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ABSTRACT: Rational adjustment of surface physicochemical
properties of inhalable nanocarriers significantly influences
their in vivo fate during pulmonary delivery. Among these,
surface hydrophilicity/hydrophobicity has been recognized as a
critical factor in the transmucosal process. However, the
impacts of surface hydrophilicity/hydrophobicity on the
transcellular performance and ultimate therapeutic effects of
pulmonary-delivered nanosystems still remain unelucidated. In
this study, we developed a series of liposomes with varying
surface hydrophilicity to investigate the effect of surface
properties on both local and systemic drug delivery.
Interestingly, low-hydrophilic liposomes exhibited enhanced systemic absorption, whereas high-hydrophilic liposomes
demonstrated prolonged pulmonary residence after inhalation. To validate this principle, we applied two disease models. In a
type II diabetes mellitus model, low hydrophilic liposomes loaded with GLP-1 receptor agonists (Liraglutide or Semaglutide)
showed excellent systemic drug delivery and hypoglycemic effects. In an OVA-induced allergic asthma model, budesonide-
loaded high hydrophilic liposomes significantly alleviated symptoms while reducing dosing frequency. Mechanistic studies
further revealed that liposomes with lower surface hydrophilicity could enhance the transcellular transport efficiency of the
drug through alveolar epithelial cells, while those with higher surface hydrophilicity prolonged the pulmonary residence of the
drug by decreasing alveolar epithelium transportation and the avoidance of macrophage clearance. Lastly, we evaluated the
biocompatibility of these liposomes following inhalation. Overall, tuning the surface hydrophilicity/hydrophobicity of
inhalable nanocarriers to suit local or systemic delivery goals offers valuable insights for the rational design of advanced
pulmonary delivery systems.
KEYWORDS: pulmonary delivery, inhalable liposome, surface hydrophilicity/hydrophobicity, systemic absorption, respiratory disease,
GLP-1RAs, budesonide

1. INTRODUCTION
In recent years, the pulmonary route of drug delivery has
gained huge interest in scientific and industrial fields and is
explored widely for local and systemic drug delivery for the
treatment of various diseases, including pulmonary and
nonpulmonary diseases.1−3 The high permeability and surface
area, rich blood supply of the lung provide an alternative route
for drug delivery in ailments such as asthma, chronic
obstructive pulmonary disease, and diabetes.4−7 Early in the
21st century, some researchers attempted to develop inhalable
formulations for systemic delivery of macromolecular drugs,
such as insulin and calcitonin, which showed relative
bioavailability rates of up to 20%.8,9 Beyond the systemic

delivery, inhalable formulations offer great opportunities for
treating various pulmonary diseases due to the significantly
augmented drug accumulation and stability in a mild
physiological environment. Additionally, the COVID-19
pandemic further propelled the demand for inhalable
therapies.10−12 Although the pulmonary mucosa possesses
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numerous conveniences for drug delivery, successful delivery of
inhaled formulation still encounters considerable challenges
from the powerful clearance mechanism and physiologic
barriers of lung tissue.8,13,14

In general, effective lung deposition is a critical first step for
both local and systemic drug delivery via inhalation. This
ensures that the drug reaches the lungs rather than being
trapped in the upper airways or exhaled. Once deposited, drugs
confront major barriers, including clearance by mucociliary
mechanisms and alveolar macrophages. Additionally, inhaled
drugs need to traverse the alveolar epithelium and undergo
complex intracellular trafficking before entering into blood
circulation. Meanwhile, the presence of metabolic enzymes
might result in the degradation of biomacromolecule drugs, as
well. All of these conditions severely hindered the delivery
efficiency and therapeutic effects of inhaled drugs.
During the recent 20−30 years, the emergence of nano-

technology has revolutionized the field of pulmonary delivery
systems.15−17 On the one hand, nanoscale delivery systems
enable effective deep lung deposition and improve the in vivo
stability of drugs. On the other hand, the tunable
physicochemical properties of nanocarriers make them
versatile tools for a wide range of applications. Recent studies
highlight the crucial roles of the physicochemical properties of
nanocarriers in their interplays with the delivery environment,
comprising particle size, surface charge, rigidity, and hydro-
philicity/hydrophobicity.18−23 It was reported that an increase
in hydrophobicity of nanoparticles (NPs) would result in
higher affinity to the cell membrane but shorter blood
circulation. Our previous research also demonstrated that
there must be a balance between the hydrophilicity and
hydrophobicity on the surface of NPs, which would provide
them with a rapid mucus-penetrating ability and satisfactory
cellular uptake efficiency in the gastrointestinal tract.24−27

However, relevant investigations on pulmonary delivery
systems are extremely limited. Only a few reports revealed
that modulating surface hydrophilicity may improve the lung
retention of nanocarriers by diminishing mucociliary clearance
and alveolar macrophage phagocytosis.28,29 The impacts of
surface hydrophilicity/hydrophobicity on the transcellular
performances and ultimate therapeutic effects of pulmonary
delivered nanosystems still remain unelucidated. Therefore, it
is urgent to comprehensively explore the role of surface
hydrophilicity/hydrophobicity of nanocarriers on pulmonary
delivery for local or systemic drug delivery.
Liposome is well-recognized as ideal nanocarrier with

enhanced compatibility with pulmonary biology and flexible
drug loading capability.30−32 Herein, we designed a series of
liposomes with various surface hydrophilicity. An extensively
used amphiphilic diblock copolymer, 1,2-distearoyl-sn-glycero-
3-phosphoethanolamine-N-[methoxy(polyethylene glycol)-
2000] (DSPE-PEG2000), was utilized to modulate surface
hydrophilicity. Surprisingly, after inhalation, we found that
liposomes with low surface hydrophilicity (LH Lip) exhibited
superior systemic absorption, while those with high hydro-
philicity (HH Lip) showed prolonged lung retention
behaviors. Then two types of therapeutic agents were
encapsulated separately. GLP-1 receptor agonists (Liraglutide
and Semaglutide) for the treatment of type 2 diabetes,
represented systemic delivery.33,34 Budesonide (Bud) for the
treatment of allergic asthma represents local lung delivery.35 It
is interesting that, after inhalation, GLP-1 receptor agonists
(GLP-1 RAs) loaded LH Lip (GLP-1 RAs@LH Lip) elicited

excellent effects on diabetes, while budesonide loaded HH Lip
(Bud@HH Lip) showed significant improvement on lung
function with asthma, which is in agreement with their
biodistribution results. Then comprehensive mechanism
investigations were performed and the results showed that 1)
lower surface hydrophilicity endowed liposomes with superior
transcellular efficiency by regulating the entire process of
endocytosis-intracellular trafficking-exocytosis in alveolar epi-
thelial cells, 2) high surface hydrophilicity achieved long-term
pulmonary residence through decreased alveolar epithelium
transportation and admirable bypassing of macrophage
clearance (shown in Scheme 1). Finally, the biocompatibility

of liposomes after inhaled delivery was investigated. In
summary, by rationally adjusting the surface hydrophilicity
and hydrophobicity of nanocarriers, local or systemic delivery
could be achieved after inhalation. Our study offered valuable
insights for the efficient and straightforward design of
pulmonary delivery systems.

Scheme 1. Schematic Illustration of Inhalable Liposomes
with Different Surface Hydrophilicities for Systemic
Delivery of GLP-1 Receptor Agonists (GLP-1 RAs) and
Local Delivery of Anti-Asthma Druga

aLiposomes with different degrees of surface hydrophilicity were
constructed via the addition of various amounts of DSPE-PEG2000.
Then, after inhalation, lower hydrophilic liposomes (slightly hydro-
phobic liposomes) showed enhanced systemic absorption via superior
trans-alveolar ability, while higher hydrophilic liposomes exhibited
prolonged pulmonary retention by the effective bypassing of
macrophage pinocytosis. Because of these features, liposomes with
lower hydrophilicity generated excellent delivery efficiency of GLP-1
RAs (Liraglutide or Semaglutide) and significant hypoglycemic effects
in type II diabetes mellitus mice with lad GLP-1 RAs. Higher
hydrophilic liposomes effectively alleviate the therapeutic effects of
budesonide in OVA-induced asthma mice. Scheme 1 was created
using https:/www.biorender.com with a license agreement.
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2. RESULTS AND DISCUSSION
2.1. Preparation and Characterization of Liposomes

with Tunable Hydrophobicity. Liposome is widely utilized
as a nanocarrier in drug delivery due to their biocompatibility,
ease of preparation, and versatility in drug encapsulation. In
this study, we aimed to develop liposomes with different
surface hydrophilicity. To mitigate the potential degradation of

sensitive peptide drugs (GLP-1 RAs), we modified the
commonly used two-step preparation method by replacing
ultrasonication with extrusion to obtain liposomes. Addition-
ally, we employed 1,2-distearoyl-sn-glycero-3-phosphoethanol-
amine-N-[methoxy(polyethylene glycol)-2000] (DSPE-
PEG2000), a polymer known for its mucus-inert feature and

Figure 1. Preparation and characterization of liposomes with variable hydrophilicity. (A) Illustration and size distribution of liposomes with
different surface hydrophilicity: LH Lip, MH Lip, and HH Lip. (B) Polydispersity index (PDI) and zeta potentials of liposomes with
different surface hydrophilicity. (C) Cryo-TEM images of LH Lip, MH Lip, and HH Lip. Scale bar = 100 nm. (D) Differential scanning
calorimetry (DSC) scan of liposomes with different hydrophilicity under the heating temperature of −40 to 60 °C. (E) Young’s moduli of the
liposomes with different hydrophilicity characterized by AFM, n = 3. (F) Corresponding deformation images of the liposomes with different
hydrophilicity subjected to forces of different magnitudes by AFM, scale bar = 400 nm. (G) Fluorescence spectra of liposomes with different
surface hydrophilicity prepared by FITC-labeled DSPE-PEG2000 at an excitation wavelength of 460 nm and emission wavelength of 490−620
nm. (H) Grafted ratios of DSPE-PEG2000 to lipid on the surfaces of liposomes with different hydrophilicity, n = 3. (I) Contact angle assays of
liposomes with different hydrophilicity, n = 3. (J) Red shift values (Δλ) of Coomassie brilliant blue after incubation with LH Lip, MH Lip
and HH Lip under the lipid concentration of 1.25 mg·mL−1. Mean ± SD (n = 3), (**) P < 0.01. (K) Diameters of liposomes with different
hydrophilicity before and after atomization via a microsprayer aerosolizer, n = 3. (L) Fluorescence spectra of FITC+DiI dual-labeled
liposomes (Pre-FITC+DiI@LH Lip, Pre-FITC+DiI@MH Lip, and Pre-FITC+DiI@HH Lip) after atomization (named Post-FITC+DiI@
Lips) and 24 h incubation (named 24 h-FITC+DiI@Lips) with mouse-extracted BALF at an excitation wavelength of 460 nm and emission
wavelength of 490−620 nm. (M) Particle size changes of liposomes in BALF over 12 h, n = 3. Labels (A, K) were created using https:/
www.biorender.com with a license agreement.

