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HIGHLIGHTS

e Liposome-encapsulated phages (LEP) effectively target multidrug-resistant K. pneumoniae
o LEP prevent bacterial regrowth longer than free phages in ex vivo lung assays

e Liposomal delivery provides a “Trojan Horse” mechanism for pulmonary phage therapy

¢ Encapsulation enhances phage stability and enables sustained virion release

Abstract: Multidrug resistance, exacerbated by inappropriate antibiotic use and limited development of new
antimicrobials, represents a critical global health challenge. Klebsiella pneumoniae, characterized by its
protective capsule and strong colonization capacity, is a major cause of hospital-acquired pneumonia,
emphasizing the urgency of alternative therapeutic strategies. Phage therapy has emerged as a promising
option, and a novel “Trojan Horse” approach using liposome-encapsulated phages (LEP) may enhance
treatment by enabling phage delivery while evading immune detection. This study investigated the
encapsulation of a lytic bacteriophage cocktail within liposomes to target multidrug-resistant K. pneumoniae.
LEP presented a negative Zeta potential similar to that of K. pneumoniae cells, suggesting potential
electrostatic repulsion between LEP and bacterial surfaces. Antimicrobial susceptibility testing confirmed that
the evaluated strain was sensitive only to amikacin, gentamicin, and tetracycline. Physicochemical
characterization showed that LEP exhibited a 21% smaller diffusion coefficient than empty liposomes,
consistent with the increased size of the loaded structures. In vitro, LEP demonstrated sustained phage
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release and effectively prevented bacterial regrowth after 9 hours of treatment. Ex vivo assays using
artificially contaminated canine lung tissue revealed that LEP achieved a maximal bacterial reduction of 1.04
log CFU/mL after 12 hours, markedly outperforming free phages, which allowed bacterial resurgence after 9
hours. The limited phage diffusion within the solid lung tissue matrix likely reduced phage—bacterium
interactions, indicating that higher multiplicity of infection may be required to enhance therapeutic efficacy in
structured biological environments.

Keywords: Bacteriophage; Klebsiella pneumoniae; liposomes; lung infections.

INTRODUCTION

The widespread misuse and overuse of antibiotics have accelerated the emergence of bacterial strains
resistant to conventional treatments, creating major challenges for the management of infectious diseases
and contributing to the rise of highly resistant “superbugs” [1]. Respiratory infections remain a leading cause
of global morbidity and mortality, and the growing prevalence of antibiotic-resistant Gram-negative
pathogens—including Pseudomonas aeruginosa, Klebsiella pneumoniae, and Acinetobacter baumannii—
further complicates the treatment of both community- and hospital-acquired pneumonia, as well as infections
in patients with chronic obstructive pulmonary disease (COPD) [2-4]. Poor clinical outcomes associated with
multidrug-resistant (MDR) bacteria are often linked to the inappropriate use of empirical antibiotic therapies
[3], a situation exacerbated by the limited pipeline of new antimicrobials [5,6].

The World Health Organization (WHO) has identified antimicrobial resistance as one of the most pressing
threats to global health, highlighting pathogens grouped under the “ESKAPE” acronym, among which K.
pneumoniae is of particular concern [7]. This organism possesses a robust polysaccharide capsule and
efficiently colonizes the upper respiratory and gastrointestinal tracts, enabling dissemination to other body
sites and contributing to severe infections. In the United States, it is one of the main causes of hospital-
acquired pneumonia. The increasing resistance of K. pneumoniae highlights the urgent need for alternative
therapeutic strategies [8].

Phage therapy is increasingly recognized as a promising and safe approach for treating bacterial
infections, relying on bacteriophages that specifically infect and lyse bacterial cells [9-11]. Phage—host
interactions involve complex and dynamic molecular processes, often resulting in rapid bacterial and phage
adaptation [9,12]. A key advantage of phage therapy lies in its self-amplifying nature: phages replicate as
long as susceptible bacteria are present and naturally decline once the infection is cleared [9,13]. Despite its
potential, critical knowledge gaps remain, including phage pharmacokinetics, host immune interactions, and
effective strategies for targeted delivery [14-16].

