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Abstract

Background: Cationic antibacterial peptides (CAPs) and synthetic molecules mimicking the amphiphilic structure of
CAPs, such as ceragenins, are promising compounds for the development of new antimicrobials.

Results: We tested the in vitro activity of ceragenins CSA-13 and CSA-131 against several anaerobic bacteria
including Bacteroides spp. and Clostridium difficile. We compared results to the activity of cathelicidin LL-37,
metronidazole and nanosystems developed by attachment of CSA-13 and CSA-131 to magnetic nanoparticles
(MNPs). The antibacterial effect was tested using killing assay and modified CLSI broth microdilution assay.
Ceragenins CSA-13 and CSA-131 displayed stronger bactericidal activity than LL-37 or metronidazole against all of
the tested bacterial strains. Additionally CSA-131 revealed an enhanced ability to prevent the formation of

Bacteroides fragilis and Propionibacterium acnes biofilms.

Conclusions: These data confirmed that ceragenins display antimicrobial activity against a broad range of
microorganisms including anaerobic bacteria and deserve further investigations as compounds serving to develop

new treatment against anaerobic and mixed infections.
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Background

Anaerobic bacteria are part of the human microbiota,
colonizing the skin and mucosal membranes of the oral
cavity, gut, and genitourinary system. As commensals,
they participate in numerous immunological and physio-
logical processes, maintaining host homeostasis [1]. On
the other hand, as opportunistic microorganisms, they
can be responsible for a variety of endogenous infections
in almost all body sites including the head and neck
region, central nervous system, chest, abdomen, female
genital tract, skin and soft tissues [2]. Additionally, they
can also cause bacteremia, an infrequent occurrence
associated with high mortality [3].
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Many of these infections are polymicrobial (with aerobic
and facultative bacteria) and occur when the skin or mu-
cosal barriers are disrupted by surgery, tumors, ischemia,
necrosis or trauma. In such conditions local tissue redox
potentials are reduced and microorganisms can enter sites
that were previously sterile. The most common anaerobes
isolated from clinical samples are Bacteroides spp., Clos-
tridium spp., Prevotella spp., and Peptostreptococcus spp.
[4]. Certain anaerobic bacteria are involved in the patho-
genesis of specific diseases. For example: Porphyromonas
gingivalis and Fusobacterium nucleatum in periodontal
diseases [5], Gardnerella vaginalis, Mobiluncus spp.,
Atopobium vaginae in bacterial vaginosis [6] Clostridium
difficile in antibiotic-associated diarrhea and colitis [7],
Propionbacterium acnes in acne vulgaris [8], and Clos-
tridium perfringens in gas gangrene of the soft tissue
and alimentary intoxication [9].
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In addition to the use of antibiotics, such as metronida-
zole, clindamycin, cefoxitin, carbapenems or tigecycline,
many anaerobic infections require the use of additional
procedures for effective treatment. These include abscess
drainage, debridement of necrotic tissue, decompression
of infected spaces and removal of foreign bodies [10]. In
recent years, many anaerobic bacteria show a tendency to
develop antibiotic resistance. This is particularly true for
clinical strains of the Bacteroides species. These bacteria
exhibit increasing resistance to penicillin, cefoxitin, clinda-
mycin, chloramphenicol, metronidazole and imipenem
[11]. Moreover, some infections are difficult to treat due
to recurrence (e.g. bacterial vaginosis, Clostridium diffi-
cile related diarrhea) or because of its chronic character
(e.g., periodontitis). For these reasons novel strategies
are required to treat infections involving anaerobic
bacteria.

Natural CAPs such as human cathelicidin LL-37 display
activity against a wide range of microorganisms. LL-37 is
an amphipathic, helical peptide found in leukocytes as
well as epithelial cells of the testis, skin, gastrointestinal
and respiratory tract. In addition to its antimicrobial
properties, LL-37 has several immunomodulatory func-
tions including bacterial lipopolysaccharide (LPS)
neutralization, chemotactic activity towards leukocytes,
induction of angiogenesis, enhanced wound healing,
and tissue regeneration [12]. Ceragenins (CSAs) are a
family of lipid compounds that mimic the amphiphilic
character of endogenous LL-37. As derivatives of bile
acids they are resistant to digestion by proteases and
can be easier and less costly to prepare during chemical
synthesis. Ceragenins reproduce the broad-spectrum anti-
bacterial activity of LL-37 against both Gram-positive and
Gram-negative microorganisms including multi-resistant
strains [13]. Similarly to LL-37, CSAs are active against
planktonic microbes as well as established biofilms of both
Gram-positive and Gram-negative bacteria [14]. In addition
to robust activity, efficient penetration within infection sites
is necessary for effective antimicrobial treatment. At sites of
anaerobic infection, when abscesses or necrotic tissues are
present, efficient drug concentrations are particularly diffi-
cult to obtain. The use of controlled drug delivery systems
(DDS), such as magnetic nanoparticles (MNPs), could be a
new promising solution to transport drugs to the place of
action. The main advantages of MNPs are easy handling
with the aid of magnetic field and low toxicity [15]. More-
over, it has been shown that MNPs display activity against
certain aerobic microorganisms [16]. In the present study
we assess for the first time the in vitro activity of ceragenins
(CSA-13 and CSA-131) against several species of anaerobic
bacteria and compare their activity to those of cathelicidin
LL-37 and the conventional antibiotic metronidazole. We
also investigate the activity of the mentioned substances
attached to the surface of MNPs.
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Methods

