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Objectives: The main aim of this study was to evaluate the antibiofilm activity of cefiderocol alone and in 

combination with imipenem vs. sessile cells of Pseudomonas aeruginosa , assessing a potential synergistic 

bactericidal effect. 

Methods: Ten P. aeruginosa clinical isolates from infected implants and bloodstream were included in the 

study. Cefiderocol was tested alone and in combination with imipenem on 24-h-old P. aeruginosa biofilm 

formed on porous glass beads. For each antibiotic formulation, minimum bactericidal biofilm concentra- 

tion (MBBC), defined as the lowest concentration that determined a reduction of at least 3 log10 CFU/mL 

compared with the untreated control, was evaluated. Scanning electron microscopy (SEM) was used to 

investigate the biofilm of P. aeruginosa treated with cefiderocol, imipenem, or their combination. 

Results: Cefiderocol and imipenem were tested alone on P. aeruginosa biofilm and a reasonable reduction 

in the number of viable cells was observed, especially at high drug concentrations tested. The synergistic 

effect of cefiderocol in combination with imipenem was evaluated for five selected isolates. Cotreatment 

with the two drugs led to a remarkable reduction of cell viability by resulting in synergistic bactericidal 

activity in all tested strains and in synergistic eradicating activity in only one isolate. SEM analysis re- 

vealed that, in cefiderocol-treated biofilm, bacterial cells became more elongated than in the untreated 

control, forming filaments in which bacterial division seems to be inhibited. 

Conclusions: Cefiderocol exhibited an encouraging antibiofilm activity against tested strains , representing 

a valid option for the treatment of P. aeruginosa biofilm-associated infections, especially when adminis- 

tered in combination with imipenem. 

© 2024 The Authors. Published by Elsevier Ltd on behalf of International Society for Antimicrobial 

Chemotherapy. 

This is an open access article under the CC BY license ( http://creativecommons.org/licenses/by/4.0/ ) 
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. Introduction 

The excessive and often inappropriate use of antibiotics has 

purred antimicrobial resistance and multidrug-resistant bacteria, 

eading to a high risk of treatment failure and relapse of infec- 

ions [1 , 2] . In this scenario, nosocomial infections caused by Gram- 

egative bacteria are increasingly problematic to treat [3] . In addi- 

ion, the increased use of indwelling medical devices has led to 
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 higher incidence of biofilm-associated infections, in which bac- 

eria such as Pseudomonas aeruginosa can grow in an aggregate 

orm embedded in a self-produced extracellular matrix, forming 

 sessile community [4] . This structure makes bacteria resistant 

ot only to the action of the host immune system but also to 

ntibiotics, rendering the treatment of biofilm-related infections 

ighly complicated [5] . Given the emergence of bacterial resistance 

nd biofilm-associated infections, much effort is required to de- 

elop novel and effective antibacterial and antibiofilm agents [1] . 

art of the research and development of new antibiotics is fo- 

used on modifying active antibiotic structures (e.g. beta-lactams) 

y adding siderophores, iron-chelating molecules produced by bac- 
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Table 1 

List of P. aeruginosa strains and their antibiotic resistance profile. 

ID Infection site Geographical 

location 

Antimicrobial resistance 

PAO1 / / FEP; CAZ; CZA; C/T; MEM; TZP 

PA1 Joint prosthesis Naples No resistance 

PA2 Joint prosthesis Berlin FEP; CAZ; CZA; C/T; CIP; MEM; TZP 

PA3 Joint prosthesis Berlin FEP; IPM; CAZ; C/T; CIP; MEM; TZP; TOB 

PA4 Blood Naples No resistance 

PA5 Blood Naples No resistance 

PA6 Joint prosthesis Verona FEP; CAZ; C/T; TZP 

PA7 Joint prosthesis Rome FEP; CAZ; CZA; C/T; CIP; TZP 

PA8 Blood Naples FEP; CAZ; CZA; C/T; TZP 

PA9 Blood Naples FEP; CAZ; TZP 

PA10 Cardiothoracic prosthesis Naples No resistance 

CAZ, ceftazidime; CIP, ciprofloxacin; CZA, ceftazidime-avibactam; C/T, ceftolozane-tazobactam; FEP, ce- 

fepime; IPM, imipenem; MEM, meropenem; TZP, piperacillin-tazobactam; TOB, tobramycin. 
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eria to capture iron, which is useful for the survival of their own 