Advances in liposome technology have facilitated the development of inhaled antimicrobial therapies,
many currently under clinical evaluation. Liposomes are safe, biodegradable carriers capable of
encapsulating a variety of therapeutic agents, enhancing their stability, lung residence time, and patient
tolerability [17,18]. Moreover, a “Trojan Horse” strategy using liposome-encapsulated bacteriophages may
provide stealth properties that help phage particles evade immune detection [19,20].

In this context, the present study evaluates the encapsulation of a cocktail of two lytic bacteriophages
within the aqueous core of liposomes as an innovative approach to combat MDR K. pneumoniae. We
describe the physicochemical characteristics of the liposome-encapsulated phages and their performance in
ex vivo inactivation assays using artificially contaminated canine lung tissue.

MATERIAL AND METHODS

Biological material

The Klebsiella pneumoniae strain NCTC-13439 used as the phage host was obtained from the National
Collection of Type Cultures (UK Health Security, United Kingdom). Two lytic bacteriophages were employed:
KpnS01BRG, isolated from sewage samples from the Veterinary Hospital of the University of Sorocaba
(UNISO, Brazil), and KpnS02SCE, recovered from pooled wastewater samples from various environmental
sources in Nsukka and surrounding areas (Enugu State, Nigeria). Both phages were previously
characterized. For ex vivo inactivation assays, canine lungs from animals that died naturally were provided
by the Anatomy Laboratory of the UNISO Veterinary Hospital and stored at —20 °C. Fresh cultures of K.
pneumoniae NCTC-13439 were maintained on Tryptic Soy Agar (TSA, HiMedia, India) at 4 °C. Prior to
assays, a single colony was inoculated into 25 mL of Tryptic Soy Broth (TSB) and incubated overnight at 37
°C. A 100 pL aliquot was then transferred to 10 mL of fresh TSB and incubated again overnight at 37 °C to
obtain an ODgg of 1.0 (=10° CFU/mL).
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Chemicals

Tryptic Soy Agar (TSA) and Tryptic Soy Broth (TSB) were obtained from Sigma-Aldrich Brazil. “Enterokit
B” (EPM, MILi, Simmons Citrate and Kovacs reagent) was purchased from PROBAC do Brasil. For liposome
preparation, phosphatidylcholine type X, cholesterol, PEG 8000, NaCl, MgSO, and chloroform were acquired
from Sigma-Aldrich, and PEG 1500 from Labsynth. Sterile filtration was performed using Sartolab®-RF 250
units (0.22 ym PES membrane) from Sartorius. Ultrapure water (18.18 MQ-cm; 0.05 uS-cm™) was produced
using a Master System All MS2000 (Gehaka, Brazil).

Antibiogram of Klebsiella pneumoniae NCTC-13439

Bacterial cultures were grown to ODg;9 = 0.5 and evenly spread on TSA plates using a sterile swab.
Antibiotic-impregnated discs were placed on the agar surface with sterile tweezers, ensuring adequate
spacing. Plates were incubated at 37 °C for 18 h. After incubation, antibiotic efficacy was determined by
measuring the inhibition zone diameters around the discs.

Phage PEG-precipitation

Phage suspensions (10" PFU/mL) were added with the sterile mixture of polyethylene glycol (PEG)
8000 (Sigma-Aldrich, St. Louis MO, USA) (10%, w/w) and NaCl (1 M) (Sigma-Aldrich, St. Louis MO, USA),
in a volumetric proportion of 2:1, respectively. The resulting suspensions were incubated overnight at 4 °C
and then centrifuged at 11000 rpm (4 °C, 45 min). The supernatant was then discarded, and the pellet was
resuspended and homogenized in 5 mM MgSO4 (Sigma-Aldrich, St. Louis MO, USA).