Bacterial strains and culture conditions

The following anaerobic bacterial strains were used: the
laboratory strains Bacteroides fragilis (ATCC 25285) and
Propionibacterium acnes (ATCC 11827) from American
Type Culture Collection and 9 clinical strains isolated
from patients hospitalized in the Holly Cross Cancer
Centre in Kielce (Poland). These clinical isolates include
the following organisms: Gram-negative - Bacteroides
thetaiotaomicron, Bacteroides stercoris, Prevotella mela-
ninogenica, Prevotella oralis, Prevotella bivia, Prevotella
disiens; and Gram-positive - Clostridium perfringens,
Clostridium difficile, Peptostreptococcus spp. All clinical
strains were isolated from samples routinely cultured on
Schaedler agar supplemented with 5% sheep blood (bio-
Mérieux) in anaerobic conditions (5% CO,, 10% H,, and
85% N,, Anaerobic Work Station BUG BOX, JOUAN),
identified by VITEK 2 Compact (bioMérieux) and stored in
MAST CRYOBANK system (Mast Diagnostica) at —70 °C.
The stored strains were grown on Schaedler agar
supplemented with 5% sheep blood (bioMérieux) in
anaerobic conditions. The characteristics of clinical
strains is presented in Table 1.

Antimicrobial compounds and synthesis of tested
nanosystems

Human cathelicidin LL-37 peptide was purchased from
Polish Peptide Laboratory (£.6dz, Poland). The ceragenins,
CSA-13 and CSA-131, were synthesized as described pre-
viously [17]. Magnetic nanoparticles (MNP) were synthe-
sized by Massart’s methods with modification based on
co-precipitation of iron chloride salts under treatment by
25% ammonium hydroxide [18]. Immobilization of
ceragenins and metronidazole on the surface MNPs was
perfomed through the reaction of the antimicrobial

Table 1 Characteristic of clinical isolates

Strain Source of strains Patient's
sex/age

Bacterides thetaiotaomicron — postoperative gynecological F/66
wound

Bacteroides stercoris peritoneal fluid F/81

Prevotella melaninogenica postoperative wound in F/80
oral cavity region

Prevotella oralis postoperative wound in F/86
oral cavity region

Prevotella bivia postoperative wound in F/75
genitor-urinary tract

Prevotella disiens postoperative gynecological F/86
wound

Clostridium perfringens postoperative colon wound M/51

Clostridium difficile producing antibiotic-associated diarrhea F/46

A and B toxins

Peptostreptococcus spp. breast abscessus F/58
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compound with the magnetic nanoparticles’ aldehyde
groups while functionalization by LL-37, were made via
reaction of amidation. Briefly, bare MNPs were coated
with an aminosilane layer and then glutaric dialdehyde
was added. This process resulted in the formation of ter-
minal aldehyde groups able to interact with ceragenins,
metronidazole or ampicillin. Magnetic nanoparticles with
amine or aldehyde groups were resuspended in dimethyl
sulfoxide (DMSO) containing the antibacterial molecules.
After functionalization, the precipitate was magnetically
collected by an external magnetic field, washed and
dried to powder. The physicochemical properties of the
covalently attached antibacterial compounds including
spectral (FT-IR), thermal (DSC, TGA) and morpho-
logical (TEM) analysis were characterized as previously
described [19]. Total amount of molecules attached on
MNPs surface were calculated based on results from
weight loss in thermogravimetric analysis as well as
total amount of amine group on the MNP surface.

Antibacterial testing - killing assays

Killing assays were performed against: Bacteroides fragilis
ATCC 25285, Propionibacterium acnes ATCC 11827 and
a clinical isolate of Clostridium difficile. For the remainder
of the clinical strains, MIC/MBC (minimum inhibitory
concentration/minimum bactericidal concentration) were
determined. In killing assay the efficiency of LL-37, CSA-
13, CSA-131, metronidazole (MET), ampicillin (AM) and
the tested nanosystems (ranged from 0.1 to 100 pg/ml)
were evaluated in triplicate. Briefly, bacterial cells were
cultured on Schaedler agar supplemented with 5% sheep
blood to mid-log phase at 37 °C in anaerobic conditions,
suspended in PBS (phosphate-buffered saline) to a final
cell density 10° CFU (colony forming unit)/ml per well
(108 CFU/ml for Clostridium difficile) and added to anti-
microbials. When ready, microtiter plate was covered by
gas permeable membrane and placed in an anaerobic
chamber and incubated for 1 h at 37 °C. After incubation,
the plates were transferred to ice, and suspensions were
diluted serially from 1:10 to 1:1000 in PBS. Then, 10 pl ali-
quots from each well were spotted twice on plates with
Schaedler agar supplemented with 5% sheep blood and
cultured at 37 °C in anaerobic condition for 48 h (for Pro-
pionibacterium acnes 96 h). Following incubation, the
numbers of CFUs were determined. Each experimental
stage was performed with culture controls in anaerobic as
well as in aerobic conditions.