ells. None of the siderophore antibiotics developed before 2019 

rogressed to clinical development, due to poor correlation be- 

ween in vitro activity and in vivo efficacy or because of car- 

iovascular toxicity. On 14 November 2019, the Food and Drug 

dministration approved cefiderocol, a novel parenteral catechol- 

ubstituted siderophore cephalosporin indicated for the treatment 

f multidrug-resistant Gram-negative infections in adult patients 

ith limited therapeutic options [6] . Cefiderocol is a synthetic 

onjugate composed of a cephalosporin moiety and a catechol- 

ype siderophore [7] . The catechol moiety allows the molecule to 

ork as a siderophore by forming a chelating complex with fer- 

ic iron and by using the bacterial ferric iron transport system to 

ross the outer membrane of Gram-negative organisms and get 

nto the periplasmatic space. Once cefiderocol successfully enters 

he periplasmic space, it dissociates from iron and, as with other 

eta-lactams, the cephalosporin moiety binds to penicillin-binding 

roteins (PBPs) and disrupts the synthesis of the peptidoglycan 

ayer of bacterial cell walls, inducing cell death [6] . This mecha- 

ism is called a ‘Trojan horse’ strategy, allowing successful pene- 

ration by evading some intrinsic or acquired antibiotic resistance 

echanisms. The active transport mechanism through iron trans- 

ort channels contributes not only to the delivery of cefiderocol 

fficiently into the periplasmic space, where the target PBPs are 

ocated, but it also overcomes permeability-related drug resistance 

ue to porin channel loss and overexpression of efflux pumps 

8 , 9] . 

The main aim of this work was to evaluate the ability of ce- 

derocol to kill biofilm-embedded P. aeruginosa clinical strains. The 

ynergistic bactericidal and/or eradicating effect of cefiderocol in 

ombination with imipenem was also evaluated for five selected 

solates in sessile form. 

. Materials and methods 

.1. Pseudomonas aeruginosa strains 

The 10 P. aeruginosa clinical strains included in the study were 

solated from infected implants and bloodstream with different 

usceptibility patterns. A reference strain, PAO1, was included in 

he study. Table 1 shows the bacterial strains’ ID, their geograph- 

cal origin, the site of infection, and antimicrobial resistance pro- 

le. Each strain was aliquoted and stored at –80 °C until used. Ac- 

ording to the European Committee on Antimicrobial Susceptibil- 

ty Test (EUCAST) guidelines [10] , all strains were cultured in iron- 

epleted cation-adjusted Mueller-Hinton broth (ID-CAMHB). Each 

train was inoculated from the stock into 5 mL of ID-CAMHB to 

row overnight at 37 °C shaking. Bacteria were plated onto LB agar. 

hosphate-buffered saline (PBS) was used for dilutions. 
54
.2. Antibacterial molecules 

Cefiderocol powder was provided by Shionogi and Co., Ltd. (Os- 

ka, Japan), and it was maintained and preserved according to the 

ompany’s guidelines. The master stock solution was reconstituted 

n a vial by solubilizing the whole amount of drug product (1 

/vial) with 10 mL of sterile H2 O, aliquoted and stored at –20 °C. 

mipenem (Sigma-Aldrich, St. Louis, Missouri, USA) was weighed 

rior to each use and diluted in sterile H2 O because it could not 

e frozen, according to the guidelines. 

.3. In vitro P. aeruginosa biofilm formation 

The ability of P. aeruginosa strains to form biofilm in vitro was 

valuated on porous glass beads following a previously established 

rotocol [11] . Bacteria from overnight culture were diluted up to 

07 CFU/mL and incubated with porous glass beads in ID-CAMHB 

or 24 h at 37 °C to allow the bacteria to adhere to the beads and

orm biofilm. The ratio between beads and the diluted overnight 

acterial culture (mL) was 1:1. After 24 h, the beads were washed 

hree times with PBS, and each of them was transferred into a 2 

L Eppendorf tube containing 1 mL of PBS using a sterile inoc- 

lation loop. Next, beads were vortexed for 30 s, sonicated for 1 

in in a sonication bath, and vortexed for a further 30 s to de- 

ach the biofilm and disaggregate the bacterial cells. After this, the 

onication fluid was 10-fold serially diluted in PBS, and the differ- 

nt dilutions were plated onto LB agar. Plates were incubated for 

4 h at 37 °C for colony counting. Quantification of biomass formed 

y P. aeruginosa strains was performed by crystal violet (CV) assay 

12] . Overnight, growing bacteria (100 μL) diluted 1:100 in fresh 

B broth were incubated at 37 °C for 24 h in a flat-bottom mi- 

rotiter plate to allow cells to attach to the polystyrene surface. 

he same volume of LB broth was added as a blank. After incu- 

ation, the content of the wells was removed by turning the plate 

pside down on absorbent paper and tapping it vigorously to en- 

ourage as much liquid as possible to flow out. After, each well 

as washed with 125 μL of PBS. The biofilms were stained for 15 

in at room temperature by adding 125 μL of 0.1% CV solution. 

