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A B S T R A C T   

Since phospholipids have an important effect on the size, surface potential and hardness of liposomes that decide 
their in vivo fate after inhalation, this research has systematically evaluated the effect of phospholipids on pul
monary drug delivery by liposomes. In this study, liposomes composed of neutral saturated/unsaturated phos
pholipids, anionic and cationic phospholipids were constructed to investigate how surface potential and the 
degree of saturation of fatty acid chains determined their mucus and epithelium permeability both in vitro and in 
vivo. Our results clearly indicated that liposomes composed of saturated neutral and anionic phospholipids 
possessed high stability and permeability, compared to that of liposomes composed of unsaturated phospholipids 
and cationic phospholipids. Furthermore, both in vivo imaging of fluorescence-labeled liposomes and bio
distribution of salvianolic acid B (SAB) that encapsulated in liposomes were performed to estimate the effect of 
phospholipids on the lung exposure and retention of inhaled liposomes. Finally, inhaled SAB-loaded liposomes 
exhibited enhanced therapeutic effects in a bleomycin-induced idiopathic pulmonary fibrosis mice model via 
inhibition of inflammation and regulation on coagulation-fibrinolytic system. Such findings will be beneficial to 
the development of inhalable lipid-based nanodrug delivery systems for the treatment of respiratory diseases 
where inhalation is the preferred route of administration.   

1. Introduction 

Idiopathic pulmonary fibrosis (IPF) is a chronic, progressive inter
stitial pulmonary fibrosis disease of the lower respiratory tract. Its 
pathological characteristics are excessive accumulation of fibroblasts 
and myofibroblasts, abnormal deposition of extracellular matrix, and 
destruction of alveoli, resulting in restrictive ventilation disorders, 
abnormal arterial blood gases and hypoxemia. Clinically, the median 
survival time of patients is 2 to 5 years, indicating high mortality of IPF 
[1,2]. Currently, oral pirfenidone and nintedanib are clinically approved 
for the treatment of mild to moderate IPF. However, this treatment 
regimen can only delay the progression of pulmonary fibrosis but cannot 
completely prevent the decline of lung function. Lung transplantation is 
proven to be the only clinical therapeutic strategy to effectively prolong 

the survival time of patients. Unfortunately, lung transplantation is 
poorly applicated by patients due to high treatment costs, lack of 
matched donors, and postoperative rejection [3–5]. Therefore, clinical 
treatment of IPF still faces challenges of poor prognosis and short sur
vival, and there is an urgent need to develop new treatment options. 

Although the cause of IPF has not yet been determined, increasing 
evidence suggests that alveolar epithelial damage and abnormal wound 
repair are key factors in the development of IPF [3]. Sustained injury to 
alveolar epithelial cells leads to disruption of epithelial-fibroblast 
communication, and epithelial cells release a variety of pro-fibrotic 
cytokines, ultimately leading to the recruitment and activation of 
myofibroblasts and fibroblasts, which secrete excess collagen-rich 
extracellular matrix (ECM). Excessive accumulation of ECM renders 
the collapse and dysfunction of alveoli resulting in reduced gas exchange 
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and respiratory distress, which is ultimately life-threatening [6,7]. Be
sides, IPF patients exhibit fibrin accumulation in the alveoli accompa
nied by thrombus formation [8]. Studies have shown that thrombin, 
activated coagulation factor X (FXa), and plasmin play important roles 
in the pathogenesis of pulmonary fibrosis. In the early stages of lung 
tissue injury, it is often accompanied by a coagulation cascade, activa
tion of platelets, and local secretion of soluble substances, which in turn 
leads to increased vascular permeability. Prothrombin and plasmin 
factors can enter the damaged lung parenchymal tissue through blood 
circulation and participate in the process of coagulation and fibrinolysis 
[8–11]. Collectively, both collagen accumulation and coagulation- 
fibrinolytic system regulation is required in the treatment of IPF. 

Salvianolic acid B (SAB) is a water-soluble component of Salvia 
miltiorrhiza Bunge and is a potential drug for the treatment of IPF. Pre
vious studies have shown that SAB can effectively inhibit pulmonary 
fibrosis by reducing collagen expression, reducing inflammatory cell 
infiltration, down regulating pro-inflammatory cytokine secretion and 
oxidative stress levels [12–15]. Noteworthy, SAB can effectively inhibit 
the activation of coagulation factors, prevent thrombin activation, 
upregulate plasminogen activator (PA) and inhibit the expression of 
plasminogen activator inhibitor-1 (PAI-1), which results in the conver
sion of plasminogen to plasmin and activation of the fibrinolytic system 
[14,16]. Therefore, SAB is an effective drug for the treatment of IPF via 
hydrolysis of collagen and fibronectin. For the clinical treatment of IPF, 
inhalation of SAB aerosol solution is a promising way of administration. 
Compared with the intravenous injection and oral administration, 
inhalation can quickly reach the respiratory tract and lung and increase 
the concentration of the drug in the lung, leading to rapid onset of ac
tion, less systemic exposure, and good compliance. Hence, inhalation is 
widely recommended for the treatment of respiratory diseases, espe
cially for drugs that are prone to hepatic metabolism after oral admin
istration [17,18]. However, inhalation of SAB aerosol solution might 
encounter a series of physiological barriers in the respiratory tract and 
lung resulting in reduced lung exposure and retention of SAB, thus 
affecting the therapeutic effect on IPF. Specifically, SAB might interact 
with mucus in the conducting airways and be cleared by the cilia of 
respiratory epithelial cells through the oropharynx excretion. In the 
pulmonary alveoli, SAB is prone to cross the air-blood barrier quickly via 
paracellular pathway and enter the circulation, which reduces drug 
accumulation in the lungs and increases systemic exposure of SAB 
[17–20]. It is necessary to prolong the residence time of SAB in the 
alveoli and increase the uptake by alveolar epithelial cells as well as 
macrophages for ideal therapeutic effect on IPF. 

Liposome is one of the most used nanocarrier for drugs to prepare the 
aerosol inhalation solution due to its excellent biocompatibility, high 
colloidal stability, flexible surface modification and one of the most 
developed nanomedicines in clinic practice. Studies have shown that 
liposomal drugs can prolong the residence time in the lung after inha
lation, enhance the local therapeutic effect, and reduce systemic expo
sure [21–24]. Currently, the FDA has approved Arikayce® (liposomal 
amikacin inhalation suspension) for the treatment of pulmonary disease 
caused by mycobacterium avium complex (MAC) infection. In addition, 
Linhaliq™ (liposomal ciprofloxacin), Lipoquin® (liposomal ciprofloxa
cin) and Pulmaquin® (liposomal ciprofloxacin) developed by Aradigm 
Corporation are used to treat pseudomonas aeruginosa-induced lung 
infection [25,26]. Liposomes will encounter complex pulmonary 
microenvironment after inhalation, including mucociliary clearance and 
pulmonary surfactant-mediated macrophage phagocytosis. The size, 
hardness, and surface properties of liposomes all affect their ability to 
overcome physiological barriers in the respiratory tract and lung [27]. 
Most current research focused on using surface modification strategies 
to improve the efficiency of the pulmonary delivery of liposomes after 
inhalation. Polyethylene glycol (PEG) as the most commonly used sur
face modification material can effectively increase the mucus perme
ability of liposomes [28,29]. We used a variety of polysaccharides for 
surface modification to improve the mucus penetration and lung 

retention capabilities of liposomes in the previous studies [30–32]. In 
addition to liposome surface modification, the type of phospholipid 
constituting liposomes will also significantly affect the size, structure, 
and surface properties of liposomes, thereby affecting the pulmonary 
retention of drugs and their therapeutic effects on IPF after inhalation. 
However, the effects of the degrees of fat chain saturation and the 
electrical properties of polar parts of phospholipids on the pulmonary 
delivery efficacy of liposomes after inhalation have been rarely 
discussed. 