ACS Nano www.acsnano.org Article

https://doi.org/10.1021/acsnano.5c05745
ACS Nano 2025, 19, 22357−22375

22359

https://pubs.acs.org/doi/10.1021/acsnano.5c05745?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acsnano.5c05745?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acsnano.5c05745?fig=fig1&ref=pdf
http://www.biorender.com
https://pubs.acs.org/doi/10.1021/acsnano.5c05745?fig=fig1&ref=pdf
www.acsnano.org?ref=pdf
https://doi.org/10.1021/acsnano.5c05745?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


ability to prolong NPs’ circulation time, to modulate the
surface hydrophilicity.36−38

Three kinds of liposomes with different surface hydro-
philicity (low hydrophilic liposome, intermediate hydrophilic
liposome, and high hydrophilic liposome) were prepared using

Figure 2. Surface hydrophobicity regulation defines the in vivo distribution of the inhaled liposomes. (A) Illustration of mice inhaled with
liposome suspension via a microsprayer aerosolizer. During the experiment, mice were anesthetized and secured on a 45° inclined platform
with their heads positioned upward and bodies kept upright. With the guidance of blunt forceps and laryngoscope, the microsprayer
aerosolizer, preloaded with the liposome solution, was then inserted approximately 2.6 cm into the airway through the exposed tracheal
opening, followed by a rapid injection (delivery volume <50 μL) to complete the nebulization process. (B, C) Blood concentration profiles
within 24 h and converted area under the curve (AUC) of LH Lip, MH Lip, and HH Lip loaded with the fluorescent dye Coumarin-6 (C6)
after inhalation in mice, n = 5. (D, E) Real-time IVIS imaging and quantitative region-of-interest (ROI) analysis showing the distribution of
inhaled DiD-labeled LH Lip, MH Lip, and HH Lip in normal mice, n = 3. (*, #) Mean group versus Free DiD and DiD@HH Lip at
determined time point, respectively. (F, G) IVIS imaging and fluorescence quantification of lung tissues after 48 h inhalation with DiD-
labeled LH Lip, MH Lip, and HH Lip, n = 3. (H) The DiI fluorescence intensity in bronchoalveolar lavage fluid (BALF) extracted from mice
with 0, 24, and 48 h inhalation of liposomes with different hydrophilicity, n = 3. (*) Mean group versus DiD@LH Lip at determined time
point, respectively. (I) Confocal images showing colocalization of mucus and liposomes with different hydrophilicity on lung tissues for 24
or 48 h incubation, Legend: red, DiI-labeled liposomes; green, AF488-labeled WGA, mucus; blue, nucleus. Statistical significance was
calculated via one-way ANOVA, followed by Tukey’s multiple comparison. (*, #) P < 0.05, (**, ##) P < 0.01, (***, ###) P < 0.001, (****,
####) P < 0.0001.]. Label (A) was created using https:/www.biorender.com with a license agreement.
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different lipid-to-DSPE-PEG2000 ratios (10:2, 10:4, and 10:8),
abbreviated as LH Lip, MH Lip, and HH Lip, respectively.
Dynamic light scattering (DLS) analysis indicated that all
liposomes had a consistent hydrated diameter of approximately
200 nm (Figure 1A) and a zeta potential of approximately −35
mV (Figure 1B). Cryo-transmission electron microscopy
(TEM) images (Figure 1C) confirmed that all liposomes
exhibited a uniformly typical closed vesicular structure with a
bilayer membrane with an average size of 150 nm, regardless of
the surface hydrophilicity.
Considering the potential influences of the various amounts

of DSPE-PEG2000 on phage transition behaviors, differential
scanning calorimetry (DSC) was employed to record the phase
transition temperatures (Tm) of three liposomes under the
heating temperature ranging from −40 to 60 °C. As shown in
Figure 1D, Tm values for LH Lip, MH Lip, and HH Lip were
3.34, 3.38, and 3.56 °C, respectively. Compared to the
liposomes with significantly different phase transition temper-
atures reported by Gan et al., the differences in Tm values
among our three liposome formulations were negligible.39

Additionally, atomic force microscopy (AFM) was used to
measure Young’s modulus of three liposome formulations
(Figure 1E) and analyze their deformation morphology under
identical applied pressure (Figure 1F). The results showed that
all liposomes exhibited similar Young’s modulus values (∼225
MPa) with no significant differences. Moreover, their
deformation under the same applied pressure was comparable,
indicating that the increased DSPE-PEG2000 would not alter
the rigidity of the liposomes.
Fluorescein isothiocyanate (FITC)-labeled DSPE-PEG2000

was used to prepare liposomes, and then, the grafting efficiency
was further assessed.40 Figure 1G showed that liposomes with
more hydrophilic surfaces exhibited significantly higher
fluorescence intensity, which was consistent with the increase
in color intensity observed in the liposome suspensions (Figure
S1). Quantitative analysis using a microplate reader (Figure
1H) confirmed that the DSPE-PEG content was consistent
with the feeding ratio of lipid to DSPE-PEG2000.
To assess the success of the hydrophilicity modulation,

water contact angle measurements were conducted. Theoret-
ically, a contact angle greater than 90° suggests that the tested
surface is hydrophobic.41 As shown in Figure 1I, the contact
angle decreased progressively from 57.6 ± 0.8° for LH Lip to
35.5 ± 0.3° for MH Lip and 25.8 ± 2.1° for HH Lip,
demonstrating a clear trend in surface hydrophilicity
corresponding to the DSPE-PEG2000 content. In other words,
LH Lip was slightly hydrophobic among these liposomes.
Besides, the Coomassie brilliant blue (CBB) method was
applied to measure the hydrophobic surface property of
liposomes.25 CBB is a hydrophobic dye that shifts from red
(λmax = 488 nm) to blue upon binding to hydrophobic surfaces,
with the higher redshift magnitude (Δλ values) correlating to
higher hydrophobicity. As shown in Figure 1J, Δλ values
increased as the PEG content decreased, indicating a
corresponding increase in the surface hydrophobicity of the
liposome. This trend aligned with the contact angle measure-
ments, confirming the successful fabrication of liposomes with
distinct surface hydrophilicity.
Notably, it was quite essential for nanovehicles to keep

colloidal stability after aerosolizing and in the lung fluid.
Initially, a microsprayer aerosolizer was used to collect
liposome suspensions after atomization, which could provide
quantitative aerosol delivery for small animals.42−44 All the

nebulized liposome suspensions displayed uniform aerody-
namic diameter distribution with a homogeneous and fine
spray (Figure S2A,B). We compared the DLS diameters of
liposomes before and after aerosolization. The results of Figure
1K showed that aerosolization did not induce size variation,
suggesting that the liposomes retained their structural integrity
during aerosol delivery. Förster resonance energy transfer
(FRET) assays, using FITC-labeled DSPE-PEG2000 and DiI as
fluorescent probes, further verified the preservation of
liposome integrity postaerosolization and during the pulmo-
nary delivery process in mouse-extracted bronchoalveolar
lavage fluid (BALF) (Figures S3 and 1L). Besides, the DLS
size of all liposomes incubated in BALF remained stable within
the 12 h incubation period (Figure 1M), underscoring the
robustness of these formulations in lung fluid.
In conclusion, we successfully prepared liposomes with

tunable surface hydrophilicity by varying the lipid-to-DSPE-
PEG2000 ratio. These liposomes exhibited identical size, surface
charge, rigidity, and good stability under conditions mimicking
aerosol delivery and pulmonary environments.
2.2. Surface Hydrophilicity Regulation Governs the In

Vivo Distribution of Inhaled Liposomes. The impact of
surface hydrophilicity/hydrophobicity on the absorption and
distribution of inhaled liposomes was explored. Mice were
aerosolized with liposome suspensions dispersed in sterile
saline solution via a microsprayer aerosolizer under anaes-
thetized conditions (Figure 2A). First, male mice were
administered with coumarin-6 (C6) loaded liposomes, and
blood samples were collected at different time intervals
postinhalation. The fluorescence intensity of C6 in the blood
was then measured. The blood concentration−time profiles
(Figure 2B) revealed that liposomes with less hydrophilicity
achieved significantly higher blood concentrations than their
highly hydrophilic counterparts, even at 24 h postinhalation.
This suggests that LH Lip was prone to penetrate across the
alveolar epithelium. These findings were further corroborated
by the area under the curve (AUC) (Figure 2C), which
showed a clear trend of enhanced absorption for lower
hydrophilic (slightly hydrophobic) formulations.
To further investigate the in vivo distribution of inhaled

liposomes, we used an in vivo imaging system (IVIS) to track
the transportation of liposomes labeled with DiD (1,1’-
Dioctadecyl-3,3,3′,3′- Tetramethylindodicarbocyanine, 4-
chlorobenzenesulfonate Salt) in the lungs over time. As
shown in Figure 2D, free DiD dye was rapidly eliminated
from the lungs, with fluorescence signals becoming undetect-
able by 6 h. In contrast, liposome formulations exhibited
prolonged retention in the lungs, with DiD signals detectable
for up to 24 h. Interestingly, the rate of DiD elimination from
the lungs accelerated with the increase of surface hydro-
phobicity. At 24 h, fluorescence signals from the MH Lip and
LH Lip groups were barely monitored. In contrast, HH Lip
showed the strongest and most sustained fluorescence
accumulation in the lungs, which remained detectable up to
48 h. Semiquantitative region-of-interest (ROI) analysis
(Figure 2E) further supported these observations.
Following in vivo imaging, mice were sacrificed, and their

