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ARTICLE INFO ABSTRACT
Keywords: PEGylation is commonly used to improve the pharmacokinetics and efficacy of intravenously administered drug
PEGylation nanocarriers; however its impact on pulmonary drug delivery remains unclear. While previous studies have

Lipid nanoparticles
Mucus interaction
Lung surfactant corona
Pulmonary fibrosis
Pirfenidone

focused on its role in crossing the lung mucosal barrier and stabilizing formulations for nebulization, less is
known about its effects on lung surfactant corona composition, biodistribution, and therapeutic efficacy. Here,
we present a multiscale study on how PEG-free and PEGylated liposomes loaded with pirfenidone interact with
pulmonary barriers. PEGylation increased mucus penetration and reduced protein adsorption in the lung sur-

factant corona. However, statistical analysis of functional proteins showed only moderate changes in anti-
inflammatory and adhesion proteins, with no apparent effect on key surfactant proteins that influence lipo-
some fate in the lung. This correlated with similar biodistributions and retention times in both healthy and
fibrotic lungs for PEG-free and PEGylated liposomes. Concerningly, PEGylated liposomes enhanced native sur-
factant fluidity, potentially altering lung function. In a bleomycin-induced pulmonary fibrosis model, both PEG-
free and PEGylated liposomes improved the antifibrotic efficacy of pirfenidone. However, PEGylation attenuated
the reduction in fibrotic biomarkers within the lung fluid. These findings suggest that, although PEGylation
facilitates mucus penetration, it does not significantly enhance therapeutic outcomes and may adversely affect
lung function. This study provides critical insights into the optimization of lipid-based nanocarriers for pulmo-
nary fibrosis and other lung diseases.

1. Introduction

Pulmonary fibrosis (PF) is a progressive and fatal respiratory disease
characterized by lung scarring and respiratory impairment, with a me-
dian survival of 2-5 years. [1] This age-associated disease has a global
prevalence ranging from 7 to 1650 per 100,000 persons and is a

significant long-term complication of COVID-19, even in asymptomatic
individuals. [2-4] As a result, public health experts consider PF a global
threat. [3,5] Despite advances in understanding its molecular basis,
treatment remains limited. Patients rely on orally administered drugs
that alleviate symptoms but do not halt disease progression and often
cause severe side effects. [6] Thus, advanced antifibrotic strategies are
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needed to improve patients’ quality of life and potentially offer a cure.

Pulmonary administered nanoparticle-based drug delivery systems
are promising for treating pulmonary fibrosis. [7] The inhalation route
provides a noninvasive method to target fibrotic lesions in distal lung
areas, ensuring fast absorption, high delivery efficiency, and low ther-
apeutic doses. [8] Lung administration bypasses the mononuclear
phagocyte system, which clears most intravenously (i.v.) administered
nanomedicines. [9-11] Encapsulation of antifibrotic drugs in nano-
carriers enables controlled drug release, increased stability, and targeted
delivery to fibrotic lesions. [12] However, biological barriers such as
rapid clearance, potential toxicity, and ineffective particle deposition
necessitate understanding nano-bio interactions to optimize nano-
particle (NP) design. [13-15]

Mucociliary clearance (MCC) is the first defense mechanism against
inhaled antifibrotic NPs. In PF, MCC undergoes morphological changes,
including mucus hypersecretion and plug formation. [16] Pulmonary
mucus, a hydrogel composed of 95 % water and 5 % proteins, salts,
lipids, DNA, and debris, has a net negative charge and variable pore size
(~500 nm). To avoid entrapment, between other physicochemical
properties, nanoparticles (NPs) should be smaller than the mucus pore
size and carry a neutral or negative charge to minimize electrostatic or
hydrophobic interactions. [17]

Another key interaction is the formation of the lung surfactant (LS)
corona. [13,18,19] LS, a lipid-protein mixture secreted by epithelial
cells, reduces surface tension and supports immune functions. Surfactant
proteins (SP-A, SP-B, SP-C, and SP-D) play essential roles in lung
biophysics and immunity. Similar to i.v. NP-protein coronas, exposure of
NPs to deep lung tissue leads to LS corona formation through surface
adsorption. [20] NP surface properties influence the LS corona compo-
sition, affecting translocation, [21] retention time, [22] immune
response, cytotoxicity, [23] stability, cellular uptake, [13] and drug
release.

PEGylation, the covalent attachment of polyethylene glycol (PEG)
chains to NPs, is widely used in i.v. nanomedicines to reduce protein
corona formation, enhance circulation time, reduce immunogenicity,
and improve biocompatibility. [11,24,25] However, concerns have
emerged regarding PEG-induced immunogenicity and allergic reactions,
[26,27] particularly due to rising PEG-specific antibodies in patients
treated with mRNA SARS-CoV-2 vaccines. [28] In pulmonary nano-
medicine, the effects of PEGylation remain unclear, and inhalable
PEGylated nanomedicines are rare in clinics. [29] While PEGylation has
been reported to stabilize aerosol formulations, enhance mucus pene-
tration, reduce clearance, improve stability, prolong lung residence, and
mitigate cytotoxicity, [30] studies also indicate reduced cellular uptake,
potential accumulation, and immunogenicity risks, leading to possible
pulmonary toxicity. [31] The variation in lung diseases and their unique
regional characteristics further underpins the need to assess whether
PEGylation optimizes nano-bio interactions for pulmonary antifibrotic
therapies.

This study examines the role of PEGylation on antifibrotic
pirfenidone-loaded liposomes regarding their interaction with lung
mucus, lung surfactant, alveolar cells and lung tissue in vivo both in
healthy and fibrotic animal models. Specifically, we assessed NP-mucus
penetration, LS corona proteomics, LS functional stability, NP retention
and biodistribution, and the antifibrotic effects of both PEGylated and
non-PEGylated LPs. While PEGylation reduced LS corona formation,
modified the protein composition and enhanced mucus penetration, it
led to concerning interactions with native LS and had slight effects and
no significant improvements on drug stability, biodistribution, lung
retention, and antifibrotic efficacy. These findings question the necessity
of PEGylation for pulmonary antifibrotic NP administration and provide
critical insights into the development of safer and more effective
nanomedicines for pulmonary fibrosis that could be extended to other
inhalable nanomedicines.
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2. Materials and methods
2.1. Synthesis and characterization of LP and LP-PEG