In this study, neutral saturated/unsaturated phospholipids (SPC, 
HSPC, DPPC), anionic phospholipids (DPPG) and cationic phospholipids 
(DOTAP) have been used to construct SAB-loaded liposomes, respec
tively. We studied the interactions between liposomes and mucin, then 
evaluated the permeability of mucus and epithelial cells, as well as the 
cellular uptake of liposomes by epithelial cells and macrophages. To 
explore the biodistribution of liposomes after inhalation, we observed 
the biodistribution of DiR-labeled liposomes by in vivo imaging systems 
and detected the disposition of SAB in different region of lung after 
inhalation of SAB-loaded liposomes. A bleomycin sulfate (BLM)-induced 
pulmonary fibrosis mouse model was established to systematically 
evaluate the therapeutic effects of SAB-loaded liposomes on IPF (Fig. 1). 

2. Materials and methods 

2.1. Materials and reagents 

Soybean phospholipid (SPC, purity CS-95, Lot No. SY-SI-190601) 
and hydrogenated soybean phosphatidylcholine (HSPC, Lot No. 
B60455) were obtained from A.V.T Pharmaceutical Co., Ltd. (Shanghai, 
China). 1,2-dipalmitoyl-sn-glycero-3-phosphocholine (DPPC, Lot No. 
RA0221346), 1,2-dipalmitoyl-sn-glycero-3-phospho-(1-rac-glycerol) 
(DPPG, Lot No. RA0212501), (2,3-dioleoyloxy-propyl)-trimethy
lammonium-chloride (DOTAP, Lot No. RO0210801), and 1,2-distearoyl- 
sn-glycero-3-phosphoethanolamine-N-(polyethylene glycol)-2000 
(DSPE-PEG2000, Lot No. RS0200412) were purchased from Xi'an 
Ruixi Biological Technology Co., Ltd. (Xi'an, China). Cholesterol (Chol, 
VetecTM reagent grade, purity ≥92.5%, Lot No. WXBB1238) was pur
chased from Sigma-aldrich (Shanghai, China). Egg yolk emulsion (purity 
50%, Lot No. 20221130) was provided by Hopebio Biotechnology Co., 
Ltd. (Qingdao, China). Gastric mucin (derived from pigs, Lot No. 
J1202A) was from Dalian Meilun Biotechnology Co., Ltd. (Liaoning, 
China). Salvianolic acid B (SAB, purity 98%, Lot No. C15272235), 
diethylenetriaminepentaacetic acid (DTPA, purity ≥99%, Lot No. 
C14854636), Nile red (NR, purity ≥96%, Lot No. C12057927), 3- 
hydroxyisoquinoline (HIQ, purity 97%, Lot No. C11223845), rhoda
mine B (RB, purity ≥99%, Lot No.C10006604), DiR (purity ≥95%, Lot 
No. C13337722), bleomycin sulfate (BLM, purity 1.5–2.0 units/mg, Lot 
No. C13578600), trans-cinnamic acid (CA, purity 99%, Lot No. 
C13149213), L-ascorbic acid (purity > 99%, Lot No. C14776339), and 
inorganic chemicals and organic solvents of analytical grade were ob
tained from Macklin Biochemical Co., Ltd. (Shanghai, China). HYP kit 
(Lot No. 0428A23), TGF-β1 ELISA kit (Lot No. Apr 2023), TNF-α ELISA 
kit (Lot No. Apr 2023), IL-1β ELISA kit (Lot No. Apr 2023), IL-6 ELISA kit 
(Lot No. Oct 2022), FXa ELISA kit (Lot No. Sep 2023), FIIa ELISA kit (Lot 
No. Sep 2023), FDP ELISA kit (Lot No. Sep 2023), PAI-1 ELISA kit (Lot 
No. Jun 2023), uPA ELISA kit (Lot No. Jun 2023) and tPA ELISA kit (Lot 
No. Jun 2023) were provided by Shanghai zcibio technology Co., Ltd. 
(Shanghai, China). Cell counting kit-8 (Lot No. K101828133EF5E) was 
purchased from APExBio Technology LLC (Shanghai, China). 

2.2. Animals and cell cultures 

C57BL/6 J mice (20 ± 2 g, 6–8 weeks old) and KM mice (20 ± 2 g, 
6–8 weeks old) were obtained from the Experimental Animal Center of 
Guizhou Medical University. All animal care and experiments were 
approved by the Animal Welfare and Ethics Committee of Guizhou 
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Medical University (No: 2303256). Mice were housed at room temper
ature (23 ± 2 ◦C) and constant humidity (45 ± 10%) under SPF condi
tions. Animals were acclimated for one week before starting 
experiments. 

A549 cells, RAW264.7 cells, and HBE135-E6E7 cells were purchased 
from Procell Life Technology Co., Ltd. (Wuhan, China). A549 cells were 
cultured in RPMI1640 (Gibco, Lot No. 8123326) supplemented with 
10% fetal bovine serum (FBS, Cellmax, Lot No. 20221220) and 1% 
penicillin/streptomycin (P/S, Cellmax, Lot No. 20220810). RAW264.7 
cells were cultured in DMEM (Cellmax, Lot No. 20221029) supple
mented with 10% FBS and 1% P/S. HBE135-E6E7 cells were cultured in 
epithelial cell growth medium (Procell Life Technology Co., Ltd., Lot No. 
WH3123U184) supplemented with epithelial cell growth additive, 2% 
FBS and 1% P/S. Cells were maintained at 37 ◦C in a humidified at
mosphere containing 5% CO2, and the cell medium was changed every 
other day. 

2.3. Preparation of SAB-loaded liposomes 

Liposomes were prepared by the thin film dispersion method fol
lowed by the pH gradient method with slightly modified methods [33]. 
Briefly, SPC: Chol: DSPE-PEG2000 or HSPC: Chol: DSPE-PEG2000 or 
DPPC: Chol: DSPE-PEG2000 or DPPC: DPPG: Chol: DSPE-PEG2000 or 
DOTAP: DPPC: Chol: DSPE-PEG2000 were dissolved with chloroform: 
methanol (50: 1, v/v) mixture in a certain ratio. And the organic mixture 
was rotary-evaporated (RE-52AA, Beidi Experimental Instrument Co., 
Ltd., Nanjing, China) under reduced pressure at 40 ◦C to form a uniform 
thin-film. The film was further dried under vacuum for 30 min to remove 
residual organic solvent. Next, the lipid film was subsequently hydrated 
with PBS at 50 ◦C for 30 min until the thin-film was completely off. The 
suspension was sonicated (ultrasonic 3 s, interval 3 s, power 200 W) for 
3 min using an ultrasonic cell disrupter (Beidi-650E, Beidi Experimental 
Instrument Co., Ltd., Nanjing, China), and filtered through 0.45 μm 
micro porous membrane to obtain blank liposomes. Then SAB was dis
solved in 1% glycine-HCl buffer (pH 3.3) and added dropwise to the 
preformed blank liposomes according to the mass ratio of phospholipid: 
SAB = 10: 1, and incubated at 50 ◦C for 10 min, followed by immediate 
cooling in an ice bath. The resulting SAB-loaded liposomes were purified 
by dialysis against PBS (MWCO, 3500 Da) to remove unencapsulated 
SAB. 

DiR-labeled liposomes and förster resonance energy transfer (FRET) 

reagents: 3-hydroxyisoquinoline (HIQ) and nile red (NR) co-loaded li
posomes are prepared by dissolving the fluorescein in a mixture of 
chloroform and methanol to form the thin film, while rhodamine B (RB)- 
loaded liposomes are prepared by dissolving RB in the hydration me
dium. The other steps are the same with the preparation of SAB-loaded 
liposomes. 

