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ARTICLE INFO ABSTRACT

Keywords: Background: Persistent and viable but non-culturable (VBNC) Pseudomonas aeruginosa cells hamper the eradi-
Pseudomonas aeruginosa cation and contribute to the recurrence of biofilm-related infections, especially in cystic fibrosis (CF) patients,
VBNC cells

often experiencing difficult-to-treat lung infections. The siderophore-cephalosporin cefiderocol, which hijacks
bacterial iron-uptake systems, has emerged as a last-resort antibiotic against antibiotic-resistant Gram-negative
bacteria and represents a desirable therapeutic option; however, there is still limited information about its impact
on bacterial persisters.

Methods: P. aeruginosa biofilms were exposed to either tobramycin, ceftazidime, or cefiderocol at their minimum
biofilm eradication concentrations under iron depletion in a rich or minimal medium. The bacterial survivors
were quantified by combining cultural enumerations, quantitative PCR and confocal microscopy, to detect both
culturable and VBNC cells. To extend these observations in vivo, a murine model of P. aeruginosa lung infection
was employed, and bacterial burden and VBNC frequency were assessed following antibiotic treatment.
Results: A higher amount of culturable P. aeruginosa cells was recovered after cefiderocol challenge (~10° CFU/
ml) compared to tobramycin and ceftazidime (10%-10* CFU/ml). Notably, it induced a significantly lower pro-
portion of VBNC cells (~85.2%) than the aminoglycoside (98.95%) or ceftazidime (95.80%).

Consistently, cefiderocol exposure resulted in a higher bacterial survival in vivo, but in a lower frequency of
VBNC subpopulation (71.89%) compared to tobramycin (81,58%).

Conclusions: Overall, these findings emphasize the capacity of P. aeruginosa to withstand treatment with cefi-
derocol and highlight the need to account for the roles of bacterial persisters and VBNC cells in the recurrence of
chronic infections, particularly among CF patients.

Antibiotic persistence
Cystic fibrosis
Chronic infections

1. Introduction

Pseudomonas aeruginosa is a Gram-negative ubiquitous species,
widespread in soil, water and within various plant and animal hosts [1].
Its versatility is the result of extreme adaptability, due to fine gene
expression regulation, strong genome plasticity [2], and a high number
of regulatory sequences in the bacterial chromosome [3].

In humans, P. aeruginosa acts as an opportunistic pathogen, respon-
sible for infections in immunocompromised or traumatized subjects,
such as those hospitalized in intensive care units [4], those suffering
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from deep wounds and burns, or those with catheters [1]. It is consid-
ered the main and most dangerous bacterial pathogen for Cystic Fibrosis
(CF) patients, who suffer from recurrent, often chronic, and
difficult-to-treat infections [5]. Although P. aeruginosa is not among the
first bacterial colonizers of the CF lungs, it eventually outcompetes other
pathogens due to its remarkable ability to adapt to the lung environment
[6] and to produce a thick and structured biofilm. Within the biofilm
matrix, P. aeruginosa cells are protected from the activity of the immune
system and antibiotic pressure, managing to survive and to proliferate
[7]. Persistent colonization with P. aeruginosa has been observed even in
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CF patients receiving Cystic Fibrosis Transmembrane Conductance
Regulator (CFTR) modulator therapies [8].

