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Abstract

Antibacterial photodynamic therapy (APDT)
is a promising method of treating local
infected foci, in particular, surgical and burn
wounds, trophic and diabetic ulcers. Photody-
namic inactivation (PDI) is able to effectively
destroy bacterial cells without them develop-
ing resistance in response to treatment.

This work was dedicated to the study of
photophysical and antibacterial properties of
new  photosensitizers (PS) based on
polycationic phthalocyanines and synthetic
bacteriochlorins for photodynamic
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inactivation of P. aeruginosa bacteria and
their  biofilms. Gram-negative  bacteria
P. aeruginosa are often found in infected
wounds, presumably in biofilm state and are
characterized by rather low susceptibility to
APDT, which is a problem. PS were studied
for possible aggregation at  various
concentrations by means of absorption and
fluorescence spectroscopy. The results of stud-
ies of the ZnPcCholg, (3-PyHp),BCBr, and
(3-PyEBr)4BCBry in water and serum confirm
the assumption of a low degree of their aggre-
gation at high concentrations.
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Consequently, their photodynamic effi-
ciency is high enabling to use these PS at
high concentrations to sensitize pathological
foci for APDT.

It was shown that all the investigated PS
had a high efficiency of photodynamic inacti-
vation of Gram-negative bacteria
P. aeruginosa, as well as their biofilms.
Tetracationic hydrophilic near-infrared photo-
sensitizer (3-PyEBr),BCBr, with reduced
molecule size had significantly higher efficacy
of photodynamic inactivation of P. aeruginosa
biofilms compared with other studied
photosensitizers.

Keywords

Aggregation - Antibacterial photodynamic

therapy; cationic photosensitizer - Bacterial
biofilms - Bacteriochlorins - Luminescence

Abbreviations and Symbols

APDT antibacterial photodynamic
therapy

PDI photodynamic inactivation

PS photosensitizer

P. aeruginosa
S. aureus

A. baumannii
K. pneumoniae
ZnPcCholg

Pseudomonas aeruginosa
Staphyllococcus aureus
Acinetobacter baumannii
Klebsiella pneumoniae
zinc octakis(cholinyl)
phthalocyanine
meso-tetrakis[1-(2'-
bromoethyl)-3-pyridyl]
bacteriochlorin
tetrabromide
meso-tetrakis(1-heptyl-3-
pyridyl)bacteriochlorin

(3-PyEBr),BCBr,

(3-PyHp),BCBr,

tetrabromide

Pc phthalocyanine

Da unified atomic mass unit or
Dalton

CFU/ml Colony Forming Units per
milliliter

MBC Minimal Bactericidal

Concentration
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O quantum output of
fluorescence

(O quantum Yyields of singlet
oxygen

DNA deoxyribonucleic acid

LB Luria-Bertani medium

1 Introduction

Infected long-term non-healing complicated
wounds of the skin and mucosa, trophic ulcers,
pressure sores, ulcers of diabetic feet, represent
serious problems for their treatment, especially
in the case of resistant and multi-resistant
pathogens. Approximately 1% of the population
in both developed and developing countries
faces these diseases (Bjarnsholt et al. 2011). In
recent years, evidence has been obtained of the
association of chronicity of wounds with
biofilms, as well as with the presence of
polymicrobial communities in the wound (New-
ton H et al. 2017). The exopolymer matrix of
biofilms protects bacteria, in particular, from the
effects of drugs and host immune defence
factors, which complicates treatment. The main
pathogens of wound infections are Pseudomonas
aeruginosa (P. aeruginosa), Staphyllococcus
aureus (S. aureus), Acinetobacter baumannii,
Klebsiella pneumoniae, which can occur in the
form of microbial associations. Antibiotic treat-
ment in the case of a mature biofilm often gives
only a temporary result, and even extensive
debridement of the wound in combination with
skin transplantation does not lead to rapid
healing. Experts raise the question of the need
for more effective methods of treating wounds
(Bjarnsholt et al. 2011).

Antibacterial photodynamic therapy (APDT)
is a promising way to treat infected surgical and
burn wounds, trophic and diabetic ulcers (Park
et al. 2011; Bertoloni et al. 1992; Percival et al.
2014) using light irradiation of lesions. The acti-
vation of photosensitizer (PS) by light,
accompanied by the formation of singlet oxygen
and other reactive oxygen species, leads to
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multiple oxidative destruction of different subcel-
lular structures of pathogens. Photodynamic pro-
cess is able to effectively inactivate bacterial cells
without developing resistance in response to the
treatment, and, thanks to local irradiation, does
not affect the normal microflora of the patient, as
opposed to antibiotics (Nakonieczna et al. 2010;
Tavares et al. 2010). The resistance to PS and
APDT has not been detected even after 20 conse-
quent cycles of the bacterial flora partial destruc-
tion followed by its regrowth (Hamblin and
Hasan 2004; Vera et al. 2012). Almost all patho-
genic microorganisms, including antibiotic-
resistant strains of bacteria, are susceptible to
APDT (Maisch 2015).

Chronic wound infections are often
accompanied with biofilm formation, which are
usually multi-species and include both Gram-
positive and Gram-negative bacteria (Almeida
et al. 2011). An effective PS must kill both
Gram-positive and Gram-negative bacteria in
planktonic as well as in biofilm state. Gram-
positive and Gram-negative bacteria have funda-
mental differences in structure and charge of their
cell wall, so they differ in sensitivity to drug
effects. The sensitivity of Gram-negative bacteria
to APDT is much lower compared to Gram-
positive bacteria. The cell wall of Gram-positive
bacteria has a relatively high degree of porosity. It
is not a barrier for penetration by most PS, the
molecular mass of which usually does not exceed
1500-1800 Da. The cell wall of Gram-negative
bacteria prevents the penetration of large
molecules and facilitates the resistance to many
drugs (Nikaido 1994). Therefore, the inactivation
of Gram-negative bacteria is the most important
and difficult target for photodynamic treatment of
infected foci (Maisch 2007).

Only polycationic PS with a rather small
molecular mass effectively interact with Gram-
negative bacteria. The efficiency of bacteria pho-
todynamic inactivation depends on the properties
of PS molecules — molecular mass (Meerovich
et al. 2018), charge (number of cationic groups)
(Simdes et al 2016), photodynamic properties, in
particular, the singlet oxygen quantum yield. The
most likely mechanism ensuring the association
of cationic PS with microbial cells is the

electrostatic interaction of positively charged
molecules with negatively charged sites of the
cell walls.

Many studies of the photodynamic inactiva-
tion of Gram-negative bacteria were carried out

using cationic phthalocyanines and
bacteriochlorins

The cationic phthalocyanines are described in
literature, carrying the positively charged

substituents (Minnock et al. 1996; Griffith et al.
1997; Soncin et al. 2002; Vecchio et al. 2013;
Roncucci et al. 2014; Ke et al. 2014; Spesia and
Durantini 2013; Cakir et al. 2015; Colak et al.
2016; Zheng et al. 2013; Mantareva et al. 2013;
Osifeko et al. 2015; Di Palma et al. 2015;
Lourengo et al. 2015; Rocha et al. 2015; Segalla
et al. 2002).

To ensure proper bacteria inactivation it is
necessary to use high concentrations of PS during
sensitization. The aggregation of tetrapyrrole
molecules (van Lier and Spikes 1989; Moan
1984; Chowdhary et al. 2003) leads to a decrease
in the intensity of absorption, the lifetime of the
excited state of the PS, the quantum yield of
fluorescence, as well as a change in the shape of
the spectral absorption and fluorescence contours.
The Coulomb repulsion of cationic PS molecules
can partially diminish the aggregation. An
increase in the number of substitutions () leads
to a decrease of phthalocyanine aggregation
degree in aqueous solutions and, consequently,
to an increase of the quantum yield of fluores-
cence and singlet oxygen (Makarov et al. 2007,
2009; Strakhovskaya et al. 2009; Zhang et al.
2015). The rise of cationic phthalocyanines bac-
tericidal photoactivity with n increase may be due
both to the dissociation of inactive dimer
complexes and increasing the efficiency of bacte-
ria binding. As a result of our study it was found
that octacationic zinc octakis(cholinyl)phthalocy-
anine ZnPcCholg has the highest bactericidal
photoactivity ~ (Kuznetsova et al. 2006;
Yakubovskaya et al. 2015).

In bacterial biofilms, bacteria are additionally
protected by a matrix, which significantly reduces
the efficiency of photodynamic inactivation, pri-
marily due to the fact that the matrix limits the
diffusion of PS molecules and oxygen to bacteria.



The components of the matrix bind a significant
part of photosensitizer molecules, including cat-
ionic ones, since the volume of the matrix is
significantly larger than the total volume of bac-
teria. Therefore, a significant part of the light is
absorbed by the sensitized matrix, consequently,
a lot of photodynamic acts are realized at a dis-
tance from bacteria exceeding the free path of
singlet oxygen (>1 pm), so it doesn’t reach the
bacterial cells.

It should be taken into account that the depth
of the foci infected by P. aeruginosa can reach
12-15 mm (Bjarnsholt et al. 2011). Therefore,
for the proper photodynamic effect on such foci,
it is necessary to use PS, the excitation of which
is carried out in the 720-850 nm spectral range —
so called “biological tissue transparency win-
dow”. Moreover, bacteria P. aeruginosa pro-
duce a number of pigments (in particular,
pyocyanin, pyoverdin, pyorubrin, pyomelanin)
in the course of their life in wounds (El-Fouly
et al. 2015). The presence of these pigments in
wound discharge leads to a large absorption in
the 660-740 nm spectral range. Therefore,
APDT with photosensitizers of the red spectral
range may be ineffective due to the large losses
of exciting light caused by absorption by both
pigments and hemoglobin in host tissues. Thus,
for the proper APDT of such foci, it is better to
use the cationic PS excited in the 750-850 nm
spectral range. That is why synthetic cationic
derivatives of bacteriochlorins with intense
absorption in near infrared spectral range of
760-850 nm are very promising as PS for
APDT. Technological approaches proposed in
(Mass and Lindsey 2011; Huang et al. 2010;
Schastak et al. 2008, 2010; Dudkin et al.
2013a, b, 2014) allow the cationic derivatives
of synthetic bacteriochlorins to be created with
charges number from +4 to +8. The studies
conducted on tetracationic and octacationic
derivatives (Dudkin et al. 2013a, b) with a
molecular weight of about 1500-1800 Da
showed (Meerovich et al. 2016; Tiganova et al.
2017) that the PS can be used for the photody-
namic inactivation (PDI) of Gram-positive bac-
teria S. aureus and Gram-negative bacteria
P. aeruginosa. For these PS the values of their

G. A. Meerovich et al.

Minimal Bactericidal Concentration (MBC)
were determined, which completely prevented
the growth of bacteria.

This work was dedicated to the study of
photophysical and antibacterial properties of
new PS based on polycationic synthetic
derivatives of phthalocyanines and bacterio-
chlorins designed for PDI of Gram-negative
P. aeruginosa bacteria and their biofilms.

2 Materials and Methods

2.1 Synthesis of Photosensitizers

In our study, the original photosensitizers for
photodynamic inactivation of bacteria and bac-
terial biofilms based on polycationic tetrapyrrole
derivatives were synthesized in Organic
Intermediates and Dyes Institute (Russia): zinc
octakis(cholinyl)phthalocyanine ZnPcCholg
with molecular mass 1678 Da, tetracationic
bacteriochlorin derivatives: meso-tetrakis[1-(2'-
bromoethyl)-3-pyridyl]-bacteriochlorin tetrabro-
mide (3-PyEBr),BCBr, with molecular mass
1374 Da and meso-tetrakis(1-heptyl-3-pyridyl)-
bacteriochlorin tetrabromide (3-PyHp)4,BCBr4
with molecular mass 1339 Da (Fig. 1).

They showed high effectiveness in photody-
namic inactivation of antibiotic resistant strains of
Gram-negative bacteria (Vorozhtsov et al. 2006a,
b; Meerovich et al. 2018).

The proposed method of synthesis of
ZnPcCholg is presented in Fig. 2. The synthesis
includes the chloromethylation of unsubstituted
metal phthalocyanine and subsequent treatment
of chloromethylated product with tertiary amines.
In the case of diamines the resulting product was
treated with methyl iodide doubling the number
of cationic centres in the molecule.

The starting zinc phthalocyanine (ZnPc) was
synthesized with yield of around 70% by heating
the mixture of zinc acetate, o-phthalonitrile, N,
N-dimethylaminoethanol and dimethylsulfoxide
at 125-127 °C with subsequent dilution of chilled
reaction mass by methanol, filtration of product
and its multiple treatment with hot methanol
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Fig. 1 The structures of the studied PS: 1 — ZnPcCholg (left); 2 — (3-PyHp)4BCBry; 3

NiNZ\N

1 '
CL 0 e

NN

(CICH2)2

orie-

Et,N, AICI,

Fig. 2 The scheme of the synthesis of ZnPcCholg

(Yuzhakova et al. 2005). We have developed the
method of chloromethylation of ZnPc using a
mixture of aluminum chloride, paraform and
thionyl chloride at a temperature of 85-95 °C.
This method allows high yield (above 90%) prep-
aration of chloromethylated ZnPc with 7-8
substituents (Yuzhakova et al. 2010).

Tetracationic bacteriochlorin derivatives have
been synthesized by alkylation of meso-tetra
(3-pyridyl)bacteriochlorin with
1,2-dibromethane or heptyl bromide, respec-
tively, in nitromethane in an inert atmosphere
for 2 h (Makarova et al. 2018; Nevonen et al.
2018) (Fig. 3).

Compared to the tetracationic bacteriochlorins
synthesized and studied by us earlier (Dudkin
et al. 2014, Tiganova et al. 2017), the new PS

3:R = CH,CH,Br

— (3-PyEBr),BCBr (right)

DMAE

have reduced molecular mass due to a decrease in
the length of the alkylene chain from 4 to 2 meth-
ylene units in hydrophilic (3-PyEBr),BCBr, and
from 11 to 7 carbon atoms in alkyl groups for
amphiphilic (3-PyHp),BCBr,.

2.2 Photophysical Studies of PS
The studies of the hydrophilic substances
ZnPcCholg and (3-PyEBr),BCBr, were carried
out in aqueous solutions, amphiphilic substance
(3-PyHp)4BCBr, was solubilized in 4% disper-
sion of Kolliphor ELP (BASF).

New PS were investigated in vitro for possible
aggregation at various concentrations by means
of absorption and fluorescence spectroscopy. The
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RBr

R = CH,CH,Br

Fig. 3 The scheme of the synthesis of tetracationic bacteriochlorin derivatives

PS absorption in the concentration range from
0.001 mM to 0.1 mM was studied using a
two-beam spectrophotometer ‘“Hitachi U-3410"
(Hitachi, Japan). Spectral-fluorescence studies
were performed using a spectrum analyser
“LESA-01-Biospec” (BIOSPEC, Russia). The
fluorescence was excited by CW laser radiation
at the wavelength of 532 nm (the second har-
monic of the neodymium laser) coinciding with
the Q,-band of bacteriochlorin, and He-Ne laser
with wavelength of 632.8 nm. To analyse the
changes in the shape of the fluorescence spectral
band of the PS, the measurements were
performed in the cells of various lengths (I mm
and 10 mm). The shapes of the fluorescence spec-
tral contours were calculated by dividing the
intensity of the spectral signals by the intensity
of their spectral maxima (so called “normalized
fluorescence intensity”).

For the evaluation of luminescence lifetime of
PS the Hamamatsu streak-camera with a time-
resolution was used. It comprised a laser source
Picosecond Light Pulser “PLP-10” (Hamamatsu,
Japan) with fibre optic output generating at the
wavelength of 637 nm with a pulse duration of
65 ps and a polychromator with fibre optic input
and Semrock optical filter “LD 01-785/10-12.5”
or Omega Optical “660LP RapidEdge” inlet that
transmits only the spectral region of luminescence
band of bacteriochlorins or phthalocyanines
(Bystrov et al. 2016). The image of the output
slit of the polychromator was projected on the
photocathode of the streak-camera, which
included Streak scope “C10627-13”
(Hamamatsu, Japan) with an adjustable time
scan from 1 ns to 10 ms in the direction

perpendicular to the image of the slit. The image
from the output screen of Streak scope was
received by the input of Digital CCD Camera
“C9300-508". The synchronous delay generator
“C10647-01" with a repetition rate of up to
1.6 x 107 Hz, synchronized the launch of the
laser source and a Streak scope, allowing regis-
tering fluorescence signal with a spectral decom-
position, and time base. The time-correlated
counting method of single photons was used in
the measurement process. The signal was
recorded on a 5 ns time scan. The received signal
was approximated by the function of two
exponents with high accuracy of the approxima-
tion (5%).

23 Microbiological Studies

The microbiological studies were carried out on
P. aeruginosa 32 and P. aeruginosa 21 clinical
isolates. Bacteria were cultivated in LB-broth and
1% LB-agar (Difco, USA).

For the study of the photoinactivation of
planktonic bacteria 18 h stationary phase broth
culture was diluted 1:20 in LB broth and
incubated 1.5 h at 37 °C with aeration. Bacterial
suspension in saline was prepared with the initial
content of bacteria 1 x 10® CFU/ml (Colony
Forming Units per ml) by optical density. PS at
different concentrations in water solutions were
added in equal volumes to Eppendorf tubes with
aliquots of bacterial suspension. After incubation
with PS at 37 °C bacterial suspensions were
centrifuged, supernatant was discarded and bac-
teria were resuspended in saline, aliquots of
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100 pl from all samples and control (without PS)
were placed in 96-well flat-bottom plates, one of
them was irradiated, the other served as an unir-
radiated (“dark’) control, every point in triplicate.
The “SPD-M-685 LED” and “SPD-M-760 LED”
light sources (BIOSPEC, Russia) at the wave-
length of 685 and 760 nm were used for irradia-
tion. “Coherent labmax” meter was used to
control the power density. After irradiation, five
10-fold dilutions were prepared from every well
and 20 pl from every dilution were plated on Petri
dishes with LB agar. A day after, colonies were
counted, amount of viable bacteria was estimated
as CFU/ml, and means of 3 plates were plotted as
a graph. It was estimated for standard conditions:
incubation of bacteria with PS for 30 min, the
dose of light 20 J/cm?.

For estimation of bactericidal activity of PS on
biofilms, the bacteria were grown for 20 h at 37 °C
in 100 pl of LB in the wells of 96-well flat-bottom
plates. Culture medium was replaced with water
solution of PS at the desired concentration (every
point in triplicate) and water for control and after 1 h
incubation in the dark at 37 °C, PS was replaced
with 100 pl of saline. Irradiation was performed
with light dose 100 J/cm?. To disaggregate biofilms,
11 pl of multienzyme substance ENZYMIX (BFR
LABORATORIES, Russia) was added to every
well for 10 min. The same procedures were
performed for dark control plate. Five 10-fold
dilutions were prepared from every well and 20 pl
from every dilution were placed on Petri dishes. A
day after, colonies were counted and the amount of
viable bacteria was estimated as CFU/ml.

For spectral analysis of pigments production
by biofilm, bacteria were grown in 20 ml of LB
broth in Petri dishes for 1 or 3 days. Then the
content of dishes was transferred into centrifuge
tubes, vigorously vortexed and centrifuged at
7000 RPM for 15 min. Supernatant was filtered
through 0,22 p Millipore filter and vigorously
shaked for good aeration before measurement.

Fluorescent microscopy technique was used
for visualization of PDI results. The 18 h station-
ary broth culture was diluted 1:20 with fresh LB
and added to glass cover slips. Young biofilms
were formed in 3 h at 37 °C, then they were
washed with distilled water and 50 pM of PS in

water solution was added (the same volume of
water was added for control). After 30 min of
incubation in the dark, biofilms were washed
3 times with distilled water and irradiated with
LED light sources mentioned above, except for
the dark control. The glasses with biofilm were
stained with Live/Dead Biofilm Viability Kit
(Invitrogen Corp., USA) as specified, for
15 min. Pictures were taken and analyzed using
fluorescent microscope Nikon H600L (Eclipse
Ni) (Nikon Corp., Japan) using 20x objective,
with subsequent overlay of images acquired
with green and red filters.

3 Result and Discussion

3.1 Photophysical Studies

The absorption spectra of ZnPcCholg,
(3-PyHp)4BCBr, and (3-PyEBr),BCBr,4 (Fig. 4)
with a maximum wavelengths of about 677, 763
and 759 nm had a narrow band (34 nm for
ZnPcCholg, 28 nm for (3-PyHp),BCBr, and
(3-PyEBr)4,BCBry).

The shape of the absorption spectra did not
change with increasing concentration. The
bathochromic shifted dimer band (Makarov
et al. 2009) was absent in ZnPcCholg spectrum,
as well as in (3-PyEBr),BCBr, and
(3-PyHp),BCBr  spectra even at high
concentrations. The absorption dependences on
PS concentration was linear (Fig. 5). It agreed
with extinction values determined at low
concentrations. The experimental studies showed
that the signs of aggregation in the absorption
spectra behaviour of the studied octacationic
phthalocyanine ZnPcCholg and tetracationic
bacteriochlorin  derivatives (3-PyEBr);BCBr4
and (3-PyHp)4,BCBr, were not observed in the
wide range of concentrations, up to 0.2 mM.

The results of PS absorption studying suggest
that the degree of their aggregation at high
concentrations was rather low.

As was shown in (Juzenas et al. 2004), the
fluorescent properties of PS are more sensitive to
aggregation than absorption properties. The fluo-
rescence spectra of studied polycationic
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phthalocyanine and bacteriochlorin derivatives at
concentrations of 0.005 mM are shown in Fig. 6.
The studied PS had a significant (>40%) over-
lap of the absorption and fluorescence spectral
contours. Therefore, the process of reabsorption
could affect their fluorescent properties at high
concentrations (Fonin et al. 2014). So, fluorescent
properties (the shape of the spectral contour of the
fluorescence band, sublinear dependence of

fluorescence intensity on concentration as well as
value of the excited-state lifetime) at high
concentrations could be caused by reabsorption,
as well as aggregation (Dhami et al. 1995;
Changenet-Barret et al. 2013). However, reabsorp-
tion, as a rule, did not affect the photodynamic
efficiency, in contrast to aggregation, which
reduces the effectiveness of PDT (Moan 1984).
Therefore, it was important to assess which of the
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Fig. 6 The spectral contours of absorption (1) and fluorescence (2) bands of the studied PS at a low (0.005 mM)

concentration

two phenomena dominates in the studied PS, espe-
cially at high concentrations. The signs of reab-
sorption in spectral-fluorescent studies, in contrast
to the signs of aggregation, depended on the length
of the cell (Juzenas et al. 2004). Therefore,
spectral-fluorescent studies were carried out in
cells 1 mm and 10 mm in length to separate the
contributions of these phenomena and to evaluate
the degree of aggregation of studied PS.

The shapes of the fluorescence spectra of
ZnPcCholg, (3-PyEBr),BCBr, and (3-PyHp),BCBr4
at different concentrations in cells of various length
are shown in Fig. 7.

Analysis of the spectra ZnPcCholg showed
that an increase of cell length from 1 to 10 mm
at low (0.005 mM) PS concentration does not
affect the spectral shape (Fig. 8, A, spectra 1,2).
This led only to a slight (1.8 nm) shift of the
spectral maximum due to reabsorption, the fluo-
rescence band remained narrow. At high
concentrations (0.05 mM), a significant long-
wavelength shift was observed, which depended
on the length of the cell (5.8 nm —in a 1 mm long
cell and 8.2 nm in a 10 mm cell). The shape of
the spectra remained approximately the same.
However, the half-width of the fluorescence
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Fig. 7 The normalized fluorescence intensity (the shapes
of the fluorescence spectra) of ZnPcCholg,
(3-PyEBr),BCBr, and (3-PyHp),BCBr, in cells of

different lengths (1,3-1 mm; 2,4-10 mm) with
concentrations: 1, 2-0.005 mM; 3,4-0.05 mM
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band increased: in the 1 mm cell — by 6.7 nm,
and in the 10 mm cell — by 8.2 nm.

The analysis of the (3-PyEBr);BCBr, and
(3-PyHp),BCBr, spectra showed that an increase
of cell length from 1 to 10 mm at low (0.005 mM)
PS concentration did not affect the spectral shape.
This led only to a slight (0.3-0.4 nm) shift of the
spectral maximum due to reabsorption, the fluo-
rescence band remained narrow (27 nm). At high
concentrations  (0.05 mM, approximately
corresponding to the PS concentration in blood
1 h after intravenous administration), a long-
wavelength shift was observed, which depended
on the length of the cell (at 2.2 nm — in a 1 mm
long cell and at 5.6 nm in a 10 mm long cell). The
shape of the spectra remained approximately the
same. However, the half-width of the fluores-
cence band increased: in the 1 mm cell — by
3.3 nm, and in the 10 mm cell — by 6.9 nm.

This suggests that the observed phenomena at
a high concentration are mainly associated with
reabsorption and a weak aggregation (Dhami
et al. 1995; Changenet-Barret et al. 2013; Juzenas
et al. 2004).

The observed changes for (3-PyHp),;BCBr4
were less than for (3-PyEBr),BCBr,. A long-
wavelength shift of the spectral maximum of the
fluorescence band occurs due to reabsorption at
high concentrations (0.05 mM). The displace-
ment depends on the length of cell (at 1.5 nm in
a 1 mm cell and 3.4 nm in a 10 mm cell). The half-
width of the fluorescence band in the 1 mm cell
increased by 1.1 nm, and in the 10 mm cell — by
4.3 nm. The increase was much less than for
(3-PyEBr),BCBr4. So, the observed changes
occurring in (3-PyHp),BCBr, at a high concen-
tration are mainly associated with reabsorption; a
weak aggregation takes place too but with a sig-
nificantly smaller contribution (since the
observed broadening is smaller).

It is known that aggregation of photosensitizers
is lower in serum than in water (Tominaga et al.
1997). Therefore, some spectral fluorescence stud-
ies were carried out both in water and serum.

In the ZnPcCholg studies, the presence of two
components in the solution was assumed: a
monomeric PS with a lifetime in the range of
24-29 ns, and the second fluorescent
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component, possibly fluorescent dimer, with a
significantly shorter lifetime (0.4-0.8 ns). In
water, the share of the component with long life-
time, estimated by the number of photons with
this lifetime among the total number of fluores-
cent photons, is about 94%. This allowed us to
conclude that ZnPcCholg in the water does not
aggregate in the studied range.

In the studies of (3-PyEBr),BCBr, the presence
of two components in the solution was also
assumed: a monomeric PS with a lifetime in the
range of 1.9-2.9 ns and its fluorescent dimer with a
significantly shorter lifetime (<1 ns). In water, the
share of the dominant component was about 74%.
In serum, the lifetime was 2.4 ns; the share of the
dominant component was higher (about 80-85%
in the range below 0.1 mM). This correlated with
the data (Tominaga et al. 1997) that in the blood
plasma the aggregation of tetrapyrroles was lower
in comparison with aggregation in water.

In the studies of the nanostructured
(3-PyHp)4,BCBr, fluorescence in water, the com-
ponent with an average lifetime of 2.8 ns was
dominant; its share was approximately 86%. In
serum, the dominant component with an average
lifetime of about 2.9 ns was almost 100%. This
result was in good agreement with the data
(Usacheva et al. 2001) that nanostructured PSs
aggregate less in the aqueous environment at high
concentrations.

Thus, the results of the fluorescence lifetime
study also confirm that the aggregation of studied
cationic PS at high concentrations (up to 0.1 mM)
was low, especially in serum.

The results of integral fluorescence intensity
study of (3-PyEBr),BCBr, and (3-PyHp),BCBr,
depending on their concentration in water (1) and
serum (2) are shown in Fig. 8.

The dependence of the fluorescence intensity of
the ZnPcCholg on its concentration in water (1) was
close to linear up to 0.03 mM; at higher concentra-
tion it became sublinear. The fluorescence intensity
in serum was approximately the same as in water.
The absence of aggregation in the selected concen-
tration range was indirectly confirmed by the fact
that, in studies in serum, there was practically no
change in the shape of the fluorescence spectral
band or an increase in its intensity.



Novel Polycationic Photosensitizers for Antibacterial Photodynamic Therapy 13

The dependences of the integral fluorescence
intensity of the (3-PyHp),BCBr, nanodispersion
as well as (3-PyEBr)4BCBr, solution on the con-
centration of PS were close to linear up to
0.03 mM in blood serum. At higher concentration
they became sublinear. The same tendencies were
observed for (3-PyHp),BCBry, and
(3-PyEBr),BCBr, in water; their fluorescence
intensity in water were lower in comparison with
the fluorescence intensity in serum by approxi-
mately 1.3-1.4 and 1.5-2 times, respectively.

These results also suggest that in the most
important for the APDT concentration range of
<0.1 mM there were signs of both reabsorption
and weak aggregation (aggregation is indicated
by a lower fluorescence intensity in water com-
pared to serum).

Thus, the results of spectral-fluorescence studies
of the (3-PyHp),BCBr, and (3-PyEBr),BCBry, in
water and serum confirmed the assumption of a low
degree of their aggregation at high concentrations
(Tominaga et al. 1997). Consequently, in the stud-
ied concentration range of these PSs, their photo-
dynamic efficiency was high. This makes it
possible to use these PS at high concentrations to
sensitize pathological foci for APDT.

3.2 Light Absorption by Pigments
in Non-sensitized P. aeruginosa

Biofilm

P. aeruginosa bacteria produce pigments during
biofilm growth, so culture medium becomes
coloured. Analysis of spectral absorbance of cul-
ture medium of two clinical isolates revealed that
the absorption of their pigments (presumably,
pyocyanin) during the growth of a biofilm was
practically negligible 5 h after the start of growth
(data not shown). By hours 24 (by day 1), an
intense band appeared in the absorption spectrum
with a maximum at 690—700 nm, with a half-width
of about 60 nm. The growth of this band continued
for at least 3 days, its intensity depended on the
strain of P. aeruginosa. The absorption spectra of
pigments in the culture medium of two clinical
isolates of P. aeruginosa 32 (A) and
P. aeruginosa 21 (B) are shown in Fig. 9.

The optical density of pigments in culture
medium of P. aeruginosa 32 biofilms grown in
LB broth reached high values at 690 nm (up to
1.8), which is close to the optical density of a
variety of PS at effective concentration which
are excited in this spectral region (in particular,
ZnPcCholg). It should be borne in mind that the
concentration of pyocyanin in the spectrum of
wound discharge during P. aeruginosa growth
in the wound is much higher compared with bio-
film growth in LB broth (El-Fouly et al. 2015).

4 Antibacterial Efficiency
of the Studied Cationic PS

To assess the antibacterial efficiency of the stud-
ied cationic PS, viability of planktonic bacteria
after photodynamic action was estimated under
standard conditions (time of incubation of bacte-
ria with PS was 30 min, light dose density of 20 J/
cm?). Dependence of viable bacteria amount on
PS concentration is shown in Fig. 10. All
photosensitisers tested had high efficiency against
planktonic bacteria P. aeruginosa 32, which were
completely inactivated after incubation with low
concentrations of PS and irradiation: MBC of
(3-PyEBr),BCBr,—2 pM, (3-PyHp)4BCBrs—
4 pM, ZnPcCholg-5 uM). (3-PyEBr),BCBr4 had
the lowest molecular weight (1374 Da),
ZnPcCholg — the highest molecular weight
among the studied PS (1678 Da). We suppose
that smaller molecules have higher chance of
penetration into the bacteria and this is a reason
for the high efficacy of these PS. As was shown in
(Usacheva et al. 2001), if PS is better at
penetrating into the bacterial cell, the effective-
ness of cell inactivation is higher. The high
antibacterial efficacy of the studied PS is due to
the fact that they are effectively associated with
Gram-negative bacteria P. aeruginosa due to the
large (4-8) number of cationic substituents and
do not aggregate even at high concentrations.

These PS had significantly lower MBC for
planktonic Gram-negative bacteria P. aeruginosa
as compared with MBC of PS (>6 pM) proposed
and investigated before (Meerovich et al. 2016;
Tiganova et al. 2017).
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Fig. 9 The absorption spectra of pigments in the culture
medium during biofilm growth of clinical isolates of
P. aeruginosa 32 (a) and P. aeruginosa 21 (b): (1) by

4.1 Photodynamic Inactivation

of Bacterial Biofilms

Bacteria in biofilms are less susceptible to differ-
ent influences, including PDI, so, higher
concentrations of PS, a longer time of sensitiza-
tion of biofilms and more light energy are need
for their substantial inactivation.

The results of photodynamic inactivation of
P. aeruginosa 32 biofilms after 1 h incubation
with the studied PS and irradiation with light
dose of 100 J/cm? are shown in Fig. 11.

Inactivation of bacteria in biofilms depends
on PS concentration during incubation and
reached about 5 orders of magnitude with
(3-PyEBr)4,BCBry4 and ZnPcCholg.

24 h (by day 1) after the start of growth); (2) by 72 h
(by day 3) after the start of growth

(3-PyEBr)4,BCBr, had higher efficacy of photo-
dynamic inactivation of P. aeruginosa biofilms
compared with other studied photosensitizers.
We suppose that smaller molecules of
(3-PyEBr)4,BCBr,4 have higher chance of pene-
tration into the P. aeruginosa bacteria and more
effectively diffuse through the matrix of the bio-
film. Light loss for the excitation of this PS is
less compared to ZnPcCholg, since its excitation
is carried out at 760 nm. These are the reasons
for the high efficacy of (3-PyEBr),BCBry,.

The effectiveness of the P. aeruginosa bacteria
inactivation in biofilms using ZnPcCholg was
lower, since the molecules of ZnPcCholg have a
molecular mass of 1678 Da and a lower probabil-
ity of penetration into bacteria, and they are
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Fig. 10 Photoinactivation of planktonic bacteria P. aeruginosa 32 depending of PS concentration: 1 — ZnPcCholg; 2 —
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Fig. 11 Survival of P. aeruginosa in biofilms after PDI depending of PS concentration: 1, 2, 3 — after irradiation; 4, 5, 6-
control without irradiation; 1, 4 — ZnPcCholg; 2, 5 — (3-PyHp)4BCBry; 3, 6 — (3-PyEBr),BCBry,

excited in the spectral range of 680 nm, where the The lower efficiency (3-PyHp),BCBr4 in

loss of exciting light due to the absorption of Kolliphor nanodispersion can be associated with

pigments in a biofilm is much higher. a slower diffusion rate of Kolliphor nanoparticles
through the matrix of biofilms.
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Fig. 12 The fluorescent microscopy images of P. aeruginosa biofilm before (left) and after (right) PDI using studied

cationic PS

Fluorescent microscopy of biofilms after PDI
and Live/Dead staining visualized the death of
bacteria, or increasing of permeability of
membranes, which is the first step of cell damage
by reactive oxygen species after PDI. Damaged
cells had red fluorescence due to staining with
propidium iodide, which cannot enter the cells
with intact membranes. We used a young biofilm
because a mature one contains a large amount of

extracellular DNA, which is also stained by
propidium iodide and interferes visualization of
bacteria. The results of fluorescent microscopy
studies of P. aeruginosa 32 biofilms with studied
PS and irradiation at 30 J/cm® are shown in
Fig. 12. Live/Dead staining was not quantitative,
but these pictures confirm that PDI using studied
cationic PS provided effective inactivation of
P. aeruginosa bacteria in biofilms.
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5 Conclusion

Novel photosensitizers based on the derivatives
of polyacationic phthalocyanines and synthetic
bacteriochlorins have a high efficiency in photo-
dynamic inactivation of Gram-negative bacteria
P. aeruginosa as well as their biofilms in vitro.
Tetracationic hydrophilic photosensitizer
(3-PyEBr)4BCBr, with reduced molecular mass
has higher efficacy of photodynamic inactivation
of P. aeruginosa biofilms compared with other
studied PS.

Studying the photophysical properties of PS in
a wide range of concentrations demonstrated a
low aggregation of these derivatives in water
and serum. Consequently, their high photody-
namic efficiency may be expected in in animal
models enabling the use of these PS at high
concentrations to sensitize pathological foci
for APDT.

Some clinical isolates of P. aeruginosa pro-
duce pigments (in particular, pyocianine) in sub-
stantial amounts, which can significantly
diminish light energy if excitation of PS occurs
near 700 nm, thus protecting the bacteria from
PDI. Photodynamic treatment using new
bacteriochlorins with excitation at 760 nm, stud-
ied in this work, can overcome this difficulty; it
facilitates the possibility of treating deep infected
lesions in vivo.
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Abstract

The clinical challenge on surface engineering
of medical devices to prevent microorganisms
adhesion and biofilm formation, has become
an essential aspect for medical implants.
Antibacterial properties of Graphene Oxide
(GO) have been demonstrated across a broad
spectrum of bacteria, and the different
mechanisms of action with which this
nanomaterial interacts with the microbial sur-
face have been elucidated in detail. Innovative
protective coatings based on graphene film and
hydrogel could represent an innovative solu-
tion for the prevention of nosocomial
pathogens colonization on implantable device.
This brief review mainly focuses on the
applications of graphene in nanomedicine
with a particular deepening on the antibacterial
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propertiecs of GO and  GO-based
nanomaterials. In order to evaluate the possi-
ble future applications of GO as an anti-
biofilm coating material for medical devices,
studies on the ability of graphene coated sur-
face to prevent microbial adhesion are also
discussed. A concise review on in vitro toxic-
ity and in vivo safety is also presented.
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1 Introduction

Health care-associated infections (HAI) represent
a major public health threat in hospital setting.
According to World Health Organisation (WHO),
the definition of HAI is: “Health care-associated
infections, or “nosocomial” and “hospital”
infections, affect patients in a hospital or other
health-care facility, and are not present or
incubating at the time of admission. They also
include infections acquired by patients in the hos-
pital or facility but appearing after discharge and
occupational infections among staff” (Boev and
Kiss 2016). They are considered the sixth leading
cause of death, with an incidence from 4% to 10%
(Cloutier et al. 2015). Medical devices, such as
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catheters, cardiac pacemakers, joint prosthesis,
prosthetic heart valves and dentures, represent
one of principal source of nosocomial infection
(Percival et al. 2015; Sabir et al. 2017; Boisvert
et al. 2016). Microorganisms are able to adhere to
biotic and abiotic surfaces, producing biofilm,
composed of cells embedded in a self-produced
matrix of extra-cellular polymeric substances
(EPS). The main components of EPS are proteins,
polysaccharides and extracellular DNA (Del Pozo
et al. 2018; Ciofu et al. 2017). The biofilm forma-
tion proceeds through distinct stages, in the last
stage the cells detach from the matrix and dissem-
inate. Biofilm allows microorganisms to survive
long period on the surfaces as they are in a star-
vation state, with low nutrient need (Kumar et al.
2017); therefore, the cells in biofilm are more
resistant to the host immune response and to
antimicrobial therapies making these infections
hard to be treated, as antibiotics usually act
against planktonic cells that are actively
reproducing.

The main microorganisms isolated from medi-
cal devices health-care associated infections are
gram-positive and gram-negative bacteria, such
as Staphylococcus aureus, Enterococcus faecalis,
Escherichia coli, Pseudomonas aeruginosa,
Klebsiella pneumoniae, Acinetobacter baumanii
and yeasts, particularly, Candida species (Sohail
et al. 2018; Jain et al. 2019; Alcantar-Curiel et al.
2018; Touil et al. 2018; Percival et al. 2015; Sabir
et al. 2017).

Research focuses on the development of new
coating material that can prevent the adhesion and
subsequent biofilm formation of bacteria and
yeast on medical devices (Francolini et al. 2017,
Cyphert and von Recum 2017, Swartjes et al.
2015). In recent years, the wuse of
nanotechnologies has become an interesting
approach to prevent: the use of metal or carbon
nanoparticles appears to be simple, safe, not
expensive and it is possible to overcome the
problem of the antibiotic resistance (Polivkova
et al. 2017; Karahan 2018). Several antimicrobial
nanoparticles have been identified, like iron
oxide, zinc oxide, copper oxide but till now only
silver nanoparticle (AgNps) is currently under
clinical trial for evaluation as antimicrobials
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(Baoetal. 2011; Allahverdiyev et al. 2011; Srividya
et al. 2017; Karahan 2018). Therefore, side-effects,
such as AgNps accumulation in the tissue and
subsequent inflammation that can be toxic for
human body, have been reported (Karahan 2018).

Among the carbon nanomaterial, graphene is a
two-dimensional ultra-thin nanomaterial com-
posed only of hybridized-sp®> carbon atoms,
arranged in a hexagonal structure. Andrej Gejm
and Konstantin Novosélov, from the University
of Manchester, synthetized graphene for the first
time in 2004 (Novoselov et al. 2004). It is the first
two-dimensional crystalline material ever pro-
duced. This material presents several physical
properties: stretchability, electrical conductivity,
huge surface area and high thermal conductivity
(Palmieri et al. 2016; Karahan 2018; Compton
and Nguyen 2010).

Since the synthesis, several derivatives have
been studied, such as Graphene Oxide (GO) and
reduced GO (rGO). Particularly, GO is a precur-
sor of large-scale synthesis of graphene and it is
prepared by the oxidation of graphite, making a
single monomolecular layer of graphite heavily
oxygenated, bearing hydroxyl and epoxide func-
tional groups on their basal planes, in addition to
carbonyl and carboxyl groups located at the sheet
edges. The presence of these functional groups
makes GO sheets strongly hydrophilic (Zhu
2010; Dreyer 2010).

Numerous are the potential applications of GO
in biomedicine, such as biological and molecular
imaging, drug/gene delivery, cancer therapy, tis-
sue scaffold and antibacterial agent (Yousefi et al.
2017; Depana et al. 2011; Yao et al. 2012; Xia
et al. 2019; Pulingam et al. 2019).

In this report, we provide a review of the
studies conducted on the antimicrobial activity
of GO, especially on the ability to inhibit the
microorganism adhesion and biofilm formation
on solid phase graphene oxide.

2 GO Antimicrobial Properties
The antimicrobial activity of GO has been widely

reported, even if most of the studies focus on the
activity of GO in solution while only few reported
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Fig. 1 Schematic representation of the three different GO antibacterial mechanisms of action

the activity of GO as coating material in solid

phase (Zou 2016; Yousefi et al. 2017;
Krishnamoorthy 2012).
Three main GO antimicrobial activities

(Mangadlao 2015), are reported and represented
in Fig. 1:

1. GO sheets sharp edges can physically interfere
with microorganism by cutting the membrane
with subsequent intracellular leakage of cyto-
plasmic constituent and death of the microor-
ganism; this mechanism is called nano-knife
or nano-blade effect (Akhavan and Ghaderi
2010; Pham et al. 2015; Castrillon 2015);

2. GO can induce oxidative stress, this phenome-
non is caused by a chemical reduction of
graphene sheets by bacteria (Gurunathan
2012; Salas et al. 2010; Liu et al. 2011)

3. GO can wrap and isolate microorganisms from
the environment so that they cannot find nutri-
tion, stopping proliferation; this mechanism has

been mainly observed in solution phase rather
than in GO coated surfaces (Palmieri et al.
2017; Perreault et al. 2015).

It has been reported how different solvents, the
method used to prepare the graphene oxide, the
size, the dispersion state and other factors influ-
ence the antimicrobial activity of GO.

In a study published in 2017, Palmieri et al.
investigated the activity of GO in different
solvents, such as sodium chloride (NaCl), magne-
sium chloride (MgCl,), ultra-pure water and
Phosphate-buffered saline (PBS) and in the
growth media LB (Luria Bertani broth). GO was
used at concentrations ranging from 3 up to
200 pg/mL. After GO incubation with
Escherichia coli and Staphylococcus aureus the
antimicrobial effect of GO was assessed by the
colony counting method. This work clearly shows
how the solution and the different GO
concentrations affect the antibacterial properties:
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in water, for example, GO is highly stable,
presenting a homogenous solution and the main
mechanism is nano-blade, cutting the bacteria
membranes. In the solution containing
electrolytes, the GO quickly aggregates, and the
main antibacterial effect is the bacteria wrapping.
Interestingly, when GO is dispersed in nutrient
media such as LB, it creates aggregates that can-
not be resuspended by vortex. The antimicrobial
effect was visible in a concentration-dependent
manner after 5 h incubation but disappeared
after 24 h, when the number of bacteria saturated
the GO available in solution (Palmieri et al.
2017). In addition to the antimicrobial properties
that GO possess in solution, GO has also been
extensively studied for its ability to inhibit micro-
bial adhesion and biofilm formation.

3 Antimicrobial Activity of GO-
Coated Surfaces

GO material can be used to coat surfaces, to
obtain anti-adhesion and anti-biofilm activity
either alone or in combination with other
substances.

Different methods have been used to prepared
GO-based coating, such as spin coating and
electrospinning, vacuum filtration, electroless
plating, phase inversion, electrophoretic deposi-
tion, hydrogel self-assembly/crosslinking, wet
chemical reduction, solvent evaporation and
solutions casting (Hu et al. 2010; Duan et al.
2015; Liu et al. 2014; Kumar et al. 2016; Carpio
et al. 2012; Nine et al. 2015).

Preliminary studies based on GO-coated
surfaces were conducted in 2010. Hu and
colleagues created GO and rGO paper by vacuum
filtration and tested it against E. coli. They either
measured the metabolic activities of E.coli in the
presence of GO nano-sheets via a luciferase-
based ATP assay and the viability, counting the
colony forming unit. Data collected demonstrated
a decreased metabolic activity and viability of the
bacteria after the interaction with GO paper
(almost 85% of viability loss after 2 h incubation
using 85 pg/ml GO) while the rGO paper was less
effective against bacteria (Hu et al. 2010). The
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authors further analysed the biocompatibility of
GO. Trasmission Electron Microscopy (TEM)
analysis suggests that GO can be internalized
within A549 cells via endocytosis. The biocom-
patibility assays showed that GO nanosheets at
20 g/mL exhibited no cytotoxicity to A549 cells
after 2 h incubation and a slight decrease in cell
viability after 24 h. GO nanosheets at higher
concentration (85 g/mL) displayed an increased
cytotoxicity (50%) within 24 h.

Another study (Akhavan and Ghaderi 2010),
focuses on Go and rGO surfaces formed by
electrophoretic deposition on stainless steel
substrates. A mechanism of membrane disrup-
tion has been reported also in this case, but rGO
appeared to be more active than GO. The better
antibacterial activity of the rGO was motivated
by its more sharpened and charged edges with a
consequent major bacterial cell membrane dam-
age caused by direct contact. The authors claim
that the Gram-negative E.coli, characterized by
an outer membrane was more resistant to mem-
brane impairment caused by the rGO than the
Gram-positive S. aureus. In 2015, Perrault et al.
explored the different antimicrobial mechanism
of GO nano-sheet both in suspension and on
GO-coated surfaces, analysing the impact of
nano-sheet size on antimicrobial activity. They
demonstrated that, on GO-coated surfaces, the
higher antimicrobial activity is exploited on
GO-smaller sheets size, through a mechanism
of bacterial cells oxidation, especially when
sizes of 0.10 and 0.01 pm? are tested, obtaining
50% and 30% of cell viability, respectively. The
main antibacterial effect is due to the bacterial
cell oxidation, confirmed by the author by mea-
suring the percentage of glutathione (GSH) oxi-
dation that increases when the sheets size is
decreasing. In suspension, the higher antimicro-
bial activity was obtained using larger GO
sheets: in particular, the number of viable bacte-
ria i1s 0.5% when 0,65 pm2 sheets size are used.
The GO sheet area inhibited bacterial develop-
ment by a cell entrapment mechanism, so the
largest sheets are more able to wrap the bacteria
(Perreault et al. 2015). A paper, published in
2017, highlights the importance of the orienta-
tion of the GO sheets for its antimicrobial
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activity. The antibacterial activity of GO films
with different alignments of the sheets was
measured using E. coli as a model. Bacteria
were deposited for 3 h on the HEMA-GO
(Polyhydroxyethylmethacrylate-GO) film. The
vertically aligned sharp edges have enhanced
antibacterial activity, showing decreased cell via-
bility (56%) compared to random aligned (75.3%)
and planar aligned sheets (81.8%) (Lu 2017).
Authors showed that either a mechanism of mem-
brane perturbation and oxidative stress contributed
to the anti-bacterial activity of the film.