hen, each well was washed again with PBS three times, and the 

late was left to dry for 15 min. Finally, 200 μL of 96% ethanol 

as added to each well for 15 min, allowing the stain to solubi- 

ize. Optical density (OD) values of the CV/ethanol solutions were 

easured at a wavelength of 570 nm in a microplate reader (Ther- 

oScientific Multiskan FC Microplate Photometer, Waltham, Mas- 

achusetts, U.S). The final OD value of each tested strain was in- 

icated as the average OD value of the strain [13] . The interpre- 

ation of obtained results was performed according to Stepanović 

nd colleagues [13] as follows: OD ≤ ODc = no biofilm producer; 

Dc < OD ≤ 2 × ODc = weak biofilm producer; 2 × ODc < OD ≤
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 × ODc = moderate biofilm producer; 4 × ODc < OD = strong 

iofilm producer. The cut-off value (ODc) was defined as three 

tandard deviations (SD) above the mean OD of the negative con- 

rol (ODc = average OD of negative control + 3 × SD of negative 

ontrol) [13] . 

.4. In vitro activity of cefiderocol and imipenem against planktonic 

nd biofilm-embedded P. aeruginosa 

The antimicrobial susceptibility testing of cefiderocol and 

mipenem was performed by broth microdilution assay, according 

o EUCAST guidelines [10] . The experiments for determining the 

inimum inhibitory concentration (MIC) were performed in a 96- 

ound-bottom-well plate containing 100 μL suspension of bacteria 

t the final load of 106 CFU/mL and twofold serial dilutions of the 

rugs. The cefiderocol and imipenem were tested, and ranged from 

.06 mg/L to 4 mg/L and from 0.5 mg/L to 8 mg/L, respectively. The 

ell containing bacterial suspension (106 CFU/mL) without antibi- 

tics was used as growth control (GC). Samples were incubated at 

7 °C. After 24 h, each bacterial suspension was 10-fold serially di- 

uted and plated onto LB agar for colony counting. The minimum 

actericidal concentration (MBC) was defined as the lowest antibi- 

tic concentration able to reduce by at least 3 log10 CFU/mL in 

omparison with the CFU/mL value of the initial inoculum. 

In order to perform the antibiofilm assay with antibiotics, 

iofilm of P. aeruginosa strains was formed on porous glass beads, 

s described in paragraph 2.3. After biofilm formation, beads were 

ashed with PBS three times and each of them was transferred, 

sing a sterile inoculation loop, into a 48-well plate, in which an- 

ibiotics were serially diluted in ID-CAMHB. Cefiderocol was tested 

rom 512 mg/L to 0.06 mg/L, while imipenem was tested from 

12 mg/L to 1 mg/L. Cefiderocol was also tested in the presence 

f imipenem to evaluate the potential synergic bactericidal and/or 

radicating effect. The drugs in combination were tested at con- 

entrations lower than 2 mg/L and below 4 mg/L for cefiderocol 

nd imipenem, respectively, and 24-h-old biofilm beads were in- 

ubated with 1 mL of fresh ID-CAMHB without drugs as the GC. 

ead samples were incubated for 24 h at 37 °C and treated as de- 

cribed in paragraph 2.3 for colony counting. For each tested strain, 

he minimum biofilm bactericidal concentration (MBBC), defined 

s the lowest antimicrobial concentration that killed 99.9% (i.e. 3 

og10 CFU/mL) of the cells recovered from a biofilm culture com- 

ared with the GC, and the minimum biofilm eradication concen- 

ration (MBEC), defined as the lowest concentration of antimicro- 

ial agent required to eradicate the biofilm (0 CFU/mL on plate) 

14] , were evaluated. In antibiotic combination tests, the fractional 

iofilm bactericidal concentration (FBBC) index and/or fractional 

iofilm eradication concentration (FBEC) index were used to in- 

estigate the synergistic bactericidal and/or eradicating activity of 

ntibiotics tested in combination. The FBBC index was determined 

s follows: FBBC index = FBBC(C) + FBBC(I) = MBBC(C) in com- 

ination/MBBC(C) alone + MBBC(I) in combination/MBBC(I) alone; 

here (C) is cefiderocol and (I) is imipenem. The FBBC index was 

nterpreted as follows: ≤0.5 indicates a synergistic effect (S); > 0.5 

o ≤4.0, no interaction (N); and > 4.0, an antagonistic effect (A) 

15] . The FBEC index was calculated using the same method, re- 

lacing MBBC with MBEC. The interpretation was the same as that 

or the FBBC index [15] . 