Liposome synthesis with encapsulated phage virions

Bacteriophages KpnS01BRG and KpnS02SCE were encapsulated as a cocktail at MOI 1000. Soybean
phosphatidylcholine (SPC), cholesterol (CH) and PEG 1500 were separately dissolved in chloroform.
Appropriate volumes of each solution were combined in an amber vial, and the solvent was evaporated
overnight to form a lipid film. The film was then hydrated with 5 mL of the phage cocktail, allowing
spontaneous liposome formation. The suspension was subjected to an ultrasonic bath at 25 °C for 30 min
and extruded 15 times through a 0.4 um polycarbonate membrane to obtain uniform vesicles. Final liposome
preparations were stored at 4 °C [21,22]. Figure 1 shows the encapsulation strategy, and Table 1 presents
the lipid composition.
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Figure 1. Schematic representation of phage encapsulation in liposomes and the putative lipid bilayer
structure.
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Table 1. Composition of the liposomal formulation integrating a cocktail of phages KpnS01BRG and
KpnS02SCE virions.

Components of the antibacterial
liposomes

Function in the formulation Amount (mg) % (wiw)

Soybean phosphatidylcholine (SPC) Lipid matrix 25.0 mg 0.2490

PEGylation, plasticizer, surfactant,

Polyethylene glycol (PEG) 1500 lubricant, enhances liposome 6.80 mg 0.0677
biocompatibility
Stabilizes the liposomal membranes,
modulates membrane permeability,

Cholesterol (CH) changes fluidity, and improves the 6.0 mg 0.0598
stability of bilayer membranes in the
presence of biological fluids

Chloroform Solvent 5000 pL 49.81
2.50x10"" virions of

Conce.ntrated phage KpnS01BRG . . . N

bacteriophage . Active antibacterial entites = - s

cocktail 2.50x10"" virions of

phage KpnS02SCE

Solvent for phage virions and

Ultrapure water phospholipid rehydration

5000 pL 49.81

TOTAL: 10037.80 100.00

Liposome characterization via dynamic laser light scattering

Liposomal formulations, with and without encapsulated phages, were analyzed by DLS. Samples were
diluted 1:30 (v/v) in ultrapure water, within the equipment’s recommended range. Fifty microlitres of each
formulation were diluted in 20 mL of water, homogenized, thermostatted at 25 °C for 120 s, and measured in
triplicate using a ZetaPALS NanoBrook 90PlusPALS system (661 nm, 90° angle). Mean hydrodynamic size,
polydispersity index, and Zeta potential were obtained using PALS-based measurements, with data
processed by Particle Solutions software (v3.5).

Ex vivo phage treatment in artificially contaminated lung tissue

Canine lungs from animals that died naturally were obtained and stored at —20 °C. Before assays, tissue
was cut into 3 x 3 cm sections and sterilized in 3% chlorhexidine for 15 min. Twelve groups of samples (three
replicates each; 36 samples total) were prepared. After adding PBS and incubating for 1 h at 37 °C, the
groups were assigned as follows: (i) tissue control (PBS only); (ii) bacterial control (K. pneumoniae 10°
CFU/mL); (iii) free phage treatment (MOI 1000); and (iv) liposome-encapsulated phage treatment (MOI 1000).
To maintain moisture, small Petri dishes holding lung samples were placed inside larger dishes containing
PBS.

All groups were incubated under identical conditions, and samples were collected hourly for 12 h. Each
lung piece was transferred to 10 mL PBS and shaken for 30 min at 37 °C to elute bacteria and phages.
Bacterial counts were determined by the drop-plate method on TSA (24 h, 37 °C), and phage titres by the
double-layer agar method (18 h, 37 °C). All assays were performed in triplicate and repeated on three
separate occasions. A schematic overview of the procedure is shown in Fig. 2.
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Legend: (a) lungs cut into ~3 x 3 cm samples; (b) samples decontaminated in 3% chlorhexidine and rinsed with sterile
PBS; (c) samples artificially contaminated with K. pneumoniae NCTC-13439, dried, and treated with phages (MOI 1000);
(d) samples kept in a moist environment during treatment; (e) at set intervals, samples transferred to PBS under orbital
shaking to elute bacteria and phages; (f) eluates serially diluted; (g) phage titres determined by the double-layer agar
method; (h) bacterial counts determined by the drop-plate method on TSA.

