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ABSTRACT: Chronic obstructive pulmonary disease (COPD), a
respiratory disorder characterized by airway remodeling within a
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associated secretory phenotype (SASP) in senescent cells. A33 encapsulated liposomes decorated with mPEG
(incorporating 5% DSPE-mPEG in the formulations) exhibited satisfactory stability and enhanced respiratory mucus
penetration ability, successfully improving the effective pulmonary epithelial delivery of A33. Both in vitro and in vivo
experiments show that mPEG-decorated A33-encapsulated liposomes enhance pulmonary mucus penetration and enable
efficient intracellular delivery. In a cigarette smoke extract-induced mouse model, A33 treatment significantly inhibited
COPD progression and improved pulmonary senescence, validating its therapeutic efficacy. Collectively, these findings
introduce a promising local treatment strategy for COPD.

KEYWORDS: chronic obstructive pulmonary disease (COPD), phosphodiesterase 4B (PDE4B) inhibitor, anti-inflammatory,
senescence, senescence-associated secretory phenotype (SASP)

1 Introduction accompanied by persistent airway inflammation [1]. The clinical
therapeutic ~ strategies ~ combining  bronchodilators  with
corticosteroids can only alleviate symptoms of airflow obstruction
but are unable to delay pulmonary tissue damage and functional
decline [2]. Inflammation is the hallmark of COPD, caused mainly
by the inhalation of pollutants such as cigarette smoke or recurrent
respiratory infections [3]. The chronic inflammatory environment
can induce cellular senescence and impair the epithelial cells' repair
function, as well as immune cell-based senescent cell clearance
®dAddress correspondence to Xueming Li, xuemingli@njtech.edu.cn; [4, 5]. Moreover, the remaining senescent cells secreted a
Qiyue Wang, giyue.wang@njtech.edu.cn characteristic profile of inflammatory proteins known as the

Chronic obstructive pulmonary disease (COPD) has become a
global epidemic spreading in low- and middle-income countries,
with a characterization of poorly reversible airflow obstruction
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senescence-associated secretory phenotype (SASP), which could
accelerate COPD progression and cause nearby normal cells to
senesce via the paracrine secretion of inflammatory cytokines [6].
Therefore, effectively regulating the pulmonary inflammatory
environment and reducing the release of inflammatory cytokines
could be an attractive therapeutic strategy for COPD, which
urgently requires development.

Phosphodiesterases (PDEs) are considered the intracellular
enzymes that catalyze the hydrolysis of cyclic guanosine
monophosphate (cGMP) and cyclic adenosine monophosphate
(cAMP), functioning as second messengers and regulators of a wide
array of physiological processes. PDE4, which controls cAMP
degradation in epithelial cells, smooth muscle cells, and immune
cells, has been considered an attractive therapeutic target in the
treatment of COPD by regulating nuclear factor kappa-light-chain-
enhancer of activated B cells (NF-xB)-based inflammatory
responses [7]. Even though Roflumilast, a PDE4 inhibitor, has been
approved by the U. S. Food and Drug Administration (FDA) for
clinical application, the pan-PDE4 inhibitors exhibit serious
intolerable side effects, such as emesis, headache, and diarrhea, due
to their poor selectivity on the phosphodiesterase 4 (PDE4)
subfamily, especially for the unselective inhibition of PDE4D ([8].
Several investigations have confirmed that PDE4B, but not PDE4D,
is the key regulator in inflammatory generation, which has
promoted the development of PDE4B-selective inhibitors with
tolerable anti-inflammatory effects [9, 10]. In this study, we
evaluated a novel PDE4B-selective inhibitor, A33, for its anti-
inflammatory effects in the lungs of patients with COPD and its
potential to counteract pulmonary senescence. A33 (CAS No.
915082-52-9) is a potent and highly selective PDE4 inhibitor
(PDE4B ICs, of 15 nM; PDE4D ICy, of 1.7 uM) with moderate
solubility in dimethyl sulfoxide (DMSO) (25 mg/mL) and poor
aqueous solubility, showing a C,,, of 8.7 ug/mL and an area under
curve (AUC) of 52.3 pgh/mL in mice after oral administration
(2 mg/kg) [11]. However, the systematic delivery of PDE4B
inhibitors exhibits dose-dependent side effects, which severely limit
their clinical application prospects [12]. Therefore, considerable
effort is needed to achieve effective pulmonary accumulation of
PDE4B inhibitors.

The pulmonary local delivery system has been considered the
most effective drug delivery route for local disease treatment and is
regarded as a promising direction for pharmaceutical research [13].
However, the lungs of COPD patients with inflammation-induced
structural remodeling generate a thick and sticky mucus layer,
which acts as a physical barrier, preventing the effective delivery of
drugs to targeted epithelial cells [14-16]. The glycoproteins secreted
by goblet cells crosslink to form a gel network structure, capturing
inhaled foreign matter and toxins [17]. The investigation suggested
that only the drug delivery system that meets the requirements in
particle size, surface charge, and surface hydrophilicity could
rapidly cross this mucus barrier and achieve effective drug delivery.
Several delivery systems have been designed to avoid mucus traps
[18-21]. Using PEG decoration in a drug delivery system can form
a hydration layer on the particle surface, which reduces bonding to
glycoproteins and achieves rapid mucus penetration [22-24].

Herein, we developed a mucus-penetrating liposome drug
delivery system for the pulmonary delivery of a PDE4B inhibitor,
targeting the progression of chronic inflammation and tissue
senescence in COPD lungs. The anti-inflammatory efficiency of
A33 was evaluated in both epithelial cells and alveolar macrophages
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by measuring the expression of pro-inflammatory proteins. The
potential of A33 in regulating epithelial cell senescence was
evaluated by analyzing the secretion of SASP. To achieve effective
pulmonary delivery of A33, we prepared A33-loaded mucus-
penetration liposomes and optimized the amount of mPEG-DSPE
incorporated into the liposome formulation. The mucus
penetration ability of liposomes was confirmed both in vitro and in
vivo. The intracellular effectively reduces the expression of
inflammatory proteins and the secretion of SASP in senescent cells
in the cigarette smoke-induced COPD mouse model. This work
highlights the design of an effective respiratory mucus-penetrated
liposome to improve COPD through PDE4B-mediated anti-
inflammatory effects.

2 Experimental

2.1 Materials and cell lines

Soy lecithin was purchased from Xian Jinxiang Pharmaceutic
Adjuvant Ltd. (Xi'an, China). Cholesterol and mucin from the
porcine stomach (Type II) were purchased from Sigma-Aldrich
(Shanghai, China). DSPE-mPEG,, (1,2-distearoyl-sn-glycero-3-
phosphoethanolamine-N-[methoxy(polyethylene  glycol)-2000])
was obtained from Xian Ruixi Biological Technology Co., Led.
(Xi'an, China). A33 was purchased from Tocris Bioscience
(Shanghai, China). 3-(4,5-dimethylthiazol-2-yl)-2,5-
diphenyltetrazolium  bromide =~ (MTT),  46-diamidino-2-
phenylindole (DAPI) staining solution, lipopolysaccharide (LPS),
and 1,1'-dioctadecyl-3,3,3',3'-tetramethylindotricarbocyanine iodide
(DIR) dye were obtained from Jiangsu KeyGEN BioTECH Co., Ltd.
(Nanjing, China). The cAMP ELISA kit was purchased from
COIBO BIO Biotechnology Co., Ltd. (Shanghai, China). The
RNAeasy™ RNA isolation kit, BeyoRT™ II ¢cDNA synthesis Kkit,
BeyoFast™ SYBR Green qPCR Mix, SA-f-gal staining kit, reactive
oxygen species (ROS) assay kit, and DNA damage assay kit were
purchased from Beyotime Biotechnology (Shanghai, China). Real-
time quantitative polymerase chain reaction (QPCR) primers were
obtained from Shanghai Biochip Co., Ltd. (Shanghai, China). All
the primary antibodies were purchased from Affinity Biosciences
(Cincinnati, USA). All other chemical reagents were purchased
from Sinopharm Chemical Reagent Co., Ltd. (Shanghai, China).
BEAS-2B cells and iBMDM cells were purchased from Jiangsu
KeyGEN BioTECH Co., Ltd. (Nanjing, China). BEAS-2B cells were
cultured in DMEM/F12 medium containing 10% fetal bovine
serum (FBS) and 1% Penicillin/Streptomycin. The iBMDM cells
were cultured in DMEM medium supplemented with 10% FBS and
1% Penicillin/Streptomycin. All cells were cultured in a humidified
incubator at 37 °C, supplemented with 5% CO,, for further use.

