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Abstract: Cationic antimicrobial peptides (CAMPs) are powerful molecules with antimicrobial, an-
tibiofilm and endotoxin-scavenging activities. These properties make CAMPs very attractive drugs
in the face of the rapid increase in multidrug-resistant (MDR) pathogens, but they are limited by
their susceptibility to proteolytic degradation. An intriguing solution to this issue could be the
development of functional mimics of CAMPs with structures that enable the evasion of proteases.
Peptoids (N-substituted glycine oligomers) are an important class of peptidomimetics with interesting
benefits: easy synthetic access, intrinsic proteolytic stability and promising bioactivities. Here, we
report the characterization of P13#1, a 13-residue peptoid specifically designed to mimic cathelicidins,
the best-known and most widespread family of CAMPs. P13#1 showed all the biological activities
typically associated with cathelicidins: bactericidal activity over a wide spectrum of strains, including
several ESKAPE pathogens; the ability to act in combination with different classes of conventional
antibiotics; antibiofilm activity against preformed biofilms of Pseudomonas aeruginosa, comparable to
that of human cathelicidin LL-37; limited toxicity; and an ability to inhibit LPS-induced proinflamma-
tory effects which is comparable to that of “the last resource” antibiotic colistin. We further studied
the interaction of P13#1 with SDS, LPSs and bacterial cells by using a fluorescent version of P13#1.
Finally, in a subcutaneous infection mouse model, it showed antimicrobial and anti-inflammatory
activities comparable to ampicillin and gentamicin without apparent toxicity. The collected data
indicate that P13#1 is an excellent candidate for the formulation of new antimicrobial therapies.

Keywords: antimicrobial peptide; peptidomimetic; peptoid; ESKAPE pathogens; multidrug resistance;
biofilm

1. Introduction

The diffusion of multi-drug resistant bacteria has focused attention on the need for
new antimicrobials. Cationic antimicrobial peptides (CAMPs), which are essential compo-
nents of the innate immune system in eukaryotes, are small peptides with broad-spectrum
antimicrobial activity [1,2]. They are very promising antimicrobials for two main reasons:
(a) CAMP-resistant strains have rarely been isolated [3–7], and (b) activity has been ob-
served on both actively dividing and resting cells (e.g., the subpopulations of bacterial
biofilms) [8], differing from several conventional antibiotics.

The peculiarities of CAMPs derive from their unusual mechanism of action and tar-
get [1,2]. Indeed, unlike conventional antibiotics, the main targets of CAMPs are cell
membranes (inner and/or outer). CAMPs share an abundance of basic and hydrophobic
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residues and the ability to adopt an amphipathic conformation upon interacting with
membranes. They are usually unstructured in aqueous solutions, but their positive net
charge drives the initial absorption to bacterial membranes which are rich in negative
phospholipids, and their amphipathic structure allows for their insertion into the mem-
brane. CAMPs alter the fluidity, thickness and curvature of the membrane; moreover, they
can induce the formation of pores, which are lethal both to actively dividing and resting
cells, or even cause the micellization of the membrane. Furthermore, several CAMPs
show antibiofilm activity, being able to prevent the adhesion of bacterial cells to surfaces,
kill cells inside the biofilm matrix or even induce the disaggregation of the biofilm by
interacting with the components of the extracellular matrix [9–11]. The multi-target mecha-
nism of CAMPs makes the development of bacterial resistance, as has been observed for
conventional antibiotics, very difficult and unlikely.

In addition to directly killing bacteria, several CAMPs also display immunomod-
ulatory functions, including the ability to inhibit the endotoxin-induced production of
proinflammatory cytokines [12]. In most cases, this modulatory activity is due to direct
binding to endotoxins like lipopolysaccharides (LPSs), and lipoteichoic acid (LTA) [13–20].
Thus, CAMPs act as scavengers, segregating endotoxins in complexes which cannot bind
to their receptors (e.g., the Toll-like receptors TLR-2 and TLR-4). Very intriguingly, the
cationic/amphipathic nature of CAMPs seems to also be responsible for their ability to
bind to endotoxins and endotoxin receptors [21].

This peculiar combination of properties makes CAMPs very attractive drugs. However,
their sensitivity to proteolytic degradation can reduce their half-lives and, most importantly,
limits their possible routes of administration. In this regard, it is particularly interesting
to note that polymyxins, natural CAMPs that are widely used as topical and systemic
antibiotics [22], contain several modified amino acids, protected chain termini and a cyclic
structure which confer resistance to proteolysis.

In order to fully exploit the pharmacological potential of CAMPs, an intriguing strategy
is to develop antimicrobial peptidomimetics which are able to structurally and functionally
mimic CAMPs but are resistant to proteases.

Several peptidomimetic have been used to develop CAMP mimics [23], and peptoids
are among the most promising [24]. Peptoids, oligomers of N-substituted glycines, are
regioisomers of peptides characterized by the fact that the side chains are shifted from the
α-carbon to the nitrogen atom of the polyamide backbone. This feature makes peptoids
resistant to endogenous proteases [25]. Moreover, the straightforward synthesis of peptoids
(based on the solid-phase “sub-monomer” approach in which no protective groups are
required) expedites their preparation (in linear and cyclic forms) [24] and justifies their use
as anti-infective agents. In peptoids, the presence of substituents on the nitrogen atom of the
amide backbone hampers the formation of α-helices or strands, which are typically present
in peptides. Additionally, peptoids can form polyproline helices I and II so that structured
amphipathic frames can be designed and modelled in silico via molecular dynamics or
Monte Carlo methods [26].

Most designed antimicrobial peptoids were inspired by helical CAMPs which, in
the presence of lipids, can adopt an amphipathic helical structure responsible for their
strong interaction with bacterial membranes [27]. As the peptoid backbone is devoid of
stereogenic centers, peptoids can form helical structures with defined helicity only if they
contain a large proportion of chiral aromatic side chains, such as those present in N-(S)- and
N-(R)-(1-phenylethyl)-glycine (Nspe and Nrpe) or similar residues. In fact, most designed
peptoids were based on a three-residue repeat, (B-A-A)n, in which B is a basic residue and
A is a hydrophobic residue, usually a chiral aromatic residue, e.g., Nspe or Nrpe [27–30].
Peptoids containing only Nspe residues fold as right-handed helices similar to polyproline
I helix (with all the peptide bonds in the cis configuration and three residues per turn),
whereas peptoids containing only Nrpe fold as left-handed helices [27,31]. However,
more recent studies have demonstrated that helicity and defined chirality are not essential
prerequisites for a high level of antimicrobial activity, while a reduced degree of helicity
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decreases toxicity, thus improving the pharmacological index [32]. These findings are
not completely unexpected as many highly active CAMPs are not helical and some have
no regular secondary structure, even when bound to membranes (e.g., indolicidin and
tritrpticin [33]). Moreover, the stability of several CAMPs was improved by changing
one or more L-amino acids into a D-amino acid [13,34,35]. Even if these changes often
significantly alter the secondary structure, antimicrobial activity is generally retained or
even improved [34–37].

Here, we describe the biological properties of P13#1, a designed 13-residue peptoid
comprising only achiral monomers, with broad-spectrum bactericidal activity and an
LPS-scavenging activity comparable to that of polymyxin E (also known as colistin), a
lipopeptide with strong and specific binding to LPSs [22]. Moreover, an antibiofilm activity
greater than that of LL-37, the only human cathelicidin [38], was observed for P13#1. Finally,
P13#1 was highly effective in vivo in a mouse model of subcutaneous infection in which it
showed neglectable toxicity.

2. Results and Discussion
2.1. The Design of Peptoid P13#1

Peptoid P13#1 was designed taking into consideration our previous work on the
identification of cryptic CAMP-like sequences [39]. This method has allowed for the
identification of many human peptides [40–43] and, more recently, the identification of
dozens of new CAMPs via screening the whole human proteome [44]. We showed that a
correlation does exist between the antimicrobial potency (defined as log(1000/MIC)) of
a peptide and a score dependent on the net charge and hydrophobicity of the peptide
and two strain-dependent constants. The relationship is linear for scores between about 6
and 10–11, whereas for scores higher than 11, an increase in the score does not necessarily
increase the potency of the peptide. Even if the “ideal” composition of a CAMP depends on
a specific bacterial strain, our analysis suggested that on the average, a high-potency CAMP
should contain about 40% basic residues (Lys and Arg) and 60% of the most hydrophobic
residues (Trp, Phe and Leu). In particular, a peptide with six Lys/Arg residues and seven
Trp/Phe/Leu residues would have a score between 11 and 13, depending on the specific set
of parameters used for the calculation (the hydrophobicity score list and strain-dependent
constants), thus being the shortest peptide with score higher than the linearity window.

