imidazoles and nystatin agents.
J. Mycol. Med. 24, 303-307. doi: 10.1016/j.mycmed.2014.05.001

Crouss, T., Sobel, J. D., Smith, K., and Nyirjesy, P. (2018). Long-term outcomes of
women with recurrent vulvovaginal candidiasis after a course of maintenance
antifungal therapy. J. Low Genit. Tract Dis. 22, 382-386. doi: 10.1097/LGT.
0000000000000413

Dennerstein, G. J. (2017). Recurrent vulvovaginal candidiasis: a review of
guidelines and recommendations. Aust. N. Z. ]. Obstet. Gynaecol. 57, E12-E13.

Esposito, E., Campolo, M., Casili, G., Lanza, M., Filippone, A., Peritore, A. F.,
et al. (2018). Effect of pea protein plus grape seed dry extract on a murine
model of Candida albicans induced vaginitis. Future Microbiol. 13, 1375-1382.
doi: 10.2217/fmb-2018-0102

Fan, S, Liu, X, and Liang, Y. (2015a). Miconazole nitrate vaginal suppository 1,200
mg versus oral fluconazole 150 mg in treating severe vulvovaginal candidiasis.
Gynecol. Obstet. Invest. 80, 113-118. doi: 10.1159/000371759

Fan, S., Liu, X,, Wu, C, Xu, L, and Li, J. (2015b). Vaginal nystatin versus
oral fluconazole for the treatment for recurrent vulvovaginal candidiasis.
Mycopathologia 179, 95-101. doi: 10.1007/s11046-014-9827-4

Fernandes Costa, A., Evangelista Araujo, D., Santos Cabral, M., Teles Brito,
I, Borges De Menezes Leite, L., Pereira, M., et al. (2019). Development,
characterization, and in vitro-in vivo evaluation of polymeric nanoparticles
containing miconazole and farnesol for treatment of vulvovaginal candidiasis.
Med. Mycol. 57, 52-62. doi: 10.1093/mmy/myx155

Fodor, E., Dosa, E., Nagy, A., Nagy, E., and Ferenczy, L. (2002). Karyotyping
of Candida albicans and Candida glabrata isolates from recurrent vaginal

ACKNOWLEDGMENTS

KL wishes to acknowledge the CSIRO Julius Career Development
Award for funding. The authors also would like to thank
Margaret Smith and her team at Syndet Works, Australia for their
assistance with preparing polymer gel formulations.

SUPPLEMENTARY MATERIAL

The Supplementary Material for this article can be found
online at: https://www.frontiersin.org/articles/10.3389/fmicb.
2019.02592/full#supplementary-material

infections by pulsed-field gel electrophoresis. Acta Microbiol. Immunol. Hung.
49, 59-68. doi: 10.1556/amicr.49.2002.1.6

Gamarra, S., Morano, S., Dudiuk, C., Mancilla, E., Nardin, M. E., De Los Angeles
Mendez, E., et al. (2014). Epidemiology and antifungal susceptibilities of yeasts
causing vulvovaginitis in a teaching hospital. Mycopathologia 178, 251-258.
doi: 10.1007/s11046-014-9780-2

Gao, M., Wang, H,, and Zhu, L. (2016). Quercetin assists fluconazole to inhibit
biofilm formations of fluconazole-resistant Candida albicans in in vitro and
in vivo antifungal managements of vulvovaginal candidiasis. Cell Physiol.
Biochem. 40, 727-742. doi: 10.1159/000453134

Grinceviciene, S., Bellen, G., Ruban, K., and Donders, G. (2017). Non-response
to fluconazole maintenance treatment (ReCiDiF regimen) for recurrent
vulvovaginal candidosis is not related to impaired glucose metabolism. Mycoses
60, 546-551. doi: 10.1111/myc.12626

Guzel, A. B., Aydin, M., Meral, M., Kalkanci, A., and Ilkit, M. (2013). Clinical
characteristics of Turkish women with Candida krusei vaginitis and antifungal
susceptibility of the C. krusei isolates. Infect. Dis. Obstet. Gynecol. 2013:698736.
doi: 10.1155/2013/698736

Harriott, M. M., Lilly, E. A., Rodriguez, T. E., Fidel, P. L. Jr., and Noverr, M. C.
(2010). Candida albicans forms biofilms on the vaginal mucosa. Microbiology
156, 3635-3644. doi: 10.1099/mic.0.039354-0

Howley, M. M., Carter, T. C., Browne, M. L., Romitti, P. A,, Cunniff, C. M,,
and Druschel, C. M. (2016). Fluconazole use and birth defects in the national
birth defects prevention study. Am. J. Obstet. Gynecol. 214, e651-¢659. doi:
10.1016/j.2j0g.2015.11.022

TIkit, M., and Guzel, A. B. (2011). The epidemiology, pathogenesis, and diagnosis
of vulvovaginal candidosis: a mycological perspective. Crit. Rev. Microbiol. 37,
250-261. doi: 10.3109/1040841X.2011.576332

Kasper, L., Miramon, P., Jablonowski, N., Wisgott, S., Wilson, D., Brunke, S., et al.
(2015). Antifungal activity of clotrimazole against Candida albicans depends on
carbon sources, growth phase and morphology. J. Med. Microbiol. 64, 714-723.
doi: 10.1099/jmm.0.000082

Lafleur, M. D., Kumamoto, C. A., and Lewis, K. (2006). Candida albicans biofilms
produce antifungal-tolerant persister cells. Antimicrob. Agents Chemother. 50,
3839-3846. doi: 10.1128/aac.00684-06

Lafleur, M. D., Qi, Q., and Lewis, K. (2010). Patients with long-term oral
carriage harbor high-persister mutants of Candida albicans. Antimicrob. Agents
Chemother. 54, 39-44. doi: 10.1128/AAC.00860-09

Lewis, K. (2010). Persister cells. Annu. Rev. Microbiol. 64, 357-372. doi: 10.1146/
annurev.micro.112408.134306

Locock, K. E., Meagher, L., and Haeussler, M. (2014). Oligomeric cationic
polymethacrylates: a comparison of methods for determining molecular weight.
Anal. Chem. 86, 2131-2137. doi: 10.1021/ac403735n

Mendling, W., Brasch, J., Cornely, O. A. Effendy, I, Friese, K., Ginter-
Hanselmayer, G., et al. (2015). Guideline: vulvovaginal candidosis (AWMF
015/072), S2k (excluding chronic mucocutaneous candidosis). Mycoses
58(Suppl. 1), 1-15. doi: 10.1111/myc.12292

Mikamo, H., Matsumizu, M., Nakazuru, Y., Okayama, A., and Nagashima, M.
(2015). Efficacy and safety of a single oral 150 mg dose of fluconazole for

Frontiers in Microbiology | www.frontiersin.org

November 2019 | Volume 10 | Article 2592


https://www.frontiersin.org/articles/10.3389/fmicb.2019.02592/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fmicb.2019.02592/full#supplementary-material
https://doi.org/10.1093/mmy/myw122
https://doi.org/10.1093/mmy/myw122
https://doi.org/10.1016/j.tim.2013.06.002
https://doi.org/10.1016/j.tim.2013.06.002
https://doi.org/10.1093/jac/dkx008
https://doi.org/10.1128/aac.48.5.1837-1847.2004
https://doi.org/10.1128/aac.48.5.1837-1847.2004
https://doi.org/10.3389/fmicb.2017.01956
https://doi.org/10.3389/fmicb.2017.01956
https://doi.org/10.1016/j.mycmed.2014.05.001
https://doi.org/10.1097/LGT.0000000000000413
https://doi.org/10.1097/LGT.0000000000000413
https://doi.org/10.2217/fmb-2018-0102
https://doi.org/10.1159/000371759
https://doi.org/10.1007/s11046-014-9827-4
https://doi.org/10.1093/mmy/myx155
https://doi.org/10.1556/amicr.49.2002.1.6
https://doi.org/10.1007/s11046-014-9780-2
https://doi.org/10.1159/000453134
https://doi.org/10.1111/myc.12626
https://doi.org/10.1155/2013/698736
https://doi.org/10.1099/mic.0.039354-0
https://doi.org/10.1016/j.ajog.2015.11.022
https://doi.org/10.1016/j.ajog.2015.11.022
https://doi.org/10.3109/1040841X.2011.576332
https://doi.org/10.1099/jmm.0.000082
https://doi.org/10.1128/aac.00684-06
https://doi.org/10.1128/AAC.00860-09
https://doi.org/10.1146/annurev.micro.112408.134306
https://doi.org/10.1146/annurev.micro.112408.134306
https://doi.org/10.1021/ac403735n
https://doi.org/10.1111/myc.12292
https://www.frontiersin.org/journals/microbiology/
https://www.frontiersin.org/
https://www.frontiersin.org/journals/microbiology#articles

Wu et al.

RAFT-Derived Polymethacrylates as a Superior Treatment for RVVC

the treatment of vulvovaginal candidiasis in Japan. J. Infect. Chemother. 21,
520-526. doi: 10.1016/j.jiac.2015.03.011

Molgaard-Nielsen, D., Svanstrom, H., Melbye, M., Hviid, A., and Pasternak, B.
(2016). Association between use of oral fluconazole during pregnancy and risk
of spontaneous abortion and stillbirth. JAMA 315, 58-67.

Muzny, C. A., and Schwebke, J. R. (2015). Biofilms: an underappreciated
mechanism of treatment failure and recurrence in vaginal infections. Clin.
Infect. Dis. 61, 601-606. doi: 10.1093/cid/civ353

Netea, M. G., Simon, A., Van De Veerdonk, F., Kullberg, B. J., Van Der Meer,
J. W, and Joosten, L. A. (2010). IL-1beta processing in host defense: beyond
the inflammasomes. PLoS Pathog. 6:e1000661. doi: 10.1371/journal.ppat.100
0661

Qu, Y., Locock, K., Verma-Gaur, J., Hay, I. D., Meagher, L., and Traven,
A. (2016). Searching for new strategies against polymicrobial biofilm
infections: guanylated polymethacrylates kill mixed fungal/bacterial biofilms.
J. Antimicrob. Chemother. 71, 413-421. doi: 10.1093/jac/dkv334

Richter, S. S., Galask, R. P., Messer, S. A., Hollis, R. J., Diekema, D. J., and
Pfaller, M. A. (2005). Antifungal susceptibilities of Candida species causing
vulvovaginitis and epidemiology of recurrent cases. J. Clin. Microbiol. 43,
2155-2162. doi: 10.1128/jcm.43.5.2155-2162.2005

Sherry, L., Kean, R, Mckloud, E., O’donnell, L. E., Metcalfe, R., Jones, B. L., et al.
(2017). Biofilms formed by isolates from recurrent vulvovaginal candidiasis
patients are heterogeneous and insensitive to fluconazole. Antimicrob. Agents
Chemother. 61:1065-17. doi: 10.1128/AAC.01065-17

Sobel, J. D. (2016). Recurrent vulvovaginal candidiasis. Am. J. Obstet. Gynecol. 214,
15-21. doi: 10.1016/j.aj0g.2015.06.067

Swidsinski, A., Guschin, A., Tang, Q., Dorffel, Y., Verstraelen, H., Tertychnyy,
A, et al. (2019). Vulvovaginal candidiasis: histologic lesions are primarily
polymicrobial and invasive and do not contain biofilms. Am. J. Obstet. Gynecol.
220:e91. doi: 10.1016/j.2jog.2018.10.023

Tapia, C. V., Hermosilla, G., Fortes, P., Alburquenque, C., Bucarey, S., Salinas, H.,
et al. (2017). Genotyping and persistence of Candida albicans from pregnant

women with vulvovaginal candidiasis. Mycopathologia 182, 339-347. doi: 10.
1007/s11046-016-0095-3

Vecchiarelli, A., Gabrielli, E., and Pericolini, E. (2015). Experimental models of
vaginal candidiasis and inflammation. Future Microbiol. 10, 1265-1268. doi:
10.2217/fmb.15.52

Vogl, T., Eisenblatter, M., Voller, T., Zenker, S., Hermann, S., Van Lent, P., et al.
(2014). Alarmin S100A8/S100A9 as a biomarker for molecular imaging of local
inflammatory activity. Nat. Commun. 5:4593. doi: 10.1038/ncomms5593

Wichtler, B., Wilson, D., and Hube, B. (2011). Candida albicans adhesion to and
invasion and damage of vaginal epithelial cells: stage-specific inhibition by
clotrimazole and bifonazole. Antimicrob. Agents Chemother. 55, 4436-4439.
doi: 10.1128/AAC.00144-11

Yang, S., Hay, I. D., Cameron, D. R., Speir, M., Cui, B., Su, F., et al. (2015). Antibiotic
regimen based on population analysis of residing persister cells eradicates
Staphylococcus epidermidis biofilms. Sci. Rep. 5:18578. doi: 10.1038/srep18578

Zhang, S. S., Xia, W. T., Xu, J., Xu, H. L, Lu, C. T., Zhao, Y. Z, et al.
(2017). Three-dimensional structure micelles of heparin-poloxamer improve
the therapeutic effect of 17beta-estradiol on endometrial regeneration for
intrauterine adhesions in a rat model. Int. J. Nanomed. 12, 5643-5657. doi:
10.2147/1JN.S137237

Conflict of Interest: The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could be construed as a
potential conflict of interest.

Copyright © 2019 Wu, Zhang, Xu, Shen, Xu, Qu, Zhuang, Locock, Deighton and Qu.
This is an open-access article distributed under the terms of the Creative Commons
Attribution License (CC BY). The use, distribution or reproduction in other forums
is permitted, provided the original author(s) and the copyright owner(s) are credited
and that the original publication in this journal is cited, in accordance with accepted
academic practice. No use, distribution or reproduction is permitted which does not
comply with these terms.

Frontiers in Microbiology | www.frontiersin.org

21

November 2019 | Volume 10 | Article 2592


https://doi.org/10.1016/j.jiac.2015.03.011
https://doi.org/10.1093/cid/civ353
https://doi.org/10.1371/journal.ppat.1000661
https://doi.org/10.1371/journal.ppat.1000661
https://doi.org/10.1093/jac/dkv334
https://doi.org/10.1128/jcm.43.5.2155-2162.2005
https://doi.org/10.1128/AAC.01065-17
https://doi.org/10.1016/j.ajog.2015.06.067
https://doi.org/10.1016/j.ajog.2018.10.023
https://doi.org/10.1007/s11046-016-0095-3
https://doi.org/10.1007/s11046-016-0095-3
https://doi.org/10.2217/fmb.15.52
https://doi.org/10.2217/fmb.15.52
https://doi.org/10.1038/ncomms5593
https://doi.org/10.1128/AAC.00144-11
https://doi.org/10.1038/srep18578
https://doi.org/10.2147/IJN.S137237
https://doi.org/10.2147/IJN.S137237
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/microbiology/
https://www.frontiersin.org/
https://www.frontiersin.org/journals/microbiology#articles

',\' frontiers
in Microbiology

ORIGINAL RESEARCH
published: 17 January 2020
doi: 10.3389/fmicb.2019.02935

OPEN ACCESS

Edited by:
Sujogya Kumar Panda,
KU Leuven, Belgium

Reviewed by:

Livia Visai,

University of Pavia, Italy

Paul M. Tulkens,

Catholic University of Louvain,
Belgium

*Correspondence:

John Jairo Aguilera-Correa
john_j2a@hotmail.com
Jaime Esteban
Jjestebanmoreno@gmail.com

Specialty section:

This article was submitted to
Antimicrobials, Resistance
and Chemotherapy,

a section of the journal
Frontiers in Microbiology

Received: 27 September 2019
Accepted: 06 December 2019
Published: 17 January 2020

Citation:

Aguilera-Correa JJ,

Garcia-Casas A, Mediero A,
Romera D, Mulero F, Cuevas-Ldpez |,
Jiménez-Morales A and Esteban J
(2020) A New Antibiotic-Loaded
Sol-Gel Can Prevent Bacterial
Prosthetic Joint Infection: From

in vitro Studies to an in vivo Model.
Front. Microbiol. 10:2935.

doi: 10.3389/fmicb.2019.02935

Check for
updates

A New Antibiotic-Loaded Sol-Gel
Can Prevent Bacterial Prosthetic
Joint Infection: From in vitro Studies
to an in vivo Model

John Jairo Aguilera-Correa’™, Amaya Garcia-Casas?, Aranzazu Mediero?,
David Romera’, Francisca Mulero?, Irene Cuevas-Lopez®, Antonia Jiménez-Morales?¢
and Jaime Esteban™

' Clinical Microbiology Department, IIS-Fundacion Jimenez Diaz, UAM, Madrid, Spain, 2 Department of Materials Science
and Engineering, University Carlos Ill of Madrid, Madrid, Spain, * Bone and Joint Research Unit, IS-Fundacion Jimenez Diaz,
UAM, Madrid, Spain, * Molecular Imaging Unit, Spanish National Cancer Research Centre (CNIO), Madrid, Spain,

5 Experimental Surgery and Animal Research Service, lIS-Fundacion Jimenez Diaz, UAM, Madrid, Spain, 5 Alvaro Alonso
Barba Technological Institute of Chemistry and Materials, Carlos Ill University of Madrid, Madrid, Spain

The aim of this study was to evaluate the effect of a moxifloxacin-loaded organic-
inorganic sol-gel with different antibiotic concentration in the in vitro biofilm development
and treatment against Staphylococcus aureus, S. epidermidis, and Escherichia coli,
cytotoxicity and cell proliferation of MC3T3-E1 osteoblasts; and its efficacy in preventing
the prosthetic joint infection (PJl) caused by clinical strains of S. aureus and E. coli
using an in vivo murine model. Three bacterial strains, S. epidermidis ATCC 35984,
S. aureus 15981, and, E. coli ATCC 25922, were used for microbiological studies.
Biofilm formation was induced using tryptic-soy supplemented with glucose for 24 h,
and then, adhered and planktonic bacteria were estimated using drop plate method
and absorbance, respectively. A 24-h-mature biofilm of each species growth in a 96-
well plate was treated for 24 h using a MBECTM biofilm Incubator lid with pegs
coated with the different types of sol-gel, after incubation, biofilm viability was estimated
using alamrBlue. MC3T3-E1 cellular cytotoxicity and proliferation were evaluated using
CytoTox 96 Non-Radioactive Cytotoxicity Assay and alamarBlue, respectively. The
microbiological studies showed that sol-gel coatings inhibited the biofilm development
and treated to a mature biofilm of three evaluated bacterial species. The cell studies
showed that the sol-gel both with and without moxifloxacin were non-cytotoxic and that
cell proliferation was inversely proportional to the antibiotic concentration containing by
sol-gel. In the in vivo study, mice weight increased over time, except in the E. coli-
infected group without coating. The most frequent symptoms associated with infection
were limping and piloerection; these symptoms were more frequent in infected groups

Frontiers in Microbiology | www.frontiersin.org 22

January 2020 | Volume 10 | Article 2935


https://www.frontiersin.org/journals/microbiology/
https://www.frontiersin.org/journals/microbiology#editorial-board
https://www.frontiersin.org/journals/microbiology#editorial-board
https://doi.org/10.3389/fmicb.2019.02935
http://creativecommons.org/licenses/by/4.0/
https://doi.org/10.3389/fmicb.2019.02935
http://crossmark.crossref.org/dialog/?doi=10.3389/fmicb.2019.02935&domain=pdf&date_stamp=2020-01-17
https://www.frontiersin.org/articles/10.3389/fmicb.2019.02935/full
http://loop.frontiersin.org/people/845781/overview
http://loop.frontiersin.org/people/844225/overview
http://loop.frontiersin.org/people/282488/overview
https://www.frontiersin.org/journals/microbiology/
https://www.frontiersin.org/
https://www.frontiersin.org/journals/microbiology#articles

Aguilera-Correa et al.

A Sol-Gel to Prevent PJI

with non-coated implants than infected groups with coated implants. The response
of moxifloxacin-loaded sol-gel to infection was either total or completely absent.
No differences in bone mineral density were observed between groups with coated
and non-coated implants and macrophage presence lightly increased in the bone
grown directly in contact with the antibiotic-loaded sol-gel. In conclusion, moxifloxacin-
loaded sol-gel coating is capable of preventing PJI caused by both Gram-positive and

Gram-negative species.

Keywords: sol-gel, moxifloxacin, prosthetic joint infection, Staphylococcus epidermidis, Staphylococcus aureus,

Escherichia coli

INTRODUCTION

Prosthetic joint infection (PJI) occurs rarely (1-2% of all
cases), though its effects are often devastating due to the
high associated morbidity and substantial costs of this kind
of surgical complication (Tande and Patel, 2014). Additionally,
the economic burden of PJI is expected to rise in the
coming years with the increase in the life expectancy and
number of patients undergoing arthroplasty replacements
(Anagnostakos et al., 2009).

Gram-positive cocci are the most frequent microorganisms
isolated from PJIs, representing up to 77% of all P]JIs; of these, the
most common species are Staphylococcus aureus and coagulase-
negative staphylococci (Benito et al., 2016). However, Gram-
negative bacilli can be isolated from 27-45% of all infections
(Cobo et al.,, 2011; Benito et al., 2016) and the most commonly
isolated species belong to the Enterobacteriaceae family, mainly
Escherichia coli, and several non-fermenting Gram-negative
bacilli. These organisms are gaining in importance given their
increasing incidence and antibiotic resistance (Rodriguez-Pardo
et al., 2014; Benito et al., 2016; Papadopoulos et al., 2019;
Pfang et al., 2019).

Systemic and prophylactic treatment of PJIs may be
ineffective, because antibiotics are unable to reach the prosthesis-
tissue interface due to necrotic and/or avascular tissue that
remains after surgery (Popat et al, 2007). Therefore, local
antibiotic therapy was proposed as an alternative and/or adjuvant
to systemic prophylaxis or treatment, preventing systemic
toxicity and favoring drug release directly within the implant site
(Zhao et al., 2009). Additionally, if the infection probability is
reduced, the osteointegration would be improved (Gristina, 1987;
Zhao et al., 2014; Martinez-Perez et al., 2017).

We recently demonstrated in an in vitro study
that an intermediate quantity of organophosphite,
[tris(trimethylsilyl) phosphite] in a sol-gel made of two silanes
(3-methacryloxypropyl trimethoxysilane and 2-tetramethyl
orthosilane) enhanced sol-gel adhesion on metallic surfaces and
increased cell proliferation (Garcia-Casas et al., 2019).

The aim of this study was to evaluate the effect of a
moxifloxacin-loaded organic-inorganic sol-gel in the in vitro
biofilm development and treatment, cytotoxicity and cell
proliferation. Finally, the efficacy of a moxifloxacin-loaded
organic-inorganic sol-gel in preventing PJI caused by S. aureus
and E. coli was evaluated using an in vivo murine model for
this purpose.

MATERIALS AND METHODS

In vitro Studies

Materials Synthesis

Titanium substrates for microbiological studies were prepared
by a conventional powder metallurgy route applying a cold
uniaxial charge of 7.9 tn/cm? followed by a sintering step at
1,250°C for 120 min under high vacuum (10~° mbar), as
described elsewhere by Bolzoni et al. (2017). The starting Ti
powders with a particle size below 75 wm were supplied by
AP&C Inc., (Canada). The metallic substrates were ground
with SiC paper of 1,000 grit and cleaned with ethanol in an
ultrasonic bath.

Sol-gel ~ was  prepared as  described  elsewhere
(El hadad et al, 2011) starting with a mixture of
y-methacryloxypropyltrimethoxysilane 98% (Acros Organics,
Thermo Fisher Scientific, United States) and tetramethyl
orthosilane 98% (Acros Organics, Thermo Fisher Scientific,
United States) with a molar ratio of 1:2. Later, tris(trimethylsilyl)
phosphite 92% (Sigma-Aldrich, United States) was added
at a molar ratio of 1:52 with regard to the silanes (P2)
(Figure 1la). Moxifloxacin (Sigma-Aldrich, United States)
dissolved in water (Varanda et al., 2006) was added at two
concentration: a concentration of 25 mg (A25) (Figure 1b)
and a concentration of 50 mg per 20.3 mL of sol-gel (A50)
(Figure 1c). These concentrations have been intentionally
chosen because they represent 50% and maximum amount
of this antibiotic which sol-gel can contain without
compromising its stability, durability and adherence on
titanium substrates.

Antibiotic Release From Sol-Gel

Moxifloxacin release from sol-gels coating Ti samples was
evaluated by introducing in a polipropilene container containing
5 mL of phosphate bufferr saline (bioMérieux, France) previously
tempered at 37°C. The antibiotic concentration was periodically
measured at 1, 3, 6, 12, 24, and 48 h. The fluorimetric
method previously described (Ocana et al, 2000) using
an excitation/emission wavelength of 287/465 nm and a
standard curve with known concentrations of antibiotic were
used to estimate the antibiotic concentration at each time
using 300 L in a Polypropylene 96-well MicroWell™ Plate
(Thermo Fisher Scientific, United States). This experiment was
performed in triplicate.
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FIGURE 1 | Scanning electron microscopy micrograph of different sol-gel surfaces: P2 (a), A25 (b), and A50 (c).

Microbiological Study

The biofilm formation studies were carried out using three
bacterial strains: S. epidermidis ATCC 35984, S. aureus 15981
(Valle et al., 2003), and E. coli ATCC 25922. These species
represent the most common pathogens relate to this kind
of infection and serve as an example of strains susceptible
to this antibiotic. All the strains were kept frozen at —80°C
until experiments were performed. Overnight culture of each
bacterium was grown in blood tryptic-soy agar (bioMérieux,
France) at 37°C in 5% CO,. For each species 10° colony
forming units (CFU/ml) in tryptic soy broth with 1% glucose
as biofilm inductive growth medium were inoculated. After
incubation, the coatings were washed three times with 0.9%
NaCl sterile saline (SS) (B. Braun, Germany). Adhered CFU were
estimated by scraping the top disk surface with sterile wooden
sticks to corroborate the viability differences on each coating.
These wooden sticks with scrapped bacteria were sonicated
in a 50-mL Falcon™ conical tube (Thermo Fisher Scientific,
United States) with 10 mL of SS, with an Ultrasons-H 3000840
low-power bath sonicator (J. P. Selecta, Spain) at 22°C for 5 min
(Esteban et al., 2008). This sonicated SS was serially diluted
with SS and adhered CFU were estimated using the drop plate
method (Herigstad et al.,, 2001). Supernatant absorbance was
measured at 600 nm in eight replicates in a Nunc™ 96-Well
Polypropylene MicroWell™ Plate for estimating planktonic
bacterial concentration. This experiment was performed by
triplicate for each strain.

Each type of sol-gel incubated with S. aureus 15981 were
then stained with the Live/Dead BactLight® bacterial viability kit
(Thermo Fisher Scientific, Waltham, MA, United States)
to support visually the numerical results. Photographs
(40x magnification) were taken in a DM 2000 fluorescence
microscope (Leica Microsystems, Germany) for each sample.
This strain was the only one which was able to be stained and
photographed on sol-gels.

Mature biofilm was grown on black Nunc™ F96 Microwell™
(Themo Fisher Scientific, United States) using 100 L per well of
an inoculum of 10° CFU/mL of brain heart infusion (BHI) at 1%
(wt./vol.) (BD, United States) plus 0.03% of fetal bovine serum
(Sigma-Aldrich, United States), a culture medium that induces the
formation of bacterial biofilm (Perez-Jorge et al., 2017), incubated
at 37°C and 5% CO, for 24 h. After incubation, the mature
biofilm of each well was rinsed twice with 100 pwL of SS and

200 L of BHI at 1% (wt./vol.) with 0.03% of bovine fetal serum
(Sigma-Aldrich, United States) were added. The lid of the plate
was replaced by a MBECTM biofilm Incubator lid (Innovotech,
Canada) whose pegs were coated twice by dipping in wells filled
with 200 wL of each treatment (uncoated, P2, A25, and A50)
followed by incubation at 37°C and 5% CO; at 80 rpm for 48 h.
Viable bacteria concentration of the grown biofilm was estimated
by adding 10 pL of alamarBlue® (BIO-RAD, United States) per
well and was incubated at 37°C and 5% CO, at 80 rpm for 1 h
(Pettit et al., 2005). The fluorescence was measured using an
excitation wavelength of 560 nm and an emission wavelength of
590 nm after incubation. The pegs of the uncoated material were
used as positive control. This experiment was performed in eight
wells per coating by triplicate for each strain.

Cell Study

MC3T3-E1l cells were seeded in a concentration of
10,000 cells/cm? on 96-well plates with o-minimum essential
medium with 10% bovine fetal serum and 1% penicillin-
streptomycin (aMEM, Invitrogen, Thermo Fisher Scientific
Inc., United States) and were incubated at 37°C and 5% CO,
overnight. After cell adherence, medium was replaced by «aMEM
with 50 mg/mL ascorbic acid (Sigma-Aldrich, United States),
10 mM f3-glycerol-2-phosphate (Sigma-Aldrich, United States)
and different treatments: negative control, P2, A25, and A50
(n = 8 each) for promoting osteoblastic differentiation, and the
lid of the plate was replaced by a MBECTM biofilm Incubator
lid (Innovotech, Canada) whose pegs were coated by dipping in
wells filled with 200 L of each treatment (negative control, P2,
A25, and A50) followed by incubation at 37°C in 5% CO; for
48 h. After incubation, cytotoxicity was tested by CytoTox 96
Non-Radioactive Cytotoxicity Assay (Promega, United States).
Cell proliferation was determined by addition of alamarBlue®
solution (BIO-RAD, United States) at 10% (v/v) to the cell culture
at 48 h of growth. Absorbance was measured with excitation and
emission wavelengths of 570 and 600 nm, respectively, in a Tecan
Infinite 200 Reader (Life Sciences, Switzerland).

In vivo Model

Sol-Gel Synthesis and Coating of Titanium Implants
The Ti-6Al-4V implants were prepared from 0.6-mm thick
Kirschner wires supplied by Depuy Synthes (Johnson & Johnson,
United States). Each wire was cut into implants measuring 1 cm
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in length. Next, these were chemically polished (CP) as described
previously (Arenas et al, 2013) to achieve a surface finish
more closely resembling that used in routine clinical practice
(Figures 2a,b). Finally, the Ti-6Al-4V implants for in vivo model
were coated by dipping in A50 and allowed to dry for at least 1 h
at 60°C (CP+A50) (Figures 2¢,d).

Animal Surgical Model and Monitoring

We used two clinical strains isolated in the Clinical Microbiology
department of the Fundacion Jiménez Diaz University Hospital: a
strain of S. aureus from a 62-year-old man with an acute infection
of a hip prosthesis (Sa5) and a strain of E. coli from a 61-year-old
man with another acute infection, also in a hip prosthesis (Ec30).

This study uses strains obtained from PJIs. The Instituto
de Investigaciéon Sanitaria Fundacidon Jiménez Diaz (IIS-FJD)
Research Commission did not require the study to be reviewed
or approved by an ethics committee because no clinical,
demographical, analytical nor any other data from the patients
were included, and bacterial strains do not need such approval
according to the present legislation.

Surgical intervention of the in vivo model was based on a
modified model previously described by Lovati et al. (2013).
The intervention consisted of placing the implant into the right
femur of SWISS RjOrl:SWISS (CD1®) mice (Janvier Labs, France)

through the knee using an aseptic surgical technique (Figure 3).
The main modifications consisted of: (1) replacing phosphate
buffer saline with saline, (2) using inhaled isoflurane (3.5%) as
the only anesthesia used, and finally, and (3) using chemically
polished, 1-cm-long implants made with Ti-6Al-4V instead of a
25-gauge needle, thereby simulating more realistic conditions.

Sixteen-week-old male mice with femoral implants were
distributed into six groups: one group with a CP implant without
infection (CP group, n = 8), a second group with a CP implant
with infection induced by Sa5 S. aureus (CP Sa5 group, n = 5),
a third group with a CP implant with infection induced by
Ec30 E. coli (CP Ec30 group, n = 5), a fourth group with a
CP implant coated with moxifloxacin-loaded sol-gel without
infection (CP4-A50 group, n = 8), a fifth group with a CP implant
coated with moxifloxacin-loaded sol-gel with infection induced
by Sa5 (CP+A50 Sa5 group, n = 5), and a sixth group with a CP
implant coated with moxifloxacin-loaded sol-gel with infection
induced by Ec30 E. coli (CP4A50 Ec30 group, n = 5).

We assessed the pain-stress and weight of each animal every
48 h on weekdays to ensure physical status. Evaluation of pain-
stress consisted of the presence or absence of six behaviors
directly related to pain or stress in this species and for the surgical
procedure the animals had undergone: limping, piloerection, lack
of grooming, wound presence, passivity, and aggressiveness. In

—— T —]

% det mode
ETD SE

HV curr WD mag® HFW
5.00kV 0.10nA 9.8 mm 60x 212 mm

det mode HV
ETD SE

———500 pm——

curr WD mag® HFW
5.00kV 0.10nA 9.7mm 60x 2.12mm

X

FIGURE 2 | Scanning electron microscopy micrograph of CP (a,b) and CP+A50 surfaces (c,d) at 60 (a,c) and 2,000 (b,d) magnifications.

)

¢ det mode HV curr WD
CBS Al 10.00kV_0.40 nA 9.7 mm

mag ® HFW
2000 x_63.5um

X T

- > .
WD mag ® HFW
5.00kV 0.10nA 9.8 mm 2000 x 63.5 ym

¥ det mode HV
LVD SE

Frontiers in Microbiology | www.frontiersin.org

25

January 2020 | Volume 10 | Article 2935


https://www.frontiersin.org/journals/microbiology/
https://www.frontiersin.org/
https://www.frontiersin.org/journals/microbiology#articles

Aguilera-Correa et al.

A Sol-Gel to Prevent PJI

FIGURE 3 | Fluoroscopy of a mouse with an implant placed in the femur in lateral (a) and dorsoventral (b) position.

cases of sustained weight loss over time, the most appropriate
refinement measures were taken to encourage the animal to
eat. For this, they were offered an additional mixture of grains
and vegetables (Vitakraft, Bremen, Deutschland). At 15 days
postsurgically, a urine sample was taken from all infected animals,
and bacteria presence was evaluated qualitatively.

Five weeks after surgery, the animals were euthanized using
hypercapnia. The entire femur of each animal was then recovered
through sterile preparation of the knee, including surgical
field isolation.

Microbiological Study

The biofilm formation ability of the different clinical strains
was evaluated according to a widely accepted published protocol
(Stepanovic et al, 2007). The strains were transferred from
stock culture into blood tryptic-soy agar and incubated at 37°C
overnight under aerobic conditions. The next day, colonies were
suspended in TSB until a turbidity comparable to 0.5 MacFarland
scale (~10% CFU/mL) was reached. This suspension was diluted
1:100 in TSB+1% glucose to reach a bacterial concentration of
approximately 10° CFU/mL. Then, 200 pL from the diluted
suspension was aliquoted into 96-well untreated microtiter plate

and incubated at 37°C and 5% CO; for 24 h under static aerobic
conditions. The next day, the wells were aspirated, and each
well was washed three times with 200 L SS. After washing, the
remaining attached bacteria were fixed with 200 wL of methanol,
and incubated at room temperature for 20 min. The methanol
was discarded and plates were left to dry in at 60°C. Finally,
the biofilm formed was stained with 200 iL of 2% crystal violet
for Sa5 and of 1% safranin for Ec30 for 15 min. Plates were
washed two times with 250 L of sterile distilled water, and dye
bound to the cells was eluted with 250 LL of absolute ethanol.
The absorbance was measured at 570 nm for crystal violet and
at 492 nm for safranin using a microplate reader. Experiments
were performed in eight wells and repeated three times. The cut-
off value (optical density control, ODC) was defined as three
standard deviations above the mean OD of the negative control.
The strains were classified according to its optical density (OD)
per well within of the following categories: non-biofilm former
(OD =< ODC), weak biofilm former (ODC < OD < 2 x ODC),
moderate biofilm former (2 x ODC < OD < 4 x ODC) and
strong biofilm former (OD > 4 x ODC).