2.2 Formulation preparation and characterization

Soy lecithin and cholesterol were mixed at different weight ratios
(3:1, 6:1, or 9:1) in methanol, and A33 was then mixed with lipid
materials at various weight ratios (1:4, 1:8, or 1:10). The organic
solvent in the mixture was evaporated using a rotary evaporator to
form a thin film, followed by a vacuum to remove the solvent
residue. For film hydration, suitable PBS was added to the dry lipid
film, followed by vortexing to suspend the lipid materials in the
solution at the total lipid concentration of 2 mg/mL. The
suspension was sonicated in a water bath for 5 to 15 min at various
temperatures (35, 40, or 45 °C), followed by extrusion 3 to 10 times,
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and then passing through polycarbonate membranes with a pore
size of 200 nm to obtain the A33-loaded normal liposome
(A33@Lips). The mPEG-modified A33 liposome (A33@mPEG-
Lips) was prepared using a similar process. Different amounts of
DSPE-mPEG2k (1%, 5%, and 10%) were mixed with lipid materials
to prepare the dry film, followed by a hydration process under the
same conditions.

The A33 content in A33@Lips and A33@mPEG-Lips was
analyzed using the high-performance liquid chromatography with
ultraviolet detection (HPLC-UV) assay with the following
conditions: the mobile phase of water:acetonitrile = 20:80, detection
wavelength of 220 nm, column temperature of 35 °C, and flow rate
of 1.0 mL/min. The A33 encapsulation efficiency was calculated by
equations (Egs. (1) and (2)):

Mpzs — Myass

Drug loading (%) = x100% (1)

Miazs — Myazs T Mg

Mipz3 — Myass

Encapsulation efficiency (%) = x100%  (2)

Mys3
where m,3; is the weight of A33 added in the formulation, 71,3 is
the weight of the unloaded A33, and ;4 is the total weight of
Lipid materials in the formulation preparation.

The suitable amounts of fresh-prepared A33@Lips and
A33@mPEG-Lips were diluted in an aqueous solution to similar
concentrations. The hydrodynamic diameter and zeta potential of
the formulations were measured using a Zeta Potential and Particle
Size Analyzer (90Plus Zeta, Brookhaven Instruments Corporation,
USA). Their morphology is analyzed by transmission electron
microscopy (TEM, HT7700, Hitachi, Japan). The stability of the
A33@Lips and A33@mPEG-Lips was evaluated by measuring their
particle size, polydispersity index (PDI), and zeta potential
difference. The suitable amounts of formulations were stored at
4 °C for 48 h, and their particle size and zeta potential were
measured at different time intervals.

The surface mucin adsorption ability of formulations was
determined. Porcine stomach mucin (Type II) and sodium alginate
were dissolved in water overnight to prepare a stock solution. To
prepare artificial airway mucus, the mucin solution, sodium salt
solution of d-(+)-gluconic acid d-lactone (GDL) solution, and
sodium alginate solution were mixed and diluted to a final
concentration (mucin of 43.75 mg/mL, GDL of 49.84 mg/mL,
sodium alginate of 21 mg/mL). Formulations with suitable
concentrations were incubated with the artificial mucin solution for
6 h at 37 °C (volume ratio of 1:1). The liposomes were then
collected via ultra-high-speed centrifugation, and the adsorbed
mucin protein was analyzed using the sodium dodecyl sulfate
polyacrylamide gel electrophoresis (SDS-PAGE) assay and
quantified using the bicinchoninic acid (BCA) kit.

To evaluate the in vitro release of A33, fresh-prepared A33@Lips
and A33@mPEG-Lips were transferred into dialysis bags with a
3500 Da cut-off molecular weight, followed by incubation in PBS
buffer at pH 7.4 and 54, respectively. At regular time intervals,
1 mL of release medium was collected, and an equal volume of
fresh medium was replenished. The concentration of A33 in the
culture medium was analyzed by the HPLC assay described above,
and the cumulative release of A33 was calculated.

The dispersion performance of A33@mPEG-Lips was evaluated
using the next generation impactor (NGI, Copley Scientific Ltd.,
Nottingham, UK), as described previously [25]. Briefly, the NGI
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was assembled with an induction port and an artificial throat,
followed by adjustment of the airflow rate using a vacuum pump
(HCP5, Copley Scientific Ltd., Nottingham, UK) and an airflow
meter (TPK 2000, Copley Scientific Ltd., Nottingham, UK).
A33@Lips and A33@mPEG-Lips solutions were loaded into the
vibrating mesh nebulizer, which was connected to a mouthpiece
adapter. The formulation was subsequently aerosolized for 3 min,
and the aerosols were inhaled into the NGI at an airflow rate of
30 L/min with a conductance time of 3 s at room temperature. The
deposition of formulations in each stage was dispersed in PBS, and
the A33 concentration was analyzed using the HPLC assay under
the above conditions, followed by the calculation of the mass
median aerodynamic diameter (MMAD) and geometric standard
deviation (GSD).

23 MITT assay, real-time PCR assay, and Western blot
assay

For the MTT assay, the MTT solution was added to the wells at a
final concentration of 0.5 mg/mL, followed by incubation at 37 °C
in the dark for 3 h. The incubation medium in each well was
removed and washed three times with cold PBS, followed by the
addition of 100 uL of DMSO. The plates were placed on the
microplate reader, and the absorbance was measured at 570 nm.

For real-time PCR analysis, treated cell samples were washed and
lysed, followed by extraction of total RNA using the RNAeasy™
RNA isolation kit. The concentration and purity of extracted total
RNA were measured using the microplate reader at 260 and
280 nm. The BeyoRT™ II cDNA synthesis kit was used to convert
total RNA to cDNA, following the manufacturer's instructions. The
SYBR Green qPCR Mix was used to run RT-PCR on a LightCycler
480 Instrument (Roche, USA) using target primers (Table S1 in the
Electronic Supplementary Material (ESM)).

For the Western blot assay, total protein was isolated from the
cell sample lysates by incubating cells with radio immunopreci-
pitation assay (RIPA) lysis buffer, followed by centrifugation at
10,000g for 10 min. Protein concentration was determined using
the BCA kit. Equal amounts of protein samples were loaded and
separated in the PROTEAN polyacrylamide gel, followed by
transferring to polyvinylidene fluoride (PVDF) membranes.
Membranes were then blocked with a blocking buffer for 2 h,
followed by incubation with primary antibodies overnight. The
membranes were then washed with the staining buffer and
incubated with fluorescent-coupled secondary antibodies. The
images of the target bands were recorded using a FUJIFILM LAS-
4000 luminescent image analyzer (FUJIFILM Medical Systems Inc.,
USA).

24 Cytotoxicity evaluation

BEAS-2B cells and iBMDM cells were seeded in 96-well plates at a
concentration of 1 x 10* cells per well, respectively, for overnight
attachment in an incubator under 5% CO, at 37 °C in a 95%
humidified atmosphere. To evaluate the cytotoxicity of A33,
A33@Lips, and A33@mPEG-Lips, a series of solutions with various
A33 concentrations were co-incubated with cells for 48 h, and cell
viability was measured using the MTT assay. The cytotoxicity of
cigarette smoke extracts (CSE) on epithelial cells was also
determined. The CSE was prepared in accordance with the previous
description [26]. BEAS-2B cells were co-incubated with CSE at
different concentrations for 48 h, and cell viability was evaluated
using the MTT assay described above.
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To evaluate the effects of A33 on CSE-induced inflammation, we
measured the viability of BEAS-2B cells when co-incubated with
both A33 and CSE in different culturing orders. To evaluate the
potential of A33 in treating CSE-induced inflammation, cells were
first incubated with CSE (2.5%) for 24 h and then replaced with
various concentrations of A33, followed by continued culturing for
48 h. To evaluate the potential of A33 to prevent CSE-induced
inflammation, cells were first incubated with various concentrations
of A33 for 24 h, and then CSE (2.5%) was added, followed by
continued culturing for an additional 24 h. The cell viability was
analyzed using the MTT assay described above.

