
ArticleiScience
Dual-action thioarylamide-based small molecules to 
target drug-resistant bacteria and chronic 
inflammation

Graphical abstract

Highlights

• A library of thioarylamide-based compounds is active

against MDR bacterial strains

• N-19004 is active in biofilm growth inhibition and disruption

• N-19004 significantly reduces in vivo bacterial burden and

inflammation at low doses

• MoA studies suggest that the N-19004 antibacterial effect is

linked to membrane disruption

Authors

Maria De Fenza, Rosa Gaglione,

Alice Rossi, ..., Angela Arciello,

Vincenzo Pavone, Daniele D’Alonzo

Correspondence

dandalonzo@unina.it

In brief

Natural sciences; Biological sciences; 

Biochemistry; Microbiology

De Fenza et al., 2025, iScience 28, 113674

November 21, 2025 © 2025 The Author(s). Published by Elsevier Inc. 
https://doi.org/10.1016/j.isci.2025.113674 ll

mailto:dandalonzo@unina.it
https://doi.org/10.1016/j.isci.2025.113674
http://crossmark.crossref.org/dialog/?doi=10.1016/j.isci.2025.113674&domain=pdf


iScience

Article

Dual-action thioarylamide-based small 
molecules to target drug-resistant 
bacteria and chronic inflammation

Maria De Fenza, 1 Rosa Gaglione, 1 Alice Rossi, 2 Marco Campanile, 1 Angela Cesaro, 1,3 Davide Gugliandolo, 2 Ida De Fino, 2 

Marco Chino, 1 Luigi Petraccone, 1 Angelina Lombardi, 1 Gerardino D’Errico, 1 Alessandra Bragonzi, 2 Angela Arciello, 1 

Vincenzo Pavone, 1 and Daniele D’Alonzo 1,4, *
1 Department of Chemical Sciences, University of Naples Federico II, 80126 Naples, Italy
2 Infections and Cystic Fibrosis Unit, Division of Immunology, Transplantation and Infectious Diseases, IRCCS San Raffaele Scientific Institute, 
20132 Milano, Italy
3 Present address: University of Pennsylvania, Philadelphia, PA, USA
4 Lead contact

*Correspondence: dandalonzo@unina.it

https://doi.org/10.1016/j.isci.2025.113674

SUMMARY

We report the synthesis and the antibacterial activity of a library of thioarylamide derivatives, which include 
N-19004, previously developed as Formyl Peptide Receptor 1 antagonist. These compounds were active 
against a broad spectrum of pathogens, including clinical strains of Staphylococcus aureus and Pseudo-

monas aeruginosa. N-19004 and its analog N-19004-S were proficient in biofilm growth inhibition and 
disruption. In a murine model of chronic Pseudomonas aeruginosa lung infection, N-19004 significantly 
reduced bacterial burden and inflammation at low doses. As revealed by Electron Paramagnetic Resonance 
and Scanning Electron Microscopy analyses, the antibacterial effect of N-19004 mainly derives from its inter-

ference with the bacterial membrane bilayer. The formation of long filamentous cells was also observed. With 
its structural simplicity, good in vivo tolerability, and simultaneous antibacterial and anti-inflammatory activ-

ity, N-19004 emerges as a promising candidate for treating multi-drug resistant infections, particularly in 
cystic fibrosis-related lung disease, where chronic inflammation plays an important role.

INTRODUCTION

Although antibiotics represent a major advancement in 

human healthcare, their widespread and unregulated use has 

accelerated the emergence of antibiotic resistance, which 

currently poses a serious threat to global health. 1,2 The vast 

majority of drug-resistant infections so far identified in health-

care settings can be attributed to a specific group of patho-

gens, referred to as the ‘‘ESKAPE’’ organisms (Enterococcus 

faecium, Staphylococcus aureus, Klebsiella pneumoniae, 

Acinetobacter baumannii, Pseudomonas aeruginosa, and the 

Enterobacter species). 3,4 These pathogens share a repertoire 

of intrinsic or acquired resistance determinants, 5 enabling 

them to circumvent the bactericidal effects of antibiotics. 

As a result, a progressive reduction of antimicrobial 

efficacy occurs over time, which requires the combined and 

long-term use of antibiotics to achieve eradication. 6 Among 

ESKAPE bacteria, the most prevalent and persistent pathogens 

responsible for chronic infections, Staphylococcus aureus and 

Pseudomonas aeruginosa currently represent ‘‘high priority’’ 

microorganisms, necessitating the urgent development of 

novel therapies, because of the emergence of multidrug-resis-

tant (MDR) isolates against the most commonly used antibi-

otics, including aminoglycosides (tobramycin, gentamicin,

amikacin), fluoroquinolones (ciprofloxacin), and β-lactams (cef-

tazidime, meropenem, imipenem, and so forth). 7,8 Staphylo-

coccus aureus and Pseudomonas aeruginosa are also the 

most prevalent and persistent pathogens responsible for 

chronic lung infections, especially in people affected by cystic 

fibrosis (CF). 9 CF is a life-threatening genetic disease that 

primarily affects the respiratory system. The Cystic Fibrosis 

Transmembrane Conductance Regulator (CFTR) is the causa-

tive gene of the disease and leads to impaired chloride trans-

port, resulting in abnormal thick mucus production in the 

lungs. 10 The mucus creates an ideal breeding ground for bacte-

rial colonization, 11 which contributes to epithelial surface dam-

age and airway plugging with a general deterioration of lung tis-

sues, eventually resulting in a pulmonary function decline. If 

inadequately managed, bacterial infections in CF can elicit 

chronic inflammation, further contributing to lung deterioration 

and fibrosis. 12 This inflammatory cycle not only worsens respi-

ratory functions but also reduces the efficacy of antibiotics by 

creating a hostile microenvironment that further supports 

bacterial persistence. Among patients with CF with Staphylo-

coccus aureus and Pseudomonas aeruginosa infections, a 

significant proportion have been found to harbor MDR 

strains. 11 Drug therapies of CF-related Staphylococcus aureus 

and Pseudomonas aeruginosa-triggered infections rely on a
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combination of multiple drugs, including antibiotics (e.g., 

tobramycin, aztreonam, azithromycin, fosfomycin, amoxicillin, 

cefazolin, vancomycin) and anti-inflammatory agents (e.g., cor-

ticosteroids, ibuprofen, leukotriene modifiers). 11 In contrast, 

only a few examples of drugs able to fight both infections and 

inflammation have been reported so far. 13–15 Some antibacte-

rial drugs (e.g., ciprofloxacin) display an indirect anti-inflamma-

tory effect. 16 Some anti-inflammatory drugs (e.g., fluticasone 

and ibuprofen) and modulators (e.g., ivacaftor, lumacaftor, 

and tezacaftor) have indirect effects on infections, by improving 

the overall respiratory environment. 17 Thus, the identification 

of dual-action drugs simultaneously reducing bacterial load 

while mitigating chronic inflammation is expected to represent 

a significant advancement in this field. On one hand, the use of 

a single drug for two therapeutic purposes would eliminate 

drug-drug interactions, enhancing treatment adherence and 

the overall efficacy of therapeutic protocols. On the other 

hand, the use of multifaceted therapeutics would reduce 

drug resistance phenomena, while mitigating adverse effects 

associated with a prolonged drug use. 18

N-19004 (1, Figure 1A) was previously identified through a 

structure-based design approach aimed at discovering antago-

nists of Formyl Peptide Receptor 1 (FPR1). 19 The latter is a key 

regulator of cell migration, whose dysregulation has been impli-

cated in chronic inflammatory pathologies. 20,21 The biological 

properties of N-19004 rely on the key presence of a central thioar-

ylamide (2,6-diamido-4-t-butyl-thiophenyl) scaffold, required for 

proper molecular recognition to FPR1 by mimicking the bioactive 

turn conformation of the Arg-Aib-Arg segment in the parent 

bioactive peptide UPARANT. 22,23 The structural optimization of 

N-19004 was guided by molecular docking studies targeting the 

binding site of human FPR1 (hFPR1), exploiting high-confidence 

structural predictions from the AlphaFold2 database. 19 The exper-

imental modulation by N-19004 of FPR1-mediated biological

functions was then validated both in vitro 19 and in a mouse model 

of Age-related Macular Degeneration (AMD). 19

In this study, the amphiphilic structure of N-19004, built 

around the central thioarylamide scaffold flanked by two posi-

tively charged ω-guanidino groups, prompted us to investigate 

its antimicrobial properties. This structural motif, while common 

among cationic antimicrobial peptides (CAMPs), 24,25 also shares 

notable structural homology with the arylamide-based foldamers 

developed by DeGrado et al., 26 which demonstrated significant 

bactericidal efficacy via membrane disruption mechanisms, 

thus highlighting the therapeutic potential of this architecture. 

To investigate whether the antibacterial properties of the 

foldamers could be kept even in a minimal structure, a compre-

hensive antimicrobial evaluation of N-19004 was carried out. 

A mini-library of structural congeners (Figure 1B), including 

2–6, has also been synthesized and assayed to identify the hit 

molecule endowed with the most promising antimicrobial profile. 

The initial screening has encompassed a broad spectrum of 

bacterial pathogens. Special attention has been given to 

Pseudomonas aeruginosa and Staphylococcus aureus strains, 

focusing on their multi-drug resistant (MDR) variants - namely, 

methicillin-resistant Staphylococcus aureus (MRSA) 8 and the 

highly virulent Pseudomonas aeruginosa strain RP73, 24 both 

standing as clinical isolates from patients with CF. Following a 

thorough antimicrobial assessment of the most promising 

candidates, a mouse model of chronic lung Pseudomonas 

aeruginosa infection and inflammation has been used to validate 

the in vivo efficacy as an antibacterial agent while concurrently 

exerting its anti-inflammatory potential as FPR1 antagonist. 

As the final aim of this work, a candidate with a dual action as 

an antimicrobial and anti-inflammatory agent has been 

identified, potentially acting as a valuable weapon against 

difficult-to-treat infections, including those occurring in CF, 

where chronic inflammation plays an important role.

S H 
N

H
N

O

N NH 2

NH 2O

N

NH 2

H2N

N-19004
1

R H 
N

H
N

O

N NH
2

NH2O

N

NH 2

H 2 N
nn

N-19004-S    2 R = S(O)-2-Nal, n = 1

                     3  R = S-(CH2)2Ph, n = 1

                     4  R = S-CH2Ph, n = 1

                     5  R = S-1-Nal,  n = 1

                     6  R = S-(CH2)2Ph, n = 2

A B

Figure 1. Thioarylamide-based small molecules

Chemical structures of (A) N-19004 (1; previously synthesized) and (B) of its new structural congeners 2–6, tested in this work as potential antibacterial agents.
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RESULTS

Chemical synthesis

The synthetic route previously developed for the prep-

aration of N-19004 (1), 19 recalling the procedure reported 

by Choi et al., 27 was herein adapted for the synthesis of 3, 

as shown in Scheme 1. When the synthetically available 19 

tosyl ester 8 (from 4-t-butyl-2,6-dinitrophenol (7)) was 

coupled with 2-phenylethanethiol, the conversion of the 

latter into the corresponding thioether 9 was achieved 

in high yield (91%). The reduction of both nitro groups 

of 9 (Zn, NH 4 Cl, MeOH) quantitatively afforded 10, 

which was engaged in a double coupling reaction with 

two Boc-β-Ala-OH units. Under common conditions (IBCF, 

TEA), bis-amide 11 was obtained in 70% yield. Eventu-

ally, removal of N-Boc groups (TFA) and subsequent deriv-

atization of the resulting amino groups with 1H-pyrazole-1-

carboxamidine yielded the desired 3 as a bis-trifluoroacetate 

salt (60%).