lungs (Figure 2F,G) were harvested for ex vivo analysis, as well
as the extra-pulmonary organs (Figure S4A,B). Free dye was
entirely cleared from both the lungs and other organs due to its
rapid metabolism. LH Lip, with relatively low pulmonary
retention, showed significantly higher distributions in the liver,
spleen, and kidney. In contrast, HH Lip maintained a high level
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Figure 3. GLP-1 agonists loaded low hydrophilic liposome has better hypoglycemic effect than high hydrophilic liposome. (A) Illustration of
GLP-1 RAs loaded liposomes with different surface hydrophilicity after inhalation, including drug encapsulation of GLP-1 RAs, the process
of inhalation, and absorption into blood circulation. (B) Characterizations of liposomes with different surface hydrophilicity encapsulating
Lira, n = 3. (C) In vitro release behavior of Lira@Lip with different surface hydrophilicity in simulated lung physiological media, PBS (pH
7.4), n = 3. (D) Circular dichroism spectroscopy characterization of Lira before and after atomization. (E) Schematic illustration of the oral
glucose tolerance test (OGTT) process. T2DM KKAy mice that were fasted overnight and their fasting blood glucose (FBG) levels were
assessed before treatment. Mice were aerosolized with saline (G1), Free Lira solution (1 mg·kg−1, G3), Lira@LH Lip (1 mg·kg−1, G4), Lira@
MH Lip (1 mg·kg−1, G5), or Lira@HH Lip (1 mg·kg−1, G6), and mice in G2 were subcutaneously injected with Free Lira solution (0.2 mg·
kg−1). Blood glucose was measured at 0, 15, 30, 60, 90, and 120 min after administration of oral glucose solutions (0.2 g.kg−1). (F) Original
blood glucose levels (BGL) of T2DM KKAy mice during the oral glucose tolerance test (OGTT) after inhalation with different Lira
formulation, n = 5. (G) Increment of blood glucose levels by subtracting the FBG (ΔBGL) during OGTT after inhalation with different Lira
formulation (n = 5). (H) Corresponding incremental area under the curve (iAUC) of mice during OGTT after inhalation with different Lira
formulation, n = 5. (*, #, and $) mean group versus to G2, G3, G4, and G5, respectively. (I) Relative pharmacological bioavailability (RPA)
of Lira formulations, RPA = (iAUCGx /Lira doseGx)/ (iAUCG2/Lira doseG2), n = 5. (*) means group versus G3, and (#) means comparison
between groups. (J) In vitro release behavior of Sema@Lip with different surface hydrophobicity in simulated lung physiological media, PBS
(pH 7.4), n = 3. (K) The increment of BGL was by subtracting the FBG (ΔBGL) during OGTT. Mice were administrated with inhalation of
free Sema, Sema@LH Lip, Sema@MH Lip, and Sema@HH Lip (0.5 mg·kg−1), subcutaneous injection of free Sema (0.1 mg·kg−1) (n = 5).
(L) Relative pharmacological bioavailability (RPA) of Sema formulations during the overall glucose giving period, RPA = (iAUCGx /Sema
doseGx)/ (iAUCG2/Sema doseG2), n = 5. (*) means group versus Sema@LH Lip. [Data are presented as mean ± SD. Statistical significance
was calculated via one-way ANOVA, followed by Tukey’s multiple comparison. (*, #, &, $) P < 0.05, (**, ##, &&, $$) P < 0.01, (***, ###,
&&&, $$$) P < 0.001]. Labels (A) and (E) were created using https:/www.biorender.com with a license agreement.
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of retention in the lung, with minimal fluorescence observed in
other organs.
To investigate the pulmonary distribution of liposomes, we

further analyzed the residual fluorescence intensity in BALF
collected from mice at 0, 24, and 48 h postinhalation of DiI@
Lips. As shown in Figure 2H, mice treated with the HH Lip
had significantly higher fluorescence in BALF, suggesting a
greater retention in the pulmonary cavity rather than inside the
cells. To visualize liposome localization, lung sections at 24 and
48 h postinhalation were stained with FITC-WGA to label the
surface mucus. Most HH Lip accumulated in the alveolar
region, consistent with its low systemic absorption efficiency
(Figure 2I). Notably, in the bronchial region, HH Lip was
observed between the mucus layer and the epithelial cells (as
indicated by white arrows). Previous studies have shown that
bronchial mucus consists of two distinct layers: an outer gel-
like layer that primarily serves as a barrier against foreign
particles and an inner aqueous layer that facilitates ciliary
movement. Based on this, we hypothesized that HH Lip
accumulated in the aqueous mucus layer, shielded by the outer
mucus layer in the bronchial region, further confirming its
prolonged retention in the lungs.
Taken together, our results highlight the critical influence of

surface hydrophilicity on the biodistribution of inhaled
liposomes. Highly hydrophilic liposomes preferentially accu-
mulate in the lung, while slightly hydrophobic ones are more
prone to translocate into the bloodstream. Therefore, we
further investigated the therapeutic effects of different drugs
after loading them into these liposomes.
2.3. Low Hydrophilic Liposome Loaded with GLP-1

Agonists Generate Superior Hypoglycemic Effects
Compared to High Hydrophilic Liposomes. Encouraged
by the enhanced absorption performance of slightly hydro-
phobic liposomes after inhalation, we further evaluated the in
vivo therapeutic efficacy of loaded drugs for systemic delivery.
Glucagon-like peptide-1 receptor agonists (GLP-1 RAs) have
gained significant attention for their exceptional ability to
regulate blood glucose and maintain body weight.45,46 Among
these, liraglutide (Lira) and semaglutide (Sema) are widely
recognized as leading therapeutic agents. The commercial
success of Rybelsus, the only oral GLP-1 RA product currently
on the market, proves the charming appeal of mucosal
delivery.47 Pulmonary delivery, characterized by a larger
absorptive surface area and a milder microenvironment
compared to oral administration, has attracted considerable
interest. In this study, Lira was selected as a model drug for the
development of inhalable GLP-1 RA therapies.
Lira was encapsulated into liposomes using the above-

described methods. As shown in Figure 3B, the particle size of
Lira@Lip was consistent with that of blank liposomes (∼200
nm) and exhibited good dispersion. All formulations achieved
encapsulation efficiencies of 65−85% and drug loading
efficiencies of 3.0−4.0%. Moreover, the encapsulation of Lira
did not alter surface hydrophilicity among Lira@Lips (Figure
S5A). In vitro drug release profiles in PBS (pH 7.4, Figure 3C)
demonstrated a slow and sustained drug release over 48 h
without a burst release. To assess the impact of aerosolization
on the bioactivity of Lira, we utilized circular dichroism (CD)
spectroscopy. The spectra revealed no significant changes in
Lira’s secondary structure postaerosolization (Figure 3D),
indicating preservation of Lira’s bioactivity.
Then, the near-infrared dye Cy5-labeled Lira (Cy5-Lira) was

encapsulated into liposomes with different surface hydro-

philicity to estimate the pharmacokinetic behaviors of drug-
loaded liposomes. All Cy5-Lira@Lips showed identical particle
size and dispersion with Lira@Lips (Figure S6A). Of note,
Cy5-Lira@LH Lip still possessed the highest systemic
absorption (higher AUC and Cmax) within 24 h in Figure
S6B,C, with much faster elimination from lungs compared to
Cy5-Lira@HH Lip (Figure S6D,E). Next, we performed oral
glucose tolerance tests (OGTT) on type 2 diabetic mellitus
(T2DM) KKAy mice to evaluate the antidiabetic efficacy and
delivery efficiency of Lira@Lips with varying surface hydro-
philicity (Figure 3E).48 Following overnight fasting but free
with water, mice received Lira@Lips via aerosolization for 3 h
(at −3 h) prior to an oral glucose challenge (defined as 0 h).
After a first glucose administration, blood glucose levels (BGL)
were monitored for 2 h, then a second glucose challenge was
performed to evaluate long-acting effects. Free Lira delivered
via inhalation and subcutaneous injection served as controls.
All treated mice initially exhibited hyperglycemia (fasting
blood glucose ∼400 mg·dL−1), while saline-treated mice
remained hyperglycemic throughout both testing periods
(Figure 3F).
The ΔBGL (baseline-subtracted values) over 4 h were

profiled in Figure 3G, and the incremental area under the curve
(iAUC) values were provided in Figure 3H. Notably, all
inhaled Lira formulations significantly reduced blood glucose
levels compared to the controls. And Lira@Lip exhibited
identical and even superior hypoglycemic effects compared to
subcutaneous injection, likely due to the extensive absorptive
surface area and rich blood flow in the pulmonary route.
Among inhaled formulations, Lira@LH Lip achieved the
strongest and most sustained glucose-lowering effects, even
returning blood glucose levels to normal (∼100 mg·dL−1) after
a single administration. The relative pharmacological bioavail-
ability (RPA) of Lira@LH Lip, calculated as the ratio of
inhaled iAUC to subcutaneous iAUC, reached 45%, further
confirming the advantages of LH Lip (Figure 3I).
For further verification, we conducted parallel studies using

another GLP-1 RAs, Sema. Characterization data for Sema-
loaded liposomes (Sema@Lip), surface hydrophilicity assay,
and CD spectroscopy of aerosolized Sema were separately
detailed in the Supporting Information (Table S1, Figures S5B,
and S7), with release profiles shown in Figure 3J. Sema
exhibited faster release compared to Lira, probably due to their
structural differences. At half of the Lira dose, Sema@Lip also
demonstrated potent glucose-lowering effects, with LH Lip
showing the greatest efficacy (Figures 3K and S8).
Interestingly, the performance of Sema@Lip differed sub-
stantially from that of Lira@Lip. Specifically, free Sema
exhibited comparable hypoglycemic effects to Sema@HH Lip
and Sema@MH Lip (Figure 3L), demonstrating that the
surface hydrophilicity of liposome played a less important role
in Sema compared with Lira, probably due to the longer
hydrophobic fatty acid chains of Sema.49 This reminds us that
we should consider not only the properties of carriers but also
those of the drug during the formulation design. Further
exploration of drug-platform interactions is necessary to
optimize inhalable nanodelivery systems for systemic therapy.
Pulmonary administration has long been regarded as an ideal

route for systemic drug delivery, but efforts to commercialize
inhalable systems have encountered some challenges. During
the last 20 years, the development of inhalable delivery systems
for systemic absorption had come to a standstill.50,51 Recent
advancements in nanotechnology, coupled with heightened
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Figure 4. High hydrophilic liposome produced stronger lung retention capability and better efficacy of budesonide against acute asthma. (A)
Illustration of lung tissue recovery from asthmatic state to normal condition, after inhalation of budesonide (Bud)-loaded liposomes in an
OVA-induced acute asthma mouse model. (B, C) IVIS imaging and quantitative region-of-interest (ROI) analysis showing the distribution of
inhaled DiD-labeled LH Lip, MH Lip, HH Lip and free DiD in OVA-induced acute asthma mice at 48 and 72 h, n = 3. (D) Characterization
of budesonide (Bud)-loaded liposomes with different surface hydrophilicity, n = 3. (E) Release profiles of Bud from liposomes with different
surface hydrophilicity in simulated lung physiological media for 48 h, PBS (pH 7.4), n = 3. (F) Plasma concentration profiles of Bud@LH
Lip, Bud@MH Lip, Bud@HH Lip, and Free Bud after inhalation in OVA-induced acute asthma mice, n = 5. (G) Budesonide content in lungs
after 0 h, 24 h, 48 and 72 h inhalation with Bud@LH Lip, Bud@MH Lip, Bud@HH Lip, and Free Bud in OVA-induced acute asthma mice, n
= 5, (*) means comparison between groups, (ns) means no significance. (H) Schematic representation of the experimental design about the
Bud treatment in OVA-induced acute asthma mouse models. Asthmatic mice were administrated with inhalation of saline (G1), free Bud
suspension (G2), Bud@LH Lip (G3), Bud@MH Lip (G4), or Bud@HH Lip (G5), and normal mice were treated with saline (G6). (I)
Expression levels of inflammatory cytokines IL-4, IL-5, and IL-13 in BALF, n = 5. (J) Hematoxylin-eosin (HE) staining and periodic acid-
Schiff (PAS) staining of lung tissues sections from OVA-induced acute asthma mice at end points. [Data are presented as mean ± SD.
Statistical significance was calculated via one-way ANOVA, followed by Tukey’s multiple comparison. (*) P < 0.05, (**) P < 0.01, (***) P <
0.001.] Label (A) was created using https:/www.biorender.com with a license agreement.
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interest in respiratory therapies during the COVID-19
pandemic, have revitalized research in this area. Our findings
also demonstrated the potential of inhalable nanodelivery
systems for systemic drug delivery. Moreover, the slight
augmentation of surface hydrophobicity on nanovehicles could
immensely promote pulmonary absorption of GLP-1 RAs,
which might indicate a promising therapeutic application.
2.4. High Hydrophilic Liposomes Exhibit Superior