Figure 2. Scheme of the ex vivo phage treatment procedure using the cocktail with phages KpnS01BRG and
KpnS02SCE on artificially contaminated canine lung tissue.
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Statistical analyses

Data from the ex vivo assays were analyzed using GraphPad Prism 7.04. Normality was assessed by
the Kolmogorov—Smirnov test and homoscedasticity by Levene’s test. Differences in bacterial and phage
concentrations over time for free phages and liposome-encapsulated phages were evaluated using two-way
ANOVA with Bonferroni post hoc tests. Bacterial counts were compared with the corresponding bacterial
control, and phage titres were compared with their respective phage controls. Statistical significance was set
at p <0.05.

RESULTS

This study evaluated the structural and functional stabilization of two newly isolated lytic phages against
Klebsiella pneumoniae NCTC-13439 using a liposomal formulation aimed at potential lung infection control.
Both phages produced clear, distinct plaque morphologies, confirming their virulent nature.
Antibiogram of Klebsiella pneumoniae NCTC-13439

The results of the antibiogram performed to the bacteria used in this study can be seen in Table 2.

Table 2. Results obtained in the antibiogram performed on the bacteria Klebsiella pneumoniae NCTC-13439.
Abbreviation with antibiotic Inhibition halo

Antibiotic concentration ( pg) diameter (mm) Result
Amoxicillin / Clavulanic Acid AMC 30 12 Resistant
Amikacin AMI 30 20 Sensitive
Ampicillin AMP 10 6 Resistant
Aztreonam ATM 30 12 Resistant
Cefazolin CFzZ 30 13 Resistant
Cefepime CPM 30 14 Resistant
Cefoxitin CFO 30 15 Resistant
Ceftazidime CAZ 30 13 Resistant
Ceftriaxone CRO 30 20 Intermediary
Ciprofloxacin CIP 05 19 Intermediary
Clindamycin CLI 02 6 Resistant
Chloramphenicol CLO 30 10 Resistant
Erythromycin ERI 15 6 Resistant
Gentamicin GEN 10 18 Sensitive
Meropenem MPM 10 13 Resistant
Oxacillin OXA 01 6 Resistant
Penicillin PEN 10 6 Resistant
Rifampicin RIF 05 17 Intermediary
Sulfamethoxazole / Trimethoprim SUT 25 14 Intermediary
Tetracycline TET 30 19 Sensitive
Vancomycin VAN 30 6 Resistant

The strain showed sensitivity to amikacin, gentamicin and tetracycline (Table 2). Amikacin and
gentamicin, both aminoglycosides, are important options for treating severe infections [23]. Tetracycline is
also an effective antimicrobial for a range of infections [24]. Although Gram-negative bacteria generally
restrict antibiotic entry due to their outer membrane, porins, membrane alterations, or shared essential
cellular targets can allow susceptibility to some antibiotics typically used against Gram-positive organisms
[25].
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The strain was resistant to most antibiotics tested, including amoxicillin/clavulanic acid, ampicillin,
aztreonam, cefazolin, cefepime, cefoxitin, ceftazidime, clindamycin, chloramphenicol, erythromycin,
meropenem, oxacillin and penicillin, indicating that these drugs are not effective for treating this infection.
This high level of resistance highlights the need for alternative or combined therapeutic approaches.
Ceftriaxone, ciprofloxacin, rifampicin and sulfamethoxazole/trimethoprim showed intermediate responses,
suggesting limited and unreliable efficacy.

Liposome characterization via dynamic laser light scattering

DLS analysis provided information on the properties of the liposomes, both with and without
encapsulated phages (Table 3).

Table 3. Physical parameters of the formulated liposomes.