The urine samples were seeded in CHROMID® CPS® Elite
(bioMérieux, France) to diagnose possible bacteriuria.
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FIGURE 4 | Calibration curve resulting from known concentrations of moxifloxacin (MOX) and their fluorescence intensity (Fl) (A); and amount of moxifloxacin
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Using a hammer, each femur was divided into two samples on
a sterile surface: (1) bone and adnexa, and (2) implant.

The bone was immersed in 2 mL of SS and sonicated using
an sonicator at 22°C for 5 min (Esteban et al., 2008). The
resulting sonicate was diluted in a 10-fold dilution bank and
seeded on blood-chocolate agar (bioMérieux, France) using the
plaque extension method, which consists of seeding 100 pL/plate
of each dilution. The concentration of bacteria was estimated as
CFU/g of bone and adnexa.

The implant was sonicated in 2 mL of saline for 5 min
to release the adhered biofilm bacteria and estimated their
concentration, measured as CFU/cm? of implant. All plates were
checked at 24 and 48 h.

Microcomputed Tomography

Three bone samples from each non-infected control group
included in the aforementioned model were fixed in 10%
formaldehyde for 48 h at 4°C. After fixation, they were
dehydrated in 96% ethanol for 48 h, changing the ethanol
every 24 h, and in 100% ethanol for 48 h, changing the
ethanol every 24 h.

Three-dimensional ~ microcomputed tomography  was
performed with a CompaCT scanner (Sedecal, Spain). Data were
acquired with 720 projections by 360-degree scan, having an
integration time of 100 ms with three frames, photon energy of
50 KeV, and a current of 100 jLA. The duration of imaging was
20 min per scan. Three-dimensional renderings of the hind paws
were generated using original volumetric images reconstructed
with MicroView software (GE Healthcare). Bone mass (BM,
mg), bone volume (BM, c¢cm®), and bone mineral density

(BMD = BM/BV, mg/cm?) were quantified from MicroCT scans
using GE MicroView software 2.2.

Histological Studies

Three femurs of CP group and CP+A50 group were fixed in
4% paraformaldehyde for 48 h, decalcified in 10% EDTA for
4 weeks, paraffin-infiltrated, and stained with hematoxylin-eosin.
Implants were removed and transversal sections in the knee
condyles (5 pm) were done.

Tartrate-resistant acid phosphatase (TRAP) staining was
carried out in paraffin sections with a homemade TRAP
buffer (0.1 M acetate buffer, 0.3 M Sodium Tartrate 10 mg/ml
Naphtol AS-MX phosphate, 0.1% Triton X-100, 0.3 mg/ml
Fast Red Violet LB (Sigma-Aldrich, United States). After
deparaffinization and acetate buffer washing processes, samples
were incubated in TRAP buffer for 30 min and counterstained
with Fast Green.

Immunohistochemistry analysis was carried out as previously
described (Mediero et al., 2012). Briefly, sections were incubated
with proteinase K Solution (20 pg/mL in TE Buffer, pH
8.0) for 15 min in water bath at 37°C for antigen retrieval
after deparaffinization and re-hydratation. Blocking of non-
specific binding was performed with PBS 3% BSA and 0.1%
Triton X-100 for 1 h, and primary antibodies anti-cathepsin K
(1:25), CD68 (1:200) and alkaline phosphatase (ALP) 1:200 (all
antibodies from Santa Cruz Biochenology, United States) were
incubated overnight at 4°C in a humidifying chamber. Secondary
antibodies goat anti-rabbit-FITC (1:200), goat anti-mouse-
FITC (1:200) (Invitrogen, Life Technologies, United States)
were incubated for 1 h in the dark. Slides were mounted
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FIGURE 5 | Bacterial biofilm concentration per area unit (CFU/cm?) and planktonic bacterial concentration (ABS) of S. epidermidis ATCC 35984 (A,D), S. aureus
15981 (B,E), and E. coli ATCC 25922 (C,F) on different types of coatings: P2, A25 and A50. *p-value < 0.05 for Wilcoxon test.
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FIGURE 6 | Staphylococcus aureus biofilm grown on each sol-gel and
stained using Live/Dead Bactlight to 40x magnification. Green bacteria are
viable and red ones are dead.

with Fluoroshield with DAPI mounting media (Sigma-Aldrich,
United States). Images were taken with the iScan Coreo Au
scanner (Ventana Medical Systems, Roche diagnostics, Spain)
and visualized with Image Viewer v.3.1 software (Ventana
Medical Systems, Roche diagnostics, Spain). Images were taken
at4x or 10x magnifications.

Statistical Analysis

Statistical analyses were performed using Stata Statistical
Software, Release 11 (StataCorp, United States). Data were
evaluated using a one-sided Wilcoxon non-parametric test
to compare two groups. Statistical significance was set at

p-values < 0.05. Body weight was evaluated over time using
a linear regression model. Microbiological, cellular results and
weight values are represented as median and interquartile range.
Other behavioral variables are represented as relative frequencies
at each time point.

RESULTS

In vitro Studies

Antibiotic Release From Sol-Gel

Figure 4A represents the standard curve with known
concentrations of antibiotic and their repectives fluorescence
intensity. The regression coefficients (R*) was 0.9918. The
antibiotic release shows a lineal release over time both from A25
and from A50 (Figure 4B), and maximum release values were
obtained at 48 h for both sol-gels. The moxifloxacin release rate
from A50 (120 ng/h) was significantly higher than the rate from
A25 (60.6 ng/h) (p-value < 0.0001 for ¢-Student test).

Microbiological Studies

Figures 5A-C shows plots of the bacteria concentration per area
unit that are attached to the surface by means of colony forming
units (CFU). CFU per square centimetre significantly decreased
only on A50 for the three strains used (p-value < 0.05). Plots of

A 150 . B F1s0 ** C 50
> ° > b > 0,
£3 . . £3 =3 ogee ¥
3 ,9_, S F- 1 . 8 5 .
T E100] wofs T £ 100 . . S E1001 «
23 U >0 % . >3 S ghw
2e o 52 sl Kk §2 50 o
Q [ Q
5% 50 R 23 g3 Hitt 58 Fhk Kk
T o C 5 YWy vV C 5
o v [11] AN [11]
8 o dgh s 2 & g g 0 o
N . - T N . r " N . . N
& d P ¢ &L ¢ L T
® [V ®

FIGURE 7 | Percentage of biofilm growth respect to the control of S. epidermidis ATCC 35984 (A), S. aureus 15981 (B), and E. coli ATCC 25922 (C) on different
types of coatings: P2, A25 and A50. *p-value < 0.05, **p-value < 0.01, **p-value < 0.001 for Wilcoxon test between biofilm growth on the control and on coatings
loaded with MOX. ###p-value < 0.001 for Wilcoxon test between biofilm growth on A25 and A50.
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Figures 5D-F show that the planktonic bacterial concentration
is proportional to the absorbance of the supernatant measured
at 600 nm. Bacterial absorbance was inversely proportional to
moxifloxacin concentration. The microbiological study revealed
two responses for the biofilm development and for the planktonic
bacterial concentration. The biofilm development response was
all-or-nothing for the staphylococci when their biofilms grow in
presence of P2 or A25 (all) and A50 (nothing) (Figures 5A,B, 6).
E. coli ATCC 25922 biofilm development showed a lower
development which was influenced by the concentration of

antibiotic (Figure 5C). On the contrast, the planktonic bacterial
concentration was gradually and inversely proportional to the
moxifloxacin coating concentration for all the tested strains
(Figures 5D-F).

Coatings containing antibiotic behaved as inhibitors of the
growth of a mature biofilm (Figure 7). The unloaded coating
(P2) did not show an inhibitor behavior in the presence of
staphylococci mature biofilms (Figures 7A,B) (p-value > 0.05)
but showed, however, a slightly inhibitor behavior in the presence
of a mature biofilm E. coli (p-value = 0.0088) (Figure 7C). Though
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A25 and A50 are able to inhibit in a similar way the mature
biofilm growth of S. epidermidis ATCC 35984 and E. coli ATCC
25922, A50 showed the highest inhibitor behavior on the mature
biofilm of S. aureus 15981 compared to A25 (p-value < 0.001).

Cellular Studies
Cytotoxicity was not detected in the presence of the coatings
tested respect to the control used (p-value > 0.05) (Figure 8A).
This explains why P2 stimulates significantly up to 30% the
cell proliferation compared to the other coatings and the control
(Figure 8B). However, cell proliferation was also influenced
by the antibiotic added to the coatings. A50 showed a lower
percentage of cell proliferation than the control, meaning the
high quantity of antibiotic added on A50 acted against cells
although only in the first 48 h.

In vivo Studies
Animal Monitoring
The mean weight over time of the mice is shown by group in
Figures 9A,B. All groups significantly increased their weight over
time (p-value < 0.001) except CP Ec30 (p-value = 0.1196).

Only two of the six behavioral variables evaluated showed
a modification during the study: limping and piloerection
(Figures 9C,D). Limping was significantly more frequent in the
CP Sa5 group than the CP+A50 Sa5 groups (p-value < 0.0001)
and was significantly higher in the CP Ec30 group compared
to the CP+A50 Ec30 group (p-value < 0.0001) (Figure 9C).
Piloerection was observed with significantly greater frequency
in the CP Sa5 group than in the CP+A50 Sa5 groups (p-
value = 0.0004) and increased significantly over time in the
CP+A50 Ec30 group compared to the CP Ec30 group (p-
value = 0.0073) (Figures 9E,F).

Microbiological Study
Both of the clinical bacterial strains used were strong
biofilm former: 12.2 (9.3-15.5)xODC for Sa5 and 4.3
(4.2-4.8)x ODC for Ec30.

Bacteriuria was only detected in nine of the Ec30-infected
mice: four from the CP Ec30 group and five from the
CP+A50 Ec30 group. The antibiotype of E. coli strains
isolated from wurine was identical to that of Ec30 strains
inoculated during surgery.

Of all the femurs studied, seven showed macroscopic
deformation consistent with osteomyelitis (Figure 10): five
animals in the CP Sa5 group and two in the CP Ec30 group.
Deformation was higher in CP Sa5 than in CP Ec30.

Statistically significant differences were observed between the
quantity of bacteria in bone and adnexa (p-value = 0.0027 for CP
and CP Sa5, and p = 0.0027 for CP and CP Ec30) and implants
(p-value = 0.0093 for CP and CP Sa5, and p = 0.0275 for CP and
CP Ec30) between the CP groups (Figures 11A,B).

No differences were observed in the number of bacteria in
bone and adnexa and implants (p-value = 1.0000 for CP+A50
and CP+A50 Sa5, and p = 1.000 for CP+A50 and CP+A50 Ec30)
between the CP+A50 groups (Figures 11C,D).

Microcomputed Tomography

No differences were observed between the BMC and BMD of
non-infected CP and non-infected CP+A50 (p-value = 0.1376
and p = 0.4137, respectively) (Figure 12). The BMD results were
perfectly comparable, since BMC was no different between the
groups compared.

Histology

Hematoxylin-eosin staining showed that mice with CP implant
presented fibrous tissue in the area where implant was present
(arrow) (Figure 13). CP4A50 showed absence of tissue what
correlated with the area occupied by the implant (arrow)
(Figure 13). When bone markers were studied, no many changes
were found among different animals. Both groups showed similar
number of TRAP positive cells (arrow), and immunostaining for
cathepsin K (cysteine protease, osteoclast marker) did not showed
any difference, ALP (alkaline phosphatase) positive cells were
similar in CP and CP+A50, but macrophages (CD68 + cells)
were increased in CP+A50.

FIGURE 10 | Photograph of a femur without (A, right) and with osteomyelitis
(A, left) and their radiographic image (B). The bar represents 0.5 cm.
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DISCUSSION

In this study, we report the efficacy of a novel approach of
sol-gel coatings containing moxifloxacin, that was demonstrated
to provide an anti-infective surface to Ti-based materials both
in vitro and in vivo. The active surfaces prevented locally the
biofilm development and treated mature biofilms of different
clinically important bacterial species. Finally, we demonstrated
the in vivo efficacy of moxifloxacin-loaded sol-gel in preventing
PJI caused by Gram-positive S. aureus and Gram-negative E. coli.
The microbiological study revealed that only A50 completely
inhibited the formation of biofilm on the coated surface and was
the best treatment for a mature biofilm of the three bacterial
species. Hence, A50 was the most appropriate coating to use in
the in vivo model and would be the best prophylactic treatment
in the clinical practise. The moxifloxacin release rate of A50 was
almost two-fold higher than A25 and showed a lineal trend over
time as other antibiotics (e.g., vancomycin) loaded in sol-gels
made of tetraethyl orthosilicate (Radin and Ducheyne, 2007).
Commonly reported symptoms of PJI include pain, joint
swelling or effusion, erythema or warmth around the joint,
fever, drainage, or the presence of a sinus tract communicating
with the arthroplasty (Tande and Patel, 2014). The joint pain
in our in vivo model was monitored by observing limping, and
generalized malaise was monitored by observing evidence of

piloerection often associated with infection (Campos et al., 2016).
Infected animals with A50-coated implants showed significantly
less limping and piloerection over time than infected animals
with non-coated implants, with the exception of piloerection
in E. coli-infected animals with coated implants (Figure 9). In
these cases of E. coli-infected animals with coated implants,
piloerection was higher in those animals with coated implant
compared to animals with non-coated implants; this may be
due to the bacteriuria observed in these animals. We cannot
completely explain this apparently symptomatic bacteriuria,
though it may be caused by bacterial concentration in the
bladder due to transient bacteraemia (Wang et al., 2017) during
surgery as well as the motility of E. coli (Kaya and Koser,
2012), which allows the bacteria to migrate and colonize a new
niche with lower hostility than the interior of the bone when
it contains an antibiotic-coated implant. The microbiological
results from the in vivo study revealed that moxifloxacin-loaded
sol-gel showed an all-or-nothing response when used to coat the
implant and S. aureus or E. coli infection is induced (Figure 11)
as expected. The femoral deformation observed in S. aureus-
infected groups with non-coated implants is consistent with
the ability of S. aureus to internalize in osteoblasts (Cremet
et al., 2015) and cause deforming osteomyelitis in chronic bone
infections (de Mesy Bentley et al., 2017) (Figure 10). In the case
of E. coli, the bone deformation observed in infected groups
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FIGURE 12 | Bone mineral content (BMC) (a) and bone mineral density (BMD) (b) and their three-dimensional reconstructions of a representative sample of the CP
group (c) and CP+A50 group (d).

FIGURE 13 | Immunohistochemistry for markers of different bone cells. Long bones were processed and immunohistologic staining carried out. Shown are
representative images stained for haematoxilin-eosin (H&E), tartrate-resistant acid phosphatase (TRAP) staining, cathepsin K (cath. K), alkaline phosphatase (ALP)
and macrophages (CD68). H&E images were taken at 4 x magnification. All immunostaining images were taken at 10x magnification.
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with non-coated implants may be due to osteoblastic cytotoxicity
(Cremet et al., 2015).

The non-cytotoxicity of these coatings was validated and the
cellular proliferation was slightly favored in presence of P2 and
A25. The addition of tris(trimethylsilyl) phosphite to the sol-
gel formulation created localized areas with higher phosphorus
content that is released in form of phosphate when sol-gel
is degraded over time. This inorganic phosphorus compound
significantly stimulates the growth and osteogenic differentiation
of the bone cells (Liu et al., 2009). This cell proliferation increase
was absent in presence of A50, this may be due to that the
proliferative effect exerted by the phosphate released from sol-
gel degradation would be counteracted by the high moxifloxacin
concentration, an fluoroquinolone antibiotic which has been
frequently associated with a wide spectrum of musculoskeletal
complications that involve not only tendon but also cartilage,
bone, and muscle (Hall et al., 2011; Jacobs et al., 2014). Due
to the degradation of sol-gel would take place after 48-72 h of
surgery, this potential local cytotoxicity would be a assumable
and transient complication by taking into account the beneficit
of prophylaxis. Moreover, moxifloxacin-loaded coating showed
a non-harmful effect on bone mineralization according to the
microcomputed tomographic images (Figure 12) and no changes
in bone markers were found among groups (Figure 13), what
correlates with micro-CT data. The increased in macrophages
in CP4A50 group might be indicating that the local antibiotic
delivery from sol-gel is recruiting macrophages at site of surgery
what would impede the bacterial proliferation, since it has
been also found previously that a multifunctional nanogel for
targeted vancomycin delivery provides macrophage targeting and
lesion site—activatable drug release properties, which enhances
bacterial growth inhibition in a zebra fish in vivo model
(Xiong et al., 2012).

In recent years, different types of coating have been introduced
for clinical use: natural, peptide, ceramic, and synthetic
coatings (Civantos et al., 2017). Most have been designed with
osteointegration (Civantos et al., 2017; Haimov et al., 2017)
and antibacterial purposes (Zhao et al, 2009; Swartjes et al,
2015; Kulkarni Aranya et al, 2017). To date, antibacterial,
biodegradable perioperative coatings are designed to be loaded
with gentamicin or vancomycin (Romano et al, 2015) and
are already on the market. One example is a fast-resorbable,
antibiotic-loadable hydrogel composed of covalently linked
hyaluronan and poly-D,L-lactide, whose efficacy has been proven
in vitro (Drago et al., 2014) and in a multicentre randomized
controlled trial (Malizos et al., 2017). Thus, the moxifloxacin-
loaded sol-gel used in our study is a new, cost-effective alternative
for locally preventing and without significant compromising the
bone mineralization. Nevertheless, moxifloxacin can be replaced
by a broad spectrum of antibiotics according to the clinical
need. The use of this biomaterial and its versatility represent an
important advance in Traumatology and Orthopedics field.

In conclusion, coating loaded with higher concentration of
moxifloxacin (A50) showed excellent bactericidal and broad-
spectrum anti-biofilm response since it showed the highest
inhibitor behavior on the biofilm development (local prevention)
and on mature bacterial biofilm (local treatment).
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Pseudomonas aeruginosa is a Gram-negative nosocomial pathogen, often causative
agent of severe device-related infections, given its great capacity to form biofilm.
P aeruginosa finely regulates the expression of numerous virulence factors, including
biofilm production, by Quorum Sensing (QS), a cell-to-cell communication mechanism
used by many bacteria. Selective inhibition of QS-controlled pathogenicity without affecting
bacterial growth may represent a novel promising strategy to overcome the well-known
and widespread drug resistance of P aeruginosa. In this study, we investigated the effects
of SM23, a boronic acid derivate specifically designed as $-lactamase inhibitor, on biofim
formation and virulence factors production by P aeruginosa. Our results indicated that
SM23: (1) inhibited biofilm development and production of several virulence factors, such
as pyoverding, elastase, and pyocyanin, without affecting bacterial growth; (2) decreased
the levels of 3-oxo-C;,-HSL and C,-HSL, two QS-related autoinducer molecules, in line
with a dampened /asR/las! system; (3) failed to bind to bacterial cells that had been
preincubated with P aeruginosa-conditioned medium; and (4) reduced both biofilm
formation and pyoverdine production by P aeruginosa onto endotracheal tubes, as
assessed by a new in vitro model closely mimicking clinical settings. Taken together, our
results indicate that, besides inhibiting p-lactamase, SM23 can also act as powerful
inhibitor of R aeruginosa biofilm, suggesting that it may have a potential application in the
prevention and treatment of biofilm-associated R aeruginosa infections.

Keywords: boronic acids, Pseudomonas aeruginosa biofilm, quorum sensing, virulence factors, inhibitors

INTRODUCTION

Pseudomonas aeruginosa is a Gram-negative opportunistic pathogen, causing nosocomial infections
in more than 2 million patients every year (Cross et al., 1983; Rossolini and Mantengoli, 2005).
Such infections are particularly frequent in immunocompromised patients, such as those with
cancer, AIDS, burn wounds, and indwelling devices (Vandeputte et al., 2010; Sarabhai et al., 2015).
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Notably, P. aeruginosa infections are associated with unfavorable
outcome in individuals with cystic fibrosis (CF), the most common
life-limiting genetic disorder in the U.S. (Lyczak et al, 2002).
These patients, indeed, show abnormalities in their lung tissue
that promote bacterial colonization, which in turn causes long-
lasting inflammation, lung injury, and eventually respiratory failure.

P aeruginosa has a uniquely large genome, whose genes
encode for several virulence factors (including LasA protease,
LasB elastase, pyoverdine, pyocyanin, alginate, and exotoxin
A) and regulatory mechanisms, allowing microbial adaptation
to many hostile environments (Stover et al., 2000). As a
consequence, P. aeruginosa is ubiquitous in nature and almost
impossible to eliminate from hospitals. As many other
microorganisms, besides living in a planktonic form, P. aeruginosa
is able to form biofilm on medical implants or damaged tissues
(Xu et al, 2013). Particularly, more than 70% of hospital-
acquired infections are associated with biofilm on catheters,
ventilator tubes, implants, and medical prosthetic devices (Brooun
et al, 2000). Unlike planktonic cell counterpart, bacterial
communities structured as biofilms exhibit an altered phenotype,
with respect to growth rate, expression of virulence factors,
and cell-to-cell communication system (Qu et al., 2016). Thus,
when enclosed in a self-produced extracellular polymeric matrix,
P aeruginosa is protected from patient’s immune system and
becomes up to 1,000 times more antibiotic resistant than the
planktonic counterpart (Mah and O'Toole, 2001).

The expression of many virulence factors in P aeruginosa
is controlled by the Quorum Sensing (QS) system (Venturi,
2006), an intercellular communication mechanism that
coordinates bacterial behavior and gene expression by means
of signaling molecules in a cell density-dependent manner
(Schuster and Greenberg, 2006). The transcriptional regulation
of numerous virulence genes in Pseudomonas is under the
control of two N-acyl homoserine lactone (AHL)-dependent
QS systems, named lasl/lasR and rhlI/rhIR. In the lasl/lasR
system, las] encodes the synthesis of N-(3-oxo-dodecanoyl)-
homoserine lactone (3-o0xo-C,,-HSL), which binds and activates
the cognate response regulator LasR, leading to regulation of
gene expression. Differently, in the rhll/rhIR system, rhil
synthesizes the N-(butanoyl)-homoserine lactone (C,-HSL),
which, in turn, by interacting with the cognate RhIR, influences
the transcription of target genes. Importantly, the two QS
systems are hierarchically organized, with the lasI/lasR system
in turn regulating the transcription of rhlI/rhIR.

These QS systems are among the most studied in bacteria
and their regulons are essential for the pathogenicity of P
aeruginosa (Schuster and Greenberg, 2006; Girard and Bloemberg,
2008; Zou and Nair, 2009). There is also a third self-inducing
signal, referred to as Pseudomonas quinolone signal, that plays
an integral role in the QS system (Pesci et al., 1999). Such
complicated communication systems coordinate/regulate several
virulence traits in P aeruginosa, including motility, toxin
production, and biofilm formation (Fuqua and Greenberg, 1998;
de Kievit and Iglewski, 2000; Dong et al., 2001; Donabedian,
2003; Jakobsen et al., 2013). Recently, a fourth intercellular
communication signal has been discovered, as being capable
of integrating environmental stress cues with the QS network.

Named as IQS, it belongs to a new class of QS signal molecules
and has structurally been established to be 2-(2-hydroxyphenyl)-
thiazole-4-carbaldehyde (Lee and Zhang, 2015).

The difficulty in treating biofilm-associated P. aeruginosa
infections has encouraged the extensive use of antibiotics, in
turn facilitating the development of multiple drug-resistant
strains. Among several mechanisms of antibiotic resistance,
the production of f-lactamases, enzymes able to hydrolyze
f-lactams, is consistently the most concerning one (Bush and
Bradford, 2016). In Pseudomonas, class C f-lactamases confer
high level of resistance to penicillins, cephalosporins, and
monobactams (Berrazeg et al., 2015). Besides modifying the
structure of f-lactams, leading to generation of several new
penicillins and cephalosporins, another relevant strategy to
overcome resistance to these drugs is the co-administration
of the B-lactam antibiotic together with a f-lactamase inhibitor
(Bush and Bradford, 2019). Accordingly, in the last decade,
new classes of f-lactamase inhibitors have entered the market
giving the opportunity to restore the activity of several -lactams
(Bush and Bradford, 2019). One of the most promising
class of new p-lactamase inhibitors are the boronic acids
transition state analog inhibitors (BATSIs), which are known
to restore the f-lactam activity both in vitro and in vivo (Drawz
et al,, 2011; Eidam et al., 2012; Barnes et al., 2018). Recently,
a new combination of a boronic acid and the p-lactam
meropenem (Vabomere®) has entered the market for treatment
of infections caused by carbapenem-resistant Enterobacteriaceae
and multidrug-resistant (MDR) Pseudomonas (Griffith et al.,
2019). In order to obtain highly active BATSIs, we have
undertaken a biomimetic approach: the boronic acid structure
was decorated with chemical groups arranged in a specific
stereochemistry resembling that of the natural substrate f-lactam.
Among different synthesized BATSIs, one of the best inhibitors
ever tested was the SM23 (Morandi et al., 2003). This compound
has an R1 acylamino side chain of the f-lactam cephalothin
on the boron carbon a (red colored in Supplementary Material),
and a meta-carboxybenzyl side chain, that mimics the
6-carboxydihydrothiazine ring of the antibiotic (blue colored
in Supplementary Material). Few commercially available
phenylboronic acids have also been investigated in Vibrio
harveyi, where they act as QS inhibitors with IC50 values in
the low to sub-micromolar range (Ni et al., 2009).

In this study, we investigated the effects of the B-lactamase
inhibitor boronic acid derivative SM23 on biofilm formation
and production of QS-dependent virulence factors as well as
autoinducer molecules by P. aeruginosa during biofilm formation.
Overall, our results provide the first evidence on the efficacy
of SM23 as a remarkable anti-biofilm agent and QS inhibitor,
envisaging its use in the prevention and treatment of biofilm-
associated P aeruginosa infections.

MATERIALS AND METHODS
SM23

The boronic acid SM23 was synthesized as previously described
(Morandi et al., 2003). The compound was dissolved in DMSO
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and the different working concentrations were prepared by
diluting each stock solution in PBS. In all experiments, the
final DMSO concentration was less than 0.1%.

Microbial Strain

We used the bioluminescent Pseudomonas aeruginosa strain
(P1242), previously engineered to express both the luciferase
gene and substrate under the control of a constitutive P1
integron promoter, in order to constitutively produce a detectable
bioluminescent signal (Choi and Schweizer, 2006).

Bacterial cells from —80°C glycerol stocks were initially
seeded onto Tryptic Soy Agar (TSA) plates and incubated
overnight at 37°C; isolated colonies were then collected, added
to 10 ml of Tryptic Soil Broth (TSB), and allowed to grow
overnight at 37°C with gentle shaking. Bacterial concentrations
were assessed by the McFarland standard curve and diluted
to the required experimental concentration.

Biofilm Formation and Quantification

To investigate the effect of SM23 on Pseudomonas biofilm formation,
a bacterial cell suspension (10°® cells/ml in TSB plus 2% sucrose)
was seeded (100 pl/well) in a 96-well microtiter plate (Sarstedt,
Niimbrecht, Germany), treated or not with 100 pl of scalar doses
of SM23 (range concentrations from 0.390 to 25.0 pM) and
incubated for 24 h at 37°C to allow biofilm formation. After
incubation, each well was gently washed to remove planktonic
cells, then crystal violet (CV) staining was performed to quantify
biofilm formation as previously described (Stepanovic et al., 2000).
The absorbance at 570 nm was spectrophotometrically measured
by the SunRise Microplate Reader (Tecan Group Ltd., Mannedorf
Switzerland). The results were expressed as optical density (ODs;)
mean + SEM of the biofilm biomass. In order to evaluate the
metabolic activity of Pseudomonas biofilm, 100 pl of bacterial
culture in TSB + 2% sucrose (5 x 10* cells/ml) were seeded
(100 pl/well) in a 96-black well microtiter plate, treated or not
with scalar doses of SM23 at concentrations ranging from 0.390
to 25.0 pM (100 pl/well) and then incubated for 24 h at 37°C
to allow biofilm formation. After incubation, each well was gently
washed twice with PBS (EuroClone, Whethereby, UK) to remove
planktonic cells and then bioluminescence signal was measured
by Viktor Luminescence reader (Perkin Elmer). The results were
expressed as Relative Luminescence Units (RLU) mean + SEM
of metabolically active biofilm.

Confocal Microscopy Analysis of

P. aeruginosa Biofilm

The fluorescence property of Pseudomonas spp. (Meyer, 2000;
Cornelis and Matthijs, 2002) was exploited to perform confocal
microscopy imaging. Briefly, bacterial suspensions (I x 10°
cells/ml in TSB plus 2% sucrose) were seeded on coverslips
(1,000 pl/well) inserted into 24-microplate (Sarstedt, Niimbrecht
Germany) and treated or not with SM23 at 0.780 and 3.125 pM.
The plates were then incubated for 24 h at 37°C to allow
biofilm formation. After incubation, the coverslips were washed
twice with PBS, fixed with 4% paraformaldehyde (PFA) (Sigma-
Aldrich, Darmstadt) for 30 min at 4°C, washed again and

then analyzed by confocal microscope Leica TCS SP8 (Wetzlar,
Germany) at excitation/emission wavelength 492/517 nm.

Evaluation of Live or Dead Bacterial

Cells in Biofilm

In order to evaluate the live or dead cells in Pseudomonas biofilm,
the bacterial cells (1 x 10® cells/ml) were seeded in 96-well black-
plates and treated or not with 0.780 and 3.125 pM of SM23 for
24 h at 37°C to allow biofilm formation. After incubation, the
samples were stained with the “live/dead cells stain kit” (Thermo
Fisher Scientificc, Waltham, Massachusetts, USA), using
5(6)-carboxyfluorescein diacetate (CFDA) to label alive cells (30 min
at 37°C plus 5% CO,) and propidium iodide (PI) to stain the
dead cells (15 min at 37°C plus 5% CO,). The staining procedure
was conducted according to the manufacturer’s instructions. After
incubation, the samples were washed twice with PBS and the
fluorescence emission (CFDA excitation/emission: 485/528; PI
excitation/emission: 528/645) was analyzed using a multi-well
fluorescence plate reader (Synergy HTX, BIOTEK, Winooski,
Vermont, USA). The results were expressed as Relative Fluorescence
Units (RFU) mean + SEM of alive/dead biofilm cells.

Elastase Activity

Elastase activity was measured in cell-free supernatants from SM23
Pseudomonas cells, treated or not with the compound (concentration
range from 0.780 to 3.125 pM), during biofilm formation. After
6, 12, and 24 h of culture, the elastase activity was measured as
described by (Ohman et al., 1980) using Elastin-Congo Red (ECR)
(Sigma, St. Louis, USA) as a substrate. Briefly, 100 pl of untreated
or SM23-treated supernatants were mixed with 900 pl of ECR
buffer (100 mM Tris, 1 mM CaCl2, pH 7.5) containing 20 mg
of ECR and then incubated for 3 h at 37°C. The reaction was
terminated by adding 1 ml of 0.7 M sodium phosphate buffer
(pH 6.0) and the tubes were placed in cold water bath. The
insoluble ECR was removed by centrifugation at 10,000 rpm for
10 min and then the absorbance was measured at 495 nm by
a SunRise Microplate Reader. The elastase activity was expressed
as the optical density (ODy;) mean + SEM.

High-Performance Liquid
Chromatography-Mass Spectrometric
Analysis

Pyoverdine, pyocyanin, 3-oxo-C,,-HSL and C,-HSL molecules were
assessed in culture supernatants of P aeruginosa during biofilm
formation after 6, 12, and 24 h of SM23 treatment. All supernatants
for the high-performance liquid chromatography-mass spectrometric
(HPLC-MS) analysis were filtered on Amicon Ultra-0.5 10 K
centrifugal filter devices and 1:5 diluted with 5% methanol - 0.2%
formic acid in MilliQ water. The HPLC-MS instrument used was
an UltiMate 3,000 system, consisting of an online degasser, a
Binary Pump HPG 3400RS, a Well Plate Autosampler WPS 3000RS,
and a Thermostatted Column Compartment TCC 3000RS coupled
to a Q-Exactive hybrid quadrupole - orbitrap mass analyzer via
a HESI-II heated electrospray ion source (Thermo Scientific).
Chromatographic separation of a 5 pl sample injection was
performed on a Poroshell 120 SB-C18 100 x 2.1 mm ID, 2.7
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pm ps column (Agilent) at 30°C and a 0.4 ml/min flow rate. A
linear gradient elution scheme was used with mobile phase
components being 0.1% formic acid in water (A) and methanol
(B). The gradient started at 2% B which was maintained for
0.5 min, then raised up to 30% B in 30 min, and up again to
98% B in 24.5 min. The column was then kept at 98% B for
17.9 min, then starting conditions were restored in 0.1 min and
maintained for 19 min pending a successive injection. Electrospray
ionization was operated in positive ion mode, using nitrogen as
sheath gas (50 arbitrary units), auxiliary gas (290°C, 40 arbitrary
units), and sweep gas (3 arbitrary units). The sprayer voltage was
kept at 3.8 kV and the transfer capillary temperature was set at
320°C. The Q-Exactive was operated in Full MS/dd-MS2 mode.
The Full MS scan range was set from m/z 170 to 1,000 at 70,000
FWHM resolution (m/z 200). The automatic gain control (AGC)
target was set at 1.0 x 10° with a maximum injection time (IT)
of 200 ms. Data-dependent MS2 (dd-MS2) acquisitions at 17,500
FWHM resolution (mm/z 200) were triggered for the Top 3 precursor
ions following each Full MS scan. The intensity threshold for
precursor ion selection was set to 1.0 x 10°, then dynamic exclusion
was active for 20.0 s. AGC target and maximum IT for the MS2
experiments were set to 2.0 x 10° and 50 ms. Each precursor
ion was fragmented using stepped normalized collision energy
(NCE) values at 28, 50, and 75.

lasl/lasR Gene Transcription Analysis

A gRT-PCR was used to investigate SM23-induced changes in
transcription levels of selected QS genes. Briefly, Pseudomonas
cells (1 x 107 cells/ml) were seeded in 24-well flat-bottom plates
(Becton Dickinson Labware Europe, Meylan Cedex, France) and
untreated or treated with SM23 (1.56 pM) for 24 h at 37°C to
allow biofilm formation. After incubation, each well was washed
twice with PBS to remove the no-adherent bacterial cells; then,
biofilm was recovered by scraping and subsequent centrifugation
at +4°C; the pellet was dried and stocked at —80°C until gqRT-PCR
analysis. Total RNA was extracted using the HiPurA Bacterial
RNA Purification (Himedia) kit and treated with DNase I on
a column to remove the DNA. RNA was quantified by MaestroNano
spectrophotometer readings for microvolumes. Two micrograms
of total RNA and random primers were used for cDNA synthesis
using EasyScript cDNA Synthesis (Abm) kit. Expression of lasl,
lasR, and 16S rRNA genes was performed in triplicate by real-
time PCR using 20 ng of cDNA, 0.5 pM of forward and reverse
primers and BrightGreen 2x qPCR MasterMix (Abm). The primers
list is shown in Supplementary Material. The amplification
conditions were the following: 1 cycle for 10 min at 95°C;
40 cycles for 15 s at 95°C, 1 min at 60°C; melting curve for
30 s at 95°C, 30 s at 65°C, and 30 s at 95°C. The expression
levels of the target genes in treated samples were normalized to
the expression of the reference 16S rRNA gene and then compared
to the control samples. The relative expression levels were calculated
using the 2744“ method.

SM23 Interaction With Bacterial Cells

Two experimental protocols, A and B, were used. Bacterial
cell cultures (1 x 10* cells/ml; 200 pl/well) were seeded in a
96-black microtiter plate and incubated for 7 h at 37°C and

5% CO,, in the presence of SM23 (12.5 pM), as illustrated
by the time-line of protocol A (Figure 1). In parallel experiments,
microbial cells were seeded in a 96-black well microtiter plate
and incubated for 5 h at 37°C and 5% CO,; then, SM23 was
added to the cells and the plates were further incubated for
2 h, according to the time-line of protocol B (Figure 1).