Antibacterial testing - MIC/MBC evaluation

To determine the minimum inhibitory concentrations
(MICs), broth microdilution assays were performed. In
our experiments, we modified the original CLSI (Clinical
Laboratory Standards Institute) microdilution method
(approved only for Bacteroides fragilis group) where the
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recommended medium is the Brucella broth supple-
mented with 1 pg/ml vitamin K1, 5 pg/ml hemin and 5%
laked sheep blood [20]. Our intention was to use the
comparable experimental conditions for all clinical
strains and all tested compounds. We performed the ini-
tial MIC assessment for all tested compounds in the rec-
ommended by CLSI Brucella broth (Graso, Poland) with
supplements: vitamin K1, hemin (BBL) and laked sheep
blood (BioMaxima, Poland); than in the Brucella broth
with vitamin K and hemin but without sheep blood. We
selected two representative bacteria strains: for the first
medium - laboratory Bacteroides fragilis ATCC 25285
strain, for the second medium — clinical strain Prevotella
oralis. Additionally, we checked the ability of tested
strains to growth in Brucella broth. Finaly, for the main
part of performed experiment we used the Brucella
broth without supplements and continue with this
method for the Bacteroides and Prevotella strains as well
as Clostridium perfingens and Peptostreptococcus spp.
The broth microdilution assay was performed in 96-well
polypropylene round bottom microtiter plates. Briefly,
serial two-fold dilutions of the tested antimicrobial agents
were prepared in Brucella broth ranging from 256 pg/ml
to 0.5 pg/ml. The inoculum of each isolate, prepared
directly from fresh 18-24 h culture, were added to the
wells to a final concentration of 5 x 10°> CFU/ml per well,
then incubated in anaerobic conditions for 48 h at 37 °C.
The MICs were determined visually as the lowest concen-
tration of tested agents that inhibited the microbial
growth. The MBCs values were assessed by plating each
sample on Schaedler agar supplemented with 5% sheep
blood and culturing at 37 °C in anaerobic condition for
48 h. Additional growth controls were performed in
anaerobic as well as in aerobic conditions for each run.

Activity against biofilm

Biofilms were grown in microtiter plates for 48 h at
37 °C in anaerobic conditions using Brucella broth with
or without the antibacterial substances, ranging in con-
centration from from 1 to 100 pg/ml. After incubation,
the content of each well were removed and each well
was carefully washed with PBS to remove planktonic
cells The plates were dried at room temperature and
stained for 15 min using 150 pL of 0.1% crystal violet.
Then, the excess stain was removed and the biofilms
were rinsed with deionized water and the plates left to
dry. To solubilize the crystal violet, 100 pul of 98% etha-
nol was added to each well. Then, 100 pl of ethanol
was added and optical density (OD) was determined at
a wavelength of 570 nm using an automatic Elisa mi-
croplate reader (BioTekInstrument). OD values indicate
the amount of bacteria adhering to the surface and
forming a biofilm [21].
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Statistical analysis

Killing assay measurements and biofilm assays were per-
formed in triplicate. Experimental data were evaluated
using the one-way analysis of variance (ANOVA) and
Tukey HSD Post-hoc analyses. Statistical assessment was
performed using Statistica 10 (StatSoft Inc., Tulsa, OK,
USA). P < 0.05 was considered to be statistically significant.

Results

Ceragenins CSA-13 and CSA-131 exert antibacterial activity
against anaerobic species

A Kkilling assay was used as an initial screening method
to assess the antibacterial activity of the tested com-
pounds. Additionally, MIC/MBC values were measured
to determine their clinical potential for anaerobic
bacteria eradication. As shown in Fig. 1 (panels a, b, c),
in the killing assay both tested ceragenins display a
greater bactericidal activity than LL-37 and the antibi-
otics MET and AM. Bacterial growth inhibition oc-
curred at 2 pg/ml of CSA-13 and CSA-131 against C.
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difficile (Fig. 1a) and B. fragilis (Fig. 1c), at 1 ug/ml of
CSA-13 and 8 pg/ml of CSA-131 against P. acnes (Fig. 1b).
In contrast, LL-37 (100 pg/ml) inhibits the growth of P.
acnes. Interestingly at such high concentration cathelicidin
LL-37 was unable to inhibit the growth of C. difficile (Fig.
1a, b). The bactericidal activity of LL-37 was only observed
for B. fragilis (Fig. 1c), at a dose of 10 pg/ml.