: Liposomes devoid of Liposomes with encapsulated
Physical parameter . .
phage virions phage virions
Hydrodynamic size (HS, nm) 164.48 + 0.74 207.76 £ 14.48
Polydispersity index (PI) 0.1772 £ 0.0161 0.2712 + 0.0269
Zeta potential (ZP, mV) -36.29 £ 6.54 -30.47 £4.40
Diffusion coefficient (D, m? s) 2.9838x10'2 + 1.3348%x10™™ 2.3717x107"2 + 1.6895%x 1013
Electrophoretic mobility (u cm s V') -2.84 + 0.51 -2.38+0.34

The mean hydrodynamic diameter increased from 164.48 nm in empty liposomes to 207.76 nm in phage-
loaded ones (Table 3), confirming that encapsulation expands vesicle size [26]. The phages themselves
showed hydrodynamic diameters of 56.48 nm (KpnS01BRG) and 53.17 nm (KpnS02SCE) (data not shown).
The polydispersity index rose from 0.1772 to 0.2712 after encapsulation, indicating greater size heterogeneity
[27]. Zeta potential values shifted from —36.29 mV to —30.47 mV, suggesting a modest reduction in negative
surface charge, which may influence electrostatic repulsion and interactions with cell surfaces [28,29].
Together, these changes indicate that phage-loaded liposomes become larger, more heterogeneous, and
display altered surface charge, modifications that may improve delivery efficiency [30].

Diffusion coefficients were similar in magnitude, but phage-loaded liposomes showed a 21% reduction
compared to empty ones (Table 3), consistent with their larger size and with the 16.2% decrease in
electrophoretic mobility.

Ex vivo phage treatment experiments in artificially contaminated lung tissue

Figure 3 shows the results of the ex vivo inactivation assays performed on canine lung tissue artificially
contaminated with K. pneumoniae, using either the free phage cocktail or liposome-encapsulated phages. In
Figure 3a, the Tissue Control (magenta) remains at 0 log CFU/mL, confirming successful decontamination
of untreated tissue, while the Bacterial Control (gray) shows gradual growth, reaching ~5 log CFU/mL after
12 h.

Treatment with the free phage cocktail (orange) shows an initial rise in bacterial counts up to ~3 h,
followed by stabilization around 4.2 log CFU/mL and a temporary decline at 9 h. After this point, bacterial
regrowth suggests the emergence of phage resistance.

In contrast, the liposome-encapsulated phage treatment (green) shows a similar early pattern but, from
8 h onward, produces a continuous and sustained bacterial reduction, demonstrating markedly greater
efficacy than free phages.
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Figure 3. Ex vivo inactivation of K. pneumoniae in contaminated lung tissue by free and liposome-encapsulated phages
(MOI 1000, 12 h). (a) Bacterial and (b) phage concentrations.

Figure 3b shows the evolution of phage concentration during treatment with the free phage cocktail and
liposome-encapsulated phages over 12 h. Phage titers increased more in the free cocktail treatment than in
the liposome-encapsulated formulation, indicating active replication in host cells. Encapsulated phages
(green line) exhibited a more moderate increase, consistent with a controlled release of virions [30]. Phage
controls (PC) remained relatively stable. Although both treatments showed comparable efficacy,
encapsulation of phage virions in liposomes could potentially offer additional advantages in terms of phage
stability and prolonged release under the specific conditions of this model. These features warrant further
investigation in rigorous in vivo trials to determine if such benefits translate to a clinical setting, where factors
like host immunity and mucus clearance play a critical role [20, 50].
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As expected, disinfected lung tissue showed no bacterial contamination (Fig. 3a). In the bacterial control
(BC), bacterial counts increased by 1.02 log CFU/mL over 12 h, consistent with slower growth in solid
matrices due to limited nutrient diffusion. Treatment with the free phage cocktail (orange curve, Fig. 3a)
reduced bacterial concentration by up to 2.0 log CFU/mL after 1 h, but regrowth occurred after 9 h, indicating
the development of bacterial resistance (Fig. 3a). The liposome-encapsulated phage cocktail (green curve,
Fig. 3a) showed a similar trend up to 9 h (ANOVA, p = 0.9999 (> 0.05)), followed by a greater reduction by
12 h (ANOVA, p = 0.0024 (< 0.05)), demonstrating higher efficacy than the free phage cocktail. Phage
controls (Fig. 3b) remained stable, with only minor variations (£0.2 log PFU/mL; ANOVA, p = 0.9999 (> 0.05)).
In the presence of host cells, phage titers increased by 1.1 log PFU/mL (free phage) and 0.8 log PFU/mL
(encapsulated phage) after 12 h (ANOVA, p = 0.0001 (< 0.05)), the latter likely due to gradual virion release
from liposomes.