Therefore, to verify whether data acquired from the analysis of CAMPs can be trans-
lated to peptoids as well, we decided to synthesize a peptoid with six basic and seven
aromatic residues. As a basic residue we preferred NLys, the peptoid analogue of lysine,
over NArg because the use of an NLys residue facilitates the synthetic process; moreover,
according to our analysis, in high-scoring peptides, Lys and Arg are equivalent. As an
aromatic residue, we selected N-(2-phenylethyl)-glycine (Npet), the peptoid analogue of
homophenylalanine, as this residue is slightly more hydrophobic than NPhe (the peptoid
analogue of Phe) and is more stable and easier to handle with respect to the peptoid
analogues of Trp [45].

Finally, we selected a specific sequence of six NLys residues and seven Npet residues
(Figure 1A), providing an amphipathic structure both when folded as (all-cis) polyproline-I-
like and (all-trans) polyproline-II-like helices, as discussed below. One of the Npet residues
was changed to N-[2-(4-methoxyphenyl)ethyl]-glycine (Nmpe) in order to obtain a peptoid
with a good extinction coefficient at 280 nm, thus simplifying the purification and quantifi-
cation steps. It is worth noting that the sequence of P13#1 shows some similarities with the
sequences of bovine indolicidin and porcine tritrpticin, the two shortest and yet very active
mammalian cathelicidins [33], even if P13#1 was not specifically designed to mimic these
two CAMPs (Figure 1B).
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Figure 1. The primary structure of P13#1. (A) The covalent structure and sequence of P13#1.
(B) A comparison between the sequences of P13#1, indolicidin and tritrpticin (color code: green—
hydrophobic residues; blue—cationic residues; gray—prolines).

Monte Carlo molecular modeling was used to perform an in silico conformational
analysis. Two implicit solvation functions were used to predict the conformation of the
peptoid in water and in a membrane-mimicking environment (octanol), respectively. Using
octanol solvation, the more extended polyproline-helix-II-like conformation (Figure 2A) was
found to be about 2.9 kcal/mole more stable than the polyproline-helix-I-like conformation
(Figure 2B). Even more interestingly, long minimizations did not change the regular helical
conformations, thus indicating that in a membrane-mimicking environment, the two
conformations represent very distinct local minima. This is because the effective solvation
of the hydrophobic side chains by octanol prevents the formation of intramolecular contacts
among them which, in turn, could stabilize the more compact conformations. We want to
underline that as P13#1 has no stereogenic centers, each helical conformation can exist both
as isoenergetic, enantiomorphous left- and right-handed helices (Figure 2). This implies
that in solvents (or any achiral environment) favoring helical conformations, left- and
right-handed helices will coexist.

Different from what was observed in octanol, a minimization performed using water
solvation provided several different structures with similar energies and less regular helical
conformations due to the formation of intramolecular contacts among the side chains
of the aromatic residues. Some of these conformations are shown in Figure S1A–D in
Supplementary Materials.

We also explored the stability of conformations containing mixed cis and trans peptide
bonds via a random approach described in detail in the Methods section. When octanol
solvation was used, all the minimized structures showed energy values slightly higher
than the energy value of the all-trans/fully extended polyproline-II-like conformation
(Figure S2A–D in Supplementary Materials). Very interestingly, some of these conforma-
tions (e.g., those shown in panels B and C) are similar to the NMR structures of bovine
indolicidin in micelles of SDS and dodecylphosphocholine (Figure S2E,F in Supplementary
Materials) [46]. On the contrary, when using water solvation, we obtained several confor-
mations with energy values slightly lower than those obtained starting from the all-cis and
all-trans conformations. Also, these structures were characterized by intramolecular contacts
among the hydrophobic side chains, leading to compact conformations that were able to
shield the hydrophobic groups from the solvent (Figure S1E–H in Supplementary Materials).
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Figure 2. Monte Carlo minimized structures of P13#1 using octanol solvation. (A) All-trans
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panels, the structures above and below the line are left-handed and right-handed helices, respectively.
The structures on the left are shown from the side of the helix, whereas the structures on the right are
shown from the N-terminus. Color code: carbon in hydrophobic residues—green; carbon in cationic
residues—light blue; oxygen—red; nitrogen—dark blue. Hydrogen atoms are not shown.

Even if the use of implicit solvation functions does not allow for a fully quantitative
analysis, our approach nonetheless shows that P13#1 is a very flexible molecule able to
adopt an extended, more regular conformation in a hydrophobic environment and several
more compact, less regular conformations with turn-like elements in water. This is a typical
behavior of membrane-targeting CAMPs.

2.2. Synthesis of P13#1

The synthesis of P13#1 was performed via a solid-phase extraction procedure, using
the classical “sub-monomeric” approach [47,48]. The solid support chosen was a cross-
linked polystyrene, utilized with Rink’s amide linker, to obtain a C-terminal amide after
its cleavage from resin. The first step was bromoacetylation using diisopropyl carbodi-
imide, followed by nucleophilic substitution with tert-butyl N-(4-aminobutyl)carbamate,
which furnished the first monomer. By iterating the bromoacetylation reaction of the free
amine terminal group and the nucleophilic displacement with the appropriate amine, we
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obtained the desired peptoidyl-resin. Detachment from the resin in acidic conditions and
precipitation in cold diethyl ether produced the deprotected oligomer P13#1 in a yield of
68%. Interestingly, this procedure is easily scalable to obtain larger amounts of the desired
substrate. In order to obtain the variant CG-P13#1 (see Section 2.6), the peptoidyl-resin
was elongated, using the classical monomer approach to introduce glycine and cysteine at
the N-terminus. Cleavage from the resin in acidic conditions, followed by precipitation,
afforded CG-P13#1 in a yield of 19%.

2.3. The Antimicrobial Activity of P13#1

The Minimum Inhibitory Concentration (MIC) values of P13#1 were measured on a
wide panel of Gram(+) and Gram(−) strains, including several strains belonging to the
so-called ESKAPE pathogens, i.e., a relatively small group of pathogens which causes
frequent hospital infections. Data are shown in Table 1.

Table 1. Antimicrobial activity.

MIC (MBC) 1 MIC
(µM) (µM)

Bacterial Strain P13#1 (P)GKY20 Vanc 2 Pol B 2

Gram(−)
Pseudomonas aeruginosa PAO1 1.56 (1.56) 3.12 (3.12) 0.18

Pseudomonas aeruginosa KK27 1.56 (1.56) nd 3 0.36

Pseudomonas aeruginosa RP73 1.56 (1.56) 1.56 (1.56) 0.09

Pseudomonas aeruginosa AA2 1.56 (1.56) nd 0.36

Pseudomonas aeruginosa PA14 1.56 (1.56) 6.25 (6.25) 0.18

Klebsiella pneumoniae ATCC 700603 1.56 (1.56) 6.25 (6.25) 0.36

Acinetobacter baumanii ATCC 17878 1.56 (1.56) 3.12 (3.12) 0.18

Burkholderia cenocepacea LMG 18863 >50 >50 >46.2

Escherichia coli ATCC 25922 1.56 (1.56) 6.25 (6.25) 0.72

Salmonella typhimurium ATCC 14028 1.56 (1.56) 3.12 (3.12) 0.36

Salmonella enteriditis 706 RIVM 1.56 (1.56) 6.25 (6.25) 0.72
Gram(+)

Staphylococcus aureus ATCC 6538P 0.78 (0.78) 1.56 (1.56) 0.34

Staphylococcus aureus WKZ2 (MRSA) 1.56 (1.56) nd 0.34

Staphylococcus aureus Newman 3.12 (3.12) 6.25 (6.25) 0.17

Enterococcus faecalis ATCC 29212 1.56 (1.56) 1.56 (1.56) 0.34
1 Data were obtained from a minimum of three independent experiments. 2 Vanc—vancomycin; Pol B—polymyxin
B. 3 nd: not determined.