Biofilms constitute complex bacterial communities composed of
distinct niches, each characterized by specific environmental conditions
(e.g., salinity, pH, oxygen levels) that influence bacterial growth and
behavior [9]. This structural heterogeneity can promote the emergence
of specialized phenotypes that are better adapted to such environmental
conditions. A typical example is represented by the mucoid phenotype,
considered a hallmark of chronic CF infection, which arises from algi-
nate hyperproduction [10]. Other specialized cell variants found in both
planktonic and biofilm lifestyles are persisters and Viable but
Non-Culturable (VBNC) cells. Persisters are defined as a subpopulation
of bacteria that survive under stressful conditions, including antibiotic
treatment, by entering a transient quiescent state by slowing the meta-
bolism [11]. Upon stress removal, these dormant cells can resume full
metabolic activity and return to an actively replicating state. VBNC cells
represent a deeper state of dormancy [12], where cells completely lose
the ability to form colonies on solid media even when the stress condi-
tion is ceased. Such quiescent forms escape routine culture-based
microbiological diagnosis [13] but can regain culturability through a
process known as ‘resuscitation,” which occurs once stress is relieved,
and specific factors stimulate bacterial metabolism [12]. Such features
clearly indicate the involvement of both persisters and VBNC cells in the
failure of eradication of biofilm-mediated infections caused by
P. aeruginosa. It has been shown that P. aeruginosa VBNC cells occur in CF
sputum samples and can be induced by antibiotic treatment [13,14].
Indeed, exposure to tobramycin (TOB), which is considered the gold
standard treatment for P. aeruginosa lung infections [15], induces the
transition of cells into the VBNC state, and antibiotic efflux is the key
driver of the conversion of vegetative cells into dormant ones [16]. This
work is aimed to evaluate the involvement of cefiderocol (CFD), a
recently developed antibiotic representing an emerging ‘last-resort’
option for multidrug-resistant (MDR) infections [17], in the develop-
ment of these dormant cells. CFD consists of the modification of a
cephalosporin scaffold by adding a chlorocatechol moiety, which en-
ables the drug to bind iron and to act as a siderophore [18]. Iron star-
vation has been long considered as an effective antimicrobial strategy,
and some iron chelators have shown promising antibacterial activity
[19]. In this context, CFD plays a Trojan horse strategy, designed to
induce the active uptake of the antibiotic, which can reach its target (i.e.,
the bacterial cell wall) and exert its antibacterial activity. Moreover, the
CFD molecule was designed to reduce its susceptibility to p-lactamase
activity and to have a poor affinity for efflux pumps [20], making this
antibiotic a desirable therapeutic option even in CF [21]. However,
some reports have already shown the emergence of CFD-resistant
P. aeruginosa strains [22,23], as well as the formation of planktonic
persister cells following CFD treatment [24]. Here, we demonstrate the
persistence of P. aeruginosa biofilms when exposed to Minimum Biofilm
Eradication Concentrations (MBECs) of CFD and analyzed the induction
of VBNC subpopulations after antibiotic treatment, in comparison with
suitable anti-pseudomonal drugs, such as the cephalosporin ceftazidime
(CAZ) and TOB. These findings were further validated in a preclinical
murine model of P. aeruginosa lung infection.

2. Materials and methods
2.1. Bacterial strains, culture media and chemicals

The P. aeruginosa strains used in this study are ATCC 27853, PAO1,
and the iron biosensor PAO1 PpvdE::lux, where the expression of the lux
operon is driven by the promoter of the pyoverdine biosynthetic gene
pvdE [25]. Bacterial strains were cultured in cation-adjusted Mueller--
Hinton broth (MHII), its iron-depleted variant (ID-MHII), and in the
minimal medium M9 supplemented with succinate 20 mM as carbon
source, and conserved as glycerol stocks (20%) in MHII broth at —80 °C.
For ID-MHII preparation, the MHII broth was treated with 10% Chelex
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100 resin (Bio-Rad Laboratories, Milan, Italy) and supplemented with
MgS04 11.25 pg/ml, CaCly 22.5 pg/ml, and ZnSO4 1 pg/ml according to
the CLSI guidelines [26]. M9 broth was prepared in iron-limiting con-
ditions, i.e., using acid-washed glassware, plasticware, and iron-limited
reagents, and sterilized by filtration (0.22 pm). All antibiotics were
purchased by Merck (Merck KGaA, Darmstadt, Germany).

2.2. Growth curve analysis, iron-depletion sensing and biofilm formation

The stress caused by iron depletion on P. aeruginosa growth was
investigated by growth curve analysis. The P. aeruginosa strains PAO1
and PAO1 PpvdE::lux were cultured overnight in MHII, ID-MHIIL, or M9,
washed with sterile iron-limited saline, and diluted in each medium at a
final optical density at 600 nm (ODgggnm) of 0.01. Bacterial growth was
monitored hourly at 37 °C for 24h, measuring the ODgg using the Spark
10 M microplate reader (Tecan Spark, Tecan Trading AG, Switzerland).
To provide evidence of iron depletion, the luminescence emitted by
P. aeruginosa PAO1 PpvdE::lux was measured in each medium at the end
of the exponential growth phase (i.e., after 10 h) and normalized by the
corresponding ODgo.