2.4. Characterization of SAB-loaded liposomes 

The morphology of SAB-loaded liposomes was observed by trans
mission electron microscope (TEM, Tecnai 12, Philips, Holland, 
Amsterdam, Netherlands). The particle size, polydispersity (PDI), and 
zeta potential of SPC-Lipo/SAB, HSPC-Lipo/SAB, DPPC-Lipo/SAB, 
DPPG-Lipo/SAB and DOTAP-Lipo/SAB were measured by NanoBrook 
90Plus PALS (Brookhaven, GA, USA). The concentration of SAB in 
liposomal preparations was measured by high performance liquid 
chromatography (HPLC), which used Shimadzu LC-16 (Suzhou, China) 
with a UV detector (SPD-16, Shimadzu, Suzhou, China) using a reversed 
phase column (Welch, Ultimate® ODS-3, 4.6 × 250 mm, 5 μm, Huaian, 
China), at 30 ◦C. A mobile phase consisted of acetonitrile and 0.1% 
phosphoric acid (30: 70, v/v) at a flow rate of 1 mL/min and detecting at 
the wavelength of 286 nm. The drug loading efficiency (LE) and drug 
loading capacity (DL) were calculated by the following eqs. (1) and (2): 

LE (%) =
Wdrug loaded

Wdrug added
×100% (1)  

DL (%) =
Wdrug loaded

Wtotal liposome
×100% (2) 

Then dialysis method was used to determine the in vitro release of 
SAB. A dialysis bag (MWCO, 14 kDa) holding 1 mL of SAB-loaded 
liposomal preparations or the mixture of liposomal preparations and 
artificial mucus was immersed in 15 mL of PBS in a capped bottle and 
incubated at 37 ◦C with stirring at a speed of 50 rpm. The content of SAB 
released into the medium was determined using the HPLC method 
described above. To determine the stability of the formulations, SAB- 
loaded liposomes were kept in an incubator at 4 ◦C and the particle 
size, PDI and zeta potential were measured for one week. 

Fig. 1. Schematic illustration of the in vivo fate of SAB-loaded liposomes after inhalation and their therapeutic effects and mechanisms on IPF.  
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2.5. In vitro stability of SAB-loaded liposomes in mucus and 
bronchoalveolar lavage fluid (BALF) 

FRET is a photophysical process that has been used to investigate the 
stability and release kinetics of nanoparticles that are sensitive to dis
tance changes. When the donor and acceptor fluorophores have a large 
spectral overlap in their excitation and emission spectra and are within 
10 nm of each other, energy transfer occurs between them. The donor 
fluorophore in the excited state transfers energy to the acceptor, 
resulting in acceptor fluorescence [34,35]. The stability of liposomes 
prepared with different phospholipids in PBS solution, 0.2% (w/v) 
mucin solution, BALF was evaluated by FRET. As previously described, 
artificial mucus was prepared by adding 250 μL of sterile egg yolk 
emulsion, 250 mg of mucin, 0.295 mg of DTPA, 250 mg of sodium 
chloride, 110 mg of potassium chloride, and 1 mL of RPMI 1640 to 50 
mL distilled water [36]. To obtain BALF, KM mice (20 ± 2 g, 6–8 weeks 
old) were euthanized. The neck trachea of mice was surgically isolated 
and cut, a cannula was inserted and fixed in place. Bronchoalveolar 
lavage was repeated three times with 2 mL of ice-cold PBS through 
tracheal intubation to obtain BALF. The obtained BALF was centrifuged 
(350 ×g, 10 min) at 4 ◦C to remove cells and the supernatant was 
collected. For the analysis, 0.5 mL of HIQ and NR co-loaded liposomes 
were added to 2 mL of PBS and lung-relevant media. The samples were 
incubated at 37 ◦C, the maximum emission band intensity was detected 
at λEx/λEm = 400/635 nm, and the particle size changes of HIQ and NR 
co-loaded liposomes were monitored at pre-determined time intervals. 
The FRET signal was represented by calculating the peak intensity ratio 
of the acceptor fluorescence before and after the treatment (I/I0). The 
decrease of the emission ratio and change of particle size were consid
ered indicative of disassembly/aggregation. 

2.6. Interactions between SAB-loaded liposomes and mucin/BALF 

2.6.1. Turbidity measurement by UV–visible spectrophotometry 
The interactions between mucin and liposomes were examined by 

turbidimetric measurements using a UV–visible spectrophotometer 
[37]. Briefly, equal volumes of mucin and SAB-loaded liposomes 
composed of different phospholipids were mixed at different mass ratios 
(0.031, 0.125, 0.5, 1, 2). Subsequently, these mixtures were incubated at 
37 ◦C for 1 h, and then the absorbance of each system was determined at 
λ = 500 nm using a spectrophotometer (UV-2700, Shimadzu, Japan) and 
considered as the effective absorbance (Aeffect). The absorbance for 
mucin and the SAB-loaded liposomes individually under the corre
sponding conditions were also measured and calculated the theoretical 
absorbance (Atheory). The interactions between mucin and the SAB- 
loaded liposomes can be shown by the difference in absorbance (ΔA), 
which was calculated as eq. (3): 

ΔA = Aeffect − Atheory (3)  

2.6.2. Particle size and zeta potential measurement 
Equal amounts of SAB-loaded liposomes composed of different 

phospholipids were mixed with mucin solution or BALF in different 
proportions. The solutions were incubated for 1 h at 37 ◦C. The particle 
size and zeta potential of each mixture were measured using a Nano
Brook 90Plus PALS. We also examined the influence of different incu
bation times on the particle size and zeta potential at a fixed ratio. 

2.6.3. In vitro penetration of SAB-loaded liposomes through mucus layer 
In vitro mucus penetration properties of the different liposomes were 

evaluated by an artificial mucus model using transwell as reported 
previously [36,38]. Briefly, the artificial mucus was prepared as 
described. Then, 150 μL of the above artificial mucus was transferred to 
each donor chamber of the Transwell® (6.5 mm, pore size 3.0 μm), with 
800 μL of pH 7.4 PBS added to the accepter chamber. Thereafter, the 
transwell was equilibrated at the temperature of 37 ◦C for 1 h. Then 

upper layer of the artificial mucus was added with 100 μL of SAB-loaded 
liposomes composed of different phospholipids. 100 μL of samples in 
acceptor chamber were withdrawn at specific time intervals at 37 ◦C and 
replaced by fresh buffer. At same times, samples were dissolved in 
methanol to measure SAB content through HPLC. The results were 
expressed as the permeation percentage of SAB-loaded liposomes that 
penetrated through the artificial mucus layer. The Papp of SAB was 
calculated according to the following eq. (4): 

Papp = V×
dC
dt

×
1
A
×

1
C0

(4) 

Where Papp is the apparent permeability coefficient, V is the volume 
of the receiver compartment. dC/dt is the drug concentrations obtained 
in the acceptor chamber per unit time (s), namely, the final drug con
centration in the acceptor chamber divided by the transport time. A is 
the surface area of the membrane (cm2), and C0 is the initial drug con
centration in the donor compartment. 

2.7. In vitro cellular uptake and transmembrane transport of liposomes 

To study the cellular uptake, HBE135-E6E7 cells, A549 cells and 
RAW264.7 cells were cultured as previously described and seeded at a 
density of 2 × 105 cells per well in 6-well plates. Thereafter, free SAB 
and SAB-loaded liposomes (at an equivalent lipid concentration of 0.4 
mg/mL) were diluted with serum-free medium and incubated with cells 
for 2 h and 4 h, respectively. The cells were washed three times with 
PBS, collected with RIPA buffer (containing 1% PMSF), and split into 
two aliquots. One aliquot was used for BCA assay to determine the 
protein concentration, and the other aliquot was extracted with meth
anol and analyzed by HPLC for the SAB content in cells. 