.5. Evaluation of the antibiofilm effect by scanning electron 

icroscopy 

Scanning electron microscopy (SEM) was used to investigate the 

A10 colonization of porous glass beads following a previously es- 

ablished protocol [16] . Biofilm was formed on porous glass beads, 

s described in paragraph 2.3, and each sample was incubated for 
55
4 h with different concentrations of antibiotics. Cefiderocol and 

mipenem were tested alone and in combination at 0.5 and 1 mg/L, 

espectively, and 24-h-old biofilm beads were incubated with ID- 

AMHB as the untreated control. After incubation, each bead was 

ashed in PBS three times and fixed with glutaraldehyde [16] . 

ead samples were incubated with 2.5% glutaraldehyde solution 

glutaraldehyde solution 25% was diluted 1:10 in sodium cacody- 

ate 0.1 M buffer) for 1 h at room temperature. After incubation, 

amples were washed three times for 2–3 min with sodium ca- 

odylate 0.1 M buffer. Then, sam ples were dehydrated with ethanol 

radients, since the water content of the sample was not com- 

atible with the vacuum needed for the electron beam function- 

ng [16] . Beads were washed for 10 min with 30%, 50%, 70%, 85%, 

nd 95% ethanol, and two times for 10 min with 100% ethanol. 

hen, dehydrated biofilm samples were treated with hexamethyl- 

isilazane (HMDS) solvent to obtain an optimal resolution [16] . 

amples were incubated with 100% ethanol and pure HMDS (1:1 

/v) for 4 min, then incubated with HMDS for a further 4 min at 

T. Finally, samples were left to dry overnight on filter paper under 

 chemical hood. For sample investigation, beads were coated with 

 layer of platinum to increase their electrical conductivity. Sam- 

les were observed by a field emission scanning electron micro- 

cope (FEI Company Quanta 450 FEG, Hillsboro, Oregon, U.S) with 

.00 kV voltage. 

. Results 

.1. Evaluation of P. aeruginosa’s ability to form biofilm 

The 10 P. aeruginosa clinical strains included in the study were 

elected from patients with severe bloodstream or chronic pros- 

hetic infections. In addition, the strains were chosen based on two 

atterns of resistance or susceptibility. All of the strains were se- 

ected for their ability to form biofilm in vitro , which was initially 

ested on porous glass beads by counting the CFU/mL of viable at- 

ached cells . A reference strain, PAO1, considered a strong biofilm 

roducer [17] , was also included. The CFU/mL numbers obtained 

y P. aeruginosa strains are reported in Fig. 1 . 

After 24 h, the PAO1 reference strain reached 4.5 × 107 CFU/mL, 

hile 1.1 × 108 CFU/mL and 9.9 × 107 CFU/mL were the values ob- 

erved for PA4 and PA5, respectively, indicating an increased capac- 

ty to form biofilm in vitro on porous glass beads. All other strains 

eached a lower number of CFU/mL compared with the reference 

train, but still in a range of 5.5 × 106 to 4.3 × 107 CFU/mL. Next, 

he quantification of the whole biofilm biomass (including both 

ell and matrix components) of P. aeruginosa strains was performed 

y measuring the absorbance of CV extracted by stained adherent 

iomass. According to the OD value and classification described 

y Stepanović et al., strains were divided into four categories of 

iofilm producers ( Fig. 1 ). PA3 and PA6 were weak biofilm produc- 

rs, PA1 and PA7 were moderate biofilm producers, and all other 

solates (including four strains isolated from blood) were strong 

iofilm producers. 

.2. Antimicrobial activity of cefiderocol and imipenem against 

lanktonic P. aeruginosa 

Tests of the susceptibility to antimicrobial activity of cefidero- 

ol and imipenem were performed according to EUCAST guidelines 

10] . Tables 2 and 3 showed the MIC values of cefiderocol and 

mipenem, respectively. For cefiderocol, MICs ranged from ≤0.06 

o 0.25 mg/L, except for PA3 (whose MIC was 4 mg/L). According 

o EUCAST Breakpoint [18] , cefiderocol was active against all the 

trains tested, with the exception of PA3, which was resistant to 

he antibiotic. The MBC values of cefiderocol required for reduc- 

ng the original inoculum by > 99.9% (i.e. 3 log10 CFU/ml) of tested 
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Fig. 1. P. aeruginosa strains biofilm formation on porous glass beads after 24 h incubation at 37 °C. Biofilm growth was evaluated by CFU/mL counting of biofilm-forming 

viable cells. The detection limit (Y = 50 CFU/mL) is represented by the horizontal black dotted line. For each strain, media and SEM values are reported. The able indicates 

the quantification of bacterial biofilms formed by P. aeruginosa strains, measured according to Stepanović and colleagues [13] . 

Table 2 

MIC and MBC values of cefiderocol (FDC) vs. P. aeruginosa isolates. 