P. aeruginosa PAO1 ability to form biofilm was evaluated using the
crystal violet assay. Briefly, bacterial suspensions (ODgoo = 0.1) in each
medium were inoculated in 96-well flat-bottom plates and incubated for
24 h at 37 °C. After washing with sterile iron-limited saline, biofilms
were stained with 1% (w/v) crystal violet for 15 min and then washed
again. The crystal violet-stained biofilm was then dissolved in 96% (v/v)
ethanol, and the optical density at 570 nm (ODsy() was measured. The
obtained values were normalized by the corresponding ODggo.

All assays were performed in technical triplicate and biological
duplicates.

2.3. Antibiotic susceptibility assays

P. aeruginosa susceptibility to CFD, TOB, and CAZ was assessed by
determining the antibiotic minimum inhibitory concentrations (MICs)
by broth microdilution in ID-MHII and M9, according to CLSI guidelines
[26]. Moreover, the antibiotic MBECs were determined in both ID-MHII
and M9 using the Calgary biofilm device (Innovotech Inc., Edmonton,
Canada), according to Revest et al. [27].

All assays were performed at least twice.

2.4. Antibiotic persistence assays in planktonic cultures

Antibiotic persistence was assessed in P. aeruginosa PAO1 cultures in
both ID-MHII and M9, exposed to CFD, TOB or CAZ. Briefly, overnight
cultures were diluted and refreshed in each medium and incubated at
37 °C in shaking (200 rpm) till reaching the end of the exponential
growth phase (ODgop = 0.6). The cultures when then exposed to
20xMICs of each antibiotic for 24 h, and the amount of P. aeruginosa
persisters was evaluated after 0, 1, and 24 h exposure. The typical
biphasic killing pattern was verified in preliminary experiments to select
these specific exposure times. At each time point, 1 ml-aliquots of the
cultures were centrifuged 3300 rpm for 5 min, resuspended in 1 ml of
antibiotic-free fresh medium and quantified by viable plate counts
performed on MH agar plates. Bacterial counts were evaluated till 72h
incubation at 37 °C.

All assays were performed two times in biological duplicates.

2.5. P. aeruginosa biofilm model and antibiotic persisters quantification

P. aeruginosa PAO1 biofilms were developed in 24-well flat-bottom
plates, each well containing round (13 mm diameter) polyethylene
terephthalate coverslips. P. aeruginosa suspensions in ID-MHII or M9
(ODggp = 0.1) were inoculated into each well and incubated at 37 °C for
24 h; then, the produced biofilms were washed three times with sterile
iron-limited saline and challenged with ID-MHII or M9 containing CFD,
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TOB, or CAZ at their MBEC for an additional 24 h at 37 °C. The biofilm
carriage of culturable and VBNC P. aeruginosa cells was quantified upon
formation and after exposure to the antibiotics. Briefly, biofilms were
washed, and the coverslips were transferred into 2.5 ml of sterile iron-
limited saline. Biofilm cells were detached by three cycles of mild son-
ication (60 s) followed by incubation on ice (60 s). Appropriate dilutions
were then used to quantify the different persister populations: (i) cul-
turable survivors were determined by serial 10-fold dilutions and plating
on MH agar, incubated at 37 °C for 72 h; (ii) the VBNC subpopulation
was estimated as the difference between P. aeruginosa total viable cells
(TVCs) and culturable cells, with TVCs quantified by ecfX-qPCR using
previously validated DNA extraction and amplification protocols
designed to exclude extracellular DNA and dead cells [14]. The pres-
ence of a VBNC subpopulation was indicated by a threshold difference
between TVCs and culturable persisters of 0.5 log. All assays were per-
formed in technical triplicates and biological duplicates.