Appropriate choice of the starting thiol enabled the synthesis 

of other N-19004 congeners (Scheme 2). Coupling reactions of 

tosyl ester 8 with phenylmethanethiol, 2-phenylethanethiol, or 

1-naphthalenemethanethiol 28,29 allowed their conversion into 

the corresponding thioethers 9 or 12–13, respectively (88–92%). 

In the effort to reduce the number of synthetic steps, a different 

path was then followed (Scheme 2). As bis-amines 10 and 

14–15 were obtained by nitro group reduction (>99%), they 

were directly coupled (HBTU, HOBt, DIEA) 30,31 with β-aminopro-

pionic acid or γ-aminobutyric acid, both pre-functionalized 32,33 

with bis-Boc guanidine moieties. As the coupling products 

were formed, they were used as crude in the final deprotection 

step (TFA/TIS/H 2 O) to afford compounds 4–6 (Scheme 2). 

Following this procedure, the coupling reactions provided the 

corresponding amides in good yields (70–76%).

By treating N-19004 (1) with an excess of hydrogen peroxide, 

we also prepared its sulfoxide derivative N-19004-S (2; 

Scheme 3), to elucidate the impact of sulfur oxidation on antimi-

crobial activity.
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Scheme 1. Synthetic procedure used to prepare compound 3
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In vitro antimicrobial studies

MIC and MBC determination

The antimicrobial activity of N-19004 and its congeners was 

evaluated against Pseudomonas aeruginosa reference PAO1 

and clinical strains RP73, AA2, and KK27, as well as against a 

plethora of other bacterial pathogens, including Burkholderia 

cenocepacia LMG 18863 and J2315, Burkholderia multivorans 

LMG 17582, Enterococcus faecalis ATCC 29212, Straphylococ-

cus aureus ATCC 12600 and ATCC 29213, methicillin-resistant 

Straphylococcus aureus WKZ-2, Salmonella enterica ATCC 

14028 and Acinetobacter baumanii ATCC 19606.

The broth microdilution method 34–38 was used to determine 

the minimal inhibitory concentration (MIC) values (the lowest 

compound concentrations able to completely inhibit bacterial 

growth) and the minimal bactericidal concentration (MBC) values 

(the lowest compound concentrations able to completely kill 

bacterial cells). Fosfomycin was employed as a positive control, 

as it demonstrated broad antibacterial activity against both 

Gram-positive and Gram-negative pathogens. 39 All tested

compounds exhibited antibacterial activity, with MIC values 

ranging from 12.5 to 200 μM against the majority of tested 

bacterial strains (Table 1). Most compounds exhibited MIC 

and MBC values significantly lower than Fosfomycin. Among 

these, N-19004 and N-19004-S emerged as the most effective 

candidates, showing potent activity against nearly all tested 

bacterial strains, including the clinically isolated (Table 1). 

Haemolytic activity

The release of hemoglobin from human erythrocytes was tested 

upon incubation with compounds 1–6, to evaluate possible 

adverse haemolytic activity. To this aim, human red blood cells 

(hRBCs) were incubated with increasing concentrations (12.5– 

200 μM) of thioarylamide derivatives for 1 h at 37 ◦ C. As shown 

in Figure S13, no lytic effects were observed within the range 

12.5–200 μM when hRBCs were incubated with all compounds. 

Time-kill kinetic assays

Further in vitro studies were then performed on the most 

promising compounds, N-19004 and N-19004-S, starting from 

a kinetic evaluation of the antimicrobial properties (Figure 2).
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Scheme 2. Synthetic procedures used to prepare compounds 4-6
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N-19004 and N-19004-S were analyzed in time-kill kinetic 

assays using both Pseudomonas aeruginosa KK27 and 

Pseudomonas aeruginosa RP-73 as Gram-negative bacterial 

strains, and Staphylococcus aureus ATCC 12600 and methi-

cillin-resistant Staphylococcus aureus WKZ-2 as Gram-positive 

strains. As shown in Figure 2A, both Staphylococcus aureus 

ATCC 12600 and Staphylococcus aureus WKZ-2 were 

completely killed within 1–3 h upon treatment with either 

compound. A similar result was also obtained on Pseudomonas 

aeruginosa strains (Figure 2B), as they were killed within 2h. 

Antibiofilm properties 

Both methicillin-resistant Staphylococcus aureus and MDR 

Pseudomonas aeruginosa strains can form biofilms. Importantly, 

their biofilm forming activity is often associated with their 

multidrug-resistance profile. 40,41 To verify whether N-19004 

and N-19004-S are endowed with anti-biofilm properties, crystal 

violet assays were first performed by testing clinically relevant 

bacterial pathogens, the same already identified for the time-
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killing experiments. N-19004 and 

N-19004-S demonstrated a significant 

ability to inhibit biofilm formation (40–

50%) in the case of both Gram-negative 

and Gram-positive strains at concentra-

tions much lower than those needed to 

directly kill planktonic bacterial cells 

(Figures 3A and 3B).

To further investigate the anti-biofilm 

formation activity of the N-19004 and 

N-19004-S, confocal laser scanning mi-

croscopy (CLSM) analyses were also performed. As reported 

in Figures 4, S14, and S15, both compounds were found to 

significantly alter the biofilm architecture, reducing the biofilm 

biovolume of all tested strains at sub-MBC concentrations (25– 

50 μM in the case of Gram-negative strains and 6.25–12.5 μM 

in the case of Gram-positive strains). Both N-19004 and 

N-19004-S were found to determine from 2- to 3-fold reduction 

of biofilm biovolume in the case of Pseudomonas aeruginosa 

RP73 (Figure 4) and Pseudomonas aeruginosa KK27 

(Figure S15) when tested at 50 μM, whereas only N-19004 was 

found to achieve a 3-fold reduction of biofilm biovolume in the 

case of methicillin-resistant Staphylococcus aureus WKZ-2 

(Figure 5) and of Staphylococcus aureus ATCC 12600 

(Figure S14). Furthermore, the LIVE/DEAD Bacterial Viability kit 

was employed to better investigate biofilm morphology before 

and after treatment with N-19004 and N-19004-S. In this assay, 

bacteria with intact membranes fluoresce green, while those 

with compromised membranes appear red. In contrast, fully

Table 1. MIC and MBC values (μM)

Bacterial strain

1 2 3 4 5 6 Fosfomycin

MIC MBC MIC MBC MIC MBC MIC MBC MIC MBC MIC MBC MIC MBC

B. cenocepacia LMG 18863 >200 >200 50 100 25 100 >200 >200 >200 >200 >200 >200 1140 1140

B. multivorans LMG 17582 >200 >200 50 100 >200 >200 >200 >200 >200 >200 >200 >200 1140 1140

B. cenocepacia J2315 >200 >200 100 200 >200 >200 >200 >200 >200 >200 >200 >200 1140 1140

P. aeruginosa AA2 25 50 a 50 100 25 100 a 100 200 a 50 200 100 200 1140 1140

P. aeruginosa PAO1 100 200a 50 100 50 100 a 50 100 a 50 200 100 200a 2280 2280

P. aeruginosa KK 27 25 200 25 50 50 200 a 50 200 a 50 200 50 200 2280 2280

P. aeruginosa RP 73 25 200 100 200 25 200 a 50 200 a 50 200 50 200 2280 2280

E. faecalis ATCC® 29212 100 200 100 200 >200 >200 >200 >200 100 200a >200 >200 4340 4340

S.aureus ATCC® 12600 25 50 25 50 25 25 25 50 12.5 12.5 12.5 25 4340 4340

S. aureus ATCC® 29213 >200 >200 100 200 100 200a >200 >200 >200 >200 >200 >200 4340 4340

S. aureus MRSA (WKZ-2) 12.5 25 25 50 25 50 25 50 12.5 25 25 50 4340 4340

S. enterica ATCC® 14028 >200 >200 >200 >200 100 200 >200 >200 >200 >200 >200 >200 4340 4340

A. baumannii ATCC® 19606 >200 >200 >200 >200 >200 >200 >200 >200 >200 >200 >200 >200 4340 4340

Antimicrobial activity was evaluated by testing concentrations of thioarylamide derivatives 1–6, ranging from 0 to 200 μM, against 13 bacterial strains; 

reported data refer to assays carried out in triplicate.
a MBC 90-95 indicates that 90–95% of the cells die under the experimental conditions tested.

iScience 28, 113674, November 21, 2025 5

iScience
Article

ll
OPEN ACCESS



lysed or dead cells are not detectable. The staining revealed 

clear morphological alterations in the biofilms following treat-

ment, accompanied by an increased proportion of dead cells 

(Figures 4, S14, and S15).

The anti-biofilm activity of N-19004 and N-19004-S was also 

evaluated on preformed biofilms. As highlighted in Figure 5, 

the biofilm architecture was significantly modified for Gram-

negative bacteria, and the strongest effect was observed on 

Pseudomonas aeruginosa KK27 biofilm (Figure 5A). N-19004 

and N-19004-S were also observed to induce the growth of 

long filamentous cells, a phenomenon particularly pronounced 

in Pseudomonas aeruginosa RP73 (Figure 5B). This suggests 

that these compounds may interfere with cell division by 

inhibiting septation, as previously reported. 36,38 Weaker effects 

were detected when testing against Gram-positive bacteria 

(Figures S16 and S17). In this case, no significant effects were 

detected on biofilm biovolume.

Safety and efficacy in pre-clinical studies

Given the promising results from in vitro experiments, in vivo 

assays in a chronic Pseudomonas aeruginosa MDR-RP73 

infection model 42–46 were performed. This murine infection 

model closely replicates the lung disease progression in 

patients with CF, and it is widely used as a valuable tool for

both pathogenesis studies and the assessment of novel 

therapies. 42–47 We selected N-19004 over N-19004-S as the 

most suitable candidate for these studies, owing to the more 

positive results regarding the antibiofilm activity in vitro. 

Furthermore, N-19004 was well tolerated in murine models. 19 

The experimental design for efficacy in pre-clinical studies is 

outlined in Figure S18. Immunocompetent C57BL/6NCrlBR 

male mice were challenged with a (1×10 6 ) of CFU of the 

MDR-RP73 strain, embedded in agar beads by intratracheal 

administration. 45 As these conditions are also associated 

with substantial lung inflammation, 48 the effect of N-19004 

was then studied as either an anti-microbial and/or an anti-

inflammatory agent. Daily subcutaneous injections of 

N-19004 were performed over seven days by the day of 

infection, using four different doses (1, 2.5, 5, and 10 mg/kg). 