In selected experiments, fresh bacterial cells were suspended
at the concentration of 1 x 10° cells/ml and pre-treated for
30 min with cell-free supernatants (P. aeruginosa-conditioned
medium, recovered from an overnight culture of Pseudomonas
at the starting concentration of 1 x 10® cells/ml). To exclude
residual viable bacteria in such P, aeruginosa-conditioned medium,
50 pl of the supernatants was seeded onto TSA plates and
incubated for 48 h at 37°C under aerobic conditions; no bacterial
CFUs on TSA plates were ever observed. Bacterial cells were
then incubated for 7 h with the SM23 (12.5 pM), as described
in protocol A. Control wells (namely, medium alone, medium
plus SM23, and untreated microbial culture) were also included
in the assay to evaluate the SM23 fluorescent signal. In all the
experimental protocols, at the end of the incubation period (7 h),
the plates were centrifuged for 10 min at 5,000 rpm. The recovered
supernatants were then collected, transferred in new wells, and
the fluorescent signal in both pellets and supernatants was
measured by a multi-well fluorescence plate reader (Synergy HTX,
BIOTEK, Winooski, Vermont, USA). The residual fluorescence
of SM23 in the cell pellets and cell-free supernatants was defined
as the fluorescence values obtained by subtracting, respectively,
the fluorescence of the pellet or supernatant, observed in the
untreated control groups, from the fluorescence values of the
corresponding treated samples. The resulting values were expressed
as % of residual fluorescence of SM23 detected in the pellet
versus the supernatant.

Biofilm Formation on Endotracheal Tubes
and Quantification of Pyoverdine Release
Two-hundred microliter of overnight culture of Pseudomonas
(5 x 10*/ml) in TSB with 2% sucrose were seeded in 96-well
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FIGURE 1 | Time-lines of the experimental protocols used (protocol A and
protocol B), as detailed in section “Materials and Methods.”
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black-plates, containing 1 endotracheal tube (ETT) piece/well; the
plates were then incubated for 90 min at 37°C (adhesion period).
After incubation, the ETT pieces were washed twice with PBS,
transferred into new wells, and incubated for further 24 h at
37°C in fresh TSB medium in the presence of SM23 (1.560 and
3.150 pM) to allow biofilm formation. At the end of incubation,
the ETT pieces were removed, washed twice with PBS, and the
bioluminescence signal was measured by Viktor Luminescence
reader (Perkin Elmer). The values were expressed as Relative
Luminescence Units (RLU). In parallel, after removing ETT pieces,
the supernatants were recovered and centrifuged twice (10,000 rpm
for 15 min) to remove the remaining bacteria. Pyoverdine release
was quantified in 100 pl of culture supernatants and fluorescence
emission was measured with a multi-well fluorescence plate reader
(excitation/emission: 360/460), according to a standard protocol
(Das et al, 2016). The values were expressed as RFU.

Statistical Analysis

Quantitative variables were tested for normal distribution.
Statistical differences between groups were analyzed according
to one-way ANOVA or Kruskal-Wallis followed by Dunnett’s
multiple comparisons tests by using GraphPad prism 8. A
value of p < 0.05 was considered significant.

RESULTS

Inhibitory Effects of SM23 on
Pseudomonas aeruginosa Biofilm
Formation

Dose-dependent experiments were performed to assess the
ability of SM23 to interfere with the biofilm formation by P
aeruginosa. Microbial cells were grown in a 96-well microtiter
plate in medium only or in the presence of scalar doses of
SM23 and then incubated for 24 h to allow biofilm formation.
After incubation, each well was gently washed to remove
planktonic cells and then CV staining was performed to quantify

the biofilm biomass. The results shown in Figure 2 (left panel)
indicated that the SM23, at the dose of 0.390 pM, was already
able to significantly inhibit biofilm formation (about 40% of
biofilm biomass), achieving its greatest effect in the dose range
of 0.780-6.250 uM (about 50% of biomass reduction observed).
Next, we analyzed the inhibitory effect of SM23 on biofilm,
exploiting the bioluminescent properties of P. aeruginosa strain
P1242, a model that allows to evaluate the effects of a given
compound directly on the metabolically active biofilm (Pericolini
et al., 2018). Thus, bacterial biofilm was allowed to form in
96-black well microtiter plates without or with SM23 at different
concentrations. After 24 h of incubation, each well was gently
washed to remove planktonic cells and, then, the RLU emitted
by the metabolically active bacteria embedded in biofilm were
measured. Results in Figure 2 (right panel) indicated that
SM23 significantly reduced biofilm formation in a dose-dependent
manner (from 0.390 to 25 uM concentration). In particular,
1.560 and 3.125 pM were the lowest SM23 doses still capable
of reducing biofilm by 50-60%. Thus, from now on, we mainly
used these two concentrations.

In parallel experiments, the influence of SM23 was evaluated
on the growth of P. aeruginosa, cultured in planktonic form
for 7 and 24 h. We found that SM23 failed to induce any
change on bacterial growth capacity and viability as well, up
to the concentration of 25.0 pM; also, the bacterial doubling
times were found to be comparable, in SM23-treated and
untreated controls (data not shown).

Morphological Observation of
SM23-Treated Biofilm

We next performed confocal analysis in a 24 h-old biofilm,
produced in medium alone or in the presence of SM23, at
0.780 and 3.125 pM. As expected, both doses strongly affected
biofilm development and its morphology. Indeed, as shown in
Figure 3 (left panel), unlike controls, SM23-treated biofilms
showed large zones with few or no bacteria and scant extracellular
matrix onto the well surface. Moreover, the residual biofilm
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FIGURE 2 | Dose-dependent effect of SM23 on P, aeruginosa biofilm formation. Both box-plot graphs show the mean + SEM of microbial biofilm produced
after 24 h of incubation in medium or in the presence of scalar doses of SM23. Left panel: mean + SEM of the ODs;o,r, (Diofilm biomass) of triplicate samples from
two different experiments. Right panel: mean + SEM of the Relative Luminescence Units (RLU) of triplicate samples from two different experiments. p < 0.05;
SM23-treated vs. untreated according to one-way ANOVA followed by Dunnett’s multiple comparisons test.
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showed drastic alterations in its architecture (Figure 3, left panel).  and 667.3104 Th, were unambiguously identified, as previously
In parallel experiments, a 24 h-old biofilm generated in the reported for Pyoverdine D (Py D) and E (Py E) (Kilz et al,
presence or absence of SM23 was stained with CFDA and PI,  1999); differently, other two pyoverdines, portrayed by their
to discriminate live from dead cells, as detailed in section respective [M + 2H]* ions at m/z 644.7997 and 645.2914 Th,
“Materials and Methods” As shown in Figure 3 (right panel), were not yet completely identified and hereinafter referred to
a significant reduction of viable bacterial cells was observed in  as Succ-P-Ser-Y and Succa-P-Ser-Y, with Y being their

biofilms treated with SM23, irrespective of the dose used. unidentified peptide sequence side-chain.
Pyocyanin was detected as mono charged protonated ion
Inhibition of Pseudomonas aeruginosa [M + HJ* at m/z 211.0866 and its identification possibly confirmed

by fragments [M + H-CH3]" at m/z 196.0631, [M + H-CO]" at
m/z 183.0917 and [M + H-CH3-CO]" at m/z 168.0682 appearing
in its MS/MS spectrum (Watson et al., 1986). Both 3-oxo-C,,-HSL
and C,-HSL were revealed by the presence of their respective
[M + H]* and [M + Na]* molecular ions (at m/z 172.0968 and
194.0788 for C,-HSL and at m/z 298.2013 and 320.1832 for
3-0x0-C,,-HSL). Their identification was possibly confirmed by
the fragments [M + H-C4H7NO2]* at 71.0491 for C,-HSL and
at 197.1536 for 3-ox0-C,,-HSL and [C4H7NO2 + H]* at 102.05496
appearing in their respective MS/MS spectra; these data closely
recalled the profile previously established (Churchill et al., 2011).

Compounds elution provided peaks appearing in their
specific chromatographic traces, showing the abundance of
their respective doubly charged ions over the chromatographic
run (mass range chromatograms). Peak areas were used for
semi-quantitative evaluation, as previously established (Kapoore
and Vaidyanathan, 2016). As depicted in Table 2, we found

Quorum Sensing-Related Virulence
Factors by SM23

P aeruginosa elastase is a zinc metalloprotease encoded by
lasB gene, capable of inactivating a wide range of biological
tissues and immunological agents (Preston et al., 1997; Li et al.,
2019). Thus, we evaluated the elastase activity in supernatants
of biofilm producing P. aeruginosa, after 6, 12 or 24 h of
culture in the presence or absence of scalar doses of SM23.
Our results showed a consistent elastase activity by the untreated
control cells, already at 6 h persisting up to 24 h of incubation.
Such activity was significantly dampened (about 45% of reduction)
by SM23 treatment at all the doses tested (Table 1).

It is widely accepted that pyoverdine, the most potent
iron-gathering siderophore in P. aeruginosa, is an important
virulence factor playing an important role in biofilm formation
(Meyer et al., 1996).

HPLC-MS analysis was performed to evaluate the levels of
pyoverdines, pyocyanin, 3-oxo-C,,-HSL and C,-HSL under the
same e.xperl.mental conditions used for elastase activity. TABLE 1 | Elastase activity of P aeruginosa in response to SM23 treatment:
Pyoverdines, in the form of doubly charged protonated molecular  {i1e- and dose-dependence.
ions, were revealed by the presence of the specific chromophore
core (P) fragment ion at m/z 204.0768 in their MS/MS spectra Elastase activity (OD.ss)
(Budzikiewicz et al., 2007; Wei and Aristilde, 2015). The

identification of the four most intensely detected pyoverdines, Groups 6h 12h 24h
achieved using their MS/MS spectra, revealed serine (Ser) as  {jyyeated 0442 £0080 0114 +0.017 0.155 + 0.013
the first amino acid of the peptide sequence and either a  sM23(0.780 pm) 0.114 + 0.011 0.128 +0.018 0.092 + 0.004*
succinyl amide (Succa, Al+ fragment ion at m/z 416.1565 Th) ~ SM23 (1.560 pM) 0.103 +0.011 0.134 +0.018 0.088 + 0.003
SM23 (3.125 M) 0106 +0.013  0.109+0.015  0.087 + 0.006"

or a succinic acid (Succ, Al+ fragment ion at m/z 417.1405

Th) moiety as side chain of the chromophore. Two pyoverdines, “0 < 0.05; SM23-treated vs. untreated group, according to Kruskall-Wallis followed by
with their [M + 2H]*" ions being respectively at m/z 667.8015  Dunnett’'s multiple comparisons test.

40000 alive

untreated SM23 (0.780 pm) SM23 (3.125 pm)

30000

20000

10000+ dead

alive/dead biofilm cells (RFU)

FIGURE 3 | Confocal analysis of SM23-treated biofilm and evaluation of dead/alive cells. Left panel: confocal microscope images of a 24 h-old biofilm, untreated
or treated with SM23 (0.780 and 3.125 uM). The large images illustrate three representative horizontal sections (X and Y axes) of biofiims, while the small images
show biofilm sections observed along the Z axis. The micrographs are representative of two independent experiments. Scale bar: 100 um. Magnification: 20x. Right
panel: mean + SEM of the Relative Fluorescence Units (RFU) of alive (green columns) and dead (black column) cells in a 24 h-old Pseudomonas biofilm treated with
SM23 (0.780 and 3.125 uM). *p < 0.05; SM23-treated vs. untreated according to one-way ANOVA followed by Dunnett’s multiple comparisons test.
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consistent levels of pyoverdines only after 24 h of P. aeruginosa
culture. SM23 markedly reduced PyD and PyE production at
all the three doses tested, whereas no effect was observed in
terms of Py Succ-P-Ser-Y_isom1/2 or Py Succa-P-Ser-Y_isom1/2
levels. Under the same experimental conditions, we analyzed
also the release of pyocyanin, another key virulence factor
involved in P. aeruginosa biofilm formation (Li et al., 2015).
Again, we found consistent levels of pyocyanin only after
24 h of P. aeruginosa culture, while the treatment with SM23,
at 0.780, 1.560, and 3.125 pM, significantly impaired the
pyocyanin production.

Inhibition of Pseudomonas aeruginosa
Quorum Sensing Molecules by SM23

The results in Table 3 show the levels of both 3-o0xo0-C,,-HSL
and C,-HSL autoinducers in supernatants of P. aeruginosa

producing biofilm, after 6, 12, and 24 h of SM23 treatment.
A consistent presence of 3-0xo0-C,,-HSL was measured already
after 12 h that persisted up to 24 h, while C,-HSL was
detectable only after 24 h of culture. All the SM23 doses
significantly reduced 3-oxo-C,,-HSL after 12 h of treatment;
moreover, both the autoinducer molecules resulted significantly
inhibited after 24 h of SM23 treatment at the highest
dose (3.125 pM).

Finally, we tested the effects of SM23 on P aeruginosa
expression of lasI/lasR genes, known to be crucially involved
in QS system, biofilm formation, and virulence (Moghaddam,
2014). Our results showed that, in a 24 h-old biofilm treated
with 1.560 pM SM23, both lasI and lasR gene transcript levels
were downregulated by 36 and 25%, respectively (untreated
vs. SM23-treated cells: lasI returned 1.0 vs. 0.644 fold change;
lasR returned 1.0 vs. 0.750 fold change).

TABLE 2 | Mass spectrometry analysis of P aeruginosa pyoverdine and pyocyanin release in response to SM23 treatment: time- and dose-dependence.

Py D Py E
Groups 6h 12h 24 h 6h 12h 24 h
Untreated n.f. n.f. 21.636.937,83 + 2.064.621,26 n.f. n.f. 107.118.272,50 + 6.827.575,27
SM23 (0.780 pM) n.f. n.f. 12.791.348,09 + 3.054.805,04 n.f. n.f. 89.272.480,54 + 9.299.967,42
SM23 (1.560 pM) n.f. n.f. 13.394.820,07 + 3.644.560,57 n.f. n.f. 78.809.117,60 + 15.530.420,87
SM23 (3.125 pM) n.f. n.f. 11.863.503,70 + 2.030.689,62 n.f. n.f. 68.465.442,68 + 8.162.020,46
Py Succ-P-Ser-Y_isom1 Py Succ-P-Ser-Y_isom2
Groups 6h 12h 24 h 6h 12h 24 h
Untreated n.f. n.f. 12.195.698,41 + 694.005,68 n.f. n.f. 13.864.633,08 + 890.328,25
SM23 (0.780 pM) n.f. n.f. 17.853.144,48 + 1.894.407,84 n.f. n.f. 20.815.367,39 + 1.882.888,28
SM23 (1.560 pM) n.f. n.f. 17.177.294,38 + 1.481.504,17 n.f. n.f. 17.219.927,21 + 2.725.080,39
SM23 (3.125 uM) n.f. n.f. 15.410.576,46 + 33.533,32 n.f. n.f. 15.854.231,57 + 1.705.318,16
Py Succa-P-Ser-Y_isom1 Py Succa-P-Ser-Y_isom2
Groups 6h 12h 24 h 6h 12h 24 h
Untreated n.f. n.f. 1.443.163,09 + 118.385,60 n.f. n.f. 2.740.841,46 + 256.622,87
SM23 (0.780 pM) n.f. n.f. 1.745.369,67 + 327.147,82 n.f. n.f. 2.791.882,23 + 154.538,85
SM23 (1.560 pM) n.f. n.f. 846.415,5 + 400.566,41 n.f. n.f. 2.853.5652,30 + 557.608,16
SM23 (3.125 uM) n.f. n.f. 1.133.441,13 + 30.587,47 n.f. n.f. 2.205.285,65 + 499.846,96
Pyocyanin
Groups 6h 12h 24 h
Untreated n.f. n.f. 1.604.817.246,57 + 56.645.573,69
SM23 (0.780 pM) n.f. n.f. 804.321.499,25 + 71.053.820,19*
SM23 (1.560 pM) n.f. n.f. 945.605.723,51 + 50.626.110,98*
SM23 (3.125 pM) n.f. n.f. 696.891.913,37 + 34.697.351,25*

n.f., not found. *p < 0.001 SM23 treated vs untreated group according to one-way ANOVA followed by Dunnett's multiple comparisons test.

TABLE 3 | Mass spectrometry analysis of P aeruginosa 3-oxo-C;,-HSL and C,-HSL QS molecules release in response to SM23 treatment: time- and

dose-dependence.

3-ox0-C12-HSL C4-HSL
Groups 6h 12h 24 h 6h 12h 24 h
Untreated n.f. 37.575.620,70 + 2.315.838,91 201.150.062,20 + 23.359.699,90 n.f. n.f. 69.707.031,01 + 1.143.025,45
SM23 (0.780 pM) n.f. 23.645.421,84 + 980.613,63" 55.787.081,98 + 5.098.512,17 n.f. n.f. 56.319.203,07 + 2.121.398,89
SM23 (1.560 puM) n.f. 24.783.514,13 + 339.890,28" 51.160.160,28 + 1.534.757,47 n.f. n.f. 57.213.308,48 + 1.431.287,96
SM23 (3.125 pM) n.f. 26.816.303,02 + 1.469.095,35* 45.531.5699,65 + 4.653.861,29" n.f. n.f. 48.215.432,52 + 3.107.395,93*

n.f., not found. 12 h: *p < 0.05 SM23 treated vs untreated group according to ANOVA followed by Dunnett’s multiple comparisons test.
24 h: *p < 0.05 SM23 treated vs untreated group according to Kruskall-Wallis followed by Dunnett's multiple comparisons test.
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SM23 Interaction With Pseudomonas
aeruginosa

Given the effects of the SM23 on P aeruginosa biofilm
formation and lasl/lasR system, we next investigated its
possible mechanism of action. Thus, we developed two different
experimental protocols to assess the localization of SM23
on bacterial surface, by exploiting the natural green auto-
fluorescence of this compound, as detailed in section “Materials
and Methods” and in Figure 1. The results, depicted in
Figure 4, showed that, when the SM23 was added at Time
0 (protocol A), most of the fluorescence was associated to
the cell pellet, with a minimal residual fluorescence being
detectable in the supernatant. In contrast, when the SM23
was added at Time 5 h (protocol B), the fluorescence signal
was detected at comparable levels both on the bacterial cell
pellet and on the cell-free supernatants.

Finally, a Pseudomonas-conditioned medium (from an
overnight culture at 37°C) was used to pre-treat the bacterial
cells for 30 min; then, the SM23 was added and the plates
were further incubated for additional 7 h, as described in
protocol A, prior to assessing the levels of free and cell-associated
fluorescence. The results, depicted in Figure 4, showed that
the fluorescence signal was not cell-associated, but rather only
detectable into culture supernatants.

Distribution of SM23 residual fluorescence
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FIGURE 4 | SM23 interaction with P aeruginosa mean percent + SEM of the
fluorescence signal detected both in the cell-free supernatant (sup) and in the
pellet. Each percent has been calculated using the data of replicate samples
from two-three independent experiments. Each individual symbol identifies

a single percent value.

SM23 Inhibitory Effects on Endotracheal
Tubes-Associated Biofilm: Impairment of
Biofilm Formation and Pyoverdine Release
by Pseudomonas aeruginosa

We have recently described a rapid and easy-to-perform in vitro
model for the real-time monitoring of P aeruginosa biofilm
formation on endotracheal tube (ETT) pieces (Pericolini et al,
2018). Accordingly, we evaluated the effect of SM23 on a 24 h-old
Pseudomonas biofilm produced on ETT pieces. As shown in
Figure 5, the treatment with SM23 significantly decreased the
amounts of biofilm associated with the ETT, at both the doses
used, as indicated by the significant reduction in RLU (Figure 5,
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FIGURE 5 | SM23 effects on medical devise-associated biofilm by P
aeruginosa: impairment of pyoverdine release and biofilm formation. Biofilm
mass (upper panel), expressed as mean RLU + SEM, and pyoverdine release
(lower panel), expressed as mean RFU + SEM, by a 24 h-old Pseudomonas
biofilm produced on ETT pieces, in the absence and in the presence of SM23. In
the figure, each individual symbol identifies the value corresponding to a single
ETT piece. Data represent the mean values from two independent experiments,
with duplicate samples. *p < 0.05; SM23-treated samples vs. untreated samples
according to ANOVA followed by Dunnett’s multiple comparisons test.
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upper panel); in addition, the pyoverdine release by such
ETT-associated biofilm was also impaired, reaching statistically
significant differences at the dose of 1.56 uM (Figure 5, lower panel).

DISCUSSION

P, aeruginosa is a ubiquitous environmental bacterium, responsible
for a wide range of severe opportunistic infections, characterized
by intense neutrophil activation and significant tissue damage.
Clearance is often a serious clinical challenge due to host
immunodeficiency and bacterial multidrug resistance, including
third-generation cephalosporin (Tenover, 2006; Moghaddam
et al., 2012). Moreover, the treatment of chronic P. aeruginosa
infections is further hampered by adaptive resistance, facilitated
also by bacterial ability to form biofilm in vivo (Mulcahy et al.,
2014). Indeed, bacteria growing as a biofilm have characteristics
distinct from their planktonic cell counterpart, including an
increased tolerance to antimicrobial agents and host immune
response (Costerton, 1999). Furthermore, biofilm is an example
of microbial community finely coordinating its behavior through
QS. In this study, we provide the first evidence that, SM23,
known to be a potent p-lactamase inhibitor, also impairs biofilm
formation by P aeruginosa and its production of some
QS-dependent virulence factors as well as autoinducer molecules.

The boronic acid derivative SM23 has been described as a
strong inhibitor of the Pseudomonas-derived cephalosporinase-3
(PDC-3), a class C p-lactamase which represents one of the
major antibiotic-resistance determinants in P aeruginosa
(K; = 4 nM) (Drawz et al., 2011). Such a boronic acid derivative
is also able to lower the MIC values of cefotaxime in PDC-3
expressing E. coli, to a concentration of 4 pg/ml. Subsequent
studies demonstrate that SM23 is highly active against other
class C (K of 1 and 20 nM vs. AmpC and ADC-7, respectively)
and class A (f-lactamases K; of 420 and 64 nM vs. CTXM-16
and TEM-1, respectively), qualifying it as one of the best inhibitors
of serine P-lactamase (Caselli et al., 2018). Our present results
indicate that SM23 significantly inhibits P aeruginosa biofilm
formation, as established by measuring total biomass and metabolic
activity of a 24 h-old biofilm. In particular, about 50% reduction
in biofilm biomass occurs as assessed by CV assay (Figure 2,
left panel), while a clear dose-dependent inhibition is detected
by bioluminescence analysis; the latter, known to measure metabolic
activity, allows to detect a gradual and consistent effect within
the range of 0.390-25.0 uM (Figure 2, right panel). The impact
of SM23 on biofilm is also evident by exploring its morphological
structure by confocal microscopy. Indeed, unlike the control,
SM23-treated biofilm is characterized by large zones with few
or no bacteria and scant extracellular polymeric matrix attached
to the well surface; accordingly, a noticeable reduction of viable
bacteria is detected, as measured by the alive/dead cells assay.

Interestingly, the exposure of P. aeruginosa to SM23 significantly
inhibits the production of some key QS-controlled virulence
factors, namely pyoverdine, pyocyanin, and elastase. As a yellow-
green fluorescent pigment, pyoverdine is a strong iron scavenger/
iron transporter that promotes Pseudomonas pathogenicity
stimulating its growth (Meyer et al, 1996). To date, about 40

structurally different pyoverdines have been identified, each one
characterized by a distinct peptide chain and a specificity, peculiar
to Pseudomonas species (Meyer, 2000). Pyoverdine production
may also be accompanied by the appearance of related compounds,
which are considered as biosynthetic precursors or later
modifications; such compounds have the same peptide chain of
pyoverdine, but a different chromophore group (Budzikiewicz,
2004). Another key pigment strictly regulated by Pseudomonas
QS system, in particular by rhll/rhiR, is pyocyanin. Here, we show
that SM23 strongly inhibits pyocyanin production by Pseudomonas,
in line with the marked reduction of pyoverdine production also
observed after SM23 treatment.

For the determination of both pyoverdines and pyocyanin
in culture supernatants, we have employed HPLC-MS analysis,
that unambiguously identified (1) four chromophores belonging
to the pyoverdine siderophore family and (2) one chromophore
for pyocyanin. Interestingly, all of them happen to be markedly
affected by SM23 treatment (see Table 2). Similarly, the
elastase activity of P. aeruginosa is also significantly inhibited
by SM23 during biofilm production. In line with these findings,
the SM23 is shown to downregulate the expression of the
QS-associated autoinducers 3-oxo-C,,-HSL and C,-HSL during
biofilm formation by dampened lasI/lasR gene expression,
further suggesting that QS pathways are affected by SM23.

As described previously (Schuster and Greenberg, 2006; Girard
and Bloemberg, 2008; Zou and Nair, 2009), the QS system of
P aeruginosa is mainly composed of two sets of genes. The first
consists of lasl and lasR genes, encoding for HSL autoinducer
synthase and R protein, respectively; the second system, named
Rhl, comprises the rhll and rhiIR genes, which in turn encode
for synthase and R protein. The two systems are strictly connected
and hierarchically organized, with the lasl/lasR regulating the
transcription of rhll/rhIR (Schuster and Greenberg, 2006; Zou
and Nair, 2009). Our present data, obtained through HPLC-MS
analysis, show a significant downregulation of both the autoinducers,
3-0x0-C,,-HSL and C,-HSL, in the supernatants of SM23-treated
biofilm (at the dose of 3.125 pM), as compared to the untreated
biofilm. These results indicate that SM23 significantly affects the
synthesis of both 3-0x0-C,,-HSL and C,-HSL; in line with others
(Zou and Nair, 2009), we favor the idea that it may compete
with the 3-oxo-C,,-HSL autoinducer, likely for the same binding
site on the LasR receptor. Many efforts will be necessary to
deeply understand the molecular mechanisms underlying such
a complex phenomenon.

By the experiments aimed at assessing SM23 interaction with
bacterial cells, we demonstrate that most of its fluorescence
appears to be bacteria-associated when the compound is added
to a planktonic P aeruginosa culture. Unexpectedly, such
phenomenon is fully prevented once planktonic cells have been
pre-incubated with a Pseudomonas-conditioned medium, prior
to being exposed to SM23; in this case, the compound fluorescence
is indeed detectable only in the supernatants. Also, when the
compound is added to an early biofilm, approximately half of
the SM23-related fluorescence signal remains unbound in the
supernatant. Taken together, these data open to the hypothesis
that Pseudomonas may counteract the activity of SM23 by producing
something that prevents its binding to the same bacterial cell.

Frontiers in Microbiology | www.frontiersin.org

44

February 2020 | Volume 11 | Article 35


https://www.frontiersin.org/journals/microbiology
www.frontiersin.org
https://www.frontiersin.org/journals/microbiology#articles

Peppoloni et al.

SM23 Inhibits P aeruginosa Biofilm

It should be noted that, though strongly associated with the
compound, planktonic cells are not affected by SM23 in their
viability or rate of growth. Although remaining widely unexplained,
these findings may envisage the possibility that, because of its
unique mechanism of action, SM23 might be a novel compound
likely insensitive to the well-known drug-resistance mechanisms.

Finally, we provide evidence that SM23 is effective also in
reducing Pseudomonas biofilm biomass produced on a medical
device, such as the ET'T; importantly, also the release of pyoverdine
by such sessile bacterial community is significantly affected by
SM23. In our opinion, these data strengthen the interest on
SM23, showing that it acts as anti-P. aeruginosa compound also
under conditions closely mimicking biofilm infection in patients.

Overall, our results demonstrate that the boronic acid
derivative SM23, besides being a strong inhibitor of f-lactamase,
is able to drastically reduce biofilm formation and QS-related
virulence factors in Pseudomonas. This in vitro evidence opens
to future applications of SM23 in the prevention and treatment
of biofilm-associated P. aeruginosa infections.
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Streptococcus  suis (S. Suis) and  Actinobacillus  pleuropneumoniae
(A. pleuropneumoniae) are primary swine pathogens that have been frequently
co-isolated from pigs suffering from severe respiratory disease. The purpose of this
study was to investigate the biological impacts of the interactions between S. suis and
A. pleuropneumoniae. A single- and dual-species culture model was established in vitro
via S. suis HA9801 (serotype 2) and A. pleuropneumoniae CVCC265 (serotype 1).
The single or mixed biofilms were imaged by confocal laser scanning microscopy.
The biomass and viable cells in biofilms were quantified by crystal violet staining and
determination of colony-forming units. The antibiotic susceptibility was determined by
a microdilution broth method. The differences in gene transcription in pure- or mixed-
species biofims of S. suis and A. pleuropneumoniae was evaluated by quantitative
PCR. S. suis and A. pleuropneumoniae formed two-species biofilms when co-cultured
in vitro. When co-cultured with S. suis, biofilm formation by A. pleuropneumoniae was
significantly increased with the absence of NAD that is necessary for the growth of
A. pleuropneumoniae. Moreover, compared with monocultures, the antibiotic resistance
of S. suis and A. pleuropneumoniae was both enhanced in the co-culture model.
When grown in dual-species biofims, for A. pleuropneumoniae, genes associated with
virulence factors, including exotoxins and adhesins, were significantly upregulated.
For S. suis, virulence factor-related genes cps2, gdh, mrp, and sly were highly
induced. These results suggest that the interspecies interactions between S. suis and
A. pleuropneumoniae may be cooperative under specific conditions and may play an
important role in the disease progression and persistent infection.
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S. suis and A. pleuropneumoniae Interplay in Mixed Biofilm

INTRODUCTION

Respiratory diseases constitute the most important health
issues affecting the swine industry worldwide and are often
referred to as the porcine respiratory disease complex
(PRDC) (Qiao et al, 2011). In general, PRDC causes lung
lesions, which, in turn, results in substantial economic
losses and impaired animal welfare (Fablet et al., 2012).
PRDC is multifactorial in nature and is triggered by mixed
infections involving primary and secondary pathogens
(Cheong et al, 2017). Clinically, Streptococcus suis (S. suis)
and Actinobacillus pleuropneumoniae (A. pleuropneumoniae) are
two important respiratory pathogens frequently detected
in the PRDC (Opriessnig et al, 2011). In recent years,
there have been many cases of mixed infections associated
with the presence of S. suis and A. pleuropneumoniae in
China. It is more than likely that the different bacteria
or viruses coexisting in PRDC interact and exacerbate
the pathogenesis of the disease. However, few research
groups investigated the interactions between S. suis and
A. pleuropneumoniae, except for a study reporting that these
two bacterial species form polymicrobial biofilms in vitro
(Ramirez-Castillo et al., 2018).

The formation of biofilm is considered as a survival
strategy for bacterial pathogens. Bacteria in biofilms are
embedded in an extracellular matrix, which reduces their
susceptibility to antibiotic and host immune system (Vuotto
and Donelli, 2019). This is a major reason why biofilm-
related infections are difficult to eradicate. During a chronic
infection, bacteria are able to switch between planktonic and
biofilm lifestyle (Kathju et al, 2009; Lister and Horswill,
2014). The key role of biofilms have been confirmed in
many diseases such as endocarditis, periodontitis, and otitis
media (Kobayashi et al., 2005). Multi-species biofilms may
be the most significant lifestyle of microbes in vivo and
bacteria in such polymicrobial biofilms are more difficult
to eradicate (Wang et al., 2018). In multi-species biofilms,
microorganisms will enhance and ensure their
and reproduction through communication, competition,
or cooperation (Yang et al, 2011). In the present study,
we hypothesized that there are synergistic interactions
between S. suis and A. pleuropneumoniae in dual-species
biofilms, resulting in enhanced biofilm formation ability,
enhanced antibiotic resistance, and upregulated virulence factor
gene expression.

survival

MATERIALS AND METHODS

Bacterial Strains and Growth Conditions

S. suis HA9801 (SS) was isolated from a diseased pig in Jiangsu
Province, China, and identified to be S. suis serotype 2. All
experiments in this study were approved by the Experimental
Animal Monitoring Committee of Henan University of
Science and Technology and carried out accordingly.
A. pleuropneumoniae CVCC 265 (APP) was purchased
from China Veterinary Culture Collection Center (CVCC).

S. suis was grown in tryptic soy broth (TSB) or plated on
TSA. A. pleuropneumoniae was cultivated in the same media
supplemented with 0.1 pg/mL of P-nicotinamide-adenine-
dinucleotide (NAD). Bacterial cultures were incubated at
37°C. All experiments described below were replicated in
biological triplicate.

Planktonic Growth Assays of Mono- and

co-Cultures

Bacterial colonies of S. suis and A. pleuropneumoniae were
inoculated separately in solid media and grown overnight to mid-
exponential phase in TSB + 0.1% NAD medium. The bacterial
cultures were diluted in fresh medium to obtain an optical
density at 660 (ODggp) of 0.03. Mono-culture of S. suis or
A. pleuropneumoniae and co-culture of mixture (1:1 ratio) were
inoculated in TSB + 0.1% NAD medium for 24 h. Samples were
taken at 0, 2, 4, 6, 8, 10, 12, and 24 h, serially diluted in sterile
PBS, and then plated on TSA or TSA 4 0.1% NAD medium to
discriminate S. suis or A. pleuropneumoniae, respectively, and the
viable cell counts were enumerated.

For the mixed culture, the Competitive Index
(CI) was calculated according to the formula:
(A. pleuropneumoniaelS. suis)output/(A. pleuropneumoniae/S.
suis)input. The output and input samples were assessed by plating
onto selective medium at different time points, respectively.
The Relative Increase Ratio (RIR) was similar to CI, and was
calculated from the corresponding growth results obtained from
single cultures of each strain (Macho et al., 2007). A positive CI
value suggests a competitive advantage for A. pleuropneumoniae
and vice versa. Only Cls that are statistically different from the
RIRs at the same growth stages can be recognized as the result of
prominent competition between species (Macho et al., 2007).

Biofilm Formation by Single and Mixed

Cultures

Biofilm production was quantified by crystal violet staining as
described previously (Bragonzi et al., 2012). Briefly, overnight
cultures of S. suis and A. pleuropneumoniae were diluted 1/100
in fresh TSB broth supplemented with NAD, and inoculated
individually or at several different ratios in 96-well plates. After
24 h incubation, the medium and planktonic bacteria were
removed, and each well was gently washed twice with sterile PBS.
Methanol was used to fix the attached bacteria for 15 min. The
plates were then air-dried and the biofilms were stained with
crystal violet (0.1%). After 20 min, the excess dye was discarded
and plates were washed twice with sterile PBS prior to adding
200 l of 95% ethanol to the wells to dissolve the biofilms.
The optical density at 620 nm (ODgyp) was measured using a
microplate reader.

Biofilms were prepared in the 96-well plates as described
above. Biofilms were washed twice with sterile PBS, and
then bacteria were detached and homogenized in 100 pl
of sterile PBS by weak sonication for 4 min. TSA or
TSA + 0.1% NAD medium was used to discriminate S. suis
or A. pleuropneumoniae, respectively, and then viable cells were
enumerated (Chan et al., 2017).
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TABLE 1 | The primers used in this study for gRT-PCR.

TABLE 2 | In vitro susceptibility of pure culture and co-culture of S. suis and
A. pleuropneumoniae in planktonic growth and biofilm to seven clinically
relevant antibiotics.

