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ABSTRACT

Inhaled bacteriophage (phage) therapy is emerging as a promising approach to combat multidrug-resistant (MDR) respiratory pathogens such as Pseudomonas
aeruginosa. Aerosol delivery by nebulization poses challenges for maintaining phage stability, often resulting in titer losses due to mechanical stresses. This study
evaluated the use of liposomal encapsulation to protect phages during nebulization. Two P. aeruginosa phages, PEV2 (short-tail) and PEV40 (long-tail), were selected
for this work. Liposomes were prepared using DSPC, cholesterol, Tween 80, and cationic lipid DOTAP. Encapsulation efficiencies were 78 % for PEV2 and 90 % for
PEV40, with mean particle sizes of 300 nm and 650 nm, respectively. Nebulization by jet and vibrating mesh devices showed that the liposome-encapsulated phages
were able to preserve viability, with titer losses below 0.4 log;o (PEV40) and 0.07 log;o (PEV2). In contrast, non-encapsulated phages experienced titer reductions of
up to 1.23 log; o, especially by jet nebulization. Vibrating mesh nebulization generated slightly larger droplets (~5.6 um) but with better phage recovery (> 90 %) and
respirable fractions (> 70 %) for both types of phages encapsulated in liposomes. These results demonstrate that the approach of lipid encapsulation effectively

protects phages from mechanical damage during nebulization, maintaining bioactivity for aerosol delivery to enhance the success of inhaled phage therapy.

1. Introduction

Bacteriophages (phages) are viruses that target and destroy bacteria,
offering a targeted approach to fight bacterial infections (Abedon et al.,
2011; Chanishvili, 2012). Respiratory infections caused by MDR path-
ogens, such as Pseudomonas aeruginosa, are particularly difficult to
treat (Essoh et al., 2013; Saussereau et al., 2014). These bacteria often
resist common antibiotics and form biofilms in the respiratory tract,
which complicates treatment. Inhaled phage therapy offers a promising
approach by delivering phages directly to the lungs and minimizing
systemic side effects (Groulx et al., 2016; Le Guellec et al., 2023; Semler
et al., 2014). Nebulizers are well-suited for pulmonary phage delivery,
allowing direct administration into the lower airways with minimal
formulation complexity (Cooper et al., 2014).

However, nebulisation can cause significant damage to biological
agents. Nebulization of free endolysins, which are enzymes that degrade
bacterial cell walls, resulted in a 50 % loss of activity against Strepto-
coccus pneumoniae, highlighting the fragility of protein biologics (Wang
et al., 2020). Phages, being predominantly composed of proteins, are
potentially at an even greater risk of structural damage during nebuli-
zation compared to simpler biological agents. This increased vulnera-
bility stems from their more intricate architecture of the capsid and tail,
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which are susceptibility to damage by shear forces, cavitation, and
exposure to air-liquid interfaces (Carrigy et al., 2017; Liu et al., 2012;
Turgeon et al., 2014). Nebulization has been shown to significantly
diminish phage titers, potentially compromising their therapeutic effi-
cacy (Astudillo et al., 2018; Carrigy et al., 2017; Le Guellec et al., 2023;
Leung et al., 2019). Our previous study revealed varying levels of phage
inactivation caused by different nebulizer types: air jet nebulizers
induced the greatest damage, with up to 94 % phage inactivation, while
vibrating mesh nebulizers resulted in approximately 75 % inactivation
Structural alterations including capsid deformation and tail contraction
compromise the ability of phages to effectively infect bacterial hosts
(Astudillo et al., 2018; Leung et al., 2019). Addressing this stability issue
is critical, as a loss of viable phages during aerosol delivery to the lungs
could significantly undermine the efficacy and reliability of inhaled
phage therapy.