Another way to obtain GO coated surfaces is
to mix with hydrogel to obtain a uniform and
stable antimicrobial surface. In a paper published
in Papi et al. 2016, Papi et al. described a hydro-
gel made of GO and agar and its activity against
S. aureus, E. coli, and the yeast Candida
albicans. Particularly, they used the laser induced
super cavitation technology to reproduce on the
surface of the GO-hydrogel the natural antimicro-
bial pattern of the Cancer Pagurus. This formula-
tion showed anti-microbial activity due to the GO
blade effect already described and the anti-
adhesive pattern reproduced on the surface of
the GO hydrogel (Papi et al. 2016).

Inhibition of Microbial Adhesion
and Biofilm Formation on GO-
Coated Surface

3.1

As already described, biofilm related infections
represent a crucial point in clinical setting
(Singhai 2012).

Anti-biofilm activity of graphene oxide has
been described in the last few years. Di Giulio
et al., investigated the anti-biofilm activity of GO
against the principal wounds pathogens:
P. aeruginosa, S. aureus and C. albicans
(Di Giulio et al. 2018). They analysed the effect
of GO in the inhibition biofilm formation and in
the ability to interfere with mature biofilm. For
the evaluation of the inhibition, microorganisms
were put in contact with 50 mg/L of GO in
96 wells-flat bottom plate for 24 h and the biofilm
biomass was quantified, reflecting a significant
reduction in the wells treated with GO for the

microorganisms under study; the greatest reduc-
tion was observed for S.aureus. GO appears to be
able to act also in mature biofilm, possibly
penetrating in the extra-cellular matrix of biofilm;
indeed, author revealed a reduction of the bio-
mass after the exposure of the mature biofilm to
50 mg/L of GO and a detachment of the cells from
the biofilm. An interesting study was conducted
by Zhang et al. 2018. The effect of GO on P.
aeruginosa biofilm was evaluated after short (4 h)
and long-term (7 days) exposure. GO at 3 different
concentrations (10,20,40 mg/L) was used to eval-
uate the inhibition of biofilm formation. The bac-
teria were put in suspension with the different GO
concentrations and then incubated in a 96-wells
plate to evaluate the biofilm production. A biofilm
biomass reduction, more evident at 40 mg/L con-
centration, was observed. The authors therefore
decided to analyse the effect obtained after 7 days
of exposure (20 mg/L GO), no differences com-
pared to the control have been detected in bio-
mass production, suggesting that GO may not
have long-term effect. The effect of GO on quo-
rum sensing (QS) of P.aeruginosa, implicated in
the biofilm formation of this bacteria, have been
therefore explored. No impact on the expression
of QS-related genes has been detected after either
short and long-term exposure but GO affects bio-
film formation by absorbing QS signals or related
products (such as proteases) in the short term
exposure but the altered biofilm formation
appears to be restored during the long-term treat-
ment, as the level of proteases and other products
increase and any-change detected in the short
term exposure are not present after 7 days,
indicating the need to analyse the effect on the
biofilm in long period with further experiments.
Song et al. tried to determine the anti-biofilm
mechanism of graphene oxide, analysing the GO
activity against E.coli and Bacillus subtilis bio-
film formation. Bacteria were inoculated in
24-wells plate using different concentrations of
GO (0, 10, 20, 40, 80, 160 mg/L) for 48 h and the
biofilm biomass quantified by crystal violet
staining. They found that at low GO concentra-
tion (10 mg/ml) the biofilm formation was
enhanced compared to the control, while at
20 and 40 mg/ml of GO no significant differences
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have been detected; the biofilm biomass
decreased substantially when high GO concentra-
tion (160 mg/ml) was tested. The authors
speculated that, at low GO concentration, the
cell not in contact with GO might utilize the
released cytoplasmatic materials as nutrients for
growth, promoting the biofilm formation. The
amount of oxidised GSH was furthermore
quantified. About 25% of GSH was oxidized in
the presence of 10 mg/L GO, and the loss of
oxidation increased with the increasing GO
concentrations, indicating the oxidative stress
one of the anti-biofilm mechanism of GO (Song
et al. 2018).

Few studies reported the activity of GO coated
surface against microorganism adhesion and bio-
film formation. In 2017, Thampi and
collaborators deposited GO on polycarbonate ure-
thane (PCU) membrane by a simple method of
electrospraying, creating a thin layer of GO
surrounding the membrane (GOPCU). PCU is a
widely used material for medical devices. They
measured the adhesion of the Gram-positive
S. aureus and the Gram-negative Pseudomonas
aeruginosa to PCU and GOPCU  surfaces,
detecting, by plate count of viable bacterial col-
ony, a reduction of adhesion of 85.5% and 63.5%,
respectively. Authors generically attribute this
antibacterial activity to various factors such as
size (without actually giving precise information
about it), or formation of reactive oxygen species
(ROS) by surface functional groups, as already
described by Perrault in 2015. GOPCU appears to
be biocompatibility, as the hemocompatibility
assay conducted showed no adhesion or aggrega-
tion of platelets on GOPCU and proliferation
assay on fibroblast mammalian cells showed a
good percentage of survival (Thampi et al. 2017).

In a paper published in 2017 (Yadav et al.
2017), GO coated surfaces where prepared using
two different methods, the traditional Hummer’s
method and an improved method that improves
the efficiency of the oxidation process providing a
greater amount of hydrophilic oxidized graphene
material. This result was achieved by excluding
the NaNOj; and increasing the amount of KMnOy4
regularly used for the traditional Hummer’s
method.
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These two methods of graphene deposition,
resulting in two different surfaces that differ for
their nano-sheets size, morphology and exposi-
tion of functional groups. They examined the rate
of biofilm formation of the bacteria E. coli and
S. aureus either by crystal violet assay and
microscopy imaging, revealing that both the GO
formulations inhibit cell adhesion and biofilm
formation.

The GO concentration and the different
methods of deposition impact on the ability to
inhibit biofilm formation in Gram-positive and
Gram-negative bacteria, maybe due to the different
cell wall, resulting in different interaction between
the microorganism and the surface (Yadav et al.
2017). To explore the physical and chemical
mechanism underlying the anti-bacterial activity
of the GO surfaces tested, the oxidation of GSH
was evaluated. The percentage loss of glutathione
increased with the increase of GO concentration
that led to ROS mediated oxidative stress.

In another study, GO was used to coat PVDF
(Polyvinylidene fluoride) membrane by vacuum-
filtration. Also in this study, the microorganisms
taken as models are the Gram-positive S. aureus
and the Gram-negative E. coli. Bacteria were
incubated in contact with the surface for 2, 4
and 6 h. The bactericidal and anti-adhesive effect
was evaluated by colony forming unit quantifica-
tion, live/dead assay and the biofilm formation
rate quantified by crystal violet assay (Farid
et al. 2018) revealing low rate of survival and
cell growth on GO surfaces. The bactericidal
effect increases with the increasing time of incu-
bation. Crystal violet quantification revealed inhi-
bition of biofilm formation. The anti-biofilm
activity displayed+ has been attributed by the
authors to physiochemical properties of the sur-
face: GO membrane has a hydrophilic surface
compared to the PVDF membrane leading to a
minor adsorption of substances released from the
bacteria after exposure with GO that can represent
nutrient source for bacteria. Moreover, the
exposure of carboxylic functional groups of the
surface determines a negatively-charge GO sur-
face that can inhibit the initial adhesion of
negative-charged S.aureus and E.coli due to elec-
trostatic repulsion.
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Biofilm was further monitored under continu-
ous flow condition over 48 h. The lower biofilm
formation formed on GO coated PVDF mem-
brane compared to pristine PVDF was related
mainly to the formation of a “wrinkled surface
with sharp exposed nano-sheet edges which serve
as nano-blades that strongly impair the cell’s
outer membranes by piercing or laceration. The
thickness of biofilm formation on GO coated
membrane was 56.5 pm in contrast to the thick-
ness of the biofilm developed on the virgin PVDF
membrane, 110,3 pm. Moreover, the stability of
the biofilm was evaluated washing the membrane
after measuring the thickness, that revealed to be
high on the untreated membrane (106,2) and low
on the GO treated membrane (4,8 pm).

The authors investigated whether the mechan-
ical disruption or the chemical oxidation could be
the mechanism responsible for GO bactericidal
effect. To examine the physical destruction of
the membranes, the intra-cytoplasmic material
released upon membrane destruction has been
quantified and the cell integrity analysed by
TEM. Loss of membrane integrity and release of
intracellular components confirmed the physical
destruction of GO surfaces after interaction with
GO. The GO-induced oxidative stress has been
confirmed by measuring the increased intracellu-
lar level of ROS in E.coli and S.aureus following
contact with GO surfaces. Authors speculate that
the intracellular ROS induction is mainly
attributed to the presence of oxygen-containing
functional groups on the surface of GO (Farid
et al. 2018).

3.2 GO Functionalization

GO can be combined with other substances either
to enhance its antimicrobial activity or to improve
the stability of the coating. Different studies
evaluated the antimicrobial properties of GO
mixed with nanoparticles, such as silver (Xie
et al. 2017), zinc oxide (Jones et al. 2008; Chen
et al. 2016), gold (Hussain et al. 2014), titanium
dioxin (He et al. 2013) or with other polymers,
such as chitosan (Konwar et al. 2016; Chen et al.

2013) or antibacterial substances like lysozyme
(Bera et al. 2018) or curcumin (Bugli et al. 2018).

Silver nanoparticle is one of the most studied
nanoparticles as it presents good features, such as
broad antimicrobial activity, high resistance to oxi-
dation and high-thermal conductivity (Yousefi
et al. 2017, De Faria et al. 2014). In Zhao et al.
2018 Zhao et al., synthesize a polyethyleneimine
(PED-modified and AgNP-decorated GO
nanocomposite (GO-PEI-Ag) with a size of
around 5 nm that displayed antimicrobial activity
against Gram-negative E.coli, Acinetobacter
baumanii, Shigella sonnei, the Gram-positive bac-
teria S. aureus and the fungi Aspergillus fumigatus
and C. albicans. This composition can kill the
adhered bacteria resulting in a complete biofilm
formation inhibition. Cell membrane disruption
and intra-cytoplasmic leakage appear to be the
main inhibition mechanism. Moreover, this formu-
lation showed long-term stability compared to
GO-Ag and biocompatibility as HeLa cells treated
for 8hs and 24 h using 10, 20 and 50 pg/mL of
GO—PEI — Ag were 86.1, 81.4, and 80.2% of
viability, respectively, for the 8 h group and 80.0,
77.9, and 72.0%, respectively, for the 24 h group
(Zhao et al. 2018).

GO can be also combined with antibacterial
substances that can enhance its efficacy in killing
and inhibiting bacteria adhesion, such as lyso-
zyme, one example is the work of Duan et al.
They prepared a GO-lysozyme surface resulting
in a effective activity against Escherichia coli
(Duan et al. 2015).

In 2016, an antimicrobial film composed by
chitosan-iron oxide coated GO has been realized;
specifically, iron oxide coated GO nanomaterial
was prepared by a modified co-precipitation
method and, in a second step, chitosan hydrogel
was incorporated thought hydrogen bonding and
electrostatic interaction. The antimicrobial activity
was compared to the individually synthesized
chitosan GO and chitosan iron oxide hydrogel
against methicillin-resistant S. aureus (MSRA),
S. aureus, E. coli and Candida albicans; authors
noticed an improved activity of chitosan-GO
nanocomposite respect to the individual former
type of films. This mixed GO appeared also to be
biocompatible as the haemolysis test conducted on
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human erythrocytes displayed low to mild
haemolytic activity (0,37%) and, moreover, the
cytotoxicity assay on L929 fibroblast cell line
showed a much higher viability (80-93%) com-
pared to the negative control. (Konwar et al. 2016).

Curcumin is a yellow—orange polyphenol com-
pound that possesses a wide range of pharmacolog-
ical activities due to its anti-inflammatory,
anticarcinogenic, and anti-infectious properties.
The major issue in curcumin-based therapies is
the poor solubility of this hydrophobic compound
and the cytotoxicity at high doses. Bugli et al.
(2018) load the curcumin on the surface area of
GO and demonstrated its effectiveness against
Staphylococcus aureus MRSA. Curcumin (CU) is
a hydrophobic compound, it is able to spontane-
ously absorb on GO surface by =m-m stacking
interactions, without the need of chemical agents,
leading to the creation of a ‘green’ and safe antimi-
crobial solution. GO and curcumin showed a syn-
ergic effect as MIC of GO alone ranges from 2.35
to 18.75 pg/ml, MIC of curcumin alone against
MRSA ranges from 125 to 256 pg/ml while the
MIC of the GO-CU combination are between 1.06
and 2.8 pg/ml. Furthermore, this formulation has
no cytotoxic effects on eukaryotic cells.

GO-CU nanocomposite was investigated by
the same group (Palmieri et al. 2018) for its abil-
ity to inhibit biofilm formation of the fungus
C. albicans, often isolated from medical devices
related infections. While GO seems to not have
effect in the adhesion of Candida cells on
GO-coated plastic discs, GO-CU shows a partial
inhibition of adhesion and poor biofilm formation
of C.albicans. Furthermore, PEG (polyethylene
glycol) was used to coat GO discs either alone
or with curcumin. The GO-CU-PEG
nanocomposite showed anti-adhesion property
and the ability to act as drug release surface: CU
is released in the media when the coating is in
ddH,0 showing anti-fungal effect.

Frigols and collaborators recently presented a
zinc alginate graphene-oxide film (Frigols et al.
2019) with strong anti-bacterial activity against
S. aureus and S. epidermidis enhanced by the
release of Zn** in the solution. Although the
antibacterial properties of this innovative material
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can only be attributed to the presence of Zn**, GO
stabilizes and promotes long-term ion release,
confirming the potential drug-release technology
of the graphene oxide-based coating.

Table 1 shows some studies focusing on the
antimicrobial properties of surfaces covered with
graphene with different coating methods and
types of functionalization. Anti-biofilm activity
tested microbial species and biocompatibility are
also revised in the table.

4 Go-Based Antibacterial
Materials Safety Profile
in Mammals

With the perspective to promote the clinical use
of GO, it is fundamental to evaluate the short- and
long-term cytotoxicity profiles of GO towards
eukaryotic cells. Despite the benefits that GO
possesses for antibacterial applications, such as
high surface area and exceptional solubility in
aqueous environments, its biocompatibility is at
the moment controversial. In the biological envi-
ronment, GO-based nanomaterials with their
peculiar physico-chemical surface are straight
exposed to direct contact with cells and biological
macromolecules. In recent years several
publications (Zhang et al. 2016; Ou et al. 2016;
Wang et al. 2011) have deepened the potential
toxic effects of GO in mammalian cells and
animals. Zhang B. and co-workers (Zhang et al.
2016) highlighted a widespread toxic effect of
GO in mammalian systems due to cell membrane
disruption and lysosomal and mitochondria dys-
function with massive ROS generation. GO tox-
icity was closely linked to three different
parameters: GO concentration, lateral size and
surface functionalization. These factors are, not
surprisingly, the same ones that influence the
antibacterial properties of GO (Ou et al. 2016).

4.1 GO Concentration

GO dose-dependent toxicity in cells lines and
animals has been demonstrated in recent years
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by numerous studies. The main toxic effects
result in cell apoptosis, liver and kidney lesion
and lung fibrosis. Wang et al. (Wang et al. 2011)
analyzed GO cytotoxic effects on human dermal
fibroblast cells (HDF). In this study, different
concentration of GO, ranging from 10 to
100 pg/ml were exposed to HDF for 24 h. Sig-
nificant increase in cytotoxicity was observed at
50 pg/ml with decreased cell survival rate and
increased apoptosis. GO sheets that enter the
cells were found in the cytoplasm and very few
within the nucleus. The internalized GO was
mainly distributed inside the lysosomes and
mitochondria and the size of GO sheets was
between 100 and 200 nm. Another study from
Lammel and co-workers (Lammel et al. 2013)
showed that the exposure of HepG2 cells to both
GO and carboxylated graphene nanoplatelets
(CXYG) displayed a dose and time dependent
increase in ROS production. The predominating
size distribution of GO and CXYG determined
by means of dynamic light scattering was
385 and 1,110 nm respectively. Both graphene-
based nanomaterials penetrate into the cell by
impairing the membrane phospholipid bilayer.
These data were recently confirmed by a study
from Duan and collaborators (Duan et al. 2017)
in which they demonstrated that graphene
sheets, both pristine and GO with a lateral sizes
ranging from 200 nm to 700 nm, caused the
formation of pores in the cytoplasmic
membranes of A549 and Raw264.7 cells, conse-
quently reducing cell viability. Other studies
confirm the fact that the amount of cellular
uptake increases with the exposure time and
increasing dose. (Wang et al. 2011, 2015; Lee
et al. 2017). In in vivo studies, dose and surface
modification are considered the main parameters
that modulate graphene-based nanomaterials
bio-distribution and toxicity. One of the most
basic pre-clinical in vivo studies demonstrated
that GO, with an average size of 200 nm, if
injected via tail-vein in mice at a concentration
of 0.25 mg/kg does not affect lifetime, while a
high GO dose of 0.4 mg/kg showed chronic
toxicity (Wang et al. 2011).

4.2 GO Lateral Size
GO lateral size may influence its cellular uptake
and bio-distributions in mammalian organs.
Gurunathan and collaborators (Gurunathan
et al. 2019) profiled a significant size and dose
dependent toxicity of different sized GO
nanosheets with an average size of 100 and
20 nm on two different germ cell lines. Smaller
flakes resulted more cytotoxic in a dose
depending manner showing higher cellular inter-
nalization with loss of cell viability and cell pro-
liferation. A study from Ma et al. (2015)
highlighted that large GO flakes showed evident
binding with plasma membrane and minor phago-
cytosis, eliciting robust activation of NF-kB path-
way while small GO sheets were highlighted
much more internalized into cell cytoplasm.
Liao and coworkers investigated the effects of
graphene on human erythrocytes and shown that
350 nm-sized graphene could induce strong
hemolysis compared to 3 pm-sized graphene
sheets (Liao 2015). Drastic membrane disruption
by nanoscale sized graphene could be related to
the strong electrostatic interactions between the
graphene surface and the lipid bilayer of the
erythrocyte membrane. On the other hand, low
toxicity of microscale sized graphene sheets may
be attributed to their lower overall surface areas.

43 GO Surface Functionalization

Recent perspective strategies for future biological
applications of GO-based nanomaterials include
several surface functionalization strategies to
improve their safety profile. GO owns a strong
hydrophobic surface that allow the formation of a
protein corona in biological environment, thus
minimizing the physical interactions between
GO and cell membranes and reducing cytotoxic-
ity (Hu et al. 2011). This study evaluated the
effect of fetal bovine serum (FBS), a common
component in cell culture medium, on GO cyto-
toxicity. At 1% concentrations of FBS, GO
showed concentration-dependent cytotoxicity.
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Interestingly, the cytotoxicity of GO was much
lower at 10% FBS, the concentration usually
employed in cell culture medium.

The influences of surface charge have also
been highlighted in GO-induced toxicities
because the electrostatic repulsion between GO
and non-phagocytes plays an important role in
particle internalization (Ou et al. 2016). Also, in
in vivo studies, bio-distribution of graphene
nanomaterials is influenced by surface functiona-
lization which in turn modulates their toxicologi-
cal profiles. (Kanakia 2014). In a study by Yang
et al. (Yang et al. 2011), radiolabeled PEG
functionalized GO and rGO were administrated
intragastrically to female BALB/c mice and
bio-distribution. After 4 h of injection, was
mainly observed in stomach and intestine,
disappearing 1-day post feeding. The same
study highlighted the bio-distribution of the
same PEG functionalized GO and rGO after
intra peritoneal administration. Conversely to
oral administration, intraperitoneal injection
resulted in high accumulation of graphene
nanoparticles on liver and spleen, still evident
30 days after administration.

5 Conclusion

Preventing the bacterial colonization of biomedical
devices is the key for limiting the spread of
hospital-acquired infections. Antibacterial coatings
have become a very active field of research,
strongly stimulated by the urgent and increasing
need to identify innovative strategies instead of
using traditional antibiotics. This review focuses
on the antibacterial properties of GO, analyzing the
different mechanisms of action exerted to impair
bacteria integrity. The antibacterial mechanisms of
graphene oxide have still to be completely under-
stood, but most of the current findings and
advances support its antibacterial efficacy. Most
of the studies agree on the importance of precise
physicochemical parameters that most influence
the GO bacteriolytic and bacteriostatic properties,
like the GO size, the GO concentration and the
quantity of hydroxyl groups on the surface. These
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characteristics impact on the different interaction
of GO with the microbial surface: cutting bacteria
membranes by the sharp edges, inducing oxidative
stress and wrapping bacteria between large GO
sheets. Several studies reported in this article
focus on the functionalization of the GO with
different compounds, some with known antimicro-
bial activities but not usable individually for intrin-
sic toxicity (Xie et al. 2017), others highly
hydrophobic that can be delivered by GO nano
sheets (Bugli et al. 2018). It is now largely
accepted that bacteria can attach to solid substrates,
in sessile structured communities called biofilms,
where they can persist for long periods, acting as a
pathogens reservoir. In this regard, the prospect of
exploiting the antimicrobial properties of GO to
coat medical devices and prevent microbial adhe-
sion represents a challenge of great impact on
human health. Key topic of this brief review
focused on GO-coated surface ability to interfere
with microbial adhesion. Data on this subject are
still rather limited and deriving from different
methods of GO deposition on as many different
surfaces. Overall, the results are promising and
demonstrate an effective capacity of GO-coated
surfaces to interfere with microbial adhesion and
biofilm formation. Plastics are the most wide-
spread material used for medical devices construc-
tion, for weight, cost, and performance purposes.
To translate results obtained from such a consider-
able number of studies, it is mandatory to standard-
ize the best method of covering specific materials
used for medical devices (e.g. polyethylene, poly-
propylene, polyvinyl chloride, polycarbonate),
accurately assessing the stability and biocompati-
bility. Further, the present review offers a concise
overview of research on biosafety of GO towards
mammals, both in vitro and in vivo. Toxicity of
GO and graphene family nanomaterials is deeply
reviewed in current literature, but the research is
still in its infancy and it is hard to conclude the
potential risks to human health associated with the
use of such innovative nanomaterials. As an
extraordinary material with remarkable and unique
properties, we are convinced that graphene will
have a significant impact on many aspects of our
life, ranging from general biotech up to biomedical
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applications, like “anti-biofilm devices”. The enor-
mous increase in research and development of
graphene will replace most of the materials on
the market so far.
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Abstract

Infective diseases have become health threat of
a global proportion due to appearance and
spread of microorganisms resistant to majority
of therapeutics currently used for their treat-
ment. Therefore, there is a constant need for
development of new antimicrobial agents, as
well as novel therapeutic strategies.
Quinolines and quinolones, isolated from
plants, animals, and microorganisms, have
demonstrated numerous biological activities
such as antimicrobial, insecticidal, anti-
inflammatory, antiplatelet, and antitumor. For
more than two centuries quinoline/quinolone
moiety has been used as a scaffold for drug
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development and even today it represents an
inexhaustible inspiration for design and devel-
opment of novel semi-synthetic or synthetic
agents exhibiting broad spectrum of
bioactivities. The structural diversity of
synthetized compounds provides high and
selective activity attained through different
mechanisms of action, as well as low toxicity
on human cells. This review describes quino-
line and quinolone derivatives with
antibacterial, antifungal, anti-virulent,
antiviral, and anti-parasitic activities with the
focus on the last 10 years literature.

Keywords

Antibiotics - Antifungals - Anti-parasitics -
Antivirals - Anti-virulence activity -
Quinoline/quinolone derivatives

1 Introduction
Antimicrobial ~ drugs, structurally  diverse
molecules, can be natural products, semi-

synthetic derivatives of natural compounds, or
chemically synthesized compounds. The devel-
opment of antimicrobials in general, first of all
antibiotics, but also antivirals and antimalarials,
revolutionized medicine in many ways, and as
such is one of the greatest successes of modern
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medicine. Unfortunately, time with these drugs is
rapidly running out. Occurrence and global
spread of resistance of bacteria, fungi, viruses,
and protozoan parasites to available antimicrobial
medicines threaten to send humanity back to
pre-antimicrobial era. Therefore, there is an
urgent need not just to develop novel
antimicrobials but also to introduce into practice
novel therapeutic options to fight against both
drug-sensitive and drug-resistant pathogens.

A promising alternative to the classic antibi-
otic approach has recently been established and is
known as anti-virulence therapy. Instead of
targeting microbial viability, this alternative strat-
egy aims to target pathogens’ virulence machin-
ery required to cause host damage and disease.
Microbial virulence machinery includes plethora
of virulence factors, which are diverse in struc-
ture, function, and localization. One of the most
important virulent characteristics of both bacteria
and fungi is their ability to form biofilms.
Biofilms are multicellular communities enclosed
in self-synthetized polymeric matrices attached to
biotic or abiotic surfaces (Hall-Stoodley et al.
2004; Costa-Orlandi et al. 2017). According to
the National Institutes of Health of the United
States, more than 75% of microbial infections
that occur in the human body are promoted by
the formation and persistence of biofilms (Miquel
et al. 2016). Biofilm confers an extreme capacity
for persistence against phagocytosis, oxidative
stress, nutrient/oxygen restriction, metabolic
waste accumulation, interspecies competition,
and most importantly, conventional antimicrobial
agents (Moradali et al. 2017). Quorum sensing
(QS), a cell-to-cell communication system, is a
global regulatory system of virulence factor pro-
duction and biofilm formation in both bacteria
and fungi (Albuquerque and Casadevall 2012;
Defoirdt 2018), with no homologous components
in humans, thus its inhibition is considered the
most attractive strategy for the development of
anti-virulence agents.

Quinine (Fig. 1), quinoline alkaloid isolated
from the bark of the Cinchona tree in 1820, used
in the treatment of malaria played a historical role
in the development of quinoline alkaloids as thera-
peutics. These quinoline based compounds have
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been isolated and identified from natural sources
(plants, animals, and microorganisms), and many
studies have documented their antitumor, antima-
larial, antibacterial, antifungal, antiviral, anti-
parasitic and insecticidal, anti-inflammatory,
antiplatelet and other activities (Shang et al
2018). Quinoline and 4-quinolone (Fig. 1)
moieties were used as a scaffold for drug develop-
ment for more than two centuries (Heeb et al.
2011). The most successful drug based on quino-
line scaffold is chloroquine (Fig. 1), which was
specifically developed as antimalarial agent. Until
today, numerous quinoline-based compounds and
drugs were developed as antimalarial agents,
designed to target all stages of parasite life-cycle.

In fact quinolines still serve as inexhaustible
models for design and development of new semi-
synthetic or synthetic quinoline/quinolone anti-
microbial agents, which are the focus of this
review article.

2 Antibacterial Activity

Important group of antibacterial agents are syn-
thetic antibiotics with 4-quinolone as core struc-
ture, which are used in the treatment of urinary
tract and respiratory infections (Anderson et al.
2012). Today antibacterial 4-quinolones in clini-
cal use include nalidixic acid, that is introduced to

medical practice in 1964 (Bisacchi 2015),
followed by ciprofloxacin, levofloxacin,
norfloxacin, besifloxacin, and moxifloxacin

(Fig. 2). Majority of them belong to fluoroquino-
lone chemotype. The quinolone antibiotics are
very potent towards a wide range of Gram nega-
tive  bacteria, with minimal inhibitory
concentrations (MICs) in the ng/ml range, and
are reasonably active against many Gram positive
bacteria (MICs in the mg/ml range) (Anderson
et al. 2012). Their antibacterial activity is based
on inhibition of DNA replication through inhibi-
tion of DNA gyrase and topoisomerase IV
activities to varying extents depending on the
pathogen. In order to maintain antibacterial activ-
ity, positions C(3) (unsubstituted carboxyl group)
and C(4) (keto group) in 4-quinolone ring should
not be altered (Gualerzi et al. 2013).
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After more than 40 years, in 2012, a new
antibiotic with quinoline as a core pharmacophore
developed to fight multidrug-resistant (MDR)
mycobacteria, was granted accelerated approval
by the United States Food and Drug Administra-
tion, process applicable only to the therapeutics
that should fill an unmet medical needs (World
Health Organization 2013). Unlike other
members of quinolone antibiotics, new antibiotic
bedaquiline (Fig. 2) imposes its antimycobacterial
activity (MIC 0.06 pg/ml), through interaction
with proton pump of the ATP synthase of Myco-
bacterium tuberculosis (Andries et al. 2005).

Using building-block approach in quest for
novel antibacterial agents Dolan and colleagues
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(Dolan et al. 2016) combined structural moieties,
such as functional groups bearing fluorine atoms,
quinoline bicycles, saturated N-heterocycles, and
thioureas, all of them recognized as motifs in
antimicrobial agents, and synthetized a series of
thiourea-containing  compounds.  Derivative
1 (Fig. 3) was the most active compound with
MICy, values of 7.90-10.52 UM,
10.52-15.78 pM, and 17.74 pM for Escherichia
coli, Staphylococcus aureus, and methicillin
resistant S. aureus (MRSA), respectively, but
without any effect on Pseudomonas aeruginosa.
Its antibacterial activities were in the line with
MICy, values obtained for vancomycin, well-
known antibiotic of the last resort often used to
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Fig. 3 Quinoline derivatives with antibacterial activity

treat drug-resistant infections. The derivative
1 was found to be non-toxic to Galleria
mellonella larvae at concentrations of up to
1000 pg/ml. Hence, the quinine-thiourea struc-
ture, as found in compound 1, has potential as a
new class of non-toxic, anti-MRSA agent.

Synergistic effect of quinoline and pyrazole
derivatives  (also known for numerous
bioactivities including antituberculosis, antiviral,
and anti-inflammatory ones) on antimicrobial
activity of three diverse series was assessed
(El Shehry et al. 2018). Majority of derivatives
exhibited antibacterial and antifungal activities,
and the most promising derivative proved to be
compound 2 (Fig. 3). Its MICs ranged from 0.12
to 0.98 npg/ml for Shigella flexneri, Klebsiella
pneumonia, Staphylococcus epidermidis, and
Proteus vulgaris, were in the range of ampicillin
and gentamycin MICs, thus demonstrating that
quinoline derivative bearing pyrazole motifs are
interesting scaffolds for development of antimi-
crobial agents.

Similarly, antibacterial and antifungal
activities of a novel quinoline series of Schiff
bases and hydrazide derivatives containing moi-
ety, synthesized via condensation of aromatic
amines or hydrazines with 2-substituted quino-
line-3-carbaldehydes was assessed (Hamama
et al. 2018). Antimicrobial activities of quinoline
derivatives 3 and 4 (Fig. 3; MIC values
30.6-93.7 pg/ml and 62.5-125 pg/ml, respec-
tively) were even better than activity of ampicillin
(MIC values 125-187.5 pg/ml) against E. coli,
P. aeruginosa, S. aureus and B. subtilis. The
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same derivative exhibited similar antifungal
activity (MIC values 4.5-7.8 pg/ml and
15.6-23 pg/ml) as clotrimazole (5.6-5.8 pg/ml).
The activities of quinoline derivatives 3 and 4 are
most likely due to their combination with another
quinoline and thiazole moieties, respectively.
Several studies were focused on synthesis of
different halogenated quinolines (HQ) and the
assessment of bioactivities of the obtained
derivatives, namely antibacterial and biofilm
eradicating ability. In the first study, the HQ
scaffolds or esters of  halogenated
8-hydroxyquinoline derivatives were synthetized
(Abouelhassan et al. 2014). Five brominated
quinolines demonstrated more potent
antibacterial activity (MICs 0.2—-1.56 pM) against
S. aureus and S. epidermidis strains in compari-
son to nitroxoline (MIC = 12.5-25 pM). In bio-
film dispersion assay against MRSA isolate seven
quinoline derivatives were very efficient (concen-
tration at which 50% of pre-formed biofilms is
disrupted; BDIC5y < 5 pM), with derivative 5 as
the most potent (Fig. 4; BDICsy = 2.06 pM). HQ
compounds were less potent  against
S. epidermidis, although derivatives 6 and
7 exhibited excellent biofilm eradication potential
(Fig. 4; BDICs, = 326 uM and
BDICsy = 5.56 pM, respectively). Nitroxoline
BDICs( values were 10.5 pM and 14.2 pM for
MRSA and S. epidermidis biofilms, receptively.
In the abovementioned study it has been revealed
that the C(2)-position of the HQs is of crucial
importance for their antibacterial profile against
different bacterial species and their potential to
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Fig. 4 Halogenated quinoline derivatives with antibacterial and antibiofilm activities

eradicate preformed biofilms. Therefore a series
of C(2)-substituted analogues of the HQs were
synthetized through reductive amination and
tested for bioactivity (Basak et al. 2015). These
derivatives demonstrated equipotent or slightly
reduced antibacterial activities as parent com-
pound 7 (Fig. 4) against clinical isolate MRSA,
while products 8 (aniline derived) and
9 (4-bromoaniline derived) were the most potent
analogues against methicillin-resistant
S. epidermidis (MRSE), fivefold more potent
than vancomycin (MIC = 0.78 pM) (Fig. 4).
Derivatives 8 through 11 proved to be three- to
six-fold more potent (MIC = 0.39-0.78 pM)
against  vancomycin-resistant  Enterococcus
faecium (VRE) than 7 (MIC = 2.35 pM) or
linezolid (MIC = 3.13 pM). The best potency
for MRSA biofilm eradication activities
demonstrated 9 with minimum biofilm eradica-
tion concentration (MBEC) of 125 pM, being at
least 16-fold more potent than vancomycin,
daptamycin, or linezolid antibiotics
(MBECs>2000 pM). Derivatives
8 (MBEC = 3.0 pM) and 10 (MBEC = 5.9 uM)
were the most potent MRSE biofilm eradicators
in this series, while 7 and 8 through 11

demonstrated potent biofilm eradication activities
against VRE biofilms (MBEC = 1.0-1.5 pM) and
as such were equipotent to linezolid, which is
used to treat VRE infections. Haemolytic activity
of the compounds has varied between 21.3% and
less than 4%, as for 8 and 9, indicating that
analogues do not eradicate biofilms through the
destruction of bacterial membranes, but through
other mechanism. In addition, the authors have
concluded that the HQs antibacterial activity is
realised through a metal(Il)-dependent mode of
action possibly through the targeting of a
metalloprotein critical to bacterial biofilm viabil-
ity (Basak et al. 2015).

In the following study Basak and colleagues
(Basak et al. 2016) derivatised broxyquinoline
(12, Fig. 4) through multi-step synthetic routes
to achieve highly diverse HQ analogues alkylated
and aminated at the C(2)-position. Among
39 synthetized derivatives, 13 (Fig. 4) emerged
as a highly potent anti-planktonic compound and
eradicating agent against MRS A (MIC = 0.39 pM,
MBEC = 7.8-93.8 pM), MRSE (MIC = 0.39 uM,
MBEC = 5.9 pM) and VRE (MIC = 0.78 pM,
MBEC = 1 pM) biofilms, when compared to
vancomycin (MRSA: MIC = 059 pM,
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MBEC>2000 pM; MRSE: MIC = 0.78 pM,
MBEC>2000 pM; VRE: MIC>100 pM,
MBEC = 150 pM). With haemolytic activity
<5% and low cytotoxicity, this compound cer-
tainly represent a promising lead for further
development of useful treatments against persis-
tent infection caused by Gram positive bacteria
(Basak et al. 2016).

Abouelhassan and colleagues (Abouelhassan
et al. 2015) tested whether phytochemicals, typi-
cally considered as a safe, could potentiate
antibacterial activity of halogenated derivatives
of 8-hydroxyquinoline (14, Fig. 4). They have
shown that gallic acid, which itself does not act
as antibacterial agent, potentiate several
derivatives from authors’ libraries described in
previous studies against different S. aureus
strains, by lowering their MICs at least fourfold
and, in some cases, up to 11,800-fold. On the
other hand, gallic acid in combination with
antibiotics of different classes, including quino-
lone, has not potentiated their antibacterial activ-
ity, thus indicating that antibacterial mechanisms
of the HQs differs from those of conventional
antibiotics. It was also demonstrated that gallic
acid in combination with compound 7 potentiate
MRSA biofilm eradication fourfold.

For further development of
8-hydroxyquinolines derivatives microwave-
enhanced Friedldnder synthesis protocol was
used in order to synthesize the HQ compounds
with C(2)- or C(2)- and C(3)- substituted
positions (Garrison et al. 2017). Several
derivatives exhibited significant antibacterial
activity. Compounds 15 and 16 (Fig. 4) with
MICs against MRSA isolate of 0.39 pM and
0.59 pM, respectively, were similar to vancomy-
cin (MIC = 0.59 pM) or better than daptamycin
(MIC =4.69 pM) and linezolid (MIC = 3.13 pM).
Compounds 15, 17, and 18 exhibited MICs of
0.10 pM, 0.15 pM, and 0.10 pM, respectively,
against MRSE, and as such were more efficient
than vancomycin (MIC = 0.78 pM), daptamycin
(MIC = 12.5 pM) and linezolid (MIC = 3.13 pM).
Among all, derivative 18 demonstrated the
highest potency against VRE (MIC = 0.3 pM).
When tested for eradication potency, compound
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16 proved to be one of the most potent biofilm
eradicators ever reported against both MRSA
(MBEC = 39-235 uM) and MRSE
(MBEC = 1.0 pM), while compounds 15 and
18 exhibited promising biofilm eradication
activities against MRSA (MBEC = 31.3 pM)
and VRE (MBEC = 1.5 pM), respectively.
Since negligible haemolytic activity was
observed for those most promising derivatives
(<8% at 200 pM) it seems that the HQs could be
a promising class of compounds capable of
treating biofilm associated infections.

These studies demonstrated great potentials of
numerous HQ derivatives as antibacterial agents
and biofilm eradicators, so further investigations
have been focused on development of the HQ
analogues with improved water solubility while
maintaining potent biofilm eradication properties
against major human pathogens (Basak et al.
2018; Huigens 2018). Conducting diverse syn-
thetic modification at the C(2)-position of the
HQ scaffold in order to enhanced water solubility,
a new compound that had lower ClogP value
(3.44) than parent compound 7; ClogP = 4.19)
was developed. This derivative, with morpholine
moiety at the C(2)-position 19 (Fig. 4), was the
most effective eradicator of MRSE biofilm
(MBEC = 2.35 uM) but showed no activity on
MRSA biofilms. Therefore, although HQ could
play a critical role in the development of next-
generation antibacterial therapeutics, at the
moment it is still work in progress.

Massoud and colleagues (Massoud et al. 2013)
described antibacterial activity of six new Ag
(I) compounds with quinoline-derived ligands
tested against 15 different MDR bacteria isolated
from diabetic foot ulcers and compared them to
antibacterial activity of silver sulfadiazine used
clinically to prevent infections in burns and
wounds. Compound [Ag(8-nitroquinoline);]
NO; x H,0O showed activity similar to topical
antibiotic against clinical isolates, being active
against all strains and having slightly better aver-
age silver efficiency than silver sulfadiazine (5 vs.
6 pg Ag/ml).

Promising candidates for development of new
drug are dimeric molecules since they exhibit



Quinolines and Quinolones as Antibacterial, Antifungal, Anti-virulence. . . 43

some unique properties in comparison to
corresponding monomer, such as enhanced
biological activity. In the last three decades,
numerous quinoline and quinolone dimers were
assessed for their biological activities, including
antimicrobial, and quite recently very detailed
review article has been published on the subject
(Chu et al. 2019); hence, quinoline/quinolone
dimeric molecules are not reviewed here.

It is worth noting that bacterial responses to
antibiotics  (not  just  4-quinolone)  are
concentration-dependent. At high concentrations,
antibiotics exhibit their antimicrobial activities on
susceptible  cells, but at subinhibitory
concentrations they can induce diverse biological
responses in bacteria. At these non-lethal
concentrations, bacteria may perceive antibiotics
as extracellular signals and thus trigger different
cellular responses, which may include an altered
antibiotic resistance/tolerance profile (Bernier
and Surette 2013). Bacterial responses to subin-
hibitory concentrations of antibiotics and
mechanisms of their responses vary depending
on antibiotic and species, thus we advise readers
for literature search on this topic.

3 Antifungal Activity

Fungal infections have become an everyday prob-
lem, but also a serious threat to human health due
to the development of resistant strains causing
weak and unsatisfactory therapeutic response to
known antifungals. Although the collection of
antifungal drugs is broad, the most commonly
used agents have major drawbacks such as side
effects and high level of toxicity. Together with
the emerging resistance, these drawbacks restrict
the number of medicines which can be used to
treat such infections. Thus, there is a clear need
for development of novel more effective antifun-
gal agents with a broad-spectrum activity, better
pharmacokinetic profile and low toxicity. As
eukaryotic organisms, fungi share numerous
conserved pathways with their human hosts,
therefore only a few drug targets can be exploited
to selectively kill these pathogens. Enzymes

involved in the synthesis of cell wall
polysaccharides are one of the most popular
targets for development of antifungal drugs.

A quinoline scaffold can be found in many
classes of biologically active compounds which
are used as antifungals (Musiol et al. 2010). The
unmodified quinoline exhibits relatively high
activity against some fungal strains at nontoxic
concentrations, which is a clear advantage in the
context of designing of novel antifungal drugs.
The fungistatic activity of 8-hydroxyquinoline
(14, Fig. 4) and its metal complexes has been
known since the early 1920s and these
compounds are still broadly used in healthcare.
Relatively simple quinoline modifications have
been widely investigated in order to obtain better
antifungal activity and some of these compounds
are still in use. Previous efforts in the develop-
ment of quinoline-based antifungals have been
extensively reviewed earlier (Musiol et al.
2010), thus here we focus on the achievements
from last 10 years.

A series of small HQ molecules exhibiting a
potent antifungal activity against Candida
albicans and Cryptococcus neoformans through
intracellular mode of action have been
synthetized (Zuo et al. 2016). HQ analogues
with bromine and chlorine halogens (7, 20)
(Figs. 4 and 5) inhibited C. albicans growth
with MIC of 100 nM which is four to eight
times more potent than the best-known antifungal
agents amphotericin B and itraconazole, while
several analogues inhibited C. neoformans at
MICs of 50-780 nM. Importantly, the HQ
analogues could eradicate mature C. albicans
and C. neoformans biofilms with MBEC of
6.25-62.5 pM. The same HQ analogues also
showed a range of antibacterial activities
inhibiting their planktonic and biofilm forms,
suggesting that these compounds could be a
promising scaffold for the development of thera-
peutics against mixed-species and/or biofilm-
associated infections. The biological activity of
the HQs depended on the nature of the groups
attached to the C(5)- and C(7)-positions of quin-
oline ring. The presence of chlorine, bromine or
iodine atoms in the C(5)- or C(7)- positions of the
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compounds was related to strong antifungal activ-
ity, which was not observed with the fluorinated
compounds. Although the observed antifungal
activity can be attributed to the presence of
halogens, those substituents can also cause higher
toxicity of the compounds. Bromoquinol
(broxyquinoline; 12, Fig. 4) is identified as one
of the most potent compounds with antifungal
activity during screening of 40,000 drug-like
molecules from diverse chemical compound
libraries against Aspergillus fumigatus (Ben
Yaakov et al. 2017). Its activity was blocked by
iron, copper or zinc supplementation, which
suggested that it interferes with the utilization of
these metals. It was demonstrated that
bromoquinol induces oxidative stress and apopto-
sis in A. fumigatus. Bromoquinol significantly

5

reduced mortality rates of Galleria mellonella
infected with A. fumigatus, but was ineffective
in a murine model of infection.

Clioquinol (21, Fig. 5) is a dihalogenated
8-hydroxyquinoline and antiseptic drug effective
against multidrug resistant Candida (Pippi et al.
2018). It blocks hyphal development thus
preventing biofilm formation. Clioquinol also
reduces the metabolic activity of sessile Candida
but the susceptibility was lower compared to
planktonic cells (0.031-0.5 pg/ml required to
inhibit 50% planktonic cells and 4-16 pg/ml to
inhibit 50% preformed biofilms). Clioquinol, as
well as other 8-hydroxyquinoline derivatives
such as 8-hydroxy-5-quinolinesulfonic acid and
8-hydroxy-7-iodo-5-quinolinesulfonic acid effec-
tively inhibited growth of Candida spp.,



Quinolines and Quinolones as Antibacterial, Antifungal, Anti-virulence. . . 45

Microsporum spp. and Trichophyton spp. (Pippi
et al. 2017) with MIC values ranging from
0.031-2 pg/ml, 1-512 pg/ml, and 2-1024 pg/
ml, respectively.

Most of the known quinoline drugs have a side
chain on the C(4)- or C(8)-position of the quino-
line scaffold. However, other positions also pro-
vide opportunities for the design of novel
bioactive compounds. Two subseries of
2,6-disubstituted  quinolines, consisting of
6-amide and 6-urea derivatives exhibit fungicidal
activity against C. albicans with minimal fungi-
cidal concentration (MFC) values lower than
15 pM (Delattin et al. 2012). The 6-amide
derivatives displayed the highest fungicidal activ-
ity against C. albicans and a bit lower activity
against C. glabrata (MFC < 50 pM) (22 as the
most potent, Fig. 5). Some of the 6-amide
derivatives and the 6-urea derivatives could also
eradicate C. albicans biofilms by inducing accu-
mulation of endogenous reactive oxygen species.

Styrylquinolines (23-26, Fig. 5) are a novel
group of quinoline drugs that have
pS3-independent antiproliferative activity and
antiviral properties. They were also found to
have antifungal activity and to decrease the activ-
ity of ABC multidrug transporters in C. albicans.
They also show synergistic activity with first-line
drug fluconazole (Szczepaniak et al. 2017).

Novel phenylcarbamate derivatives with
tetrahydroquinoline were designed as inhibitors
of HIV-1 reverse transcriptase (RT) also showed
antifungal activity against C. albicans and
A. niger (Chander et al. 2016). The most active
derivative (27, Fig. 5) displayed antifungal activ-
ity against C. albicans almost comparable to flu-
conazole with MIC value of 8 pg/ml.

The 7-chloroquinoline moiety was extensively
studied mainly because of its antimalarial
properties. Duval and co-workers synthetized
7-chloroquinolin-4-yl arylhydrazone derivatives
and addressed their antifungal activity against
several Candida species and two yeasts species
of Rhodotorula (Duval et al. 2011). The active
derivatives showed MIC and MFC values in the
range of 25 pg/ml and 50 pg/ml, which was the
activity comparable with the fluconazole. Four of
these hydrazones potently inhibited enzymatic

processes in C. albicans at sub-antifungal
concentrations, showing enzymatic repression of
phospholipase and aspartyl proteases, which are
the most frequent enzymes produced by
C. albicans (de Azambuja Carvalho et al. 2016).
Notably, the compounds exhibited low cytotoxic-
ity against mouse fibroblasts (NIH/3 T3 cell line)
at sub-antifungal concentrations.

On the way to N-functionalized 3-, 5-, 6- and
8-aminoquinolines, were obtained and their anti-
fungal activity was assessed against C. albicans,
Rhodotorula  bogoriensis and A.  flavus
(Vandekerckhove et al. 2015). Several
compounds displayed antifungal activity against
all three microorganisms tested, while derivative
28 (Fig. 5) was selected as the most potent one,
exhibiting activity toward the A. flavus strain
comparable to amphotericin B.

Evaluation of antifungal activity of N-alkyl
tetra and decahydroisoquinolines showed that
the activity of these compounds depends on the
length of the alkyl chain, with an optimum of
about 10-12 carbon atoms, whereas longer or
shorter alkyl chains lead to a decrease or complete
loss of activity (Krauss et al. 2014). The trans-
decahydroisoquinolines showed high antifungal
activity, comparable to the reference antifungal
drug clotrimazole with MIC values against
C. glabrata between 2.4 and 25 pg/ml. The
decahydroisoquinoline 29 (Fig. 5) was found to
inhibit the enzyme D14-reductase in C. glabrata,
while an additional inhibition of the downstream
enzyme D8,7-isomerase was not excluded. The
same group of researchers synthetized a series of
(&£)-trans-N-alkylperhydroquinolines, which also
showed high antifungal activity with MIC values
against C. glabrata between 5 and 50 pg/ml
(Krauss et al. 2015). The activity of the most
potent derivative was comparable to drug clotri-
mazole. The maximum of activity was found with
the derivatives having C10 or C12 alkyl chains,
while shorter alkyl chains led to a decrease in
activity, as already found for other N-alkyl
heterocycles. In comparison to N-alkyl perhydroi-
soquinolines, perhydroquinoline compounds
showed similar antifungal activity, but higher
cytotoxicity against a human cell line. Both
perhydroquinolines and perhydroisoquinolines
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targeted the same enzyme in ergosterol biosyn-
thesis (A®-isomerase), but the latter chemotype
showed higher selectivity.