To evaluate the transport behaviors of liposomes in vitro, HBE135- 
E6E7 cell and A549 cell model was established. Briefly, HBE135-E6E7 
cells or A549 cells were seeded on transwell inserts (diameter 12 mm, 
pore size 0.4 μm) at a density of 2.5 × 105 cells per well and cultured in a 
37 ◦C incubator with 5% CO2. SAB-loaded liposomes were added to the 
donor chamber, and the accepter chamber was filled with 1.0 mL of 
fresh medium. Samples were taken from the accepter chamber at 4 h. 
Methanol was added to each sample to extract SAB, and then dried at 
40 ◦C under nitrogen purge. The precipitate was reconstituted with 100 
μL of methanol and vortexed to dissolve. Then, 200 μL of a mixed so
lution of acetonitrile and 0.1% phosphoric acid solution was added. The 
final solution was centrifugated (9500 ×g, 10 min) and the supernatant 
was used for detection by HPLC. The Papp of SAB was calculated. Besides, 
TEER values were measured to monitor the effect of the SAB prepara
tions on monolayer integrity. The initial TEER values of the cell mono
layers were determined. The apical medium was then removed and 
replaced with SAB-loaded liposomes. At 4 h, the SAB-loaded liposomes 
were withdrawn from the upper chambers and replaced with culture 
medium to measure the TEER values of the cell monolayers. 

The distribution of RB-loaded liposomes in lung parenchyma was 
investigated. After anesthesia with isoflurane, mice were intratracheally 
instilled with 100 μL of RB-labeled liposomes composed of different 
phospholipids via endotracheal intubation (22G surflo®. I. V. Catheter, 
Terumo Corp, Biñan, Philippines), at an equivalent RB dosage of 100 μg/ 
kg. After 2 h, the mice were sacrificed by cervical dislocation. The tra
chea and lung tissue were fixed using 4% paraformaldehyde solution for 
24 h and embedded in tissue freezing medium. Then, the embedded 
tissue was frozen sliced into transection with thickness of 10 μm. After 
staining with DAPI solution (10 μg/mL), the pictures were taken by 
confocal laser scanning microscope at λEx/λEm = 405/437 nm for the 
DAPI and λEx/λEm = 550/580 nm for the RB. 

2.8. Biodistribution of the DiR-labeled liposomes after inhalation 

The biodistribution of the liposomes were studied using DiR-labeled 
liposomes. Briefly, the mice (KM mice, 20 ± 2 g, 6–8 weeks old) were 
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randomly divided into 4 groups. After anesthesia with isoflurane, 50 μL 
of DiR-labeled liposomes were administered by inhalation via endotra
cheal intubation (22G surflo®. I. V. Catheter, Terumo Corp, Biñan, 
Philippines) and free DiR solution was used as a control (at an equivalent 
DiR dosage of 1 mg/kg). The mice were placed face up, and the fluo
rescence in vivo was measured from the abdomen using an in vivo im
aging system (IVIS Lumina III, PerkinElmer Inc., USA) at various time 
points. After anesthesia and dissection at the last time point, the heart, 
liver, spleen, lung, and kidney were isolated and collected for ex vivo 
imaging (λEx = 748 nm and λEm = 780 nm). Set the fluorescence in the 
lung compartment as the region of interest (ROI) and calculated the 
fluorescence intensity using Living Image® software of PerkinElmer, 
Inc. 

2.9. Pulmonary retention, pharmacokinetic, and tissue distribution studies 

The mice (KM mice, 20 ± 2 g, 6–8 weeks old) were randomly divided 
into 4 groups: free SAB group, HSPC-Lipo/SAB group, DPPC-Lipo/SAB 
group and DPPG-Lipo/SAB group. The mice were deprived of food for 
12 h prior to the experiment, while having unrestricted access to water. 
After isoflurane anesthesia, free SAB and SAB-loaded liposomes are 
administered intratracheally according to the method described in sec
tion 2.8, at a SAB dose of 5 mg/kg. At predetermined time intervals 
(0.02, 0.05, 0.08, 0.17, 0.5, 1, 2, 4, 8 h), the mice were anesthetized, the 
plasma was obtained by speed centrifugation (1160 ×g, 10 min) at 4 ◦C 
of the collected abdominal aorta blood. After blood collection, bron
choalveolar lavage was repeated three times with 1 mL of ice-cold PBS 
through tracheal intubation to obtain BALF. Lung and other tissues were 
quickly removed. The supernatant and sediment of BALF were separated 
by high-speed centrifugation (9500 ×g, 10 min). 

2.9.1. BALF supernatant sample processing 
Two hundred microliter of the sample was accurately transferred 

into a centrifuge tube, followed by the addition of 200 μL of methanol. 
The mixture was vortexed for 2 min and sonicated in a water bath for 15 
min. After vortexing, sample was mixed with 10 μL of internal standard 
(10 μg/mL of cinnamic acid), 10 μL of 1.4 mg/mL L-ascorbic acid and 
200 μL of 10% (v/v) hydrochloric acid. The mixture was vortexed for 
another 2 min and then extracted with 1 mL of ethyl acetate. The organic 
phase was placed in a new centrifuge tube after centrifugation (9500 ×g, 
10 min), then 1 mL of ethyl acetate was added to the aqueous phase to 
extract SAB. The above extraction liquid was dried at 40 ◦C under ni
trogen purge. Thereafter, the precipitate was reconstituted with 100 μL 
of methanol and vortexed to dissolve. Then, 200 μL of a mixed solution 
of acetonitrile and 0.1% phosphoric acid solution was added. The final 
solution was centrifugated (9500 ×g, 10 min) and the supernatant was 
used for detection by HPLC. 

2.9.2. BALF sediment sample processing 
Accurately added 200 μL methanol to the sample and vortexed for 2 

min. Then, sonicated in a water bath for 15 min. Ten microliter of in
ternal standard (10 μg/mL of cinnamic acid) was added, and the sub
sequent processing was the same as that of the BALF supernatant 
sample. 

2.9.3. Plasma sample processing 
Two hundred microliter of the plasma sample was added to a 

centrifuge tube, followed by the addition of 200 μL of methanol. The 
mixture was vortexed for 2 min and sonicated in a water bath for 15 min. 
Ten microliter of internal standard (10 μg/mL of cinnamic acid) was 
added, and the subsequent processing was the same as that of the BALF 
supernatant sample. 

2.9.4. Tissue sample processing 
Accurately weighed tissue samples were put into a centrifuge tube, 

PBS and methanol mixture solution was added according to a fixed ratio, 

thereafter the samples were fully homogenized. The homogenate was 
centrifugated at 2080 ×g for 10 min, and 400 μL of the supernatant was 
added into a centrifuge tube. Ten microliter of internal standard (10 μg/ 
mL of cinnamic acid) was added, and the subsequent processing was the 
same as that of the BALF supernatant sample. 

2.10. Treatments on BLM-induced IPF mice model 

To establish IPF mice model, C57BL/6 J mice (20 ± 2 g, 6–8 weeks 
old) were acclimated for one week and then anesthetized with iso
flurane. BLM was administered intratracheally at a dose of 3 mg/kg for 
one time to establish the IPF model. The mice were then shaken and 
rotated to evenly distribute the fluid in the lungs. After 7 days, they were 
randomly assigned to nine groups, including control, model, free SAB, 
blank HSPC-Lipo, blank DPPC-Lipo, blank DPPG-Lipo, HSPC-Lipo/SAB, 
DPPC-Lipo/SAB, and DPPG-Lipo/SAB, and treated with SAB prepara
tions at an equivalent SAB dosage of 5 mg/kg intratracheally once a day 
for one week. At the end of this experiment, the mice were anesthetized, 
and the left main bronchus was ligated. Then the trachea was incised 
and inserted into a cannula. BALF was collected on the right lung of mice 
by washing three times with 0.5 mL of ice-cold PBS. The left lung was 
removed, rinsed with pre-cooled PBS and blotted with filter paper, fixed 
in 4% paraformaldehyde or stored at − 80 ◦C for histological or phar
macodynamic analysis. 

