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ABSTRACT

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/)

1. Introduction

a higher incidence of biofilm-associated infections, in which bac-
teria such as Pseudomonas aeruginosa can grow in an aggregate

The excessive and often inappropriate use of antibiotics has
spurred antimicrobial resistance and multidrug-resistant bacteria,
leading to a high risk of treatment failure and relapse of infec-
tions [1,2]. In this scenario, nosocomial infections caused by Gram-
negative bacteria are increasingly problematic to treat [3]. In addi-
tion, the increased use of indwelling medical devices has led to
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form embedded in a self-produced extracellular matrix, forming
a sessile community [4]. This structure makes bacteria resistant
not only to the action of the host immune system but also to
antibiotics, rendering the treatment of biofilm-related infections
highly complicated [5]. Given the emergence of bacterial resistance
and biofilm-associated infections, much effort is required to de-
velop novel and effective antibacterial and antibiofilm agents [1].
Part of the research and development of new antibiotics is fo-
cused on modifying active antibiotic structures (e.g. beta-lactams)
by adding siderophores, iron-chelating molecules produced by bac-
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List of P. aeruginosa strains and their antibiotic resistance profile.

ID Infection site Geographical Antimicrobial resistance
location
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.

teria to capture iron, which is useful for the survival of their own
cells. None of the siderophore antibiotics developed before 2019
progressed to clinical development, due to poor correlation be-
tween in vitro activity and in vivo efficacy or because of car-
diovascular toxicity. On 14 November 2019, the Food and Drug
Administration approved cefiderocol, a novel parenteral catechol-
substituted siderophore cephalosporin indicated for the treatment
of multidrug-resistant Gram-negative infections in adult patients
with limited therapeutic options [6]. Cefiderocol is a synthetic
conjugate composed of a cephalosporin moiety and a catechol-
type siderophore [7]. The catechol moiety allows the molecule to
work as a siderophore by forming a chelating complex with fer-
ric iron and by using the bacterial ferric iron transport system to
cross the outer membrane of Gram-negative organisms and get
into the periplasmatic space. Once cefiderocol successfully enters
the periplasmic space, it dissociates from iron and, as with other
beta-lactams, the cephalosporin moiety binds to penicillin-binding
proteins (PBPs) and disrupts the synthesis of the peptidoglycan
layer of bacterial cell walls, inducing cell death [6]. This mecha-
nism is called a ‘Trojan horse’ strategy, allowing successful pene-
tration by evading some intrinsic or acquired antibiotic resistance
mechanisms. The active transport mechanism through iron trans-
port channels contributes not only to the delivery of cefiderocol
efficiently into the periplasmic space, where the target PBPs are
located, but it also overcomes permeability-related drug resistance
due to porin channel loss and overexpression of efflux pumps
[8,9].

The main aim of this work was to evaluate the ability of ce-
fiderocol to kill biofilm-embedded P. aeruginosa clinical strains. The
synergistic bactericidal and/or eradicating effect of cefiderocol in
combination with imipenem was also evaluated for five selected
isolates in sessile form.

2. Materials and methods
2.1. Pseudomonas aeruginosa strains

The 10 P. aeruginosa clinical strains included in the study were
isolated from infected implants and bloodstream with different
susceptibility patterns. A reference strain, PAO1, was included in
the study. Table 1 shows the bacterial strains’ ID, their geograph-
ical origin, the site of infection, and antimicrobial resistance pro-
file. Each strain was aliquoted and stored at —-80°C until used. Ac-
cording to the European Committee on Antimicrobial Susceptibil-
ity Test (EUCAST) guidelines [10], all strains were cultured in iron-
depleted cation-adjusted Mueller-Hinton broth (ID-CAMHB). Each
strain was inoculated from the stock into 5 mL of ID-CAMHB to
grow overnight at 37°C shaking. Bacteria were plated onto LB agar.
Phosphate-buffered saline (PBS) was used for dilutions.
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2.2. Antibacterial molecules

Cefiderocol powder was provided by Shionogi and Co., Ltd. (Os-
aka, Japan), and it was maintained and preserved according to the
company’s guidelines. The master stock solution was reconstituted
in a vial by solubilizing the whole amount of drug product (1
g/vial) with 10 mL of sterile H,0, aliquoted and stored at -20°C.
Imipenem (Sigma-Aldrich, St. Louis, Missouri, USA) was weighed
prior to each use and diluted in sterile H,O because it could not
be frozen, according to the guidelines.