2.6. Biofilm formation in flow cells, confocal microscopy, and image
analysis

Biofilm formation on a glass surface was investigated in a flow cell
system, as previously described [28]. Briefly, an overnight culture of
P. aeruginosa PAO1 was diluted to an ODggg of 0.2 in M9 and inoculated
in the biofilm flow chambers (Ibidi). Flow chambers were incubated for
2 h at 37 °C to facilitate bacterial adhesion. Then, a flow of M9 at a rate
of ~150 pl/min was streamed into the flow chambers. Following incu-
bation at 37 °C for 24 h, biofilms were treated with 256 pg/ml CFD,
1024 pg/ml CAZ, and 16 pg/ml TOB for another 24 h at 37 °C. Untreated
biofilm, used as a control, was incubated in M9 for 24 h at 37 °C. Then,
treated and untreated biofilms were stained with a combination of
10 pM SYTO 9, 5 mM 5-cyano-2,3-ditolyl tetrazolium chloride (CTC),
and 2.5 pM kK 1905, or 0.1% (w/v) Acridine Orange (AO) for 30 min at
37 °C. In particular, SYTO 9 was used to stain all cells [29], KK 1905 to
identify membrane-damaged cells [29], CTC to quantify respiratory
activity [30], and AO to estimate RNA and DNA content [31]. The
stained biofilms were imaged using the Nikon A1R + confocal
laser-scanning microscope (CLSM) equipped with an Apo 40x objective.
Laser lines at 488 nm, 561 nm, and 640 nm were used for SYTO 9, CTC,
and KK 1905 excitation, respectively. Emission bandwidths of 490-550
nm, 600-640 nm, and 660-720 nm were employed to collect the fluo-
rescence emission of SYTO 9, CTC, and KK 1905, respectively. Excitation
lasers of 488 nm and 561 nm were used for DNA- and RNA-binding
forms of AO. The emission bandwidths for DNA- and RNA-binding
forms of AO were 500-550 nm and 600-720 nm, respectively. Multidi-
mensional images were acquired at a sampling dimension of 1024 x1024
pixels and processed (deconvolution and 3D rendering) with the
NIS-Elements Confocal software (Nikon). Biofilm biomass and average
thickness were determined using at least five image stacks employing
COMSTAT v.2.1, as previously described [32]. Cell membrane integrity
and respiratory activity were calculated according to the following
equations:

Cell membrane integrity = biomassgyro 9/ biomassx 190s;

Respiratory activity = biomasscrc,/ biomasssyro -

Since AO is a metachromatic dye that undergoes bathochromic shifts
when binding DNA or RNA, emitting green or red fluorescence,
respectively [33], the ratio between the biomass calculated for DNA-
and RNA-dependent emissions was measured as a proxy of cell tran-
scriptional activity in biofilms [31]. Cell area and aspect ratio were
calculated using ImageJ v.1.53c (Fiji) for >1000 cells of each condition,
as previously reported [34].

2.7. Mouse model of chronic P. aeruginosa infection

Animal studies adhered to the Italian Ministry of Health guidelines
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for the use and care of experimental animals (IACUC #1438). Immu-
nocompetent C57BL/6NCrIBR male mice (8-10 weeks; Charles River
Laboratories, Calco, Italy) were challenged with 1 x 10° colony-forming
units (CFUs) of P. aeruginosa PAO1 strain embedded in agar beads for
chronic infection by intratracheal administration, as previously
described [35,36]. Twenty-four hours after infection, mice were treated
with TOB 80 mg/kg, CFD 40 mg/kg, or vehicle (saline) by subcutaneous
injection. The doses of antibiotics were chosen on the basis of their MICs.
Body weight was monitored daily, lung CFUs and cell counts in the
bronchoalveolar lavage fluid (BALF) were analyzed as previously
described [37,38]. Twenty-five mg of homogenates were then used for
total DNA extraction and qPCR assays to quantify P. aeruginosa TVC as
described above.

Clearance was defined as the recovery of <10° total CFU following
antibiotic treatment, while counts of >10° CFU were considered indic-
ative of persistent infection, as established previously [39]. Four-five
mice for each condition (i.e., treatment with saline, TOB, or CFD)
were used in two independent experiments.

2.8. Statistical analysis

Each experimental procedure was performed at least two times. The
statistical significance of the different P. aeruginosa VBNC cell abun-
dances after antibiotic treatment and of the P. aeruginosa luminescence
emission and biofilm production was assessed by Welch two-sample t-
test, when a pairwise comparison was possible. For the pairwise multiple
comparison, the non-parametric Kruskal-Wallis test and a Bonferroni
corrected alpha of 0.017 was used. Statistical significance was consid-
ered for p values < 0.05. All in vitro analyses were carried out by R
software version 4.5.1.

Specifically for in vivo tests, statistical analyses were performed with
GraphPad Prism (GraphPad Software, Inc., San Diego, CA, USA) using a
two-way ANOVA (Dunnett) test for body weight changes and one-way
ANOVA (Dunnett) for the other readouts. Outlier data, identified by
Grubbs’ test, were excluded from the analysis.

