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ABSTRACT The aim of this study is to evaluate the pH-dependent antimicrobial
activities of delafloxacin against isogenic Escherichia coli strains carrying diverse
fluoroquinolone resistance mechanisms. Eighty-one isogenic E. coli strains derived from
ATCC 25922 were tested, carrying various combinations of chromosomal mutations
(gyrA, parC), efflux pump overexpression (marR), and plasmid-mediated quinolone
resistance (PMQR) determinants (gnrA1, gnrB1, qnrC, gnrD1, qnrS1, qepA2, aac(6')-1b-cr).
Minimum inhibitory concentrations (MICs) were determined using broth microdilution at
pH 7.3, 6.0, and 5.0. Time-killing assays were performed on three representative strains.
Semi-mechanism-based mathematical modeling using Monolix quantified bactericidal
activity through ECsg parameters. Ciprofloxacin MICqq increased from 8 mg/L at pH 7.3
to 128 mg/L at pH 5.0, while delafloxacin MICqg decreased from 64 mg/L to 16 mg/L.
At physiological pH, ciprofloxacin demonstrated superior activity (median MIC: 1 mg/L
vs 8 mg/L for delafloxacin, P < 0.001), while at pH 5.0, delafloxacin median MIC was
2 mg/L versus 64 mg/L for ciprofloxacin (P < 0.001). According to EUCAST breakpoints,
susceptibility frequencies at pH 5.0 were 25.9% (21/81) for delafloxacin versus 2.5%
(2/81) for ciprofloxacin (P < 0.001). Among PMQR, gnr genes led to 0% delafloxacin
susceptibility across all conditions (0/150 strain-pH combinations), while gepA2 (8/30
strain-pH combinations, 26.7%) and aac(6)-1b-cr (16/30 strain-pH combinations, 53.3%)
showed comparable susceptibility frequencies to isogenic strains not carrying PMQR
(15/33 strain-pH combinations, 45.5%). Simulated clinical exposures against chromoso-
mal mutant EC02 (GyrA-S83L) demonstrated that ciprofloxacin would fail at pH 5.0, while
delafloxacin would maintain antimicrobial activity. Environmental pH deeply modulates
fluoroquinolone activity and resistance mechanism impact. Delafloxacin demonstrates
clinically relevant activity in acidic infection environments.

IMPORTANCE Fluoroquinolones face increasing resistance challenges, particularly in
acidic infection sites, such as the urinary tract, abscesses, and biofilms, where pH can
drop below 6.0. This study reveals a critical pH-dependent reversal in antimicrobial
effectiveness between ciprofloxacin and delafloxacin against resistant Escherichia coli.
While ciprofloxacin loses substantial activity in acidic conditions (90% of strains showing
16-fold minimum inhibitory concentration increases at pH 5.0), delafloxacin maintains
and even enhances its antimicrobial potency, with susceptibility rates increasing from
25.9% to over 50% as pH decreases. Using comprehensive resistance profiling across
81 isogenic strains and pharmacokinetic modeling, we demonstrate that delafloxa-
cin could overcome treatment failures in acidic infection sites where conventional
fluoroquinolones fail. These findings could have immediate clinical implications for
treating urinary tract infections, abscesses, and biofilm-associated infections, poten-
tially expanding therapeutic options against multidrug-resistant bacteria in previously
challenging anatomical sites.
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luoroquinolones represent a critical class of broad-spectrum antibiotics widely

used for treating serious Gram-negative infections. However, standard antimicrobial
susceptibility testing (AST) is performed under optimal laboratory conditions that fail
to reflect the hostile microenvironment encountered by bacteria at the site of infection
(1). Clinical infection sites are characterized by nutrient limitation, oxidative stress, and
notably, acidification to pH levels as low as 5.0-6.0 in abscesses, complicated urinary
tract infections, and infected wounds (2). These environmental factors can significantly
alter antibiotic efficacy, potentially leading to treatment failures despite apparent in vitro
susceptibility.

The pH-dependent activity of fluoroquinolones varies significantly among differ-
ent compounds. While zwitterionic fluoroquinolones like ciprofloxacin demonstrate
reduced activity under acidic conditions, delafloxacin exhibits improved activity in acidic
environments (3-6). However, systematic evaluation of how diverse fluoroquinolone
resistance mechanisms affect pH-dependent activity patterns remains limited (7, 8). Of
particular clinical importance, the impact of acidic pH on bactericidal activity has been
insufficiently studied across different resistance backgrounds. This knowledge gap is
clinically relevant given the increasing prevalence of multidrug-resistant Enterobacter-
ales harboring complex combinations of chromosomal mutations and plasmid-mediated
quinolone resistance (PMQR) determinants (9, 10).

We hypothesized that acidic pH could differentially modulate the impact of
fluoroquinolone resistance mechanisms on antimicrobial activity. The primary objective
was to comprehensively evaluate the pH-dependent activities of delafloxacin compared
to ciprofloxacin against isogenic Escherichia coli strains harboring diverse fluoroquino-
lone resistance mechanisms.