Liposomes were synthesized by the thin film hydration method fol-
lowed by membrane extrusion. [32] For LP synthesis with PFD, 27 pmol
of DPPC, 3 pmol of Lyso-PC (90:10 of DPPC:lyso-PC)) and 22 pmol of PFD
were dissolved with 5 mL of CHCls: CHsOH (6:1) in a round bottom flask.
For LP-PEG synthesis with PFD, 25.8 pmol of DPPC, 3 pmol of lyso-PC,
1.2 pmol of DSPE-PEG (86:10:4 of DPPC:lyso-PC:DSPE-PEG) and 27
pmol of PFD were mixed in the same solvent mixture. Rotary evapora-
tion under reduced pressure was used to form the phospholipid film. The
film was then hydrated with 5 mL of HPLC water and extruded (with
400, 200, and 100 nm membranes) to obtain the desired size of 100 nm.
To synthesize IONP-loaded LP and LP-PEG, IONPs were synthesized as
previously described. [33] For 5 pmol of lipids, 1 mL of IONP ([Fe] =1
mg/mL) was added in the hydration step followed by 10 freeze-thaw
cycles prior to extrusion. Free PFD or IONP were separated from the
liposomes by filtration and centrifugation. The encapsulation of PFD
was analyzed by UV-vis spectrophotometry at 317 nm after disruption
of the liposomes with methanol for 15 min. [34] The phospholipid
content was measured by the Rouser method. [35] The molar ratios of
phospholipid:PFD were 3:1 and 4:1 for LP and LP-PEG, respectively. The
encapsulation efficiency, determined by UV-Vis spectroscopy after
liposome disruption in a MeOH:H-0 mixture, was 45 % for LP and 27 %
for LP-PEG. Loading capacity, calculated as the amount of encapsulated
PFD relative to the total lipid weight (loading capacity = mass of loaded
PFD / total lipid mass x 100 %), was 8.9 % for LP and 6.6 % for LP-PEG.
The iron content in IONP-loaded liposomes was determined by ICP-MS
(Thermo Fisher iCap-Q). The liposome hydrodynamic diameter and
zeta-potential were measured using a Zetasizer NanoZS (Malvern) and
the morphology was analyzed by CryoTEM using a JEOL JEM 2100F
microscope operating at 80 kV and equipped using a GATAN Model 626
cryo-transfer sample holder. FT-IR experiments were conducted with a
Bruker Invenio-X spectrophotometer. To calculate the surface density of
PEG (2 kDa) chains, we assume a bilayer thickness of 5 nm and a surface
area of the head group if 0.61 nm? based on previous publications,
[36,37] and followed the method of Xu et al. [38]

2.2. Mucus penetration assay

A surrogate for pulmonary mucus was synthesized according to the
protocol developed by Huck et al. [39] Briefly, 50 mg of NaCl, 22 mg of
KCl, 50 mg porcine stomach mucin type II, 18.1 mg of Tris >99.8 % (Bio-
Rad), 50 mg of deoxyribonucleic acid, and 100 pL 0.15 M diethylene-
triamine pentaacetic acid were added to 8 mL of ultrapure water. The
solution was mixed with continuous agitation at 800 rpm for 24 h. Then,
50 mg of OmniPur® Casamino Acids (Calbiochem®) and 90 mg of poly
(acrylic)acid (Carbopol 974P NF) were added. The solution was stirred
again for 24 h. The pH was then adjusted to 7.0 by adding Tris 1 M.
Finally, 50 pL of egg yolk emulsion was added to the mixture to mimic
the biochemical and the physical properties of natural pulmonary
mucus, [40,41] and the final volume was adjusted to 10 mL with ul-
trapure water. To determine the penetration capacity of LP and LP-PEG,
100 pL of pulmonary mucus surrogate was placed in the donor chamber
of Transwell® polycarbonate inserts (0.4 pm pore size and 0.33 cm?
surface area) and the acceptor chambers were filled with 200 pL of PBS
1x. The inserts were incubated at 37 °C with continuous agitation on a
shaker at 200 rpm for 10 min. Then, 50 pL of either LP or LP-PEG (1 mg/
mL) was added to the mucus layer, and the plate was kept at 37 °C.
Apical and basolateral samples were collected at different time points (1,
2, 4, 6, 16, and 24 h) to measure the corresponding fluorescence in-
tensity (Aexe/ hem: 480/510 nm). Transwell inserts containing mucus but
no liposomes were used as a negative control.
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2.3. Analysis of protein corona formation with native lung surfactant

The analysis of the lung surfactant corona was performed according
to the protocol developed by Raesch et al. [20] Porcine LS was isolated
as previously described, [42] and diluted in Tris-buffered saline (TBS)
containing 150 mM NaCl, and 5 mM Tris at pH 7.4. It was then mixed
with the LPs at a ratio of 9:1 (pg of IONP loaded liposomes per pg of
protein in LS). The mixture was incubated at 37 °C with continuous
shaking at 400 rpm to avoid surfactant precipitation. After 1 h, the LPs
were magnetically separated, and the supernatant was discarded. To
ensure complete washing, the precipitate was subjected to three cycles
of re-dispersion in 1.5 mL TBS, followed by magnetic separation. Total
protein content was quantified using a BCA assay kit. For proteomic
analysis, samples were stored at —80 °C until protein corona analysis
was performed using mass spectrometry (more information in the SI).

2.4. Cellular uptake

HLF were seeded in 24-well plates and allowed to adhere overnight.
The cells were treated with serum-free medium containing 5 ng/mL
TGF-p1 to induce myofibroblast differentiation. After 24 h, 50 pM LP or
LP-PEG were added to the serum-free medium. THP1 cells were seeded
with 100 ng/mL PMA, and after 24 h, the medium was changed to add
20 ng/mL IL-4 and IL-13 for 48 h to stimulate the M2 phenotype. Then,
the cells were incubated for 24 h with 50 pM of LP or LP-PEG. A549 cells
were similarly seeded overnight, followed by treatment with 50 pM LP
or LP-PEG fluorescently labeled with DiOC;g (484/521 nm) in complete
DMEM. To investigate the influence of LS corona formation, LP and LP-
PEG were incubated with LS at a 9:1 ratio (pg lipids:pg protein) for 5 min
at 37 °C before being added to both cell types. Following 24 h of incu-
bation, cells were washed with PBS, trypsinized, and analyzed for
cellular uptake via MACSQuant10 flow cytometry.

2.5. Effect of PEGylation of nanoparticles on surfactant function

We used a captive bubble surfactometer (CBS) to evaluate the effect
of nanoparticle PEGylation on the interfacial properties of LS. This de-
vice somehow mimics respiratory mechanics at the alveolar air-liquid
interface by monitoring the change in shape of a millimetric air bub-
ble in an experimental chamber filled with an aqueous solution (5 mM
Tris-HCI pH 7.4 buffer with 150 mM NaCl and 10 % (w/w) sucrose),
thermostated at 37 °C, and subjected to compression-expansion cycling
at physiological rates. [43] To study surfactant adsorption to a clean air/
liquid interface, 3 pg of LS, alone or mixed with 10 % (w/w) LP or LP-
PEG, was injected underneath the air bubble. Then, the chamber was
sealed, and the bubble was expanded for 5 min to characterize the re-
spreading ability of LS. Next, the air bubble was subjected to subse-
quent quasi-static and dynamic compression/expansion cycles to
analyze the reorganization of the interfacial film and its ability to reduce
surface tension to very low values upon compression. [44]

2.6. Determination of the release profile of LPs with lung surfactant

To study the in vitro release of PFD from LP and LP-PEG, its release
was measured at different time points using UV-vis spectroscopy at 314
nm. MINI dialyzers with a molecular weight of 3.5 KDa (Slide-A-Lyzer™
MINI) were used to dialyze 100 pL of LP or LP-PEG with 1 mL of PBS at
pH 7.4. To further investigate the effect of the lung surfactant corona on
PFD release, liposomes were mixed with the lung surfactant at a phos-
pholipid: protein ratio of 20:1.