2.11. Hematoxylin and eosin (H&E), Masson's, and 
immunohistochemistry (IHC) staining 

The lungs were fixed with 4% paraformaldehyde for at least 48 h and 
embedded in paraffin. We prepared sections of lung tissues which 
stained with H&E and Masson's staining. Lung specimens were stained 
with α-SMA and collagen-I (Col–I) antibodies using an immunohisto
chemistry technique. H&E lesions can be divided into 4 levels that was 
shown in the Table S1 [32,39]. The scope of each lesion is determined by 
the total score. The images of Masson's staining and IHC were processed 
semi-quantitatively by Image J. 

2.12. Determination of related cytokines in lung tissue and BALF 

For the quantification of hydroxyproline (HYP), an appropriate 
amount of lung tissue was weighed in a glass tube and chopped into 
small pieces for digestion. The measurement was performed according 
to the instructions of the HYP kit, and the protein in the sample was 
extracted separately for quantification. For the measurement of 
coagulation-fibrinolytic system-related factors, the lung tissue was 
added to pre-cooled PBS at a ratio of 1: 9 (g: mL) and homogenized 
thoroughly on ice in a glass homogenizer. The homogenate was centri
fuged at 5000 ×g for 10 min at 4 ◦C, and then the supernatant was 
collected for analysis. ELISA kits were used to detect the levels of acti
vated coagulation factor X (FXa), activated coagulation factor II (FIIa), 
fibrinogen degradation product (FDP), PAI-1, urokinase type plasmin
ogen activator (uPA) and tissue type plasminogen activator (tPA) in the 
lung tissue in accordance with the manufacturer's instructions. Besides, 
the level of TGF-β1, TNF-α, IL-6 and IL-1β in BALF were measured using 
ELISA kits as well according to the manufacturer's instructions. 

2.13. Statistical analysis 

The experimental results were expressed as mean ± standard devi
ation (SD) from sample numbers (n). The differences detection of the 
mean values between multiple groups were determined via one-way 
analysis of variance (ANOVA), with Tukey test. Comparisons between 
control and model groups were assessed by unpaired, two-tailed Stu
dent's t-test. Significance was defined as p values of ＜0.05. Statistical 
analyses were performed using GraphPad Prism version 8.0. 
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3. Results and discussion 

3.1. Preparation and characterization of SAB-loaded liposomes 

To study the effect of liposomes composed of different phospholipids 
on the behavior of SAB in vivo after inhalation, we prepared SAB-loaded 
liposomes by neutral phospholipids (SPC, HSPC, DPPC), anionic phos
pholipids (DPPG) and cationic phospholipids (DOTAP) via an active 
drug loading method to obtain SPC-Lipo/SAB, HSPC-Lipo/SAB, DPPC- 
Lipo/SAB, DPPG-Lipo/SAB and DOTAP-Lipo/SAB, respectively 
(Fig. 2A). The particle size of SAB-loaded liposomes is around 100–200 
nm, and the PDI is ＜0.3. Except for DOTAP-Lipo/SAB, the surface po
tentials of all the liposomes are negatively charged (Fig. 2B-C). The LE of 
SAB is about 70–90%, and the DL is about 5–6% for all the liposomes 
(Fig. 2D). The morphological appearance of liposomes was observed 
through TEM (Fig. 2E). SPC-Lipo/SAB, DPPC-Lipo/SAB, DPPG-Lipo/ 
SAB and DOTAP-Lipo/SAB are spherical with fingerprint-like mem
brane layers, while HSPC-Lipo/SAB is near spherical with a thin film 
layer. These results showed that liposomes prepared by saturated 
phospholipids had larger particle sizes, while unsaturated phospholipid 
and positively charged phospholipid resulted in smaller size. In 

consistent with previous studies [40,41], the saturation and charges of 
phospholipids are important factors that determine the particle size and 
morphology of liposomes. 

The release behavior of SAB-loaded liposomes in PBS before and 
after incubation with artificial mucus (Fig. 2F–G). The cumulative 
release of SAB from DOTAP-Lipo/SAB is significantly lower than the 
other groups, and artificial mucus slightly increase the cumulative drug 
release of DOTAP-Lipo/SAB from 5.87% to 13.20%. It is speculated that 
the carboxyl group and phenolic hydroxyl group of SAB could combine 
with the quaternary ammonium salt cationic head group of DOTAP, 
which hinders drug release [42–44]. Whereas, the electric attractions 
between SAB and DOTAP might be competitive interfered by mucin. 
Interestingly, SAB-loaded liposomes constructed by neutral and anionic 
phospholipids showed similar release behavior in PBS regardless of the 
presence of artificial mucus, reaching about 50–60% of the total SAB at 
12 h. Besides, the stability of SAB-loaded liposomes was monitored in 
terms of particle size, PDI and zeta potential (Fig. S1A–C), indicating the 
high stability of all the SAB-loaded liposomes at 4 ◦C for at least one 
week. 

Fig. 2. Characterization of SAB-loaded liposomes composed of different phospholipids. (A) The chemical structure of SPC, HSPC, DPPC, DPPG, and DOTAP and the 
schematic diagram of liposomes with different surface potential. (B) The particle size, PDI and (C) zeta potential of SAB-loaded liposomes. (D) Drug loading efficiency 
(LE) and drug loading capacity (DL) of SAB. (E) Representative TEM images of liposomes (scale bar = 50 nm). Release behavior of SAB from liposomes in pH 7.4 PBS 
(F) without and (G) with artificial mucus added. Each value represents the mean ± SD (n = 3). 
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3.2. In vitro stability of SAB-loaded liposomes in mucus and BALF 

The stability of drug-loaded liposomes in the mucus of pulmonary 
alveoli is an important factor affecting the penetration and further 
cellular uptake of SAB. We evaluated the stability of liposomes through 
the FRET effect and particle size changes in lung-related media. Because 
the emission spectrum of HIQ can have sufficient overlap with the that of 
NR, HIQ and NR can be used as a FRET reagent pair (Fig. 3A–B). When 
HIQ and NR are co-loaded into liposomes, the emission of HIQ can excite 
NR, which is called FRET effect [45,46]. Whereas the destruction of li
posomes leads to the release of HIQ and NR, resulting in the reduction of 
FRET. We prepared HIQ and NR co-loaded liposomes and characterized 
(Fig. S2). The emission intensity ratio (I/I0) at 400/635 nm was detected 
in mucin, artificial mucus and BALF to evaluate the FRET effects 
(Fig. 3C–E). In the mucin and artificial mucus, the emission intensity 
ratio of DOTAP-Lipo/HIQ-NR were reduced, indicating the instability of 
DOTAP-Lipo/HIQ-NR. Compared with saturated phospholipids, the 
stability of liposomes composed of SPC in mucin and artificial mucus 
was slightly reduced, which might be related to the existence of unsat
urated bonds in the fatty acid chain. All the liposomes maintained the 
intact structure in the BALF that might be attributed to the low con
centration of pulmonary surfactant proteins. 

Moreover, the particle size and PDI of liposomes in mucin solution, 
artificial mucus and BALF were monitored for 24 h (Fig. 3F–K). The 
neutral and negative liposomes undergo slight size changes after co- 

incubating with mucin and artificial mucus, while the electrostatic at
tractions led to the obvious size increase of DOTAP-Lipo/HIQ-NR. In 
BALF, the size of DOTAP-Lipo/HIQ-NR slightly increased, while the 
other liposomal preparations exhibited almost no size increasement. It 
was contributed to the low concentration of pulmonary surfactant pro
teins resulting in the weak combination with DOTAP. Besides, all the 
liposomes exhibited good stability in PBS for 24 h in terms of the 
emission intensity ratio, diameter and PDI (Fig. S3). Collectively, lipo
somes composed of neutral and anionic phospholipids maintained high 
stability in the respiratory tract and pulmonary alveoli after inhalation. 
Although SPC-Lipo/HIQ-NR exhibited slightly reduced emission in
tensity ratio in mucin and artificial mucus, small variation on size and 
PDI was observed. It was suggested that mucin interfered with the sta
bility of SPC-Lipo without breaking the structure integrity of liposomes. 