2.5 Anti-inflammatory evaluation

To evaluate the anti-inflammation ability of A33, A33@Lips, and
A33@mPEG-Lips, BEAS-2B cells and iBMDM cells were first
incubated with CSE (2.5%) for 24 h. Then, the culture medium was
replaced with a fresh culture medium containing 50 nM of A33,
and their formulations and cells were cultured for 48 h. The
expression of pro-inflammatory proteins, including NF-«B, IL-6, IL-
1B, and tumor necrosis factor-« (TNF-«), was evaluated by
measuring mRNA levels using the gPCR assay. The expression of
key regulator proteins was analyzed using the Western blot assay.
The cAMP level in treated cells was also measured using the
enzyme-linked immunosorbent assay (ELISA) kits following the
manufacturer's instructions. The levels of secreted pro-
inflammatory cytokines in the culture medium were further
determined using ELISA Kkits.

2.6 Anti-senescence evaluation

2.6.1 Senescence cell model

The senescence epithelial cell model was stimulated using the
hydrogen peroxide assay. Briefly, BEAS-2B or iBMDM cells were
seeded into 6-well plates (2 x 10° cells/well) and cultured for 24 h
until the cell density reached 80%. Cells were stimulated with
doxorubicin (100 nM) for 24 h, followed by twice PBS washes.
Then, cells were kept in culture with fresh medium for 4 days.

2.6.2 Senescence biomarker regulated by A33

To evaluate the anti-senescence ability, senescent cells were
incubated with A33 and its formulations (50 nM) for 48 h. The
expression of senescence-associated S-galactosidase (SA-f3-gal) was
evaluated using the SA--gal staining kit. In brief, cells were fixed at
room temperature for 15 min, followed by the addition of the
staining mixture and incubation overnight at 37 °C. After that, the
cells were washed with PBS, and the SA-B-gal-positive cells were
observed using a microscope. The mRNA levels of SASP markers
(TGF-f1, TNF-, matrix metalloproteinases-12 (MMP-12), IL-1p,
and IL-6) and senescent-related regulator (SIRT1) were determined
using the qPCR assay. The expression of p16™*, p21, SIRT1, and
FoxO3 proteins was detected and visualized using a western blot
assay. The SASP release was evaluated by the ELISA assay.

2.6.3 DNA damage assay

Senescent BEAS-2B cells were incubated with A33 (50 nM) for
48 h. Then, the cells were washed, fixed, and stained with y-H2AX
primary antibody, followed by incubation with secondary IR dye-
conjugated antibodies (1:10,000, LI-COR). After the DAPI was
stained, the fluorescence signals of y-H2AX were observed using a
confocal laser scanning microscope, and the fluorescence intensity
was calculated using Image]J software.
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2.6.4 ROS generation assay

Senescent BEAS-2B cells were co-incubated with fresh FBS-free
culture medium containing A33 (50 nM) for 48 h at 37 °C. For the
ROS generation assay, 1 mL of 2'7-dichlorodihydrofluorescein
diacetate (DCFH-DA) solution (10 uM) was added to cells and co-
incubated at 37 °C for 30 min in the dark. After washing the cells
with PBS 3 times, the ROS levels in BEAS-2B cells from different
groups were observed using a fluorescence microscope. The
fluorescence intensity was calculated using the Image] software.

2.7 Mucus penetration assay

The multiple particle tracking assay was also applied to evaluate the
trajectory of particles in the mucus sample. A33@PLGA-NPs was
prepared using the double emulation assay described before [27].
The A33@PLGA-NPs, A33@Lips, and A33@mPEG-Lips were
mixed with artificial mucus. After equilibration for 30 min at room
temperature, 20-s videos of particle movement and their trajectories
were captured using the NanoSight (NS300, Malvern Panalytical,
UK). The particle movement was converted into metric
displacement in both the X and Y directions, and the mean square
displacement (MSD) was calculated by equation (Eq. (3)):

MSD = (X,.) + (Y,)’ (3)

The interaction of liposomes and mucin was analyzed using a
rotational rheometer (HDR-2, TA, USA). The viscosity of artificial
mucus after being mixed with A33@Lips and A33@mPEG-Lips
was measured at the shear rate 1-10° s™ to cover mucus shear static
during static breathing (0.5 s™) and dynamic coughing (10°-10*s™).
The storage modulus (G') and loss modulus (G") of various samples
were determined by oscillatory frequency sweep measurements at a
0.5% strain amplitude with a frequency range of 0.05-1.6 Hz,
encompassing the normal breathing rate (0.5 Hz) [23].

The Transwell assay was used to evaluate the effect of mPEG
modification on improving mucus permeation. The Transwell
insert with a pore size of 0.4 um was placed on a 6-well plate and
covered with 300 pL of artificial mucus, as described [28]. The DIR-
encapsulated liposomes (DIR@Lips and DIR@mPEG-Lips) were
added into the upper chambers, and the bottom chamber was filled
with 1 mL of PBS. The plates were incubated in a shaker (100 rpm)
at 37 °C in the dark. At different time intervals, 100 pL of sample
from the bottom chamber was collected, and the same amount of
fresh buffer was supplemented. The fluorescence in the samples was
quantified using a fluorescence detector (F-2710, Hitachi, Japan).

2.8 Cellular uptake assay

BEAS-2B cells and iBMDM cells were seeded into 6-well plates
at a density of 2 x 10°/well, respectively, and allowed to attach
overnight. Then, the culture medium was replaced with an FBS-free
medium containing free DIR, DIR@mPEG-Lips, and mucin pre-
incubated DIR@mPEG-Lips, respectively, with an equivalent DIR
concentration of 10 ug/mL. Cells in all groups were incubated at
37 °C for 4 h in the dark. The cellular uptake was analyzed by flow
cytometry using a BD LSRII flow cytometer (BD Biosciences, CA,
USA). For microscopy observation, cells were washed, fixed, and
stained with DAPL The cellular uptake of different groups was
observed under an IX73 fluorescence inverted microscope
(Olympus, Tokyo, Japan) 4 h after incubation. The fluorescence
intensity was calculated using Image] software.
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2.9 Macrophage polarization

iBMDM cells were seeded into 6-well plates at a density of
2 x 10°/well and allowed to attach overnight. Cells were incubated
with CSE (2.5%) for 24 h and then treated with A33@Lips and
A33@mPEG-Lips for an additional 48 h. The iBMDM polarization
was then evaluated by staining with fluorescein isothiocyanate
(FITC)-anti-CD11b,  allophycocyanin  (APC)-anti-INOS, and
phycoerythrin  (PE)-anti-CD206 and analyzed using flow
cytometry.

2.10 COPD mouse model

BALB/c mice at 8-10 weeks of age were purchased from Jiangsu
Qinglongshang Biotechnology Co., Ltd. All animal experiments
were approved by the Animal Care and Use Committee of Nanjing
Tech University (No. 20230304-04). To establish the COPD mouse
model, the BALB/c mice were exposed to the smoke generated
from 1R6F Research Cigarettes (University of Kentucky, USA) as
described previously [29]. Briefly, mice were exposed to cigarette
smoke (500 mg/m’ total particulate matter) in a whole-body
exposure system (Beijing Huironghe Technology Co., Ltd., China)
for 60 min, twice a day, 5 days a week, for a total of 12 weeks. The
mice were also administered LPS (0.1 mg/kg) every 6 weeks by the
intratracheal route for a total of two times. Cigarette smoke-
induced pulmonary structural remodeling and immune cell
infiltration in mouse lungs were observed by H&E (hematoxylin
and eosin) staining and immunofluorescence assays to stain
CD11b, iNOS, and CD206.

2.11 Biodistribution

To investigate the biodistribution of the formulation, the COPD
model mice were randomly divided into 3 groups and administered
free DIR, DIR-labeled Lips, and DIR-labeled mPEG-Lips
(equivalent DIR dose of 1 mg/kg) via intratracheal insufflation [30].
The fluorescence images of the mice were obtained at 1, 2, 4, 6, and
24 h after administration using in vivo imaging system (IVIS)
imaging. After the last time interval, mice were euthanized, and
their major organs were collected and imaged. The A33 retention in
the lungs was also investigated by measuring A33 concentration in
lung tissue homogenate using the same HPLC conditions.