PA01 PA1 PA2 PA3 PA4 PA5 PA6 PA7 PA8 PA9 PA10 

FDC (mg/L) 
MIC ≤ 0.06 ≤ 0.06 0.25 4 ≤ 0.06 0.125 ≤ 0.06 0.125 ≤ 0.06 ≤ 0.06 ≤ 0.06 

MBC 0.125 0.25 1 > 8 0.125 0.25 0.25 1 0.25 0.25 0.06 
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solates ranged from 0.06 to 1 mg/L, except for PA3 ( > 8 mg/L).

mipenem ranging from 0.5 to 8 mg/L was tested against PA6, PA7, 

A8, PA9, and PA10. As shown in Table 3 , imipenem’s MIC values 

anged from 1 to 4 mg/L and, according to EUCAST breakpoints 

18] , all tested strains were categorized as susceptible to increased 

xposure. Imipenem’s MBCs were 4 mg/L for all isolates, except for 

A8 (8 mg/L) and PA10 (2 mg/L). 

.3. The individually tested antibiofilm activity of cefiderocol and 

mipenem 

According to their susceptibility profile to antibiotics and their 

bility to form biofilm in vitro, the PAO1 reference strain and 
able 3 

IC and MBC values of imipenem (IPM) vs. P. aeruginosa isolates. 

PA6 PA7 PA8 PA9 PA10 

IPM (mg/L) 
MIC 2 1–2 4 2 2 

MBC 4 4 8 4 2 

a

w

c

l

a

56
even clinical strains were selected from the panel of P. aerugi- 

osa strains to evaluate the antibiofilm activity of cefiderocol. The 

iderophore cephalosporin was tested on 24-h-old biofilm formed 

n porous glass beads at different concentrations. The final num- 

ers of CFU/mL, after 24 h of antibiotic treatment at 37 °C, were 

etermined. As shown in Fig. 2 , in PAO1 and PA1, the obtained 

umbers of CFU/mL of the biofilm tested with different con- 

entrations of cefiderocol were comparable to those of the un- 

reated GC. In PA2 and PA7, a reduction of almost 2 log10 in 

he CFU/mL for tested concentrations compared with the GC was 

bserved, maintaining all values higher than the MBBC. For half 

f the tested strains, the MBBC was observed. The MBBC val- 

es were 16 mg/L for PA6, 32 mg/L for PA8, 256 mg/L for PA9, 

nd 2 mg/L for PA10. Eradication was only achieved in PA10, 

hich was treated with 512 mg/L cefiderocol, the highest tested 

oncentration. 

Five clinical isolates (PA6, PA7, PA8, PA9, and PA10) were se- 

ected arbitrarily to evaluate the antibiofilm activity of imipenem 

lone and in combination with cefiderocol. The treatments with 
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Fig. 2. Activity of cefiderocol on preformed 24-h-old P. aeruginosa biofilm. CFU/mL measurements are represented on the Y axis and concentrations of the drug are repre- 

sented on the X axis. The bars represent the mean value of at least three independent biological replicates (N ≥ 3) with the relative standard error of the mean (SEM). The 

detection limit (Y = 50) for CFU/mL count is represented by the horizontal continuous line, while MBBC (3 log10 under GC) is represented by the horizontal dotted line. 

57
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Fig. 3. Activity of imipenem on preformed 24-h-old P. aeruginosa biofilm. CFU/mL measurements are represented on the Y axis and concentrations of the drug are represented 

on the X axis. The bars represent the mean value of at least three independent biological replicates (N ≥ 3) with the relative standard error of the mean (SEM). The detection 

limit (Y = 50) for CFU/mL count is represented by the horizontal continuous line, while MBBC (3 log10 under GC) is represented by the horizontal dotted line. 
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mipenem were performed on 24-h-old biofilm formed on porous 

lass beads at concentrations ranging from 512 to 1 mg/L. As re- 

orted in Fig. 3 , all tested clinical strains showed bactericidal activ- 

ty at different drug concentrations, ranging from 64 to 512 mg/L. 

nly PA10 showed a very low MBBC (8 mg/L). No eradicating ac- 

ivity was observed in any tested strain. 
58
.4. In vitro antibiofilm assay of cefiderocol and imipenem tested in 

ombination 

The synergistic bactericidal and/or eradicating activity of cefide- 

ocol in combination with imipenem was evaluated against 24-h- 

ld P. aeruginosa biofilm formed on porous glass beads. Three sub- 
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Table 4 

MBBC and FBBC index values for cefiderocol (FDC) and imipenem (IPM) alone and in combination against P. aeruginosa clinical strains. 