The lipid-like choline and colamine analogues
based on 1,2,3,4- tetrahydro(iso)quinoline have
been developed as a part of compound libraries
of lipid-like systems that combine two fragments:
hydrophilic — 1,2,3,4-tetrahydro(iso)quinolinium
pharmacophore system, and lipophilic — long
chain alkyl substituent (30, Fig. 5), that helps
the molecule in its passive transport across
lipophilic barriers and plasma membranes
in vivo (Zablotskaya et al. 2017). Tetrahydroiso-
quinoline derivatives and compounds possessing
substituents with chain length of 10 or 11 carbon
atoms showed the strongest antifungal activities
with MIC values between 8 and 64 pg/ml.
Tetrahydroisoquinolinium heptyl and decyl
derivatives 30 exhibited high antifungal action
as compared with corresponding tetrahydroqui-
nolinium analogues. These compounds exhibited
stronger antifungal activity than fluconazole.

Quinoline based 1,2,3 triazoles emerged as a
group of very potent antifungal compounds with
ICs¢ values (half maximal inhibitory concentra-
tion) for the most active derivative 31 (Fig. 5) of
0.044 pg/ml against C. albicans, 12.02 pg/ml
against C. glabrata, and 3.60 pg/ml against
C. tropicalis (Irfan et al. 2015; Irfan et al. 2017).
Moreover, these antifungal concentrations were
not cytotoxic. The presence of these compounds
affected the secretion of extracellular hydrolytic
enzymes (proteinases and phospholipases). The
antifungal target for these triazoles was plasma
membrane as suggested by altered cell mem-
brane, reduced plasma membrane H'ATPase
activity, and significant inhibition in ergosterol
biosynthesis in the presence of these compounds.

A series of 2,5 and 1,5-regioisomers of
tetrazole with quinoline and benzylthio
substituents, were synthesized (Shaikh et al.
2017). The designed compounds consist of a
quinoline nucleus, which Serves as
pharmacophore and the non-heterocyclic part
such as phenyl group separated by a tetrazole
bridge. The antifungal activity of synthesized
compounds was tested against A. fumigatus and
C. albicans strains and the obtained MIC values

L. Senerovic et al.

for the most active compounds 32 and 33 (the 2,5-
and 1,5-isomer with fluoro substituent at the C(6)-
position) (Fig. 5) were between 2.5 and 25 pg/ml.
All the derivatives having halogens as
substituents showed better activity than other
derivatives. The active compounds came to be
inhibitors of dihydrofolate reductase and
N-myristoyl transferase, and exhibited no cyto-
toxic effects.

New hybrid analogues containing 7-chloro-4-
aminoquinoline and 2-pyrazoline N-heterocyclic
fragments were synthesized and evaluated for
antifungal activity against C. albicans and
C. neoformans (Montoya et al. 2016). The
compounds displayed stronger activity against
C. neoformans with the most active derivative
showing MICs, values of 15.5 and < 3.9 pg/ml
against C. albicans and C. neoformans,
respectively.

In an attempt for development of novel anti-
microbial agents, three series of quinoline
derivatives bearing pyrazole moiety were
synthesized (El Shehry et al. 2018). The most
active compound 2 (Fig. 3) showed fourfold
potency of amphotericin B in inhibiting the
growth of A. clavatus (MIC 0.49 pg/ml) and
C. albicans (MIC 0.12 pg/ml), respectively. The
same compound showed equipotent activity to
amphotericin B in inhibiting the growth of
A. fumigatus (MIC 0.98 pg/ml).

New quinoline derivatives (Khan et al. 2019)
bearing vinyl benzylidene imine with substituted
aniline at the C(2)-position showed antibiofilm and
antifungal activity. The antibiofilm activity of
compounds 34 and 35 (Fig. 5) against
C. albicans (ICsy values 66.2 and 51.2 pM,
respectively) were similar to activity of flucona-
zole (ICsy = 40.0 pM). Compound 34 exhibited
slightly lower antifungal activity (MIC = 94.2 pg/
ml) than fluconazole (MIC = 50.0 pg/ml).

Benzimidazole fused pyrrolo[3.,4-b] quinoline
(Villa et al. 2019) compound 36 (Fig. 5) exhibited
potent antifungal activity against C. albicans,
C. parapsilosis, C. tropicalis, C. glabrata, and
C. neoformans with the MIC values ranging
from 0.0625 to 2 pg/ml. Fungal strains that are
resistant to fluconazole were also inhibited by 36
with the MIC ranging from 0.25 to 0.5 pg/ml.
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These compounds also showed antibiofilm
activities without apparent toxicity to mammalian
cells. A fluorescent benzimidazo[1,2-a] quinoline
was identified within a set of nine benzimidazole
derivatives as bifunctional Candida spp. biofilm
detector and eradicator (de Souza et al. 2016).
Compound 37 (Fig. 5) was the most active deriv-
ative showing antifungal activity against different
Candida strains including C. tropicalis,
C. albicans, and C. parapsilosis with MIC values
in the range of 4 pg/ml against C. albicans and
32 pg/ml against the other isolates. Spraying of 37
over Candida sp. biofilm contaminated surface
enabled detection of the biofilms under UV
light. At the same time, 37 showed the potential
to eradicate the detected biofilms. Benzimidazole
37 thus has a good potential to enable the usage of
disinfected medical and surgical instruments in
clinical and surgical procedures contributing to
increased safety for patients.

As described, quinoline scaffold can be con-
sidered a valuable pharmacophore to be used for a
simple synthesis and development of novel anti-
fungal agents with the superior efficacy to com-
monly used antifungal drugs. The structural
diversity of synthetized compounds can provide
high and selective activity achieved through dif-
ferent modes of action, as well as low cytotoxicity
on human cells.

4 Anti-virulence Activity

P. aeruginosa produces more than 50 different
alkylquinolines (Deziel et al. 2004) of which
2-heptyl-3-hydroxy-4-quinolone (PQS) and its
direct precursor 2-heptyl-4-hydroxyquinoline
(HHQ) are PQS pathway autoinducers regulating
production of several virulence factors such as
pyocyanin and hydrogen cyanide, as well as bio-
film formation. Alkylquinolines signalling has so
far been detected in P. aeruginosa and certain
Burkholderia and Alteromonas species (Diggle
et al. 2006; Vial et al. 2008).

The majority of bacterial QS inhibitors (QSIs)
have been designed based on the core structures
of autoinducers. Quinolone-based compounds
are expected to exhibit species-specific QSI

activity against Pseudomonas,
Burkholderia and Alteromonas species.

Following a ligand-based drug design approach,
a set of HHQ and PQS analogs were synthesized by
variyng the side chain and introducing substituents
into the benzene moiety of the quinolone molecule.
PQS analogues with hydroxy group showed PgsR
agonistic activity in P. aeruginosa, and this effect
was circumvented by synthetizing a series of HHQ
analogs (Lu et al. 2012). Highly potent PQS
inhibitors have been synthetized by introducing
modifications in benzene ring and 3-alkyl
substituents achieving almost complete PgsR
inhibition at 5-10 pM concentrations (38, Fig. 6)
and reduction of virulence factor pyocyanin pro-
duction by 74% at 3 pM. Introduction of polar
groups at the C(3)-position of derivative 39 resulted
in novel compounds with enhanced anti-virulence
activity, with the most active derivative 40
inhibiting pyocyanin production at ICs of 3.8 pM
(Lu et al. 2014a). The QSI activities of these
compounds were confirmed in in vivo experiments
(Lu et al. 2014b).

A 4-quinolone isostere quinazoline was
designed as highly potent competitive inhibitor
of PqsR with derivatives 41-43 being the most
active ones (Fig. 6) (Ilangovan et al. 2013). A
simple isostere replacement (OH for NH,)
changed quinolone isostere quinazoline activity
from potent agonistic to potent antagonistic.
Derivative 41 inhibited pyocyanin production,
virulence genes expression, aminoquinoline bio-
synthesis, and biofilm development.

A series of 4-aminoquinoline derivatives have
been described as dual P. falciparum and botuli-
num neurotoxin inhibitors (Opsenica et al. 2012;
Videnovic et al. 2014; Solaja et al. 2008) as well
as ligands in complexes with anticancer activities
(Nikoli¢ et al. 2015). Following the drug
repurposing approach several 4-aminoquinoline-
based molecules with QSI activities have been
further developed. Within a series of
31 derivatives of antiprotozoal
4-aminoquinolines compounds with PqsR antag-
onistic activity were identified inhibiting receptor
activity by 70-85% at 10 pM (Soukarieh et al.
2018). Derivatives 44 and 45 inhibited pyocyanin
production, while compound 44, inhibited also

some
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Fig. 6 Quinoline and quinolone derivatives with anti-virulence activity

HHQ, PQS, and 2-heptyl-4-hydroxyquinoline
N-oxide (HQNO) production, and biofilm forma-
tion (Fig. 6). The efficacy of these compounds
depended on the strains of P. aeruginosa
(P. aeruginosa PA14 vs. P. aeruginosa PAOL1).

Recently, PQS inhibitory activity of long-
chain 4-aminoquinoline derivatives (Fig. 6) has
been reported (Aleksi¢ et al. 2017). Within this
series, derivatives 46 and 47 with C12 alkyl chain
at C(4)-position and chlorine at C(7)-position
were the most active anti-virulence compounds
inhibiting biofilm formation in P. aeruginosa
with ICsq values 63 pM and 69 pM, respectively,
and pyocyanin production with ICs, values of
40 and 2.5 pM, respectively. The same
compounds also inhibited biofilm formation in
Serratia marcescens with the same efficacy.

PQS, HHQ and some of the 4-quinolone
derivatives can modulate interspecies and
interkingdom interactions (Ferndndez-Pifiar et al.
2011; Reen et al. 2011, 2012, 2015), which
makes this chemotype even more attractive for
further development of QSI.

Long chain amide derivatives of 2-amino-4-
quinolone showed ability to inhibit biofilm for-
mation in P. aeruginosa and S. aureus (Espinosa-
Valdes et al. 2019). The most active compounds
were those with an alkyl chain of more than
12 carbon atoms and in general they were more
active against biofilm formation in P. aeruginosa
than in S. aureus. The most active compounds 48

and 49 (Fig. 7) also inhibited pyocyanin produc-
tion between 62.6 and 68.2% at concentration of
20 pM. None of the tested compounds affected
bacterial growth suggesting that observed activity
of the derivatives could be through modulation of
QS.

A library of quinoline amino alcohol
derivatives have been evaluated as biofilm
inhibitors against the Gram-negative pathogen
Vibrio cholerae (Leon et al. 2015). The most
potent  compound  was  meta-substitued
pentafluorosulfonyl derivative 50 (Fig. 7) with
BIFCs( of 4.4 pM and BDICs value of 7.4 pM.
The antibiofilm activity of this compound was
observed at concentration that did not affect bac-
terial growth (MIC = 78.1 pM) suggesting that
mode of antibiofilm action was different from its
bactericidal activity. This compound also
exhibited cytotoxicity to HeLa cells with ICs,
value of 7.27 puM, thus it can be considered as
active component for functionalization of
materials for medical use rather than for systemic
application.

Chloroquine (CQ, Fig. 1) has been tested in
combination with antifungal drugs fluconazole,
voriconazole, amphotericin B, and caspofungin
for ability to inhibit C. albicans planktonic
forms and biofilms (Shinde et al. 2013). No syn-
ergistic activity of CQ and antifungals has been
observed against planktonic growth. Alone flu-
conazole and voriconazole didn’t affect formation
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Fig. 7 Quinoline and
quinolone derivatives with
antibiofilm activity

48,n =10
of C. albicans Dbiofilms even at high
concentrations, but in a combination with

250 pg/ml CQ, antibiofilm activity was observed
at fluconazole concentration of 4 pg/ml and
voriconazole concentration of 0.25 pg/ml.
Combinations of CQ with amphotericin B, or
CQ with caspofungin showed no synergistic
activities against biofilm formation. Antifungal
drugs fluconazole and voriconazole showed no
effect on mature C. albicans biofilms, while
amphotericin B and caspofungin inhibited mature
biofilms but high concentrations were required
(0.5 and 1 pg/ml, respectively). In the presence
of 250 pg/ml CQ, mature biofilms were disrupted
as a result of synergistic activity with fluconazole
and voriconazole, while combination with
amphotericin B and caspofungin showed low
effect against mature biofilms. CQ can be devel-
oped as a promising partner molecule of antifun-
gal drugs for combination therapy against
C. albicans biofilm.

5 Antiviral Activity

Viral infections have concerning effects on the
health of human populations worldwide. The suc-
cessful treatments of these infections require
highly effective antiviral drugs, which together
with the growing spread of resistance require
new therapeutic agents. A lot of efforts has been
done on antiviral properties of quinolines and
quinolones and their structural analogues against
human immunodeficiency virus (HIV), but their
antiviral activity was also demonstrated against
human cytomegalovirus (HCMV), SARS corona
virus, Zika virus, Chikungunya virus, hepatitis C
virus (HCV), and Ebola virus (Luthra et al. 2018;
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Plantone and Koudriavtseva 2018; Al-Bari 2015;
Delvecchio et al. 2016; Barbosa-Lima et al. 2017;
Loregian et al. 2010). Chloroquine shows
antiviral effects by inhibiting pH-dependent
steps of the replication of several viruses includ-
ing members of the flaviviruses, retroviruses, and
coronaviruses (Savarino et al. 2003).

Human immunodeficiency  virus type
1 (HIV-1) integrase (IN), HIV-1 RT and HIV-1
protease are the essential enzymes for retroviral
replication, and represent the important targets for
interrupting the viral replication cycle and thus
development of novel antiviral therapeutics.
Reverse transcriptase and protease inhibitors,
which have been used in retroviral therapy, can-
not achieve complete suppression and there is a
risk for resistance development. The best-studied
effects of CQ are those against HIV replication,
and its analogues have been used in clinical trials
as investigational anti-retroviral agents in humans
with HIV-1/AIDS (Al-Bari 2015). Approved 51
(Fig. 8), later called elvitegravir, is the first
quinolone-based anti-HIV drug, exhibiting potent
inhibitory activity against integrase-catalyzed
DNA strand transfer (Sato et al. 2006). Recently,
a series of quinolone-3-carboxylic acids have
been synthetized as HIV-1 integrase inhibitors
featuring a fluorine atom at C(5) position
(He et al. 2013). The most active compound 52
(Fig. 8) exhibited activity against both wild-type
and the mutant virus, with an ECs, value of 0.032
and 0.082 pM, respectively. Another series of
quinolone-3-carboxylic  acids have  been
synthesized by introducing different hydrophobic
groups at N(1), C(2), C(7), and C(8) positions
(Hajimahdi et al. 2016). Most of the compounds
of this group showed anti-HIV activity without
cytotoxicity at concentration of 100 pM. The
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Fig. 8 Quinoline and quinolone derivatives with anti-HIV activities

most active compound 53 (Fig. 8) showed anti-
HIV activity with an inhibition rate of 84%.
Docking study revealed that the anti-HIV activity
of this group of compounds might involve a metal
chelating mechanism. Several other quinoline
analogues have been synthetized, which exhibit
low micromolar inhibitory potency against HIV-1
IN as recently reviewed by Wadhwa et al
(Wadhwa et al. 2018). A series of multi-
substituted quinolines, with the focus on the sub-
stitution pattern of the 4-phenyl moiety and
incorporation of heteroaromatic or polycyclic
substituents at the C(4)-position, were prepared
and examined for their ability to trigger HIV-1 IN
multimerisation via binding to an allosteric site
(Jentsch et al. 2018). 4-(4-Chlorophenyl)quino-
line and 2,3-benzo[b][1,4]dioxine showed highest
potency with ECs, values (half maximal eradica-
tion concentration) of 0.1 and 0.08 pM, respec-
tively. A series of isoquinoline analogues with

allosteric IN inhibitory activity has been recently
reported (Wilson et al. 2019). Compound 54
(Fig. 8) was highly potent with EC50 of 1.1 pM.

Protein kinase CK2 plays a role in the stimula-
tion of RT and protease. Substituted pyrimido
[4,5-c]quinoline ATP competitive inhibitors of
protein kinase CK2 showed a good antiviral
activity with the compound 55 (Fig. 8) having
IC5o values as low as 80 nM against HIV-1
viruses with an excellent therapeutic index (Pierre
et al. 2011).

Using the ligand based drug design approach
the 1-(4-chlorophenyl)-2-(3,4-dihydroquinolin-
1(2H)-yl)ethyl phenylcarbamate derivatives
were designed as inhibitors of HIV-1 RT
(Chander et al. 2016). The most active
compounds 56 and 57 (Fig. 8) inhibited the RT
activity with ICsy 8.12 and 5.42 puM, respec-
tively. Cytotoxicity and anti-HIV activity of
these compounds were evaluated on T
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lymphocytes. Both compounds exhibited potent
anti-HIV activity with ECsq values 11.10 and
2.76 pg/ml, for 56 and 57 respectively, while
showing a very good safety index.

A molecular-hybrid approach is a powerful
tool in the design of new molecules with
improved affinity and efficacy and as such was
applied for development of novel antiviral agents
involving quinoline scaffold. The
fluoroquinolone-isatin  hybrids 58 and 59
(Fig. 8) showed inhibition on the replication of
HIV-1 in human cells with ECsy of 11.3 and
13.9 pg/ml, and the selectivity index values
were > 5. The promising antiviral properties of
isatin and fluoroquinolone hybrids have been
extensively discussed recently (Xu et al. 2019).
Further, a series of diarylpyrimidine—quinolone
hybrids was synthesized and evaluated against
both wt HIV-1 and mutant viral strains (Mao
et al. 2015). The most active hybrid 60 (Fig. 8)
displayed an ECsq value of 0.28 £+ 0.07 pM
against HIV-1 by targeting RT.

HIV infects multiple cells in human body, but
its replication starts after infecting CD4
lymphocytes (T-cell or CD4- cell). The treatment
of proliferating CD4 T-cells with antiproliferative
activity agents reduces the ability of these cells to
support HIV replication. Combination therapy
involving cytostatic compounds such as
hydroxychloroquine or hydroxyurea with proven
anti-retroviral drugs as didanosine decreases viral
replication and increases the CD4 count in
antiretroviral-naive HIV patients thus helping to
control the infection. A novel di-gold(I) complex
of ferrocene—quinoline (61, Fig. 8) was
investigated for cytostatic behaviour as well as
antiviral activity (Gama et al. 2016). Di-gold
quinoline derivative showed inhibition of virus
infectivity by 83% at concentration of 10 pg/ml
and cytostatic activity with significant S and
G2/M phase cell arrest, which make it a good
candidate for use in HIV-1 infection as a
virostatic agent.

Although quinoline/quinolone derivatives
showed promising antiviral effects in in vitro
studies, published clinical studies evaluating the
effects of chloroquine/hydroxychloroquine

administration, alone or in combination with
other drugs, in HIV infected subjects reported
different effects in terms of immune activation,
viral load, and CD4 counts (Savarino and Shytaj
2015). The outcome of the studies depended on
applied doses, duration of the treatments or the
drug exposure, or on the individual differences in
drug metabolism and distribution.

6-Aminoquinolones with amino group at the C
(6) position of the bicyclic quinolone ring system,
specifically inhibit HIV replication (Cecchetti
et al. 2000). On the other side, 62 (Fig. 9),
which is characterized by a cyclopropyl group at
the N(1) position and a 4-(2-pyridyl)-1-piperazine
moiety at the C(7) position showed specific activ-
ity against HCMV by inhibiting transactivation
activity of immediate-early 2 (IE2), a multifunc-
tional factor essential for viral replication
(Loregian et al. 2010; Mercorelli et al. 2014).
The target of this compound is different from
that of the anti-HCMV drugs currently approved
for clinical use. 62 demonstrated activity against
laboratory strains of HCMV but also against clin-
ical isolates and virus strains resistant to clinically
relevant anti-HCMV agents. Importantly, this
compound does not show cross-resistance with
ganciclovir, acyclovir, cidofovir, and foscarnet,
which is important advantage for its potential
clinical use, since drug-resistant HCMV strains
often emerge after long-term treatment with
antiherpetic drugs.

Most of the current clinical compounds and
approved  drugs against HCV  target
non-structural (NS) proteins NS3, NS5A, and
NS5B. 3-Heterocyclyl quinolones have been
described as a series of allosteric-site (NNI-2)
inhibitors of the HCV NS5B polymerase
(Kumar et al. 2012). The most potent compounds
in this series were 63 and 64 (Fig. 9), with ECs,
below 250 nM. Derivatives of 1H -quinazolin-4-
one were reported as allosteric HCV NS5B thumb
pocket 2 (TP-2) inhibitors (Hucke et al. 2014)
with picomolar antiviral potency in genotype
(gt) la and 1b (ECsy = 120 and 110 pM, respec-
tively) and with EC5y < 80 nM against gt 2—6.

A group of 6-aminoquinolone derivatives
demonstrated inhibitory activity against NS5B
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Fig. 9 Quinoline and quinolone derivatives with anti-HCMV and anti-HCV activities

polymerase (Manfroni et al. 2014). The most
active compound of this group was 6-amino-7-
[4-(2-pyridinyl)-1-piperazinyl]quinolone deriva-
tive 65 (Fig. 9) with an ICs( value of 0.069 pM.
Its selective antiviral effect was ECsy 3.03 pM,
while cytotoxicity was not observed.

Derivatives of 2-oxadiazoloquinoline were
designed to inhibit HCV NS4B, which is integral
membrane protein believed to act primarily as an
endoplasmic reticulum-localized scaffold for the
assembly of the replicase complexes needed for
HCV RNA replication (Phillips et al. 2014).
Compound 66 (Fig. 9) from this series showed
exceptional activity against different replicons
with ECsq values ranging between 0.08 nM and
3.1 nM.

The compound 67 (RG7109, Fig. 9), was
synthetized as a result of an effort to develop a
combination therapy against HCV consisting of
only direct-antiviral agents. The standard therapy
of HCV included pegylated interferon o
(Peg-IFN) and ribavirin (RBV), however this
therapy was effective against gt 2 or 3, but gt

1 did not respond well, with SVR (absence of
detectable HCV RNA in blood serum for
24 weeks after treatment withdrawal) rates of
<50% even after 48 weeks long therapy. Upon
FDA approval of HCV protease inhibitors the
treatment of gt 1 included Peg-IFN and RBV
and a protease inhibitor, which improved the
SVR rates up to 90% with gt 1 naive patients.
Interferon-associated side effects limit treatment
success in a large number of patients. With the
aim to develop a combination therapy consisting
of only direct-antiviral agents, Talamas and
co-workers identified a bicyclic template with
potent activity against the NS5B polymerase
containing 3,5,6,8-tetrasubstituted quinoline core
67, which was selected for advancement to clini-
cal development (Talamas et al. 2014).

Isoquionoline-containing compound called
asunaprevir  (68) (Fig. 9), a tripeptidic
acylsulfonamide inhibitor of the NS3/4A enzyme
developed by Scola and co-workers (Scola et al.
2014a; b) went through phase III clinical trials for
efficient treatment of HCV infection.
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6 Derivatives with Anti-parasitic
Activity

Parasitic diseases caused by protozoan species
represent one of the major health challenges
worldwide, affecting millions of people of all
ages and social classes. The most threatened are
children, pregnant women, immunocompromised
individuals, and people living in developing
countries. Consequences of illness burden not
only patients and their families, their financial
status, but also local and global economy. Taking
into account the limitations of currently available
drugs, the only proven strategy to fight against
these diseases is development of the new thera-
peutics under clearly defined criteria (Nwaka and
Hudson 2006).

6.1 Antimalarial Activity

According to WHO annual report, in 2017
approximately 219 million cases of malaria
occurred worldwide, resulting in 435,000 deaths
(World Health Organisation 2019). Most cases
were registered in African regions, followed by
South-East Asia and Eastern Mediterranean
regions. Malaria is caused by five Plasmodium
species with Plasmodium falciparum as the most
dangerous one, since it causes cerebral malaria
and is the major cause of death.

Although many different pharmacophores
have been developed during past decades, quino-
line derivatives (Figs. 1 and 10) are still a back-
bone for development of novel antimalarial drugs
(Barnett and Guy 2014). Actually, one of the
most successful antimalarial therapeutics, a well-
known quinoline derivative chloroquine, has
been used for decades to threat this illness. The
main mechanisms of action of CQ and its
congeners (Figs. 1 and 10) are inhibition of
hemozoin polymerization and release of a free
toxic haem (Egan and Marques 1999). Among
diverse antimalarials used in clinics CQ, consid-
ered as safe even for children and pregnant
women, is the easiest to synthesize. Unfortu-
nately, malaria parasite has developed resistance

to most of antimalarial drugs including
CQ. Structural modifications of this chemotype,
which would include altering the nature of the
quinoline core and side chain at C(4)-position,
or synthesis of organic (Boudhar et al. 2016) or
organo-metallic hybrids (Salas et al. 2013) pres-
ent a good direction for obtaining novel
derivatives with better activity against CQ resis-
tant strains (Manohar et al. 2013).

Introducing of steroidal structure fragment,
various thiophen, benzothiophen and adamantyl
groups, numerous derivatives of
4-aminoquinoline have been synthetized and
tested for their antimalarial activity. Steroidal
compounds reported by (Videnovic et al. 2014),
which were developed based on the results of the
previous study (Solaja et al. 2008), showed low
nanomolar ICsy (50% inhibition of B-haematin
formation) activities against CQ resistant and
MDR P. falciparum strains. Among them
derivatives 69-71 were the most active in the
series (Fig. 11), being more active than meflo-
quine (Fig. 10) against MDR strains. High
potency of these derivatives was demonstrated
with three times better inhibition of hemozoin
production than CQ. Derivatives bearing
electron-rich thiophen or benzothiophen groups
were designed to enhance activity against CQ
resistant and MDR strains of P. falciparum, by
additional m-interactions with hem (Opsenica
et al. 2015). 4-Fluoro derivatives, 72 and 73,
were the most active in in vivo experiments
showing curative activity (Fig. 11). Addition of
aromatic ring, elongation of diaminoalkyl linker,
and replacement of F-atom with CN-group
(74-76, Fig. 11) enhance active against CQ resis-
tant strain (Konstantinovic et al. 2017). The most
active benzothiophene derivate 77 cured mice
infected with P. berghei when dosed orally
(Fig. 11). Derivatives with adamantyl-substituent,
78-81 (Fig. 11) (Terzic et al. 2016) were designed
to increase lipophilicity of quinoline core and to
provide amphiphilic structure (Wanka et al. 2013)
and metabolic stability. These compounds
demonstrated in vitro antimalarial activity at low
nanomolar concentrations against CQ resistant
and MDR strains, presenting the highest potency
up today. This modification increased
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Fig. 10 The most-
successful quinoline
derived antimalarial drugs
developed in the twentieth

century
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Fig. 12 Keto- and amidino-quinolines with antimalarial activity

microsomal metabolic stability over 60 min.
Introducing the F-atom at C(3)-position
attenuated in vitro activity against erythrocyte
form of P. falciparum. However, five F-C(3)
derivatives showed excellent in vitro and in vivo
activity against liver stage of P. berghei, with 78
as the most active derivative with ICsy = 0.1 pM.

Changing the character of 4-amino group, or
replacing it with different functional group, alters
electronic properties of quinoline core. One of the
such example is derivative 82 (Fig. 12) who
contained carbonyl group attached to C
(4) (Baragana et al. 2015). Compound 82 showed
potent activity against multiple stages of the Plas-
modium parasite life-cycle and exhibited excel-
lent pharmacokinetic properties and an acceptable
safety  profile. = This molecule having
ECyp = 2.4 nM against MDR P. falciparum strain
reduced parasitemia for 90% in mice infected
with P. berghei after a single oral dose. Transla-
tion elongation factor 2, a protein responsible for
the GTP-dependent translocation of the ribosome
along mRNA and as such required for protein
synthesis at all stages of the parasite life cycle
was identified as the target. Therefore, with its
potent activity against multiple stages of the par-
asite life cycle, high metabolically stability, novel
mode of action, and excellent drug-like
properties, 82 meets the key criteria for new anti-
malarial drug.

Few derivatives of yet another series of
4-amidinoquinolines, tested against CQ sensitive
and CQ resistant strains, exhibited ICsy values
less than 10 nM (Korotchenko et al. 2015). Intro-
duction of the third substituent on the amidine-
group provided both good activity and enhanced
metabolic stability. Derivatives 83 and 84
(Fig. 12) showed activity with ICsq = 1.9-34 nM.

However, those promising results were dimin-
ished with high resistant index (activity against
resistant vs. activity against sensitive strains)
ratio.

Amodiaquine (Fig. 10), well known and
intensely studied drug, could replace CQ in anti-
malarial therapy (Olliaro and Mussano 2003). It is
successful in treatment of CQ resistant strains but
unfortunately when used prophylactically toxic
metabolites are produced (Schlitzer 2007). There-
fore, a series of N-pyridyl, N-1H-benzo[d]imidaz-
ole, N-benzo[d]oxazole, and N-benzo[d]tiazole
were tested (Ongarora et al. 2015). Three
derivatives (85-87, Fig. 13) showed in vivo
efficacies in dose-depend manner with 99.5%
parasitemia reduction among which derivative
85 was the most successful. 8-Aminoquinolines
primaquine and tefenoquine (Fig. 10) are also
known and promising antimalarial compounds
(Waters 2011). Shared common disadvantage of
these compounds is biotransformation of terminal
amino-groups into aldehydes, which are toxic. To
prevent such transformation and to maintain good
antimalarial activity a new derivatives that
contained aminoxy and oxime-groups were
synthetized (Leven et al. 2019). The compounds
were evaluated in vitro against asexual blood
stages, liver stages, and sexual stages of
P. falciparum. 8-Aminoquinolines bearing a
2-alkoxy and a 5-phenoxy substituent (88-92,
Fig. 13) were the most active compounds, with
the ICs, values in the range 0.95-1.3 pM, compa-
rable to primaquine and tefenoquine. Derivatives
93 and 94 showed significant activity against
asexual blood stage of parasites (Fig. 13). How-
ever, identification and toxic profile of potential
metabolites remained inexplicable.
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Synthesis of hybrid compounds that contained
two or more pharmacophore is a new promising
approach in development of more successful
antimalarials. It was expected that those hybrid-
compounds cover distinct mechanism of actions,
or affect different phase of plasmodium life cycle;
hence, synergistic effect was anticipated.

1,2,4,5-Tetraoxane-8-aminoquinoline hybrids
with various aryl or heteroaryl group as
substituents at the metabolically labile C(5)-
position of the 8-aminoquinoline moiety were
tested in vitro as dual-stage antimalarial agents
against P. falciparum CQ resistant strain (blood
stage) and P. berghei (liver stage) (Capela et al.
2018). Derivatives 95-98 (Fig. 14) have
improved metabolic stability, and proved to be
efficient as dual-stage antiplasmodial agents with
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good metabolic stability, inhibiting the develop-
ment of intra-erythrocyte forms of P. falciparum
(ECsp = 15-17 nM) and P. berghei liver stage
(ECs0 = 1.11 pM).

Hybrid compound 99 (Fig. 14) containing a
ruthenocene, 4-aminoquinoline, and a 1,2,4-
trioxane motifs exhibited ICso = 65.33 nM and
ICs5¢ = 62.0 nM against CQ resistant and MDR
strain of P. falciparum, respectively (Martinez
et al. 2017). As such derivative 99 was better
than CQ, and the parent metal-free and
quinoline-free trioxane, indicating possible route
for designing new derivatives than could over-
come resistance problem.

Hybrid derivative 100 and 101 (Fig. 14),
contained 4-aminoquinoline and a quinolizidine
(Sparatore et al. 2005) fragments displayed a very
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attractive bioactivity profile (Basilico et al. 2017).
Both racemic (1R/1S)-AM1 and enantiomers
exhibited an antimalarial activity in low
nanomolar range against sensitive and CQ resis-
tant strains, as well as against MDR strain of
P. falciparum. Racemic (1R/1S)-mixture showed
remarkable antimalarial activity against ten dif-
ferent isolates of Plasmodium vivax with three
times higher potency than CQ. Enantiomer (15)-
100 displayed an additive effect when applied in
combination with dihydroartemisinin. All forms,
racemate and enantiomers, were in vivo active

with no significant differences in potency
among them.

Enantiopure chiral 4-aminoquinoline
derivatives that contain piperazine were

synthesized (Dola et al. 2017) among which
derivatives 102-104 (Fig. 14) showed activities
in the range of 5.03-39.39 nM against
P. falciparum strains. Compound 102, showed
the best activity in vivo, and successfully cured
mice infected with CQ resistant P. yoelii strain.
This derivative has been identified as a preclinical
candidate molecule, due to excellent physico-
chemical properties, an acceptable pharmacoki-
netic profile, and moderate metabolic clearance
in liver microsomes.

Large number of examined quinoline
derivatives has provided necessary information
on structure-activity relationship and revealed
new potential targets for the treatment of malarial
parasite. However, although those results are
highly valuable, new derivatives still have not
brought much needed breakthrough in the ther-
apy. Currently, in accordance with WHO recom-
mendation, the most successful clinical
treatments are combination therapies, which
include established antimalarial drugs, such as
artemisinin (Chico and Chandramohan 2011).

6.2 Antileishmanial Activity

Leishmaniasis is caused by Leishmania parasites
and is transmitted to humans by the bite of
infected female phlebotomine sandflies. The dis-
ease may occur in humans and animals, including
those from the closest human surrounding. About

70 animal species and humans can be a reservoir
of Leishmania and depending on the source it can
be classified as zoonotic or anthroponotic. More
than 20 different Leishmania species that infect
mammals can cause infection in humans. There
are four main forms of the disease: visceral leish-
maniasis (also known as kala-azar), post-kala-
azar dermal leishmaniasis, cutaneous leishmania-
sis, and mucocutaneous leishmaniasis (World
Health Organisation 2018). While cutaneous
leishmaniasis is the most common form of the
disease, visceral leishmaniasis is the most serious
and almost always fatal if untreated. Based on the
assumption that similar chemotypes could be
active against related pathogens, broad series of
quinoline-like structures (Woodring et al. 2015),
and quinolines (Baragana et al. 2015; Devine
et al. 2015; Konstantinovic et al. 2017; Solaja
et al. 2008) were examined simultaneously as
antimalarial, antileishmaniasis and
antitrypanosomal agents, including application
in combination therapy (Wijnant et al. 2017).

Ten out of thirty tested quinoline derivatives
that contained adamantine or benzothiophen moi-
ety exhibited ICs values less than 1 pM against
Leishmania infantum and Leishmania tropica
promastigote stage (Konstantinovic et al. 2018).
Two derivatives, 105 and 106 (Fig. 15), exhibited
dose-dependent in vivo activity, and a high level
of mice survival and reduction of parasites level —
up to 99% after 50 mg/kg/day and 5 days treat-
ment. Those two compounds induced production
of nitric oxide by IFNy-primed macrophages, but
only when highest doses were used. Also, both
derivatives induced a persistent increase of reac-
tive oxygen species (ROS) at all tested doses.

During the search for new scaffolds that would
be able to inhibit three protozoan pathogens,
quinoline derivatives 107-109 (Fig. 15) tested
for inhibitory activity against two life stages
(promastigote and amastigotes) of Leishmania
major (Devine et al. 2015). While derivatives
107-109 showed high activities against
promastigote life stage, exhibiting ECs, values
in the range 0.2-0.4 pM, only derivative 109
also showed activity against amastigotes life
stage (ECso = 0.89 pM).
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Fig. 15 4-Aminoquinolines with antileishmanial activity

Two derivatives of 4-aryloxy-7-
chloroquinolines showed a strong inhibition of
Leishmania donovani promastigote

(ICso = 1143 uM and IC5y = 7.9 pM) and
amastigote proliferation (IC50 = 1.01 pM and
IC50 = 1.02 pM) (Valdivieso et al. 2018).
Combinations of 110 or 111 (Fig. 16) with
amphotericin B showed a synergistic anti-
promastigote effect, while combinations of either
110 or 111 with miltefosine showed a synergistic
anti-amastigote effect. Compounds showed delete-
rious effect on the mitochondrial electrochemical
potential in ICsy concentrations, suggesting that
rapid collapse of the parasite’s mitochondrial mem-
brane potential could be a mechanism of action.

A quinoline derivative 112 (Fig. 16) exhibited
a strong effect against Leishmania amazonensis,
inhibiting the growth of its promastigotes and
intracellular amastigotes forms (Antinarelli et al.
2015; Antinarelli et al. 2018). The compound also
affected the proliferation of amastigote-like forms
of L. amazonensis, with IC5y = 7.0 pg/ml.
Intramacrophage amastigotes treated with 112
showed a low capacity to reverse the effect of
the compound in a drug-free medium. The strong
effect on all parasite stages and the absence of
reversibility of the action of 112 suggest that
severe damage has been caused to the targets,
and mechanism of its activity was preliminarily
associated with mitochondrial dysfunction.
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A quinoline derivative clioquinol (Fig. 5)
inhibited L. amazonensis and Leishmania
infantum promastigotes with EC5q = 2.55 pg/ml
and ECs¢ = 1.44 pg/ml, respectively, and also
showed inhibitory activity against axenic
amastigotes of L. amazonensis (ECso = 1.88 pg/
ml) and L. infantum (ECso = 0.98 pg/ml)
(Tavares et al. 2018). Significant reductions in
the percentage of infected macrophages after
treatment and in the pre-treated assay using
clioquinol were observed. Clioquinol induces
morphological and biochemical alterations in
parasites, including reduction in cell volume,
loss of mitochondrial membrane potential,
increase in the ROS production and rupture of
the plasma membrane.

N-Aryl derivatives of 2- and
3-aminoquinoline were evaluated as antiproli-
ferative agents against Leishmania mexicana,
the etiological agent of leishmaniasis and
Trypanosoma cruzi (Chanquia et al. 2019).
Fluorine-containing derivatives 113 and 114
(Fig. 16) were more than two-fold more potent
than geneticin against intracellular promastigote
form of L. mexicana, both exhibiting ICs, values
of 41.9 pM. The ICsq values of derivatives
113-115 (Fig. 16) were of the same order as
drug benznidazole against epimastigote form of
T. cruzi. The compounds were capable to inhibit
the degradation of haem, inducing intracellular
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oxidative damage, which is not countered by the
antioxidative defence system of the parasite.
Series of triazolyl esters of 2-methyl-4-
phenylquinoline-3-carboxylic acid have been
evaluated in vitro against L. donovani (Upadhyay
et al. 2018). Most of the derivatives exhibited
significant  antileishmanial activity against
promastigotes and intracellular amastigotes, with
less cytotoxicity in comparison to the sodium
stibo-gluconate. Four compounds 116-119
(Fig. 16) proved to be active derivatives, with
lower toxicity and better selectivity index and
were selected for in vivo evaluation. Compound
118 showed consistent activity up to day 28 post-
treatment in a hamster model, which is promising
finding as the hamster model of visceral leish-
maniasis closely resembles the human condition.
Sixteen derivatives of 6-substituted quinoline
analogues 120 (Fig. 16) showed high inhibitory
potency against L. major promastigotes with
ICs¢ = 0.04-5.60 pM, and all were more active
in comparison with pentamidine (IC5o = 7.02 pM)
(Almandil et al. 2019). Presence of either electron
donating or electron withdrawing group on phe-
nyl ring plays an important role in inhibition, but
electron donating group showed better activity.
Leishmaniasis did not take much attention in
R&D programs in comparison to other parasitic
disease, like malaria. However, since the disease

is continuously increasing in Eastern Mediterra-
nean Region, with 5 times growth in the period
1998-2015 (World Health Organisation 2017),
there is an urgent need for changing of such a
treatment. Although many quinolines exhibited
good antileishmanial activity, their targets are
still unknown.

Identification of the targets is prerequisite to
direct further structural modifications of quino-
line scaffold in order to optimize their therapeutic
activity.

6.3 Antitrypanosomal Activity

Trypanosoma is unicellular parasitic protozoa
which causes infections in humans in the tropical
and sub-tropical areas. Trypanosomes infect a
variety of hosts and cause fatal disease, such as
sleeping sickness in humans. More than 19 differ-
ent Trypanosoma species were identified as caus-
ative agents of diseases that differ in symptoms,
action and main host. Trypanosoma cruzi causes
American trypanosomiasis, or Chagas disease,
when it infects a wide variety of wild and domes-
tic mammals, rodents, many species of
bloodsucking triatomid insects — the usual vectors
of disease, and humans. The other members of the
genus Trypanosoma that cause disease in humans
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are two subspecies of African trypanosomes,
T. brucei subspecies gambiense and T. brucei
subspecies rhodesiense. These organisms cause
West African and East African trypanosomiases,
respectively. The main limitation of the drugs that
are currently in use against Trypanosoma is tox-
icity and requirement for intravenous dosing, thus
novel drugs are needed. One approach is to
develop compounds that show activity against
molecular targets that are common for related
pathogens. For example, 7. brucei (human Afri-
can trypanosomiasis), 7. cruzi (Chagas’ disease),
Leishmania spp. (leishmaniases), and Plasmo-
spp. (malaria) express kinases and
phosphodiesterases which are involved in the
process of cellular signalling (Gould and de
Koning 2011; Parsons et al. 2005). Recently it
was found that certain human kinase inhibitors
could be also effective against 7. brucei with
ECs in the low micromolar range (Katiyar et al.
2013), including tyrosine kinase inhibitors and
new compounds developed on that basis (Patel
et al. 2013).

Quinoline and quinoline-like compounds were
tested for their antiprotozoan activity (Devine
et al. 2015). From 4-aminoquinoline scaffold,
derivatives 121-123 (Fig. 17), and derivatives
108 and 109 (Fig. 15) showed medium nanomolar

dium

activities against Trypanosoma brucei and
Trypanosoma cruzi. In general, derivatives
showed better activity against 7. brucei

(EDsy = 79-450 nM), than against 7. cruzi
(EDso = 730-950 nM), with exception of deriva-
tive 122, which is more active against 7. cruzi
(ECs¢o = 90 nM vs. ECs5g = 350 nM).

The TbrPDEBI1 enzyme, a member of cyclic
nucleotide phosphodiesterases was used as a

Q 121, Ry =
HN Cl 122, R, =
~
R; N 123,R, =

Fig. 17 4-Aminoquinolines with antitrypanosomal activity
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target for series of 3-carbamido-4-amino
quinolines (Ochiana et al. 2015). Derivatives
124-127 (Fig. 18) exhibited the highest activity,
inhibiting >80% of TbrPDEB1 and exhibiting
ICsp in the range 3.5-6.4 pM.

Another derivatives of chalocone (128; gen-
eral structure A, Fig. 18) and corresponding
4,5-dihydro-1H-pyrazole derivatives (129; gen-
eral structure B, Fig. 18) were screened against
intracellular amastigotes of 7. cruzi and intracel-
lular amastigotes of Leishmania (Vianna)
panamensis (Ramirez-Prada et al. 2017). Com-
pound 129 was highly active against 7. cruzi
(EC50 0.70 pg/ml), while the best
antileishmanial activity exhibited compound
128, which was active at 0.79 pg/ml.

Novel 7-phenyl-quinolines 130-133 (Fig. 18)
were evaluated against bloodstream forms of
T. cruzi. Nine quinolines were more effective
against  amastigotes  than  benznidazole
(ECs59 = 2.7 pM) and they showed ECs, values
ranging from 0.6 to 0.1 pM (Nefertiti et al. 2018).
All examined quinolines were highly active
in vitro against African trypanosomes, showing
ECs values <0.25 pM. The most potent in vitro
candidates 130 were tested in in vivo models of
T. b. rhodesiense infection, and showed a more
than 98% reduction of the parasitemia and curing
a half number of infected mice, after 3 doses of
40 mg/kg intraperitoneal administration How-
ever, derivative 131 was even more efficacious,
showed complete reduction of the parasitemia
and cured a half of infected mice.

A series of sulfone derivatives were tested for
their in vitro activity against 7. brucei. From
22 examined compounds, derivatives obtained
from 8-aminoquinoline 132 and 133 show the

,R3:H,R4:H

H. R = NJ Q
’N\\/ \©\ R, =H,Rs=F, Ry =CN
,N\\) O\ ,Ry=R3=H,R;=CN
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Fig. 18 Quinoline derivatives as antitrypanosomial agents

best inhibitory activity ICsy = 0.76 pM (Zhang
et al. 2018). However, during in vivo evaluation
against 7. brucei, when infected mice were
treated for four consecutive days intraperitone-
ally, derivative 132 did not shown activity, and
the infected mice were positive for parasites 24 h
post-treatment. However, second 8-quinoline
derivative 133 was able to completely inactivate
rhodesain, a cysteine protease essential for para-
site survival and infectivity (Ettari et al. 2013), at
20 pM after 1 h of incubation with estimated ICs,
value of 800 nM.

Pursuit for efficacious clinical therapy based
on quinoline-based compounds still continues.
Although there are increasing numbers of reports
on trypanosoma growth inhibitors, and identifica-
tion of potential targets, the mechanism of action
(s) remain unknown.

7 Conclusion

As emergence and spread of the resistance to
existing therapeutics are inevitable the novel
advanced drugs and strategies for treatments of
numerous infective diseases, affecting tens of
millions of people worldwide, are continuously

‘f\/‘\o
130,R = % G
B

129, R = 4-Cl 131,R = }N N

125, R = OMe A
126, R = OEt 128, R = 4-Cl
127, R = Me

\\ /,

132,R=H
133, R = CgH5CH,CHo-

being demanded. Among large number of various
pharmacophores used for development of effec-
tive antimicrobials, quinoline/quinolone scaffold
can be considered a privileged structure since it
displays wide range of bioactivities. The diversity
of synthetized quinoline/quinolone derivatives
provides high and selective activity through dif-
ferent modes of action and low cytotoxicity on
human cells.

The drugs based on quinoline/quinolone struc-
ture are well-known and in use for over half a
century in the treatment of bacterial, parasitic, and
viral infections. Besides, in the last two decades
quinoline/quinolone derivatives emerged as effi-
cient anti-virulence agents targeting bacterial and
fungal virulence factors, including formation of
biofilms, characteristic of chronic infections. Of
particular importance is the ability of certain
quinoline-based compounds to target both bacte-
ria and fungi, either their planktonic or biofilm
life form, suggesting that these compounds are
promising chemical matter for the development of
therapeutics  against mixed-species and/or
biofilm-associated infections. Quinoline/quino-
lone derivatives exhibit strong activity by them-
selves and can increase efficacy of commonly
used drugs when applied together. Recently, a
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new promising approach was employed in the
development of more successful quinoline-
derived therapeutics based on the synthesis of
hybrid compounds that contain two or more
pharmacophores  affecting different targets
and/or employing distinct mechanisms of action.
Hence, there are still plenty of possibilities for
development of novel more effective
antimicrobials.

The high potency of quinoline/quinolone
derivatives is demonstrated by their activities in
nanomolar and low micromolar concentrations
against wide range of infective agents including
resistant strains. The importance of quinoline/
quinolone as a scaffold for drugs’ development
is emphasized by recently granted accelerated
approval for clinical use to a new quinoline-
based antibiotic developed to fight MDR
mycobacteria.

Therefore, there are more than enough reasons
to continue quest for efficacious clinical therapeu-
tics based on quinoline/quinolone structures since
they are still proving to be unprecedented source
of much needed solutions for infections
treatments.

Acknowledgments This study has been funded by the
Ministry of Education, Science and Technological Devel-
opment, Republic of Serbia (Grants No. 173048 and
No.172008).