Concerning P. aeruginosa, we included laboratory, highly virulent and clinical strains:
PAO1 is a well-known and widely used reference strain and PA14 is a highly virulent
strain [49], whereas AA2, KK27 and RP73 are clinical strains isolated from cystic fibrosis
(CF) patients [50,51]. Among these, P. aeruginosa RP73 is a “late” strain which shows specific
mutations related to its ability to cause chronic infections due to a long adaptation to the
peculiar environment provided by the lung of a CF patient [51–53]. Regarding S. aureus, we
included a laboratory strain (ATCC 6538P) and two clinical strains, WKZ-2, a methicillin-
resistant strain [54], and Newman, a highly virulent strain [55]. As positive controls,
we included three well-known antimicrobial peptides, namely, (P)GKY20, polymyxin B
and vancomycin. The reference peptide (P)GKY20 is the recombinant form of GKY20, a
cryptic CAMP derived from the C-terminus of human thrombin [56,57]. It is a cathelicidin-
like peptide with wide-spectrum antimicrobial activity [56,57]. Polymyxin B is a cationic
lipopeptide, very similar to colistin (polymyxin E), which specifically kills Gram(−) strains
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by binding to LPSs and inducing the permeabilization of their outer membranes [22].
Vancomycin is a cyclic glycopeptide that selectively inhibits Gram(+) strains by interfering
with cell-wall synthesis. As expected for a cathelicidin mimic, P13#1 showed wide-spectrum
antimicrobial activity, with MIC values generally below 2 µM. In the panel of investigated
strains, the sole resistant strain was Burkholderia cenocepacea LMG 18863. It is worth noting
that this strain was also resistant to (P)GKY20 and polymyxin B. This finding was not
unexpected; in fact, it is well-known that Burkholderia strains are naturally resistant to
membrane-targeting antimicrobial peptides due to the biosynthesis of an unusual LPS
which bears positively charged groups that hinder the insertion of cationic peptides into
the outer membrane, thus preventing its damage and crossing [58,59].

We also determined the Minimum Bactericidal Concentration (MBC) values of P13#1
and (P)GKY20. In both cases, MIC and MBC values were identical for all the sensitive
strains; thus, as an antibacterial agent is usually regarded as bactericidal if its MBC value is
no more than four times its MIC value, both (P)GKY20 and P13#1 can be fully considered
bactericidal agents.

2.4. Peptoid–Antibiotic Interaction Study

It has been shown that the co-administration of CAMPs and antibiotics often provides
synergic effects [60,61]. In particular, a recent study [61] showed that synergy is most likely
to be observed when combining CAMPs with high levels of membrane-damaging activity
and antibiotics with intracellular targets (e.g., DNA and protein synthesis inhibitors). It
is likely that the membrane damage caused by the CAMPs could favor the penetration of
antibiotics, thus enhancing their action. Based on these observations, we measured the
Fractional Inhibitory Concentration Index (FICi) of P13#1 on P. aeruginosa PAO1 and S.
aureus ATCC 6538P and antibiotics belonging to four different classes, namely, tobramycin
(an aminoglycoside), ciprofloxacin (a fluoroquinolone), meropenem (a β-lactam antibiotic)
and colistin (a polymyxin) (Table 2).

Table 2. Combination therapy analysis.

Bacterial Strains Antibiotic MIC (µg/mL) ΣFICi
1

P13#1

Gram(−)
Pseudomonas aeruginosa PAO1 Tobramycin 0.0078 0.626

Ciprofloxacin 0.125 0.750
Colistin 0.25 0.376

Meropenem 0.25 2

Gram(+)
Staphylococcus aureus ATCC 6538P Tobramycin 0.00097 0.750

Ciprofloxacin 0.125 1
Meropenem 0.0625 2

1 Fractional inhibitory concentration index (FICi) values were determined for P13#1 in combination with antibiotics
on Gram(+) and Gram(−) strains. The indexes were obtained from a minimum of three independent experiments,
each one carried out in triplicate.

Usually, an FICi < 0.5 is considered a clear indication of synergy, values between
0.5 and 1 are considered indicative of additivity, values between 1 and 2 are considered
indicative of indifference and values > 2 are indicative of antagonism [62,63]. Except for
meropenem, all the measured values were lower than 1, thus indicating additivity/synergy.
In particular, the combination of P13#1 + colistin showed an FICi value well below 0.5, thus
highlighting a strong synergistic effect. It is worth noting that synergy with colistin has
also been found frequently with other CAMPs [43,60,64,65]. As polymyxins specifically
damage the outer membranes of Gram(−) strains, it can be speculated that they could
favor the penetration into the wall of other CAMPs which, differently from polymyxins,
can also damage the inner membrane. This combined action would explain the strong
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synergistic effect [64]. Also, the observation that FICi values close to 0.5 were found for the
P13#1 + tobramycin combination is particularly interesting for the potential pharmacologi-
cal applications of P13#1. As aerosolized tobramycin and colistin are frequently used to
treat airway infections (e.g., in the case of cystic fibrosis patients who develop P. aeruginosa
infections [66]), it is possible to conceive of combination treatments consisting of these
antibiotics and P13#1.

2.5. The Anti-Biofilm Activity of P13#1

Many CAMPs show the ability to inhibit biofilm formation, and the most effective are
even able to eradicate preformed biofilms [67–69]. Accordingly, we studied the ability of
P13#1 to eradicate a preformed biofilm of P. aeruginosa PAO1. In this case LL-37, the sole
human cathelicidin, was used as a positive control because its antibiofilm activity is well
known [69]. Overnight bacterial cultures were diluted to 1 × 108 colony-forming units/mL
(CFU/mL) in BM2 medium, and the bacterial biofilms were formed for 24 h at 37 ◦C in
96-well plates. The eradication of the mature biofilms was evaluated by incubating the
biofilms with increasing concentrations (0–30 µM) of LL-37 or P13#1 for 4 h. The biofilm
mass and cell viability were measured using crystal violet and XTT (sodium 2,3,-bis(2-
methoxy-4-nitro-5-sulfophenyl)-5-[(phenylamino)-carbonyl]-2H-tetrazolium) reduction
assays, respectively, and the minimum biofilm eradication concentration (MBEC) was
determined by counting the viable bacterial cells inside a biofilm’s structure upon the
disruption of the biofilm with 1% Triton X-100 (Figure 3).
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Figure 3. The antibiofilm activity of LL-37 (A) and P13#1 (B) on P. aeruginosa PAO1 and the antibiofilm
activity of P13#1 on P. aeruginosa RP73 (C). Blue circles—the amount of biofilm-bound crystal violet,
expressed as a percentage with respect to the untreated wells. Red circles—XTT reduction, expressed
as percentage with respect to the untreated wells. (D) Percentage of the CFU remaining after
the treatment.

LL-37 induced both a reduction in the biofilm’s mass and a strong reduction in cell
viability at concentrations ≥ 12.5 µM (Figure 3A). These data were confirmed by deter-
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mining the percentage of the CFU remaining after the treatment. At 25 µM, LL-37 caused
a reduction of slightly more than 99%. However, we were not able to measure an MBEC
value, which is usually defined as the concentration of an antibiofilm agent which reduces
the CFU by 99.9% or more. Differing from LL-37, P13#1 did not significantly reduce the
biofilm’s mass (Figure 3B) but caused a larger reduction in the cell viability, beginning
from the lowest concentration assayed (1.56 µM), and a larger reduction in the CFU. In-
deed, at concentrations of P13#1 ≥ 20 µM, no colony was observed, thus allowing for
an MBEC = 20 µM to be defined. Therefore, it can be concluded that LL-37 kills the cells
embedded into the biofilm to some extent and partially solubilizes the biofilm matrix,
whereas P13#1 is not able to disrupt the biofilm’s architecture; however, it is more efficient
at killing the embedded cells.

We also analyzed the antibiofilm effects of P13#1 on the clinical stain P. aeruginosa
RP73, which is a very efficient biofilm-former (Figure 3C). The obtained results were similar
to those observed on PAO1; however, it was not possible to define an MBEC value since
even at the highest concentrations tested, we still found about 0.2–0.3% of the CFU. It could
be speculated that the P. aeruginosa RP73 biofilm contains a subpopulation of cells which
were not accessible or not sensitive to the peptoid. This hypothesis would be consistent
with the origin of P. aeruginosa RP73, a late clinical strain of P. aeruginosa adapted to cause
chronic infections.