Bacterial strain Antibiotic MBBC in isolation 

(mg/L) 

MBBC in 

combination (mg/L) 

FBBC index FBBC index 

(interpretation) 

PA6 FDC 16 1 0.0625 0.0937 (S) 

IPM 64 2 0.0312 

PA7 FDC > 512 0.5 < 0.0009 < 0.0028 (S) 

IPM 512 1 0.0019 

PA8 FDC 32 0.25 0.0078 0.0234 (S) 

IPM 64 1 0.0156 

PA9 FDC 256 2 0.0078 0.0156 (S) 

IPM 128 1 0.0078 

PA10 FDC 2 0.5 0.25 0.375 (S) 

IPM 8 1 0.125 

Interpretation of FBEC index: A = Antagonism; S = Synergism; NI = No interaction. 

Table 5 

MBEC and FBEC index values for cefiderocol (FDC) and imipenem (IPM) alone and in combination against PA7 strain. 

Bacterial strain Antibiotic MBEC in isolation 

(mg/L) 

MBEC in 

combination (mg/L) 

FBEC index FBEC index 

(interpretation) 

PA7 
FDC > 512 2 < 0.0039 < 0.0058 (S) 

IPM > 512 1 < 0.0019 

Interpretation of FBEC index: A = Antagonism; S = Synergism; NI = No interaction. 
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actericidal concentrations of each antibiotic were tested alone and 

n combination vs. PA6, PA7, PA8, PA9, and PA10. The results are 

ummarized in Table 4 . The combination of the two antibiotics 

esulted in synergistic bactericidal activity in all five clinical iso- 

ates tested. The highest FBBC index and, consequently, the low- 

st synergistic bactericidal effect, were obtained for PA10. The MB- 

Cs of antibiotics tested alone were lower than those of the other 

trains. 

The combination of the two antibiotics did not produce a syner- 

istic eradicating effect vs. any isolates tested, except vs. PA7; the 

ombination of cefiderocol (1 mg/L) and imipenem (2 mg/L) re- 

ulted in the eradication of the biofilm, despite the MBEC of both 

rugs alone being ≥512 mg/L ( Table 5 ). 

.5. SEM imaging of biofilm-embedded P. aeruginosa treated with 

ntibiotics 

SEM can reveal the high-resolution 3D structure of biofilm- 

mbedded bacteria attached to a surface at very high magnifica- 

ion [16] . PA10 was a P. aeruginosa clinical strain isolated from a 

horacic prosthesis-associated infection in a patient with a criti- 

al medical history. To investigate the colonization of the porous 

lass beads by the clinical strain (and thus possible therapeutic 

trategies for the treatment of infections due to the formation of 

iofilms on prosthetic devices), SEM was employed. After the for- 

ation of a 24-h-old biofilm, samples were incubated with differ- 

nt concentrations of antibiotics. Cefiderocol and imipenem were 

ested alone and in combination at 0.5 and 1 mg/L (the MBBC val- 

es of both drugs when tested in combination), respectively. The 

A10 cells attached to the beads, before being exposed to antibi- 

tics, are shown in Fig. 4 A. Aggregates of rod-shaped cells were 

bserved, and they showed a length of ca. 1–2 μm and a di- 

meter of ca. 0.5 μm, typical of P. aeruginosa strains. Differences 

n the size of the bacterial cells and the amount of the biofilm 

atrix were shown in drug-treated bead samples, as can be ob- 

erved in Fig. 4 B-C. In biofilm samples treated with cefiderocol 

lone, the bacterial cell took on a more elongated form than in the 

C, while the amount of matrix remained unchanged. For some 

acterial cells, complete lysis or severe damage (i.e. wrinkled sur- 

ace) was observed. In addition, the bacteria formed elongated fil- 

ments, and bacterial division appeared to be inhibited. Treatment 
59
ith imipenem alone induced an increase in the quantity of matrix 

nd caused a change in the shape of bacterial cells, which became 

horter and rounder than in the GC. Finally, with the combination 

f the two antibiotics, no bacterial growth was observed ( Fig. 4 D), 

onfirming the synergistic activity of cefiderocol with imipenem 

gainst the PA10 strain. 

. Discussion 

Biofilm-associated infections caused by P. aeruginosa pose a dif- 

cult challenge due to their inherent resistance to conventional 

ntibiotics [19] . In particular, biofilm-embedded cells can be ex- 

remely tolerant to high concentrations of antibiotics, even though 

he planktonic form is sensitive to most antimicrobial molecules 

20] . 

Here, 10 clinical isolates of P. aeruginosa with different antibi- 

tic susceptibility profiles were collected from either prosthetic 

r bloodstream infections, and their ability to form biofilm was 

valuated. All strains isolated from blood (4/10) were stronger 

iofilm producers in comparison with those isolated from in- 

welling medical devices (6/10), where more heterogeneous be- 

aviour was noted. 