References

Abouelhassan Y, Garrison AT, Burch GM, Wong W,
Norwood VM, Huigens RW 3rd (2014) Discovery of
quinoline small molecules with potent dispersal activ-
ity against methicillin-resistant Staphylococcus aureus
and Staphylococcus epidermidis biofilms using a scaf-
fold hopping strategy. Bioorg Med Chem Lett 24
(21):5076-5080. https://doi.org/10.1016/j.bmcl.2014.
09.009

Abouelhassan Y, Garrison AT, Bai F, Norwood VM,
Nguyen MT, Jin S, Huigens RW 3rd (2015) A
phytochemical-halogenated Quinoline combination
therapy strategy for the treatment of pathogenic bacte-
ria. ChemMedChem 10(7):1157-1162. https://doi.org/
10.1002/cmdc.201500179

Al-Bari MA (2015) Chloroquine analogues in drug dis-
covery: new directions of uses, mechanisms of actions
and toxic manifestations from malaria to multifarious

L. Senerovic et al.

diseases. J Antimicrob Chemother 70(6):1608-1621.
https://doi.org/10.1093/jac/dkv018

Albuquerque P, Casadevall A (2012) Quorum sensing in
fungi--a review. Med Mycol 50(4):337-345. https://
doi.org/10.3109/13693786.2011.652201

Aleksié 1, §egan S, Andri¢ F, Zlatovi¢ M, Moric I,
Opsenica DM, Senerovic L (2017) Long-chain
4-Aminoquinolines as quorum sensing inhibitors in
Serratia marcescens and Pseudomonas aeruginosa.
ACS Chem Biol 12(5):1425-1434. https://doi.org/10.
1021/acschembio.6b01149

Almandil NB, Taha M, Rahim F, Wadood A, Imran S,
Algahtani MA, Bamarouf YA, Ibrahim M,
Mosaddik A, Gollapalli M (2019) Synthesis of novel
quinoline-based thiadiazole, evaluation of their
antileishmanial potential and molecular docking stud-
ies. Bioorg Chem 85:109-116. https://doi.org/10.1016/
j-bioorg.2018.12.025

Anderson RJ, Groundwater PW, Todd A, Worsley A
(2012) Antibacterial agents: chemistry, mode of action,
mechanisms of resistance and clinical applications.
Wiley, Chichester

Andries K, Verhasselt P, Guillemont J, Gohlmann HW,
Neefs JM, Winkler H, Van Gestel J, Timmerman P,
Zhu M, Lee E, Williams P, de Chaffoy D, Huitric E,
Hoffner S, Cambau E, Truffot-Pernot C, Lounis N,
Jarlier V (2005) A diarylquinoline drug active on the
ATP synthase of Mycobacterium tuberculosis. Science
307(5707):223-227.  https://doi.org/10.1126/science.
1106753

Antinarelli LM, Dias RM, Souza IO, Lima WP, Gameiro J,
da Silva AD, Coimbra ES (2015) 4-Aminoquinoline
derivatives as potential antileishmanial agents. Chem
Biol Drug Des 86(4):704—714. https://doi.org/10.1111/
cbdd.12540

Antinarelli LMR, de Oliveira Souza I, Zabala CPV,
Gameiro J, Britta EA, Nakamura CV, Lima WP, da
Silva AD, Coimbra ES (2018) Antileishmanial activity
of a 4-hydrazinoquinoline derivative: induction of
autophagy and apoptosis-related processes and effec-
tiveness in experimental cutaneous leishmaniasis. Exp
Parasitol 195:78-86

Baragana B, Hallyburton I, Lee MC, Norcross NR,
Grimaldi R, Otto TD, Proto WR, Blagborough AM,
Meister S, Wirjanata G, Ruecker A, Upton LM, Abra-
ham TS, Almeida MJ, Pradhan A, Porzelle A,
Luksch T, Martinez MS, Luksch T, Bolscher JM,
Woodland A, Norval S, Zuccotto F, Thomas J,
Simeons F, Stojanovski L, Osuna-Cabello M, Brock
PM, Churcher TS, Sala KA, Zakutansky SE, Jimenez-
Diaz MB, Sanz LM, Riley J, Basak R, Campbell M,
Avery VM, Sauerwein RW, Dechering KI,
Noviyanti R, Campo B, Frearson JA, Angulo-
Barturen I, Ferrer-Bazaga S, Gamo FJ, Wyatt PG,
Leroy D, Siegl P, Delves MJ, Kyle DE, Wittlin S,
Marfurt J, Price RN, Sinden RE, Winzeler EA,
Charman SA, Bebrevska L, Gray DW, Campbell S,
Fairlamb AH, Willis PA, Rayner JC, Fidock DA, Read
KD, Gilbert IH (2015) A novel multiple-stage


https://doi.org/10.1016/j.bmcl.2014.09.009
https://doi.org/10.1016/j.bmcl.2014.09.009
https://doi.org/10.1002/cmdc.201500179
https://doi.org/10.1002/cmdc.201500179
https://doi.org/10.1093/jac/dkv018
https://doi.org/10.3109/13693786.2011.652201
https://doi.org/10.3109/13693786.2011.652201
https://doi.org/10.1021/acschembio.6b01149
https://doi.org/10.1021/acschembio.6b01149
https://doi.org/10.1016/j.bioorg.2018.12.025
https://doi.org/10.1016/j.bioorg.2018.12.025
https://doi.org/10.1126/science.1106753
https://doi.org/10.1126/science.1106753
https://doi.org/10.1111/cbdd.12540
https://doi.org/10.1111/cbdd.12540

Quinolines and Quinolones as Antibacterial, Antifungal, Anti-virulence. .. 63

antimalarial agent that inhibits protein synthesis.
Nature 522(7556):315-320. https://doi.org/10.1038/
nature14451

Barbosa-Lima G, Moraes AM, Araujo ADS, da Silva ET,
de Freitas CS, Vieira YR, Marttorelli A, Neto JC,
Bozza PT, de Souza MVN, Souza TML (2017)
2,8-bis(trifluoromethyl)quinoline ~ analogs  show
improved anti-Zika virus activity, compared to meflo-
quine. Eur J Med Chem 127:334-340. https://doi.org/
10.1016/j.ejmech.2016.12.058

Barnett DS, Guy RK (2014) Antimalarials in development
in 2014. Chem Rev 114(22):11221-11241. https://doi.
org/10.1021/cr500543f

Basak A, Abouelhassan Y, Huigens RW 3rd (2015)
Halogenated quinolines discovered through reductive
amination with potent eradication activities against
MRSA, MRSE and VRE biofilms. Org Biomol Chem
13(41):10290-10294. https://doi.org/10.1039/
c50b01883h

Basak A, Abouelhassan Y, Norwood VM, Bai F, Nguyen
MT, Jin S, Huigens RW 3rd (2016) Synthetically tun-
ing the 2-position of halogenated Quinolines:
optimizing antibacterial and biofilm eradication
activities via alkylation and reductive amination
pathways. Chemistry 22(27):9181-9189. https://doi.
org/10.1002/chem.201600926

Basak A, Abouelhassan Y, Kim YS, Norwood VM, Jin S,
Huigens RW 3rd (2018) Halogenated quinolines bear-
ing polar functionality at the 2-position: identification
of new antibacterial agents with enhanced activity
against Staphylococcus epidermidis. Eur J] Med Chem
155:705-713. https://doi.org/10.1016/j.ejmech.2018.
06.045

Basilico N, Parapini S, Sparatore A, Romeo S, Misiano P,
Vivas L, Yardley V, Croft SL, Habluetzel A,
Lucantoni L, Renia L, Russell B, Suwanarusk R,
Nosten F, Dondio G, Bigogno C, Jabes D, Taramelli
D (2017) In vivo and in vitro activities and ADME-Tox
profile of a quinolizidine-modified 4-Aminoquinoline:
a potent anti-P. falciparum and anti-P. vivax blood-
stage antimalarial. Molecules 22(12). https://doi.org/
10.3390/molecules22122102

Ben Yaakov D, Shadkchan Y, Albert N, Kontoyiannis DP,
Osherov N (2017) The quinoline bromoquinol exhibits
broad-spectrum antifungal activity and induces oxida-
tive stress and apoptosis in aspergillus fumigatus. J
Antimicrob Chemother 72(8):2263-2272. https://doi.
org/10.1093/jac/dkx 117

Bernier SP, Surette MG (2013) Concentration-dependent
activity of antibiotics in natural environments. Front
Microbiol 4:20. https://doi.org/10.3389/fmicb.2013.
00020

Bisacchi GS (2015) Origins of the quinolone class of
antibacterials: an expanded “discovery story”. J Med
Chem 58(12):4874-4882. https://doi.org/10.1021/
jm501881c

Boudhar A, Ng XW, Loh CY, Chia WN, Tan ZM,
Nosten F, Dymock BW, Tan KS (2016) Overcoming
chloroquine resistance in malaria: design, synthesis,

and structure-activity relationships of novel hybrid
compounds. Antimicrob Agents Chemother 60
(5):3076-3089. https://doi.org/10.1128/AAC.02476-15

Capela R, Magalhaes J, Miranda D, Machado M, Sanches-
Vaz M, Albuquerque IS, Sharma M, Gut J, Rosenthal
PJ, Frade R, Perry MJ, Moreira R, Prudencio M, Lopes
F (2018) Endoperoxide-8-aminoquinoline hybrids as
dual-stage antimalarial agents with enhanced meta-
bolic stability. Eur J] Med Chem 149:69-78. https:/
doi.org/10.1016/j.ejmech.2018.02.048

Cecchetti V, Parolin C, Moro S, Pecere T, Filipponi E,
Calistri A, Tabarrini O, Gatto B, Palumbo M,
Fravolini A, Palu G (2000) 6-Aminoquinolones as
new potential anti-HIV agents. J Med Chem 43
(20):3799-3802

Chander S, Ashok P, Zheng YT, Wang P, Raja KS,
Taneja A, Murugesan S (2016) Design, synthesis and
in-vitro evaluation of novel tetrahydroquinoline
carbamates as HIV-1 RT inhibitor and their antifungal
activity. Bioorg Chem 64:66-73. https://doi.org/10.
1016/j.bioorg.2015.12.005

Chanquia SN, Larregui F, Puente V, Labriola C,
Lombardo E, Garcia Linares G (2019) Synthesis and
biological evaluation of new quinoline derivatives as
antileishmanial and antitrypanosomal agents. Bioorg
Chem 83:526-534. https://doi.org/10.1016/j.bioorg.
2018.10.053

Chico RM, Chandramohan D (2011) Azithromycin plus
chloroquine: combination therapy for protection
against malaria and sexually transmitted infections in
pregnancy. Expert Opin Drug Metab Toxicol 7
(9):1153-1167. https://doi.org/10.1517/17425255.
2011.598506

Chu XM, Wang C, Liu W, Liang LL, Gong KK, Zhao CY,
Sun KL (2019) Quinoline and quinolone dimers and
their biological activities: an overview. Eur J Med
Chem 161:101-117. https://doi.org/10.1016/j.ejmech.
2018.10.035

Costa-Orlandi CB, Sardi JCO, Pitangui NS, de Oliveira
HC, Scorzoni L, Galeane MC, Medina-Alarcon KP,
Melo W, Marcelino MY, Braz JD, Fusco-Almeida
AM, Mendes-Giannini MJS (2017) Fungal biofilms
and Polymicrobial diseases. J Fungi 3(2):pii: E22.
https://doi.org/10.3390/jof3020022

de Azambuja Carvalho PH, Duval AR, Manzolli Leite FR,
Nedel F, Cunico W, Lund RG (2016)
(7-Chloroquinolin-4-yl)arylhydrazones: Candida
albicans enzymatic repression and cytotoxicity evalua-
tion, part 2. J Enzyme Inhib Med Chem 31
(1):126-131. https://doi.org/10.3109/14756366.2015.
1010527

de Souza IO, Schrekker CM, Lopes W, Orru RV,
Hranjec M, Perin N, Machado M, Oliveira LF, Donato
RK, Stefani V, Fuentefria AM, Schrekker HS (2016)
Bifunctional ~ fluorescent  benzimidazol[1,2-alpha]
quinolines for Candida spp. biofilm detection and bio-
cidal activity. J Photochem Photobiol B 163:319-326.
https://doi.org/10.1016/j.jphotobiol.2016.08.037


https://doi.org/10.1038/nature14451
https://doi.org/10.1038/nature14451
https://doi.org/10.1016/j.ejmech.2016.12.058
https://doi.org/10.1016/j.ejmech.2016.12.058
https://doi.org/10.1021/cr500543f
https://doi.org/10.1021/cr500543f
https://doi.org/10.1039/c5ob01883h
https://doi.org/10.1039/c5ob01883h
https://doi.org/10.1002/chem.201600926
https://doi.org/10.1002/chem.201600926
https://doi.org/10.1016/j.ejmech.2018.06.045
https://doi.org/10.1016/j.ejmech.2018.06.045
https://doi.org/10.3390/molecules22122102
https://doi.org/10.3390/molecules22122102
https://doi.org/10.1093/jac/dkx117
https://doi.org/10.1093/jac/dkx117
https://doi.org/10.3389/fmicb.2013.00020
https://doi.org/10.3389/fmicb.2013.00020
https://doi.org/10.1021/jm501881c
https://doi.org/10.1021/jm501881c
https://doi.org/10.1128/AAC.02476-15
https://doi.org/10.1016/j.ejmech.2018.02.048
https://doi.org/10.1016/j.ejmech.2018.02.048
https://doi.org/10.1016/j.bioorg.2015.12.005
https://doi.org/10.1016/j.bioorg.2015.12.005
https://doi.org/10.1016/j.bioorg.2018.10.053
https://doi.org/10.1016/j.bioorg.2018.10.053
https://doi.org/10.1517/17425255.2011.598506
https://doi.org/10.1517/17425255.2011.598506
https://doi.org/10.1016/j.ejmech.2018.10.035
https://doi.org/10.1016/j.ejmech.2018.10.035
https://doi.org/10.3390/jof3020022
https://doi.org/10.3109/14756366.2015.1010527
https://doi.org/10.3109/14756366.2015.1010527
https://doi.org/10.1016/j.jphotobiol.2016.08.037

64

Defoirdt T (2018) Quorum-sensing systems as targets for
Antivirulence  therapy. Trends  Microbiol 26
(4):313-328. https://doi.org/10.1016/j.tim.2017.10.005

Delattin N, Bardiot D, Marchand A, Chaltin P, De
Brucker K, Cammue BP, Thevissen K (2012) Identifi-
cation of fungicidal 2,6-disubstituted quinolines with
activity against Candida biofilms. Molecules 17
(10):12243-12251. https://doi.org/10.3390/
molecules171012243

Delvecchio R, Higa LM, Pezzuto P, Valadao AL, Garcez
PP, Monteiro FL, Loiola EC, Dias AA, Silva FJ, Aliota
MT, Caine EA, Osorio JE, Bellio M, O’Connor DH,
Rehen S, de Aguiar RS, Savarino A, Campanati L,
Tanuri A (2016) Chloroquine, an endocytosis blocking
agent, inhibits Zika virus infection in different cell
models.  Viruses 8(12).  https://doi.org/10.3390/
v8120322

Devine W, Woodring JL, Swaminathan U, Amata E,
Patel G, Erath J, Roncal NE, Lee PJ, Leed SE,
Rodriguez A, Mensa-Wilmot K, Sciotti RJ, Pollastri
MP (2015) Protozoan parasite growth inhibitors dis-
covered by cross-screening yield potent scaffolds for
Lead discovery. J Med Chem 58(14):5522-5537.
https://doi.org/10.1021/acs.jmedchem.5b00515

Deziel E, Lepine F, Milot S, He J, Mindrinos MN,
Tompkins RG, Rahme LG (2004) Analysis of Pseudo-
monas  aeruginosa  4-hydroxy-2-alkylquinolines
(HAQs) reveals a role for 4-hydroxy-2-heptylquinoline
in cell-to-cell communication. Proc Natl Acad Sci U S
A 101(5):1339-1344. https://doi.org/10.1073/pnas.
0307694100

Diggle SP, Lumjiaktase P, Dipilato F, Winzer K,
Kunakorn M, Barrett DA, Chhabra SR, Camara M,
Williams P (2006) Functional genetic analysis reveals
a 2-Alkyl-4-quinolone signaling system in the human
pathogen Burkholderia pseudomallei and related bac-
teria. Chem Biol 13(7):701-710. https://doi.org/10.
1016/j.chembiol.2006.05.006

Dola VR, Soni A, Agarwal P, Ahmad H, Raju KS,
Rashid M, Wahajuddin M, Srivastava K, Haq W,
Dwivedi AK, Puri SK, Katti SB (2017) Synthesis and
evaluation of Chirally defined side chain variants of
7-Chloro-4-Aminoquinoline to overcome drug resis-
tance in malaria chemotherapy. Antimicrob Agents
Chemother  61(3).  https://doi.org/10.1128/AAC.
01152-16

Dolan N, Gavin DP, Eshwika A, Kavanagh K,
McGinley J, Stephens JC (2016) Synthesis,
antibacterial and anti-MRSA activity, in vivo toxicity
and a structure-activity relationship study of a quino-
line thiourea. Bioorg Med Chem Lett 26(2):630-635.
https://doi.org/10.1016/j.bmcl.2015.11.058

Duval AR, Carvalho PH, Soares MC, Gouvea DP,
Siqueira GM, Lund RG, Cunico W (2011)
7-chloroquinolin-4-yl arylhydrazone derivatives: syn-
thesis and antifungal activity. Sci World J
11:1489-1495. https://doi.org/10.1100/tsw.2011.141

L. Senerovic et al.

Egan TJ, Marques HM (1999) The role of haem in the
activity of chloroquine and related antimalarial drugs.
Coord Chem Rev 190-192:493-517

El Shehry MF, Ghorab MM, Abbas SY, Fayed EA, Shedid
SA, Ammar YA (2018) Quinoline derivatives bearing
pyrazole moiety: synthesis and biological evaluation as
possible antibacterial and antifungal agents. Eur ] Med
Chem  143:1463-1473.  https://doi.org/10.1016/j.
ejmech.2017.10.046

Espinosa-Valdes MP, Borbolla-Alvarez S, Delgado-
Espinosa AE, Sanchez-Tejeda JF, Ceron-Nava A,
Quintana-Romero OJ, Ariza-Castolo A, Garcia-Del
Rio DF, Loza-Mejia MA (2019) Synthesis, in silico,
and in vitro evaluation of long chain alkyl amides from
2-Amino-4-quinolone derivatives as biofilm inhibitors.
Molecules 24(2). https://doi.org/10.3390/
molecules24020327

Ettari R, Tamborini L, Angelo IC, Micale N, Pinto A, De
Micheli C, Conti P (2013) Inhibition of rhodesain as a
novel therapeutic modality for human African trypano-
somiasis. J] Med Chem 56(14):5637-5658. https://doi.
org/10.1021/jm301424d

Fernandez-Pifiar R, Camara M, Dubern J-F, Ramos JL,
Espinosa-Urgel M (2011) The Pseudomonas
aeruginosa quinolone quorum sensing signal alters
the multicellular behaviour of Pseudomonas putida
KT2440. Res Microbiol 162(8):773-781. https://doi.
org/10.1016/j.resmic.2011.06.013

Gama N, Kumar K, Ekengard E, Haukka M, Darkwa J,
Nordlander E, Meyer D (2016) Gold(I) complex of
1,1’-bis(diphenylphosphino) ferrocene-quinoline con-
jugate: a virostatic agent against HIV-1. Biometals 29
(3):389-397. https://doi.org/10.1007/s10534-016-
9921-9

Garrison AT, Abouelhassan Y, Yang H, Yousaf HH,
Nguyen TJ, Huigens lii RW (2017) Microwave-
enhanced Friedlander synthesis for the rapid assembly
of halogenated quinolines with antibacterial and bio-
film eradication activities against drug resistant and
tolerant bacteria. Med Chem Commun 8(4):720-724.
https://doi.org/10.1039/c6md00381h

Gould MK, de Koning HP (2011) Cyclic-nucleotide sig-

nalling in protozoa. FEMS Microbiol Rev 35
(3):515-541. https://doi.org/10.1111/j.1574-6976.
2010.00262.x

Gualerzi CO, Brandi L, Fabbretti A, Pon CL (2013)

Antibiotics: targets, mechanisms and resistance.
Wiley-VCH,  Weinheim.  https://doi.org/10.1002/
9783527659685

Hajimahdi Z, Zabihollahi R, Aghasadeghi MR, Hosseini
Ashtiani S, Zargh A (2016) Novel quinolone-3-carbox-
ylic acid derivatives as anti-HIV-1 agents: design, syn-
thesis, and biological activities. Med Chem Res
25:1861-1876

Hall-Stoodley L, Costerton JW, Stoodley P (2004) Bacte-
rial biofilms: from the natural environment to infec-
tious diseases. Nat Rev Microbiol 2(2):95-108

Hamama WS, Ibrahim ME, Gooda AA, Zoorob HH
(2018) Efficient synthesis, antimicrobial, antioxidant


https://doi.org/10.1016/j.tim.2017.10.005
https://doi.org/10.3390/molecules171012243
https://doi.org/10.3390/molecules171012243
https://doi.org/10.3390/v8120322
https://doi.org/10.3390/v8120322
https://doi.org/10.1021/acs.jmedchem.5b00515
https://doi.org/10.1073/pnas.0307694100
https://doi.org/10.1073/pnas.0307694100
https://doi.org/10.1016/j.chembiol.2006.05.006
https://doi.org/10.1016/j.chembiol.2006.05.006
https://doi.org/10.1128/AAC.01152-16
https://doi.org/10.1128/AAC.01152-16
https://doi.org/10.1016/j.bmcl.2015.11.058
https://doi.org/10.1100/tsw.2011.141
https://doi.org/10.1016/j.ejmech.2017.10.046
https://doi.org/10.1016/j.ejmech.2017.10.046
https://doi.org/10.3390/molecules24020327
https://doi.org/10.3390/molecules24020327
https://doi.org/10.1021/jm301424d
https://doi.org/10.1021/jm301424d
https://doi.org/10.1016/j.resmic.2011.06.013
https://doi.org/10.1016/j.resmic.2011.06.013
https://doi.org/10.1007/s10534-016-9921-9
https://doi.org/10.1007/s10534-016-9921-9
https://doi.org/10.1039/c6md00381h
https://doi.org/10.1111/j.1574-6976.2010.00262.x
https://doi.org/10.1111/j.1574-6976.2010.00262.x
https://doi.org/10.1002/9783527659685
https://doi.org/10.1002/9783527659685

Quinolines and Quinolones as Antibacterial, Antifungal, Anti-virulence. .. 65

assessments and geometric optimization calculations
of azoles- incorporating Quinoline moiety. J Heterocy-
clic Chem 55(11):2623-2634

He QQ, Zhang X, Yang LM, Zheng YT, Chen F (2013)
Synthesis and biological evaluation of 5-fluoroquino-
lone-3-carboxylic acids as potential HIV-1 integrase
inhibitors. J Enzyme Inhib Med Chem 28
(4):671-676. https://doi.org/10.3109/14756366.2012.
668540

Heeb S, Fletcher MP, Chhabra SR, Diggle SP, Williams P,
Camara M (2011) Quinolones: from antibiotics to
autoinducers. FEMS Microbiol Rev 35(2):247-274.
https://doi.org/10.1111/j.1574-6976.2010.00247 .x

Hucke O, Coulombe R, Bonneau P, Bertrand-Laperle M,
Brochu C, Gillard J, Joly MA, Landry S, Lepage O,
Llinas-Brunet M, Pesant M, Poirier M, Poirier M,
McKercher G, Marquis M, Kukolj G, Beaulieu PL,
Stammers TA (2014) Molecular dynamics simulations
and structure-based rational design lead to allosteric
HCV NS5B polymerase thumb pocket 2 inhibitor
with picomolar cellular replicon potency. J Med
Chem  57(5):1932-1943.  https://doi.org/10.1021/
jm4004522

Huigens RW 3rd (2018) The path to new halogenated
Quinolines with enhanced activities against Staphy-

lococcus epidermidis. Microbiol Insights
11:1178636118808532. https://doi.org/10.1177/
1178636118808532

Ilangovan A, Fletcher M, Rampioni G, Pustelny C,
Rumbaugh K, Heeb S, Cdmara M, Truman A, Chhabra
SR, Emsley J, Williams P (2013) Structural basis for
native agonist and synthetic inhibitor recognition by
the Pseudomonas aeruginosa quorum sensing regulator
PgsR (MvfR). PLoS Pathog 9(7):e1003508. https://
doi.org/10.1371/journal.ppat.1003508

Irfan M, Aneja B, Yadava U, Khan SI, Manzoor N,
Daniliuc CG, Abid M (2015) Synthesis, QSAR and
anticandidal evaluation of 1,2,3-triazoles derived from
naturally bioactive scaffolds. Eur J Med Chem
93:246-254.  https://doi.org/10.1016/j.ejmech.2015.
02.007

Irfan M, Alam S, Manzoor N, Abid M (2017) Effect of
quinoline based 1,2,3-triazole and its structural
analogues on growth and virulence attributes of Can-
dida albicans. PLoS One 12(4):e0175710. https://doi.
org/10.1371/journal.pone.0175710

Jentsch NG, Hart AP, Hume JD, Sun J, McNeely KA,
Lama C, Pigza JA, Donahue MG, Kessl JJ (2018)
Synthesis and evaluation of aryl Quinolines as HIV-1
integrase Multimerization inhibitors. ACS Med Chem
Lett  9(10):1007-1012.  https://doi.org/10.1021/
acsmedchemlett.8b00269

Katiyar S, Kufareva I, Behera R, Thomas SM, Ogata Y,
Pollastri M, Abagyan R, Mensa-Wilmot K (2013)
Lapatinib-binding protein kinases in the African try-
panosome: identification of cellular targets for kinase-
directed chemical scaffolds. PLoS One 8(2):e56150.
https://doi.org/10.1371/journal.pone.0056150

Khan FAK, Kaduskar RN, Patil R, Patil RH, Ansari SA,
Alkahtani HM, Almehizia AA, Shinde DB, Sangshetti
JN (2019) Synthesis, biological evaluations and
computational studies of N-(3-(-2-(7-Chloroquinolin-
2-yl)vinyl) benzylidene)anilines as fungal biofilm
inhibitors. Bioorg Med Chem Lett 29(4):623-630.
https://doi.org/10.1016/j.bmcl.2018.12.046

Konstantinovic J, Videnovic M, Srbljanovic J, Djurkovic-
Djakovic O, Bogojevic K, Sciotti R, Solaja B (2017)
Antimalarials with benzothiophene moieties as
aminoquinoline partners. Molecules 22(3). https://doi.
org/10.3390/molecules22030343

Konstantinovic J, Videnovic M, Orsini S, Bogojevic K,
D’ Alessandro S, Scaccabarozzi D, Terzic Jovanovic N,
Gradoni L, Basilico N, Solaja BA (2018) Novel
Aminoquinoline derivatives significantly reduce para-
site load in Leishmania infantum infected mice. ACS
Med Chem Lett 9(7):629-634. https://doi.org/10.1021/
acsmedchemlett.8b00053

Korotchenko V, Sathunuru R, Gerena L, Caridha D, Li Q,
Kreishman-Deitrick M, Smith PL, Lin AJ (2015) Anti-
malarial  activity of 4-amidinoquinoline  and
10-amidinobenzonaphthyridine derivatives. J Med
Chem  58(8):3411-3431.  https://doi.org/10.1021/
jm501809x

Krauss J, Muller C, Kiessling J, Richter S, Staudacher V,
Bracher F (2014) Synthesis and biological evaluation
of novel N-alkyl tetra- and decahydroisoquinolines:
novel antifungals that target ergosterol biosynthesis.
Arch Pharm 347(4):283-290. https://doi.org/10.1002/
ardp.201300338

Krauss J, Hornacek M, Muller C, Staudacher V, Stadler M,
Bracher F (2015) Synthesis and antifungal evaluation
of novel N-alkyl tetra- and perhydroquinoline
derivatives. Sci Pharm 83(1):1-14. https://doi.org/10.
3797/scipharm.1409-13

Kumar DV, Rai R, Brameld KA, Riggs J, Somoza JR,
Rajagopalan R, Janc JW, Xia YM, Ton TL, Hu H,
Lehoux I, Ho JD, Young WB, Hart B, Green MJ
(2012) 3-heterocyclyl quinolone inhibitors of the HCV
NS5B  polymerase. Bioorg Med Chem Lett 22
(1):300-304. https://doi.org/10.1016/j.bmcl.2011.11.013

Leon B, Haeckl FP, Linington RG (2015) Optimized quin-
oline amino alcohols as disruptors and dispersal agents
of Vibrio cholerae biofilms. Org Biomol Chem 13
(31):8495-8499. https://doi.org/10.1039/c50b01134e

Leven M, Held J, Duffy S, Alves Avelar LA, Meister S,
Delves M, Plouffe D, Kuna K, Tschan S, Avery VM,
Winzeler EA, Mordmuller B, Kurz T (2019)
8-aminoquinolines with an aminoxyalkyl side chain
exert in vitro dual-stage antiplasmodial activity.
ChemMedChem 14(4):501-511. https://doi.org/10.
1002/cmdc.201800691

Loregian A, Mercorelli B, Muratore G, Sinigalia E, Pagni S,
Massari S, Gribaudo G, Gatto B, Palumbo M,
Tabarrini O, Cecchetti V, Palu G (2010) The
6-aminoquinolone WC5 inhibits human cytomegalovi-
rus replication at an early stage by interfering with the
transactivating activity of viral immediate-early


https://doi.org/10.3109/14756366.2012.668540
https://doi.org/10.3109/14756366.2012.668540
https://doi.org/10.1111/j.1574-6976.2010.00247.x
https://doi.org/10.1021/jm4004522
https://doi.org/10.1021/jm4004522
https://doi.org/10.1177/1178636118808532
https://doi.org/10.1177/1178636118808532
https://doi.org/10.1371/journal.ppat.1003508
https://doi.org/10.1371/journal.ppat.1003508
https://doi.org/10.1016/j.ejmech.2015.02.007
https://doi.org/10.1016/j.ejmech.2015.02.007
https://doi.org/10.1371/journal.pone.0175710
https://doi.org/10.1371/journal.pone.0175710
https://doi.org/10.1021/acsmedchemlett.8b00269
https://doi.org/10.1021/acsmedchemlett.8b00269
https://doi.org/10.1371/journal.pone.0056150
https://doi.org/10.1016/j.bmcl.2018.12.046
https://doi.org/10.3390/molecules22030343
https://doi.org/10.3390/molecules22030343
https://doi.org/10.1021/acsmedchemlett.8b00053
https://doi.org/10.1021/acsmedchemlett.8b00053
https://doi.org/10.1021/jm501809x
https://doi.org/10.1021/jm501809x
https://doi.org/10.1002/ardp.201300338
https://doi.org/10.1002/ardp.201300338
https://doi.org/10.3797/scipharm.1409-13
https://doi.org/10.3797/scipharm.1409-13
https://doi.org/10.1016/j.bmcl.2011.11.013
https://doi.org/10.1039/c5ob01134e
https://doi.org/10.1002/cmdc.201800691
https://doi.org/10.1002/cmdc.201800691

66

2 protein. Antimicrob Agents Chemother 54
(5):1930-1940. https://doi.org/10.1128/AAC.01730-09

Lu C, Kirsch B, Zimmer C, de Jong JC, Henn C, Maurer
CK, Musken M, Haussler S, Steinbach A, Hartmann
RW (2012) Discovery of antagonists of PqgsR, a key
player in 2-alkyl-4-quinolone-dependent quorum sens-
ing in Pseudomonas aeruginosa. Chem Biol 19
(3):381-390. https://doi.org/10.1016/j.chembiol.2012.
01.015

Lu C, Kirsch B, Maurer CK, de Jong JC, Braunshausen A,
Steinbach A, Hartmann RW (2014a) Optimization of
anti-virulence PqsR antagonists regarding aqueous sol-
ubility and biological properties resulting in new
insights in structure—activity relationships. Eur J Med
Chem 79:173-183. https://doi.org/10.1016/j.ejmech.
2014.04.016

Lu C, Maurer CK, Kirsch B, Steinbach A, Hartmann RW
(2014b) Overcoming the unexpected functional inver-
sion of a PqsR antagonist in Pseudomonas aeruginosa:
an in vivo potent antivirulence agent targeting pqs

quorum sensing. Angew Chem Int Ed 53
(4):1109-1112. https://doi.org/10.1002/anie.
201307547

Luthra P, Liang J, Pietzsch CA, Khadka S, Edwards MR,
Wei S, De S, Posner B, Bukreyev A, Ready JM, Basler
CF (2018) A high throughput screen identifies
benzoquinoline compounds as inhibitors of Ebola
virus replication. Antivir Res 150:193-201. https://
doi.org/10.1016/j.antiviral.2017.12.019

Manfroni G, Cannalire R, Barreca ML, Kaushik-Basu N,
Leyssen P, Winquist J, Iraci N, Manvar D,
Paeshuyse J, Guhamazumder R, Basu A, Sabatini S,
Tabarrini O, Danielson UH, Neyts J, Cecchetti V
(2014) The versatile nature of the 6-aminoquinolone
scaffold: identification of submicromolar hepatitis C
virus NS5B inhibitors. J Med Chem 57
(5):1952-1963. https://doi.org/10.1021/jm401362f

Manohar S, Khan SI, Rawat DS (2013) 4-aminoquinoline-
triazine-based hybrids with improved in vitro antima-
larial activity against CQ-sensitive and CQ-resistant
strains of Plasmodium falciparum. Chem Biol Drug
Des 81(5):625-630. https://doi.org/10.1111/cbdd.
12108

Mao TQ, He QQ, Wan ZY, Chen WX, Chen FE, Tang GF,
De Clercq E, Daelemans D, Pannecouque C (2015)
Anti-HIV diarylpyrimidine-quinolone hybrids and
their mode of action. Bioorg Med Chem 23
(13):3860-3868. https://doi.org/10.1016/j.bmc.2015.
03.037

Martinez A, Deregnaucourt C, Sinou V, Latour C, Roy D,
Schrével J, Sanchez-Delgado RA (2017) Synthesis of
an organo-ruthenium aminoquinoline-trioxane hybrid
and evaluation of its activity against plasmodium
falciparum and its toxicity toward normal mammalian
cells. Med Chem Res 26(2):473-483

Massoud AA, Langer V, Gohar YM, Abu-Youssef MA,
Janis J, Lindberg G, Hansson K, Ohrstrom L (2013)
Effects of different substituents on the crystal
structures and antimicrobial activities of six Ag

L. Senerovic et al.

(I) quinoline compounds. Inorg Chem 52
(7):4046-4060. https://doi.org/10.1021/ic400081v
Mercorelli B, Luganini A, Muratore G, Massari S, Terlizzi
ME, Tabarrini O, Gribaudo G, Palu G, Loregian A
(2014) The 6-Aminoquinolone WCS5 inhibits different
functions of the immediate-early 2 (IE2) protein of
human cytomegalovirus that are essential for viral repli-
cation.  Antimicrob  Agents = Chemother 58
(11):6615-6626. https://doi.org/10.1128/AAC.03309-14

Miquel S, Lagrafeuille R, Souweine B, Forestier C (2016)
Anti-biofilm activity as a health issue. Front Microbiol
7:592-592. https://doi.org/10.3389/fmicb.2016.00592

Montoya A, Quiroga J, Abonia R, Derita M, Sortino M,
Ornelas A, Zacchino S, Insuasty B (2016) Hybrid
molecules containing a 7-Chloro-4-aminoquinoline
nucleus and a substituted 2-pyrazoline with antiproli-
ferative and antifungal activity. Molecules 21(8).
https://doi.org/10.3390/molecules21080969

Moradali MF, Ghods S, Rehm BH (2017) Pseudomonas
aeruginosa lifestyle: a paradigm for adaptation, sur-
vival, and persistence. Front Cell Infect Microbiol
7:39. https://doi.org/10.3389/fcimb.2017.00039

Musiol R, Serda M, Hensel-Bielowka S, Polanski J (2010)
Quinoline-based antifungals. Curr Med Chem 17
(18):1960-1973

Nefertiti ASG, Batista MM, Da Silva PB, Batista DGJ, Da
Silva CF, Peres RB, Torres-Santos EC, Cunha-Junior
EF, Holt E, Boykin DW, Brun R, Wenzler T, Soeiro
MNC (2018) In vitro and in vivo studies of the
Trypanocidal effect of novel Quinolines. Antimicrob
Agents Chemother 62(2). https://doi.org/10.1128/
AAC.01936-17

Nikoli¢ S, Opsenica DM, Filipovi¢ V, Doj¢inovi¢ B,
Arandelovi¢ S, Radulovi¢ S, Grguri¢-Sipka S (2015)
Strong in vitro cytotoxic potential of new ruthenium—

cymene complexes. Organometallics 34
(14):3464-3473. https://doi.org/10.1021/acs.
organomet.5b00041

Nwaka S, Hudson A (2006) Innovative lead discovery
strategies for tropical diseases. Nat Rev Drug Discov
5(11):941-955. https://doi.org/10.1038/nrd2144

Ochiana SO, Bland ND, Settimo L, Campbell RK,
Pollastri MP (2015) Repurposing human PDE4
inhibitors for neglected tropical diseases. Evaluation
of analogs of the human PDE4 inhibitor GSK-256066
as inhibitors of PDEB1 of trypanosoma brucei. Chem
Biol Drug Des 85(5):549-564. https://doi.org/10.1111/
cbdd.12443

Olliaro P, Mussano P (2003) Amodiaquine for treating
malaria. Cochrane Database Syst Rev 2:CD000016.
https://doi.org/10.1002/14651858.CD000016

Ongarora DS, Strydom N, Wicht K, Njoroge M,
Wiesner L, Egan TJ, Wittlin S, Jurva U,
Masimirembwa CM, Chibale K (2015) Antimalarial
benzoheterocyclic 4-aminoquinolines: structure-activ-
ity relationship, in vivo evaluation, mechanistic and
bioactivation studies. Bioorg Med Chem 23
(17):5419-5432.  https://doi.org/10.1016/j.bmc.2015.
07.051


https://doi.org/10.1128/AAC.01730-09
https://doi.org/10.1016/j.chembiol.2012.01.015
https://doi.org/10.1016/j.chembiol.2012.01.015
https://doi.org/10.1016/j.ejmech.2014.04.016
https://doi.org/10.1016/j.ejmech.2014.04.016
https://doi.org/10.1002/anie.201307547
https://doi.org/10.1002/anie.201307547
https://doi.org/10.1016/j.antiviral.2017.12.019
https://doi.org/10.1016/j.antiviral.2017.12.019
https://doi.org/10.1021/jm401362f
https://doi.org/10.1111/cbdd.12108
https://doi.org/10.1111/cbdd.12108
https://doi.org/10.1016/j.bmc.2015.03.037
https://doi.org/10.1016/j.bmc.2015.03.037
https://doi.org/10.1021/ic400081v
https://doi.org/10.1128/AAC.03309-14
https://doi.org/10.3389/fmicb.2016.00592
https://doi.org/10.3390/molecules21080969
https://doi.org/10.3389/fcimb.2017.00039
https://doi.org/10.1128/AAC.01936-17
https://doi.org/10.1128/AAC.01936-17
https://doi.org/10.1021/acs.organomet.5b00041
https://doi.org/10.1021/acs.organomet.5b00041
https://doi.org/10.1038/nrd2144
https://doi.org/10.1111/cbdd.12443
https://doi.org/10.1111/cbdd.12443
https://doi.org/10.1002/14651858.CD000016
https://doi.org/10.1016/j.bmc.2015.07.051
https://doi.org/10.1016/j.bmc.2015.07.051

Quinolines and Quinolones as Antibacterial, Antifungal, Anti-virulence. . . 67

Opsenica I, Filipovic V, Nuss JE, Gomba LM,
Opsenica D, Burnett JC, Gussio R, Solaja BA, Bavari
S (2012) The synthesis of 2,5-bis(4-amidinophenyl)
thiophene derivatives providing submicromolar-range
inhibition of the botulinum neurotoxin serotype A
metalloprotease. Eur J Med Chem 53:374-379.
https://doi.org/10.1016/j.ejmech.2012.03.043

Opsenica IM, Verbic TZ, Tot M, Sciotti RJ, Pybus BS,
Djurkovic-Djakovic O, Slavic K, Solaja BA (2015)
Investigation into novel thiophene- and furan-based
4-amino-7-chloroquinolines  afforded antimalarials
that cure mice. Bioorg Med Chem 23(9):2176-2186.
https://doi.org/10.1016/j.bmc.2015.02.061

Parsons M, Worthey EA, Ward PN, Mottram JC (2005)
Comparative analysis of the kinomes of three patho-
genic trypanosomatids: Leishmania major,
Trypanosoma brucei and Trypanosoma cruzi. BMC
Genomics 6:127. https://doi.org/10.1186/1471-2164-
6-127

Patel G, Karver CE, Behera R, Guyett PJ, Sullenberger C,
Edwards P, Roncal NE, Mensa-Wilmot K, Pollastri
MP (2013) Kinase scaffold repurposing for neglected
disease drug discovery: discovery of an efficacious,
lapatinib-derived lead compound for trypanosomiasis.
J Med Chem 56(10):3820-3832. https://doi.org/10.
1021/jm400349k

Phillips B, Cai R, Delaney W, Du Z, Ji M, Jin H, Lee J,
Li J, Niedziela-Majka A, Mish M, Pyun HJ, Saugier J,
Tirunagari N, Wang J, Yang H, Wu Q, Sheng C,
Zonte C (2014) Highly potent HCV NS4B
inhibitors with activity against multiple genotypes.
J Med Chem 57(5):2161-2166. https://doi.org/10.
1021/jm401646w

Pierre F, O’Brien SE, Haddach M, Bourbon P, Schwaebe
MK, Stefan E, Darjania L, Stansfield R, Ho C,
Siddiqui-Jain A, Streiner N, Rice WG, Anderes K,
Ryckman DM (2011) Novel potent pyrimido[4,5-c]
quinoline inhibitors of protein kinase CK2: SAR and
preliminary assessment of their analgesic and anti-viral
properties. Bioorg Med Chem Lett 21(6):1687-1691.
https://doi.org/10.1016/j.bmcl.2011.01.091

Pippi B, Reginatto P, Machado G, Bergamo VZ, Lana
DFD, Teixeira ML, Franco LL, Alves RJ, Andrade
SF, Fuentefria AM (2017) Evaluation of
8-hydroxyquinoline derivatives as hits for antifungal
drug design. Med Mycol 55(7):763-773. https://doi.
org/10.1093/mmy/myx003

Pippi B, Machado G, Bergamo VZ, Alves RJ, Andrade SF,
Fuentefria AM (2018) Clioquinol is a promising pre-
ventive morphological switching compound in the
treatment of Candida infections linked to the use of

intrauterine  devices. J Med Microbiol 67
(11):1655-1663. https://doi.org/10.1099/jmm.0.
000850

Plantone D, Koudriavtseva T (2018) Current and future
use of chloroquine and hydroxychloroquine in infec-
tious, immune, neoplastic, and neurological diseases:

a mini-review. Clin Drug Investig 38(8):653-671.
https://doi.org/10.1007/s40261-018-0656-y

Ramirez-Prada J, Robledo SM, Velez ID, Crespo MDP,
Quiroga J, Abonia R, Montoya A, Svetaz L,
Zacchino S, Insuasty B (2017) Synthesis of novel
quinoline-based 4,5-dihydro-1H-pyrazoles as potential
anticancer, antifungal, antibacterial and antiprotozoal
agents. Eur ] Med Chem 131:237-254. https://doi.org/
10.1016/j.ejmech.2017.03.016

Reen FJ, Mooij MJ, Holcombe LJ, McSweeney CM,
McGlacken GP, Morrissey JP, O’Gara F (2011) The
Pseudomonas quinolone signal (PQS), and its precur-
sor HHQ, modulate interspecies and interkingdom
behaviour. FEMS Microbiol Ecol 77(2):413-428.
https://doi.org/10.1111/j.1574-6941.2011.01121.x

Reen FJ, Clarke SL, Legendre C, McSweeney CM, Eccles
KS, Lawrence SE, O’Gara F, McGlacken GP (2012)
Structure—function analysis of the C-3 position in
analogues of microbial behavioural modulators HHQ
and PQS. Org Biomol Chem 10(44):8903-8910.
https://doi.org/10.1039/C20B26823]

Reen FJ, Shanahan R, Cano R, O’Gara F, McGlacken GP
(2015) A structure activity-relationship study of the
bacterial signal molecule HHQ reveals swarming
motility inhibition in Bacillus atrophaeus. Org Biomol
Chem 13(19):5537-5541. https://doi.org/10.1039/
C50B00315F

Salas PF, Herrmann C, Cawthray JF, Nimphius C,
Kenkel A, Chen J, de Kock C, Smith PJ, Patrick BO,
Adam MJ, Orvig C (2013) Structural characteristics of
chloroquine-bridged ferrocenophane analogues of
ferroquine may obviate malaria drug-resistance
mechanisms. J] Med Chem 56(4):1596-1613. https:/
doi.org/10.1021/jm301422h

Sato M, Motomura T, Aramaki H, Matsuda T,
Yamashita M, Ito Y, Kawakami H, Matsuzaki Y,
Watanabe W, Yamataka K, lkeda S, Kodama E,
Matsuoka M, Shinkai H (2006) Novel HIV-1 integrase
inhibitors derived from quinolone antibiotics. J Med
Chem  49(5):1506-1508.  https://doi.org/10.1021/
jm0600139

Savarino A, Shytaj IL (2015) Chloroquine and beyond:
exploring anti-rheumatic drugs to reduce immune
hyperactivation in HIV/AIDS. Retrovirology 12:51.
https://doi.org/10.1186/s12977-015-0178-0

Savarino A, Boelaert JR, Cassone A, Majori G, Cauda R
(2003) Effects of chloroquine on viral infections: an
old drug against today’s diseases? Lancet Infect Dis 3
(11):722-727

Schlitzer M (2007) Malaria chemotherapeutics part I: his-
tory of antimalarial drug development, currently used
therapeutics, and drugs in clinical development.
ChemMedChem  2(7):944-986. https://doi.org/10.
1002/cmdc.200600240

Scola PM, Sun LQ, Wang AX, Chen J, Sin N, Venables
BL, Sit SY, Chen Y, Cocuzza A, Bilder DM, D’ Andrea
SV, Zheng B, Hewawasam P, Tu Y, Friborg J, Falk P,


https://doi.org/10.1016/j.ejmech.2012.03.043
https://doi.org/10.1016/j.bmc.2015.02.061
https://doi.org/10.1186/1471-2164-6-127
https://doi.org/10.1186/1471-2164-6-127
https://doi.org/10.1021/jm400349k
https://doi.org/10.1021/jm400349k
https://doi.org/10.1021/jm401646w
https://doi.org/10.1021/jm401646w
https://doi.org/10.1016/j.bmcl.2011.01.091
https://doi.org/10.1093/mmy/myx003
https://doi.org/10.1093/mmy/myx003
https://doi.org/10.1099/jmm.0.000850
https://doi.org/10.1099/jmm.0.000850
https://doi.org/10.1007/s40261-018-0656-y
https://doi.org/10.1016/j.ejmech.2017.03.016
https://doi.org/10.1016/j.ejmech.2017.03.016
https://doi.org/10.1111/j.1574-6941.2011.01121.x
https://doi.org/10.1039/C2OB26823J
https://doi.org/10.1039/C5OB00315F
https://doi.org/10.1039/C5OB00315F
https://doi.org/10.1021/jm301422h
https://doi.org/10.1021/jm301422h
https://doi.org/10.1021/jm0600139
https://doi.org/10.1021/jm0600139
https://doi.org/10.1186/s12977-015-0178-0
https://doi.org/10.1002/cmdc.200600240
https://doi.org/10.1002/cmdc.200600240

68

Hernandez D, Levine S, Chen C, Yu F, Sheaffer AK,
Zhai G, Barry D, Knipe JO, Han YH, Schartman R,
Donoso M, Mosure K, Sinz MW, Zvyaga T, Good AC,
Rajamani R, Kish K, Tredup J, Klei HE, Gao Q,
Mueller L, Colonno RJ, Grasela DM, Adams SP,
Loy J, Levesque PC, Sun H, Shi H, Sun L,
Warner W, Li D, Zhu J, Meanwell NA, McPhee F
(2014a) The discovery of asunaprevir (BMS-650032),
an orally efficacious NS3 protease inhibitor for the
treatment of hepatitis C virus infection. J] Med Chem
57(5):1730-1752. https://doi.org/10.1021/jm500297k

Scola PM, Wang AX, Good AC, Sun LQ, Combrink KD,

Campbell JA, Chen J, Tu Y, Sin N, Venables BL, Sit
SY, Chen Y, Cocuzza A, Bilder DM, D’Andrea S,
Zheng B, Hewawasam P, Ding M, Thuring J, Li J,
Hernandez D, Yu F, Falk P, Zhai G, Sheaffer AK,
Chen C, Lee MS, Barry D, Knipe JO, Li W, Han YH,
Jenkins S, Gesenberg C, Gao Q, Sinz MW, Santone
KS, Zvyaga T, Rajamani R, Klei HE, Colonno RJ,
Grasela DM, Hughes E, Chien C, Adams S, Levesque
PC, Li D, Zhu J, Meanwell NA, McPhee F (2014b)
Discovery and early clinical evaluation of
BMS-605339, a potent and orally efficacious
tripeptidic acylsulfonamide NS3 protease inhibitor for
the treatment of hepatitis C virus infection. J Med
Chem  57(5):1708-1729.  https://doi.org/10.1021/
jm401840s