2.6. Interactions of P13#1 with SDS, LPSs and Bacterial Cells

We recently developed a peptide-labelling strategy based on an environment-dependent
luciferin-like fluorophore [70]. The amino and hydroxy versions of this fluorophore are
strongly sensitive to environmental polarity and proton acceptor availability and/or local
pH, respectively. This labelling strategy allows one to study the interactions of peptides
with detergents, lipids, micelles, liposomes and even whole cells. For this reason, we de-
signed CG-P13#1, a P13#1 variant with two additional residues at the N-terminus: cysteine
and glycine. The N-terminal cysteine was needed to perform the cyclization reaction that
generates the fluorophore, whereas the glycine residue was added to provide a flexible
joint between the fluorophore and the peptoid (Figure S3A in Supplementary Materials).
CG-P13#1 was labeled to obtain Luc-P13#1 and aLuc-P13#1, carrying the hydroxy and the
amino versions of the fluorophore, respectively (Figure S3A in Supplementary Materials).
Hence, we studied the interactions of the labeled P13#1 variants with sodium dodecyl
sulfate (SDS) micelles, LPSs (free and micellar) and whole bacterial cells. The previously
characterized labeled variants of GKY20, Luc- and aLuc-GKY20 [70], were used as controls.
The excitation and emission spectra of Luc- and aLuc-P13#1 in the presence of SDS, LPSs
and bacterial cells (E. coli ATCC 25922, P. aeruginosa PAO1 and S. aureus ATCC 6538P) were
very similar to those of Luc- and aLuc-GKY20, respectively, thus demonstrating that the
binding properties of GKY20 and P13#1 are comparable.

The excitation spectra in the water buffer of the Luc-labeled species show a main peak
at 330 nm due to the neutral (phenolic) form of luciferin and a remarkable shoulder at
400 nm due to the phenolate form (Figure S3B in Supplementary Materials and Figure 4).
The shoulder disappears when Luc-P13#1 and Luc-GKY20 bind to SDS or LPSs because
binding suppresses the ionization of the phenol group (Figure S3B in Supplementary
Materials). The suppression of luciferin ionization is also confirmed via the emission
spectra after excitation at 430 nm, a wavelength that allows for the selective excitation of
the phenolate form. The presence of SDS, LPSs or bacterial cells causes an almost complete
disappearance of the fluorescence emission at 540 nm (Figure 5).
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Luc-GKY20 and Luc-P13#1 show only the emission at 540 nm caused by the phenolate 
form (Figure 6). 

Figure 5. Emission spectra after excitation at 430 nm of Luc-GKY20 and Luc-P13#1 in the presence
of SDS, micellar LPSs or bacterial cells. (A,B) Emission spectra of Luc-GKY20 and Luc-P13#1,
respectively, in NaP (blue line), SDS (red line) and LPS (green line). (C,D) Emission spectra of
Luc-GKY20 and Luc-P13#1, respectively, in NaP (blue line) or in the presence of E. coli (red line) P.
aeruginosa (green line) and S. aureus (yellow line) cells. In each panel, the emissions in the presence of
SDS, LPS and bacterial cells were normalized to the emission in NaP.

The interpretation of the emission spectra after excitation of the neutral form at 330 nm
(Figure S3 in Supplementary Materials) is more complicated. In an aqueous buffer, Luc-
GKY20 and Luc-P13#1 show only the emission at 540 nm caused by the phenolate form
(Figure 6).
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Figure 6. Emission spectra after excitation at 330 nm of Luc-GKY20 and Luc-P13#1 in the presence
of SDS, LPSs or bacterial cells. (A,B) Emission spectra of Luc-GKY20 and Luc-P13#1, respectively,
in NaP (blue line), SDS (red line) and LPSs (green line). (C,D) Emission spectra of Luc-GKY20 and
Luc-P13#1, respectively, in NaP (blue line) or in the presence of E. coli (red line) P. aeruginosa (green
line) and S. aureus (yellow line) cells. In each panel, the emissions in the presence of SDS, LPSs and
bacterial cells were normalized to the emission in NaP.

This is typical of luciferin and is due to a well-known photoinduced deprotonation
process (Figure S3 in Supplementary Materials). In the presence of SDS micelles, in addition
to the major peak in the green region due to the phenolate, the emission spectra also show
a broad peak in the blue region (430–450 nm). This emission, which is typical of the
neutral form of luciferin (Figure S3 in Supplementary Materials), can only be observed in
environments with very low water contents and no alternative proton acceptors, the sole
conditions that can hinder the photoinduced deprotonation process [70], and confirms that
the fluorophore is buried into the micelles. Furthermore, the blue shift of the phenolate
emission (5–10 nm) confirms that the fluorophore is in a less polar environment. In the
presence of the LPS micelles, the emission spectra show an even stronger blue shift of
the phenolate emission (15–20 nm), but the blue emission is only visible in the case of
Luc-P13#1, suggesting a deeper penetration into the micelles or a different orientation of
the peptoid with respect to Luc-GKY20. In the presence of bacterial cells, we also found
a large blue shift of the phenolate emission of 18–22 nm in the case of Luc-GKY20 and of
about 15 nm in the case of Luc-P13#1. Once more, a small emission in the blue region was
detected only in the case of Luc-P13#1, thus confirming the existence of small differences
between the membrane-binding modes of Luc-GKY20 and Luc-P13#1. Very interestingly,
the emission spectra were very similar in the presence of E. coli, P. aeruginosa and S. aureus,
with only small variations in the emission wavelength (less than 5 nm). In the case of
aLuc-GKY20 and aLuc-P13#1 (Figure 7), slightly larger blue shifts were detected upon
binding to SDS, the LPSs and the bacterial cells (shifts of 15–19 nm, 25–28 nm and 19–21 nm,
respectively), as is expected for the more solvatochromic aminoluciferin.
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cells. (A,B) Emission spectra of aLuc-GKY20 and aLuc-P13#1, respectively, in sodium phosphate
(NaP, blue line), SDS (red line) and LPSs (green line). (C,D) Emission spectra of aLuc-GKY20 and
aLuc-P13#1, respectively, in NaP (blue line) or in the presence of E. coli (red line) P. aeruginosa (green
line) and S. aureus (yellow line) cells. In each panel, the emissions in the presence of SDS, LPSs and
bacterial cells were normalized to the emission in NaP.

The binding of the P13#1 variants to SDS, the LPSs and the bacterial cells was also
accompanied by strong positive or negative variations in the emission intensity. Usually,
solvatochromic fluorophores show higher emission intensities in apolar environments, but
luciferins are also sensitive to quenching, e.g., intramolecular, conformation-dependent
quenching from tryptophan and tyrosine [70]. Therefore, the observed variations in the
fluorescence emission are a net result deriving from these two opposite contributions.
The reduction in the intensity of the emission was particularly evident in the presence of
bacterial cells, likely because bacterial membranes contain proteins and other non-lipidic
compounds (e.g., pigments) that might contribute to quenching (intermolecular quenching).
We also studied the variations in the emission spectra of aLuc-GKY20 and aLuc-P13#1 in
the presence of bacterial cells as functions of time (Figures S4 and S5 in Supplementary
Materials). In all the cases, we found that the binding process was complete within 5 min.
Therefore, the interactions of labeled GKY20 and P13#1 with bacterial cells are similar also
from a kinetic point of view.

As LPSs are very strong proinflammatory molecules, CAMPs with high levels of
affinity for these endotoxins show anti-inflammatory activities, acting as LPS scavengers.
Therefore, we used Luc-P13#1 to determine the KD values for submicellar (5 µg/mL) and
micellar (40 µg/mL) LPSs from E. coli O111:B4 or P. aeruginosa 10. Fluorescent assays
were carried out via incubating increasing concentrations of the labeled P13#1 and GKY20
with a constant concentration of LPSs. The samples were excited at 430 nm to selectively
excite the phenolate form of luciferin, and the fluorescent emission was recorded in the
450–700 nm range. The total fluorescence was plotted as a function of the peptide/peptoid
concentration, and the experimental data were fitted to a model equation. The fitting
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procedure provided the KD values for the peptoid/LPS complexes and, in the case of
the E. coli LPS (whose average MW is known), also provided an estimate of the binding
stoichiometry (Table 3). The KD values show that the labeled P13#1 and GKY20 bind
LPSs from E. coli and P. aeruginosa with similar affinities. Interestingly, P13#1 and GKY20
bind submicellar LPSs with slightly higher affinities than micellar LPSs. This difference
could be due to fact that submicellar LPSs are more accessible to peptides/peptoids than
micellar LPSs. This explanation is supported by the binding stoichiometries: in the micellar
state, 1–1.5 molecules of peptide/peptoid bind one LPS molecule, whereas in the case of a
submicellar LPS, 4.4–5.2 molecules of peptide/peptoid bind one molecule of the LPS.