Lipid encapsulation is a promising way to protect and stabilise a
range of biological agents, including proteins and nucleic acids (Jiang
et al., 2024; Neary et al., 2024). Additionally, phages encapsulated in
lipids can penetrate biofilms better or be more effectively taken up by
host cells in the lungs where intracellular pathogens may reside, further
enhancing their therapeutic potential (Lee et al., 2022; Wang et al.,
2019). Nebulizing lipid-based formulations has also shown promising
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results in lung delivery, improving deposition, retention, and distribu-
tion of therapeutics in the airways (Elhissi, 2017; Rudokas et al., 2016).
In our study, we developed a liposomal formulation to stabilize bacte-
riophages during nebulization. The formulation includes: DOTAP, a
model cationic lipid that facilitates binding to the negatively charged
phage (Liu et al., 2024); cholesterol, which maintains the integrity of the
lipid bilayer (Szabova, 2021); DSPC, a saturated phospholipid that
provides resistance against shear forces (Anderson and Omri, 2004); and
Tween 80, a non-ionic surfactant that forms a protective foam to cushion
the phage (Israelachvili, 2011). These components were carefully
selected to address the challenges of nebulization.

To date, while most existing studies have focused on the nebulization
of free phages, none have examined lipid encapsulation as a protective
measure for phages during aerosolization. In this study, we assessed the
viability and structural integrity of lipid-encapsulated phages post-
nebulization. By demonstrating a stable and effective liposomal phage
delivery system, this approach could pave the way for more effective
inhaled phage therapy to tackle the growing challenge of antibiotic
resistance in respiratory infections.

2. Materials and methods

Bacteriophages

Two types of Pseudomonas lytic phage, a podovirus (PEV2, short-
tailed) and a myovirus (PEV40, long-tailed) were originally isolated
from the sewage treatment plant in Olympia (WA, USA) by the Kutter
Lab (Evergreen Phage Lab). Phage isolation utilized Pseudomonas aeru-
ginosa dog-ear strain PAV237, which also served as the host for ampli-
fication and titer assessment (plaque assay). Phage purification was
conducted as described in our previous study (Cao et al., 2023). Briefly,
30 mL of each amplified phages were filtered using a 0.22 pm PES sy-
ringe filter, treated with 10 pg/mL DNase and RNase at 37 °C for 30 min,
and purified via ultrafiltration at 4000 x g at 4 °C. Samples were
resuspended in phosphate buffered saline (PBS) at pH 7.2, and endo-
toxins removed with EndoTrap®HD prior to anion-exchange (AEX)
chromatography using a CIMmultus™ DEAE column. Phages were
eluted with NaCl buffers optimized for purity, followed by endotoxin
cleanup with EndoTrap®HD. Endotoxin levels were quantified with the
ToxinSensor™ LAL assay, and purified phages PEV2 and PEV40 (1 x
10'° pfu/mL) were stored in PBS.

Lipid encapsulated phages

A mixture of 1,2-distearoyl-sn-glycero-3-phosphocholine (DSPC),
cholesterol, Tween 80, and 1,2-dioleoyl-3-trimethylammonium propane
(DOTAP) at molar ratio of 7:3:1:2 was dissolved in absolute ethanol with
a total solid content of 20 mg/mL. The solution was bath-sonicated for
10 min under ambient condition. For lipid-encapsulated phage prepa-
ration, a confined impinging jet mixer (CIJ)—previously previously
described for nanoparticle synthesis (Chiou et al., 2008)—was
employed. The lipid mixture was injected into one inlet channel of the
ClJ, while the phage suspension was introduced into the second inlet
channel. The resulting liposome was collected via the outlet tube into a
scintillation vial. The total flow rate (TFR) was maintained at 17.5 mL/
min with fixed flow rate ratio (FRR) of 1:1 between lipid stream and
aqueous (phage) stream. Empty liposome (control) was produced by
only introducing PBS into the second inlet channel. All experiments
were conducted at room temperature and triplicated.