Immunofluorescence assays. Treatment sequences and time points
were selected based on the temporal expression patterns of fibrosis-
related biomarkers and prior optimization studies. HLF were seeded
on coverslips in 24-well plates and allowed to settle in complete medium
at 37 °C with 5 % CO: overnight. For a-SMA expression analysis, cells
were treated with 30 pg/mL of free PFD or PFD encapsulated in LP or LP-
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PEG for 4 h, [7] followed by incubation with serum-free medium con-
taining 10 ng/mL TGF-p1 for 48 h. For control experiments involving
activated cells not treated with antifibrotic LP or LP-PEG, an equivalent
volume of sterile water was used as a vehicle control. The volume of
water added was kept low to avoid affecting osmolarity or pH, and no
signs of cell stress or membrane disruption were observed. All groups
were handled identically in terms of timing, volume, and mixing to
ensure consistency across conditions. For COL1A1 expression analysis,
cells were incubated for 48 h with the same treatments in the presence of
10 ng/mL TGF-pl in serum-free medium following previous drug
screening protocols. [45] After TGF-pl stimulation, the cells in both
experiments were fixed with 4 % paraformaldehyde (PFA) and per-
meabilized using 0.1 % Triton X-100. Cells were blocked with 1 %
bovine serum albumin (BSA) and 5 % goat serum and then incubated
with primary antibodies against a-SMA and COL1A1. Secondary anti-
bodies conjugated to Alexa Fluor 555 and Alexa Fluor 488 were used for
detection, respectively. Cell nuclei were stained with DAPI, and images
were captured using a Zeiss Cell Observer Axio Observer. The mean
fluorescence intensities of a-SMA and COL1A1 were quantified using
Image J software. For immunofluorescence staining of Ki67, HLF were
seeded under similar conditions. The next day, serum-free medium with
5 ng/mL TGF-f1 was added for 24 h, followed by a 4-h treatment with
30 pg/mL of PFD (encapsulated in LP, LP-PEG, or unencapsulated). [46]
After treatment, the medium was replaced with serum-free medium for
24 h. The cells were then washed with PBS, fixed with 4 % PFA, and
blocked with 3 % BSA. Primary antibody against Ki67 was applied,
followed by detection using an Alexa Fluor 488-conjugated secondary
antibody. Quantification of Ki67-positive cells was conducted using
Image J software.

2.7. Wound-healing assay

HLF were seeded overnight in a 24-well plate, and the next day, the
medium was changed to serum-free medium containing 2 ng/mL TGF-f.
After 24 h, the cells were scraped mechanically with a sterile tip and
washed twice with serum-free medium. The cells were then incubated
with 30 pg/mL PFD and the same amount of PFD encapsulated in LP or
LP-PEG in serum-free medium for 4 h, followed by incubation with
serum-free medium for 24 h. Migration images were captured with a
Leica DM IL LED inverted microscope before and after 24 h of scratching
to determine the percentage of wound healing. Quantification was
performed using Image J software.

2.8. Ethical considerations

All animal experiments were performed in accordance with the
Spanish animal protection policy (RD53/2013), which complies with
the requirements of the European Union Directive 2010/63/ EU, in the
CIC biomaGUNE animal facility. Mice were acclimatized for a minimum
period of one week before starting any experiment. They were always
anesthetized by inhalation with isoflurane (3-5 %, Zoetis SL). Finally,
the euthanasia method used was cervical dislocation to avoid damage to
the lung tissue. The procedures were approved by the Ethics Committee
of CIC biomaGUNE and authorized by the local authorities (Diputaciéon
Foral de Guiptizcoa: PRO-AES-SS-229 and PRO-AE-SS-323).

2.9. In vivo biodistribution study

Eight-week-old male C57BL/6 J mice were briefly anesthetized with
inhaled isoflurane (3-5 %) and then IONP-loaded LP or LP-PEG were
administered IT (0.1 mmol of Fe/kg mouse) to healthy C57BL/6 J mice.
Magnetic resonance imaging (MRI) was performed 2, 72 and 144 h after
IT administration. The experiments were performed using a Bruker
Biospec 70/30 USR MRI 7 T system (Bruker Biospin GmbH, Ettlingen,
Germany) connected to an AVANCE III console. Lung imaging was
performed using a UTE3D sequence with respiratory gating to obtain
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Fig. 1. Influence of PEGylation on pulmonary administered liposomes for pulmonary fibrosis. (A) Schematic representation of bare and PEGylated antifibrotic li-
posomes, their chemical composition, and their interactions with the lungs. (B) Cryo-TEM images of LP and LP-PEG. (C) Hydrodynamic diameters (dy) of LP and LP-
PEG and their corresponding zeta potential measurements (D) (n = 3, mean =+ SD, Student’s t-test ***p < 0.001). (E) FT-IR spectra highlighting the main peaks of
DSPE-PEG present in LP-PEG and absent in LP. (F) Long-term colloidal stability of LP and LP-PEG in water (n = 3).

lung images and T; and T, maps of the liver. After 144 h, mice were histological analysis. All analyses were performed using either ITK-snap
euthanized, and organs were harvested and fixed in 4 % PFA for 48 h for or Image J software.

histological analysis. To study biodistribution in mice with PF, PF was

induced as described below. IONP-loaded liposomes were administered

10 days after BLEO IT. After 24 h, the lungs were processed for
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Fig. 2. Evaluation of the interaction of LP and LP-PEG with lung mucus and lung surfactant. (A) Schematic representation of the mucus penetration assay. Percentage
(%) of fluorescent LP and LP-PEG in the apical (B) and basolateral (C) sides while crossing the mucus barrier (n = 3, mean + SD, one-way ANOVA with Tukey’s
multiple comparison test: *p < 0.05, **p < 0.01, ***p < 0.01). (D) Total protein mass in the LS corona of LP and LP-PEG, normalized to the phospholipid mass in each
LP (n = 3, mean + SD, Student’s t-test: *p < 0.05). (E) Percentage (%) of SPs relative to total protein mass. (F) Statistical comparison of the relative abundance of
proteins grouped according to their biological function. (G) Flow cytometry results showing the mean fluorescence intensity (MFI) of fluorescently labeled LP and LP-
PEG afte, r 24-h incubation uptaken by epithelial cells (A549), profibrotic macrophages (THP1), and human alveolar fibroblasts (HFL). Statistical analysis (n = 3;
data represent mean + SD) was performed using one-way ANOVA with Tukey’s multiple comparison test (*p < 0.05, **p < 0.01, ***p < 0.01). (H) PFD release

profiles of LP and LP-PEG without (left) and with LS corona (right).

2.10. Antifibrotic effect of PFD loaded LP and LP-PEG

Pulmonary fibrosis (PF) was induced in eight-week-old male C57BL/
6NCrl mice via a single intratracheal instillation of 40 pL bleomycin
(BLEO, 1.5 U/kg) in 0.9 % saline. Control mice received 40 pL of saline
solution. The mice were monitored for lung injury using imaging tech-
niques (PET/CT) and histological analysis for 10 days, followed by
biodistribution and therapeutic studies. Animals were randomly
assigned to four treatment groups: normal saline (NS), pirfenidone
(PFD), liposomal PFD (LP), and PEGylated liposomal PFD (LP-PEG).
Treatments (4.2 mg/kg PFD, free or liposome-loaded) were

administered on days 10, 14, and 17, with NS as a control. In vivo
computed tomography (CT) imaging was performed on days 0, 10, and
17, and analyzed using ITK-SNAP. Body weight was monitored
throughout the study. On day 21, the mice were euthanized, and lung
tissue and bronchoalveolar lavage (BAL) fluid were collected. The lungs
were perfused with 4 % PFA for histology or harvested for hydroxy-
proline quantification using a commercial assay kit. BAL was processed
by centrifugation, and the pellet was analyzed for inflammatory cells via
flow cytometry (FACS) using fluorescence-conjugated antibodies (CD45,
CD3, F4/80, Siglec F, and CD11c). The protein content of the superna-
tant was assessed with a BCA assay. Lung tissues were paraffin-
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embedded for histological and immunofluorescence (IF) analyses.
Three-micrometer serial sections were stained with hematoxylin and
eosin (H&E), Masson’s trichrome, picrosirius red, and IF markers for
a-SMA and COL1A]1. Biodistribution studies included Prussian blue and
F4/80 immunohistochemistry (IHC), with staining performed using
standard protocols. Inflammatory infiltration was quantified by nucle-
ated cell counts in H&E-stained sections (40 x magnification). Picrosir-
ius red staining and IF signals for COL1A1 and a-SMA were quantified
using ImageJ. Histological images were captured using an Axio Observer
microscope (Zeiss).