212 Anti-inflammatory effects of A33 in vivo

COPD model mice were randomly divided into 4 groups (n = 5)
and treated with PBS, A33 alone, A33@Lips, and A33@mPEG-Lips
at a dose equivalent to 2.5 mg/kg A33 by intratracheal insufflation
every three days for 5 times. After the treatment course, mice were
euthanized, followed by a dissection of the lung and other major
organs. The half lungs were fixed, embedded, and further stained
with H&E to confirm the pulmonary structure. The lung dry/wet
ratio was also determined by measuring the weight of the original
and dried lung tissue. The expression of inflammatory proteins,
SASP markers, and the anti-inflammatory regulator SIRT1 was
determined in lung tissue homogenate using qPCR and western
blot assays. The pro-inflammatory protein secreted was measured
in bronchoalveolar lavage fluid (BALF) using the ELISA kit. The
immune cell infiltration and essential senescence-maker proteins
were observed using immunofluorescence and immunohisto-
chemical assays to evaluate the anti-inflammatory and senescence
effects against the ability of A33.
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213 Safety investigation

The BEAS-2B cells and iBMDM cells were cultured in 96-well
plates at a density of 1 x 10* cells per well, and A33@mPEG-Lips
were added and incubated with the cells at various concentrations
for 48 h. The cytotoxicity of the formulation was calculated by
measuring cell viability using the MTT assay. The liver toxicity of
A33@mPEG-Lips was evaluated by measuring the serum levels of
alanine aminotransferase (ALT) and aspartate aminotransferase
(AST). The cytotoxicity of A33@mPEG-Lips was also measured via
H&E staining of major organs from healthy mice.

214 Statistical analysis

The software used for data analysis was SPSS 22.0 (IBM Corp.,
Armonk, NY, USA), and the data were statistically analyzed using
one-way analysis of variance (ANOVA). The results are expressed
as the mean + standard deviation (SD), and P < 0.05 was
considered statistically significant.

3 Results

3.1 PDE4B inhibitor against CSE-induced inflammation

A33, as a selective PDE4B inhibitor, was expected to be potent in
inhibiting cellular inflammation induced by CSE. We first
measured the cytotoxicity of A33 on both bronchial epithelial cells
and macrophages. There was no significant cytotoxicity observed in
either BEAS-2B cells or iBMDM cells, even when the A33
concentration reached 5 pM (Figs. 1(a) and 1(b)), suggesting that
A33 has low toxicity in normal respiratory cell types. To determine
the concentration of CSE solution in inducing cellular
inflammation, we also evaluated the toxicity of CSE in BEAS-2B
cells and iBMDM cells. A significant cell toxicity was observed after
co-incubation with the CSE solution at concentrations higher than
2.5%, indicating that CSE-based oxidative stress could potentially
reduce cell proliferation and induce epithelial damage (Figs. 1(c)
and 1(d)). Thus, we selected a CSE concentration of 2.5% for
further cellular incubation and evaluated the protection or
prevention of A33 on BEAS-2B cells. To determine the ability to
relieve inflammation-induced cell death, BEAS-2B cells were first
incubated with CSE, followed by replacement with an A33-
containing medium. The data suggested that A33 exhibited
epithelial cell protection with increased cell viability after CSE-
induced cell damage (Fig. 1(e)). Moreover, the ability of A33 to
prevent inflammation-induced cell death was further evaluated by
switching the co-incubation sequence of CSE and A33. Similar to
the effective protection of inflammatory-damaged cells, A33 at high
concentrations improved cell viability against CSE-based cell death
and exhibited potential for inflammatory prevention (Fig. 1(f)).

To confirm the anti-inflammatory effects of A33, we further
determined the expression of key pro-inflammatory proteins and
cytokines at both mRNA and protein levels. As a selective PDE4B
inhibitor, the regulation of A33 on intracellular second messenger
cAMP was measured using an ELISA kit. As shown in Fig. 1(g),
A33 incubation can increase cAMP levels in both BEAS-2B cells
and iBMDM cells, confirming its ability to inhibit PDE4 function
and promote intracellular cAMP accumulation. For the CSE-
induced cell, A33 treatment also significantly recovered cAMP
levels. Moreover, we found that CSE incubation elevated the
mRNA levels of NF-«xB and IL-6 in BEAS-2B cells, and A33
treatment reduced the expression of these pro-inflammatory

Nano Research, 2026, 19, 94908499
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Figure1 A33 regulates the CSE-induced inflammatory environment. Cytotoxicity of A33 on (a) BEAS-2B and (b) iBMDM cells (1 = 6). Cytotoxicity of CSE solution in

(c) BEAS-2B and (d) iBMDM cells (n = 6). (e) Effects of A33 in treating CSE-induced
(g) The difference in intracellular cAMP in mRNA levels from BEAS-2B and iBMDM

cell death (n = 6). (f) Effects of A33 in preventing CSE-induced cell death (1 = 6).
cells before and after incubation with CSE and A33, respectively (n = 3). (h) The

inhibition of intracellular NF-«B and IL-6 in mRNA levels from CSE-induced BEAS-2B cells after A33 treatment. (i) The inhibition of intracellular NF-«B, TNF-a, IL-1f,
and IL-6 in mRNA levels from CSE-induced iBMDM cells after A33 treatment. (j) Western blot bands of protein expression in p65 and phospho-p65 from BEAS-2B
cells. The inhibition of secreted pro-inflammatory cytokines in (k) BEAS-2B cells and (1) iBMDM cells after A33 treatment, respectively. *P < 0.05, **P < 0.01.

regulators (Fig. 1(h)). A similar result was also observed on
iBMDM cells. CSE induction increased the expression of NF-xB
and downstream pro-inflammatory cytokines, such as TNF-a, IL-
153, and IL-6, at the mRNA level, while A33 treatment significantly
inhibited the activation of the NF-«B-based inflammatory pathway
(Fig. 1(i)). Similar data were observed on the protein levels. The
expression of p65 and phospho-p65 in BSAE-2B cells was
measured using a western blot assay with S-actin as an internal
reference. After incubation with A33, the phosphate p65 was
increased after CSE inducement and decreased after A33 treatment,
again suggesting the potential of A33 in regulating the
inflammation signaling pathway (Fig. 1(j) and Fig. S1 in the ESM).
In addition, the secretion of pro-inflammatory cytokines from
BEAS-2B cells (IL-6) and iBMDM cells (TNF-a, IL-18, and IL-6)
was also significantly decreased after A33 incubation compared to
the CSE-induced model group (Figs. 1(k) and 1(1)), further
confirming that A33 exhibits potential to inhibit inflammation in
the respiratory epithelium.

3.2 PDE4B inhibitor regulates cellular senescence

Cellular senescence has been reported as a key factor in maintaining
a chronic inflammatory microenvironment. The continuous
accumulation of intracellular inflammation may also accelerate
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organ senescence. Based on the anti-inflammatory ability of A33 in
reducing NF-«B pathway activation, we hypothesized that it may
have a similar potential in combating cellular senescence. BEAS-2B
cell senescence was induced by incubation with doxorubicin, and
the mRNA level of transforming growth factor beta 1 (TGFB1),
pl6, and IL6 was monitored using the qPCR assay to confirm the
cellular senescence. After doxorubicin induction, TGFB1
expression, an early senescence marker, increased rapidly within
one day and then slowly decreased, while pl16 and IL-6, late
markers of senescence, exhibited a significant elevation starting
from day three and continued to increase (Fig. 2(a)). Moreover, the
ratio of SA-f-gal-positive cells was also significantly increased
compared to the control, indicating that the senescent BEAS-2B
cells were successfully induced (Figs. 2(b) and 2(c)).

The effect of A33 treatment on the expression of SASP in
senescent cells was then evaluated at both mRNA and protein
levels. After incubation with A33, senescent BEAS-2B cells
exhibited an elevation of SIRT1 but a decline in representative
SASP markers (TNF-o, MMP-12, IL-1f3, and IL-6) at the mRNA
level (Fig. 2(d)). Consistent with the q-PCR data, the secretion of
senescence-related cytokines was also significantly decreased in A33-
treated cells compared to untreated senescent cells, suggesting that
the PDE4B inhibitor has the potential to alleviate the cellular aging
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Figure2 Effects of A33 in inhibiting the cellular senescence of respiratory epithelial cells. (a) The expression of TGFBI, p16, and IL-6 in mRNA levels in senescent BEAS-
2B cells induced by doxorubicin. (b) The representative images of senescent BEAS-2B cells stained by the SA-3-Gal kit and (c) the quantitative analysis of the SA-$-Gal-
positive cell ratio. (d) The difference in intracellular SIRT1, TNF-o, MMP-12, IL-1B, and IL-6 at mRNA levels from senescent BEAS-2B cells after incubation with A33.
(e) The difference in secreted TGF-f1, TNG-a, IL-1p, and IL-6 cytokines from senescent BEAS-2B cells after incubation with A33. (f) The western blot bands of protein
expression for FOXO3a, p16™*, p21, and SIRT1 in senescent BEAS-2B cells. (g) The representative images and (h) quantitative analysis of ROS fluorescence signal
intensity from senescent BEAS-2B cells stained by the ROS assay kit after incubating with A33. (i) The representative images and (j) quantitative analysis of y-H2AX
fluorescence signal intensity from senescent BEAS-2B cells stained by the DNA damage assay kit after incubating with A33.*P < 0.05, **P < 0.01.

process (Fig. 2(e)). Additionally, the activation of senescence-related
signaling pathways was further investigated using a Western blot
assay. The intracellular protein expression of FoxO3a, p16™*, and
p21 was reduced, but SIRT1 was recovered compared to the
untreated group, indicating that A33 could reduce oxidative stress-
based cellular injury through the AMPK/SIRT1/FOXO pathway
and against inflammatory-induced senescence via p21- or pl6-
based cyclin-dependent kinases regulation (Fig. 2(f) and Fig. S2 in
the ESM).