When comparing the free phage cocktail versus liposome-encapsulated phages (LEP) in promoting
bacterial reduction, the difference is striking, with the LEP promoting a significant reduction in the bacterial
load after 9 h and 12 h, as can be seen from inspection of the statistical results displayed in Table 4.

Table 4. Results from the Bonferroni Post-Hoc statistical tests performed to bacterial counts, comparing the
free virion cocktail vs. LEP.

Time (h) Mean Diff. 95.0% CI of Diff. p-value (a=0.05) Significance
0 -0.8451 -0.9922 to -0.6980 > 0.9999 n.s.
3 -0.4771 -0.6242 to0 -0.3300 > 0.9999 n.s.
6 +0.0210 -0.1261 to 0.1681 > 0.9999 n.s.
9 +0.5433 0.3962 to 0.6904 0.0024 Significant
12 +0.6558 0.5087 to 0.8029 < 0.0001 Significant
DISCUSSION

Liposomes are microscopic vesicular structures composed of one or more phospholipid bilayers capable
of encapsulating and delivering bioactive substances. The preparation method proposed by Alec Bangham
in the 1960s [21,22] involves dissolving phospholipids in organic solvent, forming a thin lipid film after solvent
evaporation and subsequent hydration in aqueous medium. Developing alternatives to conventional
antibiotherapy for controlling infections caused by multidrug-resistant Klebsiella pneumoniae remains a major
challenge. In this study, two newly isolated lytic phages, KpnS01BRG (Brazil) and KpnS02SCE (Nigeria),
targeting K. pneumoniae NCTC-13439, were encapsulated in liposomes to enhance their stability and
suitability for pulmonary applications. Genome analysis confirmed the absence of toxin, virulence, or antibiotic
resistance genes [31,32], as well as integrase genes [33], indicating a strictly lytic lifestyle suitable for
therapeutic use.

The significant increase in HS (from ~165 nm to ~208 nm after encapsulation of phage virions) and the
change in PI (from ~0.177 to ~0.271 nm after encapsulation of phage virions) are robust physical indicators
that the virions were encapsulated in the liposomal structures. The maintenance of the phage titre during the
extrusion process demonstrates high encapsulation efficiency and liposomal protection, conferring structural
and functional stabilization to the phage particles.

The outer membrane of Gram-negative bacteria, including K. pneumoniae, bears a net negative charge
due to phospholipids, lipoproteins, and LPS components [34]. Reported Zeta potentials for K. pneumoniae
average —-30.55 + 1.56 mV [35]. The liposomal vesicles exhibited comparable negative Zeta potential values,
suggesting electrostatic repulsion that may hinder effective interaction between bacterial cells and liposome-
encapsulated phages [10].

While the negative Zeta potential (-30.47 mV) of LEP can generate electrostatic repulsion with the
negatively charged bacterial surface, we opted for anionic liposomes (soy lecithin) due to their lower alveolar
toxicity and better penetration into pulmonary mucus (which is rich in anionic glycoproteins). Cationic
liposomes are often trapped in the mucus by electrostatic interactions, preventing them from reaching the
bacteria. Modifying the liposomal surface charge to improve interaction with the bacterial cells was not the
aim of the present research effort but can certainly be addressed in future experiments targeting in vivo
assays. Future optimizations of the LEP discussed herein might use cationic lipids to reverse the surface
charge and potentially increase the binding affinity with the bacterial cell wall.

Antibiotic susceptibility testing revealed resistance to all tested drugs except amikacin, gentamicin, and
tetracycline, classifying the isolate as XDR (extensively drug-resistant). The diffusion coefficients of
liposomes with and without encapsulated phages were of the same order of magnitude (107'2 m2-s™), with
encapsulated liposomes exhibiting 21% lower diffusion and 16.2% lower electrophoretic mobility, consistent
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with their slightly larger hydrodynamic size. These findings align with previously reported data for phage and
nanoparticle systems [4,10,36,37].