Interestingly, the ability to form biofilm did not correlate with 

he resistance profile of the tested bacterial strains, in agree- 

ent with similar findings from other studies on various bacterial 

pecies [21–24] . 

All the tested strains exhibited a susceptibility profile to ce- 

derocol at the tested concentration. The obtained MIC values of 

efiderocol were rather consistent with the data reported for P. 

eruginosa by other authors in their in vitro studies, where they 

ound MIC values ≤2 mg/L [25–27] . Only PA3 showed a cefide- 

ocol MIC of 4 mg/L, demonstrating resistance to the drug. This 

train was also resistant to all beta-lactam molecules, excluding 

ZA. In an experimental resistance frequency investigation, Sim- 

er and colleagues found higher MIC values of cefiderocol, and at- 

ributed the development of drug resistance to mutations in genes 

elated to iron transport [28] . By contrast, none of the strains were 

esistant to imipenem. The MBC values observed for all the suscep- 

ible strains (except PA3) were rather low (ranging from 0.06 to 1 

g/L), suggesting that cefiderocol has potent bactericidal activity 

gainst all planktonic isolates. 
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Fig. 4. SEM micrographs (20.0 0 0 ×) of PA10 biofilms formed in vitro on porous glass beads. Observation of untreated bead used as a growth control ( a ) and beads treated 

with cefiderocol ( b ), imipenem ( c ), and with their combination ( d ). The arrows indicate damaged bacterial cells. 
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As expected, both cefiderocol and imipenem showed higher 

actericidal concentration when tested singularly against P. aerug- 

nosa biofilms, more than 10–100 times higher than their plank- 

onic counterparts. Although the two antibiotics alone appeared 

o have ineffective antibiofilm activity at the low concentrations 

ested for the majority of isolates, here, the in vitro data ob- 

ained suggested that the use of cefiderocol in combination with 

mipenem is a promising therapeutic strategy against P. aeruginosa 

iofilms, confirming the synergistic activity of the two molecules 

bserved by the authors in a previously published case report [29] . 

n fact, the antibiotic combination can achieve therapeutic efficacy 

ith a higher probability and selectivity than the drugs being ad- 

inistered singularly [30] . 

Interestingly, the stretched cell shape following treatment with 

efiderocol was also observed by Bao and colleagues [31] , through 

bservation by a transmission electron microscope of cefiderocol- 

esistant Klebsiella pneumoniae . In this study, the cell shape- 

etermining proteins MreC and MreB were upregulated when bac- 

eria were incubated with cefiderocol, making the drug-resistant 

orm of K. pneumoniae longer and thinner. The proteins are elon- 

asomes belonging to the Rod system, which is associated with 

od-shape determination in bacteria [31] . This effect is similar to 

hat observed in E. coli cells following exposure to aztreonam [32] . 

longated and filamentous P. aeruginosa cells obtained after treat- 

ent with cefiderocol are likely the result of the inhibition of 

BP3, a cefiderocol higher-affinity target. PBP3 is required for cell 

ivision, and its inhibition has been demonstrated to suppress cell 

ivision by preventing cell septation, thus leading to filamenta- 

ion [32 , 33] . Ovoid cell formation occurs when bacteria, including 

. aeruginosa , are exposed to antibiotics (including imipenem) that 

nhibit PBP2 [34]. Inhibition of PBP2 leads to cessation of lateral- 
60
all peptidoglycan synthesis and permanent activation of septal 

all peptidoglycan synthesis, resulting in daughter cells that com- 

rise two poles with no cylindrical peptidoglycan to separate them 

34] . The increase in the amount of PA10 biofilm matrix could be 

elated to the fact that imipenem induces alginate production, one 

f the main exopolysaccharides forming the matrix of P. aeruginosa 

iofilm [35] . This effect has been reported by Bagge and colleagues 

36] , who observed a 20-fold increase in alginate in the biofilm 

atrix of imipenem-exposed PAO1 biofilms compared with an un- 

reated biofilm control. 

The target of PBPs 2 and 3 by imipenem and cefiderocol, re- 

pectively, may underlie the synergistic mechanism of action of 

he two drugs on P. aeruginosa biofilms. The effectiveness of beta- 

actam combinations, based on a similar mechanism, has previ- 

usly been reported for other difficult-to-treat pathogens [37 , 38] . 

he preliminary experimental evidence supporting the potential 

nhibition of dual beta-lactam combination in the synergistic effect 

f cefiderocol and imipenemrequires further investigation. How- 

ver, another possible mechanism could be related to cefiderocol’s 

ron-scavenging properties, which might disrupt the EPS struc- 

ure, potentially weakening the biofilm barrier and enhancing the 

enetration of imipenem. This synergistic action could promote 

he eradication of both biofilm-residing bacteria and those in the 

lanktonic state. 