Intracellular oxidation imbalance occurs during cell senescence
[31]. By inhibiting PDE4B activation, A33 significantly increased
SIRT1 expression and enhanced cellular antioxidative ability. The
ROS fluorescence signals in senescent BEAS-2B cells decreased after
A33 treatment, and the calculated mean fluorescence intensity
(MFI) showed that A33 reduced the ROS level by approximately
40% compared to the senescent groups, confirming its ability to
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eliminate ROS in senescent cells (Figs. 2(g) and 2(h)). Moreover, we
also evaluated the DNA damage induced by the generated ROS
using the y-H2AX assay. The senescent BEAS-2B cells exhibited an
apparent green fluorescence signal compared to the control groups,
which was significantly reduced after treatment with A33,
suggesting that A33-mediated SIRT1 restoration enhanced cellular
antioxidant ability and repaired intracellular DNA damage
(Figs. 2(i) and 2(j)).

3.3 Formulation characterization

To achieve effective A33 pulmonary delivery, we designed an A33-
loaded liposome with mPEG modification with the expectation of
improving respiratory mucus penetration. The liposome
formulation was first optimized by the single-factor prescription
evaluation. With the liposome particle size and A33 encapsulation
as key parameters, the data suggested that a lecithin/cholesterol
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weight ratio of 6:1 and an A33/Lipid weight ratio of 1:10 were
suitable prescriptions for the preparation of A33-loaded liposomes
(A33 encapsulation rate around 90% with the lower particle
size) (Fig. S3 in the ESM). Moreover, the preparation parameters
were selected as follows: a sonication time of 15 min, a sonication
temperature of 40 °C, and 5 extrusion processes (Fig. S4 in
the ESM). Then, A33-loaded liposomes were prepared using
the optimized parameters, and they were subsequently
characterized. The 1,2-distearoyl-sn-glycero-3-phosphoethano-
lamine-poly(ethylene glycol) (DSPE-PEG) percentage has little
effect on liposome size and A33 encapsulation, and they use 5%
mPEG-DSPE (w/w) in liposome preparation and characterization
(Fig. S5 in the ESM).

The particle size of blank liposomes was around 171.8 + 6.2 nm
(Fig. 3(a)). After loading A33, the particle size of liposomes was
increased to 1964 + 3.9 nm. The A33@mPEG-Lips has a sight
increased particle size (reaching 221 + 5.1 nm) compared with
A33@Lips, which is due to the hydration layer formed by the
mPEG chain on the liposome surface. The A33 loading reached
7.31% + 0.17% with an encapsulation efficiency of 89.4% + 1.46%,
indicating successful A33 embedment. The zeta potential of
A33@mPEG-Lips showed an increase with A33@Lips, indicating
that the mPEG might shield the surface charges. The particle size of
various formulations was further observed using the TEM assay,
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which was consistent with the dynamic light scattering (DLS) data.
The mPEG modification exhibited no changes in the surface
morphology of the A33-loaded liposome (Fig. 3(b)). The stability of
blank liposomes, A33@Lips, and A33@mPEG-Lips was investigated
by measuring the particle size, PDI, and zeta potential (Figs. 3(c)
and 3(d), and Figs. S6 and S7 in the ESM). The data showed that no
significant difference was observed in all the formulation groups,
suggesting that A33-loaded formulations could maintain their
characteristics during the investigation.

To achieve effective pulmonary deposition, the A33-loaded
formulation needs to be atomized by the device and inhaled. The
stability of formulations' tolerance to shear stress during the
atomization process was also evaluated. As shown in Fig. 3(e), the
particle size and zeta potential of A33-loaded formulations remain
unchanged before and after the atomization process, indicating the
potential of the formulation to withstand the shear stress from the
inhalation device. The pulmonary deposition of A33-loaded
formulations was then evaluated by the NGI assay. After
atomization, A33@Lips and A33@mPEG-Lips exhibited similar
behavior, mainly depositing at S3 to S5, and no significant
difference in MMAD (2.69 vs. 2.71 pm) and GSD (1.90 vs. 1.81)
was observed between the two groups, indicating the potential of
the A33-loaded formulation for efficacious pulmonary delivery

(Fig. 3(9)).
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Figure3 Characterization of A33@mPEG-LNPs. (a) Dynamic light scattering of blank liposomes, A33@Lips, and A33@mPEG-Lips. (b) Morphology of different
formulations analyzed by TEM. Stability analysis of (c) A33@Lips and (d) A33@mPEG-Lips by monitoring the particle size and zeta potential, respectively (n = 3). (e) The
stability evaluation of A33@mPEG-Lips was assessed by measuring particle size and zeta potential before and after exposure to the tolerance shear stress from the atomizer
(n = 3). (f) The NGI deposition analysis of atomized A33@Lips and A33@mPEG-Lips (n = 3). The mucin protein adherent ability on the surface of A33@Lips and
A33@mPEG-Lips, respectively, analyzed using (g) SDS-PAGE assay and (h) BCA protein assay kit (n = 3). The A33 release from A33@Lips and A33@mPEG-Lips at

(i) pH 5.4 and (j) pH 7.4, respectively (n = 3).
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Before reaching the respiratory epithelium, deposited
formulations should penetrate the mucus layer and avoid the
mucin binding. Therefore, we further determined the mucin
absorption of A33@Lips and A33@mPEG-Lips. As shown in
Fig. 3(g), the A33@Lips groups exhibited abundant protein
absorption compared to the A33@mPEG-Lips determined using
the SDS-PAGE assay. Moreover, we quantified surface protein
adsorption using the BCA kit, and the data exhibited that mPEG-
Lips decreased protein adhesion by around 70% at different mucin
concentrations (Fig. 3(h)), indicating that surface PEG modification
can form a hydrophilic layer to prevent protein adsorption, which
may improve the formulation's mucus penetration.

The drug release was also investigated at both pH 7.4 and
pH 5.4 to simulate its release behavior in both extracellular and
intralysosomal environments (Figs. 3(i) and 3(j)). A33@mPEG-Lips
exhibited a higher cumulative release of A33 compared to the
A33@Lips in both pH environments, which is due to the PEG-
induced fluidity increment in the interfacial region [32]. Therefore,
mPEG-decorated liposomes exhibited better stability, along with an
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€
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improvement in drug release, making them a potential formulation
for the effective pulmonary delivery of A33.

3.4 Mucus penetration analysis in vitro

Mucus penetration properties of A33@mPEG-Lips were evaluated
using NanoSight to track the trajectories of the nanoparticles in
artificial mucus. As shown in Fig. 4(a), the movement of A33@Lips
in mucus was impeded compared with that in water, indicating that
normal particles could easily be trapped during the pulmonary
administration in COPD patients with sticky mucus. While for the
A33@mPEG-Lips, the particle movement remained rapid and free
compared to the insoluble A33@PLGA-NPs and A33@Lips.
Moreover, the geometric average mean square displacement (MSD)
values were calculated to quantify the movement behavior of
particles. The MSD of A33@Lips significantly reduced in mucus
compared to that in water (Fig. 4(b)). While the MSD value of
A33@mPEG-Lips is significantly higher than that of A33@PLGA-
NPs and A33@Lips under the same conditions. The movement
analysis suggested that the particle surface may affect its mucus
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Figure4 Determination of mucus-penetrating ability of A33-loaded formulations. (a) Representative trajectories of A33-loaded formulations in water and artificial
mucus, respectively. (b) Ensemble mean squared displacement of A33-loaded formulations as functions of the time scale (1 = 3). (c) The viscosity of artificial mucus as a
function of shear rate in the range of 1-103 s™ (n = 3). (d) The viscosity of artificial mucus as a function of time (s) (n = 3). The shear rate is 100 s. (e) The relationship
between storage modulus (G)/loss modulus (G") and the angular frequency of artificial mucus (n = 3). All measurements were performed at a strain amplitude of 0.5%. (f)
The penetration rate of Dil-labeled various formulations was determined by the Transwell penetration assay (n = 3). The cellular uptake of Dil-labeled various
formulations in (g) BEAE-2B and (h) iBMDM cells was analyzed using a flow cytometer. The representative image to observe the cellular uptake of Dil-labeled various
formulations in (i) BEAE-2B and (j) iBMDM cells was analyzed using an inverted fluorescence microscope, and further quantitative analysis of the intracellular
fluorescence intensity in (k) BEAE-2B and (1) iBMDM cells. *P < 0.05, **P < 0.01, n.s.: not significant.
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penetration, and mPEG decoration could significantly improve the
particle movement in the mucus solution. Similarly, the effects of
the mPEG-DSPE weight ratio on the movement of A33@mPEG-
Lips were also evaluated. The data suggested that higher mPEG
concentration in Lips improved their movement in mucus (Fig. S8
in the ESM). Based on the comprehensive consideration of the
physicochemical properties and mucus penetration performance,
we ultimately chose 5% mPEG-DSPE (w/w) for the A33@mPEG-
Lips preparation and subsequent studies.