Lung Retention and Enhance the Therapeutic Efficacy
of Budesonide in Acute Asthma. Our above-mentioned
findings revealed that liposomes with higher surface hydro-
philicity dramatically extended their retention time in the lung.
This led us to hypothesize that such characteristics might
confer HH Lip with enhanced therapeutic effects for
pulmonary diseases postinhalation, while also minimizing
systemic drug toxicity. To verify this hypothesis, we evaluated
their performance in a mouse model of ovalbumin (OVA)-
induced acute allergic asthma, one of the commonest
respiratory disorders (Figure 4A).52

First, the asthma model was successfully established, as
evidenced by bronchial wall thickening, excessive mucus
secretion (Figure 4J), and elevated cytokine levels of IL-4,
IL-5, and IL-13 compared to normal mice (Figure 4K).53,54

Considering that pathological changes in asthmatic lungs may
influence liposome absorption, we reassessed the pulmonary
distribution of liposomes with varying surface hydrophilicity in
the asthma model, and free DiD was served as control (Figure
4B,C). Notably, HH Lip maintained the strongest fluorescence
signals for up to 72 h, consistent with their performance in
healthy mice (Figure 2F). All liposome formulations, even free
DiD, exhibited slower clearance rates in asthmatic lungs, likely
due to the altered pulmonary microenvironment.
Next, budesonide (Bud), a first-line glucocorticoid for

asthma treatment, was encapsulated into the liposomes.35

Budesonide was well-recognized for its potent anti-inflamma-
tory and antiasthmatic properties, yet its clinical application
was often hindered by rapid clearance and frequent dosing
requirements. The physicochemical properties of the Bud-
loaded liposomes were characterized (Figure 4D), showing
uniform particle sizes (∼200 nm) and high encapsulation
efficiencies (>80%). And Bud@Lips displayed distinct differ-
ences in surface hydrophilicity as well (Figure S9). In vitro
release studies revealed a sustained release profile over 48 h in
PBS (pH 7.4, Figure 4E). Likewise, a pharmacokinetic study of
Bud@Lips following inhalation was conducted. Specifically, the
acute allergic asthma mice were aerosolized with Free Bud,
Bud@LH Lip, Bud@MH Lip, and Bud@HH Lip (Bud: 2 mg·
kg−1), respectively. Blood samples were collected at different
time intervals within 72 h and were centrifuged (3500 rpm, 4
°C, 5 min) to obtain plasma for further analysis. Then, Bud in
plasma was detected by HPLC after a series of extraction
processes according to previous reports. The corresponding
plasma concentration−time curves and pharmacokinetic
parameters were obtained (Figure 4F and Table S2).
Consistent with the pharmacokinetic results of the fluores-
cently labeled liposomes, Bud@HH Lip exhibited significantly
reduced systemic exposure compared with Bud@MH Lip and
Bud@HH Lip. As the major therapeutic site of inhaled Bud,
lung tissues were harvested and Bud contents were further
quantified at 0, 24, 48, and 72 h postinhalation (Figure 4G).
Notably, Bud@HH Lip showed highly enhanced pulmonary
retention all the time.

We then assessed the therapeutic efficacy of Bud@Lip in an
acute asthma model according to the protocol outlined in
Figure 4H. Previous studies have shown the improved
therapeutic efficacy of liposome-encapsulated Bud with daily
administration in acute asthma models.55 Based on the
aforementioned prolonged retention of Bud@HH Lip, we
hypothesized that it might achieve similar therapeutic out-
comes with a single administration. Following OVA sensitiza-
tion and intranasal challenges, Bud formulations were
aerosolized, and asthma-related indices were subsequently
determined and analyzed. Bud@HH Lip demonstrated the
most pronounced downregulation of inflammatory cytokines
IL-4, IL-5, and IL-13 in bronchoalveolar lavage fluid (BALF),
with levels returning to those of normal mice (Figure 4I).
Furthermore, histological analysis via HE and PAS staining
(Figure 4J) revealed that untreated asthma mice exhibited
severe pathological changes, including bronchial wall thicken-
ing, parenchymal alterations, and excessive mucus secretion.
These symptoms were slightly alleviated in free Bud, Bud@LH
Lip, and Bud@MH Lip treated groups. Encouragingly, Bud@
HH Lip nearly restored lung histology to a normal state,
demonstrating superior therapeutic efficacy.
Pulmonary drug delivery offered multiple advantages for

respiratory diseases, including higher local drug concentrations
and faster onset of action. However, challenges, such as rapid
drug clearance and systemic exposure, persist. Several research
studies suggested that surface hydrophilicity/hydrophobicity
may influence the residence of inhaled NPs in the lung.
Kaminskas et al. reported that polymeric nanoparticles
conjugated with hydrophobic drug methotrexate (MTX)
exhibited a significantly faster pulmonary clearance than
unmodified nanoparticles.29 In contrast, another report
demonstrated that PEG-modified nanoparticles with enhanced
mucus penetration prolonged lung retention by reducing
macrophage uptake.56 On the basis of previous studies about
the employment of inhaled liposomes in delivering Bud, we
further achieved effectively prolonged lung retention and
enhanced antiasthmatic efficacy with reduced dosing frequency
by means of surface hydrophilicity modulation of liposomes.
This strategy holds promise for improving treatment outcomes,
patient compliance, and overall respiratory health in the
management of local pulmonary diseases.
Moreover, due to the involvement of three types of

liposomes with varying surface hydrophilicity and three drugs
with distinct physicochemical properties, notable associations
between the drugs and their respective carriers were identified.
Based on the structural characteristics of the liposomes and the
mechanisms of drug loading, hydrophobic small molecules
(e.g., budesonide) were primarily localized within the
phospholipid bilayer, resulting in high encapsulation efficiency
(81−90%). In contrast, peptides and proteins, which possess
both hydrophilic and hydrophobic regions, exhibited different
interactions depending on their overall hydrophilicity.
Molecules with stronger hydrophilicity favored encapsulation
within the aqueous core, while those with greater hydro-
phobicity were more likely to associate with the lipid bilayer.
For instance, due to its longer fatty acid side chain, Sema may
exhibit stronger interactions with the bilayer, whereas Lira
appears to be more localized within the aqueous core.
Nevertheless, both peptides demonstrated comparable encap-
sulation efficiencies (65−70%). Differences in release profiles
were also observed among the three drugs. Lira, predominantly
associated with the aqueous core, exhibited the slowest release
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(<40% at 48 h), followed by the more hydrophobic Sema
(<70% at 48 h). Budesonide (Bud), residing within the bilayer,
was released most rapidly (nearly 100% at 48 h). These
differences in release kinetics had a direct effect on in vivo
delivery. Specifically, Lira@LH Lip, characterized by a slower
release profile, had improved bioavailability compared to
Sema@LH Lip.
Interestingly, the surface hydrophilicity of the liposomes

appeared to have minimal influence on drug encapsulation
efficiency. However, in terms of release behavior, Lira@LH Lip
showed a slightly faster release rate compared to those of

Lira@MH Lip and Lira@HH Lip, possibly owing to the
increased steric hindrance imposed by the hydrophilic surface
components on the hydrophilic macromolecule Lira. In
contrast, no significant differences in release behavior were
observed among the three liposomal formulations for the other
two drugs.
Thus, these results emphasize that a thorough understanding

of drug−carrier interactions is essential for the rational design
of liposomal nanocarriers, as such interactions profoundly
influence encapsulation efficiency, release behavior, and in vivo
bioavailability, ultimately shaping the therapeutic outcomes.

Figure 5. Liposomes with variable hydrophilicity exhibit various behaviors toward different pulmonary cells. (A) Illustration about transport
process of liposomes with different hydrophilicity on bronchial epithelial cells. (B) Investigations about transport process of liposomes with
different hydrophilicity on bronchial epithelial cells, including (i) apparent permeability coefficients (Papp) of liposomes with different
hydrophobicity on 3D transwell chambers constructed simulated bronchial mucus setup; (ii) Cell binding rate of liposomes with Calu-3 cell
under 4 °C for membrane affinity measurement. The liposome concentration-binding rate curves and the half maximal binding
concentration were fitted and calculated by Graphpad, n = 3; (iii) Apparent permeability coefficients (Papp) of liposomes with different
hydrophobicity across Calu-3 monolayer epithelial cells, n = 3. (C) Representative confocal microscopy images showing cellular
internalization of liposomes with different hydrophobicity in NCI-H441 Cells, scale bar = 50 μm. Legend: blue, cell nuclei; red, DiI-labeled
liposomes. (D) Cell binding rate of liposomes with NCI-H441 cells under 4 °C for membrane affinity measurement. The liposome
concentration-binding rate curves and the half maximal binding concentration were fitted and calculated by Graphpad, n = 3. (E)
Investigation of cellular uptake pathways of liposomes using various endocytosis-blocking inhibitors, including NaN3 for energy-blocking,
CPZ (Chlorpromazine) for blocking clathrin-mediated endocytosis, β-CD for blocking caveolin-mediated endocytosis and Amil (amiloride)
for blocking micropinocytosis route, (*) means group versus to cells without incubation with chemical inhibitors, n = 5. (F) Representative
confocal microscopy images showing the colocalization of liposomes with intracellular organelles, including lysosomes, ER, and golgi
apparatus in NCI-H441 Cells, the Pearson coefficient (Prc) was calculated by ImageJ; scale bar = 20 μm. Legend: blue, cell nuclei, red,
organelles, green, DiI-labeled liposomes. (G) Average exocytosis rates of liposomes with different hydrophobicity on NCI-H441 Cells, n = 3.
(H) Apparent permeability coefficients (Papp) of liposomes with different hydrophobicity across NCI-H441 monolayer epithelial cells, n = 3.
(I) Cellular uptake of HH Lip (G1), MH Lip (G2), and LH Lip (G3) in macrophages via flow cytometry. n = 3. [Data are presented as mean
± SD. Statistical significance was calculated via one-way ANOVA, followed by Tukey’s multiple comparison. (*) P < 0.05, (**) P < 0.01,
(***) P < 0.001.] Label (A) was created using https:/www.biorender.com with a license agreement.
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2.5. Liposomes with Variable Hydrophilicity Exhibit
Various Behaviors toward Different Pulmonary Cells.
Our findings revealed intriguing differences in the biodis-
tribution patterns of liposomes with different surface hydro-
philicity. To uncover the underlying mechanisms, we system-
atically investigated the performance of liposomes in their
transport to the lungs.
The lung is anatomically divided into the conducting airways

and alveolar regions. Conducting airways are primarily related
to ciliated and secretory epithelial cells, overlaid by a dual-
layered mucus blanket (Figure 5A).57 The particles trapped in
mucus would be cleared out to the oropharynx through the
mucociliary system. Therefore, we endeavor to unravel the
interactions of the liposomes deposited on the conducting
airway stage by stage (Figure 5B). First, although HH Lip
exhibited the best mucus-penetrating ability among the three
liposomes in the 3D transwell chamber, which was consistent
with previous studies, they showed weaker membrane affinity
with Calu-3 cells, an in vitro bronchial epithelial cells.58