2.3. In vitro P. aeruginosa biofilm formation

The ability of P. aeruginosa strains to form biofilm in vitro was
evaluated on porous glass beads following a previously established
protocol [11]. Bacteria from overnight culture were diluted up to
107 CFU/mL and incubated with porous glass beads in ID-CAMHB
for 24 h at 37°C to allow the bacteria to adhere to the beads and
form biofilm. The ratio between beads and the diluted overnight
bacterial culture (mL) was 1:1. After 24 h, the beads were washed
three times with PBS, and each of them was transferred into a 2
mL Eppendorf tube containing 1 mL of PBS using a sterile inoc-
ulation loop. Next, beads were vortexed for 30 s, sonicated for 1
min in a sonication bath, and vortexed for a further 30 s to de-
tach the biofilm and disaggregate the bacterial cells. After this, the
sonication fluid was 10-fold serially diluted in PBS, and the differ-
ent dilutions were plated onto LB agar. Plates were incubated for
24 h at 37°C for colony counting. Quantification of biomass formed
by P. aeruginosa strains was performed by crystal violet (CV) assay
[12]. Overnight, growing bacteria (100 pL) diluted 1:100 in fresh
LB broth were incubated at 37°C for 24 h in a flat-bottom mi-
crotiter plate to allow cells to attach to the polystyrene surface.
The same volume of LB broth was added as a blank. After incu-
bation, the content of the wells was removed by turning the plate
upside down on absorbent paper and tapping it vigorously to en-
courage as much liquid as possible to flow out. After, each well
was washed with 125 pL of PBS. The biofilms were stained for 15
min at room temperature by adding 125 pL of 0.1% CV solution.
Then, each well was washed again with PBS three times, and the
plate was left to dry for 15 min. Finally, 200 pL of 96% ethanol
was added to each well for 15 min, allowing the stain to solubi-
lize. Optical density (OD) values of the CV/ethanol solutions were
measured at a wavelength of 570 nm in a microplate reader (Ther-
moScientific Multiskan FC Microplate Photometer, Waltham, Mas-
sachusetts, U.S). The final OD value of each tested strain was in-
dicated as the average OD value of the strain [13]. The interpre-
tation of obtained results was performed according to Stepanovic
and colleagues [13] as follows: OD < ODc = no biofilm producer;
ODc < OD < 2 x ODc = weak biofilm producer; 2 x ODc < OD <
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4 x ODc = moderate biofilm producer; 4 x ODc < OD = strong
biofilm producer. The cut-off value (ODc) was defined as three
standard deviations (SD) above the mean OD of the negative con-
trol (ODc = average OD of negative control + 3 x SD of negative
control) [13].

2.4. In vitro activity of cefiderocol and imipenem against planktonic
and biofilm-embedded P. aeruginosa

The antimicrobial susceptibility testing of cefiderocol and
imipenem was performed by broth microdilution assay, according
to EUCAST guidelines [10]. The experiments for determining the
minimum inhibitory concentration (MIC) were performed in a 96-
round-bottom-well plate containing 100 pL suspension of bacteria
at the final load of 106 CFU/mL and twofold serial dilutions of the
drugs. The cefiderocol and imipenem were tested, and ranged from
0.06 mg/L to 4 mg/L and from 0.5 mg/L to 8 mg/L, respectively. The
well containing bacterial suspension (106 CFU/mL) without antibi-
otics was used as growth control (GC). Samples were incubated at
37°C. After 24 h, each bacterial suspension was 10-fold serially di-
luted and plated onto LB agar for colony counting. The minimum
bactericidal concentration (MBC) was defined as the lowest antibi-
otic concentration able to reduce by at least 3 log10 CFU/mL in
comparison with the CFU/mL value of the initial inoculum.