Primer Forward primer Reverse primer

APP

16S GGAGCTTGCTTTCTTTGCCGACG TAACCTTGCGGCCGTACTCCC

rRNA

Apx-1 TTGAAGCGGAGAAACAGCTT TGACCGACCTCGATAAAACC

Apx-Il GGTCAAGGAAAT GCTAGTTTTT GCAATGTCCAA
GGAGTTCAAGAT

afuB TGGTTTTTAACGAACTGCCTTT  CTTTAATGATGCGCCAATGT

hgbA CGGATCCGTTTAGCTTCTTG TAATGCGGCTTCTTTCGTCT

Pga GATAAAGCAAGCCAG GCTGTTTGATGAG AAATACCGA
TTCTTAGGT

Apa-/ TTGCAGCAGGTGACGTGAA TCGCTGACCGCGTATAATT

SS

16S GTTGCGAACGGGTGAGTAA TCTCAGGTCGGCTATGTATCG

rRNA

cps2 ATTGGTAGGCACTGTCGTTGGTC AGAACTTAGCATTGTTGCGGTGG

fbps AACCATCTTGCCAGGCTCCAC  CAGTTCAGAAGCCGTATCCCGAC

gdh CACCTTTACCACCGCCGATTG  GGAAATGTTCAAGTCAACCGTGG

mrp CAGGTAACATCAGAATCACCA  AAGTTTTGTTTGAGCATCCT
CTTTT CTATAGC

sly TCATTCAGGTGCTTATGTTGCG  GAAGA TTGCG AGCAT TTCCT

GG

Confocal Laser Scanning Microscopy
Chamber slides were inoculated with bacterial suspension
(S. suis alone, A. pleuropneumoniae alone and combination in
1:1 ratio) for 24 h at 37°C. The slides were washed twice
with PBS to remove the medium and unattached bacteria.
Samples was stained with SYTO 9 solution following the
manufacturer’s instructions from LIVE/DEAD™ BacLight™
Bacterial Viability Kit (Thermo Fischer Scientific, Inc., Waltham,
MA, United States), and then washed with PBS (Tawakoli et al.,
2013). Biofilms were observed using a Zeiss LSM800 CLSM (Carl
Zeiss, Jena, Germany).

Antibiotic Susceptibility Testing

The in wvitro antibiotic susceptibility of S. suis and
A. pleuropneumoniae was determined by a twofold dilution
method in microplates following the guidelines of Clinical and
Laboratory Standards Institute. Antibiotic serial dilutions were
made up in culture medium, and 100 pl was transferred to the
wells. Overnight cultures of S. suis and A. pleuropneumoniae
were diluted at 1:100 with TSB contain in 0.1% NAD, and
100 pl of S. suis, A. pleuropneumoniae, or combination in 1:1
were added to 96-well plates and incubated at 37°C for 24 h.
The minimum inhibitory concentration (MIC) values were
determined by reading the optical density and visual observation
of the turbidity.

The minimum biofilm eradication concentration (MBEC)
values were also determined. Biofilms were prepared in
the 96-well plates as described above. Wells were washed
twice with PBS and antibiotic serial dilutions made up in
TSB containing 0.1% NAD were transferred (200 pl) to
the wells. The plates were incubated for another 24 h.

Antibiotic Streptococcus Actinobacillus S. suis +

suis pleuropeumoniae A. pleuro-
peumoniae

Tylosin tartrate

MIC <0.3125 20 20

MBEC 1.25 40 80

Gentamicin

MIC 10 10 10

MBEC 10 10 10

Amoxicillin

MIC <0.3125 160 >160

MBEC 0.625 160 >160

Apramycim

MIC 40 80 80

MBEC 40 80 >160

Tilmicosin

MIC 5 5 10

MBEC 80 80 160

Spectinomycin

MIC 40 80 80

MBEC 80 80 160

Fosfomycin

MIC 80 20 20

MBEC >160 40 >160

The MBEC values were determined by plating samples on
culture medium plates.

Virulence Factor Gene Expression in
Mixed Biofilm

Real-time PCR was used to assess the relative expression of
virulence factor genes in A. pleuropneumoniae or S. suis when
grown alone or in mixed biofilms. Biofilms were prepared
in 24-well plates as described above, washed twice with PBS,
detached by sonicating, and then collected. RNA was extracted
by the Trizol method (Pompilio et al., 2015). gDNA removal
and cDNA synthesis were performed using PrimeScript™ RT
reagent Kit with gDNA Eraser (TaKaRa) according to the
manufacturer’s protocol. Real-time PCR assay was performed
with TB Green® Premix Ex TaqTM (TaKaRa) following the
manufacturer’s instructions. The primers used are listed in
Table 1. The 16S rRNA was used as the house-keeping gene for
normalization. Relative expression levels were determined by the
(A ACt) method.

Statistical Analysis

GraphPad Prism version 7.0 (GraphPad Software, San Diego,
CA, United States) was used for data analysis. Results were
obtained from three independent experiments and all values were
expressed as means + standard deviation. Differences between
mean values were evaluated by Student’s ¢-test. P-value of 0.05 or
less was considered statistically significant.
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FIGURE 1 | Single- and dual-species planktonic growth kinetics and competition index values. S. suis and A. pleuropneumoniae were inoculated in TSB + 0.1%
NAD medium for 24 h in mono and mixed cultures. Growth curves were monitored by colony-forming unit counts (CFU) after plating on TSA or TSA + 0.1% NAD
medium to discriminate S. suis or A. pleuropneumoniae respectively. (A) Growth curves of S. suis in single culture (SS) and in co-culture with A. pleuropneumoniae
(SS in co-culture). Growth curves of A. pleuropneumoniae in pure culture (APP) and in co-culture with S. suis (APP in co-culture). (B) Competitive index (Cl) and
Relative Increase Ratio (RIR) of S. suis and A. pleuropneumoniae obtained from single culture and co-culture were calculated as described in section Materials and
Methods. Error bars represent standard deviation of three separate assays. *p < 0.05.
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RESULTS

Competition Between S. suis and
A. pleuropneumoniae in Planktonic

co-Cultures

To study the interactions between S. suis and
A. pleuropneumoniae in planktonic co-cultures, the growth
curves of single and mixed cultures were compared, and the
results are shown in Figure 1A. The kinetics analysis showed
that the growth of S. suis in mixed culture was negatively
affected from 8 to 24 h, while A. pleuropneumoniae growth was
not clearly affected when co-cultured with S. suis. To further
estimate the differences in growth kinetics between S. suis and
A. pleuropneumoniae in single or mixed cultures, CI and RIR
indexes were calculated. As shown in Figure 1B, a positive CI
index of A. pleuropneumoniae versus S. suis was always observed,
indicating a competitive advantage for A. pleuropneumoniae
over S. suis in co-cultures. The CI was significantly higher than
the RIR between 8 and 24 h (p < 0.05), suggesting a noticeable
negative effect of A. pleuropneumoniae on S. suis growth.

Formation of Mixed Biofilm of S. suis and
A. pleuropneumoniae

Biofilm formation by S. suis and A. pleuropneumoniae in
single and dual culture in 96-well plate was assessed by
crystal violet staining and viable count, and the results are
shown in Figure 2. Both S. suis and A. pleuropneumoniae
formed important biofilms when grown in TSB supplemented
with NAD (Figure 2A). However, in the absence of NAD,
A. pleuropneumoniae couldn’t form biofilms (Figure 2B).
Under favorable growth conditions(supplement with NAD)for
A. pleuropneumoniae, mixed biofilms with S. suis were formed
(Figure 2C). Moreover, based on results of crystal violet staining
and determination of CFU, A. pleuropneumoniae was able to

grow and form a dual-species biofilm without the addition of
NAD when grown in the presence of S. suis (Figure 2D).

By using confocal laser scanning microscopy (Figure 3), it
could be confirmed that both S. suis and A. pleuropneumoniae
were able to form robust single- and dual-species biofilms in vitro.

Antibiotic Susceptibility

The in vitro antibiotic susceptibility of S. suis and
A. pleuropneumoniae, individually and in combination to
several antimicrobial drugs, was determined (Table 2). For
tylosin tartrate, when in co-culture with the other, the MBEC
of S. suis increased from 1.25 to 80 pg/ml, and the MBEC
of A. pleuropneumoniae increased from 40 to 80 pg/ml. For
tilmicosin, when in co-culture, the MIC and MBEC of S. suis
or A. pleuropneumoniae were twice as high as that in pure
culture. In general, S. suis and A. pleuropneumoniae in mixed
biofilms showed increased resistance to tylosin tartrate and
tilmicosin with higher values of MBEC in comparison to
single-species biofilms.

Differential Gene Expression in Mono-
and Dual-Species Biofilms

As shown in Figure 4, in comparison with the single species
biofilms, the virulence factor genes in the two-species biofilms
were overall upregulated. For A. pleuropneumoniae, compared
with mono-species biofilms, ApxI and ApxIl, codifying for
exotoxin, were upregulated by 10.65- and 22.58-fold, respectively,
afuB involved in biofilm formation was upregulated by 8.69-
fold, apal associated with adhesin was upregulated by 5.73-fold,
and hgbA involved in iron uptake was upregulated by 18.3-fold
(Figure 4A). For S. suis, virulence factor related genes cps2, gdh,
mrp, and sly were significantly upregulated by 2. 61-, 2. 23-, 3.
81-, and 2.26-fold, respectively, with no statistical differences of
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FIGURE 2 | Biofilm formation by S. suis and A. pleuropneumoniae in mono and mixed cultures. Single or mixed biofilms formed by S. suis and A. pleuropneumoniae
in TSB media (A) or in TSB + 0.1% NAD medium (B) were quantified by crystal violet staining. The colony-forming units (CFU) for S. suis and A. pleuropneumoniae in
single or mixed biofiims were determined in TSB media (C) or in TSB + 0.1% NAD medium (D).

exacerbation of the clinical signs (Thacker et al, 1999), and
during the co-infection of PRRSV and S. suis, the virulence
of PRRSV was enhanced by S. suis and PRRSV increased the
susceptibility of pigs to S. suis infection (Thanawongnuwech
DISCUSSION et al., 2000). S. suis and A. pleuropneumoniae are two important

pathogens associated with PRDC, and their co-occurrence
Polymicrobial respiratory diseases remain a major threat in the same site of infection has been frequently reported
in the swine industry worldwide. Pathogens associated (Opriessnig et al, 2011), although the interactions between
with PRDC include swine influenza virus (SIV), porcine them and the host during coinfection have not been previously
circovirus type 2 (PCV2), porcine reproductive and respiratory  investigated. The present study examined the interactions
syndrome virus (PRRSV), S. suis, A. pleuropneumoniae, between S. suis and A. pleuropneumoniae in planktonic and
Mycoplasma  hyopneumoniae, and Haemophilus parasuis. biofilm cultures, and specifically explored whether these
Bacterial-viral co-infections were reported to exacerbate interactions provide greater fitness than single cultures, which
the pathogenicity (Opriessnig et al, 2011). For instance, is helpful to better understand the possible role of coinfection in

co-infections of M. hyopneumoniae and SIV lead to the the pathogenesis.

fbps gene (Figure 4B). The results may indicate that co-culture
may modulate the bacterial virulence in mixed biofilm.
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FIGURE 3 | Biofilm formation of single and mixed species imaged by confocal laser scanning microscopy at x 63 magnification after 24 h inoculation. S. suis alone
(A), A. pleuropneumoniae alone (B), or S. suis and A. pleuropneumoniae together (C).
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FIGURE 4 | Relative expression levels of A. pleuropneumoniae virulence
factor genes (Apx!, Apxll, afuB, apal, and hgbA) in mixed biofilm (A). Relative
expression levels of S. suis virulence factor genes (cps2, fbps, gdh, mrp, and
sly) in mixed biofilm (B). Error bars represent standard deviation of three
separate assays. *p < 0.05; *p < 0.01.

Studies on microbial interactions under planktonic growth
conditions have shown that species can coexist with other
microbes competing in the same repository through multiple
mechanisms (Hibbing et al., 2010). It was reported that the
consumption of limited nutriments may impact the interactions

process between species in co-culture models (Sibley et al., 2008).
We demonstrated that S. suis has no effect on the growth of
A. pleuropneumoniae in planktonic culture, while a significant
negative impact of A. pleuropneumoniae on S. suis growth was
found during the stationary phase of bacterial growth.

When grown in mixed cultures, the exoproducts of
A. pleuropneumoniae may be the disadvantageous cause of
S. suis in planktonic bacteria. The CI and RIR indicated that
A. pleuropneumoniae surpasses S. suis in exponential and
stationary phases of bacterial growth. The competition for
limited nutrients and space may lead to the antagonistic effects
among microorganisms within a community (Harrison, 2007).

Crystal violet staining and colony-forming unit results
showed that both S. suis and A. pleuropneumoniae formed
strong biofilms when grown in single or mixed culture, and
the CSLM images provided additional evidence. Interestingly,
A. pleuropneumoniae was able to grow in the absence of NAD
when co-cultured with S. suis. Our results confirm that the
presence of S. suis promoted A. pleuropneumoniae biofilm growth
under a hostile condition for A. pleuropneumoniae (without NAD
supplementation). A variety of animal or human pathogens, such
as Streptococcus mutans, Pseudomonas aeruginosa, Legionella
pneumophila, Stenotrophomonas maltophilia, and Escherichia
coli, have been reported that to form mixed biofilms, which
help to improve their resistance, persistence, and pathogenicity
(Yang et al., 2011). Recent studies on multi-species community
behavior have shown that the presence of other bacterial
species can modulate the virulence and the gene expression
of pathogens. In the respiratory tract, the NAD supply, which
is essential for A. pleuropneumoniae growth, is rather limited.
However, A. pleuropneumoniae has overcome this deficiency
in various ways, such as cell lysis, which releases nutrients
into the surrounding environment (Chiers et al, 2010). In
addition, polymicrobial biofilm formation with S. suis enables
A. pleuropneumoniae to acquire this compound by cross-feeding.

We showed that a mixed biofilm of S suis and
A. pleuropneumoniae has an increased resistance to several
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antibiotics. In fact, it is well known that bacteria residing
in biofilms have an increased resistance to antibiotics
(Assavacheep and Rycroft, 2013), and multi-species biofilm
is Dbelieved to provide an enhanced protection against
antibiotic and host immune system (Armbruster et al,
2010). Some well-known mechanisms for enhancing multi-
microbial biofilm resistance include upregulation and transfer
of drug resistance genes, increased responsiveness through
quorum sensing, and increased mutation level in antibiotic
target molecules (Hoiby et al, 2010). Recent research of
multi-species community behavior have reported that the
virulence, biofilm formation, and the gene expression level
of pathogens can be regulated by the presence of other
species (Duan et al., 2003). To investigate this, quantitative
PCR was performed to analyze differential gene expression
in mixed biofilms. The RT-PCR results showed that genes
of A. pleuropneumoniae, coding for exotoxin, biofilm
formation, or iron uptake, respectively, were highly induced.
Further, genes of cps2, gdh, mrp, and sly associated with
virulence factors of S. suis were significantly upregulated.
The result suggests that mixed biofilms may reinforce
bacteria pathogenicity.

In conclusion, we found that co-culture may result in
increased antibiotic resistance and upregulated virulence gene
expression for S. suis and A. pleuropneumoniae in biofilms. It
is likely that the interspecies interactions between S. suis and
A. pleuropneumoniae are synergetic under specific conditions.
Therefore, the interactions between the species in the biofilm
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Microorganisms grown in biofilms are more resistant to antimicrobial treatment and
immune system attacks compared to their planktonic forms. In fact, infections caused
by biofilm-forming Staphylococcus aureus and Staphylococcus epidermidis are a large
threat for public health, including patients with medical devices. The aim of the current
manuscript was to test the effect of dalbavancin, a recently developed lipoglycopeptide
antibiotic, alone or in combination with compounds contributing to bacterial cell
disaggregation, on staphylococcal biofim formation and elimination. We used real-
time impedance measurements in microtiter plates to study biofilm growth dynamics
of S. aureus and S. epidermidis strains, in the absence or presence of dalbavancin,
linezolid, vancomycin, cloxacillin, and rifampicin. Further experiments were undertaken
to check whether biofim-detaching compounds such as N-acetylcysteine (NAC) and
ficin could enhance dalbavancin efficiency. Real-time dose-response experiments
showed that dalbavancin is a highly effective antimicrobial, preventing staphylococcal
biofilm formation at low concentrations. Minimum biofilm inhibitory concentrations
were up to 22 higher compared to standard E-test values. Dalbavancin was the only
antimicrobial that could halt new biofilm formation on established biofilms compared to
the other four antibiotics. The addition of NAC decreased dalbavancin efficacy while
the combination of dalbavancin with ficin was more efficient than antibiotic alone in
preventing growth once the biofilm was established. Results were confirmed by classical
biofilm quantification methods such as crystal violet (CV) staining and viable colony
counting. Thus, our data support the use of dalbavancin as a promising antimicrobial to
treat biofilm-related infections. Our data also highlight that synergistic and antagonistic
effects between antibiotics and biofilm-detaching compounds should be carefully tested
in order to achieve an efficient treatment that could prevent both biofilm formation
and disruption.
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INTRODUCTION

Increased drug resistance of bacteria is significantly reducing the
therapeutic efficacy of antibiotics (Stewart and Costerton, 2001).
Commonly, this resistance is augmented in bacterial biofilms,
which can be described as bacterial communities adhering
to abiotic or biotic surfaces and encased in a self-produced
extracellular matrix (Chung and Toh, 2014; Hall and Mah,
2017). This matrix is composed of polysaccharides, proteins, and
extracellular DNAs and plays an important role in persistent
chronic infections, resulting in serious health complications.
In fact, bacterial cells embedded in a matrix are up to 1,000
times more resistant to antibacterial compounds compared
to their planktonic form, leading to increased morbidity and
mortality rates of various diseases, like those associated with
implantable medical devices (Flemming and Wingender, 2010;
Rodrigues, 2011).

A major cause of medical device-associated and chronic
infections, resulting in both economical and clinical burden,
is the biofilm formation capacity of Staphylococcus aureus and
Staphylococcus epidermidis bacteria (Otto, 2013; Moormeier and
Bayles, 2017). This capacity, in addition to the widespread
dissemination of methicillin-resistant S. aureus (MRSA) and
S. epidermidis (MRSE), emphasizes the necessity to investigate
new antimicrobial compounds and combine different treatment
strategies for increasing the therapeutic potential of conventional
antibiotics (Bjarnsholt et al., 2013). For instance, several agents
for cell detachment and breaking down of biofilm matrix
have already been reported. Some of them cleave the essential
components of the biofilm matrix, like polysaccharides, proteins,
or extracellular DNAs, destroying its architecture (Kaplan, 2010;
Fleming and Rumbaugh, 2017). Ficin, a non-specific fig tree plant
protease, belongs to this group of anti-biofilm compounds and
is able to disperse staphylococcal biofilms via enzymatic lysis
(Baidamshina et al., 2017). Others employ microbial signals that
disperse bacterial cells embedded inside the biofilm exopolymeric
matrix, like nitric oxide in Pseudomonas biofilms or certain
quorum sensing inhibitors (Brackman and Coenye, 2015; Zhu
et al., 2019). Other anti-biofilm agents, like N-acetyl-L-cysteine
(NAC), besides the ability to impair matrix architecture, have also
antimicrobial properties against different pathogenic bacteria,
making this molecule an interesting tool to confront biofilms
(Dinicola et al., 2014; Blasi et al.,, 2016; Costa et al., 2017).
In addition, a combination of biofilm-detaching compounds
together with antibiotics could represent an alternative strategy
for the effective treatment of biofilm-associated infections.

Dalbavancin is a new lipoglycopeptide class antibiotic used
against many gram-positive pathogens including staphylococcal
strains in clinical practice (Chen et al., 2007). It is also a long-
action antibiotic that interferes with bacterial cell wall synthesis
and does not require frequent administration, allowing weekly
dosing and earlier patient discharge from the hospital (Seltzer
et al, 2003). Although dalbavancin has been proposed as a
promising agent in biofilm-mediated infections, susceptibility
to this antibiotic has mainly been tested using traditional
microbiological tests such as microdilution or agar-based tests.
However, it is well established that bacteria behave differently in a

planktonic state or when forming biofilms, and there is currently
limited information on its efficacy on biofilm-embedded bacteria,
with only a few studies available (Meeker et al., 2016; Knafl et al.,
2017; Di Pilato et al., 2020), some of them in animal models
(Darouiche and Mansouri, 2005; Baldoni et al., 2013). In some
cases, the efficacy of dalbavancin or vancomycin has been shown
to be low, with less than an order-of-magnitude decrease in viable
counts of staphylococci (Kussmann et al.,, 2018). Thus, recent
work has proposed the combination of antibiotics and biofilm-
detaching compounds to treat biofilm-mediated infections (Chen
et al,, 2013; Roy et al,, 2018), but this strategy has currently not
been tested with dalbavancin. In addition, there is conflicting
evidence about the comparative efficacy of dalbavancin and
other antibiotics of common clinical use in staphylococcal
infections, such as vancomycin (Darouiche and Mansouri, 2005;
Kussmann et al., 2018).

Recently, we evaluated biofilm inhibition and induction in
S. aureus and S. epidermidis strains using 10 conventional
antibiotics and suggested that impedance-based real-time cell
analysis (RTCA) could facilitate determination of antibiotic
sensitivity when bacteria grow in biofilms, resulting in faster and
more accurate assays and therefore more efficient antimicrobial
therapy (Ferrer et al., 2017b). The aim of the current study was
to describe the effectiveness of dalbavancin to prevent in vitro
biofilm formation of staphylococcal strains (both sensitive
and methicillin-resistant isolates) and compare its effect with
other antibiotics that are frequently used in clinical practice
against indwelling device-related infections. Our biofilm growth
measurements were performed by impedance-based cell analysis
and confirmed by more classical tests such as crystal violet
(CV) staining and counting of colony-forming units (CFUs).
In addition, the effect of two biofilm-disaggregating molecules,
NAC and ficin, was tested in combination with the antibiotic,
to evaluate the potential synergy of a combined therapy to treat
staphylococcal biofilm infections.

MATERIALS AND METHODS

Bacterial Strains and Growth Conditions
Supplementary Table S1 lists bacterial strains used for this
study. Staphylococcal strains were grown on tryptic soy agar
(TSA) plates and tryptic soy broth (TSB) at 37°C at 120 r.c.f.
S. epidermidis strain 43040 was isolated at the Microbiology
Department of the University of Elche (Spain), MRSA strains
were isolated at the Microbiology Department of the Alicante
General Hospital (Spain) from a catheter tip in patients diagnosed
with indwelling device-related bacteremia. S. aureus CETC 240
(S. aureus ssp. aureus Rosenbach 1884) is a biofilm-positive strain
isolated by FDA, which is methicillin susceptible, and a reference
strain recommended to test antibiotic resistance.

RTCA-Based Biofilm Analysis

Real-time biofilm analysis was performed using xCELLigence
RTCA SP equipment (ACEA Biosciences) according to the
manufacturer’s instructions. For biofilm formation assays,
bacterial strains were grown overnight in TSB and diluted with
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filter-sterilized TSB supplemented with 0.25% of D-glucose (TSB-
glu). The experiments were performed as previously described
by Ferrer et al. (2017b). Impedance data were registered at 10-
min time intervals for 20 h, and they were transformed into cell
index (CI) values, which accurately correlate with biofilm mass
(Ferrer et al., 2017a,b).

To evaluate antimicrobial efficiency on bacterial biofilms,
five antibiotics with different mechanisms of action were
tested: linezolid (Accordpharma), vancomycin (Pfizer),
cloxacillin (Normon), rifampicin (Mavi), and dalbavancin
(Angelini). One hundred microliters of each antibiotic diluted
in TSB-glu (twofold dilutions to final concentrations from
32 to 0.0625 mg/L) was used as background for impedance
measurements. Further, 100 pl of bacterial cell suspension
(ODggp = 0.175) was added, reaching a final optical density
of 0.0875. This optical density corresponds to 107-10% cells,
depending on the strain. The lowest antibiotic concentration
required to inhibit bacterial growth with a CI value < 0.05 was
considered as the minimum biofilm inhibitory concentration
(MBIC) (Bjarnsholt et al., 2013; Ferrer et al., 2017b).

To test the antibiotic effect on already-formed bacterial
biofilms, the experiments were performed as previously described
(Ferrer et al, 2017a). Briefly, 100 pl of cell suspension
(ODgpo = 0.153) was used as background. Then, 75 pl of TSB-
glu was added to each well, reaching a final ODgpp = 0.0875,
and biofilms were grown for 6 h (S. aureus 240), 7 h (S. aureus
MRSA4), or 9 h (S. epidermidis 43040), corresponding to
the exponential phase of biofilm growth of each strain at
which time the antibiotics were added (25 .l of each dilution,
reaching final concentrations from 32 to 0.0625 mg/L for each
tested antibiotic). After the addition of antibiotics, CI was
monitored for a further 20 h. Two replicates of each antibiotic
concentration sample and two negative controls were included in
each experiment.

Antibiofilm Compounds Assays

For RTCA experiments, ficin (Sigma) at concentrations of 10,
100, and 1,000 mg/L and NAC (Sandoz) at final concentrations
of 0.5, 1, 2, 4, and 8 g/L were used alone and in combination
with dalbavancin (0.5, 4, and 32 mg/L). In short, ficin and NAC
were diluted in TSB-glu to the corresponding concentrations, and
100 pl of each dilution was used as background when anti-biofilm
substances were added at the beginning of the experiment.
After the background was measured, 100 pl of cell suspensions
(ODggp = 0.175) was added into the corresponding wells, and
biofilm formation was monitored for 20 h.

When NAC and ficin were added at the exponential biofilm
growth phase, 100 pl of corresponding cell suspensions was
used as background as described above. After that, 75 pul of the
TSB-glu was added, reaching a final ODgpp of 0.0875. When
bacterial biofilm growth reached an exponential growth phase,
25 wl of the different concentrations tested for NAC or ficin
and their combinations with dalbavancin was added into the
corresponding wells. After the addition of biofilm-detaching
compounds, biofilm growth was registered for 20 h more. Two
replicates of each condition and their respective controls were
tested in each experiment.

The effect of NAC and ficin on planktonic bacterial growth was
also measured, by means of an absorbance plate reader Infinite
M200 (Tecan, Durham, NC, United States). Briefly, overnight
bacterial cultures were diluted to ODggg = 0.175, and 100 pl of
each cell suspension was added into the corresponding wells of
96-well plates. Then, 100 pl of biofilm-detaching substances was
added to the final concentrations of 10, 100, and 1,000 mg/L for
ficin and 0.5, 1, 2, 4, 8, 16, and 32 g/L for NAC. Ninety-six-well
plates were incubated at 37°C with orbital shaking at 120 rpm,
and bacterial planktonic growth dynamics were monitored for
20 h. Two replicates of each concentration were included as well
as their respective controls.

MIC Determination

To determine minimum inhibitory concentrations (MICs) of the
tested antibiotics on S. aureus and S. epidermidis strains on solid
media, the E-test (bioMerieux) method was used according to
the manufacturer’s instructions, following Baldoni et al. (2013).
Broth microdilution assays were performed in accordance with
the European Committee on Antimicrobial Susceptibility Testing
(EUCAST, 2018). MBIC (or BIC) was calculated following
Bjarnsholt et al. (2013) and Ferrer et al. (2017b).

Biofilm Quantification

In order to determine dalbavancin and ficin effect alone and in
combination on preformed MRSA4 biofilms, 175 pl of bacterial
suspension (ODggp = 0.0875) was inoculated in TSB-glu and
grown in 96-well flat-bottom Ibidi ibiTreat 1 -plates 89626 (Ibidi,
Germany). These plates are coated with a thin polymer layer in
order to assure better biofilm attachment. After 7 h of growth,
25 wl of dalbavancin, ficin, or the combination of these two
compounds was added, reaching final concentrations of 32 mg/L
and 1 g/L, and the biofilms were grown for an additional 24 h.
After that, the supernatant was discarded, bacterial cells were
washed using phosphate buffer saline (PBS, pH = 7.4) to remove
unadhered cells, and bacterial biofilms were stained using 0.1%
CV as previously described (Stepanovic et al., 2000). Biofilm
mass was quantified by an absorbance plate reader, Infinite M200
(Tecan, Durham, NC, United States), at 610 nm.

Viable Count Assay

To assess the number of viable unadhered, planktonic bacteria
and biofilm-embedded bacteria, 175 pl of MRSA4 suspension
(ODgpo = 0.0875) was grown for 7 h in triplicate in the
xCELLigence system. After that, 25 pl of ficin and dalbavancin
at the corresponding concentrations was added as described
above, and the biofilms were cultivated for an additional 24 h.
The supernatant was then collected, and serial dilutions were
prepared, using 100 il of each dilution for plating onto TSA
plates in triplicate.

To evaluate viable cell number in bacterial biofilms, biofilms
were carefully rinsed using PBS buffer to eliminate non-adhered
cells, resuspended with 200 pl of PBS and sonicated for 5 min in
order to disrupt biofilm matrix, and the serial dilutions of each
sample were plated on TSA plates in triplicate as described above
and incubated at 37°C overnight. After that, CFUs were counted,
averaged, and expressed as logj.
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Statistical Analysis

To study differences in the biofilm CI values, regression analysis
was performed by a linear model, using the function Im (library
stats) in the R statistical package (Calcagno, 2013) between 10 and
20 h of biofilm formation time. For biofilm inhibition/induction
analyses of CFUs and CV staining, experiments were performed
in triplicate with three independent repeats in each experiment.
Statistical significance was assessed using Student’s ¢-test, where
*p <0.0and ***p < 0.001.

RESULTS

Dalbavancin Effect on Staphylococcal

Biofilm Formation

Firstly, we evaluated dalbavancin’s effect on staphylococcal
biofilm formation by real-time impedance analysis when the
antibiotic was added together with the bacterial inoculum. Most
of the tested S. aureus and S. epidermidis strains had similar
biofilm growth dynamics with comparable CI (correspondent to
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FIGURE 1 | Dalbavancin effect on bacterial biofilm formation in
Staphylococcus aureus 240 (A), S. aureus MRSA 4 (B), and Staphylococcus
epidermidis 43040 (C) strains. The cell index (Cl) values are measured by
impedance in an XCELLigence equipment and correlate with total biofim
mass. Red asterisks indicate dalbavancin-free controls. Dalbavancin was
added from the beginning of the experiment at concentrations from 0.0625 to
32 mg/L as indicated in the legend. Data are the means of two replicates.

biofilm mass) values. MRSA4 was the strain with the highest
biofilm formation capacity (up to 26% higher CI than that of
MRSA2 at 20 h), while the lowest CI values were observed for
MRSAL1 (Figure 1 and Supplementary Figure S1). The real-
time dose-response experiments showed that dalbavancin is a
highly effective antimicrobial and could prevent bacterial biofilm
formation at low concentrations. The MBICs for the tested S
aureus strains were between 0.5-1 and 2 mg/L for S. epidermidis
strain 43040 (Figure 1 and Supplementary Figure S2). Table 1
shows the values of MBIC and MIC (as measured by E-tests) of
dalbavancin for S. epidermidis and S. aureus strains, indicating
that the MBIC is up to 22 times higher compared to the growth
of the same strains on agar plates.

Dalbavancin Effect on Biofilm Formation
Compared to Other Antibiotics

To further evaluate the dalbavancin effect on biofilm formation
in S. aureus and S. epidermidis strains, we compared the
effect of dalbavancin on biofilm formation to four antibiotics
with different mechanisms of action, all of them commonly
used in clinical practice: vancomycin, linezolid, cloxacillin, and
rifampicin. For these experiments, we selected the MRSA4
isolate, which showed the highest CI values compared to the
other MRSA strains (Supplementary Figure S2), together with
methicillin-susceptible S. aureus strain 240 and the clinical isolate
of S. epidermidis 43040. Figures 2A-C show the percentage of
biofilm formation inhibition/induction relative to the antibiotic-
free control for each strain (corresponding to 100% in the
graphs). Although the antibiotic effect appeared to be strain
specific, dalbavancin and rifampicin prevented biofilm formation
in a dose-dependent manner, showing higher biofilm inhibition
rates than vancomycin, linezolid, and cloxacillin. Cloxacillin was
only effective against S. aureus strain 240 and could partially
inhibit biofilm formation at some of the tested concentrations in
S. epidermidis 43040. However, none of the tested concentrations
of this antibiotic could eliminate preformed biofilm completely
in this strain or in MRSA4. In fact, the exposure of MRSA4
to low concentrations of cloxacillin (0.06-0.125 mg/L) was not
only ineffective but in fact also promoted biofilm formation
up to 20% compared to the untreated control (Figure 2B).
Additionally, neither linezolid nor vancomycin appeared to be
effective against S. aureus and S. epidermidis biofilm development
atlow concentrations, and both tested antibiotics induced biofilm
growth at concentrations <4 mg/L in strain MRSA4. It is
important to underline that the MBIC for all tested antibiotics is
considerably higher than that estimated by the traditional E-test
method (Supplementary Table S2).

Dalbavancin Effect on Established

Biofilms

It is known that some antibiotics have a limited efficacy to
penetrate in established bacterial biofilms (Jefferson et al., 2005).
For this reason, we further tested the effect of dalbavancin
on already-formed staphylococcal biofilms. In our experimental
setting, we considered established biofilms those which were
on exponential biofilm growth phase (Ferrer et al., 2017a), that
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TABLE 1 | Comparison between dalbavancin MBICs at 20 h of growth, as
determined by impedance measurements, and MICs measured by standard
E-test.

Strain MBIC (mg/L) MIC (mg/L)
Staphylococcus epidermidis 43040 2 0.094
Staphylococcus aureus 240 0.5 0.064
MRSA1 1 0.125
MRSA2 0.5 0.094
MRSA3 0.5 0.023
MRSA4 0.5 0.125
MRSA5 0.5 0.125

is, between 6 and 9 h depending on the strain, as previous
work has shown that an exopolymeric matrix is fully formed by
that time (Ferrer et al., 2017b; Gutiérrez et al., 2017). Figure 3
shows biofilm growth dynamics when different dalbavancin
concentrations were added at the exponential biofilm growth
phase. The data indicate that biofilm elimination was never
achieved, but high concentrations of this antibiotic (8-32 mg/L)
were able to reduce or fully prevent new biofilm formation

and its further development in all the tested strains. Moreover,
dalbavancin at 32 mg/L concentration was able to decrease the CI
values over 40% compared to antibiotic-free controls after 20 h of
inoculation (Figures 2D-F). The potential effect of dalbavancin
was evident in the methicillin-resistant isolate MRSA4, where
all tested concentrations resulted in biofilm growth reduction
and partial elimination. Additionally, a strain-dependent effect
was observed at low concentrations: whereas a concentration of
0.50 mg/L prevented new biofilm growth in S. epidermidis 43040,
concentrations lower than 4 mg/L in S. aureus 240 turned out to
be ineffective (Figures 2D-F, 3).

Dalbavancin Effect on Established

Biofilms Compared to Other Antibiotics

To evaluate the potential effect of dalbavancin in a
comparative way, we performed dose-response experiments
using conventional antibiotics on already-formed biofilms
(Figures 2D-F). In contrast to dalbavancin, exposure of
established MRSA4 biofilms to vancomycin, linezolid, cloxacillin,
and rifampicin had no inhibitory effect at the maximum tested
concentration of 32 mg/L. In addition, lower doses of these
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FIGURE 2 | Concentration-dependent effect of linezolid, vancomycin, cloxacillin, rifampicin, and dalbavancin on biofims in Staphylococcus aureus 240, S. aureus
MRSA4, and Staphylococcus epidermidis 43040 strains. (A-C) The antibiotics were added at the beginning of the experiment together with the bacterial inoculum.
(D-F) The antibiotics were added when biofilms were already formed, at their exponential growth phase. All charts indicate biofim formation at 20 h of growth
expressed as the percentage of cell index (Cl) compared with the control without antibiotic. Values below 100% indicate biofim inhibition, whereas values over 100%
indicate biofilm induction, in comparison with the biofilm mass achieved in the absence of each antibiotic.
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FIGURE 3 | Dalbavancin effect on established staphylococcal biofilms in
Staphylococcus aureus 240 (A), S. aureus MRSA4 (B), and Staphylococcus
epidermidis 43040 (C) strains. Dalbavancin was added at the exponential
growth phase of the biofilm (marked by black arrows) at 6 h (S. aureus 240),
7 h (S. aureus MRSA4), or 9 h (S. epidermidis 43040) at the concentrations
shown in the legend. Black asterisks indicate the antibiotic-free cell control.
Data are the means of two replicates.

antibiotics (<32 mg/L) increased biofilm formation in this
strain. The data indicate that dalbavancin was the only effective
antimicrobial showing a strong biofilm inhibition capacity for
this strain. Dalbavancin also halted new biofilm formation at
8-32 mg/L in S. aureus 240, while the other tested antibiotics
resulted in increased biofilm growth at these concentrations.
In the case of S. epidermidis strain 43040, both rifampicin
and cloxacillin were able to decrease biofilm growth at the
concentrations <8 mg/L (Figure 2F). Surprisingly, higher
concentrations of these antibiotics (8-32 mg/L) had a limited
effect in S. epidermidis 43040. The least effective antibiotic on
preformed biofilm growth inhibition was vancomycin. This
antibiotic induced biofilm formation of all tested strains (>30%
relative to the antibiotic-free controls) at 20 h of biofilm growth.