3. Results
3.1. Iron depletion impacts P. aeruginosa growth and biofilm formation

Since the CLSI guidelines recommend the use of iron-depleted media
to test CFD susceptibility [26], the P. aeruginosa PAO1 growth profile
was preliminarily determined in iron-depleted cation-adjusted
Mueller-Hinton broth (ID-MHII) and in the M9 minimal medium pre-
pared in iron-limiting conditions and compared with the conventional
MHII broth (Fig. S1A). Growth was strongly influenced by iron avail-
ability in the media, with differences evident as early as 8 h. Among the
tested media, MHII supported the highest growth level, whereas
ID-MHII and M9 resulted in reduced growth. Specifically, in M9 me-
dium, growth was initially faster than in ID-MHII, but during the final
phase of the experiment (20-24 h), the growth levels in the two media
became comparable.

Iron depletion was confirmed using a previously developed
P. aeruginosa biosensor strain [25], which emits luminescence in
response to iron starvation (Fig. S1B). Both ID-MHII and M9 were sensed
as iron-depleted media by P. aeruginosa, with a more evident effect in
ID-MHII (6-fold increase in luminescence compared to MHII) than in M9
(3-fold increase compared to MHII). Biofilm production was assessed as
well, showing that lower iron availability in ID-MHII resulted in a
reduced ability to form biofilm (34% decrease) compared to MHII,
whereas M9 induced a stronger biofilm production (311%) (Fig. S1C).

Finally, the susceptibility of P. aeruginosa PAO1 planktonic cultures
and biofilms to CFD was assessed in both iron poor media (ID-MHII and
M9) and compared with TOB and CAZ. Concerning the planktonic cul-
tures, CFD exhibited the lowest (0.5 pg/ml) MIC among the three anti-
biotics (1 pg/ml for both TOB and CAZ). The culture medium did not
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affect the bacterial susceptibility to the drugs. The MIC values of the
reference strain P. aeruginosa ATCC 27853 matched the expected ranges
reported in the CLSI guidelines [26], thus assuring the assay reliability.
All the antibiotics were also endowed with a bactericidal effect at these
concentrations. TOB was the most effective antibiotic on P. aeruginosa
biofilms, exhibiting a MBEC of 16 pg/ml, followed by CFD (256 pg/ml)
and CAZ (2048 pg/ml in ID-MHII and 1024 pg/ml in M9); even in this
case, no significant differences were detected between the two culture
media, since the only MBEC variation was <2 fold anyway.

3.2. P. aeruginosa CFD persisters in planktonic cultures

Late exponential growth-phase P. aeruginosa PAO1 cultures were
exposed to bactericidal concentrations (i.e., 20xMIC) of CAZ, CFD, and
TOB. The number of P. aeruginosa CFU was monitored at 0, 1, and 24h
after exposure (Fig. 52).

The strongest effect of antibiotic exposure was exhibited within the
first hour, with a ~0.5 log decrease in CFU counts, irrespective of the
used drug. TOB-exposed cultures showed further decreases after 24 h in
both ID-MHII and M9. In contrast, CAZ and CFD caused only a slight
decrease in M9, while in ID-MHII, the cultures adapted and maintained
stable CFU values over time.

3.3. P. aeruginosa CFD persisters and VBNC cells in biofilms

Culturable survivors and VBNC cells were quantified in P. aeruginosa
PAO1 biofilms, developed in ID-MHII and M9, after 24-h exposure to
CFD, TOB, and CAZ at their respective MBECs, using a previously vali-
dated biofilm persistence model [40].

Neither 24-h biofilms nor untreated controls developed VBNC sub-
populations, and initial culturable cell counts were similar across low-
iron media. After antibiotic treatment, CFD showed lower bactericidal
activity than the other drugs. Following CFD exposure, culturable sur-
vivors were higher than after TOB or CAZ treatment. TVC counts,
including both culturable and VBNC subpopulations, remained closer to
initial levels (Table S1), with VBNC cells representing a notable fraction

120 £k
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Fig. 1. Pseudomonas aeruginosa viable but non-culturable subpopulations
in antibiotic-treated biofilms. P. aeruginosa PAO1 24-h biofilms developed in
ID-MHII (light green bars) or M9 broth (dark green bars) were exposed for 24 h
to tobramycin (TOB), ceftazidime (CAZ) or cefiderocol (CFD) at their Minimum
Biofilm Eradication Concentration (MBEC). The number of culturable persisters
and total viable cells was quantified by CFU counts and qPCR, respectively. The
VBNC population was estimated as the difference between qPCR and CFU
counts, and reported as a percentage of the total viable cells. Data are the
average of three biological replicates of two independent experiments
+standard deviation. *: p < 0.05; **: p < 0.01. (For interpretation of the ref-
erences to colour in this figure legend, the reader is referred to the Web version
of this article.)
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of the population (Fig. 1).