In order to perform the antibiofilm assay with antibiotics,
biofilm of P. aeruginosa strains was formed on porous glass beads,
as described in paragraph 2.3. After biofilm formation, beads were
washed with PBS three times and each of them was transferred,
using a sterile inoculation loop, into a 48-well plate, in which an-
tibiotics were serially diluted in ID-CAMHB. Cefiderocol was tested
from 512 mg/L to 0.06 mg/L, while imipenem was tested from
512 mg/L to 1 mg/L. Cefiderocol was also tested in the presence
of imipenem to evaluate the potential synergic bactericidal and/or
eradicating effect. The drugs in combination were tested at con-
centrations lower than 2 mg/L and below 4 mg/L for cefiderocol
and imipenem, respectively, and 24-h-old biofilm beads were in-
cubated with 1 mL of fresh ID-CAMHB without drugs as the GC.
Bead samples were incubated for 24 h at 37°C and treated as de-
scribed in paragraph 2.3 for colony counting. For each tested strain,
the minimum biofilm bactericidal concentration (MBBC), defined
as the lowest antimicrobial concentration that killed 99.9% (i.e. 3
log10 CFU/mL) of the cells recovered from a biofilm culture com-
pared with the GC, and the minimum biofilm eradication concen-
tration (MBEC), defined as the lowest concentration of antimicro-
bial agent required to eradicate the biofilm (0 CFU/mL on plate)
[14], were evaluated. In antibiotic combination tests, the fractional
biofilm bactericidal concentration (FBBC) index and/or fractional
biofilm eradication concentration (FBEC) index were used to in-
vestigate the synergistic bactericidal and/or eradicating activity of
antibiotics tested in combination. The FBBC index was determined
as follows: FBBC index = FBBC(C) + FBBC(I) = MBBC(C) in com-
bination/MBBC(C) alone + MBBC(I) in combination/MBBC(I) alone;
where (C) is cefiderocol and (I) is imipenem. The FBBC index was
interpreted as follows: <0.5 indicates a synergistic effect (S); >0.5
to <4.0, no interaction (N); and >4.0, an antagonistic effect (A)
[15]. The FBEC index was calculated using the same method, re-
placing MBBC with MBEC. The interpretation was the same as that
for the FBBC index [15].

2.5. Evaluation of the antibiofilm effect by scanning electron
microscopy

Scanning electron microscopy (SEM) was used to investigate the
PA10 colonization of porous glass beads following a previously es-
tablished protocol [16]. Biofilm was formed on porous glass beads,
as described in paragraph 2.3, and each sample was incubated for
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24 h with different concentrations of antibiotics. Cefiderocol and
imipenem were tested alone and in combination at 0.5 and 1 mg/L,
respectively, and 24-h-old biofilm beads were incubated with ID-
CAMHB as the untreated control. After incubation, each bead was
washed in PBS three times and fixed with glutaraldehyde [16].
Bead samples were incubated with 2.5% glutaraldehyde solution
(glutaraldehyde solution 25% was diluted 1:10 in sodium cacody-
late 0.1 M buffer) for 1 h at room temperature. After incubation,
samples were washed three times for 2-3 min with sodium ca-
codylate 0.1 M buffer. Then, samples were dehydrated with ethanol
gradients, since the water content of the sample was not com-
patible with the vacuum needed for the electron beam function-
ing [16]. Beads were washed for 10 min with 30%, 50%, 70%, 85%,
and 95% ethanol, and two times for 10 min with 100% ethanol.
Then, dehydrated biofilm samples were treated with hexamethyl-
disilazane (HMDS) solvent to obtain an optimal resolution [16].
Samples were incubated with 100% ethanol and pure HMDS (1:1
v/v) for 4 min, then incubated with HMDS for a further 4 min at
RT. Finally, samples were left to dry overnight on filter paper under
a chemical hood. For sample investigation, beads were coated with
a layer of platinum to increase their electrical conductivity. Sam-
ples were observed by a field emission scanning electron micro-
scope (FEI Company Quanta 450 FEG, Hillsboro, Oregon, U.S) with
5.00 kV voltage.

3. Results
3.1. Evaluation of P. aeruginosa’s ability to form biofilm

The 10 P. aeruginosa clinical strains included in the study were
selected from patients with severe bloodstream or chronic pros-
thetic infections. In addition, the strains were chosen based on two
patterns of resistance or susceptibility. All of the strains were se-
lected for their ability to form biofilm in vitro, which was initially
tested on porous glass beads by counting the CFU/mL of viable at-
tached cells. A reference strain, PAO1, considered a strong biofilm
producer [17], was also included. The CFU/mL numbers obtained
by P. aeruginosa strains are reported in Fig. 1.