Therefore, HH Lip finally possessed inferior transcellular
transport ability in Calu-3 monolayer epithelial cells compared
with that of LH Lip. Of note, the mucus barrier might narrow
the difference of Papp values through bronchial epithelium
between HH Lip and LH Lip, and the modulation strategies
catering to transcellular barriers (lower hydrophilicity) seem to
be more decisive for the better trans-epithelial absorption of
NPs.37,59 However, HH Lip, owing to the antifouling ability
provided by enhanced surface hydrophilicity, which exhibited
limited cellular uptake, might be better suited for sustaining
drug retention and therapeutic effects in the local pulmonary
environment under the specific shielding effect of bronchial
mucus.
Since the surfactants covering alveolar epithelial cells were

just a thin layer, and concerning investigations about the
intracellular transport of NPs across alveolar epithelium were
limited, we focused our attention mainly on the interplays of
liposomes and alveolar epithelium. NCI-H441, the first cell
line of human distal lung epithelial origin with nearly similar
characteristics as primary alveolar epithelia, was selected as a
cell model for the following in vitro evaluation.60,61 As
expected, the cellular uptake of liposomes gradually decreased
with the augmentation of surface hydrophilicity in the confocal
images in Figure 5C. The cell binding affinity of liposomes to
NCI-H441 cells exhibited a significant negative correlation
with surface hydrophilicity, which could be attributable to the
weakened hydrophobic interactions with the cell membrane
(Figure 5D). In addition, the cellular uptake of all liposomes
had a significant decline after NaN3 and chlorpromazine
(CPZ) treatment, implying the involvement of energy-
dependent endocytosis and the clathrin-mediated (CME)
pathway (Figure 5E). Interestingly, caveolae-mediated endo-
cytosis (CvME) and macropinocytosis routes also participated
in the internalization of LH Lip, which greatly amplified the
endocytosis efficiency.62

We further investigated the intracellular trafficking of
liposomes by using CLSM (Figure 5F). HH Lip showed
uniform distribution across the endoplasmic reticulum (ER),
Golgi apparatus, and lysosomes, with the Pearson coefficient
(Prc) of 0.74, 0.94, and 0.83, respectively. In contrast, LH Lip
(slightly hydrophobic liposomes) exhibited a distinct traffick-
ing pattern characterized by limited lysosomal colocalization
(coefficient of 0.15) and preferential accumulation in the ER
(coefficient of 0.83). This divergence in trafficking can be

attributed to the involvement of the CvME pathway, which
likely facilitated the bypassing of the lysosomal degradation
route and directed the liposomes toward secretory organelles
such as the ER. Likewise, the exocytosis rate of liposomes using
relevant inhibitors on NCI-H441 cells also showed that the
exocytosis of LH Lip was greatly dependent on the ER-golgi-
related pathway, with the avoidance of the endolysosome
pathway. (Figure S11). As shown in Figure 5G, LH exhibited
significantly higher exocytosis rates (36.31%) compared to
those of MH Lip (31.13%) and HH Lip (13.67%). To mimic
the pulmonary alveolar epithelial barrier, we constructed a 3D
transwell model using NCI-H441 cells with transepithelial
electrical resistance (TEER) values exceeding 600 Ω·cm2 and
overexpressed tight junction structure (Figure S10). Con-
sequently, LH Lip showed the highest apparent permeability
coefficient (Papp), which was 1.51-fold and 2.2-fold higher than
that of MH Lip and HH Lip, respectively (Figure 5H).
Additionally, lung macrophages engaged in the phagocytosis of
microorganisms and particulates. Therefore, we investigated
the pinocytosis of macrophages toward our prepared lip-
osomes. Figure 5I shows that macrophages preferentially
phagocytize hydrophobic liposomes over hydrophilic lip-
osomes. In other words, HH Lip was more likely to evade
the clearance of macrophages and generate more durable
residence.
In fact, the importance of surface hydrophobicity in

enhancing trans-epithelial efficiency was previously inves-
tigated in our studies on intestinal mucosal epithelium. We
found that the surface hydrophobicity of poly(lactic-co-glycolic
acid) (PLGA) NPs influenced their exocytosis behaviors
without affecting intracellular trafficking in intestinal epithelial
cells.24 It seemed that surface hydrophobicity influenced not
only the exocytosis of liposomes but also their transportation
through the alveolar epithelial cells.
In summary, we propose a comprehensive hypothesis

regarding the distinct distribution and absorption behaviors
of hydrophilic and hydrophobic liposomes. Using an atom-
ization device, all liposomes achieved a similar deposition on
the alveolar and bronchial surfaces. On the bronchial surface,
with the presence of a mucus barrier, higher hydrophilic
liposomes demonstrated superior mucus penetration but
limited transcellular transport compared to slightly hydro-
phobic liposomes, which might indicate the importance of a
balance between surface hydrophilicity and hydrophobicity. In
the alveolar region, the thin surfactant layer covering on
alveolar epithelial cells was not enough to impede the passage
of the liposomes. Of note, lower hydrophilic liposomes, with
enhanced membrane avidity, multiple endocytosis pathways,
and lysosome-bypassing transport, exhibited superior trans-
epithelial absorption and systemic distribution compared with
HH Lip. Thereby, the inhaled liposomes with different
hydrophilicity lead to distinct in vivo distribution and
therapeutic effects. Meanwhile, pulmonary macrophages also
preferentially take up LH Lip compared to HH Lip, which
accelerates the clearance of LH Lip while promoting prolonged
retention of HH Lip in the lungs. This would be beneficial for
hydrophilic nanoplatforms for their local drug delivery in the
lungs. These findings stress the importance of tailoring NPs'
surface properties to optimize therapeutic outcomes based on
the intended site of action.
2.6. Inhaled Liposome with Variable Hydrophilicity

Had Good In Vitro and In Vivo Biocompatibility. The
emergence of nanotechnology in recent decades has

ACS Nano www.acsnano.org Article

https://doi.org/10.1021/acsnano.5c05745
ACS Nano 2025, 19, 22357−22375

22367

https://pubs.acs.org/doi/suppl/10.1021/acsnano.5c05745/suppl_file/nn5c05745_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsnano.5c05745/suppl_file/nn5c05745_si_001.pdf
www.acsnano.org?ref=pdf
https://doi.org/10.1021/acsnano.5c05745?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


significantly influenced the pharmaceutical industry, offering
new approaches to drug delivery. However, concerns about the
biosafety and potential toxicity of nanomaterials have garnered
significant attention. Various evaluation methods and stand-
ards have been established alongside a growing body of
research on these materials. Although we deliberately selected
the liposomes as nanocarriers due to their favorable
biocompatibility. While hydrophobic materials demonstrating

strong bioaffinity with cell membranes compelled us to worry
about the possibilities of biological membranes disruption.63,64

Pulmonary delivery has received great interest because of
notable advantages in these years. However, the inhaled
delivery systems should be safe enough not to hamper the
normal respiratory functionalities of the lungs. Besides, some
reports indicate the potential systemic risks of inhaled particles
for systemic exposure in extrapulmonary organs.65,66 Although

Figure 6. Inhaled liposome with variable hydrophilicity had good in vitro and in vivo biocompatibility. (A) Cellular viability study of alveolar
epithelial NCI-H441 cells and bronchial epithelial Calu-3 Cells after 3 h of incubation of liposomes, n = 5. (B) Physical images showing
hemolysis of red blood cells after 3 h-incubation of liposomes, n = 3. (C) Body weight change of ICR mice within 7 d after twice inhalation
of blank liposomes (LH Lip, MH Lip or HH Lip) or saline solution, n = 5. (D) Ratio of lung weight to body weight at the end points. (E)
Summary sheet of blood routine index in ICR mice after twice inhalation of liposomes or saline solution. (F) Expression levels of liver
-related (AST, ALT, ALB, ALP) and kidney-related (UA, Creatinine, Urea) functional enzymes in the blood at the end points. (G)
Expression levels of inflammatory cytokines in BALF of mice, including IL-1β, IL-6, and TNF-α. (H) Hematoxylin-eosin (HE) staining of
lung, heart, liver, spleen, and kidneys tissues sections from mice at end points. [Data are presented as mean ± SD. Statistical significance was
calculated via one-way ANOVA, followed by Tukey’s multiple comparison. (*) P < 0.05, (**) P < 0.01, (***) P < 0.001.] Figure 6G was
partly created using https:/www.biorender.com with a license agreement.
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the extent of exposure and mechanisms of systemic trans-
locations remain controversial, it is crucial to conduct a
thorough biosafety evaluation of inhalable liposomes with
different hydrophilicity.
In our study, we systematically assessed the biocompatibility

of liposomes with varying hydrophilicity. In vitro experiments
revealed that liposomes did not affect the viability of NCI-
H441 or Calu-3 cells at concentrations ranging from 0.5 to 5
mg·mL−1 (Figure 6A), even for TC-1 cells, the normal lung
cells (Figure S12). These findings suggested that the prepared
liposomes, irrespective of their hydrophilicity or hydro-
phobicity, exhibit negligible cytotoxicity. Furthermore, in-
cubation of the liposomes with red blood cells for 3 h did not
induce hemolysis (Figure 6B), as confirmed by quantitative
analysis (Figure S13). Compared with other hydrophobic
particles known to impair membrane integrity, these liposomes
appear to be much safer, underscoring their compatibility with
biological membranes.
To evaluate in vivo safety, mice were exposed to two doses

of liposomes via inhalation over a 7-day period, with saline-
treated mice serving as controls. Results showed no significant
differences in body weight gain between the liposome-treated
and control groups (Figure 6C). Similarly, lung weight indices
(Figure 6D), hematological parameters (Figure 6E), and liver-
and kidney-related biochemical markers (Figure 6F) showed
no abnormalities. Importantly, no signs of toxicity were
detected in other organs (Figure 6H), supporting the systemic
safety of the prepared liposomes.
Additionally, inflammatory cytokine levels in BALF were

measured, as shown in Figure 6G. Liposome-treated groups
displayed no significant elevations in IL-1β, IL-6, or TNF-α
levels, which means no occurrence of inflammatory responses
in lungs. In the histological analysis of lung tissue, no visible
physiological damage was found in liposome-treated mice
(Figure 6H).
Collectively, these findings demonstrate that inhalable

liposomes with varying hydrophilicity possess good biocom-
patibility both locally in the lungs and systemically. This
favorable safety profile makes them promising candidates for
drug delivery applications. The results also highlight the
importance of designing nanocarriers with optimized hydro-
philicity/hydrophobicity to balance therapeutic efficacy and
biosafety, providing a strong foundation for the further
development of inhalable nanotherapeutics.