The dosing regimen is based on a previous study, which 

was conducted in a murine model of AMD. 19 The results of 

the experiments are depicted in Figures 6 and 7. N-19004-

treated mice showed a significant reduction in the bacterial 

burden at all tested doses, both in the lung and in the bron-

choalveolar lavage fluid (BALF), compared to vehicle-treated 

mice (Figures 6A–6C). A plateau in the pharmacological effect 

was already reached at the lowest dose (1 mg/kg), as revealed 

by the CFU count in lungs and in the BALF (Figure 6). This

Figure 2. Time-kill kinetic assays

(A) Staphylococcus aureus ATCC 12600 ( con-

trol) and methicillin-resistant Staphylococcus 

aureus WKZ-2 ( control) treated with N-19004 

and N-19004-S at their bactericidal concentra-

tions ( Staphylococcus aureus ATCC 12600

treated with N-19004; Staphylococcus aureus

ATCC 12600 treated with N-19004-S; MRSA

treated with N-19004; MRSA treated with

N-19004-S).(B) Pseudomonas aeruginosa KK27 

( control) and Pseudomonas aeruginosa RP73 

(• control) treated with N-19004 and N-19004-S at 

their bactericidal concentrations ( Pseudomonas 

aeruginosa KK27 treated with N-19004;

Pseudomonas aeruginosa KK27 treated with N-19004-S; Pseudomonas aeruginosa RP73 treated with N-19004; Pseudomonas aeruginosa RP73 treated

with N-19004-S). In both cases, the time-kill kinetics have been compared with those obtained by incubating cells with only buffer and medium (control cells). 

Assays were carried out in duplicate, and the data represent the mean of the counts of three dilutions plated on TSA plates. Significant differences for treated 

versus control samples were assessed using the unpaired two-tailed Student’s t test and indicated as follows: **p < 0.01; ***p < 0.001.

Figure 3. Inhibition of biofilm formation

(A) Anti-biofilm formation activity toward Gram-

positive strains ( Staphylococcus aureus ATCC

12600 treated with N-19004; Staphylococcus

aureus ATCC 12600 treated with N-19004-S;

MRSA treated with N-19004; MRSA treated

with N-19004-S).

(B) Anti-biofilm formation activity toward Gram-

negative strains ( Pseudomonas aeruginosa

KK27 treated with N-19004; Pseudomonas

aeruginosa KK27 treated with N-19004-S; 

Pseudomonas aeruginosa RP73 treated with

N-19004; Pseudomonas aeruginosa RP73

treated with N-19004-S). Data represent the mean 

(± standard deviation, SD) of at least three inde-

pendent experiments, each one carried out with triplicate determinations. Significant differences for treated versus control samples were assessed using the 

unpaired two-tailed Student’s t test and indicated as follows: **p < 0.01; ***p < 0.001; or ****p < 0.0001.
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Figure 4. Inhibition of biofilm formation: CLSM analysis

Effects of N-19004 and N-19004-S on the biofilm formation of (A–C) Pseudomonas aeruginosa RP73 and (D–F) Staphylococcus aureus WKZ-2. (A) and (D): biofilm 

images collected by using a confocal laser scanning microscope (Zeiss LSM 710, Zeiss) and a 63X objective oil-immersion system. Two-dimensional structures 

of the biofilms were obtained by confocal z stack using Zen Lite 2.3 software. Cell viability within the biofilm structure was evaluated by staining with a LIVE/DEAD 

Bacterial Viability kit (SYTO-9 as green-fluorescent stain and Propidium Iodide (PI) as the red-fluorescent stain). (B) and (E): mean intensity graphs. (C) and (F): 

biovolume values (thickness), calculated by using Zen Lite 2.3 software. Confocal laser scanning microscopy (CLSM) analyses in static conditions were carried 

out by using ThermoScientific Nunc Lab-Tek Chambered Coverglass systems. Each experiment was performed in duplicate, and all images were taken under 

identical conditions. Significant differences (Student’s t test) for treated versus control samples were indicated as follows: *, p < 0.05; **, p < 0.01.
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Figure 5. Inhibition of pre-formed biofilm: CLSM analysis

Effects of N-19004 and N-19004-S on pre-formed biofilm of (A–C) Pseudomonas aeruginosa KK27 and (D–F) Pseudomonas aeruginosa RP73. (A) and (D): biofilm 

images were collected by using a confocal laser scanning microscope (Zeiss LSM 710, Zeiss) and a 63X objective oil-immersion system. Two-dimensional 

structures of the biofilms were obtained by confocal z stack using Zen Lite 2.3 software. Cell viability within the biofilm structure was evaluated by staining with a

(legend continued on next page)
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contributed to improving the general health status of mice, as 

revealed by the faster recovery of body weight observed in 

N-19004 treated mice compared to vehicle-treated mice 

(Figure S19). N-19004 treatment also significantly reduced 

total cell count and neutrophils in the BALF, indicating a reduc-

tion in the inflammation (Figures 7A–7C). Different from the anti-

microbial effect, the reduction of lung inflammation exhibited 

a concentration-dependent behavior, with the highest effect 

at a relatively higher dose (10 mg/kg). This differential dose-

response pattern between antimicrobial and anti-inflammatory 

effects suggests that they are not directly correlated. Impor-

tantly, at this dose, the neutrophil count was deeply reduced, 

while the number of macrophages was almost unchanged. 

This suggests an effective control of neutrophilic inflammation, 

which plays a key role as a first-line defense in CF.

Mechanistic studies

EPR experiments on bacterial model membranes

Efforts were finally focused on determining the mechanism of 

action underlying the antimicrobial activity of N-19004 and its 

congeners. As antimicrobial peptides typically exert their activity 

by interacting with bacterial membranes and disrupting their 

functions, 49,50 we performed a physicochemical investigation 

on N-19004 by EPR spectroscopy to assess its membranotropic 

properties and ability to destabilize lipid bilayers. To mimic the 

anionic surface charge of bacterial membranes, we initially 

selected the previously reported composition 51 POPC/POPG 

80/20 mol/mol as a lipid bilayer model. For a closer resemblance 

of Gram-positive and Gram-negative bacterial membranes, we 

then used lipid bilayers enriched with lipoteichoic acid (LTA), 

as an essential component of the Staphylococcus tabveus

LIVE/DEAD Bacterial Viability kit (SYTO-9 as green-fluorescent stain and Propidium Iodide (PI) as the red-fluorescent stain). (B) and (E): mean intensity graphs. 

(C) and (F): biovolume values (thickness), calculated by using Zen Lite 2.3 software. Confocal laser scanning microscopy (CLSM) analyses in static conditions 

were carried out by using ThermoScientific Nunc Lab-Tek Chambered Coverglass systems. Each experiment was performed in duplicate, and all the images 

were taken under identical conditions.

Figure 6. Effect of N-19004 on bacterial burden in a murine model of Pseudomonas aeruginosa chronic infection

C57Bl/6NCrlBR male mice were infected with Pseudomonas aeruginosa MDR-RP73 embedded in agar beads by intratracheal inoculation. Subcutaneous 

treatment with N-19004 1, 2.5, 5, and 10 mg/kg or vehicle (saline) was started soon after infection and continued daily for 7 days. (A) Total (lung+BALF), (B) BALF, 

and (C) lung Pseudomonas aeruginosa CFU upon treatment with N-19004. One way ANOVA with Dunnett’s multiple comparison test: *p < 0.05, **p < 0.01, 

***p < 0.001, ****p < 0.0001 vs. vehicle.
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cell envelope, 52 and with lipopolysaccharides (LPS), to more 

accurately resemble the cell wall composition of Pseudomonas 

aeruginosa. 53 To evaluate whether structural perturbations 

were induced by N-19004 on bilayer regions, EPR spectra 

were acquired for 1-palmitoyl-2-stearoyl-(n-doxyl)-sn-glycero-

3-phosphatidylcholine (nPC-SL) with n = 5, 7, 10, and 14, alter-

nately embedded in liposomes (higher n values) and exposed 

to N-19004 (lower n values). A quantitative analysis of nPC-SL 

spectra furnished the acyl chain order parameter, S, a measure 

of the lipid local ordering in the segment to which the label is 

bound, and the isotropic hyperfine nitrogen constant a’ N , which 

provides information about the local polarity. 51 The parameters 

obtained from the nPC-SL spectra in POPC/POPG 80/20 

bilayers and the preliminary effect of N-19004 on POPC/POPG 

bilayers are reported in Figure S20 and Table S1. 

The comparative effects of N-19004 on lipid bilayers POPC/ 

POPG 80/20 mol/mol, POPC/POPG/LPS 80/15/5 mol/mol/mol, 

and POPC/POPG/LTA 80/15/5 mol/mol/mol are reported in 

Figure 8. The addition of N-19004 to the POPC/POPG bilayer 

led to an increase of ΔS at all label positions, with the most 

significant change for 5PC-SL. This suggests that N-19004 

enhances bilayer stiffness primarily by localizing at the surface, 

without penetrating the hydrophobic core. Further support was 

provided by the Δa’ N values, indicating increased polarity in 

the shallow membrane region, as a result of the compound’s

positive charge (+2) and/or increased water penetration just 

below the membrane-water interface. In the presence of LPS 

and LTA, the ability of N-19004 to perturb the lipid bilayer 

increased. ΔS was higher at the shallower spin-label positions, 

revealing that N-19004 is able to interact with the membrane 

surface despite the presence of LPS and LTA bulky headgroups. 

On the contrary, the ability to perturb the membrane at the 

level of 14PC-SL was again reduced. The trend of Δa’ N reflects 

that of ΔS, suggesting that the cationic N-19004 determines 

an increase of local polarity in the more external region of the 

lipid membrane.

Overall, the observed alterations in bilayer structure and dy-

namics in the presence of LPS and LTA indicate a detectable 

interaction of N-19004 with the bilayer surface and a conse-

quent perturbation of the lipid local organization, compatible 

with a potential membranolytic mechanism underlying its anti-

microbial activity.

Scanning Electron Microscopy

The effect of N-19004 on the morphology of bacterial cells was 

eventually explored by Scanning Electron Microscopy (SEM). 

SEM analyses were performed by testing N-19004 at 12.5 μM 

and 25 μM against Staphylococcus aureus MRSA (WKZ-2) and 

Staphylococcus aureus ATCC 12600, while at 25 μM and 

50 μM in the case of Pseudomonas aeruginosa RP 73 and Pseu-

domonas aeruginosa KK 27. Representative pictures of

Figure 7. Effect of N-19004 on the inflammatory response in a murine model of Pseudomonas aeruginosa chronic infection

C57Bl/6NCrlBR male mice were infected with Pseudomonas aeruginosa MDR-RP73 embedded in agar beads by intratracheal inoculation. Subcutaneous 

treatment with N-19004 1, 2.5, 5, and 10 mg/kg or vehicle (saline) was started soon after infection and continued daily for 7 days. (A) Total cells in the BALF; 

(B) neutrophils in the BALF; (C) macrophages in the BALF. One way ANOVA with Dunnett’s multiple comparison test: *p < 0.05, **p < 0.01, ***p < 0.001, 

****p < 0.0001 vs. vehicle.
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the bacterial cells of Pseudomonas aeruginosa RP-73 and 

Staphylococcus aureus MRSA WKZ-2 upon treatment with 

N-19004 are reported in Figures 9 and 10 (the images of Staph-

ylococcus aureus ATCC 12600 and Pseudomonas aeruginosa 

KK 27 treated cells are reported in ESI, Figures S24 and S25).