In the initial MIC assessment performed in the
medium recommended by CLSI - Brucella broth with
vitamin K1, hemin and laked sheep, we observed inhib-
ition of LL-37 and tested ceragenin killing properties
(the MICs values for these compounds were in a range
128-256 mg/l). Similar MICs values were observed
when Brucella broth containing hemin, vitamin K1 but
lacking sheep blood was used. MICs values for metro-
nidazole in the recommended and modified media were
more comparable. These results in comparison with
MIC values performed in Brucella broth without supple-
ments are presented in Table 2. These initial results indi-
cated that the supplements (probably hemin) inhibited
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Fig. 1 Antibacterial activity of metronidazole (filled squares), LL-37 peptide (filled triangles), and ceragenins: CSA-13 (filled circles) and CSA-131 (filled
diamonds) against Clostridium difficile (panel a). Antibacterial activity of ampicillin (cross), LL-37 peptide (filled triangles), and ceragenins: CSA-13
(filled circles) and CSA-131 (filled diamonds) against Propionibacterium acnes (panel b). Antibacterial activity of metronidazole (filled squares), LL-37
peptide (filled triangles) and ceragenins: CSA-13 (filled circles), and CSA-131 (filled diamonds) against Bacteroides fragilis (panel c). Antibacterial
activity of magnetic nanoparticles (MNPs) functionalized by metronidazole (MNP@MET; empty squares), MNPs functionalized by LL-37 peptide
(MNP@LL37; empty triangles), MNPs functionalized by CSA-13 (MNP@CSA13; empty circles) and MNPs functionalized by CSA-131 (MNP@CSA131;
empty diamonds) when compared to activity of unmodified nanoparticles (MNPs; empty inverted triangles) against Bacteroides fragilis (panel d).
Error bars represent standard deviations from three measurements. *indicates statistically significant (p < 0.05) activity of tested agents compared
to metronidazole (panels a and ¢), ampicillin (panel b) and uncoated MNPs (panel d)
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Table 2 Minimal inhibitory concentration (MIC, mg/L) assessed for CSA-13, CSA-131, LL-37, MET and magnetic nanoparticles (MNP)
including MNPs functionalized with tested antibacterial agents, assessed in different combination of media against two anaerobic

bacteria strains

MIC [mg/L]
Strain Medium used for MIC evaluation Met MNP@ LL-37 MNP@ CSA-13 MNP@ CSA 131 MNP@ MNP
Met LL-37 CSA13 CSA 131

Bacteroides fragilis ~ Brucella broth supplemented 1 2 >256 >256 >256 >256 128 128 >256
ATCC 25285 with 1 pg/ml vitamin K1,

5 pg/ml hemin and 5% laked

sheep blood
Prevotella oralis Brucella broth supplemented 2 2 256 256 128 128 128 128 256

with 1 pg/ml vitamin K1 and

5 pg/ml hemin

the antimicrobial activity of tested molecules. It is worth
mentioning that hemin is not a substance present in the
human body, therefore its inhibitory effects on the tested
compounds has no clinical implications. So, to avoid the
inhibitory effect of supplements on the activity of LL-37
and tested ceragenins, Brucella broth without additives
was used. Additionally to keep the same experimental
conditions, we applied this medium for all tested anti-
microbial compounds, including conventional antibiotic
metroniazole.

We next used our modified CLSI broth microdilution
assay to evaluate the MIC/MBC values of LL-37, CSA-13,
CSA-131 and metronidazole against reference B. fragilis
ATCC 25285 and 9 clinical anaerobic strains (Table 3).
Because in the first experimental setting we did not obtain
the sufficient Clostridium difficile growth in Brucella
broth, we excluded this microorganism from MIC/MBC
evaluation. The antibacterial activity for this bacterium
was assessed using killing assay. Compared to its results,
the antibacterial effects were weaker, especially for LL-37.
Among the tested compounds, CSA-13 displayed the
highest antibacterial activity against all examined bacterial
species. The small differences between MIC and MBC
values indicate that the effect is bactericidal. Even though

the differences in MIC are from 0.5 to 32 times higher for
CSA-13 compared to MET, CSA-13 is definitely more
efficient than LL-37. Among all three examined com-
pounds, LL-37 had the highest MICs values for all strains:
128 mg/1 for Bacteroides strains, 8—128 mg/1 for Prevotella
strains, 128 mg/l for Clostridium perfringens and 8 mg/l
for Peptostreptococcus spp. Although, the differences
between the results obtained from the killing assay and
MIC/MBC evaluation are associated with different experi-
mental setting: non-growth conditions versus the growth
conditions.