After 24 h, the PAO1 reference strain reached 4.5 x 107 CFU/mL,
while 1.1 x 108 CFU/mL and 9.9 x 107 CFU/mL were the values ob-
served for PA4 and PA5, respectively, indicating an increased capac-
ity to form biofilm in vitro on porous glass beads. All other strains
reached a lower number of CFU/mL compared with the reference
strain, but still in a range of 5.5 x 108 to 4.3 x 107 CFU/mL. Next,
the quantification of the whole biofilm biomass (including both
cell and matrix components) of P. aeruginosa strains was performed
by measuring the absorbance of CV extracted by stained adherent
biomass. According to the OD value and classification described
by Stepanovi¢ et al., strains were divided into four categories of
biofilm producers (Fig. 1). PA3 and PA6 were weak biofilm produc-
ers, PA1 and PA7 were moderate biofilm producers, and all other
isolates (including four strains isolated from blood) were strong
biofilm producers.

3.2. Antimicrobial activity of cefiderocol and imipenem against
planktonic P. aeruginosa

Tests of the susceptibility to antimicrobial activity of cefidero-
col and imipenem were performed according to EUCAST guidelines
[10]. Tables 2 and 3 showed the MIC values of cefiderocol and
imipenem, respectively. For cefiderocol, MICs ranged from <0.06
to 0.25 mg/L, except for PA3 (whose MIC was 4 mg/L). According
to EUCAST Breakpoint [18], cefiderocol was active against all the
strains tested, with the exception of PA3, which was resistant to
the antibiotic. The MBC values of cefiderocol required for reduc-
ing 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 Stepanovic and colleagues [13].

Table 2
MIC and MBC values of cefiderocol (FDC) vs. P. aeruginosa isolates.
PAO1 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

isolates ranged from 0.06 to 1 mg/L, except for PA3 (>8 mg/L).
Imipenem ranging from 0.5 to 8 mg/L was tested against PA6, PA7,
PA8, PA9, and PA10. As shown in Table 3, imipenem’s MIC values
ranged from 1 to 4 mg/L and, according to EUCAST breakpoints
[18], all tested strains were categorized as susceptible to increased
exposure. Imipenem’s MBCs were 4 mg/L for all isolates, except for
PA8 (8 mg/L) and PA10 (2 mg/L).

3.3. The individually tested antibiofilm activity of cefiderocol and
imipenem

According to their susceptibility profile to antibiotics and their
ability to form biofilm in vitro, the PAO1 reference strain and

Table 3
MIC and MBC values of imipenem (IPM) vs. P. aeruginosa isolates.
PA6 PA7 PA8 PA9 PA10
MIC 2 1-2 4 2 2
IPM (mg/L) MBC 4 4 8 4 2
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seven clinical strains were selected from the panel of P. aerugi-
nosa strains to evaluate the antibiofilm activity of cefiderocol. The
siderophore cephalosporin was tested on 24-h-old biofilm formed
on porous glass beads at different concentrations. The final num-
bers of CFU/mL, after 24 h of antibiotic treatment at 37°C, were
determined. As shown in Fig. 2, in PAO1 and PA1, the obtained
numbers of CFU/mL of the biofilm tested with different con-
centrations of cefiderocol were comparable to those of the un-
treated GC. In PA2 and PA7, a reduction of almost 2 logl0 in
the CFU/mL for tested concentrations compared with the GC was
observed, maintaining all values higher than the MBBC. For half
of the tested strains, the MBBC was observed. The MBBC val-
ues were 16 mg/L for PA6, 32 mg/L for PA8, 256 mg/L for PA9,
and 2 mg/L for PA10. Eradication was only achieved in PAI10,
which was treated with 512 mg/L cefiderocol, the highest tested
concentration.