Shaikh SKJ, Kamble RR, Somagond SM, Devarajegowda

HC, Dixit SR, Joshi SD (2017) Tetrazolylmethyl
quinolines: design, docking studies, synthesis, antican-
cer and antifungal analyses. Eur J Med Chem
128:258-273. https://doi.org/10.1016/j.ejmech.2017.
01.043

Shang XF, Morris-Natschke SL, Liu YQ, Guo X, Xu XS,

Goto M, Li JC, Yang GZ, Lee KH (2018) Biologically
active quinoline and quinazoline alkaloids part I. Med
Res Rev 38(3):775-828. https://doi.org/10.1002/med.
21466

Shinde RB, Raut JS, Chauhan NM, Karuppayil SM (2013)

Chloroquine sensitizes biofilms of Candida albicans to
antifungal azoles. Braz J Infect Dis 17(4):395-400.
https://doi.org/10.1016/j.bjid.2012.11.002

Solaja BA, Opsenica D, Smith KS, Milhous WK,

Terzic N, Opsenica I, Burnett JC, Nuss J, Gussio R,
Bavari S (2008) Novel 4-aminoquinolines active
against chloroquine-resistant and sensitive
P. falciparum strains that also inhibit botulinum sero-
type A. J Med Chem 51(15):4388-4391. https://doi.
org/10.1021/jm800737y

Soukariech F, Vico Oton E, Dubern J-F, Gomes J,

Halliday N, de Pilar CM, Ramirez-Prada J,
Insuasty B, Abonia R, Quiroga J, Heeb S,
Williams P, Stocks MJ, Camara M (2018) In silico
and in vitro-guided identification of inhibitors of
Alkylquinolone-dependent quorum sensing in Pseudo-
monas aeruginosa. Molecules (Basel, Switzerland) 23
(2):257. https://doi.org/10.3390/molecules23020257

Sparatore A, Basilico N, Parapini S, Romeo S, Novelli F,

Sparatore F, Taramelli D (2005) 4-Aminoquinoline

L. Senerovic et al.

quinolizidinyl- and quinolizidinylalkyl-derivatives
with antimalarial activity. Bioorg Med Chem 13
(18):5338-5345.  https://doi.org/10.1016/j.bmc.2005.
06.047

Szczepaniak J, Cieslik W, Romanowicz A, Musiol R,

Krasowska A (2017) Blocking and dislocation of Can-
dida albicans Cdrlp transporter by styrylquinolines. Int
J Antimicrob Agents 50(2):171-176. https://doi.org/
10.1016/j.ijjantimicag.2017.01.044

Talamas FX, Abbot SC, Anand S, Brameld KA, Carter

DS, Chen J, Davis D, de Vicente J, Fung AD, Gong L,
Harris SF, Inbar P, Labadie SS, Lee EK, Lemoine R,
Le Pogam S, Leveque V, Li J, Mclntosh J, Najera I,
Park J, Railkar A, Rajyaguru S, Sangi M, Schoenfeld
RC, Staben LR, Tan Y, Taygerly JP, Villasenor AG,
Weller PE (2014) Discovery of N-[4-[6-tert-butyl-5-
methoxy-8-(6-methoxy-2-oxo- 1H-pyridin-3-yl)-3-
quinolyl]pheny IJmethanesulfonamide (RG7109), a
potent inhibitor of the hepatitis C virus NS5B polymer-
ase. ] Med Chem 57(5):1914-1931. https://doi.org/10.
1021/jm401329s

Tavares GSV, Mendonca DVC, Lage DP, Granato JDT,

Ottoni FM, Ludolf F, Chavez-Fumagalli MA, Duarte
MC, Tavares CAP, Alves RJ, Coimbra ES, Coelho
EAF (2018) Antileishmanial activity, cytotoxicity and
mechanism of action of Clioquinol against leishmania
infantum and leishmania amazonensis species. Basic
Clin Pharmacol Toxicol 123(3):236-246. https://doi.
org/10.1111/bept.12990

Terzic N, Konstantinovic J, Tot M, Burojevic J,

Djurkovic-Djakovic O, Srbljanovic J, Stajner T,
Verbic T, Zlatovic M, Machado M, Albuquerque IS,
Prudencio M, Sciotti RJ, Pecic S, D’Alessandro S,
Taramelli D, Solaja BA (2016) Reinvestigating old
pharmacophores:  are  4-aminoquinolines  and
tetraoxanes potential two-stage antimalarials? J Med
Chem 59(1):264-281. https://doi.org/10.1021/acs.
jmedchem.5b01374

Upadhyay A, Kushwaha P, Gupta S, Dodda RP,

Ramalingam K, Kant R, Goyal N, Sashidhara KV
(2018) Synthesis and evaluation of novel triazolyl
quinoline derivatives as potential antileishmanial
agents. Eur J Med Chem 154:172-181. https://doi.
org/10.1016/j.ejmech.2018.05.014

Valdivieso E, Mejias F, Torrealba C, Benaim G,

Kouznetsov VV, Sojo F, Rojas-Ruiz FA, Arvelo F,
Dagger F (2018) In vitro 4-Aryloxy-7-chloroquinoline
derivatives are effective in mono- and combined ther-
apy against Leishmania donovani and induce
mitocondrial membrane potential disruption. Acta
Trop 183:36-42. https://doi.org/10.1016/j.actatropica.
2018.03.023

Vandekerckhove S, Van Herreweghe S, Willems J,

Danneels B, Desmet T, de Kock C, Smith PJ,
Chibale K, D’Hooghe M (2015) Synthesis of
functionalized 3-, 5-, 6- and 8-aminoquinolines via
intermediate (3-pyrrolin-1-yl)- and (2-oxopyrrolidin-
1-yD)quinolines and evaluation of their antiplasmodial


https://doi.org/10.1021/jm500297k
https://doi.org/10.1021/jm401840s
https://doi.org/10.1021/jm401840s
https://doi.org/10.1016/j.ejmech.2017.01.043
https://doi.org/10.1016/j.ejmech.2017.01.043
https://doi.org/10.1002/med.21466
https://doi.org/10.1002/med.21466
https://doi.org/10.1016/j.bjid.2012.11.002
https://doi.org/10.1021/jm800737y
https://doi.org/10.1021/jm800737y
https://doi.org/10.3390/molecules23020257
https://doi.org/10.1016/j.bmc.2005.06.047
https://doi.org/10.1016/j.bmc.2005.06.047
https://doi.org/10.1016/j.ijantimicag.2017.01.044
https://doi.org/10.1016/j.ijantimicag.2017.01.044
https://doi.org/10.1021/jm401329s
https://doi.org/10.1021/jm401329s
https://doi.org/10.1111/bcpt.12990
https://doi.org/10.1111/bcpt.12990
https://doi.org/10.1021/acs.jmedchem.5b01374
https://doi.org/10.1021/acs.jmedchem.5b01374
https://doi.org/10.1016/j.ejmech.2018.05.014
https://doi.org/10.1016/j.ejmech.2018.05.014
https://doi.org/10.1016/j.actatropica.2018.03.023
https://doi.org/10.1016/j.actatropica.2018.03.023

Quinolines and Quinolones as Antibacterial, Antifungal, Anti-virulence. .. 69

and antifungal activity. Eur J Med Chem 92:91-102.
https://doi.org/10.1016/j.ejmech.2014.12.020

Vial L, Lepine F, Milot S, Groleau MC, Dekimpe V,
Woods DE, Deziel E (2008) Burkholderia
pseudomallei, B. thailandensis, and B. ambifaria pro-
duce 4-hydroxy-2-alkylquinoline analogues with a
methyl group at the 3 position that is required for
quorum-sensing  regulation. J  Bacteriol 190
(15):5339-5352. https://doi.org/10.1128/1B.00400-08

Videnovic M, Opsenica DM, Burnett JC, Gomba L, Nuss
JE, Selakovic Z, Konstantinovic J, Krstic M, Segan S,
Zlatovic M, Sciotti RJ, Bavari S, Solaja BA (2014)
Second generation steroidal 4-aminoquinolines are
potent, dual-target inhibitors of the botulinum neuro-
toxin serotype A metalloprotease and P. falciparum
malaria. ] Med Chem 57(10):4134-4153. https://doi.
org/10.1021/jm500033r

Villa P, Arumugam N, Almansour Al, Suresh Kumar R,
Mahalingam SM, Maruoka K, Thangamani S (2019)
Benzimidazole tethered pyrrolo[3,4-b]lquinoline with
broad-spectrum activity against fungal pathogens.
Bioorg Med Chem Lett 29(5):729-733. https://doi.
org/10.1016/j.bmcl.2019.01.006

Wadhwa P, Jain P, Rudrawar S, Jadhav HRA (2018)
Quinoline, coumarin and other heterocyclic analogs
based HIV-1 integrase inhibitors. Curr Drug Discov
Technol 15(1):2-19. https://doi.org/10.2174/
1570163814666170531115452

Wanka L, Igbal K, Schreiner PR (2013) The lipophilic
bullet hits the targets: medicinal chemistry of
adamantane  derivatives. Chem  Rev 113
(5):3516-3604. https://doi.org/10.1021/cr100264t

Waters NC, Edstein MD (2011) 8-Aminoquinolines:
primaquine and tafenoquine. In: Treatment and preven-
tion of malaria. Springer, Basel, pp 69-94

Wijnant GJ, Van Bocxlaer K, Yardley V, Murdan S, Croft
SL (2017) Efficacy of paromomycin-chloroquine com-
bination therapy in experimental cutaneous leishmani-
asis. Antimicrob Agents Chemother 61(8):pii: e00358-
17

Wilson TA, Koneru PC, Rebensburg SV, Lindenberger JJ,
Kobe MJ, Cockroft NT, Adu-Ampratwum D, Larue
RC, Kvaratskhelia M, Fuchs JR (2019) An
Isoquinoline scaffold as a novel class of allosteric

HIV-1 integrase inhibitors. ACS Med Chem Lett 10
(2):215-220. https://doi.org/10.1021/acsmedchemlett.
8b00633

Woodring JL, Patel G, Erath J, Behera R, Lee PJ, Leed SE,
Rodriguez A, Sciotti RJ, Mensa-Wilmot K, Pollastri
MP (2015) Evaluation of aromatic 6-substituted
Thienopyrimidines as scaffolds against parasites that
cause trypanosomiasis, Leishmaniasis, and malaria.
Med Chem Commun 6(2):339-346. https://doi.org/
10.1039/C4MD00441H

World Health Organization (2013). https://www.who.int/
tb/features_archive/bedaquilinelaunch/en/.  Accessed
20 Apr 2019

World Health Organisation (2017). https://apps.who.int/
iris/bitstream/handle/10665/258973/WER9238.pdf?
sequence=1. Accessed 22 Mar 2019

World Health Organisation (2018) Leishmaniasis facts.
http://www.who.int/en/news-room/fact-sheets/detail/
leishmaniasis. Accessed 22 Mar 2019

World Health Organisation (2019). https://apps.who.int/
iris/bitstream/handle/10665/275867/9789241565653-
eng.pdf?ua=1. Accessed 21 Mar 2019

Xu Z, Zhao SJ, Lv ZS, Gao F, Wang Y, Zhang F, Bai L,
Deng JL (2019) Fluoroquinolone-isatin hybrids and
their biological activities. Eur J Med Chem
162:396-406. https://doi.org/10.1016/j.ejmech.2018.
11.032

Zablotskaya A, Segal I, Geronikaki A, Shestakova I,
Nikolajeva V, Makarenkova G (2017) N-heterocyclic
choline analogues based on 1,2,3,4-tetrahydro(iso)
quinoline scaffold with anticancer and anti-infective
dual action. Pharmacol Rep 69(3):575-581. https://
doi.org/10.1016/j.pharep.2017.01.028

Zhang H, Collins J, Nyamwihura R, Ware S, Kaiser M,
Ogungbe IV (2018) Discovery of a quinoline-based
phenyl sulfone derivative as an antitrypanosomal
agent. Bioorg Med Chem Lett 28(9):1647-1651.
https://doi.org/10.1016/j.bmcl.2018.03.039

Zuo R, Garrison AT, Basak A, Zhang P, Huigens RW 3rd,
Ding Y (2016) In vitro antifungal and antibiofilm
activities of halogenated quinoline analogues against
Candida albicans and Cryptococcus neoformans. Int J
Antimicrob Agents 48(2):208-211. https://doi.org/10.
1016/j.ijjantimicag.2016.04.019


https://doi.org/10.1016/j.ejmech.2014.12.020
https://doi.org/10.1128/JB.00400-08
https://doi.org/10.1021/jm500033r
https://doi.org/10.1021/jm500033r
https://doi.org/10.1016/j.bmcl.2019.01.006
https://doi.org/10.1016/j.bmcl.2019.01.006
https://doi.org/10.2174/1570163814666170531115452
https://doi.org/10.2174/1570163814666170531115452
https://doi.org/10.1021/cr100264t
https://doi.org/10.1021/acsmedchemlett.8b00633
https://doi.org/10.1021/acsmedchemlett.8b00633
https://doi.org/10.1039/C4MD00441H
https://doi.org/10.1039/C4MD00441H
https://www.who.int/tb/features_archive/bedaquilinelaunch/en/
https://www.who.int/tb/features_archive/bedaquilinelaunch/en/
https://apps.who.int/iris/bitstream/handle/10665/258973/WER9238.pdf?sequence=1
https://apps.who.int/iris/bitstream/handle/10665/258973/WER9238.pdf?sequence=1
https://apps.who.int/iris/bitstream/handle/10665/258973/WER9238.pdf?sequence=1
https://apps.who.int/iris/bitstream/handle/10665/258973/WER9238.pdf?sequence=1
http://www.who.int/en/news-room/fact-sheets/detail/leishmaniasis
http://www.who.int/en/news-room/fact-sheets/detail/leishmaniasis
https://apps.who.int/iris/bitstream/handle/10665/275867/9789241565653-eng.pdf?ua=1
https://apps.who.int/iris/bitstream/handle/10665/275867/9789241565653-eng.pdf?ua=1
https://apps.who.int/iris/bitstream/handle/10665/275867/9789241565653-eng.pdf?ua=1
https://apps.who.int/iris/bitstream/handle/10665/275867/9789241565653-eng.pdf?ua=1
https://doi.org/10.1016/j.ejmech.2018.11.032
https://doi.org/10.1016/j.ejmech.2018.11.032
https://doi.org/10.1016/j.pharep.2017.01.028
https://doi.org/10.1016/j.pharep.2017.01.028
https://doi.org/10.1016/j.bmcl.2018.03.039
https://doi.org/10.1016/j.ijantimicag.2016.04.019
https://doi.org/10.1016/j.ijantimicag.2016.04.019

Adv Exp Med Biol - Advances in Microbiology, Infectious Diseases and Public Health (2020) 14: 71-83

https://doi.org/10.1007/5584_2019_453
© Springer Nature Switzerland AG 2019
Published online: 5 December 2019

Check for
updates

lulian Oltu, Liliana Cepoi, Valeriu Rudic, Ludmila Rudi,
Tatiana Chiriac, Ana Valuta, and Svetlana Codreanu

Abstract

In recent times, fungi are becoming more and
more active as causal agents of human
infections, which is primarily determined by
the growing number of people with severe
immunosuppression. Thus, the problems of
elucidating the mechanisms of action of anti-
fungal preparations, highlighting ways to
obtain resistance to their action and research
strategies aimed at discovering new compounds
with antifungal properties remain the focus of
contemporary biomedicine and pharmaceutics.
This paper reviews the recent achievements in
antifungal drug development and focuses on
new natural antifungal remedies with a notice-
able effect on pathogens with minimal adverse
effects on the host organism.
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1 Introduction

In recent times, fungi are becoming more and more
active as causal agents of human infections, which
is primarily determined by the growing number of
people with severe immunosuppression. The list of
this type of patients includes people suffering from
haematological and autoimmune diseases, have
undergone organ transplantation, or have a
compromised immune status (Debourgogne et al.
2016). Even in the case of appropriate treatment,
most invasive fungal infections are associated with
high mortality rates of over 50% (Brown et al.
2012; Chowdhary et al. 2016). This explains the
major interest towards the role of fungi in the
development of various pathological conditions
(Caggiano 2012). Although, much work is being
done to develop more active and less toxic antifun-
gal drugs and preventive measures are applied vir-
tually worldwide, mycoses (especially deeply
invasive ones) continue to be some of the most
serious infectious complications that cause an
unacceptable high mortality rate (Lehrnbecher
et al. 2010). Fungal diseases may take the form of
superficial (dermatophyte), invasive (systemic) and
opportunistic infections. Skin fungal infections are
caused by dermatophytes that live in the upper
most keratin layer, the nail or the hair shaft. This
concept is actually based on the specific location of
affections and not on the systematic belonging of
causal agents, although most dermatophytes
belong to three genera Microsporum, Trichophyton
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and Epidermophyton. It is worth mentioning that
dermatomycoses are widespread among immuno-
competent patients and are associated with a very
high morbidity. According to some authors,
approximately a quarter of the world’s population
is infected with these pathogens (Brown etal. 2012;
Havlickova et al. 2008).

Invasive (systemic) fungal infections have a
much lower incidence than superficial infections,
but cause a greater concern due to an unaccept-
able high mortality rate. These infections annu-
ally take the life of about one and a half million
people (Harrison et al. 2014). This type of infec-
tion occurs following the inhalation of spores that
cause fungal pneumonia, which cannot be trans-
mitted from person to person, but can also occur
in healthy individuals. Many microorganisms that
cause systemic fungal infections are characterized
by specific geographic locations with favorable
climate for their proliferation. Among the most
common diseases of this type are coccidioidomy-
cosis (Coccidioides immitis), histoplasmosis
(Histoplasma capsulatum) and blastomycosis
(Blastomyces dermatitidis). In Canada, for exam-
ple, Ontario is an important region of endemicity
for blastomycosis and histoplasmosis, and in
USA- histoplasmosis and blastomycosis inci-
dence is highest in the Midwest, but coccidioido-
mycosis incidence rate is highest in the West
(Baddley et al. 2011; Brown et al. 2018). Nearly
90% of fungal infections resulting in deaths are
caused by pathogenic fungi from the genera
Cryptococcus,  Candida,  Aspergillus  and
Prneumocystis (Velayuthan et al. 2018).

Fungi causing opportunistic infections (Can-
dida albicans, Cryptococcus neoformans, Asper-
gillus sp., Murcor sp., etc.) are not hazardous to
healthy people. Usually, these fungi affect
individuals with a weakened immune system,
causing serious infections such as candidiasis,
cryptococcal meningitis, aspergillosis,
mucormycosis, etc. Patients especially susceptible
to these infections include people with diabetes,
leukemia, cancer, HIV and other types of
immunodeficiencies (Cowen et al. 2014; Oltu and
Rudic 2016). The development of medical
practices with the introduction of new therapeutic
procedures, such as the use of some aggressive
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chemotherapies or new immunosuppressive
drugs, such as tumor necrosis factor (TNF)
antagonists, anti-CD52 antibody (alemtuzumab)
and interleukin-2 receptor antagonist (basiliximab),
favored an increased incidence of invasive fungal
infections (Debourgogne et al. 2016).

The number of patients susceptible to invasive
infections caused by filamentous fungi has
reached alarming proportions and continues to
grow steadily. This group of microorganisms is
ubiquitous in different natural habitats such as
soil and various organic substrates. The most
common etiologic agents of invasive mycoses
are part of the genera Aspergillus and Mucor. In
recent years, this list has been supplemented with
less frequent filamentous fungi in the environ-
ment, such as Fusarium spp. and Penicillium
spp. Nonetheless, the medical term for fungal
invasion has also extended its application limits
from invasive disease to less recognized entities
previously, such as severe asthma with fungal
sensitization, fungus-associated chronic cough,
allergic bronchopulmonary mycosis and allergic
fungal rhinosinusitis (Chowdhary et al. 2016;
Ogawa et al. 2009; Singh et al. 2013).

Thus, the problems of elucidating the
mechanisms of action of antifungal preparations,
highlighting ways to obtain resistance to their
action and research strategies aimed at discover-
ing new compounds with antifungal properties
remain the focus of contemporary biomedicine
and pharmaceutics.

2 Antifungal Preparations
and Their Mechanisms
of Action

Appropriate antifungal therapy is prescribed in
dependence on the patient’s immune status, site
of infection, the intrinsic properties of the patho-
gen and the pharmacokinetic characteristics of a
drug. Antifungal preparations, which can be suc-
cessfully applied in the treatment of mycoses in
humans, should act on the basis of differences
between the fungal cells and those of the human
body. At the same time, fungi like mammals are
eukaryotic organisms, and therefore, the
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development of preparations that attack the fun-
gal cells without causing damage to the human
body is an extremely difficult task. One of the
distinctions, which can be exploited in the phar-
maceutical design of antifungal drugs, is the pres-
ence of a specific sterol found in the cell
membrane of yeast — namely ergosterol (with
many of the same functions that cholesterol
serves in animal cells) (Parks and Casey 1996).
Specific targets for the antifungal action are also
the components of cellular wall — mannoproteins
and p-glucans. Consequently, the vast majority of
active drugs against pathogenic fungi are devel-
oped in particular on the basis of these essential
differences.

Preparations that are currently used to treat
fungal diseases may be divided by several
criteria, the main of which is the mechanism of
action. After this criterion, antifungal drugs are
divided into 7 groups, according to Table 1.

The mechanisms of action of substances belong-
ing to these seven groups are well known and fairly
well studied and described. At the same time, there
are many antifungal agents that cannot be attributed
to any of these mechanisms. Ciclopirox — a topical
antimycotic agent belonging to the chemical class
of hydroxypyridones is not related to azoles or any
other class of antifungal drugs. Its antifungal profile
targets almost all  clinically  important
dermatophytes, yeasts and molds, and is therefore
wider than the profile of most antimycotics. It is
active against certain azole-resistant strains of Can-
dida albicans and against some bacteria. The
mechanism of action is thought to be through the

Table 1 Classification of antifungal drugs

The groups, according to the mechanism of action

Inhibitors of fungal cell wall synthesis

Antifungals that operate by complexing directly
with membrane ergosterol

Concomitant inhibitors of lanosterol and ergosterol
biosynthesis

Inhibitors of fungal ergosterol biosynthesis

Inhibitors of nucleic acid synthesis
Inhibitors of fungal mitosis

Antifungal drugs with other mechanisms of action

chelation of polyvalent metal cations, such as Fe®
* and AI’*. These cations are cofactors of many
enzymes, including cytochromes and their inhibi-
tion may lead to the disruption of the biosynthesis
of ergosterol. Ciclopirox is also thought to act by
modifying the fungal plasma membrane, resulting
in the disorganization of internal structures. This
unique mechanism provides a very low potential
for the development of resistance to this drug
(Subissi et al. 2010).

Organic acids such as
caprylicacid, salicylicacid, undecylenicacid, propio-
nic acid, and benzoic acid exhibit antifungal activ-
ity by interacting with non-specific components in
the cell membrane. Reports over the years have
indicated that short and medium-chain organic
acids have antimicrobial properties. In addition,
common aromatic acids such as benzoic acid,
have found utility as preservatives in foods on the
basis of their antifungal properties. Sorbic acid is
an antimycotic agent which demonstrates broad
spectrum activity against yeast and fungal molds.
Most mentioned compounds act by targeting dif-
ferent stages of biotin biosynthesis, which is essen-
tial for fungal metabolism (Mazu et al. 2016).

Some natural preparations like haloprogin, the
active part of which is allicin, appear to have a
mode of action related to its ability to cross the
cell membrane and combine with sulfur-
containing groups in amino acids and proteins
and interfering with cell metabolism. More often
the effects of this preparation are associated with
the fact that allicin blocks glutathione activity
(Davis 2005).

Examples

Nikkomycins, Polyoxins, Caspofungin, Micafungin,
Anidulafungin, Benanomicin, Pradimicin

Nystatin, Amphotericin B

Terbinafine, Naftifine, Butenafine

Fluconazole, Itraconazole, Ketoconazole, Voriconazole,
Clotrimazole

Flucytosine
Griseofulvin
Ciclopirox, Haloprogin
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Some of the mechanisms of antifungal activity
relate not to the direct action on the fungi, as to the
modeling of host-pathogen interaction. Very often
it is noted that natural antifungal agents stimulate
the cellular immunity of the affected
macroorganism. These effects were shown in the
process of study of tea tree oil, citronella oil, orange
oil, palmarosa oil, lemon and myrtle oils, coconut
oil — all exhibit pronounced antifungal activity.
However, it is hypothesized that they might act by
altering membrane properties and compromising
membrane-associated functions. Olive leaf extract
directly stimulates the process of phagocytosis of
fungi in the body (Uniyal et al. 2012).

There are also a lot of preparations in this
category, which act on membrane ATPases, on
signal-transduction pathways, electron transport
chains and other metabolic processes of vital
importance. However, further research is required,
as all these affect common elements of fungal and
human metabolism, and therefore, do not meet the
requirements for an ideal antifungal agent.

3 Antifungal Natural Products

The adverse antifungal therapy reactions, in asso-
ciation with the high rate of multi-resistant
pathogens, require the development of new
remedies for the treatment of fungal infections.
Furthermore, the intensive use of fungicides in
agriculture, food industry, etc. causes essential
damage to both the environment and human
health. For that reason, the natural compounds
with antifungal activity have become an attractive
alternative over the past two decades. There are
several classes of phytochemicals with antifungal
activity: terpenes, tannins, flavonoids, alkaloids,
lecithin, various polypeptides and others (Castillo
et al. 2012).

Plants produce a variety of medicinal
components that can inhibit pathogen growth. A
considerable number of studies of medicinal plants
and alternative compounds, such as secondary
metabolites, phenolic compounds, essential oils
and extracts, have been performed (Negri et al.
2014). Most of the antifungal compounds of
plant origin belong to the phenol category. This
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group is extremely heterogeneous, including over
10 thousand compounds, a large part of them
present in leaf extracts, tree bark, wood, fruits
and other tissues of fern, gymnosperm and angio-
sperm plants. Phenols perform important
functions, like resistance to microorganisms
(including fungi), insects and herbivorous animals
that can affect them. In particular, polyphenols
have strong antioxidant properties, making them
active in the fight against stress and free radicals,
maintaining plant integrity in the process of con-
tinuous exposure to ultraviolet radiation, relatively
high temperatures and dehydration.

Plant phenolic compounds display high anti-
fungal activity against various species (Penicil-
lium italicum, Penicillium expansum, Monilinia
laxa, Aspergillus carbonarius, Botrytis cinerea,
Monilinia fructicola and others) (Gatto et al.
2013). Phenol action on yeasts differs from the
mode of action on filamentous fungi (Ansari et al.
2013). Thus, Candida dimorphic species are
affected by phenolic compounds in the process
of transition from one form to another. For exam-
ple, phenolic compounds of Baseonema
acuminatum leaves, Lycium chinense, Sida
urens, and Curcuma longa root bark have
shown strong antifungal activity against various
Candida albicans strains. Their effect is
associated with an increase in the amount of reac-
tive species of oxygen and nitrogen in fungal
cells, with predominant location in membrane,
which induces early apoptosis. It is very impor-
tant that the effects are irreversible and cannot be
removed by the action of antioxidants (Ansari
et al. 2013; Zerbo et al. 2014).

The extract from Curcuma longa is extremely
effective against C. albicans strains. The mecha-
nism of antifungal effect is based on inhibition of
desaturase expression (ERG3), leading to a sig-
nificant reduction of ergosterol in fungal cells.
Accumulation of biosynthetic precursors of
ergosterol in cells leads to cell death by the gen-
eration of reactive oxygen species (ROSs). Thus,
the curcumin, bisbibenzyl, carvacrol and thymol
compounds have been successfully used in the
candidiasis treatment, through their effects on
dimorphic transformation, biofilm formation and
ROS generation (Ansari et al. 2013).
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Among the phenolic compounds, hydrolysable
tannins are also recognized as antifungal agents.
In particular, by their effect on filamentous fungi
Epidermophyton floccosum, Microsporum canis,
Microsporum gypseum, Trichophyton
mentagrophytes, Trichophyton rubrum,
Trichophyton tonsurans, Trichophyton terrestre,
Penicillium italicum, Aspergillus fumigatus,
Mucor racemosus, Rhizopus nigricans, as well
as on pathogenic opportunistic yeasts Candida
albicans, Candida glabrata, Candidata krusei,
Cryptococcus neoformans (Latté and Kolodziej
2000). The biological action of these compounds
on fungi is associated with the formation of stable
bonds between tannins and fungal cell proteins,
leading to inactivation of enzymes and degrada-
tion of structural proteins (Marichal et al. 1997).
Condensed tannins (also called proantho-
cyanidins) are polymers of 3-flavanol and 34
flavandiol (catechin and leucoanthocyanidins).
These low solubility substances exhibit biological
properties, including antifungal action, with a
particularly pronounced efficacy in disaggre-
gation of biofilm matrix.

Terpenoids are another group of natural
compounds that are known for multiple biological
effects, including the antifungal one. They make
up the largest class of plant secondary metabolites,
most of which are insoluble in water. Different
substances such as geraniol, nerol, citral, neral and
geranial have been shown to be very active against
dermatophytes and opportunistic pathogenic
yeasts, the maximum activity level being
expressed on Trichophyton rubrum. The mecha-
nism of action of these substances is explained by
their affinity for ergosterol, which leads to the
modification of fungal membrane fluidity (Arif
et al. 2009; Miron et al. 2014).

Many plant species produce alkaloids
characterized by broad-spectrum antifungal activ-
ity. For example, the medicinal plant Kopsia
hainanensis produces 15 indole alkaloids, which
exhibit high antifungal activity against Erwinia
carotovora and Fusarium oxysporum
(Chandrasekar 2011). From the aerial parts of
the Waltheria plant, 11 quinolone alkaloids with
antifungal activity against Candida albicans
(CMI <32 pg/ml) were obtained by extraction in

dichloromethane. The microscopic examination
of yeasts treated with these compounds revealed
multiple deviations from the normal morphologi-
cal structure (Cretton et al. 2016). Oxygen-
containing alkaloids of microbial origin possess
high antifungal activity against phytopathogenic
fungi, making them attractive for development in
agrochemistry (Wang et al. 2016).

Natural antimicrobial peptides (AMP) are
probably one of the first-line forms in the chemi-
cal defense of eukaryotic cells against bacteria,
protozoa, fungi and viruses (Silva et al. 2009).
Antimicrobial peptides, including antifungal
agents, are part of the innate immune system
and practically all organisms — from bacteria to
humans — produce these peptides that ensure the
integrity of the body.

Defensins are the most common antimicrobial
peptides present in all types of eukaryotic
organisms. However, there are some practical
challenges in new defensin-based drug develop-
ment. First of all, it is about the amphiphilic
cationic character and the protease lability,
which leads to the rapid elimination of the drug
from the circulating body fluids and limits its
systemic administration. However, defensin
combines antimicrobial, including antifungal
capacity with the ability to positively modulate
immune system activity, and has been found to be
efficient during biological evolution, which make
this peptide extremely attractive for anti-infective
strategies (Silva et al. 2009).

4 Cyanobacteria as a Source
of Antifungal Compounds

The research on the causative agents of mycoses,
especially invasive ones, as well as effective
preparations for treating mycoses and applied
treatment strategies have marked a noticeable
revival over the last two decades. The treatment
of fungal infections has improved significantly in
the few short years. New antifungal agents have
been licensed for use, and indications for the use of
various antifungal agents have changed consider-
ably. The introduction of new antifungals from the
echinocandin and azole class drugs and the
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growing use of lipid formulations of amphotericin
B have allowed safer and more effective therapy
for severe fungal infections, especially in
immunosuppressed patients (Baghi et al. 2016;
Blyth 2012; Grover 2010; Kauffman et al. 2011;
Perlin 2015; Rodriguez-Leguizamén et al. 2015).
The scientific basis of antifungal therapy has been
improved with new studies on the pharmacody-
namics and pharmacokinetics of these drugs. How-
ever, these positive developments have been
tempered by increasing resistance of causal agents
to several classes of antifungal drugs. Recently,
multiple forms of pathogenic fungi have been dis-
covered, for which multidrug resistance to antifun-
gal agents is an inherent capacity fixed at the
genetic level (Sanglard et al. 2009).

Thus, the discovery of new substances with
antifungal properties remains one of the most
important tasks in this field.

Cyanobacteria, the most widely distributed
group of photosynthetic prokaryotes, are a prolific
source for bioactive compounds, which could be
toxic or potentially new drug leads. Over
400 cyanobacterial strains were screened for the
production of antifungal compounds, which
belong to structural classes, such as peptides,
polyketides and alkaloids. There are currently
numerous studies that have highlighted the
compounds extracted from biomass of various
cyanobacterial strains responsible for antifungal
effects. The macrolide scytophycin was identified
from Anabaena sp. HAN21/1, Anabaena
cylindrica PH133, Nostoc sp. HAN11/1 and
Scytonema sp. HAN3/2, which exhibits antifungal
activity against Candida albicans and Aspergillus
flavus. Anabaena spp. BIR IV1, Anabaena spp.
HAN 7/1 and Nostoc spp. CENA 219 produced
glycolipopeptide hassallidins with pronounced
antifungal activity (Kshetrimayum and Kant
2016; Shishido et al. 2015). Among the substances
with antifungal effects detected in cyanobacterial
extracts, the following compounds have been
identified: fisherellin A, hapalindole, hassallidin/
balticidins, carazostatin, phytoalexin, tolytoxin,
scytophycin, toyocamycin, tiipanazole,
nostocyclamide, nostodione and nostofungicidine
(Abed et al. 2009; Burja et al. 2001; Vestola et al.
2014).
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Aqueous extracts from biomass of several
strains of Nostoc commune and Spirulina
platensis are active against Aspergillus flavus,
their activity being largely determined by the
conditions under which biomass was obtained.
The change in nitrogen content of a medium is a
factor that determines the antifungal activity of
the extracts from these two species (Shaieb et al.
2014). In Nostoc insulare, two metabolites were
extracted and characterized:  norharmane
(9H-pyrido(3,4-b)indole) and 4.4-
'-dihydroxybiphenyl, which exhibited antifungal
activity against strain Candida albicans ATCC
10231 in concentrations from 32 to 40 pg/ml
(Volk and Franz 2006). Many cytotoxic
metabolites of different Nostoc species possess
antifungal activity. For instance, such cytotoxins
include nostocyclophanes and borophycin, a
boron-containing  polyketide, = which  are
associated with blue-green alga Nostoc linckia
(Rawat and Bhargava 2011).

Different types of spirulina extracts exhibit a
certain level of activity towards various strains of
fungi. Thus, fractions of terpenoids and sterols
extracted from Spirulina platensis biomass
demonstrated antifungal activity against Candida
albicans (Uyisenga et al. 2010). Spirulina extracts
have also proved effective against fungi Aspergil-
lus fumigatus and Aspergillus niger. In particular,
methanol extracts from spirulina biomass are
effective against species of filamentous fungi
mentioned above, but also on pathogenic yeast
species Candida albicans (Kumar et al. 2009).

Extracts in organic solvents from Spirulina
platensis biomass, the major active components
of which are phenolic compounds, possess anti-
fungal action against Aspergillus flavus and
Aspergillus niger (Moraes De Souza et al. 2011;
Pugazhendhi et al. 2015). Purified and
concentrated hydric extracts from spirulina
showed antifungal activity against Penicillium
oxalicum and Fusarium solani (Battah et al.
2014). It is considered that mechanisms of action
of spirulina extracts on filamentous fungi are
based on the inhibition of the synthesis of ergos-
terol, glucosamine and proteins.

Thus, there is now sufficient evidence, which
confirms that the search for new compounds with
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antifungal action must cover as many groups of
substances — both chemical and natural synthesis.
Such an approach allows the selection of new
remedies with high activity and multiple
mechanisms of action on fungal cells, which is a
guarantee of success in contemporary research.

Effects of hydro-ethanol extracts
(20 (Extr20%), 50  (Extr.50%) and
70 (Extr.70% ethanol) from biomass of
Arthrospira platensis and Nostoc linckia were
tested. Hydro-ethanol extracts from spirulina bio-
mass showed antifungal activity against
Trichophyton, —Microsporum and Candida
(Fig. 1). The most significant antifungal activity
was recorded for 20% hydro-ethanol extract,
which in the case of Candida albicans
ATCC®10231™ was more active than reference
antifungal preparations included in the study, and
in the case of Microsporum gypseum
ATCC®24102™ was as active as ketoconazole.
The 50% hydro-ethanol extract showed activity
equivalent to that of ketoconazole against the
reference strain Trichophyton mentagrophytes
ATCC®9533TM, and 70% extract demonstrated
antifungal activity equal to that of itraconazole
and naftifine hydrochloride (NHCh) against Can-
dida albicans ATCC®10231™.

Hydro-ethanol extracts from Nostoc linckia
CNM-CB-03 have shown high biological activity
(Fig. 2). The most significant antifungal activity
had 20% ethanolic extract, the obtained values
being significantly higher than the activity of

B Trichophyton rubrum ATCC®28188™
B Microsporum gypseum ATCC®24102™
O Candida albicans ATCC®10231™
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Fig. 1 Antifungal action of hydro-ethanol extracts from
biomass of Arthrospira plantesis. Extr.20% - hidro-
ethanol extract 20% of ethanol; Extr.50% — hidro-ethanol

ketoconazole against M. canis ATCC®36299TM,
M. gypseum ATCC®24102™ and C. albicans
ATCC®10231™; itraconazole against
M. gypseum ATCC®24102™ and C. albicans
ATCC®10231™; naftifine hydrochloride against
C. albicans ATCC®10231™. Both 50% and 70%
hydro-ethanol extracts also possess antifungal
activity, but less pronounced. At the same time,
50% hydro-ethanol extract had antifungal activity
equivalent to that of ketoconazole against
Trichophyton mentagrophytes ATCC®9533™,
and 70% hydro-ethanol extract — against
Trichophyton rubrum ATCC®28188™.

Another series of extracts were obtained from
spirulina biomass grown under biotechnological
conditions of metal bioaccumulation (Zn(II), Fe
D), Co(1l), Cr(Il), Cd(1l)). During the vital cycle,
metals were accumulated in spirulina biomass,
and some of them are incorporated into biomass
components (proteins, oligopeptide fraction,
polysaccharides, lipids). In the process of extrac-
tion with ethanol and purified water, the organi-
cally bound metals pass into respective extracts.
Hydric extracts (HEy) and ethanol extracts
(EEpe) were standardized after dry mass, and
then these were used in research. The most
performing results were obtained in the case of
applying the ethanolic extract from spirulina bio-
mass with cobalt content. Thus, in three of tested
strains, Microsporum canis ATCC®36,299TM,
Microsporum  gypseum ATCC®24,102™ and
Trichophyton mentagrophytes ATCC®9533™,

O Trichophyton mentagrophytes ATCC®9533™
B Microsporum canis ATCC®36299™

ol ot hl D T

Extr.70%

Ketoconazol Itraconazol NHCh

extract 50% of ethanol; Extr.70% — hidro-ethanol extract
70% of ethanol; NHCh — naftifine hydrochloride
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Fig. 2 Antifungal action of hydro-ethanol extracts from
biomass of Nostoc linckia. Extr.20% - hidro-ethanol
extract 20% of ethanol; Extr.50% — hidro-ethanol extract
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50% of ethanol; Extr.70% — hidro-ethanol extract 70% of
ethanol; NHCh — naftifine hydrochloride
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Fig. 3 Antifungal action of extracts from Arthrospira
platensis biomass with metal content. EECo — ethanol
extract from biomass with bioaccumulated cobalt, EECd
— ethanol extract from biomass with bioaccumulated

the diameters of inhibition zones obtained under
the influence of this extract were actually larger in
comparison with those obtained under the influ-
ence of ketoconazole (P < 0.001) (Fig. 3).

For all substances with antifungal effect, mini-
mum inhibitory concentration and minimum fun-
gicidal concentration were assessed by standard
method EUCAST 7.1. Table 2 contains a selec-
tion of the best results obtained for tested
substances depending on the used strain.

Ethanolic extracts from spirulina biomass
containing cobalt and cadmium exhibited high

EECr

NHCh

Ketoconazol Itraconazol

cadmium, EECr - ethanol extract from biomass with
bioaccumulated  chromium, NHCh - naftifine
hydrochloride

antifungal activity against dermatophyte strains
Trichophyton mentagrophytes ATCC®9533™,
Trichophyton  rubrum ATCC®28188™ and
Microsporum canis ATCC®36299™. The etha-
nol extract from chromium-containing biomass
was active against strain Microsporum gypseum
ATCC®™24102™. In the case of filamentous fungi
Aspergillus  fumigatus CNM-FA-02, Mucor
vulgaris CNMN-FD-07, Penicillium expansum
CNMN-FD-05, low minimum inhibitory
concentrations were obtained for aqueous and
ethanol extracts from spirulina biomass
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Table 2 Minimum inhibitory concentrations (MICs) and minimum fungicidal concentrations (MFCs) of selected

substances against tested fungal strains

Substance MICs | MFCs Substance MICs | MFCs
Trichophyton mentagrophytes ATCC®9533™ Trichophyton rubrum ATCC®28188™
EE ¢, 0.125 mg/ml 1 mg/ml EE ¢, 0.125 mg/ml 1 mg/ml
EE cq 0.065 mg/ml 0.5 mg/ml EE cq 0.065 mg/ml 0.5 mg/ml
Intraconazole 0.25 pg/ml 1.0 pg/ml Intraconazole 0.125 pg/ml 0.5 pg/ml
Microsporum canis ATCC®36,299™ Microsporum gypseum ATCC®24,102™
EE ¢, 0.125 mg/ml 1 mg/ml EE ¢, 0.125 mg/ml 1 mg/ml
EE ¢4 0.065 mg/ml 0.5 mg/ml EE ¢, 0.065 mg/ml 0.5 mg/ml
Intraconazole 0.125 pg/ml 0.5 pg/ml Intraconazole 0.065 pg/ml 0.5 pg/ml
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Fig. 4 Lactate dehydrogenase activity released by
Microsporum canis ATCC®36,299™ under the action of
tested substances. 1. J. Regia leaf extract (ethanol); 2. 70%
hydro-ethanolic extract of S. platensis biomass; 3. 20%

containing cadmium and chromium. Ethanolic
extracts from spirulina biomass containing cad-
mium and chromium also acted on both natural
isolates of the genus Fusarium.

In order to identify the mechanisms of action
of substances with antifungal effect on target
cells, several biochemical tests were carried out.
The first used test reffered to measuring the
amount of released lactate dehydrogenase
(LDH). Thus, increased lactate dehydrogenase
activity in the extracellular environment was an
indicator for toxic effects on cells and disruption
of membrane permeability and structure. The
effect of tested remedies was compared with that
of the reference antifungal preparations.

In the case of dermatophyte strains
Trichophyton mentagrophytes ATCC®9533™,

hydro-ethanolic extract of N. linckia; 4. 70% hydro-
ethanolic extract of N. linckia; 5. EEcy; 6. EEcg;
C, — itraconazole; C,, — naftifine hydrochloride; C —
untreated control

Trichophyton rubrum ATCC®28188™,
Microsporum  canis  ATCC®36299™  and
Microsporum  gypseum ATCC®24102™,  the
results are similar: substances with antifungal
effect caused the loss of intracellular LDH and
its release into the culture medium. Hydro-
ethanol extracts from spirulina and nostoc bio-
mass did not substantially increase the activity
of released LDH. Figure 4 contains the results
obtained for culture Microsporum
ATCC®36299™,

The antioxidant status of fungal cultures was
assessed on the basis of 2 parameters — the ability
to reduce free radicals and the level of lipid per-
oxidation end products.

Both the used positive controls and the selected
substances caused the decrease of antiradical

canis
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Fig. 5 Antioxidant activity (ABTS radical scavenging
assay) and MDA levels at Trichophyton mentagrophytes
ATCC®™9533™ under the action of tested substances.
1. J. Regia leaf extract (ethyl acetate); 2. 50% hydro-

capacity and an overaccumulation of lipid peroxi-
dation products. In Fig. 5, as an example, the
results for the action of antifungal remedies on
culture Trichophyton mentagrophytes
ATCC®™9533™ are presented. The concentration
of malonic dialdehyde in control was 2.50 4= 0.12
nmol/g, and total antioxidant capacity was 35.05+
% inhibition of ABTS™ radical. The most pro-
nounced effect of intensifying lipid peroxidation
had itraconazole (MDA increase by 115.6% com-
pared to untreated control). Close value effects
showed naftifine hydrochloride and ethyl acetate
extract of walnut leaves, which produced an
increase in MDA levels by 62.6 and 65.3%,
respectively. The ethanolic extracts from spirulina
biomass containing cadmium, cobalt and chro-
mium produced an increase of MDA levels with
25.9-45.2% compared to untreated control.
Hydro-ethanol extracts from spirulina and nostoc
biomass did not produce modification of MDA
levels. Similarly, these extracts did not alter total
antioxidant capacity of biomass of Trichophyton
mentagrophytes ATCC®9533™. Both positive
controls and ethanolic extract from chromium-
containing spirulina biomass had similar effects
on total antioxidant capacity of biomass, reducing
it by 64.2-66.7% compared to positive control.
One of the fungal virulence factors that pro-
vide defence against the host immunity are the

4

EABTS

5 6 C1+ C2+

ethanolic extract of S. platensis biomass; 3. 20% hydro-
ethanolic extract of N. linckia; 4. EEc,; 5. EEcy; 6. EE 3
C + | —itraconazole; C + , — naftifine hydrochloride

primary antioxidant enzymes superoxi-
dismutase (SOD), catalase (CT) and peroxidases,
that remove reactive oxygen species generated
by the host cells and ensure the spread of infec-
tion. Reduced activity of these enzymes leads to
the inability of fungi to protect themselves from
the consequences of oxidative stress and reduce
their viability. Therefore, further research aimed
at assessing the modification of SOD, CT and
glutathione peroxidase (GPx) activity in the
tested fungi cells under the influence of antifun-
gal compounds. The activity of the three major
antioxidant enzymes was evaluated in fungal
cultures reaching the exponential growth phase
after 24 h contact with the selected compounds in
the concentrations corresponding to CMI. The
obtained results showed substantial changes in
the activity of the primary antioxidant enzymes
in almost all experimental variants.

In the case of dermatophytes, the antifungals
caused the decrease of the activity of the first line
antioxidant enzymes, again, except the hydro-
ethanolic extracts of the standard biomass of
cyanobacteria, in which only a decrease in CT
activity and an increase in SOD activity was
observed. As example, Fig. 6 shows the results
for the Trichophyton
ATCC™9533 ™ strain.

mentagrophytes
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Fig. 6 The activity of antioxidant enzymes in
Trichophyton mentagrophytes ATCC®9533 ™ ynder the
influence of the studied compounds. 1. Leaf extract
J. regia (ethyl acetat); 2. Hydro ethanolic etract 50%

Thus, the extracts from spirulina biomass
obtained under biotechnological conditions of
metal accumulation significantly reduced the activ-
ity of antioxidant enzymes. Hydro-ethanolic
extracts from spirulina and nostoc biomass did
not substantially influence GPx activity, decreased
CT activity and increased SOD activity, which is
explained abowe all by the lack of toxic potential
in these cultures. At the same time, these extracts
exerted an antifungal activity against studied
dermatophytes. Cyanobacterial phycobiliproteins
are considered as active elements of the water
extracts. These compounds, in particular phycocy-
anin and phycoerythrin, are present in nostoc
hydro ethanolic extracts, and phycocyanin and
allophycocyanin — in spirulina extracts.

The tested in this study 50 and 70% hydro
ethanolic cianobacterial extracts are also rich in
such active components as phenols. Thus, it is
certain that the extracts from the standard biomass
of spirulina and nostoc, due to the safety for
human consumption, but also due to the specific
effects on some causative agents of the mycoses,
deserve to be the subject of separate studies.

The results of our study suggest that one of the
mechanisms of antifungal action of the tested
natural extracts is the decrease of the primary
antioxidant enzymes activity of the fungi, consid-
ered as a virulence factor of the fungal cells.