CSA-131 decreases Bacteroides fragilis and

Propionibacterium acnes biofilm formation

To investigate the effects of ceragenins on biofilm forma-
tion we selected two strains: Gram-negative Bacteroides
fragilis and Gram-positive Propionibacterium acnes. Cera-
genin CSA-131 significantly inhibited biofilm formation
by B. fragilis whereas the antibiofilm activities of CSA-13
and LL-37 were comparable to metronidazole (Fig. 2).
The normalized biofilm mass formed by B. fragilis in the
presence of CSA-131 at 1 upg/ml was lower when
compared to the same dose of metronidazole. Because
CSA-131 displayed higher anti-biofilm activity compared

Table 3 Minimal inhibitory concentration (MIC, mg/l) and minimal bactericidal concentration (MBC mg/l) of CSA-13, CSA-131, LL-37,
MET and these agents functionalized on magnetic nanoparticles (MNP) and MNP against tested anaerobic strains (Brucella broth

with no supplements — vitamin K1, hemin nor sheep blood)

MIC/MBC [mg/1]

Strain Met MNP@Met  LL-37 MNP@LL-37 CSA-13  MNP@CSA-13  CSA-131  MNP@CSA-131 MNP
Bacteroides fragilis 0.25/0.5 0.25/0.5 128/256  128/256 4/8 2/4 8/16 4/4 >256/>256
Bacterides thetaiotaomicron  0.25/0.5 0.25/0.5 128/128  128/128 8/8 2/2 8/8 16/16 >256/>256
Bacteroides stercoris 0.25/0.5 0.25/0.5 128/128  128/256 2/2 2/2 8/16 16/32 >256/>256
Prevotella melaninogenica 0.25/0.5 0.25/0.5 128/128  128/128 8/8 2/2 8/8 16/16 256/256
Prevotella oralis 11 11 8/8 16/32 05/05 1/1 4/4 16/16 256/256
Prevotella bivia 11 0.5/0.5 64/64 32/32 11 2/2 2/4 2/4 >256/>256
Prevotella disiens 0.125/0.125 0.125/0.125 16/16 16/16 11 11 2/2 4/4 >256/>256
Clostridium perfringens 11 2/2 128/256  64/128 11 11 4/4 16/16 >256/>256
Peptostreptococcus spp. 0.5/0.5 0.5/0.5 8/8 16/16 0.5/05 05/05 4/4 8/8 >256/>256
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Fig. 2 Decrease of Bacteroides fragilis biofilm formation induced by
metronidazole (filled squares), LL-37 peptide (filled triangles), CSA-13
(filled circles) and CSA-131 (filled diamonds) (panel a) and MNPs
functionalized by these compounds: MNP@MET (empty squares),
MNP@LL-37 (empty triangles), MNP@CSA-13 (empty circles),
MNP@CSA-131 (empty diamonds) and unfunctionalized MNPs
(empty inverted triangles) (panel b). Error bars represent standard
deviations from three measurements. *indicates statistically
significant (p < 0.05) activity of tested agents compared to
metronidazole (panel a) and uncoated MNPs (panel b)

to CSA-13, we assessed CSA-131 effect on Propionibacter-
ium acnes biofilm formation (Fig. 3). In this case the in-
hibitory effect of CSA-131 was better than that of LL-37
and comparable with the conventional antibiotic ampicil-
lin, especially at low concentration.
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Fig. 3 Decrease of Propionibacterium acnes biofilm formation
induced by AM (cross), LL-37 peptide (filled triangles) and CSA-131
(filled diamonds). Error bars represent standard deviations from three
measurements. *indicates statistically significant (p < 0.05) activity of

tested agents compared to ampicillin

Immobilization of antibacterial agents LL-37, ceragenins and
metronidazole onto the surface of magnetic nanoparticles
changes bactericidal effect

Parallel experiments (killing assay, MIC/MBC evaluation,
biofilm activity) were performed with CSA-13, CSA-131,
LL-37 and metronidazole attached to MNPs (MNP@CSA -
13, MNP@-131, MNP@LL-37, MNP@MET). Results of
the killing assays with antibacterials functionalized on
MNPs are shown in Fig. 1d. Surprisingly, MNPs without
antimicrobials exerted the greatest antimicrobial ef-
fects against B. fragilis. However, this activity is very
similar for MNP@CSA-131. In contrast, the MNP@MET,
MNP@CSA-13 and MNP@LL-37 compounds had sub-
stantially lower activity. Comparing the tested compounds
attached to MNPs to free compounds (Fig. 1a to ¢) it is
evident that ceragenins and LL-37 without nanoparticles
were slightly more active than with nanoparticles. The
opposite effect was observed for metronidazole.

Taking together results of the killing assay and MIC/
MBC for B. fragilis, antibacterials functionalized on MNPs
were less effective than antibacterials alone. The MIC
values for MNPs against the reference B. fragilis strain
were above 256 pg/ml. For nanoparticles with metronida-
zole, LL-37, CSA-13 and CSA-131 the MIC/MBC values
were the same or slightly lower than in situations when an-
timicrobials were used alone. These unexpected results
support the probable oxidative mechanisms of action of
magnetic nanopatrticles via the interference with the trans-
port during oxidation of nicotinamide adenine dinucleotide
in bacteria [16]. Additional mechanism that might explain
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strong effect of bear MNPs potentially involves direct
interaction of bacteria cells with the MNP surface
that is stronger when MNPs are not modified.

Most antimicrobials attached to MNPs, even MNPs
alone, exhibited enhanced antibiofilm activity (Fig. 2b). The
only exception was CSA-131, which at doses above 20 pg/
ml was shown to stimulate biofilm formation. Surprisingly,
when CSA-131 was used alone, it exerted the strongest
anti-biofilm activity among all tested compounds.