Five clinical isolates (PA6, PA7, PA8, PA9, and PA10) were se-
lected arbitrarily to evaluate the antibiofilm activity of imipenem
alone 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.
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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.

imipenem were performed on 24-h-old biofilm formed on porous
glass beads at concentrations ranging from 512 to 1 mg/L. As re-
ported in Fig. 3, all tested clinical strains showed bactericidal activ-
ity at different drug concentrations, ranging from 64 to 512 mg|/L.
Only PA10 showed a very low MBBC (8 mg/L). No eradicating ac-
tivity was observed in any tested strain.
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3.4. In vitro antibiofilm assay of cefiderocol and imipenem tested in
combination

The synergistic bactericidal and/or eradicating activity of cefide-
rocol in combination with imipenem was evaluated against 24-h-
old 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 MBBC in FBBC index FBBC index
(mg/L) combination (mg/L) (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 MBEC in FBEC index FBEC index
(mg/L) combination (mg/L) (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.

bactericidal concentrations of each antibiotic were tested alone and
in combination vs. PA6, PA7, PA8, PA9, and PA10. The results are
summarized in Table 4. The combination of the two antibiotics
resulted in synergistic bactericidal activity in all five clinical iso-
lates tested. The highest FBBC index and, consequently, the low-
est synergistic bactericidal effect, were obtained for PA10. The MB-
BCs of antibiotics tested alone were lower than those of the other
strains.

The combination of the two antibiotics did not produce a syner-
gistic eradicating effect vs. any isolates tested, except vs. PA7; the
combination of cefiderocol (1 mg/L) and imipenem (2 mg/L) re-
sulted in the eradication of the biofilm, despite the MBEC of both
drugs alone being >512 mg/L (Table 5).

3.5. SEM imaging of biofilm-embedded P. aeruginosa treated with
antibiotics

SEM can reveal the high-resolution 3D structure of biofilm-
embedded bacteria attached to a surface at very high magnifica-
tion [16]. PA10 was a P. aeruginosa clinical strain isolated from a
thoracic prosthesis-associated infection in a patient with a criti-
cal medical history. To investigate the colonization of the porous
glass beads by the clinical strain (and thus possible therapeutic
strategies for the treatment of infections due to the formation of
biofilms on prosthetic devices), SEM was employed. After the for-
mation of a 24-h-old biofilm, samples were incubated with differ-
ent concentrations of antibiotics. Cefiderocol and imipenem were
tested alone and in combination at 0.5 and 1 mg/L (the MBBC val-
ues of both drugs when tested in combination), respectively. The
PA10 cells attached to the beads, before being exposed to antibi-
otics, are shown in Fig. 4A. Aggregates of rod-shaped cells were
observed, and they showed a length of ca. 1-2 ym and a di-
ameter of ca. 0.5 pum, typical of P. aeruginosa strains. Differences
in the size of the bacterial cells and the amount of the biofilm
matrix were shown in drug-treated bead samples, as can be ob-
served in Fig. 4B-C. In biofilm samples treated with cefiderocol
alone, the bacterial cell took on a more elongated form than in the
GC, while the amount of matrix remained unchanged. For some
bacterial cells, complete lysis or severe damage (i.e. wrinkled sur-
face) was observed. In addition, the bacteria formed elongated fil-
aments, and bacterial division appeared to be inhibited. Treatment
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with imipenem alone induced an increase in the quantity of matrix
and caused a change in the shape of bacterial cells, which became
shorter and rounder than in the GC. Finally, with the combination
of the two antibiotics, no bacterial growth was observed (Fig. 4D),
confirming the synergistic activity of cefiderocol with imipenem
against the PA10 strain.

4. Discussion

Biofilm-associated infections caused by P. aeruginosa pose a dif-
ficult challenge due to their inherent resistance to conventional
antibiotics [19]. In particular, biofilm-embedded cells can be ex-
tremely tolerant to high concentrations of antibiotics, even though
the planktonic form is sensitive to most antimicrobial molecules
[20].

Here, 10 clinical isolates of P. aeruginosa with different antibi-
otic susceptibility profiles were collected from either prosthetic
or bloodstream infections, and their ability to form biofilm was
evaluated. All strains isolated from blood (4/10) were stronger
biofilm producers in comparison with those isolated from in-
dwelling medical devices (6/10), where more heterogeneous be-
haviour was noted.

Interestingly, the ability to form biofilm did not correlate with
the resistance profile of the tested bacterial strains, in agree-
ment with similar findings from other studies on various bacterial
species [21-24].