Ethanol removal

Ethanol-free liposome-phage suspensions were obtained by ultra-
centrifugation at 10000xg for 30 min at 4 °C. The supernatant was
decanted, and the pellet was resuspended in PBS. This process was
repeated two times to minimise residual ethanol content.

Liposomal size measurement

The size and PDI of the liposomes were measured using dynamic
light scattering (DLS) on a Zetasizer Nano-ZS (Malvern Instruments, UK)
with a 633 nm He/Ne laser and 4.0 mW power to report the intensity
mean diameter (Z-average). Liposomal phage suspensions were diluted
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1:10 in PBS for analysis of size distribution. Measurements were con-
ducted in triplicate at 25 °C.

Zeta potential

The zeta potential of liposomes was measured by Laser Doppler
Electrophoresis using the Zetasizer Nano ZS (Malvern Instruments, UK)
and calculated with the Helmholtz-Smoluchowski equation. Samples
were diluted in PBS to a lipid concentration of 0.2 mg/mL and analyzed
in a folded capillary cell. Measurements were performed in triplicate at
25 °C.

Transmission electron microscopy (TEM)

Morphology and structure of phage-loaded liposomes before and
after nebulisation were examined by transmission electron microscopy
(TEM). Similar to our previous protocol (Cao et al., 2023), we employed
an FEI Tecnai T12 microscope (FEI, USA) with a 4 k x 4 k CCD camera.
Samples were negatively stained on glow-discharged carbon-coated
copper grids (GSCU150CC-50, Proscitech, Australia) to reduce hydro-
phobicity. For staining, 10 pL drops of the sample, 2 % w/v uranyl ac-
etate, and Milli-Q water were placed on parafilm. Grids were immersed
in the sample for 2 min, blotted, stained for 10 sec, rinsed in water for 10
sec, and air-dried for 3 min before imaging.

Plaque assay

The Miles-Misra surface droplet technique (Carlson, 2005) was used
to quantify viable phages in original and lysed liposome samples before
and after nebulisation. Serial 1:10 dilutions were prepared by mixing 20
uL of the sample with 180 pL PBS. A suspension of ~2 x 10° CFU host
bacteria in 5 mL molten soft agar (0.4 % Amyl agar, 48 °C) was overlaid
onto a nutrient agar plate (1.5 % Amyl agar and nutrient broth). Diluted
phage samples (10 pL) were spotted onto the agar in triplicate, air-dried,
and incubated at 37 °C overnight. Plaques within the number range of
3-30 were counted to calculate phage viability.

The encapsulation efficiency of the phages

Phage encapsulation efficiency (EE) was calculated using the for-
mula: EE (%) = 100 — (Cfree/Crotal) X 100, where Ciorq is the total phage
titer, and Cgee is the free phage concentration. Cgee Was measured via
plaque assay on the liposome-encapsulated phage suspension, while
Ciota] Was determined by lysing 0.5 mL of the suspension with 0.5 mL bile
salts (Sigma-Aldrich, NSW, Australia) (50 mM) before the plaque assay.
Control tests confirmed that this bile salt concentration did not affect
phage infectivity across titers ranging from 10! to 10'° pfu/mL.

Phage nebulisation

A 3 mL phage stock (free phage or liposome encapsulated phage)
suspension was nebulized using two types of nebulizers: a jet nebulizer
(PARI LC Sprint, Pari Respiratory Equipment, USA) and a vibrating mesh
nebulizer (eFlow Rapid, Pari Respiratory Equipment, USA). Nebulized
aerosols were collected using a method adapted from our previous
studies (Astudillo et al., 2018; Cipolla, 1994) designed for nebulized
protein collection (Fig. 1). The aerosol was drawn into an ice-cooled test
tube inside an aspiration flask via Tygon tubing connected to a 2.0 mL
plastic pipette, operating at 8 L/min. For the mesh nebulizers, the
apparatus functioned without compressed air. Samples collected in the
test tube were analyzed via TEM and plaque assay. All nebulization runs
were performed in triplicate. Aerosol collection efficiency was assessed
by the volume recovered in the test tube, with aerosols deposited in
tubing washed and included. Recovery was > 80 % for the air-jet
nebulizer and > 90 % for the mesh nebulizers. The lower efficiency of
the air-jet nebulizer was attributed to fine aerosol droplets escaping in
the airstream. Despite this, the apparatus effectively captured the ma-
jority of aerosols generated by all nebulizers.