S. platensis; 3. Hydro ethanolic extract 20% N. linckia;
4. EE co; 5. EE ¢g; 6. EE ¢; M, — Itraconazol; M,, —
Naftifine hydrochloride

5 Final Remarks

Pathogenic fungi possess an impressive arsenal of
intrinsic and acquired resistance mechanisms to the
action of the most effective antifungal agents.
Hence the need to develop and implement new
remedies with a noticeable effect on pathogens
with minimal adverse effects on the host organism.
In the current concept there are several perspectives
for the development of new antifungal agents,
including the detection of natural antifungal
compounds and the application of multivalent com-
plex preparations acting on the various levels
against multiresistant pathogens. The biomass of
cyanobacteria Arthrospira platensis and Nostoc
linckia is a suitable raw material for extracting
compounds with potential for the development of
new generation of antifungal drugs.

The hydro-ethanolic extracts from spirulina
biomass obtained under biotechnological
conditions of metal accumulation displayed an
antifungal  activity  against all  studied
dermatophytes. The best results were recorded
for water and ethanolic extracts from spirulina
biomass containing cobalt, chromium and cad-
mium (Oltu and Rudic 2016). The following
response reactions of fungicultures were observed
at the application of these extracts: extracellular
lactate dehydrogenase release; decreased activity
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of first line defense antioxidant enzymes — super-
oxide dismutase, catalase and glutation peroxi-
dase; decreased total antioxidant activity of the
fungal biomass and increased quantity of the lipid
peroxidation products. These reactions suggest
the possible mechanism of antifungal action of
tested extracts, based on the generation of oxida-
tive stress, which coincides with the intense deg-
radation of cellular components, primarily
membrane ones. As a result, the normal perme-
ability and physical integrity of the fungal wall
and cell membrane is compromised (Oltu and
Rudic 2016). Reduced activity of primary antiox-
idant enzymes, considered as virulence factor,
and of total antioxidant capacity of causative
agents of mycoses under the influence of studied
extracts, leads to the inability of fungi to protect
themselves from the consequences of oxidative
stress and reduce their viability.
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Abstract

In recent years, the debate on ethical issues
related to hepatitis C virus therapies has been
focused on the problem of drug prices and
access to therapies. Nonetheless, the goal of
hepatitis C virus eradication set by the World
Health Organization in 2016 is raising new
ethical issues, since governments are faced
with a new challenge: reaching through
screening, diagnosis and treatment a large
amount of subjects with undiagnosed hepatitis
C infection. National governments, especially
high-income countries with a Welfare State,
are compelled to provide access to therapies,
but also to involve those who are still unaware
of their disease status.

Since people cannot be forced but should
be guided towards the choice of screening,
diagnosis and treatment, three concepts will
be instrumental in the success of any HCV
elimination policy: involvement, communica-
tion and protection of vulnerable individuals.

Given the importance of diagnosis and
treatment both in terms of individual benefit
and social benefit, while respecting individual
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moral obligation to try to drive individuals on
the path of therapy. Even if it fails to get a
complete success, the hepatitis C virus eradi-
cation campaign will lead to a significant
reduction in the incidence of the disease and
it will convey a very important message: today
more than ever public health interventions
must be thought in a global perspective, far
beyond the borders of National States.
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Over recent years a revolution took place in the
treatment of hepatitis C virus (HCV). Direct-
acting antivirals, the first of which was approved
in 2013, can presently cure more than 95% of
patients in a matter of weeks with all-oral and
well tolerated regimens (European Association
for the Study of the Liver 2017). In 2016, the
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194 Member States of the World Health
Organization (WHO) agreed to eliminate all
forms of viral hepatitis as a public health threat
by 2030. WHO’s global strategy targets
reductions of 65% in HCV-related mortality and
80% in new infections, relative to 2015 levels
(World Health Organization 2016). In March
2018 the progress report published by the WHO
itself showed that, despite an increasing availabil-
ity of access and several success stories for singu-
lar nations, the bulk of the 71 million people
infected with HCV in the world remained
untreated, with most of the progress made only
in a small number of high-income countries with
a high disease burden levels (World Health Orga-
nization 2018). According to the report, in 2016
about one out of 5 infected people worldwide had
a diagnosis, with a significant difference between
low-income countries, where the ratio was only
8%, and high-income countries, where it went up
to 43%. As data show, the major obstacles to the
ambitious goal of eradication are economic and
organizational restrictions, that affect especially
low and middle-income countries. Nonetheless, if
the goal is eradicating the infection worldwide,
the obstacles to overcome will not only be eco-
nomic and organizational. Governments are
indeed facing a further challenge and a new pub-
lic health issue: reaching through screening, diag-
nosis and treatment a large amount of subjects
with undiagnosed HCV infection.

An overall strategy to fight against HCV must
in fact aim to protect individuals and the commu-
nity through the treatment of infected individuals
(already diagnosed or to be diagnosed) and the
prevention of new infections. To achieve these
objectives, an effective plan for diagnosis and
prevention is needed and new ethical issues
need to be carefully analyzed.

In recent years, the debate on ethical issues
related to HCV therapies has been focused on
the problem of drug prices and access to
therapies. Today a sound ethical analysis on
these topics is still necessary in many countries,
but meanwhile, the goal of eradication is raising
new ethical issues.

L. Craxi

2 What Obligations for the State?

If effective therapeutic options with sustainable
costs are available, National governments, espe-
cially high-income countries with a Welfare
State, are compelled to provide access to
therapies, but also to involve undiagnosed
subjects, in order to promote health as a good
and as a right both for the individual and for the
society.

As well as in legal terms, the effort to eliminate
HCYV infection is also justified from an ethical
point of view, as consistent with the principle of
beneficence.

The principle of beneficence underlies the
obligation for the State to meet the essential
needs of the individual, particularly the right to
health. In a policy aimed at eliminating HCV the
benefit is twofold: there is an individual benefit
for the treated subject and a benefit for the society
as a whole, because the removal or reduction of
the threat of infection is something the entire
community benefits from. If we consider how
benefits and risks are distributed between the
patient and the population as a whole, the HCV
eradication plan enjoys additional specificity
compared to other eradication plans based on
vaccination campaigns. In the case of a standard
medical treatment, the recipient of the therapy is
expected to be the main beneficiary, consistently
with the principle of beneficence that rules medi-
cal ethics. In eradication plans based on vaccina-
tion campaigns, the single person vaccinated is
expected to be the main beneficiary, but at the
same time the goal is to create cascading benefits
for the other subjects through herd immunity. As
the vaccination campaign proceeds, the potential
benefit for the individual is reduced as the risk of
infection decreases, by virtue of the fact that the
individual already enjoys herd immunity. In HCV
eradication campaign, the benefit for the individ-
ual resulting from the therapy remains unchanged
and two opposite cases may arise. In the first case
both individual and social benefit are reduced,
e.g. very old patients or patients with other severe
illnesses, who presumably will have little benefit
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from clearing the infection, and are unlikely to
infect others since they are not prone to risk
behaviors. On the other hand, individual benefit
and collective benefit can be both high, as in the
case of subjects who use injectable drugs which,
if cared for, will benefit greatly and at the same
time stop being a potential source of contagion.

HCV eradication campaign should be also
analyzed according to the principle of Equity.
The concept of equity refers to fair distribution
of resources, opportunities and results. In this
respect, further considerations about the cost-
effectiveness should be done in an eradication
policy, because the eradication campaign has to
be cost-effective to be ethical. To achieve this
goal, both at global and national level, the cam-
paign will have to proceed quickly and effec-
tively, because the more it slows down the less
it will be cost-effective, due to the persisting costs
arising from the progression of the disease in
untreated subjects, the costs of surveillance, the
decreasing economies of scale when small popu-
lation groups are to be reached and, last but not
least, the chance of new infections and
reinfections in the subjects treated (Omer et al.
2013; Barrett 2013).

In terms of cost-effectiveness, another impor-
tant element should be evaluated yet. If we com-
pare the results obtained with the global
eradication of HCV with those obtained with a
control and elimination campaign that suppresses
the incidence of infection to very low levels, we
might think that the additional benefit obtained
with the eradication intervention is quite low.
However, if we evaluate the results over a very
long period of time we realize that the percentage
of residual incidence acquires a much greater
weight in terms of DALY (Disability-Adjusted
Life Years). In health care economics there is a
tendency to give greater weight to the short- and
medium-term benefits and risks than to long-term
ones, due to the uncertainty of predictions about
the future and due to the natural tendency of the
human being to give more importance to what is
closer both in time and in space. In the last few
decades, however, the idea of collective responsi-
bility for global health promotion has grown

stronger, together with an increased sense of
responsibility towards the future repercussions
of our current choices in terms of health for the
individual and for the society. Accordingly, it is
necessary to carefully evaluate the weight of a
result different from eradication, which will
bring with it long-term and indefinite
consequences in terms of morbidity and mortality
related to HCV.

The elimination plan is consistent with two
other important principles: utility and solidarity.
The principle of utility binds us to pursue actions
aimed at obtaining the maximum benefit for as
many people as possible. The principle of solidar-
ity invokes the commitment of the individual in
undertaking actions aimed at promoting the well-
being of others. In this respect, the choice to take
care of ourselves also has an implication in terms
of individual participation in the well-being of the
community.

3 What Rights for the Individual?

In moving towards HCV eradication another fun-
damental right plays a key role: the individual
right to freedom. The right to freedom overrides
the right to health, justifying the exercise of treat-
ment refusal. Imposing a treatment is acceptable
only in cases laid down by law (e.g. compulsory
vaccination); this kind of limitation of personal
freedom is justified by the fact that the treatment
is aimed at safeguarding not only the health of the
individual, but also of the entire community. This
kind of restriction, however, is justified only if it
is strictly necessary, in the presence of an
extremely high risk for public health and in the
absence of any other possible alternative; it is
expected to be rigorously evaluated in order to
justify the derogation to the respect of a funda-
mental human right recognized internationally,
especially in the case of sudden outbreaks of
infectious epidemics with high contagiousness
and high risk (American Association for the Inter-
national Commission of Jurists 1985).

In addition to the legal aspect, a strong ethical
issue arises, namely the observance of one of the
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pivotal principles of medical ethics: the principle
of autonomy. Based on the recognition of free-
dom as a fundamental human right, the principle
of autonomy requires compliance with the
decisions that each individual takes in the area
of his health, according to his own values and
preferences.

Despite having an important symbolic value
and being a good for the community at a global
level, eradication policies, as public health
policies, do not therefore enjoy by themselves a
status of exceptionality that justifies coercive
interventions and do not imply additional
obligations for the citizen (Wilson 2014).

In the setting of hepatitis C, where transmissi-
bility of the virus is relatively modest and infec-
tion can be mostly prevented in the absence of a
vaccine through modification of risk behaviors,
imposing screening or treatment is neither ethi-
cally nor legally sustainable. This intervention is
not justifiable even for prisoners, whose personal
freedom has already been restricted. This restric-
tion is in fact related to the crime committed and
justified by security reasons, but cannot be unnec-
essarily extended to anything else.

Finally, even in cases where these kind of
coercive interventions are legitimate
(e.g. mandatory vaccinations), the mere imposi-
tion of the obligation does not always give opti-
mal results and shows a failure in trying to
educate public about health culture.

4 Involvement, Communication
and Protection of Vulnerable
Subjects

Three basic pillars will contribute to the success
of the eradication plan:

1. Targeted screening campaigns with quick and
simple tests for population groups at higher
risk

2. Access to therapies, which means effective
linkage to care and the widest possible
involvement of subjects through information
campaigns

3. Simplicity in treatment

L. Craxi

Continuous innovation in the field of therapy
and diagnosis, a considerable organizational
effort and a solid long-term commitment will be
necessary. But above all, as people cannot be
forced but must be guided towards the choice of
screening, diagnosis and treatment, three
concepts will be instrumental in the success of
any HCV elimination policy: involvement, com-
munication and protection of vulnerable
individuals. These concepts are consistent with
the principle of procedural justice. Procedural
justice refers to the idea of a fair decision making
process. Its essential elements are: participation,
transparency, involvement of stakeholders in the
decision-making process. According to the prin-
ciple of justice, resources should be distributed
fairly, providing access to all sick people,
protecting the most vulnerable groups, avoiding
discrimination and involving all those concerned
in the decision-making process.

In order to reach the elimination goal, high-
income countries with a high prevalence of HCV,
are now paying special attention to specific high
risk population groups, such as injectable drug
users and prisoners, that are key drivers of HCV
transmission (Wiessing et al. 2014). Identification
and treatment of high-risk individuals will allow to
hit the epidemic in those who are maintaining it,
realizing the concept of treatment as prevention.

These classes of subjects still have specific
features that must be understood and addressed
in order to reach the goal: they often have very
low health-related values and low trust in
institutions; they also may not be aware of their
condition, do not want to know it or do not want
to be cured, have difficulty accessing treatment,
have poor compliance.

How to promote diagnosis and linkage to care
for this kind of groups? The traditional model of
health system doesn’t work for these population
groups: they will not refer to the health system, it
is the health system that should try to
approach them.

To achieve the goals set, an active collabora-
tion of multiple different subjects (political deci-
sion makers, health system, medical class, patient
associations, volunteer groups, etc.) will be
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necessary, all of whom share responsibility for
the success of the plan itself. The primary respon-
sibility for organizing the program lies with the
State, which must work to promote health as an
individual’s right and a community’s good, but
this effort will be ineffective without involving
the other parties in a network of responsibility. In
order to obtain good results, an early and contin-
uous involvement of the population groups
targeted will be necessary, to give voice to their
needs. To reach this goal active social networks
between the representatives of these groups and
the decision makers should be developed. In the
process of community involvement, the decision
makers should be ready to review and question
the policies adopted for the recruitment of
subjects at risk in screening and therapy
protocols: this can strengthen trust and make the
communities feel involved in a real dialogue.

Communication plays a vital role to ensure
effective involvement: therefore, communication
tools and platforms that are culturally and linguis-
tically adequate for the targets to be achieved
should be created. This will require the commit-
ment of the State to create information and aware-
ness campaigns, to determine an increase in
voluntary participation by citizens, convinced of
the value of what is being achieved.

Media will play an essential role in communi-
cation and therefore it will be necessary to make
sure that they have access to accurate and up-to-
date information about the disease and therapy.

Special regard should be given to vulnerable
subjects, who are faced with situations of discrim-
ination and exploitation. The vulnerability is
defined as an increased susceptibility to harm or
injustice. Many of the features that make a subject
vulnerable in fact make it difficult for him to
access screening and therapy (e.g. the linguistic
obstacle for immigrant foreigners, or illiteracy, or
the inability to access the internet or other media).
To overcome these barriers, the message should
be conveyed through multiple communication
tools. The health authority cannot assume that
the public will actively seek information but
instead must strive to reach the potentially inter-
ested public in every possible way.

Stigma and discrimination represent a risk in
the HCV eradication process: they affect the abil-
ity and willingness of a person to have access to
treatment or screening. Policy makers will have to
develop specific plans to try to meet the needs of
these individuals, for example through commu-
nity education regarding HCV.

As has been done for the tuberculosis control
plan, the work should be based on the concept
elaborated by the WHO of “ person-centered
care” (World Health Organization 2006), that
implies the idea of seeing health from the
patient’s point of view and adapting the care to
better meet the needs and expectations of
individuals (Macq 2007; World Health Organiza-
tion & Stop TB Partnership 2010; World Health
Organization 2010). A person-centered approach
recognizes that the beneficiary of the therapy is
the sick individual and that therefore the
strategies must be outlined focusing on the
individual’s rights and well-being.

Given the importance of diagnosis and treat-
ment both in terms of individual benefit and social
benefit, while respecting individual freedom, the
government has a moral obligation to try to drive
individuals on the path of screening and therapy.

Patients who refuse screening or treatment
should receive counseling about the risks they
run for themselves and for the others. Operators
should try to understand the reasons for the
refusal and try to work together to identify ways
to meet the subject’s concerns and fears.

Another obligation for health care is to assist
patients who have problems with adherence to
therapy. The efforts to contact patients who do
not show up for treatment, however, create the
risk of an intrusion into the privacy and autonomy
of the individual. Therefore, consistently with a
person-centered approach, any attempt to contact
must be carried out in such a way as to minimize
intrusions. Patients should be informed at the
beginning of the treatment that they will be
contacted if they do not show up and, as far as
possible, should be given the opportunity to
choose how to be contacted.
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5 Conclusions

Although eradication is an unquestionable suc-
cess in terms of public health, it may not always
be reasonable or necessary to pursue it for any
widely spread infectious disease. There are in fact
numerous types of assessments, in terms of cost-
effectiveness of the intervention and of allocation
of finite resources, that lead us to believe that
elimination or control could be not only more
achievable goals, but also somehow more ethi-
cally appropriate goals in terms of resource allo-
cation and in terms of respect for the autonomy of
the individuals (Caplan 2009). To date, smallpox
remains the only successful case of global infec-
tious disease eradication, while many others erad-
ication campaigns, which have entailed a
considerable economic effort, have never been
able to reach a complete success (Stepan 2011).

With regard to HCV, is the eradication plan
ethically suitable? The answer is yes, as long as it
meets certain conditions: considering the princi-
ple of equity, the plan must be cost-effective to be
ethical, moreover, with respect for the principle of
autonomy it always has to be a choice for the
individual.

Is HCV eradication feasible? We don’t know it
for sure, but the most suitable way to achieve
overall global eradication is to progressively elim-
inate the disease in different areas, with methodol-
ogy and timing specific for the considered area. To
reach the target, HCV must be tackled down not
only in the well-defined setting of developed
countries but also in the more intricate situation
of developing countries, where the disease is gen-
erally not confined within restricted population
groups and economical resources are limited.
Nonetheless, we have to pay attention not only to
economical and organizational constraints in low
and middle-income countries, but also to proper
ways to eliminate HCV infection in high-income
countries, especially those with a high prevalence
of the infection, because the goal of elimination in
each single country will be a fundamental brick in
the achievement of global eradication.

Even if it fails to get a complete success
(Lombardi et al. 2019), the HCV eradication
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campaign will lead to a significant reduction in
the incidence of the disease and it will convey a
very important message. The boost by the WHO
towards ambitious goals such as HCV eradication
for 2030 must in fact continue to exist and must
be above all a stimulus and a message: today
more than ever public health interventions should
be thought in a global perspective, beyond the
borders of national states. Not only because in
epidemiological terms it is the most effective
type of intervention, especially in a world with a
level of mobility never known before in history,
but also because the reflection developed from the
end of the Second World War to today on univer-
sal human rights requires us to promote the right
to health as a universal right for every individual,
a good to be guarded and promoted far beyond
the borders of our States.
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Abstract

Introduction

Legionella spp. are ubiquitous aquatic
organisms found to be associated with
community-acquired pneumoniae (CAP) as
well as hospital-acquired pneumonia (HAP).
Direct inhalation of aerosols from environ-
mental colonisation is typically the source of
infection. The aim of this study was to deter-
mine the level of colonisation in hospital water
supply systems in order to assess the criticality
of the water distribution network and
strengthen preventive measures.
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Methods
From 2009 to 2018, 769 water samples were
collected and then analysed according to the
standard methods indicated in ISO11731-
2:2004 and ISO11731:2017 for Legionella
detection.

Results
The samples were positive in 37.1% cases
(n. 285) and negative in 62.9% cases (n. 484).
The threshold of 10,000 CFU/L was
exceeded in 15.1% cases and led to
decolonisation as indicated by Italian and
European ECDC guidelines. In the autumn-
winter period SG1 showed a positivity of
41.2% (n. 40) with a decrease in the spring-
summer period with 9.6% (n. 18) of positivity.
In contrast, SG2-15 showed a positivity of 30.9%
(n. 30) in autumn-winter, which tends to increase
t0 56.9% (n. 112) in spring-summer (p < 0.001).

Conclusion

Surprisingly, besides showing a seasonal trend
already described previously in the literature,
the positivity of our sample was not balanced
even for serogroups in the two periods. This
could be due to genetic differences and eco-
logical niches to be further investigated that
could also have links with the greater pathoge-
nicity of SG1. Environmental microbiological
surveillance and risk assessment should be
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performed more frequently and disinfection
must be carried out, especially in health
facilities where people are more susceptible
to infections.

Keywords

Environmental surveillance - Hospital water
systems - Legionella spp. - Seasonal
serogroups - Serotyping of Legionella spp.

1 Introduction

Legionella spp.is a Gram-negative microorgan-
ism that can develop at a temperature between
25 °C and 42 °C, especially in collection systems.
Microorganisms of the Legionella genus are ubiq-
uitous and can be found in natural and artificial
aquatic environments, such as spring waters,
including thermal ones, rivers, lakes, mud, etc.
From these environments Legionella reaches
city pipelines and building water systems, such
as reservoirs, pipes, fountains and swimming
pools, where it can be a potential risk for
human health (Declerck 2010; Fliermans et al.
1981).

Sediments and soils contain Legionella as a
free form, but it is mostly found in colonising
amoeba or within biofilms (Fields 1996).
Legionella colonise man-made water systems
where the temperature conditions are suitable for
their optimal growth, its hosts include amoebae
like Acanthamoeba, Naegleria, Balmuthia,
Dictyostelium and ciliates such as Tetrahymena
(Boamah et al. 2017).

Legionella can be isolated for example in hot
and/or cold-water systems, wet soil, air condition-
ing systems, cooling towers, spas, swimming
pools and fountains. Biofilm formation is also
an important protection and survival mechanism
that allows this bacterium to remain as a coloniser
in water systems (Declerck 2010). Legionella
spp. can cause Legionnaires’ disease (LD) and
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the flu-like Pontiac fever in humans (McDade
2009; Spagnolo et al. 2013).

Risk-minimisation of Legionella colonisation
in hot water systems can be guaranteed by
maintaining the temperatures at the safety levels
indicated in the technical guideline standards
which set this threshold at 50 °C for hot water
and <20 °C for cold water (ESCMID 2017,
Graells et al. 2018; Richards et al. 2013). The
most isolated species in the Legionella spp.
genus is L. pneumophila which is divided into
16 serogroups, of which serogroup 1 (SG1) is
the most virulent and associated with high mor-
bidity and mortality (McDade 2009).

There was a high incidence of LD in Italy in
the summer of 2018, which led to 5 deaths. This
happening created media alarmism in the popula-
tion, but also increased awareness of how
legionellosis is contracted, thereby highlighting
the importance of recognising symptoms and
improving prevention.

Water distribution systems are the major
reservoirs of Legionella spp. which commonly
colonise the water systems in large public
buildings, households and industrial systems.
The most dangerous kind of colonisation is
when Legionella occurs in the water distribution
systems in hospitals, medical equipment
(e.g. respirators, dialysers, inhalers, humidifiers,
water massage equipment used in balneotherapy)
and the dental turbines used in dental offices. This
poses a risk for human infection with these bacte-
ria, particularly for patients in health centres
(Sikora et al. 2015). This microorganism can
multiply and lead to the acquisition of infections
by patients through the direct inhalation of
aerosols. In fact, the most common route of expo-
sure is represented by the inhalation of aerosol
drops containing Legionella, and the risk of trans-
mission increases if one considers the complexity
of hospital water systems, along with the vulner-
ability of hospitalised patients. Hospital
legionellosis is a preventable disease through spe-
cific measures applied to the water systems within
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buildings (O’Neill and Humphreys 2005;
Spagnolo et al. 2013). Environmental surveil-
lance for L. pneumophila in hospitals is a useful
strategy to prevent nosocomial LD.

In Italy, the latest available ECDC report
describes an annual incidence rate of 2.8 cases/
100,000 people, which is among the highest in
Europe (European Centre for Disease Prevention
and Control 2015). In our country, according to a
2015 report by the “Istituto Superiore di Sanita”
(Chochlakis et al. 2017; Italian Ministry of Health
2016), nosocomial LD represents 5.3% of the
total number of cases, although the Sardinian
Region reports zero incidence of nosocomial
infection (ISS 2018).

We addressed three specific aims: (1) to deter-
mine the prevalence of L. pneumophila in the
water supply systems of eleven hospitals in south-
ern Sardinia in order to assess the criticality of the
water distribution network and, if necessary, to
strengthen environmental preventive measures;
(2) to identify potential risk factors for a positive
sampling of Legionella spp.; (3) and to define
whether the season can influence SGl1
distribution.

2 Methods
2.1 Study Design and Sample
Collection

We retrospectively reviewed 769 samples tested
for Legionella spp. collected from the hospital
distribution network, during the study period
between January 2009 and December 2018. The
following data were recorded for each sample in
the database: collection date, hospital, ward, sam-
pling point, temperature at the time of collection,
free chlorine, possible positivity for Legionella
spp., serogroup and count. Samples were divided
a posteriori according to the season (autumn-
winter and spring-summer) to assess whether cli-
matic changes could play a role on positivity and
serogroups.

2.2 Hospitals Enrolled

Eleven hospitals in Southern Sardinia were
enrolled in this study period. They were divided
by date of construction, that is before 1950 or
more recently. We also divided the structures
according to the number of beds (more/less than
or equal to 150 beds) and type of construction
(monoblock or pavilion) in order to find any
possible link between colonisation and these
variables (D’ Alessandro et al. 2015; Danila et al.
2018; Montagna et al. 2018).

Wards or sample points were identified and
then, in order to dichotomise the variable, we
also divided the wards into two groups, high
risk wards (with high risk patients: Haematology
and ICUs) and low/middle risk wards (Medicine,
Surgery and others) (Italian Ministry of Health
2016; Montagna et al. 2018).

23 Microbiological Analysis
Microbiological analyses for Legionella spp.
were carried out by the Hygiene Laboratory,
Department of Medical Science and Public
Health, University of Cagliari. Collection bottles,
containing 1% sodium thiosulfate to neutralise
the presence of chlorine, were returned to the
laboratory immediately after sampling for bacte-
riological and chemical-physical examination.
After collection, the samples were kept at room
temperature and protected from direct light during
transport to the Food Hygiene Laboratory which
operates with UNI standard ISO 17025:2005. If
analyses could not be carried out immediately,
samples were kept at +5 °C % 3 °C and processed
within 24 h of collection. At the time of sampling,
the temperature and free residual chlorine in the
water were measured (Belladonna and Ottaviani
2007).

The samples were analysed according to the
standard methods indicated in ISO 11731-2:2004
and in ISO 11731:2017 for the detection of
Legionella spp. with a quantitative evaluation,
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expressed in CFU/L. As regards the first method,
we analysed 1- L of the water sample. The sample
was treated, directly on the filter, with 30 &= 5 mL
of acid solution (HCI-KCI) for 5 min, the mem-
brane was connected and washed with 20 £ 5 mL
of PAGE solution and placed directly on BCYE
culture medium containing L-cysteine, needful
for microorganism growth. The samples were
incubated in a humid microaerophilic environ-
ment at 36 + 2 ° C for a period of 10 days and
then identified.

Instead, the following procedure was adopted
for the second method: 1-L. water samples were
concentrated (through the use of a Millipore fil-
tering ramp) to 10 mL through 0.2 pm porous
membrane filters (in  polycarbonate  or
polyethersulfone — Microbiol Diagnostici s.n.c.).
After sample concentration, the membrane was
deposited with sterile tweezers in a sterile con-
tainer containing 10 ml of Page’s saline. The
deposit collected on the membrane was
suspended by vortex shaking (2 min minimum).
This concentrated suspension was the untreated
sample.

After this procedure the untreated sample was
divided into three parts: (1) the untreated sample
itself; (2) the acid treatment sample (1 mL of the
untreated sample was added to 9 mL of HCI-KCI
buffered solution for 5 £ 0.5 min); (3) the heat
treatment sample (3 mL of the untreated sample
were placed in a sterile tube and then in a thermo-
static bath at 50 ° C £+ 1C ° for 30 £ 2 min).
0.1 ml of each part (untreated, after acid treat-
ment, and after heat treatment) was subsequently
inoculated and distributed on BCYE agar medium
and on BCYE agar + AB selective medium or
alternatively on GVPC (Microbiol Diagnostici s.
n.c.).

Plates were incubated at 36 £ 2C ° for
7-10 days in a microaerophilic environment.
Plates with the highest count of presumed
Legionella CFU/L were subcultured both on
BCYE agar and blood agar (Microbiol
Diagnostici s.n.c.). The growth of Legionella
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colonies can only occur on BCYE agar due to
Legionella’s inability to multiply in the absence
of L-cysteine; there can be no growth on blood
agar, where the latter is not available. Any
colonies that grew on BCYE agar but showed
no growth on blood agar were incubated at
36 &£ 2 °C for 2-5 days and recorded as
Legionella.

The samples were divided into positives with a
high level of colonisation (> 1000 CFU/L), those
with a low level of colonisation
(100 < x < 1000 CFU/L) and negatives
(<100 CFU/L) (Montagna et al. 2018). The final
confirmation was serum agglutination: colonies
of the Legionella genus were serologically
identified with a special kit which allows the
identification of Serogroup 1 (SG1), Serogroup
2—15 (SG2-15) or Legionella spp. (Oxoid Micro-
biology Products™).

24 Statistical Analysis

Descriptive analysis of the data was carried out
using median values and the interquartile range
for the quantitative variables and percentage
values for the qualitative ones. Normality of the
variables was assessed with the Shapiro-Wilk test
and values of asymmetry and kurtosis related to
their standard error.

The association between endpoint variable and
explicative variables was verified with a non-
parametric approach using the x> or Fisher exact
test and the Mann-Whitney test.

We computed univariate logistic regression to
identify predictors of positive samples of
Legionella spp. For covariates that showed a
p value <0.10 in the univariate regression, inde-
pendent predictors were identified by a multivari-
ate logistic regression. A p value of <0.05 was
considered statistically significant (Borella et al.
2005; Gavalda et al. 2019; Hosmer and
Lemeshow 1989). All analyses were conducted
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using the SPSS statistical package (version 23 for
Windows. SPSS, Inc. Chicago, IlI).

3 Results

3.1 Descriptive Data

As summarised in Table 1, out of a total of
769 samples, 62.9% (n. 484) were negative and
37.1% positive for Legionella spp. (n. 285).

The following results emerged from the analy-
sis of only the positive samples: older hospitals
(built before 1950) had 44.9% (n. 128) of positive
samples for Legionella spp. while other hospitals
had 55.1% (n. 157).

Hospitals with more than 150 beds had 50.2%
(n. 143) positivity, whereas the others had 49.8%
(n. 142) samples positive for Legionella spp. As
regards the subdivision of the hospitals into
“monoblock” and “pavilion”, the former showed
75.8% (n. 216) of positivity and the latter 24.2%
(n. 69).

Medicine wards recorded the highest number
of positive samples in the study period with
30.5% (n. 87), followed by the Surgery 28.8%
(n. 82) and Oncology-Haematology departments
with 19.6% (n. 56) followed by ICUs with 8.4%
(n. 24) and then the other wards. The subdivision
into “low-middle risk” and “high risk” wards
produced a significant difference (p = 0.008)
with a positivity for Legionella spp. of 71.9%
(n. 205) for the “low-middle risk” group and
28.1% (n. 80) for the “high risk” one.

The sample analysis based on temperature at
the time of collection showed that 97.5% (n. 278)
of positive samples had a temperature in the range
of 20-50 °C while the remaining 2.5% (n. 7) were
outside this range (p = 0.069).

As regards the positive samples, 20.4% (n. 58)
were found to be SGI1, 49.8% (n. 142) were
SG2-15, 15.4% (n. 44) were Legionella spp.
while 14.4% (n. 41) showed the simultaneous
presence of SG1, SG2-15 and Legionella spp.

Our analysis of the positive samples based on
the level of colonisation allowed us to observe
that 38.2% (n. 109) showed a value of
CFU/L < 1000; 46.7% (n. 133) a value of
CFU/L between 1000-10,000 and 15.1% (n. 43)
>10,000 (For more details about colonization
levels see supplementary material — Figures 1
and 2). Several guidelines including the Italian
ones for microbiological evidence of these
colonisation thresholds recommend disinfection,
even in the absence of illness (Italian Ministry of
Health 2016).

Table 2 shows the concentration of residual
chlorine (mg/L). The lower interquartile range
value is associated with a lower probability of
having a positive sample (p = 0.008). The total
count of positive samples showed a median of
1000 CFU/L.

3.2 Examination of Risk Factors
Table 3 illustrates the Odds Ratio, the 95% confi-
dence interval and the relative p-value in univari-
ate and multivariate models in order to evaluate
the strength of association regarding the probabil-
ity of having a positive sample.

A sample taken in spring-summer had a 1473-
fold increased probability of being positive com-
pared to a sample taken in autumn-winter
(p = 0.013); this result was not confirmed in
multivariate analysis but with a p value borderline
(p = 0.089).

Instead, a positive sample is less likely to be
isolated in a high-risk ward (OR 0.653,
p = 0.009), confirmed by multivariate analysis
(p = 0.016). Moreover, the probability of
isolating a positive sample according to the levels
of residual chlorine is lower, and the probability
decreases by 2% with each mcg/L increase in
water (OR 0.981, p = 0.027), a result confirmed
by a multivariate model (p = 0.023). As regards
temperature, the p value is borderline and showed
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Table 1 Summary table of qualitative variables examined *chi square test or Fisher’s test

Samples
Negative Positive
Variables N % N % p valuex
Old Hospitals (<1950) No 262 54.1% | 157 55.1% | 0.797
Yes 222 459% | 128 44.9%
Hospital >150beds No 240 49.6% | 142 49.8% |0.949
Yes 244 504% | 143 50.2%
Hospital type Monoblock 349 72.1% | 216 75.8% |0.264
Pavilion 135 27.9% 69 24.2%
Sample origin Medicine 132 27.3% 87 30.5% | <0.001
Surgery 109 22.5% 82 28.8%
ICU 23 4.8% 24 8.4%
Oncology—Haematology 158 32.6% 56 19.6%
Tank — Pool 21 4.3% 5 1.8%
Others 41 8.5% 31 10.9%
Low/middle risk wards Medicine, Surgery, Others | 303 62.6% | 205 71.9% | 0.008
High risk wards ICUs and Haematology 181 | 374% | 80 | 28.1%
Temperature sample range 20°-50 °C | No 25 5.2% 7 2.5% |0.069
Yes 459 94.8% | 278 97.5%
Serogroup Negative 484 | 100.0% 0 0.0% |-
SG 1 0 0.0% 58 20.4%
SG 2-15 0 0.0% |142 49.8%
Mixed SG 0 0.0% 41 14.4%
Legionella spp. 0 0.0% 44 15.4%
Count Negative 484 | 100.0% 0 0.0% |-
< 1000 CFU/L 0 0.0% | 109 38.2%
1000-10,000 CFU/L 0 0.0% |133 46.7%
> 10,000 CFU/L 0 0.0% 43 15.1%
Total 484 |100.0% |285 |100.0%
Table 2 Summary table of quantitative variables *Mann-Whitney’s test
Samples
Negative Positive
Variables Median | Percentile 25 | Percentile 75 | Median | Percentile 25 | Percentile 75 | p valuex
Chlorine (mg/L) |0.020 0.020 0.020 0.020 0.010 0.020 0.008
Count (CFU) 0.0 0.0 0.0 1000.0 | 100.0 5000.0 -

an increased risk in the 20-50 °C temperature
range in both univariate and multivariate analysis.

Finally, Table 4 regards the frequency of the
different serogroups isolated by season. In the
autumn-winter period SG1 showed a positivity
of 41.2% (n. 40) followed by a decrease in the
spring-summer period with 9.6% (n. 18) of posi-
tivity. In contrast, SG2-15 showed a positivity of
30.9% (n. 30) in autumn-winter, which tended to

increase to 56.9% (n. 112) in spring-summer
(p value = <0.001).

Moreover, from the analysis of the data it
emerged that the samples taken in the autumn-
winter period were positive for Legionella in 34%
of cases (n. 97) and a significant increase was
recorded (p = 0.012) in the spring-summer period
with 66% (n. 188) of positivity.
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Table 3 Positive samples for Legionella spp. univariate and multivariate analysis. OR — Odds Ratio, bold values are for

variables with a p value <0.05

Univariate analysis

Multivariate analysis

Variables OR CI 95% p value OR CI 95% p value
Spring — Summer 1.473 1.087-1.996 0.013 1.324 0.958-1.832 0.089
ICUs and Haematology 0.653 0.476-0.897 0.009 0.659 0.469-0.925 0.016
Temperature range 20°-50 °C 2.163 0.923-5.067 0.076 2227 0.934-5.310 0.071
Chlorine (mcg/L) 0.981 0.965-0.998 0.027 0.979 0.962-0.997 0.023
Pavilion Hospital 0.826 0.590-1.156 0.264 - - -
Hospital (N. beds >150) 0.991 0.739-1.327 0.949 - — -
Old Hospital (<1950) 0.962 0.717-1.291 0.797 - - -
Table 4 Variability per season x> test or Fisher’s test
Season
Autumn — Winter Spring — Summer
Variables N % N % p valuex
Serogroup SG 1 40 41.2% 18 9.6% < 0.001
SG 2-15 30 30.9% 112 59.6%
| Mixed SG L9 | 93% | 32 117.0%
| Legionella spp. |18 | 18.6% | 26 1 13.8%
Sample Negative 209 68.3% 275 59.4% 0.012
Positive 97 31.7% 188 40.6%
4 Discussion and European ECDC guidelines (ESCMID

Our data indicate that at the time of this study,
37.1% of the water distribution system samples in
southern Sardinian hospitals were positive for
Legionella spp.

A study in Taiwan reported an L. pneumophila
positive rate greater than 30% (Yu et al. 2008);
four studies in Greece have shown that 27.3-75%
of hospital water systems are colonised with
Legionella spp. (Fragou et al. 2012; Mavridou
et al. 2008; Mouchtouri and Rudge 2015;
Velonakis et al. 2012) and a Polish paper reported
a positive rate of isolation of 78.57% (Sikora et al.
2015); the overall positivity of our samples was
also similar to Tesauro et al.’s findings (Tesauro
et al. 2010) but lower than those found in another
recent Italian study (Lagana et al. 2019).

The 10,000 CFU/L threshold has
exceeded in a significant number of cases as pre-
viously reported which has led to remediation
consisting of thermal shock and hyper-
chlorination treatment, as indicated by Italian

been

2017; Italian Ministry of Health 2016).

We did not find any association between older
hospitals (built before 1950) and positive samples
of Legionella spp. This finding is in contrast with
Montagna et al. (2018) and Marchesi
et al. (2011).

Our results for small or large nosocomial
buildings is also in contrast with the current liter-
ature, since the territorial extension of the net-
work in our setting did not seem to influence the
presence or absence of Legionella spp.
(Montagna et al. 2018)

Wherever we find water systems from water
reserves with a temperature between 20 °C and
50 °C, the bacterium can easily multiply itself
(as is well-known) and hence it is transmitted by
inhalation of aerosol droplets.

Hot water samples were often at a non-optimal
temperature of around 40 °C (Table 1), which was
too low and could represent an issue for
Legionella spp. colonisation, as reported by
Marchesi et al. (2011). Unfortunately, the clear
limitation of this variable is the unbalanced set of
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samples, with most of them resulting in the criti-
cal temperature range. Despite this limitation, we
report the variable here for the sake of complete-
ness. A feasible corrective manoeuvre could be to
install a boiler and decrease the distance between
source and tap.

SG2-15 were the most frequently isolated
representing almost half the number of isolations
as described by Montagna et al. in a recent Italian
survey (Montagna et al. 2018) and by other
authors (Lagana et al. 2019; Tesauro et al.
2010). Moreover, the number of cases of
colonisation was similar to another study carried
out in Italy (Iatta et al. 2013). Although the litera-
ture states that L. pneumophila SG1 is more fre-
quently isolated in humans, an increasing number
of cases are attributed to other species and
serogroups. Moreover, a large European study,
isolated from clinical samples, showed that
33.9% of hospital acquired infections were
caused by Legionella spp., which is why
Legionella colonisation of the environment
should not be underestimated. In our experience
it represented 15.4% of the samples (Yu et al.
2003).

As regards risk factors, multivariate analysis
showed that “High risk” wards proved to have a
lower risk as regards the isolation of positive
samples of Legionella spp. than other wards.
This is a desirable result in contrast with other
Italian surveys published in 2013 (latta et al.
2013) and in 2019 (Lagana et al. 2019). Further-
more, the fatality rate of hospital-acquired
legionellosis in patients affected by chronic
degenerative diseases, tumours, immunocompro-
mised patients, or those who have undergone
organ transplantation, is much higher than the
one observed in community-acquired
legionellosis (33.3% vs 7.5%, respectively)
(Herwaldt and Marra 2018; Rota et al. 2009).

As O’Neill et al. stated in their review, the
incidence of hospital-acquired legionellosis is
underestimated for a variety of reasons, including
a lack of clinical awareness or a missed diagnosis,
e.g. non-classical presentation especially in very
ill or immunocompromised patients, infection at
sites other than the respiratory tract, including soft
tissue infections and endocarditis, delayed
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seroconversion, or lack of specialised culture
facilities or urinary antigen detection tests in diag-
nostic microbiology laboratories (O’Neill and
Humphreys 2005).

A temperature range between 20 °C and 50 °C
doubles the risk of finding Legionella spp. with a
p value borderline near to significance value in
multivariate analysis (p = 0.071); free chlorine is
shown to be a protective factor (OR 0.979,
p = 0.023) which is similar to the results found
in other previous studies. (Darelid et al. 2002;
Orsi et al. 2014; Rogers et al. 1994).

Our study showed that the residual chlorine
varies significantly in positive samples, while
the temperature undergoes no significant
variations, unlike the findings of Vincenti et al.
2019).

This retrospective ten-year sampling study
allowed the determination of the risk of
colonisation by L. pneumophila associated with
water in the water systems of a number of
hospitals in southern Sardinia. The study showed
the presence of L. pneumophila in all the
structures tested, but with different levels of
colonisation (data not shown).

Seasonality is confirmed by the literature and
this finding is in accordance with the ECDC
report for the 2012-2016 period (European Cen-
tre for Disease Prevention and Control 2015).
Moreover, D’Alessandro et al. reported an
increase in positive samples in the spring-summer
period and also found an association between low
levels of free chlorine and an increase in positive
samples. However, they did not calculate the
strength of this association and the relative odds
ratio (D’ Alessandro et al. 2015).

The present study highlights the different sea-
sonality of SG1, which appears to be isolated with
a significantly higher frequency in the autumn-
winter period compared to the spring-summer
period. This result is opposite for SG2-15, since
these serogroups are more present in the spring-
summer period than in the autumn-winter period.
Another ten-year analysis by Marchesi et al. did
not find any difference in serogroups and season
(Marchesi et al. 2011).

Borella et al.’s analysis of hot water found that
Legionella SG1 was more present in water at a
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low temperature (Borella et al. 2004). Our
findings suggest that different serogroups may
have different ecological niches and that SG1
needs further examination on account of its level
of risk.

The prevention of LD is based on the correct
design and construction of technological systems,
which involve water heating and/or nebulisation
systems, such as in hydro-sanitary systems, air
conditioning systems with water humidification,
cooling systems with evaporative towers or evap-
orative condensers, systems that distribute and
supply thermal waters, pools and hot tubs. Fur-
thermore, it is essential to adopt preventive
measures such as maintenance and occasional
disinfection, aimed at counteracting the multipli-
cation and spread of Legionella spp. in water-
works at risk. Although these measures do not
guarantee that a system or one of its components
is Legionella free, they do contribute to reducing
the probability of serious bacterial colonisation
(Italian Ministry of Health 2016).

5 Conclusion

This study highlights the relationship between
seasonality and frequency of isolation of
Legionella serogroups, an aspect not yet reported
in the literature.

The variation of frequency in the isolation of
Legionella serogroups according to seasonality
could be an interesting new factor that deserves
further investigation.

In vitro studies are required to evaluate the
different serogroup behaviours that are probably
due to temperature. This is because SG1, apart
from its greater incidence, also seems to have the
greatest virulence and lethality (Herwaldt and
Marra 2018; McDade 2009; Yu et al. 2003).

Therefore, the fact that we know that in our
setting it is mainly present in autumn-winter
makes us suppose that it is better suited to a
lower average temperature. This may also partly
explain the few cases of legionellosis reported in
our region (European Centre for Disease Preven-
tion and Control 2015). However, it cannot be

excluded that they are the result of an
underreporting at hospital level.

Environmental microbiological surveillance
and risk assessment should be performed more
frequently to control the environmental spread of
Legionella. Since the emission of Legionella from
water systems is not necessarily constant over
time, disinfection must be carried out, even in
the presence of low levels of colonisation espe-
cially in health facilities, where people are more
susceptible to infections. This suggests the need
for health authorities to pay greater attention to
the problem and to effective risk containment
measures.
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Abstract

In this study, we explored the effect of three
lactic acid bacteria (LAB), i.e. Enterococcus
sp CM9, Enterococcus sp CM18 and Entero-
coccus faecium H3, and their supernatants, on
seven biofilm-forming pathogenic strains
isolated from human urinary tract or nose
infections. By quantitative biofilm production
assay, a strong adherence ability of Enterococ-
cus sp CM9 and Enterococcus sp CM18 was
revealed while E. faecium H3 resulted to be
moderately ~ adherent.  Inhibition  tests
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demonstrated an antimicrobial activity of
LAB against pathogens.

The presence of cell free supernatant (CFS)
of CM9 and CMI8 strains significantly
decreased the adhesion of S. aureus 10,850,
S. epidermidis 4,296 and E. coli FSL24. The
CFS of H3 strain was effective against
S. epidermidis 4,296 and P. aeruginosa
PAI1FSL biofilms only. Biofilm formation of
K. pneumoniae Kp20FSL, A. baumannii
ABSFSL and ESBL+ E. coli FS101570 have
not been affected by any CSF while
P. aeruginosa PA1FSL biofilm increase in
presence of CM9 and CM18 CFS.

Confocal Laser Scanning Microscopy
revealed that K. pneumoniae Kp20FSL biofilm
was inhibited by Enterococcus sp CM9, when
grown together.

Our results suggest that the LAB strains
and/or their bacteriocins can be considered as
potential tools to control biofilm formation of
some bacterial pathogens.
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1 Introduction

Biofilm is defined as a complex community of
microorganisms growing attached to a surface,
producing extracellular polymeric substances and
exhibiting an altered phenotype compared with
planktonic cells (Lindsay and von Holy 2006).
Biofilms are often constituted by different species
that interact with each other in a synergistic or
antagonistic manner (Madsen et al. 2016).

Control of microbial biofilms is an important
goal in medical research and clinics, since patho-
genic microorganisms growing in a sessile mode
on biotic or medical devices surfaces commonly
cause biofilm-associated infections difficult to treat
(Okuda et al. 2013). Microbial biofilm is also a
relevant issue in the field of food safety; in fact,
intensive research efforts have been directed
towards controlling the occurrence and survival of
Listeria monocytogenes, for example in the model
cultured milk “Lben” (Benkerroum et al. 2002).

Considering the increasing spread of multi-
drug resistant pathogens, it is becoming necessary
to find alternative ways to counteract infections
caused by these microorganisms. Bacteriotherapy,
consisting in the use of lactic acid bacteria (LAB)
to displace pathogens, can be considered as a
promising tool to fight infectious diseases (Borody
et al. 2004).

In fact, the LAB are known to produce a vari-
ety of antimicrobial compounds, as metabolic
by-products or natural antimicrobials, that allow
to establish themselves in the competitive niches
shared with closely-related microorganisms
(Sharma and Srivastava 2014).

In addition, the largely reported biofilm-
growing ability of some species of LAB, such as
Lactobacillus, Enterococcus and Pediococcus
(Izquierdo et al. 2009; Belgacem et al. 2010;
Borges et al. 2012; Ait Ouali et al. 2014) can be
considered as an added value to compete for
adhesion sites with other microbial pathogens.

A number of papers reported the effect of
antibacterial agents and antimicrobial peptides
produced by LAB also on pathogens growing as
biofilm (Okuda et al. 2013; Ait Ouali et al. 2014,
Jalilsood et al. 2015; Bolocan et al. 2017; Mathur
et al. 2018).

Z. Benmouna et al.

Therefore, the aim of this study was to deter-
mine the effects of Enterococcus sp. CM9,
Enterococcus sp. CMI18 and Enterococcus
faecium H3 (collected from fermented wheat)
and their supernatants on the following biofilm-
forming pathogenic bacterial strains: Klebsiella
pneumoniae Kp20FSL, Acinetobacter baumannii
ABS8FSL, Escherichia coli FSL24, Pseudomonas
aeruginosa PA1FSL, extended-spectrum beta-
lactamases (ESBL)-producing E. Coli
FS101570, Staphylococcus aureus 10,850 and
Staphylococcus epidermidis 4296.