In the case of untreated control samples, intact and homoge-

neous cells were present (Figures 9 and 10, upper panels). 

Conversely, upon treatment with N-19004, in all bacterial 

strains, a progressive detachment of the cell wall appeared 

evident along with a significant cell lysis, which was found in a 

dose-dependent manner. Cell membrane permeabilization and 

cell shrinkage were manifest with a consequent well-noticeable 

leakage of the cytoplasmic content. After 16h of treatment, 

bacterial surfaces appear corrugated with some dimples, 

whereas the cells are mostly lysed and gutted. These findings, 

in agreement with EPR evidence, suggest the possibility that the 

antimicrobial activity of N-19004 might be linked to a membrano-

lytic mechanism, potentially involving pore formation, 54–56 which 

could subsequently lead to cytoplasmic leakage.

DISCUSSION

The emergence and proliferation of drug-resistant bacterial 

infections stand as a critical global health challenge. This issue 

is particularly relevant in conditions such as cystic fibrosis, 

where persistent bacterial colonization and the succeeding, un-

regulated immune activation exacerbate disease progression. In 

this study, we have reported the chemical synthesis and in vitro 

and in vivo evaluation of a mini-library of amphiphilic compounds 

1–6, conceived to investigate their potential bifunctional phar-

macological properties as antimicrobial and anti-inflammatory 

agents. These efforts represent an extension of our previous 

work on N-19004, 19 an anti-inflammatory small molecule de-

signed as the FPR1 antagonist and herein repurposed as an 

antibacterial agent. The synthetic approach to compounds 1–6 

was devised, exploring two distinct methodologies, with the 

aim of determining the most efficient route for subsequent 

large-scale production. The new approach, involving a reduced 

number of synthetic steps, demonstrated to be more efficient 

than the previous route, employed for the preparation of 

N-19004. 19 An extensive in vitro screening against a wide range 

of pathogens, including relevant clinical isolates and antibiotic-

resistant bacterial strains such us MRSA and Pseudomonas aer-

uginosa RP73, revealed that all compounds exhibited interesting 

antibacterial properties regardless the structural differences be-

tween Gram-negative and Gram-positive bacterial membranes. 

It should be noted that while the ideal MIC range for clinical 

candidates generally falls between 1 and 10 μM, compound 

N-19004 was not selected solely based on its in vitro potency. 

Rather, its advancement was supported by a favorable overall 

profile, including drug-likeness, chemical stability, and proven 

efficacy in previous in vivo models.

A closer look at the MIC values (Table 1) in relation to the struc-

tural variations of 1-6 reveals that N-19004 displayed the highest 

efficacy against both Gram-positive and Gram-negative strains. 

The structural N-19004 congener, i.e., its sulfoxide derivative, 

N-19004-S, also demonstrated an intriguing activity profile and 

was therefore also chosen for subsequent in vitro studies.

A comparative study with previously reported arylamide 

foldamers 26,27 revealed that both N-19004 and its congener 

N-19004-S have lower efficacy in vitro against both Gram-posi-

tive and Gram-negative strains. It is worth noting that, unlike 

previously reported compounds, our molecules have a mono-

meric structure. This difference in molecular architecture may 

partially account for the reduced antibacterial potency, as 

foldamers often benefit from defined 3D conformations that 

can enhance target binding or membrane interaction. The 

simpler monomeric nature of our compound may also contribute 

to its lower hemolytic toxicity, 26,27 which suggests a potentially 

improved therapeutic window for N-19004.

Preliminary structure-activity relationship (SAR) studies re-

vealed a crucial role of the 2-naphthylmethyl moiety for the anti-

bacterial activity, as its replacement with a phenethyl (as in 3), 

benzyl (as in 4), or even 1-naphthylmethyl (as in 5) reduced the 

antibacterial efficacy, especially against Gram-negative strains. 

Similarly, polar heads preorganization 19 dictated by the β-alanine 

linkers in compounds 1 and 3 markedly affected the antibacterial 

potential, as β-alanine replacement with the longer γ-aminobutyric 

acid (leading to compound 6) resulted in a measurable drop in the 

activity against almost all the tested strains.

Subsequent crystal violet assays and CLSM analyses, 

performed on compounds 1 and 2, demonstrated that they 

significantly inhibited biofilm formation in MDR Pseudomonas 

aeruginosa and Staphylococcus aureus strains. When tested 

on preformed biofilms, N-19004 induced substantial alterations 

in the biofilm architecture of Pseudomonas aeruginosa and 

Staphylococcus aureus strains, along with a deep reduction of 

their biofilm biovolume. Recent similar studies have shown that 

compounds capable of perturbing membrane integrity can also 

interfere with quorum sensing and the production of extracellular

Figure 8. EPR analysis of bacterial model 

membranes

Values of (A) ΔS and (B) Δa’ N for POPC/POPG

(80/20 mol/mol, ), POPC/POPG/LPS (80/15/

5 mol/mol/mol, ), and POPC/POPG/LTA (80/15/

5 mol/mol/mol, ) are reported as a function of n

in nPC-SL, in the presence of N-19004. The vari-

ations of S and a’ N values have been calculated

with respect to relative to those of POPG/POPC

bilayers in the absence of N-19004. The circles 

indicate the experimental data points, while the 

lines are a guide for the eye.
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polymeric substances (EPS), both of which are critical for biofilm 

development and stability. 56 In a pre-clinical mouse model of 

chronic lung infection caused by Pseudomonas aeruginosa 

MDR-RP73, N-19004 (as the most promising candidate) dis-

played excellent anti-microbial and anti-inflammatory efficacy. 

Different from most anti-bacterial/anti-inflammatory agents re-

ported to date, 16,17 our experimental data indicated that these 

two pharmacological activities were most likely independent of 

each other. N-19004 achieves complete bacterial eradication 

at low concentrations, whereas its anti-inflammatory effect be-

comes apparent only at slightly higher doses, after the pathogen 

load has already been cleared.

From a mechanistic standpoint, EPR spectroscopy and 

SEM analyses suggest that N-19004 acts as an antibacterial 

agent via a membranolytic action, involving pore formation 

and subsequent cytoplasmic leakage. This behavior closely 

resembles that of cationic antimicrobial peptides (CAMPs), 

which are well-documented for their ability to target bacterial 

membranes. 49 However, in contrast to CAMPs, N-19004 

possesses a significantly smaller molecular structure. While 

this feature allows overcoming several limitations associated 

with CAMPs, including the susceptibility to proteolytic degra-

dation, 57,58 the reduced molecular size does not align with its 

capacity to disrupt bacterial membranes, although this 

property is not unique among antimicrobial compounds 59 

and ‘‘short-chain’’ peptides. 60 Efforts involving both experi-

mental and computational studies 60 will be conducted to 

provide in-depth mechanistic insights, enabling to the clarifi-

cation of the role of N-19004 in bacterial membrane disrup-

tion. Likewise, based on previous evidence, 19 the in vivo 

anti-inflammatory properties of N-19004 have been attributed 

to its antagonistic activity against FPR-1. While it is estab-

lished that FPR-1 activation plays a key role in innate immune 

response against bacterial infections, 61 its specific contribu-

tion to the inflammatory processes triggered by Pseudomonas 

aeruginosa remains to be clearly defined. 62 Accordingly, 

future studies will be aimed at unraveling the role of FPR-1 

in Pseudomonas aeruginosa-induced inflammation and to 

assess whether the pharmacological properties of N-19004 

derive from targeting this pathway.

Overall, given the combined antimicrobial and anti-inflam-

matory activity, N-19004 represents a convenient alternative 

to current therapeutic strategies targeting chronic infections. 

To date, very few compounds have been reported to target 

both bacterial persistence and chronic inflammation simulta-

neously. 13,14 Because of its small size and minimal molecular 

structure, chemical synthesis of N-19004 is more cost-effec-

tive and scalable than the majority of the synthetic protocols 

devised for the preparation of current clinical and preclinical 

candidates. Additionally, the low molecular weight allows 

the use of low doses in vivo, on a mg/Kg basis. The pharma-

cological properties of N-19004 extend beyond those already 

reported in the animal model of age-related macular degener-

ation (AMD), 19 which demonstrated the ability of this molecule 

to inhibit angiogenic/inflammatory processes commonly asso-

ciated with this pathology. This highlights the versatile and

Figure 9. Scanning electron microscopy (SEM) images of Pseudomonas aeruginosa RP73 bacterial cells upon treatment with N-19004

Cells are analyzed upon treatment with N-19004 for 16h. Bars: 1 or 2 μm.
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promising pharmacological potential of N-19004, encouraging 

its further preclinical development.

Limitations of the study

Despite the substantial amount of data presented in this article, 

several limitations must be recognized. First, while in vitro studies 

have been primarily focused on the antibacterial activity of 

N-19004 and its derivatives against Staphylococcus aureus and 

Pseudomonas aeruginosa (as representative examples of Gram-

positive and Gram-negative pathogens), our in vivo investigations 

have been limited to Pseudomonas aeruginosa-infected mice. 

This highlights the need for the future validation of the antibacterial 

effect of N-19004 against S. aureus in animal models.

Additionally, most of our in vivo data are derived from the use 

of C57Bl/6NCrlBR mice infected with Pseudomonas aeruginosa 

RP73 (as an example of MDR strains). Even though this model is 

widely employed for a preliminary assessment of the antibacte-

rial/anti-inflammatory efficacy in CF lung infection models, future 

studies will need to incorporate other animal models, including 

CFTR knockout mice, to more accurately reproduce the patho-

physiological features of CF in humans.

Eventually, the mechanism ruling the antibacterial effect of 

N-19004 remains not fully elucidated in this study. While EPR 

and SEM analyses have suggested a mode of action involving 

the disruption of the bacterial membrane bilayer. The quantifica-

tion of extracellular DNA release by UV-vis measurements and 

determination of changes in K + in the medium by flame photom-

etry would be helpful to gain deeper membranolytic mechanistic 

insight. Also, further studies are required to highlight whether 

additional pathways, such as intracellular target interference or 

oxidative stress induction, may have a role in the overall bacteri-

cidal activity.
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J.L., Igrejas, G., and Poeta, P. (2021). Biofilm Formation of Multidrug-

Resistant MRSA Strains Isolated from Different Types of Human Infections. 

Pathogens 10, 970. https://doi.org/10.3390/pathogens10080970.