3.3. Interactions between SAB-loaded liposomes and mucin/BALF 

Further studies on the interactions between SAB-loaded liposomes 
and mucin/BALF were evaluated by the physiochemical properties of 
liposomes and turbidimetry variation. Above all, the size increasement 
of liposomes at different ratios of mucin to phospholipid (w/w) was 
monitored as well as PDI and zeta potential (Fig. 4A–C). As the amount 
of mucin increases, the particle size of DOTAP-Lipo/SAB sharply 
increased. In comparison, size variation was hardly observed in the 
other liposomes until the mass ratio of mucin to phospholipid reached 2. 

Fig. 3. Stability of HIQ and NR co-loaded liposomes in pulmonary-related media. (A) Illustration of FRET effect between HIQ and NR. (B) Emission spectrum of HIQ 
and excitation spectrum of the NR. Variation on I/I0 of HIQ and NR co-loaded liposomes in (C) mucin, (D) artificial mucus and (E) BALF within 24 h. The change of 
particle size and PDI of HIQ and NR co-loaded liposomes in (F, I) mucin, (G, J) artificial mucus and (H, K) BALF within 24 h. Each value represents the mean ± SD (n 
= 3). 
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Due to the large number of sialic acid residues on the surface of mucin, it 
appears to be negative [47,48]. Hence, a charge reversal was observed in 
DOTAP-Lipo/SAB at the mucin to phospholipid ratio of 0.5 (w/w) 
indicating continuous combination of mucin on the liposomes. Howev
er, the zeta potential of SAB-loaded liposomes composed of neutral and 
anionic phospholipids exhibited slight changes. In addition, we exam
ined the effects of incubation time on the interactions between lipo
somes and mucin at the mucin to phospholipid ratio of 2.0 (w/w) 
(Fig. S4). The particle size, PDI and zeta potential of DOTAP-Lipo/SAB 
merely changed after 1 h, which revealed that the interactions be
tween DOTAP-Lipo/SAB and mucin reached the balance quickly. SPC- 
Lipo/SAB showed sharply increased particle size (>300 nm) at 1 h, 
while the increased particle size of HSPC-Lipo/SAB was lower than 200 
nm even at 48 h. DPPC-Lipo/SAB and DPPG-Lipo/SAB exhibited ＜200 
nm increased particle size until 24 h. It is speculated that mucin might be 
involved in the reconstruction of SPC-Lipo/SAB and HSPC-Lipo/SAB 
effectively prevented the interference from mucin. 

Furthermore, the turbidity of liposomes and mucin mixed solution 
was measured at λ = 500 nm. DOTAP-Lipo/SAB significantly increased 
the turbidity of mucin, while no obvious change on the absorbance was 
monitored in the other liposomes (Fig. 4D). Further analysis on the 
turbidity variation was implemented (Fig. S5). The absorbance of 
DOTAP-Lipo/SAB increased significantly as the mucin/lipid ratio was 
<0.125, and the slope of the fitted line was about 5 times of that of the 
mucin, indicating that DOTAP-Lipo/SAB formed strong interactions 

with mucin. However, the slope of the fitted line of the other liposomes 
is even lower than that of the mucin. These results are in agreement with 
the size variation of liposomes in the mixed solution. The mucus pene
tration capability of SAB-loaded liposomes was studied via a transwell 
method using the artificial mucus (Fig. 4E–F). DOTAP-Lipo/SAB 
exhibited the lowest permeability, and the aggregation was clearly 
observed in the mucus layer (Fig. S6). The other SAB-loaded liposomes 
possessed similar mucus permeability compared with free SAB. Accu
mulating evidence indicated that the weak interactions between neutral 
or negative liposomes and mucin facilitated the mucus penetration 
[49,50]. While the strong interactions between mucin and DOTAP 
contributed to the low permeation across mucus layer. 

In terms of the interactions between SAB-loaded liposomes and 
BALF, the size increasement, PDI and zeta potential of liposomes at 
different ratios of BALF to phospholipid (v/w) was monitored 
(Fig. 4G–I). The particle size of DOTAP-Lipo/SAB increased along with 
the ratio of BALF/lipid (v/w). Meanwhile, the charge of DOTAP-Lipo/ 
SAB reduced, while charge reversal was not observed. Interestingly, 
the particle size of SPC-Lipo/SAB increased gradually that was different 
from the size variation in mucin. It was speculated that the size increase 
of SPC-Lipo/SAB might be attributed to the specific interactions be
tween SPC and pulmonary surfactant proteins. 

Fig. 4. In vitro assessment of the interactions between SAB-loaded liposomes and mucus/BALF. The (A) increased particle size, (B) PDI and (C) zeta potential of 
mucin-liposome mixtures at different weight ratios of mucin to phospholipids. (D) The absorbance difference (ΔA) between the theoretical absorbance and the actual 
effective absorbance. (E) The penetration percentage of SAB-loaded liposomes through artificial mucus in transwell and (F) Papp at 24 h. (G) The increased particle 
size, (H) PDI and (I) zeta potential of BALF-liposome mixtures at different ratios of BALF to phospholipids (v/w). Each value represents the mean ± SD (n = 3), *p <
0.05, ***p < 0.001. 
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3.4. Penetration of liposomes across bronchial and alveolar epithelium 

HBE135-E6E7 cells and A549 cells were used to establish the bron
chial and alveolar epithelial cell monolayer model, respectively. 
RAW264.7 cells were used to evaluate the alveolar macrophages 
phagocytosis. Above all, the toxicity of SAB-loaded liposomes on 
HBE135-E6E7 cells, A549 cells and RAW264.7 cells was determined 
(Fig. S7–9). The cellular uptake of SAB-loaded liposomes by HBE135- 
E6E7 cells, A549 cells and RAW264.7 cells after 2 and 4 h of incuba
tion was detected (Fig. 5A–C). DOTAP-Lipo/SAB exhibited the highest 
cellular uptake by all the cells, which was attributed to the high cell 
binding ability of the cationic liposomes [51]. HSPC-Lipo/SAB showed 
higher cellular uptake in A549 cells and RAW264.7 cells at 4 h than the 
other groups, except for DOTAP-Lipo/SAB. For bronchial and alveolar 
epithelium penetration study, both HBE135-E6E7 and A549 cell 
monolayers were established in the upper chamber of transwell. The 
mucus layer produced by HBE135-E6E7 cells in air-liquid interface for 
28 days was identified by alciam blue staining (Fig. S10). Compared 
with free SAB, DOTAP-Lipo/SAB and HSPC-Lipo/SAB possessed lower 
Papp value in HBE135-E6E7 cell monolayer, especially for DOTAP-Lipo/ 

SAB, while DPPG-Lipo/SAB possessed higher Papp value (Fig. 5D). 
Relative TEER variation of the HBE135-E6E7 cell monolayer after 
treatments by SAB-loaded liposomes indicated that liposomes opened 
the tight junctions (Fig. 5E). In terms of A549 cell monolayer, both 
DPPG-Lipo/SAB and DPPC-Lipo/SAB exhibited much higher Papp value 
than free SAB (Fig. 5F). These results suggested that free SAB may 
quickly penetrate the cell layer through the cellular pathway and the 
strong binding force between DOTAP-Lipo/RB and epithelial cells failed 
to facilitate further transcellular transport. 