2.11. Statistical analysis

All results were analyzed using GraphPad Prism software 8 or Origin
2020 and are expressed as mean + SD. Statistical analyses were per-
formed as indicated in the figure legends. One-way analysis of variance
(ANOVA) with Tukey’s multiple group test was used to analyze the
differences between multiple groups. The Student’s t-test was used to
analyze the differences between the two groups. Differences were
considered statistically significant when *p < 0.05, **p < 0.01 or ***p <
0.001.

3. Results and discussion
3.1. Synthesis of antifibrotic PEGylated liposomes

Lipid-based NPs, such as liposomes (LPs), are among the most
promising drug nanocarriers for clinical applications. [47] They enable
efficient encapsulation of both hydrophobic and hydrophilic drugs while
offering high biocompatibility, biodegradability, improved drug stabil-
ity, and enhanced delivery efficiency. [48] Given clinical relevance, we
investigated how PEGylation influences liposome-lung interactions and
the therapeutic efficacy of pirfenidone (PFD) using various biological
models (Fig. 1A). Non-PEGylated (LP) and PEGylated (LP-PEG) lipo-
somes were prepared via thin-film hydration and extrusion. [32] To
optimize lung delivery, both formulations primarily consisted of dipal-
mitoyl phosphatidylcholine (DPPC), the main lung surfactant compo-
nent, which is currently used in different inhalable nanomedicines for
treating lung diseases. [49,50]

Small amounts of 1-palmitoyl-2-hydroxy-sn-glycero-3-phosphocho-
line (lyso-PC) were included in the lipid mixture to reduce bilayer
permeability, [51] whereas 1,2-distearoyl-sn-glycero-3-phosphoetha-
nolamine-N-methoxy(polyethylene glycol)-2000] (DSPE-PEG) was
incorporated for PEGylation (Fig. 1A). Lyso-PC, a precursor in DPPC
synthesis, also imparts thermosensitive properties to liposomes which
could be used in future applications for stimuli-responsive drug delivery.
[52]

The lipid composition was DPPC:lyso-PC (90:10 mol%) for LP, and
DPPC:lyso-PC:DSPE-PEG (86:10:4 mol%) for LP-PEG. DSPE-PEG2000
was chosen for its good balance of reducing the protein corona forma-
tion without significantly reducing cell uptake. [27,53] Additionally, 4
% DSPE-PEG was selected because it is a moderate concentration that
may help maintain colloidal stability. Smaller amounts may not provide
sufficient steric stabilization, and larger amounts may promote the for-
mation of non-liposomal structures, such as micelles or disks. [54] Both
LP and LP-PEG compositions were inspired by similar lipid formulations
that reached Phase II clinical trials (e.g., ThermoDox), indicating prior
safety validation in humans. [55] A 4 mol% content of DSPE-PEG2000
was incorporated into the liposomes using the post-insertion method
to achieve surface PEGylation while maintaining the stability of the
DPPC:lyso-PC-based drug-loaded liposomes. [56,57]

After extrusion and purification, the weight percentage of PEG
incorporated into the liposomes was quantified using high-performance
liquid chromatography (HPLC), yielding a value of 7.1 wt%. To evaluate
the extent of surface shielding provided by PEG, we applied previously
described methods to calculate the surface PEG density on liposomes.
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The analysis revealed a surface density of 11 PEG chains per 100 nm? for
the 2KDa PEG, indicating that the PEG was likely arranged in a brush
configuration. [38]

PFD encapsulation was achieved by mixing it with lipids before thin-
film formation, as described previously, due to its limited aqueous sol-
ubility and high membrane permeability. [58,59] The final [phospho-
lipid]:[PFD] ratio was 3:1 for LP and 4:1 for LP-PEG. Transmission
electron cryomicroscopy (cryo-TEM) confirmed the formation of small
unilamellar vesicles demonstrated by a single electronically dense outer
layer (Fig. 1B) with LP and LP-PEG diameters of 78 and 81 nm,
respectively (Fig. S1A). Dynamic light scattering (DLS) showed a hy-
drodynamic diameter (dy) of 125 + 2 nm for LP and 126 + 2 nm for LP-
PEG (Fig. 1C), along with a shift in zeta potential from —2 4+ 1 mV for LP
to —28 + 5 mV for LP-PEG (Fig. 1D). This shift is likely due to the
presence of DSPE-PEG in LP-PEG, which is negatively charged due to the
ionization of its phosphate group in the DSPE moiety. Comparable dy
and zeta potential values were observed between the empty (Figs. S1B)
and PFD-loaded LPs.

Fourier-transform infrared spectroscopy (FTIR) confirmed the
distinct surface chemistries of LP and LP-PEG. In the spectra (Fig. 1E,
S1C), DSPE-PEG presence was indicated by bands at 1144 and 1345
em ™}, corresponding to C—O stretching (1143 cm™') and CH, wagging
(1341 cm’l). [60] Finally, colloidal stability was maintained for over
25 days at 4 °C (Fig. 1F). The polydispersity index values during this
period, shown in Fig. S1D, indicated moderate polydispersity and a fair
size distribution.

3.2. Nano-bio interactions of PEGylated LPs with lung barriers

The lung has non-cellular barriers that protect it against potentially
toxic inhaled particles but also hinder nanomedicine delivery. [13,15]
We examined LP and LP-PEG interactions with two key barriers: lung
mucus and surfactant. The pulmonary mucus lines the respiratory tract,
traps inhaled particles and prevents deep lung penetration. In PF,
inflammation causes mucus accumulation in the alveoli. [16]

To assess the effect of PEGylation on mucus penetration, we used a
mucin type II-based surrogate deposited on transwell inserts (Fig. 2A).
[39] Fluorescently labeled LP or LP-PEG (with DiOC ;g) were applied to
the apical side and the fluorescence intensity was measured over time in
both the apical and basolateral sides. The penetration of both liposomes
into the mucus was similar, as the decrease in fluorescence in the apical
part of the Transwell was comparable. However, LP-PEG diffused into
the mucus more quickly, whilst LP remained retained, as the increase in
fluorescence in the basolateral part was greater for LP-PEG than for LP
(Fig. 2B,C). These results suggest that the enhanced basolateral signal
observed for LP-PEG may be attributed to its improved penetration and
diffusion across the mucus layer. This behavior likely results from
reduced interactions with the mucus barrier due to two key features of
LP-PEG: (i) the presence of a PEG corona, which provides steric hin-
drance and reduces adhesive interactions with mucins, and (ii) the
negative surface charge imparted by DSPE-PEG, which contributes to
electrostatic repulsion from the similarly negatively charged mucin
network. This interpretation is supported by previous findings demon-
strating that PEGylation of nanoparticles made of poly(lactic-co-glycolic
acid) or lipids enhances mucus penetration and diffusion by minimizing
adhesive and electrostatic interactions with mucosal components.
[38,50,61] In contrast, unmodified LPs, which exhibit near-neutral zeta
potential and lack PEGylation, are more likely to be trapped within the
mucus mesh as has been previously demonstrated for DPPC coated NPs,
[62] thereby limiting their diffusion and reducing their basolateral
accumulation. The outermost hydrophilic and zwitterionic end of DPPC,
the main lipid of LP, includes amino groups which can have attractive
interactions with the electronegative mucins. [63]