Discussion

Slow growth rates, the ability to form biofilms, and increas-
ing antibiotic resistance are three major challenges in the
treatment of anaerobic bacterial infections. Furthermore,
their fastidious nature, high nutritive requirements and
susceptibility to oxygen make anaerobes difficult to isolate
from clinical materials. Because of this, antibiotic treatment
often relies heavily on empirical decision making [22].
Antibacterial peptides and ceragenins are promising
compounds for the development of new antimicrobials.
The effectiveness of CSAs against different aerobic bac-
teria, including multidrug-resistant strains, has previously
been demonstrated [23, 24]. This study represents one of
the first showing the activity of ceragenins against anaer-
obic microorganisms. The evaluation of antibacterial activ-
ity against anaerobs is complicated due to the technical
difficulties of isolation, culture and susceptibility assess-
ment. In a study by Oh et al,, the activity of the hybrid pep-
tide cecropin-melittin analogues (CAMEL) towards
various clinical anaerobic species including B. fragilis, F.
nucleaatum, Prevotella spp., Propionibacterium spp. and
Peptostreptococcus spp., was found to be equal or superior
compare to those of metronidazole, cefoxitin, ciprofloxacin
and chloramphenicol, although inferior to imipenem, clin-
damycin and piperacillin [25]. The antibacterial activity of
peptides initially isolated from the skin of frog in general
had good potency against Gram-positive anaerobic bacteria
but poor against Gram-negative (with the exception of Pre-
votella melaninogenica) [26]. The SMAP-29 peptide, a
member of the cathelicidin family, displayed activity
against Bacteroides fragilis, Clostridium perfringens and
Clostridium difficile. The mechanism of action leading to
bacterial death is similar to aerobic bacteria, despite differ-
ences in the membrane lipid composition between these
two groups of microorganisms [27]. However, more recent
data have described the resistance of anaerobics such as
Porphyromonas gingivalis to antimicrobial peptides result-
ing from strong proteolytic activity and a low affinity for
positively charged peptides unique to its LPS composition
[28].

In the current study we evaluated the in vitro activity
of human cathelicidin LL-37 and the ceragenins CSA-13
and CSA-131 against several anaerobic bacteria associ-
ated with human infection. We assessed the activity of
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the tested compounds in two different experimental set-
ting: non-growth conditions (PBS and 1 h incubation)
using a killing assay and growth conditions (high nutri-
ent medium and 48 h of incubation) using MIC/MBC
evaluation. The results of these two experiments show
that LL-37 has bactericidal activity against anaerobic
bacteria, but because MIC/MBC values are high, this ac-
tivity would be insufficient against growing cells. Ouhara
et al. observed similar results when assessing the activity
of LL-37 and other antibacterial peptides towards
periodonto-pathogenic and cariogenic bacteria [29]. It is
possible, that the differences observed between growth
and non-growth conditions are greater for anaerobics
compared to aerobic bacteria due to the slower anaero-
bics growth rates. In our study, activity of the tested
compounds was variable against the different species
and strains. Since the main mechanism of action for
CAPs and CSAs involves charge driven destabilization of
cell membrane lipid organization [30], it has been postu-
lated that bacterial charge, which can be different even
within a species, may influence susceptibility to cationic
antibacterial peptides [29]. In our study, compared to
metronidazole, MIC/MBC values for CSA-13 were
slightly higher against Gram-negative (Bacteroides and
Prevotella species) and the same against Gram-positive
bacteria (Clostrdium perfringens and Peptostreptococcus
spp). MIC/MBC values for CSA-131 was higher, and for
LL-37, significantly higher than those of MET (for both
Gram-positive and Gram-negative bacteria). Because we
modified the original CLSI method, our results cannot
be compared with MIC determined using standard
protocol. However they can be used for comparing anti-
bacterial activities of tested compounds in our experi-
mental setting. Metronidazole is the drug of choice for
the management and prophylaxis of anaerobic infec-
tions. It is highly active against Gram-negative anaerobic
rods (e.g. Bacteroides species, fusobacteria) as well as
Gram-positive such as clostridia. In combination with
other agents MET is an important treatment agent for
the eradication of Helicobacter pylori, and is recom-
mended in the management of diarrhea caused by Clos-
tridium difficile and bacterial vaginosis. Although MET
has been used for more than 45 years, the frequency of
resistance among Gram-negative rods is still quite low.
However, decreased susceptibility in the Bacteroides
species, as well as metronidazole-resistant Helicobacter
pylori strains have been reported. Metronidazole does
not act against aerotolerant anaerobes e.g. Propionibac-
terium spp. and Actinomyces spp. and is ineffective
against aerobic bacteria [31]. Moreover, unsuccessful
therapies using this antibiotic are observed with increas-
ing frequency [32] in C. difficile infections, where the
pathophysiology is associated with two enterotoxins, A
and B, that cause inflammatory changes in the mucosa
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[33]. Our results of the killing assay show an enhanced
(better than LL-37 and metronidazole) activity of both
ceragenins against clinical, toxinogenic C. difficile strain.
Strains tested in another study displayed various re-
sponses to cathelicidin LL-37. Epidemic-associated 027
ribotype isolates tended to be more resistant than others
[34]. Hing et al. have shown, both in vitro and in vivo,
comparable results demonstrating the mild activity of
LL-37 and also no significant antibacterial effects of
mouse cathelicidin (mCRAMP) against C. difficile [35].
Interestingly, Oh et al. showed that exogenous intracolo-
nic administration of cathelicidin significantly reduced
toxin A-associated intestinal inflammation and colonic
tissue damage by inhibiting tissue myeloperoxidase
activity, macrophage infiltration, apoptosis and tumor
necrosis factor a (TNFa) levels. The authors postulated
that the potential value of these compounds is due to
their anti-inflammatory effects against the actions of
toxins in the intestinal mucosa and that the exogenous
administration of cathelicidin could be a new anti-
inflammatory treatment for Clostridium difficile infec-
tions. In Clostridium difficile infections the stability of
the antimicrobial in feces is crucial. Using an experimen-
tal fecal model it was observed that the D-isomer of
temporin B were inactivated more slowly in the fecal mi-
lieu than the L-isomer. Moreover, D-isomers were more
active than L forms [25]. It is also known that cathelici-
din LL-37 and other antibacterial peptides are not stable
in body fluids and their non-peptide mimics seem to be
better candidates as future antibacterial drugs [36]. It
might be also assumed that ceragenins stability in feces
will be satisfactory. While antibiotic resistance is cur-
rently not a major concern for most anaerobic bacteria,
decreasing efficacy of several classes of antimicrobials
have been observed, particularly in clinical situations
where antibiotics are used for extended periods of time,
such as acne vulgaris.