Table 3. KD values and binding stoichiometries.

Peptide/
Peptoid

LPSEc
1

(µg/mL)
KD

(µM)
[Binding Sites]

(µM)
Stoichiometry 2

(Peptoid:LPS)

Luc-P13#1 40 0.121 (±0.032) 4.53 (±0.123) 1.13:1
Luc-P13#1 5 0.085 (±0.021) 2.21 (±0.107) 4.42:1

Luc-GKY20 40 0.382 (±0.030) 6.12 (±0.109) 1.53:1
Luc-GKY20 5 0.109 (±0.022) 2.62 (±0.153) 5.24:1

LPSPa
3

(µg/mL)

Luc-P13#1 5 0.032 (±0.0085) 1.91 (±0.049) -
Luc-GKY20 5 0.054 (±0.013) 2.1 (±0.08) -

1 LPSEc: LPS from Escherichia coli 0111:B4. 2 Stoichiometry was determined assuming an average MW = 10,000 Da
for the E. coli LPS. 3 LPSPa: LPS from Pseudomonas aeruginosa 10.

2.7. The Anti-Inflammatory Activity of P13#1 in Cell Cultures

Next, the LPS-scavenging activity of P13#1 was assayed in a cell culture model, i.e.,
Raw 264.7 murine macrophages. These cells, when stimulated with LPS, release several
inflammation mediators including nitric oxide (NO) and cytokines [71]. Hence, Raw
264.7 cells were stimulated via exposure to LPS from P. aeruginosa 10 and treated with
increasing concentrations (0.1, 1 and 10 µM) of P13#1 for 24 h. (P)GKY20 and colistin
were used as positive controls. After the incubation, the nitric oxide (NO) released was
measured via the Griess assay, and the pro-inflammatory cytokines interleukin-6 (IL-6) and
tumor necrosis factor-α (TNFα) were quantified via an enzyme-linked immunosorbent
assay (ELISA). It is worth noting that the biocompatibility of P13#1 was preliminarily
tested on untreated Raw 264.7 cells by performing an MTT (3-(4,5-dimethylthiazol-2-
yl)-2,5-diphenyltetrazolium bromide) assay, Griess assay and an ELISA. The collected
results highlight that P13#1 does not exert a toxic effect against Raw 264.7 cells up to
10 µM (equivalent to 22 µg/mL of the chloride salt of P13#1) (Figure S6 in Supplementary
Materials) and does not itself induce the release of proinflammatory factors (Figure 8). On
the other hand, when administered to LPS-stimulated cells, P13#1 effectively inhibited
the LPS-induced release of NO and cytokines (Figure 8). Very interestingly, at 10 µM, a
non-toxic concentration, P13#1 completely re-established basal levels of pro-inflammatory
mediators. Moreover, similar results were obtained on THP-1 human monocytes (Figure S7
in Supplementary Materials). Overall, the observed results indicate that P13#1 is a powerful
LPS scavenger with an efficacy comparable to that of the benchmark peptide, colistin.
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experiments were performed in triplicate, and statistical analyses were carried out by using GraphPad
Prism. The data presented are the mean values of three experiments ± S.Ds. The analysis was carried
out using Student’s t-test (** p < 0.01, *** p < 0.001 and **** p < 0.0001) versus untreated cells and the
LPS group.

2.8. The In Vivo Efficacy of P13#1

Encouraged by the results obtained in vitro, we sought to assess the antimicrobial
efficacy of P13#1 in vivo in an air pouch model, a mouse model of subcutaneous infection
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in which bacteria are inoculated inside an air pouch obtained by injecting air into the back
of a mouse [72]. The air pouch model allows one to mimic a localized infection that can
then be treated via the topical administration of antimicrobial agents. As a model pathogen,
we choose S. aureus as it is a common skin inhabitant and an opportunistic pathogen that
frequently causes wound-related infections. In particular, S. aureus Newman was selected
as it is a clinical strain isolated from a human infection [55] and its virulence in animal
models is well known [73]. Mice were infected with this pathogen five days after the
induction of the air pouch, and a single dose of the chosen antimicrobial, P13#1 (0.5 mM),
ampicillin (12.6 mM) or gentamycin (0.46 mM), was injected into the air pouch 2 h after the
infection. The mice were sacrificed after 48 h, and the bacterial load was determined via
the CFU counts in washes of the air pouches. As shown in Figure 9, P13#1 protected the
mice from S. aureus infection, reducing the CFU counts in the air pouch washes by almost
50-fold when compared to the negative control mice (pVal = 0.01).
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Figure 9. Fold reductions in the number of Colony Forming Units (CFUs) counted in air pouch
washes with respect to the median value of the CFU counts of the negative control. Mice were
inoculated with the S. aureus Newman strain injected into the pouch and then treated with PBS as a
negative control (CTL-), P13 #1, ampicillin (Amp) or gentamycin (Gen), which were administered
directly into the pouch. Each dot shows data from a single animal, the red line represents the median
value and the data are from three independent experiments. The Mann–Whitney U-test was used to
assess significance.

Interestingly, similar levels of protection were also observed with two well-known an-
tibiotics, ampicillin, and gentamycin, underlying once more the potential of this compound
as antimicrobial agent. The in vivo anti-inflammatory activity of P13#1 was then assessed
by measuring the concentration of pro-inflammatory cytokines at the site of infection. As
reported in Figure 10, the treatment with P13#1 contributed to significantly reducing the
concentrations of several pro-inflammatory cytokines in the skin of the infected mice, and
the results were comparable with those obtained when using the two antibiotics.
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Figure 10. Quantification of cytokine concentrations in the pouches of animals infected with the S.
aureus Newman strain and treated with PBS (CTL-), P13#1 or antibiotics. The cytokine concentration
was measured at Luminex, and the data are expressed as pg/mL of wash. Each dot shows data
from a single animal, the red line represents the median value and the data are from three indepen-
dent experiments. The Mann–Whitney U-test was used to assess significance. Amp—ampicillin;
Gen—gentamycin.

3. Materials and Methods
3.1. Materials and General Methods

The starting materials and reagents purchased from commercial suppliers were gener-
ally used without purification unless otherwise mentioned. E. coli BL21 (DE3) cells were
purchased from Novagen (San Diego, CA, USA). The Ni SepharoseTM 6 Fast Flow was
obtained from GE Healthcare (Uppsala, Sweden). All the other chemicals were obtained
from Sigma-Aldrich (Milano, Italy). Reverse-phase high-performance liquid chromatog-
raphy (RP-HPLC) analyses of P13#1 and CG-P13#1 were performed on a JASCO LC-NET
II/ADC equipped with a JASCO Model PU-2089 Plus Pump and a JASCO MD-2010 Plus
UV-vis multiple-wavelength detector set at 220 nm. The column used was a C18 reversed-
phase analytical column (Waters, Bondapak, 10 µm, 125 Å, 3.9 mm × 300 mm), which
was operated with linear gradients of acetonitrile (ACN) containing 0.1% trifluoroacetic
acid (TFA) in H2O (0.1% TFA) over 30 min at a flow rate of 1.0 mL/min for the analytical
runs. The high-resolution mass spectra (HRMS) were recorded on a Bruker Solarix XR
Fourier-transform ion cyclotron resonance mass spectrometer (FTICR-MS) equipped with
a 7T magnet, using matrix-assisted laser desorption/ionization (MALDI). Yields refer to
chromatographically pure materials.