3. CONCLUSIONS
In summary, this work proposed an inhaled liposome-based
drug delivery system for both effective systemic and local
delivery by modulating surface hydrophilicity/hydrophobicity
of nanocarriers and revealed underlying interactions between
these liposomes and pulmonary epithelial cells. Upon
inhalation, liposomes with various hydrophilicity exhibited
distinct absorption behaviors: low hydrophilic liposomes
possessed favorable trans-alveolar capability and further
elicited efficient hypoglycemic effects in T2DM mice when
encapsulated systemic delivered GLP-1 RAs (Liraglutide or
Semaglutide), while high hydrophilic liposomes displayed
prolonged retention in lungs and produced stronger
therapeutic effects in asthmatic models, on the basis of
reduced budesonide dosing frequency. More detailed mecha-
nism studies showed that lower surface hydrophilicity
facilitated transepithelium of liposomes during the endocy-
tosis-transcellular trafficking-exocytosis process on alveolar

epithelial cells. Meanwhile, more effective retentions of HH
Lip could be attributed to the evasion of macrophage
phagocytosis. Moreover, the inhaled liposomes exhibited
desirable biocompatibility for both lung tissues and systemic
organs. This study highlights surface hydrophilicity/hydro-
phobicity as a key factor in the rational design of inhalable
nanocarriers for both local treatment and systemic delivery,
offering valuable insights for mucosal delivery strategies.

4. EXPERIMENTAL SECTION
4.1. Cell Lines and Animals. NCI-H441 cells (American Type

Culture Collection, HTB-174), purchased from Zhejiang Meisen Cell
Technology Company (Zhejiang, China), were cultured in RPMI-
1640 medium containing 10% fetal bovine serum (FBS), 1% sodium
pyruvate, 100 U/mL penicillin, and 100 μg/mL streptomycin. For the
culture of the NCI-H441 monolayer on the 3D transwell, the original
medium was further supplemented with dexamethasone (200 nM)
and insulin-transferrin-sodium selenite (ITS) supplement. Calu-3 cells
and mouse mononuclear macrophage leukemia cells (RAW264.7
cells) were obtained from the Institute of Biochemistry and Cell
Biology (Shanghai, China). Calu-3 and RAW264.7 cells were cultured
in Dulbecco’s Modified Eagle Medium/Nutrient Mixture F-12 (F12/
DMEM) and Dulbecco’s modified eagle medium (DMEM),
respectively, supplemented with 10% (v/v) FBS, 1% nonessential
amino acid, 1% (v/v) penicillin, and 100 IU/mL streptomycin. TC-1
cells, purchased from Xiamen Immocell Biotechnology Company
(Xiamen, China), were cultured in RPMI-1640 medium containing
10% fetal bovine serum (FBS), 100 U/mL penicillin, and 100 μg/mL
streptomycin. All cells were cultured at 37 °C under a 5% CO2
atmosphere.
BALB/c mice (male, 6−8 weeks, SPF) were purchased from the

Sipeifu Experimental Animal Company (Beijing, China). KKAy mice
(male, 6−8 weeks old, SPF) were purchased from Beijing HFK
Bioscience Company (Beijing, China). ICR mice (male, 6−8 weeks
old, SPF) were purchased from Dashuo Experimental Animal
Company (Chengdu, China). All animal experiments were approved
by the Medical Ethics Committee of Sichuan University and were
performed in the Animal Laboratory of West China School of
Pharmacy at Sichuan University (accreditation number: SYXK-
(Chuan)2018-113).
4.2. Reagents and Materials. The soybean phospholipid mixture

(SPCm) was purchased from Taiwei Pharmaceutical Co. (Shandong,
China). 1,2-distearoyl-sn-glycero-3-phosphoethanolamine-N-
[methoxy(polyethylene glycol)-2000] (DSPE-PEG2000) was bought
from Ponsure Biotechnology Co. (Shanghai, China). Semaglutide
(Sema) was provided by Chengdu Giant Pharmaceutical Technology
Co., Ltd. (Sichuan, China). And Liraglutide (Lira) was kindly
presented by HEC Pharmaceutical (Guangdong, China). Cholesterol
was purchased from Chengdu Xiya Chemical Co., Ltd. (Sichuan,
China). Courmarin 6 and chlorpromazine were obtained from Sigma-
Aldrich Corporation (St. Louis, MO, USA). Bicinchoninic acid
(BCA) protein assay kit, Brefeldin A, Monensin, ER-Tracker Red, and
Golgi-Tracker Red were acquired from Beyotime (Shanghai, China).
F12/DMEM cell culture mediums, Hank’s Balanced Salt Solution
(HBSS), 1,1′-dioctadecyl-3,3,3′,3′-tetramethylindocarbocyanine per-
chlorate (DiI), 3,3′-dioctadecyloxacarbocyanineperchlorate (DiO),
1,1’-dioctadecyl-3,3,3′,3′ tetramethylindodicarbocyanine, 4-chloro-
benzenesulfonate salt (DiD), and Lyso-Tracker Red were purchased
from Invitrogen (USA). RPMI 1640 and DMEM cell culture
mediums were purchased from BasalMedia (Shanghai, China).
Stock solutions of penicillin and streptomycin, and nonessential
amino acids were purchased from Solarbio Science & Technology
(Beijing, China). 4’,6-diamidino-2-phenylindole (DAPI) were pur-
chased from Abmole (M5106, USA). Interleukin-4 (IL-4), IL-5, and
IL-13 enzyme-linked immunosorbent assay (ELISA) were purchased
from Wuhan Fine Biotech Co., Ltd. (Hubei, China). TNF-α, IL-6,
and IL-1β ELISA were bought from Thermo Fisher Scientific (USA).
All other chemical reagents in the study were analytical grade.
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4.3. Preparation and Characterization of Liposomes with
Different Surface Hydrophilicities. Liposomes were prepared
using a modified thin-film hydration-extrusion method, and liposomes
with varying surface hydrophilicity were obtained by adjusting the
weight ratio of the soybean phospholipid mixture (SPCm) to DSPE-
PEG2000. The feeding ratios of SPCm to DSPE-PEG2000 were set at
10:2, 10:4, and 10:8, corresponding to LH Lip, MH Lip, and HH Lip.
Specifically, SPCm, cholesterol, and varying amounts of DSPE-
PEG2000 were dissolved in chloroform. The solvent was then
evaporated at 37 °C for 1 h to form a thin lipid film, which was
subsequently hydrated with 4 mL of deionized water for 30 min. The
hydrated lipid suspensions were extruded through a polycarbonate
membrane (pore diameter: 0.4 μm) for 9 passes to produce the final
liposomes.
Fluorescently labeled liposomes were prepared by incorporating

dyes such as coumarin-6 (C6), 1,1′-dioctadecyl-3,3,3′,3′-tetramethy-
lindocarbocyanine perchlorate (DiI), 3,3′-dioctadecyloxacarbocyanine
perchlorate (DiO), or 1,1’-dioctadecyl-3,3,3′,3′-tetramethylindodicar-
bocyanine, 4-chlorobenzenesulfonate salt (DiD) into the chloroform
solution alongside other materials to form the thin lipid film. The
feeding ratio of SPCm to dye was set at 50:1.
The dynamic light scattering (DLS) diameters, size distribution,

polydispersity index (PDI), and zeta potential of the liposomes were
measured by using a dynamic light scattering spectrometer (Malvern
Zeta-sizer NanoZS90, USA).
Cryo-TEM imaging was performed using a Titan Krios G4 electron

microscope to observe the morphological features of the liposomes.
An aliquot of liposome suspension was deposited onto a glow-
discharged carbon-coated copper grid (Cu, R2/1, 300 mesh,
Quantifoil Micro Tools) and blotted for 5 s using a Mark IV
Vitrobot (Thermo Fisher Scientific) at 100% humidity and 4 °C.
Then, the samples underwent rapid freezing by plunging into liquid
ethane, followed by cooling to 90 K in liquid nitrogen. Finally, the
specimens were transferred to the Titan Krios G4 electron
microscope operating at 300 kV. Images were acquired using a
Falcon 4i detector at a nominal magnification of 81,000×.
4.4. Characterization of Drug-Loaded Liposomes. For the

encapsulation of liraglutide (Lira) and semaglutide (Sema), drug-
loaded liposomes were prepared using the modified thin-film
hydration-extrusion method described above, with 4 mL of drug-
containing solutions replacing deionized water during the hydration
step. The feeding ratio of SPCm to Lira or Sema was maintained at
10:1.5.
To prepare budesonide-loaded liposomes (Bud@Lip), Bud was

dissolved in chloroform solution alongside other materials, as the
feeding ratio of SPCm to Bud was 10:0.75.
The DLS size, polydispersity index (PDI), and zeta potential of the

liposomes were measured. To determine the encapsulation efficiency
(EE), the liposome suspension was transferred into ultrafiltration
tubes to separate free drug from drug-loaded liposomes. After the
samples were rinsed with deionized water twice, the amounts of drug
in the liposomes and the total drug were quantified using reverse-
phase high-performance liquid chromatography (RP-HPLC, Agilent
1260 Infinity II, USA). EE was calculated using the following formula:

EE%
drug encapsulated in liposomes

total drug
100= ×

For drug-loading efficiency (DL) determination, a known volume
of drug-loaded liposomes was freeze-dried after complete removal of
the free drug, and the dry mass was weighed. DL was calculated as