MATERIALS AND METHODS
Bacterial strains, growth conditions, and antimicrobial agents

A total of 81 isogenic E. coli strains derived from the wild-type (WT) strain E. coli
ATCC 25922 were used (Table S1). These isogenic strains carried various combinations
of chromosomal mutations in quinolone resistance-determining regions (gyrA, parC),
overexpression of efflux pumps (marR), and/or PMQR determinants (gnrA1, gnrB1, gnrC,
gnrD1, qnrS1, qepA2, aac(6')-1b-cr) as previously described (11). Briefly, gyrA and parC
mutants were obtained by gene replacement, disruption of the marR gene was carried
out using the Red helper pKOBEG system, and gnr, gepA2, and aac(6))-1b-cr genes
were amplified using designed primers and then cloned into the kanamycin-resistant
pBK-CMV vector. The pBK-CMV cloning vectors containing genes of interest (gnr or gepA2
or aac(6')-1b-cr) were then transformed into E. coli ATCC 25922 and its isogenic mutant
strains. All constructions were confirmed by PCR.

Strains were cultured at 37°C in Mueller-Hinton broth (MHB) or Mueller-Hinton agar
(MHA). Kanamycin (Sigma-Aldrich, Madrid, Spain) was added at 30 mg/L to ensure
plasmid maintenance. Ciprofloxacin was obtained from Sigma-Aldrich and delafloxacin
from MedChem Express (Sollentuna, Sweden). Stock solutions were prepared following
Clinical Laboratory Standards Institute guidelines (M100 ED24).

Antibiotic susceptibility testing

Minimum inhibitory concentrations (MICs) of ciprofloxacin and delafloxacin were
determined using the broth microdilution method according to EUCAST recommenda-
tions. In addition to standard MHB (pH 7.3 + 0.1), assays were performed in MHB adjusted
to pH 6.0 + 0.1 and 5.0 + 0.1 by adding HCl (Sigma-Aldrich, Madrid, Spain) before
sterilization (5). These pH values were chosen because approximately 90% of urine
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samples display pH <7 and 40% display pH <6 during a UTI caused by E. coli (5). The final
pH values were determined before use. MIC determinations were performed in triplicate
for each strain and pH condition.

Time-killing assays

Time-killing assays (TKAs) were performed using the WT E. coli ATCC 25922, EC02 strain
carrying the common chromosomal mutation (gyrA-S83L), and EC11 strain carrying the
most prevalent PMQR determinant (gnrB1). Overnight cultures were grown in quinolone-
free MHB at 37°C. Bacterial suspensions were adjusted to 5 x 10° CFU/mL and inoculated
into fresh MHB at pH 7.3, or 5.0, supplemented with ciprofloxacin or delafloxacin (pH was
controlled after addition of antibiotic and remained stable). Seven antibiotic concentra-
tions, ranging from 0.125-fold to 8-fold the MIC for each strain (in log, increments), were
tested. Antibiotic-free media served as controls. Viable counts were obtained by plating
serial dilutions onto MHA plates and incubating at 37°C for up to 24 h. The lower limit of
quantification was 10> CFU/mL. Each experiment was performed in duplicate.

Mechanism-based modeling

A semi-mechanistic-based mathematical model was developed using Monolix version
2024R1 (Lixoft, Antony, France) to quantitatively describe bacterial killing and regrowth
(supplementary materials). Model parameters were estimated using the stochastic
approximation expectation maximization algorithm, with standard errors calculated
through linearization of the Fisher information matrix. The model incorporated two
distinct initial bacterial subpopulations: susceptible (S) and pre-existing resistant (R)
bacteria. The initial resistant population was fixed to 1 CFU due to the low spontaneous
mutation frequency (<10~®) (12). The total viable population (Totalpop) was described as
follows:

Total,,, =S +R

At time zero, S; was estimated as a model parameter (Initialpops) and R, was fixed to
1. The growth inhibition of susceptible population by quinolones (inhiBs) was described
using an Eyax model:

inhiBg = B X Carug?
EC50gh + Cgrugh

where Enax is the maximum drug effect constant, EC505 represents the drug
concentration producing 50% of Emax, Cdrug represents the free drug concentration, and
h represents the Hill coefficient. Drug concentrations were modeled using a one-com-
partment model with a first-order elimination rate constant (k). Given the high chemical
stability of quinolones (98.8% remaining after 24 h), k, for TKA was fixed to 0.0005 h—"
(13). Protein binding was taken into account with Cyyyq calculated as follows:

Cdrug =Cc X Ffprot

where C is the total drug concentration and Ffpqy is the fraction of free drug. For
TKA, the Ffpror was fixed to 1. The concentration of susceptible bacteria was described as
follows:

%=rsx(l—

S+R

)xS—inhiBsxS
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where rs is the specific growth rate constant and Poppay is the maximal population.
The resistant bacterial subpopulation grew similarly, with a reduced growth rate (rg)
estimated as a fraction (Fr) of rg (bounded between 0 and 1):

rr=rs X Fr

Monte Carlo simulations (n = 10,000) were conducted using free drug concentration
time profiles for simulated dosing regimens: ciprofloxacin 400 mg q12h IV and delaflox-
acin 350 mg q12h IV. Pharmacokinetic parameters are provided in the supplementary
material (Table S2).