As expected, disinfected lung tissue showed no contamination (Fig. 3a). In the bacterial control (BC),
counts increased by 1.02 log CFU/mL over 12 h, consistent with slower growth in solid matrices. Treatment
with the free phage cocktail (orange curve) initially reduced bacterial counts by up to 2.0 log CFU/mL after 1
h, but regrowth occurred after 9 h, suggesting bacterial resistance. Liposome-encapsulated phages (green
curve) produced similar results up to 9 h (ANOVA, p = 0.9999 (> 0.05)), followed by a significantly greater
reduction after 12 h (ANOVA, p = 0.0024 (< 0.05)), demonstrating enhanced efficacy.

Phage controls (Fig. 3b) remained stable throughout the assay (+0.2 log PFU/mL; ANOVA, p = 0.9999
(> 0.05)). In the presence of the host, phage titers increased by 1.1 log PFU/mL (free cocktail) and 0.8 log
PFU/mL (encapsulated phages) after 12 h (ANOVA, p = 0.0001 (< 0.05)). The smaller increase observed for
encapsulated phages likely reflects the gradual virion release from the liposomes. The maximum bacterial
reduction achieved with the liposomal formulation was 1.04 log CFU/mL after 12 h (MOI 1000), while
preventing bacterial regrowth (unlike the free phage cocktail). The modest inactivation can be attributed to
the electrostatic repulsion between negatively charged bacterial cells and liposomal vesicles. Controlled
phage release from liposomes, however, appears to sustain antibacterial activity over time.

Bacterial regrowth following phage treatment is well documented and often linked to variability in bacterial
surface receptors. Such resistance can be mitigated through cocktails combining multiple lytic phages with
distinct adsorption mechanisms [38-41].

While the quantitative reduction of approximately 1 log CFU/mL observed in our ex vivo canine lung
model might appear modest compared to liquid-culture benchmarks, it must be contextualized within the
unique constraints of this experimental system. In solid ex vivo models without the aid of neutrophils, 1-log
reductions are significant. The reduction should be seen not as a complete cure, but as containment of the
critical load. In the absence of immunity in the ex vivo model, the phage virions do all the work alone. In a
living lung, this 1-log reduction would allow alveolar macrophages to eliminate the remainder of the infection.
The primary limitation is the lack of “immunophage synergy”. In pulmonary infections, the complete resolution
of the bacterial load is often contingent upon the cooperative interaction between bacteriophages and the
host’s innate immune cells, particularly neutrophils [42,43]. As our ex vivo model lacks an active immune
system, the observed reduction represents only the direct bactericidal effect of the phages. In a clinical
scenario, even a modest reduction in bacterial density could provide the necessary respite to allow the host’s
immune system to effectively clear the remaining pathogens [44]. Furthermore, the ability of the LEP
formulation to provide a sustained release and prevent bacterial regrowth (unlike the free phages) is a
promising indicator of therapeutic potential for chronic or recalcitrant infections where prolonged activity is
required. To enhance efficacy in future developments, increasing the initial Multiplicity of Infection (MOI) or
evaluating the synergy between encapsulated phages and sub-inhibitory concentrations of antibiotics
(phage-antibiotic synergy, PAS) could be explored.

The ex vivo assays using artificially contaminated canine lung tissue demonstrated that encapsulated
phages achieved higher inactivation rates than free phages, particularly beyond 9 h of treatment (ANOVA, p
= 0.0001 (< 0.05)). The limited increase in phage titers suggests that the complex tissue matrix may hinder
phage diffusion and contact with host cells, restricting amplification [12]. This limitation could potentially be
overcome by increasing MOI to enhance initial phage—bacterium encounters.

Overall, the liposomal formulation incorporating both Iytic phages represents a promising step toward
developing alternative strategies for pulmonary infections caused by K. pneumoniae. Nevertheless, further
studies employing intact lungs and naturally infected tissues are essential to validate these findings in in vivo
settings and optimize clinical applicability. Assays in live animal models (such as mice or rats) are the
essential next step to evaluate the pharmacokinetics and systemic safety of the formulation. /n vivo studies
in murine models are the next necessary step and are already planned by our research group.