The non-culturable subpopulation of the biofilm was slightly more
abundant in M9 than in ID-MHII; considering each antibiotic activity,
TOB resulted in the main VBNC-inducing drug, in line with our previous
investigations [16,40], followed by CAZ and CFD. This pattern was
exhibited in both the low-iron media, indicating a lower though signif-
icant tendency of P. aeruginosa to enter the non-culturable state when
exposed to CFD.

To further investigate the role of TOB, CAZ, and CFD in the induction
of VBNC state at the single cell level, P. aeruginosa PAO1 biofilms grown
in flow cells were exposed to eradicating concentrations (MBEC) of these
three antibiotics and compared to the untreated biofilm (Fig. 2A and B).

TOB-, CAZ-, and CFD-treated biofilms showed a significant and
remarkable reduction in biomass and thickness compared to untreated
controls, in line with the results observed using the Calgary device
(Fig. 2C). Although the membrane integrity of most cells dropped to
barely detectable levels, residual respiratory activity and RNA content
were still observed (Fig. 2D-G). The presence of membrane-damaged
cells that retain basal respiratory and transcriptional activity, yet
remain non-culturable (i.e., undetectable when determining the MBEC),
conformed to the characteristics of VBNC cells [41]. Interestingly, CAZ
and CFD induced massive elongation in a subpopulation, increasing cell
area and cell aspect ratio (length/width) (Fig. 3).

Filamentous cells displayed either separated nucleoids (red arrows,
Fig. 3A) or diffused nucleic acids (cyan arrows, Fig. 3A), suggesting that
septation of daughter cells did not occur in all elongated cells. Inter-
estingly, the filamentous cell population showed a variable response to
KK 1905 staining, which labels membrane-damaged cells (Fig. 3A),
suggesting that cell filamentation does not contribute to CAZ or CFD
tolerance, since both damaged and undamaged filamentous populations
were observed.

3.4. Efficacy of TOB and CFD in a murine model of P. aeruginosa chronic
lung infection

C57BL/6NCrIBR mice were challenged intratracheally with
P. aeruginosa PAO1 strain embedded in agar beads to mimic chronic lung
infection. Subcutaneous treatment with TOB 80 mg/kg and CFD 40 mg/
kg was administered 24 h and 48 h post infection, to compare the in vivo
efficacy of CFD-based therapy with the gold standard (i.e., TOB-based
therapy) of P. aeruginosa lung infection in CF. Mice treated with both
TOB and CFD exhibited an initial weight loss at 24 h after infection.
However, over the course of treatment, CFD-treated mice exhibited a
faster recovery of body weight than the vehicle-treated mice (Fig. S3).

Compared to vehicle-treated mice, TOB-treated ones were able to
reduce the P. aeruginosa bacterial burden in the lungs and in the BALF,
with ~78% of the mice clearing the infection. Conversely, CFD-treated
mice showed high variability in the response to this antibiotic, with
almost 56% of mice clearing the infection. Consistent with the in vitro
data, the induction of P. aeruginosa VBNC cells mirrored this pattern,
with both TOB and CFD causing the entrance of the pathogen in the
VBNC state in a higher percentage of animals, compared to the vehicle
(88.90% and 77,80% vs 60%, for TOB-, CFD- and vehicle treated mice,
respectively) (Fig. 4).

TOB and CFD treatments had no significant effect on pulmonary
inflammation induced by chronic P. aeruginosa infection after 3 days of
persistence; however, a positive trend in cell recruitment was observed
(Fig. S4).