Combined Effect of Dalbavancin and

Biofilm-Detaching Compounds

For this analysis, we selected an emerging therapeutic agent
with mucolytic properties, NAC (Kundukad et al., 2017), and a
natural plant protease, ficin, which has recently been described
as an enzyme with unique properties to destroy the biofilm
matrix (Baidamshina et al., 2017). Supplementary Figure S3

summarizes the effect of both anti-biofilm compounds on the
biofilm formation of S. aureus 240, MRSA4, and S. epidermidis
43040 strains, when added at the moment of inoculation.
Graphs show that all tested NAC concentrations induced biofilm
formation in S. epidermidis 43040, while 8 g/L was able to slightly
diminish biofilm formation in both Sa240 and MRSA4 strains.
On the other hand, ficin (1,000, 100, or 10 mg/L) showed a
notable effect on S. aureus biofilms, inhibiting their formation by
47% in Sa240 and 25% in MRSA4 strains, after 20 h of biofilm
growth. On the contrary, this compound resulted in induction of
S. epidermidis 43040 biofilm formation. Thus, the effect of this
detaching compounds is species dependent.

Given that already-established biofilms are very difficult
to eradicate, we next tested whether NAC or ficin alone or
in combination with dalbavancin could have any effect on
preformed staphylococcal biofilms. Figure 4 sums up the effect
of dalbavancin and biofilm-detaching compounds separately and
in combination when they were added at the exponential biofilm
growth phase. Figures 4A-C represent CI values taken at 10 h of
biofilm development, while Figures 4D-F represent those taken
at 20 h. Dalbavancin alone at the concentration of 32 mg/L
(represented as D32) greatly diminished new biofilm formation
for all the tested strains. NAC, when administered alone on
already-formed biofilms, also had an inhibitory effect on all three
tested strains (Figure 4). However, when dalbavancin and NAC
were combined, the inhibitory effect was dramatically hampered,
and in S. aureus, it even led to biofilm induction. This suggests
that the combination of NAC and dalbavancin is antagonistic.

Ficin, when administered alone, had a significant effect in both
S. aureus strains, preventing new biofilm formation up to 52%
compared to an untreated control at both 10 and 20 h of biofilm
growth (Figures 4A-E). However, ficin had no inhibitory effect
on S. epidermidis 43040 biofilms. Interestingly, the combination
of ficin with 32 mg/L of dalbavancin on this strain produces
less inhibition than the antibiotic alone (Figure 4F), suggesting
a potential counterproductive effect of both compounds. On
the contrary, the combination of 32 mg/L dalbavancin and
1,000 mg/L ficin in S. aureus MRSA4 led to a significant
improvement of biofilm inhibition relative to the antibiotic alone
(p < 0.05) (Figure 5A), suggesting a potentiating effect. Although
ficin alone produced higher biofilm reduction (Figure 5A), the
detached cells were viable as they are not affected by this molecule
(Figure 5B). This is confirmed by an increase in planktonic cells
after ficin administration (Figure 6C). Thus, when using ficin,
an effective antibiotic is needed in order to inactivate bacterial
cells which are detached as a result of the enzyme’s activity and to
prevent further colonization.

Effect of Biofilm-Detaching Compounds

on Planktonic Bacterial Growth

To investigate if NAC and ficin only hold biofilm-detaching
properties or also have a direct antimicrobial effect on bacterial
cell growth, we further assessed the effect of both compounds on
planktonic bacterial growth. After the exposure of S. aureus 240,
MRSA4, and S. epidermidis 4340 to different NAC concentrations
(0.5-32 g L), it was observed that 8 g/L reduced bacterial growth
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FIGURE 4 | Effect on the biofilm growth of Staphylococcus aureus 240 (A,D), S. aureus MRSA4 (B,E), and Staphylococcus epidermidis strains (C,F), respectively,
of the biofilm-detaching compounds ficin (F) (1,000, 100, 10 mg/L) and N-acetyl-L-cysteine (NAC) (8, 2, 0.5 g/L), and the antibiotic dalbavancin (D) (32, 4, 0.5 mg/L)
alone or in combination. (A), (B) and (C) graphs correspond to the induction or inhibition values observed at 10 h of biofim formation shown as percentage relative
to the control, while (D), (E) and (F) to 20 h of biofilm growth, respectively. On the X axis, zero corresponds to biofilm mass of antimicrobial-free controls at 10 and
20 h of biofilm growth on an xCELLigence 96-well plate.

over 50%, indicating that this compound alone has a strong
antimicrobial effect. Bacterial growth was fully eliminated when
the NAC concentration reached 32 g/L (MIC for all tested strains)
(data not shown). On the contrary, none of the tested ficin
concentrations (1,000, 100, and 10 mg/L) affected planktonic
bacterial growth, indicating that ficin has a proteolytic effect
only on the biofilm exopolymeric matrix, resulting in an efficient
biofilm-embedded cell dispersal (Figure 5B).

Comparison of Impedance
Measurements With Classical Biofilm

Quantification Methods
To verify that observed changes in CI are comparable to
standard methodologies, we performed CV staining and CFUs of

MRSA4 biofilms untreated or treated with ficin and dalbavancin
alone and their combination. Figures 6A,B represent optical
density measurements at 24 h of biofilm growth when ficin
and dalbavancin were added. The addition of dalbavancin alone
significantly decreased the number of adhered bacterial cells on
96-well plates. Reduced staining in the wells was also observed
in cases where ficin was added alone and in combination with
dalbavancin, confirming our previous observations of the ability
of ficin to detach bacterial cells from biofilms. We also performed
viable cell counting in both biofilm and unadhered bacterial
cells in supernatants (Figure 6C). CFU counts showed that
the viability of biofilm-embedded cells and planktonic cells was
significantly affected by dalbavancin alone. When ficin was added
alone, cell viability was not affected and a lower number of
bacterial cells were observed in biofilms, together with a higher
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dalbavancin (marked as D32) on preformed MRSA4 biofims as measured by
CV staining and viable CFU counting. (A) MRSA4 biofilm quantification by CV
in flat-bottom 96-well Ibidi plates, performed by duplicate. (B) Biofim
formation capacity after different treatments and CV staining (measured as
optical density). Data show average values from three biological replicates.
(C) Bacterial viability of biofilm and planktonic MRSA4 cells after treatment by
ficin, dalbavancin, and their combination for 24 h. Data show the average of
log CFUs from three replicates. Statistical significance was assessed by t-test;
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number of planktonic cells compared to the untreated control.
These observations confirm the lack of antimicrobial properties
of ficin and its biofilm-disaggregating activity. On the other hand,

when ficin was added together with dalbavancin, the viability of
both biofilm and unadhered cells decreased almost three orders
of magnitude in biofilm cells and two orders of magnitude in
unattached cells, showing a potentiating effect and suggesting
that ficin increases the susceptibility of biofilms to this antibiotic.

DISCUSSION

Biofilm-forming capacity of staphylococcal strains contributes
enormously to the pathogenesis of implant-associated infections,
protecting these opportunistic pathogens from both immune
system attack and antibiotic treatment (Gries and Kielian, 2017).
Dalbavancin has already been described as an antibiotic with a
potent in vitro bactericidal activity against many gram-positive
pathogens, including MRSA and MRSE, in a planktonic mode of
growth (Chen et al., 2007). However, the effect of dalbavancin on
bacterial biofilms remains unclear as it has only been tested in a
few occasions by using standard methods such as CV staining
or MIC determinations (Fernandez et al., 2016; Knafl et al.,
2017). The impedance-based method performed in the current
manuscript allows studying of the dynamics of biofilm formation
and therefore the extent of biofilm reduction at different time
points, obviating the need to select for a specific endpoint
(Ferrer et al., 2017b). In this study, we evaluate the dalbavancin
effect on the pattern and dynamics of in vitro biofilm growth
in one S. epidermidis and six S. aureus strains and compare its
efficacy to four different conventional antibiotics used in clinical
practice (vancomycin, cloxacillin, linezolid, and rifampicin).
Our experiments prove that dalbavancin and rifampicin were
the best therapeutic agents against S. aureus and S. epidermidis
biofilm formation in a dose-dependent manner when added
at the beginning of biofilm growth. Interestingly, the superior
efficacy of these two antibiotics is not related to their mechanisms
of action, as rifampicin inhibits RNA polymerase (Campbell
et al.,, 2001) and dalbavancin interferes with bacterial cell wall
synthesis (Chen et al., 2007). Although rifampicin has been
used in clinical practice against staphylococcal biofilm-related
infections for almost three decades (Zimmerli and Sendi, 2019),
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this antibiotic should be administered carefully because of the
danger of rapid emergence of rifampicin-resistant bacteria
(Raad et al, 2007; Zhou et al., 2012). Thus, dalbavancin
emerges as a promising solution in the fight against
device-related infections, confirming the promising results
obtained in animal models (Darouiche and Mansouri, 2005;
Baldoni et al., 2013).

The impedance measurements performed in the current work
show that, once the biofilm is formed, dalbavancin was the
only tested antibiotic which could arrest new biofilm formation
and prevent its further development in methicillin-resistant
isolate MRSA4 and was effective in Sa240 and Se43040 at the
concentrations of 8-32 mg/L. The other tested antimicrobials
not only lacked an inhibitory effect on already-formed biofilms,
but they also caused an induction of biofilm formation
(Figures 2D-F). Given that some of these antibiotics have been
shown to be able to penetrate through thick biofilms, their
lack of inhibition could be due to a low metabolic activity
of biofilm-embedded cells, which is known to decrease their
susceptibility to antibiotics (Jefferson et al., 2005; Jacqueline and
Caillon, 2014; Lopatkin et al., 2019). Thus, our data suggest
that dalbavancin may act on established biofilms more efficiently
than linezolid and vancomycin, which are among the most
common antibiotics clinically administered for biofilm infections
caused by S. aureus and S. epidermidis (Choo and Chambers,
2016). This may be facilitated by its mechanism of action,
because this antibiotic not only inhibits bacterial cell wall
synthesis but has also an ability to bind to bacterial membranes
(Chen et al., 2013).

Given that even dalbavancin showed a limited efficacy to
eradicate already-established biofilms, an effort was made to
investigate its combined effect together with ficin and NAC,
which have been reported to have biofilm-detaching properties.
Unexpectedly, in vitro interactions between dalbavancin and
biofilm-detaching compounds in preformed biofilms showed a
dose and species-dependent effect (Figure 4). For example, the
combination of NAC at concentrations of 8, 2, and 0.5 g/L
with 32 mg/L of dalbavancin showed a decreased efficiency in
inhibiting S. epidermidis 43040 biofilms compared to dalbavancin
alone. This indicates that the combination of biofilm-detaching
and antimicrobial compounds should be carefully tested in order
to predict its combined effect.

We also observed that NAC had a direct antimicrobial effect
on planktonic cells, while ficin did not inhibit bacterial growth
at any of the tested concentrations (Figure 5B). This suggests
that ficin is able to detach S. aureus biofilms by targeting only
the biofilm matrix structure, in contrast to NAC. This should
be considered when designing combined treatment strategies.
For instance, our data demonstrate that ficin in combination
with dalbavancin at final concentrations of 1,000 and 32 mg/L,
respectively, showed an enhanced efficiency in the eradication
of established MRSA4 biofilms compared to dalbavancin alone
(Figure 5A). Although ficin alone provided an even greater
biofilm reduction, its lack of antimicrobial activity implies that
detached biofilm cells without the presence of an appropriate
antibiotic could reach the bloodstream and result in serious
medical complications. Therefore, we propose the combination

of both a biofilm-detaching compound and an efficient antibiotic
for maximal efficiency.

Altogether, the observations from the current manuscript
show that dalbavancin has a strong activity against staphylococcal
biofilms in vitro, making this antibiotic a promising agent to
combat biofilm-mediated infections. Although its effect on
already-formed biofilms is limited, ficin appears to intensify
its efficacy, and the combination of dalbavancin with this
or other disaggregating compounds should be further
studied in the future. The differences obtained between
agar-grown and biofilm-grown cultures underline that the
use of appropriate biofilm susceptibility tests, such as those
provided by impedance measurements, may offer a more
accurate alternative for the selection of fast and individualized
antibiotic treatment. Whether the use of impedance-based
biofilm susceptibility tests allow earlier discharge from the
hospital and lower rates of treatment failure should be clinically
evaluated in the future.
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Cannabigerol (CBG) is a non-psychoactive cannabinoid naturally present in trace
amounts in the Cannabis plant. So far, CBG has been shown to exert diverse activities in
eukaryotes. However, much less is known about its effects on prokaryotes. In this study,
we investigated the potential role of CBG as an anti-biofilm and anti-quorum sensing
agent against Vibrio harveyi. Quorum sensing (QS) is a cell-to-cell communication
system among bacteria that involves small signaling molecules called autoinducers,
enabling bacteria to sense the surrounding environment. The autoinducers cause
alterations in gene expression and induce bioluminescence, pigment production, motility
and biofim formation. The effect of CBG was tested on V. harveyi grown under
planktonic and biofilm conditions. CBG reduced the QS-regulated bioluminescence and
biofilm formation of V. harveyi at concentrations not affecting the planktonic bacterial
growth. CBG also reduced the motility of V. harveyi in a dose-dependent manner. We
further observed that CBG increased LuxO expression and activity, with a concomitant
80% downregulation of the LuxR gene. Exogenous addition of autoinducers could not
overcome the QS-inhibitory effect of CBG, suggesting that CBG interferes with the
transmission of the autoinducer signals. In conclusion, our study shows that CBG is
a potential anti-biofilm agent via inhibition of the QS cascade.

Keywords: biofilm, bioluminescence, cannabinoids, motility, quorum sensing, Vibrio harveyi

INTRODUCTION

Bacteria can communicate by means of signaling molecules called autoinducers (Als) in a process
called quorum sensing (QS). Quorum sensing governs several processes which are critical for
bacterial survival and allows them to respond to changes in cell density (Mukherjee and Bassler,
2019). These processes include biofilm formation, virulence factor secretion, bioluminescence,
motility, antibiotic production, sporulation and development of genetic competence (Singh et al.,
2009). Quorum sensing allows bacteria to switch between two distinct gene expression programs,
one that is favored at low cell density (LCD) for individual, asocial behaviors, while the other is
favored at high cell density (HCD) for social, group behaviors (Ng and Bassler, 2009).

The free living, marine quorum-sensing bacterium Vibrio harveyi produces at least three
Als, harveyi autoinducer 1 (HAI-1; acylated homoserine lactone; AHL), autoinducer 2
(AI-2; furanosyl borate diester), and cholera autoinducer 1 (CAI-1; a long-chain amino
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ketone (Z)-3-aminoundec-2-en-4-one) that interact with their
respective receptors LuxN, LuxP/Q and CgsS (Chen et al., 2002;
Zhang et al.,, 2012; Soni et al., 2015). The autoinducers elicit
signal transduction pathways in V. harveyi converging in the
expression of bioluminescence and biofilm formation (Waters
and Bassler, 2006). When no or low quantities of autoinducers
are present (at low cell density), the receptors autophosphorylate
and transfer phosphate to LuxO through LuxU. Phosphorylated
LuxO in combination with the sigma factor > activates the
transcription of the genes encoding five regulatory small RNAs
(qrr1-5) (Tu and Bassler, 2007). The qrr sSRNAs together with the
RNA-binding protein Hfq inhibit the translation of the mRNA
of the master QS regulator LuxR. LuxO also reduces LuxR
activity by inducing the expression of AphA (Rutherford et al.,
2011). Therefore, at LCD, LuxR protein is not produced and
there is no bioluminescence. In contrast, when the autoinducer
concentrations are high (at high cell density), the receptors switch
to phosphatases allowing for the dephosphorylation of LuxU
and LuxO. This in turn results in LuxR-mediated induction of
genes involved in bioluminescence and biofilm formation (Ng
and Bassler, 2009; Zhang et al., 2012).

Since anti-QS compounds are known to have the ability to
prohibit bacterial pathogenicity, research is currently directed
toward disrupting QS as an attractive target for the development
of novel anti-infective agents that do not rely on the use
of antibiotics (Asfour, 2018). We have previously shown
interference of the bacterial signal-transduction system by the
synthetic cannabinoid receptor agonist HU-210 (Soni et al,
2015) and the endocannabinoid anandamide (Friedman et al.,
2019). Here, we studied the anti-biofilm and anti-QS effects
of the Cannabis sativa plant component cannabigerol (CBG)
(Figure 1) using the marine biofilm-producing bacterial species
V. harveyi. The phytocannabinoids of C. sativa have been
shown to exert potential therapeutic activities in mammalians
(Turner et al., 2017). Specifically, CBG exerts anti-inflammatory,
neuroprotective and anti-tumor properties (Eisohly et al., 1982),
and has been shown to be effective in the treatment of glaucoma,
psoriasis, dry-skin syndrome and pain (Olah et al.,, 2016). In
addition, it elicited hyperphagia (Brierley et al, 2016) and
attenuated colitis (Borrelli et al., 2013) in mice. On the contrary,
much less is known about its effects on prokaryotes. A previous
study showed that CBG displays antibacterial properties against
methicillin-resistant Staphylococcus aureus strains (Appendino
et al., 2008). Here we tested the anti-quorum sensing and anti-
biofilm formation potential of CBG on V. harveyi.

MATERIALS AND METHODS

Materials

Cannabigerol (CBG) (hemp isolate, 98.5% purity) was purchased
from NC Labs (Czech Republic) and dissolved in ethanol at
a concentration of 18 mg/ml. As control, respective dilutions

Abbreviations: AB, Autoinducer bioassay; Al, Autoinducer; CBG, Cannabigerol;
DPD, (S)-4,5-Dihydroxy-2,3-pentandione; LCD, low cell density; HCD, high cell
density; QS, Quorum sensing.

OH

OH
Cannabigerol

FIGURE 1 | The chemical structure of Cannabigerol (CBG).

of ethanol corresponding to the different CBG concentrations
were used. (S)-4,5-Dihydroxy-2,3-pentandione (DPD, AI-2) was
purchased from OMM Scientific Inc.

Bacterial Growth and Biofilm Formation

V. harveyi wild-type strain BB120 was obtained from ATCC
(Vibrio campbellii BAA-1116™), The mutant bacterial strains
were generously provided by Prof. B. Bassler (Princeton
University) (Table 1; Bassler et al., 1993, 1994, 1997; Freeman and
Bassler, 1999; Surette et al., 1999; Mok et al., 2003). For planktonic
growth, the V. harveyi strains were incubated aerobically in
complete autoinducer bioassay (AB) medium (300 mM NaCl,
50 mM MgSOy, 2 mg/ml Casamino acids, 0.5 mM L-arginine,
20 pg/ml thiamine, 2 pg/ml riboflavin, 5 mM potassium
phosphate and 0.5% glycerol; pH 7.5) at 30°C for 20-24 h.
For biofilm formation, the bacteria were grown in complete AB
medium supplemented with higher concentrations of thiamine
(0.3 mg/ml) and riboflavin (0.3 jug/ml).

DNA Quantification by Quantitative (q)
PCR

DNA extraction and quantification were performed as previously
described (Periasamy and Kolenbrander, 2009; Assaf et al., 2014).
Briefly, biofilm was allowed to form in the absence or presence
of different concentrations of CBG and ethanol in polystyrene
48-well tissue culture plates (Nunc). At the end of incubation,
the growth medium was removed, and the formed biofilms were
washed twice with PBS. Then, 200 |l of NaOH (0.04 M) was
added to each well and the plates were incubated in a hot water
bath for 1 h at 60°C, followed by neutralization with 18.5 pl
Tris:HCl pH 7.0. The amount of DNA in each sample was
quantified by qPCR with specific primers for V. harveyi 16S
rRNA (Table 2) using a Bio-Rad CFX Connect Real-time system
and the Bio-Rad CFX Maestro program. The amount of DNA
in each sample was calculated according to the standard curve
obtained using known DNA concentrations of purified V. harveyi
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TABLE 1 | Vibrio harveyi wild-type (wt) and mutant strains carrying genetic defects in the quorum sensing genes.

Strain Sensor1 (LuxN) Sensor2 (LuxP/LuxQ) Al-1 Al-2 Gene References
BB120 (wt) + + + Wild-type Bassler et al., 1997
BB170 - + + JuxN—~ Bassler et al., 1993
BB152 + - + JuxM — Bassler et al., 1994
BB960 + - + + luxQ~ Bassler et al., 1994
BB886 + - + + luxP~ Bassler et al., 1994
MM77 + - - JuxM —, luxS— Mok et al., 2003
MM30 + + - luxS— Surette et al., 1999
MM32 - + - luxS—, luxN — Surette et al., 1999
JAF 375 - - + + luxQ~, luxN — Freeman and Bassler, 1999

TABLE 2 | Primers used for real-time PCR.

Gene Forward primer Reverse primer

16S rRNA GAGTTCGGTTTCTTTCAA TGTAGTTTTTCGCTAATTTC

LuxR TCAATTGCAAAGAGACCTCG AGCAAACACTTCAAGAGCGA

LuxU ATGGACTCCTACATTGGCACTT AAGCTGGCAGCACTACTTTTC
LuxS GGCGTACCAATCAAGCTCATGT CGCAGGCTTTATGCGTAATCA
LuxM ATTCTTGCCCGACTCTGGTG CAACACTTCGCAAACGGCTT

LuxP GTGGTTTACCCAGGACAGCA GTTTGTCCCACTCACGGACT

LuxN AGGTATCGGCAAAGCGTTCA ATACGGCGATCCGCTTCAAT

LuxQ GTCCAGCACCTGATGACGAT TGCCCATCGCCAGTAAACTT

LuxO TCCTAATCAAACCATGTGAAGC GATGAAGCCTTGGTAATTTTGG
aphA ATCCATCAACTCTAGGTGATAAACG CGTCGCGAGTGCTAAGTACA

Hfqg CGTGAGCGTATCCCGGTATCTAT TTGCAGTTTGATACCGTTCACAAG
qrrt CTCGGGTCACCTATCCAACTGA TCGGATCTATTGGCTCGTTCTG
qrr2 CTTAAGCCGAGGGTCACCTAGC CAATTAGGGCGATTGGCTTATGT
qrr3 CTTAAGCCGAGGGTCACCTAGC ACAAATTCGAGTCCACTAACAACGT
qrrd CCTTATTAAGCCGAGGGTCAC GTTGATTGGCGGTATATACTTGTG
qrrs GACGTTGTTAGTGAACCCAATTGTT CACAAGGTTTGTGATTGGCTGTATA

DNA. Purified DNA was extracted from an overnight culture
of V. harveyi BB120 using GenElute Bacterial Genomic DNA
kit (Sigma Aldrich, St. Louis, MO, United States) as per the
manufacturer’s instructions.

Growth and Bioluminescence of

Wild-Type and Mutant V. harveyi Strains
Overnight cultures (ODs95~0.7) of wild-type V. harveyi (BB120)
and mutant V. harveyi strains were diluted 1:200 in complete
AB medium, and 180 pl of the diluted bacterial cultures were
transferred to each well of an optic flat-bottom white 96-well
cell culture microplate (WCLEAR, Greiner Bio-One), together
with 20 pl of CBG at different concentrations. The absorbance
(ODs95) and luminescence were read in parallel every 30 min for
20 h using an infinite M200PRO TECAN plate reader. The plate
reader was kept at a constant temperature of 30°C throughout
the experiment. The luminescence values, representing quorum
sensing, were normalized by dividing them with the respective
absorbance values in order to correct for differences in growth
rates. The area under the curve was calculated for each sample
and compared with untreated control samples as previously
described (Aharoni et al., 2008; Feldman et al., 2009).

RNA Extraction

The assay was performed similarly to the method used by
Feldman et al. (2014) with slight modifications. An overnight
culture of V. harveyi (ODs595~0.7) was diluted 1:10 in complete
AB medium and incubated at 30°C under aerobic conditions

in the absence or presence of 2 pg/ml CBG for 10 h. Eight
milliliter of bacterial culture were used for each sample. At the
end of incubation, the supernatant was removed, and the cells
were washed with 2 ml of PBS and incubated with 2 ml of
RNA Protect (Qiagen, Hilden, Germany) for 5 min at room
temperature. RNA was isolated using the RNeasy MINI kit
(Qiagen) including on-column DNase digestion according to
the manufacturer’s instructions. RNA purity and quantity were
determined using Nanodrop (Nanovue, GE Healthcare Life
Sciences, Buckinghamshire, United Kingdom). Only samples
with an OD;60/OD5gp ratio of 2 and an OD49/OD;3( ratio above
2 were used for cDNA synthesis. The samples were stored at
—80°C until use.

Reverse Transcription (RT) and

Quantitative Real-Time PCR

The purified RNA was reverse transcribed into ¢cDNA using
the ¢cDNA qScript ¢DNA synthesis kit (QuantaBio). The
relative expression levels of target genes were analyzed by Bio-
Rad CFX Connect Real-time system and the Bio-Rad CFX
Maestro program. Power Sybr Green PCR Master mix (Applied
Biosystems) was used to amplify the genes of 10 ng cDNA per
well in combination with 300 nM of respective F/R primer set
(Table 2). For each set of primers, a standard amplification curve
(critical threshold cycle vs. exponential of concentration) was
plotted, and only those with a slope around -3.2 were used for
analysis. The PCR cycle involved initial heating at 50°C for 2 min,
activation step at 95°C for 10 min, followed by 40 cycles of
amplification (95°C for 155, 60°C for 1 min), and the dissociation
curve was determined by initial heating at 95°C for 15 s, followed
by 10 s at 60°C, and 0.5 temperature increment until reaching
95°C. The expression of 16S rRNA was used for normalization
and to calculate the relative changes in target gene expression
using the 2722% method. Gene expression was expressed in
relative values, setting the expression level of the untreated
control to 1 for each gene (Assaf et al., 2014; Feldman et al., 2014).

Autoinducer Preparation

Supernatant from log-phase growing V. harveyi mutant strains
in incomplete AB medium (300 mM NaCl, 50 mM MgSOy,
2 mg/ml Casamino acids, 20 pg/ml thiamine, 2 pg/ml riboflavin;
pH 7.5) was collected, filtrated (0.22 pm) and kept at ~20°C. The
BB152 (AI-17, AI-2T) was used for obtaining AI-2, while MM30

Frontiers in Microbiology | www.frontiersin.org

May 2020 | Volume 11 | Article 858


https://www.frontiersin.org/journals/microbiology
https://www.frontiersin.org/
https://www.frontiersin.org/journals/microbiology#articles

Agawi et al.

Anti-quorum Sensing Effect of CBG

(AI-1T, AI-27) was used for preparation of Al-1. Supernatant of
MM77 (AI-17, AI-27) was used as a negative control.

Motility of V. harveyi

The motility assay was performed on soft agar plates as described
previously (Yang and Defoirdt, 2015). Briefly, after cooling
down autoclaved AB medium with 0.2% agar to 60°C, different
concentrations of CBG along with riboflavin (0.02 pg/ml) and
thiamine (0.02 mg/ml) were added and poured into small petri
dishes. Agar plates without CBG served as controls. Following
solidification, 3 pl of overnight V. harveyi culture (ODs95~0.5)
were inoculated at the center of the agar plate and incubated at
30°C for 15h. The area of the motility halo was measured using
Image ] software (National Institute of Health) and compared
with the control.

High Resolution Scanning Electron
Microscopy (HR-SEM)

Biofilms were prepared as described above with different
concentrations of CBG and corresponding ethanol dilutions.
Biofilms without CBG served as additional controls. Biofilm was
allowed to form on sterile circular glass pieces that were inserted
into the wells of 96-well microtiter plates. After a 24 h incubation,
the glass specimens were removed, rinsed with DDW and fixed in
4% glutaraldehyde for 40 min. The glass specimens were washed
again with DDW and allowed to dry at room temperature. The
specimens were then mounted on a metal stub and sputter coated
with gold prior to SEM analysis. A high-resolution scanning
electron microscope (Magellan XHR 400L, FEI Company,
Holland) was used. Three specimens from each treatment group
were prepared and examined under SEM to evaluate the effect of
CBG on biofilm formation (Louwakul et al., 2017).

Statistical Analysis

Three independent experiments were conducted and triplicate
samples were measured within each experiment. Statistical
analysis of the collected data was performed using Student’s ¢-test
in Microsoft Excel. A p < 0.05 was considered significant.

RESULTS

CBG Prevents Quorum Sensing in
V. harveyi

To explore the effect of CBG on quorum sensing of V. harveyi
(wild-type strain BB120), the bacteria were exposed to different
concentrations of CBG or the respective ethanol dilutions in
complete AB growth medium and incubated for 20 h. Untreated
V. harveyi served as an additional control. The planktonic growth
was monitored by measuring the optical density (Figure 2A),
and the induction of quorum sensing was monitored at the
same time points by measuring bioluminescence (Figure 2B).
We found that CBG at concentrations 1-20 pg/ml did not affect
the bacterial growth (Figure 2A), but significantly reduced the
bioluminescence (Figures 2B,C; 65 &= 4% inhibition; p < 0.05).
Strong inhibition was already observed at 1 pg/ml CBG,

with only a slightly higher inhibition when increasing the
concentration to 20 pg/ml (Figures 2B,C).

CBG Prevents Biofilm Formation by
V. harveyi

Bacterial biofilm formation is associated with the quorum sensing
process which can be critical for bacterial survival (Rutherford
and Bassler, 2012). To test the effect of CBG on wild-type
V. harveyi biofilm formation, the DNA content in biofilms was
quantified in the absence or presence of different concentrations
of CBG. The percentage reduction in biofilm formation was
calculated in comparison to untreated samples and samples
treated with respective dilutions of ethanol. According to the
collected data, CBG at 20 and 50 pg/ml reduced the amount
of bacteria in the biofilms to 58 & 7 and 43 £ 8%, respectively
(Figure 3A; p < 0.05). To further confirm the anti-biofilm
activity, biofilms of V. harveyi formed in the absence or presence
of 20 pg/ml CBG or respective ethanol dilutions were examined
under a scanning electron microscope (SEM) at a magnification
of x1000-5000. As can be seen from Figure 3B, the biofilm
biomass in the CBG-treated group was strongly reduced in
comparison to control samples. Moreover, the structure of
CBG-treated biofilm was altered. The control biofilms appeared
homogeneously and firmly aggregated, while biofilm exposed to
CBG appeared as dispersed small aggregates and several single
cells (Figure 3B).

CBG Reduces the Motility of V. harveyi

Motility is another potent virulence factor which has been
shown to be associated with quorum sensing (Yang and Defoirdt,
2015). Therefore, the effect of CBG on the motility of wild-
type V. harveyi was studied. The motility halos decreased with
increasing concentrations of CBG in a dose-dependent manner
(Figure 4A). Quantification of motility area showed a 74 £ 5 and
97 £ 1% reduction in motility in the presence of 20 and 50 pLg/ml
CBG, respectively (Figure 4B; p < 0.05). Ethanol as high as 2%
had no effect on the motility (Figure 4B).

CBG Antagonizes the Quorum Sensing

Signals Delivered by the Autoinducers

In order to study whether CBG interferes with the quorum
sensing signals delivered by the autoinducers, we exogenously
added autoinducers to autoinducer-deficient mutant strains and
exposed them to CBG. The bioluminescence vs. planktonic
growth was monitored each 30 min for a total period of
20 h. As expected, almost no bioluminescence was emitted by
the double luxM, luxS null mutant MM77 lacking both AI-
1 and AI-2 (Figure 5A, black line). Exogenously added AI-2
induced a strong bioluminescence response (Figure 5A, brown
line), while AI-1 caused a more moderate increase (Figure 5A,
green line). This is in line with the findings of Anetzberger
et al. (Anetzberger et al, 2012). Importantly, the addition
of CBG led to a 47.6 £ 53 and 632 + 1.6% reduction
of the AI-1 and AI-2-induced bioluminescence, respectively
(Figures 5A,B, orange and red lines/columns). Similarly, CBG
inhibited the AI-1-induced bioluminescence in the luxM null
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curve (AUC) of the graph presented in (B) N = 3, *p < 0.05.
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using primers for 16S rRNA. N = 3. *p < 0.05. (B) Scanning electron microscopy of biofilms formed by wild-type V. harveyi in the presence or absence of 20 ug/ml
CBG. 0.1% Ethanol (EtOH) served as vehicle control. Two different magnifications are shown (x1000 and x5000).

BB152 (AI-17, AI-27) strain (Figure 5C) and the DPD-induced
bioluminescence in the luxS null MM30 (AI-1T, AI-27) strain
(Figure 5D). DPD is a precursor of AI-2 that spontaneously
cyclizes into AI-2 (Papenfort and Bassler, 2016).

CBG Increases LuxO Expression and
Activity

Since quorum sensing cascade is tightly regulated, where LuxO
antagonizes the master regulator LuxR (Mukherjee and Bassler,
2019), it was querying to explore changes in the expression
of quorum sensing-related genes following CBG treatment. To
this end, wild-type V. harveyi was incubated in the absence or
presence of 2 pg/ml CBG for 10 h, and the RNA was extracted
for real-time PCR analysis. We observed that both the luxU
and luxO gene expression were strongly induced (x3.5-4.5-fold
induction) (Figure 6A). Also, the LuxO-regulated genes aphA,
hfq, and grr1-5, were strongly upregulated (x3-6-fold induction)
(Figure 6A), indicating increased LuxO activity in the presence

of CBG. The strong increase in the regulatory small RNAs of
the grr family, explains the strong repression observed in [uxR
expression (80 £ 2% reduction; Figure 6B; p < 0.05). The
simultaneous upregulation of AphA further antagonizes LuxR
gene and protein expression (Mukherjee and Bassler, 2019). The
expression of QS genes coding for autoinducer synthases (luxM,
luxS) and receptors (luxN, luxP, luxQ) are shown in Figure 6C.
The luxQ gene was highly induced, while luxM, luxN, and luxP
were modestly induced. CBG had barely any effect on the luxS
gene expression (Figure 6C).

The Use of Quorum Sensing Mutants of

V. harveyi to Delineate the CBG Action
Mechanism

In a further search for understanding the anti-quorum sensing
activity of CBG, we used different mutants of V. harveyi deficient
in autoinducer production and/or autoinducer receptors. The
bioluminescence vs. planktonic growth was studied for each
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strain in the absence or presence of 1 or 2 pg/ml CBG (Figure 7).
The luxM null strain lacking AI-1 showed a slightly reduced
response to CBG in comparison to wild-type (Figure 7A vs.
Figure 2B), whereas the /uxS null strain lacking AI-2 showed
almost no response to CBG (Figure 7B; p < 0.05). These
findings suggest that CBG predominantly antagonizes AI-2,
which is the major autoinducer during the exponential growth
phase of V. harveyi (Anetzberger et al, 2012). Interestingly,
mutants lacking either [uxP or I[uxQ, which are the two
components making up the AI-2 receptor, showed similar, and
even stronger, reduction in bioluminescence in response to CBG
in comparison to wild-type (Figures 7C,D), suggesting that CBG

acts downstream to this receptor. It should be noted that AI-2
acts only on the LuxP/Q receptor in V. harveyi (Pereira et al,,
2013), and no bioluminescence induction was observed when
AI-2 was exogenously added to the JuxP or luxQ null mutants
(data not shown). In contrast to the AI-2 receptor null mutants,
the mutant lacking [uxN, the receptor for AI-1, and the mutant
lacking both luxN and luxQ, showed diminished response to CBG
(Figures 7E,F; p < 0.05), suggesting that LuxN is a major receptor
targeted by CBG.