41. Kunz Coyne, A.J., El Ghali, A., Holger, D., Rebold, N., and Rybak, M.J.

(2022). Therapeutic Strategies for Emerging Multidrug-Resistant Pseudo-

monas aeruginosa. Infect. Dis. Ther. 11, 661–682. https://doi.org/10.1007/ 

s40121-022-00591-2.
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STAR★METHODS

KEY RESOURCES TABLE

REAGENT or RESOURCE SOURCE IDENTIFIER

Bacterial and virus strains

Burkholderia cenocepacia Clinical isolate LMG 18863

Burkholderia multivorans Clinical isolate LMG 17582

Burkholderia cenocepacia Clinical isolate J2315

Pseudomonas aeruginosa AA2 Clinical Isolate LMG27630

Pseudomonas aeruginosa Clinical isolate PAO1

Pseudomonas aeruginosa Clinical isolate KK27

Pseudomonas aeruginosa The strain was a clinical isolate kindly 

provided by the Italian Cystic Fibrosis 

Research Foundation (FFC)

RP73

Enterococcus faecalis American Type Culture Collection 29212

Straphylococcus aureus American Type Culture Collection 12600

Straphylococcus aureus American Type Culture Collection 29213

Straphylococcus aureus MRSA The strain was a clinical isolate kindly 

provided by the Italian Cystic Fibrosis 

Research Foundation (FFC)

(WKZ-2)

Salmonella enterica serovar Typhimurium American Type Culture Collection 14028

Acinetobacter baumannii American Type Culture Collection 19606

Chemicals, peptides, and recombinant proteins

2-phenylethanethiol Merck 252581 (Sigma Aldrich)

2,6-dinitro-4-t-butyl-phenol Carbosynth FB70092

Boc-β-alanine Merck 15382 (Sigma Aldrich)

1H-pirazole-1-carboxyamidine

hydrochloride

Merck 402516 (Sigma Aldrich)

Phenylmethanethiol Merck B25401 (Sigma Aldrich)

3-Aminopropionic acid Merck 05160 (Sigma Aldrich)

N,N ′ -Di-Boc-1H-pyrazole-1-

carboxamidine

Merck 434167 (Sigma Aldrich)

1-Chlorometyl-naphtalene Merck 25170 (Sigma Aldrich)

Thiourea Merck T8656 (Sigma Aldrich)

4-Aminobutyric acid Merck 8.00302

1-palmitoyl-2-oleoyl-glycero-3-

phosphocholine (POPC)

Avanti Research 850457

1-palmitoyl-2-oleoyl-sn-glycero-3-

phospho-(1 ′ -rac-glycerol) (sodium salt) 

(POPG)

Avanti Research 840457

1-palmitoyl-2-stearoyl-(5-doxyl)-sn-

glycero-3-phosphocholine

Avanti Research 810601

1-palmitoyl-2-stearoyl-(7-doxyl)-sn-

glycero-3-phosphocholine

Avanti Research 810602

1-palmitoyl-2-stearoyl-(10-doxyl)-sn-

glycero-3-phosphocholine

Avanti Research 810603

1-palmitoyl-2-stearoyl-(14-doxyl)-sn-

glycero-3-phosphocholine

Avanti Research 810605

Lipopolysaccharide (LPS) from 

Pseudomonas aeruginosa

Merck L9143

(Continued on next page)
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EXPERIMENTAL MODEL AND STUDY PARTICIPANT DETAILS

Mouse model

Animal studies were conducted according to protocols approved by the San Raffaele Scientific Institute (Milan, Italy) Institutional An-

imal Care and Use Committee (IACUC # 1180) and adhered strictly to the Italian Ministry of Health guidelines for the use and care of 

experimental animals. Research with the Pseudomonas aeruginosa multidrug-resistant (MDR)-RP73 isolate from a CF individual and 

storage of biological materials were approved by the Ethics Commission of Hannover Medical School, Germany.

METHOD DETAILS

Chemical synthesis

All chemicals and solvents were purchased with the highest degree of purity (Merck, Alfa Aesar, VWR, Acros Organics, Romil) and 

used without further purification. The reactions were monitored by Thin Layer Chromatography (precoated silica gel plate F254, 

Merck) and the products were detected by exposure to UV source (254 nm) and iodine vapor. When possible, the reactions were 

also monitored by LC-MS analysis. Automated column chromatography separations in either direct or reverse phases were conduct-

ed with a Biotage Isolera chromatograph. HPLC analyses were performed on a Shimadzu LC-20ADxr equipped with an SPDM20A 

diode-array detector. HRMS spectra were recorded on a Shimadzu LCMS-IT-TOF system with ESI interface and Shimadzu LC-MS 

solution Workstation software for the data. NMR experiments were performed on spectrometers operating at 400 MHz (Bruker 

Avance), 500 MHz (Varian Inova) or 600 MHz (Bruker NEO Avance, equipped with triple resonance cryo-probe), all located at the 

Department of Chemical Sciences, University of Naples Federico II. NMR spectra of the synthetic intermediates were acquired using 

CDCl 3 solutions, unless otherwise specified. All spectra were analyzed and processed using MestreNova (MNova 15.0.1). The same 

software has been used to prepare the NMR figures presented in the ESI.

Synthesis of compound 3

(Phenethylthio)-4-(tert-butyl)-2,6-dinitrobenzene (9)

Compound 8 19 (30.0 g, 0.076 mol), 2-phenylethanethiol (10.0 g, 0.072 mol, 0.95 eq.) and N,N-diisopropylethylamine (DIEA; 0.013 L, 

0.076 mol, 1.0 eq.) were dissolved in anhydrous dichloromethane (DCM; 0.480 L). The solution was stirred under nitrogen atmo-

sphere for 16 h. Afterwards, the solution was washed with 10% citric acid solution and then with a saturated sodium chloride 

(NaCl) solution. The organic phase was dried over sodium sulfate (Na 2 SO 4 ). The crude was purified over silica gel (150 g; eluents: 

hexane and ethyl acetate, from 100:0 to 96:4), obtaining 25.1 g of thioether 9 (yield: 91.6 %). 1 H NMR (600 MHz, CDCl 3 ), δ: 1.37 

(s, 9H), 2.87 (t, J = 8.2 Hz, 2H), 3.17 (t, J = 7.7 Hz, 2H), 7.15 (d, J = 7.3 Hz, 2H), 7.19 (t, J = 7.5 Hz, 1H), 7.27 (t, J= 7.4 Hz, 2H), 

7.79 (s, 2H). 13 C NMR (150 MHz, CDCl 3 ), ppm: 30.8, 35.8, 36.0, 38.3, 100.1, 120.0, 123.7, 126.6, 128.6, 128.7, 139.1, 155.4. 

HRMS: calcd 361.114 ([M-H] + ); found 399.202 ([M-K] + ).

(Phenethylthio)-4-(tert-butyl)-2,6-diaminobenzene (10)

Compound 9 (10.0 g, 0.028 mol), ammonium chloride (7.9 g, 0.147 mol, 5.3 eq.) and zinc in powder (13.8 g, 0.211 mol, 7.6 eq.) were 

suspended in methanol (MeOH; 0.360 L) at 25.0 ◦ C. The mixture was left under stirring in the dark and under argon atmosphere for

Continued
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Experimental models: Cell lines

Human red blood cells (RBCs) Rockland R405-0050

Experimental models: Organisms/strains

Male mice Charles River RRID:IMSR_CRL:027

Software and algorithms

GraphPad Prism (v9.5.1) GraphPad Software GraphPad Prism (RRID:SCR_002798)

MestreNova (v16.0.0) MestreLab Research https://mestrelab.com/

Origin (2018) OriginLab Origin (RRID:SCR_014212)

ChemDraw Professional (v16.0) PerkinElmer Chemdraw (RRID:SCR_016768)
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16h. The reaction mixture was evaporated and then filtered on a celite pad washing with toluene: 50:50. The filtrate was concentrated 

in vacuo affording 10 as a white-pink solid (8.56 g, >99%). 1 H NMR (400 MHz, DMSO-d 6 ), δ: 1.18 (s, 9H), 2.78 (s, 4H), 5.05 (bs, 4H), 

6.06 (s, 2H), 7.16-7.20 (m, 3H), 7.26-7.30 (m, 5H). 13 C NMR (100 MHz, DMSO-d 6 ), ppm: 31.0, 34.0, 34.1, 35.5, 96.6, 100.0, 126.1, 

128.2, 128.3, 140.5, 150.3, 152.4. HRMS: calcd 301.166 ([M-H] + ); found 301.088.

Di-tert-butyl (((5-(tert-butyl)-2-(phenethylthio)-1,3-phenylene)bis(azanediyl))bis(3-oxopropane-3,1-diyl))dicarbamate 

(11)

Boc-β-alanine (7.57 g, 0.04 mol, 2.0 eq.) was dissolved in anhydrous tetrahydrofuran (THF; 0.3 L) and cooled to -78 ◦ C under nitrogen 

atmosphere. Triethylamine (TEA; 0.018 L, 6.0 eq.) first and isobutylchloroformate (IBCF; 0.006 L, 0.048 mol, 2.4 eq.) then, were 

slowly added to the solution. The mixture was left while stirring for 1 h. After that, compound 10 (6.0 g, 0.02 mol) was dissolved in 

0.175 L of anhydrous THF and added at the same temperature via a cannula. The reaction was left while stirring for 16h and slowly 

warmed to room temperature. The mixture was filtered and washed with ethyl acetate. The filtrate was concentrated under reduced 

pressure and the residue was purified over silica gel (150 g) using DCM:MeOH (from 100:0 to 98:2) as the eluent mixture, to obtain 

11 as a reddish-brown oil (9.0 g, 70% yield). 1 H NMR (400 MHz, CDCl 3 ), δ: 1.45 (s, 9H), 1.54 (s, 18H), 2.58 (t, J = 8.0 Hz, 3H), 2.94 

(t, J= 4.0 Hz, 3H), 3.01 (t, J = 8.0 Hz, 3H), 3.57 (q, J = 4.0 Hz, 3H),7.28 (bs, 2H), 7.35-7.38 (m, 2H), 7.42-7.46 (m, 3H), 8.38 

(bs, 2H), 8.47 (bs, 2H). 13 C NMR (100 MHz, CDCl 3 ), ppm: 28.3, 30.8, 34.9, 36.0, 37.4, 79.4, 113.0, 127.0, 128.4, 128.8, 138.8, 

140.0, 155.2, 156.0, 170.1. HRMS: calcd 643.345 ([M-H] + ); found 643.386. 

N,N’-(5-(tert-butyl)-2-(phenethylthio)-1,3-phenylene)bis(3-guanidinopropanamide) (3)

Compound 11 (8.9 g, 0.014 mol) was suspended in trifluoroacetic acid (TFA; 0.090 L) at 0 ◦ C. The reaction was warmed to room 

temperature, left while stirring for 2 h and then dried in vacuo. The residue was dissolved in a water/acetonitrile (ACN) mixture 

(0.350 L, 1/1 v/v), then 1H-pirazole-1-carboxyamidine was added to the suspension (16.8 g, 0.152 mol, 10.0 eq). The resulting mixture 

was left while stirring for 16h at 25 ◦ C. The solvent was removed under reduced pressure. The residue was purified by reverse-phase 

chromatography (RP-C18, eluents: water 0.1% TFA (v/v), acetonitrile 0.1% TFA (v/v)), obtaining 4.4 g of 3 as a white solid (60.3 % 

overall yield, TFA salt). 1 H NMR (400 MHz, D 2 O), δ: 1.32 (s, 9H), 2.70-2.73 (m, 6H), 2.95 (t, J= 7.08 Hz, 2H), 3.55 (t, J = 6.13 Hz, 4H), 7.17 

(bd, J =7.32 Hz, 2H), 7.28 (bt, J = 7.03 Hz, 1H), 7.34 (t, J = 7.05 Hz, 2H), 7.58 (bs, 2H). 13 C NMR (100 MHz, D 2 O), ppm: 30.2, 34.4, 34.6, 

35.2, 35.4, 37.4, 120.7, 126.4, 128.6, 128.7, 139.2, 139.7, 154.5, 156.4, 172.2. HRMS: calcd 527.283 ([M-H] + ); found 527.295.