Statistical analysis

Statistical analyses were performed using R software (version 4.3.0) and Monolix 2024R1
(Lixoft, Antony, France). Descriptive statistics are presented as median with interquartile
range (IQR) for continuous variables. Paired comparisons between ciprofloxacin and
delafloxacin MICs at each pH condition were performed using the Wilcoxon signed-rank
test for paired samples. Comparisons of susceptibility rates between WT and PMQR-
carrying strains were assessed using McNemar’s test for paired categorical data. For
pharmacodynamic parameter comparisons, ECsg values were compared using Wald
tests on log-transformed parameters, accounting for parameter uncertainty through
relative standard errors. Statistical comparisons of ECs ratios between conditions were
performed using bootstrap confidence intervals (95% Cl) derived from Monte Carlo
simulations (n = 10,000). Significant differences in ECgq values were defined as non-over-
lapping 95% Cl and P < 0.05. Statistical significance was set at P < 0.05 for all analyses.

RESULTS
Antibiotic susceptibility testing

Overall, ciprofloxacin MICs increased with decreasing pH, rising from an MICg, value of
8 mg/L at pH 7.3 to 128 mg/L at pH 5.0 (Fig. 1A; Table S3). Conversely, delafloxacin
demonstrated enhanced activity under acidic conditions, with MICy, values decreasing
from 64 mg/L at pH 7.3 to 16 mg/L at pH 5.0. At physiological pH, ciprofloxacin showed
superior activity with a median (IQR) MIC of 1 (0.25-4) mg/L compared to delafloxacin
at 8 (1-32) mg/L (P < 0.001, Wilcoxon test). However, this relationship reversed at acidic
pH levels, where delafloxacin exhibited significantly lower MICs: 4 (0.5-16) mg/L versus
8 (4-32) mg/L for ciprofloxacin at pH 6.0 (P < 0.001, Wilcoxon test) and 2 (0.125-8)
mg/L versus 64 (16-128) mg/L at pH 5.0 (P < 0.001, Wilcoxon test). Analysis of isogenic
strain pairs revealed distinct differential impacts of PMQR mechanisms on delafloxacin
activity. Fold changes were calculated as the ratio of MIC values (MIC with PMQR/MIC
without PMQR) for each strain pair sharing identical chromosomal mutations. Both gepA2
and aac(6')-Ib-cr conferred minimal additional resistance to delafloxacin, with median
fold changes of 1 (meaning no additional resistance) across all pH conditions tested. In
contrast, gnr gene variants substantially compromised delafloxacin efficacy, generating
median fold changes of 64 (IQR: 16-128) at pH 7.3 and 67 (IQR: 32-128) at pH 5.0.
According to EUCAST breakpoints (susceptibility defined as MIC <0.125 mg/L for
delafloxacin and <0.25 mg/L for ciprofloxacin), the susceptibility patterns differed
markedly between antibiotics and pH conditions (Fig. 1B). At physiological pH, 25.9%
(21/81) of strains were susceptible to ciprofloxacin compared to only 8.6% (7/81) for
delafloxacin (P < 0.001, McNemar’s test). This relationship reversed under acidic condi-
tions: at pH 5.0, susceptibility to ciprofloxacin dropped to 2.5% (2/81), while delafloxacin
susceptibility increased to 25.9% (21/81) (P < 0.001, McNemar’s test). Among PMQR-
negative strains, only 3.7% remained resistant to delafloxacin at pH 5.0 (mutation
profiles: S83L-S80R-D87N-AmarR, S83L-D87N-AmarR, S83L-S80R-D87N). Among PMQR
mechanisms, gnr genes led to 0% delafloxacin susceptibility across all conditions (0/150
strain-pH combinations), while gepA2 (8/30 strain-pH combinations, 26.7%, P = 0.22) and

Month XXXX Volume 0 Issue 0

Microbiology Spectrum

10.1128/spectrum.02338-25 4

Downloaded from https://journals.asm.org/journal/spectrum on 30 October 2025 by 194.57.9.5.


https://doi.org/10.1128/spectrum.02338-25

Research Article Microbiology Spectrum

73

MIC (mglL)
<0.008

A
Es s
8 % z
NIDVXOT140¥dIO

HEE CEEEEE
oo
PRERES
5993

Soamna0000.

LB285!