Propionibacterium acnes is resistant to commonly used
antibiotics including erythromycin, clindamycin and tetra-
cyclin, which makes the treatment of acne challenging.
Antibiotic resistance is due in part to insufficient anti-
biotic penetration into the sebaceous hydrophobic envir-
onment of the skin where P. acnes lives and also low,
ineffective antimicrobial doses [37]. Our experiments have
shown clinically relevant antibacterial activity of LL-37
peptide and CSAs against P. acnes. Several other CAPs
have been found to exert anti-P. acnes properties includ-
ing the cecropin-melittin analogues, temporins [25, 26].
Snake cathelicidin-BF displayed not only significant anti-
microbial activity against P.acmes but also inhibitory
effects on cytokine secretion induced by this bacterium
and no detrimental influence on skin cells [38]. Beneficial
features of CAPs and their derivatives were used in
engineering the peptide-aminoglycoside polycationic
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hybrid — Pentobra, which has multiple mechanisms of
antibacterial action and the potential for effective
treatment in cutaneous environments. This molecule
is a combination of tobramycin that has ribosomal ac-
tivity and a short 12 amino acid peptide with activity
against bacterial membranes. This composition has
strong bactericidal activity (much better than free tobra-
mycin which in fact does not act against anaerobic bac-
teria), potential anti-inflammatory effects (the suppression
of P. acnes-induced chemokines) and in vitro activity in
comedone extracts isolated from human donors. Such an
approach - a combination of two substances with distinct
mechanisms of action - demonstrates the new therapeutic
strategy enhancing the effectiveness of antimicrobial ac-
tion and minimizing chances of bacterial resistance, which
is important in long topical application [37]. The results
of our study have displayed excellent activities of ceragen-
ins against P. acnes. CSA-13 and CSA-131 were more ef-
fective (including at lower concentrations) than the LL-37
peptide. Apart from their enhanced bactericidal activity,
the ceragenins showed also a good penetration into the
lipid membrane. Moreover, ceragenins as amphiphilic sub-
stances, with their mode of action and low risk to develop
resistance, appear to be promising candidates for effective,
long topical application and treatment in diseases such as
acne and biomaterials — related infections with delayed
presentation after spinal instrumentation, shunting for
hydrocephalus, arthroplasty that can be also caused by P.
acnes. A key factor in these infections is biofilm formation.
It has been shown in vitro, that conventional antibiotics
such as penicillin or linezolid plus rifampicin are effective
against P. acnes biofilms [39]. Our investigation using
ampicillin confirms effective activity of antibiotics from
the penicillin group against P. acnes biofilm even the
methods of our experiment differ from those use
previously [39]. The effect of ceragenin CSA-131 is
comparable to ampicillin, but the influence of cathelicidin
LL-37 is slightly weaker. Because, other anaerobes, espe-
cially belonging to the genera Bacteroides, Clostridium,
Fusobacterium, Finegoldia (formerly Peptostreptococcus),
Prevotella, and Veillonella have the ability to develop
biofilms [40], the antibiofilm activity is another advantage
of ceragenins as potential antimicrobial drugs. According to
our results, ceragenin CSA-131 significantly inhibited
biofilms formed by B. fragilis The CSA-13 and LL-37
antibiofilm activity were comparable to metronidazole. In
general, we have observed heightened antimicrobial activity
for ceragenins compared to LL-37 against all tested anaer-
obic bacteria (planktonic forms as well as biofilm forms).
The advantage of ceragenins over cathelicidin is in agree-
ment with previous observations involving aerobic bacteria
[41] and fungi [42]. Previous studies suggest that the anti-
inflammatory effects of CSAs in conjunction with their
wide antimicrobial activities indicate their potential use as
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novel therapeutic agents for the topical treatment of dis-
eases where both bacterial as well as persistent inflamma-
tory components are involved eg. acne vulgaris, periodontal
diseases. Despite the benefits of ceragenins, their potential
for systemic use is limited by their unsatisfactory safety pro-
file, particularly the possibility for red blood cells (RBCs)
hemolysis, which occurs in higher concentrations [43].
These potential harmful effects can be reduced by the use
of nanoparticles. Nanoparticles can serve as drug delivery
systems [15] and can enhance antibacterial activity. Previ-
ous studies with Pseudomonas aeruginosa have shown that
immobilization of ceragenin on the nanoparticle surface
significantly reduced membrane toxicity of CSA-13 to red
blood cells. Moreover, MNP@CSA-13 was efficient in
killing bacteria and preventing biofilm formation. Uncoated
MNPs also displayed antibacterial activity against this
bacterium [19]. As far as we know prior to this paper, no
data showing the influence of MNPs on anaerobic bacteria
have been published. In the current study, we assessed the
activity of ceragenins immobilized on MNPs against se-
lected anaerobic bacteria. MIC/MBC values for all of the
tested strains using nanoparticles coated with metronida-
zole, LL-37, CSA-13 and CSA-131 were comparable to
those when antimicrobials were used alone. Such data
suggest that the tested antimicrobials, covalently attached
to nanoparticles retain bactericidal activity against anaer-
obic bacteria. This is in the accordance with data from
aerobic bacteria and fungi [44]. But, in our study with
anaerobic bacteria MIC/MBC values for MNPs alone were
very high. Surprisingly, in the killing assay nanoparticles
without antimicrobials exerted very high antibacterial activ-
ity, even better than MNPs attached to antimicrobials. As
previously mentioned, different experimental conditions in
the evaluation of MIC/MBC values and killing assay assess-
ment, particularly the different incubation times (1 h versus
48-72 h) might greatly influence the results and may indi-
cate that MNPs do not act in real anaerobic conditions
which are not achieved during 1 h incubation. Another
unexpected finding is that ceragenins and LL-37 without
nanoparticles acted slightly better then in combinations
with nanoparticles. The opposite effect was observed for
metronidazole as well. It is probable that, the usage of one
amine group from ceragenin to decorate the nanoparticle
surface slightly diminishes the antibacterial activity of tested
agents. Evaluation of the antibiofilm activity showed that
most antimicrobials attached to MNPs, even MNPs alone
exhibited antibiofilm activity. CSA-131, when used alone,
exerted the strongest antibiofilm activity among all tested
compounds. Our study demonstrates that interpreting the
results from evaluation of ceragenins activity against anaer-
obic bacteria is challenging. Anaerobic bacteria are difficult
to culture and many factors involved in culture can influ-
ence the results: medium, time, the method of assessment
the antibacterial activity, the way of reading results etc.
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Although, the MIC/MBC micodilution test remains the
standard method for the in vitro evaluation of antimicrobial
activity, CLSI does not recommend it for all anaerobic
bacteria. As we have investigated this method needs some
modification when activity of CAPs and their mimics are
assessed so comparing results from different study are diffi-
cult because of various conditions used in experiments. In
fact, in our opinion not the real MIC/MBC values but only
trends can be comparable even when reference strains from
ATCC collection are investigated.