3.2. Solid-Phase Synthesis of P13#1

The Rink amide resin (4-(2′,4′-Dimethoxyphenyl-Fmoc-aminomethyl)-phenoxyacetamido-
norleucyl-MBHA resin, copolymer styrene-1 % divinylbenzene (DVB), 100–200 mesh;
0.52 mmol g−1, 0.300 g, 0.156 mmol) was washed twice with 4.5 mL of CH2Cl2 and
swelled in 4.5 mL of dry N,N-dimethylformamide (DMF) for 20 min (twice). The resin
was Fmoc-deprotected using a 20% v/v piperidine solution in dry DMF (two treatments,
4.5 mL each for 20 min). The resin was then washed five times with 4.5 mL of DMF.
The first sub-monomer was attached to the resin via the addition of bromoacetic acid
(0.434 g, 3.12 mmol) in dry DMF (2.60 mL) and N,N′-diisopropylcarbodiimide (DIC, 580 µL,
3.74 mmol) on a shaker platform for 20 min at room temperature, followed by washing with
DMF (3 × 1 min). A solution of N-Boc-1,4-butanediamine (1.00 M in dry DMF, 0.600 µL,
3.12 mmol) was added to the bromoacetylated resin. The mixture was left on a shaker
platform for 20 min at room temperature; then, the resin was washed with DMF (3 × 1 min),
followed by CH2Cl2 (3 × 1 min) and then again with DMF (3 × 1 min). Subsequent bro-
moacetylation reactions were accomplished by reacting the aminated oligomer with a
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solution of bromoacetic acid (0.434 g, 3.12 mmol) and DIC (580 µL, 3.74 mmol) in dry
DMF (2.60 mL) for 20 min at room temperature. The filtrated resin was washed with DMF
(3 × 1 min) and treated again with the proper amine under the same conditions reported
above. This cycle of reactions was iterated until the target oligomer was obtained. The
cleavage was performed by treating the resin with a solution of trifluoroacetic acid in
m-cresol (95% v/v, 9.00 mL) on a shaker platform at room temperature for 2 h. The resin
was then filtered away, and the filtrate was concentrated in vacuo to one-third of the initial
volume. Then, the mixture was slowly added to 10.0 mL of stirred, cold diethyl ether. The
white precipitate was centrifuged and washed several times with cold ether (10.0 mL). The
linear oligomer (isolated as an amorphous white solid) was subjected to HRMS and HPLC
(Figure S8 in Supplementary Materials).

P13#1: white amorphous solid, 0.291 g, 68%; tr 10.2 min. HRMS (MALDI-FT-ICR) m/z;
[M + H]+ Calcd for C107H155N20O14

+ 1945.2056; Found 1945.1884.

3.3. Solid-Phase Synthesis of CG-P13#1

Starting with on-bead P13#1, the oligomer was further elongated as follows. Ac-
cording to the monomeric protocol, a solution of Fmoc-Gly-OH (0.139 g, 0.468 mmol),
hexafluorophosphate azabenzotriazole tetramethyl uronium (HATU) (0.172 g, 0.452 mmol)
and N,N-diisopropylethylamine (DIPEA) (109 µL, 0.624 mmol) in dry DMF (1.06 mL) was
added and left to shake for 90 min. The completion of the acylation reaction was verified by
means of the Kaiser test. The monomer was subsequently deprotected using a 20% solution
of piperidine in dry DMF (two treatments, 3 min and 7 min, respectively, 1.06 mL each)
and then washed in the usual manner. Lastly, a solution of Fmoc-Cys(Trt)-OH (0.274 g,
0.468 mmol), HATU (0.172 g, 0.452 mmol) and DIPEA (109 µL, 0.624 mmol) in dry DMF
(1.06 mL) was added and left to shake for 180 min. The completion of the acylation reaction
was verified by means of the Kaiser test. The monomer was subsequently deprotected
using a 20% solution of piperidine in dry DMF (two treatments, 3 min and 7 min, respec-
tively, 1.06 mL each), and the resin was then washed as reported above. Cleavage was
performed by treating the resin with a solution of trifluoroacetic acid in triethylsilane (95%
v/v, 9.00 mL) on a shaker platform at room temperature for 2 h to obtain the simultaneous
deprotection of sulfur. The resin was then filtered away, and the filtrate was concentrated
in vacuo to one-third of the initial volume. The mixture was then slowly added to 10.0 mL
of stirred, cold diethyl ether. The white precipitate was centrifuged and washed several
times with cold ether (10.0 mL). The linear oligomer (isolated as an amorphous white solid)
was subjected to HRMS and HPLC (Figure S9 in Supplementary Materials).

CG-P13#1: white amorphous solid, 0.0860 g, 19%; tr 12.2 min. HRMS (MALDI-TOF)
m/z; [M + H]+ Calcd for C112H163N22O16S+ 2105.2363; Found 2105.3469.

3.4. Conformational Analysis of P13#1

The ZMM-MVM molecular modeling package (http://www.zmmsoft.ca, accessed on
30 August 2023) was used for the conformational analysis of P13#1. ZMM, a software that
allows for conformational searches using generalized coordinates instead of conventional
Cartesian coordinates [74] to make the conformational search faster, has already proved
useful for the modeling of several biological macromolecules of different natures and
sizes and in particular to model short peptides [75–77]. Atom–atom interactions were
evaluated using the Amber force fields (cutoff distance = 8 Å). Electrostatic interactions
were calculated using a distance-dependent dielectric constant with an initial value of 8.0
(ZMM parameters KEE = 2, EPS = 8.0). The energy calculations also included a water or
octanol hydration component calculated using the methods developed by Karplus (ZMM
parameter KES = 4) and Hopfinger and Battershell (ZMM parameter KES = 2), respectively,
implemented in the ZMM software. Four starting conformations (left-handed and right-
handed polyproline-helix-I-like and left-handed and right-handed polyproline-helix-II-like)
were manually generated using PyMOL (https://pymol.org/2/, accessed on 30 August
2023). Each of the four structures was Monte-Carlo-energy-minimized (100,000 cycles per

http://www.zmmsoft.ca
https://pymol.org/2/
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conformation) using both octanol and water solvations. To explore the stability of the
conformations with mixed trans and cis peptide bonds, the HGRID function was used;
10,000 randomized structures were generated and energy-minimized (simple minimization;
1000 cycles for each random structure). The 2000 lowest-energy conformations were Monte-
Carlo-minimized (1,200,000 total cycles).

3.5. The Purification of P13#1

P13#1 was purified via RP-HPLC, using a Jasco LC-4000 system equipped with PU-
4086 semipreparative pumps and an MD-4010 photo diode array detector on a Europa
Protein 300 C18 column (5 µm, 25 × 1) from Teknokroma (Barcelona, Spain), using 0.05%
TFA in water (solvent A) and 0.05% TFA in ACN (solvent B) as solvents via linear gradient
1 (from 5% to 30% solvent B in 20 min, from 30% to 45% solvent B in 30 min, from 45% to
50% solvent B in 10 min and from 50% to 100% solvent B in 10 min, followed by isocratic
elution at 100% solvent B for 10 min). The elution was monitored at 280 at a flow rate
of 2 mL/min. The purified peptoid was lyophilized, dissolved in water and stored at
−80 ◦C under a nitrogen atmosphere. The purity of P13#1 was evaluated via RP-HPLC
(gradient 1, see above). Typically, the purity was >98%. The concentration of the purified
P13#1 was determined via spectrophotometric analyses using an extinction coefficient
ε280 = 1165 M−1 cm−1 (extinction coefficient of O-methyl-tyrosine [78], assumed to be
identical to that of residue Nmpe).

3.6. The Preparation of the Labeled Peptoids

CG-P13#1 (0.5 mg/mL final concentration) was labeled using 6-hydroxy-2-cyanobenzo
thiazole (CBT-OH) or 6-amino-2-cyanobenzothiazole (CBT-NH2) to obtain, respectively,
Luc- and aLuc-P13#1. The labeling was performed following the procedure previously
described in [70,79], with minor modifications. Briefly, reactions with cyanobenzothiazoles
(CBTs) were performed in a 15 mM sodium phosphate buffer (NaP) at a pH of 7.4 which
contained 2 M guanidine-HCl, 1 mM Tris(2-carboxyethyl)phosphine (TCEP) and 1 mM
CBTs (10× stock solutions in DMF). The molar ratio of TCEP:CBT:free thiols was 4:4:1.
The samples were incubated at 25 ◦C for 2 h in the dark under a nitrogen atmosphere.
Control mixtures without peptoids were also prepared. The reaction yields were monitored
via RP-HPLC on a C18 column, using linear gradient 1, as described above. The labeled
peptoids were purified via C18 RP-HPLC (gradient 1). The purified, labeled peptoids
were lyophilized and dissolved in water. The purity was verified as described for P13#1.
Typically, the purity was >98%. Concentrations of the purified peptoids were determined
via the Bradford assay, using an unlabeled peptoid as the standard.