Lung surfactant (LS) lines the alveoli and forms a pulmonary sur-
factant corona around NPs crossing the upper airway barrier. [19] This
corona influences NP deposition, aggregation, drug release, and immune
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Table 1
Top 10 proteins on the LS corona of LP and LP-PEG.
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Top 10 LP coronal proteins

Top 10 LP-PEG coronal proteins

Identified proteins Accession Relative proportion % Identified proteins Relative proportion %
Pulmonary surfactant protein A F1SER3 14.5 Pulmonary surfactant protein A 13.2
Na(+)-dependent phosphate cotransporter 2B F1S5A6 9.7 Na(+)-dependent phosphate cotransporter 2B 10.8
Actin gamma 1 AO0A287A5G1 8.5 Actin gamma 1 8.6
Albumin A0A286ZT13 5.9 Albumin 8.0
LanC like 1 A0A286ZXU8 5.7 LanC like 1 6.5
Pulmonary surfactant protein B AO0A287B0B8 3.7 Pulmonary surfactant protein B 3.3
Apolipoprotein A-I K7GM40 3.5 GLOBIN domain 2.7
GLOBIN domain F1RGX4 2.9 Apolipoprotein A 2.7
Pulmonary surfactant protein D AO0A5S615J5 2.9 Ig-like domain-containing protein 2.7
Ig-like domain-containing protein F1RL0O6_PIG 2.5 Pulmonary surfactant protein D 2.5

response. [13,64] The corona’s composition depends on NP surface
chemistry and morphology, affecting the adsorption of surfactant pro-
teins (SPs, such as SP-A, SP-B, SP-C, SP-D), known to orchestrate the fate
of inhaled NPs and their immune responses. [18,20] Previously, our
group used Magnetic Resonance Imaging (MRI) to show that NPs of
similar size and charge, made from phosphatidylcholine (PC) or bovine
serum albumin (BSA), had vastly different lung residence times, weeks
for PC micelles and hours for BSA micelles. This difference was linked to
SP-A interactions, which impact NP stability and opsonization. [22]
Since LS corona effects are crucial for pulmonary drug delivery, studies
integrating its complete analysis with NP lung biodistribution should be
extended to predict the key features of inhalable nanomedicines.

We analyzed the protein composition of the LS corona by soft mag-
netic separation using the protocol of Raesch et al. [20] LPs were
incubated with native porcine LS, one of the most complete surfactant
preparations to predict nano-biointeractions with this lung fluid. [65]
For this purpose, LPs were loaded with hydrophilic iron oxide NPs
following the protocol of Fernandez-Méndez et al. for magnetic sepa-
ration, [66] maintaining similar dy and zeta potential to PFD-loaded LPs
(Fig. S2). Total protein quantification (Fig. 2D) confirmed that PEGy-
lation reduced protein adsorption, which was consistent with the anti-
fouling properties.

Proteomic analysis (Table 1) showed that both LS coronas shared
similar major protein profiles, with SP-A, SP-B, and SP-D among the top
ten most abundant proteins and no statistical difference in the abun-
dance of SPs, as shown in Fig. S3A—C. SP-A was the most abundant
protein in both LS coronas, unlike previously reported NPs, made of
magnetite coated with PLGA, PEG, or lipids. [20] This likely results from
SP-A’s affinity for phospholipid membranes, [67] particularly if they are
based on DPPC, [68] the main component of LP and LP-PEG.

SP-A plays a key role in opsonization, promoting phagocytosis and
clearance of SP-A-bound particles, including microorganisms. [22]
However, it is also involved in LS recycling and uptake by alveolar type
II cells and alveolar macrophages (AM). [67] Nanoparticle coating with
SP-A has been explored as a strategy to target these cell types following
pulmonary administration, thereby enhancing drug retention. [22,69]
SP-A has been shown to bind to PEGylated nanoparticles, [20]
increasing the hydrodynamic diameter of the nanomaterials by less than
2 nm. [69] According to Palaniyar, [70] SP-A measures approximately
16-19 nm in length, suggesting that its interaction with PEGylated NPs
is likely mediated via its collagen-like domain rather than the globular
headgroup. Given that SP-A is an octadecamer with strong affinity for
DPPC-containing membranes (Kp = 4.3 £+ 0.2 nM), [22] it is plausible
that the collagenous domain facilitates simultaneous binding to both the
PEG moiety and the sn-2-palmitate of DPPC. [71] These interactions
likely contribute to the stable adsorption of SP-A irrespective of PEGy-
lation, which may explain its similar presence on both lung surfactant
coronas.

SP-B, a hydrophobic, positively charged surfactant protein of the
saposin-like family, promotes membrane aggregation primarily acting at
the surface of membranes. [72] Its presence in both LS coronas suggests

it may facilitate phospholipid membrane reorganization, as previously
observed for lipid NPs in cryo-TEM studies by Foged et al. [73]

Finally, SP-D, with high affinity to hydrophilic surfaces, was also
highly abundant in both the LS coronas of LP and LP-PEG. This protein
like SP-A is highly involved in defining the fate of NPs in the lungs, since
it is involved in the defense mechanisms and clearance of external
bodies from the lungs but also in the surfactant homeostasis and recy-
cling. [67]

Coating of NP surfaces with SPs, such as SP-A or SP-D, has often been
associated with enhanced lung clearance by immune cells. [74,75]
However, the formation of the LS corona or LS surface coating has also
been proposed as a “camouflage” that may evade the pulmonary im-
mune system and increase NP retention time in the lung. [76,77] To gain
insight into the potential camouflaging effect, the similarity of the LS
coronas formed in LP and LP-PEG to the native LS was investigated.
First, the SPs were analyzed. Fig. 2E shows that both PEGylated and non-
PEGylated LPs had similar relative proportions of SPs that closely
matched those of native LS, except for SP-C, which was significantly
lower in both cases (Fig. S3F). SP-C is a highly hydrophobic protein that
acts in cooperation with SP-B in promoting the surface tension reduction
capabilities of LS, but with a greater contribution to transmembrane
interactions. Its low presence in the LS corona of both LPs suggests that
SP-C may have a low effect on the permeability and packing of the
phospholipid bilayers of LPs as it normally does in LS membranes. [78]
Overall, our data suggest that the DPPC-based composition of liposomes
plays a dominant role in shaping the surfactant corona by supporting
native lipid—protein interactions. This property can be harnessed in drug
delivery strategies to enhance pulmonary targeting and retention, as
shown in previous studies, although surfactant corona formation was
not explicitly examined in those cases. [79,80]

To further assess the impact of PEGylation on other functional pro-
teins comprising the LS coronas, 1973 proteins were detected and
categorized into functional groups based on gene names and de-
scriptions (functional groups are described in the SI). The mean fold
changes were calculated for each protein category, and proteins with
significant differences were identified. Differential expression analysis
based on log: fold changes, defined significant changes as |logzFC| > 0.5.
Fig. 2F shows that PEGylation had a negligible impact on the adsorption
of antifouling, immunological, metabolic, signaling, structural, trans-
port, and surfactant proteins. However, inflammatory and cell adhesion
proteins were modestly reduced in LP-PEG compared to those in the LP
corona. PEGylation is commonly used to minimize the levels of in-
flammatory proteins in intravenously administered NPs. This effect ap-
pears to extend, albeit modestly, to the LS corona. A lower abundance of
cell adhesion proteins generally reduces nanoparticle-cell interactions
and uptake.