To get a better understanding of the consequences of the
elimination of one or more components of the autoinducers
and/or their receptors, the relative bioluminescence of each
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FIGURE 5 | CBG antagonizes the quorum sensing signals delivered by autoinducers. (A) The relative bioluminescence of luxM, luxS double mutant MM77 (Al-17,
Al-27) strain was measured over time in the absence or presence of Al-1, Al-2 and/or 1 pg/ml CBG. The bioluminescence was corrected for differences in bacterial
growth by simultaneously measuring the optical density at 595 nm. (B) The relative bioluminescence as determined by the area under the curve (AUC) of the graph
presented in (A) N = 3, *p < 0.05. (C) The relative bioluminescence as determined by the area under the curve (AUC) of JuxM null mutant BB152 (Al-1-Al-27)
exposed to Al-1 and/or 1 pg/ml CBG. N = 3. *p < 0.05. (D) The relative bioluminescence as determined by the area under the curve (AUC) of JuxS null mutant
MM30 (Al-1+Al-27) exposed to the Al-2 precursor DPD (10 wM) and/or 1 wg/ml CBG. N = 3, *p < 0.05.

mutant strain was compared. The luxM null lacking AI-1 showed
a 40% reduction in bioluminescence in comparison to wild-
type, while the luxS null lacking AI-2, showed more than 98%
reduction in bioluminescence (Supplementary Figure S1), again
pointing to a major role of AI-2 vs. AI-1. The luxS, luxN
double mutant that are deficient in both the AI-1 and AI-2
pathways showed almost no bioluminescence at all, as expected
(Supplementary Figure S1). The luxP and luxN null mutants
showed earlier and stronger bioluminescence (140% increase)
than the wild-type (Supplementary Figure S1), a finding that
suggests that even in the presence of autoinducers, these receptors
still exert, to a certain extent, an agonistic action on LuxU/LuxO
(Mukherjee and Bassler, 2019). LuxQ null, showed an earlier
onset of bioluminescence, but similar total bioluminescence than
the wild-type (Supplementary Figure S1). Of note, the luxN,
luxQ double knockout mutant showed lower bioluminescence
than the luxN single null mutant (Supplementary Figure S1),
indicating that the two autoinducer receptors act in a mutual
regulatory interplay. The latter may explain how can LuxN

indirectly affect AI-2 signaling and, in thus, demonstrate how the
action of CBG can depend on both AI-2 and LuxN.

DISCUSSION

Since bacterial biofilm formation is a major virulence
factor that impedes the control of pathogenic bacteria
and the treatment of pertinent bacterial infections, much
research has been conducted to find alternatives to current
antibiotic therapy (Asfour, 2018). The quorum sensing
system in V. harveyi has been extensively studied and quite
well defined (Mukherjee and Bassler, 2019), making it a
good model system for studying the anti-QS properties of
the Cannabis compound CBG. The QS system regulates
gene expression, including virulence determinants, in
response to bacterial cell population density by means
of signaling molecules called autoinducers (Als) (Jiang
et al, 2018). Medicinal plants have received recognition
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as a new source for effective QS inhibitory substances.
Several phytochemicals and plant by-products have been
acknowledged as QS quenching agents in V. harveyi including
curcumin, flavonoids and components of cranberry (Feldman
et al, 2009; Vikram et al., 2010; Packiavathy et al., 2013;
Asfour, 2018).

In the present study, we investigated the effect of CBG on
QS-regulated bioluminescence, biofilm formation and motility
of V. harveyi. We demonstrated that CBG shows strong anti-
quorum sensing and anti-biofilm activities on V. harveyi at

concentrations that do not affect their viability. In addition,
CBG caused strong reduction in their motility. So far, the
activities of CBG have mainly been studied in eukaryotes
where it has been found to be neuroprotective, acting as an
anti-oxidant (Giacoppo et al., 2017) and exert anti-inflammatory
activities (Eisohly et al., 1982). CBG has previously been found
to display anti-bacterial properties toward clinical isolates of
methicillin-resistant Staphylococcus aureus (Appendino et al,
2008). However, its effect on the bacterial QS pathway has
remained unknown.
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The QS system in V. harveyi activates bioluminescence, and
therefore this parameter served to monitor the QS status of the
bacteria (Ng and Bassler, 2009; Soni et al., 2015). We conducted
kinetic studies that simultaneously monitored bioluminescence
and optical densities, allowing for study of the anti-QS effects
of CBG. We observed that CBG already at 1 pg/ml exhibited
more than 60% inhibition of the bioluminescence of V. harveyi.
Increasing the concentrations to 20 pg/ml did not significantly
augment the anti-quorum sensing effect, suggesting that a plateau
effect is reached with 1 pg/ml CBG. The growth of wild-type
V. harveyi was unaffected by all tested concentrations of CBG,
indicating that the effect is specifically directed against the
quorum sensing system and not against bacterial viability in the
terms of planktonic growth.

Biofilm formation is a major virulence factor that provides
the microorganisms with a survival advantage. Therefore, it

was important to study the anti-biofilm activity of CBG. We
observed that CBG indeed at its sub-MIC concentrations reduced
the amount of bacteria in the biofilms and altered the biofilm
structure. This indicates a specific anti-biofilm effect of CBG
which is unrelated to its anti-bacterial activity.

Quorum sensing has been shown to enhance the flagellar-
dependent motility of V. harveyi (Yang and Defoirdt, 2015),
and the enhanced motility plays a key role in biofilm formation
(O’Toole, 2011). Therefore, the effect of CBG on the motility
of wild-type V. harveyi was investigated. We indeed observed
that the motility of V. harveyi decreased with increasing
concentrations of CBG in a dose-dependent manner. This finding
further supports the anti-QS activity of CBG. Next, we were
interested in the molecular mechanisms involved in the anti-QS
activity of CBG. We first studied whether CBG could antagonize
the quorum sensing signals delivered by the autoinducers AI-1

Frontiers in Microbiology | www.frontiersin.org

May 2020 | Volume 11 | Article 858


https://www.frontiersin.org/journals/microbiology
https://www.frontiersin.org/
https://www.frontiersin.org/journals/microbiology#articles

Agawi et al.

Anti-quorum Sensing Effect of CBG

and AI-2. In the first series of experiments, the autoinducers
were added exogenously to autoinducer-deficient strains in the
absence or presence of CBG. The data obtained from these
studies, clearly indicate that CBG can antagonize the QS signals
delivered by both AI-1 and AI-2. When using autoinducer
mutant strains, we observed that AI-2 had a much stronger
impact on bioluminescence than AI-1 under physiological
conditions, an observation that accords with previous studies
showing that AI-2 is the major autoinducer during the early
exponential phase of V. harveyi growth, while AI-1 and CAI-1
only appears at later stages (Anetzberger et al., 2012). The luxS
null (AI-27) mutant showed 98% less basal bioluminescence in
comparison to wild-type, although it still emits bioluminescence.
The luxM null (AI-17) mutant showed a 40% reduction in basal
bioluminescence in comparison to wild-type. Interestingly, CBG
did not reduce the bioluminescence of the [uxS null mutant,
while still had a significant effect on the [uxM null mutant. This
means that the major anti-quorum sensing effect of CBG acts on
interfering with the AI-2-dependent signals.

A surprising result was the observation that the luxP and
luxQ null mutants deficient in the AI-2 receptor still responded
well to the anti-QS activity of CBG. These mutants differed
from the [uxS mutant in still showing high bioluminescence,
which might be due to the lack of agonism of the AI-2 receptor
on LuxU/LuxO. The luxP and luxQ mutants rely mainly on
the AI-1/LuxN for the induction of bioluminescence suggesting
that it is this pathway that is targeted by CBG. We observed
that the JuxN null mutant responded less well to CBG than
wild-type, providing further support that LuxN is a target of
CBG. It is worth noting that the LuxN has nine transmembrane
regions (Swem et al., 2008) and CBG is a hydrophobic molecule
(Figure 1). It could be presumed that this structure of LuxN may
facilitate the transport of the CBG molecules into the bacteria.
Another possibility is that CBG increases the agonistic effect of
LuxN on LuxU, by either increasing the LuxN kinase activity,
or preventing the LuxN-mediated dephosphorylation of LuxU.
In both cases, the response regulator LuxO will be kept active
and antagonizes the master regulator LuxR involved in biofilm
formation and bioluminescence. Indeed, gene expression studies
showed that CBG induced the gene expression of luxU and luxO
as well as the LuxO-regulated genes aphA, hfq and the small
regulatory RNAs qrr1-5, demonstrating that CBG does increase
the LuxO activity in V. harveyi. Concomitant with the increased
LuxO activity, the LuxR gene expression was strongly reduced by
CBG, which explains the anti-quorum and anti-biofilm activity of
CBG (Figure 8).
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Staphylococcus capitis is an opportunistic pathogen often implicated in bloodstream
infections in the neonatal intensive care unit (NICU). This is assisted by its ability to
form biofilms on indwelling central venous catheters (CVC), which are highly resistant
to antibiotics and the immune system. We sought to understand the fundamentals of
biofilm formation by S. capitis in the NICU, using seventeen clinical isolates including the
endemic NRCS-A clone and assessing nine commercial and two modified polystyrene
surfaces. S. capitis clinical isolates from the NICU initiated biofilm formation only
in response to hyperosmotic conditions, followed by a developmental progression
driven by icaADBC expression to establish mature biofilms, with polysaccharide being
their major extracellular polymer substance (EPS) matrix component. Physicochemical
features of the biomaterial surface, and in particular the level of the element oxygen
present on the surface, significantly influenced biofilm development of S. capitis. A lack
of highly oxidized carbon species on the surface prevented the immobilization of
S. capitis EPS and the formation of mature biofilms. This information provides guidance
in regard to the preparation of hyperosmolar total parenteral nutrition and the engineering
of CVC surfaces that can minimize the risk of catheter-related bloodstream infections
caused by S. capitis in the NICU.

Keywords: Staphylococcus capitis, biofilms, bloodstream infections, NICU, central venous catheters, surface
chemistry, oxidized surfaces

INTRODUCTION

Premature newborns given intensive care and prolonged hospitalization in the neonatal intensive
care unit (NICU) are peculiarly prone to infections, due to their immature immune system and
invasive medical procedures such as catheterization (Beck-Sague et al., 1994). Catheter-related
bloodstream infections (CRBSI) are common and occur at a rate of 1-18 infections per 1,000 central
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line days (Blanchard et al., 2013; Yumani et al., 2013; Dubbink-
Verheij et al., 2017). These infections are often associated with
significant mortality and morbidity and contribute to high
healthcare costs (Payne et al., 2004).

Staphylococcus capitis is an emerging opportunistic pathogen
causing bloodstream infections in the NICU (Wang et al., 1999;
Rasigade et al,, 2012; Cui et al, 2013; Cheong et al., 2016).
Neonatal patients infected with S. capitis often experience more
severe morbidity relative to that of non-S. capitis coagulase-
negative staphylococci (CoNS) (Ben Said et al, 2016). One
specific clone of S. capitis, NRCS-A, was found to be highly
endemic in the NICU and may have caused most S. capitis sepsis
in neonatal patients worldwide (Butin et al., 2017a,b; Stenmark
et al., 2019). In the NICU, S. capitis has been frequently isolated
from central venous catheters (CVCs) explanted from CRBSI
patients, supporting an important role of CVCs as the reservoir
of invading bacteria (Ory et al., 2019). Past studies suggested
that biofilm formation by S. capitis on medical devices such as
CVCs correlates with its potential to establish infections (De
Silva et al., 2002; Bradford et al., 2006). A direct link between
neonatal sepsis caused by S. capitis and CVC implantation,
however, has been questioned (Wang et al., 1999; Butin et al,,
2019). Regardless, the importance of medical device surfaces as
a host for bacterial colonization and biofilm formation has been
well-established (Salwiczek et al., 2014). Direct contamination
of implanted CVCs by bacteria from the NICU environment,
patients’ skin or microbial translocation from the gut, throat or
nostrils of patients, and subsequently bacterial adherence and
biofilm formation are considered the key initiating steps of CRBSI
(Hitzenbichler et al., 2017).

Antibiotic treatments of S. capitis infections in the NICU are
often suboptimal due to their intrinsic and emerging resistance
to many first-line antibiotics, and their capacity to form biofilms
on implanted medical devices (Butin et al., 2015, 2019; Zhou
et al, 2015). Biofilm formation is a self-defensive strategy
of many microorganisms to survive adverse environments
including long-term antibiotic exposure (Otto, 2008, 2013). For
members of the genus Staphylococcus, including Staphylococcus
aureus, Staphylococcus epidermidis and S. capitis, a characteristic
feature of their biofilm formation is the inter-cellular adhesion
associated with the production of polysaccharide intercellular
adhesin (PIA), a linear P-glucosaminoglycan (Poly-p-1,6-
GlcNAC) attached to the cell surface (Mack et al., 1994; Heilmann
etal,, 1996; Cui et al., 2013). The synthesis and secretion of PIA in
staphylococci depends on the gene cluster icaADBC; disruption
of icaADBC prevents cellular aggregation and biofilm formation
(Gerke et al., 1998; Vermont et al., 1998; Frebourg et al., 2000;
Galdbart et al., 2000; Arciola et al., 2001; Cui et al., 2013).

New antibiofilm strategies such as ethanol lock therapy
and impregnating catheter surfaces with antibiotics have been
recently examined in large-scale clinical trials targeting pediatric
and neonatal patients (Wolf et al., 2018; Gilbert et al., 2019).
Failure of these strategies in preventing CRBSI in young
populations highlights an urgent need for more effective
prophylaxis. This study sought to establish a comprehensive
understanding of the interactions between S. capitis and
biomaterials at the pathogen-medical device interface, and

to provide valuable insights into more effective preventative
strategies against CRBSI caused by S. capitis in the NICU.

MATERIALS AND METHODS

Strains and Growth Conditions

Seventeen S. capitis clinical isolates (isolates 6, 8, 11, 17, 18, 19,
21, 25, 44, 52, 57, 61, 70, 76, 77, 80, 91) from blood cultures of
infants at the Royal Women’s Hospital NICU (Parkville, Victoria,
Australia) with confirmed bloodstream infections were used in
this study for biofilm formation under different conditions. All
isolates except isolates 44 and 77 belong to S. capitis subsp.
urealyticus; isolates 44 and 77 belong to S. capitis subsp. capitis
(Cui et al, 2013). These isolates typify a large collection of
strains responsible for 55 episodes of sepsis in the NICU over
the period 2000-2005 (Bradford et al., 2006; Cui et al., 2013).
Eight isolates belonging to the unique NRCS-A clone (isolates
6, 8, 11, 17, 18, 19, 21, and 25), based on smal pulsed-field gel
electrophoresis (PFGE) analysis were further selected to study
interactions between S. capitis and biomaterials with different
surface characteristics (D’mello et al., 2008; Butin et al., 2017b).
Biofilm-positive S. epidermidis strain RP62A (ATCC 35984)
and biofilm-negative S. hominis strain SP2 (ATCC 35982) were
included as controls for biofilm production.

Biofilm Cultivation and Imaging

Bacterial biofilms were cultured in 96-well microplates and
quantitatively assessed using an established method (Deighton
etal., 2001). Tryptic soya broth (TSB, Oxoid), TSB with 4% NaCl,
TSB with 1% glucose, and TSB with 4% ethanol were selected
as biofilm growth media representing different environmental
cues encountered in the NICU. Nine commercially available
polystyrene microplates with different surface characteristics
were tested, including DNA-BIND (Corning), Carbo-BIND
(Corning), Universal-BIND (Corning), Not Treated (Corning),
CellBIND  (Corning), Ultra-Low-Attachment (Corning),
Immobilizer (Corning), Tissue Culture Polystyrene (TCPS)
from NUNC, and TCPS from BD Falcon. Biofilms were also
established on 96-well microplate cutouts (BD Falcon) using
TSB with 4% NaCl and qualitatively examined with confocal
laser scanning microscopy (CLSI) as described previously
(Qu et al., 2009). CLSI images were obtained on a Leica SP5
microscope. SYTO-9 (3.35 pM, 15 min, 22°C) and Alexa Fluor
555 conjugated wheat germ agglutinin (WGA, 10 pg/mL, 1 h,
22°C) were used to stain the biofilms sequentially. All biofilm
experiments for quantitative analysis were repeated at least
three times in triplicate, and qualitative assays were repeated at
least three times.

Structural Analysis of S. capitis Biofilms

The composition of S. capitis biofilms was analyzed by treating
mature biofilms with extracellular polymer substance (EPS)
matrix-disrupting chemicals/enzymes respectively, including
DNase I at 5 mg/mL, proteinase K at 100 pg/mL, and sodium
metaperiodate (NalOy) at 10 mM, for 2 h at 37°C with shaking
(75 rpm) (Qin et al., 2007). Different buffers were used to prepare

Frontiers in Microbiology | www.frontiersin.org

May 2020 | Volume 11 | Article 920


https://www.frontiersin.org/journals/microbiology
https://www.frontiersin.org/
https://www.frontiersin.org/journals/microbiology#articles

Qu et al.

Factors Effecting S. capitis Biofilms

chemical/enzymatic solutions (5 mM MgCl, and 5 mM CaCl, for
DNase I, 20 mM Tris-HCl and 5 mM CacCl for proteinase K, and
50 mM sodium acetate, pH = 4.5 for NalOy). This was to ensure
the maximum efficacy and stability of these reagents. Control
wells were treated with buffer alone. The biofilm composition
analysis assays were repeated at least three times in triplicate.

qPCR Analysis

Quantitative real-time (qQRT)-PCR was used to assess expression
of icaADBC and icaR by S. capitis after growth in TSB or
TSB with 4% NaCl at 37°C for 5.5 h (Chaffin et al., 2012).
Primers were designed based upon the ica sequence of S. capitis
isolate 6 (Genbank JF930147.1; Table 1). As an internal control,
16S rRNA levels were quantified. Relative gene expression was
determined using the 27 44T method (Schmittgen and Livak,
2008). These experiments were repeated on three different
occasions in technical triplicate.

Atomic Force Microscopy (AFM)

An Asylum Research MFP-3D atomic force microscope
(Santa Barbara, CA) was used to assess the surface topography
of the bottom of microwells in different polystyrene
microplates. Tapping mode was used for imaging in air
with ultrasharp silicon nitride tips (NSC15 non-contact
silicon cantilevers, Mikro-Masch, Spain). The tips had a
typical force constant of 40 N/m and a resonant frequency
of 320 kHz. Typical scan settings involved the use of an
applied piezo deflection voltage of 0.6-0.7 V at a scan rate
of 0.8 Hz. All images were processed (1st order flattening
algorithm) using Igor Pro software and arithmetic mean
roughness (Ra) values were extracted. The experiments were
repeated three times.

X-Ray Photoelectron Spectroscopy

(XPS) Analysis

XPS analysis was performed on the bottom of microwells
originating from 96-well microplates using an AXIS HSi
spectrometer (Kratos Analytical Ltd., United Kingdom) equipped
with a monochromated Al-Ka X-ray source at a power of 144 W

TABLE 1 | Oligonucleotide primers used in this studly.

icaR F CCATAGATATATTGGAGGGATCA
icaR R GTCCAATTATCCAGTGCACC
icaA F TATGAACCACGTGCCATGTG
icaA R CTTCATGTCCACCTTGAGCC
icaD F AGGGAGAGCTTATTCATTGCG
icaD R CTCCACGTTAAGAGCGATACG
icaB F GGATATGATCACGCAGCCTC
icaB R GCAGACACATTAGACGCCTC
icaC F CACGGTTCAAATGATAAGCGC
icaCR GAAACCGCTAAGAAGACGACC
16S rRNA F? AGCAACGCGAAGAACCTTAC
16S rRNA R° CAACATCTCACGACACGAGC

aF, forward. °R, reverse.

(12 mA, 12 kV). Instrument settings can be found elsewhere (Li
et al., 2014). XPS analysis was performed using a method similar
to that previously reported (Telford et al., 2012). Data processing
was performed using CasaXPS processing software version
2.3.15 (Casa Software Ltd., Teignmouth, United Kingdom).
Binding energies were referenced to the C 1s peak at 284.8 eV
(aromatic hydrocarbon). These experiments were repeated on
three different occasions in duplicate.

Surface Modification of Untreated

Polystyrene Microplates

Ozone treatment and diethylene glycol dimethyl ether plasma
polymer (DGpp) deposition were carried out on untreated
polystyrene surfaces (Corning Not Treated microplates) to
provide an oxidized surface chemistry. For ozone treatment,
the microplate was placed in a UV/Ozone ProCleaner™
(BioForce) and exposed for 5 min. For DGpp deposition, plasma
polymerization was carried out in a custom-built plasma reactor
described previously (Li et al., 2014). The plasma deposition of
films was performed using a frequency of 125 kHz, load power
of 50 W and initial monomer pressure of 20 Pa with a treatment
time of 120 s (final pressure 61 Pa).

Immobilization of Biofilm EPS Matrix on

Microplate Surfaces

EPS matrix was isolated from staphylococcal biofilms following
the method described by Taff et al. (2012). Biofilm matrix
supernatants (100 pwL) were added into microwells in TCPS
microplates (BD Falcon) and Not Treated microplates (Corning)
and incubated for 3 or 20 h, at 37°C with gentle shaking
(75 rpm). After washing with distilled water, the biofilm
matrices immobilized on the surfaces were stained with
Alexa Fluor 488 conjugated WGA (10 pg/mL, 1 h in the
dark) before imaging with an Olympus IX81 fluorescence
microscope. Three biological repeats were carried out for
this experiment.

Biofilm Formation and Surface
Chemistry of Pediatric Central Venous
Catheters

Pediatric double-lumen central venous catheters with blue
FlexTip® (CVCs, Arrow, Teleflex Medical, North Carolina,
United States) were pre-treated with fetal bovine serum (Sigma-
Aldrich, Sydney, Australia) overnight before biofilm growth or
surface chemistry analysis. This was to mimic the pre-exposure
of implanted CVCs to human serum in late-onset catheter
related bloodstream infections. CVCs were washed twice with
PBS and cut to sections of 5 mm for biofilm analysis or
15 mm for surface chemistry analysis. For qualitative biofilm
analysis, catheter sections were cultivated with S. capitis isolate
6 in TSB with 4% NaCl at 1 x 107 CFU/mL for 24 h,
cut open in the middle, and prepared for scanning electron
microscopy (Uwamahoro et al,, 2012). For catheter surface
chemistry analysis, all samples were suspended over the sample
bar using a mask. To analyze the interior surface of the catheter,
the double-lumen tube was cut open in the middle, and carefully
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spread flat. XPS analysis and data analysis were performed as
described before. Untreated CVCs were also tested to make
comparisons. Surface chemistry analysis of the CVC was repeated
three times in duplicate, and biofilm scanning eletron microscopy
was repeated three times.

Statistical Analyses

To analyze differences in biofilm formation under different
environmental conditions and on different surfaces, one-way
ANOVA tests were performed with Minitab 19 for Windows
using a significance level of 0.05 (p-value). Spearman correlation
test was performed to determine the strength of a monotonic
relationship between biofilm formation of S. capitis and
biomaterial surface properties.

Ethics Review and Approval

This study used strains obtained from RMIT University,
Australia. Monash University did not require the study to be
reviewed or approved by an ethics committee because these
strains were provided to the research team in isolation from
any references to individual patients. The Australian National
Statement on Ethical Conduct in Human Research covers the use
of human participants, their data, or tissues or body fluids. Using
these microorganisms was not considered subject to ethical
review by the Human Research Ethics Committee.

RESULTS

Hyperosmotic Conditions Are Essential
for S. capitis Biofilm Formation in the
NICU

BD falcon TCPS 96-well microplates were utilized for
quantitative analysis of biofilm formation by 17 S. capitis
isolates under different environmental conditions. All these
17 S. capitis isolates carry ica locus (Cui et al., 2013). Twelve out
of 15 S. capitis subp. urealyticus clinical isolates formed biofilms.
Among them, 10 isolates only produced biofilms in response
to hyperosmotic conditions (4% (w/v) NaCl) but not under
other environmental influences, such as TSB only, TSB with 1%
glucose or 4% ethanol (Figure 1A). Two S. capitis subp. capitis
(clinical isolates 44 and 77) failed to form biofilms under any
of the studied conditions. As controls, S. epidermidis RP62A
formed biofilms under all environmental conditions studied,
while S. hominis SP2 did not form biofilms under any of the
conditions (Figure 1A). Other hyperosmotic conditions such
as the presence of NaCl at 2% (w/v), KCI or MgCl, at 2-4%
(w/v) were also able to induce biofilm formation of S. capitis
(data not shown).

Quantitative RT-PCR showed that hyperosmotic treatment
stimulated expression of icaADBC in representative clinical
isolates of S. capitis, isolates 6, 80 and 91, with the mRNA
levels for the icaA, icaD, icaB, icaC genes increased by 10-60-
fold (Figure 1B).

Structural Analysis of Biofilms Formed
by S. capitis Under Hyperosmotic

Conditions

We quantitatively analyzed the composition of biofilms of
isolates 6 and 19, by challenging established biofilms with
component-disrupting chemicals or enzymes. Isolates 6 and
19 were selected as they represented two PFGE clusters after
digestion with restriction enzyme SaclIl (Cui et al., 2013). These
two clusters were responsible for 34 out of 55 episodes of S. capitis
bloodstream infections at the Royal Women’s Hospital NICU
between 2000 and 2005 (Cui et al., 2013). The addition of sodium
metaperiodate, not DNase I or proteinase K, to established
biofilms caused detachment of ~90% of the S. capitis biomass,
suggesting a major role for PIA in the integrity of mature biofilms
(Figure 2A). In order to visualize the relative mass of PIA in
S. capitis biofilms, mature biofilms were formed on TCPS cutouts
and stained with SYTO-9 and WGA. WGA is a lectin that
specifically recognizes PIA in S. epidermidis biofilms (Sanford
et al,, 1995). Three-dimensional reconstruction of CLSM images
revealed similar data from both isolates: the mass of PIA stained
with WGA (Figure 2B, red) is equivalent to the cellular mass
stained with SYTO-9 (Figure 2B, green) in biofilm structures and
the PIA forms a surface cap across the top of the cellular layer.

Features of Biomaterial Surfaces Dictate
the Formation of Biofilms by S. capitis

In the initial screening, no biofilm was formed by any of the
17 S. capitis isolates under any of the tested environmental
conditions if TCPS was replaced by polystyrene microplates
without surface treatment (Not Treated, Corning). This
observation provided an opportunity to address the features
of biomaterial surfaces that stimulates biofilm formation by
S. capitis isolates from the NICU. We tested biofilm formation of
eight S. capitis isolates of the NRCS-A clone in nine commercial
microplates from different companies (see Methods). Only the
CellBIND and TCPS microplates supported S. capitis biofilm
formation (Table 2). Contact angle measurements reflect
hydrophobicity of biomaterial surfaces, but these measurements
only weakly correlate with biofilm formation of S. capitis, as
found in this study [correlation coefficient r = —0.030, CI
(—0.810, 0.469)]. AFM traces the topography of a surface and
allows calculation of a mean surface roughness, but again only
very week correlation was found between biofilm formation and
surface roughness (Figure 3A) as measured by AFM (Figure 3B)
[correlation coeflicient r = 0.083, CI (—0.616, 0.709)]. XPS is
a surface-sensitive technique used to quantify the elemental
composition including oxygen, nitrogen and carbon content
in the outer layer of biomaterials (Table 2). Here, Spearman’s
correlation tests demonstrated a moderate correlation between
biofilm formation and surface %O [correlation coefficient
r = 0.567, CI (—0.216, 0.906)] or a strong correlation between
biofilm formation and O/C ratio [correlation coeflicient
r=0.611, CI (—0.160, 0.919)]. No such correlations were found
for other elements (nitrogen or carbon species detected by
XPS). Information regarding functional groups can be obtained
from interpreting high-resolution spectra; as carbon is typically
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FIGURE 1 | (A) Biofilm formation of 17 clinical S. capitis isolates on tissue culture polystyrene (TCPS) surfaces under different environmental conditions. Microplates
were seeded with bacteria in the indicated media, including Tryptic soya broth (TSB) only, TSB + 1% glucose, TSB + 4% ethanol, and TSB + 4% NaCl. Biofim
formation was monitored using crystal violet staining. Error bars represent standard errors of the means (SEM). (B) The indicated isolates were grown in TSB or in
TSB + 4% NaCl for 5.5 h and the expression of icaADBC and icaR at these two conditions were analyzed and compared by quantitative reverse transcription
polymerase chain reaction (RT-PCR). Isolates 8, 11, 18, 19, and 21 were also examined and showed similar results as isolates 6. Error bars represent SEM.
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the most abundant element that can be detected by XPS in
a polymer, it is often the most informative high-resolution
spectrum (Figure 3C).

Highly Oxidized Surfaces Enable
S. capitis EPS Immobilization and

Promote Biofilm Maturation
When biofilm formation was monitored in distinct untreated
polystyrene microplates two representative strains of S. capitis

(isolates 6 and 19) completed the early adherence phase of
development, but failed to network the cell clusters even
after 6 h incubation (Figure 4A). As polysaccharide was
found to be the major component of S. capitis biofilm EPS
matrix, a hypothesis was raised: a productive interaction
between S. capitis EPS and highly oxidized surface might
facilitate the networking needed for the subsequent phases of
biofilm formation by S. capitis. Matrix materials extracted from
mature biofilms of S. capitis could be immobilized on TCPS
surfaces after a short exposure of 3 h, but not on untreated
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FIGURE 2 | (A) Analysis of the matrix composition of mature biofilms formed by S. capitis. (A) Mature biofilms (20 h old) were treated with 5 mg/mL of
deoxyribonuclease | (DNase ), 10 mM of sodium periodate (NalO4), and 100 ng/mL of proteinase K for 2 h at 37°C, and the remaining biomass was assessed by
crystal violet staining. (B) Confocal Laser Scanning Microscopy (CLSM) of S. capitis biofilms (isolate 6). Three-dimensional reconstructions show the staining pattern
for polysaccharide intercellular adhesion [PIA, wheat germ agglutinin (WGA, red)] and cell mass (SYTO-9, green). The scale bar indicates the biofilm was ~20 um

thick.

TABLE 2 | Biofilm formation of S. capitis on different surfaces and their elemental composition [atomic% and atomic ratios (X/C)] derived from XPS survey spectra.

96-well microplates Biofilm formation of isolates*

% Composition Atomic ratios

Maker  Surface treatment RP62A 6 8 11 18 19 21 17 25 O1s N 1s C1s o/C N/C
Corning  DNA Bind + - - - - - - - - 57+£03* 08+£01 935+02 0.061+0.003 0.008+ 0.001
Carbo-BIND + - - - - - - - - 81+16 47 +£1.2 87.3+27 0.093+0.002 0.054 +£0.015
Universal-BIND + - - - - - - - - 62405 NA 93.8+£0.5 0.066 + 0.005 NA
Not Treated + - - - - - - - -  6.2+038 NA 93.8 +£0.3 0.066 £+ 0.004 NA
CellBIND + + o+ o+ + + + - - 209+£05 12403 779406 0.2694+0.009 0.0154 0.004
Ultra-Low Attachment + - - - - - - - - 189+£10 11.0+08 751+17 0.185+0.018 0.147 +£0.014
NUNC Immobilizer + - - - - - - - - 122+04 NA 87.8+ 0.4 0.139 £+ 0.005 NA
TCPS + + o+ + + - - 1569+0.2 NA 84.1+£0.2 0.190 &+ 0.002 NA
Falcon TCPS + + o+ + + - - 164+£03 NA 83.6 £0.3 0.196 £+ 0.004 NA
MODIFIED SURFACES
Ozone treated + + + + + + - - 119+04 NA 88.1 £ 0.4 0.135+ 0.005 NA
DGpp treated + + o+ o+ + + + - - 193+02 NA 80.7 £0.2 0.239 £+ 0.003 NA

*Only “+” and “— “ are presented here to increase the readability of the table. +: biofilm-positive, with an OD600 > 0.24, —: biofilm-negative, with an OD600 < 0.12. Average
biofilm biomass (OD600) of six biofilm-positive S. capitis strains on different surfaces were used for correlation analysis. **Presented in mean + standard deviation. NA
means there is no signal. XPS, X-ray photoelectron spectroscopy; O, oxygen; N, nitrogen; C, carbon; DGpp, diethylene glycol dimethyl ether plasma polymer.

polystyrene surface even when the exposure was extended to
20 h (Figure 4B).

Surface Chemistry of Pediatric Central
Venous Catheters and S. capitis Biofilm

Formation

To determine whether the model polystyrene surfaces are
reflective of the surface of vascular access devices, sections of
pediatric CVCs were subjected to biofilm formation and XPS
analysis (Figure 5 and Table 3). Surfaces of untreated CVCs
were found to have typical polyurethane surface chemistry (as
per manufacturer’s information), but additional properties also,
and partially supported biofilm formation of S. capitis under
hyperosmotic conditions (Table 3 and Figure 5). Both exterior
and interior surfaces of the untreated CVC contain oxygen

(10.7 £ 0.0% and 8.6 &= 0.2%, respectively) (Table 3). Exposure of
CVCs to serum increased the oxygen level of exterior and interior
surfaces to 16.9 & 0.4% and 13.2 £ 0.8%, respectively, similar to
that of biofilm-positive polystyrene surfaces, and supported more
robust biofilm growth (Figure 5).

DISCUSSION

S. capitis has been only occasionally linked to several infections
in adult patients, including infective endarteritis, prosthetic
joint infections, catheter-related peritonitis, skin and soft-tissue
infections, prosthetic valve endocarditis and meningitis (Oud,
2011; Takano et al., 2011; Basic-Jukic, 2017; Tevell et al., 2017;
Lourtet-Hascoet et al., 2018; Natsis and Cohen, 2018; Yamamoto
and Ohmagari, 2018). This opportunistic pathogen seems to have
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a greater clinical significance in the NICU, with a unique NRCS-A
clone having caused many cases of severe sepsis in hospitalized
neonates worldwide (Butin et al., 2016, 2017b). The current study
examined biofilm formation of S. capitis isolated from the NICU
and identified two key determinants that can be encountered in
this specific clinical setting, including hyperosmotic conditions
that activate the expression of biofilm operon icaADBC in
S. capitis and highly oxidized surfaces that enable S. capitis EPS
immobilization and biofilm maturation.