3.7. The Production and Labelling of the Recombinant Peptides

Recombinant peptides (P)GKY20 and (C)GKY20 were prepared via the chemical
hydrolysis of the reduced fusion proteins ONC-DCless-H6-(P)GKY20 and ONC-DCless-
H6-(C)GKY20, respectively, expressed and purified as previously reported [57,79].

The labeling of (C)GKY20 with CBT-OH and CBT-NH2 was performed following the
procedure previously described in [70,79]. The concentrations of the labeled peptides were
determined via the Bradford assay, using unlabeled peptides as standards.

3.8. Antimicrobial Assay

The determination of the MIC values was performed using Gram(+) and Gram(−)
bacteria via the broth microdilution method for antimicrobial peptides previously described
in [40,57,80], with minor modifications. In detail, the assays were carried out in Nutri-
ent Broth 0.5× (Difco, Detroit, Michigan), using sterile 96-well polypropylene microtiter
plates (cat. 3879, Costar Corp., Cambridge, MA, USA). Bacterial strains were grown in
Luria–Bertani (LB) medium overnight at 37 ◦C and then diluted in the Nutrient Broth at a
final concentration of ~5 × 105 CFU/mL per well. Twofold serial dilutions of P13#1 and
(P)GKY20 were carried out in the test wells to obtain concentrations ranging from 50 µM to
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0.05 µM. The plates were incubated overnight at 37 ◦C. The MIC value was taken as the
lowest concentration that completely prevented visible growth [80]. Three independent
experiments were performed for each MIC value. The antibiotic peptides polymyxin B and
vancomycin (Merck KGaA, Darmstadt, Germany) were tested as controls (twofold serial
dilutions, starting from a concentration of 64 µg/mL). The MIC values were measured on
Gram(−) Pseudomonas aeruginosa PAO1, Pseudomonas aeruginosa KK27, Pseudomonas aerugi-
nosa RP73, Pseudomonas aeruginosa AA2, Pseudomonas aeruginosa PA14, Klebsiella pneumoniae
ATCC 700603, Acinetobacter baumanii ATCC 17878, Burkholderia cenocepacea LMG 18863,
Escherichia coli ATCC 25922, Salmonella typhimurium ATCC 14028 and Salmonella enteriditis
706 RIVM) and the Gram(+) strains Staphylococcus aureus ATCC 6538P, Staphylococcus aureus
WKZ2, Staphylococcus aureus Newman and Enterococcus faecalis ATCC 29212. To evaluate
the bactericidal activity of P13#1 and (P)GKY20, the MBC was determined from the broth
dilution of the MIC tests by subculturing cell mixtures on LB agar plates. The MBC was
defined as the lowest concentration of an antibacterial agent that killed ≥ 99.9% of bacte-
rial cells. Synergy between P13#1/antibiotic combinations was assessed via the so-called
checkerboard assay, a broth microdilution assay based on a two-dimensional array of serial
dilutions of tested compounds. The experiments were carried out in 96-well plates on P.
aeruginosa PAO1 (Gram-negative) and S. aureus ATCC 6538P (Gram-positive). P13#1 was
tested in combination with colistin, tobramycin, ciprofloxacin and meropenem. The plates
were incubated for 16 h at 37 ◦C. The fractional inhibitory concentration index (FICi) was
calculated as follows: FICA + FICB, where FICA = MIC of drug A in combination/MIC of
drug A alone, and FICB = MIC of drug B in combination/MIC of drug B alone.

3.9. Anti-Biofilm Assay

The anti-biofilm activity of P13#1 and LL-37 was tested on the P. aeruginosa strains
PAO1 and RP73. The bacteria were grown overnight in Luria–Bertani (LB) medium at 37 ◦C.
The overnight cultures were diluted to 1 × 108 CFU/mL and incubated in BM2 biofilm-
adjusted medium [81] (62 mM potassium phosphate buffer pH 7.0, 7 mM (NH4)2SO4,
2 mM MgSO4, 10 µM FeSO4, 0.4% (w/v) glucose) in polystyrene 96-well microtiter plates
(Corning®, New York, NY, USA) for 24 h at 37 ◦C. The one-day-old biofilms were than
treated with increasing concentrations of P13#1 and LL-37 (0.39–30 µM) to evaluate their
ability to eradicate a pre-formed biofilm after 4 h of incubation time at 37 ◦C. At the end
of the incubation, planktonic cultures were removed from the wells. After washing the
cultures three times with sterile PBS, each biofilm mass was stained using 0.1% crystal
violet for 20 min. The excess crystal violet was eliminated via three successive washes with
sterile water. Finally, the crystal violet was solubilized using 30% acetic acid, and the optical
absorbance values were determined at 595 nm using a microtiter plate reader (Synergy™
H4, BioTek, Winooski, VT, USA). The metabolic activity of the cells after treatment was
evaluated via a Cell Proliferation Kit II assay (XTT) (Merck KGaA, Darmstadt, Germany).
The planktonic cells were removed, and the plates were thoroughly washed three times
with PBS. The assay was carried out in 100 µL of PBS supplemented with 50 µL of XTT
solution. The plates were incubated in the dark for 3–6 h at 37 ◦C. The reduction of
the tetrazolium salt into the orange formazan dye by the metabolically active cells was
measured at 490 nm using a microtiter plate reader (SynergyTM H4, BioTek, USA). The
viability was compared to controls carried out in the absence of an antimicrobial agent.
MBEC values were determined by counting the viable bacterial cells inside the biofilm’s
structure upon disrupting the biofilm with 1% Triton X-100 for 10 min. The cells were
serially diluted in the LB medium and plated on LB/agar plates. After incubating for 16 h
at 37 ◦C, the CFUs were counted. The percentages of surviving cells were calculated as
follow: (CFU treated sample/CFU untreated sample) × 100.

3.10. The Interaction of Labeled Species with LPSs and SDS

The binding of the labeled P13#1 and GKY20 (2 µM) to LPSs (200 µg/mL) from E. coli
0111:B4 and SDS (25 mM) was performed in a 10 mM NaP buffer at a pH of 7.4 at 25 ◦C. The
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mixtures were equilibrated at 25 ◦C for 30 min before recording the emission and excitation
spectra. Fluorescent analyses were carried out in 96-well polystyrene microtiter plates
containing 100 µL of the mixtures. The spectra were recorded using a SynergyTM H4 mi-
croplate reader (BioTek Instruments Inc., Winooski, VT, USA). The excitation wavelengths
were set to 330 nm (Luc-P13#1 and Luc-GKY20, phenol form), 430 nm (Luc-P13#1 and
Luc-GKY20, phenolate form) and 363 nm (aLuc-P13#1 and aLuc-GKY20). The excitation
spectra were recorded between 200 nm and 500 nm (em. = 539 nm for Luc-P13#1 and
Luc-GKY20; em. = 525 nm for aLuc-P13#1 and aLuc-GKY20).

3.11. The Interaction of the Labeled Species with Bacterial Cells

Bacterial strains (E. coli ATCC 25922, P. aeruginosa PAO1 and S. aureus ATCC 6538P)
were cultured in LB medium at 37 ◦C overnight. The cultures were diluted 1:100 in fresh LB
medium, and the bacteria were grown until an optical density of 1 OD600 was reached. The
cells were collected via centrifugation at 8000× g for 5 min at 4 ◦C, washed three times in a
10 mM NaP buffer at a pH of 7.4 and suspended at a concentration of 1 OD600 (10× cell
stock solution) in the same buffer. The bacteria mixtures were stored on ice until use. The
binding of labeled P13#1 and GKY20 to the cells was performed in 100 µL of the 10 mM
NaP buffer at a pH of 7.4 in the presence of 0.1 OD600 bacterial cells and 2 µM of labeled
P13#1 or GKY20. The reactions were initiated by adding the cells, and the emission spectra
were recorded at 25 ◦C at 0–5–10–15–20 min (Luc-labeled species, ex. = 330 and 430 nm;
aLuc-labeled species, ex. = 363 nm).