Statistical analysis

Statistical analysis was conducted using one-way analysis of variance
(ANOVA) and unpaired two-sample t-tests at a 95 % confidence level to
assess differences in liposome size, zeta potential, titer reduction, and
encapsulation efficiency. Statistical significance was determined for p
values < 0.05.

Aerosol droplet size distribution

To assess the particle size distribution (PSD) of nebulized phage
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Fig. 1. Apparatus for trapping nebulized liposome-encapsulated and non-
encapsulated phages from nebulizers.

aerosols produced from the nebulizer devices, laser diffraction was
employed using a Spraytec system (Malvern Instruments Ltd., UK). We
conducted continuous nebulization for 60 s, taking measurements at
one-second intervals. The data was then analyzed to determine the
median diameter (D50) and span. The span was calculated using the
formula (D90 — D10)/D50, where D10, D50, and D90 represent the
particle diameters at the 10th, 50th, and 90th percentiles of the distri-
bution, respectively.

Viable phage respirable fraction

A multi-stage liquid impinger (MSLI, Copley, Nottingham, UK)
running at 30 L/min was used to measure the total viable phage in
aerosol droplets (<4.5 ym) (Astudillo et al., 2018). The MSLI stages had
cut-off diameters of 16.9 um (stage 1), 9.3 um (stage 2), 4.5 um (stage 3),
and 2.5 pm (stage 4), with the filter (stage 5) collecting particles < 2.5
um. During measurement, each impinger stage was pre-filled with 10 mL
PBS, and the nebulizer was connected to the MSLI using a silicone
adapter and a United States Pharmacopeia (USP) induction port. A 3 mL
phage suspension was nebulized into the MSLI, and the adapter, USP
throat, and filter stage were washed separately with 10 mL PBS to ensure
complete recovery. Viable phages at each stage were quantified using
plaque assays. The titers from stage 3, 4 and the filter stage were sum-
med to determine the viable phage content in the respirable fraction
(RF). The viable respirable fraction (VRF) was defined as the titers
recovered from these two stages relative to the total titer initially loaded
into the nebulizer. The titers of liposome encapsulated phages were
determined by plaque assay after complete liposome lysis with 50 mM
bile salts.

3. Results

Characteristics of phage-encapsulated liposomes.
Phage viability and encapsulation efficiency

Table 1

Characterization of free form, pure liposome and liposome encapsulating PEV2
and PEV40 (Size (z-average), polydispersity index (PDI), zeta potential and
encapsulation efficiency (EE%).

Phage type Size (nm) PDI Zeta potential(mV)  EE(%)
PEV2 70.2+273 0.11+0.03 -19.3 +3.03 N/A

PEV40 185 + 6.94 0.19 £ 0.03 —25.5 + 2.22

Pure liposome 89.3 £ 5.8 0.18 + 0.02 42.5+1.2

Lipo_PEV2 301 + 35.8 0.55+0.04 0.17 +0.04 77.9 +1.48
Lipo_PEV40 651 + 14.3 0.79 £0.07  0.90 £ 0.72 83.9+4.23
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The encapsulation efficiencies for PEV2 and PEV40 produced by the
ClJ mixer were 77.9 + 1.48 %, 83.9 + 4.23 %, respectively (Table 1).