The mucin capture has been reported as the major reason
inhibiting the particle penetration. Therefore, the interaction
between mucin and formulations was further evaluated by the
rheometer. As shown in Figs. 4(c) and 4(d), the viscosity of mucus
mixed with normal liposomes and mPEG-decorated liposomes
both exhibited a significant decrease in all measured shear rates
compared to the control, suggesting that both formulations could
interact with mucins and reduce the resistance to deformation of
mucus. Compared to the non-decorated liposome group, the
mPEG-decorated liposome group exhibited a lower viscosity across
the entire investigated shear rate range, indicating that surface
modification with mPEG could strongly disrupt the mucin
stretching structure and facilitate particle passage through the
mucus barrier. The storage modulus (G') and loss modulus (G") in
all investigated groups increased with the oscillatory frequency
(Fig. 4(e)). Both G' and G" of mucus were reduced when mixed
with formulations, and the difference between G' and G" was also
reduced, suggesting that the liposomes could effectively reduce the
strength of mucus gel with an increased possibility of mucus
transformation from gelation to solutions. Compared to the
DIR@Lips, DIR@mPEG-Lips exhibited an enhanced mucus
disturbance, which is consistent with the particle movement data,
indicating a higher mucus penetration ability. The Transwell assay
was also applied to investigate the mucus penetration rate of
formulations. The mPEG-decorated liposomes demonstrated a
notable enhancement in mucus permeation across different time
intervals when compared to conventional liposomes. This
improvement is attributed to the formation of a hydrophilic surface
layer contributed by mPEG, which facilitates better interaction with
the mucus barrier and promotes more efficient permeation
(Fig. 4(f)). All the above studies validated that PEG-modified
liposomes can achieve more rapid and efficient permeation through
the pulmonary mucus layer compared to conventional liposomes in
vitro, providing an effective means for the efficient pulmonary
delivery of drugs to epithelial cells.

3.5 Cellular uptake of A33@mPEG-Lips

The cellular uptake of the A33-loaded formulation was analyzed
using the flow cytometer and fluorescence inverted microscope in
BEAS-2B cells and iBMDM cells. In BEAE-2B cells, there was no
significant difference in cellular uptake of Dil@mPEG-Lips whether
with or without mucin pre-incubation, suggesting the protein
adherent on the particle surface showed no effects in epithelium
cellular uptake (Fig. 4(g)). For the iBMDM cells, Dil@mPEG-Lips
pre-incubated with mucin exhibited a significantly higher
fluorescence signal compared to the mucin non-incubated groups,
indicating that improving mucin binding enhances alveolar
macrophage-based particle clearance (Fig. 4(h)). The cellular uptake
was further analyzed using the inverted fluorescence microscope.
Consistent with the flow cytometry data, there was no significant
difference in fluorescence signal in BEAS-2B cells for mucin
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incubated Dil@mPEG-Lips compared to non-incubated
formulation (Figs. 4(i) and 4(k)), but that was obviously brighter in
iBMDM cells (Figs. 4(j) and 4(1)), suggesting that mPEG-Lips with
potential effectively deliver A33 into not only epithelial cells but also
alveolar macrophages.

3.6 Therapeutic effects of A33@mPEG-Lips

inflammation and senescence in vitro

We further evaluated the anti-senescence ability of A33@mPEG-
Lips in senescent BEAS-2B cells. After incubation with A33-loaded
formulations, the intracellular expression of SA-f-gal was stained
and observed. The SA-S-gal-positive cells were significantly reduced
in the A33-formulated groups compared to the senescence model,
respectively, indicating the anti-senescence efficacy of the A33-
loaded formulations (Figs. 5(a) and 5(b)). Moreover, the
A33@mPEG-Lips exhibited slight improvements compared to the
A33@Lips groups, which we speculated may be due to the PEG
modification reducing the negative charges on the particle surface
and thereby reducing the electrostatic repulsion between particles
and cell membranes [33]. The SIRT1 expression was also stained
and analyzed using the inverted fluorescence microscopy assay. As
shown in Figs. 5(c) and 5(d), the fluorescence signal of SIRT1 in
aged cells was significantly reduced compared to normal cells. The
A33@Lips and A33@mPEG-Lips treatment restored the expression
of SIRT1, which prevented the transition of a pro-survival program
into a pro-aging mechanism. The pro-inflammatory cytokines
(including TGF-f31, TNF-a, IL-1pB, and IL-6), which are considered
representative SASP secretions, were also determined using an
ELISA kit (Fig. 5(e)). Compared to the senescent model group, cells
treated with A33-loaded formulations reduced the secretion of
SASP and exhibited potential against inflammation and senescence.
Similar effects were also observed in senescent iBMDM cells,
indicating the potential of A33 in regulating the local immune
senescence and inhibiting SASP diffusion (Fig. S9 in the ESM).

The pro-inflammatory cytokines are the primary mediators that
promote alveolar macrophage polarization during COPD
development, and A33@mPEG-Lips exhibits functions that inhibit
inflammatory cytokine activity and scavenge ROS, holding promise
for triggering the transition of polarized M1 macrophages into the
M2 phenotype. Therefore, we evaluated the expression of surface
biomarkers of M2 (CD206) macrophages (Fig. 5(f)). The CSE-
induced iBMDM cells exhibited a significant downregulation of
CD206, suggesting that the macrophages expressed an Ml
phenotype after CSE stimulation. After incubation with A33-loaded
liposomes, the expression of these markers was reversed,
confirming the anti-inflammatory ability of A33@mPEG-Lips and
the repolarization of activated M1 macrophages to the M2

phenotype.

3.7 Biodistribution of A33@mPEG-Lips after pulmonary
administration in COPD model mice

against

Pulmonary deposition and mucus penetration were further
evaluated in COPD model mice after administration of free DIR,
DIR@Lips, and DIR@mPEG-Lips via intratracheal insufflation
(Fig. 6(a)). The mice in different groups were euthanasia followed
by an IVIS image of the whole body and major organs at various
time intervals after administration (Figs. 6(b)-6(d)). The
fluorescence signals were observed primarily in the lungs and
persisted for 24 h after administration in the DIR@mPEG-Lips
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Figure5 The A33-loaded formulation effectively regulates epithelial cell inflammation and senescence. (a) The representative images of senescent BEAS-2B cells treated
with A33-loaded formulations stained by the SA-S-Gal kit, and (b) quantitative analysis of the SA-B-Gal positive cell ratio. (c) The representative images of senescent
BEAS-2B cells treated with A33-loaded formulations stained by SIRT1-antibody and (d) quantitative analysis of the SIRT1 fluorescence intensity. (¢) The difference in
secreted TGF-f1, TNF-a, IL-1f3, and IL-6 in senescent BEAS-2B cells treated with A33-loaded formulations. (f) The effects of A33-loaded formulation on the polarizing
phenotype of macrophages and proportion of CD206 positive cells (Q1 and Q2 quadrant). *P < 0.05, **P < 0.01.

groups. While signal intensity rapidly decreased at 6 and 24 h after
administration in the free DIR and DIR@Lips groups, which we
speculated that was due to their lower mucus penetration ability
and high potential for mucin trap, followed by mucociliary
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escalator-based pulmonary clearance. Therefore, we further
prepared the lung tissue section to observe the dye-loaded liposome
penetration ability in the respiratory tract. After 24 h of
administration, bright DIR fluorescence signals were observed in
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Figure 6 Biodistribution of the A33-loaded liposomes in COPD model mice via intratracheal administration. (a) A schematic illustration of the intratracheal
administration for A33-loaded formulation pulmonary administration. The distribution of dye-labeled formulations in COPD model mice was analyzed by calculating
(b) the fluorescence intensity from the lung area (n = 3) and observation of representative images of (c) the whole body or (d) isolated major organs at different time
intervals. The pulmonary deposition of dye-labeled formulations in lung sections from COPD mice was observed (e) by the inverted fluorescence microscope and
(f) by the confocal microscope. (g) The A33 concentration in lung homogenate after intratracheal administration of A33-loaded formulation at different time intervals.