DL%
weight of drug in liposomes

weight of drug and liposomes
100= ×

To evaluate drug release behaviors, Lira@Lip and Sema@Lip were
placed in dialysis tubes (MWCO: 100 kDa) and immersed in
phosphate-buffered saline (PBS, pH 1.2) under stirring for 48 h.
Considering the intrinsic insolubility of Bud, the release medium of
Bud@Lip was replaced with PBS (pH 7.4) containing 0.2% Tween-

20. At specific time points, 50 μL samples were collected and analyzed
using RP-HPLC.
4.5. Measurement of Phage Transition Temperature (Tm). A

ten μL portion of liposome suspensions with different hydrophilicity
was placed on aluminum pans. The pans were then hermetically
sealed, followed by heating at a rate of 5 °C·min−1. The scans were
recorded under temperatures from −40 to 60 °C via differential
scanning calorimetry (DSC, METTLER TOLEDO).
4.6. Atomic Force Microscopy (AFM). Prior to measurements,

an aliquot of liposome suspensions was dropped onto mica,
underwent initial air-drying at room temperature, and then sample
hydration in an 85% humid environment. Then, Young’s modulus and
corresponding morphological images of liposomes were characterized
using an atomic force microscope (Cypher S, Oxford Instruments,
UK) in AC mode with a PTESPA-150 probe (spring constant: 5 N/
m) with a scan rate of 2 Hz, and were further processed with Oxford
AR software.
4.7. Characterization and Calculation of the Grafting Ratio

of DSPE-PEG2000 on Liposomes. To confirm the modified DSPE-
PEG content in various liposomes, DSPE-PEG2000 was replaced with
equivalent amounts of fluorescein isothiocyanate (FITC)-labeled
DSPE-PEG2000 (FITC-DSPE-PEG2000) to prepare the FITC-labeled
liposomes. The unincorporated FITC-DSPE-PEG2000 in the solution
was removed by ultrafiltration using Amicon tubes (MWCO: 100
kDa, Millipore). The collected liposomes were then resuspended at
the same concentration. The fluorescence emission spectra of all
liposomes were measured at an excitation wavelength of 460 nm by
using a Varioskan Flash Multimode Reader (Thermo Fisher Scientific,
San Jose, CA, USA). Simultaneously, fluorescently labeled liposome
suspensions at equivalent concentrations were photographed under
normal light conditions.
In addition, we quantified the DSPE-PEG2000 content in the

liposomes. A standard curve was first established by plotting the
fluorescence intensity against the concentration of FITC-labeled
DSPE-PEG2000 within a defined range. Subsequently, the resuspended
FITC-labeled liposomes at the same concentration were analyzed
using the microplate reader. The grafting efficiency of DSPE-PEG2000
was calculated based on the regression curve derived from the
standard curve.
4.8. Contact Angle Assay. To evaluate hydrophobicity, liposome

suspensions were freeze-dried and compressed into tablets, which
were then adhered to glass slides. The contact angles of these samples
were measured by using a contact angle measuring instrument
(OCA50, DataPhysics, Germany). Quantitative analysis was per-
formed using ImageJ software.
4.9. Coomassie Brilliant Blue (CBB) Adsorption Assay. The

concentrated liposome suspension was resuspended and mixed with
an equal volume of Coomassie Brilliant Blue (CBB) solution (0.1
mM), with final lipid concentrations of 0.625, 1.25, and 2.5 mg·mL−1.
After vortex mixing, the mixing solution were incubated at 37 °C for
15 min with constant agitation (200 rpm). UV−vis absorption spectra
were recorded between 550 and 650 nm using a Varioskan Flash
Multimode Reader (Thermo Fisher Scientific, San Jose, CA, USA),
and CBB solution without liposome served as the control. The
wavelength shift at the absorption maximum (Δλ) was calculated to
evaluate dye-liposome interactions.
4.10. Stability Evaluation of Liposomes. The stability of

liposomes following aerosolization and during pulmonary delivery was
evaluated by using dynamic light scattering (DLS) and Förster
resonance energy transfer (FRET) assays.
Freshly prepared liposomes were aerosolized using a microsprayer

aerosolizer (BJ-PW-M, BioJane, China), and the DLS diameters of the
collected liposomes were measured and compared to those of the
initial formulations. Bronchoalveolar lavage fluid (BALF) was
obtained as previously described, and its protein concentration was
determined as 0.6 mg·mL−1 via a bicinchoninic acid (BCA) assay.
Liposomes were then incubated with BALF at a volume ratio of 1:2
under continuous agitation (100 rpm) at 37 °C for 12 h, with DLS
measurements performed at predetermined time points.
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FITC-labeled liposomes with varying surface hydrophilicity
(FITC@LH Lip, FITC@MH Lip, and FITC@HH Lip) were
prepared by substituting DSPE-PEG2000 with fluorescein isothiocya-
nate-labeled DSPE-PEG2000 (FITC-DSPE-PEG2000). DiI-loaded lip-
osomes (DiI@LH Lip, DiI@MH Lip, DiI@HH Lip) and dual-labeled
liposomes (named as Pre-FITC + DiI@LH Lip, Pre-FITC + DiI@
MH Lip, Pre-FITC + DiI@HH Lip) were prepared as described
above. A portion of the dual-labeled liposome suspension was
aerosolized and collected (named as Post-FITC + DiI@Lips), while
another portion was placed in a dialysis bag and immersed in BALF at
37 °C for 24 h before collection (named 24 h-FITC + DiI@Lips).
Fluorescence intensity of single- and dual-labeled liposomes, both pre-
and postaerosolization, as well as 24 h-incubation in BALF, was
analyzed using a microplate reader at an excitation wavelength of 460
nm, and the emission spectra were recorded from 490 to 620 nm.
4.11. Pharmacokinetic Study of Liposomes with Different

Hydrophobicities via Inhalation. C6-labeled liposomes were
administered intratracheally to male Balb/c mice (6−8 weeks)
using a microsprayer aerosolizer. The dosage was set at 1 mg·kg−1.
Blood samples (20 μL) were collected from the orbital vein at
predetermined intervals, and the fluorescence intensity of C6 was
measured by using a microplate reader. Blood concentrations were
calculated using a standard curve of fluorescence intensity versus
known C6 concentrations in blood.
4.12. Lung Retention and Biodistribution after Inhalation.

DiD-labeled liposomes were prepared as previously described (SPCm
to DiD ratio of 50:1). After inhalation, whole-body fluorescence
imaging was performed at various time points over 48 h using an IVIS
Lumina III live imaging system (PerkinElmer, USA). Lung
fluorescence was further semiquantitatively analyzed using region of
interest (ROI) tools.
To examine pulmonary and extrapulmonary distribution in more

detail, the lungs, heart, liver, spleen, and kidneys were harvested at 0
and 48 h postinhalation and subjected to fluorescence imaging. ROI
fluorescence intensities were quantified by using Living Image
software.
To further investigate the pulmonary distribution of liposomes,

mice were aerosolized with DiI@Lips as aforementioned, followed by
euthanasia and lung tissue collection at 0, 24, and 48 h postinhalation.
Bronchoalveolar lavage fluid (BALF) was obtained by flushing the
lungs three times with 1 mL of precold saline. Then, the fluorescence
intensity of DiI in BALF was measured to quantify the retention of
liposomes within the airway. For histological analysis, lungs from the
24 and 48 h groups were embedded, cryo-sectioned, and stained with
FITC-WGA for mucus and DAPI for nuclei. Airway and alveolar
regions were imaged using a Zeiss LSM 800 CLSM instrument (Zeiss,
USA) to visualize liposome distribution.
4.13. Bioactivity Evaluation via Circular Dichroism Spec-

troscopy (CD). The bioactivity of aerosolized peptide drugs was
assessed by using circular dichroism (CD) spectroscopy (Applied
Photophysics, Chirascan-Plus, UK). Free Lira or Sema solutions (0.2
mg·mL−1 in deionized water) were aerosolized via a microsprayer and
collected for analysis. CD spectra were recorded from 180 to 200 nm
for both aerosolized and nonaerosolized samples.
4.14. Pharmacokinetic Study and Pulmonary Distribution

of Cy5-Lira@Lips via Inhalation. Lira was labeled with Cy5 as
previously described. Briefly, Cy5-NHS was dissolved in DMSO, and
Lira was dissolved in PBS. The two solutions were mixed at a 1:1
molar ratio, followed by the addition of 15 μL of triethylamine, and
incubated at room temperature for 8 h under light protection. The
reaction mixture was then transferred to a dialysis membrane
(MWCO: 1000 Da) to remove unreacted Cy5, and the final product
was lyophilized. To generate a fluorescence intensity−concentration
calibration curve, Cy5-Lira solutions were prepared at varying
concentrations. Cy5-Lira@Lips was formulated using the thin-film
hydration and extrusion method, and its particle size and
polydispersity index (PDI) were characterized.
Balb/c mice were randomly assigned to four groups and inhaled

with Free Cy5-Lira, Cy5-Lira@LH Lip, Cy5-Lira@MH Lip, or Cy5-
Lira@HH Lip (Cy5-Lira: 5 mg·kg−1). Blood samples were collected at

predetermined time points (0, 0.5, 1, 2, 4, 6, 8, 12, and 24 h), and the
Cy5-Lira fluorescence intensity in blood was measured using a
microplate reader. Blood concentrations were calculated based on a
fluorescence intensity−concentration standard curve. Pharmacoki-
netic parameters were analyzed by using DAS 2.0 software. To
evaluate pulmonary distribution, lungs were harvested at 48 and 72 h
postinhalation and subjected to fluorescence imaging. Region of
interest (ROI) fluorescence intensities were quantified by using Living
Image software.
4.15. Oral Glucose Tolerance Test (OGTT) in T2DM Mice.