3.12. KD Calues and Binding Stoichiometries toward LPS

The binding of Luc-P13#1 and Luc-GKY20 to LPSs was assayed using LPSs from E.
coli 0111:B4 and P. aeruginosa 10. The KD values of Luc-P13#1 and Luc-GKY20 for the LPSs
from E. coli 0111:B4 were determined at micellar (40 µg/mL, corresponding to about 4 µM,
considering a MW = 10,000 [82]) and sub-micellar (5 µg/mL ≈ 0.5 µM) LPS concentrations
in the presence of variable concentrations of Luc-P13#1 and Luc-GKY20 which ranged from
0.25 to 18 µM and from 0.01 to 5.5 µM, respectively. The LPSs from P. aeruginosa 10 were
used only at 5 µg/mL. The assays were carried out in 96-well polystyrene microtiter plates
containing 100 µL of binding mixtures in a 10 mM NaP buffer at a pH of 7.4. The spectra
were recorded using a SynergyTM H4 microplate reader. The mixtures were incubated
for 30 min before the emission spectra were recorded via excitation at 430 nm (phenolate
form). The variation in the total fluorescence (480–650 nm) was reported as a function of
the peptoid/peptide concentration, and the data were fitted to the model using Graphpad
Prism, as described [70].

3.13. MTT Assay

The cytotoxic effects of P13#1 on Raw 264.7 cells were determined by performing an
MTT assay designed to be used for the spectrophotometric quantification of cell prolifera-
tion. Briefly, 2 × 104 cells were seeded into a 96-well plate and incubated at 37 ◦C in the
presence of 5% CO2. The medium was then replaced with 100 µL of a fresh medium con-
taining the peptide solution at a final concentration ranging from 0.15 to 40 µM/well. After
6, 24 and 48 h of incubation at 37 ◦C, the media were removed, and 100 µL of tetrazolium
MTT diluted at 0.5 mg/mL in Dulbecco’s modified Eagle’s medium (DMEM) purchased
from Lonza (Basel, Switzerland) without red phenol was added. After 4 h of incubation at
37 ◦C, the resulting insoluble formazan salts were solubilized in 0.04 M HCl in anhydrous
isopropanol and quantified by measuring the absorbance at λ = 570 nm, using an automatic
plate reader spectrophotometer (SynergyTM H4, BioTek, USA). Cell survival was expressed
as the mean of the percentage value compared to the control. Analyses were performed at
least three times.
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3.14. The Immune-Modulatory Activity of P13#1

The ability of P13#1 to modulate cytokines and the production of nitric oxide in RAW
264.7 cells was measured via an ELISA (enzyme-linked immunosorbent assay) and a Griess
assay, respectively. Cells (2× 104 cells/well) were seeded into 96-well microtiter plates. The
next day, the culture medium was discarded and replaced with a fresh medium containing
either (i) a mixture of P13#1 (0.1, 1 10 µM) and LPSs from P. aeruginosa 10 (co-incubation),
(ii) only P13 #1 (0.1, 1, 10 µM) or (iii) only LPSs from P. aeruginosa 10. The inhibition of LPSs
exerted by P13 #1 has been compared to 20 µM of (P)GKY20 and 0.1–1–10 µM of colistin.
Cell supernatants were collected after 24 h of incubation at 37 ◦C and 5% CO2. The release
of TNFα and the release of IL-6 were measured using DuoSet ELISA kits (R & D Systems),
following the protocols provided by the manufacturer. All the samples were centrifuged
briefly at 5000 rpm for 3 min at room temperature to remove cell debris prior to their use.
The microtiter plates were read at 450 nm, using 550 nm as a reference wavelength to
correct for the optical imperfections of the microtiter plate. The nitrite concentrations were
determined via a colorimetric reaction using the Griess Reagent Kit for nitrite quantitation
(Invitrogen™). Briefly, cell culture supernatants were mixed with equal volumes of N-
(1-naphthyl)ethylenediamine (Component A) and sulfanilic acid (Component B) to form
the Griess Reagent and incubated for 30 min at room temperature. The absorbance was
measured at 548 nm using a 96-well microplate reader (SynergyTM H4, BioTek, USA).

3.15. In Vivo Assays

For the entire experimental period, the animals were kept at an AAALAC-accredited
facility. Upon their arrival, animals were randomly distributed into different experimental
groups in individually ventilated cages (IVC, Sealsafe Plus GM500 by Tecniplast). The
acclimation period lasted for 5 days. At the end of the acclimation period, each animal
was identified via an individual tattoo. All the animals had ad libitum access to GMP-
grade food (Mucedola 4RF25 TOP CERTIFICATE) and bottled, filtered tap water. Certified,
irradiated cellulose bags containing Mucedola SCOBIS UNO bedding and carboard tunnels
(ANTRUM) or plexiglass mouse houses were provided within the cages. A few food pellets
and wood blocks in the cages were also used as enrichment for foraging and additional
gnawing. Cage and bedding changes were performed once every two weeks in agreement
with the cage supplier’s indications and the AAALAC indications. The air supplied via the
IVC was 100% fresh air filtered by an EPA filter in the IVC system, with 60–75 air changes
per hour. The animal room conditions were as follows: a temperature of 21 ◦C (+/−3 ◦C),
a relative humidity of 50% (range 30–70%) and a 12 h/12 h light/dark cycle. The pressure,
temperature and relative humidity were recorded continuously using room probes, while
the IVC system recorded the performance of the individual motors. The light-cycle setting
was ensured via a qualified validated, alarmed system.

The experiments were carried out as previously reported [72]. Briefly, two 3 mL
subcutaneous, dorsolateral ml injections of air (on days 0 and 3) were performed to generate
a single pouch into which 107 CFU (a volume of 500 µL) of the S. aureus Newman strain
were inoculated on day 5. Two hours after infection, the mice were treated directly in the
air pouch with the reported concentrations of the antimicrobial compounds. The mice were
sacrificed 48 h after the challenge, and the pouches were injected with 1 mL of sterile PBS
which was immediately withdrawn using the same syringe to perform CFU counting and
cytokine titrations.

4. Conclusions

CAMPs are widely recognized as some of the most attractive solutions to the antibiotic
resistance problem, in fact, their peculiar mechanism of action makes a rapid insurgence of
resistant strains more unlikely [3–7]. Until now, however, it has been difficult to translate
CAMPs into clinical practice due to some relevant drawbacks; first of all, their sensitivity to
proteases results in short in vivo half-lives and limited administration routes. Furthermore,
the high costs of producing CAMPs would prevent industrial scale-up.
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We designed the peptoid P13#1 to attempt to overcome these two issues. The peculiar
structures of peptoids make them intrinsically resistant to proteases, and the sub-monomer
method makes their production easier and cheaper production. Moreover, we chose to use
only residues without stereogenic centers and groups that might have made the synthesis
more complex, increased production costs and reduced yields.

We designed P13#1 to mimic the general structural and functional features of CAMPs
and of vertebrate cathelicidins without aiming to reproduce a specific CAMP. Nonethe-
less, it shows similarities with some of the shortest natural cathelicidins, as discussed in
Section 2.1. As anticipated, P13#1 shows biological activities similar or even better than
those of the reference CAMPs. It shows bactericidal and wide-spectrum antimicrobial
activities similar to cathelicidins and cryptic cathelicidin-like peptides, a greater antibiofilm
activity than that of LL-37 and an ability to neutralize the proinflammatory activities of
LPSs which is comparable to the activity of colistin. The characterization of the labeled
versions has also shown that at the molecular level, P13#1 has a behavior which is very
similar to that of a cryptic cathelicidin-like CAMP. In an air pouch model of subcutaneous
infection with S. aureus, P13#1 showed antimicrobial and anti-inflammatory activities com-
parable to those of ampicillin and gentamicin. Although additional experiments must be
performed to evaluate its in vivo efficacy in different models of infection and routes of ad-
ministration, P13#1 can be considered a potential antimicrobial peptidomimetic candidate
for therapeutic applications.

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/ph16101386/s1, Figure S1: Representative Monte-Carlo-minimized
structures of P13#1 using water solvation; Figure S2: Comparison between representative Monte-
Carlo-minimized structures of P13#1 using octanol solvation and the NMR structures of bovine
indolicidin; Figure S3: Structure and fluorescence properties of the labeled peptoids and peptides;
Figure S4: Time variations in the emission spectra after excitation at 330 nm of Luc-GKY20 and
Luc-P13#1 in the presence of bacterial cells; Figure S5: Time variations in the emission spectra of aLuc-
GKY20 and aLuc-P13#1 in the presence of bacterial cells; Figure S6: Viability of Raw 264.7 murine
macrophage cells treated with P13#1; Figure S7: Effects of (P)GKY20 and P13#1 on the release of
TNFα from human THP-1 cells treated with LPS from P. aeruginosa 10; Figure S8: HPLC analysis of
P13#1; Figure S9: HPLC analysis of CG-P13#1.
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