Synthesis of compound 4

(Benzylthio)-4-(tert-butyl)-2,6-dinitrobenzene (12)

Compound 8 19 (0.73 g, 1.85 mmol), benzylmercaptan (0.276 g, 2.22 mol, 1.2 eq.) and DIEA (0.322 mL, 1.85 mmol, 1.0 eq.) were 

dissolved in anhydrous DCM (12.0 mL). The solution was stirred under nitrogen atmosphere for 16 h. Afterwards, the solution was 

washed with 10% citric acid solution and then with a saturated NaCl solution. The organic phase was dried over sodium sulfate. 

The crude was purified over silica gel (30 g; eluents: hexane and ethyl acetate, from 100:0 to 70:30), obtaining 0.571 g of thioether 

12 (yield: 88.9 %). 1 H NMR (600 MHz, CDCl 3 ), δ: 1.37 (s, 9H), 4.17 (s, 2H), 7.24-7.28 (m, 5H), 7.79 (s, 2H). 13 C NMR (150 MHz, CDCl 3 ), 

ppm: 30.8, 35.9, 42.4, 100.0, 118.9, 123.5, 128.2, 128.9, 129.5, 135.5, 156.0. HRMS: calcd 347.099 ([M-H] + ); found 386.189 ([M-K] + ). 

(Benzylthio)-4-(tert-butyl)-2,6-diaminobenzene (14)

Compound 12 (0.550 g, 1.59 mmol), ammonium chloride (0.451 g, 8.43 mmol, 5.3 eq.) and zinc in powder (0.790 g, 12.1 mmol, 7.6 eq.) 

were suspended in methanol (20.0 mL) at 25.0 ◦ C. The mixture was left under stirring in the dark and under argon atmosphere for 16h. 

The reaction mixture was evaporated and then filtered on a celite pad washing with toluene: 50:50. The filtrate was concentrated in 

vacuo affording 14 as a white-pink solid with a quantitative yield. 1 H NMR (600 MHz, CD 3 CN), δ: 1.21 (s, 9H), 3.77 (s, 2H), 4.12 (bs, 4H), 

6.24 (s, 2H), 7.23-7.29 (m, 5H). 13 C NMR (150 MHz, CD 3 CN), ppm: 31.3, 35.1, 38.3, 103.5, 128.0, 129.4, 129.9, 139.4, 150.4, 155.0. 

HRMS: calcd 287.150 ([M-H] + ); found 287.135.

3-[N,N ′ -Bis(tert-butoxycarbonyl)guanidino]propionic acid

3-Aminopropionic acid (1.04 g, 11.7 mmol) was dissolved in a solvent mixture of ACN and water (102 mL; 8% v/v water). At 0 ◦ C, DIEA 

(4.44 mL, 25.5 mmol) was added, followed by the gradual addition of N,N ′ -Di-Boc-1H-pyrazole-1-carboxamidine (2.90 g, 9.35 mmol). 

The reaction mixture was stirred at room temperature for 20 h. Upon completion, the reaction solvent was removed under reduced 

pressure. The crude product was redissolved in diethyl ether (Et 2 O) and washed three times with 0.2 M acetic acid (AcOH). The 

combined organic layers were dried over sodium sulfate (Na 2 SO 4 ) and subsequently concentrated under reduced pressure. This 

process afforded a white solid (3.09 g, 79.8 % yield). The product was characterized by 1 H and 13 C NMR spectroscopy, confirming 

its identity as the Boc-protected guanidino acid. The spectra were consistent with previously reported data in the literature. 32 

N,N’-(2-(benzylthio)-5-(tert-butyl)-1,3-phenylene)bis(3-guanidinopropanamide) (4)

Compound 14 (0.200 g, 0.699 mmol) was dissolved in anhydrous N,N-dimethylformamide (DMF; 0.015 L) under inert atmosphere. 

A mixture of 3-[N,N ′ -bis(tert-butoxycarbonyl)guanidino]propionic acid (0.500 g, 1.51 mmol, 2.2 eq.), hexafluorophosphate 

benzotriazole tetramethyl uranium (HBTU; 0.580 g, 1.51 mmol, 2.2 eq.), hydroxybenzotriazole (HOBt; 0.210 g, 1.51 mmol, 2.2 eq), 

DIEA (0.300 g, 2.32 mmol, 3.3 eq.) in anhydrous DMF (0.01 L) was added to the reaction flask via a cannula. The reaction 

mixture was stirred at room temperature for 2 hours. The reaction mixture was diluted with and washed with brine three times. 

The organic layers were collected, dried over Na 2 SO 4 and evaporated under reduced pressure. The brownish crude was then treated 

with a mixture of TFA/TIS/H 2 O (95:2.5:2.5; TIS = triisopropylsilane) at ◦ 0 C and left stirring for 2h at RT. The solvent was removed 

under reduced pressure. The residue was purified by diethyl ether precipitation first, and then by reverse-phase chromatography
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(RP-C18, eluents: water 0.1% TFA (v/v), acetonitrile 0.1% TFA (v/v)), obtaining 0.247 g of 4 as a white solid (70 % yield, TFA salt).
1 H NMR (600 MHz, H 2 O/D 2 O= 90/10), δ: 1.22 (s, 9H), 2.59 (t, J = 13.0 Hz, 4H), 3.46 (q, J = 6.4 Hz, 4H), 3.67 (s, 2H), 6.89-6.90 

(m, 2H), 7.14-7.16 (m, 3H), 7.20 (bt, 2H), 7.53 (bs, 2H), 9.25 (bs, 2H). 13 C NMR (150 MHz, H 2 O/D 2 O= 90/10), ppm: 30.7, 35.0, 

35.8, 37.9, 40.0, 115.8, 117.8, 120.2, 128.0, 129.0, 129.1, 138.7, 140.4, 155.6, 157.6, 172.7. HRMS: calcd 513.268 ([M-H] + ); found 

513.275.

Synthesis of compound 5

1-Naphthalenemethanethiol

1-Chlorometyl-naphtalene (5.28 g, 4.47 mL, 0.030 mol) was dissolved in 15 mL of ethanol (EtOH) under magnetic stirring. Thiourea 

(2.28 g, 0.030 mol, 1.0 eq.) was added and the reaction mixture was stirred for 2h at reflux temperature. The reaction mixture was then 

cooled at rt, filtered, washed with EtOH and evaporated under reduced pressure. The thiouronium salt was then dissolved in a 2M 

sodium hydroxide solution (5.0 mL, 9.5M) and stirred for 5 minutes. After that the reaction was quenched by HCl (4 M) at 0 ◦ C and then 

washed with DCM three times. The recovered organic phases were dried over sodium sulphate and evaporated under reduced pres-

sure to afford a yellow-brownish solid (4.28 g, 82% overall yield). NMR spectra are fully consistent with those reported in literature. 28 

(1-Naphtylmethylthio)-4-(tert-butyl)-2,6-dinitrobenzene (13)

Compound 8 19 (1.0 g, 2.5 mmol), 1-naphthalenemethanethiol (0.442 g, 2.5 mmol, 1.0 eq.) and DIEA (0.435 mL, 2.5 mmol, 1.0 eq.) 

were dissolved in anhydrous DCM (16.0 mL). The solution was stirred under nitrogen atmosphere for 16 h. Afterwards, the solution 

was washed with 10% citric acid solution and then with a saturated NaCl solution. The organic phase was dried over sodium sulfate. 

The crude was purified over silica gel (30 g; eluents: hexane and ethyl acetate, from 100:0 to 97:3), obtaining 0.876 g of thioether 13 

(yield: 87.6 %). 1 H NMR (600 MHz, CDCl 3 ), δ: 1.38 (s, 9H), 4.68 (s, 2H), 7.36 (t, J = 8.0 Hz, 1H), 7.42 (d, J = 7.0 Hz, 1H), 7.50 (t, J = 7.0 Hz, 

1H), 7.57 (t, J = 6.9 Hz, 1H), 7.79 (s, 2H), 7.80 (d, J = 8.3, 1H), 7.85 (d, J = 8.1 Hz, 1H), 8.12 (d, J = 8.4 Hz, 1H). 13 C NMR (150 MHz, 

CDCl 3 ), ppm: 31.3, 36.6, 40.8, 119.3, 124.0, 124.3, 126.0, 126.6, 127.2, 128.3, 129.0, 129.3, 129.7, 130.4, 131.8, 132.1, 134.5, 156.5, 

156.7. HRMS: calcd 397.114 ([M-H] + ); found 435.218 ([M-K] + ).

(1-Naphtylmethylthio)-4-(tert-butyl)-2,6-diaminobenzene (15)

Compound 13 (0.850 g, 2.1 mmol), ammonium chloride (0.610 g, 11.4 mmol, 5.3 eq.) and zinc in powder (1.066 g, 16.3 mmol, 7.6 eq.) 

were suspended in methanol (25.0 mL) at 25.0 ◦ C. The mixture was left under stirring in the dark and under argon atmosphere for 16h. 

The reaction mixture was evaporated and then filtered on a celite pad washing with toluene and ethyl acetate (1:1 v/v). The filtrate was 

concentrated in vacuo affording 15 as a white-pink solid with a quantitative yield. 1 H NMR (600 MHz, DMSO-d 6 ), δ: 1.17 (s, 9H), 4.20 

(s, 2H), 5.01 (bs, 4H), 6.03 (s, 2H), 7.36-7.39 (m, 2H), 7.51-7.58 (m, 2H), 7.82 (d, J = 7.5 Hz, 1H), 7.92 (d, J = 7.8, 1H), 8.24 (d, J = 8.2 Hz, 

1H). 13 C NMR (150 MHz, DMSO-d 6 ), ppm: 32.0, 35.1, 36.0, 98.4, 100.6, 100.1, 125.0, 126.5, 126.8, 127.2, 128.4, 128.7, 129.6, 132.1, 

134.5, 135.1, 151.4, 153.8. HRMS: calcd 337.166 ([M-H] + ); found 337.155. 

N,N’-(5-(tert-butyl)-2-((naphthalen-1-ylmethyl)thio)-1,3-phenylene)bis(3-guanidinopropanamide) (5)

Compound 15 (0.100 g, 0.301 mmol) was dissolved in anhydrous DMF (6.0 mL) under inert atmosphere. A mixture of 3-[N,N ′ -Bis(tert-

butoxycarbonyl)guanidino]propionic acid (0.300 g, 0.903 mmol, 3.0 eq.), HBTU (0.342 g, 0.903 mmol, 3.0 eq.), HOBt (0.122 g, 

0.903 mmol, 3.0 eq), DIEA (0.128 g, 0.993 mmol, 3.3 eq.) in anhydrous DMF (6.0 mL) was added to the reaction flask via cannula. 