*P<0.05,**P<0.01.

the DIR@mPEG-Lips group compared to the other groups using
the inverted fluorescence microscope (Fig. 6(e)). A similar result
was further observed using confocal microscopy. Limited
fluorescence signals of DIR in free dye groups were only observed
on the surface layer of epithelial cells surrounding the respiratory
tract, indicating that the free dye hardly crossed the mucus layer
and reached the epithelial cells. The DIR@Lips group showed an
enhanced fluorescence intensity in pulmonary epithelial cells, but
the signals were still located near the respiratory tract, suggesting
that the normal liposome hardly improves the mucus penetration
of loaded drugs. In the DIR@mPEG-Lips group, fluorescence
signals were observed in both the surface layer and the deeper
regions of the lung epithelia (Fig. 6(f)).

The pulmonary A33 accumulation was also investigated by
measuring the drug concentration in lung tissue homogenate after
administration (Fig. 6(g)). The A33@mPEG-Lips groups exhibited
the highest A33 levels in tissue homogenate, suggesting mPEG
decoration improved the mucus permeation and reduced
pulmonary clearance compared to free A33 and A33@Lips groups.

Nano Research, 2026, 19, 94908499
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Moreover, the mPEG decoration forms a hydrophilic coating layer
on the liposome surface, which can reduce the absorption of
pulmonary surfactant and, consequently, avoid alveolar
macrophage phagocytosis. The lower clearance and potential
phagocytosis inhibition result in the prolonged retention of
A33@mPEG-Lips in the lungs compared to other groups.

3.8 Therapeutic efficacy of A33@mPEG-Lips in COPD
model mice

We further evaluated the anti-inflammatory efficiency and
senescence inhibitory ability of A33@mPEG-Lips in vivo. A smoke-
induced COPD mouse model was established (Fig. 7(a)) and
confirmed by analyzing the lung tissue structure, followed by
determining the polarization of alveolar macrophages. As shown in
Fig. 7(b), the alveolar structure was destroyed, with the alveolar
walls collapsing and thickening. A large amount of immune cell
infiltration was also observed in the H&E slices in the COPD model
group. The key biomarkers of alveolar macrophages were further
stained, and slices from model groups exhibited an obvious increase

&
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Figure 7 The therapeutic efficiency of A33 in inhibition of pulmonary chronic inflammation. (a) The scheme diagram of COPD mouse model establishment and A33-
loaded formulation treatment via intratracheal insufflation. (b) The cigarette-induced mouse model was confirmed by pathological section H&E staining and macrophage
polarization analysis of the isolated lungs. (c) The wet-to-dye ratio of lung tissues (n = 5), (d) expression of inflammatory-related regulators at mRNA levels in lung
homogenates (n = 5), (e) secreted pro-inflammatory cytokines in BALF, and (f) biomarkers of senescence at the protein level in lung homogenates were isolated from
different A33-treated COPD model mice and analyzed. Representative images of the pulmonary pathological section were stained with (g) H&E and (h) macrophage

polarization markers. *P < 0.05, **P < 0.01.

in CD11b and iNOS signals but similar CD206 signals, suggesting
the polarization of alveolar macrophages to an M1 phenotype in the
lungs of COPD model mice.

After treatment with A33-loaded formulations, the lung wet-to-
dry ratio was calculated and used to assess the treatment outcome.
A33@mPEG-Lips most effectively reduced the pulmonary edema-
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induced wet/dry weight ratio (Fig. 7(c)). Meanwhile, the expression
of key inflammatory regulators and cytokines was evaluated at the
mRNA level (Fig. 7(d)). NF-«B, as the key regulator of major pro-
inflammatory signaling pathways, was significantly reduced after
A33@mPEG-Lips treatment and exhibited a four-fold decrease
compared to the COPD model group, the A33 alone group, and the
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A33@Lips group, respectively. The major types of cytokines, such as
IL-6, IL-18, and TNF-a, were also reduced most in the A33@mPEG-
Lips group, indicating that the inhibition of NF-«B could further
reduce the expression of inflammatory cytokines. Meanwhile, the
secretion of the above pro-inflammatory cytokines was further
confirmed in the protein levels after treatment (Fig. 7(e)).
Consistent with the trend in mRNA level, the secretion of cytokines
such as TNF-a, IL-1f3, IL-6, and TGF-f31 was reduced in BALF after
treatment. The expression of inflammatory and senescence
regulators was also analyzed using the western blot assay (Fig. 7(f)
and Fig. S10 in the ESM). A33@mPEG-Lips treatment reduced the
intracellular protein levels of NF-xB (p65), p16™*, and p21 but
improved the SIRT1 protein level, confirming that A33 treatment
inhibited the inflammatory maintenance and senescence-regulating
ability.

The in vivo anti-inflammatory efficacy of the A33-loaded
formulation was also analyzed via pathological section staining
analysis. After treatment with A33@mPEG-Lips, the edema in the
lungs was significantly alleviated, with normalization of the alveolar
wall (Fig. 7(g)). The phenotypes of alveolar macrophages in the
lungs were further evaluated by staining iNOS, CD86, and CD206
in lung sections (Fig. 7(h) and Fig. S11 in the ESM). The
fluorescence signals of CD206 (Red) were significantly elevated and
accompanied by decreased iNOS signals (Green) in A33@mPEG-
Lips compared to other treatment groups, suggesting that the
PDE4B inhibitor could effectively regulate macrophage
repolarization and transition to an anti-inflammatory M2
phenotype.

The anti-senescent potential of the A33-loaded formulation was
also evaluated by analyzing the expression of key regulators and
SASP secretion. The expression of senescent biomarkers, such as
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pl6 and p21, was decreased, but SIRT1 levels increased in the
treatment groups, confirming the potential of A33 in anti-
senescence treatment (Fig. 7(d)). The protein levels were also
determined and showed a similar trend (Fig. 7(f)). The expression
of SA-S-gel and Lamin BI, both senescent biomarkers, was
significantly reduced (SA-B-gel) or enhanced (Lamin Bl) after
A33@mPEG-Lips treatment, respectively (Figs. 8(a) and 8(b)). The
restored expression of SIRT1 and Ki67 (proliferation marker)
(Figs. 7(f) and 8(c)) combined with reduced expression of SASP,
such as TNF-a, IL-1p, IL-6, TGF-f1, and MMP12 (Figs. 7(e) and
8(d)), consistently confirms that A33 could inhibit the cell aging in
the COPD lungs.

3.9 Safety evaluation

The in vitro cytotoxicity of A33@mPEG-Lips was evaluated in both
BEAS-2B cells and iBMDM cells. The data suggested that only
limited cytotoxicity was observed for A33@mPEG-Lips when the
concentration of A33 exceeded 37.5 uM, which was significantly
higher than the pre-clinical application concentration (Fig. 9(a)).
Similar data were observed in iBMDM cells, indicating the
acceptable safety of A33@mPEG-Lips (Fig. 9(b)). The ALT and
AST levels in serum were not significantly different before and after
administration (Figs. 9(c) and 9(d)), indicating that no liver toxicity
was associated with the formulation after pulmonary
administration. Moreover, the safety of A33@mPEG-Lips was
investigated by examining the H&E pathological section of various
organs. Data exhibited no significant difference in the major organs
after pulmonary administration of A33@mPEG-Lips compared to
the control groups, indicating no systemic toxicity of the
formulation and suggesting it is relatively safe for COPD treatment
application (Fig. 9(e)).

Ki67
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Figure9 Safety evaluation of A33@mPEG-Lips in vitro and in vivo. The cytotoxicity of A33@mPEG-Lips on (a) BEAS-2B and (b) iBMDM cells at different
concentrations, respectively (n = 6). The serum (c) ALT and (d) AST levels in healthy mice after repeated administration of A33@mPEG-Lips. () The major organs are

stained by H&E. n.s.: not significant.