Biofilm formation of S. capitis has been found to be distinct
from that of other coagulase-negative staphylococci that also
cause CRBSI in the NICU (Cui et al., 2013). Using an evolutionary

model proposed by Qin et al. (2007) and data from Cui et al.
(2013), we determined that biofilm formation of S. capitis isolated
from the NICU was still at an early-mid stage in evolution:
the majority of isolates are biofilm-positive through their ability
to secrete sufficient PIA (ica+, PIA+); several isolates are able
to express ica gene in response to hyperosmotic stimuli, but fail to
produce PIA or form biofilms (ica+, PIA—). This is not surprising
as the NICU was first introduced in 1960s and the evolutionary
driving forces arising from the selection pressure of antibiotics for
S. capitis are relatively contemporary. The (ica+, PIA-) phenotype
has been previously characterized: isolate 17, for example, has a
small deletion that removes three hydrophobic amino acids from
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FIGURE 4 | Characterization of biofilm development of S. capitis isolates 6 and 19 on tissue culture polystyrene (TCPS) and Not Treated surfaces. (A) Biofilm
development on the Not Treat surface in the first 6 h monitored by crystal violet staining and light microscopy. S. capitis isolates 6 and 19 failed to network their
microcolony structures and form biofilms on Not Treated surfaces. S. epidermidis RP62a, used as a control, formed typical macrocolonies on the Not Treated
surface at 6 h. Scale bar = 20 wm. (B) Biofilm matrix of S. capitis isolates 6 and 9 was extracted, and the soluble extract was incubated with either TCPS or Not
Treated surfaces, followed by wheat germ agglutinin (WGA) staining and fluorescence microscopy. Scale bar = 100 pm.
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FIGURE 5 | S. capitis biofilm growth on pediatric central venous catheters (CVCs). (A) A cross-section of the double-lumen central venous catheter is shown,
denoting the exterior surface (a), and interior surfaces (b). (B) CVCs were pre-treated with or without fetal bovine serum (FBS) overnight. After cultivation with
S. capitis isolate 6, catheter sections were prepared for scanning electron microscopy; representative micrographs show robust biofims on surfaces of
serum-treated CVCs that contain high percentages of oxygen element. Scale bar = 0.5 mm (cross sections images) or 6 um (other images).

one of the critical transmembrane segments in IcaA, which would =~ might have been involved. Carter et al. (2018) recently reported
prevent IcaA assembly in the membrane and thereby prevent that in contrast to the majority of NICU-associated S. capitis
PIA production and biofilm formation (Cui et al., 2013). It is isolates that harbor embp, 2 out of 29 neonatal S. capitis clinical
also possible that other ica-independent molecular mechanisms isolates lack this gene. Embp encodes a multifunctional cell
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TABLE 3 | Elemental composition [atomic% and atomic ratios (X/C)] of pediatric CVCs derived from XPS survey spectra.

CVCs Surfaces % composition Atomic ratios
Si2p S2p C1is N 1s O1s Ba 3d Na 1s o/C N/C
Untreated Exterior 5.2 +0.0* NA 80.7 £0.2 35+0.2 10.7 £ 0.0 NA NA 0.132 £ 0.000  0.043 £ 0.003
Interior 1.3+01 0.2+ 0.0 85.8+0.3 4.0+ 0.1 8.6+0.2 0.2+ 0.0 NA 0.100 £ 0.002 0.046 + 0.001
Serum-treated Exterior 9.4 +£11* NA 69.7 1.1 3.8+05 169+ 04 NA 0.1+£0.0 0.243 £ 0.010 0.055 + 0.006
Interior 21+0.0 NA 774 +£1.4 6.9+ 0.7 13.2+0.8 NA 0.4+0.0 0.170 £ 0.013 0.089 + 0.010

*Presented in mean + standard deviation. NA means there is no signal. CVC, central venous catheter; XPS, X-ray photoelectron spectroscopy; Si, silicon; S, sulfur;

C, carbon, N, nitrogen,; O, oxygen; Ba, Barium,; Na, sodium.

surface fibronectin binding protein and is critical for biofilm
formation of S. capitis (Carter et al., 2018).

Unlike its close relative S. epidermidis that forms biofilms
under many environmental conditions, S. capitis from the NICU
appears to produce biofilms only under specific conditions. Most
S. capitis isolates from the NICU require hyperosmotic condition
for the activation of icaADBC and biofilm formation. Total
parental nutrient (TPN) is frequently used in the NICU and
might be the major source of hyperosmolarity. TPN has an
osmolality up to 900 mOsm/L, ~3 times that of physiological
saline (Boullata et al., 2014). Previous studies have listed infusion
of TPN as an independent risk factor for biofilm-related CRBSI
in the NICU (Beck-Sague et al,, 1994; Boullata et al., 2014).
Other infusates that might confer hyperosmolarity in the NICU
include 3% NaCl solution that are occasionally used for the
management of hyponatremia. Our study has also found that
an osmolarity as low as twice that of physiological saline readily
induced biofilm formation of S. capitis. Preventing S. capitis
infections by manipulating the osmolarity of infusates in the
NICU is thus less feasible.

A more practical strategy to prevent CRBSI in the NICU is to
use non-permissive biomaterials for CVCs. We focused on the
interaction between S. capitis and biomaterial surfaces. Although
silicone and polyurethane are often preferred biomaterials
for implantable medical devices including CVCs, we used
polystyrene microplates to establish screening conditions to
understand the formation of biofilms by S. capitis. The
uniform sized and flat surfaces of these polystyrene microplates
provided an ideal platform for quantitative and physicochemical
analysis of biofilm formation. The available knowledge of how
these commercially available surfaces are fabricated from the
manufactures allows us to comparatively analyze surfaces that
have different biological responses.

Analysis of the surface hydrophobicity and topography did
not reveal differences in the surfaces examined that would
explain the success or failure of biofilm formation. These findings
are consistent with studies by others that found no significant
correlation between biofilm formation of S. epidermidis and
S. aureus and the contact angle, free energy, or roughness
of biomaterial surfaces (Tidwell et al., 1997; Gottenbos et al.,
2001; Hook et al., 2012). Surface chemistry however seems to
play a critical role in the biofilm formation of Staphylococcus
spp. (Hook et al., 2012; Mikulskis et al., 2018). We show that
oxygen species present in the surface layer are essential for

biofilm formation of S. capitis: deliberate derivatization with
oxygen species was necessary and sufficient to convert a surface
that was non-permissive for biofilm formation into one which
supported biofilm growth.

It has been proposed that surface cell growth correlates
better to specific oxygen-containing functionalities than total
oxygen content of a substratum (Tidwell et al., 1997; Hook
et al,, 2012). With the knowledge of how these surfaces are
fabricated, and comparing O/C values presented in Table 2 and
the high-resolution C 1s spectra (Figure 3C), it is expected
that biofilm formation is also dependent on how the oxygen
is presented at the surface, i.e, the functional groups. For
example, surfaces of NUNC Immobilizer (O/C = 0.14) and
Ozone treated (O/C = 0.14) microplates have almost identical
concentrations of O, but biofilm formation occurs only in the
Ozone treated microplate. A significant difference between these
two microplates is the local environment of the O species
on the surface which is influenced by how the oxygen was
introduced to the surface. Ozone treatment of polystyrene
surfaces is a non-specific modification that introduces a range
of O species such as C-O, C = O, O-C-O, and O-C = O. This
observation applies to all the surfaces that tested positive for
biofilm formation in this study, as alternative discharge-based
strategies employed herein such as Corona-gas treatment used
for the CellBIND surface (as per manufacture’s specification) are
non-specific. In contrast, biofilm-negative NUNC Immobilizer
is described by the manufacturer as presenting an ethylene
glycol spacer and a stable electrophilic group, i.e., the surface
chemistry is well-defined. The surface of Corning Ultra-Low
Attachment microplate, which presents one of the highest values
for O/C (0.19) is another well-defined biofilm-negative surface,
described as having a covalently bound hydrogel layer (as per
manufacture’s specification), with the elemental quantification
and C 1s spectrum suggesting a significant amount of amide
groups present on the surface. All these suggest that surface
treatments that introduce sufficient oxygen species in a non-
specific manner result in biofilm formation. Findings derived
from model polystyrene surfaces are further supported by
experimental results from pediatric CVCs. Exposure of CVCs
to serum significantly increased the oxygen composition of the
surfaces, possibly due to the deposition of a conditioning film
of host serum components, including proteins and electrolytes
on the CVC surfaces. Such a conditioning film facilitates biofilm
formation of S. capitis.

Frontiers in Microbiology | www.frontiersin.org

May 2020 | Volume 11 | Article 920


https://www.frontiersin.org/journals/microbiology
https://www.frontiersin.org/
https://www.frontiersin.org/journals/microbiology#articles

Qu et al.

Factors Effecting S. capitis Biofilms

To address the detailed role of surface oxygen species in the
biofilm formation of S. capitis, we further assessed the interaction
between S. capitis biofilm EPS and biomaterial surfaces. It is well-
known that EPS matrix plays an important role in the stability
and antimicrobial resistance of mature biofilms (Flemming and
Wingender, 2010). By biochemically dissecting the composition
of S. capitis biofilms, we found PIA to be the predominant
component of EPS matrix. This was further confirmed by
high-resolution imaging using CLSM and PIA-specific staining.
A specific binding between oxygen species and PIA was found:
only on highly oxidized surfaces does PIA function as a crucial
surface-binding adhesin, networking microcolonies and enabling
the maturation stages of biofilm formation; otherwise similar
surfaces were non-permissive to biofilm development.

Given the importance of biofilm formation in hospital-
acquired infections, a deep understanding of the role that surface
chemistry plays in this microbial developmental process offers
opportunities for novel interventions. Based on our findings,
we conclude that reducing the level of oxygen species on the
biomaterial surface, for examples, using low-fouling surfaces for
CVCs against protein adsorption (Salwiczek et al., 2014), as well
as avoiding hyperosmotic treatments wherever possible would be
a strategy to minimize infusion- and catheter-related S. capitis
infections in the NICU. An evident limitation of this study is
that it still suffers from an inability to comprehensively reflect
the complexity of in vivo conditions in the NICU. Future studies
that closely mimic the NICU environment and use CVCs with
different surface oxygen levels should be conducted to verify the
in vitro findings from this study.
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A glycosyl hydrolase produced by Pseudomonas aeruginosa, PslG, has become a
promising candidate for biofim treatment because of its ability to inhibit and disperse
biofilms by disrupting exopolysaccharide matrix at nanomolar concentrations. However,
as a protein, PsIG used for treatment may be degraded by the ubiquitous proteases
(of which trypsin-like serine proteases are a major group) secreted by human cells. This
would lead to an insufficient effective concentration of PsIG. Here, based on the result of
liquid chromatography-tandem mass spectrometry (LC-MS/MS) and structural analysis,
we generate a PsIG mutant (K286A/K433S) with greatly enhanced trypsin resistance.
This measure raises ICsg (the concentration of trypsin that can degrade 50% of protein
in 30 min at 37°C) from 0.028 mg mL~" of the wild-type PsIG to 0.283 mg mL~"
of PsIGK?286A/K433S |n addition, biofim inhibition assay shows that PsIGK2864/K433S g
much more efficient than wild-type PsIG in the presence of trypsin. This indicates that
PsIGK2864/K433S g g petter biofilm inhibitor than wild-type PsIG in clinical use where
trypsin-like proteases widely exist.

Keywords: Pseudomonas aeruginosa, biofilm, PsIG, trypsin, protease

INTRODUCTION

Biofilms are highly structured matrix-enclosed bacterial communities adherent to surfaces
(Costerton et al., 1995; Stoodley et al., 2002). Biofilm bacteria have extremely enhanced resistance
to antibiotic treatments and host immune responses compared with their planktonic living states
(Stewart and Costerton, 2001; Stewart and Franklin, 2008).

Pseudomonas aeruginosa is the most common opportunistic pathogen that causes 10-20% of
infections in most hospitals and is associated with a high mortality rate up to 61% (Bodey et al.,
1983; Kang et al., 2003). P. aeruginosa can cause both acute and chronic infections, which could
be life-threatening. Chronic infection is more difficult to eradicate because of the formation of
biofilms and elevated antibiotic resistance. P. aeruginosa has the ability to form biofilms on various
surfaces, including biotic and abiotic surfaces (O’Toole et al., 2000). For example, P. aeruginosa can
colonize on many medical implants such as catheters, ventilator tubes, and contact lenses, which
is the major cause of hospital infections (Ahiwale et al., 2011). P. aeruginosa is also the leading
cause of chronic respiratory infection and lung infections in patients with cystic fibrosis (Waters
and Goldberg, 2019). Furthermore, amounting to 60-70% contact lens-related keratitis is caused
by P. aeruginosa, which causes global blindness and visual impairment (Choy et al., 2008).
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Trypsin-Resistant PsIG as Enhanced Biofilm Inhibitor

To date, the treatment of biofilm infection in clinic is
either through mechanical debridement or use of antibiotics,
which is arduous and inefficient because biofilm bacteria exhibit
extremely high drug tolerance. Because of the critical role
of extracellular matrix in biofilm formation and development,
enzymes targeting the matrix molecules (proteins, extracellular
DNA, and exopolysaccharides) have been gaining more and
more attention for novel therapeutics (Mah and OToole, 2001;
Kiedrowski et al., 2011; Newell et al.,, 2011; Moormeier et al,,
2014; Fleming et al, 2017; Zhao et al, 2018). DNase I and
its derivative DNaselL2 have been reported to prevent biofilm
formation of P. aeruginosa and Staphylococcus aureus at early
stage (Whitchurch, 2002; Eckhart et al, 2007). A purified
B-N-acetylglucosaminidase, dispersin B, is able to disperse
biofilms formed by Aggregatibacter actinomycetemcomitans,
Staphylococcus epidermidis, and other species when supplied
alone or in synergy with cefamandole nafate (Donelli et al.,
2007; Darouiche et al., 2009). Other biofilm-degrading enzymes,
including o-amylase, lysostaphin, and alginate lyase, also
show antibiofilm activities against various pathogenic bacteria
(Alkawash et al., 2006; Kokai-Kun et al., 2009; Kalpana et al.,
2012; Singh et al., 2015; Algburi et al., 2017).

Our previous work revealed that a self-produced glycoside
hydrolase PslG efficiently prevents biofilm formation and
disassembles existing biofilms of a wide range of Pseudomonas
strains by mainly disrupting the Psl matrix, which makes PslG an
important candidate for biofilm treatment (Baker et al., 2015; Yu
etal., 2015). Subsequently, Zhang et al. (2018) reported that PslG
can affect the surface movement of P. aeruginosa. After adding
PslG to the medium, bacteria move significantly faster and in a
more random way with no clear preferred direction. Besides PslG,
other glycoside hydrolases such as PelA have also been reported
to exhibit biofilm-disrupting ability. However, compared to PelA,
PslG has more advantages. Experimental data showed that PslG
at a much lower half maximal effective concentration was more
effective than PelA (Baker et al., 2016). Also, PslG does not
inhibit bacteria growth and is non-toxic to human epithelial
cells and immune cells. Furthermore, PslG treatment sensitized
biofilm bacteria to antibiotics and thus can be used together
with antibiotics (Yu et al., 2015). Finally, to our experience,
the production of PslG is very easy because when expressed in
Escherichia coli the yield is high.

As the most potent factor for biofilm disassembly and
inhibition by far, PsIG is gaining increasing attention. Recently,
a clinic study using murine and porcine wound models showed
that PslG can be used to treat P. aeruginosa-infected wounds by
improving antibiotic efficacy and host innate immune activity
(Pestrak et al, 2019). Taken together, these results showed
that PslG has promising potential to be used in clinic to
combat biofilm-related infections, such as in burned patients,
bacterial keratitis, and respiratory system and gastrointestinal
tract infections. However, PslG has intrinsic disadvantages as a
protein, because it could be digested by the ubiquitous proteases
secreted by human cells. This may severely reduce the lifetime of
PslG, thus restricting the enzyme activity. It has been reported
that ~2% of the genes in human genome encode proteases, of
which trypsin-like serine proteases are a major group (Overall

and Blobel, 2007; Wang et al., 2018). In addition, P. aeruginosa
itself secretes several extracellular proteases such as protease
IV and Ps-1, which are important virulence factors and have
been characterized as trypsin-like proteases (Elliott and Cohen,
1986; Engel et al., 1998). Thus, development of trypsin-resistant
variant may significantly improve PslG activity in clinical usage.
In this study, we generate a liquid chromatography-tandem
mass spectrometry (LC-MS/MS) and three-dimensional (3D)
structure-based rational design of PsIG to enhance its resistance
to trypsin. By introducing double mutations K286A and K433S,
the resistance of PslG to trypsin was significantly increased, and
so was the biofilm inhibition activity in the presence of trypsin.

MATERIALS AND METHODS

Strains and Growth Conditions

Pseudomonas aeruginosa PAO1 was grown at 37°C in
Luria—Bertani (LB) broth (Becton Dickinson, Franklin
Lakes, NJ, United States) without sodium chloride (LBNS).
Biofilms of P. aeruginosa were grown at 30°C in Jensen’s
medium, a chemically defined medium (Jensen et al,
1980). E. coli BL21 (DE3) was grown in LB broth at
37°C. All the safety procedures of institution biosafety
level 2 standard were adhered to while working with
P. aeruginosa PAOL.

Plasmid Construction and Protein

Purification

Sequence encoding PslG (residues 31-442) was amplified from
P. aeruginosa PAO1 genome DNA and cloned into PGLO01, a
vector modified from pET15b with a PreScission Protease (PPase)
cleavage site for the removal of the His-tag. Plasmids expressing
PslG with single or double mutations were constructed by using
QuickChange with wild-type PGLO1-PsIG as the template (Xia
et al., 2015). The primers used for QuickChange are listed in
Supplementary Table S1.

Escherichia coli BL21 (DE3) cells expressing wild-type or
mutant PslG were cultured in LB medium supplemented with
100 pg mL~! ampicillin at 37°C until ODggo reached 0.8
and were induced overnight with 0.12 mM isopropyl B-D-
thiogalactopyranoside at 22°C. For protein purification, bacterial
cells were harvested and resuspended in binding buffer (25 mM
Tris pH 8.0, 200 mM NaCl) and lyzed by sonication. After
centrifugation at 4°C for 45 min, the supernatants were loaded
onto a nickel affinity column (Chelating Sepharose Fast Flow;
GE Healthcare, Chicago, IL, United States) and washed with
binding buffer to remove the non-specific bindings. Then, the
resins were resuspended in binding buffer and incubated with
0.12 mg mL~! PPase overnight at 4°C to remove the His tag.
After elution with binding buffer, the protein samples were
further purified by ion-exchange chromatography (Source 15Q
HR 16/10; GE Healthcare) using gradient elution with 0-1 M
NaCl, 25 mM Tris pH 8.0. Finally, the protein sample was
purified by size-exclusion chromatography (Superdex 200 10/300
GL; GE Healthcare) in buffer containing 100 mM NaCl, 10 mM
Tris pH 8.0.
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Protein Digestion and LC-MS/MS

Analysis

The sodium dodecyl sulfate (SDS) gel band of PslG was collected,
washed with water, and destained in destaining buffer containing
50% acetonitrile (ACN) and 25 mM ammonium bicarbonate.
The disulfide bonds from cysteinyl residues were reduced with
10 mM DTT for 1 h at 56°C, and then the thiol groups
were alkylated with 55 mM iodoacetamide for 45 min at room
temperature in darkness. The gel band was washed in turn
with 25 mM ammonium bicarbonate and destaining buffer. All
the liquids were removed, and the gel piece was dried in a
SpeedVac, Eppendorf, Hamburg, Gemany. The dried gel band
was reswollen and covered with 25 mM ammonium bicarbonate
containing 67 ng wL~! trypsin and was incubated overnight
at 37°C. The digestion was stopped by the addition of 0.1%
formic acid (FA). Ten microliters of the resulting sample was
loaded onto a C18 column using a gradient buffer containing
5-80% ACN and 0.1% FA. The peptides were then subjected
to MS/MS analysis using MicrOTOF-QII (Bruker Daltonics,
Billerica, MA, United States). The MS data were analyzed and
matched to the protein sequence of PsIG by Mascot search
engine version 2.3.01.

Trypsin Proteolysis Analysis

Wild-type and mutant PsIG proteins were either concentrated
or diluted to 2.7 mg mL™! with 10 mM Tris-HCl pH 8.0
and 100 mM NaCl. Trypsin from bovine pancreas powder was
bought from Sigma-Aldrich, St. Louis, MI, United States and was
made into stock solution at the concentration of 80 mg mL~!
with buffer containing 10 mM Tris-HCI pH 8.0 and 100 mM
NaCl. Working solutions of trypsin were obtained through serial
dilution using the same buffer. Equal volumes of PslG and trypsin
solutions were mixed and incubated at 37°C for 30 min. 2 x SDS
loading buffer was added to the mixture to stop the reaction. The
resulting samples were then loaded onto SDS-polyacrylamide gel
electrophoresis (PAGE), stained with Coomassie brilliant blue,
and quantified by densitometric scanning using Image] software'.
The experiments were repeated for at least three times with
similar results, and representative images are shown.

Biofilm Inhibition and Disassembly Assay

For biofilm inhibition assay, an overnight culture of PAO1
was diluted 100 times and inoculated into Jensen’s medium
containing 50 nM wild-type or mutant PsIG in a microtiter dish
(Flacon 3911). After 24 h of static growth at 30°C, the medium
and planktonic cells were discarded, and the wells were washed
three times with water. The biofilms were stained with 0.1%
crystal violet (CV) and washed three times with water. Then, the
CV bound to biofilms was solubilized with 30% acetic acid and
measured for absorbance at 560 nm. For disassembly assay, the
culture was replaced by fresh medium containing 50 nM PsIG
after 24-h growth in Jensen’s medium without PsIG. After 30-min
treatment at 30°C, the biofilm abundance was measured in the
same way. For trypsin treatment experiments, trypsin was added

Uhttp://rsbweb.nih.gov/ij/

to PslG at indicated concentrations. The sample without PslG was
used as an untreated control. For these experiments, data of three
independent repeats are shown in the figures as means =+ SD.

Structural Modeling

The structural modeling of PsIGK2864/K433S wag constructed
using online server ITASSER (Zhang, 2008; Roy et al., 2010; Yang
etal,, 2015). The final model with the highest C score was selected
from the top five models predicted. Structural alignment and
figures were made using PyMOL.

RESULTS

LC-MS/MS and Structure-Based
Selection of Proper Trypsin Cleavage
Sites

PslG is predicted to be a periplasmic protein, resembling f3-
D-xylosidases from the CAZy glycosyl hydrolase family 39
(Friedman and Kolter, 2004; Franklin et al., 2011). The full-length
protein of PslG contains 442 amino acids. The first 30 amino
acids are predicted to be the signal peptide by SignalP 5.0. In
our previous work, the crystal structure of PslG (amino acids 31-
442) was solved at 2.0 A, which consists of an N-terminal catalytic
domain and a C-terminal carbohydrate-binding domain. Glu165
and Glu276 are the key catalytic residues (Yu et al., 2015). In
this study, through combination of structural analysis and LC-
MS/MS, we are able to design a trypsin-resistant mutant of PslG.

As known, trypsin cleaves peptides on the C-terminal side of
lysine or arginine, except that there is a proline residue on the
carboxyl side of the cleavage site. For initial screening of potential
trypsin cleavage sites, PslG protein was digested with trypsin
and subjected to LC-MS/MS analysis. Mascot search engine was
used to match detected peptides to PslG amino acid sequences.
Through this method, we found 34 potential cleavage sites in
PslG, which are listed in Figure 1. According to our structure,
11 (R39, R120, R138, K175, R216, K283, K286, K361, K405,
K407, and K433) of the 34 residues reside in the loop region
other than in a-helices and B-strands, which contribute more to
protein folding (Figure 2). Because PslG is a monomer in solution
(Baker et al., 2015; Yu et al,, 2015), residues located on the
surface are exposed to solvent, thus making them more favorable
for trypsin digestion. Together, we chose the residues that are
most external, flexible, and far away from the catalytic site for
mutation analysis. These mutants include single mutations R39Q,
R120S, K175S, K283A, K361S, K405N, K433S, and one double
mutation K286A/K433S. We also include K36A fully based on
the structural analysis. Among these residues, K361, K405, and
K433 are located in the C terminal carbohydrate-binding domain
of PsIG, and the others are located in the catalytic domain.

Trypsin—-Proteolysis Analysis of

Wild-Type and Mutant PsIG

Recombinant proteins of wild-type and mutant PslG (31-442
residues) were purified from E. coli BL21 (DE3). All the mutant
proteins showed similar expression level and good solubility
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FIGURE 1 | Sequence analysis on the trypsin cleavage residues (highlighted with yellow color) in PsIG (PDB: 4ZN2) identified through LC-MS/MS. The catalytic
domain of PsIG includes residues 47-358, whereas the carbohydrate-binding domain (CBM) of PsIG consists of residues 31-42 and 361-442.

comparable to wild-type PslG (Figure 3C). In order to determine
the resistance of PslG mutations against trypsin, we evaluated
the proteolysis of wild-type and mutant PslG with a serial
dilution of trypsin (Figure 3A). After digestion, the protein
samples were analyzed by SDS-PAGE. Our results revealed that
wild-type PsIG was sensitive to trypsin even at a very low
trypsin concentration (3.70 x 10~2 mg/mL) (Figure 3B). The
abundance of wild-type PsIG was significantly decreased by
approximately 85% when treated with 0.33 mg/mL trypsin. As
shown, PslG was gradually hydrolyzed into two stable fragments,
the molecular weights of which were approximately 30 and
16 kD, respectively.

The proteolysis characteristics of mutant proteins were then
examined under the same condition. Except K433S, all the other
single mutants showed no obvious difference compared with
wild-type PslG when treated with indicated concentrations of
trypsin (Figure 3C and Supplementary Figure S1). Interestingly,
molecular weight of the smaller fragment was slightly increased
in K433S (Figure 3C), which revealed that this mutation has an
effect on the proteolysis of PslG. Because PslG was hydrolyzed
into two fragments with molecular weights of 30 and 16 kD,
we speculated that the related cleavage site may be located near
residue 300. According to our previous LC-MS/MS analysis,
this site will be either K283 or K286. Because single-mutation
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v

FIGURE 2 | Representation of potential trypsin cleavage sites. (A,B) The structure of PsIG is shown in cartoon and surface modes. The catalytic domain and
carbohydrate-binding domain (CBM) are separated by a dashed line. Surface residues related to trypsin proteolysis are shown in sticks and colored as blue. The key
catalytic residues (E165 and E276) of PsIG are shown in stick and colored as green.
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FIGURE 3 | Trypsin proteolysis of wild-type and mutant PsIG. (A) The corresponding molar ratios of PsIG to trypsin used in the experiments are shown. (B) The
proteolysis of wild-type PsIG treated with different concentrations of trypsin for 30 min at 37°C. The larger and smaller stable bands generated after digestion are
marked by arrows. (C) Sodium dodecyl sulfate-PAGE showing the proteolysis characteristics of wild-type and single mutant PsIG variants when treated with 2 mg
mL"" trypsin for 30 min at 37°C. The smaller fragment generated by PsIG<433S is marked with an asterisk. (D) The proteolysis of PsIGK2864/K433S py different
concentrations of trypsin for 30 min at 37°C. (E) Quantification of PsIG abundances in (B) and (D) using Imaged software. The highest PsIG intensity was set as
100%. (F) The diagram showing trypsin cleavage in PsIG.

K283A did not affect the proteolysis of PslG (Figure 3C), a resistance against trypsin (Figure 3D). IC5q (the concentration
double-mutant K286A/K433S was constructed and subjected of trypsin that can degrade 50% of protein) of wild-type PslG
to trypsin digestion assay. Further evaluation showed that and PsIGK2864/K433S were approximately 0.028 and 0.283 mg
the double-mutant (K286A/K433S) had significantly increased mL™!, respectively (Figure 3E), indicating an increase of an order
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FIGURE 4 | Biofilm inhibition and disperse by wild-type and mutant PsIG. (A) Biofilm inhibition by wild-type PsIG and PsIGK286A/K433S in the absence of trypsin. The
sample without PsIG treatment was used as control and set as 100%. (B) Biofilm disassembly by wild-type PsIG and PsIGK2864/K4335 The disassembly rates were
calculated using the formula = [(A560 of untreated control - A560 of PsiG-treated sample)/A560 of untreated control] x 100%. (C) Biofilm inhibition in the presence
of different concentrations of trypsin. T-test was performed for testing differences between groups. *P < 0.05. (D) Biofilm disassembly by PsIG K286/K433 mutants.
The disassembly rates were calculated as described in (B).

FIGURE 5 | K286 and K433 are spatially far away from the active sites, and their mutants do not affect structure folding. (A) Structural alignment of wild-type PsIG
and PsIGK286A4/K433S The crystal structure of PsIG is shown in wheat. The structure of PsIGK2864/K433S \yag obtained through homologous modeling using
ITASSER, and is shown in cyan. The key catalytic residues (E165 and E276) and trypsin hydrolysis sites (K286 and K433) are shown as sticks. (B) Electrostatic
potential of PsIG with negatively and positively charged regions colored in red and blue, respectively. The substrate-binding groove is marked by dashed lines, and

residues K286 and K433 are marked by black triangles.

GK2864/K433$

remained approximately

of magnitude in resistance resulting from the double mutation.
The abundance of wild-type PsIG was reduced to below 10%
when treated with 1 or 2 mg mL™! trypsin. However, the

protein abundance of Psl
40 and 30% after treatment with 1 and 2 mg mL™! trypsin,
respectively. As expected, we found that the molecular weights
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of fragments 31-286 and 287-433 precisely match those of
the stable bands found in the proteolysis of the wild-type
PslG. These two bands were not observed in the proteolysis
of PsIGK2864/K433S 1 accordance with this, the single-mutant
K286A also showed greatly increased resistance to trypsin
(Supplementary Figure S2). And the stable bands generated by
trypsin digestion were also missing in the proteolysis of K286A.
Taken together, these results indicated that residues K286 and
K433 are essential trypsin cleavage sites of PslG, which cut PsIG
into three fragments: 31-286, 287-433, and 434-442 (Figure 3F).
And this also explained why the smaller bands detected in K433S
showed a slightly increased molecular weight.

PsIGK2864/K433S ghowed Increased

Activity in Biofilm Inhibition When

Supplied With Trypsin

PsIG was previously reported to be able to prevent biofilm
formation and disassemble existing biofilms while supplied
exogenously (Yu et al., 2015). To evaluate the biofilm-inhibiting
activity, purified PsIGK2864/K433S o wild-type PsIG was added
into the culture media to a final concentration of 50 nM
for inoculation. The biofilm biomass was measured after
24 h of growth. As shown in Figure 4A, the addition of
PsIGK2864/K433S gianificantly reduced the biofilm formation of
PAOLI by 80%, which was comparable to that of wild-type PslG.
The biofilm disassembly activity was examined by incubating
preformed biofilms with PsIGK2864/K4338 r wild-type PsIG.
After 30-min treatment, both PsIGK2864/K433S and wild-type
PslG disrupted approximately 75% of biofilms (Figure 4B),
which is consistent with our previous results (Yu et al., 2015).
Other mutants of these two residues also showed similar
biofilm disassembly rate, which indicated that the mutation
of K286 and K433 does not affect the enzymatic activity of
PslG (Figure 4D).

To determine whether Psl possesses higher
trypsin resistance during biofilm inhibition, two different
concentrations of trypsin were inoculated together with
PsIG (Figure 4C). Although both the wild-type PsIG and

PsIGK2864/K433S showed decreased activities when subjected
GK286A/K433$

GK286A/K433S

to trypsin treatment, the remaining activity of Psl
was much higher than the wild-type PslG. When using low
concentration of trypsin (trypsin:PsIG was 1:32.4), wild-type
PsIG and PsIGK2864/K433S decreased biofilm formation by 10 and
30%, respectively (Figure 4C). When using high concentration
of trypsin (trypsin:PslG was 1:0.6), wild-type PsIG completely
lost biofilm inhibiting activity, whereas PsIGK2864/K433S
was still able to reduce biofilms by 10% (Figure 4C). These
results revealed that PsIGK2864/K433S js much more stable
and efficient in inhibiting biofilms than wild-type PsIG in the
presence of trypsin.

DISCUSSION

PslG was previously reported as a potent factor that can inhibit
biofilm formation or disperse existing biofilms of Pseudomonas
at nanomolar concentrations (Yu et al, 2015). Owing to the

potential use of PslG in chronic infection and biofilm treatment,
we set out to develop a more stable and active form of this
protein. In this study, we found that the double-residue mutant
PsIGK286A/K433S  gelected from 35 mutants showed greatly
increased resistance to one of the most widespread proteases—
trypsin, compared with the wild-type PslG.

K286 resides in the upper edge of the active cleft of PsIG
catalytic domain, with its side chain pointing outward, whereas
K433 is positioned in the loop area of the carbohydrate-
binding domain (Figure 5A). Both of the lysine residues are
distal to the active site (e.g., the nearest distance between
C-alpha atoms of K286 and the key catalytic residue E276
is 20.1 A). Additionally, surface potential analysis showed
that both K286 and K433 are spatially apart from the
negatively charged substrate-binding groove of PslG (Figure 5B).
Thus, mutations of these two residues are supposed to have
no effect on either catalytic activity or substrate binding
of PsIG. This is confirmed by the biofilm inhibition and
disassembly experiments, indicating that enzymatic activity of
PsIGK2864/K433S hags no difference with the wild-type PsIG in
the absence of trypsin (Figures 4A,B). While subjected to
trypsin treatment, the activity of PsIGK2864/K433S i significantly
higher than that of wild-type PslG, which revealed that
PsIGK2864/K433S hag higher trypsin resistance (Figure 4C).
Single mutants other than K286A and K433S, even though
exposed to solvent as well, showed no significant difference
compared with wild-type PsIG when treated with trypsin. To
validate the effect of Ca®™ on trypsin activity, we measured
the PsIG proteolysis with or without Ca?* (Supplementary
Figure S3). Our result indicated that calcium ions had no
significant effect on the trypsin digestion of PsIG. We also
constructed a 3D structural model of PsIGK2864/K433S through
homology modeling using I-TASSER (25-27). This homology
model is nearly identical to the structure of wild-type PslG with
a Z score of 66.7 and root-mean-square deviation (RMSD) of
0.4 (Figure 5A).

CONCLUSION
In summary, through a combined experimental and
computational approach, we have developed a trypsin-

resistant variant of PslG, which is a promising candidate
for clinical and environmental biofilm treatment, although
the immune response to PslG in clinical usage still needs
more research. The enhanced trypsin resistance will lead to
increased enzymatic activity of PslIG when protease is present,
thus promoting lower costs by reducing the dosage of PslG
used. It is worth noting that other types of proteases could
also affect the biofilm treatment using PslG, such as matrix
metallopeptidases, cysteine cathepsins, and pepsin. These
proteases may have different cleavage sites compared to trypsin.
Future work of PslG mutants with specific resistance to these
proteases is desirable by following similar procedure as this
article. Our work may also shed light on the structural-
based rational design of other enzymes related to biofilm
inhibition, such as PelA.
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Candida albicans is the primary etiological agent associated with the pathogenesis
of candidiasis. Unrestricted growth of C. albicans in the oral cavity may lead to oral
candidiasis, which can progress to systemic infections in worst scenarios. Biofilm of
C. albicans encompasses yeast and hyphal forms, where hyphal formation and yeast
to hyphal morphological transitions are contemplated as the key virulence elements.
Current clinical repercussions necessitate the identification of therapeutic agent that
can limit the biofilm formation and escalating the susceptibility of C. albicans to immune
system and conventional antifungals. In the present study, a plant-derived alkaloid
molecule, piperine, was investigated for the antibiofilm and antihyphal activities against
C. albicans. Piperine demonstrated a concentration-dependent antibiofilm activity
without exerting negative impact on growth and metabolic activity. Inhibition in the
hyphal development was withessed through confocal laser-scanning microscopy and
scanning electron microscopy. Interestingly, piperine displayed a tremendous potential
to inhibit the virulence-associated colony morphologies, such as filamentation and
wrinkling. Furthermore, piperine regulated morphological transitions between yeast
and hyphal forms by inhibiting hyphal extension and swapping hyphal phase to
yeast forms yet under filamentation-inducing circumstances. Remarkably, piperine-
challenged C. albicans exhibited low potential for spontaneous antibiofiim resistance
development. In addition, piperine effectively reduced in vivo colonization and prolonged
survival of C. albicans-infected Caenorhabditis elegans, thereby expounding the
distinct antivirulent potential. Transcriptomic analysis revealed piperine significantly
downregulating the expression of several biofiim related and hyphal-specific genes
(ALS3, HWP1, EFG1, CPH1, etc.). Furthermore, no acute toxicity was observed in the
HBECs and nematodes exposed to piperine. Altogether, results from this study reveals
the potential of piperine to inhibit biofilm and hyphal morphogenesis, and its in vivo
efficacy and innocuous nature to HBECs suggests that piperine may be considered
as a potential candidate for the treatment of biofim-associated C. albicans infection,
especially for oral candidiasis.