The reaction mixture was stirred at room temperature for 16h. The reaction mixture was diluted with ethyl acetate and washed 

with brine three times. The organic layers were collected, dried over Na 2 SO 4 and evaporated under reduced pressure. The brownish 

crude was then treated with a mixture of TFA/TIS/H 2 O (95:2.5:2.5) at ◦ 0C and left stirring for 3h at RT. The solvent was removed under 

reduced pressure. The residue was purified by diethyl ether precipitation first, and then by reverse-phase chromatography (RP-C18, 

eluents: water 0.1% TFA (v/v), acetonitrile 0.1% TFA (v/v)), obtaining 0.130 g of 5 as a white solid (76 % yield, TFA salt). 1 H NMR 

(400 MHz, D 2 O), δ: 1.28 (s, 9H), 2.24 (t, J = 6.6 Hz, 4H), 3.38 (t, J = 6.7 Hz, 4H), 4.24 (s, 2H), 6.69 (d, J = 7.5 Hz, 1H), 7.18 (t, J = 

7.7 Hz, 1H), 7.57 (bs, 2H), 7.61 (t, J = 8.0 Hz, 1H), 7.65 (t, J = 8.0 Hz, 1H), 7.79 (d, J = 8.8 Hz, 1H), 8.19 (d, J = 8.7 Hz, 1H). 13 C 

NMR (100 MHz, D 2 O), ppm: 30.1, 34.4, 34.8, 37.0, 118.6, 123.5, 125.3, 126.2, 126.6, 127.2, 128.1, 128.8, 132.7, 133.6, 139.9, 

155.1, 171.7. HRMS: calcd 563.283 ([M-H] + ); found 562.292.

Synthesis of compound 6

4-[[Bis[[(1,1-dimethylethoxy)carbonyl]amino]methylene]amino]butanoic acid

4-Aminobutyric acid (1.20 g, 11.7 mmol) was dissolved in a solvent mixture of acetonitrile (ACN) and water (102 mL; 8% v/v water). At

0 ◦ C, DIEA (4.44 mL, 25.5 mmol) was added, followed by the gradual addition of N,N ′ -Di-Boc-1H-pyrazole-1-carboxamidine (2.90 g, 

9.35 mmol). The reaction mixture was stirred at room temperature for 4 hours. Upon completion, the reaction solvent was removed 

under reduced pressure, yielding an oily residue. The crude product was redissolved in diethyl ether (Et 2 O) and washed three times 

with 0.2 M acetic acid (AcOH). The combined organic layers were dried over sodium sulfate (Na 2 SO 4 ) and subsequently concentrated 

under reduced pressure. This process afforded a white solid (3.19 g, 78.9 % yield). The product was characterized by 1 H and 13 C 

NMR spectroscopy, confirming its identity as the Boc-protected guanidino acid. The spectra were consistent with previously re-

ported data in the literature. 33

N,N’-(5-(tert-butyl)-2-(phenethylthio)-1,3-phenylene)bis(4-guanidinobutanamide) (6)

Compound 10 (0.100 g, 0.333 mmol) was dissolved in anhydrous DMF (7.5 mL) under inert atmosphere. A mixture of 4-[[Bis 

[[(1,1-dimethylethoxy)carbonyl]amino]methylene]amino]butanoic acid (0.253 g, 0.733 mmol, 2.2 eq.), HBTU (0.278 g, 0.733 mmol,
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2.2 eq.), HOBt (0.100 g, 0.733 mmol, 2.2 eq), DIEA (0.142 g, 1.10 mmol, 3.3 eq.) in anhydrous DMF (5.0 mL) was added to the reaction 

flask via a cannula. The reaction mixture was stirred at room temperature for 2 hours. The reaction mixture was diluted with ethyl 

acetate and washed with brine three times. The organic layers were collected, dried over Na 2 SO 4 and evaporated under reduced 

pressure. The brownish crude was then treated with a mixture of TFA/TIS/H 2 O (95:2.5:2.5) at ◦ 0C and left stirring for 2h at RT. 

The solvent was removed under reduced pressure. The residue was purified by diethyl ether precipitation first, and then 

by reverse-phase chromatography (RP-C18, eluents: water 0.1% TFA (v/v), acetonitrile 0.1% TFA (v/v)), obtaining 0.136 g of 6 as 

a white solid (74 % yield, TFA salt). 1 H NMR (400 MHz, D 2 O), δ: 1.32 (s, 9H), 1.95 (q, J = 7.07 Hz, 4H), 2.49 (t, J= 7.21 Hz, 4H), 

2.73 (t, J = 6.99 Hz, 2H), 2.96 (t, J = 6.92 Hz, 2H), 3.25 (t, J = 6.9 Hz, 4H), 7.17 (bd, J = 7.51 Hz, 2H), 7.28 (bt, J = 7.15 Hz, 1H), 

7.34 (t, J = 7.34 Hz, 2H), 7.59 (bs, 2H). 13 C NMR (100 MHz, D 2 O), ppm: 24.0, 30.1, 32.8, 34.4, 35.4, 40.4, 120.0, 121.0, 126.5, 

128.4, 128.6, 139.2, 139.9, 154.2, 156.7, 174.6. HRMS: calcd 555.315 ([M-H] + ); found 555.309.

Synthesis of N-19004-S (2)

N-19004 (1) as trifluoracetate salt, is dissolved in water (final concentration 10 mg/mL) and treated under stirring with a large excess 

of hydrogen peroxide solution (30.0 eq., 30% v/v) for 3h, at rt. The solution is then liophilized and 2 is obtained as a white powder 

with a quantitative yield. 1 H NMR (400 MHz, D 2 O), δ: 1.29 (s, 9H), 2.12-2.33 (bs, 2H), 2.34-2.53 (bs, 2H), 3.19-3.49 (bs, 4H), 4.34 

(d, J = 13.2 Hz, 1H), 4.68 (d, J = 13.2 Hz, 1H), 6.10 (d, J = 8.4 Hz, 1H), 7.47 (s, 1H), 7.58 (quintet, J= 6.5 Hz, 3H), 7.76-7.83 

(m, 3H), 7.90 (d, J = 7.7 Hz, 1H). 13 C NMR (100 MHz, D 2 O), ppm: 30.0, 34.8, 35.0, 36.9, 58.1, 120.1, 125.2, 126.8, 127.1, 127.5, 

127.8, 128.0, 130.5, 132.6, 132.9, 156.7, 158.6, 171.7. HRMS: calcd 578.74 ([M-H] + ); found 578.82.

In vitro studies

Minimum Inhibitory Concentration (MIC) and Minimum Bactericidal Concentration (MBC) Determination

The antimicrobial activity of thioarylamide derivatives 1–6 was evaluated against a panel of ten Gram-positive and Gram-negative 

bacterial strains, listed in the table below:

Bacterial cultures were grown in Mueller–Hinton Broth (MHB) at 37 ◦ C and harvested at mid-logarithmic growth phase. Cell 

suspensions were adjusted to approximately 2 × 10 6 CFU/mL and tested using the broth microdilution method, following 

Clinical and Laboratory Standards Institute (CLSI) guidelines. 63 Compounds were prepared as stock solutions and serially 

twofold diluted in Nutrient Broth (NB) to achieve final concentrations ranging from 0 to 200 μM in 96-well microtiter plates. Sterile 

phosphate-buffered saline (PBS) was used as the vehicle control (negative control), and fosfomycin was included as the positive con-

trol. Plates were incubated overnight at 37 ◦ C. MIC values were defined as the lowest concentration of compound at which no visible 

bacterial growth was observed. To determine MBC values, aliquots from wells without visible growth were plated onto MHB agar and 

incubated for 24 h at 37 ◦ C. The MBC was defined as the lowest compound concentration resulting in ≥90–95% bacterial killing. 

Time-kill kinetic assays

Selected bacterial strains (Staphylococcus aureus ATCC® 12600, methicillin-resistant Staphylococcus aureus WKZ-2, Pseudo-

monas aeruginosa KK27, and Pseudomonas aeruginosa RP73) were treated with compounds 1-6 over time at concentrations 

corresponding to their MBC values (50 - 200 μM). To this aim, bacterial cells were diluted to 4 × 10 6 CFU/mL in 0.5× Nutrient Broth 

(NB) and mixed with solutions of compounds 1-6 (1:1 v/v) to reach the above concentrations. At defined time points (0, 15, 30, 60, 

120, 180 and 1,440 min), samples were serially diluted, and each dilution was plated on tryptic soy agar (TSA) to count colonies 

after 20 h incubation at 37 ◦ C.

Bacterial Strain Strain Number Other information

Burkholderia cenocepacia LMG 18863

Burkholderia multivorans LMG 17582

Burkholderia cenocepacia J2315

Pseudomonas aeruginosa AA2

Pseudomonas aeruginosa PAO1

Pseudomonas aeruginosa KK 27

Pseudomonas aeruginosa RP 73 The strain was kindly provided by the Italian 

Cystic Fibrosis Research Foundation (FFC)

Enterococcus faecalis ATCC® 29212

Straphylococcus aureus ATCC® 12600

Straphylococcus aureus ATCC® 29213

Straphylococcus aureus MRSA (WKZ-2) The strain was kindly provided by the Italian 

Cystic Fibrosis Research Foundation (FFC)

Salmonella enterica serovar Typhimurium ATCC® 14028

Acinetobacter baumannii ATCC® 19606
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Haemolytic activity

Human red blood cells (RBCs) were incubated with increasing concentrations (12.5–200 μM) of compounds 1-6 for 1 h at 37 ◦ C. 

Following the incubation, plates were centrifuged and supernatants from each well were transferred into new 96-well plates. 

Absorbance values were determined at 405 nm by using an automatic plate reader; the percentage of haemolysis was determined 

by comparison with control samples incubated in the presence of PBS (negative control) or of 1% (v/v) SDS in PBS solution (positive 

control, complete lysis).

Biofilm formation

Bacteria inoculum (Staphylococcus aureus ATCC® 12600, methicillin-resistant Staphylococcus aureus WKZ-2, Pseudomonas 

aeruginosa KK27, and Pseudomonas aeruginosa RP73) was grown overnight at 37 ◦ C, and then diluted to 4 × 10 9 CFU/mL 

in 0.5X Mueller Hinton Broth (MHB) medium to be mixed 1:1 v/v with increasing concentrations of the compounds (final 

concentrations: 1.56–50 μM). N-19004 and N-19004-S were incubated at 37 ◦ C for 24 h, in order to test the effects on biofilm 

formation. Preformed Biofilm: bacterial biofilms (Staphylococcus aureus ATCC® 12600, methicillin-resistant Staphylococcus 

aureus WKZ-2, Pseudomonas aeruginosa KK27, and Pseudomonas aeruginosa RP73) were formed for 24 h at 37 �C in 

0.5X MHB, and then treated with 50 μM (in the case of Pseudomonas aeruginosa KK27 and Pseudomonas aeruginosa 

RP73) or 12.5 μM (in the case of Staphylococcus aureus ATCC® 12600 and methicillin-resistant Staphylococcus aureus 

WKZ-2) of each compound.