4 Discussion

Double or triple treatment strategies have been developed and
applied in COPD clinical treatment to alleviate airflow obstruction,
but still no improvement in delayed respiratory tissue function
deterioration. Strategies to inhibit chronic inflammation and
remove detrimental senescent cells from the lungs of patients with
COPD are gaining interest in pre-clinical investigations.

The imbalance between oxidation and antioxidation has been
considered closely related to the occurrence and development of
COPD [34]. Cigarette smoke contains plenty of oxidants that could
directly damage the respiratory epithelium and cause extra mucus
secretion, extracellular matrix remodeling, DNA damage, etc.,
which leads to epithelial cell death and induces a protracted local
inflammatory microenvironment. Moreover, the extra-secreted pro-
inflammatory cytokines could also recruit and activate immune
cells, such as alveolar macrophages, to destroy the damaged
epithelial cells, further exacerbating the inflammatory environment.
Long-term local inflammation has been considered the major
reason for inducing COPD generation, progression, and
accelerating lung aging [35]. Accordingly, potential COPD
therapeutic strategy development has been oriented towards
effectively inhibiting local inflammation and repairing pulmonary
senescence.

The second messenger, cAMP, has been recognized as an
inducer of anti-inflammatory responses, and cAMP-dependent
pathways have been extensively exploited pharmacologically to treat
inflammatory diseases. Elevated cAMP levels could not only inhibit
the biosynthesis and release of inflammatory cytokines and
chemokines, but also suppress T cell activation and regulate the
functions of macrophages and neutrophils, contributing to the
development of bronchiectasis. PDE4 is a cAMP-specific enzyme
that can convert the second messenger cAMP into 5-AMP, thereby
reducing intracellular cAMP levels [8]. The anti-inflammatory
effects of PDE4 inhibitors make them a promising therapeutic
target for increasing intracellular cAMP levels, thereby relaxing
airway smooth muscle and inhibiting hyperactive chronic
inflammation. However, marketed universal PDE4 inhibitors, such
as roflumilast, administered orally, show anti-inflammatory ability
by inhibiting all PDE4 subtypes and reducing NF-xB activation.
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Nevertheless, they face systemic side effects, including nausea,
headache, and insomnia, which are mainly due to the inhibition of
the PDE4D subtype. Therefore, novel PDE4 inhibitors are urgently
needed to be developed for selective inhibition of PDE4B. A33, as a
PDE4B inhibitor, exhibited a highly selective (ICs, of 15 nM for
PDE4B and ICs, of about 1.7 uM for PDE4D) and was therefore
being considered a potential anti-inflammation agent for COPD
treatment in our investigation [36].

Meanwhile, the administration route may also affect the
formulation efficiency and compliance. PDE4B is the predominant
phosphodiesterase subtype expressed in inflammatory area and
immune cells within the respiratory tract, and its selective inhibition
is considered sufficient to achieve potent anti-inflammatory effects.
In contrast, inhibition of other PDE4 subtypes using the pan-PDE4
inhibitors, particularly PDE4D, has been strongly associated with
dose-limiting systemic adverse effects such as nausea and emesis,
which contributed to the serious adverse reaction of roflumilast
[37]. Therefore, A33, as a PDE4B-selective inhibitor, offers the
potential to retain the desired anti-inflammatory efficacy while
markedly reducing off-target toxicity. Moreover, pulmonary
delivery of a PDE4B inhibitor not only achieves high drug
concentrations at the disease site with limited systemic exposure,
further minimizing the risk of systemic side effects commonly
observed with orally administered pan-PDE4 inhibitors, but also
reduces the treatment dosage and frequency. Therefore, it should be
the most suitable administration route for COPD therapy. In this
research, we aimed to formulate A33 as the liposome inhalation
solution. The A33 could be effectively encapsulated inside the
liposome with a drug loading of 7.31% + 0.17% and an acceptable
encapsulation efficiency. The A33-loaded liposome exhibited
acceptable physicochemical properties, drug release behavior, and
atomization stability, indicating that the A33-loaded liposome
inhalation solution is suitable for pulmonary administration.

Effective pulmonary delivery needs to overcome several
physiological barriers. The deposition of atomized particles is
primarily influenced by the aerodynamic diameter of the particles,
which should be within the range of 0.5 to 5 um [38]. The NGI
investigation suggested that A33@mPEG-Lips has an MMAD of
2.71 um when atomized using an inhalation device, which could
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achieve efficient pulmonary deposition. Furthermore, the deposited
particles must cross the sticky mucus layer to be taken up by
epithelial cells. The secreted glycoprotein chains in the mucus layer
can crosslink to form a porous, gel-like structure, thereby restricting
the passage of foreign particles through electrostatic and
hydrophobic interactions [39]. The surface decoration was reported
as the most effective way to enhance the mucus penetration of
particles, and we utilized DSPE-PEG to improve the hydrophilicity
of the A33-loaded formulation.

The PEG coating forms a hydrated steric barrier that minimizes
adhesive and electrostatic interactions with mucins, thereby
facilitating particle transport and retention within the airway
environment. For example, Kim et al. engineered PEGylated lipid
nanoparticles for inhalable mRNA delivery and demonstrated that
the PEG coating significantly optimized particle stability and
penetration through the mucus barrier, thereby promoting more
efficient cellular uptake and gene expression in the lung
environment [39]. Similarly, Osman et al. developed PEGylated,
enhanced cell-penetrating peptide nanoparticles for lung gene
delivery, in which PEGylation not only mitigated excessive
interactions with mucus glycoproteins but also facilitated deeper
tissue penetration and transfection efficiency [40]. All the studies
supported that PEG surface functionalization is a key strategy for
designing efficient nanoparticle-based delivery systems for COPD
treatment. Our preliminary data suggested that with the increase of
DSPE-PEG, the penetration of the formulation significantly
increased. Considering safety and biodegradability, we select to add
5% (w/w) of DSPE-PEG to prepare the A33@mPEG-Lips. The
movement trajectories and penetration rates in artificial mucus all
demonstrate that mPEG modification can effectively enhance the
transport of A3-loaded formulations into epithelial cells and
macrophages.

We further evaluated the anti-inflammatory and anti-senescence
ability of A33@mPEG-Lips in a smoke-induced COPD mouse
model. The oxidation stress induced by cigarette smoke directly
damaged epithelial cells by inducing cell apoptosis and senescence,
followed by an inflammatory microenvironment. The
inflammatory cytokines can recruit immune cells and exacerbate
local inflammation, thereby further accelerating the remodeling or
senescence of damaged tissue. A33, as a potential inflammation
regulator, inhibited intracellular NF-«B activation and the secretion
of downstream cytokines into BALF. Moreover, the anti-
inflammatory-induced repolarization of alveolar macrophages
enhanced the expression of the M2-like phenotype. The SASP
secretion and senescence markers were further reduced after
treatment, indicating the potential of PDE4B inhibitors in
regulating pulmonary aging and improving lung function.

5 Conclusions

Oxidant-induced long-term imbalance of intracellular oxidative
stress is the primary factor leading to local chronic inflammatory
formation, which further damages pulmonary function and
contributes to the development of COPD by accelerating the aging
of the respiratory system. Pulmonary delivery of A33, a highly
selective PDE4B inhibitor, resulted in effective inflammatory
regulation with minimal side effects, indicating potential for the
treatment of COPD. Therefore, we designed a PEG-decorated
liposome inhalation solution to overcome the special airway
physiological structure and existing mucus barrier, thereby
achieving effective pulmonary delivery of A33. A33-loaded
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liposomes with PEG decoration successfully inhibited inflammation
intensification in a COPD mouse model and exhibited potential in
blocking the senescence process of epithelial cells, indicating their
extraordinary treatment efficiency in inflammatory hyperactivity-
induced pulmonary local disease.

Electronic Supplementary Material: Supplementary material (the
quantitative analysis of the Western blot bands at cellular level;
formulation optimization and preparing process optimization of
liposomes by single-factor prescription; effects of mPEG decoration
on the characteristics of drug-loaded liposomes; stability evaluation
of blank liposomes and drug loaded liposomes; the effects of mPEG
modification on mucus-penetrating ability; the formulation
regulates SASP secretion in senescent iBMDM cells; the
quantitative analysis of the Western blot band at animal level; and
the semi-quantitative data of fluorescence intensity signals in
immunohistochemical sections) is available in the online version of
this article at https://doi.org/10.26599/NR.2026.94908499.
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