The use of a high multiplicity of infection (MOI 1000) in this study warrants consideration regarding clinical
translation. This high dosage was intentionally selected to facilitate “passive” phage therapy (an inundative
approach where the initial phage concentration is high enough to ensure bacterial contact and lysis even
when the target density is low or the environment is physically complex) [46,47]. In the solid parenchyma of
our ex vivo lung model, significant diffusion barriers limit the movement of both free and encapsulated phage
virions; thus, a high initial titre was necessary to overcome these physical constraints. Moreover, as this
model lacks the “immunophage synergy” provided by host neutrophils in a clinical setting [42], the phages
were required to exert their antibacterial effect without the assistance of the innate immune system. While
this study serves as a proof-of-concept for the viability and controlled release of liposome-encapsulated
phage virions in tissue [45], future in vivo studies should focus on dose-optimization. It is anticipated that the
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presence of host immunity and the potential for “active” therapy (where phages replicate in situ) may allow
for a significant reduction in the required therapeutic dose.

Despite the advantages of the ex vivo pulmonary model in providing a complex three-dimensional
architecture for testing phage delivery, several inherent limitations must be considered to avoid
overinterpretation. First, the model lacks a functional immune system; in a living host, the “immunophage
synergy” between lysing phages and recruited neutrophils is a primary driver of successful bacterial
eradication in pneumonia [42,48]. Second, the absence of active mucociliary clearance and natural airflow
dynamics means that the distributive forces acting on the liposomal formulations may differ significantly from
those in a ventilated, living lung. Furthermore, the lack of continuous blood perfusion and lymphatic drainage
prevents the assessment of the systemic clearance of liposomes or the potential for tissue-level regeneration
following bacterial insult [49,50]. Consequently, while our results demonstrate the mechanical and structural
feasibility of using LEP as a “Trojan Horse” in lung tissue, these findings should be viewed as a foundational
proof-of-concept that necessitates further validation in dynamic in vivo pulmonary infection models.
Limitations such as the absence of physiological dynamics in the ex vivo model; the need for direct
quantification of EE% by ultracentrifugation; the lack of evaluation of prolonged phage release kinetics
(beyond 24 h); and the need for validation in live animal models to assess safety (pharmacokinetics), are
here duly acknowledged, and will be further addressed in a forthcoming publication with in vivo assays.

The choice of liposomes as a delivery vehicle in this study is based on their unique advantages relative
to other emerging phage encapsulation strategies. Unlike polymeric nanoparticles such as poly(lactic-co-
glycolic acid) (PLGA), which provide greater structural robustness but can involve the use of harsh organic
solvents and slower biodegradation rates, liposomes are composed of phospholipids that mimic the lung’s
endogenous surfactant system [45,51]. This biomimicry not only enhances biocompatibility but also facilitates
the “Trojan Horse” entry of phages into macrophages, which is critical for treating pathogens like K.
pneumoniae that can persist intracellularly [51]. Furthermore, while dry powder formulations for inhalation
offer superior long-term stability and ease of administration via portable inhalers [50], they often suffer from
significant titre loss during the high-stress spray-drying or freeze-drying processes [52,53]. In contrast, the
liposomal encapsulation method employed here maintains high phage viability and protects the virions from
antibody neutralization and enzymatic degradation, making it a highly effective (albeit more costly) platform
for acute pulmonary interventions [51]. Thus, while dry powders may be more suitable for chronic
maintenance therapy, the liposomal approach appears better suited for rapid-response treatments where the
preservation of high phage titres and deep tissue penetration are paramount.

CONCLUSIONS

The results of the present work provide a preliminary proof-of-concept suggesting that phage treatment
using KpnS01BRG and KpnS02SCE phages encapsulated in liposomal vesicles represents a promising
avenue for further study in the control of Klebsiella pneumoniae. However, the clinical applicability of these
findings remains to be established through subsequent in vivo safety and efficacy studies. In addition,
complementation of the narrow host-range characteristics of the isolated phages with different phages for
the same bacteria in the form of a lytic cocktail would allow to surpass and virtually eliminate the drawback
of bacterial-acquired phage-resistance.
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