In vivo experiments

Immunocompetent C57BL/6NCrlBR male mice, 8-10 weeks old were purchased by Charles River (Calco, Italy) and transferred 

to San Raffaele Scientific Institute (Milan, Italy). The mice had been maintained under specific pathogen-free conditions and all 

procedures were carried out in the biosafety level 3 (BSL3) animal facility. Mice were maintained in sterile ventilated cages. Mice 

were fed with standard rodent autoclaved chow (VRFI, Special Diets Services, UK) and autoclaved tap water. Fluorescent lights 

were cycled 12h on, 12h off, and ambient temperature (23±1 ◦ C) and relative humidity (40-60%) were regulated.

Mice were infected as previously described 43,45 Briefly, mice were anesthetized by an intra-peritoneal (i.p) injection of 

ketamine (100 mg/kg) (Lobotor) and xylazine (10 mg/kg) (Rompun) in 0.9% NaCl and administered at a volume of 0.010 ml/g 

body weight. Mice were placed in supine position and the trachea was directly visualized by a ventral midline incision, exposed 

and intubated with a sterile, flexible 22-g cannula attached to a 1 ml syringe. An inoculum of 50 μl agar beads suspension of 

Pseudomonas aeruginosa MDR-RP73 embedding 1×10 6 colony-forming units (CFU) was implanted via the cannula into the 

lung, with both lobes inoculated. 47 mice were divided into 5 groups and starting soon after infection, mice were treated 

subcutaneously (s.c.) daily for seven days with N-19004 1 mg/kg, N19004 2,5 mg/kg, N19004 5 mg/kg, N19004 10 mg/kg 

or vehicle (sterile saline) using a dose volume of 100 μl per mouse. After infection, mortality and body weight were monitored. 

Animals were observed twice a day and those showed more than 25% of body weight loss and evidence of severe clinical 

disease, such as scruffy coat, inactivity, loss of appetite, poor locomotion, or painful posture, were sacrificed before the 

termination of the experiments with an overdose of carbon dioxide. At seven days post-infection (24 hours following the last 

treatment), mice were euthanized by CO 2 administration for microbiological analysis, bronchoalveolar lavage fluid (BALF) 

collection, and cell counts. BALF was extracted with a 22-gauge venous catheter by washing the lungs with 1 ml of RPMI 

1640 (Euroclone) with protease inhibitor (Complete tablets, Roche Diagnostic) for three times. Quantitative bacteriology on 

BALF was performed by plating serial dilution on tryptic soy agar (TSA) (BD, Becton and Dickinson). Total cells recovered in 

the BALF were counted using an inverted light optical microscope after diluting an aliquot of the BALF 1:2 with Tuerk solution 

in a disposable counting chamber. BALF cells were centrifuged at 330 x g at 4 ◦ C for 8 minutes. The cell-free supernatants were 

stored at -80 ◦ C for potential additional analysis while the BALF cell pellet was resuspended in RPMI 1640 10% fetal bovine 

serum (FBS) at concentration of 1 x 10 6 cells/ml, and an aliquot of 150 μl was pipetted into the appropriate wells of the cytospin 

and centrifuged at 300 x g for 5 min, medium brake. Slides were then stained by Diff-Quik staining using a commercial kit 

(Medion Diagnostics, code: 726443), according to the manufacturer’s instructions. A differential cell count was performed at 

an inverted light optical microscope. Lungs were aseptically removed and homogenized in 2 mL PBS with protease inhibitors 

(cOmplete TM , Roche) using the homogenizer gentleMACS TM Octo Dissociator. 100 μl of the homogenates were serially diluted 

and plated on TSA plates for CFU counts. The remaining homogenates were then centrifuged at 16000x g for 30 minutes at 4 ◦ C, 

and the supernatants were stored at − 80 ◦ C.

EPR experiments on bacterial model membranes

Materials

The zwitterionic lipid 1-palmitoyl-2-oleoyl-glycero-3-phosphocholine (POPC), the anionic lipid 1-palmitoyl-2-oleoyl-sn-glycero-

3-phospho-(1’-rac-glycerol) (sodium salt) (POPG) and the spin-labeled phosphatidylcholines 1-palmitoyl-2-stearoyl-(n-doxyl)- 

sn-glycero-3-phosphocholine (nPC-SL) with n= 5, 7, 10, 14 were purchased from Avanti Polar Lipids (Alabaster, AL, USA). 

Lipopolysaccharide (LPS) from Pseudomonas aeruginosa, lipoteichoic acid (LTA) from Staphylococcus aureus, methanol, chlo-

roform, sodium phosphate monobasic and dibasic, were provided by Merck (Darmstadt, Germany). 10 mM sodium phosphate 

buffer was prepared by dissolving proper amounts of the monobasic and the dibasic form in deionized water and the pH was 

adjusted to 7.4. In order to calculate the molar compositions of the lipid mixtures, the molar masses of LPS and LTA are needed.
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The LPS molar mass was estimated by considering the different portions constituting the macromolecule, i.e., the lipid A, the 

core oligosaccharide and the O-chain. An average molecular weight for the lipid A portion was calculated from the data 

available in literature 64 where four variants are reported. Data for the core oligosaccharide domain were obtained from 65 and 

the molar mass was averaged on glycoform I and II. Finally, the O-antigen molecular weight was calculated from the data 

available in 66 for the serotype 10 of Pseudomonas aeruginosa, as it is the same serotype of the bacterium from which the

commercial LPS was extracted. The calculated average molar mass is 6350 g mol -1 .

The commercial LTA mixture is also heterogenous in terms of molecular structure, containing a variety of homologues 

differing for the length of the acyl chains, the length of the polyglycerophosphate headgroup and the nature of the substituents 

in position two of the glycerol moieties. 67 By considering the average value of each source of variability, the average molar mass

was estimated as 5490 g mol -1 .

Liposome preparation

To mimic the negative surface charge of bacterial membranes, a lipid mixture of POPC/POPG (80/20 mol/mol) was selected, as 

previously reported. 51 To obtain more relevant models for the Gram-positive bacterium Staphylococcus aureus and the Gram-

negative bacterium Pseudomonas aeruginosa, pathogen-associated molecular patterns, LTA and LPS, were incorporated into the 

model membranes. Specifically, a lipid mixture of POPC/POPG/LTA (80/15/5 mol/mol) was chosen, with 5% LTA reflecting the 

average concentration found in Gram-positive bacteria. 68 For Gram-negative bacteria, an equivalent concentration of LPS was 

used, resulting in a model membrane composition of POPC/POPG/LPS (80/15/5 mol/mol). For liposome preparation, proper 

amounts of POPC and POPG were weighed in a round bottom glass tube and dissolved in a chloroform/methanol mixture 

(2/1 v/v). The organic solvent was then removed with a gentle nitrogen flux as required for the formation of a thin film. To add 

LPS or LTA, they were suspended in methanol (5 mg/mL) and sonicated with an amplitude of 59 kHz in a ultrasound water 

bath for 10 minutes. Proper volumes of these suspensions were then added onto the dry POPC/POPG film and methanol was 

removed with a gentle nitrogen flux. The samples were further dried under vacuum for at least two hours to guarantee the removal 

of all the organic solvent traces. Lipid films were hydrated with sodium phosphate buffer with or without N-19004 (1:0.2 lipid:N-19004 

molar ratio). To promote Multilamellar Vesicles (MLVs) formation the process was performed at 40 ◦ C (8 cycles alternating 30 s 

vortexing and 30 s rest). Samples were then sonicated with an amplitude of 59 kHz for 30 minutes prior to use to favor molecular 

dispersion of LPS or LTA within the lipid bilayer, adjusting a method reported in. 69 For EPR measurements, aliquots of nPC-SL 

solution in ethanol (1 % w/w) were added to the lipid mixture in organic solvent to obtain a final concentration of 2 % mol/mol 

over total lipids. For these experiments, MLVs suspensions were directly used.

Electron paramagnetic resonance (EPR)

EPR spectra of nPC-SL in MLVs suspensions in neat buffer or in the presence of N-19004 were recorded. Total lipid concen-

tration in each sample was fixed at 10 mM. The experiments were performed on a 9 GHz Bruker Elexys E-500 spectrometer 

(Bruker, Rheinstetten, Germany). About 25 μL of the samples were loaded in glass capillaries and then placed in a standard

4 mm quartz sample tube. The sweep width was set at 100 G, the resolution at 1024 points, the modulation frequency at 

100 kHz, the modulation amplitude at 1.0 G, the time constant at 20.5 ms and the incident power at 5.0 mW. To improve 

the signal to noise ratio, at least 8 scans were recorded for each sample. The spectra obtained were then quantitatively 

analyzed by determining the acyl chain order parameter, S, and the nitrogen isotropic hyperfine coupling constant, a’ N , as pre-

viously described. 69 For the lipid bilayers in the absence of N-19004, the effect of LPS and LTA on the spectra was quantified by 

calculating the differential order parameters, ΔS, and the differential nitrogen isotropic hyperfine coupling constants, Δa’ N , 

determined with respect to the values of S and a’ N obtained for POPC/POPG 80/20 mol/mol. For the sample in which 

N-19004 was included, the effect on the spectra was quantified by calculating the differential order parameters, ΔS, and the 

differential nitrogen isotropic hyperfine coupling constants, Δa’ N , determined with respect to the values of S and a’ N obtained 

for each lipid system in the absence of N-19004.

Scanning Electron Microscopy

Methicillin-resistant Staphylococcus aureus WKZ-2 and Staphylococcus aureus ATCC® 12600 were incubated with 12.5 and 25 μM 

N-19004, while Pseudomonas aeruginosa KK 27 and Pseudomonas aeruginosa RP 73 with 25 and 50 μM N-19004 in NB 0.5X. Each 

bacterial strain was incubated at the concentration of 0.1 OD/mL with N-19004 for 16 h at 37 ◦ C. Following incubation, bacteria 

were fixed in 2.5% glutaraldehyde. Following overnight incubation, bacteria were dehydrated with a graded ethanol series: 30% 

ethanol (1 × 10 min); 50% ethanol (1 × 10 min); 70% ethanol (1 × 10 min); 80% ethanol (1 × 10 min); 90% ethanol (1 × 10 min); 

100% anhydrous ethanol (3 × 20 min). Bacteria deposited onto glass substrate were sputter coated with a thin layer of Au-Pd 

(Sputter Coater Denton Vacuum DeskV) to allow subsequent morphological characterization using a FEI Nova NanoSEM 450 at 

an accelerating voltage of 5 kV with Everhart Thornley Detector (ETD) and Through Lens Detector (TLD) at high magnification.

QUANTIFICATION AND STATISTICAL ANALYSIS

In vitro studies

All in vitro antimicrobial assays were performed in at least three independent experiments and data are presented as mean ± standard 

deviation (SD). Statistical significance between treated samples and untreated controls was assessed using the unpaired two-tailed 

Student’s t-test. A p-value of less than 0.05 was considered statistically significant.
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In vivo studies

All data are presented as mean ± S.E.M. Statistical analysis was performed on raw data using two-way analysis of variance 

(ANOVA) followed by Dunnett post-test for multiple comparisons for the analysis of body weights, and the one-way analysis 

of variance (ANOVA) followed by Dunnett post-test for comparison with the vehicle-treated group for the other read-outs. 

Outlier data, identified by Grubbs’ test, were excluded from the analysis. A ‘‘p’’ value of <0.05 was considered to be statistically 

significant. Statistical analysis was performed using GraphPad software, version 10.0.
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