RB-loaded liposomes with the same formulation and preparation 
process were prepared and characterized for in vivo distribution study 
(Fig. S11). The fluorescent sections of bronchial tubes and lung tissue at 
2 h after inhalation of RB-loaded liposomes (Fig. 5G). Overall fluores
cence intensity of free RB was weak due to the quick penetration of RB. 
HSPC-Lipo/RB showed the strongest fluorescence signal in the slice of 
lung compared with the other groups, indicating the high retention of 
HSPC-Lipo/RB in the lung tissue. Focusing on the bronchial tubes, SPC- 
Lipo/RB possessed the weakest distribution of RB at the bronchial 
epithelium. It is suggested that saturated phospholipids are more likely 
to improve the retention of cargos in the lungs. Noteworthy, DOTAP- 

Fig. 5. Liposomes mediate bronchial and alveolar epithelium penetration. Cellular uptake of SAB-loaded liposomes by (A) HBE135-E6E7 cells, (B) A549 cells and (C) 
RAW264.7 cells after 2 and 4 h of incubation at 37 ◦C. (D) Papp values of SAB-loaded liposomes through the HBE135-E6E7 cell monolayer at 4 h after incubation. (E) 
Relative TEER of the HBE135-E6E7 cell monolayer after treatments by SAB-loaded liposomes. (F) Papp values of SAB-loaded liposomes through the A549 cell 
monolayer at 4 h after incubation. (G) Distribution of RB-loaded liposomes in the pulmonary and bronchus 2 h post instillation, nucleus was stained by DAPI (blue), 
RB was green. Each value represents the mean ± SD (n = 3), **p < 0.01, ***p < 0.001. (For interpretation of the references to colour in this figure legend, the reader 
is referred to the web version of this article.) 
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Lipo/RB accumulated at the bronchial epithelium exhibiting low dis
tribution in pulmonary parenchyma. For liposomes deposited in the 
respiratory zone, they first encounter the mucus layer, which may 
change their geometry, surface properties, and thus affect their subse
quent in vivo fate. The strong interactions between DOTAP-Lipo and 
mucin might enhance cellular uptake by RAW264.7 cells via macro
phage phagocytosis. Therefore, both SPC-Lipo and DOTAP-Lipo are not 
appropriate carriers for drug inhalation. 

3.5. In vivo biodistribution of liposomes after inhalation 

Due to the high cytotoxicity of DOTAP-Lipo/SAB on the HBE135- 
E6E7 cells, A549 cells and RAW264.7 cells, and the lower mucus layer 
permeability compared with the other SAB-loaded liposomes, as well as 
the high hemolysis activity (Fig. S12), DOTAP-Lipo/SAB was not 
involved in the following in vivo studies. HSPC-Lipo/SAB, DPPC-Lipo/ 
SAB and DPPG-Lipo/SAB with high mucus stability and mucus layer 
permeability were applied in the biodistribution and IPF treatments 
studies. To observe the spatiotemporal distribution of liposomes after 
inhalation, we prepared DiR-labeled liposomes (Fig. S13). The bio
distribution of DiR-labeled liposomes at different time points after 
tracheal instillation was captured by IVIS (Fig. 6A). Free DiR appeared 
systemic distribution. However, DiR-labeled liposomes showed smaller 
range of biodistribution. The pictures of all the organs at 24 h clearly 
showed the higher fluorescence intensity of DiR at lung in the liposome 
groups, but there was no statistical difference in the quantitative 

analysis of fluorescence among DiR-labeled liposomes (Fig. 6B–C). It is 
suggested that liposomes have the potential to be remained at lung, 
while the IVIS cannot show the detailed spatiotemporal distribution of 
SAB-loaded liposomes at lung tissue, which is of great significance for 
the treatment of pulmonary fibrosis. 

To obtained more detailed information about the distribution of SAB 
at lung, we monitored the SAB content in BALF and the lavaged lung. 
Moreover, we divided BALF into supernatant and sediment. According 
to the previous studies, the alveolar macrophages account for 95% of the 
total number of cells in BALF [52], thereby the drug in BALF sediment 
can be considered as the NPs that being taken up by alveolar macro
phages and not yet been cleared [53]. The SAB content in the lavaged 
lung represents the amount of SAB accumulated in the lung paren
chyma, while the content of SAB in the whole lung contained the SAB in 
BALF and lavaged lung. The drug concentration-time curve of SAB in 
BALF supernatant and sediment, whole BALF, lavaged lung and whole 
lung, as well as plasma were plotted (Fig. 7A–F). Correspondingly, the 
pharmacokinetic parameters were calculated (Fig. 7G). The results 
showed that the AUC0-t of SAB in the BALF supernatant of the HSPC- 
Lipo/SAB, DPPC-Lipo/SAB and DPPG-Lipo/SAB groups were 2.40, 
2.33 and 1.66 times higher than those of the free SAB group, respec
tively. Although liposomes significantly increased the AUC0-t of SAB in 
the BALF sediment, the proportion of SAB is ＜1.6% of total dose. In 
general, liposomes increased the total retention of SAB in BALF. 
Compared with the free SAB, liposomes increased the absorption of SAB 
in the lung parenchyma. The AUC0-t values of the HSPC-Lipo/SAB, 

Fig. 6. Biodistribution of DiR-labeled liposomes composed of different phospholipids after intratracheal administration. (A) The in vivo near-infrared fluorescence 
images of mice captured at 1, 2, 4, 8, 12 and 24 h after intratracheal administration by an in vivo imaging system. (B) Ex vivo imaging of transplanted lung, heart, 
liver, spleen, and kidney of the mice at 24 h. (C) Quantitation of radiant efficiency in lung and liver of mice. Each value represents the mean ± SD (n = 3), *p < 0.05, 
**p < 0.01. 
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DPPC-Lipo/SAB and DPPG-Lipo/SAB groups were 8.49, 2.76 and 3.84 
times higher than those of the free SAB group, respectively. A significant 
increase in the retention of SAB was observed in the whole lung. Inter
estingly, no absorption peak was observed on the plasma drug 
concentration-time curve of free SAB in comparison with liposomes, 
indicating quick systemic escape of SAB after inhalation. The AUC0-t of 
HSPC-Lipo/SAB, DPPC-Lipo/SAB and DPPG-Lipo/SAB groups in plasma 
were 3.18, 0.58 and 1.19 times higher than that of free SAB group, 
respectively. It is speculated that the retention of liposomes in BALF 

results in the prolonged absorption phase. Besides, the distribution of 
SAB in heart, liver, spleen, and kidney tissues over time were measured 
as well (Fig. S14). 

When nanoparticles pass through the upper respiratory tract, they 
are liable to be eliminated by mucociliary movement, thereby reducing 
lung deposition. PEGylation can effectively reduce mucociliary clear
ance of liposomes and facilitate the mucus layer penetration. However, 
the phospholipids used for the construction of liposomes can signifi
cantly affect in vivo fate of liposomes via the size, structure, and surface 

Fig. 7. Retention of SAB in the lung and circulation of normal mice after intratracheal administration. The retention percentages-time profiles of SAB in (A) BALF 
supernatant, (B) BALF sediment, (C) whole BALF, (D) lavaged lung, (E) whole lung, and (F) plasma. (G) Pharmacokinetic parameters of SAB in the BALF supernatant, 
BALF sediment, whole BALF, lavaged lung, whole lung, and the plasma. Each value represents the mean ± SD (n = 3), *p < 0.05, **p < 0.01, ***p < 0.001 compared 
with free SAB group, #p < 0.05, ##p < 0.01, ###p < 0.001 compared with HSPC-Lipo/SAB group, $$p < 0.01 compared with DPPG-Lipo/SAB group. 
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charge. HSPC, DPPC and DPPG based liposomes enhanced the retention 
of SAB in BALF supernatant, thereby improving the absorption of SAB by 
pulmonary parenchyma. Since DPPC and DPPG are important compo
nents of endogenous pulmonary surfactant and endogenous substances 
for the formation of lipid-protein conjugates (such as tubular myelin 
located in the lung alveoli), they have good biocompatibility and can 
effectively improve the retention of SAB in the lungs [54–56]. In addi
tion, DPPG as a fusogenic lipid can regulate membrane fluidity and 
improve cellular uptake by promoting the fusion of liposomes with cell 
membranes [57,58]. In terms of HSPC, the high phase transition tem
perature endowed HSPC-Lipo/SAB high stability, leading to prolonged 
residence time of SAB in BALF, pulmonary parenchyma and systemic 
circulation [59,60]. It is worth noting that although the cellular uptake 

of liposomes by alveolar macrophages was significantly increased, it 
accounted for a low proportion of the total dose. Collectively, liposomes 
prolong the lung exposure time of SAB mainly through BALF retention 
rather than macrophage phagocytosis. 