WT-
anrs1 -

qniD1 -

Plasmid-mediated resistanc

quic-

qniB1 -

NIOVYXO14v13a

qnrAt -

qepA2-;

AACE -

S83L. ® ssiL
SBOR { I S80R
D87N D87N
AmarR ] AmarR

LTS

Chromosomic mutation

® ssil ® ssiL

SBO0R ! I S80R ! I S80R
D87N D87N D87N
AmarR ] AmarR . AmarR

Chromosomic mutation

NIDVYXOT140¥dIO

Clinical categories
s

ATU
ER

Plasmid-mediated resistance

NIDVXO14v13a

LT

50

(2]

6.0
BN N
qoph- .
l
S83L @ s8L @ s83L : L]
S80R S80R S80R
D87N D87N D87N
AmarR [ ] AmarR [ ] AmarR [ ]

Chromosomic mutation

qnrst -

wor- [

qurc -

et - [

qnrAt -

log; resistance ratio
LN
. :

0
e s

Plasmid-mediated resistance

FIG 1 Impact of pH on bacteriostatic activity of ciprofloxacin and delafloxacin against E. coli strains with different resist-
ance mechanisms. (A) MIC distribution across different chromosomic mutations and plasmid-mediated resistance mecha-
nisms at pH 5.0, 6.0, and 7.3 for ciprofloxacin and delafloxacin. (B) Clinical categories (susceptible, intermediate, resistant)
based on EUCAST breakpoints for the same resistance mechanisms and conditions. (C) Resistance ratio calculated as
log2 of the ratio: (MIC_ciprofloxacin_mutant/MIC_ciprofloxacin_wild-type_pH7.3)/(MIC_delafloxacin_mutant/MIC_delafloxa-
cin_wild-type_pH7.3), with red indicating preferential resistance to delafloxacin and blue indicating preferential resistance to
ciprofloxacin. Mutations: S83L and S80R in gyrA, D87N in gyrB, and AmarR (marR deletion). Plasmid-mediated resistance genes
tested include gnr variants and aac(6')-lb-cr. S: susceptible; ATU: area of technical uncertainty; R: resistant.

aac(6')-1b-cr (16/30 strain-pH combinations, 53.3%, P = 0.13, McNemar’s test) showed
comparable susceptibility frequencies to isogenic strains not carrying PMQR (15/33
strain-pH combinations, 45.5%). Ciprofloxacin susceptibility at pH 5.0 was restricted to
WT isolates only.
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FIG 2 Time-kill assays of ciprofloxacin and delafloxacin against three E. coli strains at pH 7.3 and 5.0. Individual data points represent colony-forming unit
(CFU) counts from independent experiments, with filled circles indicating values above the limit of detection and triangles indicating values below the limit of
detection. Solid lines represent mean values for each concentration. The horizontal dashed line indicates the limit of detection (2 log,, CFU/mL). Color coding
represents different antibiotic concentrations relative to each strain’s MIC (0x to 8x MIC).

The differential impact of resistance mechanisms on ciprofloxacin versus delafloxacin
revealed distinct patterns across pH conditions (Fig. 1C). At physiological pH (7.3), most
resistance mechanisms preferentially impacted delafloxacin, with 67.5% of strain-mecha-
nism combinations showing negative log, ratios (median ratio: —2.0, range: —5.0 to 3.0).
This differential impact was most pronounced for gnr genes, which consistently showed
strong preferential resistance to delafloxacin across all chromosomal backgrounds
(median log, ratio: —3.0). In contrast, gepA2 and aac(6')-Ib-cr preferentially affected
ciprofloxacin (median log, ratios: 1.0 and 1.5, respectively). The differential resistance
pattern shifted notably with decreasing pH, with 98.8% of resistance mechanisms
showing preferential impact on ciprofloxacin at pH 5.0.

Time-killing assays

TKA results are displayed in Fig. 2. Against WT E. coli ATCC 25922, bactericidal activity
at 24 h was observed for both ciprofloxacin and delafloxacin at eightfold MIC concen-
trations, and these bactericidal activities were not affected by the acidic environment.
However, the acidic environment impaired ciprofloxacin activity against E. coli ECO2
(gyrA-S83L), showing regrowth at 24 h for all tested concentrations, while delafloxa-
cin demonstrated bactericidal activity at eightfold MIC in one replicate under acidic
conditions. Against E. coli EC11 (gnrBT), ciprofloxacin showed bactericidal activity at
twofold MIC at pH 7.3 and required fourfold MIC at pH 5.0, whereas delafloxacin required
eightfold MIC at neutral pH but only fourfold MIC in the acidic environment.

Mechanism-based modeling

Observations from TKA were confirmed by the semi-mechanistic-based modeling (Table
S2). Pharmacodynamic parameter comparisons on log-transformed ECs( values showed
statistically significant differences between antibiotics at all pH conditions (P < 0.001,
Wald test). The ECsq ratios (ciprofloxacin/delafloxacin) increased dramatically from
physiological pH 7.3 to acidic pH 5.0, reaching 33-fold for the WT strain (95% Cl: 21.0-
52.9) and 92-fold for the GyrA mutant (95% Cl: 87.8-97.3). Conversely, ciprofloxacin
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activity decreased 6- to 20-fold at acidic pH, while delafloxacin activity improved 2- to
3-fold under the same conditions across all tested strains.