Diabetic KKAy mice (6−8 weeks) were fed a high-fat diet (16.5%
protein, 37.9% carbohydrate, 45.6% fat, Beijing HFK Bioscience,
China) for 2 weeks, resulting in fasting blood glucose (FBG) levels
>16.6 mmol·L−1. Before the experiment, mice were fasted overnight
but had free access to water. FBG was measured prior to treatment.
Mice were administered inhalations of saline, free Lira solution, or
Lira-loaded liposomes (Lira@LH Lip, Lira@MH Lip, and Lira@HH
Lip) at an equivalent dose of 1 mg·kg−1 at 3 h before glucose
administration (−3 h). A glucose solution (2 g·kg−1) was orally
administered after 0 h. Blood glucose levels were measured at 0, 15,
30, 60, 90, and 120 min via tail vein samples using a glucose meter
(Yicheng Bioelectronics, Beijing, China). A second glucose challenge
was conducted under the same conditions, with blood glucose
monitored for an additional 2 h. Mice receiving subcutaneous
injections of free Lira (0.2 mg·kg−1) served as a positive control.
Incremental blood glucose level (ΔBGL) values were calculated by
subtracting the initial FBG, and the incremental area under the curve
(iAUC) was determined. Relative pharmacological bioavailability
(RPA) was calculated using

RPA%
iAUC(inh) dose(sc)
iAUC(sc) dose(inh)

100= ×
×

×

For Sema@Lip, the administered Sema dose was halved and
procedures were conducted in parallel with those for Lira@Lip.
4.16. Establishment of an Acute Allergic Asthma Model. To

establish an acute allergic asthma model, male BALB/c mice (6−8
weeks) were sensitized twice and challenged three times with
ovalbumin (OVA). On days 0 and 7, mice were intraperitoneally
injected with a suspension containing 50 μg OVA and 2 mg Al(OH)3.
Prior to injection, the OVA and Al(OH)3 were dispersed in sterile
saline and stirred for 4 h at 4 °C to ensure complete adsorption of the
OVA onto Al(OH)3. Subsequently, mice were challenged with an
OVA solution (2 mg·kg−1) via inhalation on days 14−16.
4.17. Lung Retention in Acute Allergic Asthmatic Mice. To

evaluate the pulmonary retention of liposomes with varying
hydrophilicity, asthmatic mice were intratracheally aerosolized with
DiD@Lip and free DiD as described previously. Fluorescence signals
were monitored using an IVIS system at multiple time points. Lung
tissues were harvested at 48 and 72 h postinhalation for fluorescence
imaging, and ROIs were quantified using IVIS software.
4.18. Pharmacokinetic Study and Pulmonary Distribution

of Bud@Lips in Acute Allergic Asthmatic Mice. The acute
allergic asthma model mice were administered aerosolized formula-
tions of Free Bud, Bud@LH Lip, Bud@MH Lip, and Bud@HH Lip
(budesonide: 2 mg·kg−1). Blood samples were collected at
predetermined time points (0, 0.25, 0.5, 1, 2, 4, 6, 8, 12, 24, 48,
and 72 h), centrifuged at 3500 rpm for 5 min at 4 °C to isolate
plasma, and stored at−80 °C until analysis. Plasma budesonide levels
were quantified by using high-performance liquid chromatography
(HPLC) as previously described. Briefly, 200 μL of plasma was mixed
with 40 μL of phosphate buffer (pH 3.2) and vortexed for 1 min,
followed by the addition of 1 mL ethyl acetate and vortexing for an
additional 3 min. The mixture was centrifuged at 10,000 rpm for 5
min at 4 °C, and the upper organic phase was collected, evaporated
under a nitrogen stream at 40 °C for 20 min, and redissolved in 50 μL
methanol. The sample was vortexed for 3 min and centrifuged at
10,000 rpm for 5 min at 4 °C, and the supernatant was analyzed by
HPLC.
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For pulmonary budesonide quantification, freshly excised lung
tissue was accurately weighed and transferred to a 2 mL grinding tube.
The tissue was homogenized in 500 μL of PBS, and the resulting
homogenate was centrifuged at 3500 rpm for 5 min at 4 °C. A 500 μL
aliquot of the supernatant was collected and processed following the
same extraction protocol as for plasma samples.
4.19. In Vivo Anti-Asthmatic Efficacy of Bud@Lip. To evaluate

the therapeutic efficacy of Bud@Lip, sensitized male BALB/c mice
were randomly divided into five groups for intratracheal admin-
istration with saline, free Bud, Bud@LH Lip, Bud@MH Lip, and
Bud@HH Lip via inhalation on day 14. Subsequently, mice were
challenged with OVA solution at 2 h, followed by additional
challenges on days 15 and 16. Normal control mice received sterile
saline throughout the experiment. On day 17, all mice were
euthanized, and lung tissues were harvested for further analysis.
Lung tissues were lavaged three times with 0.5 mL of cold saline to
collect BALF, and the supernatant was obtained after centrifugation
(1500 rpm, 10 min, 4 °C). Cytokine levels (IL-4, IL-5, and IL-13) in
BALF were quantified using enzyme-linked immunosorbent assay
(ELISA) kits according to the manufacturer’s protocols. Lung sections
were stained with hematoxylin and eosin (H&E) and periodic acid-
Schiff (PAS) stain to evaluate mucus secretion and histopathological
changes.
4.20. Mucus Penetration Assessment. To evaluate the trans-

mucus penetration ability of liposomes, artificial lung mucus was
prepared as described in previous studies. Briefly, 500 mg of DNA,
250 μL of aseptic yolk milk, 250 mg of mucin, 0.295 mg of DTPA,
250 mg of NaCl, 110 mg of KCl, and 1 mL of RPMI were added to 50
mL of water under stirring to form a homogeneous mixture.
Then, artificial mucus was coated onto the apical side of the

transwell membranes, and basolateral chambers were filled with 800
μL of PBS for equilibration. After 30 min, the apical medium was
added with 200 μL of DiI-labeled liposomes. At 0, 0.25, 0.5, 1, 1.5, 2,
and 2.5 h, 50 μL of samples were collected from the basolateral
chamber and replaced with fresh buffer. Fluorescence intensity was
measured as described previously, and the apparent permeability
coefficient (Papp) was calculated using the following equation:

P
t

Q A C
d

d
1

app
0

= ×
×

where dQ/dt is the flux rate of DiI from donor side to acceptor side,
C0 is the initial concentration of DiI in the donor compartment, and A
is the membrane area (cm2).
4.21. Cellular Uptake and Mechanism Study. For cellular

uptake studies, NCI-H441 cells were seeded on coverslips at a density
of 5 × 104 cells per well and cultured for 4 d. Before the experiment,
the medium was removed, and cells were washed twice with PBS. The
cells were then incubated with DiI@Lip for 3 h, fixed with 4%
paraformaldehyde, and stained with DAPI. Fluorescence imaging was
performed using a confocal laser-scanning microscope (CLSM).
To assess the cell-binding ability, NCI-H441 or Calu-3 cells were

seeded in 96-well plates and cultured for 4 d. After removing the
culture medium and washing with cold PBS, cells were treated with
precooled DiI-labeled liposomes at various concentrations for 1 h at 4
°C. After gently washing with cold PBS, 100 μL of DMSO was added
to dissolve membrane-bound DiI@Lip. Fluorescence intensity was
measured using a microplate reader, and cell numbers were
determined by using the Alamar Blue assay.
To investigate the internalization mechanism, NCI-H441 was

pretreated with specific endocytic inhibitors for 30 min before
incubating with DiI@Lip for 3 h. Cells without inhibitors served as
the control. Fluorescence intensity was measured as described above.
4.22. Intracellular Trafficking and Exocytosis in NCI-H441

Cells. To evaluate colocalization with intracellular organelles, NCI-
H441 cells on coverslips were incubated with C6-loaded liposomes
for 2 h. Lyso-Tracker, ER-Tracker, and Golgi-Tracker dyes were used
to label lysosomes, endoplasmic reticulum (ER), and the Golgi
apparatus, respectively, following the manufacturers’ protocols. DAPI
was used to stain the nuclei. Colocalization efficiency, represented by

Pearson’s correlation coefficient (PCC), was calculated using ImageJ
software.
To study the exocytosis rate, NCI-H441 cells were incubated with

DiI@Lips for 2 h. Afterward, the blank culture medium was added to
facilitate exocytosis. Cells without the exocytosis step served as the
control. Fluorescence intensity was measured, and exocytosis
efficiency was calculated as the ratio of fluorescence intensity in
exocytosed cells to that in control cells.
4.23. Transcellular Transport Study. NCI-H441 or Calu-3 cells

were seeded on transwell inserts at a density of cells per well and
cultured for 14−16 d. A transepithelial electrical resistance (TEER)
value of >300 Ω·cm2 for NCI-H441 cells or >600 Ω·cm2 for Calu-3
cells was confirmed using a Millicell-ERS system (Millipore, USA).
Before the study, cell monolayers were equilibrated with prewarmed
Hank’s balanced salt solution (HBSS) for 30 min.
The apical medium was replaced with 200 μL of DiI-labeled

liposomes. At predetermined intervals, 50 μL of basolateral medium
was collected and replaced with a fresh buffer. Fluorescence intensity
was measured as described previously, and the apparent permeability
coefficient (Papp) was calculated using the following formula:
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d

d
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×

where dQ/dt is the flux rate of DiI from donor side to acceptor side,
C0 is the initial concentration of DiI in the donor compartment, and A
is the membrane area (cm2).
4.24. Phagocytosis of Liposomes by Macrophages. To

investigate macrophage uptake of liposomes with varying hydro-
phobicity, RAW264.7 cells were seeded into 12-well plates and
incubated with DiI@Lip for 3 h. Phagocytosis was evaluated using a
Beckman CytoFLEX flow cytometer (Beckman Coulter, Shanghai,
China).
4.25. Biosafety Evaluation of Liposomes. For cell viability

studies, NCI-H441, Calu-3, and TC-1 cells were seeded into 96-well
plates and incubated with blank liposomes at varying concentrations
for 3 h, followed by incubation with a resazurin solution (10 μg·
mL−1) for 1 h. Fluorescence intensity was measured as described
previously.
For hemolysis analysis, red blood cells (RBCs) were extracted as

previously described and mixed with blank liposomes at various
concentrations in a volume ratio of 1:1. The mixtures were incubated
at 37 °C for 3 h. After centrifugation (1500 rpm, 10 min, 37 °C), the
absorbance of the supernatant was measured at 545 nm. RBCs treated
with saline and 0.1% Triton-X 100 served as negative and positive
controls, respectively. The hemolysis ratio was calculated using the
following equation:

A A

A A
hemolysis ratio% 100

liposomes saline

triton saline
= ×

For in vivo biosafety assessment, male ICR mice (6−8 week) were
randomly divided into four groups and exposed to saline, blank LH
Lip, MH Lip, or HH Lip at the highest dose used in the study
(SPCm: 10 mg·kg−1 in 50 μL suspension) via inhalation every 3 days
for 1 week. Body weight was recorded daily. At the end of the study,
serum and whole blood samples were collected for blood
biochemistry and complete blood count analysis. Major organs were
harvested for histological evaluation via hematoxylin-eosin (H&E)
staining. Inflammatory cytokine levels, including TNF-α, IL-6, and IL-
1β in BALF, were quantified using ELISA kits according to the
manufacturer’s instructions.
4.26. Statistical Analysis. All statistical analyses were performed

using SPSS 23.0 software, and data are presented as mean ± standard
deviation (SD). Statistical significance between multiple groups was
determined using one-way ANOVA followed by Tukey’s multiple
comparisons test. For comparisons between two groups, an unpaired
Student’s t test was used. Statistical significance was indicated as
follows: (*, #, &, $) P < 0.05, (**, ##, &&, $$) P < 0.01, (***, ###,
&&&, $$$) P < 0.001, (****, ####, &&&&, $$$$) P < 0.0001.
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