Liposomal size distribution and zeta potential

The liposomes entrapping short-tail phage PEV2 averaged 301 +
35.8 nm with a polydispersity index (PDI) of 0.28 + 0.06, while those
encapsulating long-tail phage PEV40 were larger at 651 + 14.3 nm with
a PDI of 0.37 & 0.12 (Table 1.). The z-average values were 70.2 + 2.73
for PEV2, and 185 + 6.94 for PEV40. The surface charges of the phage-
encapsulated liposomes were near-neutral, with zeta potentials of 0.17
+ 0.04 (encapsulated PEV2) and 0.90 + 0.72 (encapsulated PEV40). In
contrast, free phages showed negative zeta potentials of —19.3 + 3.03
(PEV2) and —25.5 + 2.22 (PEV40) (Table 1.).

Phage morphology

Fig. 2 illustrates the intact and damaged morphologies of the phages.
PEV2 had a short, non-contractile tail (~10 nm) and a ~ 60 nm
icosahedral head, while PEV40 possessed a contractile tail (~140 nm)
with a similarly sized head (~60 nm). Encapsulated phages were shown
located within the larger size white vesicles along with smaller empty
liposomes nearby.

Effect of nebulisation

Titer reduction

Phage viability analysis (determined by plaque assay after complete
liposome lysis with 50 mM bile salts) (Fig. 3) showed that non-
encapsulated PEV40 experienced mild titer loss of 0.67 logio in the
vibrating mesh nebulization process, but it was substantially inactivated
in the air jet nebulization (1.23 logj titer loss). In contrast, liposome-
encapsulated PEV40 remained practically unaffected by both nebuliza-
tion processes, with titer loss being less than 0.4 logjo. Similarly, for
liposome-encapsulated PEV2, both types of nebulizers had a negligible
effect with titer reduction of < 0.07 log; . Like PEV40, non-encapsulated
PEV2 was significantly inactivated (1.1 logio titer loss) by jet nebuli-
zation, but with only little titer loss by vibrating mesh nebulization
(~0.26 lOglo).

Particle size distribution of nebulised aerosols

The geometrical sizes of aerosols generated by the two nebulizers are
shown in Table 2. The Dsq of liposome-encapsulated PEV2 and PEV40
droplets produced by the jet nebulizer were 3.10 &+ 0.05 ym and 2.98 +
0.04 um, respectively. The vibrating mesh nebulizer generated larger
droplets of liposomal PEV2 (5.60 + 0.13 um) and PEV40 (5.83 + 0.21
um), which are still suitable for inhalation (Astudillo et al., 2018).

In vitro aerosolization performance

The deposition profiles, recovery, and VRF from the two nebulizers
are shown in Fig. 4. At the same loading volume (3 mL suspension
sample), the amount of viable encapsulated phages retained in the de-
vice was lower in the vibrating mesh nebulizer than with the jet nebu-
lizer. The vibrating mesh-nebulized aerosols had significantly higher
deposition at the lower stages (stage 2-4 and filter) of the impactor,
compared with the jet-nebulized ones. As a result, the vibrating mesh
nebulizer demonstrated superior performance, yielding high recoveries
for both PEV2 (94.3 4+ 3.60 %) and PEV40 (96.2 + 2.34 %). In com-
parison, the jet nebulizer showed comparable recovery for PEV2(95.1 +
3.65 %) but significantly lower recovery for PEV40 (48.9 + 0.84 %).
Regarding the VRF, which indicates the proportion of phages likely to
reach the deep lungs, the vibrating mesh nebulizer produced 70.3 +
1.78 % (PEV2) and 74.8 + 1.96 % (PEV40), which are substantially
higher than those from the jet nebulizer, 44.0 & 2.6 % (PEV2) and (28.2
+ 0.99 % (PEV40).