Keywords: piperine, oral candidiasis, antibiofilm, spontaneous resistance, yeast to hyphal transition, hyphal to
yeast transition, wrinkle morphology, HBECs
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INTRODUCTION

Members of Candida spp. are commensal inhabitants in
human microbiota, which expediate their encounter with
host surfaces, such as mucosal linings and abiotic prosthetic
biomaterials (Ramage et al., 2005). Undesirable predisposing
circumstances such as extremes in age, diminished immune
system, diabetes mellitus, HIV/AIDS, and exploitation of broad-
spectrum antibiotics pave way for Candida spp. to mount
pathogenicity that consequently trails to candidiasis progressively
(Akpan and Morgan, 2002; Millsop and Fazel, 2016). Among
various forms of candidiasis, oral candidiasis is depicted to be the
most common human fungal infection, specifically in the early
and later life (Abu-Elteen and Abu-Alteen, 1998; Meira et al.,
2017; Rath, 2017). C. albicans is the predominantly encountered
species in oral candidiasis patients, irrespective of the denture
status (Muadcheingka and Tantivitayakul, 2015). Commensal
C. albicans in oral cavity generally causes no harm in the
healthy individuals, as its growth is restrained by the immune
barriers and other commensal microorganisms in the niche (Kaur
et al,, 2017). However, when any of these barriers are subsided,
overgrowth of C. albicans can lead to mild local discomfort
and altered taste sensation to severe systemic infections with
significant morbidity and mortality (Rajendran et al., 2016).

Pathogenicity of opportunistic C. albicans infection is
contingent on the virulence attributes, which are provoked for its
ability to survive under specific environmental stress. The most-
emphasized virulent traits of C. albicans include morphological
transitions between yeast and filamentous forms, phenotypic
switching of white to opaque cells, secretion of proteolytic and
lipolytic enzymes, biofilm formation, and expression of host-
recognizing proteins (Calderone and Fonzi, 2001; Kumamoto
and Vinces, 2005; Schaller et al., 2005).

Among the several virulent features, biofilm formation is
imperious for C. albicans (Ramage et al., 2001; Lopez-Ribot,
2005). Also, C. albicans is the predominant fungal species
associated with biofilm formation (Douglas, 2002). Biofilms of
C. albicans are highly heterogeneous encompassing both cellular
(matrix enclosed with microcolonies of yeast and hyphal cells)
and noncellular (e.g., cell wall like polysaccharides) components.
A well-structured C. albicans biofilm can be established on both
biotic and abiotic surfaces, and resistance to antifungals by
sessile-phase cells are ascertained to escalate with increase in
biofilm formation (Chandra et al., 2001; Ganguly and Mitchell,
2011; Tobudic et al.,, 2012). Consequently, the high degree of
biofilm-associated resistance hinders the efficacy of currently
available therapies (Mathe and Van Dijck, 2013). Thus, in order to
conquer the inabilities of current antifungal therapies for curing
candidiasis, alternative therapeutic regimens targeting only the
virulence attributes of pathogen will be advantageous (Anibal
etal., 2010; Mehra et al., 2012).

From ancient times, medicinal plants have been expended
to cure a vast range of human ailments. In last two decades,
numerous plant-derived molecules have been explored for the
antibiofilm activity as a prophylaxis against the biofilm formation
(Abraham et al., 2012; Slobodnikova et al., 2016). Hampering
the adherence of organism and allowing it to survive in a

planktonic state will eventually increase its susceptibility toward
the host immune system and the antibiotic treatment (Nogueira
et al., 2017). For oral biofilm infections, some of the antibiofilm
agents derived from plant essential oils are systemically being
evaluated in clinical trials (Lu et al, 2019). These studies
provide a promising perspective regarding the use of plant based
antibiofilm compounds for the oral care.

With this milieu, the present study was aimed at evaluating
the antibiofilm potential of a plant alkaloid piperine against
the sessile state of C. albicans, a notorious fungal species
in the pathogenesis of oral candidiasis. Piperine is a major
alkaloid bioactive component found in the seeds of pepper,
which is renowned for imparting pungency to it. In ancient
medicine, black pepper was used to treat an array of discomforts
and diseases including influenza, rheumatism, migraine, etc.
(Chavarria et al,, 2016; Gorgani et al., 2017). Piperine was
also reported for its numerous therapeutic activities such as
antimicrobial, antioxidant, chemoprotective, antiinflammatory,
neuroprotective activity, etc. (Mittal and Gupta, 2000; Pradeep
and Kuttan, 2002). Thus, in the present study unexplored
antibiofilm potential of piperine against C. albicans was
investigated and found to exhibit a spectacular antibiofilm and
antihyphal activity.

MATERIALS AND METHODS

Ethics Statement

In the present study, Human Buccal Epithelial Cells (HBECs)
were collected from the healthy individuals by a gentle oral
swab in the mucosal surface of cheeks, after obtaining a
written informed consent. The experimental protocol and the
use of HBECs were assessed and approved by the Institutional
Ethical Committee, Alagappa University, Karaikudi (IEC Ref No:
IEC/AU/2018/5). All methods were carried out in accordance
with relevant guidelines and regulations.

Fungal Strain, Culture Media and

Conditions

In this study, a reference fungal strain C. albicans obtained from
American Type Culture Collection (ATCC 90028) was used.
For maintenance, thawed suspension from glycerol stock (30%)
stored at ultra-low deep-freezing condition (—80°C) was streaked
on yeast extract peptone dextrose (YEPD) agar plates (1.8%) and
incubated at 37°C for 24 h and stored at 4°C for further use.
Routine culturing for in vitro assays was performed with YEPD
broth. In vitro assays allied with biofilm formation, and hyphal
development was carried out with Spider medium comprising
1% of mannitol, 0.2% of dipotassium hydrogen phosphate, and
1% of nutrient broth. To investigate the effect of piperine on
the preformed hyphae of C. albicans, RPMI medium (HiMedia,
India) was used.

Phytochemicals
Following phytochemicals were used for screening of potential
antibiofilm molecule against C. albicans: cineole, 4-isopropyl
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benzaldehyde, a-pinene, chlorogenic acid, a- terpinene, borneol,
octadecene, lupenol, eicosene, ellagic acid, catechin, gallic
acid, ferulic acid, limonene, piperine, carvacrol, o-methyl
benzylamine, stearic acid, naringin, hesperidin, indole-3-acetic
acid, eladic acid, caffeine, methyl palmitate, and 2,4,D-palmitoyl
L-ascorbic acid. Piperine (PubChem CID: 638024) was procured
from HiMedia, India. Stock solution of piperine was prepared
as 50 mg mL~! with methanol and stored at room temperature
for further use. To inspect the effect of methanol on viability
and biofilm formation, medium containing inoculum and devoid
of compound alone was added with methanol during initial
screening assays as a vehicle control.

Screening of Phytochemicals With
Potential Antibiofilm Activity Against
C. albicans

A total of 25 different aforementioned phytochemicals was used
for screening of potential antibiofilm molecule against C. albicans
in a 24-well microtiter plate (MTP) assay using two different
growth media, viz. YEPD and Spider broth for evaluation of
growth and biofilm, respectively. Each well was loaded with 1 mL
of respective medium, 1% of overnight C. albicans culture as
inoculum, and phytochemicals at 500 jg mL™! concentration.
The plates were incubated at 37°C for 24 and 48 h for YEPD
and Spider medium, respectively. After incubation period, the
plates were read at 600 nm to assess the change in cell density.
For assessment of biofilm, planktonic cells from Spider-grown
cells were decanted and washed with PBS to remove loosely
bound cells. Surface attached cells were then stained with 0.4%
crystal violet for 10 min. Biofilm cells were finally quantified
by addition of 15% glacial acetic acid followed by spectroscopic
observation at 570 nm.

Effect of Piperine on Growth and Biofilm

of C. albicans

Determination of Minimum Inhibitory Concentration
(MIC)

Impact of piperine on the survival of C. albicans was assessed
using microbroth dilution method according to the guidelines
of Clinical and Laboratory Standards Institute (Clinical and
Laboratory Standards Institute [CLSI], 2008). Briefly, 1% of
overnight C. albicans culture was used to inoculate 1 mL of
YEPD broth. Test groups were supplemented with varying
concentrations of piperine, ranging from 2 to 1,024 pg mL!,
YEPD medium alone served as negative control. The plate
was incubated for 24 h at 37°C. Following incubation, cell
density was evaluated by measuring absorbance at 600 nm in
multifunctional spectrophotometer (Spectra Max 3, Molecular
Devices, United States). For visible assessment of the growth
effects, 5 wL of cells from each well was spotted on YEPD
agar plate and incubated at 37°C for 24 h, and the image
was photographed.

Metabolic Viability Assay
Metabolic viability of C. albicans control and piperine-treated
cells was ascertained through a dye-based assay (Repp et al,

2007). Stock solution of 10 mg mL~! of Alamar blue [Resazurin
(7-Hydroxy-3H-phenoxazin-3-one 10-oxide)] was prepared in
1 x phosphate buffered saline (PBS) and stored at 4°C until use.
Control and piperine-treated C. albicans cells were cultured as
previously mentioned. Past incubation, cells were harvested by
centrifugation at 8,000 rpm for 10 min and washed twice with
PBS. Cell pellets resuspended with 1 mL of 1 x PBS were added
with 100 pug of Alamar blue and incubated in dark at 37°C for 18-
24 h. Alamar blue added to PBS alone served as negative control.
Subsequently, samples were centrifuged, and fluorescent intensity
of the supernatant was observed at 560 and 590 nm of excitation
and emission wavelengths, respectively.

Determination of Minimum Biofilm Inhibitory
Concentration (MBIC)

The effect of piperine on the biofilm formation of C. albicans
was performed in 24-well MTP (Muthamil et al., 2018). Briefly,
overnight culture of C. albicans (1%) was used to inoculate 1 mL
of Spider broth in the absence (untreated control) and presence
(treated) of test phytochemical piperine with the increasing
concentrations, from 2 to 1,024 pg mL~!. Appropriate vehicle
and negative controls were maintained parallelly. The plates
were incubated statically for 48 h at 37°C. Planktonic cells
were aspirated and the biofilm cells that are adhered to the
surface of wells were rinsed with sterile distilled water to detach
loosely bound cells and allowed to air dry. Successively, the
wells were stained with 0.4% crystal violet stain for 10 min
at room temperature. Surplus stain that are not bound were
removed and washed with sterile distilled water. Stain bound
to the biofilm cells was resuspended with 1mL of 15% glacial
acetic acid. Absorbance was read at 570 nm using multifunctional
spectrophotometer. A minimum of 80% inhibition in biofilm
formation was considered as MBIC (Subramenium et al., 2018).
The percentage of biofilm inhibition was determined by means of
the following formula:

Percentage of biofilm inhibition = [(Control ODsyp nm

—Treated ODs7g nm) / Control ODsz9 nm] x 100

Effect of BIC on Growth of C. albicans

To assess the effect of piperine (at BIC-32 jLg mL™!) on growth of
C. albicans, growth curve analysis was performed in the absence
and presence of piperine and amphotericin B (antifungal, positive
control for growth inhibition) over a 24-hour period with 1-
hour time interval, spectroscopically. Growth curve was plotted
as absorbance at 600 nm against time interval.

In situ Visualization of Biofilm Inhibition

For microscopic visualization, C. albicans cells in the absence and
presence of piperine at BIC and sub-BIC concentrations were
allowed to form biofilm for 48 h at 37°C on a 1- x 1-cm glass
surface immersed in 1 mL of Spider medium. The glass slide
pieces were then washed twice with PBS and air-dried. Based
on the microscopic analysis to be performed, slides were further
processed accordingly (Prasath et al., 2019).
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Light Microscopic Analysis

For light microscopic visualization, glass sides were stained
with 0.4% crystal violet and incubated for 10 min. Excess
stain was removed by washing in distilled water and air
dried. Crystal violet stained biofilm cells were visualized under
light microscope (Nikon Eclipse 80i, United States) at a
magnification of x400, and the images were documented with
the accompanied digital camera.

Confocal Laser Scanning Microscopic (CLSM)
Analysis

For CLSM, glass slides were stained with 0.1% acridine orange
and incubated in dark for 5 min. Slides were washed with distilled
water to remove excess stain. Subsequently, the slides were air-
dried and viewed under CLSM (LSM 710, Carl Zeiss, Germany).

Scanning Electron Microscopic (SEM) Analysis

For SEM analysis, the biofilm cells formed on the glass slides were
fixed with 2.5% glutaraldehyde for 1.5 h, followed by dehydration
for 5 min with increasing concentrations of ethanol (20, 40, 60,
80, and 100%). Eventually, the slides were air-dried completely
and visualized under SEM (Quanta FEG 250, United States).

Effect of Piperine on Virulence Attributes
of C. albicans

Effect of Piperine on Filamentous Morphology

Effect of piperine on filamentous morphology of C. albicans was
appraised by the use of Spider medium supplemented with fetal
bovine serum (FBS), as described by Muthamil et al. (2018), with
minor modifications. Initially, the Spider agar was autoclaved
and, when the temperature dampened to 55°C, 5% of FBS and
piperine at sub-BICs and BIC were added. Solid agar devoid of
compound alone served as control. After proper solidification,
5 uwL of 24 h old C. albicans culture was spotted on the
center of agar surface and the plates were kept for incubation
at 37°C for 5 days. The observed filamentous morphology
was documented using Gel documentation system (Bio-Rad
Laboratories, XR+, United States).

Impact on Wrinkle Morphology

Effect of piperine on colony morphology of C. albicans was
appraised using solid agar medium. Autoclaved YEPD agar
medium was added with sub-BICs and BIC of piperine once the
temperature dampened below 55°C. YEPD agar plate without
piperine was deliberated as control. Later, 5 WL of overnight
C. albicans culture was spotted at the midpoint of agar surface
and incubated at 37°C for 72 h. At the end of incubation
period, the colony morphologies were documented using gel
documentation system.

Effect on Yeast-to-Hyphal Transition

Influence of piperine on the yeast-to-hyphal phase transition
of C. albicans was reckoned by the method described by
Messier et al. (2011), with presumed alterations. Briefly,
1% of overnight culture of C. albicans was inoculated in
YEPD liquid medium comprising 10% FBS and incubated
at 37°C under aerobic conditions with constant shaking at

160 rpm. Piperine in BIC/sub-BIC was added in the treatment
groups whereas the similar constitution without piperine was
deliberated as control. Yeast cells and hyphal forms were
figured and documented by light microscopic observation after
4 h of incubation.

Effect on Hyphal-to-Yeast Transition

Efficacy of piperine to switch hyphal form to yeast cells was
scrutinized by the procedure illustrated by Vediyappan et al.
(2013). C. albicans was allowed to form hyphae by incubating in
RPMI medium for 4 h at 37°C with gentle shaking. Consequently,
after 4 h, piperine at sub-BICs and BIC was added and observed
under light microscopy after 2, 4, and 6 h of incubation.

Assessment of Spontaneous Resistance
Development by C. albicans Biofilm Against Piperine
Development of spontaneous resistance to piperine by C. albicans
biofilm was determined based on the concept described by
Min et al. (2017), which was further expounded according to
this study. Overnight culture of C. albicans was adjusted to
1 x 108 cells and then challenged with varying concentrations
of piperine (1 x and 10 x of the sub-BICs and BIC)
on YEPD agar plates and incubated at 37°C for 48 h.
Prior to documentation, a single colony from each plate
(control and piperine challenged) was used to inoculate
YEPD liquid medium, which was further streaked on YEPD
agar plates and maintained at 4°C for subsequent biofilm
assays. Thereafter, MBIC was assessed for all the piperine-
challenged C. albicans cells, similar to the protocol stated for
determination of MBIC.

In addition to this, subsequent passage assay was performed
from lowest (8 g mL™!) to highest concentration of piperine
(128 pg mL™!). Initial passage was commenced with 8 |Lg
mL~! concentration, and for subsequent passages, C. albicans
was challenged twice with each concentration (8, 16, 32, 64 and
128 ug mL™1). A total of 10 passages was performed, and control
and treated C. albicans from each passage were subjected to
following analysis to assess the effect of continuous exposure
of piperine on spontaneous resistance development. Initially,
control and treated C. albicans from each passage were allowed
to form biofilm on 24 well-MTP, followed by assessment of
biofilm biomass through the crystal violet staining method, as
described earlier.

To evaluate the hyphal extension, cells were incubated in
hyphal inducing RPMI medium for 4 h and induction of hyphae
was assessed microscopically after 1 and 4 h of incubation using
Fluorescent microscope (Nikon Eclipse Ts2R, Japan).

In addition to surface attached biofilm and hyphal extension,
air-liquid interface biofilm formation was evaluated through flor
formation assay. Briefly, control and treated C. albicans from
each passage was introduced as inoculum in 2 ml YEPD broth
and incubated for 24 h. After incubation, the cells were pelleted
by centrifugation and washed twice with PBS. Then, 2 mL of
flor medium containing yeast nitrate broth with 4% ethanol
was added and statically incubated at 30°C for 3 days. The
biofilm formation on air-liquid interface was documented after
incubation period (Prasath et al., 2019).
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Disintegration off Mature Biofilm

Biofilm disruptive potential of piperine was evaluated using
CLSM, with Live/Dead staining (BacLight, Molecular Probes,
United States) (Kiran et al., 2015). C. albicans was allowed to form
biofilm on 1- x 1-cm glass slide surface for 48 h at 37°C. Spent
medium from the wells was decanted and piperine at 2 x BIC
was supplemented to the wells added with fresh Spider broth.
After 3 h of incubation at 37°C, glass slides were washed twice
with PBS and stained with propidium iodide (PI) and SYTO9
(1 WM concentration of each) for 5 min. Unbound stains were
excluded by a gentle rinse in PBS, and eventually, biofilm cells
were visualized under CLSM.

Gene Expression Profiling by Real-Time
PCR

Total RNA was extracted from C. albicans culture grown
for 24 h at 37°C with a constant shaking at 160 rpm in
the absence and presence of piperine at its BIC (32 pg
mL~1) by Trizol method of RNA isolation according to the
manufacturers protocol. Isolated RNA was dissolved in 20 pnL
of 0.1% diethylpyrocarbonate (DEPC)-treated water and the
quality check was performed by agarose gel electrophoresis.
Subsequently, RNA samples were reverse-transcribed into
cDNA using high-capacity cDNA Reverse Transcription Kit
(Applied Biosystems, United States) in the thermal cycler
(Eppendorf, Germany).

qPCR reactions were performed in a total volume of
10 pL. The primers for the individual genes were added
discretely with SYBR Green Master Mix (Applied Biosystems,
United States) reagents at a predefined ratio. Expression profile

of candidate genes (list of genes, primer details, and function
are provided in Table 1) were analyzed using the thermal
cycler (7500 Sequence Detection System). The expression pattern
of candidate genes was normalized against B-actin expression
(housekeeping gene) and quantified using the # » CT method
(Livak and Schmittgen, 2001).

Effect of Piperine on C. elegans Survival

and in vivo Biofilm of C. albicans

Toxicity of piperine and its impact on the biofilm formation
of C. albicans in vivo condition was reviewed using a simple
eukaryotic model organism C. elegans, which is often expended
in toxicological investigation. Wild-type nematode (N3) procured
from C. elegans Genome Center (CGC) was used in this study.
For all the evaluation, a synchronized population of nematodes
(young adult) was obtained through bleaching. For assessment
of toxicity and rescue, approximately 10 worms were transferred
to 24-well MTP containing M9 buffer. E. coli OP50 (1 x 10°
cells) was used as a food source for the worms. Worms were
segregated into four groups: (i) control group (E. coli OP50
alone); (ii) vehicle control containing methanol in addition
to food source; (iii) piperine at various concentrations (16,
32, 64, 128, and 256 ng mL™1); and (iv) C. albicans cells in
the absence and presence of piperine at 16, 32, and 64 pg
mL™!, respectively. Survival rate of worms were monitored for
every 24 h for 9 days using a stereo microscope (Nikon SZ-
1000, Japan). For in vivo colonization assessment, worms were
crushed in saline and plated on candida differential agar. Internal
colonization was also observed under CLSM (Swetha et al., 2019;
Valliammai et al., 2019).

TABLE 1 | List of genes, their function in pathogenicity of C. albicans, and primer sequences used in the study.

S.No Gene Function

Primer sequence (5'-3')

Candida Genome Database

Reference number

Forward Reverse

1 CPH1 Transcription factor involved in TATGACGCTTCTGGGTTTCC ATCCCATGGCAATTTGTTGT C. albicans CPH1/C1_07370C
pseudohyphal and hypha formation

2 CDR2 ATP-binding cassette (ABC) ATGGCTATTGTTGAAACTGTCATTG CCCTTTACCGAAAACTGGAGTAG C. albicans CDR2/C3_04890W
superfamily, Multidrug transporter

3 EFG1 Transcriptional regulator for switch GCCTCGAGCACTTCCACTGT TTTTTTCATCTTCCCACATGGTAGT  C. albicans EFG1/CR_07890W
between white and opaque cells.
Required for biofilm formation

4 HST7 Required for opaque mating or white ~ TCATCAGCTTCTTCTATAC TATTGAGGAAATGACAGTT C. albicans HST7/CR_03900W
biofilm formation

5 UMEG Transcriptional regulator of filamentous ACCACCACTACCACCACCAC TATCCCCATTTCCAAGTCCA C. albicans UME6/C1_06280C
growth

6 EAP1  Cell adhesion, filamentation and TGTGATGGCGGTTCTTGTTC GGTAGTGACGGTGATGATAGTGACA C. albicans EAP1/C2_09530W
invasion

HWP1 Hyphal development, biofilm formation GCTCCTGCTCCTGAAATGAC CTGGAGCAATTGGTGAGGTT C. albicans HWP1/C4_03570W
RAS1 Cell adhesion, filamentous growth, CCCAACTATTGAGGATTCTTATCGTAAA TCTCATGGCCAGATATTCTTCTTG C. albicans RAS1/C2_10210C

hyphal induction

9 ALS3 Adhesion, Agglutinin like protein CAACTTGGGTTATTGAAACAAAAACA  AGAAACAGAAACCCAAGAACAACC C. albicans ALS3/CR_07070C

10  TUPT Transcriptional repressor, represses CTTGGAGTTGGCCCATAGAA TGGTGCCACAATCTGTTGTT C. albicans TUP1/C1_00060W
filamentation, regulates switching

11 ALS7 Cell surface adhesin CCTATCTGACTAAGACTGCACC ACAGTTGGATTTGGCAGTGGA C. albicans ALS1/C6_03700W

12 CDR4 Putative ABC transporter superfamily ~ TACGGTGCTCCAAAATGTCC TGGGCAGCAATAAATGTAATCC C. albicans CDR4/C1_08070W

13 ECE71 Hyphal specific protein, Candidalysin ~ CCAGAAATTGTTGCTCGTGTTGCCA  TCCAGGACGCCATCAAAAACGTTAG C. albicans ECE1/C4_03470C
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Effect of Piperine on Human Buccal
Epithelial Cell (HBEC)

As this study is intended to evaluate the therapeutic potential
of C. albicans for its application in oral candidiasis, safety
evaluation was further evaluated with the HBEC. HBECs were
collected from the healthy individuals with suitable oral hygiene
by gently rubbing a sterile swab on the mucosal surface of
the cheeks. Subsequently, the sterile swabs were suspended in
sterile PBS and used immediately. The suspended HBECs were
further centrifuged, and the pellets were washed thrice with
sterile PBS (Souza et al., 2018). A suspension with 5.0 x 10°
cells mlI™! was prepared by counting the cell suspension
through Automatic cell counter (Countess II FL, Invitrogen,
United States). HBECs were then incubated with different
concentrations of piperine (8, 16, 32, 64, and 128 pg ml~!)
and incubated for 20 min at 37°C. Hydrogen peroxide was
used as positive control. After 20 min of incubation, the cells
were stained with crystal violet and visualized under microscope
(Nikon Eclipse Ts2R, Japan) to assess morphological variations
due to effect of the compound.

Statistical Analysis

All the experiments were carried out in three biological
replicates with at least two technical replicates and
values are presented as mean =+ standard deviation
(SD). To analyze the significant difference between the
values of control and treated samples, one-way analysis
of variance (ANOVA) and Duncan’s post hoc test was
performed with the significant p-value of <0.05 by the
SPSS statistical software package version 17.0 (Chicago,
IL, United States).

RESULTS

Screening of Phytochemicals With
Potential Antibiofilm Activity Against

C. albicans

Growth and biofilm inhibitory potential of 25 different
phytochemicals were evaluated against C. albicans. From
Figure 1A, in comparison with the effect of phytochemicals
on growth and biofilm, piperine was found to be the potential
antibiofilm agent against C. albicans, as it inhibited >90%
of biofilm formation without affecting the growth. All other
phytochemicals were found to be either growth inhibitory
with increased antibiofilm activity (if growth was found
to be inhibited, apparently biofilm will not be formed)
(e.g., o-terpinene, borneol) or non-growth inhibitory with
no antibiofilm activity (e.g., naringin, hesperidin). Thus,
from screening 25 different phytochemicals, piperine was
found to be the only compound that had biofilm inhibitory
potential without exerting negative impact on growth.
Henceforth, piperine was chosen to study its antibiofilm
efficacy and influence on other virulence attributes of
C. albicans.

Antibiofilm Potential of Piperine With No
Significant Impact on Growth and

Metabolic Viability of C. albicans

Initially, the impact of piperine on growth of C. albicans
was investigated by determination of MIC. Primarily, result
revealed that the growth of C. albicans was not significantly
influenced by piperine, even at the highest tested concentration
(1,024 wg ml~!). For substantiation of non-antifungal effect of
piperine, the metabolic viability of C. albicans in the absence
and presence of piperine was appraised by Alamar Blue assay.
On visual observation, the resazurin dye (purple color) was
found to be reduced to resorufin, a pink-colored fluorescent dye
that evidenced the active cellular metabolism. Furthermore, the
fluorescent intensity was found to be unchanged between control
and piperine-treated C. albicans. For further validation, spot
assay confirmed that piperine treatment did not affect the cell
growth in comparison with the control. Distinctly, these results
depicted that piperine does not exert negative impact on the
growth and metabolic viability of C. albicans (Figures 2A,B).

Subsequently, evaluation of antibiofilm potential of piperine
divulged the dose-dependent decrease in biofilm biomass of
C. albicans. At 32 pg ml~! concentration, a maximum of 93%
of biofilm was found to be inhibited by piperine. Successive
concentrations above 32 jug ml~! did not display any significant
increase in antibiofilm activity. Hence, 32 pg ml~! was
considered as BIC, and further assays were carried out with BIC
and sub BICs (Figure 2C).

Further, no significant change in the growth was observed
between the growth of C. albicans in the absence and presence
of 32 jug ml~! of piperine when compared to Amphotericin B,
which completely inhibited the growth of C. albicans at 10 pug
mL~! (Figure 2D).

Piperine Deteriorates Surface Adherence

and Hyphal Development in C. albicans
Effect of piperine on biofilm architecture of C. albicans was
perceived through microscopic observations. Light and CLSM
micrographs disclosed the well-structured biofilm matrix with
yeast and hyphal cells in control, whereas tremendously inhibited
microcolony formation and hyphal network in a dose-dependent
manner was seen in piperine treatment. In sub-BICs of piperine
(16 and 8 jLg mL™!), shorter hyphal protrusions with scattered
yeast cells were observed (Figures 3A,B).

Furthermore, SEM micrographs revealed similar discrepancy
in the biofilm architecture of control and piperine-treated
C. albicans. At BIC, hyphal protrusions and yeast to hyphal
transitions were completely suppressed, and few yeast
cells were found to be scarcely dispersed, whereas control
C. albicans displayed a structurally complex and dynamic
biofilm network encompassing cells with yeast and hyphal
morphologies (Figure 3C).

Piperine Diminishes the Virulence Traits

of C. albicans
Various virulence attributes of C. albicans was found to be
impaired by the ability of piperine.
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FIGURE 1 | Screening of phytochemical with potential antibiofilm activity against C. albicans. (A) Screening of various phytochemicals for antibiofilm activity against
C. albicans through assessment of growth and biofilm inhibitory efficiency. Error bars represent standard deviations from the mean (n = 3). (B) Chemical structure of
piperine, the potential antibiofilm molecule found through screening of various phytochemicals. The three major components in the chemical structure of piperine
were boxed within red colored square viz. piperidine ring, conjugated double bonds, and methylenedioxyphenyl ring.

Filamentous Morphology

Filamentous morphology, especially in hyphal forms of
C. albicans, contributes to the augmented virulence and
pathogenicity, owing to its potential to breach and invade the
host cells and confront immune attack. C. albicans treated
with piperine at BIC was found to be devoid of filamentous
growth. Complete suppression of filament development in
C. albicans indicates the attenuated pathogenicity. Reduction in

filamentation was observed in sub-BIC’s of piperine (16 and 8 pg
mL~!) (Figure 4A).

Wrinkled Colony Morphology

Different from the smooth and flat colonies, wrinkled colonies
of C. albicans facilitate improved access to oxygen, which in
turn augments the hyphal development. Supplementing piperine
to C. albicans culture resulted in the disappearance of wrinkle
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FIGURE 2 | Effect of piperine on growth, metabolic viability, and biofilm formation of C. albicans. (A) Measurement of cell density and metabolic viability of

C. albicans in the absence and presence of piperine treatment. (B) Spot assay for validation of non-growth inhibitory effect of piperine. (C) Effect of piperine on
biofilm formation of C. albicans. Growth and viability were not found to be significantly altered by piperine whereas biofilm formation was hindered by >90% by the
action of 32 g mL™" of piperine. Error bars represent standard deviations from the mean (n = 3) and *p < 0.05. (D) Growth curve of C. albicans in the absence and
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phenotype, compared to the undulating filaments in untreated
control. Even at the lowest sub-BIC (8 g mL™!), no wrinkling
was observed which describes the potential antivirulent efficacy
of piperine (Figure 4B).

Yeast to Hyphal Transition

It is postulated that yeast to hyphal transition is one of
the prerequisites for the biofilm formation by C. albicans.
Under hyphal inducing condition (supplemented with FBS),
yeast to hyphal transition in piperine-treated and untreated
C. albicans was microscopically observed. A highly entangled
hyphal network with intruded yeast cell aggregates was witnessed
in the control, whereas dispersed yeast cells with much-reduced
aggregates were spotted in the piperine-treated C. albicans culture
at its BIC. Dose-dependent response in yeast to hyphal transition
was also evidenced. Furthermore, these results were in line with
the antibiofilm and hyphal inhibition activities (Figure 5A).

Hyphal to Yeast Transition

In addition to restricting yeast to hyphal transition, competency
of piperine to switch preformed hyphal cells to yeast state was
evaluated under hyphal inducing condition (supplementation of
RPMI medium). Preformed hyphal cells incubated with different
concentrations of piperine were routinely monitored under
light microscope and figured that after 6 h, over 90% of cells
were swapped to yeast forms in BIC of piperine. Hyphal to
yeast transition was observed in a dose- and time-dependent
fashion (Figure 5B).

Diminished Potential for Spontaneous
Resistance Development Against

Piperine by C. albicans

Resistance development contributes to the recalcitrant and
recurrent biofilm formation. Henceforth, the spontaneous
antibiofilm resistance to piperine by C. albicans was evaluated.
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FIGURE 3 | Deterioration in the C. albicans surface adherence and hyphal development by piperine. (A) Light microscopic micrographs depicting decrease in the
biofilm formation and hyphal development. (B-1,B-2) Biofilm architecture of C. albicans in ortho and 3D view, respectively. (C) SEM micrographs displaying the
biofilm network of control and piperine-treated C. albicans under different magnifications.
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FIGURE 4 | Piperine impeding the primary virulence attributes of C. albicans.
(A) Filamentous development of C. albicans under the impact of piperine.
(B) Wrinkle colony morphology.

C. albicans cultured in piperine-challenged (1x and
10x concentrations of 0.25, 0.5, 1, and 2 BIC) environment
was assessed for the biofilm forming potential. Primarily,
no reduction in number of colonies was observed in control
and piperine-challenged plates. Wrinkled morphology was
observed in all the colonies of control plates, whereas smooth
and flat colonies were observed in the piperine-challenged
plates (Figure 6A). This result was in line with the potential
to suppress wrinkled colony morphology. In addition, this
result also demonstrates the consistent antivirulent potential
of piperine. Piperine-challenged C. albicans was found to form
slightly diminished biofilm which makes it more vulnerable

to piperine in consequential supplement. Thus, for piperine
challenged C. albicans, MBIC in subsequent treatment dropped
below 32 jug mL~! (Figure 6B).

A resistance assay carried out by passaging C. albicans cells
from a lower (8 g mL™!) to a higher concentration (128 pg
mL~!) of piperine was evaluated for resistance development if
any by various assays. Biofilm biomass of C. albicans grown
in the presence of 32 pg/mL and greater concentration of
piperine was found to be reduced (Figure 6D). In addition to
this, the habituated cells were grown under hyphal inducing
condition (RPMI medium) and found that piperine controlled
the extensive hyphal network formation even in the successive
passages (Figure 6C).

In addition to the biofilm forming ability and hyphal extension
activity, biofilm formed in the air liquid interface was also found
to be reduced in the passages continuously exposed to lower to
higher concentration of piperine (Figure 6E).

All these results substantiate that piperine does not induce
spontaneous or adaptive antibiofilm resistance development
in C. albicans.

Dispersal of Mature C. albicans Biofilm

by Piperine

In addition to the antibiofilm potential, the ability of
piperine to disrupt the preformed biofilm was perceived
through CLSM. Piperine at 2 x BIC effectively dislodged
a massive part of the biofilm architecture with few
hyphal protrusions left behind. Among them, a scarce
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FIGURE 5 | Effect of piperine on phenotypic switching. (A) Control in the morphological transition from yeast to hyphal form. (B) Transition of preformed hyphal cells

population was found to be deceased. This result
expounded the mature biofilm-disruptive potential of
piperine, which makes it more appropriate for not only the
prevention but also for the treatment of established biofilm
infection (Figure 7).

Differential Gene Expressions by

Piperine

Transcriptional level of hyphal-specific and biofilm-related genes
in C. albicans in the absence and presence of piperine was
quantified by real time PCR. Piperine at BIC significantly
downregulated the expression of transcriptional regulators of
filamentous growth, such as CPHI, UME6, and EFGI, and
hyphal specific genes, such as EAPI, HWPI, HST7, RASI,
ECEI, and biofilm-related genes such as ALS3 and ALSI. In
addition to this, candida drug resistance gene CDR4 and CDR2
was found to be significantly downregulated. Furthermore,
a transcriptional repressor TUPI, which represses the genes
responsible for initiating filamentous growth, was found to be
upregulated. Altogether, the real-time PCR results substantiated
the antibiofilm and antihyphal potential of piperine through
significant alteration in the expression of hyphae and biofilm

specific genes (Figure 8). Interestingly, the drug resistance was
also found to notably downregulated, which could also be
correlated with decreased spontaneous resistance development.

Piperine With No Lethal Effect
Diminished in vivo Colonization of
C. albicans in C. elegans

In vivo toxic effect, rescuing potential from C. albicans infection
and effect on in vivo antibiofilm potential of piperine was
appraised using the in vivo model organism C. elegans. Toxic
effect and potential antiinfective efficacy of piperine against
C. albicans infection was evaluated by performing C. albicans-
C. elegans liquid infection assay and assessed through survival
assay, which revealed that piperine at sub-BIC, BIC, and 2 x BIC
d<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>