4. Discussion

CFD is a recently developed antimicrobial, currently adopted as a
last-resort therapeutic option for difficult-to-treat infections unrespon-
sive to the available antibiotic regimens. It is recommended against
carbapenem-resistant P. aeruginosa [42], although the ability to endure
CFD-exposure has been recently reported in this species [24].
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Fig. 2. Effects of TOB, CAZ, and CFD on P. aeruginosa PAO1 biofilm grown in flow cells. A, Schematic representation of the experimental timeline. Pink and
cyan arrows indicate samples treated or not with MBEC of TOB, CFD, or CAZ, respectively. When indicated by arrows, biofilms were stained with a combination of
SYTO 9, CTC, and KK 1905 or with AO. B, Representative 3D projections of SYTO 9 (green)-, CTC (red)-, and KK 1905 (purple)-merged channels of biofilms untreated
or treated with the indicated antibiotics. C, Biofilm spatial characteristics determined by using the COMSTAT software from CLSM images. D, Cell membrane
integrity assessed by calculating the ratio of biomass measured from SYTO 9 and KK 1905 channels in both untreated and antibiotic-treated biofilms. E, Respiratory
activity expressed as the ratio of biomass measured from CTC and SYTO 9 channels in both untreated and antibiotic-treated biofilms. F, 3D projections displaying
merged channels of DNA (green) and RNA (red) emissions for AO-stained biofilms from untreated and antibiotic-treated samples. G, RNA content of untreated and
antibiotic-treated biofilms calculated as the ratio between the biomass of red and green channels, representing the AO emissions resulting from RNA and DNA
binding, respectively. Separated channels of the 3D projections displayed in B and F are provided in Fig. S5 and S6. The limits of each box plot in C, D, E, and G
represent the first and third quartiles, and the values outside the boxes represent the maximum and minimum values. P values (**P < 0.01; ***P < 0.001;
#*%%p < (.0001) were calculated using the unpaired t-test. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web

version of this article.)

We have previously demonstrated that P. aeruginosa is capable of
surviving antibiotic pressure within the CF environment as a result of the
development of persistent and VBNC cells [13,40]. Therefore, this study
aimed to compare the persistence and the induction of the specialized
VBNC phenotype in P. aeruginosa biofilms after exposure to the
siderophore-cephalosporin CFD, compared with a typical anti-
pseudomonal antibiotic (TOB) and a third-generation cephalosporin
(CAZ). It is worth noting that both CFD and CAZ share the
carboxy-propanoxymino group which promotes transport across the
bacterial outer member, but only CFD contains the chlorocatechol res-
idue which improves active transport across siderophore receptors [20].

The previously validated experimental setting for bacterial

persistence in both planktonic and biofilm cultures [40] was successfully
adapted to the iron depletion condition. Although exerting different
effects on the growth and biofilm production of P. aeruginosa PAO1,
ID-MHII and M9 did not result in relevant differences in both antibiotic
susceptibility and persistence assays. Noteworthy, neither of the two
media caused the insurgence of the VBNC phenotype in
antibiotic-untreated biofilms, suggesting that iron depletion alone was
not sufficient to promote the P. aeruginosa shift into the VBNC state.
Interestingly, CFD exhibited a slightly higher (2-fold MIC difference)
antibacterial effect compared to TOB and CAZ in P. aeruginosa plank-
tonic cultures. On the contrary, TOB showed lower MBEC values than
CFD against in vitro biofilms. This pattern was observed even in both
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Fig. 3. CAZ and CFD induce P. aeruginosa cell filamentation. A, Representative maximum intensity projection images of P. aeruginosa PAO1 biofilms grown in
flow cells, with and without treatment with MBECs of the indicated antibiotics. Biofilms were stained with a combination of SYTO 9 (green) and KK 1905 (purple).
Dashed white rectangles highlight the areas where separate SYTO 9 and KK 1905 channels are displayed in the insets (right panels). Cyan and red arrows in the insets
indicate cell filaments with diffused DNA and separated nucleoids, respectively. Violin plots showing cell area (B) and aspect ratio (C) calculated on CLSM images. P
values (****P < 0.0001) were calculated using the unpaired t-test (n > 1000 cells for each condition). Asterisks indicate statistically significant differences compared
to the untreated sample. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.)

planktonic and biofilm persistence assays, which showed a prominent
role of TOB in reducing the amount of culturable P. aeruginosa survivors
after antibiotic exposure. Remarkably, our results on CFU counts in CFD-
exposed biofilms are in line with the results obtained by Ferretti et al.
[43], where P. aeruginosa biofilms exposed to CFD 256 pg/ml showed an
overall 1log CFU decrease, and with those by Fouad et al. [24], reporting
between 4% and 61% CFD-persisters in cultures of different P. aeruginosa
strains. In our assays, P. aeruginosa PAO1 planktonic cultures exhibited a
survivor percentage of 37% in ID-MHII and 15% in M9 after 1-h expo-
sure, while biofilm CFD-persisters accounted for 3.65% and 4.5% in
ID-MHII and M9, respectively, after treatment with the antibiotic MBEC
for 24h.