All the tested strains exhibited a susceptibility profile to ce-
fiderocol at the tested concentration. The obtained MIC values of
cefiderocol were rather consistent with the data reported for P.
aeruginosa by other authors in their in vitro studies, where they
found MIC values <2 mg/L [25-27]. Only PA3 showed a cefide-
rocol MIC of 4 mg/L, demonstrating resistance to the drug. This
strain was also resistant to all beta-lactam molecules, excluding
CZA. In an experimental resistance frequency investigation, Sim-
ner and colleagues found higher MIC values of cefiderocol, and at-
tributed the development of drug resistance to mutations in genes
related to iron transport [28]. By contrast, none of the strains were
resistant to imipenem. The MBC values observed for all the suscep-
tible strains (except PA3) were rather low (ranging from 0.06 to 1
mg/L), suggesting that cefiderocol has potent bactericidal activity
against all planktonic isolates.
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Fig. 4. SEM micrographs (20.000 x) 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.

As expected, both cefiderocol and imipenem showed higher
bactericidal concentration when tested singularly against P. aerug-
inosa biofilms, more than 10-100 times higher than their plank-
tonic counterparts. Although the two antibiotics alone appeared
to have ineffective antibiofilm activity at the low concentrations
tested for the majority of isolates, here, the in vitro data ob-
tained suggested that the use of cefiderocol in combination with
imipenem is a promising therapeutic strategy against P. aeruginosa
biofilms, confirming the synergistic activity of the two molecules
observed by the authors in a previously published case report [29].
In fact, the antibiotic combination can achieve therapeutic efficacy
with a higher probability and selectivity than the drugs being ad-
ministered singularly [30].

Interestingly, the stretched cell shape following treatment with
cefiderocol was also observed by Bao and colleagues [31], through
observation by a transmission electron microscope of cefiderocol-
resistant Klebsiella pneumoniae. In this study, the cell shape-
determining proteins MreC and MreB were upregulated when bac-
teria were incubated with cefiderocol, making the drug-resistant
form of K. pneumoniae longer and thinner. The proteins are elon-
gasomes belonging to the Rod system, which is associated with
rod-shape determination in bacteria [31]. This effect is similar to
that observed in E. coli cells following exposure to aztreonam [32].
Elongated and filamentous P. aeruginosa cells obtained after treat-
ment with cefiderocol are likely the result of the inhibition of
PBP3, a cefiderocol higher-affinity target. PBP3 is required for cell
division, and its inhibition has been demonstrated to suppress cell
division by preventing cell septation, thus leading to filamenta-
tion [32,33]. Ovoid cell formation occurs when bacteria, including
P. aeruginosa, are exposed to antibiotics (including imipenem) that
inhibit PBP2 [34]. Inhibition of PBP2 leads to cessation of lateral-
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wall peptidoglycan synthesis and permanent activation of septal
wall peptidoglycan synthesis, resulting in daughter cells that com-
prise two poles with no cylindrical peptidoglycan to separate them
[34]. The increase in the amount of PA10 biofilm matrix could be
related to the fact that imipenem induces alginate production, one
of the main exopolysaccharides forming the matrix of P. aeruginosa
biofilm [35]. This effect has been reported by Bagge and colleagues
[36], who observed a 20-fold increase in alginate in the biofilm
matrix of imipenem-exposed PAO1 biofilms compared with an un-
treated biofilm control.

The target of PBPs 2 and 3 by imipenem and cefiderocol, re-
spectively, may underlie the synergistic mechanism of action of
the two drugs on P. aeruginosa biofilms. The effectiveness of beta-
lactam combinations, based on a similar mechanism, has previ-
ously been reported for other difficult-to-treat pathogens [37,38].
The preliminary experimental evidence supporting the potential
inhibition of dual beta-lactam combination in the synergistic effect
of cefiderocol and imipenemrequires further investigation. How-
ever, another possible mechanism could be related to cefiderocol’s
iron-scavenging properties, which might disrupt the EPS struc-
ture, potentially weakening the biofilm barrier and enhancing the
penetration of imipenem. This synergistic action could promote
the eradication of both biofilm-residing bacteria and those in the
planktonic state.

5. Conclusion

We confirm that the new siderophore cephalosporin cefiderocol
exhibits encouraging antimicrobial activity against P. aeruginosa,
and we demonstrate its antibiofilm activity when used in combi-
nation with imipenem. Although the present study was limited by
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the small number of tested isolates with a narrow genetic diversity
and geographical origin, the promising results suggest that cefide-
rocol in combination with imipenem might be a valid option for
the treatment of biofilm-associated infections to be further inves-
tigated in clinical settings.
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