4. Discussion

Our study examined the potential of liposomal encapsulation to
overcome phage inactivation during nebulization for pulmonary de-
livery. We investigated two P. aeruginosa phages with distinct mor-
phologies: PEV2 (a short-tailed podovirus) and PEV40 (a long-tailed
myovirus). The results demonstrated that liposome encapsulation
effectively protected both types of phage during jet and vibrating mesh
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Liposome encapsulation

Fig. 2. TEM images of (A) PEV40 and (B) PEV2 phages. Green arrows indicate intact phages, red arrows empty capsids, blue arrows detached tails, and orange
arrows contracted tails. White arrows mark lipid-encapsulated phages and black arrows empty liposomes appear. (Scale bar: 100 nm).
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Fig. 3. Comparison of liposome encapsulated and non-encapsulated phage deactivation after nebulization. Phage titers were determined by plaque assay on P.
aeruginosa (strain PAV237, see Methods) after complete liposome lysis with 50 mM bile salts. Error bars for the plaque assay represent one standard deviation of
triplicate experiments. Double asterisk (**) denotes a statistically significant difference with p < 0.01.

Table 2
Geometrical size of droplets generated by the two nebulizers.
Nebulisers Encapsulated Dio Dso Dgp (um) Span
samples (um) (um)
Air-Jet Lipo_PEV2 1.29 + 3.10 + 7.61 + 7.61 +
0.01 0.05 0.20 0.20
Lipo_PEV40 1.27 + 2.98 + 7.08 + 1.95 +
0.0.2 0.04 0.21 0.05
Vibrating Lipo_PEV2 3.08 + 5.60 + 10.43 + 1.31 +
mesh 0.08 0.13 0.54 0.07
Lipo_PEV40 311 + 5.83 £ 11.23 + 1.39 +
0.08 0.21 0.74 0.06

*Results are average values of triplication measurement. Variations between the three
measurements are < 5 %

nebulization, maintaining their viability while producing aerosols suit-
able for pulmonary delivery. This approach addresses the critical chal-
lenge of preserving phage infectivity during the aerosolization process, a
key hurdle in developing inhaled phage therapies.
Liposome-encapsulated Phage Formulation. We first achieved reason-
ably high encapsulation efficiencies of approximately 80 % for PEV2 and
90 % for PEV40 using the CIJ mixing method. TEM images (Fig. 2)
confirmed that each phage particle was encapsulated within a larger
liposome. The liposome-encapsulated PEV2 had a smaller mean diam-
eter (~300 nm) compared to PEV40 (~650 nm), reflecting their

structural differences in tail length (Table 1.). The shift from negative to
near-neutral zeta potentials is consistent with the shielding of the
negative charge of the phages inside liposomes due to effective phag-
e-lipid interactions, further supporting successful encapsulation of
phages into the liposomal structure.

Comparison of Titre Reduction: Encapsulated vs. Free Phages. Notably,
titer reductions for liposome-encapsulated phages (deteremined post
lysing of liposomes) were minimal after each kind of nebulization, with
< 0.07 logyo for PEV2 and < 0.4 log; for PEV40, even in the high-shear
environment of the jet nebulizer. In contrast, biological assays revealed
that non-encapsulated phages experienced moderate titer reductions
under vibrating mesh nebulization, but significant losses following jet
nebulisation (up to 1.23 logig loss) (Fig. 3). TEM images (Fig. 2)
corroborated these findings, showing different morphological alter-
ations in non-encapsulated phages after nebulization, including capsid
damage, tail detachment, and tail contraction in these unprotected
phages. These results are consistent with our previous findings that
phage structure and nebulization method play critical roles in infectivity
loss (Carrigy et al., 2017; Cipolla et al., 2014; Fister et al., 2016).
Liposomal encapsulation could effectively protect the vulnerable struc-
tures of phages against mechanical damage during nebulization.