Conclusions

Our preliminary data indicate that the antibacterial
spectrum of ceragenins should be expanded to include
selected anaerobic bacteria causing human infections
with high frequency such as: Bacteroides, Prevotella,
Clostidum, Propionibacterium species. Broad antimicro-
bial spectrum and antibiofilm activity are promising ad-
vantages of these compounds as potential therapeutics
especially in treatment of mixed, polymicrobial infec-
tions, when the utility of one antimicrobial with wide
spectrum is necessary. The potential application of cera-
genins as new antibacterials needs further investigations.
It would be worth to assess the ceragenin activity against
additional bacteria responsible for periodontal disease,
bacterial vaginosis and other very frequent anaerobic or
mixed infections, as well as their stability in side of
infections, pharmacokinetic and pharmacodynamic
properties. The poor activity of nanoparticles against
anaerobic bacteria do not exclude its potential usage in
treatment of infections where anaerobic bacteria are in-
volved. The advantage would be the utility of nanoparti-
cles as drug delivery systems, which is very important
when the effective concentration of antimicrobials in
sites of infection is not easy to achieve. The utility of
nanoparticles could be also an interesting solution for
systemic applications. Obviously, the influence of mag-
netic nanoparticles to human cells as well as to natural
microbiota has to be thoroughly examined.
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