Simulated bacterial populations after simulated exposure to both drugs (ciprofloxa-
cin: 400 mg q12h IV, delafloxacin: 350 mg q12h IV) demonstrated pH- and strain-depend-
ent patterns (Fig. 3). Against WT E. coli ATCC 25922, both drugs achieved sustained
bacterial killing without regrowth, irrespective of pH conditions. Against the chromoso-
mal mutant EC02 (gyrA-S83L), ciprofloxacin’s bactericidal effect was abolished at acidic
pH with extensive bacterial regrowth, while delafloxacin maintained effective suppres-
sion at both pH conditions. Notably, delafloxacin’s activity against EC02 at physiolog-
ical pH exhibited substantial variability, indicating borderline efficacy that improved
significantly under acidic conditions. Uncertainty, displayed by a wide 90% Cl, was
observed for simulated bacterial populations of EC02 after exposure to ciprofloxacin
in acidic environment. Against the PMQR-producing strain EC11 (gnrB7), acidic pH
resulted in a change regarding outcome. For ciprofloxacin, at neutral pH, a total bacterial
suppression was simulated, while at pH 5.0, early bacterial regrowth (at h = 12) was
simulated. For delafloxacin, at neutral pH, an early therapeutic failure was simulated with
bacterial regrowth at t = 24 h, and in acidic environment, a total bacterial suppression
with bactericidal activity before t = 24 h was simulated with low uncertainty.

DISCUSSION

This study provides a comprehensive evaluation of pH effects on fluoroquinolone activity
against a systematically characterized collection of E. coli strains harboring diverse
resistance mechanisms. Our principal findings demonstrate an important reversal in the
relative activities of ciprofloxacin and delafloxacin as pH decreases from physiological to
acidic conditions, with important implications for clinical practice and antimicrobial
stewardship.

Our results confirm and extend previous observations regarding the pH-dependent
activity of fluoroquinolones. The decreased activity of ciprofloxacin under acidic
conditions aligns with earlier reports (5). The enhanced activity of delafloxacin under
acidic conditions represents a unique pharmacological property that distinguishes it
from other fluoroquinolones. While previous studies have reported maintained or
improved delafloxacin activity at low pH, our data quantify this effect across multiple
resistance backgrounds using both bacteriostatic and bactericidal methodologies. The 2-
to 3-fold improvement in delafloxacin activity at pH 5.0 compared to physiological pH
contrasts sharply with the 6- to 20-fold decrease observed for ciprofloxacin, resulting in
ECsq ratios (ciprofloxacin/delafloxacin) exceeding 90-fold for certain resistance profiles.
These differential pH effects can be explained by distinct uptake mechanisms. Impaired
uptake of zwitterionic fluoroquinolones occurs in acidic environments, while uptake is
enhanced for delafloxacin due to its unique chemical properties (4, 7). Indeed, delafloxa-
cin possesses unique chemical properties with an anionic character at neutral pH that
shifts to a predominantly neutral form at acidic pH. This pH-dependent structural change
allows delafloxacin at acidic pH to cross bacterial membranes more efficiently through
passive diffusion, leading to higher intracellular concentrations (6). This mechanism is
supported by our observation that delafloxacin activity improvement under acidic
conditions is less pronounced in strains with efflux pump overexpression (marR mutants),
suggesting that efflux-mediated resistance can partially overcome the pH-related uptake
advantage. These findings align with a recent study by Bosch et al. that examined
resistance evolution in eight E. coli clinical strains exposed to ciprofloxacin and delafloxa-
cin at different pH values (14). The authors demonstrated that delafloxacin resistance
evolution was significantly slower at pH 6.0 than at pH 7.3, with mutations in efflux-
related genes (emrR, marR) playing a prominent role in delafloxacin resistance develop-
ment.

The resistance to delafloxacin conferred by gnr genes across all pH conditions
indicates that target protection mechanisms can override the pH-dependent uptake
advantages. This finding suggests that while pH affects drug-target interaction kinetics,
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FIG 3 Predicted bacterial population dynamics under ciprofloxacin and delafloxacin exposure at pH 7.3 and 5.0. Predicted total bacterial populations (CFU/mL +

90% CI) following simulated clinical dosing of ciprofloxacin (400 mg q12h IV) and delafloxacin (350 mg q12h IV) against three E. coli strains under physiological
(pH 7.3, blue lines) and acidic (pH 5.0, orange lines) conditions over 120 h. ATCC 25922 (WT strain), EC02 (gyrA-S83L chromosomal mutant), and EC11 (gnrB1
PMQR-carrying strain). Solid lines represent median predictions from the semi-mechanistic pharmacokinetic-pharmacodynamic model, while shaded areas

indicate 90% Cl derived from Monte Carlo simulations (n = 10,000).

the physical shielding of DNA gyrase and topoisomerase IV by Qnr proteins provides
protection regardless of intracellular drug concentration. These results are consistent
with previous studies demonstrating gnr gene impact on delafloxacin resistance among
E. coli clinical strains (15). Conversely, gepA2 and aac(6)-Ib-cr demonstrated minimal
impact on delafloxacin activity. The aac(6))-1b-c enzyme acetylates quinolones with a
piperazinyl substituent that is absent in delafloxacin (6, 16). QepA2 belongs to the MFS
efflux pump family specific to hydrophilic quinolones; the amphiphilic character of
delafloxacin may explain the minimal impact of gepA2 on delafloxacin MIC (17). To note,
delafloxacin maintained clinical susceptibility even for combinations of up to four
resistance mechanisms in which no gnr genes were included (Fig. 1B). These differences
may be important at the therapeutic level due to the higher prevalence of chromosomal
(compared to plasmid-mediated) mechanisms of quinolone resistance in clinical isolates
(18, 19).