Analysis of Protective Mechanism. Our liposome formulation is
composed of DSPC, cholesterol, DOTAP and Tween 80 (molar ratio
7:3:2:1). The lipid bilayer acts as a protective shell, which buffers the
mechanical forces that would otherwise directly impact on the phage
structure. This protection mechanism can be understood by interpreting
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Fig. 4. Titre assay (after complete liposome lysis with 50 mM bile salts) of (a)
liposome encapsulated PEV2 and (b) liposome encapsulated PEV40 following in
vitro deposition of aerosols by the MSLI (n = 3).

the role of each component and comparing our approach to existing
literature on liposome stability during nebulization.

DSPC, a saturated phospholipid with a relatively high phase transi-
tion temperature (~55 °C), that exceeds physiological conditions,
combined with cholesterol, provides structural rigidity to the liposome
bilayer. This enhanced rigidity improves resistance against mechanical
disruption inherent to pressurized airflow and droplet formation during
atomization (Anderson and Omri, 2004; Briuglia et al., 2015). The
importance of cholesterol in preserving membrane properties of lipo-
somes during nebulization has been well-documented. Szabova et al.
(2021) demonstrated that plain DPPC liposomes lacking cholesterol
broke apart under vibrating mesh nebulization and then re-aggregated
into larger vesicles with high polydispersity, as evidenced by the zeta
potential having shifted from positive to negative values. Incorporating
cholesterol (20-40 mol%) significantly improved membrane rigidity,
preserving the original size distribution even after nebulization
(Szabova, 2021). Several studies suggested at least 30 mol% is usually
required to minimize liposomes from content leakage (Briuglia et al.,
2015; Soto-Arriaza et al., 2013). However, our formulation achieves
stability with a slightly lower cholesterol content (~23 mol% of total
lipids), which is likely due to the high proportion of DSPC in keeping the
membrane rigidity (Hac-Wydro, 2009). Although cholesterol-free for-
mulations were not directly compared in this study, our choice to
include cholesterol was informed by strong evidence from prior litera-
ture supporting its stabilizing effect on liposomal membranes during
nebulization. Future studies will experimentally validate this by directly
comparing DSPC-only liposomes to DSPC:cholesterol formulations
under nebulization conditions.

In our formulation, we use the DOTAP to promote the phages
entrapment within vesicles (Cuervo et al., 2019; Nap et al., 2014).
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Additionally, DOTAP may improve liposome vesicle stability by
inducing electrostatic repulsion between liposomes and minimising
aggregation during nebulization. Tween 80 as a non-ionic surfactant
which by reducing surface tension at air-liquid interfaces (Montefusco-
Pereira, 2023; Tai et al., 2017), inhibiting excessive vesicle aggregation
(Hertel et al., 2015). Additionally, Tween 80 form a foaming layer
during nebulization, potentially cushioning liposomes and by adsorbing
and dissipating the mechanical stress (Israelachvili, 2011; Rosen, 2004).

Similar strategies have also been employed to preserve the aerosol
stability of numerous drugs and biologics with promising outcomes
(Ehsan and Clancy, 2015; Lokugamage et al., 2021), with the impact of
lipid composition on liposome performance comprehensively reported
(Anderson and Omri, 2004; Briuglia et al., 2015; Szabova, 2021). Our
results align with these approaches, emphasizing that careful optimi-
zation of lipid compositions and stabilizers like Tween 80 can protect
phages against the mechanical insults of nebulization, thereby preser-
ving infectivity.

Aerosolization Characteristics. The particle sizing data (Table 1.)
indicate that most droplets were under 5 um, which are suitable for lung
delivery. Both liposome-encapsulated PEV2 and PEV40 phages main-
tained their final titers of approximately 10° PFU/mL post-nebulization,
a concentration shown to control P. aeruginosa infections in animal
models (Debarbieux, 2010; Morello et al., 2011).