. Conclusion 

We confirm that the new siderophore cephalosporin cefiderocol 

xhibits encouraging antimicrobial activity against P. aeruginosa , 

nd we demonstrate its antibiofilm activity when used in combi- 

ation with imipenem . Although the present study was limited by 
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he small number of tested isolates with a narrow genetic diversity 

nd geographical origin, the promising results suggest that cefide- 

ocol in combination with imipenem might be a valid option for 

he treatment of biofilm-associated infections to be further inves- 

igated in clinical settings. 

unding: This investigator-initiated study was supported by Sh- 

onogi B.V. In addition, MDL work was supported by PNRR 

HE—Tuscany Health Ecosystem; Spoke 7—Innovating Transla- 

ional Medicine-Sub-project 5—Innovative models for manage- 

ent of infections caused by antibiotic-resistant bacteria (Project 

ode: ECS0 0 0 0 0 017; CUP I53C220 0 0780 0 01) and by the Univer-

ità di Pisa under the ‘PRA—Progetti di Ricerca di Ateneo’ (Insti- 

utional Research Grants)—Project No. PRA_2020_32 ‘I batteriofagi: 

n’alternativa agli antibiotici contro batteri multi-resistenti in co- 

unità sessili’. 

ompeting interests: The authors declare that the research was 

onducted in the absence of any commercial or financial relation- 

hips that could be construed as a potential conflict of interest. 

thical approval: Not required. 

cknowledgements : The authors thank Dr Randa Ishak for her 

upport in SEM imaging. 

eferences 

[1] Annunziato G. Strategies to overcome antimicrobial resistance (AMR) making 
use of non-essential target inhibitors: a review. Int J Mol Sci 2019;20:5844. 

doi: 10.3390/ijms20235844 . 

[2] Ventola CL. The antibiotic resistance crisis. P T 2015;40:277–83 . 
[3] Ito A, Sato T, Ota M, Takemura M, Nishikawa T, Toba S, et al. In vitro antibacte-

rial properties of cefiderocol, a novel siderophore cephalosporin, against Gram- 
negative bacteria. Antimicrob Agents Chemother 2018;62:e0145417. doi: 10. 

1128/AAC.01454-17 . 
[4] Abdelhamid AG, Yousef AE. Combating bacterial biofilms: current and 

emerging antibiofilm strategies for treating persistent infections. Antibiotics 

2023;12:1005. doi: 10.3390/antibiotics12061005 . 
[5] Yin R, Cheng J, Wang J, Li P, Lin J. Treatment of Pseudomonas aeruginosa in-

fectious biofilms: challenges and strategies. Front Microbiol 2022;13:955286. 
doi: 10.3389/fmicb.2022.955286 . 

[6] El-Lababidi RM, Rizk JG. Cefiderocol: a siderophore cephalosporin. Ann Phar- 
macother 2020;54:1215–31. doi: 10.1177/1060028020929988 . 

[7] McCreary EK, Heil EL, Tamma PD. New perspectives on antimicrobial agents: 

cefiderocol. Antimicrob Agents Chemother 2021;65:e0217120. doi: 10.1128/ 
AAC.02171-20 . 

[8] Stracquadanio S, Bonomo C, Marino A, Bongiorno D, Privitera GF, Bivona DA, 
et al. Acinetobacter baumannii and cefiderocol, between cidality and adapt- 

ability. Microbiol Spectr 2022;10:e0234722. doi: 10.1128/spectrum.02347- 
22 . 

[9] Sato T, Yamawaki K. Cefiderocol: discovery, chemistry, and in vivo profiles of 
a novel siderophore cephalosporin. Clin Infect Dis 2019;69:S538–43. doi: 10. 

1093/cid/ciz826 . 

[10] The European Committee on Antimicrobial Susceptibility Testing – EUCAST. 
MIC determination of non-fastidious and fastidious organisms, https://www. 

eucast.org/ast_of_bacteria/mic_determination ; 2024 [accessed]. 
[11] Butini ME, Abbandonato G, Di Rienzo C, Trampuz A, Di Luca M. Isother- 

mal microcalorimetry detects the presence of persister cells in a Staphylococ- 
cus aureus biofilm after vancomycin treatment. Front Microbiol 2019;10:332. 

doi: 10.3389/fmicb.2019.00332 . 

12] Merritt JH, Kadouri DE, O’Toole GA. Growing and analyzing static biofilms. 
Curr Protoc Microbiol 2005 Chapter 1:Unit 1B.1. doi: 10.1002/9780471729259. 

mc01b01s00 . 
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