To correlate the proteomic results with their impact on cellular up-
take in the presence and absence of native LS, we performed flow
cytometry using fluorescently labeled LP or LP-PEG on alveolar
epithelial cells (A549), profibrotic macrophages (THP1), and human
primary lung fibroblasts (HLF) activated with different growth factors to
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ANOVA followed by the Holm-Sidak multiple-comparison test using Sigma-Plot. A p-value <0.001 was obtained for LP-PEG when compared with LP (***) and

LS (###).

resemble fibrotic tissue. PEGylation reduced LP mean fluorescence in-
tensity (MFI) within cells in the absence of LS after 4 and 24 h (Fig. 2G
and S4A) in A549, THP1, and HLF cells. This finding aligns with the
steric hindrance and hydrophilicity of PEG, which hampers interactions
with cell surface receptors and proteins. [81] However, the impact of the
LS corona on cellular uptake varied across different cell types. Macro-
phages showed no significant change in either MFI (Fig. 2G) or the
percentage of positive cells in the presence of LS (Fig. S4B). In contrast,

in A549 and HLF cells, the LS corona reduced the uptake of non-
PEGylated LPs, whereas PEGylated LPs exhibited similar MFI in the
three cell types regardless of the presence of LS. In the three cell lines
studied, PEGylation hampered the influence of LS on cellular uptake.
Interestingly, when comparing the percentage of positive cells
(Fig. S4B), we observed that HLF exhibited a higher percentage of LP-
PEG-positive cells decorated with the LS corona than those incubated
with bare LP-PEG.
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These findings suggest that PEGylation primarily acts by hindering
LP internalization but also attenuates the influence of the LS corona on
cell uptake. The observed reduction in NP uptake due to LS corona
formation is consistent with previous studies. [77,82,83] Although
counterintuitive for LP and LP-PEG given the presence of SP-A, SP-B, and
SP-D in the LS corona (reported to enhance cell internalization), [13] Bai
et al. have recently suggested a slowing down of the endocytosis process
due to the high lipid density of the LS corona of lipid NPs. [84] The
presence of PEG on the surface of the LPs may prevent the densification
of their LS corona, thus avoiding this effect. To the best of our knowl-
edge, few studies have comprehensively correlated the full protein
composition of the LS corona, with cellular uptake in alveolar cells.
However, these studies are essential to determine whether nano-
biointeractions can be reliably predicted using proteomic analyses.

Journal of Controlled Release 386 (2025) 114134

In drug delivery with inhalable nanocarriers, such as PFD-loaded LP
and LP-PEG, the formation of the LS corona may also influence the
release and diffusion of the encapsulated drug. To assess how PEGyla-
tion affects this release, we analyzed the temporal delivery of PFD
during the dialysis of LP and LP-PEG in the presence and absence of
native LS. The results of this analysis showed that LP-PEG exhibited a
slightly faster (but not significantly different) release profile than LP
both in the presence and absence of native LS (Fig. 2H, Fig. S5) resulting
in a similar retention of the encapsulated PFD. These findings suggest
that LS corona formation has a negligible effect on the drug stability of
both PEGylated and non-PEGylated LPs for sustained drug delivery.

In addition to evaluating the effects of the LS corona on cellular
uptake and drug delivery, it is crucial to assess the potential impact of
LPs on native LS performance, as interactions between NPs and LS can
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lead to surfactant depletion and lung toxicity, [72] a phenomenon
observed with certain NPs, such as those made of hydroxyapatite.
[85,86] Given that inhaled materials may interfere with the endogenous
surfactant system and inhibit its biophysical function, we investigated
the interactions between LP and LP-PEG with native LS using a captive
bubble surfactometer which allows us to determine the potential
disruption of LS surfactant function. [43,44] Fig. 3 indicates that LP-
PEG, unlike LP, impaired the initial adsorption of LS, thereby
increasing the time required to reach equilibrium surface tension (23.5
+ 0.7 mN/m) without significantly affecting post-expansion adsorption
(Fig. 3A). Additionally, as shown in Fig. 3A, the interaction between LS
and PEGylated liposomes prevented the surfactant from reducing the
surface tension to near-zero values during quasi-static compression. The
persistence of this inhibitory effect upon cycling (Fig. 3B) suggests that
the LP-PEG liposomes remained associated with the surfactant film and
were not excluded during slow compression/expansion cycles. When
cycled at physiological rates, LS reduced the surface tension to very low
values in the presence of both types of particles (Fig. 3C). However, for
the LS/LP-PEG mixture, an increase in hysteresis during the first cycle
was observed, along with a gentler slope in the surface tension-relative
area plot at higher cycle numbers (Fig. 3A), indicating the LP-PEG-
induced fluidization of the LS film. This fluidization can have signifi-
cant physiological consequences, including increased surface tension,
reduced lung compliance, and potential respiratory distress, which may
impair gas exchange or contribute to inflammation and lung injury. [87]
The impact of NP PEGylation on LS interactions is often overlooked but
warrants in-depth investigation, as its long-term effects may have
important health implications. [72].

3.3. Role of PEGylation in the in vitro therapeutic effects of PFD-loaded
LPs

Profibrotic alveolar fibroblasts play a central role in PF by over-
producing extracellular matrix (ECM) components and inducing tissue
remodeling. These fibroblasts undergo abnormal differentiation into
myofibroblasts, which are apoptosis-resistant, more invasive than non-
activated fibroblasts, and overproduce type I, III, and IV collagen,
among other ECM components. [88] To assess whether PEGylation in-
fluences the therapeutic efficacy of PFD-loaded liposomes, we utilized
transforming growth factor beta 1 (TGF-p1)-activated HLFs. TGF-p1, a
key profibrotic cytokine, promotes collagen synthesis, myofibroblast
differentiation, cell proliferation, and migration. [8] We then compared
the antifibrotic effects of PFD-loaded LP and LP-PEG.

We first confirmed the low cytotoxicity of LPs in alveolar cells
(Fig. S6A) and the internalization of LP and LP-PEG labeled with DiOC;g
in TGF-pl-activated HLFs, A549 and THP-1 observing their perinuclear
localization, which is characteristic of endocytosed nanoparticles
(Fig. 4A, Fig. S6B,C). [89] Flow cytometry analysis after 4 h of LP in-
cubation revealed a similar percentage of positive cells but significantly
lower MFI of LP-PEG compared with LP suggesting their lower inter-
nalization, as observed in confocal images for the three cell types, HFL,
A549 and THP-1 (Fig. S4, Fig. S6D).

Next, quantitative immunofluorescence analysis (Fig. 4B, C) was
performed to assess key profibrotic markers in TGF-pl-activated HLFs,
including collagen type I (COL1A1), a-smooth muscle actin (a-SMA),
and Ki-67, a nuclear protein associated with cellular proliferation. After
incubation with PFD-LP and PFD-LP-PEG, no significant difference was
observed in the reduction of fibrotic markers between PEGylated and
non-PEGylated LPs, despite lower cell internalization (Fig. 2G, Fig. S4).
However, both LP formulations exhibited significantly higher efficacy
than free PFD. The lack of a therapeutic effect of empty LPs has been
demonstrated and is shown in Fig. S7.