In Vitro Aerosolization Performance. The respirable fraction of viable
phages was measured using MSLI at a flow rate 30 L/min. The jet
nebulizer produced lower values of VRF (28.15 + 0.99 %) and recovery
(48.89 + 0.84 %) for PEV40 compared with PEV2 (VRF 44.03 + 2.60 %
and > 90 % recovery) (Fig. 4). The vibrating mesh nebulizer achieved
significantly higher VRF values (>70 %) for both encapsulated phage
types with a high viable phage recovery (>90 %), which are most likely
attributed to the milder mechanical stress to the phages during opera-
tion. Jet nebulization, which uses a high-velocity gas stream to atomize
the liposomal-phage suspension into droplets which repeatedly impact
on a baffle system, typically subjects particles to intense mechanical
stress and air-liquid interfaces. Vibrating mesh nebulizers operate by
pushing the liposomal-phage suspension through a mesh (containing
~1000 micro-sized apertures of ~3 pm) via piezoelectric vibration,
generally considered a gentler process (Carrigy et al., 2017). Our lipo-
somal formulation demonstrated robust protection in both nebulization
systems, regardless of their distinctly different atomization mechanisms,
thus broadening the range of nebulizer devices to be used for inhaled
phage therapy. This is particularly noteworthy in view of the mixed
findings in the literature: while mesh nebulization is generally shown to
be less damaging to phages than jet nebulization (Astudillo et al., 2018;
Carrigy etal., 2017; Leung et al., 2019), contradictory findings have also
been reported (Flint et al., 2023). The consistency of the liposome
formulation in maintaining the bioactivity of phages is clinically valu-
able, as it accommodates variability in clinical equipment and patient-
specific delivery requirements (Ari, 2014). When compared to the low
VRF values (<15 %) observed in nebulizing free phages (Astudillo et al.,
2018), the high VRF values of our liposomal formulations show they can
significantly improve delivery to the lungs.

Potential Applications and Future Directions. The use of nebulized
liposomal phages provides potential strategies for addressing intracel-
lular infections and biofilm-related complications in respiratory infec-
tion. Although phages readily target planktonic bacteria, they often
struggle to penetrate host cell membranes and dense biofilm matrices
(Chang et al., 2018; Yan et al., 2021). Liposome carriers may enhance
the uptake of phages into infected human cells (e.g., through endocy-
tosis) and facilitate their penetration into bacterial biofilms, subse-
quently releasing the phages to lyse bacterial cells. (Abed and Couvreur,
2014; Ahsan et al., 2024; Meers et al., 2008). The dual capability of
enabling targeted delivery to infection sites while maintaining thera-
peutic titers during aerosolization, positions nebulized liposome-phage
formulations as a viable strategy for chronic lung infections (Chan
et al., 2014).
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Although we focused on two kinds of P. aeruginosa phages, the same
approach could be adapted for other phage families. Moving towards
clinical application in the future will require data on in vivo efficacy,
pharmacokinetics, and immune responses of repeated phage-liposome
doses (Ahsan et al., 2024; Lee et al., 2022; Malik et al., 2017).

5. Conclusion

Lipid-based encapsulation using DSPC, cholesterol, Tween 80, and
DOTAP effectively protected phages during nebulization, addressing a
critical challenge in inhaled phage therapy. We reached reasonably high
encapsulation efficiencies (77.9 % for short-tail PEV2 and 89.93 % for
long-tail PEV40) of phages in the lipids, which helped preserve phage
structure and viability in both jet and vibrating mesh nebulization.
Encapsulated PEV2 and PEV40 showed negligible titer reduction (<0.4
log10), whereas free phages suffered significant inactivation (highest
titer loss at 1.23 log;¢). The vibrating mesh nebulization achieved higher
phage recovery (~95 %) and a respirable fraction of ~ 70-75 % for both
PEV2 and PEV40 phages, which are desirable for lung deposition. These
findings highlight how carefully optimized liposome encapsulation en-
hances phage stability and delivery to the lungs, thereby offering a
promising approach for inhaled phage therapy against MDR pathogens
and broadening therapeutic possibilities for challenging pulmonary
diseases, including those complicated by biofilm formation.
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