Our results may have several important clinical implications for delafloxacin use in
practice. Given that simulated clinical regimens demonstrated substantial differences in
microbiological outcomes between acidic and neutral pH conditions, current AST may
inadequately predict delafloxacin efficacy at infection sites. Specifically, standard AST
methods performed at physiological pH could underestimate delafloxacin potency in
acidic microenvironments, such as abscesses, biofilms, or urinary tract infections. This
suggests that AST protocols should evolve to incorporate microenvironmental character-
istics that significantly modify drug activity (1, 2). Nevertheless, these laboratory-based
observations require validation through dynamic in vitro models and ultimately in vivo
studies to confirm their clinical relevance.

The major strengths of this study include the use of isogenic strains eliminat-
ing confounding genetic backgrounds, comprehensive evaluation of major resistance
mechanisms, and integration of static and dynamic antimicrobial testing with semi-
mechanism-based mathematical modeling.

Several limitations should be acknowledged. First, laboratory media may not fully
represent the complex chemical environment of infection sites containing proteins,
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ions, and other factors influencing drug activity. Second, pH values were not monitored
during experiments, and we cannot exclude pH fluctuations due to bacterial metab-
olism that may have influenced antibiotic activity. Additionally, the study examined
only E. coli, and results may not be generalizable to other Gram-negative pathogens
causing infections in acidic environments. Also, semi-mechanistic models may not
fully represent the dynamic bacterial responses to antimicrobial exposure, which can
limit their predictive accuracy, particularly under conditions outside the range of the
experimental data used for model fitting.

Several important research directions emerge from this work. Development of
pH-adjusted susceptibility testing methods could improve prediction of clinical
outcomes for infections in acidic sites. Clinical studies correlating infection site pH
measurements with treatment outcomes could validate the clinical relevance of our in
vitro findings, particularly for infections in anatomical sites with variable pH.

Conclusions

This study demonstrates that environmental pH profoundly influences the relative
activities of ciprofloxacin and delafloxacin against E. coli, with implications extending
beyond simple MIC comparisons to encompass complex interactions with resistance
mechanisms. The resistance conferred by gnr genes regardless of pH emphasizes the
continued importance of resistance mechanism characterization for optimal therapeutic
decision-making. These findings support the need for infection site-specific antibiotic
selection strategies and highlight the potential value of incorporating environmental
factors into AST protocols.

ACKNOWLEDGMENTS

Conceptualization: K.A, FD.-P, AP, JMR.-M.; methodology: KA., FD-P, JMR.-M,;
validation: KA., FD.-P, JMR.-M. formal analysis: K.A,; investigation: KA., M.M.T,;
resources: F.D.-P, A.P, J.M.R.M,; writing—original draft: K.A.; writing—review and editing:
all authors; visualization: K.A.; supervision: F.D.-P, J.M.R.-M.; project administration: F.D.-P,
JM.R-M,; and funding acquisition: F.D.-P, A.P, J.M.R.-M.

K.A. was supported by a grant from SPILF and GSC G4. Part of this work was funded
by a grant from Menarini. They played no role in the study design, data collection and
analysis, decision to publish, or preparation of the manuscript.

AUTHOR AFFILIATIONS

'Department of Infectious Diseases, Univ Rouen Normandie, Université de Caen
Normandie, INSERM, Normandie Univ, DYNAMICURE UMR 1311, CHU Rouen, Rouen,
France

’Departamento de Microbiologia, Facultad de Medicina, Universidad de Sevilla, Sevilla,
Spain

*Instituto de Biomedicina de Sevilla (IBIS), Hospital Universitario Virgen Macarena/CSIC/
Universidad de Sevilla, Sevilla, Spain

“‘Centro de Investigacién Biomédica en Red en Enfermedades Infecciosas (CIBERINFEC),
Instituto de Salud Carlos Ill, Madrid, Spain

*Unidad Clinica de Enfermedades Infecciosas y Microbiologia, Hospital Universitario
Virgen Macarena, Sevilla, Spain

AUTHOR ORCIDs

K. Alexandre ( http://orcid.org/0000-0001-7773-5695
Alvaro Pascual @ http://orcid.org/0000-0002-8672-5891
Jose Manuel Rodriguez-Martinez { http://orcid.org/0000-0002-2228-2294

Month XXXX Volume 0 Issue 0

Microbiology Spectrum

10.1128/spectrum.02338-25 9

Downloaded from https://journals.asm.org/journal/spectrum on 30 October 2025 by 194.57.9.5.