2 Materials and Methods
2.1 Bacterial Strains and Culture
Conditions

2.1.1 LAB Isolates
The Enterococcus sp. CM9 and Enterococcus
sp. CM18 strains have been isolated from Camel
milk by the Laboratory of Micro-organisms Biol-
ogy and Biotechnology at the University of Oran.
Serial dilutions were prepared (from 10" to
1076) from 100 ml of camel milk, and 100 pL
of each dilution were spread on M 17 agar surface
in duplicate (Fluka, St. Louis, MO). After 24 h
incubation at 30 °C, distinct colonies were
selected randomly and purified by re-streaking
on M17 agar plates until only a single type of
colonies was observed. The LAB strains were
selected by Gram staining, catalase production,
and cell morphology, and the Enterococcus
sp. CM9 and CM18 strains were selected for
their interesting bacteriocinogenic properties
(Benmouna et al. 2018). E. faecium H3 has been
isolated and identified by Lazreg et al. (2015).
These LAB strains were cultivated in buffered
MRS (De Man, Rogosa and Sharpe) broth
(De Man et al. 1960) or agar (Fluka, Switzerland)
and incubated at 30 °C for 20-22 h.

2.1.2 Pathogenic Strains

As target bacteria for the inhibitory effects of
LAB, 5 clinical isolates collected from urines of
patients affected by urinary tract infections
(K. pneumoniae Kp20FSL, E. coli FSL24,
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P. aeruginosa PA1FSL, ESBL* E. coli FS101570
and A. baumannii AB8FSL) and 2 clinical
isolates  collected from nose infections
(S. aureus 10,850 and S. epidermidis 4,296),
provided by the Microbial Biofilm Laboratory
(MBL) in Rome, were cultured in Luria Bertani
(LB) or Tryptic Soy (TS) broth or agar (Oxoid,
Basingstoke, United Kingdom), depending on the
isolate. For the quantitative biofilm production
assay and confocal laser scanning microscopy
(CLSM) analysis, strains were grown in broth
supplemented with 1% (w/v) glucose.

2.2 Preparation of Cell Free
Supernatant (CFS) of LAB
Each LAB strain was inoculated twice in

modified buffered MRS medium (Benmouna
et al. 2018). After incubation at 30 °C for 18 h,
the CFS was collected after centrifugation at
6000 rpm for 20 min, at 4 °C. The CFS was stored
at —20 °C until use.

23 Antimicrobial Activity of LAB
Against Pathogenic Bacteria
2.3.1 Bacteriocin Activity Assay

The LAB strains were inoculated in buffered
MRS broth, at 5% of inoculum, and incubated
for 20 h at 30 °C. The CFS of the LAB were
treated with catalase and proteolytic enzymes:
trypsin, pepsin and pronase E at 2 mg/mL for
2 h at 37 °C. Then, the samples were boiled for
5 min in order to inactivate the enzymes. The
treated and untreated (without enzymes) CFS
were tested by the below described well diffusion
assays. Briefly, treated and untreated CFS col-
lected from CM9 and CM18 strains were tested
against H3 (used as indicator strain), and the
treated and untreated CSF collected from H3
strain were tested against CM9 (used as indicator
strain).

2.3.2 Direct Inhibition
The inhibition of the pathogenic bacteria by the
LAB was realized by the method described by
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Fleming et al. (1975). Briefly, LAB dropped on
the MRS plate were incubated for 18 h at 30 °C.
After that, 10 mL of soft agar medium were
seeded with the target bacteria (OD = 1.0) and
poured on the surface of the MRS plate on which
LAB were grown. After incubation at 37 °C from
24 h to 48 h, the diameter of inhibition zone was
measured.

Indirect Inhibition - Well Diffusion
Assay

The effect of the CFS of the LAB on the target
bacteria was tested by the well diffusion assay
described by Schillinger and Liicke (1989).
Briefly, 50 pL of the CFS was put into a well
created by punching the soft agar seeded with
pathogenic strains. After an overnight diffusion
at 4 °C, the plates were incubated at 37 °C for
24 h. The presence of a clear halo around the well
indicated the presence of an inhibiting activity of
LAB against the target bacteria.

233

2.4 Quantitative Biofilm Formation

Assay

According to the protocol described by Donelli
et al. (2012), 20 pL of LAB overnight culture
adjusted at ODgpo = 0.1 was put into each well
of a 96-wells plate already filled in with 180 pL of
sterile MRS broth supplemented with 1% (w/v)
glucose, with ODgyy = 0.01 as final bacterial
concentration. As control, 20 puL of sterile broth
medium plus 180 pL of MRS broth supplemented
with 1% (w/v) glucose were used. Each sample
was performed in triplicate. After incubation in
aerobic conditions at 30 °C for 48 h, the content
of the wells was removed and each well was
gently washed three times with 200 pL of phos-
phate buffer saline (PBS). After drying the plate
at 60 °C for 1 h, the content of the wells was
stained with 180 pL of 2% Hucker’s crystal violet
for 15 min. Then, the plate was rinsed with dis-
tilled water in order to remove the excess of stain,
and dried. The dye bound to the adherent cells in
each well was solubilized with 180 pL of 33%
glacial acetic acid. The OD of each well was
measured at 570 nm using microplate photometer
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(Multiscan FC, Thermo Scientific). All the strains
were classified on the basis of the adherence
abilities into the following categories:
non-adherent (OD < ODc); weakly adherent
(ODc < OD < 2 x ODc); moderately adherent
(2 x ODc < OD < 4 x ODc); and strongly
adherent (4 x ODc < OD); where cut off OD
(ODc) is defined as three standard deviations
(SD) above the mean OD of the negative control.

2.5 Effect of CFS on Biofilm
Formation by Pathogenic

Bacteria

The wells of the 96-wells plate were filled with
200 pL of overnight culture of pathogenic bacte-
ria in broth supplemented with 1% of glucose,
adjusted at ODgpg = 0.125 mixed with 50 pL of
the CFS of LAB, in order to obtain a final
ODggo = 0.01. As positive control, wells were
filled in with 250 pL of broth culture of the
pathogenic bacteria at the same OD. As negative
control, wells were filled in with 250 pL of fresh
medium supplemented with 1% (w/v) of glucose.
Each sample was performed in triplicate. After
24 h and 96 h incubation, biofilm formation was
quantified as above described.

2.6 CLSM Analysis of Klebsiella
pneumoniae Biofilm Inhibition

by LAB

Each well of a 24-wells plate containing glass
coverslips on the bottom was filled in with
1.6 mL of broth supplemented with 1% (w/v)
glucose and 400 pL of broth culture of
K. pneumoniae Kp20FSL and LAB (200 pL,
with OD of the strains adjusted at 0.1). As control,
each strain was inoculated alone by using 1.8 mL
of broth supplemented with 1% glucose and
200 pL of broth culture at ODggy = 0.1. After
incubation at 37 °C for 24 h, each well was
washed three times with 1 mL of PBS and the
biofilms formed on the glass coverslips were
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fixed with 3.7% of paraformaldehyde at room
temperature for 30 min. Then, each well was
washed three times with 1 mL of sterile distilled
water. Biofilms were stained with the Live
BacLight Bacterial Gram stain kit (ThermoFisher
Scientific) for 15 min at room temperature in the
dark. The dye was aspirated and the coverslips
were washed gently twice with distilled water.

The Hexidium iodide penetrates in all of bac-
teria while the Syto 9 penetrates only in Gram-
negative bacteria. Thus, LAB were stained with
Hexidium Iodide (red), while K. pneumoniae
Kp20FSL was stained with Syto 9 (green). Fluo-
rescence from stained biofilms was observed by
using a CLSM Nikon mod. Clsi.

2.7 Statistical Analysis

All analyses were carried out in triplicates. Data
were presented as mean + SD. Data were
analyzed by one-way analysis of variance in an
ANOVA using the Scheffe post hoc test (Ledn-
Romero et al. 2016) for multiple comparisons
(P < 0.05; SPSS V20 software).

3 Results and Discussion

Biofilm formation can be benefic or harmful,
depending on the bacteria that adhere to the sur-
face. Thus, the control of biofilm formation by
pathogenic bacteria can be achieved by the intro-
duction of beneficial sessile-growing bacteria
which can compete by forming biofilm at the
expense of pathogenic bacteria (Tait and
Sutherland 1998; Simoes et al. 2010; Vuotto
et al. 2013). The LAB strains are known for
their competition with other bacteria, possibly
due to the production of lactic acid, hydrogen
peroxide or bacteriocins (Fleming et al. 1975;
Ammor et al. 2006). Interestingly, several studies
mention the anti-biofilm effect of lactic acid bac-
teria and of their bacteriocins (Okuba et al. 2013;
Lin et al. 2015).
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3.1 Bacteriocins Production by LAB
According to our results (Table 1), the antimicro-
bial activity of the CFS was affected mostly by
trypsin and pronase E. Since bacteriocins are
proteinaceous compounds, it can be presumed
that the antimicrobial effect of LAB is due to
bacteriocins. In agreement with our hypothesis,
several other researchers suggested that the reduc-
tion of the antimicrobial activity of the CSF of
LAB after treatment with proteolytic enzymes
was due to bacteriocins (Kim 1996; Yang et al.
2012).

3.2 Screening for Antimicrobial

Activity of LAB

The three selected LAB strains, analysed by the
method described by Fleming et al. (1975),
resulted to inhibit all the tested pathogenic bacte-
ria (Table 2), with P. aeruginosa PA1FSL not
being tested. On the contrary, while nisin at
10 and 100 mg/mL inhibited some strains
(Table 2), the CFS of all the tested LAB did not
exhibit any inhibiting activity against the patho-
genic bacteria, as already reported by other
authors (Arena et al. 2016). Presumably, the
absence of inhibition might be due to a bacterio-
cin concentration produced by CM9, CM18 and
H3 not enough to affect these strains and/or their
resistance to the bacteriocins produced by LAB
strains.

33 Biofilm Formation by LAB

The three LAB strains showed the capacity to
adhere to the bottom of a 96-wells plate (Fig. 1).
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The CM9 and CM18 strains were classified as
strongly adherents (40Dc < 2 4+ 0.3 and
40Dc < 1.98 £ 0.47, respectively), while the
H3 strain ~ was  moderately  adherent
(20Dc < 1.04 £+ 0.19 < 40Dc). These results
showed the ability of the three strains to form
biofilms, even if to a different extent.

Consistent results have been obtained from
several researchers by studying the biofilm for-
mation of LAB in different application fields.
Kubota et al. (2008) have examined the formation
of biofilms by forty-six strains belonging to dif-
ferent genera of LAB, with all of the bacteria
showing the ability to form biofilm. Lortal et al.
(2009) have isolated LAB from Tina wooden vat

biofilm as predominant bacteria, such as
S.  thermophilus, thermophilic lactobacilli,
mesophilic lactobacilli, lactococci and

enterococci. On the contrary, Ait Ouali et al.
(2014) have studied the ability of 130 LAB
isolated from milk tanks and milking machine
surfaces, and only five of them were able to
form biofilm.

Effect of CFS of LAB on Biofilm
Formation of Pathogenic
Bacteria

34

According to the results reported in Fig. 2, all the
pathogenic bacteria tested were strongly adherent,
with the only exception of ESBL-producing
E. coli FS101570 strain which was moderately
adherent. The presence of CFS collected from
CM9 and CM18 strains significantly decreased
the adherence ability of S. aureus 10,850 and
S. epidermidis 4296, from strongly adherent to
moderately adherent bacteria. In terms of percent-
age, a reduction of S. aureus 10,850 biomass of

Table 1 The effect of the catalase and the proteolytic enzymes on the antimicrobial activity of the CFS

CFS of CM9 on H3

Control ‘ 10
+ trypsine ‘ —
+ pepsine ‘ 9
+ pronase E ‘ -
+ catalase ‘ 10

CFS of CM18 on H3 CFS of H3 on CM19

10 9
E -
9 | nd
- -
110 'nd

The diameter of zone inhibition was measured in mm. *nd not determined; — absence of inhibition
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Table 2 Screening of antimicrobial activity of the target bacteria by the LAB

Fleming et al. 1975 | Schillinger and Liicke 1989
Strains Origin CM9 |CMI18 |H3 |Nisin' | Nisin> |CM9 |CMI18 | H3
Gram K. pneumoniae Urinary tract 10 16 10 |- - - - -
negative Kp20FSL infection
E. coli FSL24 20 18 10 |16 30 - — -
P. aeruginosa nd* |nd nd |- - - - -
PA1FSL
ESBL E. Coli 20 22 10 |- - - - -
FS101570
A. baumannii 16 10 5 14 34 - - -
AB8FSL
Gram Staphylococcus Nose infection | 10 10 8 12 16 - - -
positive aureus 10,850
S. epidermidis 4296 4 5 4 8 10 - - -

The diameter of zone inhibition was measured in mm. Nisin': 10 mg/mL; Nisin*:
100 mg/mL =nd: not determined; —: absence of inhibition,;+ and ++: presence of inhibition

3,00

Fig. 1 Adhesion values
(ODs7¢) of the three LAB
strains obtained by the
quantitative biofilm
formation assay. Data are
mean =+ standard deviations

OD (570 nm)

Enterococcus sp CM9 Enterococcus sp CM18

62.4% (4.2 times reduction in presence of CM9
CFS) and 76.2% (6.1 times reduction in presence
of CMI18 CFS) was detected. Regarding
S. epidermidis 4296, 74% (corresponding to 5.7
times reduction) and 67.9% (corresponding to 4.8
times reduction) of biomass reduction were
revealed when CM9 CFS and CM18 CFS, respec-
tively, were added.

Comparable results have been obtained by
several authors. Ait Ouali et al. (2014) have
noted that the CFS from LAB isolates were able
to counteract the adhesion and subsequently the
biofilm formation of S. aureus SA3, so

2,50
2,00

1,50 —— -

1,00 —— — —
0,50 '

0,00 '

E. faecium H3

considering LAB as good candidates for
applications as natural barriers or competitive-
exclusion microorganisms to control staphylo-
coccal biofilm formation. Pimentel-Filho et al.
(2014) have indicated that bovicin HC5 and
nisin can inhibit S. aureus adhesion and conse-
quent biofilm development.

On the contrary, conflicting results have been
achieved with the S. aureus 10,850 and
S. epidermidis 4296 strains in presence of the
CFS of H3 strain. In fact, this supernatant
decreased significantly the adherence ability of
S. epidermidis 4296 (Fig. 2), with a percentage
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5 ® Strain

4,5

OD (570 nm)
[y N w
“oN o w s

=

0

n

K. pneumoniae A. baumannii E. coli

E. coli ESBL P. aeruginosa

Strain-CFS CM9 m Strain-CFSCM18 ™ Strain-CFS H3

]
I +
i I 1l

S. aureus  S. epidermidis

Fig. 2 Effect of LAB supernatants on biofilm formation of the pathogenic bacteria. Results are expressed as the

mean =+ SD of triplicate measurements. Samples statistically different at p < 0.05 are signed by 4‘»

of reduction of 65.4%, while did not affect the
adherence of S. aureus 10,850 (OD of 3.9 in the
absence of CFS of H3 and OD of 4.1 in the
presence of CFS of H3). This result indicated
that the antimicrobial agent present in the CFS
collected from H3 does not affect the adherence
of this strain.

Otherwise, the presence of CFS collected from
CM9 and CM18 culture increased significantly
the biofilm formation of P. aeruginosa PA1FSL
(Fig. 2). At our knowledge, this result has never
been mentioned in the literature, and it may be
due to the presence of substance in CFS that
increase the biofilm formation, or that encourage
cell growth. On the contrary, a significant
decrease was observed for P. aeruginosa
PAIFSL biofilm in presence of CFS of H3,
corresponding to 41.8% of reduction (reduction
of 2.4 times).

Biofilm formation of K. preumoniae
Kp20FSL, A. baumannii ABSFSL and ESBL-
producing E. coli FS101570 strains have not
been affected by the CSF of the three LAB
strains, while the biofilm formation of E. coli

FSL24 significantly decreased of 26% and
29.4% in presence of CFS collected from CM9
and CM18, respectively (Fig. 2).

3.5 Analysis of LAB Biofilm

Formation by CLSM

Results obtained by quantitative biofilm forma-
tion assay on the three LAB strains have been
confirmed by CLSM analysis, with H3 strain
producing less biofilm compared to CM9 and
CM18 strains (Fig. 3a, b, c). According to
Andrade et al. (1998), the attachment of
E. faecium cells to the surface depends on various
factors such as pH, -culture media and
microorganisms.

The LAB biofilm formation has been studied
mostly for probiotics Lactobacillus genus
(Somers et al. 2001; Kubota et al. 2008; Ait
QOuali et al. 2014; Gémez et al. 2016), while
there are few studies on biofilm formation by
Enterococcus strains (Andrade et al. 1998;
Minei et al. 2008; Pieniz et al. 2015).
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Fig. 3 CLSM images of biofilms formed by (a) CM9 strain, (b) CM18 strain, and (c¢) H3 strain, K. pneumoniae
Kp20FSL (d), and a dual species biofilm formed by CM9 strain and K. pneumoniae Kp20FSL (e)

3.6 Analysis of the Competition
Between CM9 Strain

and K. pneumoniae Kp20FSL

To determine the effect of LAB cells on
pathogens against which LAB supernatant alone
did not show any anti-biofilm effect, we
inoculated CM9 and K. pneumoniae Kp20FSL
strains into the same well and we analyzed the
resulting biofilm by CLSM (Fig. 3d, e). It was
observed that biofilm formation of Kp20FSL
(Fig. 3d) was inhibited when inoculated with the
CMO strain (Fig. 3e), with the Kp20FSL strain
covering a small portion of the total area. The
inhibition of biofilm formation of
K. pneumoniae may be due to the ability of
sp. CM9 to compete with
K. pneumoniae for adhesion site, or to some anti-
microbial compounds, produced by the LAB,
which are known to inhibit other bacteria in the
ecosystem. Obviously, more in-depth studies
have to be planned in order to confirm the useful-
ness of the CMO strain in the food industry, with

Enterococcus

the aim to prevent the contamination of food by
K. pneumoniae.

4 Conclusions

The formation of biofilm by the LAB could rep-
resent the next major scientific challenge to
microbiologists and food processors for
controlling biofilm formation by pathogenic bac-
teria (Gomez et al. 2016). Based on, a growing
number of studies in the last years have pointing
out the competitive nature of LABs towards
biofilm-growing pathogenic or spoilage bacteria
(Zhao et al. 2013; Vuotto et al. 2014; Pérez-
Ibarreche et al. 2014; Gémez et al. 2016).

According to our study, the supernatants of the
CM9 and CM18 strains have resulted effective
against biofilm formation by Staphylococcus
strains but not by Enterobacteriaceae. The lack
of inhibition of biofilm formation in the latter
strains may suggest that a higher concentration
of bacteriocins is required.
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However, by observing the antagonistic effect
of CM9 strain on the biofilm formation by
K. pneumoniae, we have demonstrated that,
even if CM9 supernatant alone is not able to
counteract Kp20FSL biofilm, the CM9 whole
cells are instead able to overgrow
K. pneumoniae, thus neutralising pathogenic
biofilm.

However, to confirm the use of LAB or their
bacteriocins for the control of sessile-growing
harmful bacteria, further in depth investigations
are needed.
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Abstract

Campylobacter acts using complex strategies
to establish and promote intestinal infections.
After ingestion via contaminated foods, this
bacterium invades and can survive within the
intestinal cells, also inducing epithelial trans-
location of non-invasive intestinal bacteria. In
this investigation, the ability of human and
avian C. jejuni and C. coli isolates to survive
within two different intestinal epithelial cells
lines, Caco-2 and INT 407, as well as the
intestinal translocation phenomenon, was
assessed. Our data demonstrated that both
C. jejuni and C. coli strains survived in Caco-
2 (81.8% and 100% respectively) and INT
407 monolayers (72.7% and 100% respec-
tively) within the first 24 h post-infection
period, with a progressive reduction in the
prolonged period of 48 h and 72 h post-

(P < 0.01) and less in those treated with
C. coli (1.2 + 0.34 log cfu/mL), compared to
E. coli 60/06 FB alone (0.37 £ 0.14 log
cfu/mL). Our results evidenced the ability of
both human and avian strains of C. jejuni and
C. coli to efficiently survive within intestinal
cells and induce the translocation of a
non-invasive pathogen. Overall, these findings
stress how this pathogen can interact with host
cells and support the hypothesis that defects in
the intestinal barrier function induced by Cam-
pylobacter spp. could have potentially nega-
tive implications for human health.
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Abbreviations

increased in C. jejuni treated Caco-2 o
+ 042 log cfu/mL) CIHS  Campylobacter jejuni human sample

CJAS  Campylobacter jejuni avian sample

monolayers (2.36

R. Campana (D<)

Department of Biomolecular Science, Division of

CCHS Campylobacter coli human sample

Pharmacology and Hygiene, University of Urbino,

Urbino, Italy

e-mail: raffaella.campana@uniurb.it

W. Baffone

Department of Biomolecular Science, University of

Urbino, Urbino, Italy

CCAS  Campylobacter coli avian sample

115


http://crossmark.crossref.org/dialog/?doi=10.1007/5584_2020_531&domain=pdf
https://doi.org/10.1007/5584_2020_531#DOI
mailto:raffaella.campana@uniurb.it

116

1 Introduction

Campylobacter is considered the most common
and important cause of bacterial gastroenteritis in
humans in the developed world (Kaakoush et al.
2015; Cody et al. 2019). In the European Union
(EU) the number of confirmed cases has
continued to escalate over the years (214,000 in
2013 to 246,000 in 2016 and 2017) (European
Food Safety Authority 2018), and in the United
States, more than 800,000 cases are annually
estimated (Scallan et al. 2011). Poultry is consid-
ered to be one of the most important reservoirs of
human infections (Wilson et al. 2008; Friesema
et al. 2012) and consumption, as well as handling
of poultry meat, have been identified as important
risk factors (Humphrey et al. 2007; Krutkiewicz
and Klimuszko 2010; Wysok and Wojtacka
2018).

The molecular genetics of Campylobacter
pathogenesis has been extensively studied
(Krutkiewicz and Klimuszko 2010) and it is
well acknowledged that important virulence
factors are involved in the pathogenesis of Cam-
pylobacter infections, such as the flagella-
mediated motility, adherence to intestinal epithe-
lial cells, invasion and survival in the host cells,
as well as the ability to produce toxins (Bang et al.
2003; Fouts et al. 2005). During the infection
process, Campylobacter spp. can pass through
the mucous layer of the epithelial cells, attach
and then penetrate them (Bolton 2015; Igwaran
and Okoh 2019). This interaction is possible to
the motility of the bacteria, reached by flagellin, a
protein of flagella encoded by flaA and flaB genes
(Lertsethtakarn et al. 2011). Among these, flaA is
the gene expressed at a higher level, thus consid-
ered crucial for bacterial motility. The other
genes, cadF and racR, control Campylobacter
spp. colonization (de Oliveira et al. 2019), while
invasion ability is supported by the products of
virB11 and pldA genes (Talukder et al. 2008;
Wysok and Wojtacka 2018). Other important vir-
ulence genes and proteins synthesized by Cam-
pylobacter species including the invasion antigen
C protein, involved in the full invasion of INT
407 cells, and the invasion associated protein
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gene (iamA) (Bolton 2015). Once inside the
host cell, Campylobacter is able to survive intra-
cellularly for a relatively long period of time, both
in phagocytes and intestinal epithelial cells
(Naikare et al. 2006; Siki¢ Pogacar et al. 2009;
Buelow et al. 2011). Indeed, it is assumed that the
invasion factors activate host cell plasma mem-
brane invaginations (Créinin and Backert 2012),
forming an endosomal compartment that is
transported from the apical to the basolateral sur-
face, enabling Campylobacter translocation
across the intestinal epithelial barrier (Konkel
et al. 1992; Hu et al. 2008; Louwen et al. 2012;
Backert and Hofreuter 2013). The Campylobacter
translocation phenomenon may also translocate
across the intestinal epithelium other commensal
pathogens (Kalischuk et al. 2009), leading to
important implications in human mucosal inflam-
matory responses towards intestinal bacteria.

In this research, the intracellular survival abil-
ity of different human and avian C. jejuni and
C. coli strains, as well as the Campylobacter
induced translocation phenomenon of a
non-invasive pathogen was investigated.

2 Materials and Methods
2.1 Bacterial Strains and Growth
Conditions

A total of 20 Campylobacter spp. belonging to
our laboratory collection of strains isolated in
Central Italy from human and animal were con-
sidered in this study. Samples included
11 C. jejuni strains, isolated from patients with
gastroenteritis (n = 6) and from avian collected
from slaughterhouse environment (n = 5), and
9 C. coli from human patients with gastrointesti-
nal diseases (n = 5) and from avian collected
from slaughterhouse environment (n = 4). All
isolates were previously characterized for adhe-
sion and invasion properties, as well as for the
presence of several virulence genes (cad F, flaA,
dnal, ciaB, pldA, cdtA, cdtB and cdtC) (unpub-
lished data). The strains were grown on Columbia
agar base (VWR, Milan, Italy) plates
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supplemented with 5% of Laked Horse Blood
(Oxoid, Milan, Italy) and Preston Campylobacter
Selective Supplement (VWR) h at 37 °C for 48 h
under microaerophilic conditions (5% O,; 10%
CO;,; 85% N»).

2.2 Epithelial Cells

Caco-2 (human colon adenocarcinoma) cells
were propagated as monolayers in Dulbecco’s
Modified Eagle’s Medium (D-MEM) (Sigma,
Milan, Italy) supplemented with 10% foetal
bovine serum (FBS) (Sigma), 1% non-essential
amino acids (Sigma) and 1% antibiotics solution
(5000 U of streptomycin-penicillin; Sigma).
Intestine 407 (INT 407) cells were cultured in
Minimal Essential Media (MEM) (Sigma)
supplemented with 10% foetal bovine serum
(FBS) (Sigma) and 1 mM sodium pyruvate
(Sigma). All the cells were maintained at 37 °C
in a 5% CO, humidified atmosphere. For inter-
nalization and survival assays, Caco-2 and INT
407 cells were seeded at 2 x 10* cells per well in
6-well plastic plates (VWR) and incubated for
7 days at 37 ° C in a 5% CO, humidified atmo-
sphere. Before the assays, the cell monolayers
were washed twice with phosphate-buffered
saline (PBS) pH 7.2.

23 Intracellular Survival of C. jejuni
and C. coli Strains in Caco-2

and INT 407 Cells

C. jejuni and C. coli strains were cultured for 48 h
in Mueller Hinton broth (VWR) with 5% of FCS
at 37 °C in a shaking incubator under the above-
mentioned microaerophilic conditions. Each bac-
terial suspension was centrifuged at 1.500 x g for
15 min, the pellet was resuspended in D-MEM
containing 1% FBS and adjusted spectrophoto-
metrically to approximately 1 x 10® cell/mL
(ODggp). One mL of this suspension was
inoculated in 6-wells plates containing semi-
confluent Caco-2 and INT 407 cells monolayers.
Infected cells were then incubated at 37 °C for 3 h
in an atmosphere of 5% CO,. After incubation,
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the infected Caco-2 and INT 407 cells were
washed twice in PBS after 250 pg/mL gentamicin
killing and further cultivated in D-MEM
containing a sub-lethal dose of gentamicin
(10 pg/mL) to suppress eventual growth of viable
bacteria from cells. Quantification of intracellular
bacteria after until 72 h was performed by twice
washings in PBS and subsequent lysing with 1%
Triton X-100. The number of surviving bacteria
was determined by plating serial dilution of the
lysates in sterile physiological solution on
Columbia Agar base (VWR); the plates were
incubated for 48 h at 37 °C under the described
microaerophilic conditions for the quantification
of the colonies forming units (cfu). Data were
expressed as mean £ sd (cfu/mL) of three inde-
pendent experiments performed in duplicate.

Selection of Non-invasive E. coli
Strain

24

Four human strains of E. coli (E. coli 21/01,
E. coli 126/18 FB, E. coli 85/27 AP, and E. coli
60/06 FB), kindly furnished by Gamma Labora-
tory (Fano, Pesaro, Italy), were used in this study.
The identification, as well as the antibiotic sus-
ceptibility, was performed using VITEK 2 Com-
pact (bioMérieux, Vercieux, France). All the
strains were maintained in Tryptic Soya Agar
(TSA) (VWR) at 37 °C, while stock cultures
were kept at —80 °C in Nutrient Broth n°2
(Oxoid) with 15% glycerol.

To select one non-invasive E. coli, invasion
assay on Caco-2 cell monolayers was carried out.
Briefly, E. coli strains were grown in 20 mL of
Tryptic Soya Broth (TSB) (VWR) at 37 °C for
18 h. At the end of the incubation period, the
suspensions were centrifuged at 3500 rpm for
15 min and bacteria were harvested and
re-suspended in 10 mL of DMEM at 1% FBS;
for each strain, the optical density was spectro-
photometrically adjusted to approximately
1 x 10® cell/mL (OD 410 nm) and 1 mL was
added to 24 wells plate containing Caco-2 cells
prepared as described above. After 6 h of incuba-
tion at 37 °C in an atmosphere of 5% CO,,
infected cells were washed twice in PBS and
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incubated for another 2 h in DMEM containing
250 pg/mL of gentamicin to kill remaining viable
extracellular bacteria. At this point, monolayers
were lysed with 1% Triton X-100 (Sigma), seri-
ally diluted in physiological saline solution and
plated onto TSA (VWR) for the enumeration of
invasive E. coli (cfu/mL) as described above.
Data are expressed as the mean values obtained
in three independent experiments performed in
duplicate (mean + sd of cfu/mL). The invasion
index, in percentage, was then calculated as a
mean of cfu invasive bacteria/cfu inoculated bac-
teria. The E. coli strain with the lowest invasion
index was identified as non-invasive and then
used for the following experiments.

25 Caco-2 M-Like Cell Model

Caco-2 cells were grown in DMEM
supplemented with 10% (v/v) fetal bovine
serum, 200 mM L-glutamine, 100 U/mL penicil-
lin, 100 pg/mL streptomycin, and incubated at
37 °C and 5% CO,. For E. coli translocation
assay, cells were seeded onto Transwell filters
(3 pm pore size, 1.13 cmz; Costar Corning Inc.,
Corning, NY) at 1.5 x 10° cells per filter and
grown for 21 days, with a change of medium
every 2 days.

2.6 E. coli Translocation Assays

Briefly, transwell-grown monolayers were
washed with PBS and antibiotic-free DMEM
was added to the apical and basal compartments.
E. coli inoculum was added to the apical compart-
ment of all monolayers to achieve a multiplicity
of infection (MOI) of 100 cfu per enterocyte.
Monolayers were then divided into two groups
and half were inoculated with the selected strains
of C. jejuni or C. coli at MOI of 100, whereas the
other half received an equivalent volume of sterile
broth (control treatment). Following incubation,
E. coli recovered in the basal compartment
(indicating translocation) were enumerated by
spreading serial dilutions onto McConkey agar
(VWR), incubating the cultures aerobically at
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37 °C for 24 h, and enumerating at the dilution
yielding 30-300 colony forming units (cfu) per
culture. Preliminary experiments were performed
to verify that 6 h was the optimal incubation time
for E. coli internalization and/or translocation
(data not shown).

2.7 Statistical Analysis

Statistical analysis was performed using Prism
5.0 (GraphPad Software, Inc., La Jolla, USA).
All the data are expressed as the mean values
obtained in three independent experiments
performed in duplicate. The conditions necessary
to perform the parametric tests (one-way Anova,
Student t-test) were checked before conducting
the analysis, otherwise, non-parametric tests
(such as Kruskall-Wallis or Mann-Whitney U
test) were utilized. The level of significance was
always considered o = 0.05.

3 Results

3.1 Survival Ability of Campylobacter

Spp.

A total of 20 Campylobacter spp. were examined
for their ability to intracellularly survive in Caco-
2 and INT 407 cells up to 72 h post-infection. As
shown, most of the strains were able to survive
within Caco-2 (90.0%) (Fig. la) and INT
407 (85.0%) (Fig. 1b) 24 h post-infection period.
A progressive reduction in the survival ability of
Campylobacter spp. was observed in the follow-
ing 48 h post-infection period (55% and 40%
within Caco-2 and INT 407 respectively). Finally,
in the last 72 h post-infection period, only 15% of
the strains survived within Caco-2 cells and
20.0% within INT 407 (Fig. 1a, b).

3.1.1 Campylobacter Spp. Survival
Within Caco-2

The survival of C. jejuni and C. coli strains within
cultured Caco-2 cells was analysed over a 72 h
period of incubation (Fig. 2). Quite similar sur-
vival characteristics were observed for C. jejuni
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Fig. 1 Percentage of Campylobacter spp. survival ability within Caco-2 (a) and INT 407 cells (b)
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Fig. 2 Survival ability of Campylobacter spp. within
Caco-2 monolayers up to 72 h post-infection period: (a,
b) C. jejuni and C. coli human strains; (¢, d) C. jejuni and

and C. coli human isolates, though with different
cfu/mL values, with a progressive decrease in the
number of intracellular bacteria after 24 and 72 h
post-infection. In detail, in the case of CJHSO5,
1.3 x 10* cfu/mL were recovered 24 h post-
infection period higher than the values observed
for the other strains (ranging from 6.67 x 10" to
9.33 x 10° cfu/mL); the only strain CJHSO1
resulted unable to survive for 24 h within Caco-
2 cell. In the following 48 h post-infection,
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C. coli avian strains. Data represent mean values of three
independent experiments performed in duplicate

the bacterial survival within Caco-2 cells
was remarkably reduced, as showed by the
low cfu/mL values recovered for only two
C. jejuni strains (2 x 10? and 3.3 x 10" cfu/mL
for CJHS241 and CJHSOS5 respectively); more-
over, most of the strains did not survive 72 h
post-infection (Fig. 2a). Considering C. coli
human strains, the obtained cfu/mL values
after 24 h of incubation were slightly higher com-
pared to C. jejuni human isolates, reaching
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2.37 x 10° cfu/mL in the case of CCHS010 and
ranging from 1.33 x 10 t0 2.33 x 10* cfu/mL for
the other strains. After 48 h of incubation,
CCHS010, CCHSO015 and CCHSO063 still sur-
vived within Caco-2 cells, showing 2 X 104,
2.33 x 10% and 1.33 x 10’ cfu/mL respectively.
Furthermore, in this case, no strain was able to
survive up to 72 h (Fig. 2b).

As regards the survival of C. jejuni avian
isolates within Caco-2 monolayers, 9 x 10 and
3.3 x 10° cfu/mL were recovered for CJASO7
and CJASO069 respectively 24 h post-infection,
while for the other strains about 10? cfu/mL
were determined; the only strain CJASO14 did
not survive. After 48 h of incubation, most of
the strains showed low survival ability (about
10" cfu/mL) with the only exception of
CJAS069 and CJAS1085 that resulted still pres-
ent within Caco-2 cells (4 x 10° and
3.2 x 10% cfu/mL respectively). No strain sur-
vived up to 72 h (Fig. 2¢). In the case of C. coli
avian strains, a higher survival ability compared
to C. jejuni human isolates was evidenced after

Timeih)

Fig. 3 Survival ability of Campylobacter spp. within INT
407 monolayers up to 72 h post-infection period: (a, b)
C. jejuni and C. coli human strains; (¢, d) C. jejuni and
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24 h of incubation, with values ranging from
4.3 x 10*to 1.37 x 10° cfu/mL; in the prolonged
48 h post-infection period, only CCAS02 and
CCASO091 still survived within Caco-2 cells,
showing 5.3 x 10 and 3 x 10* cfu/mL respec-
tively, while no strain was able to survive up to
72 h (Fig. 2d).

3.1.2 Campylobacter Spp. Survival
Within INT 407

As regards the survival ability of C. jejuni and
C. coli strains within INT 407 cells, data are
presented in Fig. 3. Specifically, 24 h post-
infection period, most of the human C. jejuni
strains showed very low survival ability with
values ranging from 6.7 x 10" to 3.0 x 107 cfu/
mL and, in some cases, no survival was observed
(CJHSO01, CHJS088 and CJHS24). In the follow-
ing 48 h post-infection, only the strain CJHSO7
still survived with 2.3 x 10? cfu/mL and, as
expected, no survival was evidenced 72 h post-
infection period (Fig. 3a). Considering the human
C. coli strains, after 24 h of incubation the

b

cha'ml
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C. coli avian strains. Data represent mean values of three
independent experiments performed in duplicate
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survival ability resulted higher compared to
C. jejuni human isolates, with values ranging
from to 2 x 10° cfu/mL (CCHSO015) to
6.3 x 10* cfu/mL (CCHS063). Most of the strains
(CCHSO010, CCHSO015, CCHS063) were also
able to survive 48 h post-infection (values rang-
ing from 1.0 x 10" to 3.3 x 10° cfu/mL) but not
up to the prolonged 72 h post-infection period
(Fig. 3b).

In the case of the avian C. jejuni isolates, all
the strains survived only after 24 h post-infection
with values ranging from 3.3 x 10' to
1.6 x 10? cfu/mL, while no strains resulted able
to survive up to 48 or 72 h post-infection
(Fig. 3c). As already noted, all the C. coli avian
strains showed higher ability to survive after 24 h
post-infection in comparison to C. jejuni avian
isolates, with  values ranging from
7.0 x 10° cfu/mL (CCAS091) to 1.1 x 10 cfu/
mL (CCAS02). In the following 48 h post-
infection period, all the strains resulted still alive
within INT 407 (from 3.93 x 10" cfu/mL to
433 x 10* cfu/mL), while in the prolonged
72 h post-infection period, only two strains
(CCASO02 and CCASO091) still survived within
INT 407 cells with low values (about 10" cfu/
mL) (Fig. 3d).

3.2 Comparison of C. jejuni
and C. coli Survival Ability

In Table 1 are summarized the different survival
ability of C. jejuni and C. coli strains (human and
avian source) in both the used cell lines. As
shown, in the first 24 h post-infection period,
most of C. jejuni strains (81.1%) were able to
survive within Caco-2 cells regardless of the
source (human and avian), as evident by the simi-
lar obtained percentages of survival (83.3 and
80% respectively), whilst in the case of C. coli
100% of the strains (both for human and avian)
resulted surviving. In the second 48 h post-
infection period, among the C. jejuni isolates,
survived only 33.3% of the human strains in
comparison to 80% of the avian ones. Similarly,
60% of human and 50% of avian C. coli strains
were survived within Caco-2 cells. In the last 72 h
post-infection period, only a survival percentage
of 9.09% was determined for the C. jejuni strains,
remarkable lower compared to 22.2% of the
C. coli isolates (20% human strains and 25%
avian strains).

As regards the survival ability within INT
407 cells, as already observed for Caco-2 cells,
in the first 24 h post-infection period, 72.7% of

Table 1 Survival of C. jejuni and C. coli strains of different sources (human and avian) within Caco-2 and INT 407 cells

after 24 h, 48 h and 72 h post-infection period

C. jejuni C. coli
Human Avian Total Human Avian Total
(n=06) n=5) (n=11) (n=5) (n=4) n=9)
Survival within Caco-2 cells
24 h post- 5 (83.3%) 4 (80%) 9 (81.8%) 5 (100%) 4 (100%) 9 (100%)
infection
48 h post- 2 (33.3%) 4 (80%) 6 (54.5%) 3 (60%) 2 (50%) 5 (55.5%)
infection
72 h post- 1 (16.7%) 0 (0%) 1(9.09%) 1 (20%) 1 (25%) 2(22.2%)
infection
Survival within INT 407 cells
24 h post- 3 (50%) 5 (100%) 8 (72.7%) 5 (100%) 4 (100%) 9 (100%)
infection
48 h post- 1 (16.7%) 1 (20%) 2 (18.2%) 4 (80%) 2 (50%) 6 (66.7%)
infection
72 h post- 0 (0%) 1 (20%) 1(9.09%) 1 (20%) 2 (50%) 333.3%)
infection

Data are expressed as number of surviving bacteria (%) recovered after gentamicin protection assay
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C. jejuni strains were able to survive (50% human
and 100% avian), as well as all the C. coli strains
(100% human source and 100% avian source). In
the second 48 h post-infection period, only 18.2%
of C. jejuni isolates survived (16.7% human
strains and 20% avian strains), in comparison to
66.7% of C. coli (80% human strains and 50%
avian strains). In the last 72 h post-infection
period, only 9.09% of the C. jejuni strains sur-
vived in opposition to 33.3% of the C. coli
isolates (20% human strains and 50% avian
strains).

3.3 E. coli Translocation Induced by

Campylobacter Spp.

In the last part of this investigation, the E. coli
translocation induced by Campylobacter spp. was
examined. As first, we have selected two strains
of Campylobacter, specifically C. jejuni CJHS05
and C. coli CCHSO06, possessing broad invasive
abilities (ID 38.2% and 25.7% respectively,
unpublished data), as well as the non-invasive
E. coli 60/06 FB resulted to possess the lowest
invasive index (ID 0.67%) among the four exam-
ined strains (Table 2). In the following
experiments, the translocation of E. coli 60/06
FB was remarkably increased in CJHSOS treated
Caco-2 monolayers (2.36 + 0.42 log cfu/mL)
(P < 0.01) and less in CCHSO06 treated Caco-
2 monolayers (1.2 & 0.34 log cfu/mL), compared
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to related control (0.37 £+ 0.14 log cfu/mL)
(Fig. 4).

4 Discussion

Campylobacteriosis is a significant public health
concern worldwide with most human infections
caused by C. jejuni and C. coli (Thakur et al.
2010) through the ingestion of poultry and retail
meat products (Igwaran and Okoh 2019). Indeed,
these microorganisms can colonise the intestine
caecum in extremely high numbers causing
severe watery or bloody diarrhoea depending on
the individual itself (Scallan et al. 2011). In vitro
culture assays and molecular methods (Friis et al.
2005; Zheng et al. 2006; Casabonne et al. 2016)
have stressed the importance in determining the
pathogenicity of Campylobacter spp. In addition,
the survival of these microorganisms inside vari-
ous cells has been proposed as a fundamental key
in their pathogenesis and infections persistence
(Klanc¢nik et al. 2006; Buelow et al. 2011).

Table 2 Invasive index (ID) on Caco-2 cells of the exam-
ined E. coli strains

Strains ID

Fig. 4 E. coli translocation 6
in Caco-2 monolayers
inoculated with E. coli

60/06 FB and C. jejuni
CCHSO05 or C. coli
CCHSO06 versus 4

monolayers treated with
E. coli 60/06 FB alone

Log cfu/ml

(control). Data represent
mean values of three
independent experiments )

performed in duplicate and
asterisks denote values

statistically significant 1
compared to the related
control (x*P < 0.01;

Student t-test)

E. coli 21/01 5.67%

E. coli 126/18 FB 3.33%

E. coli 85/27 AP 10.70%

E. coli 60/06 FB 10.67%
E. coli 60/06 FB + CJHSO5 E. coli 60/06 FB + CCHS06 E. coli 60/06 FB
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In this context, we have examined the survival
ability of 20 human and avian Campylobacter
strains (11 C. jejuni and 9 C. coli) within two
different cell lines, specifically Caco-2 and INT
407, widely used to study Campylobacter viru-
lence (Naikare et al. 2006; Buelow et al. 2011;
Negretti et al. 2019). The in vitro cellular model
herein applied was utilized to understand the
pathogenic behavior of C. jejuni and C. coli in a
different type of epithelial cell. Indeed, INT
407 cells are considered HeLa derivative because
were originally derived from the jejunum and
ileum of a 2-month-old Caucasian embryo, later
contaminated with HeLa cells, while Caco-2 cells
were originally derived from human colon carci-
noma. In term of performance, INT 407 cells have
the advantage to grow rapidly, we’re easy to
maintain and manipulate, while Caco-2 cells
have a slower grown and are less applicable for
some experimental design. Our results showed
that both Campylobacter spp. were efficiently
internalized in Caco-2 and INT 407 monolayers
within the first 24 h post-infection period (90%
and 85% respectively). Interestingly, 48 h post-
infection period, the number of survived bacteria
was reduced almost twice within Caco-2 cells
(55.5%) and INT 407 (40%), while after 72 h
post-infection period, no substantial difference
in the survival ability were visible in both the
used cell lines (15% and 20% respectively). As
regards the relation between Campylobacter iso-
lation source (human and avian) and the observed
survival ability, was evident that, after 24 and
48 h post-infection periods within Caco-2, the
avian strains showed survival percentages higher
(from 50% to 100%) compared to those of the
human isolates (from 33.3% to 100%). On the
contrary, in the case of INT 407 monolayers, in
the same post-infection periods, the avian strains
showed survival percentages ranging from 20%
to 100%, quite similar to those of the human
Campylobacter isolates (from 16.7% to 100%).
All these observations are in line with data of
similar researches that reported the ability of
Campylobacter to survive within various types
of non-phagocytic cells for at least 24 h (Backert
and Hofreuter 2013) or more prolonged time
(Naikare et al. 2006). Nevertheless, while the
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entry process of C. jejuni or C. coli into eukary-
otic cells has been focused by many studies
(Corcionivoschi et al. 2015; Rawat et al. 2018),
only a few reports have examined the intracellular
fate of these pathogens within eukaryotic cells
(Naikare et al. 2006; Watson and Galan 2008;
Buelow et al. 2011). Moreover, in the case of
C. coli, to our knowledge, no reports are available
on its ability to survive within intestinal cells,
making difficult a comparison of the presented
data. In this direction, our data give novel and
additional information on the survival ability of
Campylobacter species, with particular attention
to C. coli strains that resulted able to highly
survive in both the used cell lines.

The functionality of the intact gut barrier is
fundamental to gut health, and any impairment
of this barrier, including pathogens, toxins or
drugs, can increase host susceptibility to various
infectious and inflammatory diseases. As a result,
certain bacteria could utilize this “active passage”
to translocate across the gut epithelium, leading to
a different typology of gut-associated diseases
(Nagpal and Yadav 2017). This mechanism,
defined as bacterial translocation, has been
recognized for Campylobacter as a phenomenon
that may facilitate the translocation of different
non-invasive commensal bacteria. In literature
Lamb-Rosteski and collaborators (2008) have
hypothesized that C. jejuni can induce tight junc-
tional disruption, allowing basolateral receptors
to migrate to the apical cell surface and promote
the following translocation of E. coli. In the last
part of our research, a Caco-2 M-like cell model,
as described by Kalischuk et al. (2010), was
developed on transwell filters to study the
induced translocation by C. jejuni or C. coli of a
selected non-invasive E. coli. In the literature is
well documented the translocation of E. coli
induced by C. jejuni 81-176 strain (Kalischuk
et al. 2009; Kalischuk et al. 2010) and, to rein-
force this observation, here we presented evi-
dence that not only C. jejuni but also C. coli can
cross the intestinal epithelial barrier allowing the
translocation of E. coli. Therefore, our data sup-
port the hypothesis that defects in the intestinal
function and/or the disruption of intestinal barrier
induced by pathogens, such as C. jejuni and
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C. coli, can increase the translocation of other
bacteria across the intestinal barrier, with possible
negative effects on gut and human health. Indeed,
this phenomenon can lead to the loss of immuno-
logical tolerance (Shen and Turner 2006) and, the
failure to downregulate these inflammatory
responses in particularly susceptible individuals,
can promote the insurgence of chronic
inflammations (Resta-Lenert et al. 2005;
Kalischuk and Buret 2010).

In conclusion, our investigation showed that
both human and avian strains of C. jejuni and
C. coli were efficiently internalized and survived
within Caco-2 and INT 407 monolayers for
2448 h after infection, but not for the prolonged
period of 72 h. In addition, we showed that Cam-
pylobacter spp. can cross the intestinal epithelium
thus promoting the translocation of other
microorganisms, such as non-invasive E. coli, to
extra-intestinal organs. In view of this, further
investigations can be addressed to verify whether
Campylobacter species may favor the transloca-
tion of other non-invasive intestinal bacteria, as
well as to delineate the consequences of host
responses in order to obtain more information
on the gut ecosystem equilibrium in human health
and diseases.
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Abstract

We studied the antibacterial and anti-biofilm
properties of MEDSTER 2000, a pH neutral
biodegradable mixed acidic peroxide disinfec-
tant belonging to the class IIb medical device
which has been designed for decontamination
and cold sterilization of hospital instruments.
The broth microdilution method was used to
define the antibacterial activity against plank-
tonic form of both classified bacteria and
antibiotic resistant strains of clinical source,
whereas effectiveness toward their biofilm
was determined on mature biofilm, grown
both on plastic and stainless steel surfaces.
The results showed that for the planktonic
form the antibacterial activity of MEDSTER
2000 was already observed after 10 min at the
lowest concentration (0.1%), and this effect
was not exposure-and/or concentration-depen-
dent. After the same time of exposure at the
concentration of 2% the disinfectant was able
to completely eradicate all tested bacteria
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grown in sessile form on both surfaces, with
a greater than 6 log CFU/cm? reduction in
viable cells. This result is supported by the
microscope observation by crystal violet and
live/dead assays. For the high antibacterial and
anti-biofilm ability emerged, MEDSTER 2000
could represent a new and more effective
approach for semicritical devices that need a
high-level disinfection and could not sustain
the process of heat sterilization.