3.6. Therapeutic effects of SAB-loaded liposomes on IPF 

Liposomes composed of HSPC, DPPC and DPPG enhanced the resi
dence time of SAB in the lungs after inhalation, which is in favor of the 
treatment for lung diseases. We explored the anti-fibrotic effect of HSPC- 
Lipo/SAB, DPPC-Lipo/SAB and DPPG-Lipo/SAB on the BLM-induced IPF 
mice. BLM, a glycoside antibiotic, can cause lung inflammation and 
fibrosis in the short term. The histological changes in the BLM-induced 

Fig. 8. Therapeutic effect of SAB-loaded liposomes on BLM-induced IPF mice. (A) Schematic illustration for the evaluation of SAB-loaded liposomes on IPF mice. (B) 
Representative histologic analyses of lung sections, including H&E staining, Masson's staining and immunohistochemical staining of α-SMA and Col-I (scale bar = 50 
μm). The integrated optical density of (C) α-SMA and (D) Col-I were analyzed with Image J. Quantitation of the protein level of (E) HYP by HYP kit and (F) TGF-β1 by 
TGF-β1 ELISA kit. Each value represents the mean ± SD (n = 3), *p < 0.05, **p < 0.01, ***p < 0.001. 
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IPF mice model can reflect the pathological characteristics of IPF in 
patients [15,61]. In this study, one-dose of BLM (3 mg/kg) injected via 
tracheal intubation was used to establish IPF mice model. SAB were 
injected after 7 days via tracheal intubation at a dose of 5 mg/kg, once a 
day for one week, and the mice were anesthetized at the 15th day 
(Fig. 8A). During this period, the weight and activity status of mice were 
recorded, and the lung coefficients of the mice were calculated at the 
end point of study for preliminary evaluation of the therapeutic effects 
(Fig. S15). The mice in the control group were in good condition, with 
stable breathing, agile movements, good diet, shiny fur, and slight 
weight gain. After BLM inhalation, the mice in the model group expe
rienced rapid breathing, slow movement, significant reduction in food 
intake and drinking water, fried hair, and sharp weight loss. After 
treatments by SAB-loaded liposomes, the symptoms of IPF in mice was 
partly alleviated indicating by the stable breath and less weight loss. 

H&E and Masson's staining were used to evaluate the histopatho
logical changes in the lungs of mice (Fig. 8B). Compared with the lungs 
of normal mice, the lungs of mice in the model group showed obvious 
abnormal morphological changes, including collapse of alveolar cavity, 
loss of alveolar structure, thickening of alveolar/bronchial walls, and 
infiltration of inflammatory cells. After the treatments by SAB-loaded 
liposomes, we observed a significant amelioration on lung injury, 
which was evaluated by the inflammation and tissue damage scoring 
system (Fig. S16A). Masson's staining further confirmed the anti-fibrotic 
effect of SAB-loaded liposomes. A large area of muscle fibers was 

observed in the lungs of mice in the model group, and a large number of 
proliferated blue collagen fibers appeared around blood vessels and 
bronchi. Compared with the mice in model group, SAB-loaded liposomes 
treated mice possessed reduced collagen fiber and pulmonary interstitial 
fibrosis (Fig. S16B). Alpha-SMA and Col-I were quantified to further 
estimate the pulmonary fibrosis in mice (Fig. 8C–D). Compared with the 
control group, the expression of α-SMA and Col-I significantly increased 
in the model group. After treatments by SAB preparations, the expres
sion of α-SMA and Col-I in the lung decreased obviously. As evidenced 
by the level of HYP in the lung (Fig. 8E) and the level of TGF-β1 in the 
BALF (Fig. 8F), SAB-loaded liposomes were confirmed with improved 
therapeutic effects on the IPF in comparison to free SAB. HSPC-Lipo/ 
SAB and DPPG-Lipo/SAB exhibited better anti-fibrosis effects than 
DPPC-Lipo/SAB with no significant differences. 

Free SAB have been verified with effective inhibitory effects on 
pulmonary fibrosis via inhalation as solution [14] or dry powder 
[13,15]. However, the high aqueous solubility of SAB might result in less 
cellular uptake by pulmonary alveolar cells, as well as short retention in 
the lung and circulation that was confirmed by the pharmacokinetics 
study in this work. Although liposomes could improve the retention of 
SAB in the BALF and lung, the airway pili-phlegm clearance became new 
problems for liposomes. Hence, systemic evaluation of liposomes 
regarding to the permeability across mucus layer and epithelium as well 
as the lung retention capability are necessary. According to the in vitro 
and in vivo evaluation, the superior anti-fibrotic effect of DPPG-Lipo/ 

Fig. 9. Effects on inflammatory factors and coagulation-fibrinolysis system in IPF mice. Quantitation of the protein levels of inflammatory factor (A) TNF-α, (B) IL-6 
and (C) IL-1β in BALF, and protein levels of coagulation-fibrinolysis system related factors (D) FXa, (E) FIIa, (F) FDP, (G) PAI-1, (H) tPA and (I) uPA. Each value 
represents the mean ± SD (n = 3), *p < 0.05, **p < 0.01, ***p < 0.001. 

J. Peng et al.                                                                                                                                                                                                                                     



Journal of Controlled Release 371 (2024) 1–15

14

SAB might be closely related to their high permeability across bronchial 
and alveolar epithelium resulting in long retention at the lung. In terms 
of HSPC-Lipo/SAB, the better anti-fibrotic effect might be attributed to 
their high permeability and stability in mucus layer and long retention 
in the lung and circulation. 

We further explored the anti-fibrotic mechanisms of SAB in vivo via 
measuring the expression levels of inflammatory factors and 
coagulation-plasminogen-related factors in BALF and lung tissue 
(Fig. 9). After inhalation of SAB-loaded liposomes, the levels of TNF-α, 
IL-6 and IL-1β in the BALF supernatant of IPF mice decreased 
(Fig. 9A–C), indicating that the anti-pulmonary fibrosis effect of SAB is 
related to its inhibitory effects on inflammatory response. Previous 
studies have shown that the anti-pulmonary fibrosis effect of SAB may 
be related to its intervention on the coagulation-fibrinolytic system [14]. 
Therefore, we measured the levels of coagulation factors and 
plasminogen-related factors in lung tissue after SAB treatment 
(Fig. 9D–I). The results showed that SAB-loaded liposomes significantly 
reduced the secretion levels of FXa, FIIa, FDP and PAI-1 in lung tissue, 
while up-regulated the expressions of uPA and tPA. Intriguingly, HSPC- 
Lipo/SAB, DPPC-Lipo/SAB and DPPG-Lipo/SAB groups exhibited 
similar effects on the inflammation inhibition and coagulation- 
fibrinolytic system regulation. It is hypothesized that the variation of 
cytokines might be not obvious in a short period and a long-term model 
establishment might exaggerate the fluctuation of key protein levels. 

4. Conclusions 

In this study, we establish a systemic in vitro and in vivo evaluation 
method to estimate the pulmonary delivery efficiency of SAB via inha
lation after loaded in the liposomes. We found that the different phos
pholipids composition of liposomes affected their in vivo fate after 
inhalation, thereby affecting the therapeutic effect of SAB on IPF. It was 
confirmed that neutral or anionic phospholipids with saturated fat 
chains are more eligible for the construction of inhalable liposomes, 
which endowed the high exposure and long-term retention of SAB and 
improved the therapeutic effects on IPF. 
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