http://orcid.org/0000-0001-7773-5695
http://orcid.org/0000-0002-8672-5891
http://orcid.org/0000-0002-2228-2294
https://doi.org/10.1128/spectrum.02338-25

Research Article

AUTHOR CONTRIBUTIONS

K. Alexandre, Conceptualization, Data curation, Formal analysis, Investigation, Meth-
odology, Validation, Visualization | Marina Murillo-Torres, Investigation | Fernando
Docobo-Pérez, Conceptualization, Methodology, Supervision, Validation | Alvaro Pascual,
Conceptualization, Project administration, Supervision | Jose Manuel Rodriguez-Marti-
nez, Conceptualization, Methodology, Project administration, Resources, Validation

ETHICS APPROVAL

This study was performed in line with the principles of the Declaration of Helsinki.
Approval was granted by the Ethics Committee of Hospitales Universitarios Virgen
Macarenay Virgen del Rocio (SICEIA-2024-000021).

ADDITIONAL FILES

The following material is available online.

Supplemental Material

Text S1 (Spectrum02338-25-s0001.txt). Structural model used in Monolix for PK/PD
modeling and simulation.

Table S1 (Spectrum02338-25-s0002.docx). Genotypes of isogenic strains used.

Table S2 (Spectrum02338-25-s0003.docx). Parameter estimates of the pharmacody-
namic model for the three strains according to drug and pH.

Table S3 (Spectrum02338-25-s0004.docx). Modal MICs of ciprofloxacin and delafloxacin

Microbiology Spectrum

according to pH against all strains.

REFERENCES

1.

Sollier J, Basler M, Broz P, Dittrich PS, Drescher K, Egli A, Harms A,
Hierlemann A, Hiller S, King CG, et al. 2024. Revitalizing antibiotic
discovery and development through in vitro modelling of in-patient
conditions. Nat Microbiol 9:1-3. https://doi.org/10.1038/s41564-023-015
66-w

Bjarnsholt T, Whiteley M, Rumbaugh KP, Stewart PS, Jensen P@, Frimodt-
Mgller N. 2022. The importance of understanding the infectious
microenvironment. Lancet Infect Dis 22:e88-e92. https://doi.org/10.101
6/51473-3099(21)00122-5

Yang L, Wang K, Li H, Denstedt JD, Cadieux PA. 2014. The influence of
urinary pH on antibiotic efficacy against bacterial uropathogens.
Urology 84:731. https://doi.org/10.1016/j.urology.2014.04.048
Erdogan-Yildirim Z, Burian A, Manafi M, Zeitlinger M. 2011. Impact of pH
on bacterial growth and activity of recent fluoroquinolones in pooled
urine. Res Microbiol 162:249-252. https://doi.org/10.1016/j.resmic.2011.
01.004

Martin-Gutiérrez G, Rodriguez-Beltran J, Rodriguez-Martinez JM, Costas
C, Aznar J, Pascual A, Blazquez J. 2016. Urinary tract physiological
conditions promote ciprofloxacin resistance in low-level-quinolone-
resistant Escherichia coli. Antimicrob Agents Chemother 60:4252-4258. h
ttps://doi.org/10.1128/AAC.00602-16

Van Bambeke F. 2015. Delafloxacin, a non-zwitterionic fluoroquinolone
in phase Il of clinical development: evaluation of its pharmacology,
pharmacokinetics, pharmacodynamics and clinical efficacy. Future
Microbiol 10:1111-1123. https://doi.org/10.2217/fmb.15.39

Lemaire S, Tulkens PM, Van Bambeke F. 2011. Contrasting effects of
acidic pH on the extracellular and intracellular activities of the anti-
gram-positive fluoroquinolones moxifloxacin and delafloxacin against
Staphylococcus aureus. Antimicrob Agents Chemother 55:649-658. https
://doi.org/10.1128/AAC.01201-10

So W, Crandon JL, Nicolau DP. 2015. Effects of urine Matrix and pH on
the potency of delafloxacin and ciprofloxacin against urogenic
Escherichia coli and Klebsiella pneumoniae. J Urol 194:563-570. https://do
i.org/10.1016/j.,juro.2015.01.094

Ruiz J. 2019. Transferable mechanisms of quinolone resistance from
1998 onward. Clin Microbiol Rev 32:e00007-19. https://doi.org/10.1128/
CMR.00007-19

Month XXXX Volume 0 Issue 0

10.

1.

12.

13.

14.

15.

16.

17.