CFD-exposure resulted in a higher amount of culturable survivors in
P. aeruginosa biofilms (around 9,67)(104 CFU/ml), compared to TOB-
exposure (around 5,00x10% CFU/ml), in contrast with the notion that
aminoglycosides, mimicking the effect of toxin-antitoxin modules, are
the strongest inducers of persisters [44].

Interestingly, the siderophore cephalosporin induced a lower shift of
P. aeruginosa cells to the VBNC state (less than 90% of TVCs), if

compared to CAZ (between 94% and 97.5%) or TOB (more than 98.5%),
regardless of the culture medium. This might indicate that P. aeruginosa
can easily tolerate the activity of CFD, without entering a deeply
quiescent state, such as the non-culturable one. The active uptake of CFD
by bacterial cells, due to the iron-binding ability of the antibiotic, might
suggest an active metabolic state of most P. aeruginosa biofilm cells, not
corresponding to the VBNC state, and justifying a higher recovery of
culturable survivors. However, the present data do not allow hypothe-
sizing specific adaptations strategies against CFD, which are currently
under investigation.

Confocal microscopy revealed residual respiratory and transcrip-
tional activity in non-culturable cells. Exposure to both CAZ and CFD
induced the formation of P. aeruginosa filamentous forms. However, the
involvement of these structures in the transition to the VBNC state re-
mains debated, as they exhibited signs of membrane damage.

The therapeutic efficacy of the CFD treatment was then assessed in a
pre-clinical murine P. aeruginosa lung infection model, which mirrored
the results obtained in vitro. TOB-treated animals exhibited the highest
infection clearance rate, yet also the greatest occurrence of VBNC cells.
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Fig. 4. Pseudomonas aeruginosa infection treatment in a pre-clinical
mouse model. C57bl/6NCrIBR mice were infected with 1 x 10° colony-
forming units (CFUs) of P. aeruginosa PAO1 strain embedded in agar beads by
intratracheal administration and treated subcutaneously 24 h and 48 h after
infection with saline (VEHICLE), tobramycin 80 mg/kg (TOB) or cefiderocol
40 mg/kg (CFD). 72 h post infection mice were sacrificed, and the total lung
bacterial burden was quantified by plate count and qPCR analysis. The VBNC
subpopulation was calculated as discrepancy between qPCR and CFU counts.
The percentage of mice showing infection clearance (i.e., < 10° total CFU by
culture after antibiotic treatment, white bars) or chronic infection (i.e., > 10°
total CFU by culture, light green bars) and the presence of VBNC cells (dark
green bars) was calculated for each scheduled treatment. Four-five mice for
group (i.e., treatment with VEHICLE, TOB, or CFD) were used in two inde-
pendent experiments. (For interpretation of the references to colour in this
figure legend, the reader is referred to the Web version of this article.)

CFD-treatment was responsible for the induction of VBNC cells in a
higher number of animals compared to the vehicle, but did not match
the effect exerted by TOB. We used male mice to minimize hormonal
variability affecting host responses; future work should evaluate sex-
related differences in disease progression and treatment response. CFD
is known to require prolonged therapeutic coverage during infection
treatment, achieved through repeated administration, to reach its full
efficacy [45], which could explain the higher bacterial survival and the
lower induction of VBNC cells. The consistency between in vitro and in
vivo data suggests that CFD has a limited ability to induce dormancy in
the pathogen. This may represent an advantage, as the course of infec-
tion could reliably be monitored using standard culture-based tech-
niques, even after treatment completion.

Overall, the results obtained in this study confirmed the capability of
P. aeruginosa to endure the treatment with CFD, which might impair the
efficacy of antibiotic therapies based on this drug. Bacterial persistence
is becoming an increasing health issue, although it is often overlooked
compared with the problem of antibiotic resistance. The identification of
CFD resistance determinants and their specific contribution to the
resistance levels in P. aeruginosa has already been reported [46], while
only limited information is available about the persistence-inducing
activity of CFD, specifically in the development of VBNC sub-
populations. The results obtained in this work contribute to fill this
knowledge gap and provide novel information on the CFD efficacy
against difficult-to-treat infections. They also warrant further studies

Biofilm 11 (2026) 100370

about the persistence mechanisms, specifically the gene pathways
regulating the bacterial response to CFD, and possible antibiotic
combinatory or adjuvant strategies, to potentiate the CFD activity and
achieve the infection clearance.
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