A similar trend was observed in the cell migration assay (Fig. 4D).
Time-lapse imaging of wound closure in TGF-f1-differentiated HLF
monolayers showed that encapsulated PFD, whether in LP or LP-PEG,
outperformed free drug in suppressing fibroblast migration. No
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significant difference in efficacy was observed between LP and LP-PEG
formulations after 4 h of treatment. These findings suggest that once a
certain intracellular threshold concentration of PFD is reached, addi-
tional uptake does not proportionally enhance the therapeutic effect.
This supports the notion of a nonlinear relationship between intracel-
lular PFD concentration and therapeutic effect, characterized by a
saturation plateau beyond which higher intracellular levels yield
diminishing returns. This phenomenon aligns with clinical data showing
that PFD efficacy in PF patients does not increase linearly with dose.
[90] For instance, both lower (<1200 mg/day) and higher doses have
demonstrated comparable clinical benefits, particularly in slowing lung
function decline. These findings highlight the importance of maintaining
PFD levels within a therapeutic window, where further increases in drug
concentration offer limited incremental benefit. In our in vitro model, as
in clinical practice, therapeutic optimization may depend more on
achieving and maintaining effective intracellular concentrations than on
maximizing uptake per se.

3.4. Role of PEGylation in lung retention time and biodistribution of LPs

Lung clearance of NPs is a significant challenge for pulmonary drug
delivery, often resulting in rapid clearance or failure to reach deep re-
gions of the lung. [91] Recent research suggests that fibrosis originates
in the distal regions of the lung, where scar tissue tends to accumulate.
Therefore, the design of drug nanocarriers capable of reaching these
distal areas is crucial. [9]

To investigate the distribution and retention of LP and LP-PEG in the
lung after pulmonary administration, we combined molecular imaging
analysis using MRI with histological analysis of lung tissue in both
healthy and fibrotic mouse models. In this study, IONP-loaded LP and
LP-PEG were used, and their relaxivity properties are listed in Table S1.
First, LP-IONP or LP-PEG-IONP were administered intratracheally (IT)
to healthy mice, and MRI scans were performed before administration
and at 2-, 72-, and 144-h post-administration (Fig. 5A). IT in mice is a
widely used technique for administering substances directly into the
lung and studying local effects, including the evaluation of nano-
medicines intended for pulmonary administration. This route allows for
precise distribution of the compound in deep lung tissue, facilitating the
evaluation of the efficacy and toxicity of the administered nanoparticles
or drugs. [92-94]

LP distribution in the lungs was assessed using ultra-short echo time
MRI. To minimize motion artifacts associated with inhalation and
exhalation, data acquisition was performed using respiratory gating, as
previously reported, and the mean lung intensity was quantified. In
these images, the mean lung intensity decreased with the accumulation
of LPs (which exhibited To MRI contrast) and increased with the accu-
mulation of LP-PEG (which exhibited T; MRI contrast), confirming a
high accumulation of both LPs in the lung tissue (Fig. 5B). At 72 and 144
h, the mean MRI intensity returned to baseline, indicating either massive
aggregation of LPs or their clearance from the lungs. T; and T, para-
metric maps of the liver (Fig. 5C, Fig. S8A,B) and kidneys (data not
shown) confirmed that IONPs were not systemically distributed in the
blood, either within the LPs or as free NPs. These results were further
validated through Prussian blue staining, which revealed a high accu-
mulation of IONPs in the lungs but no detectable presence in other or-
gans (Fig. S8C). In addition, PEG-free LPs exhibited a distribution
pattern similar to that of LP-PEG, effectively reaching the distal lung
regions as we observed in different lung lobes (Fig. 5D). This similar LP
and LP-PEG biodistribution pattern was also observed in mice with
bleomycin (BLEO)-induced pulmonary fibrosis suggesting a negligible
influence of PEG on the retention time and distribution of LPs both in
healthy and diseased lungs (Fig. 5D). In the fibrotic lungs, the IONP
loaded in either LP or LP-PEG reached areas with high cellular infiltra-
tion characteristic of PF (Fig. 5E and Fig. S9), [95] and in both healthy
and diseased lung tissue we observed the colocalization of delivered
IONP with alveolar macrophages stained with the antibody F4/80
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Fig. 6. In vivo study of the therapeutic effect of PFD encapsulated in LP and LP-PEG in the BLEO mouse model of PF. (A) Lung respiratory-gated CT of PF progression
in mice at days 0, 10 and 17 following BLEO IT administration, along with 3D reconstructions of CT images at day 17 (right side). Mice were treated on days 10, 14
and 17 via IT administration of normal saline (NS), PFD, LP-PFD and LP-PEG-PFD. Untreated mice (CTL) were used as controls. (B) Quantification of aerated lung
volume and total lung volume based on CT image analysis on day 17. (C) Quantification of hydroxyproline in ex vivo lung tissues. (D) Total protein quantification in
BAL fluid. (E) Quantification of total immune cells in BAL on day 21 by flow cytometry. (F) Alveolar macrophage quantification in BAL on day 21 by flow cytometry.
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Data are presented as mean + SD; statistical analysis was performed using one-way ANOVA with Tukey’s multiple comparison test (*p < 0.05, **p < 0.01,
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p

< 0.001).

(Fig. 5F,G and Fig. S9). These findings indicate that neither LP nor LP-
PEG translocated into the bloodstream and remained in the lungs for
extended periods. PEGylation of liposomes did not enhance their bio-
distribution within the lung or facilitate deeper penetration into the
distal airways and fibrotic regions. Furthermore, PEGylation did not
prevent the internalization of liposomes by alveolar macrophages,
although it is possible that uptake occurred at reduced levels or with
slower kinetics, as previously reported in other cell types.

Studies using fluorescent liposomes suggest that PEGylation im-
proves NP penetration by increasing mucus diffusion and reducing
alveolar cell uptake. [7,96] However, PEG-free phospholipid-coated NPs
have also shown long-term retention in distal lung regions. [22,62]
Recent DPPC-based lipid NP studies indicate that PEG-free formulations
stable in inhalation devices may achieve comparable lung distribution
and drug delivery efficiency. [97] This raises the question of whether
PEG is essential for inhaled nanomedicines.

PEGylation stabilizes formulations for dry powder or nebulized de-
livery, but aerodynamic properties and stability depend on the inhala-
tion device between other factors such as viscosity. [98] Most current
devices cause lipid NP aggregation or degradation. However, emerging
strategies, such as charge-assisted stabilization, are improving nebulized
lipid NP stability beyond PEGylation and could be used in future PEG-
free inhalable formulations. [99,100]

3.5. Role of PEGylation in the therapeutic effect of PFD-loaded LPs in
vivo

To assess the impact of PEGylation on PFD-loaded DPPC-based LPs, a
BLEO mouse model was used. Ten days post-BLEO, fibrosis was
confirmed by histology and increased lung SUV of [®3Ga]-FAPI-46 on
PET/CT (Fig. S10). This biomarker enables non-invasive fibrosis moni-
toring, even in early stages. [101] CT scans also showed higher mean
Hounsfield unit (HU) density (Fig. S11A), reduced aerated lung volume
(from —900 to 300 HU), and increased total lung volume, consistent
with fibrosis. [102]

With fibrosis established, treatments began on day 10 post-BLEO,
consisting of three IT administrations (days 10, 14, and 17) of 4.2 mg/
kg PFD, either free or encapsulated in LP or LP-PEG. Therapeutic effects
were monitored using CT imaging until day 21. CT 3D reconstructions
(Fig. 6A) and analysis (Fig. 6B) confirmed significant reductions in
aerated lung volume and increased total lung volume in BLEO-treated
mice compared to controls (CTL). Treatment improved aerated lung
volume, with LP-PFD showing the greatest effect, followed by LP-PEG-
PFD and free PFD. However, the total lung volume decreased similarly
across all treatments. MRI analysis further indicated no additional
antifibrotic benefits of PEGylation (Fig. S12).