Keywords

Antimicrobial activity - Biocide - Biofilm -
High-level disinfection - Medical device -
Pathogens

1 Introduction

Biofilm is a structured community of
microorganisms, enclosed in a self-produced
polymeric matrix (mainly polysaccharides), vari-
ously stratified and containing bacterial cells of
different living and dormant species inside. Bio-
film, in fact, has been defined by some as “a city
for microbes”, while by others it is equated with an
analogue of a multicellular organism. The forma-
tion of biofilms offers ecological advantages to the
resident microorganisms, including protection
from the environment (eg temperature, pH and
osmotic extremes, exposure UV light, drying),
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increased availability of nutrients, metabolic
enhancement and facilitation of genetic material
transfers (Davey and O’Toole 2000; Watnick and
Kolter 2000; Assere et al. 2008; Messi 2013).

Unlike the more commonly studied and well-
understood  planktonic  (fluctuating) form,
biofilms represent the predominant form of bacte-
rial growth, and it is estimated that 80% of all
human infections are of biofilm origin (Hu et al.
2015; Percival et al. 2015; Costa et al. 2019).
Various inert substrates such as Teflon ™, stain-
less steel, rubber and polyurethane can even sup-
port the adherence and growth of biofilm, which
is regulated by various environmental conditions
such as pH, temperature and concentration of
dissolved mineral salts. This microbial consor-
tium is a complex system that protects microbes
from environmental stress and allows its
“inhabitants” to better resist, providing a real
physical barrier against antimicrobial substances
such as antibiotics, disinfectants and bacteriocins
produced by competing microorganisms.

This increased resistance to antibiotics and
disinfectants can be estimated from 10 to 1000
times, depending on the studies (Davies 2003;
Otter et al. 2015). This represents a real problem
and a potential health hazard, especially in health
facilities and hospitals where these wild strains
can establish themselves and spread as resident
surface environmental flora on surgical and diag-
nostic equipment.

Most of the products used for the disinfection
of hospital’s surfaces and instruments include
quaternary ammonium salts (QACs), aldehydes,
chlorine-based products, hydrogen peroxide and
peracetic acid. Many of these, however, show
serious limits when tested against biofilms. In
fact, in order to be registered, all disinfectants
must be tested on bacteria in suspension tests,
but only few compounds have been tested on
consolidated biofilms. QACs have long been
shown to be ineffective on Staphylococcus
aureus and Pseudomonas aeruginosa hospital
isolated strains (Guerin-Mechin et al. 1999;
Meéchin et al. 1999). The limited penetration of
chlorine-based products into the biofilm matrix

R. Iseppi et al.

can explain the reduced killing action towards
microorganisms living inside (de Beer et al.
1994; Jang et al. 2006). More interesting data
have been reported on oxidizing agents, especially
on peracetic acid which has been demonstrated to
have a better performance on consolidated biofilm
on different materials and surgical instruments
than aldehydes (Neves et al. 2016), chlorine-
based products, alcohol and others (Tote et al.
2010; Ledwoch and Maillard 2018; Skowron
et al. 2018; Chowdhury et al. 2019).

Given all these data from literature, we tested
the anti-biofilm property of MEDSTER 2000 —
cold sterilant (Euro Medical Center srl — Firenze —
Italy), a class IIb medical device in a sophisticated
powder form used to reprocess medical and
odontoiatric instruments. Once dissolved into
water, this compound shows a synergistic activity
of peracetic acid (1500 ppm a 1% concentration)
with hydrogen peroxide and organic acids (acetic
acid and citric acid), thus improving its biocidal
action at a balanced neutral pH environment
(around 7). Unlike other similar products, techni-
cal data confirm that MEDSTER 2000 solutions
have a more stable peracetic acid titration even
several days after its preparation. Its bactericidal,
virucidal, mycobactericidal, fungicidal and spori-
cidal activity has been largely demonstrated in
standard UNI EN protocols since 0,1% dilution
and 5 min contact time. The peracetyl ions
released in such a neutral pH environment have
been recently described as a crucial and as a fur-
ther advantage in the reduction of viable count of
biofilms over conventional peracetic acid acting at
pH value lower than 4 (Meyer et al. 2019).

2 Materials and Methods
2.1 Bacteria, Culture Conditions
and Biocide

Reference strains (ATCC-American Type Culture
Collection) and ntibiotic resistant clinical isolates
were used. Gram positive Staphylococcus aureus
ATCC 6538 and methicillin-resistant Staphylococ-
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cus aureus (MRSA), Gram negative Escherichia
coli ATCC 25922 and extended-spectrum
p-lactamase (ESBL)-producing Escherichia coli,
Pseudomonas aeruginosa ATCC 9027 and Clos-
tridium difficile ATCC 9689 were grown in Tryptic
Soy Broth (TSB, Difco Laboratories, Detroit, MI)
supplemented with 0.6% yeast extract (TSB-YE)
(Difco), and kept at 30 °C for 18 h. All cultures
were centrifuged at 2000g for 20 min. After
discarding the supernatant fluid, the pellets were
re-suspended in 5 ml sterile deionized water. Cen-
trifugation, supernatant discard and re-suspension
were repeated three times. The density of the final
suspensions was measured on selective media
(Mannitol Salt Agar for Gram-positive bacteria,
MacConkey Agar for Gram-negative strains and
Clostridium Difficile Agar with 7% Sheep Blood
for Clostridium difficile), all from Difco
Laboratories, Detroit, MI) by the plate count
method.

The obtained suspensions were stored until
required in phosphate-buffered saline (PBS; 8 g
NaCl, 0.2 g KCl, 2.9 g Na,HPO,4-12H,0, 0.2 g
KH,PO, with 11 of distilled water) supplemented
with 30% (vol./vol.) glycerine at —80 °C.

MEDSTER 2000 (Euro Medical Center srl,
Firenze, Italy) is a class IIb medical device which
has been designed for decontamination and cold
sterilization of invasive and non-invasive
odontoiatric, surgical, hospital and laboratory
surfaces and instruments which cannot be
processed through heat sterilization or autoclaving.

MEDSTER 2000 can be defined as a pH neutral
biodegradable mixed acidic peroxide disinfectant
in powder form. Once activated into water it can
release active oxygen in a neutral pH solution. The
formulation is enhanced by the presence of surfac-
tant, corrosion inhibitors and a mixture of organic
acids with their own specific biocidal properties
offering a rapid killing action against microbial
contaminants within a few minutes of contact.

Its cold sterilizing profile has been well
documented with all European Standard tests to
obtain the CE mark registration as a medical
device but no tests against biofilms have been
done before. The aim of this study is to verify
the efficacy profile of this product against a
mature biofilm on different materials.
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2.2 Antibacterial Activity of Medster

2000

The study was divided into three set of
experiments: treatment of bacteria in planktonic
form, eradication of preformed (mature) biofilm
on plastic surface, eradication of preformed
(mature) biofilm on stainless steel surface.

All the experiments were carried out in tripli-
cate and the bacterial count was performed on
three plates. The arithmetic means of the three
determinations, expressed as log bacterial count,
was plotted against biocide concentrations. The
results were analysed statistically with the
Student’s z-test and differences were considered
significant when p < 0.05.

Treatment of Bacteria

in Planktonic Form

The antibacterial activity of MEDSTER 2000 was
assessed by the broth microdilution method. The
washed suspensions were diluted up to 108 CFU/
ml (colony forming units) and 100 pL inoculated
into on 96-well polystyrene microtiter plates and
the biocide solution (100 pL) was added to the
suspensions at various concentrations: 1%, 0.5%,
0.25% and 0.1%. After 10- and 20-min incuba-
tion at room temperature, the viable cells were
measured by the plate count method, performed
spreading 100 pL of samples on plates added with
selective media, incubated at 37 °C for 24 h.

2.2.1

2.2.2 Eradication of Preformed (Mature)
Biofilm on Plastic Surface
The effectiveness of biocidal treatments was
tested on ‘2 day-old’ pre-formed biofilm using
Gram-positive Staphylococcus aureus ATCC
6538 and MRSA Staphylococcus aureus, Gram-
negative Escherichia coli ATCC 25922 and
ESBL coli,
aeruginosa ATCC 9027 as single-inoculated
cultures. The assay was performed using a
modified 96-well microtiter-plates method
(Stepanovi¢ et al. 2007; Condod et al. 2020)
under static conditions. The mature biofilm was
obtained adding 180 pl of TSB and 20 pl of
washed suspensions (10° CFU/ml) to each wells

Escherichia Pseudomonas
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of a 96-well polystyrene microtiter plates. After
incubation for 48 h at 30 °C, to allow for cell
attachment, the bottoms of the 96 well-plates
were washed three times with sterile PBS in
order to remove planktonic cells and 100 pL of
MEDSTER 2000 at 2% concentration was added.
Following a contact time of 10 min at room
temperature, the possible residual biofilm was
determined removing biofilm by scraping the
entire surface of each well bottom with a sterile
plastic loop. Serial tenfold dilutions of the
obtained re-suspensions were spreaded onto
appropriate agar plates for the viable cell count
(CFU cmfz). The colonies were counted follow-
ing incubation at 37 °C for 24 h. Controls were
performed by plate count method, adding in the
wells bacterial culture only.

2.2.3 Eradication of Preformed (Mature)

Biofilm on Stainless Steel Surface
Biofilms produced by all the species as above
were grown on stainless steel AISI 316 coupons
(25 cm?), previously treated with HCI 5 N for
10 min and washed in a detergent solution (etha-
nol 70%) with sonication (model Elma Trans-
sonic T570. Elma GmbH & Co KG, Elma
GmbH & Co KG Kolpingstr. 1-7 D-78224
Singen/Germany) for 20 min to detach debris,
rinsed in distilled water, and sterilized by
autoclaving at 121 °C for 15 min. The mature
biofilm was obtained introducing the coupons in
a 50-ml tube containing TSB broth added with
0.1 ml of washed bacterial suspensions (10° CFU/
ml). After incubation at 25 °C for 48 h, to allow
for cell attachment, each coupon was rinsed in
500 ml of sterile PBS and the anti-biofilm activity
determined after 10 min contact, both immerging
the coupon in a 2% solution or sprinkling the
surfaces with the same solution. After this time,
the coupons were washed three times with sterile
saline solution to remove unattached cells,
sonicated for 15 min, and vortexed. Serial tenfold
dilutions of the obtained re-suspensions were
spreaded onto appropriate agar plates for the via-
ble cell count (CFU cm 2). The colonies were
counted following incubation at 37 °C for 24 h.
Controls were performed by plate count method,
adding in the wells bacterial culture only.

R. Iseppi et al.

Evaluation of Anti-biofilm
Activity by Light Microscopy

23

The effectiveness of biocidal treatments on
pre-formed biofilm on plastic and stainless steel
surfaces was also evaluated with a morphological
study using a Light Microscope. Both the mature
biofilms formation and the anti-biofilm activity of
MEDSTER 2000 at 2% were tested as described
above. Concerning biofilm on plastic surface the
assay was performed using 6-well polystyrene
microtiter plates, to have a larger optical field to
observe under microscope.

2.3.1 Anti-biofilm Evaluation by Crystal
Violet (CV) Assay

Biofilms grown on polystyrene wells, both treated
with MEDSTER 2000 at 2% and untreated con-
trol, were washed three times with sterile PBS and
fixed with 150 pL of methanol for 5 min. Then,
the supernatant was removed again and 150 pL of
CV solution at 0.1% was added to each well.
After incubation at room temperature for
30 min, the excess of CV was removed by wash-
ing three times with sterile PBS. The biofilm on
the stainless steel coupons treated and untreated
with biocide solution at 2% was washed three
times with sterile PBS and the attached cells
were fixed with paraformaldehyde for 1 h at
4 °C. Subsequently, the stainless steel surfaces
were washed twice with sterile PBS and 150 pL
of CV solution at 0.1% was added. After incuba-
tion for 30 min at room temperature, the unbound
dye was removed by washing three times with
sterile PBS and a Scotch tape was sticked by the
adhesive side to the stainless steel coupon for
15 min at room temperature. Then, the tape with
the adherent CV stained biofilms was removed
and put on a glass slide.

Both the glass slides and the polystyrene wells
were analyzed by Light Microscope Nikon
Eclipse 90i imaging system equipped with
Nomarski DIC optics (Nikon Instruments,
Melville, NY, USA). DS-2Mv Nikon digital cam-
era was employed to obtained images.
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2.3.2 Anti-biofilm Evaluation by Live/
Dead Assay

Both biofilm formation (used as control) and bio-
cidal activity evaluation of MEDSTER 2000 at
2% was performed as described above. Biofilms
treated with MEDSTER 2000 at 2% and untreated
control were washed twice with sterile PBS and
stained by the “live/dead cells stain kit” (Thermo
Fisher Scientific, Waltham, MA, USA), according
to manufacturer’s instructions. The method is
based on the use of propidium iodide (PI) as
marker of dead cells and 5(6)- carboxyfluorescein
diacetate (cCFDA) to detect alive cells. After incu-
bation in the dark at room temperature for 30 min,
the samples were analyzed using the same light
instrument as above.

3 Results
3.1 Antibacterial Activity of Medster
2000

Treatment of Bacteria

in Planktonic Form

The activity of MEDSTER 2000 against plank-
tonic bacteria was determined by viable count
following 10 and 20 min of exposure to 1%,
0.5%, 0.25% and 0.1% concentrations of the

3.1.1
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biocide. MEDSTER 2000 inhibited the growth
of all the strains and this effect was not
exposure-and/or  concentration-dependent. In
fact, already after treatment for 10 and at all the
biocide concentrations MEDSTER 2000 was able
to eliminate the viable cells of all tested bacteria
(range of p-value from 0.00014 to 0.0011) as no
cells grew, as revealed by plate count method.

3.1.2 Eradication of Preformed (Mature)
Biofilm on Plastic Surface

Biofilm eradication is considered the strictest
measure of the efficacy of a biocide rather than
bacterial viable count reduction. Biofilm is a
structured community of microorganisms that
offers ecological advantages, including protection
from the antibiotics and disinfectants.
After10 min of exposure at the concentration of
2% MEDSTER 2000 was able to eradicate all
tested bacteria grown on plastic surface in sessile
form, with a greater than 6 log CFU/cm? reduc-
tion in viable cells of biofilm (range of p-value
from 0.0004 to 0.0009) (Fig. 1).

3.1.3 Eradication of Preformed (Mature)
Biofilm on Stainless Steel Surface
The anti-biofilm activity of MEDSTER 2000 at
2% was also determined on the stainless steel
AISI 316, a surface usually employed for devices
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Fig. 1 The anti-biofilm activity of MEDSTER 2000 at
2% on the plastic surface after 10 min of exposure. Results
were expressed in log;q CFU/cm? as the arithmetic mean
of the three determinations. The standard deviation

2%

(SD) presented a range from 2,2% to 5% for the controls
and 0% for the samples. p- value of <0.05 (x), p < 0.01
(%), p < 0.001 (xx*x) and p < 0.0001 (%) were consid-
ered significant
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Fig. 2 The anti-biofilm activity of MEDSTER 2000 at
2% on the stainless steel AISI 316 surface after 10 min of
exposure by immerging the coupon in a 2% solution.
Results were expressed in log;, CFU/cm? as the arithmetic
mean of the three determinations. The standard deviation

and implant materials in the hospital setting. The
‘2 day-old’ biofilms on stainless steel were treated
with the biocide solution for 10 min both immerg-
ing the coupon in a 2% solution and sprinkling
the surfaces with the same solution. Even on this
surface MEDSTER 2000 was able to eradicate
biofilms formed by all strains examined, with
cell counts reduction greater than 6 log
CFU/cm?. Furthermore, no differences were
found between the two methods used (range of
p-value from 0.00012 to 0.0014). The Fig. 2
shows, as example, of the data obtained with the
method of immersion. Lastly, the anti-biofilm
activity of MEDSTER 2000 at 2% was equal
both on plastic and on stainless steel surfaces, so
its effect was not typology surface-dependent.

Evaluation of Anti-biofilm
Activity by Light Microscopy
and by Live/Dead Assay

3.2

The anti-biofilm activity of MEDSTER 2000 at
2% on pre-formed biofilm on plastic and stainless

immersion in
MEDSTER
2000 2%

S.aureus
MRSA treated
with
immersion in
MEDSTER
2000 2%

S.aureus
MRSA

immersion in
MEDSTER
2000 2%

(SD) presented a range from 2,7% to 5,5% for the controls
and 0% for the samples. p- value of <0.05 (%), p < 0.01
(%), p <0.001 (xxx) and p < 0.0001 (%) were consid-
ered significant

steel surface was evaluated using a Light
Microscope.

3.2.1 Anti-biofilm Evaluation by Crystal
Violet (CV) Assay

The microscopic observations showed a mean-
ingful eradication in the structures of biofilm
and an evident decrease of the number and the

adherent cells on both surfaces (Figs. 3 and 4).

3.2.2 Anti-Biofilm Evaluation by Live/
Dead Assay

To verify the viability of bacteria observed with
the Light Microscope, after the treatment with
MEDSTER 2000 at 2% on the different surfaces,
the cells were stained with PI and CFDA to dis-
criminate live from dead cells. As shown in
Figs. 5 and 6, the treatment with the biocide
solution for 10 min led to the decrease in the
amount of cells embedded in the polymer matrix
of biofilm. Moreover, the few remaining cells
were red colored, which makes them definable
as dead cells.
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Fig. 3 Escherichia coli ATCC 25922 (a and b) and
Staphylococcus aureus ATCC 6538 (¢ and d) 2 day-old’
mature biofilm on plastic surface. Images of light

4 Discussion

The constant increase of hospital acquired
infections (HAI) is a cause of concern, particu-
larly when they are due to multidrug-resistant
(MDR) bacteria. The risk of acquiring methicillin
resistant Staphylococcus aureus (MRSA), vanco-
mycin resistant enterococci (VRE), extended
spectrum [-lactamase (ESBL)-producing
Enterobacteriaceae, Clostridium difficile
infections is increased over time (ECDC 2019)
and it contributes to morbidity and is considered a
major risk factor for mortality. The environment
has long been recognized for having an important
role in dissemination of microbial pathogens, and
biofilm in particular represents an important res-
ervoir of the involved bacteria. Biofilm represents
a functional ecological niche for pathogenic and

microscopy obtained by using Crystal Violet (CV) Assay
before (a) (¢) and after (b) (d) 10 min disinfection with
MEDSTER 2000 at 2%. The scale bars indicate 10 pm

opportunistic strains, and there is now proof that
some HAI outbreaks are related to the presence of
biofilms (Hall-Stoodley and Stoodley 2005;
Percival et al. 2015). The ability to form biofilm,
is a critical feature already reported in a lot of
studies and represents an evolutionary advantage
for the microorganisms living within because this
microbial consortium offers protection against
different adverse conditions, including disinfec-
tion treatments.

In these scenarios the best studied biofilm
infections are those related to the colonization of
central venous catheters which lead to a mortality
ranging from 12% to 25% with an additional cost
for the healthcare facility estimated at $
33,000-35,000 per event (El-Azizi et al. 2016).

In instruments with a complex structure, such
as gastroscopes and endoscopic fibers in general,
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Fig. 4 Escherichia coli ATCC 25922 (a and b) and
Staphylococcus aureus ATCC 6538 (¢ and d) 2 day-old’
mature biofilm on stainless steel. Images of light

the operating channels are the perfect site for the
colonization by a resistant biofilm (Alfa and
Singh 2020). The presence of stagnant water,
contamination from organic dirt and high initial
microbial load are all factors favoring the biofilm
formation. In simulation studies of contamination
of the working canals with high microbial charges
it was shown how decontamination and
prewashing procedures are fundamental in the
reduction of the initial microbial load and how
the use of common disinfectants does not totally
eliminate the microbial risk (about 5-18% of
endoscopes remained contaminated). With regard
the time factor, the fast anti-biofilm activity
shown by MEDSTER 2000 allows to speed up
the disinfection practices and the ability to
completely eliminate any viable cells observed
in the present investigation represents an impor-
tant feature for an optimal infective risk manage-
ment because the bacterial growth in sessile form
(biofilm) begins immediately after the high

10um

10pm

microscopy obtained by using Crystal Violet (CV) Assay
before (a) (¢) and after (b) (d) 10 min disinfection with
MEDSTER 2000 at 2%. The scale bars indicate 10 pm

disinfection procedure, when the instrument is
stored (Neves et al. 2016). MEDSTER 2000
inhibited the growth of all the strains, both in
planktonic form and organized in biofilm. For
the planktonic form the antibacterial activity of
MEDSTER 2000 was already observed after
10 min at the lowest concentration (0.1%), and
after the same time of exposure at the concentra-
tion of 2% the disinfectant was able to totally
eradicate all tested bacteria grown in sessile
form on both plastic and stainless steel surfaces,
with a greater than 6 log CFU/cm? reduction in
viable cells. This result is supported by the light
microscopy observation of the dead cells marked
in red with the live/dead assay. Furthermore, the
resistance to sterilization processes of dry surface
biofilms is not only to chemical disinfectants but
has also been described to 121C° autoclaving for
30 min (Almatroudi et al. 2018). Acid peroxidic
systems are more effective than glutaraldehyde
and orthophtaldehyde (Chino et al. 2017), and in
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Fig. 5 Escherichia coli ATCC 25922 (a and b) and
Staphylococcus aureus ATCC 6538 (¢ and d) ‘2 day-old’
mature biofilm on plastic surface. Images of light micros-
copy obtained by using “live/dead cells stain kit” before

conditions of dry surface Candida auris biofilm
they showed again a significant higher efficacy
then other chlorine based products, such as chlo-
rine dioxide (Ledwoch and Maillard 2018). This
higher activity has also been demonstrated in
presence of organic load and for relatively short
exposure times (Chowdhury et al. 2019). More-
over, for some chemical compounds the removal
of the biofilm can be achieved with the increase of
the temperature only, but the biofilm reduction
obtained in this way is detrimental to the integrity
of the materials (just think of the aggressive
action on the chlorine materials). On the other
hand, a direct or catalyzing action of corrosion
of metals and degradation of prosthesis and med-
ical instrumentation materials has been
demonstrated precisely for some types of biofilms
(Beech et al. 2006; Procépio 2019). Under our
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(@) (¢) and after (b) (d) 10 min disinfection with
MEDSTER 2000 at 2%. Green fluorescence labels live
cells, whereas red fluorescence labels dead cells. The scale
bars indicate 10 pm

study conditions we demonstrated that a complex
mixture of precursors of reactive oxygen and
peracids, working in a neutral pH solution and
at room temperature, is able to remove biofilm
from different materials such as plastic or surgical
stainless steel AISI 316 both through spraying or
immersion test. These results are consistent with
other recent studies confirming a higher activity
in biofilm removal for peroxyacetic acid under
neutral buffered pH than in acid conditions
(Meyer et al. 2019).

In conclusion, instead of conventional instru-
ment processing through decontamination,
precleaning and final high level disinfection
with 3 different products that could interfere
with each other, in the present study an “overkill
approach” based on a unique antibacterial com-
pound MEDSTER 2000 is proposed. Based on
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Fig. 6 Escherichia coli ATCC 25922 (a and b) and
Staphylococcus aureus ATCC 6538 (¢ and d) ‘2 day-old’
mature biofilm on stainless steel. Images of light micros-
copy obtained by using “live/dead cells stain kit” before

the results obtained, this disinfectant highly effec-
tive against biofilm and endowed with biosafety
margins can be employed at different
concentrations to perform the 3 conventional
steps (decontamination, precleaning, disinfec-
tion). This treatment could be a new a more
effective approach for semicritical devices that
need of a high-level disinfection than any other
reusable medical device.
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Abstract

Poverty, high population density and
unhealthy dwellings in Siena’s historic district
accounted for the spread of tuberculosis in its
various forms between the mid-nineteenth
century and the first three decades of the twen-
tieth century. In this paper, the author relies on
statistical data relating to a time span between
1898 and 1935 to discuss the high incidence of
scrofula, or tuberculosis of the lymphatic
glands, among Siena’s infant population.

The result is a description of the most
important actions implemented at city level to
prevent tuberculosis and to assist and treat sick
children: stays in seaside hospices promoted
by Carlo Livi in order prevent and treat poor
and malnourished children, the establishment
of a Preventorium to accommodate children
from families that included members infected
with pulmonary tuberculosis, the realization of
activities in the green areas of the Fortress on
advice of Achille Sclavo. Furthermore, the
author recalls the work of great hygienist
Sclavo to raise awareness of the hygienic
practices among Siena’s population, which
was fundamental in the prevention of epidemic
diseases such as tuberculosis.
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University of Siena, Siena, Italy
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Keywords
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1 Introduction

In the Unification years, Italy’s sanitary and
hygienic conditions were extremely precarious
and challenging, as described by Carlo
Maggiorani (1800-1885), a doctor and Senator
of the Kingdom of Italy, in the speech he deliv-
ered in the Senate on March 12, 1873: “Phthisis,
scrofula and rickets are more rampant than ever
before; pellagra is becoming more widespread,;
and malaria, with its sad effects, afflicts much of
the peninsula. [...] Syphilis unruly meanders
among citizens and in particular among militias”
(Atti parlamentari 1873).

Together with poverty, ignorance and hunger,
scarce knowledge of the etiology of the most
widespread epidemic diseases, the danger of con-
tagion and insufficient notions of hygiene yielded
a picture of alarming severity.

Among all contemporary endemic diseases,
tuberculosis, in its many forms, was the most
pernicious and responsible for a very high number
of deaths, especially among the poor and children.

And precisely because it mostly affected certain
age groups, the tuberculosis epidemic produced
serious effects also from a social point of view.

In Siena, between the end of the nineteenth
century and the first decades of the twentieth
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century this slow and silent disease had a very
high morbidity rate due to the poor hygienic-
sanitary conditions of the entire residential area
within the ancient city walls, as well as the high
population density of some districts and unhealthy
dwellings inhabited by the poorest classes. It is
easy to grasp the severity of the situation if one
takes into account that a modern aqueduct was
built in the city only in 1914, and that the sewerage
system would not be ready until the end of WWI.
The ease of contagion dissemination was matched
by a very high mortality rate, which, at some
junctures, reached levels recorded in Italy’s larg-
est cities, to the point that in 1929 Giorgio Alberto
Chiurco (1895-1975), politician and director of
the Institute of Surgical Pathology of the Univer-
sity of Siena, “referring to the serious disease that
afflicts the land of Siena in an impressive manner”
lamented that the city “according to statistics,
ranks second for tuberculosis-induced mortality”
(Chiurco 1928).

And if the lung form was the main cause of
deaths in the age groups between 15 and 30 years
the infant population was mostly affected by
scrofula, which caused swollen suppurating
lymph glands in the neck.

2 Etiology and Clinical
Characteristics of Scrofula

The origins of scrofula represented a much-
debated topic in the second half of the nineteenth
century.

For some “it is a disease in the blood, dyscrasia,
in which broken matter, through blood circulation,
eventually deposited itself in some parts of the
body, triggering its rotting”. According to others,
“it is a group of diseases that affect weak people
and because of such weakness, the diseases become
more malignant and more difficult to cure”. Yet,
for others, “it is vicious overnutrition of parts of
the body: skin, mucous membranes, bones and
especially lymphatic glands” (Livi 1873).

In reality, scrofula, or tuberculous lymphade-
nitis, is an infection of lymph nodes of the neck
generated by mycobacteria.

D. Orsini

Although it was originally considered a child-
hood disease, it is widely represented in the 20—
40 age group. In adult population, it is caused by
Mycobacterium tuberculosis, responsible for pul-
monary tuberculosis, which penetrates the lym-
phatic circulation and affects some lymph nodes,
and, in particular, those below the jaw. In
children — topic of this research paper — this
disease is caused by other “atypical or
non-tuberculous” mycobacteria, such as the
Non-tuberculous mycobacteria.

Scrofula presents disproportionate enlarge-
ment of the glands in the neck, especially those
at the base of the jaw. It is characterized by the
absence of phenomena typical of the inflamma-
tory process, such as redness and increased skin
temperature, resulting in characteristic swelling
called “cold abscess”. It is often accompanied
by fever, chills and malaise.

The impairment of the lymph nodes does not
cause pain but, if left untreated, makes lymph
nodes hard-elastic, with swelling of or exceeding
2 cm in diameter (lymphadenomegaly).

The affected lymph nodes, in particular those
that merge into masses of considerable size,
sometimes cause the rupture of overlying skin
and the explosion of the abscess (fistula) with
abundant pus leakage and subsequent formation
of retractile, deforming and permanent scars.

In addition to damage to glands in the neck,
there are lesions of ocular, nasal and lip (peri-
buccal) mucosa, eczema of the face and scalp,
and swelling of nose and upper lip. These
deformations, associated with the formation of
enlarged lymph node aggregates, gives the sick
(especially children) the typical appearance of a
pig (facies scrofola), hence the name of the
disease.

3 Siena’s Poor Scrofulous
Children

Particularly significant is the description by Carlo
Livi (1823-1877) in 1873, at that time the direc-
tor of Siena’s San Niccolo asylum, who was very
committed to assisting scrofulous children: “Poor
children with twisted and deformed legs; with
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bloody eyes and a neck gnarled with swollen
glands and disfigured by sores and scars. [...]
But the spectacle will be even sadder if you ven-
ture through the filthy, damp and dark alleys of
the Districts of the Wave, the Tower and the
Caterpillar. There, scrofula and rickets have long
taken residence, and are inflicting miserable tor-
ment upon innocent flesh” (Livi 1873).

We can obtain precise data on tuberculosis
mortality in children aged between birth and
15 years from three different studies carried out
at the time by Filippo Neri, Health Officer of the
Municipality of Siena and assistant of Achille
Sclavo (1861-1930) at the Institute of Hygiene
of the Siena University, and Aristide Londini,
Neri’s successor in the municipal office.

In the first period into consideration, namely,
from the end of the nineteenth century to 1913,
mortality from tuberculosis in Siena in the
1-5 year age group reached 64.7 deaths per
10,000 inhabitants; it dropped to 44.1 in the
6-10 year range to rise to 61.4 for the 11 to
15 year range (Neri 1915).

In the subsequent period, 1914-1920, the sub-
ject of the second study, tuberculosis mortality
dropped significantly in response to the imple-
mentation of preventive actions, amounting to
42.96 deaths for every 10,000 inhabitants in the
1-5 year age group; 35.80 in the 610 year group;
and 70.11 in the 11-15 year group (Neri 1921).

In the last period taken into consideration,
from 1921 to 1935, it is notable that
tuberculosis-induced mortality among Siena’s
infant population decreased still: 39.53 deaths
per 10,000 inhabitants in the 1-5 year age
group; 19.78 in the 6-10 year age group; and
41.07 in the 11-15 year group (Londini 1937).

These values, though lower than those of the
15-30 year age group, were high nonetheless
and an indication of very challenging sanitary
conditions.

4 Sun and Sea: “Great Drugs”
for Scrofulous Children

As early as the mid-nineteenth century, given the
lack of drugs capable of treating tuberculosis,
actions aimed at children and young people

looked, in particular, to thalassotherapy, both for
preventive and curative purposes.

Among the proponents of seaside hospices
there was Giuseppe Barellai (1813-1884), a doc-
tor at the Hospital of Santa Maria Novella in
Florence and scholar of tuberculosis prophylaxis
(Carnevale and Diana 2014), who, in 1853,
claimed that there was no “medicine better than
air and sea water” (Barellai 1853) to cure child-
hood scrofula and rickets. Three years after the
publication of his book, a first seaside hospice
was built in Viareggio and Barellai, spurred by
this positive experience, urged the establishment
of other similar structures on the Tuscan coast.

In Siena his plea was heeded by Carlo Livi,
who in 1864 founded the Popular Association for
Scrofulous Children.

His experience in this field led him to define
the causes of tuberculosis: among these,
“hereditariness”, that is, hereditary disposition to
the disease; unhealthy dwellings; poor hygiene,
drinking water “contaminated with putrid
materials” and unhealthy air. Indeed, he under-
stood the importance of studying the relationships
between illness and social status, imagining an
evolution of medical science towards a form of
preventive social medicine addressed to the com-
munity as a whole. And in support of his ideas, he
exhorted taking a look at medical texts: “You will
not find one that does not tell you that, aside from
hereditary disposition, unhealthy, damp, cold and
poorly illuminated dwellings, which can hardly
be aired out and are supplied with dirty and
infected water are the most powerful causes of
two fatal diseases: scrofula and rickets” (Livi
1873).

For this reason, Carlo Livi endeavored to keep
children away from environments where diseases
thrived, offering them better nutrition and life
outdoors, in the sun and pure air. It was essential
for Livi to remove children from environments
where contagion lurked, and place them in
healthy environments, and especially seaside,
“plunging them into air, light and water baths,
which give children their color back, replenishing
and regenerating them” (Livi 1873).

In the five-year period from 1867 to 1871,
Siena’s scrofulous children were sent to seaside
hospices in  Viareggio: Paolo  Funaioli



https://it.wikipedia.org/wiki/Adenite_tubercolare

142

(1848-1911), a student of Livi’s, published a
medical report with statistical data. Of 75 children,
between 8 and 14 years, who spent a month
seaside, 16 were healed, 36 improved their gen-
eral conditions, 36 improved their general
conditions and local disease manifestations, and
7 showed no improvement (Funaioli 1874). On
the basis of such positive results, Funaioli
asserted that: “Medicine has no other remedy to
fight scrofula than the sea”, though, arguing, at
the same time, that even better results could be
achieved and more children could be healed if
only they could stay by the sea for longer
stretches of time.

The seaside hospice of Porto Santo Stefano
was inaugurated in 1872; upon Livi’s suggestion
became the reference point for thalassotherapy
administered to Siena’s children. The facility
was built on the Argentario coast. In a letter sent
by Barellai to Livi in 1869, we can read as
follows: “The air surrounding Monte Argentario
is so oxygenated and pure that when you breathe
it, especially as you face the gulf, you feel that
your lungs become more elastic and let in vigor
and health [...]. Seaside hospices and the
resulting natural baths offered by these facilities
would find therefore in Porto Santo Stefano the
most suitable, rewarding, beautiful and economi-
cal solution” (Carnevale and Diana 2014).

Over the years, results became more and more
evident. Indeed, the Health Report on Siena’s
scrofulous children sent to the Porto Santo
Stefano seaside hospice, published in 1878 by
Flaminio Tassi, indicated that of about 55 children
(32 girls and 23 boys) between the age of 5 and
14 years, who stayed at the hospice in the summer
of 1877, most of the children, except for 6 of
them, showed significant improvement or were
cured of scrofula. “In conclusion — stated
Tassi — the results achieved after seaside care, as
the statistical reports show, are of indisputable
utility, and in some cases the successes have
been so brilliant as to appear almost prodigious.
The sea is responsible for such wonders. [...]
Now, faced with these facts, is it still possible to
question the beneficial action of the sea on scrof-
ula?”. “The sea is therefore a great drug for scrof-
ulous children” (Tassi 1878).
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The institution of seaside hospices can there-
fore be considered works of civilization and prog-
ress; they led to the involvement of Public
Administrations and generous citizens alike. The
latter’s donations, in particular, afforded needy
children the benefit of seaside stays.

Crediting Barellai the successful intuition of
seaside hospices for scrofulous childhood, Livi
remembered his colleague with these words:
“Heart can be highly inspired the same way bril-
liance is; and it was a great heart that propelled
the modest Florentine physician to pursue the
hygienic, civil and Christian idea of opening
free seaside hospices for the craftsman’s children
stricken with scrofula. [...] Every year the bene-
ficial [...] sea opens its great arms to welcome
infirm, emaciated, hunched children and
youngsters, seemingly blinded by scrofula, send-
ing them back to their homes healthy, energetic,
robust and cheerful” (Livi 1873).

Despite these important results, a sick child-
hood in the late nineteenth and early twentieth
century Siena was still a serious problem until
very strong choices were implemented in the san-
itary field, thus finding solutions for what for
decades had been singled out as the causes of
the high mortality rate in the center of Siena:
population density and unhealthy dwellings. In
1928, work began to demolish the district of
Salicotto, one of the most affected by tuberculo-
sis. In this area, in the heart of Siena, as late as the
first half of the twentieth century, poor families
often cohabited with tuberculosis patients in
dwellings located below street level, consisting
of one or, at most, two dark rooms that received
air from the stairs. “These poor children are held
by coughing old men, made to sleep together with
TB patients, sit in front of the fireplace alongside
sick individuals who, without any medical guid-
ance, are allowed to sow bacilli left and right,
infecting infants” (Chiurco 1928).

Over the years, other preventive actions were
also implemented: starting in 1919, a summer
camp was held inside the Fortress, welcoming
about 100 children, 3-12 years of age, who
were placed under the care of health personnel
also during the year; it was also created an outpa-
tient heliotherapy center — with 14 beds — inside
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the garden of the Hospital Santa Maria della
Scala. This center followed the guidelines set by
Dr. Auguste Rollier (Corsini 1942). Therefore,
for decades, before antibiotics became available,
sun exposure played a fundamental role in the
prevention and treatment of tuberculosis.

Furthermore, at the end of the 1920s, the Pode-
sta of Siena, Fabio Bargagli Petrucci
(1875-1939), supported by the positive opinion
of Achille Sclavo, though not without challenges,
arranged for the construction of a Preventorium
on the premises of the monastery of Santa Maria
Maddalena, designed to accommodate up to
60 children removed from families exposed to
the danger of contagion by infected people within
the family (Comune di Siena 1934).

In the words of Antonio Cammarata, in order
to avoid exposure to tuberculosis, it was funda-
mental “to remove healthy children from an
infected family environment, and to place them
in a healthy environment, either by dispatching
separately to other families (family placement) or
collectively in specialized institutions (collective
placement)” (Cammarata 1925).

Removal from an environment that led to con-
tagion, better nutrition, outdoor living in the sun
and pure air were fundamental remedies at a time
when no drugs were available to treat TB.

5 “Hygiene and How to
Implement It”

To be sure, Achille Sclavo, who endeavored to
raise awareness of the culture of hygiene by every
means at his disposal, surely gave a fundamental
contribution to the prevention of epidemic
diseases, such as tuberculosis.

In 1904 Sclavo, Professor of Hygiene at the
University of Siena, founded in the city the
Istituto  Sieroterapico Vaccinogeno Toscano,
after closely studying and understanding epi-
demic diseases. In so doing he realized that, in
many cases, these diseases could be avoided by
following simple hygiene rules that were useful to
reduce contagion.

He became persuaded of the need for hygienic
propaganda to engender a true “inner revolution”
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among people, in order to promote hygiene and a
healthy respect for human life.

For this reason Sclavo, who was one of the first
to held university courses in Hygiene, decided to
turn to attentive audiences: soldiers, priests,
doctors, people working within the public
services, and even ordinary people.

However, he soon realized that the sound
hygienic awareness could only arise out of a
slow learning process that could certainly not be
harbored within the domestic environment, due to
the misery, ignorance and prejudices of parents. It
was therefore necessary to turn to schools,
teachers and above all, young people, who were
free from the mistaken beliefs of adults and, thus,
more open to change.

To be effective, teaching hygiene had to be
devoid of its purely theoretical character, to be
delivered hands-on.

Hence, Sclavo’s writings dedicated to
challenges in the educational environments:
Igiene ed edilizia scolastica (1914), in which he
denounced the disconcerting state of school
buildings, proposing solutions to the most wide-
spread health problems. Noteworthy are also writ-
ings in which he prescribed proper nutrition,
outdoor education and physical activity for the
healthy development of young people: Per
I’educazione fisica (1914); Diamo aria ai nostri
polmoni (1915) a manifesto of the anti-tubercular
struggle in favor of sun and pure air;
Sull’alimentazione umana. 5 lezioni tenute in
Firenze alle infermiere della Croce Rossa
italiana (1917); and Per l’igiene sociale (1918).

In this way, Sclavo placed great hope in the
so-called “ascending education”, resting on the
axiom that young people were to become
spokespersons for good practices among adults
(parents and relatives) who, in turn, would end up
appreciating their importance and recognizing
their usefulness.

In his 1l Decalogo dell’Igiene, we read: “Love
sunlight, which gives you everything together
with health to your body. Love fresh air and
store plenty of it in your home, keeping windows
open as long as you can” (Sclavo 1924).

This precept, fundamental in the prevention
and treatment of Siena’s children affected by
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forms of tuberculosis, was consistently reaffirmed
by Sclavo during his life. It is within this frames
that we must understand his tirade against
unhealthy dwellings in the historic center of
Siena: “it has not yet been possible to build
dwellings in which, in addition to protection
from harmful external influences, the enjoyment
of pure air and sunlight is guaranteed” (Sclavo
1924). And again, when he described schools:
classrooms, even when they are in old buildings,
must be renewed by “flooding them with air and
light, without forgetting that, weather permitting,
lectures should be delivered outdoors, under
trees” (Sclavo 1924). Indeed, he promoted out-
door schools, building one on the bastions of the
Fortress of Siena, as well as heliotherapy camps,
with the intent of removing children from the
unhealthy conditions of so many city districts,
albeit for part of the day.

Let the sun flood homes became one of the
topics discussed at school: “The healthiness of a
house greatly depends on the amount of sunlight
reaches into it. Let us take a brick to represent a
house and orient it so that one of the major
facades faces north, the opposite face will face
south and the two warheads will face east and
west, respectively. Children must be shown that
in such conditions the brick will never receive the
sun on the north facade; that the eastern head will
be illuminated throughout the morning, until mid-
day; that the west end will be exposed to sun from
midday until sunset; and that throughout the day
the sun will be on the south facade” (Sclavo
1924).

Sclavo did not lecture but conversed with
pupils to make them reflect and reason, through
concrete scientific examples, and sometimes even
complex ones.

With the same approach, with simple language
and lots of examples, Sclavo also discussed tuber-
culosis, “one of the most serious diseases
afflicting humanity” (Sclavo 1924). In his book
Per la propaganda igienica. Scuola ed igiene, he
concisely summarized useful information “that is
most necessary to disseminate among the public
through school” (Sclavo 1924). He explained
causes and forms of tuberculosis, putting to rest
false beliefs, such as whether tuberculosis was
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hereditary, or that it did not affect the elderly.
And he gave a series of important hygienic
precepts: avoid spitting because tuberculosis
bacilli were in saliva, and cover your mouth
with a handkerchief when sneezing. He explained
that it is very likely to find tuberculosis bacilli in
cow’s milk which could infect humans, hence he
recommended boiling milk before drinking it.

“Crockery, cutlery and glasses used at home
by tuberculosis patients must be disinfected and,
to this end, be kept for fifteen minutes in water
and ash, at boiling temperature”. Clothes and
linen used by the sick must be aired out for a
long time, often under the sun, since “direct sun-
light kills the Koch’s bacilli”. “Tuberculosis
patients must refrain from kissing other people,
and especially children, and it is very important
that they sleep alone in a separate room” (Sclavo
1924).

He ended with a recommendation to all chil-
dren and teenagers: “To make the human body
strong, to neutralize the tuberculosis infection
before it becomes manifest, and to recover from
the disease it is necessary to live according to
hygienic rules, which among other things, pre-
scribe to stay long outdoors; keep the house
clean and ventilate it often by opening windows;
eat in a suitable and sufficient manner; and ensure
thorough cleaning of the body and adequate phys-
ical activity” (Sclavo 1924).

6 Conclusion

Between the second half of the nineteenth century
and the first three decades of the twentieth cen-
tury, tuberculosis, mainly in its non-pulmonary
form, as scrofula, was one of the most pernicious
disease in Siena due to its high rate of morbidity
in children.

Despite the lack of drugs available to treat this
disease, significant results were achieved in the
preventive and curative fields through seaside
stays and exposure to sun and fresh air, which,
as great hygienist Achilles Sclavo recommended,
should always occur in conjunction with the
application of the most basic hygiene standards.
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It is interesting to highlight that at the time the
interaction between sun and vitamin D and the
treatment of tuberculosis was still unknown. For
decades, before the discovery of antibiotics, TB
patients were sent to sunny places to undergo
heliotherapy treatments, without knowing the rea-
son of the recovery.

In recent years, a study of the Queen Mary
University in London brought to light that high-
dose of vitamin D, given in addition to antibiotic
therapy, may result in a quicker recovery of
patients thanks to a better immune response.

At the Queen Mary University, 95 patients
affected by tuberculosis underwent a standard
antibiotic therapy. Forty-four of them were also
treated with high-dose vitamin D, while the
remaining 51 were given a placebo. The TB bac-
terium disappeared much quicker in the patients
treated with vitamin D than the others: 23 days
the first ones, 36 days the others.

This “study represents the most detailed char-
acterization of the effects of antituberculous ther-
apy on the immune response conducted to date,
and is unique in being a clinical investigation in to
the immunomodulatory actions of in vivo vitamin
D supplementation during treatment of an infec-
tious disease” (Coussens et al. 2012).

This is further supported by a recent study
carried out by Danilo Buonsenso and some
colleagues of his: “Fifty-seven children were
included: 24.6% active TB, 28.1% LTBI (latent
TB infection), 22.8% NPTB (non-TB pneumo-
nia) and 24.6% healthy controls. 36.8% of all
children tested had an insufficient or deficient
vitamin D level. Vitamin D level was signifi-
cantly lower in active TB compared to other
groups (p=0.004)" (Buonsenso et al. 2018). In
conclusion, this study also showed a clear corre-
lation between hypovitaminosis D and active
pulmonary TB.

Consequently, these researches have con-
firmed that, by metabolising vitamin D, the sun
increases the body’s immune power and it
contributes to eradicate tuberculosis infection.

In the light of these results, it is clearly evident
the importance of Barellai and Sclavo’s intuition.

If the results achieved through the seaside
hospices didn’t change considerably the TB mor-
bidity and mortality rates within the child
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population, it was only because it was impossible
to extend these treatments to a significant number
of children. The lack of drugs was also highly
decisive along with the very characteristics of the
disease which is still today one of the 10 main
causes of death in the world.

“Globally, an estimated 10.0 million (range,
9.0-11.1 million) people fell ill with TB in
2018, a number that has been relatively stable in
recent years. The burden of disease varies enor-
mously among countries, from fewer than five to
more than 500 new cases per 100.000 population
per year, with the global average being around
130. [...] TB affects people of both sexes in all
age groups but the highest burden is in men (aged
>15 years), who accounted for 57% of all TB
cases in 2018. By comparison, women accounted
for 32% and children (aged<l15 years) for 11%”
(WHO 2019).

It is extremely important the data concerning
the child population because it keeps on increas-
ing: it was at 6% in 2013, it increased at 11% in
2018. Anna Galli’s studies have shown that “over
the last decades, TB has also emerged in the
pediatric population” and ‘“epidemiologic data
on childhood TB are still limited”. And “Child-
hood TB is considered as a sentinel of disease
spreading throughout the community” (Galli et al.
2016).

The percentage of forms of tuberculosis is
really significant in children, mainly in its
non-pulmonaryform: especially lymphonodal TB.

In conclusion, taking up the words of the 2018
Global Tuberculosis Report of the World Health
Organization, “Tuberculosis is an old disease that
was once a death sentence. Effective drug
treatments first became available in the 1940s,
and in combination with social and economic
development they allowed countries in western
Europe, North America and some other parts of
the world to reduce their burden of TB disease to
very low levels. For most countries, however, the
end of TB as an epidemic and major public health
problem remains an aspiration rather than a real-
ity” (WHO 2018).

“Leaders of all UN Member States have
committed to ‘ending the global TB epidemic’
by 2030, backed up by concrete milestones and
targets. Progress is being made. Global indicators
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for reductions in TB cases and deaths, improved
access to TB prevention and care and increased
financing are moving in the right direction. [...]
Nonetheless, the pace of progress worldwide and
in most regions and countries is not yet fast
enough” (WHO 2019).
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