Rodriguez-Martinez JM, Machuca J, Cano ME, Calvo J, Martinez-Martinez
L, Pascual A. 2016. Plasmid-mediated quinolone resistance: Two decades
on. Drug Resist Updat 29:13-29. https://doi.org/10.1016/j.drup.2016.09.0
01

Machuca J, Briales A, Diaz-de-Alba P, Martinez-Martinez L, Pascual A,
Rodriguez-Martinez JM. 2015. Effect of the efflux pump QepA2
combined with chromosomally mediated mechanisms on quinolone
resistance and bacterial fitness in Escherichia coli. J Antimicrob
Chemother 70:2524-2527. https://doi.org/10.1093/jac/dkv144

Machuca Jesus, Briales A, Labrador G, Diaz-de-Alba P, Lépez-Rojas R,
Docobo-Pérez F, Martinez-Martinez L, Rodriguez-Bano J, Pachon ME,
Pascual A, Rodriguez-Martinez J-M. 2014. Interplay between plasmid-
mediated and chromosomal-mediated fluoroquinolone resistance and
bacterial fitness in Escherichia coli. J Antimicrob Chemother 69:3203-
3215. https://doi.org/10.1093/jac/dku308

Kussmann M, Ferth A, Obermiiller M, Pichler P, Zeitlinger M, Wiesholzer
M, Burgmann H, Poeppl W, Reznicek G. 2019. Compatibility of
ciprofloxacin with commercial peritoneal dialysis solutions. Sci Rep
9:6512. https://doi.org/10.1038/s41598-019-42854-y

Bosch A, Macha ME, Ren Q, Kohler P, Qi W, Babouee Flury B. 2023.
Resistance development in Escherichia coli to delafloxacin at pHs 6.0 and
7.3 compared to ciprofloxacin. Antimicrob Agents Chemother
67:0162522. https://doi.org/10.1128/aac.01625-22

Kubicské A, Kamotsay K, Szabé D, Kocsis B. 2024. Analysis of molecular
mechanisms of delafloxacin resistance in Escherichia coli. Sci Rep
14:26423. https://doi.org/10.1038/541598-024-78124-9

Robicsek A, Strahilevitz J, Jacoby GA, Macielag M, Abbanat D, Park CH,
Bush K, Hooper DC. 2006. Fluoroquinolone-modifying enzyme: a new
adaptation of a common aminoglycoside acetyltransferase. Nat Med
12:83-88. https://doi.org/10.1038/nm1347

Périchon B, Courvalin P, Galimand M. 2007. Transferable resistance to
aminoglycosides by methylation of G1405 in 16S rRNA and to
hydrophilic fluoroquinolones by QepA-mediated efflux in Escherichia
coli. Antimicrob Agents Chemother 51:2464-2469. https://doi.org/10.11
28/AAC.00143-07

10.1128/spectrum.02338-25 10

Downloaded from https://journals.asm.org/journal/spectrum on 30 October 2025 by 194.57.9.5.


https://doi.org/10.1128/spectrum.02338-25
https://doi.org/10.1038/s41564-023-01566-w
https://doi.org/10.1016/S1473-3099(21)00122-5
https://doi.org/10.1016/j.urology.2014.04.048
https://doi.org/10.1016/j.resmic.2011.01.004
https://doi.org/10.1128/AAC.00602-16
https://doi.org/10.2217/fmb.15.39
https://doi.org/10.1128/AAC.01201-10
https://doi.org/10.1016/j.juro.2015.01.094
https://doi.org/10.1128/CMR.00007-19
https://doi.org/10.1016/j.drup.2016.09.001
https://doi.org/10.1093/jac/dkv144
https://doi.org/10.1093/jac/dku308
https://doi.org/10.1038/s41598-019-42854-y
https://doi.org/10.1128/aac.01625-22
https://doi.org/10.1038/s41598-024-78124-9
https://doi.org/10.1038/nm1347
https://doi.org/10.1128/AAC.00143-07
https://doi.org/10.1128/spectrum.02338-25

Research Article

18. Aldred KJ, Kerns RJ, Osheroff N. 2014. Mechanism of quinolone action
and resistance. Biochemistry 53:1565-1574. https://doi.org/10.1021/bi5
000564

19. Tewawong N, Kowaboot S, Lektrakul W, Supcharoengoon U, Watanagul
N, Pitaksajjakul P. 2025. Mechanisms of fluoroquinolone resistance

Month XXXX Volume 0 Issue 0

Microbiology Spectrum

among Escherichia coli isolates from urinary tract infections in Thailand.
PLoS One 20:e0325175. https://doi.org/10.1371/journal.pone.0325175

10.1128/spectrum.02338-2511

Downloaded from https://journals.asm.org/journal/spectrum on 30 October 2025 by 194.57.9.5.


https://doi.org/10.1021/bi5000564
https://doi.org/10.1371/journal.pone.0325175
https://doi.org/10.1128/spectrum.02338-25

	Effect of pH on antimicrobial activity of delafloxacin against Escherichia coli isogenic strains carrying diverse chromosomal and plasmid-mediated fluoroquinolone resistance mechanisms
	MATERIALS AND METHODS
	Bacterial strains, growth conditions, and antimicrobial agents
	Antibiotic susceptibility testing
	Time-killing assays
	Mechanism-based modeling
	Statistical analysis

	RESULTS
	Antibiotic susceptibility testing
	Time-killing assays
	Mechanism-based modeling

	DISCUSSION
	Conclusions