Ex vivo analyses were performed to validate CT imaging results.
Hydroxyproline quantification (Fig. 6C) confirmed that LP-PFD was the
most effective treatment for reducing collagen content, outperforming
free PFD and LP-PEG-PFD. To assess the impact of PEGylation on the
antifibrotic effect of encapsulated PFD, bronchoalveolar lavage (BAL)
was conducted at the study endpoint. Total BAL protein, which is typi-
cally elevated in PF, [7,8] was similarly reduced by PFD-loaded lipo-
somes (LP and LP-PEG) but not by free PFD (Fig. 6D). Flow cytometry
revealed a reduction in infiltrated immune cells, with LP-PFD being the
most effective treatment (Fig. 6E). Among these immune cells, alveolar
macrophages (Fig. 6F) and alveolar lymphocytes (Fig. S11B) were
significantly reduced in mice treated with LP-PFD, whereas this decrease
was much less pronounced with LP-PEG-PFD. Overall, PEGylation did
not enhance the antifibrotic effects of PFD-loaded liposomes and, in fact,
diminished their anti-inflammatory efficacy. This reduced efficacy in the
LP-PEG group may be attributed to impaired interactions between the

13

PEGylated liposomes and alveolar cells, leading to limited uptake by key
immune and epithelial cells. Consequently, local drug concentrations at
sites of inflammation and fibrosis may fall below the therapeutic
threshold.

In contrast, non-PEGylated LPs are more efficiently internalized by
alveolar macrophages and epithelial cells, resulting in higher local
accumulation of PFD and a more sustained therapeutic effect. These
properties likely account for the more pronounced reductions in im-
mune cell infiltration, protein leakage, and collagen deposition, evi-
denced by lower hydroxyproline levels, observed in the LP group.

These findings align with previous studies demonstrating that the
therapeutic efficacy of PFD is enhanced when delivered via non-
PEGylated nanoparticles, due to improved cellular uptake and reten-
tion within lung tissue. [103] Overall, the discrepancy between LP and
LP-PEG groups highlights the critical role of nanoparticle surface char-
acteristics in determining the therapeutic performance of inhaled PFD
formulations.

To confirm the findings from molecular imaging, hydroxyproline
levels, and BAL analysis, we performed histology and immunofluores-
cence on lung tissue to assess fibrotic markers. H&E, Masson’s trichrome
(TM), and Picrosirius red (PR) staining (Fig. 7A) showed that PFD-
loaded LP and LP-PEG significantly reduced BLEO-induced PF severity
compared to free PFD. Quantification of the collagen area by PR stain-
ing, as well as COL1A1 and a-SMA immunofluorescence (Fig. 7B-E),
further confirmed that both LP treatments decreased these fibrotic
markers more than free PFD. However, histological and immunofluo-
rescence results indicated negligible differences between the PEGylated
and PEG-free LPs, similar to the CT results.

In addition, we confirmed that no antifibrotic effects were observed
in the empty LP or LP-PEG controls (Fig. S11C). To evaluate the po-
tential adverse effects of the LP and LP-PEG formulations, we monitored
the animal weight every three days. Both LP and LP-PEG-treated animals
showed weight increases similar to those of healthy controls (Fig. S11D),
unlike the significant weight loss observed in saline-treated controls.

4. Conclusions

In this study, we explored the role of PEGylation in enhancing
liposome performance for pulmonary delivery in pulmonary fibrosis.
This study was conducted on multiple scales, aiming to connect and
correlate results ranging from nano-biointeraction studies with lung
fluid surrogates and proteomic analysis of the pulmonary surfactant
corona to biodistribution studies in healthy and fibrotic lungs and
therapeutic effects in vitro and in vivo. Although these studies should be
extended to different PEG percentages, molecular weights, and types of
nanoparticles, our findings provide valuable insights into the nuanced
effects of PEGylation on the behavior of liposomal formulations and
their interactions with the unique microenvironment of the lungs.

We confirmed that PEGylated liposomes, likely holding a brush like
configuration, facilitated mucus diffusion, a crucial step for effective
pulmonary delivery in pulmonary fibrosis and modestly reduced the
presence of inflammatory proteins in the corresponding lung surfactant
corona. This suggests the potential benefits of mitigating inflammatory
responses. Additionally, PEGylation led to a reduction in cell adhesion
proteins within the lung surfactant corona, which may have decreased
cellular uptake. These results were further evaluated in vitro using
different alveolar cell types, confirming the lower uptake of PEGylated
liposomes by alveolar macrophages, epithelial cells, and fibroblasts
following lung surfactant corona formation.

Despite the differences in cell adhesion and inflammatory proteins
between the lung surfactant corona of PEG-free and PEGylated lipo-
somes, most functional proteins, including lung surfactant proteins
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known to orchestrate particle fate in the lungs, were similarly abundant.
This could explain the comparable biodistribution and lung retention
times observed for both liposomes in MRI and histological analyses of
healthy and fibrotic lungs. Future research should investigate the un-
derlying reasons for these similarities in the lung surfactant corona and
whether they are attributable to the high DPPC content or the type of
PEGylation used. Moreover, additional studies combining lung surfac-
tant corona analysis with nanoparticle biodistribution assessments after
pulmonary administration are needed to determine to what extent bio-
distribution and retention time in the lung can be predicted from pro-
teomic data.

Beyond studying the impact of the lung surfactant corona on anti-
fibrotic liposomes, we also evaluated the effect of these liposomes on the
biophysical properties of this fluid, which is essential for lung function.
Surprisingly, PEGylated liposomes temporarily increased lung surfac-
tant fluidity, potentially leading to detrimental effects. Further research
should comprehensively evaluate the influence of PEG density, along
with other parameters such as molecular weight, on the biophysical
properties of lung surfactant. It is essential to determine whether these
effects are reversible or persistent in order to properly assess the risk
associated with this previously overlooked phenomenon.

Despite improvements such as enhanced mucus penetration, PEGy-
lation did not significantly increase the lung retention time or bio-
distribution of liposomes in fibrotic lungs, which are key factors for
sustained drug delivery. Consequently, when assessing the antifibrotic
effects of PEG-free and PEGylated pirfenidone-loaded liposomes in vivo,
PEGylation did not enhance therapeutic efficacy. Instead, it attenuated
the effect of the drug in reducing immune cell infiltration in the lungs
and protein content in the bronchoalveolar lavage fluid.

In conclusion, for the DPPC-based liposomes studied, by performing
a multiscale analysis we determined that the overall benefit of PEGy-
lation in enhancing nano-biointeractions appeared limited, as demon-
strated by our assays involving lung surfactant, alveolar cells and lung
tissue. Future studies should thoroughly explore the interplay between
different types of PEGylation and liposomes, surfactant interactions,
immune responses, de-PEGylation in the lung environment, and drug
efficacy to fully evaluate the advantages and limitations of PEGylation
for pulmonary administration.
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